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Alloys are a class of rising counter electrode (CE) electrocatalyst candidates for dye-sensitized solar cells
(DSSCs). We present here the mild solution synthesis of NiM (M = Pt, Pd) alloys using zinc oxide nanorod
templates and employment as CE electrocatalysts for liquid-junction DSSC applications. Due to the good
matching of work functions to redox potential of I /l;” redox couples and reduced charge-transfer

resistance at CElelectrolyte interface, the electrocatalytic activity of NiPt CE and therefore cell
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performances have been markedly enhanced, yielding a promising power conversion efficiency of 8.27%
in the liquid-junction DSSC platform.

@ 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Dye-sensitized solar cell (DSSC) [1,2], a photoelectrochemistry
device converting solar energy into electricity, has triggered
growing interests in both scientific and industrial aspects. The
maximum power conversion efficiency of 13% [3] has been
recorded by optimizing the three components of a typical DSSC
platform such as dye-sensitized TiO, photoanode, a redox
electrolyte, and a counter electrode (CE). One of the remaining
problems on this architecture is high expense of preferred Pt CE [4].
By addressing this issue, many efforts have been made to develop
cost-effective and efficient CE alternatives to Pt species. Up to now,
carbonaceous materials [5,6], conductive polymers 78], metal
sulfides [9], metal selenides [10,11], alloys [ 12,13 ], and hybrids [ 14]
have been successfully created as CE electrocatalysts to catalyze [~
to 1~ ions. However, there is not a CE can meet the required
demands for cost-effectiveness, high electrocatalytic activity, good
electron-conduction ability, and long-term stability. Alloys have
been considered as promising electrocatalysts for energy conver-
sion devices. In our previous reports, we have pioneerly developed
Pt-free [15] and low-Pt [16] alloys as potential CEs in liquid-
junction DSSC platforms, The electrochemical and therefore

* Corresponding authors. Fax: +86 871 5517313,
E-mail addresses: pzhyang@hotmail.com (P. Yang), tangqunwei@ouc edw.cn
(Q. Tang)

http:/dx.doi.org/10.1016/j.electacta.2015.10.014
0013-4686/@ 2015 Elsevier Ltd. All rights reserved.

photovoltaic performances can be maximized by tuning the
stoichiometries. A possible mechanism behind the enhanced
performances is the good matching of CE work function to redox
potential of liquid electrolyte, creation of gigantic active sites, and
electronic structure redistribution.

Under the guide of above-mentioned concept for robust CEs, in
the current work, we launch a strategy of preparing nanoporous
NIM (M=Pt, Pd) alloy CEs using Zn0O nanorods as templates. In
details, the Ni layer is electrodeposited on outward surface of mild
solution synthesized ZnO nanorod arrays, subsequently the
galvanic displacement is applied on the ZnO nanorod supported
Ni to form ZnO NiM (M = Pt, Pd) nanorods. After suffering chemical
dissolution of ZnO, the resultant nanoporous NiM alloy CEs can be
obtained for CE utilization. This rational design can not only
maximize the active area for I;~ adsorption and reduction, but
minimize the dosage of precious metals. An impressive power
conversion efficiency of 8.27% is determined on the liquid-junction
DSSC platform with NiPt alloy CE.

2. Experimental
2.1. Preparation of Zn0 nanorod arrays

Zinc nitrate hexahydrate [Zn(NO; },-6H»0, 99%] and hexameth-
ylenetetramine (HTMA, CgH;N4, 99%) were used as reagents

without further purification. The ZnO nanorods were synthesized
using a mild solution process. Briefly, 2.9749 g of Zn(NO; ),-6H-0
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and 1.4019 g of hexamethylene tetramine were dissolved in 100 mL
of deionized water to make 100 mL aqueous solution. Subsequent-
ly, the freshly cleaned FTO glass substrates (12 () square™') were
put face up in the above solution at 95°C for 12 h. After cooling to
the room temperature, the substrates were carefully rinsed with
deionized water, dried in air, and subsequently calcined at 350 °C
for 10 min.

2.2. Preparation of nanoporous NiM alloy CEs

The nanoporous NiM alloy CEs were prepared by electro-
depositing metallic Ni on the surfaces of ZnO nanorods, followed
by galvanic displacement and chemical dissolution of ZnO. In
details, 0.6571g of NiS0.6H,0 and 0.0267g of NH,Cl were
dissolved in 50mL of deionized water to form a homogeneous
solution. The electrochemical deposition was performed in a three-
electrode cell consisting of a Pt plate as a CE, an FTO substrate
supported ZnO nanorods as a working electrode and an Ag/AgCl
electrode as a reference electrode. The current density and
deposition time were controlled at 0.25mAcm™ and 600 5,
respectively. Subsequently, the FTO glass supported ZnO/Ni was
immersed into 1mmolL™" of HsPtClg (or PdCly) aqueous solution
for 15 min to realize the displacement reaction. Finally, the ZnO
nanorods were removed by 2 mmol L~! of H550, aqueous solution
to obtain the resultant nanoporous NiM alloy CEs.

2.3. Assembly of DSSCs and photovoltaic tests

The photoanodes were prepared by sensitizing FTO glass
substrates supported Ti0; film (~10 wm in thickness) with N719
(purchased from DYESOL LTD) ethanol solution for 24h at room
temperature. The details can be found in our previous reports [17].
Subsequently, the dye-sensitized TiO, photoanodes were com-
bined with various CEs and hot-sealed by 60 wm-thickness Surlyn

film. Before cell characterizations, the /I, redox electrolyte was
injected into the interspace in vacuum atmosphere.

The photocurrente-voltage (J-V) curves of the DSSCs with an
active area of 0.25cm” were recorded under irradiation of a
simulated solar light (Xe Lamp Oriel Sol3A™(Class AAA Solar
Simulators 94023A, USA) from a 100 W xenon arc lamp in ambient
atmosphere. A mask was placed on the top surface of DSSC device.
Each device was repeatedly measured at least ten times to control
the results within experimental errors.

2.4, Electrochemical characterizations

The corresponding electrochemical performances were
recorded on a conventional three-electrode CHIGGOE setup. The
cyclic voltammetry (CV) curves were recorded in a supporting
electrolyte consisting of 50mmol L™ of Lil, 10mmolL™" of I, and
500mmolL~" of LiCl04 in acetonitrile. Electrochemical impedance
spectroscopy (EIS) measurements for symmetric dummy cells
were carried out in a frequency range of 1E-2 ~ 1E5 Hz and at an ac
amplitude of 10mV. Tafel polarization curves were also recorded
on the same symmetric cells. All the electrochemical character-
izations were performed at room temperature and atmosphere.

2.5. Other characterizations

The morphologies of the resultant NiM alloys were observed
with a scanning electron microscope (SEM, SU8020) and a
transmission electron microscopy (TEM, JEM2010, JEOL). Before
TEM characterization, the NiM alloys were scraped from substrate
to prepare a ~1mgmL™~" ethanol solution. The work functions of
various CEs were determined by a SKP RCH020 Kelvin probe
combined with a gold tip (5.1eV) as a reference electrode and the
work function of the samples were calculated by the work function
of reference electrode plus the relative values. The compositions of

Fig. 1. SEM photographsof(a) Zn0 nanorods, (b) top-view NiPt alloy CE, (c) cross-sectional NiPt CE, (d) top-view NiPd alloy CE, (e) cross-sectional NiPd alloy CE. TEM imagesof

(f) NiPt alloy and (g) NiPd alloy.
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the CEs were detected by inductively coupled plasma-atomic
emission spectra (ICP-AES). The particle pore sizes were analyzed
by an AutoPore IV9500 mercury porosimeter (Micromeritics, USA)
in a pressure range of 0.5-30,000 psia.

3. Results and discussion

The microstructure of a CE electrocatalyst has a crucial impact
on electrocatalytic activity and therefore solar cell performances.
Fig. 1a shows the top-view SEM photograph of Zn0Q nanorods,
suggesting a diameter of ~500nm and length ranging from 3 to
5 m. After electrodepositing Ni on Zn0 nanorods and galvanic
displacement of outward Ni by HaPtClg as well as suffering final
dissolution, the resultant NiPt alloy yields nanoparticle intercon-
nected aggregation with nanoporous structure (Fig. 1b). The
average particle size and pore size of around 40nm and 70nm,
respectively. From the cross-sectional image in Fig. 1c, one can find
that the internal holes for NiPt alloy remains the shape of
hexagonal ZnO nanorods. The loose structure determined by SEM
and TEM (Fig. 1f) techniques is expected to provide gigantic
reaction area for Iy~ reduction. Apart from nanoparticle aggrega-
tions (~420 nm in diameter and ~2 wm in pore size) on bottom
layer and remained hexagonal shape of Zn0O nanorods, graphene-
like nanosheets are covered on outward surface of NiPd alloys, as
showninFig. 1d, Fig. 1e, and Fig. 1f. These compact nanosheets may
restrict the diffusion of redox electrolyte into nanoporous NiPd
alloy electrocatalysts for adsorption and catalytic reaction. The
compositions of NiPt and NiPd CE electrocatalysts are determined
by ICP-AES to be 1.000: 0.251 and 1.000: 0.406, respectively. The
lower Pt or Pd dosages in resultant alloy CEs are expected to
significantly reduce the CE cost.

829

CV characterization is a widespread technique in determining
the catalytic processes of electrocatalysts in supporting electro-
lytes [18,19]. As shown in Fig. 2a, CV curves of NiPt and NiPd alloy
CEs are recorded in the I7/I;~ redox electrolyte at a scan rate of
50mVs~, giving two pairs of redox peaks corresponding to Red,
(137 +2e~=317)/0x, (31" -2e~=I37) and Red, (3L, +2e~=21;7)/
Ox (2137 —2e™ =31,) |20]. Due to a fact that the CE is to collected
electrons from external circuit and to catalyze 1~ reduction
reaction, therefore the peak current density (Jpeq;) and potential
(¢rear) OF Red, as well as the peal-to-peak separation (E,,) can be
utilized to evaluate the electrocatalytic activity. A higher Jgeq; value
of ~9.22 mA cm™*for NiPtalloy CE in comparison to NiPd electrode
means that more electrons are collected by NiPt alloy for
participating in Iy~ reduction reaction, while the reduced ¢pgeq;
at —65mV indicates a lower energy requirement for [~ reduction.
Moreover, the Eyy, for NiPt alloy CE is 445mV in comparison with
1232mV for NiPd electrode, referring to a lower overpotential
requirement for NiPt CE. From the enhanced Jgz.q; and reduced
Predr and Ep,, we can conclude that NiPt alloy CE has superior
electrocatalytic activity for reducing 13~ to I7. Additionally,
diffusion coefficient (D,,) of I"[I;~ redox couples at CE/electrolyte
interface [21], described as J;eq = Kn"*ACD, "1™ can be employed
to compare the diffusion kinetics of ;™ ions within nanoporous
NiM alloy. As summarized in Table 1, the D, value for NiPt is
454107 cm?s™" in comparable to 3.69 10" cm®s~"' for NiPd,
suggesting that the nanoporous structure of NiPt alloy is beneficial
to electrolyte diffusion. The enhanced diffusion kinetics is believed
to accelerate the interconversion between Iy~ 1.

By assembling two identical CEs into a symmetric dummy cell,
we can measure the Nyquist EIS plots for characterizing the
charge-transfer behavior at CE/electrolyte interface. As shown in
Fig. 2b, the semicircle refers to the charge-transfer resistance (R,,)

a s b 4
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< o~ ]
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= U 220 o R
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Fig. 2. (a) CV curves of various CEsinl (I3 redox spedes recorded at a scan rate of 50mV's ! (b) Nyquist EIS plots, (¢) Tafel polarization curves, and (d) Bode EIS plots of the
symmetric dummy cells with two identical CEs. The inset displays an equivalent circuit extracted by fitting EIS data by Z-view software
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Table 1

Extracted electrochemical parameters from CV, EIS and Tafel characterizations.
CEs Jrear (mAem2) ey (MV) E,p (mV) loglo (mAem ) loghim (mAcm2) D, (em?s 1) Re (2 em?) T (ms)
NiPt 922 65 445 055 147 454x10°7 10.34 0.343
NiPd 6.42 660 1232 024 138 3.69%10°7 2212 0.502

and the corresponding data are extracted by fitting the Nyquist EIS
plots with an equivalent circuit. The charges (electrons) will suffer
a resistance when involving in the I~ reduction reaction at CE/
electrolyte interface, and this R, is dependent on the difference
between redox potential of I”[ls~ couples (—4.9eV) [20] and work
function of alloy electrocatalyst (Fig. 3). The work functions of NiPt
and NiPd alloy CEs (including NiM alloy layer and FTO glass
substrate) are measured to be —4.94 and —-5.18 eV, yielding energy
differences of 094 and 1.18 eV, respectively. A reduced Ry and
matching work function to redox potential of I7/I3~ couples are
favorable to rapid participation of electrons in Iy~ reduction
reaction. The average lifetime of the electrons () at CE/electrolyte
interface can be calculated using 7=1/(2mfn.y) to cross-check the
charge-transfer kinetics, where fi, ., is the frequency at maximum
peak for charge-transfer process in Bode EIS plots (Fig. 2d). As
summarized in Table 1, the electron lifetimes are 0.343 and
0.502ms at NiPt/electrolyte and NiPd/electrolyte interfaces,
respectively, meaning an enhanced electrocatalytic activity of
NiPt alloy CE. This result is in good agreement with CV and Nyquist
EIS characterizations.

Tafel polarization curves in Fig. 2c are also provided to
reconfirm the catalytic activity and charge-transfer ability. Two
crucial parametersincluding |, (exchange current density obtained
from the tangent for anodic or cathodic branches, Jo=RT/nFRct)
122] and [, (limiting diffusion current density from the
intersection of the cathodic branch with Y-axis, Jim=2nF(D,/l)
|23] can bedetermined, as listed in Table 1. The extracted Ry and Dy,
follow the same order to that from EIS and CV characterizations,
respectively. By plotting the peak current densities for Ox,/Red,
and Ox,/Red, of stacking CV curves at various scan rates (Fig. 4a),
one can find linear relationships between peak current densities

C i
E (e\f),—-i—) — |
A

Dye*

—
-3.85 i
_- NiPt
-4.94
.

ct

D}’e LT _m_
5.3 —w =J. 53
-5.45 NiPd
FTO FTO
glass glass

Fig. 3. Diagram for energy levels of the resultant DSSC platform and corresponding
charge-transfer processes. The units of the data in diagram are eV.

and square roots of scan rate, as shown in Fig. 4b. This result
suggests that the I~ reduction reaction proceeds by a diffusion-
controlled mechanism at CE/electrolyte interface [24].

Apart from electrocatalytic activity, the persistent stability
when exposing in 17/Is~ redox electrolyte is still an objective for
commercial DSSC platforms. We have repeatedly recorded the CV
curves at a scan rate of 50mVs ', as shown in Fig. 5a and b, and the
relationships of Jgeq; and Joy as a function of cycle number are
plotted in Fig. 5¢ and d. The Jgeq; increases from —6.22 to
—6.75mA cm ™ for NiPt alloy CE, yielding an 8.63% enhancement,
whereas there is a 22.6% reduction in Jp.4; for NiPd electrode. The
chemical dissolution of alloy species in liquid electrolyte is of
highly dependenton the long-term stability [25]. For pristine Pt CE,
the Pt species may suffer from dissolution reactions with I, [Pt
(s) +21y(aq)=Ptly(s)] and 13~ [Pt(s)+215~(aq)=Ptly(s)+2I(aq)],
yielding thermodynamical Gibbs free energy (A;Gpoas-c) of
—78.3 and —45.9k] mol~", respectively. The corresponding A,G,,, 25
=C for Pd is —B7.5 Iijlm.ll_1 in Pd[s)+12[aq) = Pdlz[s) and -713 k_l TI'ID]_I in
Pd(s)+1s7(aq)=Pdl(s)+ 1 (aq). A negative A;G,, value means that
the reactions between Pt and [, or I,~ ions are spontaneous
process, which will result in chemical corrosion of Pt and Pd
species in liquid electrolyte. Similarly, the calculated AGpos-c
values for Ni(s)+Is(aq) = Nils(s)and Ni(s) + 3~ (aq) = Nils(s)+17(aq)
are —92.6 and —76.4 k] mol~', respectively. By alloying Ni with Ptor
Pd, the competitive dissolution reactions between Ni with I,/I;~
can protectthe precious metals from being dissolved by electrolyte
|26]. This concept of alloying transition metals having more
negative A,Gp,25-c with Pt is also applicable to design other stable
alloy CEs such as CoPt, FePt, CrPt, etc.

Fig. 6a shows the J-V characteristics on the liquid-junction
DSSCs with NiPt and NiPd alloy CEs and the corresponding
parameters are summarized in Table 2. The DSSC employing NiPt
electrode yields an 1 of 827% (V,=0.72V, J,=1751mAcm~2,
FF=654%)in comparison to # of 6.70% for NiPd based device. As a
reference, the photovoltaic performances for the liquid-junction
DSSCwith pristine Pt electrode have been reported in our previous
literatures [27,28]. Under the same conditions, the recorded 1 is
6.97%, yielding an 18.7% enhancement using NiPt electrode.
Although the measured efficiency is still lower than 10.71% for
nanoporous Pt [29], 9.16% for nanoporous FeSe [30], and 9.75% for
periodically aligned Pt nanocup [31] based devices, the low
dosages of previous Pt or Pd (20.06% for NiPt and 28.88% for NiPd
from the measured atomic ratios) as well as extraordinary
structure demonstrates NiM alloys to be promising CEs candidates
for DSSCs. Apart from 7, other photovoltaic parameters such as Vo,
and J,. are also elevated by utilizing NiPt alloy CE. An increased
electrocatalytic activity for catalyzing conversion from I~ to I~
species means that the excited dye molecules can be rapidly
regenerated to their ground state for further excitation and
electron injection to conduction band of TiO-. In this fashion, the
density of accumulative electrons on percolating Ti0, is increased,
leading to an elevated J.. Due to the good matching of conduction
band of Ti0; nanocrystallites, the electrons facilitate transfer the
percolating TiO» networks instead of involving in the backward
recombination reactions with I;~ species in liquid electrolyte,
allowing for a reduced dark current density (Fig. 6b). Theoretically,
V.. depends on the difference between Fermi energy level of Ti0,
nanocrystallite and redox potential of I7/I5~ electrolyte. A main
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reason behind the reduced V,. in a real device in comparison to
this theoretical value is the recombination reactions between the
electrons on conduction band of Ti0, and liquid electrolyte [32].
As has been above-mentioned, the limited backward reaction is
beneficial to the enhanced V, under high voltage drop. By
simulating the Nyquist EIS plots using an equivalent circuit, as
shown in Fig. 6¢, the charge-transfer resistances at dye[TiO./
electrolyte interface (R, are extracted to be 8.21 and 42.25 {} cm?®
for NiPt and NiPd based DSSCs, respectively. A lower Ry» value
suggests that the I species in liquid electrolyte are favorable to
diffuse to photoanode/electrolyte interface for dye recovery. FF is
the parameter depending on the total internal resistance of a DSSC
device. Due to the similar photoanodes and electrolytes for two
devices, the series resistance (Re) and Ra2 should have crucial

impact on the extracted FF. Although the R value for NiPt based
device is much lower than that for solar cell with NiPd electrode,
its R, value is higher. To our knowledge, there is not an accurate
relationship or expression between internal resistance of a solar
cell and FF, but we can analyze the evolution of FF using the cell
resistance. The enhanced photovoltaic parameters such as Jec, Ve,
and FF allow for increased 1) for NiPt based DSSC in comparison to
the device with NiPd CE. Moreover, Bode EIS plots in Fig. 6d are
also employed to assess the electron lifetime at photoanode,
yielding 9.13 and 0.83ms for the device with NiPt and NiPd,
respectively. The increased electron lifetime demonstrates that the
electrons at TiO, percolating network have a limited recombina-
tion reaction.
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Table 2

Photovoltaic and electrochemical parameters of the DSSCs. Vi open-circuit
voltage; i short-circuit current density, FF: fill factor; Rez: charge-transfer
resistance at dye|TiO; [electrolyte interface; R.: series resistance,

CBs Ve (V) Jue(mAem™?) FF(%) n(%) R (Qem?) R (Qem?)
NiPt 072 1751 654 827 8.21 037
Nibd 067 1596 626 670 4225 023

4, Conclusions

In summary, nanoporous NiPt and NiPt alloy CEs have been
experimentally realized by combining electrodeposition of Ni on
Zn0 nanorods and galvanic displacement of outward Ni by H,PtCl,
or PdCls. The resultant NiPt alloy CE displays superior electro-
catalytic activity and charge-transfer ability, arising from good
matching of work function to redox potential of liquid electrolyte.
Due to the competitive dissolution reactions between Ni and I,/15~
species, the persistent stability of NiPt alloy CE is markedly
enhanced. An optimal power conversion efficiency of 8.27% is
determined on the DSSC with NiPt alloy electrode in comparison to
6.70% for NiPd based solar cell.
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yield conversion efficiencies of 9.08%, 7.74%, and 6.86% with NiPt, NiRu, and NiPd CEs, respectively.
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1. Introduction

Device design for liquid-junction dye-sensitized solar cells
(DSSCs) has been explored to operate at varying levels of solar
light-to-electricity power conversion efficiency |1,2]. The primary
argument in favor of state-of-the-art DSSCs is high consumption of
preferred platinum (Pt) electrocatalyst in counter electrodes (CEs)
[3]. Therefore, it is highly desirable to engineer DSSC catalysts that
utilize significantly lower precious metal loadings and maintain
catalytic activity in the desired range. Nevertheless, our ability to
control the reduction of fabrication cost of CE catalysts is still
limited to utilize Pt hybrids or to completely replace Pt by
conductive polymers, carbonaceous materials, or compounds [4,5].
All of these candidates are susceptible to unsatisfactory stability
due to structural deviation or electrochemical collapse under cell
operations [6]. Therefore, the dilemma of reducing expenses of
DSSCs without sacrificing their photovoltaic performances is still
unchanged. In this fashion, new synthesis routes to fabricate active
and new-structured CE electrocatalysts are desired in the advanced
DSSC platforms. Alloying precious noble metals such as Pt, Ru, and
Pd with 3d transition metals has been demonstrated as a successful

* Corresponding author. Tel.[Fax: +86 871 5517313,
E-mail addresses: pzhyang@hotmail.com (P. Yang), tangqunwei@oucedu.cn
(Q. Tang).
! The authors have equal contributions

http: [/dx.doi.org/10.1016/j.electacta.2015.10.080
0013-4686/® 2015 Elsevier Ltd. All rights reserved.

approach toward advanced solution electrocatalysts [7]. Addition
of another metal to a catalytically active one to form an alloy can
alter the availability of active surface sites and tune both electronic
and surface strain effects for optimal catalysis |8]. Fundamental
studies of well-defined alloyed CE catalysts are straightforward
focused on achieving the same level of triiodide (I;~) reduction to
Pt by conventional impregnation or coprecipitation synthesis due
to the lack of control over size, homogeneity and shape [9-11].

I3~ reduction reaction is one of the utmost significances in the
advanced electrochemical energy conversion of DSSCs. Insights
into the relationship between alloy composition, electronic
structure and catalytic activity should be determined to tune
the sluggish kinetics of I3~ reduction reaction. It is still subject to
considerable uncertainty, however, how do alloy nanocatalysts
accelerate the catalytic process. One of the difficulties in
determining the catalytic kinetics is that the alloyed nano-
structures may not have either the same size or shape. A simple
comparison of activity normalized either by mass or surface area is
insufficient to identify a true alloying effect. In the current work,
we present the experimental realization of bimetallic NiM (M=Pt,
Ru, Pd) CE electrocatalysts for efficient DSSCs, and build a model for
extracting a commonly used reaction rate constant for evaluating
the catalytic activity of zero-dimensional (0D) CE electrocatalysts.
Emphasis will be placed on the charge transfer process and
mechanism at CE catalyst/liquid electrolyte interface as well as on
alloying effects between Ni and M atoms.
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2. Experimental
2.1. Synthesis of NiM CEs

The feasibility of synthesizing NiM electrocatalysts was
confirmed by a mild solution approach: 0237g of NiCl,-6H,0
was dissolved in 25 mL of distilled water by intensive stirring for
30min. And then 1mL of hydrazine monohydrate (85wt¥) was
introduced drop by drop to the well-stirred solution at room
temperature by simultaneous vigorous agitation for 30min in
succession; then the mixed solution was sealed into a 50mL
Teflon-lined autoclave and cleaned FTO glass substrate (sheet
resistance 12 {}square™", purchased from Hartford Glass Co., USA)
with FTO layer downward was immersed in. After the reaction at
200°C for 15 min, the FTO substrate supported Ni were rinsed with
deionized water and dipped into 1mM HxPtCls, RuCls, and PdCl,
aqueous solution for 10, 30, 1 min, respectively.

22 Assembly of DSSCs

Under vigorous agitation at room temperature, 100mL of
deionized water was mixed with 10 ml of titanium tetrabutanolate.
After 30 min, the mixture was pump-filtrated to obtain dehydrated
filter powders. Subsequently, 10mL of acetic acid and 0.8 mL of
nitric acid were added into the above filter powders dropwise in a
flask. After an agitation of 15min at 80°C, the volume of the
mixture was adjusted to 170mL by adding deionized water. The
reactant was further agitated at 80°C in a sealed atmosphere. Later,
the resultant colloid was transferred into a Teflon-lined autoclave
and heated at 200°C for 12 h. A homogeneous mixture consisting
of 65 mL of the white colloid and 04 g of commercial P25 were
made under ultrasonic irradiation for 30 min and then transferred
to another Teflon-lined autoclave, which was subsequently heated
at 200°C for 12 h. After removing supernatant liquid, the colloid
was mixed with 0.8 g of poly(ethylene glycol) (M, =20,000), TmL
of OP emulsifier (triton X-100), and 0.0405g of PVP and
subsequently concentrated at 80°C.

The Ti0; colloid for photoanode fabrication fabrication was
prepared by a sol-hydrothermal method. A layer of TiO» nano-
crystal anode film with a thickness of 10 jum was prepared by a

W,

Inm
—

doctor-blade method. Resultant anodes were further sensitized by
immersing into a 0.50mM ethanol solution of N719 dye (|cis—di
(thiocyanato)—N,N'—bis(2,2' —bipyridyl-4—carboxylic acid)—
4—tetrabutylammonium carboxylate|). The DSSC was fabricated
by sandwiching redox electrolyte between a dye-sensitized Ti0,
anode and a CE A redox electrolyte consisted of 100 mM of
tetraethylammonium iodide, 100mM of tetramethylammonium
iodide, 100mM of tetrabutylammonium iodide, 100mM of Nal,
100mM of KI, 100mM of Lil, 50mM of 1,, and 500 mM of
4—tert—butyl—pyridine in 50ml acetonitrile.

2.3. Electrochemical characterizations

The electrochemical performances were recorded on a conven-
tional CHIGG0E setup comprising an Ag/AgCl reference electrode, a
CE of platinum sheet, and a working electrode of FTO glass
supported 1D catalysts. The cyclic voltammetry (CV) curves were
recorded from —1.0 to +1.6V and back to —1.0V. Before the
measurement, the supporting electrolyte consisting of 50mM M
Lil,10 mM I, and 500 mM LiClO; in acetonitrile was degassed using
nitrogen for 10 min. Electrochemical impedance spectroscopy (EIS)
measurements were also carried out on the CHIG60E Electrochem-
ical Workstation in a frequency range of 0.1 Hz ~ 10° kHz and an ac
amplitude of 10 mV at room temperature, The resultant impedance
spectra were analyzed using the Z—view software. The resultant
impedance spectrawere analyzed using the Z—view software. Tafel
polarization curves were recorded on the same Workstation by
assembling symmetric cell consisting of CE|redox electrolyte|CE.

24, Photovoltaic measurements

The photovoltaic test of the DSSC with an active areaof 0.25 cm?
was carried out by measuring the photocurrent-voltage (J-V)
characteristic curves using an Electrochemical Workstation
(CHIGGOE, Shanghai Chenhua Device Company, China) under
irradiation of a simulated solar light from a 100W Xenon arc
lamp (XQ-500W) in ambient atmosphere. The incident light
intensity was controlled at 100mW cm ™2 (calibrated by a standard
silicon solar cell). Each sample was measured at least five times.

Fig. 1. HRTEM photographs of (a) Ni, (b) NiPt, (c) NiRu, and (d) NiPd electrocatalysts. Lattice strain in (e)&f) NiPt, (g) NiRu, and (h) NiPd electrocatalysts.
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25. Other characterizations

The morphologies of the CE catalysts were observed with a
scanning electron microscope (SEM, $4800) and a transmission
electron microscopy (TEM, JEM2010, JEOL). The work functions of
the FTO supported NiM CEs were achieved by a SKP RCH020 Kelvin
probe, which features a stainless gold tip as a reference electrode.
The contact potential difference extracted from the equipment was
defined as the work function of the tip minus the work function of
sample [ 12].In this fashion, the work function of a CE was obtained
by subtracting the standard work function of gold with the
recorded contact potential difference. The compositions of the CEs
were detected by inductively coupled plasma-atomic emission
spectra (ICP-AES).

3. Results and discussion

Fig. §1 and Fig. S2 represent the morphologies of as-prepared Ni
and NiM electrocatalysts on fluorine-doped tin oxide substrates,
depicting uniform urchin-like shaped structures with average
diameter ca. 500 + 20nm. No evident alteration in shapes and sizes
are detected after a galvanic displacement by PtCls*~, Ru**, and Pd*
* It is thermodynamically favorable for noble metal cations to
“steal” electrons from the Ni metal because of a lower redox
potential for Ni**+2e~=Ni" (E’=—0.257V vs. RHE) than Pt
“+4e7 =Pt (E"=1180V vs. RHE), Ru"+3e =Ru (E"=0455V
vs. RHE), and Pd* +2e~=Pd" (E°=0951V vs. RHE) [13,14]. This
galvanic displacement process combines aspects of corrosion of
urchin-like Ni and electrodeposition of precious metal cations
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(PtClg®~, Ru®*, or Pd*"), enabling the creation of extended surface
catalysts through the implementation of extended urchin-struc-
tured Ni. The compositions of NiPt, NiRu, and NiPd CE electro-
catalysts are determined by ICP-AES to be 1.000: 0439, 1.000:
2.801, and 1.000: 6.530, respectively. The consistent shapes and
sizes of the alloyed NiM electrocatalysts benefit the catalytic
activity comparison in DSSCs. This ration design emphasizes the
surface-to-volume ratio aspect with respect to increase active sites
in per unit volume [15,16], as these catalysts render to be
potentially effective placeholders for I;~ reduction reaction. From
the high-resolution TEM images of NiM catalysts in Fig. 1, one can
find that the Ni atoms have entered the M lattice due to a lower
lattice constent of Ni (3.53 A for Ni, 3.92 A for Pt, 4.28 A for Ru, and
3.89 A for Pd) [17], creating compressive lattice strain for enhanced
catalytic activity [ 18,19]. As shown in Fig. 1a-d, the lattice distances
for Pt (111), Ru(111), and Pd (111) faces are 0.1898, 0.2164, and
0.2239nm relative to 0.2239, 0.2211, and 0.2285nm of bulk Pt
(PDF#87-0647), Ru (PDF#88-2333), and Pd (PDF#87-0641),
respectively. In comparison with pristine Ni, the lattice distance
of Ni (111) in three NiM electrocatalysts also has a small lattice
strain at the outmost surface. Clear lattice strains can be detected
from the atom distribution, as shown in Fig. 1g-h. NiPt electro-
catalyst displays atom vacancies in the Pt atom alignments,
moreover, dislocations are also produced by the mismatch
between host Pt and guest Ni atoms. Although the Ni atoms
participate in the alignment of Ru phase, there isapparent changed
lattice distance. In the case of NiPd electrocatalyst, a large number
of phase boundaries can be determined, leaving more active sites
for liquid absorption. The lattice strains in NiM electrocatalysts are

b 3

%]

Current density (mA cm '1}

Fig. 2. (a) Characteristic |-V curves for the DSSCs withvarious CEs. (b) CV curves of the CEsfor | [l redox electrolyte recorded at a scan rate of 50 mV's ™', (¢) Nyquist EIS plots
for the symmetric dummy cells from two identical CEs. (d) Relative work functions of various CEs.
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expected to tailor the electronic structure and therefore catalytic
activity toward I;~ reduction reaction.

Fig. 2a shows the representative |-V curves for the DSSCs with Ni
and NIM CEs under air mass 15 global sunlight, and the
photovoltaic parameters are summarized in Table 1. An n of
1.91% is determined on the DSSC with pristine Ni CE, and this value
is enhanced to 9.08%, 7.74%, and 6.86% by replacing partial Ni with
Pt, Ru, and Pd, respectively. Moreover, the cell efficiencies for NiPt
and NiRu based devices are higher than 7.31% for the DSSC with
pristine Pt (Fig. S3 and Table 1). From a small standard deviation
(45%), as shown in Fig. $4, we infer that the DSSCs with promising
photovoltaic performances and high reproducibility can be
realized using the method reported here.

Two pairs of redox peaks corresponding to Red, (I;~+2e =3
I7)/Ox, (31" —2e~=1,7) and Red, (3L, +2e™ =21,7)/0x, (21;--2
e~ =3l,) are observed in each CV curve recorded at a scan rate of
50mVs~', as shown in Fig. 2b. All of the NiM and pristine Ni CEs
show similar anodic and cathodic peaks to those obtained with
planar Pt electrode [6], allowing for the same catalytic behavior of
NiM as CE catalysts. The peak current density (JRed1) and potential
(VRed1)assigned to Red; along with peak-to-peak separation (Epp)
between the potential difference of Red; and Ox; are three
parametersin evaluating the catalytic activity of a CE. The CE giving
higher JRed1, and lower VRed1 and Epp is expected to have better
catalytic activity toward I3~ reduction reaction [20]. As summa-
rized in Table S1, the pristine Ni electrode shows a JRed1 of
~1.328 mAcm~2,VRed1 of —0.754V, and Epp of 1.678V, while
JRed1 is enhanced to —1.869mAcm~2, and VRed1 and Epp are
decreased to —0.063 and 0.451V when alloyed with Pt, respec-
tively. The synthetical catalytic activity is followed by NiRu and
NiPd. The electron transfer along Ni-M bonding to M makes an
electron-enriched M surface [17], favoring to absorbing I,~ ions to
form I;7(M) and subsequently decomposing to I~ according to
diffusion-controlled processes(Fig. S5). Nyquist EIS analysis for the
symmetric dummy cells by two identical CEs is conducted to gain
more insights into charge transfer at CE/electrolyte interface and
electrocatalytic property of NiM CEs. As shown in Fig. 2c¢ and
Table S2, Ret follows an order of NiPt (0.24() cm®)<NiRu
(0.320 cm?) < NiPd (085 cm?) < Ni (2.26 Qcm?). A lower Rct
value means that the electrons are more facile to participate inthe
I,~ reduction reaction (I, +2e~=317). In this fashion, the average
lifetime of the electrons [T=1/(2mfp), fp is the peak frequency in
Bode EIS plots] at CEfelctrolyte can be utilized to assess the
catalytic kinetics. Apparently, the electrons at NiPt CE surface have
a lifetime of 19.3 s in comparison to 23.4, 61.0, and 132.0 s at
interfaces of NiRu/electrolyte, NiPd/electrolyte, and Ni/electrolyte,
respectively, allowing for an accelerated reduction process using
NiPt CE. This result is in an agreement with that from CV
characterization. To understand why and how do the NiM catalysts
tune charge-transfer process and electrocatalytic activity, we
compare the work functions (WFs) of related CEs with potential of
I"/Is~ redox reactions (—4.9eV),as shownin Fig. 2d, the actual WFs
for NiPt, NiRu, NiPd, and pristine Ni are calculated to be —4.993,
—5.048, —5.111, and —5.32 eV, respectively. The good matching of
WF with redox potential of I;~ I~ reaction is beneficial to the
electron transfer from catalyst layer to electrolyte for I+~ reduction,

Table 1
Photovaltaic parameters for the DSSCs with various CEs. V., open-circuit voltage;
Jee: short-circuit current density; n: power conversion efficiency; FF: fill factor.

CE catalysts Voo (V) Joe (mACm B n (%) FF (%)
Ni 0.659 1.25 191 258
NiPt 0.763 16.15 9.08 737
NiRu 0.737 15.79 774 66.5
NiPd 0.714 15.07 6.86 63.8
Pt 0.703 14.98 731 69.4
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which has been supported by density functional theory calculation
inprevious report|21]. This potential difference between the WF of
a CE and redox potential of I7/Is~ can be determined as the energy
requirement of an electron jumping at CE/electrolyte interface, i.e.
Ret of a CE catalyst (Fig. S6). These differences for NiPt, NiRu, NiPd,
and Ni are 0.093, 0.148, 0.211, and 0.42 eV, respectively, yielding a
consistence with previous analysis for EIS plots.

To further study the investigate the catalytic activities, Tafel
polarization curves are scanned on the symmetric dummy cells, as
shown in Fig, 3a, the slops for the anodic or cathodic branches are in
an order of NiPt > NiRu > NiPd > Ni. A larger slops indicates a higher
exchange current density (Jo=RT/(nFRct), R is gas constant, T is
absolute temperature, n is the number of electrons involving in I3~
reduction, and F is Faraday's constant) on the CE. Additionally,
limiting diffusion current density (Ji;,, = 2nFCD/I, Cis I, concentra-
tion, [ is the distance between CEs ina symmetric dummy cell, and D
can be obtained from Jeq: = Kn1'5ACD0O510” ) increases in the order
of NiPt > NiRu > NiPd > Niand is proportional toD, while Disdirectly
proportional toJg.q; in CV curves. Consequently, we conclude from
the electrochemical and work function characterizations that NiPt
catalyst has a higher electrocatalytic activity than NiRu and NiPd.

Apart from impacting the catalytic behavior, CEcatalystalso hasa
significant effect on photovoltaic performances of a liquid-junction
DSSC. When irradiated by incident light, the electrons released by
excited dye molecules (dye[TiO; — dye |TiO; — dye”|Ti02 +e 7| Ti0,)
can transfer to fluorine-doped tin oxide (FTO) glass along percolating
Ti0, networks, while the oxidated dyes will be recovered by I~ ions
(dye*|Ti0,+1~ —dye|Ti0,+1;7). The generated I~ species diffuse
fromdye|TiO./electrolyte interface to CE /electrolyte and are red uced
tol” again. In this fashion, the higher catalytic activity of a CE catalyst
having lower W can lead to accelerated processes for dye
regeneration, electron excitation, and therefore the electron density
on conduction band (CB) of Ti0,. Consequently, the output Jsc of a
DSSC is expected to be enhanced. Moreover, the electrons on CB of
TiQ- favor jumping along percolating channels under such a large
potential drop instead of involving in backward reactions with [~
due tomismatchingof CB of Ti0, and redox potential of I-|I;~ pairs,
therefore leading to a decreased dark current (Supporting
Information Fig. 3b). Voc is determined by the difference between
the quasiFermi energy of the electrons in percolating Ti0, and redox
potential of [7[I;~ electrolyte [22]. In a real DSSC device, the
recorded Voc is generally lower than this theoretical value because
of a backward reaction between photogenerated electrons and Iy~
species in electrolyte. As has been abovementioned, the increased
electrocatalytic activity is beneficial to restricting the recombina-
tion reaction. In this fashion, the real Voc value is also elevated by
utilizing robust CE. While FFis inversely proportional to the internal
resistance (R=RFTOpmio2 + RTiO2 + RTIO2 jeectrolyre + W+ Ret +Rs &)
of a DSSC, hence the FF should have the same evolution to the
catalytic activity of a CE catalyst. All the photovoltaic parameters
extracted from liquid-junction DSSCs in Table 1 are consistent with
the catalytic activities of CEs.

When applied as windows, roof panels, or portable sources, the
DSSCs should have superiorities including fast start up, multiple
onfoff capability, and stable photocurrent. For evaluating these
characteristics, we record the on-off switches by alternatively
irradiating and darkening the solar cells, as shown in Fig. 4a. The
abrupt increase in photocurrent density and no delay in starting
the cell mean the CEs from NiM electrocatalysts are vigorous in
catalyzing I3~ reduction. However, photocurrent densities of the
solar cells with NiPt and NiRu are increased by 1.1% and 0.8% and
reduced by 13.5% for NiPd after persistent 30min irradiation
(Fig. 4b). In comparison with pristine Ptin Ref 9], the stabilities of
the CEs have been markedly enhanced. Pt has been the heart in
modern advanced CE electrocatalyst of liquid-junction DSSCs.
However, Pt dissolution in state-of-the-art I”/l;~ redox electrolyte
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Fig. 4. (a) Start-stop switches and (b) photocurrent stabilities of the D55Cs with NiPt, NiRu, and NiPd CEs.

has been an inevitable issue since the birth of DSSCs. The
photocurrent reduction is ascribed to the chemical dissolution
of catalysts in[7/I;~ redox electrolyte [ 23], mainly from Pt (s)+ 215~
(aq)=Ptl; (s)+2I" (aq) and Pt(s)+2l;(aq)="Ptly(s), as shown in
Table S3. From Van't hoff isothermal formula, we can calculate the
thermodynamical Gibbs free energy (A,G,,) to be —45.9 and
—78.3Kk mol™" for reaction (4) and reaction (3), respectively. The
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negative values of A, G, mean that the reactions between metals
and I~ or I, species are spontaneous process, which will lead to the
corrosion of metal species. The highly negative of A,G,, for Ni in
comparison with that of Pt and Pd indicates that Ni is more easily
corroded by I~ and I, therefore, the more completed reaction of
transition metals with Iy~ species protect the high catalytic activity
of Pt in coaxially alloyed CEs. The potential mechanism has been

uarenper @

Fig. 5. Schematic diagrams for (a) electrode reaction processes and (b) the diffusion-controlled model.
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demonstrated in Fig. S7. From the 100-stacking CV curves of NiPt
and NiRu CEs in redox electrolyte, as shown in Fig. S8, one can find
that NiPt and NiRu CEs have reasonable stability, arising from the
competitive reaction between Ni and I~ (and I,) [23]. However,
the NiPd electrode yield marked reduction in Jz.q; and negative
shift for Vi.q;, suggesting that the catalyst species have been
rapidly dissolved in redox electrolyte.

To make the catalytic mechanism of a CE electrocatalyst clear
and build an understanding on standard I;~ reduction rate
constant, we launch a model for reaction processes at CE/
electrolyte interface, as shown in Fig. 5a. Previously, Hauch and
Georg have proposed an insight of charge-transfer reaction at Pt/
electrolyte interface by measuring the dependence of Rct on 1713~
concentrations [24|, while Dai et al. have revealed the potential
reaction mechanism of a I7/l;” redox couple at Ptfelectrolyte
interface by careful electrochemical characterizations [25]. By
integrating the previous works, we demonstrate here that the
catalytic reactions of 137 +2e~=31" during the diffusion-limited
processes should include the following six steps: (i) I3 i —
IB_dllTuslulh [11) 13_l|I|TL|5IUI'I +NiM — IB_NIM» [111) I3_N|I'\-1 - 21-[ NlM) + I_»
(iv) 2I°(NiM)+2e” — 2I7(NiM), (v) 2I7(NiM)— 21" giffusion + NiM,
(vi) 21" giffusion — 21 pu Regardless of the impacts of electrode
surface, steps (i) and (ii) happen quickly and the forward rate is
proportional to I~ concentration and unoccupied active sites on
NiM catalysts. Reactions (iii)-(v) are also spontaneous, and the
rates of the forward reactions are equal to those of reverse ones.
Hauch has indicated that the slowest step (iv) is the rate-
determining step for [-/l;~ couples. Therefore, one can conclude
that the I3~ reduction reaction at CE/electrolyte interface is faster
than the diffusion process of I species in the liquid electrolyte, and
the electrocatalytic activities of the NiM catalysts along with
pristine Ni decrease due to the limitation of diffusion coefficients.

To investigate the reaction kinetics of NiM catalysts toward I~
reduction, the rate constant (k) is estimated according to the model
in Fig. 5b. Notably, the total reaction rate is controlled by the
diffusion rate of generated species at catalyst surface because of
fastcatalytic processes of reactions (i)-(iv). As the catalytic reaction
is limited to the catalyst's surface, therefore the reaction rate is
dependent on surface's state. Considering of a high I3~ concentra-
tion in the liquid electrolyte, all the active sites of NiM catalysts
have been occupied by I;~ ions. In this fashion, the slight change in
;™ concentration during catalytic processes is considered not to
have influences on the reaction rate, yielding a zero-order reaction
for I~ reduction at CE/electrolyte interface. According to the
classical diffusion-controlled model, only the ;- species close to
outside surface of NiM could participate in the reduction reactions
and this limit radius for reaction is determined as ra. During the
reduction processes, the I3~ concentration around NiM catalyst
decreases and forms a concentration gradient. Therefore, a
diffusive flux (J) is proportional to the concentration gradient
according to Fick's first law:

dN \
J=-Dg (1
where D is the diffusion coefficient obtained from Tafel polariza-
tion curves, N is I~ concentration, r is the distance between I3~
species and NiM catalyst. In this fashion, the reaction rate () of a
NiM with ;™ in unit time can be expressed as:

1= 47r'] = _41789% @)

When r=ra, N=0, while r=cc, N=NB (NB is the bulk I~
concentration). By integrating the equations:

w1 . .
iy dr = Jo%(~47D)dN 3)
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I'=4mDr;Ng (4)
dx \
=—= 5
r=4 k (5)
The k can be finally determined as:
k = 4mDraNg (6)

This extracted formula for reduction rate constant is also
applicable to other 0D CE electrocatalysts. The resultant k values
for NiPt, NiRu, NiPd, and pristine Ni are 1.37 x 107, 1.01 <107,
746 x 107", and 126 x 107" mols™", respectively. In definition,
the calculated k is the amount of [~ (mole) ions reacted with single
electrocatalyst species in per time (second). This maximum k for
NiPt means there are 8.25 x 10° I~ ions can be reduced by a single
NiPt electrocatalyst per second. It is noteworthy to mention that
equation (6) can be only utilized to evaluate the reduction rate of a
single electrocatalyst species. When used to assess the catalytic
kinetics of a thin film, the specific surface area of the film should be
considered. The study on one-, two-, and three-dimensional
electrocatalysts is in progress.

4. Conclusions

In summary, urchin-like NiM (M=Pt Ru, Pd) have been
synthesized for CE electrocatalysts of DSSCs, yielding maximum
efficiencies of 9.08%, 7.74%, and 6.86% with NiPt, NiRu, and NiPd in
comparison with 1.91% for Ni based cell, respectively. By building a
catalytic model for liquid electrolyte at electrolyte/CE interface, a
reduction rate constant k=4mDr,Ng is extracted for comparing the
catalytic activity of 0D electrocatalysts. The study presented here is
far from being fully optimized, but the preliminary results along
with cost-effective and scalable components suggest the alloy NiM
CEs holding great promise in developing high-performance DSSCs
and the launched reduction rate constant having commonality in
comparing the catalytic activity of CE electrocatalysts.
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The practical commercialization of dye-sensitized solar cells (DS5Cs) requires persistent exploration of
cost-effective counter electrodes (CEs). Aiming at increasing the active sites and accelerating charge
transfer of a CE electrocatalyst, cobalt sulfide decorated aniline complexes are synthesized by a reflux
technique and subsequently in-situ polymerized for Pt-free polyaniline-cobalt sulfide (PANi-CoS)

electrocatalysts in liquid-junction DSSCs. The preliminary results suggest that an enhanced electro-

Keywords:
Dye-sensitized solar cell
Counter electrode
Cobalt sulfide
Polyaniline
Electrocatalyst

catalytic activity for Iy~ reduction is ascribed to the fast electron-transfer ability of PANi and the high
catalytic activity of CoS. The optimized DSSC device based on PANI-7 wt® CoS yields an impressive power
conversion efficiency up to 8.55% under an illumination of air mass 1.5 global simulated solar light, which
is much higher than 5.65% and 5.79% for the solar cells with pure PANi and pristine Pt CEs, respectively.

@ 2015 Elsevier Ltd. All rights reserved.

1. Introduction

As the third-generation solar cell, dye-sensitized solar cells
(DSSCs) have emerged as one of the most promising devices to
solve ever-increasing global energy consumption [1,2] due to their
inherent properties such as low production cost, environmental
friendliness, ease of fabrication, and relatively high power
conversion efficiency [3,4]. Enhancement of reduction reaction
from triiodide (1;~) ions to iodide (I~} and reduction in electrode
cost are two prerequisites to improve the conversion efficiency of a
cost-effective DSSC [5]. Preferred Pt electrode has restricted the
practical application of DSSCs owing to high expense and scarce
resource in the earth [6,7], therefore cost-effective and highly
electrocatalytic counter electrode (CE) electrocatalysts have been
exploited to substitute for the traditional Pt-based species. Among
cost-effective CE electrocatalysts, it has been found that carbona-
ceous materials [89], transition metal oxides [10], nitrides [11],
sulfides [12], selenides [13], carbides [14], phosphides [15], and
conducting polymers [16,17] can be proposed as candidate
alternative CE materials. Polyaniline (PANi) has been of continuous
interest because its widespread application in supercapacitor and
electrocatalysis field owing to its low cost, easy fabrication and
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(Q. Tang)
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environmental stability as well as good conductivity [18,19].
However, its electrocatalytic activity and long-term stability of
pure PANi still can't match up to Pt-based materials, resulting in
the unsatisfactory power conversion efficiency when utilized in
DSSC platforms.

Utilizing synergistic catalytic effect by combination of several
materials provides a promising avenue to fabricate robust CE
electrocatalysts [20]. Aiming at improving the electron-migration
ability, the combination of carbonaceous materials with conduct-
ing polymer for complexes such as PANi-graphene and PANi-
carbon nanotube has been extensively studied in our previous
studies [21,22]. The electrical conduction and electrocatalysis can
be elevated, arising from the easy charge-transfer between
carbonaceous materials and PANi. However, one of the drawbacks
of carbonaceous materials is the limited active sites for Iy~
reductionand therefore unsatisfactory redox behaviors [23]. To our
best of knowledge, cobalt sulfide (CoS) is very effective in
catalyzing the I~ reduction reaction and is comparable to that
of traditional Pt material [24,25]. In order to develop other robust
PANi-based composite CEs, we present here the experimental
realization of aniline-CoS complexes by a reflux process and
subsequent PANi-CoS complexes at F-doped Sn0; (FTO) conduc-
tive glass after suffering an in-situ polymerization. Compared with
pristine PANi, the electrocatalytic ability is dramatically enhanced
by utilizing PANi-CoS complex. A potential mechanism is
attributed to superior properties and the increased active sites
of CoS as well as improved charge-transfer kinetics between PANi
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and CoS. The PANI can not only serve as the anchoring matrix to
load and hinder agglomeration of CaS, but act as linker to improve
the electrical connection between CoS nanoparticles [26]. Due to
the highest electrocatalytic activity and more efficient charger
migration channel, an impressive power conversion efficiency of
DSSC based on PANi-7 wt% CoS complex CE is enhanced to 8.55%,
which is much higher than 5.65% for PANi based solar cell and
5.79% for pristine Pt based device.

2. Experimental
2.1. Synthesis of CoS nanoparticles

In a typical synthesis of CoS nanoparticles, 1.0115g of
CoCl,-6H,0 powders was dissolved in 30mL of deionized water
and then 0.646 g of thiourea were added into above solution under
vigorous magnetic stirring. Subsequently, the reactants were
transferred into a 50 mL of Teflon-lined stainless steel autoclave
and heated at 160°C for 12h. After cooling naturally, the resultant
black powders were centrifuged and rinsed repeatedly by
deionized water and anhydrous ethanol, and vacuum dried at
60°C for 24 h. The resultant CoS powders were used without post-
treatment.

2.2, Reflux synthesis of aniline-CoS complexes

CoS powers at dosages of 1, 3, 5, 7, or 9 wt% were added into
10mL of aniline and the mixtures were sonicated for 15 min.
Subsequently, the mixtures were sealed in a three-neck flask and
refluxed at 184°C for 6h in dark to prepare the aniline-CoS
complexes under high-purity N, gas flow. When cooling down to
room temperature, the complexes were stored under ambient
conditions for further use.

2.3. Fabrication of PANi-CoS complex CEs

The PANi-CoS complex CEs were synthesized by an in-situ
polymerization process on FTO glasses. Briefly, 148 mL of as-
synthesized aniline-CoS complexes was dissolved in 50 mL of 1M
HCl aqueous solution and 50 mL of aqueous solution consisting of
1M HCl and 0125M ammonium peroxydisulfate (APS) was
dropped into above solution over a 2h period at 0°C under mild
agitation. Prior to polymerization reaction, a freshly cleaned FTO
glass substrate was placed at the bottom of vessel. Then, the
polymerization reaction was continued at 4°C for 10 h. Finally, the
FTO supported PANi-CoS complex CE was rinsed thoroughly with
1M HCl and deionized water, and stored in vacuum.

2.4, Assembly of DSSCs

ATIO; filmwith a thickness of around 10 m was firstdeposited
on the surface of FTO glass substrate by a traditional doctor-blade
method and subsequently calcined at 450°C for 30 min to obtain
the Ti0, film as photoanode. Afterward, the photoanode with
active area of 0.25cm? was sensitized by immersing into an
ethanol solution containing 0.50mM N719 dye for 24 h at room
temperature. A typically sandwiched DSSC was fabricated by
assembling a sensitized photoanode and a PANi-CoS complex CE
with the redox electrolyte.

2.5, Electrochemical characterizations
To evaluate the electrocatalytic activity, all the electrochemical
properties of CEs were recorded using a traditional Electrochemi-

cal Workstation. The cyclic voltammetry (CV) curves were
recorded from —06 to +1.2V and back to —0.6V in a three

15

electrode system comprising an Ag/AgCl reference electrode, a Pt
CE, and the working electrode of PANi-CoS complex in a nitrogen-
purged electrolyte solution. Tafel polarization measurements were
carried out with the same equipment in a symmetric cell
consisting of PANi-CoS complex CE[redox electrolyte|PANi-CoS
complex CE with scanning potential window from —1 to 1V at the
scan rate of 10mVs™". Electrochemical impedance spectroscopy
(EIS) measurements were characterized with symmetric dummy
cells, and the frequency range was from 10° kHz to 0.01 Hz with an
ac modulation signal of 10mV and zero bias potential at room
temperature. The resultant impedance parameters were obtained
by fitting with Z-View software.

2.6. Photovoltaic measurements

Photocurrent density-voltage (J-V) characteristics of DSSCs
were measured under air mass 1.5 global (AM1.5G) illumination at
100 mWcm™ from a 100 W Xenon arc lamp (XQ-500 W) which
was calibrated by FZ-A type radiometer in the atmosphere, Each J-V
curves were repeated measured at least ten times to control the
experimental error within +5%,

2.7. Other characterizations

The morphologies of PANi-CoS complex CEs were investigated
by a field-emission scanning electron microscope (SU8020,
Hitachi, Japan). The molecular structures of aniline-CoS complexes
were determined on a PerkinElmer spectrum 1760 FTIR spectrom-
eter. The optical absorption spectra were measured on a UV-vis
spectrophotometer by dissolving the samples in acetone. A
Fluorolog 3-P spectrophotometer was used to record the fluores-
cence emission spectra at room temperature with excitation
wavelength of 500 nm.

3. Results and discussion

To reveal the effect of refluxing process on the interaction
between CoS and aniline, the fluorescence emission spectra of CoS,
pure aniline, aniline/7 wt% CoS mixture and resultant aniline-CoS
complexes diluted with acetone solvent was recorded at 500 nm as
shown inFig. 1a. One can find that the maximum emissions of CoS-
aniline complexes are at around 560 and 605nm in acetone,
whereas the fluorescence of pure CoS and aniline are significantly
quenched. It is noteworthy to mention that the markedly
distinction of the fluorescence emission spectra between CoS-
aniline complexes and individual components indicates the
formation of new light-absorbing species after the refluxing
process. Considering the prerequisite of fabricating a robust PANi-
CoS complex CEs is the rapid charger-transfer ability, in this
fashion, this combination can result in enhanced electrocatalytic
active, Furthermore, in order to understand more about the
complexing mechanism of aniline monomers and CoS, UV-vis
adsorption spectra of pure aniline, aniline/7 wt% CoS mixture and
aniline-CoS complexes with various dosages of CoS in acetone are
characterized. As shown in Fig. 1b, there is no obvious adsorption
peak in the range from 350 to 1100 nm for pure aniline and aniline/
7 wt¥% CoS mixture. In contrast, a new strong and broad adsorption
peak between 350 and 600nm can be observed, which may be
attributed to the formation of interaction between CoS and aniline
[27.28].

As indicated above, we believe that a new chemical species is
produced after refluxing process at 184°C and therefore the
formation of a charge-transfer complex in its ground state because
the CoS is a good electron acceptor, whereas the aniline is a
common electron donor. At elevated temperature, aniline-CoS
complex can be fabricated via the metal (d-)-nitrogen (p.)
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Fig.1. (a) Emission spectra and (b) UV-vis absorption spectra of pure aniline, CoS, aniline /CoS mixture, and aniline-CoS complexes in acetone at CoS dosagesof 1,3, 5,7 and

540 830 700
Wavelength (nm)
qwi.
=
zg
E | .
: /A
[ |
= ! !
!
[ i
P
Ll VR
a5 A e &

T T T T T T T T
2200 2000 1800 1600 1400 1200 1000  BOO 600

Wavenumber (cm'")

Fig. 2. FTIR spectra of(a) pure PANi and PANi-CoS complexesat CoS dosagesof (b) 1,
() 3,(d) 5, (e) 7, and () 9wt.

antibonding interaction between Co atom in CoS and N atom in
aniline [29]. Fig. 2 shows the FTIR spectra of pure PANi and PANi-
CoS complexes at various dosages of CoS to further examine the
chemical compositions. The main characteristic adsorption bands
located at 1552 and 1478 cm™" are attributed to the C=C stretching
of quinoid ring and benzenoid deformation of PANi, respectively.

Meanwhile, the C—H bending mode of on benzene ring and C—N
bending and stretching mode are also observed at 975, 1238 and
1295cm ™, respectively [2630]. In comparison with pure PANi,
there is a fact that the C—H bending of the quinoid ring appeared at
1130cm™" shifts to 1120, 1118, 1116, 1113 and 1106 cm™" in PANi-
1wt% CoS complex, PANi-3wt% CoS complex, PANi-5wt% CoS
complex, PANi-7 wt¥% CoS complex, and PANi-9wt% CoS complex,
which can be possibly ascribed to the successful formation of
covalent interactions between PANi and CoS. Till now, we can make
a conclusion thata charge transfer and a selective interaction of the
Co atoms with quinoid rings of PANi backbones can be realized by
refluxing process.

As shown inFig. 3aand b, the top-view SEM images of resultant
PANi-7wt¥% CoS complex suggest that the CoS nanoparticles are
uniformly distributed in the PANi nanofibers on the surface of FTO
glass viain-situ polymerization. Meanwhile, asfor metal sulfides, the
relatively low active surface area and the insufficient interparticles
conductive connection due to the large size result in the relatively
poor electrocatalytic activity |31]. Notably, we can not detect CoS
aggregations, indicating that CoS have been successfully combined
with PANi to control the size and distribution of CoS along the PANi
network, therefore an increased elecrocatalytic active sites and
accelerated the electron transport. The relatively strong interaction
between CoSand PANi is expected to improve charge-transfer ability
and therefore the electrocatalytic activity.

Fig. 4a shows the representative photocurrent density-voltage
(J-V) curves of various DSSCs employing pure PANi and PANi-CoS
complex CEs under AM15G sunlight, and the photovoltaic

Fig. 3. Top-view SEM photographs of PANi-7 wt® CoS complex CE

16
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Fig. 4. Photocurrent density-voltage (J-V) curves of the DSSCs employing various CEs (a) under an illumination of 100mWcm 2 and (b) in the dark.

Table 1

Photovoltaic parameters of the various DSSCS. [ short-dircuit current density; Vi
open-circuit voltage, FF: fill factor; n: power conversion efficiency.

CEs Ve (V) Je(mAem?) (%) FF

Pure PANi 0.698 1248 565 0648
PANi-1wt% CoS complex 0719 1267 572 0628
PANi-3 Wi CoS complex 0721 13.48 614 0632
PANi-5wt CoS complex 0717 1339 647 0674
PANi-7wt% CoS complex 0733 1729 855 0675
PANi-Owt% CoS complex 0700 1461 672 0657
Pt 0714 1247 579 0650

* The data were obtained from Ref. [33].

parameters are summarized in Table 1. One can be find that the
power conversion efficiency is enhanced to 8.55% (V,.=0.733,
Je=1729mA cm~2% FF=0.675) from the PANi-7 wt% CoS complex
CE by increasing CoS dosage, which is superior to 5.65% for pure
PANi. The impressive efficiency may be ascribed to the rapid
interconversion between I~ and I” and therefore the accelerated
the generation of photoelectrons from dye molecules [32].

a
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| Pure PANI

+ = PANI-1 wife CoS complex
s PANI=3 Wi CoS complex
;= PANi=S witha Co§ complex
" e PANi-T wio CoS complex

Current density (mA em B)

|Red ;I +2e"= 31

R —

(o) " e PANi=8 Witha Co§ complex

T
04

I-UI.Z I 0:0 ‘ 0:2 U:‘i ‘ O:S I D:B I
Potential (V vs Ag/AgCl)

T —
06 10 12 14

Additionally, the efficiency of DSSC with optimized PANi-CoS
complex CE has also been markedly enhanced in comparison with
5.79% for pristine Pt based solar cell [33]. Furthermore, the dark -V
characteristics are also measured in Fig. 4b, in which the current
density follows the order pure PANi >PANi-1 wt% CoS complex >
PANi-3wt% CoS complex > PANi-3 wt% CoS complex > PANI-9 wt?%
CoS complex > PANI-7 wt% CoS complex at the same voltage. It is
well known that the dark current is attributed to backward
reaction between electrons in the conduction band of TiO; and I3~
species [33]. The smallest dark current means the retarded
recombination of ;- species at TiO,[electrolyte interface and
accelerated electron transportation along the conducting network
by Ti0; nanocrystallites. A possible mechanism behind this
phenomenon is the good matching of energy levels between
percolating Ti0, (-4.2eV)-Ti0, (-4.2eV) nanocrystallines in
comparison with TiQ, (—4.2eV)-I7/l;~ (-4.9¢eV) under an in-
creased voltage drop [34]. Thus, we infer that the enhanced
performance of DSSC arises from the elevated electrocatalytic
ability.

To demonstrate why the performances of DSSCs employing CoS
decorated PANi complex CEs can be improved, cyclic voltammetry

Current density (mA cm'zj

T
02

o4 08 08
Potential (V vs AglAgCl)

——
0.0

Fig. 5. (1) CV curves of various CEs for | |l;~ redox electrolyte recorded at a scan rate of 50mV's ! (b) OV curves of PANi-7 wi% CoS complex CE for I [l; redox species at
varied scan rates and the inset presents the relationship between peak current density and square root of scan rate
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Table 2

P. Yang et al / Electrochimica Acta 184 (2015) 64-69

Catalytic parameters of the various PANi-CoS complex CEs toward | /I3 redox electrolyte.

Parameters Red,; (V) Jrear (mAcm %) 0x; (V) Joxt (mAcm ) Epp (V) D, (em?s™') R.. (ohmem?)
Pure PANi 0.265 3.362 0.606 4056 0871 391x10°° 35.44
PANi-1wt% CaS complex 0164 4392 0482 4008 0.646 6.6610°° 2954

PANi-3 Wt CaS complex 0137 4733 0463 4499 0.600 774 10°° 12.02
PANi-5wt% CaS complex 0126 5.278 0455 6.559 0581 9.63x10°° 1195
PANi-7wt% CaS complex 0.052 6.308 0497 8.326 0549 13710 6.07
PANi-9wt% CaS complex 0.055 5.668 0524 7542 0579 1112107 1161

P 0129 269 0556 278 0.685 085107 7.23

* The data were obtained from Ref, [33].

(CV) is carried out to examine the catalytic activity. As shown in
Fig. 5a, two pairs of oxidation and reduction peak can be observed,
corresponding to the oxidation reaction (0x,: 31" —2e™ — I3, Oxy:
2l;7 —2e” —3ly) at positive current peaks and the reduction
reaction (Red,: ;- +2e~— 31", Red,: 3L, +2e~ —2I,7) at negative
current peaks. Furthermore, with the aim of exploring the
mechanism during reduction of Iy~ to 17, CV curves of PANi-7 wt
% CoS complex CE at various scan rates are shownin Fig. 5b. Linear
relationships are observed by plotting the relationship between
peak current density and square root of scan rate (inset in Fig. 5b),
indicating the reversible I;™+2e” < 31" redox reactions is con-
trolled by ionic diffusion in the electrolyte [35]. Considering the
function of a CE catalyst in DSSC is to reduce the I;~ tol~, thus peak
current density of the Red, (J,.q;) is used to evaluate the
electrocatalytic activity of CE as well as the peak-to-peak
separation (Epp) of Ox; and Red, [36]. It is worthy to mention
that the J,.q; follows an order of pure PANi«< PANi-1wt¥% CoS
complex < PANi-3wt% CoS complex < PANi-5wt% CoS complex <
PANi-9 wt% CoS complex < PANi-7wt% CoS complex a nd Epp
follows an opposite order as summarized in Table 2. The largest
Jrear and smallest E,, of PANi-7 wt¥% CoS complex demonstrate the
highest electrocatalytic activity which is consistent with the power
conversion efficiency. The rapidly charge-transfer between PANi
and CoS and the increased catalytic active sites due to higher
amount of CoS attached on the PANi backbone, lead to enhanced
electrocatalytic performance. However, much higher CoS dosage
may block the charge-transfer because of CoS aggregations. In
order to verify the conclusion, the diffusion coefficient (D,,) of the
redox species is calculated through the Randles-Sevcik theory [37]:
Jrear =Kn"*ACD,"*1"* where K is 2.69 x 10°, n is the number of
electrons of reduction reaction, A is the electrode area, C is the
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concentration of Iy~ and v is scan rate of recording CV curves. The
largest values of Dy, can be obtained from PANi-7 wt% CoS complex
CE according to above equation, indicating that the elevated
bonding sites between CoS and PANi can provide more active sites
to reduce I;~ and accelerate charge-transfer within PANi-CoS
complex CE.

For a real DSSC device, the facile charge-transfer within CE and
the enhanced electrocatalytic activity can significantly accelerate
the generation of photosensitive dyes. Nyquist EIS plots from the
symmetric dummy cells are shown in Fig. 6a. Apparently, two
semicircles are observed, which present the Ry at the CE/
electralyte interface at high frequency region and the Nernst
diffusion impedance (W) at low frequency region. From Table 2,
one can find that the values of R, extracted by fitting the EIS plots
with Z-View software decrease with the various dosages of CoS:
pure PANi>PANi-1wt% CoS complex > PANI-3 wt% CoS complex >
PANi-5 wtf% CoS complex>PANI-9wt% CoS complex > PANI-7 wt?
CoS complex. The smallest R, of PANi-7wt% CoS complex CE
suggests a rapid conversion reaction from I~ to I~, therefore
resulting in an enhanced FF comparison with other devices.
Moreover, V,. is determined by the difference between the quasi
Fermi energy of the electrons in percolating Ti0, and redox
potential of I"/I;~ electrolyte. In a real DSSC device, the recorded
Vi is generally lower than this theoretical value because of a
backward reaction between photogenerated electrons and oxided
species in electrolyte. As has been abovementioned, the increased
electrocatalytic activity is beneficial to restricting the recombina-
tion reaction. In this fashion, the real V,. value is also elevated by
utilizing robust CE. Tafel polarization curves are also employed to
investigated to electrocatalytic activity of pure PANi and PANi-CoS
comlplex CEs. Typically, the tafel curve composes of three zones:
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Fig. 6. (a) Nyquist EIS plots and (b) Tafel polarization curves of the symmetric dummy cells fabricated with twoidentical PANi, and PANi-CoS complex CEs. The inset gives an

equivalent circuit to fit EIS parameters by a Z-View software,
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the low potential zone (|U|<0.12V), the high potential zone (|
U|>0.2V) and the Tafel zone (0.12V < |U| < 0.2V), corresponding
to polarization, limiting diffusion of I7/I3™ in the electrolyte and
charge transfer at the surface of CE/electrolyte, respectively [38].
As shown in Fig. 6b, the exchange current density (J,) and limiting
diffusion current density (J;,,) follow the same order: pure
PANi < PANi-1wt¥% CoS complex < PANi-3wt¥% CoS complex <
PANi-5wt?% CoS complex < PANi-9 wt¥% CoS complex < PANi-7 wt
% CoS complex. A higher ], and Jj,,, indicate the better electro-
catalytic activity of CE. Notably, the EIS and Tafel results match well
with CV measurement, which can also be obtained by the following
relationship [36,24: Jo =RT[nFRy, Jiim = 2nFCDy, /I, where R is the gas
constant, T presents the absolute temperature, F is Faraday's
constant, [is the distance between the electrodes in a dummy cell.
After performing a comprehensive analysis of the CEs, it is evident
that the CoS decorated PANi can significantly improve the
electrocatalytic activity, which is in agreement with the perfor-
mance of DSSCs.

4. Conclusion

In summary, we have successfully realized the novel PANi-CoS
complex CEs by a reflux approach. The charger transfer between
PANiand CoS is accelerated by formation of interaction between Co
atom and N atom via the metal (d,)-nitrogen (p) antibonding
interaction, resulting in superior electrocatalytic activity toward
15~ species than pure PANi electrode. Due to the well distribution of
CoS along PANi network, the DSSC from PANi-7 wt% CoS complex
CE exhibits an impressive power conversion efficiency of 8.55% in
comparison with that of 5.65% from pure PANi CE. However, the
study presented here is still far from being comprehensive
optimized and the conductive ability of PANi-CoS complex is still
lower, the advantages along with cost-effective and Pt-free
material ensure its wide range of application areas in DSSC as a
robust CE candidate.
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of 1.39%.

Pursuit of an efficient strategy for quantum dot-sensitized photoanode has been a persistent objective
for enhancing photovoltaic performances of quantum dot-sensitized solar cell (QDSC). We present here
the fabrication of the indium sulfide (In;S; ) quantum dot-sensitized titanium dioxide (Ti0; ) photoanode
by combining successive ionic layer adsorption and reaction (SILAR) with solvothermal processes. The
resultant QDSC consists of an In,S; sensitized TiO, photoanode, a liquid polysulfide electrolyte, and
a CopgsSe counter electrode. The optimized QDSC with photoanode prepared with the help of a SILAR
method at 20 deposition cycles and solvothermal method yields a maximum power conversion efficiency

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Quantum dot-sensitized solar cell (QDSC), a promising pho-
toelectrochemical device directly converting solar energy into
electricity, has attracted tremendous attention due to its easy
fabrication and cost-effectiveness [1-3]. In comparison with the
expensive sensitizers in dye-sensitized solar cells, the quantum
dots (QDs) in QDSCs have triggered growing interests because of
the tunable band gap and high molar extinction coefficient [4].
Furthermare, the thearetical power conversion efficiency of QDSC
can reach as high as 44% according to the multiple exciton genera-
tion phenomenon due to the impact ionization effect [5]. In spite of
those merits, the highest reported efficiency of QDSCs is limited at
8.55% |6], which is far behind the maximum efficiencies from dye-
sensitized solar cells (13%) [7] and perovskite solar cells (20.1%) [8].
The preferred QDs for QDSC applications are highly toxic cadmium
and lead chalcogenides (CdS [9], CdSe [2], CdTe [10], and PbS [11]).
Although Cd-based and Pb-based QDSCs have higher power con-
version efficiencies, their toxic elements may limit the large-scale
applications. In this fashion, a prerequisite to develop commercial
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devices is to replace the Cd-based and Pb-based QDs by nontoxic
species.

As a typical 1I-VI group sulfide, indium sulfide (InySq) with
a bulk band gap of 2.0eV has been extensively investigated in
luminescence [12], photocatalysis [13], and Li-ion batteries [14].
Recently, InyS3 has been employed in QDSC as light absorber due to
its excellent photoactivity, stable chemical and physical properties,
high carrier mobility and low toxicity [15]. However, In;S3 sensi-
tized solar cell demonstrates a quite poor photovoltaic performance
[15-19]. Up to now, the fabrication of InyS3 QDs exploit some situ
growth methods, such as successive ionic layer adsorption and
reaction (SILAR) [19], solvothermal method [20] and electrodepo-
sition technique [21]. In the current work, we present the synthesis
of InyS3 QDs by combining traditional SILAR with solvothermal pro-
cesses. SILAR synthesis shows good control over QD stoichiometry
and size and can improve surface ligand coverage. However, devices
fabricated using SILAR-synthesized materials suffer from QD cor-
rosion, and lead to lower efficiencies than ex situ synthesized QD
devices [22]. However, solvothermal synthesis is effective to obtain
high-quality inorganic semiconductors [23]. In this fashion, the
combination of SILAR and solvothermal processes is expected to
optimize the uptake of Iny53 QDs and crystal structure. We employ
CoggsSe alloy as the counter electrode (CE), which has a superior
catalytic performance for §2-/5,2- redox electrolyte [24]. In com-
parison with the QDSCs based on the photoanode prepared using
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SILAR in the current and previous reports [17], the QDSC adopting
the photoanode prepared with SILAR at 20 deposition cycles (20C)
combined with solvothermal method presents a power conversion
efficiency of 1.39%.

2. Experimental
2.1. Fabrication of In,S3 sensitized Ti0; photoanodes

The Ti0; photoanode on an FTO glass substrate (sheet resis-
tance 12§2sq~") was fabricated according to the method in our
previous report [25]. The In;S; sensitized TiO; anodes were fabri-
cated with a SILAR method. In details, the TiO; film was dipped into
0.034M InCly methanol solution for 1 min, rinsed with anhydrous
methanol and then dried by Nj flow, and subsequently dipped
into 0.05M Na;S ethanol solution for 1min, rinsed with anhy-
drous ethanol and then dried by N, flow. Each series of the two
immersion processes was marked as one deposition cycle. Such
deposition cycle was repeated several times to obtain the InjS3
sensitized TiO7 anode, which subsequently suffered solvothermal
reaction. The precursor solution for solvothermal reaction includes
1 mM InCl3, 4 mM sulfocarbamide (SC(NH3 )3 ), and 6 mM citric acid
trisodium salt (CgHsNa30;-2H,0) in ethanol. When transferred the
Iny S5 sensitized TiO; anode into a 50 mL Teflon-lined autoclave
with the FTO layer downward, the solvothermal reaction was per-
formed at 120°C. After reaction for 4 h, the final photoanode was
thoroughly rinsed with ethanol and dried by No flow.

2.2. Fabrication of CoggsSe CEs

A mixture aqueous solution consists of 0.0238 g CoClz-6H20,
0.01¢g Se, 7.5 mL hydrazine hydrate (85%) and 27.5 mL deionized
water. After vigorous stirring for 10 min, the resultant solution was
transferred into a 50 mL Teflon-lined autoclave holding a cleaned
FTO glass substrate with FTO layer downward. After reacting at
120+°C for 12 h, the substrate was taken out and rinsed with deion-
ized water and then vacuum dried at 50°C.

2.3. Assembly of QDSCs

The typical sandwich configuration of a QDSC was illustrated
in Fig. 1a. The liquid polysulfide electrolyte consisting of 1M
NayS and 1M sulphur aqueous solution was injected into the cell
through capillary force. The characteristic photocurrent-voltage
(J-V) curves of the QDSCs were measured with an Electrochemi-
cal Workstation under AM 1.5G irradiation at 100mW cm~2. The
active area of each QDSC was around 0.25 cm? defined by applying
a black mask on the surface of the device. Due to the good match-
ing of energy levels [26], as shown in Fig. 1b, the electrons can be
excited from valence band of In2S3 to CB and then transfer to CB of
Ti0s.

24. Characterizations

The surface morphology of the [n;S; sensitized photoanode pre-
pared using SILAR at 20C combined with solvothermal method was
characterized using a scanning electron microscope (SEM, $4800).
In order to detect the growth of In;S3 QDs on Ti07 anode during
the SILAR process, the InyS3 sensitized TiO; anodes after SILAR
and solvothermal processes were subjected to UV-vis absorption
at room temperature using bared FTO glass as a benchmark. The
UV-vis diffuse reflection spectra were measured on an UV-vis
spectrophotometer (Agilent 8453). The electrochemical impedance
spectroscopy (EIS) measurements were scanned with a frequency
range of 0.1-10°Hz at an ac amplitude of 10mV under dark
condition.
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3. Results and discussion

The morphology of the photoanode has a powerful influence
on the photovoltaic performance of a QDSC. Typical top view SEM
images in Fig. 2a and b show the nanoporous structure of InyS3
sensitized TiO; photoanode synthesized by SILAR at 20C combined
with solvothermal method. From Fig. 2a and b, the photoanode
has a homogeneous surface without aggregations and the aver-
age diameter of the InyS3 sensitized TiO; nanoparticles is ~25 nm.
The photoanode becomes more compact comparing with pristine
TiO; in our previous report [25], suggesting that the TiO; nanopar-
ticles have been covered densely by smaller InyS; QDs and the
nanoparticle structure of TiO, is retained. As references, the top-
view SEM images of the photoanodes synthesized with SILAR at 8C
or 24C combined with solvothermal are also provided in Fig. 2c and
Fig. 2d, respectively. Top-view SEM photographs in Fig. 2c suggest
a low coverage of In;S3 quantum dots with an average diameter of
~20 nm on dense Ti0; film when [n353 quantum dots are deposited
for 8 cycles. With further increase in deposition cycle to 28 cycles
(Fig. 2d), the Ti0 surface has been completely covered by porous
InyS3 quantum dots with a larger size (~50 nm). However, much
thicker Iny53 layer on TiOy provides more interfaces for electron-
transfer, therefore, the electron density at CB of TiOz nanocrystallite
is expected to be decreased.

The Iny S5 sensitized TiO; photoanodes are synthesized based on
SILAR combined with solvothermal method. The whole reactions
can be demonstrated as:

SILAR process:

2InCls + 3NayS — InyS3 | +6NaCl (1)
Solvothermal process:

34 +In** - InA; (A~ =C5HyC007) (2)
SC(NHy); + CoHa0H — HyS + CO; + NH3 (3)
HyS — HS™ +H" — S3~ +2H* (4)
210t 1382 = InyS5 (5)

The SILAR process is used to deposit InS3 on percolating Ti0;
film. At the very beginning of the solvothermal process, In?* and
A~ form InAz complexes. Then the S2- ions released from SC(NH; )
react with In?* (released from InA; complexes) to form In;S; under
solvothermal treatment.

Fig. 3a shows the UV-vis absorption spectra of the InS3 sensi-
tized TiO; photoanodes prepared at various deposition cycles using
pure Ti0; photoanode as a benchmark. The typical absorption at
around 340nm is responding to the electron transition in [n;S3
(Ds between valence band and conduction band. Fig. 3b shows the
UV-vis diffuse reflectance spectra of the resultant photoanodes,
yielding a red shift of the band onset. This may be attributed to
the increase of In;S3 loading and the increase of size of In;S3 QDs.
Moreover, the photoanode prepared using SILAR at 20C combined
with solvothermal method has the largest band span. In comparison
with characteristic band at ca. 640 nm for bulk InyS3 [27], a distinct
blue shift indicates that the size of InyS3 QDs is in the quantum
confinement region [28].

The band gap (E;) of the as-prepared photoanodes can be esti-
mated according to the Kubelka-Munk theory [29]:

(1-RY?
(2R)
where R is the diffused reflectance. As shown in Fig. 3¢, the

intercepts of the tangents from the plots of [AR)hv]!/2 versus hv
yield the Eg values of the photoanodes. The Eg are 3.13, 2.44,

F(R) = (6)
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Fig. 1. The schematic diagram for the (a) QDSC with Inz5; sensitized TiD; photoanodes and (b) charge-transfer process in the QDSSC device.
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Table 1

Photovoltaic parameters of various QDSCs. Vie: open-circuit voltage; J..: short-
circuit current density; FF: fill factor; n: power conversion efficiency.

Photoanodes Vor (V) Je(mAcm2)  FF(%) n(%)
SILAR at 8C + solvothermal 0277 173 48.0 023
SILAR at 12C+solvothermal 0.351 6.46 36.2 0.82
SILAR at 16C+solvothermal 0.355 7.09 432 1.09
SILAR at 20C +solvothermal 0434 7.85 499 139
SILAR at 24C+solvothermal 0.456 5.93 473 128
SILAR at 20C 04325 5.01 474 1m
Solvothermal 0253 0.42 320 0.034

2.35 and 2.64eV for the photoanodes prepared using solvother-
mal, SILAR at 16C and 20C combined solvothermal, and SILAR at
20C, respectively. Therefore, the excitation of InyS; QD can be
enhanced with the help of a SILAR combined with solvothermal
method.

Fig. 4a shows the |-V curves of QDSCs employing various
photoanodes and the photovoltaic parameters are summarized in
Table 1. The QDSC with a photoanode prepared using solvothermal
method shows a poor efficiency of 0.034%, which is similar to the
value in previous report [17]. The optimum efficiency of 1.39%
is measured from the QDSC adopting the photoanode prepared

using SILAR at 20C combined with solvothermal method, having
a significant enhancement of 37.6% comparing with the efficiency
of cell employing the anode prepared using SLIAR at 20C. The
QDSC based on the photoanode prepared using SILAR combined
with solvothermal method displays a higher power conversion
efficiency than that reported in the literatures with SILAR method
[18]. The improvement can be attributed to the high-quality
InzS3 QDs by solvothermal process [23,30] for charge transfer
between InzS3 and TiOz nanoparticles, resulting in a smaller
interfacial resistance. Moreover, the Js- can also reflect the number
of accumulative electrons on conduction band (CB) of Ti0; injected
from CB of In;S3. With the increase of In;S3 loading, the electrons
excited from In253 can be increased and then transfer to CB of TiD3.
However, the reduction of Js; at 24C with much more In3S3 may be
attributed to the aggregations and growth of the Iny S3, which result
in the remission of quantum confinement effect on In;S3 quantum
dots, reduce the number of excitons and then lead to a smaller J,..
Vi is dependent on the difference between the quasi Fermi energy
of the electrons in TiO; and redox potential (—0.55eV) of the
52-/5x2- electrolyte [31]. Due to the same TiO; electrodes used for
cell assembly, the theoretical V,,; values are believed to in the same
level. Actually, the real V. of a QDSC is smaller than the theoretical
limit because of a backward reaction between electrons and

Fig. 2. SEM photograph of In;S; sensitized Ti0; photoanode prepared using SILAR combined with solvothermal method: (a and b) at 20C, (c) at 8C, and (d) at 24C.
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spectra and (c) plots of [F{R)hv]"2 versus the band gap energy of various photoanodes after suffering SILAR and solvothermal processes.

electrolyte, and the backward transport of electrons produces a
dark current. Recombination of photogenerated electrons with S,
species in polysulfide electrolyte is a primary factor for electron
loss. The dark current in QDSC is ascribed to the backward reaction
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between the Sy2- and electrons on CB of TiO3. The dark J-V curves
in Fig. 4b show that the QDSC based on the photoanode prepared
using SILAR at 20C combined with solvothermal method has the
smallest current density at a given voltage. The smaller dark
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Fig. 4. Characteristic J-V curves of QDSCs measured (a) at AM 1.5G irradiation and (b) in the dark; EIS spectra of the QDSCs: (c) Nyquist plots and (d) Bode phase plots.
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Table 2

Peak frequency (f;), electron lifetime (), and related parameters of the QDSCs obtained by fitting EIS.
Photoanodes Rs (Qcm?) Rz (Qem?) W(Qcm?) o (Hz) 7(ms)
SILAR at 8C + solvothermal 0.562 501 9.40 1953 0.32
SILAR at 12C + solvothermal 0.449 33 4.98 127.6 1.25
SILAR at 16C + solvothermal 0437 239 4.61 1181 135
SILAR at 20C + solvothermal 0.406 11.0 1.08 56.23 283
SILAR at 24C + solvothermal 0.449 129 21 90.10 177
SILAR at 20C 0.510 28.2 5.68 1232 1.29

current density suggests that the recombination at the References

TiO,/electrolyte interface is retarded.

As shown in Fig. 4c, the smaller semicircle (high fre-
quency regions) indicates the charge transfer resistance at
CE/electrolyte interface (Rcr1), the larger semicircle (intermedi-
ate frequency regions) indicates the charge transfer resistance
at TiOy/InyS3/electrolyte interface (R ), the tail (low frequency
regions)indicates the Nernst diffusion process corresponding to the
diffusion resistance of the $2- /5,2~ redox species (W), respectively.
By fitting the Nyquist plots with the equivalent circuit (the inset
of Fig. 4c), the sheet resistance (R;), Ry and W can be extracted,
as summarized in Table 2. Because each device uses the same CE
and electrolyte, the differences of the R;, Ry; and W are responsi-
ble for the different photovoltaic properties. It is apparent that the
QDSC based on the photoanode prepared using SILAR at 20C com-
bined with solvothermal method has the smallest Rz 0f 11.0 2 cm?
compared with other devices(Table 2). This result suggests that the
photogenerated electrons can rapidly transport to CB of TiO; from
CB of In3S3. Furthermore, the smallest W value indicates that the
diffusion kinetics of the $2-/S,2- redox species within the region
between the photoanode and the CE are more facile than other
devices, which can quicken the recovery of excited In;Ss.

The lifetime of the electrons (t) on various photoanodes are
calculated according to Eq. (7) [27]:

1

I:Ffp

(7

where f, is the peak frequency assigning to the charge-transfer
process at anode/electrolyte interface. The electrons on the pho-
toanode prepared using SILAR at 20C combined with solvothermal
method have an average lifetime of 2.83 ms, which is the largest one
among various photoanodes (Table 2). The longest electron lifetime
suggests low electron recombination with holes and electrolyte and
an easy electron transport process along the photoanode prepared
using SILAR at 20C combined with solvothermal method.

4. Conclusions

In summary, In; S5 sensitized TiO; photoanodes have been suc-
cessfully prepared by combing SILAR with solvothermal processes.
We have evaluated the dependence of morphology, energy band
gap, electrochemical performance, and photovoltaic behavior on
SILAR cycles. The preliminary results demonstrate that the QDSC
with photoanode prepared using SILAR at 20C combined with
solvothermal method yields the maximum power efficiency of
1.39% in comparison with 1.01% on the cell based on photoanode
prepared using SILAR at 20C.
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Dye-sensitized solar cell (DSSC) is a promising solution to energy depletion, environmental pollution,
and ecological destruction. In this communication, we have successfully prepared nanoporous titanium
dioxide (TiOy) framework by etching traditional TiO; nanoparticle film for DSSC applications. Due to the
enhancement in light-scattering and fast electron transport, a promising power conversion efficiency of
8.29% is recorded from the DSSC employing Ti0, nanoframework in comparison with 6.24% for the solar
cell with pristine TiO; anode.
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1. Introduction

Dye-sensitized solar cell (DSSC) [1] is a lower cost, simpler
preparation process, relatively higher photoelectric conversion
efficiency and lighter mass [2] than conventional solar cells, such
as silicon-based solar cells. A typical DSSC device is composed of a
mesoporous network of Ti0, nanoparticles for uptaking dye pho-
tosensitizer, redox-active electrolyte containing iodide/triiodide
(I7/1) couples, and Pt counter electrode for converting I; to [~. An
ideal TiO, film should simultaneously meet several major re-
quirements such as a large specific surface area for sufficient dye
uptakes, a superior scattering effect for enhanced light-harvesting,
a prominent electron transport and recombination characteristic
for efficient charge-collection, as well as an adequate network and
porosity for feasible electrolyte penetration [ 3]. However, it is still
a challenge to integrate such merits into a single photoanode. The
conventional porous photoanode is composed of anatase TiO,
nanoparticles, which have a large specific surface area to load the
dye molecules [4]. However, the large interfacial resistance among
Ti0» nanoparticles is expected to trap many photogenerated
electrons, reducing the electron lifetime in photoanode. These
nanoparticles have abundant defects at surface and grain bound-
aries, acting as electrons traps for increased charge recombination
[5]. In order to solve these issues, one dimensional (1D) Ti0, na-
nostructures have been applied in DSSCs [6,7].

We report here a mild one-step hydrothermal method to directly

*Corresponding author. Fax: +86 871 5517125.
E-mail addresses: pzhyang@hotmail.com (P Yang),
tangqunwei@ouc.edu.cn (Q. Tang)
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convert pristine Ti0, nanoparticles into a nanoporous TiQ» frame-
work. Although the capability of uptaking organic dye molecules on
the nanoporous Ti0, framework reduces in comparison to pristine
Ti0» nanoparticle film, this extraordinary structure can efficiently
enhance the light scattering and increase the electron transport and
in favor of electrolyte permeation, which contribute to the electron
transport in the interface of TiO./dye/electrolyte. To the best of our
knowledge, this concept of fabricating nanoporous Ti0, framework
for rapid electron transport is also of significance for other solar
cells, such as quantum dot-sensitized solar cells, perovskite-sensi-
tized solar cells, and organic-inorganic hybrid solar cells [8].

2. Experimental
2.1. Fabrication of nanoporous Ti0, photoanodes

The photoanodes from mesoporous TiQ, aystallites were prepared
by coating sol-thermal processed Ti0, colloid on FTO glass with a
doctor-blade method. Subsequently, the as-prepared TiO: film on FTO
substrates were immersed into 30 mL of 1 M NaOH aqueous solution
and placed at an angle against the wall of the Teflon-lined autoclave
with the conducting layer facing down performed at 150 °C for 10, 20,
30, 60, 120, and 180 min, respectively. The as-prepared Ti0O./FTO films
were thoroughly rinsed with deionized water. The resulted nanopor-
ous TiO, frameworks on FTO glass substrates were immersed in a
050mM  N719  (cis-di(thiocyanato)-N,N'-bis(2,2"-bipynidyl-4-car-
boxylic acid)-4-tetrabutylammonium carbaxylate ) ethanol solution for
24 to obtain the dye-sensitized TiO, photoanodes.
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Fig. 2. (a) UV-vis absorption spectra of N719 sensitized Ti0; anodes. (b) XRD patterns of anodes from pristine TiDz nanoparticle film and nanoporous TiOz frameworks. The
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2.2. Assembly of DSSCs and photovoltaic tests

A DSSC was assembled by sandwiching with the liquid electro-
lyte between a dye-sensitized TiO» photoanode and a Pt counter
electrode. The photovoltaic tests on the DSSCs were carried out by
measuring the characteristic photocurrent-voltage (J-V) curves
under irradiation from a simulated solar light from a 100 W xenon
arc lamp (XQ-500 W) in an ambient atmosphere. The incident light
intensity was controlled at 100 mW cm™? (AM 15).

3. Results and discussion

Fig. 1a and b shows that the pristine Ti0, nanoparticle film is

27

are attributed to FTO glass. J-V curves of DSSCs (¢) under an AM15G illumination and (d) in the dark.

apparently synthesized with the average particle size of 20 nm.
After being etched for 20 min during the hydrothermal reaction, as
shown in Fig. 1c and d, the thin Ti0; film with nanoparticles has
been transferred to nanoporous Ti0, frameworks decorated with
unetched Ti0» nanoparticles. With further elongation of etching
time to 30 min, the TiO, nanoparticles have been completely dis-
solved, leading to homogeneous TiO, frameworks, as shown in
Fig. 1e and f. These extraordinary TiO frameworks are believed to
act as placeholders for dye uptake and percolating channels for
electron transportation. The nanoporous TiO, frameworks etched
for 0, 10, 20, 30, 60, 120, and 180 min are subjected to BET char-
acterization, giving BET values of 894, 76.1, 72.6, 68.7, 64.3, 538,
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Table 1

Comparison of efficiency (n), open-circuit voltage (Vi ), short-circuit current den-
sity (Je), fill factor (FF), and electron lifetime (r=1/2af, fis the peak frequency in
Bode plots).

Etching time n(%) Vo (V) Joe(mAcm %) FF(%) Ry (Qem?) ¢(ms)
(min)

1] 624 0700 12.76 692 133 343
10 713 0715 1556 641 101 283
20 746 0720 1537 674 149 416
30 829 0729 1632 69.7 33 504
GO 632 0726 12.82 679 139 131

120 459 0734 1180 530 183 108
180 132 0720 3711 571 263 074

and 321 m? g~', respectively, This result demonstrates that the
etching reaction can reduce the specific surface area of TiO; film
and therefore dye loading, which can also be confirmed by the
UV-vis absorption of dye-sensitized TiO, photoanodes, as shown
in Fig. Za. The absorption peak intensity has a reduced evolution
with etching time from 0 to 180 min, suggesting that the etching
of TiO, nanoparticle film during hydrothermal process can reduce
the specific surface area and therefore dye absorption, which is
consistent with BET characterization. Fig. 2b shows the XRD pat-
terns of the pristine Ti0; and nanoporous TiO; framework with an
etching time of 30 min. The diffraction peaks at 26/=25.2°, 38.7°,
48.0°,54.5°, and 61.6° in the pristine Ti0, pattern are attributed to
diffraction faces of (101), (004), (200), (105), and (204) planes,
respectively. All the diffraction peaks corresponding to anatase
TiO, (PDF#21-1272) can be identified in XRD pattern of nano-
porous Ti02 photoanode. We have carefully compare the XRD
patterns of the TiO, frameworks synthesized at various etching
time, no apparent deviations are observed in the profiles (Fig. 2b).

The DSSC device containing pristine TiO; crystallites gives a i
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of 6.24% (Fig. 2Zc and Table 1). Interestingly, the optimized DSSC
device based on the Ti0» at an etching time of 30 min performs
the » up to 8.29%. Although the dye loading is reduced by etching
the pristine TiO, nanoparticle film, the light scattering has been
markedly enhanced, yielding an enhanced J,. for optimized DSSCs.
Moreover, the increase of V. from 0.700 to 0.729 V is mainly due
to the fact that the longer electron lifetimes reduce the electron
recombination and improve the electron transport efficiently. It is
noteworthy to mention that further elongation of etching time
such as higher than 30 min, the FTO layer on glass substrate can be
destroyed for electron collection, yielding lower photovoltaic
performances in their DSSCs. This conclusion can be supported by
the sheet resistance evolution in Table S1. It has been determined
that etching time of 30 min is optimum for fabricating nice TiO:
framework. Dark J-V curves in Fig. 2d demonstrate the dark cur-
rent density for various DSSCs. Generally, the dark current is
formed by the backward recombination of electrons on conduction
band of Ti0, with | species. Apparently, the dark current density
has an order of TiO»-10 min < pristine Ti0s < Ti0»-20 min < Ti0x-
30 min = Ti0,-60 min = Ti0,-120 min = TiO,-180 min, which is
consistent with electron lifetime in Table 1.

In the EIS Nyquist plots in Fig. 3a, two well-defined semicircles
were observed in the high frequency and medium frequency range.
One can notice that the R., value for the cell device with TiO,-
30 min is the smallest, this demonstrates that the photogenerated
electrons can be rapidly transferred to CB of the TiO» and the ex-
cited dyes are easily recovered by I~ ions. The results can be as-
cribed to the fact that the etched film is benefit for the electrolyte
penetration. However, the destroy of FTO glass substrate can lead to
an increased Ry value, Till now, we can make a conclusion that the
enhanced electron lifetimes (Fig. 3b and Table 1) in the DSSCs from
TiO, anodes with etched 30 min by NaOH can be attributed to the
rapid electron transfer.

A sharp increase and no delay in photocurrent density in Fig. 3¢
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Fig. 3. EIS plots of the DS5Cs: (a) Nyquist plots and (b) Bode phase plots. (c) The on-off switches of DSSC with Ti03-30 min anode achieved by altemately illuminating
(100 mW cm %) and darkening (0 mW an ?) the DSSC at an interval of 505 and 0V. (d) Photocurrent stability of the DSSC device under persistent irradiation at

100 mWem 2,

28
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suggest a fast start of cell operation at irradiation, demonstrating
that the nanoporous TiQ, framework exhibits a capacity of trans-
porting electrons and reducing backward recombination reaction.
Moreover, no obvious reduction in photocurrent density in each
“on” state means a good multiple start capability and low electron
recombination kinetics. After multiple start-up, the cell still re-
main properties in its initial level (Fig. 3d), which is an essential
prerequisite for the application of DSSCs in engines or vehicles.
The photocurrent density as a function of time plots over 1000 s
demonstrates photocurrent stability on prolonged exposure to
light irradiation (100 mW cm~2).

4. Conclusions

In summary, nanoporous Ti0, framework has been fabricated
by a hydrothermal process for enhancing electron transfer ability,
limiting electron recombination, and therefore enhancing power
conversion efficiency of DSSCs. The optimized DSSC yields a
maximum efficiency of 8.29% in comparison with 6.24% for pris-
tine Ti0- based device. The high photovoltaic performances are
attributed to the nanoporous structure for effective electron
transport and electrolyte penetration.
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Abstract

In practical applications, part of solar rays incidence on reflectors of compound parabolic concentrators (CPC, in short) undergoes
diffuse reflections instead of specular reflections due to imperfect reflector profile, rough surface and dust deposition, leading a consid-
erable fraction of solar rays escape from the cavity of CPCs and making their optical performance decrease. In this article, a detailed
mathematical procedure to estimate the optical efficiency factor of CPCs with semi-diffuse reflectors and one-sided flat absorber is devel-
oped based on the knowledge of two-dimensional radiation transfer, and the effect of diffuse reflections within the CPC on its energy
collection is theoretically investigated. Ray-tracing analysis shows that the use of semi-diffuse reflectors in CPCs can not make solar flux
on the absorber more uniform except using perfect diffuse reflectors, in turn leads the optical efficiency decrease. Comparisons of the
optical efficiency factors between theoretically expected and those obtained by ray-tracing simulation indicate that the mathematical
model proposed in this work can accurately estimate the optical performance of such CPC. Theoretical calculations show that the
contribution of diffuse reflections within CPCs to the radiation collection of CPCs is limited as a result of the fact that the diffuse
radiation transfer shape factor from the reflectors to the absorber is very small, and the annual average optical concentration decreases
with the increase of diffuse reflectivity of reflectors for CPCs with a given total reflectivity.
© 2015 Elsevier Ltd. All rights reserved.

Keywords: CPC with semi-diffuse reflectors; Theoretical analysis; Optical efficiency factor; Effect on energy collection

1. Introduction

With the gradual depletion of fossil fuels in our planet,
the application of solar energy becomes more attractive in
recent years. [t was reported that, by 2011, solar photo-
voltaic (PV) had been introduced in more than 80 countries
and was regarded as the fastest growing power generation
technology (Firdaus et al., 2013). However, the use of PV
system is limited due to its high cost as compared to the
conventional electricity generation, although the cost of

* Corresponding author. Tel: +86 871 65912903; fax: +86 871
65516217.

E-mail address: kingtang01@]26.com (R. Tang).
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electricity generation by PV systems has decreased substan-
tially over the past two decades (Robert, 2005). In a PV
system, the PV cell accounts almost 50% of the total cost.
Thus, one of effective ways to reduce the cost of electricity
generated from a PV system is to reduce the use of solar
cells for given power demand by the use of cheep optical
concentrators.

In recent years, the compound parabolic concentrator
(CPC), an ideal concentrator, sharing advantages of simple
structure and no need of sophisticated sun-tacking device
(Rabl, 1985), has been widely tested for concentrating solar
radiation on solar cells to lower the cost of electricity from a
PV system (Mallick et al., 2004; Mallick et al., 2006;
Brogren et al, 2003). Theoretically, for a CPC based
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Nomenclature
C; geometric concentration factor of truncated A site latitude (rad.)
CPCs (dimensionless) tq acceptance half-angle of CPCs (rad. in expres-
C,x  annual average optical concentration (dimen- sions, otherwise in deg.)
sionless) 0 real incidence angle of solar rays on the aperture
f(0,) optical efficiency factor (dimensionless) of CPCs (rad.)
f4(0,) optical efficiency factor contributed by beam 0, angle at the incidence angle less than which both
radiation (dimensionless) reflectors are fully irradiated (rad.)
f4(0,) optical efficiency factor contributed by diffuse 6 angle at the incidence angle less than which the
radiation (dimensionless) absorber of CPCs is fully irradiated (rad.)
F,.,  shape factor from surface x to surface y (dimen- 6, projection incidence angle of solar rays on the

sionless)

H daily radiation (J/m?)

hy height of CPCs (m)

I instantaneous radiation intensity (W/m?)

J effective diffuse radiation from reflectors {W/mzj

S incident radiation intensity (W/m?)

t solar time measuring from the solar noon to
afternoon (s)

XY length of parabolic reflector from point X to
point Y (m)

Greek letters

p tilt-angle of CPCs’ aperture from the horizon
(rad.)
] declination of the sun (rad.)

cross-section of CPC-trough (rad.)
o, edgy ray angle of truncated CPCs (rad.)

p total reflectivity of reflectors (dimensionless)
Pi diffuse reflectivity of reflectors (dimensionless)
Py specular reflectivity of reflectors (dimensionless)
T4y day length (s)

o hour angle (rad.)

Subscripts

0 sunset

abs absorber

ap aperture

b beam radiation

d diffuse radiation

photovoltaic module, the power output should be increased
by a factor of its geometric concentration ratio as compared
to similar non-concentrating PV panel. However, the actual
power output from a CPC based PV module was much less
than the theoretical value due to the optical loss resulting
from imperfect reflections and the electrical loss partially
resulting from non-uniform distribution of solar radiation
on solar cells. To make the radiation on solar cells more
uniform so as to increase the fill factor of CPC based PV
systems, Hatwaambo et al. (2008, 2009) tried to use
semi-diffuse reflective materials as CPC reflectors, and
experimental results showed that the use of reflectors with
rolling mark parallel to the plane of solar cells could slightly
increase the fill factor of the photovoltaic system. However,
the use of semi-diffuse reflectors would result in the reduc-
tion of CPCs’ optical efficiency because only a very small
fraction of radiation incidence on the reflectors will arrive
on the absorber after diffuse reflections.

For a CPC with perfect specular reflectors, all radiation
within its acceptance angle will arrive on the absorber
directly or from reflectors after reflections, but in practical
applications, partial radiation incidence on reflectors will
undergo diffuse reflections due to imperfect reflector pro-
file, rough surface and dust deposition, leading a consider-
able fraction of solar rays escape from the cavity of CPCs
and making the optical performance decrease. In this wok,
an attempt was made to theoretically investigate the optical

31

efficiency factor contributed by diffuse radiation due to dif-
fuse reflections within the CPC with one-sided flat absorber
and semi-diffuse reflectors as well effects of diffuse reflec-
tions on its energy collection.

2. Mathematical model to estimate the optical efficiency
factor of CPCs

2.1. Reflector equation and key parameters of CPCs

As shown in Fig. 1, the equation of right reflector of a
CPC with one-sided flat absorber (the width of absorber

v

B 0 C

Fig. 1. Geometry of CPC with one-sided flat absorber.
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is assumed to be 1 for convenient analysis) in the suggested
coordinate system is given by:
_ (I4sinfly)sinf
T Tecos(Phfy)

o (14sinf,)cosf
T Tocos(B8,)

(6, <6< 0.57) (1)

where @, is the acceptance half-angle; f is the polar angle of
any point P on the parabolic reflector; and 6, is the
edge-ray angle of CPCs after truncation. For full CPC,
C.=1/sinf,, #,=0,. Given 6, and geometric concentra-
tion (C,), the edge-ray angle , can be calculated based
on Eq. (1) by:

sinf), = (a+ Iz —4ac)/(2a} 2)
where

a=[2+(1-C)sinf,] + (1 + C) cos’ b, (3)
b=21+C)2+(1-C)sin8,) (4)
c=(14¢) sin’6, (5)

The parabolic reflector length from its lower end C to any
point P can be numerically calculated by:

@:]I;ujn\a'tﬁz+d};

=V2(1+sinf,) f o (1 —cos(0+6,)] 5df (6)
f

The height of CPCs is given by:

L 0S(C+1)
"7 tand,

(7)

The 6y, as shown in Fig. 1, stands for the angle at the inci-
dence angle less than which the absorber of CPCs is fully
irradiated and is given by:
0.5(C,—1) (C,—1)tanf,

tanf; = = 8

! b, (C,+1) )
The #,, as shown in Fig. 2, is the angle at the incidence
angle less than which both reflectors are fully irradiated.

B C

Fig. 2. Irradiation situation within CPCs for the case of |9,,\ < .
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The 6, 1s actually the angle formed by the tangent line pass-
ing through the upper end point of the reflector and the
normal of CPCs” aperture, thus can be calculated based
on Eq. (1) by:

an 8 dx cos d, —cos B,
anfh=— =———
b dylyy,  sin, +sinf,

)
For full CPCs, 8, = 0, and thus 8, = 0. As solar rays enter
the CPC at 8, > 0, (0, is the projection incidence angle of
solar rays on the cross-section of CPC-trough, and is sim-
ply referred to as projection incidence angle in this work),
the upper part of right (left) reflector is irradiated (see
Fig. 7), and the polar angle of point £ can be obtained after
the lengthy mathematical derivation as follows:

o) 7

sin f; = [BE + \/B?E2 —(D*+ (B - D) |/ (D

+E) (6,
<6, < 0.3n) (10)

where

B=h—05(C, - I)ctand;
D=1+sint, + Bcosf,;
E = Bsint, — (1 +sin §,)ctand,.

Similarly, as solar rays enter CPCs at 8, < #, < 0, the
lower part of left (right) reflector is irradiated (see
Fig. 3), and the polar angle of point F can be calculated
as follows:

sinflp=[BE'+ \/(B“Ef -~ (DD +EE) (BB -DD)|/(DD+EE)
(05 <0, <0y) (11)
in which
B =h,—0.5(C, + 1)ctand,;

D' =1+sinfl, + B cosfl,;
E'=B'sinf, — (14 sinf, )ctand,

Fig. 3. Irradiation situation within CPCs in the cases of ff, < |HP| < 0 for
CPCs with < 6, and 6, < |f,| < 6, for CPCs with ; > 0.



Key Laboratory of Advanced Technique & Preparation for Renewable Energy Materials, Ministry of Education

Y. Yu, R. Tang|Solar Energy 120 {2015) 44-54 47

2.2. Optical efficiency factor contributed by beam radiation

When a beam of radiation enters the CPC with
semi-diffuse reflectors at 0, <0, partial radiation
incidence on reflectors undergoes specular reflections and
then arrive on the absorber as beam radiation, the remaining
undergoes diffuse reflections within the CPC cavity and only
a small fraction will finally fall on the absorber. Thus, for
such CPC, the radiation arriving on the absorber includes
beam radiation ((, ), arrived directly or from reflectors after
specular reflections, and diffuse radiation (Q,) from the
reflectors after forth-back diffuse reflections within CPCs.
Therefore, the optical efficiency factor of the CPC, f(6,),
defined as the fraction of radiation incident on the aperture
that arrives on the absorber, can be expressed by:

16 =25 6+ 1,00,

Sa

(12)

where Sy, is the radiation incidence on the aperture of
CPCs; f,(6,) is the optical efficiency factor contributed
by beam radiation due to direct irradiation and specular
reflections from reflectors, and f,(6,) is the optical effi-
ciency factor contributed by diffuse radiation due to diffuse
reflections within CPCs. To simplify analysis, multiple
specular reflections within the CPCs are not considered,
and the one-reflection model is used to calculate f,(6,)
(Tang and Wang, 2013). For full CPCs (F-CPCs), the
absorber will be fully irradiated as |6,| < 0, and partially
irradiated in the case of 6y < |, < 0,. therefore, the
£(0,) can be easily obtained as follows (Tang and Wang,
2013):

sinfl, + (1 sinfl,)p, |6,,| <
F(8) =1 p,+0.5(1-p,)(1+sin6,)(1~tan|6,|/tand,) 6, <|6,| <6,

0 16| > .

(13)
where p, is the specular reflectivity of CPC’s reflectors. For
truncated CPCs (T-CPCs) with 8, < 8, a fraction of radi-
ation will directly arrive on the absorber as 6, < |0,| < 0,
and the remaining will escape from the CPC cavity after
specular reflections; whereas for T-CPCs with 8, > 6,, in
the case of 6, < |6,| < 6, the absorber will be fully irradi-
ated, and radiation incidence on the lower part of the left
(right) reflector (such as EB shown in Fig. 5) will arrive
on the absorber after specular reflection, thus, f;(6,) can

be determined based on following two cases (Yu et al.,
2014).

Case A: For T-CPCs with 6, < 6,

p+(1=p,)/C, |6, <o,
p, 051 p)(1+1/C)(1~tan|f,|/1anf) 6, < |8, <6,
0.5(14+1/C,)(1~tan|d,|/tanf) 0, <0, <6,
0 |6,] >,

S pipl

(14)
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Case B: For T-CPCs with 0, > 0,

po+(1-p,)/C, 6, <8,
1/C+05p,(1-1/C,) = hyp,tan|6,|/C, 0, < |0, <0;
0.5(1+1/C,)(1-tan|d,| /tand),) b, <0, <0,
0 |8,| >,

fnwp}=

(15)

2.3. Optical efficiency factor contributed by diffuse radiation

As solar rays incidence on semi-diffuse reflectors, partial
radiation will undergoes forth-back diffuse reflections
within the cavity of CPC, and a small fraction of diffuse
radiation will finally fall on the absorber. To be convenient
for the analysis, it is assumed that the radiation from reflec-
tors after diffuse reflections is isotropic, incident solar rays
evenly irradiate reflectors, and reflection from the absorber
is neglected. With these assumptions together with the
knowledge of two-dimensional diffuse radiation transfer,
the mathematical procedure to calculate f,(f,) can be
derived. The f,(6,) not only depends on the projection
incidence angle 6, but also depends on the solar irradiation
situation within CPCs, thus depends on the structural
parameters of CPCs such as 6, and C.. For truncated
CPCs (T-CPCs) with 6y < 6,, the solar irradiation situa-
tion within CPCs is dependent on 8, and classified into five
cases: |0, <8, 6,<|0,| <6, 0,<]0,| <8,,6,<|8, <6,
and 6, < |€,,|<[).5;1; whereas for T-CPCs with 6, >4,
the solar irradiation situation is classified into another five
cases: |0,| < 6;, 6, < |6, <0, 0, <|6,| <0, 0,<6,[ <6,
and 6, < |6,| <0.57. For full CPCs (F-CPCs), f, =0 and
0, =0, thus, it is a special case of T-CPCs with 0, <#,.
In the consequent analysis, the mathematical expressions
to calculate f,(8,) will be respectively presented based on
solar irradiation situations within CPCs.

2.3.1. For the case of 6p| <0,

As shown in Fig. 2, in the case of |6,| < 6;, both reflec-
tors 1 and 2 are fully irradiated, and the effective radiation
from reflectors 1 and 2 can be expressed by:

Ji = [S| +J]F]_|)pd
Jy=(8:+ 11 Fia)p,

(16a)
(16b)

where p, is the diffuse reflectivity of reflectors (the total
reflectivity p = p, + p,), J 1s the effective diffuse radiation
from reflectors, S is the solar radiation incidence on reflec-
tors, subscripts 1 and 2 are stands for reflector 1 and 2,
respectively, F,_, is the radiation transfer shape factor
from surface x to surface y. In Egs. (16a) and (16b),
Fi5=Fy, for the symmetric CPCs here, thus, one can
obtain J; and J, as follows:
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Jy = (8, 4+ S:p)psFraf (1= Ff_zpj} (17a)  Ax; =0.5(C, — 1)+ htan b, (26a)
Jr= (824 S1p)pFra/(1 = 00 (17b)  Ar; =05(C, —1) — h tan 6, (26b)
Thus one has Ay = Ay(Fp¢ + BFy5c + DFs5¢) (27a)
F2(6) = U'F e o) S, (18) B=BiFisc+ A+ BB)Fasc+(C+DB)Fsac  (2Tb)

In the above equation, shape factor Fyge = Fape, and
f,(0,) can be found by substituting J, and J, into Eq.
(18) as follows:
£,(6,) = pall + deI-EIFI;B('FSI +5)
(1 = Fl2p3)S84p
~ pg1+ pyF1a)F (1 -1/C))

- 19
(1-Fiypd) )

Based on the reciprocity relation of shape factors and the
calculation method of two-dimensional shape factors
described by Incropera and Dewitt (1996), one has:
AB 2C-1-C, 1+C, .
Fia=—uF =————=——(1/sinf,—-1) (20
i D 2C'D( /sinf,—1) (20)
BC —
F|_3(' :ﬁFBC m= 0.5 U‘.‘,/COSHf —h,/COSSr + ]}/(D (21}

where CD with a bar above (CD) is the length of reflector
CD, and can be calculated based on Eq. (6) by setting
0=+,

2.3.2. For the cases of B < |9,,| < by for CPCs with 0, < 0,
and By < ‘BP‘ < b, for CPCs with 87 > 0,

As shown in Fig. 3, one reflector is fully irradiated, and
the lower part of another reflector is irradiated. Effective
radiation from reflectors 1, 2 and 3 can be expressed by:

Jr= (81 +J 20 +3F3)p, (22a)
Jy = (S 4+ F s+ T5F)p, (22b)
Jy=(NiF s+ JoF2s)py (22c)
By solving the above equation group, one has:

Ji =485+ 8,5 (23a)
Jy = BA41S1 + (44 BB))S, (23b)
Jy=DA,S; + (C+ DB,)S, (23¢)

where

A= p/(1 = FsFsap3);

B=(p,Fra+ FisFuap) /(1 = FasFsap);

C = Faspy /(1 = FasFsapy);

D= (p,Frs+FiaF2303)/(1 - FasFyp;) (24)
Al = py/[1 = (BFy1 + DF31)p,;

Bl = py(AFy; + CF3,)/[1 = (BF11 + DF31)p

And  f,(8,) = (JiF1sc +JoF 250 + J3F380) /Sap
Substituting Eqs. (23a)-(23c) into Eq. (24) obtains:
fa(0,) = (428, 4 B283) Sy = (A%, 4 BrAx,)/C, (25)

where

34

where Fy_gc s calculated by Eq. (21). Based on reciprocity
relation of shape factors and calculation method of
two-dimensional shape factors, one obtains:

Fiy=Fpg (‘DFB/E§ Fri=Fp CD!‘:}-Wﬁ

Fis=Fy CDAF/CDC Fip=Fy CDAF/AF

Fos=Fy FEAF/E.: Fyp=Fyr FBAF/F

Fapc = Fae-mBC[FB;  Fige = FycarBC[AF

and

F.cp=05(BD—DF + CF - BC)/BF

Far-cp = 0.5(DF — AD + AC — CF)/AF

F i =0.5(BF — AB + AF)/AF

Fyem=0.5(BF - CF+BC)/BC

Fiear =0.5(4B — AC + CF — BF) /BC

In the above expressions, BC = 1, AD = C,, XY stands for
the reflector length from X to Y. Given C,, 0, and 0,, the
coordinate of F can be calculated from Eq. (11), and then

AF, BF, CF and DF can be easily calculated, AF also can
be calculated based on Eq. (6).

2.3.3. For the case of 0 < 1€p1 < 8, for CPCs with 8, < 8,

In this case, one of reflector (such as the right reflector as
shown in Fig. 4) is fully irradiated and another reflector is
fully shaded by itself, thus the effective radiation from both
reflectors can be expressed by:

Ji = (S| +J3F3_|)pd
Jy=I1Fapy

(28a)
(28b)

where Fy, = F5; and is given by Eq. (20). By solving the
above equation group, one obtains J; and J,, then substi-
tuting them into Eq. (18) obtains:

1 Fla)FgeAx
fdwp} _ .”d( TPy 1I}1 I-i‘ic 1
(1= F,m)C,

(29)

(3]

B C

Fig. 4. Irradiation situation within CPCs in the cases of f; < |ﬁ|,,| < fl, for
CPCs with i, < f,.
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where Ax; = C, — h(tanf, —tan#0,), and s is given by
Eq. (21).

2.3.4. For the case of 0, < |6,| < 8, for CPCs with 6, > 6,

As seen in Fig. 5, in this case, one reflector (such as right
reflector) is fully irradiated, but only the lower part of
another one is irradiated. When solar rays strike on the
right reflector, all rays will arrive on the left reflector after
specular reflection, then part of radiation specularly
reflected from the left reflector directly escapes from the
CPC cavity and the remaining returns back to the right
reflector once again then escapes from the CPC cavity after
specular reflection. To simplify analysis, it is assumed that
solar rays striking on the right reflector will evenly irradiate
the left reflector after specular reflection and then escape
from the CPC cavity without considering a further specular
reflection from one reflector to another reflector, thus one
has:

Ji= (81 +JoF 1 +J3F)py (30a)
J2=(S2+S\pFB/AB +J\Fra+J5F2)p, (30b)
Js = (Sip,FA/AB+J\F 15+ J2F23)p, (30c)

By solving above equation group, one obtains Jy, /5 and
J;, then substituting them into Eq. (24) obtains:

Fa(6,) = (454, + ByAxy) /C, (31)

where

Ay = A\(F\ 3¢ + BF2p¢ + DF s 5c) + p(EFs 3¢ + FFyc)

_ palPB+F32p,F)
(1-Fy3F3203 ) 4B

A = pa+EpFaa+FpFa)
1 = T1-(BFa +DF21)pg

F=2 E}FE-HMEJ

(' f‘"z-:’"s-zr*f,.}E

In above expressions, calculations of shape factors and
parameters B, D and B; are the same as those in the section
of 2.3.2.

2.3.5. For the cases of 8, < ‘Bp‘ < 0, for CPCs with 0, <0,
and 0y < ||9,, < 0, for CPCs with 0, > 0,

In this case, one reflector is fully irradiated and another
one is fully shaded (see Fig. 6). When solar rays strike on

C

Fig. 5. Irradiation situation within CPCs in the case of 6, < |0, < #; for
CPCs with 6, = .

35

the right reflector, all rays will arrive on the left reflector
after specular reflection, therefore one has:
J1 = (S| +J2F2, }.Ud
Jy=(Sipe+1F12)py

(32)
(32b)

In the above equations, Fy, = F».;. By solving above equa-
tion group, one obtains J, and J,, then substituting them
into Eq. (18) obtains:

_ pa14+p)(1 £ paFr12)Frachn

1 (I-FLo)C

(33)
Ax; here is the same as that in the section of 2.3.3.

2.3.6. For the case of 6, < |8, < 0.5n

In this case, the upper part of one reflector is irradiated
and the other one is fully shaded by itself as shown in
Fig. 7, all radiation striking on one reflector will arrive
on the opposite reflector after specular reflection, thus,
one has:

Ji = (Sap +J2F5 +J3F3_|},()d (343)
Sy = (Sapps +1F 12 +3F32)p, (34b)
Jy = (JiF13+J2F23)p, (34c)

By solving the above equation group, one obtains J;, J;
and J3, then substituting them into Eq. (24) obtains:

Fally) = AuFy e+ AsFy g + AgFape (35)

where

As = py(L 4+ pA+p,CF3,)/[1 = (BF 21 + DFyy)p,]
Aj = ’UrA + BA4
Ag = p,C+ DAy

The mathematical expressions of A, B, C and D here are
the same as those in the Section 2.3.2, Fy ¢ in Eq. (35) is
the same as Fy ¢ in the Section 2.3.1. Given 0,0, and
C,, the coordinate of point E (see Fig. .7) can be calculated
based on Egs. (1) and (10), then the length of AE, BE, CE,
DE and DE can be calculated, finally shape factors are
calculated as follows:

B C

Fig 6. Irradiation situation within CPCs in the cases of f, < |H,,‘ < f), for
CPCs with 6 < 6, and 8, < |6,] < 6, for CPCs with ; > 6.
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D

B C

Fig. 7. Irradiation situation within CPCs in the case of f, < \9,,| < 0.5m.

Fy» = ABF 5 pr/DE = 0.5(AE — BE + BD — C,)/DE;
Fyy = ABF 15 pi/AB = 0.5(4E — BE 4+ BD — C,)/4B:
F\3 = CEF g pg/DE = 0.5(ED — DC + EC)/DE;

F31 = CEF¢e_pi/CE = 0.5(ED — DC + EC)/CE:

Fy3 = CEFp_43/AB = 0.5(BE — 1+ AC — AE)/4B;
Fy2=CEFcr 43 /CE = 0.5(BE — 1 + AC — AE)/CE;

F i gc = BCFyc_pg/DE = 0.5(DC — BD + BE — EC)/DE;
Fis¢c = BCFae_cx/CE = 0.5(EC — BE +1)/CE

Given 0,, C,, p, and p,, the angular variation of f(6,) and
f(0,) can be obtained based on mathematical expressions
in this work. As seen from Figs. §-10, given p and
0,, f4(0,) increases with the increase of diffuse reflectivity
(p,) as expected, but the optical efficiency factor, f(6,),
decreases. It is also seen that f,(f,) is very small as com-
pared with f(f,). indicating that the contribution of diffuse
radiation due to diffuse reflections within CPCs to the radi-
ation concentration of CPCs is considerably low as a result
of fact that the shape factor from the reflectors to the
absorber (Fisc) is very small, such as for F-CPC with
0, =26°, Fipc =0.098; and for T-CPC with 6, =20°,
Frge =0.086 for C, = 2.8 and 0.143 for C, = 2. It is also
observed that sudden changes of f,(6,) occur as ¢, =0,
and 0, = 0, for F-CPC, and as 0, being 0, 0, and 0, for
T-CPCs, a result of sudden changes of the solar irradiation
situation within CPCs when solar rays enter CPCs at the
angle near these values.

- Pa=0'1
-——p=02
0.10+ p:=0.3 Full CPC, 826", p=0.9
—p=04
0.08 - p=05 :
|\\“‘~ahﬁx
2" | B g

T
ot ”\

0.02 4

0.00 ————
0 10 20

30 40 50 60

%

70 80 90

3. Ray-tracing analysis

To investigate the effect of diffuse reflections on solar
flux distribution on the absorber of CPCs, Tracepro sofi-
ware was employed to simulate the flux distribution and
analyze the optical efficiency factors. To perform
ray-tracing analysis, a physical model of CPCs is con-
structed by Tracepro first, then a set of parameters, such
as specular and diffuse reflectivity of reflectors, solar inten-
sity and incidence angle, are input.

As shown in Fig. 11, for CPCs with perfect diffuse reflec-
tors (p; = 0.9 and p, = 0), the flux distributions on the
absorber are almost uniform, but for CPCs with perfect
specular reflectors (p, =09 and p,=0), it is
non-uniform; whereas for CPCs with semi-diffuse reflec-
tors, the flux distribution patterns are the same as CPCs
with perfect specular reflectors (p, =0.9 and p, =0).
This implies that the use of semi-diffuse reflectors in a
CPC can not make solar flux on the absorber of CPCs
more uniform except using perfect diffuse reflectors, but
in turn it leads the optical efficiency factor decrease.

Comparison of the optical efficiency factors between
theoretically expected and those obtained by ray-tracing
simulation is presented in Fig. 12. It is seen that optical effi-
ciency factors obtained by theoretical calculations almost
completely agree with those obtained by ray-tracing simu-
lation for the CPC with perfect diffuse reflectors (p, =0
and p, =0.9), and theoretically expected f(6,) are about
0.01 higher than those obtained by ray-tracing simulation
for the CPC with semi-diffuse reflectors (p, = 0.2 and
p, =0.7). This indicates that the mathematical model
developed in this work can accurately predict the optical
efficiency factors of CPCs with semi-diffuse reflectors.

4. Effects of diffuse reflection on the energy collection of
CPCs

Assuming that CPC-troughs are oriented in the east-
west direction with the aperture being inclined at fi from
the horizon, the length of the CPC-trough is infinite as
compared to the width of the aperture, and radiation

1.0

09—

0.8 +—— T PO
1 | —p=0.1

0.7 \\ 1 p=0.2

0.6 1 S —p=03

05 N P04

041 ' 8

0.3 4 .

021 Full CPC, 826" p=0.9

017 e

0.0 e e
0 10 20 30 40 5 60 70 80 9

[

Fig. 8. The angular dependence of f(f,) and f,(#,) for F-CPC with 6, = 26°.
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Fig. 9. The angular dependence of f(f,) and f(#,) for T-CPC with #, = 20° and C, = 2.
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Fig. 10. The angular dependence of f(f,) and f,(#,) for T-CPC with 8, = 20° and C, = 2.8
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Fig. | 1. Flux distribution on the absorber of T-CPC with , = 20° and C, =2 for f, = 0 and 15°.

reflected from the ground is not considered. To be conve-
nient for calculations, width of the receiver is set to be 1.
Thus, solar radiation received by unit area of the CPC’s
receiver at any moment for isotropic sky diffuse radiation
can be expressed by:

0.5

if (0,)cos 0,40,

Lw = CAif (8,)1(6,) cos B, + C, ]
(0.57—f)
(36)

37

where 7 is the directional intensity of sky diffuse radiation
on the cross-section of CPC troughs, for CPCs oriented
in the east-west direction, i = 0.5/, (Tang and Liu, 2011),
and [, is the instantaneous sky diffuse radiation on the
horizon. Therefore, Eq. (36) can be simplified as:

"m‘;.\ = Cl‘rhrftem }rf('qp} cos HI'JJ + Cr‘rd(‘d (37}

where
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101 For a specific east-west aligned CPC inclined at f from
09 ":::"1 . ;’ﬁﬁg:‘ z?;:ﬂ::t‘:g: ((R;fgg Dafgi the horizon, C; can be numerically calculated by Eq. (38).
08 A Th:oretica?calculation (E}O‘AT’,E}O‘Z) At any moment of a day, f}, and 6, can be calculated, and
07 —a— Ray-tracing simulation (p.=0.7, p,=0.2) then optical efficiency factor f(f,) can be determined based
06 ] on mathematical expressions presented in this work.
2 051 6=20°, C=2 Therefore, knowing the time variation of /, and daily sky
= 04l diffuse radiation (H,) on the horizon, daily solar gain
03] H, and H,, can be calculated by numerically integrating
) Eqs. (42) and (43) over the daytime, then summing H
027 and H,, in all days of a year obtain the annual radiation

0.1 . . .
o ALAALAARARRARIR, collected by CPCs’ receiver and aperlure, resmtnve]y,
0 10 0 70 8 90 100 and finally the annual average optical concentration of

Fig. 12. Comparison of f{#,) between theoretically expected and expected
by ray-tracing simulation.

0.5z 0. 5n—f
Ci= 0_5[ £1(0,) cos 0,d, + f f(ﬂ,,}cos@,,dﬂp}
0
(38)

f in Egs. (36) and (37) is the real incidence angle of solar
rays on the aperture of CPCs and is calculated by:

0

cosf;, = (cosdcosmcos 4 + sindsin ) cos fi

+ (cosd coswsin 4 — sindcos 4) sin f§ (39)

where @ is the solar hour angle measuring from the
solar-noon to afternoon, A is the site latitude, and é is
the declination of the sun. f(#,,) in Eqgs. (36) and (37) is
a control function, being 1 for the case of cosd,, > 0 other-
wise zero. The projection incidence angle of solar rays on
the cross-section of east-west aligned CPC-troughs is
expressed by (Tang et al., 2010;Tang and Yu, 2010; Yu
et al., 2014):

e,l? = |ﬁ+ 3«::‘
SN G cos A — cosdsin A cosm

€080 CoS A Ccosw + sind sin A

Daily radiation collected by unit area of CPCs’ absorber
can be calculated by integrating Eq. (37) over the daytime,

(40)

tan f,,. = (41)

1.
Has = C, f F(0)(0,)1; cosB,dt + CH,C, “2)

And daily radiation on unit area of the CPC’s aperture is as
follows:

H, = f S04, cosB,dt +0.5H (1 + cos fi) (43)
where H; is the daily sky diffuse radiation on the horizon,
fy = Tyuyy,/27 is the sunset time on the horizon, 7, is the
day length, and the sunset hour angle on the horizon, w, is
the hour angle of sunset on the horizon and determined by

the declination of the sun, and 6 is determined by the day
number counting from the first day of a year (Rabl, 1985).

38

CPCs (C,y), a ratio of annual radiation received by unit
area of absorber to that by unit area of the aperture of
CPCs, can be obtained.

Given monthly horizontal radiation of a month, the
monthly average daily radiation on the horizon, H,, can
be simply calculated by dividing monthly value by days
of the month, and then the monthly average daily diffuse
radiation, H,, the instantaneous bean radiation (/) can
be estimated based on correlations suggested by
Collares-Pereira and Rabl (1979).

In the consequent calculations of the daily solar gain,
the time step for calculating daily radiation collected by
CPCs is taken to 1 min, and the monthly horizontal radia-
tion data used in this work is taken from the book edited
by Chen (2001). To investigate effect of diffuse reflection
on the energy collection of CPCs in terms of annual aver-
age optical concentration, east-west aligned CPCs with
the tilt angle of the aperture being yearly fixed and yearly
adjusted four times at three tilts are considered. For
CPCs with the tilt angle being vearly fixed (1T-CPC), the
tilt-angle of CPC’s aperture is fixed at the site latitude,
and the acceptance half-angle is set to be 26° (Tang
et al., 2010). Whereas for CPCs with the tilt-angle being
vearly adjusted four times at three tilts (3T-CPC), the
tilt-angle of the aperture is set to be site latitude (1) during
periods of 22 days before and afier both equinoxes, and
adjusted to 14 24° and 1—24° in winters and summers,
respectively (Tang and Liu, 2011). In addition, four sites
with typical climatic conditions (Beijing; dry land with

16
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Fig. 13. Effect of p; on C,y for IT-F-CPC with a given p.
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Fig. 14. Effect of p, on C,, for 3T-F-CPC with a given p.
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Fig. 16. Effect of p; on C,, for 3T-T-CPC with a given p.

abundant solar resource; Lhasa: highland with extremely
abundance radiation; Chongging: a site with poor solar
resource; Kunming: characterized by rainy summers and
sunny winters) are selected for the analysis.

Effects of diffuse reflectivity (p,) on the annual average
optical concentration (C,,) of full CPCs (F-CPC) are pre-
sented in Figs. 13 and 14. It is seen that, given the total

reflectivity (p), the C,, decreases with the increase in p,,
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Fig. 17. Effect of p; on C,, for 1T-CPC with a given p but different C,.
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Fig. 18. Effect of p; on C,, for 3T-CPC with a given p but different C,.

this implies that, the use of semi-diffuse reflectors in
CPCs will lower its optical performance in terms of C,.
For CPCs with the tilt-angle of the aperture being yearly
fixed, the C,, are even less than I as p, > 0.5, indicating
that the use of 1T-F-CPC with a high diffuse reflectivity
1s meaningless for radiation concentration.

Figs. 15 and 16 present effects of p, on C, of truncated
CPCs (T-CPC). It is also found that C,, decreases with the
increase in p,, for T-CPCs with a higher p,, the C,, is close
to 1, meaning that the contribution of CPCs with a high
diffuse reflectivity to the energy collection of a receiver is
limited.

Effect of p, on C,, for 1T and 3T-CPCs with a given p
but different C, are shown in Figs, 17 and 18, respectively.
It is shown that C,, decrease with the increase in p,, the
larger the geometric concentration (C,), the faster the rate
of such decrease, a result of the fact that the larger the geo-
metric concentration, the smaller the shape factor from the
reflectors to the absorber.

5. Conclusions

Ray-tracing analysis shows that the wuse of
semi-reflectors in CPCs with the one-sided flat absorber
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can not make solar flux on the absorber more uniform
except using perfect diffuse reflectors, in turn it leads the
optical efficiency factors decrease. Theoretical analysis
shows that the optical efficiency factor contributed by dif-
fuse radiation due to diffuse reflections within CPCs not
only depends on the projection incidence angle of solar
rays on the cross-section of CPC-troughs and diffuse reflec-
tivity of reflectors but also depends on the structural
parameters of CPCs such as acceptance half-angle, geomet-
ric concentration. For a given CPC with a given total
reflectivity of reflectors, the optical efficiency factor
decreases with the increase of diffuse reflectivity.
Comparisons of the optical efficiency factors between
expected from theoretical calculations and those from the
ray-tracing analysis indicate that the mathematical model
proposed in this work can accurately estimate the optical
efficiency factor of such CPC. Theoretical calculations
show that the contribution of diffuse reflections to the radi-
ation concentration of CPCs is considerably low as a result
of fact that the radiation transfer shape factor from the
reflectors to the absorber is very small, and the diffuse
reflectivity of reflectors has a considerable effect on the
annual energy collection of CPCs, the higher the diffuse
reflectivity, the lower the annual average optical
concentration.
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8.05% and 5.92% are recorded under simulated air mass 15 global irradiation, respectively. The
impressive efficiency along with fast start-up, multiple start capability, and simple preparation highlights
the potential application of the cost-effective and transparent Mo—Se alloy CE in robust bifacial DSSCs.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Thin film solar cells are promising devices for cost-effective,
environmentally compatible, and large-scale solar energy conver-
sion as alternatives to silicon solar cells [1-3|. Among excitonic
cells, dye-sensitized solar cell (DSSC) created in 1991 by Gratzel is a
widely studied and longstanding candidate for future energy gen-
eration  benefiting from cost-effective  materials, facile
manufacturing methods, high theoretical photovoltaic perfor-
mances, and low energy expenditure [4—10]. Despite the fact that a
maximum efficiency of 13% has been recorded on the optimized
DSSC [11], the intrinsic limitation in charge transport is still a
gigantic barrier for bringing down the cost of solar-to-electric
conversion. A golden rule in solar cell design is to enhance light
harvest for photosensitizer excitation and therefore electron pro-
duction [12]. A strategy of illuminating the DSSC from either side
may be promising for cost-effective solar energy utilization [13]. In
this fashion, the optical transparency of a counter electrode (CE) in
visible-light region is the main issue in designing such a bifacial
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DSSC [14—17]. Except for high cost, the preferred Pt CE has metallic
luster and can reflect incident light on its surface, emerging a low
rear efficiency under rear irradiation [ 13]. Therefore, how to reduce
costs by reducing Pt loadings or replacing Pt without loss of
photovoltaic performances is the crucial subject of most current CE
catalyst research studies. Although colored and transparent species
such as polyaniline [18,19], poly(3,4-ethylenedioxythiophene) [20],
and graphene (21| are promising candidates for Pt CE, their sta-
bilities and catalytic activities are still modest in developing effi-
cient bifacial DSSCs [22].

Alloys have attracted increasing interest in the quest to develop
advanced electrocatalysts. An inspiration is aroused from the alloy
catalysts for fuel cells [23—25], where Pt is always alloyed with
other transition metals, giving an enhanced catalytic activity for
fuels. To the best our knowledge, there are no systematic ageing
studies on bifacial DSSCs by combining the merits of cost-
effectiveness, optical transparent, and electrocatalytic activity in a
CE in other groups. In the current work, we launch an experimental
realization of transparent and cost-effective molybdenum selenide
(Mo—Se)alloy electrodes on fluorine-doped tin oxide (FTO) glass by
a mild solution strategy for bifacial DSSC applications. An original
intention of this design is to create Mo—Se alloy CEs having high
optical transparency, charge-transfer ability, and electrocatalytic
activity. The optimal efficiencies of 8.05% and 5.92% are measured
for front and rear irradiations at a simulated air mass 1.5 global
(AM1.5G) sunlight, respectively.
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2. Experimental
2.1. Synthesis of transparent Mo—Se alloy CEs

The feasibility of synthesizing Mo—Se alloy CEs was confirmed by
the experimental procedures; A mixing aqueous solution consisting
of Se powders and MoCls at stoichiometric ratios was made by
agitating 0.0095 g of Se ultrafine powers and 12 mM MoCls aqueous
solution {2 mL for Moy 5Se, 4 mL for May 4Se, 6 mL for Moy ¢Se, 8 mL
for Moy gSe, 10 mL for MoSe). The total volume of reagent solution
was adjusted to 35 mL by adding deionized water. 2 mL of hydrazine
hydrate (85 wt%) was dropped into the above solution, after
vigorous agitating for 10 min, the reactant was transferred into a
50 mL of Teflon-lined autoclave and cleaned FTO glass substrate
(sheet resistance 12 square'l, purchased from Hartford Glass Co.,
USA) with FTO layer downward was immersed for Mo—Se alloy
uptake. After reaction at 120 °C for 12 h, the FTO substrate was
thoroughly rinsed by deionized water and vacuum dried at 50 °C. As
references, the pure Se and Mo CEs were also prepared according to
the same method at a Se dosage of 0.0095 g of Se or MoCls dosage of
10 mL. The pristine Pt CE was purchased from Dalian HepatChroma
SolarTech Co., Ltd and used as a standard.

2.2. Assembly of DSSCs

The Ti0; colloid for mesoscopic TiO; thin films with a thickness
of ~10 um was prepared by a sol-hydrothermal method, and the
Ti0; thin films were coated onto FTO glass substrate by a doctor-
blade method. After being calcined at 450 °C for 30 min, the
resultant nanocrystal films were further sensitized by immersing
into a 0.50 mM ethanol solution of N719 dye. The DSSC was fabri-
cated by sandwiching redox electrolyte between a dye-sensitized
TiO; anode and a CE. A redox electrolyte consisted of 100 mM of
tetraethylammonium iodide, 100 mM of tetramethylammonium
indide, 100 mM of tetrabutylammonium iodide, 100 mM of Nal,
100 mM of KI, 100 mM of Lil, 50 mM of I, and 500 mM of 4-tert-
butyl-pyridine in 50 mL acetonitrile. Surlyn film (30 um) was uti-
lized to seal the device through hot-pressing.

2.3. Electrochemical characterizations

The electrochemical performances were recorded on a con-
ventional CHIGE0E setup comprising an Ag/AgCl reference elec-
trode, a CE of Pt sheet, and a working electrode of FTO glass
supported Mo—Se alloy. The cyclic voltammetry (CV) curves were
recorded in a supporting electrolyte consisting of 50 mM Lil, 10 mM
Io, and 500 mM LiClO4 in acetonitrile. EIS measurements were also
carried out in a frequency range of 0.1 Hz ~10° kHz and an ac
amplitude of 10 mV at room temperature. Tafel polarization curves
were recorded by assembling symmetric dummy cell consisting of
CE|redox electrolyte|CE.

24. Photovoltaic measurements

The photovoltaic test of the DSSC with an active area of 0.25 cm?
was carried out by recording the characteristic photo-
current—voltage (J-V) curves using an Electrochemical Worksta-
tion (CHIGGOE, Shanghai Chenhua Co.) under irradiation of a
simulated solar light from a 100 W Xenon arc lamp (XQ-500 W) in
ambient atmosphere. The incident light intensity was calibrated by
a standard silicon solar cell to control at 100 mW cm ™2, Each J-V
curve was repeatedly measured for at least five times to control an
experimental efficiency error within +5% A black mask with an
aperture area of around 0.25 cm® was applied on the surface of
DSSCs to avoid stray light.
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2.5. Other characterizations

The compositions of the alloy CEs were detected by inductively
coupled plasma-atomic emission spectra (ICP-AES). The optical
transmission spectra of resultant CEs were recorded on a UV—vis
spectrophotometer at room temperature using a bared FTO glass as
a benchmark. X-ray diffraction (XRD) patterns of the resultant al-
loys were recorded on an X-ray powder diffractometer (X'pert MPD
Pro, Philips, Netherlands) with Cu Ko radiation (4 = 15418 A) in the
2 range from 10 to 60° operating at 40 kV accelerating voltage and
40 mA current. The morphologies of the resultant MoggSe alloy
were observed on a scanning electron microscopy (SEM, S-3500N,
Hitachi, Japan) and a transmission electron microscopy (TEM,
JEM2010, JEOL). The work functions were achieved by a SKP
RCHO20 Kelvin probe, which featured a gold tip as a reference
electrode. The contact potential difference was defined as the work
function of the tip minus the work function of the sample.

3. Results and discussion

The resultant MoggsSe alloy was subjected to XRD character-
ization, as shown in Fig. 1a, the detection of diffraction peaks at
20 = 18.6, 29.7,32.6, 342, 39.2, 39.8, 47.0, 49.2, and 57.9° can be
indexed to diffraction faces of (110), (211), (300), (104), (024),
(131),(042), (006), and (502) in Mo—Se alloys (PDFi# 24-0772). The
sharp peak at 26 = 28.6, 31.2, 54.0, and 59.5° are attributed to
unreacted Se (PDF# 06-0362). Mo is a typical transition metal
having the outermost electronic distribution uf4d5551, the unfilled
valences in 4d orbital demonstrate the alloying of Mo and Se can
accept electrons to form coordinated intermediates for robust
electrocatalytic activity. The atomic ratios of Mo/Se in resultant
Mo—Se alloys were determined by ICP-AES to be 0.186:1.000,
0.392:1.000, 0.605:1.000, 0.896:1.000, and 1.024:1.000 for
Mop2aSe, Mop 4Se, MopgSe, MopgSe, and MoSe, respectively. The
measured atomic ratios for the Mo—Se alloys are nearly consistent
to their stoichiometries, therefore the chemical formulas of the
Mo—Se alloy electrodes can be represented by their stoichiometric
ratios. A prerequisite of realizing irradiation from either side is to
create the CEs with high optical transparency in visible-light re-
gion. The UV—vis transmission spectra in Fig. 1b show that all the
Mo—Se alloys have relatively high optical transmission in visible-
light region (>60%) in comparison with only ~35% for pristine Pt.
In this fashion, the resultant Mo—Se alloys are promising as
transparent and cost-effective CE materials for bifacial DSSC ap-
plications [26].

The top-view SEM photographs in Fig. Za & b reveal a low sur-
face coverage of MoggSe alloys on FTO glass by the mild solution
strategy. Monolithic ITO chunks are exposed to air, whereas the
deposited MoggSe alloy nanostructures distribute in the narrow
gaps among adjacent ITO chunks. To reveal the real morphology,
MogSe powders were collected and subjected to TEM observation,
as shown in Fig. 2c. At the first glance, the MogsSe alloy exhibits a
nanofibrous topology with a homogeneous distribution. However, a
close examination in Fig. 2d reveals a nanosheet structure, The dark
tracks refer to the curl of MoggSe nanosheets, which has been
labeled in the imaging. Clear lattice fringes can be observed in the
high-resolution TEM photograph, as shown in inset of Fig. 2d, the
lattice distortions in crystal lattices signal that the alloying of Mo
and Se provides numerous defect sites for I;~ adsorption and
reduction. Although the high coverage of FTO glass substrate by
Mo—Se at high Mo dosages, as shown in Fig. 53, the poor contact
between FTO and Mo—Se could increase the interfacial resistance
and electron loss.

The primary feature of a CE is to collect electrons from external
circuit and reduce I~ to I~ species [27]. In order to better evaluate
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Fig. 1. (a) XRD pattern of MogsSe alloy and (b) UV—vis transmission spectra of the resultant CEs. The optical spectra were achieved using bared FTO glass as a benchmark.

Fig. 2. (a) & (b) Top-view SEM photographs of FTO glass supported MogsSe CE and (c) & (d) TEM photographs of MoggSe nanosheets.

the catalytic activity of a Mo—Se alloy CE toward I" /I3~ redox
couples, cyclic voltammetry (CV) curves are recorded at a scan rate
of 50 mV s~! using alloy CE as a working electrode and redox
electrolyte as a supporting medium. Two pairs of redox peaks
corresponding to I3~ « I~ (Red;/Ox,) and I3~ < I, (Red;/0x;)
reactions are detected in each CV curve, as shown in Fig. 3a. The
peak shapes and positions are very similar to that from Ptelectrode,
as shown in Fig. S1a, indicating the same catalytic behaviors to Pt
species [28]. The peak current density of I3~ + 2e = 31" and peak-
to-peak separation (Epp) between Red; and Ox; are two crucial
parameters to compare the catalytic activity of CEs and the data are
summarized in Table 1. Among seven CEs, the MoggSe exhibits the
highest Red, value of —5.78 mA cm~2 and a lowest Epp 0f0.522 V.
After a synergistic evaluation, we find the catalytic performances of
all electrodes follow an order of MoggSe > Moy 4Se > MoggSe = Pt
> MoSe > MogSe > Se > Mo. Tang et al. have realized Pt—Ni alloy
nanoparticle CEs by involving a solvent-based method using
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octadecylamine as both solvent and reducing regent [29]. The
catalytic activity of the alloy electrodes and therefore photovoltaic
performances of their DSSCs are optimized by adjusting the Pt/Ni
stoichiometry, yielding an optimal alloy CEs from Pt;Ni with 8.78%-
efficiency in its cell device. In order to demonstrate why and how
does composition alternation tunes the charge transfer at CE/l;~
interface and catalytic activity, they calculated the work functions
of various CEs and concluded there was a good matching between
Pt;Ni (—4.76 eV) and the potential of /I3~ (-4.9 eV), which was
favorable for the electron transport from CE to electrolyte. From the
measured work functions of Mo—Se CEs, as shown in Fig. S2, the
work function of MoggSe (—4.931 eV) matches to the redox po-
tential of I /I3~ couples.

From the stacked CV curves of Moy ¢Se electrode at various scan
rates along with linear plots between Red;/Ox; peak current
densities and square root of scan rate, as shown in Fig. 4, one can
see that it is in agreement with modified Cottrell equation (j = kv'/
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Fig. 3. (a) CV curves of various CEs recorded at a scan rate of 50 mV s . (b) Nyquist and (c) Bode EIS plots, and (d) Tafel polarization curves for the symmetric dummy cells
fabricated by two identical CEs. The inset shows an equivalent drcuit simulated by Z-view software, Ry series resistance, Ry: charge-transfer resistance, CPE: constant phase

element, W: Nemst diffusion resistance.

Table 1

Extracted data from CV and EIS measurements,
CEs Red, (mA cm %) Ep(V) R (D em?) 7(ps)
MaogaSe 242 0.725 1725 105.2
MogaSe 337 0.643 136.1 252
MogsSe 5.78 0.522 1204 17.5
MogsSe 3.36 0.621 1526 56.5
MoSe 295 0.648 162.7 7749
Se 273 0.733 187.2 155.6
Mo - - 50349 2411
Pt 312 0.603 156.3 56.8

2, where v is the scan rate and k is the collection constant deter-
mined by the electrochemical system) | 30|, which provides evi-
dence for the diffusion-controlled mechanism for the cathodic and
anodic reactions and fast electron transfer at the electrolyte/CE
interface. The Nyquist EIS plots in Fig. 3b can be utilized to
reconfirm the catalytic activities of the alloys and pure Se or pure
Mo [31]. The MoggSe has an R, of 120.4 Q cm?, which is smaller

than the others. This result indicates that the alloying of Mo and Se
at an optimized stoichiometry has an acceleration effect on the
charge-transfer capability. The rapid diffusion of I3~ from
dye—Ti0z/electrolyte interface to CE surface for converting to [~
species and back to dye—TiO;/electrolyte interface is expected to
enhance the dye recovery and therefore J. of a DSSC. A CE is a
component of collecting electrons from external circuit and
reducing I3~ to I” ions, therefore the lifetime of electrons (7) on a
CE is a direct signal for evaluating the catalytic kinetics: a lower 7
value refers to an accelerated catalytic process, oppositely, a higher
7 value means a decreased catalytic activity. Fig. 3c shows the Bode
EIS spectra of the symmetric dummy cells and the 7 values (7 =1/
(2mf) [32], f is the peak frequency correspond to charge-transfer
process) are listed in Table 1. The 7 follows an order of Mag Se <
MogsSe < MoggSe < MoSe < Mog,Se < Se < Mo, suggesting an
electrocatalytic activity of MoggSe > Mog4Se > MoggSe > MoSe >
MogzSe > Se > Mo. The conclusion from EIS analysis is in an
agreement with CV characterization. The Tafel polarization curves
measured on the same symmetric dummy cells, as shown in
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Fig. 4. (a) Stacked CV curves of the MoggSe alloy (E recorded at various scan rates and (b) linear relationships between Red,0x, peak current density and square root of scan rate.
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Fig. 3d, are recorded to further elucidate the catalytic activity of the
alloy electrodes. The slopes for anodic or cathodic branches are in
the order of MoggSe > MogaSe > MopgSe > MoSe > MogaSe >
Se > Mo. A larger slope in the branch means a higher exchange
current density (Jo) on the CE. J; is a parameter related to R and
can be calculated by equation: Jo = RT/nFR.¢ | 33 ], where R is the gas
constant, T is the absolute temperature, n is the number of elec-
tronsinvolved in I3~ reduction (n = 2), Fis Faraday's constant, R is
charge-transfer resistance obtained from the Nyquist EIS plots.
Apparently, the sequence of R, values from Tafel polarization
curves isin an agreement with that from EIS plots. In addition, the
limiting diffusion current density (Jjim), intersection of cathodic
branch with Y-axis, can be used to analyze the diffusion process of
[7/1;~ redox couples on a CE. Jji, is in a linear relationship with
diffusion coefficient (Dp): Jiim = 2nD,CNajl [34], where [ is the
spacer thickness, C is the concentration of 13~ species, Na is the
Avogadro constant. Both Jiim and Dy, vary in the order of MogsSe >
Mog 4Se > MoggSe > MoSe > Mog,Se > Se = Mo, which is consis-
tent with CV analysis. Till now, we can make a conclusion from the
catalytic curves and EIS impedance that MogsSe nanosheet has a
superior electrocatalytic activity for liquid electrolyte having I7/l;~
redox couples.

Fig. 5a compares the characteristic J-V curves of the DSSCs
from Mo—Se alloys, Se, Mo, and Pt electrodes and the photovoltaic
parameters are summarized in Table 2. The cell with MopgSe yields
a front efficiency of 8.05% (¢ = 15.71 mA cm 2, Ve = 0.729, and
FF = 70.3%), which is much higher than 6.17% from pristine Pt-
based DSSC (Jsc = 13.11 mA cm 2, Voo = 0.712, and FF = 66.1%).
Notably, Js increases by an order of MoggSe > Mop4Se > Mo gSe >
MoSe > Mog2Se > Se > Mo. It has been demonstrated that the I~
species regenerate excited N719 dyes and subsequently convert to
I3~ ions, after migrating to electrolyte/CE interface the I3~ are
reduced into I~ ions and back to N719-Ti0;/electrolyte interface
for dye recovery [35]. In this fashion, the alloy CE with enhanced
catalytic activity can accelerate the kinetics for I3~ — I~ conver-
sion and therefore dye recovery. Due to the efficient excitation of

Table 2

P Yang et al / Jounal of Alloys and Compounds 648 (2015) 930936

Photovoltaic parameters of DSSCs with varied CEs.

CEs Irradiation n(%) Vie (V) FF(%) Jsc (mA em2)
Moy oSe Front 2.87 0644 554 8.04
Rear 2,66 0632 534 7.88
Moy 45e Front 6.79 0721 633 14.86
Rear 3.51 0659 547 973
Moy g5 Front 8.05 0729 703 1571
Rear 592 0719 503 13.89
Moy 55 Front 6.18 0696 627 1417
Rear 478 0689 622 1115
MuoSe Front 461 0688 615 10.90
Rear 441 0677 653 997
Front 3m 0621 64.1 156
Rear 2.46 0611 543 741
Mo Front 051 0534 181 5.21
Rear 047 0441 287 END|
Pt Front 6.17 0712 66.1 131
Rear 3.56 0655 573 9.49

o Mo, Sc 2
Mo, Se

Mo, Se MoSe ¢ Mo
Mo, Se Se o R

recovered dyes, the electron density on conduction band (CB) of
Ti0; nanocrystallites and Ji. of a solar cell are expected to be
markedly elevated. The [~V characteristics obtained by irradiating
the solar cells from rear side are shown in Fig. 5b. A rear efficiency
as high as 592% is recorded on the cell with MoggSe
nanosheet alloy electrode, which is also much higher than 3.56%
for the DSSC with pristine Pt CE. To our knowledge, the rear effi-
ciency of 5.92% is among the highest reports for the bifacial DSSCs.
The remarkable rear efficiency attributes to the promising catalytic
activity and high optical transparency. It is noteworthy to mention
that both rear J,. and V. are lower than that under front irradia-
tion. Js¢ is believed to be dependent on the accumulative electron
amount on CB of Ti0; nanocrystals |36]. In comparison with rear
irradiation, the photons penetrating transparent FTO glass can be
adsorbed by N719 dyes and the photon distribution is gradient
descending (viewed from anode to CE) under front illumination,
resulting in a reduced electron distribution on CB of percolating

o Mo, Se ~ Mo, Se MoSe Mo
© Mo, Se Mo, S¢ [+ Sc o0 Pt
N ey
U :s..u‘:c:“\r_mm%hh
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Fig.5. Characteristic ]-V curves for the DSSCs with varied CEs for (a) front and (b) rear irradiations under AM15G, and (c) in the dark. (d) [PCE curves for the solar cells with various

CEs.
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TiO, networks. When transferred along the percolating channels
from mesoscopic TiO, thin films, the electrons suffer shorter
migration path length and less traps before arriving to FTO layer
[37]. Moreover, there is an enhanced light loss from rear irradia-
tion due to light barriers from FTO glass and liquid electrolyte. In
addition, the electrons excited under front irradiation have much
less trapping events with I;~ species, giving a restarted backward
reaction between electrons and I3~ ions [15,26]. The restricted
recombination reaction can be strongly supported by the lower
dark current density, as shown in Fig. 5c. Therefore, the front
and V. values for the cells are higher than that from rear
irradiation.

Fig. 5d presents the IPCE plots of the DSSCs from MoggSe alloy
and pristine Pt electrodes. The broad IPCE curves, covering the
spectrum from 400 to 800 nm, exhibit a maximum IPCE value of
~85% for the cell with MopgSe CE and similar shape to the solar cell
with pristine Pt electrode. The result from IPCE characterization
reveals that the number of electrons in the external circuit is larger
using MoggSe alloy than that from Pt electrode.

Due to the high optical transparency of MaygSe nanosheet
electrode in visible-light region, the resultant DSSC device is also
ransparent, as shown in the top photograph of a large-area bifa-
clally active solar cell realized in this work. When applied as win-
dows, roof panels, or portable sources, the resultant solar panels are
expected to have superiorities in fast start-up, multiple start/off
capability, and stable photocurrent [34]. Fig. 6a shows the on—off
switches in a time slot of 0—350 s. A sharp increase in photocurrent
density suggests a fast start-up behavior of the DSSC at front irra-
diation. After seven start/off cycles, the photocurrent density for
the cell with Mog gSe alloy CE still remains a reasonable start-up
capability, whereas the Pt-based cell has an apparent reduction in
photocurrent density. To compare the stability of the MaggSe alloy
and pristine Pt CEs under persistent irradiation, the photocurrent
densities of the resultant solar cells are measured over 2 h (Fig. 6b).
The photocurrent densities decrease by 13.7% and 25.2% for the
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cells with MoggSe and Pt electrodes, respectively. Although the
DSSC is only tested for 2 h, this preliminary result demonstrates
that the stability of a cell device can be improved by utilizing
MogsSe alloy CE.

4. Conclusions

In summary, we have successfully realized the mild hydrother-
mal synthesis of Mo—Se nanosheet CEs free of any surfactant or
template. Due to the high charge-transfer ability, catalytic activity,
and optical transparency, the resultant DSSCs can generate elec-
tricity from either side. Maximum front efficiency of 8.05% and rear
efficiency of 5.92% are recorded on the cell with MoggSe alloy
electrode in comparison to 6.17% and 3.56% for a device based on a
pristine Pt CE. Additionally, the bifacial DSSC exhibits fast start-up,
high start/off capability, and stable photocurrent. This research is
far from being optimized, but these profound superiorities along
with cost-effectiveness, mild synthesis, and scalable materials
demonstrate the Mo—Se nanosheet CEs to be good candidates for
bifacial DSSC applications.
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Abstract Over the last few years silicon quantum dots (Si
QDs) have come under intensive research because of their
interesting physical properties and their potential use in
future electronic and optoelectronic applications. Focusing
on photovoltaic applications, we review recent progress in
silicide-embedded Si QDs films with different fabrication
techniques and different characteristics. Some avenues for
further material improvements are discussed. The perfor-
mances of several photovoltaic devices reported in the
literature are also reviewed and discussed. We assess the
state of the art in the area of Si QDs layer deposition,
including fabrication technologies and film properties, and
highlight the challenges that need to be overcome. Finally,
some existing problems and future work are pointed out.

1 Introduction

Silicon, as a monoatomic crystal, is in general not suitable
for optoelectronic applications due to its indirect bandgap
and poor light absorption and emission properties. Since
the nanostructured silicon has quantum confinement effect,
silicon bandgap tuning is possible in different forms of
silicon, such as porous silicon [1, 2], silicon nanowires [3-
5], silicon nanocrystals (Si NCs) [6-8], and silicon quan-
tum dots (S1 QDs) or Si NCs embedded in dielectric [9-
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12]. 1t should be explained that a Si NCs with size less than
the exciton Bohr radius, which shows quantum size effects
are usually called Si QDs [13]. The enhancement of
bandgap and indirect-to-direct conversion of QDs of indi-
rect-gap materials are ascribed to quantum confinement
effects [14]. Si QDs exhibit strong quantum confinement
and therefore their optical, electrical, and photovoltaic
properties can be tuned by controlling their size, density,
shape, crystalline structure, surrounding matrix, and doping
content [15-21].

In terms of photovoltaic market, Si-based solar cells, as
they are based on abundant, nontoxic materials and the
mature device processing technology, have been identified
as the leading photovoltaic technology. Currently, the
highest efficiency of ~25.6 % for a crystalline silicon
solar cell is obtained [22], which is very close to a recent
theoretical limit of 29.43 % [23], so obviously only limited
further progress can now be gained. To break through this
ideal efficiency limit, the concept of "all-Si’ tandem solar
cells [19] has been proposed as a way of improving con-
version efficiency. Each cell with different energy bandgap
in tandem stack can be optimized for a different part of
incident light. Theoretical calculations show that efficien-
cies of tandem solar cells can be improved up to 42.5 and
47.5 % for two- and three-cell tandem stacks, respectively
[24].

Several recent reports have suggested that Si quantum
dots (QDs) embedded in different dielectric matrix (such as
§i0,, SisNy, or SiC) are a promising candidate for the
upper cell in an “all-Si’ tandem solar cell [18, 25, 26]. The
material’s effective bandgap can be varied by varying the
size of Si QDs, due to three-dimensional quantum con-
finement. An effective bandgap of about 1.7 eV has been
demonstrated for 2 nm diameter Si QDs embedded in silica
[27]. The tunneling probability of carriers into Si QDs
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embedded in these host matrices is heavily dependent on
the barrier height between the Si QDs and the matrix [27].
Si0; (bandgap of 9 eV [19]) is a commonly used matrix
and Si QDs is generally fabricated in Si-rich silicon oxide
films. Another dielectric option is Si;N; (bandgap of
5.3 eV [19]) matrix. SiC has a much lower bandgap energy
(2.36 eV in 3C p-SiC [28]) compared to Si3N4 and SiO-,
resulting in the highest expected mobility of carriers for a
given QDs size and separation [29]. Consequently there is
potential for more conductive devices to be produced using
a SiC matrix as compared to SisNy or Si0; matrixes [30].
However, both the polarity and length of the bonds de-
crease towards those of Si-Si for oxide, nitride, or carbide,
and SiC is an isoelectronic covalently bonded material as
Si is, thus there is a notably smaller tendency for segre-
gation and precipitation of Si than in SiO; or Si;N; ma-
trices [24]. Moreover, quantum confinement is relatively
weak for 81 QDs embedded in SizNy or SiC matrix com-
pared to in Si0; matrix. In summary, these three materials
each have their own advantages and are worthwhile to
further study. Mangolini [2], Janz et al. [31], Schnable
etal. [32] have provided an exhaustive comparison of these
three matrices, the readers can find more detailed infor-
mation in the above reviews.

A lot of research covering materials deposition and
device development has already been carried out in relation
to Si QDs films. The aim of this paper is to review the past
research works mainly on the experimental aspects of Si
QDs films for photovoltaic applications. It covers the for-
mation of Si QDs nanostructures, physical properties of the
Si QDs, doping, and the performance of photovoltaic de-
vices. This paper is structured as follows. In Sect. 2, we
will present a summary of different synthesis approaches.
The methods used to improve the properties (such as size
control, density improvements, doping, and defect passi-
vation) of Si QDs films will be discussed in Sect. 3. In
Sect. 4, we summarize the photovoltaic studies with Si
QDs and propose ideas for further exploration. Conclusions
are presented in Sect. 5, where the existing problems and
outlook for the future work is given.

2 Fabrication techniques of Si QDs

Commonly, in order to obtain Si QDs embedded in a di-
electric matrix, firstly silicon-rich thin films [i.e. silicon-
rich silicon oxide (SRO) or silicon-rich silicon nitride
(SRN) or silicon-rich silicon oxynitride (SRON) or silicon-
rich silicon carbide (SRC)] are deposited, and the as-de-
posited films are generally amorphous. Subjecting the as-
deposited films to a post-deposition thermal treatment may
result in the phase separation of the excess Si. During post-
deposition annealing, the host matrix tends toward a
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stoichiometric composition, and the extent of phase
separation between the excess Si and a dielectric host (i.e.
Si0; or Si3Ny or SiC) and crystallization degree can be
modulated through annealing temperature and time [33-
35]. As an example, one can see in Fig. I that the crys-
tallization degree increased with the increase of annealing
temperature, being demonstrated by the increase of inten-
sity of Si NCs peak along with the significant decrease of
amorphous Raman contribution. It is important to note here
that care must be taken when analyzing the precise position
and full width at half maximum of Si NCs peak as it is
affected by quantum confinement as well as residual stress
[36, 37]. There are two typical approaches to the fabrica-
tion of Si QDs embedded in a dielectric matrix: (1) a Si-
rich single layer film and (2) a multilayer (or called su-
perlattice) structure film (e.g. SRO/SiO; multilayer). In the
first approach, the size of Si QDs is controlled through the
amount of excess Si in the as-deposited films and the post-
annealing parameters [38-40]. In the second approach (for
example for SRO/Si0, multilayer, 810, layers act as bar-
rier layers), upon high-temperature annealing, diffusion of
the excess Si is restricted by the Si0; layers, and sizes
controlled Si QDs in multilayer structures are formed (see
Fig. 2), as discussed further in Sect. 3 below.

Various deposition methods are suitable for such fabri-
cation. There are two primary approaches: chemical vapor
deposition (CVD), and magnetron sputtering. In addition,
Si QDs can also be prepared by other methods such as
evaporation, ion implantation, pulsed laser ablation, and
direct ion beam deposition. Table | summarizes the rep-
resentative examples of the Si QDs growth parameters of
the above mentioned techniques. It should be noted that the
fabrication techniques for silicon quantum dots embedded
in nitride or carbide matrices are very similar to those for
Si0;-embedded Si QDs. The quality of material and the
degree of phase separation depends not only on the amount
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Fig. 1 Raman spectra of 48 at.% Si SRO film deposited on quartz
annealed at 1000, 1100, and 1150 °C for 1h. Reproduced with
permission from [33] © 2005 The American Physical Society
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Fig. 2 Multilayer structure of altemating Si-rich dielectric/stoichio-
metric dielectric after annealing

of excess Si and its post-deposition processing, but also on
the fabrication method [41]. The authors of [41] have
compared different properties caused by fabrication meth-
ods [including sputtering, plasma enhanced chemical
vapour deposition (PECVD), and ion implantation], and
have presented some speculation on the reasons of differ-
ence. But still, a comprehensive understanding is missing.
Furthermore, a comparison between CVD method and
magnetron cosputtering is given in Refs. [42, 43].

Several kinds of CVD techniques, such as PECVD [44,
45], inductively coupled plasma CVD (ICPCVD) [46], hot-
wire CVD (HWCVD) [47], laser-assisted CVD (LACVD)
[48], and catalytic CVD (Cat-CVD) [49], have been used to
prepare Si QDs. The necessity to use toxic and explosive
gases (such as SiHy, CHy and H; etc.) and very time
consuming in multilayer structure are the common disad-
vantages of CVD [50]. Process parameters like precursor
gas, gas flow rates, chamber pressure, plasma power, and
substrate temperature, etc. can significantly affect the film
composition and quality, and the size of silicon crystallites
[14, 38, 51-53]. Moreover, the film thickness is commonly
a direct function of duration time of deposition [46].

From the “Precursor gas” column of Table 1, SiH, and
NH; are often used as the precursor gases for depositing
SRN, and SiH,4 and CH, are often used for SRC. In the case
of SRO, it is noteworthy that N,O gas is used as the oxygen
precursor in many works like [44-46, 54, 55] due to lower
activation energy [56] and safety reason [57]. However, N
is also incorporated into the film, which blue-shifts the
optical bandgap and reduces the absorption efficiency [43].
While, the incorporated N leads to the requirement of a
higher annealing temperature as compared to a nitrogen-
free film due to the decreased mobility of Si in N con-
taining SRO [57]. By suitably adjusting the flow rates of
precursor gases, it is possible to make films with different
silicon concentrations [52]. For example, for Si QDs in
SiN, matrix grown by PECVD, with the increase of gas
flow ratio of SiHy versus NHs, the crystallization is en-
hanced, and the amount of dots increases, being demon-
strated by the increase of X-ray diffraction intensity of
nanocrystalline Si QDs peak (Fig. 3) [58]. Using grazing
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incidence X-ray diffraction (GIXRD), nanocrystalline Si
QDs can be evidenced by the peaks corresponding to the
(I11), (220), and (311) silicon crystal plane [58]. The sub-
stoichiometric Si-based dielectric materials, which can be
Si0, SiN,, SiOxNy, or SiCy, undergo phase separation and
crystallization during the high-temperature (typically
1100 °C) annealing process, resulting in the formation of
Si QDs within the dielectric matrix [44, 52, 39]. However,
such high temperatures involve a huge thermal budget, and
may not be suitable for device fabrication due either to
technical reasons or cost considerations [59]. Recently,
progresses for in situ formation of Si QDs in Si-rich silicon
nitride matrix [49, 53, 60, 61] and Si-rich silicon carbide
matrix [62, 63] by various CVD methods, such as PECVD,
Cat-CVD, and ICP-CVD without annealing have been
developed. However, the control of the size and the density
of Si QDs using these in situ growth methods remains a
challenge.

Magnetron sputtering represents suitable
method for obtaining Si-rich films. Argon is excited and
ionized, and high energy argon ions are used to sputter
material from a target. The production of Si QDs materials
are determined by several control control parameters of
sputtering: the substrate temperature [64], sputtering power
[65], sputtering rate [66], sputtering duration time [67], and
reactive gases (N,, NHs, or O;) flow rates in the case of
reactive sputtering [68-71] etc. Generally, silicon-rich thin
films are deposited on room temperature substrates [36, 63,
66, 72] or on substrates heated at temperatures between 100
and 500 °C [64, 68, 73-75] and the as-deposited films are
amorphous. Sputtering is often employed in conjunction
with a high-temperature annealing process to form Si QDs
in a dielectric matrix [50, 65, 66]. The most efficient an-
nealing temperature for obtaining Si QDs is 1100 °C [16,
65,73, 74].

Annealing of Si-rich silicide films or multilayers can be
made either by rapid thermal processing/annealing (RTP/
RTA) or in conventional tube furnace (CTF) [50, 59]. The
annealing is typically performed in a gas atmosphere, e.g.
N; or Ar, and the gas atmosphere can influences the
structural characteristics of films [44]. For example, by
annealing SRO/Si0; multilayer in N5, Si QDs with small
size and low density are observed in comparison with the
case of annealing in Ar when bigger QDs with higher
density are obtained [44]. The effect of annealing in N5 on
Si NCs formation is often explained in literatures by the
suppression of Si diffusion produced by the presence of
nitrogen and leading to smaller sizes [76-78]. RTP repre-
sents a suitable candidate as a cost- and time-effective
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technology in current Si-based processing [79]. The major
feature of RTP is the rapid heating ramps (up to 100 K/s)
and dwell times of seconds to minutes [80]. Hiller et al.
[59] pointed that PECVD samples generally contain a
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Fig. 3 GIXRD results for silicon rich mitride films deposited at
different gas flow ratios and annealed at 1000 °C for 1 h. Reproduced
with permission from [58] @ 2012 Elsevier

significant amount of hydrogen. If the ramps are too fast,
too rapid a heat build-up in the film will results in a blis-
tering of the film because of the hydrogen does not effuse
timely. Therefore, the heating ramps should be set rea-
sonable. Wan et al. [50] have shown that RTA treatments
can lead to a better degree of crystallization on Si
nanocrystal and less amorphous Si residual in SRC thin
films with respect to the tube-furnace annealing. However,
in Ref. [80] no influence of the type of annealing (RTP or
CTF) was observed on the formation and size of Si QDs in
§i0,/8i0, multilayers. There may exist a high density of
defects at the interface between QDs and matrix, being
higher in the RTP annealed multilayers [80]. A H,-passi-
vation is needed to diminish the defects density [14].
Moreover, high-temperature RTP will also create sig-
nificant stress in the material due to the fast temperature
ramping rate and the thermal shock [36, 81]. Wan et al. and
Huang et al. [28, 36] have reported that an additional high-
temperature tube-furnace annealing could reduce the resi-
dual stress markedly.

3 Material performance improvements
3.1 Si QDs size control and density improvements

The growth of Si QDs can be affected by the barrier layer
thickness, Si-rich layer thickness, Si excess, annealing
condition, and dopant element [20, 52, 57, 84, 98]. For
optoelectronic applications, a high level of size and density
control of Si QDs is required to ensure efficient carrier
transport [ 100]. This section reviews several past approaches
to size- and density-controlled synthesis of Si QDs.

For example for SRO layers, an early method to obtain
S1 QDs entails deposition of a thick SRO (810, x < 2)
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monolayer [45, 55, 64]. High-temperature post-annealing
causes a phase separation between the two constituent
phases, i.e. Si and SiO,, and subsequent thermal crystal-
lization to form Si QDs embedded in a Si0, matrix [31].
The size of Si QDs can be controlled by the chemical
stoichiometry of the SiO, [101], film thickness [45], and
annealing parameters [102]. The QDs size can be reduced
by reducing the amount of excess Si. Nevertheless, the dot
density is usually reduced simultaneously [70]. The low dot
density leads to the disadvantage of poor electrical con-
ductivity of the films. Experimental studies have shown
that formation of Si QDs with an average size from 4.3
down to 3 nm from a Si0, monolayer film requires a
stoichiometry x from 1.17 to 1.63 [103]. High-temperature
annealing of single-layer thick films (such as SRO, SRN,
and SRC) tends to form Si QDs with a broad size distri-
bution and with weak control over spacing of Si QDs. It is
indeed possible to fabricate spatially well-ordered, high-
density Si QDs in a singly deposited SiO, layer with ap-
propriate thickness and under favourable annealing condi-
tions [45]. However, this approach is unsuitable to be used
as a common approach, because it s difficult to achieve the
optimized fabrication parameters.

The growth of Si QDs through the use of multilayer
structures 1s an effective way to control size and spatial
locations of Si QDs. High-temperature annealing of
amorphous Si/Si0; superlattices produces Si QDs, and the
dot size is controlled at least in the direction perpendicular
to the film surface [104]. The major drawback of this Si/
Si0, multilayer approach is that most of the crystallites
touch each other, tend to form as bricks, and the resultant
layers are more like a polycrystalline silicon film [105].
This severely decreases the luminescence efficiency be-
cause the grain boundaries often provide an effective route
for nonradiative processes [70].

More promising results may be achieved by replacing
the a-Si layer with a SRO layer in SRO/Si0; multilayers.
Zacharias et al. [70] first proposed this new alternative
approach to form S1QDs with high density and narrow size
distribution. SiO,/Si0, superlattices were deposited by
reactive evaporation onto a suitable substrate. The samples
were then annealed at 1100 °C for 1 h under N, atmo-
sphere. Experimental results have shown that the desired
dot size can be controlled by adjusting the thickness of the
silicon-rich layer [70]. Figure 4 shows TEM and high-
resolution TEM images of Si QDs formed in such a
structure. Cho et al. [106] pointed that, under moderate
annealing conditions, Si QDs in Si-rich layers as ap-
proximately spherical and with a diameter close to the Si0y
sublayer thickness of the as-grown superlattices can be
formed. Hao et al. [90] reported the dot size of Si QDs
embedded in an oxide matrix as SRO/SiO; multilayers
decreases with increases in O/Si ratio of the SRO layer.
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(a) (b)

Fig. 4 Cross-sectional TEM images of $10/Si0, multilayer film:
a multilayer structure of as-prepared Si0/Si0; superlattice. The
darker lavers represent the Si0 layers. b High-resolution TEM of the
same film, the crystalline particles are circled for clarity. Reproduced
with permission from [70] © 2002 American Institute of Physics

The density of Si QDs in the SRO layer would be deter-
mined by the concentration of excess Si in the layer. It
should be noticed that not always the higher O/Si ratio the
lower Si QDs density obtained as common expectation. In
the work of Kourkoutis et al. [15], it is shown that the Si
QDs size, shape and arrangement in SRO/Si0, multilayers
can be governed by adjusting the SRO stoichiometry. They
provided a 3-dimensional view of the Si QDs networks by
EFTEM tomography. And the results shown that with de-
creasing Si concentration the QDs average size decreases,
the QDs density increases, the size distribution narrows and
the shape becomes more spherical [15]. This multilayer
approach was adopted by many researchers [46, 107-109]
to create superlattices for Si QDs solar cells.

Besides, another type of structure, multi-alternating
layers of Si/Si0 superlattice has been widely studied [97,
110, 111]. For instance, in Li et al.’s work [111], the
morphology, electroluminescence (EL), and photolumi-
nescence (PL) in annealed Si/Si0 multilayers were re-
ported and compared with single-layered one. Si NCs are
formed within both Si and SiO layers after high-tem-
perature annealing at 1100 °C for 1 h. The multilayered
approach of $i/Si0 is found to promote carrier transport
and enhance the EL emission of Si NCs [111]. It is sup-
posed that the Si interlayers act as extra carrier paths for
carrier transport [111]. Similarly, multilayer such as S/
SiN, [112], SiN,/SizN, [85], SiC,/SiC [113], Si/SiC [114],
SiO/SisN, [115], and SiC/SiO, [116] also were
researched.

Besides, gradient Si-rich oxide multilayer structure [16]
was proposed to achieve super-high density Si QDs thin
film formation while preserving dot size controllability for
better photovoltaic properties. Recently, we have success-
fully fabricated gradient Si-rich SiNy multilayer structures
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[75]. It is proved again that this kind of structure is good at
formation of high densities of Si QDs. In our recent work
[10], we have proposed a light-filtering rapid thermal
processing (LRTP) method, and fabricated high density Si
QDs by use of this method. As a result, we have found that
the samples treated with LRTP possess higher dot density,
PL intensity, and conductivity than the conventional RTP
samples. Despite of the obvious advantages of the LRTP
method, little is known about the mechanism of growth of
Si QDs under LRTP. The solution to this problem probably
has to resort to some numerical simulation method such as
Monte Carlo simulation.

3.2 Si QDs doping

For Si QDs-based solar cells, highly conductive Si QDs
films are necessary [117]. By increasing carrier concen-
tration and decreasing electrical resistivity via doping can
be expected to improve the electrical properties of Si QDs
films [12, 117, 118]. Moreover, fabrication of p-n junctions
by doping with n- and p-type impurities is a key step to
form QDs active layers in photovoltaic devices. However,
it is proved that the doping of QDs is different from that of
the cormresponding bulk materials [119-121]. There are
several difficulties about the impurity doping in a nanos-
tructured semiconductor [122], including kinetically un-
favourable nanocrystal doping caused by self-purification
[120], large impurity formation energy [123], and the dif-
ficulty in direct quantitative characterization and tracking
of the locations of dopants elements with nanometer-
resolution [124]. Despite these difficulties, in practice,
several researchers have reported successful doping of Si
QDs films by several elements including phosphorus [20,
95, 125], boron [73, 126, 127, and antimony [128].

The incorporation of impurity elements in films con-
taining Si QDs has been achieved through several means
including sputtering [107], PECVD [21] and ion implan-
tation [129]. In Hao et al.’s experiment [130], the phos-
phorus doping in the Si QDs superlattices was achieved by
cosputtering of Si, S10,, and P505 with a post-deposition
anneal. The O/Si ratio and P concentration in the SRO
layers were controlled by adjusting the sputtering powers
of these three targets. They have found that the resistivity
of the sample containing (.1 at.% P is seven orders of
magnitude lower than that of the undoped sample. They
have attributed this dramatic decrease in resistivity to ef-
fective P-doping in Si QDs. The same authors also reported
successful doping of similar layers with boron [117]. Boron
doping at a concentration of around 0.5 at.% results in a
reduction on the resistivity by six orders of magnitude.
They have attributed this decrease in resistivity to the
consequence of an increase in mobile carrier concentration.
By employing the B-doped Si QDs/SiO; multilayer
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structure deposited onto an n-type c-Si wafer, a high energy
conversion efficiency of 13.4 % has been achieved by
Kim's group [124].

To achieve the desired properties in the photovoltaic
applications, precise control of the position and concentra-
tion of dopant atoms at the nanoscale is crucial [124], and
adequate analytical tools are essential in order to trace their
properties. However, currently, several commonly used
characterization techniques including X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectroscopy
(SIMS), can’t give exact positioning of dopant atoms. For
instance, B has a very low relative sensitivity factor, which
makes it difficult to detect by XPS [117]. Figure 5 shows the
B1 s peaks of as-deposited and annealed SRO films with
boron concentration of ~(.5 at.% in which the peak around
187 eV can be attributed to B-B/B-Si bonding [117]. In the
case of SRN films, B was only identified with dopant con-
centration equal or larger than 1.0 at.% [126]. It should be
mentioned that Auger electron spectroscopy is better suit-
able for the light elements [131] and therefore probably
useful for B determination. SIMS was just used to obtain the
relative concentration of impurities [124, 132]. In order to
overcome the above difficulties, Conibeer et al. [133] sug-
gested that further characterization of the exact positioning
of doping elements can be sought from high resolution XPS,
scanning transmission electron microscopy, atom probe to-
mography, and electron paramagnetic resonance. Besides,
several characterization techniques based on synchrotron
radiation would be useful to attempt in the future, such as
soft X-ray absorption spectroscopy, X-ray absorption near-
edge structure, which have been employed to probe the
surface chemistry of Si nanostructures [134].

In addition, the effects of some doping elements on
growth of Si QDs are also worth noting. Hao et al. [135]
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Fig. 5 XPS BI s spectra of as-deposited and annealed boron-doped
SRO film (0O/8i =(.7) with boron concentration of ~0.5 at.%.
Reproduced with permission from [117] © 2008 Elsevier
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found that incorporation of B suppressed Si crystallization
and has little influence on the quantum dot size [135].
Phosphorus-doping could accelerate the phase separation in
SRO layers and also the crystallization of Si NCs [136].
The presence of P atoms improves phase separation in Si-
rich SiNy films and thus Si crystallization rate [20]. Yoon
[137] has studied the effects of the addition of Ni on the
growth of Si NCs by thermal annealing of Ni-implanted
810, films with different content of Ni. It is established that
the Ni impurity strongly effect the formation of Si NCs.
Moderate Ni concentrations have been found to accelerate
the processes of the formation of Si NCs, but the use of
high Ni contents leads to the formation of NiSi; NCs rather
than Si NCs. The influence of Sn on the formation of Si NC
in an amorphous SiOy (x &~ 1.15) thin film is studied by
Voitovych et al. [138]. It is found that the Sn dopant ac-
celerates the processes of crystallization of a-Si clusters
and the crystallization temperature could be lowered by
200 °C when adding Sn. Si NCs formed in the Sn-doped
samples are smaller in size than those formed in the un-
doped films, while the volume fraction of the crystalline
phase in the Sn-doped films is higher than that in the films
free from Sn.

3.3 Defect passivation

Due to the high surface-to-volume ratio presented by the Si
QDs size, 1ssues related to the surface of Si QDs and the
interface between Si QDs and dielectric matrix come to the
fore [82]. Moreover, Si dangling bonds would increase
proportionately as the film becomes more Si-rich [139]. As
pointed out in Ref. [80], the present challenge is how to
minimize the interface defect density which governs both
optical [140, 141] and electrical [142] properties. By un-
dertaking passivation step to reduce the high defect density
in 8i QDs films, it is believed that the performance of Si
QDs solar cells can be significantly improved.

There is a strong likelihood that dangling bond, Py,
defects will occur at nanostructure/matrix material inter-
faces in general [56]. Zacharias et al. [143] summarized
different Py defects in the Si NCs/Si0; system. Hydrogen
passivation is regarded as an effective method for the
passivation of electronically active Py, defects [143]. Many
authors have studied the effect on the luminescence of
hydrogen incorporation into Si QDs embedded in a di-
electric matrix by annealing in a hydrogen-containing
gaseous environment such as pure H, gas [144, 145] or
mixed Hy/N, gas [146, 147] or mixed Ho/Ar gas [108, 148].
In addition, passivation treatments can be accomplished
using atomic H plasma instead of hydrogen molecules in
some experiments [149, 150].

It has been proposed that hydrogen passivation is related
to the treatment temperature [108, 151]. The amount of
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hydrogen entering into the Si QDs film increases with
treatment temperature increase. Meanwhile, dehydrogena-
tion of hydrogen atoms terminating the dangling bonds
becomes more prominent during a rise of temperature
[151]. The steady-state passivation level is determined by
the thermodynamic balance between defect passivation and
depassivation [149]. The treatment temperature of 400 °C
is considered as optimal in Ref. [I51]. For Si-NCs/8i0,
multilayer thin films, passivation can also be performed by
thermal oxidation [152] or exposing the films directly to
the atomic oxygen plasma [153].

As for SRC/SiC multilayer, the host matrix consists of
amorphous SiC and crystalline SiC phases after annealing,
it is possible to contain a high defect density; a hydrogen
passivation can be carried out in order to prepare an elec-
tronically high-quality film with less recombination-active
defects [150]. In Ref. [ 154], it is shown that the as-annealed
§i,C;_,/SiC superlattices exhibited no PL but once the
films were subjected to hydrogen passivation, which de-
creased the defect density as detected by electron spin
resonance, PL emission was observed. Kofinek et al. [150]
studied the effect of hydrogen passivation on the PL
properties of the B-doped Si-NC/SiC multilayers. They
found that hydrogen passivation leads to an additional in-
crease in PL intensities. Ding et al. [155] reported the
generation of additional defect states in SiC/SiO, hetero-
superlattice (HSL) during the post deposition annealing.
These additional defects are likely to result in a poor device
performance of the HSL structure, and thus have to be
passivated prior to application of HSL as a solar cell ab-
sorber. In their later work [116], the effectiveness of defect
passivation methods such as hydrogen plasma in a PECVD
reactor, hydrogen dissociation catalysis in a HWCVD re-
actor, and forming gas annealing (FGA) is examined. They
suggest that FGA is the most promising method for the
HSL sample passivation. In Di et al.’s work [108], the
impact of forming gas (Ar:H) anneal on the single junc-
tion Si QDs solar cells’ electrical and photovoltaic prop-
erties has been studied. After annealing in forming gas, the
reduction of series resistance is largely (see Fig. 6) and this
behavior is attributed to the hydrogen passivation at the
interfaces of the Si nanocrystals [108].

4 Photovoltaic devices

Si QDs have also already been incorporated in solar cells,
as will be discussed below. Recently, photovoltaic devices
with different structures, such as p-type Si QDs/n-type c-Si
heterojunction, n-type Si QDs/p-type c-Si heterojunction,
and p-i-n diodes have been successfully fabricated [124,
132, 151]. However, there have been few reports [156] on
experimental realization of Si QDs-based ‘all-Si’ tandem
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Fig. 6 Contact (R.) and sheet (Rpeet) resistances as a function of
annealing conditions. Reproduced with permission from [108] © The
Authors 2010

solar cells mainly due to the difficulty in charge transfer
between the QDs and the formation of tunnel junctions. In
this section we summarize the photovoltaic studies with Si
QDs and propose ideas for further exploration.

Table 2 summarizes the photovoltaic parameters of the
representative examples of Si QDs photovoltaic devices
with QDs as active material. Several characteristics can be
drawn from Table 2 as follows: (a) The open circuit volt-
age obtained from these Si QDs solar cells is much lower
than that expected for an absorber layer with a bandgap
larger than that of c-Si. (b) The performance of Si QDs
solar cells shown in Table 2 is limited by the relatively low
short-circuit current density, which can be attributed to the
poor carrier transport properties of Si QDs layers. (¢) The
active cell area was too small to learn the lateral conduc-
tivity and charge collection. (d) For photovoltaic proper-
ties, the absorption contribution from the Si QDs cannot be
established because of the Si substrate absorbs many of the
incident light and contributes to the photovoltaic effect.
(e) The most efficient Si QDs cells prepared so far was a
p-type Si QDs/n-type c-Si heterojunction solar cell with B
concentration of 4 x 10°° atoms cm ™, which shows an
efficiency of 13.4 % [124]. This corresponds to a short
circuit current of 33.7 mA ecm ™ (AM 1.5), an open circuit
voltage of 525 mV, and a fill factor FF of 78.5 %.
Although these cell parameters are not comparable to
crystalline silicon solar cell efficiencies, they can be
viewed as a positive step towards realization of an ‘all-Si’
tandem cell based on Si QDs materials, as they demon-
strate electrical conduction in i QDs layers.

Usually, these Si QDs solar cells are fabricated on Si
wafers. For example, Song et al. [157] reported that p-type
Si QDs/n-type c-Si heterojunction devices showed an open
circuit voltage of 463 mV, a short circuit current density of
19 mA ¢cm™2 a fill factor of 53 %, and an energy con-
version efficiency of 4.66 %. The internal quantum effi-
ciency, external quantum efficiency measurements showed
a higher blue response than that of a conventional c-Si
single junction solar cell and was due to increasing the
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Table 2 Photovoltaic performance of some of the Si QDs solar cells produced in the laboratory by employing different device designs
Device Si wafer need A Ve Jll. FF [ (%) Ref.
(Y/N) (mV) (%) No.
p-Type Si QDs in SiO2/n-type c-Si Y - 525 BTImAcm™? 785 134 [124]
n-Type Si QDs in SiO,/p-type c-Si Y - 556 208 mAcem™  63.83 1058 [107]
p-Type Si QDs in SiO2/n-type Si QDs in Si0, N 2-10 mm* 410 - - - [108]
p-Type Si QDs in SiOy/intrinsic Si QDs i SiOx2/n-type Si N 0.12cm* 373 - - - [158]
QDs in S10,
p-Type Si QDs in SiO4/intrinsic $i QDs in SiOx/n-type Si N 22mm’ 492 0.02mAem™ - - [25]
QDs in 8i0,
n-Type 51 QDs in Si0,/p-type c-Si Y - 5556 298mAcm™> 638 106 [132]
n-Type Si QDs in SizNu/p-type ¢-Si Y 1 mm? 510 4.96 mA 205 - [18]
n-Type Si QDs in SisN,/p-type ¢-Si Y 1 em? 500  265mAem™ 652 86 [125]
n-Type poly-Si/intrinsic Si QDs in SiC/p-type N - 518 03¢ mAcm™ 51 - [151]
hydrogenated a-Si
p-Type Si QDs in SiC/n-type c-Si Y - 463 19 mA cm™ 53 466 [157]
n-Type a-Sifintrinsic Si QDs in SiC/p-Si Y 08cm® 532 24ImAcm™> 489 628 [26]
p-Type a-8i,C,_ /intrinsic Si QDs in SiC/n-type a-Si,C,_, N - 282 0339 mA cm™? - - 9]

The parameters: open circuit voltage = V,; short circuit current/density = J_/I_: fill factor = FF; conversion efficiency = (; active area = A

bandgap of Si-NC:SiC window layer [157]. However, in
this device, the Si substrate masks the effect of the Si QDs
layer in this device due to its superior electronic properties.
Photovoltaic characterization of Si QDs films without any
influence from Si substrate become a challenge. There are a
few researches fabricating Si QDs photovoltaic device on
an insulating substrate [25, 108, 158]. Such photovoltaic
devices have been used for realizations of Si QDs solar
cells without electrical wafer influence. Perez-Wurfl et al.
[158] have fabricated p—i-n diodes onto quartz substrates
with a total active area of 0.12 cm®. A schematic of such
structure is shown in Fig. 7. As shown in the SIMS data,

8
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Fig. 7 Schematic of the p-i—n structure photovoltaic device and
SIMS profiles of as-deposited (solid line) and annealed (dotted line)
p—i-n structure. Reproduced with permission from [158] © 2009
American Institute of Physics
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significant interdiffusion of B and P was occurred in the
i-layer after high-temperature annealing and the structure
was changed from p-i-n to p-n structure. The resulting p-n
structure shows photovoltaic behavior, with an open circuit
voltage of 373 mV. The same structure device with a total
active area of 2.2 mm? was re-fabricated in the same au-
thors later study [25]. This device yielded 492 mV open-
circuit voltage and 0.02 mA cm ™~ short-circuit current
density. The authors believe that the measured short-circuit
current density is limited by a large series resistance of
28 kQ cm”,

Fabrication a substrate-free photovoltaic device 1s an-
other way to characterize the photovoltaic performance of
Si QDs films without any influence from Si substrate.
Loper et al. [9] have developed a membrane-based p-i-n
device structure in which the substrate is locally removed
by chemical etching and then the rest of substrate be en-
capsulated after solid-phase crystallization of the Si QDs.
This device yielded 282 mV open-circuit voltage and
0.339 mA cm ™ short-circuit current density. The apparent
weakness of this cell lies in the short-circuit current den-
sity; the experimental short-circuit current Js¢is only 0.068
idealized maximum photogenerated current J,, indicating
highly recombinative defects in the depletion region [9].
Although the photovoltaic performance is limited by
charge carrier recombination, the measured values are di-
rectly related to the Si QDs layer, without being affected by
the Si substrate [9].

In the fabrication of photovoltaic devices using Si QDs
embedded in its silicide matrix, it is still a difficult task to
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improve current transport and to reduce carrier recombi-
nation [9, 107, 125]. Light trapping techniques will be
needed for the development of Si QDs solar cells as the cell
absorber layer is very thin. Further device optimization
such as optimization of Si QDs growth parameters (film
deposition conditions, interface engineering, material pas-
sivation, etc.), optimization of the composition of the cell’s
absorber material, surface plasmons or texturing, and
back-surface field are needed to improve the device
performance.

5 Conclusions and outlook

We have provided an overview of the selected recent pro-
gress with respect to photovoltaic applications of Si QDs
films. It has been seen that Si QDs films can be produced by
different growth methods. There have been several strategies
used to fabricate high density, size-controlled Si QDs with
narrow size distribution, including using multilayer struc-
ture. With regard to solar cell applications, moderate doping
and defects passivation are of high importance to enable
better overall material performance. Photovoltaic devices
based on Si QDs films have been fabricated by by several
groups. This review work shows that Si QDs films has the
potential of producing cheap solar cells, which have the
possibility to overcome the Shockley—Queisser limit of
conventional crystalline Si solar cells.

Although many efforts have been made on improving the
conversion efficiency of S QDs solar cells, it still remains
lower than that for conventional crystalline Si solar cells. As
far as we know, the best efficiency so far for a Si QDs cell is
13.4 % [124], which is about half of the best efficiency
obtained for conventional crystalline Si solar cells (25.6 %)
[22]. To further improve the cell performance, the majority
of research regarding Si QDs solar cells focuses on three
main aspects: (1) developing efficient methods to synthesize
size-controllable Si QDs with high dot density, (2) good
conductive properties, and (3) judicious and careful device
optimization. But problems remain with precise control of
doping elements, understanding doping mechanism, im-
proving current transport and increasing V.. The future
research (such as the materials growth, defects passivation,
device design, electrode contacts, efficiency of light trap-
ping, etc.) of Si QDs highly relies on the understanding and
precise control of doping elements and electronic transport
mechanism. Though the current conversion efficiencies re-
ported for the Si QDs solar cells are lower than the con-
ventional crystalline Si solar cells, it is highly expected that
further studies at the Si QDs solar cells will lead to a
breakthrough that will enable us to realize high-efficiency
photovoltaic devices in the near future.
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To perform this comparison, the compound parabolic concentrator with a restricted exit angle of 65°
(CPC-65) and the one without exit angle restriction (CPC-90) were fabricated and tested for concentrating
radiation on multi-crystalline solar cells. Both CPC-65 and CPC-90 are identical in the acceptance

Adcepted & June 2015 half-angle (20°) and geometrical concentration factor (2x). Theoretical calculations showed that

CPC-90 based PV system (CPV-90) annually concentrated about 3-5% more radiation on solar cells as

erward compared to CPC-65 based PV system (CPV-65). For CPV-65, all radiation would arrive on the solar cells
eywords:

at the incidence angle less than 65°, but for CPV-90, about 8-10% of annual collectible radiation would
arrive on solar cells at the incidence angle larger than 65°. Measurements at outdoor conditions showed
that the CPV-65 performed slightly better than CPV-90 in terms of short-circuit current and power output
as the projection incidence angle of solar rays on the cross-section of CPC-troughs (fly) less than the
acceptance half-angle, otherwise the CPV-90 did better. Compared to CPV-90, the power output at
maximum power points from CPV-65 were slightly higher, and increases of 2.1%, 5.4% and 8.17% were
measured for 6, = 0°, 10° and 167, respectively. Analysis indicated that effect of solar flux distribution over
solar cells on power output of both CPVs was almost identical and insignificant, and the CPV-65
performed slightly but insignificantly better than the CPV-90 in terms of annual power output except
in areas with poor solar resources where the annual power output from both systems was almost
identical.

CPC with exit angle restriction
CPC based PV module
Performance comparison
Experimental investigation
Theoretical analysis

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

With the gradual depletion of fossil fuels in our planet, the
application of solar energy becomes more attractive currently over
the world. Solar energy can be directly utilized through a variety of
devices such as solar collectors or photovoltaic cells. It was
reported that, by 2011, solar photovoltaic (PV) had been intro-
duced in more than 80 countries and was considered to be the fast-
est growing power generation technology. The total installation of
PV over the world reached 70 GW in 2011, an increase of 79% as
compared to 2010 [1]. However, the use of PV system is limited
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due to its high cost as compared to the conventional electricity
generation, although the cost of electricity generation by PV sys-
tems has decreased substantially over the past two decades [2].
Enterprisers of PV over the world have been relying on subsides
from governments for surviving, this severely resists a further
development of PV technology, and the unique solution is to fur-
ther lower the cost of electricity generated from PV systems. In a
PV system, the PV cell material contributes about 50% of the total
cost. Thus, one of potential ways to lower the cost of electricity
generated from a PV system is to reduce the use of solar cells for
given power demand by the use of cheep optical concentrators.
In recent years, the compound parabolic concentrator (CPC),
sharing advantages of simple structure and no need of sophisti-
cated sun-tacking device |[3], has been widely tested for
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concentrating solar radiation on solar cells to lower the cost of
electricity generation from a photovoltaic system [45].
Experimental studies performed by Mallick and Eames [6,7]
showed that, compared with similar non-concentrating PV panel,
the use of an asymmetric CPC with a geometric concentration fac-
tor of 2.01 increased the maximum power point of photovoltaic
modules by 62%, the temperature of solar cells was only 12 °C
higher. Brogren et al. tested a CPC (3x) based Cu(In, Ga)Se, PV
module, and 1.9 times of maximum power output as that of iden-
tical modules without using CPCs was experimentally observed [8].
Theoretically, for a CPC based photovoltaic module (referred to as
CPV to distinguish with CPC), the power output should be
increased by a factor of the geometric concentration ratio of the
CPC as compared to similar non-concentrating PV panel.
However, the actual power output from a CPV system was much
less than the theoretical value due to the optical loss partially
resulting from the poor solar absorption of solar cells for radiation
incident at a large angle and the electrical loss partially resulting
from uneven distribution of solar radiation on solar cells. To make
the radiation on solar cells more even so as to increase the fill fac-
tor of CPVs, Hatwaambo tried to use semi-diffuse reflective mate-
rials as CPC reflectors, and experimental results showed that the
use of reflectors with rolling mark parallel to the plane of solar cells
slightly increased the fill factor of the photovoltaic system [9,10].
However, the use of semi-diffuse reflectors in CPVs cannot make
solar flux on solar cells more uniform except using perfect diffuse
reflectors, in turn leads the collectible radiation decrease greatly
[11]. Li et al. designed and tested a lens-walled CPC for photo-
voltaic/thermal applications with the aims to increase the optical
concentration and improve the solar flux distribution on solar cells,
and the average optical efficiencies of above 60% were measured
on two typical days under the actual outdoor condition considering
direct and diffuse solar radiation [12,13]. Compared to CPCs,
V-trough concentrators are extremely easy to be constructed, the
distribution of solar intensity on the base of V-trough is more uni-
form, however the increase of power output from V-trough based
PV modules is limited as a result of the fact that the V-trough is
not an ideal concentrator for solar radiation [ 14-16].

For a CPV system, the incidence angle on solar cells for radiation
reflecting from the lower part of reflectors is considerably large,
and this part of solar radiation cannot be efficiently converted into
electrical power due to the poor solar absorptance [17,18]. To
improve the solar absorption of receivers, Rabl and Winston sug-
gested a CPC with a restricted exit angle (CPC-4,, 6, <90°) [19],

CPC-65

and the use of CPC-f, in a PV system can make the incidence angle
of solar rays less than desired value thus increase the solar absorp-
tion of solar cells. The previous studies of the authors showed that
the use of CPC-6, could slightly but insignificantly improve the uni-
form of irradiation on solar cells [20], and CPC-f, is more efficient
to concentrate solar radiation on receivers with a restricted inci-
dence angle (namely, the receiver cannot absorb the radiation inci-
dent at the angle larger than f,) as compared to the CPC without
exit angle restriction (CPC-90) [21], but the performance of them
for concentrating radiation on solar cells was not investigated.
Given the acceptance half-angle, the use of CPC-6, in a PV system
(CPV-,, in short) would reduce its geometrical concentration fac-
tor as compared to the CPC-90 based PV system (CPV-90, in short)
[3], thus less radiation would be collected, but in the other hand,
partial radiation on solar cells of CPV-90 cannat be efficiently con-
verted into electrical output due to the poor solar absorption
resulting from large incidence angle. To date, comparative studies
on the performance of CPV-#, and CPV-90 were not found in the lit-
eratures. In this work, an attempt was made to experimentally and
theoretically investigate the performance of CPC-f, and CPC-90 for
concentrating radiation on solar cells with the aim to ascertain
whether the use of CPC-6,, can really improve the photovoltaic per-
formance of CPC based PV systems.

2. Design and fabrication of CPC based PV systems
2.1. CPC design

Ideal concentrators are designed based on the principles of
edge-rays and identical total ray path length of non-imaging optics
[3,19,22]. As shown in Fig. 1, for CPC-90 with one-sided flat absor-
ber, the reflector is parabola, and the maximum exit angle of solar
rays from the concentrator is 90° for solar rays incident at the
acceptance half-angle (,); whereas for CPC-8, with one-sided flat
absorber, the upper portion of reflectors is parabola and the lower
portion is flat reflector, and the exit angle of solar rays from the
concentrator is less than the desired value #,.

CPCs are usually oriented in the east-west direction with the
aperture being inclined from the horizon for efficient radiation
concentration, and the acceptance half-angle (6,) is a key design
parameter. To make CPCs efficiently operate in any day of a year,
f§, should be selected based on the scheduled number of
tilt-angle adjustment in a year and the requirement of least daily

Fig. 1. Geometry of CPC-90 and CPC-65.
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Table 1 multi-crystalline silicon solar cells (measuring 125 x 62.5 mm),
Design parameters of CPC-00 and CPC-65, and a space of 63 mm between two adjacent strings was left to
iy b a(mm) f o G h(mm) accommodate the CPC reflector substrate (see Fig. 4). Four CPC
chCa0 20 9 63 539 2456 2 6agd reflector substrates were used in a PV panel to form three
CPC-65 20 65 63 469 1961 2 88.44 trough-like concentrators (Fig. 5). 2-mm thick aluminum sheet

operation hours. In this work, the 8, of both CPC-90 and CPC-f), is
set to be 20°, and thus suitable to be employed for two cases that
the tilt-angle of the aperture is yearly adjusted two times at two
tilts and four times at three tilts [22]. 6, in the CPC-#, is set to be
65° considering that the solar cells have poor solar absorption as
the incidence angle lager than 65° | 18]. For fair comparisons, both
CPCs are truncated with identical geometrical concentration factor
(C,=2) but different edge-ray angle (#,) and height (h,). Design
parameters of both CPCs are listed in Table 1. It is seen that the
height (h,) of CPC-65 is about 1.28 times as that of CPC-90, thus
more reflective materials are used.

2.2, Reflector substrate

The computer generated data points were transferred to CAD
files to generate CPC reflector profile first, then steel molds of
reflector substrate were subsequently processed with the aid of a
CNC machine, finally “triangle-shaped” aluminum ducts of 6 mm
in thickness were produced by using the technique of heating
squeezing (see Fig. 2). The self-adhesive reflector film of 0.12 mm
in thickness with the solar reflectivity of 0.862, measured by a
spectrophotometer (Cary 5000, Varian, Inc.), was attached to the
aluminum reflector substrate, and aluminum reflector substrates
were fixed on the solar cell panel with thermally conductive adhe-
sive to form CPC-troughs (Fig. 3).

2.3. CPV modules

To perform comparisons of photovoltaic performance, two
identical solar panels were fabricated with the one equipped with
CPC-65 concentrators (referred to as CPV-65 to distinguish with
CPC-65) and another one equipped with CPC-90 concentrators
(CPV-90). The PV panels consisted of three strings of solar cells
connected in parallel, each string consisted of 4 half-size

was used as the back plate of solar panels, 2 layers of TPT
(Tedlar/PET/Tedlar) were sandwiched in between solar cells and
back plate as the electrical insulator with the EVA (ethylene-vinyl
acetate) at solar cells, TPT and the back plate. 1-mm thick poly-
ethylene naphthalate sheet covered on solar cells, and solar cells
were encapsulated within the panel by the vacuum press tech-
nique. To make two PV panels identical in the performance as pos-
sibly, all solar cells used in two PV panels were carefully picked up
with almost identical PV performance. Performance parameters of
two PV panels measured in the laboratory are presented in Table 2.
It is seen that two solar panels are almost identical in the
performance.

3. Optical performance of CPV-65 and CPV-90
3.1. Optical efficiency of CPVs

The optical efficiency factor of CPVs is defined as the fraction of
radiation incident on the aperture that arrives on solar cells at any
incidence angle. Assuming that the reflection of solar rays on
reflectors of CPVs is perfect specular, thus the optical efficiency fac-
tor is a function of projection incidence angle (f,). For CPVs inves-
tigated in this work, the upper portion of CPC reflectors was
truncated, and all radiation arrives on solar cells either directly
or indirectly from reflectors after just one reflection based on the
theoretical analysis presented by Tang and Wang [23]. Thus,
one-reflection model can be used to accurately calculate optical
efficiency factors of both CPV-90 and CPV-65. The optical efficiency
factor of CPV-90 can be expressed by [21]:

pt(1-p)/C (6] <20°
1/C+05p(1-1/C) - 05p(1+1/C,)tan|f,| /an53.9 20° <|d,| <24.56
0.5(1+1/G)(1~tan|f,|/ tan53.9 2456 < |,| <539
0 [6,] >539

fi6y)=

(1)
and for CPV-65

'y
A
[«
o
= o
= o0
B pos
= =
2
Yy v /
| 63 mm | | 63 mm |
i - 4l .
I =l I~ Ll

Fig. 2. Triangle-shaped reflector substrate (Left: CPC-65; Right: CPC-90).
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Fig. 3. Photo of CPC-troughs. Left: CPC-90; Right: CPC-65.

Fig. 4. Photo of PV panels without using CPCs.

p+(1-p)/C 0y <19.62

; p+05(1-p)(1+1/C)(1-tan/f, /tan46.9) 19.62< |6, <20
(6,) =

0.5(1+1/C,)(1 —tan|d, |/ tan46.9) 20<16, <469

0 0y >46.9
(2)

where p =0.862 is the solar reflectivity of reflectors. As seen from
Fig. 6, the optical efficiency of both CPV-90 and CPC-65 are identical
for solar rays within the acceptance angle (6, =20°), otherwise the
optical efficiency of CPV-90 is larger than that of CPV-65.

3.2. Incidence angle of solar rays on solar cells

For CPV-65, all radiation arrives on solar cells at the incidence
angle less than 65°, but for the CPV-90, as shown in Fig. 1, the frac-
tion, A6, >65)= Ax/C, of radiation arrives on solar cells at the
angle larger than 65°. F(f;, > 65) as a function of f, can be deter-
mined based on the method presented in the previous work of
the authors [21].

As seen from Fig. 7, it is found that, for the CPV-90, A 6;, > 65)
increases with the increase of ,, and are 0.062 and 0.2793 for
6, =0° and 20°, respectively. This means that a fraction of solar
radiation arrives on solar cells of CPV-90 at the angle larger than
65° and this part of radiation cannot be efficiently converted into
photovoltaic output by solar cells due to poor solar absorption.

65

Fig. 5. Photo of CPV modules. Left: CPV-65; Right: CPV-90.

3.3. Annual collectible radiation on solar cells

Assuming that CPC-troughs in CPVs are oriented in the east-
west direction with the aperture being inclined at f§ from the hori-
zon, the length of the CPC-trough is infinite as compared to its
width, and solar radiation reflecting from the ground is not consid-
ered. Thus, the daily solar gain on unit area of solar cells can be cal-
culated as follows:

o
Hygy =G g(Hap)f(H,,)lbcos ﬁapd[ +0.5Hy(Cq + Cyp) (3)

J-t

where Hy is the daily sky diffuse radiation on the horizon, ¢, is the
sunset time on the horizon, and C; and G are determined by:

by
Cd=C,/ f(6,) cosd,db, (4)
JO

b
Cd,,=C,/ f(6,)cos 6,d6, (5)
JO

6y = Min(6, 0.5 - f)

Similarly, the daily radiation on solar cells of the CPV-90 at the
angle larger than 65° after reflection from reflectors can be calcu-
lated by:
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Table 2
Performance parameters of two PV panels measured in laboratory.
No Vee (V) Ise (A) Ve (V) I (A) Py (W)
1 705 3 5.2 2.8 14.56
2 705 3.01 5.22 279 14.5638
1.04
‘ ——CPV-90
L CPV-65
8‘5 0.6 6,=20°; C,=2; p=0.862
0.4 A
0.2 A
00 T T T T T T T T T - T 1
0 5 10 15 20 25 30 35 40 45 50 55

%

Fig. 6. Angular dependence of optical efficiency of CPV-90 and CPV-65.

ty
Hygy g5 = C[[}[ 8(Bp) (0
T

> 65)l cos By, dt + 0.5H4p(Cyy + i)

Iy
=p | 8l0g)Axlycos B,dt + 0.5Hgp(C,q +Cya) (6)
J—tg
8,
Car =/ Ax cos ,dé, (7)
JO
B
G2 = / Axcos f,d6, (8)
Jo
And 6, =Min(6,,0.57 - f) (9)

The #,, in above expressions is the incidence angle of solar rays on
the aperture of CPVs, and gfl,,) is a control function, being 1 for the
case of cos flyp > 0 otherwise zero.

At any moment of a day, fl, and f,, can be determined based on
the solar geometry [3,21], then f{6,) and A #;, > 65) can be calcu-
lated. Therefore, Hyqy and Hyayes can be numerically calculated

0.304
0.254
0.204

0.154

F (8,>65%)

0.104
CPV-806,=20, C,=2

0.05{

Fig. 7. Angular variation of F{ty, > 65) for the CPV-90.
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based on Egs. (3) and (6), then summing Hyay and Hyay,es in all days
of a year obtains annual radiation collected by unit area of solar
cells (S,) and the annual radiation on solar cells of CPV-90 at the
incidence angle larger than 65° (5,5 ).

In the subsequent calculations, monthly horizontal radiation
averaged over many years were used, and the monthly average
daily diffuse radiation, Hy, the instantaneous sky diffuse radiation
(Iy), horizontal radiation (I,), and beam radiation (I,) were esti-
mated based on correlations suggested by Collares-Pereira and
Rabl [24-27]. The monthly horizontal radiation data used in this
work was taken from the book edited by Chen [28]. Two cases,
the tilt-angle of CPVs' aperture being yearly adjusted two times
at two tilts (2T-CPV) and four times at three tilts (3T-CPV), were
considered for the analysis. For the 3T-CPVs, the tilt-angle of
CPVs' aperture was set to be site latitude (4) during periods of
23 days before and after both equinoxes, and adjusted to 1+ 23
and /-23 in winters and summers, respectively [1627];
whereas for the 2T-CPVs, the tilt-angle was set to bei + 19 and
4—19 in winters (é<0) and summers (é<0), respectively. 31
sites in China were selected as the representative for the analysis.
These sites cover a variety of climatic conditions and a
wide range of site latitude [27], thus the results are of represen-
tative for the use of CPV-65 and CPV-90 in China even over the
world.

As shown in Tables 3 and 4, solar cells of the CPV-90 annually
received about 3-5% more radiation as compared to the CPV-65
(see the column of S, cpy_oo/Secpv_gs in Tables). For CPV-65, all radi-
ation would arrive on the solar cells at the incidence angle less
than 65°, but for CPV-90, the radiation arriving on solar cells at
incidence angle larger than 65° (S,5) took about 8.3% and 9.5%
of annual collectible radiation (S,) for the cases of the tilt-angle
of the aperture being yearly adjusted four times and two times,
respectively (see the column of S, z5/S, in Tables). It was also found
that solar cells of 3T-CPVs annually collected about 1.2-2.5% more
radiation as compared to 2T-CPVs.

4. Photovoltaic performance of CPV-90 and CPV-65
4.1. Angular dependence of the photovoltaic efficiency of PV panels

First, the [-V characteristics of PV panels without using CPCs
were measured to determine their angular dependence of maxi-
mum power points. In this measurement, a PV panel was fixed
on a two-axis sun-tracking platform, and the orientation of which
can be arbitrarily adjusted manually. The incidence angle of solar
rays on the PV panel was measured by a sundial, one pyranometer
(CM11, Kipp & Zonen) and one pyrheliomter (TBS-2-2, Jingzhou
Sunlight Co. of China) with measuring error less than 1% were
employed to measure the total radiation on the PV panel (I;) and
beam radiation (1), respectively. Two digital multiple meters with
1mA current resolution and 1mV voltage resolution were
employed to monitor current and voltage of the PV panel, respec-
tively. A slide rheostat was used as the variable resistance during I-
V measurements. Measurements of [-V were performed around the
solar noon on January 26 of 2014, and each I-V measurement
lasted about 3 min. After one measurement, the PV panel was
moved into a shelter for cooling and the orientation of the platform
was manually changed for next measurement. During measure-
ments, radiation data were recorded at intervals of 10 s by a com-
puterized data logger (TRM-2, Jingzhou Sunlight Co. of China) and
the value averaged over the period of [-V measurements was used
to calculate the photovoltaic conversion efficiency of the PV panel.
It can be seen from Fig. 8 that, the [-V characteristics of the PV
panel strongly depended on the incidence angle of solar rays, the
voltage of open-circuit was almost independent on the incidence
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Table 3

Performance comparison between 3T-CPV-90 and 3T-CPV-65.
Sites Sa (MJjm?) Sass (MJfm?) Sacrv-s0/Sacrves Sags{Sa (CPV-90) Pa (MJ/m?) Pagrves[Pacrv.so

CPV-90 CV-65 CPV-90 CPV-65 CPV-90 CPV-65

Beijing 10125 0824 833 0 1.031 0.082 1428 1452 1.0168
Harbin 9785 9505 809 0 1.029 0.083 1380 1405 1.0182
Changechun 10051 9765 830 0 1.029 0.083 1417 1443 1.0183
Shenyang 9587 9295 792 0 1.031 0.083 1352 1374 1.0163
Urumgi 11051 10755 913 0 1.028 0.083 1558 1590 1.0201
Xining 11466 11146 942 0 1.029 0.082 1617 1647 1.0187
Lanzhou 10401 10084 855 0 1.031 0.082 1467 1490 1.016
Xi'an 7860 7558 647 0 1.04 0.082 1109 1117 1.0076
Yinchuan 11590 11275 952 0 1.028 0.082 1635 1666 1.0194
Hohhot 11686 11392 961 0 1.026 0.082 1648 1684 1.0216
Taiyuan 10329 10019 849 0 1.031 0.082 1457 1481 1.0165
Shijiazhuang 10022 9715 825 0 1.032 0.082 1413 1436 1.0158
Tianjin 10605 10298 872 0 1.03 0.082 1496 1522 1.0176
Jinan 10077 9764 829 0 1.032 0.082 1421 1443 1.0154
Zhengzhou 8993 8682 739 0 1.036 0.082 1268 1283 1.0116
Hefei 8450 8135 697 0 1.039 0.082 1192 1202 1.009
Shanghai 7648 7342 630 0 1.042 0.082 1078 1085 1.0061
Nanjing 8168 7857 673 0 1.04 0.082 1152 1161 1.0081
Hangzhou 7476 7170 616 0 1.043 0.082 1054 1060 1.0052
Nanchang 7292 6987 599 0 1.044 0.082 1029 1033 1.0039
Withan 7781 747 640 0 1.042 0.082 1097 1104 1.0061
Changsha 6781 G480 557 0 1.046 0.082 956 958 1.0014
Chengdu 5461 5197 449 0 1.051 0.082 769 770 1.0003
Chongging 5450 5187 450 0 1.051 0.083 768 769 1.0002
Guiyang 6108 5813 503 0 1.051 0.082 861 859 09973
Kunming 9342 9499 807 0 1.036 0.082 1388 1404 1.0114
Lhasa 15869 15495 1302 0 1.024 0.082 2238 2290 1.0231
Fuzhou 7274 6959 598 0 1.045 0.082 1026 1029 1.0025
Guangzhou 7611 7284 622 0 1.045 0.082 1074 1077 1.0026
Nanning 7223 6901 592 0 1.047 0.082 1019 1020 1.0012
Taipei 6533 6237 536 0 1.047 0.082 921 922 1.0003

Table 4

Performance comparison between 2T-CPV-90 and 2T-CPV-65.
Sites Sa '[Mumlj Sags ( Mﬂml] Sucrv-so/Sacrves SagslSa (CPV-90) P M‘lﬂ’ml] Pucoves| Pacrv-ao

CPV-90 CV-65 CPV-90 CPV-65 CPV-90 CPV-65

Beijing 9946 9639 946 0 1.031 0.095 1392 1425 10232
Harbin 9601 9318 917 0 1.03 0.095 1344 1377 1.0249
Changchun 9866 9575 943 0 1.03 0.095 1381 1415 1.0249
Shenyang 9416 9120 902 0 1.032 0.095 1318 1348 1023
Urumgi 10861 10652 1041 0 1.019 0.095 1520 1574 1.0358
Xining 11264 10933 1057 0 1.03 0.093 1578 1616 1.024
Lanzhou 10224 9898 957 0 1.032 0.093 1432 1463 1.0212
Xi'an 7744 7436 715 0 1.041 0.092 1086 1099 10121
Yinchuan 11386 11061 1073 0 1.029 0.094 1595 1635 10252
Hohhot 11477 11162 1094 0 1.028 0.095 1606 1650 1.0269
Taiyuan 10151 9833 956 0 1.032 0.094 1422 1453 1.0222
Shijiazhuang 9851 9538 931 0 1.032 0.094 1379 1410 10218
Tianjin 10424 10110 984 0 1.031 0.094 1460 1494 1.0236
Jinan 9908 9587 935 0 1.033 0.094 1388 1417 1.0212
Zhengzhou 8852 8534 823 0 1.037 0.093 1241 1261 10166
Hefei 8329 8007 770 0 1.04 0.092 1168 1183 10134
Shanghai 7544 7232 698 0 1.043 0.092 1058 1069 1.0106
Nanjing 8052 7735 746 0 1.041 0.092 1129 1143 1.0127
Hangzhou 7378 7066 681 0 1.044 0.092 1035 1044 1.0095
Nanchang 7204 6891 673 0 1.045 0.093 1009 1019 1.0091
Wuhan 7679 7362 713 0 1.043 0.092 1076 1088 1.0109
Changsha 6699 6399 622 0 1.046 0.092 939 946 1.0071
Chengdu 5394 5126 491 0 1.052 0.091 757 758 1.001
Chongging 5385 5116 496 0 1.052 0.092 755 756 10014
Guiyang 6033 5736 561 0 1.051 0.093 845 848 1.0028
Kunming 9669 9308 902 0 1.038 0.093 1355 1376 10152
Lhasa 15578 15178 1474 0 1.026 0.094 2181 2243 1.0284
Fuzhou 7185 G863 664 0 1.046 0.092 1007 1014 1.007
Guangzhou 7511 mmn 695 0 1.047 0.092 1053 1060 1.0065
Nanning 7143 6811 662 0 1.048 0.092 1001 1007 1.0053
Taipei 6457 6152 600 0 1.049 0.092 905 909 1.0048
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Fig. 8. I-V characteristics of PV panels without using CPCs.

angle, but the current of short-circuit decreased with the increase
of the incidence angle.

The photovoltaic conversion efficiency of the PV panel at the
maximum power point calculated based on the total radiation
(including beam and sky diffuse radiation), #,, is presented in
Fig. 9.1t was seen that 5, was almost kept unchanged as the inci-
dence angle (#;,) less than 40°, and then linearly decreased as
B, > 40°, Usually, in the case of 6, being close to 90°, the #, should
be very lower due to poor solar absorptance of solar cells, but a
9.6% of i, was measured at 6, = 80°, a result of the fact that the
total radiation on solar cells included beam and sky diffuse radia-
tion, and in the case of #;, close to 90°, most of radiation fallen on
solar cells was sky diffuse radiation and solar absorptance of solar
cells for isotropic sky diffuse radiation was approximately equal to
that of solar cells for beam radiation incident at #;, = 60° [1729]. To
find the angular dependence of photovoltaic efficiency of solar cells
for beam radiation (i), it was assumed that the photovoltaic effi-
ciency of solar cells for the isotropic sky diffuse radiation (1j4) was
approximately equal to 1 of solar cells for radiation incident at
B, = 60° (Le. g = 12%), therefore, i, could be estimated based on
measured power output at the maximum power point (P,,), beam
radiation (1), total radiation (I;) and assumed 74 as follow:

P = Al — Iy cos i)y

s = A, cosfy, (10)

where A, = 0.09375 m? is the total area of 12 solar cells. As shown in
Fig. 9, sharply decreased with the increase of incidence angle as

7 —a— Measuredn, for total radiation (Jan.26,2014)
5] - Estimatedn, based onn,=12%

15]
14
13
121
1]
10 \
94
8 .
7 "\
64 B
5_ k)
44 \
3] »
2]

PV efficiency (%)

Fig. 9. Angular dependence of measured #, and estimated .
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the 6, > 60°, and were 10.1% and 2.8% for 6;, = 65° and 80°, respec-
tively. This implied that the photovoltaic conversion efficiency of
solar cells was very lower as the incidence angle of solar rays larger
than 65° By fitting estimated 1, to the polynomial, one obtained
following correlations:

0, = 15.5494 + 0.023256,, — 0.00301¢, + 9.4685 x 1076

~ 1134107, (0° < 8 < 657) (1)

0y, = 4152 - 047840, (65° < i, < 90°) (12)

Therefore, the average efficiency of solar cells for the isotropic
radiation over the angle from 0° to 65° can be calculated based
on Eq. (11) by numerical calculations as follow:

J3n, cos B, de,

o es = 2 —14.78%
- Jy” cos Oindi )

(13)

Similarly, the average efficiency of solar cells for the isotropic
solar radiation over the angle from 65° to 90° was found to be
ﬁgs_l]] =6.56%.

4.2, Comparison of photovoltaic performance between CPV-65 and
CPV-90

To make comparisons fair, an electrical circuit as shown in
Fig. 10 was used to measure the electrical output from both CPVs
with the aid of a two-way switch. Both CPV systems were placed
on the same platform, and the tilt-angle of which from the horizon
can be accurately adjusted based on requirement of experiments.
Experimental measurements were conducted on the roof of a
six-storey building in the campus of Yunnan Normal University
(site latitude 4= 25.02°) from March 10 to 26 in 2014,

42.1. 1-V characteristics

In this experiment, CPC-troughs of both systems were oriented
in the east-west direction with the aperture being tilted at the
angleof 1 — & — ,, thus the projection incidence angle of solar rays
on the cross-section of CPC-troughs was just equal to 6, near the
solar noon, and the 6, can be arbitrarily selected based on experi-
mental requirement. Experimental measurements were conducted
about 5 min around the solar-noon.

As shown in Figs. 11-13, it was observed that the open-circuit
voltage (Vi) of both systems were almost identical, but the
short-circuit current (I) of CPV-65 was always larger than that
of CPV-90. Compared to CPV-90, the power output from CPV-65
(Py) at the maximum power points were slightly higher, and
increases of 2.1%, 54% and 8.17% were measured for 6, = 0°, 10°
and 16°, respectively. It was also found that the fill factor of
CPV-65 was slightly higher than that of CPV-90. This implied that

CPV-90
L
E ]z
_/ | &,
——e %

—(D'—|*:|
~/ Slide theosat

—

CPV-63

Fig. 10. Circuit used to measure electrical outputs from CPV-90 and CPV-65.
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Fig. 11. I-V characteristics of CPV-65 and CPV-90 in the case of 6, = (°,

CPV-65 was more electrically efficient than CPV-90 as solar rays
within the acceptance angle of CPVs.

4.2.2. Short-circuit current and open-circuit voltage

This comparative experiment was purposefully scheduled on
days near the spring equinox (4 is near zero), CPC-troughs of both
systems were south-north oriented and the aperture of
CPC-troughs was inclined at 4 — 4 so as to eliminate the end effect
of CPC-troughs during the period of measurements, and #, can be
easily calculated based on solar time or clock time. As shown in
Fig. 14, the short-circuit current (I,.) from CPV-65 was slightly
higher than that from CPV-90 as f, <, otherwise the situation
was reversed. This could be explained by the fact that, in the case
of 8, <ty the optical efficiency of both systems were identical, a
fraction of radiation reflecting from reflectors of CPV-90 arrived
on solar cells at the angle larger than 65° but the incidence angle
of all solar rays on solar cells of CPV-65 was less than 65°, whereas
in the case of f, > ,, the optical efficiency of CPV-90 was larger
than that of CPV-65. Angular variations of open-circuit voltage of
both systems are presented in Fig. 15, and it was found that
open-circuit voltage of both systems was almost identical.

4.2.3. Power output of CPVs with fixed electrical load

In this experiment, both systems were placed on a south-facing
platform tilted at 4 — 4, CPC-troughs of both systems were south-
north oriented, and the slide rheostat (see Fig. 11) was fixed at a
point corresponding to a resistance of 1.50hm with which the
power output of both systems was close to their maximum power
points. Experimental measurements started at the solar-noon and
ended at 15:40 (solar time) on March 25 of 2014 (a clear day). As
seen from Fig. 16, it was found that, in the case of 8, < 5, the power

:-4---1--.-.'.!:5-...1'.5!5!5.-!.:-!?..11_.“1
B ]

'ﬁ
T 31 %.\
= —s—CPV-65,P,=22.61W; FF=0.66 &

o
--»— CPV-80, P, =21.45W; FF=0.65
L]
1] §710%1,=962W/m? Measured on Mar.13,2014 -
bl
i
—

0 1 2 3 4 5 B 7 8

Fig. 12. The same as in Fig. 11 but f, = 10°,
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Fig. 14. Comparison of short-circuit current from CPV-65 and CPV-90.

output from CPV-65 (Pgs) was always higher than that from
CPV-90 (Pgg), the ratio of Pg;/Pyy was kept in a narrow range of
1.02-1.06 for #,<16° and then sharply increased from 1.04 to
1.18 as #, close to #, (20°); whereas in the case of tly > g, the power
output from CPV-65 was slightly less than that from CPV-90.

5. Long-term performance comparison between CPV-90 and
CPV-65

5.1. Effect of solar flux distribution on the power out of CPVs

Experimental results in the above showed that the CPV-65 per-
formed slightly better than CPV-90 as solar rays within the accep-
tance angle of CPVs under identical operation conditions, and this
is a result of the joint effect of more uniform irradiation and smal-
lerincidence angle of solar rays on solar cells of CPV-65. To identify
which one is the dominant factor affecting photovoltaic perfor-
mance of both CPVs, an attempt was made to theoretically esti-
mate the power output from both CPVs based on the radiation
measured at the solar-noon on days of I-V measurements for com-
parison with measured power output by assuming that the power
output of both CPVs is dependent on #;, but independent on solar
flux distribution. Thus the power output from CPVs at any moment

can be estimated by:
P =Aglls - Igs)Mo—ss + Adlss5Ts5-0 (14)

where 7jp-g5 = 14.78% and 1ss-90 = 6.56%. The collectible radiation
on solar cells in the case of |fl,| <6, is expressed by:
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Fig. 15. Comparison of open-circuit voltage between CPV-65 and CPV-90.
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Fig. 16. Power output from both systems at fixed electrical load.

I = Crfbf{ﬁ'p} COS gy + 0.504(Cq + Cdﬂ) (15)

For CPV-65, the radiation on solar cells of CPV-90 at the angle larger
than 65° is zero, and for CPV-90, it is given by:

Iigs = Cr{}F[H"” = 55)}13 COS g + 0.5l p{Cﬂ + sz} (1 E}

On the days of I-V measurements of both CPVs, fi= i — & — f,, thus
for CPV-90, C,=Cy=009874, Cy=C,=071488; whereas for
CPV-65, Cq = Cqp = 0.8591. f{flp) = 0.931 for both CPVs in the case of
f,=0,10° and 16°. Knowing the beam radiation I, and sky diffuse
radiation on the horizon Iy, the power output can be estimated.
Table 5 presents the expected power output from CPVs at the
solar-noon on the days of [-V measurements. It is seen that the
expected power outputs from both CPVs were slightly lower than
those measured at the maximum point of [-V measurements (see
Figs. 11-13), and this is because, for both CPVs here, half of radia-
tion on the aperture will directly irradiate solar cells for solar rays
at i, < 8, and the actual photovaltaic efficiency of solar cells for this
part radiation is higher than #y_g due to small incidence angle.
However, it is seen that the expected increases in power output
from CPV-65 as compared to CPV-90 were highly in agreement with
those actually measured. This implied that the assumption “the

Table 5

Y. Yuet al /Applied Energy 155 (2015) 284-293

power output of both CPVs is dependent on #;, but independent
on solar flux distribution” was reasonable. However, the solar flux
distribution on solar cells of both CPVs are different, this indicated
that the effect of solar flux distribution on the photovoltaic
performance of both CPVs was identical and insignificant.

5.2. Long-term photovoltaic performance of CPV-65 and CPV-90

The annual power output from CPVs is complex and affected by
many factors such as electrical load and climatic conditions.
Analysis in the above showed that under identical operation condi-
tions, effects of all parameters with an exception of #;, on the
power output of both systems can be regarded to be identical.
Thus, the annual power output from unit solar cells’ area of both
systems could be simply estimated by:

Py = (54— Su65)To-6s + SagsTes—a0 (17)

For the long-tem performance, %, g; and 7jgs_s depend on the
annually angular distribution of radiation over solar cells of CPVs,
From the long-term point of view, the radiation from the sun can
be regarded to be isotropic aver the acceptance angle of CPVs, thus
the radiation on the solar cells of CPVs also can be regarded as to be
angularly isotropic based on the optical characteristics of CPC [30],
therefore 7jo_ss and 7ss_ao here can be determined based on Eq. (13),
namely: #o—gs = 14.78% and 7550 = 6.56%. As shown in Tables 3 and
4, the annual power output of CPV-65 was slightly higher than that
from CPV-90 except in the areas with poor solar resources, such as
Chengdu, Chongging, Guiyang and Taipei, where the annual power
output from both systems was almost identical. It is also found that
2T-CPV-65 was more favorable as compared to 2T-CPV-90, a result
of fact that, in the case of the tilt-angle of the aperture being yearly
adjusted two times at two tilts, more radiation arrived on solar cells
of CPV-90 at the angle larger than 65° as seen from Tables 3 and 4.
This implied that the CPV-65 performed slightly but insignificantly
better than the CPC-90 in terms of annual power output especially
in the areas with abundant solar resources.

6. Conclusions

Theoretical calculations showed that the optical efficiency of
CPV-65 and CPV-90 was identical for solar rays within the accep-
tance angle of CPVs, and optical efficiency of CPV-65 was slightly
lower than that of CPV-90 for solar rays out the acceptance angle.
As compared to CPV-65, solar cells of CPV-90 annually received 3-
5% more radiation. For CPV-65, all radiation would arrive on the
solar cells at the incidence angle less than 65°, but for CPV-90,
about 8-10% of annual collectible radiation would arrive on solar
cells at the incidence angle larger than 65°, and this part of radia-
tion could not be efficiently converted into electrical power output
by solar cells due to the poor solar absorption.

Measurements under outdoor conditions indicated that the
photovoltaic efficiency of PV panels without using CPCs for total
radiation was almost kept unchanged as the incidence angle (#;,)
less than 40°, and then linearly decreased as #;, > 40°. Calculation
based on measured photovoltaic efficiency of solar cells for total
radiation and assumed photovoltaic efficiency for sky diffuse radi-
ation indicated that photovoltaic efficiency of PV panels for beam

Expected power out of CPV-90 and CPV-65 at solar noon on days of I-V measurements.

y Iy Iy F(fy = 65) L Lgs P Pepe 65fPepe-oo
CPV-90 CPV-65 CPV-90 CPV-65
a 734 233 0062 1497 146.89 10.16 2129 217N 1.0198
10 77 246 01244 14307 143.07 17.16 2017 21.15 1.0483
16 699 252 02077 13759 137.59 25.59 1868 2034 1.0886
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radiation sharply decreased with the increase of incidence angle as
the #;, > 60°, and was only 2.8% in the case of #;, = 80°.

It was observed that the open-circuit voltage of both systems
were almost identical, but the short-circuit current of CPV-65
was always larger than that of CPV-90 as 8, < ,,, otherwise the sit-
uation was reversed. As compared to the CPV-90, the power output
at the maximum power points from CPV-65 were slightly higher,
and increases of 2.1%, 5.4% and 8.17% were measured for 6,=0°,
10° and 16°, respectively. Analysis showed that effect of solar flux
distribution over solar cells on the power output of both CPVs was
almost identical and insignificant, but the incidence angle of solar
rays on solar cells had a significant influence.

Experimental results showed that, for both systems with the
identical electrical load, CPV-65 performed better than CPV-90 in
terms of power output as solar rays within the acceptance angle
especially as 6, close to 8, otherwise CPV-90 did better. Analysis
indicated that the CPV-65 performed slightly but insignificantly
better than the CPV-90 in terms of annual power output except
in the areas with poor solar resources where the annual power out-
put of both systems was almost identical, a result of the fact thata
part of radiation arrived on solar cells of CPV-90 at the angle larger
than 65°, and this part of radiation would not be efficiently con-
verted into electrical power by solar cells.

Given the acceptance half-angle and geometric concentration
factor, the height of CPV-65 was larger than that of CPV-90, thus
more reflective materials are used, therefore, a further experimen-
tal investigation on the long-term performance of both CPVs is
required to ascertain whether CPV-65 is more attractive in econ-
omy and performance.
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Glossary

a: width of CPC troughs (m)

A total area of solar cells (m?)

C;: geometric concentration factor of truncated CPCs (dimensionless)

fitp): optical effidency factor (dimensionless)

F(fg, > 65): fraction of radiation incidence on the aperture of CPCs that arrives on
solar cells at the angle larger than 65° (dimensionless)

H: daily radiation on solar cells(Mj{m‘J

hy: height of CPCs [m)

I: instantaneous radiation intensity (W/m?); current (A)

P, annual power output of CPVs (M]/m?)

Sz annual radiation on solar cells [Mj{m’]

V: voltage (V)

t: solar time measuring from solar noon to afterncon (s)

Creek letters

f: tilt-angle of the aperture of CPVs from horizon (°)

#: declination of the sun ()

A: site latitude (7)

fy: acceptance half-angle of CPVs (%)

fap: incidence angle of solar rays on the aperture of CPVs or solar panels (radian)

By incidence angle of solar rays on solar cells (°)

#,: restricted exit angle of CPCs (%)

e angle for solar radiation incident at the angle larger than which the absorber of
CPC will be fully irradiated (*)

@ projection incidence angle of solar rays on the cross-section of CPC-trough (°)

f: edgy-ray angle of truncated CPCs (7)

p: reflectivity of reflectors (dimensionless)

@ hour angle (radian)

Subscripts

0: sunset

b: beam radiation

d: sky diffuse radiation

day: daily solar gain

h: hemisphere radiation

m: maximum value

s: solar cell



Key Laboratory of Advanced Technique & Preparation for Renewable Energy Materials, Ministry of Education

@PLOS ‘ ONE

CrossMark

chek for updates

G OPEN ACCESS

Citation: WuK, Fang Z, GuoR, Pan B, Shi W, Yuan
S, etal. (2015) Pectin Enhances Bio-Control Efficacy
by Inducing Colonization and Secretion of Secondary
Metabolites by Bacillus amyloliqusfaciens SQY 162 in
the Rhizosphere of Tobacco. PLoS ONE 10(5):
€0127418. doi:10.1371fournal pone.0127418

Academic Editor: Rita Grosch, Leibniz-Institute of
Vegetable and Omamental Crops, GERMANY

Received: November 3, 2014
Accepted: April 15, 2015
Published: May 21, 2015

Copyright: © 2015 Wu et al. This is an open access
article distributed under the terms of the Creative
Commons Affribution License, which pemits
unrestricted use, distribuion, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporfing Information files.

Funding: This research was financially supported by
Programs of Study and Application of Key
Technologies for Soil Bioremediation in Guizhou
Province (110201002019), the projects of the 111
project (B12009), the Priority Academic Program
Development of Jiangsu Higher Education Insfitutions
(PAPD), the Chinese Ministry of Agriculture
(201103004}, the National Natural Science
Foundation of China (41361075, the Applied and
Basic Research Foundation of Yunnan province

Pectin Enhances Bio-Control Efficacy by
Inducing Colonization and Secretion of
Secondary Metabolites by Bacillus
amyloliquefaciens SQY 162 in the
Rhizosphere of Tobacco

Kai Wu'2*, Zhiying Fang'®, Rong Guo', Bin Pan', Wen Shi', Saifei Yuan', Huilin Guan?®*,
Ming Gong®, Biao Shen'*, Qirong Shen'

1 National Engineering Research Center for Organic-based Fertilizers, College of Resources and
Environmental Sciences, Nanjing Agricuftural University, Nanjing, 210095, China, 2 Engineering Research
Center of Sustainable Development and Utilization of Biomass Energy, Key Laboratory of Ministry of
Education, College of Energy and Environmental Sciences, Yunnan Normal University, Kunming, 650500,
China, 3 School of Life Sciences, Yunnan Normal University, Kunming, 650500, China

© These authors contributed equally to this work.
* ghlog71@aliyun.com (HG); shenbiao@ njau.edu.cn (BS)

Abstract

Bacillus amyloliquefaciens is a plant-beneficial Gram-positive bacterium involved in sup-
pressing soil-borne pathogens through the secretion of secondary metabolites and high rhi-
zosphere competence. Biofilm formation is regarded as a prerequisite for high rhizosphere
competence. In this work, we show that plant extracts affect the chemotaxis and biofilm for-
mation of B. amyloliquefaciens SQY 162 (SQY 162). All carbohydrates tested induced the
chemotaxis and biofilm formation of the SQY 162 strain; however, the bacterial growth rate
was not influenced by the addition of carbohydrates. A strong chemotactic response and
biofilm formation of SQY 162 were both induced by pectin through stimulation of surfactin
synthesis and transcriptional expression of biofilm formation related matrix genes. These re-
sults suggested that pectin might serve as an environmental factor in the stimulation of the
biofilm formation of SQY 162. Furthermore, in pot experiments the surfactin production and
the population of SQY 162 in the rhizosphere significantly increased with the addition of su-
crose or pectin, whereas the abundance of the bacterial pathogen Ralstonia decreased.
With increased production of secondary metabolites in the rhizosphere of tobacco by SQY
162 and improved colonization density of SQY 162 in the pectin treatment, the disease inci-
dences of bacterial wilt were efficiently suppressed. The present study revealed that certain
plant extracts might serve as energy sources or environmental cues for SQY 162toen-
hance the population density on tobacco root and bio-control efficacy of tobacco bacterial
wilt.
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Introduction

The use of plant growth promoting rhizobacteria (PGPR) to bio-control soil-borne diseases
and promote plant growth is a promising way to improve agriculture sustainability [1-2]. One
PGPR example, the Gram-positive bacteria Bacillus, is widely used as biofertilizer to control fu-
sarium and bacterial wilt [3-5). Bacillus amyloliquefaciens produces lipopeptides (LPs) to pro-
tect the plant from pathogens [6]. Furthermore, B. amyloliquefaciens also induces the systemic
resistance in plants against pathogens [7-9].

Successful root colonization of bio-control agents in the thizosphere was essential for bio-
control efficacy [4,9-10]. Chowdhury et al. [10] demonstrated that successful control of lettuce
bottom rot was achieved through high rhizosphere competence of B. amyloliquefaciens FZB42
in the field. Additionally, the bio-control of Fusarium oxysporum on cucumber was facilitated
by the biofilm formation of B. amyloliquefaciens on cucumber roots [11]. Biofilms are complex
architectures in which numerous cells are embedded within a matrix consisting of exopolysac-
charides (EPS), DNA and proteins [12-13]. The extracellular matrix was affected by the ex-
pression of the epsA-O operon and tasA, which are responsible for the synthesis of EPS and
amyloid-like fibers, respectively [12,14]. tasA is indirectly controlled by the global transcrip-
tional regulator Spo0A, which is controlled by various histidine kinases (KinA-KinE) under
different environmental conditions [ 15-16]. Therefore, when appropriate environmental cues
are present, the kinases are active and induce biofilm formation and root colonization.

Plants change the rhizobacterial living habitat through the secretion of root exudates, which
act as nutrient sources or signal compounds in the rhizosphere [17-18]. Chen etal. [19] illus-
trated that tomato root exudates induced the biofilm formation of B. subtilis 3610 via a KinD-
dependent pathway. Tan et al. [20] demonstrated that the concentration of organic acids from
root exudates from different tomato cultivars affected the biofilm formation and rhizosphere
colonization of B. amyloliquefaciens T-5. Furthermore, structural carbohydrates from Arabi-
dopsis acted as a more important factor than the root exudates in triggering the biofilm forma-
tion and root colonization of B. subtilis [15].

Surfactin secreted from B. amyloliquefaciens may be important in biofilm formation, root
colonization, plant defense stimulation and the effective suppression of plant disease [7,21-23].
Recently, our study found that B. amyloliquefaciens SQY 162 (SQY 162) could suppress tobac-
co bacterial wilt caused by Ralstonia solanacearum through changing the bacterial community
composition in rhizosphere [24]. However, interaction between the bio-control activity of the
strain SQY 162 and the plant polysaccharides is unknown. Therefore, we hypothesized that
plant polysaccharides could improve the colonization of SQY 162 and bio-control activity
against tobacco bacterial wilt due to enhancing surfactin production and reducing the popula-
tion density of the pathogen. The effects of plant root extracts and different carbohydrates on
the chemotaxis and biofilm formations of strain SQY 162 were identified in vitro with capillary
and microtitre plate assay, respectively. The expression analyses of several genes involved in
the production of the matrix and surfactin of strain SQY 162 were performed in defined medi-
um with carbohydrates in vitro and pot experiments were used to analyze the disease inci-
dences. The Bacillus-tobacco plant model system could be useful for understanding the
bacteria-plant interactions in future plant protection studies.

Materials and Methods
Ethics statement

The B. amyloliquefaciens strain SQY 162 was isolated from the soil from the farmland (26° 74/
N, 107° 49" E) in Guizhou, China, with property rights. We collaborate with the Institute of

73



Key Laboratory of Advanced Technique & Preparation for Renewable Energy Materials, Ministry of Education

@PLOS ‘ ONE

Pectin Enhances Colonization and Secondary Metabolites Secretion

Guizhou Tobacco Science Research on the study about biological control of tobacco bacterial
wilt. Therefore, we have obtained permission from the chairman of the institute. The chairman
of the institute, Yonggang Feng, should be contacted for future permission. The locations are
not protected, and the field studies did not involve endangered or protected species.

Strain

B. amyloliquefaciens SQY 162 (SQY162, CGMCC accession No.7500, China General Microbi-
ology Culture Collection Center) was isolated from the rhizosphere soil in a diseased field in
Fuquan, China and showed strong antagonistic ability against the tobacco bacterial wilt patho-
gen Ralstonia solanacearum in vitro (S1 Fig) [24]. SQY 162 was spotted on the nutrient medi-
um (for 1 L liquid nutrient medium containing 3 g beef extracts, 10 g tryptone, 10 g NaCl) with
sterile toothpicks. The beef extracts and tryptone were purchased from Oxoid Ltd., Basing-
stoke, UK. After 24 h incubation, the plates were sprayed with cell suspension of R. solana-
cearum (nearly 107 cfu/ml) and then incubated for an additional 24h to observe the inhibition
activity.

R. solanacearum with its strong pathogenicity was isolated from diseased tobacco plants in
Sansui as described by Wu et al. [24]. The strain was grown in Casamino acid-Peptone-Glucose
(CPG) medium (Oxoid Ltd., Basingstoke, UK) [25]. If necessary, antibiotics were used in fol-
lowing concentration: ampicillin, 100 mg/L; kanamycin, 25 mg/L; tetracycline, 15 mg/L; and
gentamicin, 12.5 mg/L. Antibiotics were purchased from Sigma-Aldrich (St Louis, Mo, USA).

Plant root exudates and root extracts preparation

Tobacco seeds were surface-sterilized and sown in floating polystyrene trays. Tobacco plants
cultured for 30 days were used for root exudate collection. The root exudates collection proce-
dure was conducted as described previously by Hao et al. [26] with a few modifications. Briefly,
plants were gently washed three times with sterilized double-distilled water and then trans-
planted in plastic cups containing 300 ml sterilized double-distilled water. Each treatment was
conducted in triplicate (each cup consisted of three tobacco plants). After incubation in the
plant growth chamber at 28°C for 24 h (16 h light/8 h dark), root exudates were collected, ly-
ophilized and sterilized by passing through a 0.2-ym filter, and stored at -80°C for further
analysis.

For plant root extracts, the plant roots were frozen with liquid nitrogen and ground with
mortar and pestle, re-suspended in 100 ml sterile water, lyophilized and filtered with a 0.2-um
filter, and stored at -80°C for further analysis [15].

Chemotaxis experiments

The capillary assay was performed according to the previously published methods with several
modifications [27]. The SQY 162 strain was grown in 3 ml Luria-Bertani (LB) broth (Oxoid
Ltd., Basingstoke, UK) overnight. Then, 1 ml liquid culture was transferred to 100 ml fresh LB
broth with 170 r/min shaking at 30°C until the ODy, reached 0.3 to 0.7. Cells were then col-
lected by centrifugation, washed twice in sterile phosphate buffer (10 mM potassium phos-
phate, pH7.0,0.1 mM EDTA, and 1 mM MgSO,) [28], and diluted to an OD4, 0f 0.1 for
future testing, A 200-pl pipette tip was used as a chamber to incubate 100 pl SQY 162 sus-
pended in phosphate buffer and harvested as described above. A 4 cm-25-gauge needle (Bec-
ton-Dickinson) was used as the capillary for chemotaxis and was attached to a 1 m! tuberculin
syringe containing 100 pl of the 15 x root exudates or plant root extracts or different types of
compounds. After 2 h incubation at 30°C in the incubation chamber, the needle syringe was re-
moved and the contents were serially diluted in sterile phosphate buffer and plated on LB
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medium. The bacterial number in the capillaries was calculated as the average from the colony
forming units (CFU) ml" counted in triplicate plates. Each treatment was presented with three
separate capillary assays.

Biofilm formation assay

Biofilm formation was quantified with a modified version of the polyvinylchloride (PVC)
microtitre plate assay as described previously by Hamon and Lazazzera [29]. The cells of strain
SQY 162, growing in LB medium to the mid-exponential growth stage, were collected and di-
luted to an ODggq of 0.01 in LB medium. SQY 162 suspensions (100 pl) containing the 15 x to-
bacco root exudates, root extracts or different types of compounds were then added to each
well of a 96-well PVC microtiter plate. The inoculated plates were incubated under stationary
conditions at 30°C for 18 h. Medium and non-adherent cells were removed, and adherent cells
were washed twice with phosphate buffer, as described above, and air-dried. Adherent cells
were then stained with 1% crystal violet (CV) in phosphate buffer at room temperature for

20 min. Excess CV was then removed, and the wells were rinsed with water. The bound CV
was solubilized in 200 pl of 80% ethanol and 20% acetone. Biofilm formation was then mea-
sured at As for each well.

Effects of carbohydrates on the growth of SQY 162 and R. solanacearum

The cells of SQY 162 were incubated overnight in 3 ml LB medium as described above. One
milliliter SQY 162 liquid culture was inoculated into 100 ml LB medium containing carbohy-
drates at a final concentration of 0.5% (w:v). For R. solanacearum, the pathogen strain was in-
cubated for 48 h in 3 ml nutrient medium as described above. One milliliter R. solanacearum
liquid culture was inoculated into 100 m| nutrient medium containing carbohydrates at a final
concentration of 0.5% (w:v). The cultures were then incubated for 60 hat 30°C with 170 rpm
shaking. Cultures were measured at ODgq for each treatment.

Effects of carbohydrates on the lipopeptide production of SQY 162

The cells were incubated overnight in 3 ml LB medium. One milliliter SQY 162 liquid culture
was inoculated into 100 ml LB medium containing compounds at a final concentration of 0.5%
(w:v). The cultures were then incubated for 60 h at 30°C with 170 rpm shaking. To isolate lipo-
peptide products, the liquid medium was centrifuged at 10,000 rpm at 4°C, and 6 mol/L HCI
was added into the supernatant to a final pH of 2.0 to precipitate the crude lipopeptides. The
precipitates were than stored at 4°C overnight. The crude LPs were harvested by 10,000 rpm
centrifugation for 10 min at 4°C and then extracted with methanol. The solutions were evapo-
rated with a rotary evaporator, and the resulting residues were re-suspended in distilled water
and lyophilized at -80°C. The lyophilized compounds were separated into two parts, one for
HPLC analysis and the other for calculation of crude LPs production. The total amounts of
crude LPs were calculated as the average value of three replicates.

HPLC analysis

The crude LPs were dissolved in methanol and passed through a 0.22 pm filter. HPLC analysis
using an XDB-C18 column (4.6 mm x 250 mm, Agilent Technologies, Santa Clara, CA, USA)
was performed at 30°C with the mobile phase consisting of 10 mM trifluoroacetic acid (TFA):
acetonitrile (30:70,for surfactin; 60:40, for iturin A, v:v) buffer solution. Each sample solution
(10 ul) was eluted for 10 min at a flow rate of 0.8 ml min "' and detected at 280 nm. Standards
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for surfactin and iturin A were purchased from Sigma-Aldrich (St Louis, MO,USA) and
chromatographed alone.

Pot experiment

The effects of SQY162 plus carbohydrates on the control of tobacco bacterial wilt were evaluat-
ed in a green house. Cells of SQY162 were cultured in LB media overnight. The cells were
harvested by centrifugation and washed twice with sterile phosphate buffer (10 mM potassium
phosphate, pH 7.0, 0.1 mM EDTA, and 1 mM MgSO,) [28] and adjusted to a cell density of
1.5 x 10°/mL. The sandy loam soil (pH 5.31, Organic Carbon 12.37 ¢/Kg, total N 1.74 g/Kg, and
available K, P contents 214.26, 53.81 mg/Kg, respectively) collected from a diseased field in
Sansui County in Guizhou province was steam-sterilized twice at 121°C for 40 min. For the
preparation of cell suspension of R. solanacearum, the overnight liquid culture of R. solana-
cearum in CPG broth as described above was centrifuged and obtained cells were suspended
in sterile phosphate buffer (3.0 x 10%/ml). The steam-sterilized soil was inoculated with R. sola-
nacearum at a final concentration of 10° cfu/g of soil. The numbers of R. solanacearum were
determined using semi-selective medium from South Africa (Oxoid Ltd., Basingstoke, UK)
composed of peptone 10 g, glycerol 5 ml, casamino acid 1 g agar 20 g; crystal violet 5 mg; poly-
myxin B sulfate 100 mg; bacitracin 25 mg; chloromycetin 5 mg; penicillin 0.5 mg; and cyclo-
heximide 100 mg [30]. Antibiotics were purchased from Sigma-Aldrich (St Louis, Mo, USA).
Surface-sterilized tobacco seeds (cultivar K326, provided by the Institute of Guizhou Tobacco
Science Research) were sown in floating polystyrene trays. After growing for 7 weeks, seedlings
were washed three times with sterile water and then transferred to plastic cups (700-g soil).
The treatments were designed as follows: (1) Control, soil treated with nothing; (2) PC, yeast
extract at a final concentration of 1% was inoculated into each cup; (3) Su, sucrose at a final
concentration of 1% was inoculated into each cup; and (4) Pectin, pectin at a final concentra-
tion of 1% was inoculated into each cup. Each sample was inoculated with SQY 162 at a final
concentration of 107 cfu/g of soil before tobacco transplanting and was performed with three
replicates. Each replicate consisted of 5 cups (one tobacco seedling was transplanted in each
cup). All the plants were placed in a green house (16 h light/8 h dark, 28-32°C). The disease in-
cidence was calculated as the percentage of diseased plants to the total number of transplanted
plants in each replicate. Thirty days after transplanting (in the fast growing stage of tobacco),
ten-gram rhizosphere soil from the pot was extracted with 40 ml sterile water and was centri-
fuged. The supernatant was collected for further crude LPs determination. Crude LPs contain-
ing surfactin and iturin in the supernatant were extracted and analyzed according to the
procedures described above.

The populations of SQY 162 were counted with plate counting methods at 30 days after
transplanting. The population of SQY 162 was counted on selective medium supplemented
with polymyxin B (35 pg/ml), lincomycin (5 pg/ml) and cycloheximide (50 pg/ml) [24]. The
number of R. solanacearum was determined using semi-selective medium from South Africa as
described above.

Transcription analysis of genes involved in biofilm formation

Biofilm of strain SQY 162 formed under stationary conditions at 30°C for 18 h was harvested,
and RNA from SQY 162 was extracted according to the procedure described by Xu et al. [31].
Briefly, after biofilm formation at 30°C for 18 h, the cells from the sucrose and pectin treat-
ments described above were centrifuged at 11000 rpm for 2 min (4°C). Total RNA was ex-
tracted using a Bacterial RNA Kit (Omega Bio-Tek, Inc.,, Norcross, GA, USA) according to the
manufacturer’s protocol. RNA samples were then reverse transcribed into cDNA ina 20 pl
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reverse transcription system (TransGen Biotech, Beijing, China) according to the manufactur-
er’s protocol.

Transcription levels of epsD, ygxM, sft, and kinC of SQY 162 cells from the different carbo-
hydrate treatments were measured relative to SQY 162 (control) using quantitative reverse
transcription-PCR (qRT-PCR) with a SYBR Premix Ex Taq (Perfect Real Time) Kit (TaKaRa).
epsD (from the epsA-O operon) and ygxM (from the ygxM-sipW-tasA operon) are two genes
critical in the production of exopolysaccharide (EPS) and TasA, respectively, which are essen-
tial for biofilm formation [31]. The recA gene was used as a control. gRT-PCR was performed
with an ABI 7500 system under the following conditions: cDNA was denatured for 10 s at
95°C, followed by 40 cycles of 5 s at 95°C and 34 s at 60°C. The data of qRT-PCR were analyzed
according to the method of 2 “““" described by Livark and Schmittgen [32].

Statistical analysis

Differences among treatments were assessed with ANOVA, and the means were analyzed with
Microsoft Excel 2007 and then subjected to Duncan’s multiple range tests at P <0.05 using
SPSS 13.0 statistical software (SPSS Inc., Chicago, USA).

Results

Chemotaxis response of SQY 162

The chemotaxis assay indicated that the effects of attracting SQY 162 differed with root exu-
dates and root extracts. The population density of SQY 162 attracted in the syringe in the KL
treatments was higher than that in the K treatments (Fig 1). The attracted population of SQY
162 in the KL treatments was 6.20 log cfu/ml, whereas the attracted number of SQY 162 in the
K treatments was 6.03 log cfu/mL The population densities of SQY 162 in treatments amended
with individual carbohydrates were all significantly higher than the control (Fig 2), indicating
that all the carbohydrates could efficiently attract the strain, SQY 162 was strongly attracted by
sucrose, with as many as 6.62 log cfu/ml observed in the syringe.

Biofilm assay

The effects of tobacco root exudates and root extracts on the biofilm formation of SQY 162 are
determined. The results indicated that both root exudates and root extracts could induce the
biofilm formation of SQY 162 (Fig 3). The effects of carbohydrates on the biofilm formation of
SQY 162 were tested using the crystal violet staining method. All the individual carbohydrates
induced the biofilm formation of SQY 162, whereas their influence abilities differed (Fig 4).
The highest biofilm intensity of SQY 162 was observed in the presence of sucrose, followed by
fructose and pectin.

Effects of carbohydrates on the LPs production

The effects of carbohydrates on the crude LPs production of SQY 162 were summarized in
Table L. Seven carbohydrates, except xylan and glycerol, could induce the production of LPs.
In the presence of sucrose, the amount of crude LPs increased to 592.7 mg/L compared to the
control. The lowest LPs level, 261.0 mg/L, was observed in the glycerol treatment. Using HPLC
analysis, two carbohydrates, pectin and sucrose, induced the production of surfactin (Table 2).
However, the five other carbohydrates exhibited little effect on the production of surfactin.

PLOS ONE | DOI:10.1371/joumal.pone.0127418  May 21,2015 6/17
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Fig 1. Chemotactic response of SQY 162 towards tobacco root exudates and root extracts from K326 evaluated by capillary assay. Control
(chemotaxis buffer), K (inoculated with 15 x root exudates from K326), KL (inoculated with 15 x root extracts from K326).

doi:10.1371ournal pone.0127418 g001

Effects of carbohydrates on the growth of SQY 162 and R. solanacearum

As shown in Fig 5, there were no significant effects of carbohydrates on the growth of SQY 162,
indicating carbohydrates might act as induced factors to promote lipopeptide production. For
R solanacearum, the growth rates of R. solanacearum in presence of different carbohydrates
were different, indicating R. solanacearum could not equally utilize these carbohydrates (Fig 6).

Effects of sucrose and pectin on the expression of genes involvedin
biofilm formation

For the sucrose and pectin treatments, the transcription levels were determined for four genes,
epsD, ygxM, sft, and kinC, relative to the control. The results suggested that application of su-
crose and pectin both significantly increase the transcription levels of epsD, ygxM and kinC in
B. amyloliquefaciens SQY 162. As shown in Fig 7, application of sucrose increased the tran-
scription levels of epsD and ygxM by 6.89- and 3.43-fold, respectively. However, the sft tran-
scription levels showed no significant difference with the addition of sucrose. Furthermore, in
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Fig 2. The chemotactic response of SQY 162 to treatment with different carbohydrates. The means and standard errors are shown. The different letters
above each bar refer to the Duncan'’s test, p < 0.05. Phosphate buffer was amended with sucrose (Sucrose), fructose (Fructose), pectin (Pectin), xylan
(Xylan), galactose (Galactose), lactose (Lactose), or glycerol (Glycerol) at a final concentration of 0.5% (w:v).

doi:10.1371journal.pone.0127418 g002

contrast to the control, application of pectin significantly increased the transcription levels of
kinC, epsD and sft by 26.77-, 8.32- and 5.84-fold, respectively. The results also indicated that
addition of pectin had little effect on the yqxM transcription levels,

Pot experiment

The results suggested that treatments amended with carbohydrates efficiently suppressed to-
bacco bacterial wilt compared to the control treatment (Fig 8). Application of sucrose signifi-
cantly reduced the disease incidence by 25.55% compared to the control treatment (Fig 8A).
However, the suppression efficacy in the Su treatment was equivalent to or slightly higher than
that in the PC treatment. The results also showed that the disease incidences of the pectin treat-
ment decreased by 27.34 and 42.83% compared to the PC and control treatments, respectively.

Fig 8B shows that the population of the antagonistic strain SQY 162 decreased with plant
growth; however, the decrease ratio differed among treatments. Thirty days after transplanting,
the number of SQY 162 in the control treatment remained at 5.57 log cfu/g dry weight (log cfu/
g dw) soil. With the application of carbon sources, the populations of SQY 162 in the PC, Su
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Fig 3. Effects of tobacco root exudates and root extracts from K326 on the biofilm formation of SQY
162. The assays were performed in triplicate and quantified by measuring Asz, of crystal violet-stained wells
rinsed with 80% ethanol and 20% acetone. Control (amended with nothing), K (amended with 15 x root
exudates from K326), KL (inoculated with 15 x root extracts from K326).

doi:10.1371/journal pone.0127418.9003

and pectin treatments were all higher than that in the control treatment. The highest popula-
tion of SQY 162 was observed in the pectin treatment (6.40 log cfu/g dw soil), which was nearly
ten times higher than the population in the control. Furthermore, the result also revealed a
negative correlation between the population of SQY 162 and R. solanacearum (r=-0.812,

p < 0.001). The population of R. solanacearum in the Control treatment was the highest, up to
6.79 log cfu/g dw soil (Fig 8C). The result showed few differences in the population of R. sola-
nacearum between the PC and Su treatments. However, with the application of pectin, the
population of R. solanacearum was significantly reduced compared to that of the control
treatment.

Using HPLC analysis, the amount of surfactin in the control treatment was 36.17 pg/kg rhi-
zosphere soil (Fig 8D). In contrast, the application of all carbon sources tested significantly in-
creased the production of surfactin in the rhizosphere soil. Application of sucrose and pectin
both increased the production of surfactin by 9.86 and 32.96%, respectively, compared to the
PC treatment. However, iturin A was not detected in the rhizosphere soil of any treatments.

Discussion

Bacillus spp. is a well-known biological control agent that suppresses bacterial and fungal dis-
eases through competition, the secretion of antibiotics, and the induction of plant systemic re-
sistance. Because the colonization of plant roots by B. amyloliquefaciens displayed striking
similarity to the process of biofilm formation in vitro [15], the responses of chemotaxis and
biofilm involvement in root colonization are prerequisites for successful biological control
[33]. In the present study, tobacco root extracts significantly induced the chemotaxis activity
and biofilm formation of SQY 162 compared to the root exudates. These findings corroborated
the results of Beauregard et al. [ L5]. Because the carbohydrates acted not only as energy sources
but also as environmental cues to induce the EPS production [34-35], it was not surprising to
find that all the carbohydrates tested increased the chemotaxis activity and biofilm formation
of the strain SQY 162.

Several studies showed that LPs produced by Bacillus increased the formation of biofilm or
fruiting bodies [36] and are heavily involved in the antagonistic activities against pathogens in
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doi:10.1371fournal.pone.0127418 g004

Table 1. Effects of different carbohydrate treatments on the lipopeptide production of antagonistic
strain SQY 162. Control (amended with nothing).

Treatments Lipopeptide (mg/L)
Control 295.6+24.4de
Sucrose 592.7+27.2a
Fructose 323.5+43.7cd
Pectin 490.3116.6b

Xylan 277.0418.5de
Galactose 359.3+13.5¢
Lactose 303.5128.1de
Glycerol 261.0+17.7e

LB medium amended with sucrose (Sucrose), fructose (Fructose), pectin (Pectin), xylan (Xylan), galactose
(Galactose), lactose (Lactose), and glycerol (Glycerol) at a final concentration of 0.5% (w:v).

doi:10.1371fjournal pone.0127418.1001
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Table 2. Effects of different carbohydrate treatments on the surfactin and Iturin A production of antag-
onistic strain SQY 162. Control (amended with nothing).

Treatments Lipopeptides (mg/L)
Surfactin fturin A

Control 26.2042.23¢ 2.69+0.13c
Sucrose 42.40+4.83b 14.38+0.45a
Fructose 27.99:2.16¢ 2.95+0.10c
Pectin 62.60+7.96a 3.8610.13b
Xylan 24.23:2.34c 1.85£0.16e
Galactose 24.0612.18¢c 1.78t0.11e
Lactose 26.4411.93c 2.21+0.07d
Glycerol 23.29+1.37¢ 2.10£0.06de

LB medium amended with sucrose (Sucrose), fructose (Fructose), pectin (Pectin), xylan (Xylan), galactose
(Galactose), lactose (Lactose), and glycerol (Glycerol) at a final concentration of 0.5% (w:v).

doi:10.137 1/journal pone.0127418.1002

vitro [6,37]. In response to different substrates, the production of surfactin and other LPs may
be diverse at different levels [38-39]. In the present study, surfactin and iturin were detected in
the B. amyloliquefaciens SQY 162 culture. Pectin and sucrose treatments significantly increased
the surfactin and iturin production, resulting in the increase of biofilm biomass. Moreover,
analysis of the transcription levels revealed that the increasing production of LPs by the addi-
tion of pectin and sucrose were related to the transcriptional stimulation of sff, which is in-
volved in surfactin production.

5 -
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35 4 —-Pectin
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S 25 4
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Fig5. Effects of different carbohydrate treatments on the growth of SQY 162. Control (amended with nothing). LB medium was amended with pectin
(Pectin), fructose (Fructose), galactose (Galactose), lactose (Lactose), xylan (Xylan), sucrose (Sucrose), or glycerol (Glycerol) at a final concentration of

0.5% (w:v).

doi:10.1371journal.pone 0127418 g005
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Fig 6. Effects of different carbohydrate treatments on the growth of R. solanacearum. Control (amended with nothing). Nutrient medium was amended
with pectin (Pectin), fructose (Fructose), galactose (Galactose), lactose (Lactose), xylan (Xylan), sucrose (Sucrose), or glycerol (Glycerol) at a final
concentration of 0.5% (w.v).

doi:10.1371{ournal.pone.0127418 9006

A previous study demonstrated that a B. subtilis mutant unable to produce surfactin would
fail to colonize the root [37]. In addition, surfactin induces potassium leakage, which stimulates
the activity of a membrane protein kinase (KinC) and thereby increases expression of the genes
involved in matrix synthesis [40]. Due to the stimulation of KinC, addition of pectin could sig-
nificantly increase the transcription levels of epsD and ygxM, triggering biofilm formation.

Recent studies have indicated that organic acids significantly increase LPs production in the
rhizosphere, resulting in a population increase of B. amyloliquefaciens $499 on the root [23].
Here, the results of the pot experiment showed that the amount of surfactin in the pectin treat-
ments was significantly higher than that in the control and PC treatments, which was possibly
because transcription of sft was stimulated by the addition of pectin, as described above. Several
studies revealed that inconsistency in bio-control of plant disease by bacterial inoculants in the
field could be the result of poor root colonization and insufficient production of antimicrobial
metabolites [9,41]. In the present study, we suggested that the bio-control activity of SQY 162
against tobacco bacterial wilt could be enhanced in the presence of pectin. There are several
possible mechanisms of the bio-control of the pathogen in the presence of pectin, like en-
hanced production of surfactin. Since recent studies suggested that surfactin produced by B.
amyloliquefaciens FZB 42 might be most important in colonizing plant roots [22] and the anti-
biotic effects of the surfactin on R. solanacearum [42], enhanced production of surfactin in the
presence of pectin could reduce the population of the pathogen at the rhizosphere. In contrast,
iturin A was not detected in the rhizosphere, mainly due to the detection limits for LPs from
the soil extracts [43]. It was also found that the fengycin and iturin with antifungal activities
produced by B. amyloliquefaciens $499 were both poorly expressed in planta. Therefore,
whether surfactin could be expressed in plant needs further study. Enhanced production of
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doi:10.1371fjournal.pone.0127418.g007

surfactin by pectin amendment could enable the bacterium to successful colonize the highly
competitive rhizosphere niche. It was suggested that an inoculant strain with high rhizosphere
competence ability is a key factor for successful disease control [44]. The addition of pectin and
sucrose both significantly increased the population of SQY 162 in the rhizosphere, which de-
creased the pathogen population to some degree, Furthermore, surfactin produced by B. subti-
lis may trigger induced systemic resistance to protect the plant from pathogen infection [45]. It
was also suggested oligogalacturonides released by bacterial pectinases could also induce plant
defense [46]. Interestingly, R. solanacearum was found to grow slower in nutrient medium in
the presence of pectin than other carbohydrates amendment in present study, reducing the dis-
ease incidence in some aspects. However, R. solanacearum was found to utilize pectin as carbon
source with pectinase [47]. Therefore, another interest was to study whether the plant extracts
could affect the biofilm and colonization of R. solanacearum on the root.

In conclusion, our results suggest that plant root extracts from tobacco supply nutrient
sources for bacterial growth in the rhizosphere, and induce chemotaxis and biofilm formation.
Addition of pectin decreased the abundance of R. solanacearum and disease incidence of tobac-
co bacterial wilt by inducing antibiotic secretion and SQY 162 colonization in the rhizosphere.

PLOS ONE | DOI:10.1371/joumal.pone.0127418  May 21,2015 13/17
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Fig 8. The suppression of tobacco bacterial wilt and quantification of surfactin in pot experiments. Disease incidence, abundance of SQY 162 and A.
solanacearum, and the amount of surfactin were determined in plants 30 days after transplanting. The different letiers above each bar refer to the Duncan’s
test, p < 0.05. Control (soil treated with nothing), PC (yeast extract at a final concentration of 1% was inoculated into each cup), Su (sucrose at a final
concentration of 1% was inoculated into each cup), and Pectin (pectin at a final concentration of 1% was inoculated into each cup). Each treatment was
inoculated with SQY 162 at a final concentration of 107 cfu/g of soil and performed in triplicate.

doi:10.1371fjournal.pone.0127418 9008

Although many factors in the rhizosphere affect antibiotic secretion and Bacillus colonization,
these results increase our understanding of optimizing bio-control strategies using this strain.

Supporting Information
§1 Fig. Antibiotic activity of SQY 162 against the pathogen in vitro.

(TIF)
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Pursuit of multi-interfacial counter electrodes (CEs) for enhanced triiodide (I3~) reduction reaction has
been a persistent objective for dye-sensitized solar cells (DSSCs). Here we report the synthesis of
multilayer CEs consisting of positively charged polyaniline-graphene ( PANI-G) complex and negatively
charged platinum (Pt) nanoparticles. The (PANi-G/Pt), (n represents the bilayer number) multilayer
displays multi-interfaces for Iy
PANi and G can markedly accelerate the electron migration from G to PANi. The DSSC with
(PANiI-10wt%G/Pt) electrode yields an impressive power conversion efficiency of 7.45% under simulated
airmass 1.5 global sunlight. The promising efficiency along with cost-e ffectivenessand scalable materials
demonstrates the multi-interfacial CEs to be good candidates for robust DSSCs.

reduction and charge transfer. Moreover, the complexation between

® 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, dye-sensitized solar cells (DSSCs) have become one
of the most promising photovoltaic devices due to their superiori-
ties in cost-effectiveness, easy fabrication, environmental friendli-
ness, and relatively high conversion efficiency [1-3]. Since the first
prototype described by O'Regan and Gritzel in 1991 [1], a power
conversion efficiency as high as 13% has been achieved on DSSCs
[4]. Generally, a classical DSSC device comprises of three key
components: dye-sensitized photoanode, a redox electrolyte, and a
counter electrode (CE). The CE is a prerequisite to collect electrons
from external circuit and to reduce triiodides (I5~) into iodide (1)
species [5]. The maximum open-circuit voltage (V) is determined
by the difference between quasi Fermi energy of electrons in an
anode and redox potential energy of electrolyte. Although
commonly used Pt electrode exhibits excellent catalytic perfor-
mance, the high expense of Pt species has restricted the
commercialization of DSSCs. Therefore, it seems to be great
significance to search for Pt-free or at least low-Pt electrodes.

Significant achievements have been made in previous studies
on CE materials, such as Pt alloys [6-8], Pt-free alloys [9,10],

* Corresponding author. Tel [fax: +86 532 66782533
E-mail addresses: djl140122009005@163.com (J. Duan),
tangqunwei@ouc.edwcn (Q. Tang).
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carbonaceous materials [11,12], and conducting polymers [13,14].
Among various CE candidates, carbonaceous materials and
conducting polymers have applicable prospects as alternative
CEs. Conducting polymers, in particular polyaniline, attract more
and more research interests due to their excellent electrocatalytic
abilities and extremely low cost, meanwhile they have good
conductivity and environmental stability [15]. Aiming at improv-
ing the electron-migration ability, conducting polymer-carbona-
ceous complex materials (single wall carbon nanotube [16],
multiwalled carbon nanotube [17], and graphene [18]) have been
synthesized by a reflux method and employed as CE materials. In
our previous work, we develop an avenue of assembling CEs with
enormous interfacial area and rapid charge-transfer by a layer-by-
layer self-assembly technique from polyaniline-carbon nanotube
complex and graphene oxide |16]. However, graphene oxide has
relatively low catalytic and conductive property, which reducing
the power conversion efficiency of the DSSCs.

In search for other efficient and multi-interfacial CEs with
enhanced catalytic activity and charge-transfer capability, here we
have successfully synthesized polyaniline-graphene (PANi-G)
complex by a reflux technique and homogeneous Pt hydrosol via
reducing the chloroplatinic acid with sodium citrate. The multi-
interfacial (PANi-G/Pt), electrodes are fabricated by a layer-by-
layer self-assembly strategy utilizing the electrostatic interactions.
Results reveal that the both PANi-G and Pt nanoparticles have
acceleration effects on the electrocatalytic activity and therefore
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photovoltaic performances of solar cells. An impressive efficiency
of 7.45% is recorded on the solar cells with (PANi-10wt%G[Pt)y
electrode.

2. Experimental
2.1. Reflux synthesis of aniline-G complexes

The aniline-G complexes were synthesized by a reflux process
similar to our previous work [16]. In details, three aniline-G
mixtures at G dosages of 4, 8, and 10wt%, were sealed in a three-
neck flask filled with high-purity N» gas. In dark, the mixtures were
refluxed for 6 h at 184°C to obtain the target aniline-G complexes,
which were subsequently stored in a dark and cold atmosphere.

2.2. Synthesis of PANi-G complexes

50ml of aqueous solution consisting of HCl (1M) and
(NHy4)»550¢ (APS, 0.5 wt%) was dipped into 50ml of a mixture
consisting of HCl (1 M) and aniline-G (0.325M) at 0°C within 2h.
After reaction at 4°C for 10h, the resultant product was
successively rinsed with1 M HCl aqueous solution and deionized
water to remove unreacted aniline monomers and oligomers.
Finally, the PANI-G complexes were vacuumly desiccated at 50 °C
for 24 h and then dissolved in deionized water to prepare a solution
with concentration of around 1mgml~".

2.3. Reflux synthesis of Pt-hydrosol

A mixture consisting of 1mL of chloroplatinic acid aqueous
(0.4mM) and 15ml polyvinylpyrrolidone aqueous (10mg mi~!)
was added into a sealed three-neck flask. Then, the mixture was
heated to 100°C with oil bath under magnetic stirring to make
reactant dissolved thoroughly, subsequently adding 3 ml sodium
citrate aqueous (10mM) into the above reagent and keeping this
temperature for 30 min.

24. Assembly of multi-interfacial (PANi-G/Pt), CEs

(PANi-G/Pt),, multilayer CEs were fabricated on FTO glass
substrates (sheet resistance 12{)sqr~', purchased from Hartford
Glass Co., USA). Prior to assembly, the substrates were carefully
cleaned with deionized water and anhydrous ethanol. FTO
substrates were subsequently immersed in a piranha solution
|7/3 (v|v) of H,SO4/H-0, at room temperature| for 1 h. To assemble
CE, the pretreated FTO glass was immersed in PANI-G aqueous
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solution for 5min, rinsed with deionized water for 1 min and dried
by N, gas stream, then immersed in Pt-hydrosol for 5min, then
rinsed again by deionized water for 1min and dried by N, gas
stream. By repeating the previous procedures, we can obtain FTO
supported (PANi-G[Pt), multilayer CE (n represents the deposition
cycle or bilayer number). The growth process was determined by
recording the UV-vis absorption spectra of the multilayer CEs with
a Mapada 3200 UV-visible spectrometer. The bared FTO glass
substrate was used as a benchmark for each UV-vis spectrum. The
errors of the absorption peak were controlled within £ 5%,

2.5. Assembly of DSSGs

FTO-coated glass substrates were cleaned by ultrasonicationwith
acetone, ethanol and deionized water. A layer of Ti0O, nanocrystal
anode filmwith a thickness of 10 pum and active area of 0.16 cm* was
prepared by coating the Ti0» colloid using a screen printing
technique, and sintered in air at 450°C for 30 min. Afterward, the
photoanodes were sensitized with 0.5mM N719 [cis-di(thiocya-
nato }-N,N'-bis(2,2-bipyridyl-4-carboxylic acid-4-tetrabutylammo-
nium carboxylate, purchased from Dyesol LTD, Australia| in ethanol
solution for 24 h at room temperature, Then the DSSC was fabricated
by sandwiching a sensitized photoanode and a multilayer CE injected
with redox electrolyte. A redox electrolyte consisted of 100 mM of
tetraethylammonium iodide, 100 mM of tetramethylammonium
iodide, 100mM of tetrabutylammoniumiodide, 100mM of Nal,
100 mM of KI,100 mM of Lil, 50 mM of 1, and 500 mM of 4-tert-butyl-
pyridine in 50 ml acetonitrile.

2.6. Electrochemical characterizations

The electrochemical properties of FTO supported ( PANi-G/Pt),
multilayer CEs were characterized by a traditional three-electrode
method on a conventional CHIGG0E Electrochemical Workstation
(CHIGGOE, Shanghai Chenhua Device Company, China) comprising
an Ag/AgCl reference electrode,a CE of platinum sheet, and a
working electrode of FTO glass supported (PANi-G/Pt),, multilayer.
The cyclic voltammetry (CV) curves were recorded at room
temperature from -0.8 to +1.8 V and back to-0.8V in a supporting
electrolyte consisting of 50 mM Lil, 10 mM I, and 500 mM LiClO4 in
acetonitrile degassed using nitrogen before the measurement. The
active area of the CE could be determined by measuring the
area below the liquid electrolyte. Electrochemical impedance
spectroscopy (EIS) measurements on the symmetric dummy cells
consisting two identical CEs were also carried out on the CHIGE0E
Electrochemical Workstation in a frequency range of 0.01Hz-
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Fig. 1. (a) UV-vis absorption spectra of (PANi-10wt%G/(Pt),, (n= 1,3, 5,7, and 9) multilayers. (b) Linear plots of the absorbance intensity of PANi as a function of bilayer number.

The inset in (a) represents the UV-vis absorption spectra of H,PtCls and Pt-hydrosol
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10°Hz and an open circuit potential at room temperature.
The resultant impedance spectra were analyzed using the Z-view
software. Tafel polarization curves was recorded on the
same Workstation by assembling symmetric dummy cell consist-
ing of FTO(( PANi-G[Pt),, multilayer|redox electrolyte|FTO/(PANi-G/
Pt),, multilayer and scanning potential window of -1 to +1 V at a
scan rate of 10mV s~ All the curves from CV, EIS, and Tafel were
repeatedly measured at least five time to control the errors within
5%.

2.7. Photovoltaic measurements

The photocurrent-voltage (J-V) curves of the assembled DSSCs
were measured on an Electrochemical Workstation (CHIG00E)
under irradiation of a simulated solar light from a 100 W xenon-
mercury arc lamp (CHF-XM-500W, Beijing Trusttech Co., Ltd) in
ambient atmosphere. The incident light intensity was calibrated
using a FZ-A type radiometer from Beijing Normal University
Photoelectric Instrument Factory to control it at 100 mW cm~% (AM
1.5). Each DSSC device was measured at least five times to
eliminate experimental error and a compromise J-V curve was
employed.

2.8. Other characterizations

The optical absorption spectra were recorded on a UV-vis
spectrophotometer (Mapada 3200) at room temperature. The top-
view morphologies of the multilayer CEs were observed on a
scanning electron microscope (SEM, S4800). For electrochemical
impedance spectroscopy (EIS) measurements, the DSSCs were
scanned from 0.01Hz to 1MHz at an open circuit potential and
analyzed using the Z-view modeling software to fit the data
according to equivalent circuit derived from transmission line
model.

3. Results and discussion

Fig. 1a shows the UV-vis absorption spectra of the multi-
interfacial (PANi-10wt%.G/Pt), electrodes prepared by a layer-by-
layer self-assembly technique. The absorption spectra indicates
that the Pt hydrosol has been successfully prepared due to the
disappeared absorption peak of chloroplatinic acid (Inset in Fig. 1a)
[19]. (PANi-10wt%G/Pt), multilayer exihibits three bands at 350,
447 and 900 nm, which are assigned to the bands of Pt species [19],
w—localized polaron band of PANi [20,21]. The band at 350nm is
relatively weak in comparison to the absorbance of PANi, therefore,
the absorbance of intensities of PANi can be employed to detect the
growth of (PANi-10wt%.G/Pt), multilayer electrodes. The absor-
bance at 447 and 900 nm increases linearly with the deposition
cycles (Fig. 1b), which suggests that the same amount of PANi-G
and Pt are deposited during each cycle [16]. Our previous studies
have confirmed that the covalent-bonding between PANiand G can
be formed between carbon atom in conjugation structure and the
nitrogen atom in PANi. Due to the rapid electron transfer from G to
PANi and high catalytic activity of Pt, nanoporous (PANi-G/Pt),
multilayer electrodes can be realized and are expected to provide
multi-interfaces for I~ reduction.

From the top-view SEM images of (PANi-10wt%.G/Pt), multi-
layers, as shown in Fig. 2, one can find that the resultant
multilayers have nanoporous instead of layered structure, which is
beneficial to the diffusion and rapid exchange of [7/I3;~ redox
couples within the CE material. Moreover, the Pt nanoparticles
with the diameter of ~50nm can be observed in Fig. 2c, and the
size of Pt particles become larger at an increased bilayer from
n=3 to 9, resulting in the improvement of electrocatalytic activity
toward Is~ reduction.

In order to explore the influence of the number of deposition
cycle to the electrocatalytic performance transferring ;= to
I7, (PANi-10wt%G[Pt), multilayer CEs with various deposition
cycles (n=1,3, 5, 7,9) are used to record the CV curves. For all the
five CEs, two pairs of oxidation and reduction peaks (0x; /Red, and
0x,/Red, in Fig. 3a) are well distinguished, which are very similar

Fig. 2. Top-view SEM photographs of CEs from (a)&b) (PANi-10wt%.G (Pt); and (c)&(d) (PANi-10wt%.G/Pt)s.
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Fig. 3. (a) OV curves of (PANi-10wt%.G/Pt), (n=1,3,5,7,and 9) multilayer CEs toward I
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Pt) CE for | fl; redox spedes at varied scan rates, and (c) the linearly relationship between peak current density and square root of scan rates.

to those of Pt CE [22]. Considering the task of CE is to collect
electrons from external circuit to the multilayer and reduce I3~ to
I~ |5], the characteristics of Red, are significant to evaluate the
catalytic activity of the multi-interfacial CEs. Generally, a larger
peak current intensity (Jred1 0T Jox1 ) and a small Ey,, refer to a higher
electrocatalytic activity. It is noteworthy to mention that there is
an increasing trend in electrocatalytic activity toward I3~ reduction
with increased deposition cycle from n=1 to 9. Due to the
experimental restriction, in the current work we can not find the
most optimal deposition cycle.

From the stacking CV curves of (PANi-10 wt%.G/Pt)q CE at scan
rates of 10, 20, 30, 40, and 50mVs~', one can find an outward
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extension of all the peaks (Fig. 3b). By plotting peak current density
corresponding to [3”—I" and I"—I3~ versus square root of scan
rate, as shown in Fig. 3¢, a linear relationship is observed. This
result indicates that the redox reaction is a diffusion-controlled
mechanism on the surface of multilayer CEs. This result also
suggests that the adsorption of redox species is hardly affected by
the redox reaction on the (PANi-10wt%. G/Pt)s CE surface and no
specific interaction occurred between I7/I;~ and the CE.

The origin of different catalytic activities of the CEs toward I;~
reduction is further elucidated by EIS measurements using the
symmetric dummy cells fabricated with two identical CEs. Nyquist
plotsin Fig. 4a and the charge-transfer resistance at CE/electrolyte

&
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0.0
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Fig. 4. (a) Nyquist plots and (b) Tafel polarization curves for symmetric dummy cells fabricated with (PANI-10wt%G[Pt), (n=1,3,5, 7,and 9) multilayer CEs. The insertin (a)

shows the equivalent circuit.
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Parameters of charge-transfer resistance (Rq ) and electron lifetime (1) obtained by

fitting EIS of the symmetric dummy cells using a Z-view software.

Deposition cycles Ry [2em?) fp(Hz) 7y (ps)
1 4938 2761 576.7
3 9859 439.5 3623
5 290 1386.8 114.8
7 2055 1618.1 984
9 1363 19454 819

interface (R.,) values obtained from the equivalent circuit (Insertin
Fig. 4a) are summarized in Table 1. In order to better compare the
extracted resistances and evaluate the catalytic activity, the same
model is utilized in fitting the plots at various bilayers. Although
there are deviations for the EIS plots at low bilayers, the fitted
curves and measured plots match well for the CEs with high
bilayers. This may be attributed to the surface of conductive glass
substrate has not been thoroughly covered by multilayers at low
bilayer number, therefore leading to an incomplete charge
diffusion process at CE/electrolyte interface. The results indicate
that there is a significant decrease on Ry, values from 4938 to
136.3 Q) cm®. The improvement of charge-transfer ability results
from the formation of multilayers between PANi-G complex and Pt
as well as the multi-interfaces. The rapid reduction of I~ to [~ is
attributed to the facile electron transfer between PANi and G as
well as high catalytic activity of Pt nanoparticles. Since R varies
inversely with the electrocatalytic activity, such enormous
decrease demonstrates that the (PANi-10wt%.G[Pt)g has the higher
electrocatalytic activity [23,24). The conclusions for the electro-
catalytic activity derived from EIS and CV data are in a good
agreement.

3%

Tafel polarization curvesin Fig. 4b are recorded to reconfirm the
electrocatalytic activity of multilayer CEs on the symmetrical
dummy cells used in the EIS experiment. Theoretically, the larger
slope in the anode or cathodic branches indicates the higher
exchange current density (J,) on the CEs and better electrocatalytic
activity. Apparently, the J, of multilayer CEs are in the order:
(PANi-10wWt%.G[Pt)g > ( PANi- 10wt%.G Pt); > (PANi-10wt%.G/Pt)s >
(PANi-10wt%G/Pt)s > (PANi-10wt%G/Pt);, which is consist with
EIS experiment because the J, can be calculated from J,= RT/nFR.,
|25], where the R is the gas constant, Tis the absolute temperature,
n is the number of electrons contributing to the charge transfer at
the interface, F is Faraday’s constant, and Ry, is charge-transfer
resistance obtained from the EIS plots. Additionally, the limiting
diffusion current density (j;,,) can be as a parameter that depends
on the diffusion coefficient of 1-/l;~ redox couples in the
electrolyte. According to the Jim, the diffusion coefficient (D)
can be calculated through Dy, =[J;i,/2nFC [26], where | is the spacer
thickness, C is the concentration of I~ ions. One can see that the

Jiim also follows an order of (PANi-10wt%.G/Pt)g > (PANi-10wt%G /|
Pt)7 > (PANi- 10wt%.G [Pt)s > (PANi- 10wWt%G/Pt)s > (PANi- 10wt %G/
Pt);. The enhanced Jy and D, for multilayer CE at higher bilayer
derive from the increased interface area and rapid charge-transfer
between Pt and PANi-G complexs.

Fig. 5a compares the characteristic J-V curves of the DSSCs with
(PANi- 10wt%.G [Pt), multilayer CEs and the parameters from the
J-V curves are summarized in Table 2, The DSSC employing multi-
interfacial (PANi-10wt%.G/Pt), electrode yields the highest power
conversion efficiency of n=7.45%(J..=15.22mAcm 2 V,.=0.725V,
and FF=0.675). This might be attributed to the elevated interface
area and the rapid charge-transfer within the CE and the enhanced
electrocatalytic activity utilizing the Pt as the negatively charged
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Fig. 5. (a) J-V characteristics of the DSSCs under AM1.5 irradiation and (b) Nyquist plots for DSSCs from various (PANi-10wt%G[Pt), (n=1, 3,5,7, and 9) CEs. Bode phase plots
of (¢) symmetric dummy cells and (d) DSSCs with various CEs. The insert shows an equivalent circuit.
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Table 2
Photovoltaic parameters of the DSSCs. J..: short-drcuit current density; V.. open-circuit voltage, FF: fill factor; n: power conversion efficiency
Depaosition cycle Ve (V) Jee (mACmM 2 n (%) FF Rez (Q2em?) JelHz) Tz (ms)
1 0.610 9.58 2.58 0.441 2383 214.8 0.74
3 0.665 12.09 499 0.621 21.36 85.9 1.85
5 0.681 13.67 5.63 0.605 16.52 81.7 195
7 0.697 1423 6.29 0.634 10.96 50.6 315
9 0.725 15.22 745 0.675 1057 26.2 6.08
a p &
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Fig. 6. (a) CV curves of (PANi-G/(Pt)s multilayer CEs toward I [k~ redox species recorded at a scan rate of 005V s ! and(b) JFV characteristics of DSSCs under AM15. The G

dosage is 4, 8, 10 Wi

material to fabricate the multilayer CE. This conclusion can be
supported by the EIS and Tafel characterizations. The lifetimes of
electrons participating in the I3~ reduction reaction () can be
represented as T, = 1/27f,, (27], where f, is the peak frequency in the
Bode spectra, and the parameters aresummarized inTable 1. Alower
Tyvalueimplies the electrons ona CEcanrapidly participateinthel;™
reduction and therefore has a higher electrocatalytic activity.
Meanwhile, a larger 7, value and smaller charge-transfer resistance
at the TiO-/dye/electrolyte interface (R..,), as shown in Fig. 5¢,d and
Table 2 means that the enhanced electrocatalytic activity has an
accelerating effect for dye excitation, electron generation, and
therefore electron flow from the excited dye to the conduction band
of the TiO, [28]. After performing a comprehensive analysis of the
DSSCs, it can be concluded that the photovoltaic performance isin
agreement with the EIS and Tafel polarization results.

With an aim to further study the effect of bonding sites between
PANi and G as mentioned above, CV curves of the resultant different
(PANi-G/Pt), multilayers CEs at G dosagesof4, 8, and 10 wt%.arealso
scanned in liquid electrolyte to determine their electrocatalytic
performances. Asshownin Fig. 6a, (PANi-G/Pt)y multilayers CEs ata
higher graphene dosage has an enhanced catalytic activity toward
I~ reduction. It is expected that more bonding sites between PANi
and G have been formed when 10wt#. G is utilized to synthesis the
PANi-G complexs [16]. The results indicate that the increased
bonding sites can accelerate the charge transfer, which is consistent
with the previous studies [29,30]. The DSSC using (PANi-10wt%.G/
Pt), multilayer CE exhibits an efficiency of 7.45% in comparison with
6.48% for( PANi-4wt%.G/Pt Jo,and 6.65% for (PANi-8wt%.G/ ) (Fig.6b).
Although the higher G dosages gives more bonding sites for rapid
charge transfer and higher power conversion efficiency, black
precipitates canbe observed in the as-synthesized aniline-G solution
at further high G dosage because the dissolution of G in aniline
monomer has reached its saturation.
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4. Conclusion

In summary, we have fabricated the multi-interfacial (PANi-G/
Pt), CEs by layer-by-layer self-assembly strategy for DSSCs. The
integration of Pt with PANi-G complex can provide enormous
interfaces for Iy~ reduction. Moreover, the covalent-bonding sites
between PANi and G also have acceleration effect on charge
transfer and catalytic activity. An efficiency of 7.45% has been
recorded on the solar cell with (PANi-10wt%.G/Pt); multilayer
electrode by optimizing G dosage and bilayer number. This
research presented here provides a strategy to assemble CEs with
cost-effectiveness, easy technique and environment friendly. The
profound advantages in easy synthesis, versatile electrical and
photovoltaic performances promise the multilayer films to be
excellent CE materials in DSSCs.
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Pursuit of cost—effective and efficient counter electrodes (CEs) has been a persistent objective for
dye—sensitized solar cells (DSSCs). Aiming at reducing fabrication cost without sacrificing power
conversion efficiency of DSSCs, here we report the successful design of binary Pt-Ni alloy CEs by a simple
cyclic voltammetry technigue. Due to the rapid charge transfer ability and electrocatalytic activity, the
power conversion efficiency of the DSSC employing binary PtNig 5 alloy CE has been elevated to 8.59% in
comparison with 6.98% from Pt—based solar cell. The impressive results along with simple synthesis
highlight the potential application of low—Pt alloys in robust DS5Cs.

@ 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels such as coal, oil, and natural gas have occupied
energy market for hundreds of years. However, the combustion of
these non—renewable fuels can release sulfides, carbides and dusts
which will damage ecology and pollute environment. By addre ss-
ing these issues, it is a prerequisite to develop renewable, green,
and environment—friendly energy resources to resolve energy and
environment crisis [1]. Among various energy candidates,
dye—sensitized solar cells (DSSCs) [2-5], electrochemical devices
converting solar energy into electrical power honored by a high
efficiency and no environmental impact, are promising solutions to
global energy and environmental problems because of clean, high
efficiency, good durability, and relatively simple fabrication. Since
the first prototype reported by Gritzel in 1991 [6], DSSCs have
attracted growing interests and great achievements have been
made. However, it is still premature for their commercialization.
Until now, the most limiting factor in the development of
commercial DSSCs has been their cost [7,8]. The historically high
prices for Pt feedstock, a traditional counter electrode (CE)
material, have meant that a cell could not be fabricated at a cost
low enough to compete with conventional silicon solar cells. The

* Corresponding authors. Tel: +86 532 66781690; fax: +86 532 66782533
E-mail addresses: tangqunwei@ouceducn (Q. Tang), yuyan@ouc.eduwen (L Yu).
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0013-4686/@ 2015 Elsevier Ltd. All rights reserved.
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task of a CE is to collect electrons from external circuit and to
reduce triiodide (I;~) into iodide (I7), therefore, an efficient CE
electrocatalyst should display good charge—transfer ability and
excellent electrocatalytic activity. Other candidates such as
carbonaceous materials [9,10], conducting polymers [11,12], or
their composites [13-15] present either modest electrocatalysis,
unsatisfactory electron—conduction, or large interfacial resistance.
More importantly, such CEs have a fast attenuation in electro-
catalytic activity and long—term stability |16]. Therefore, it is a
prerequisite to develop cost—effective but stable CEs before DSSCs
are becoming a commercial reality.

Alloy materials have established themselves as the alternative
electrocatalysts for fuel cell applications in the past two decades
[17,18]. Aiming to increase the catalytic activity of the electrode
kinetics and to lower the cost of electrocatalysts, it has been shown
that alloying of Pt metal with transition metals could be an efficient
route to meet the cell requirements. However, the employment of
Pt—free or low—Pt alloys in DSSCs is still at preliminary stage.
Previous studies in our group have revealed that binary M-Pt
(where M =Co, Ru) alloys have exceptional electrocatalysis toward
715~ redox couples |19,20]. However, Co species in Co-Pt alloys
are easily oxided and Ru sources are relative price high. In
searching for other robust M-Pt alloys, here we report the
synthesis and characterization of a new class binary Ni-Pt alloy
CEs. The resultant Pt-Ni alloys show supercatalytic behavior
toward ™ [I3~ redox couples, allowing the rapid interconversion



Key Laboratory of Advanced Technique & Preparation for Renewable Energy Materials, Ministry of Education

398 B. He et al /Electrochimica Acta 158 (2015) 397-402

between I;~ — 7. The Pt-Ni alloy CEs are expected to significantly
enhance the electron conduction, charge-transfer ability, and
therefore power conversion efficiency of the DSSCs.

2. Experimental
2.1. Preparation of binary Pt-Ni alloy CEs

The feasibility of this strategy was confirmed by a cyclic
voltammetry (CV) method: A cleaned FTO glass substrate was used
as a working electrode, and the CV curves were recorded from
—04 to +03V and back to —04V for 10 cycles. Before the
measurement, the supporting electrolyte consisting of 2 mM
H,PtClg;, 1 mM of Ni(NO4),, and 5mM of HCl aqueous solution
was degassed using nitrogen for 10 min.

2.2. Assembly of DSSCs

A layer of TiO, nanocrystal anode filmwith a thickness of 10 um
was prepared by a sol-hydrothermal method [21] and a layer of
Ti0- nanocrystal anode film with a thickness of 10 im and an
active area of 0.25cm? was prepared by coating TiO; colloid onto
conducting glass using a doctor blade technique, followed by
sintering in air at 450 °C for 30 min. Resultant anodes were further
sensitized by immersing into a 0.50mM ethanol solution of
N719 dye (|cis—di(thiocyanato) —NN' —bis(2,2" —bipyridyl—
4—carboxylic acid)-4—tetrabutylammonium carboxylate]. The
DSSC was fabricated by sandwiching redox electrolyte between
dye—sensitized TiO» anode and FTO supported Pt-Ni alloy CEs. A
redox electrolyte consisted of 100mM of tetraethylammonium
iodide, 100mM of tetramethylammonium iodide, 100mM of
tetrabutylammonium iodide, 100mM of Nal, 100mM of K],
100 mM of Lil, 50mM of 1, and 500 mM of 4—tert—butyl—pyridine
in 50 ml acetonitrile.

1mm x30.0k SE(

2.3. Electrochemical characterizations

The electrochemical performances were recorded on a conven-
tional CHIG60E setup comprising an Ag/AgCl reference electrode, a
CE of platinum sheet, and a working electrode of FTO glass
supported Pt-Ni alloy. The CV curves were recorded from —1.0 to
+1.4V and back to —1.0 V. Before the measurement, the supporting
electrolyte consisting of 50 mMM Lil, 10mM I, and 500 mM LiClO,4
in acetonitrile was degassed using nitrogen for 10min. Electro-
chemical impedance spectroscopy (EIS) measurements were also
carried out on the CHIGE0E Electrochemical Workstation in a
frequency range of 0.01 Hz ~ 10°kHz and an ac amplitude of 5mV
at room temperature. The resultant impedance spectra were
analyzed using the Z—view software. Tafel polarization curves
were recorded on the same Workstation by assembling symmetric
cell consisting of Pt-Ni alloy CE|redox electrolyte|Ni-Pt alloy CE.

2.4, Photovoltaic measurements

The photocurrent-voltage (J-V) curves of the assembled DSSCs
were recorded on an Electrochemical Workstation (CHIGO0E)
under irradiation of a simulated solar light from a 100W
xenon-mercury arc lamp (CHF-XM-500W, Beijing Trusttech
Co., Ltd) in an ambient atmosphere. The incident light intensity
was calibrated using a FZ—A type radiometer from Beijing Normal
University Photoelectric Instrument Factory to control it at
100mW cm~? (AM1.5 calibrated by a standard silicon solar cell).
Each DSSC device was measured at least five times to eliminate
experimental error and a compromise J-V curve was employed.

2.5. Other characterizations

The morphologies of the Pt-Ni alloy CE were observed with a
scanning electron microscope (SEM, S4800). The XRD data were

Fig 1. Top-view SEM photographs of (a) PtNig s, (b) PtNig.sg, (¢) PtNig o, and () PtNi alloy CEs.
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collected ina scan mode with a scanning speed of 10° min~" in the
20 range between 20 and 80°. XPS experiment was carried out ona
RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with Mg
Ko radiation (hv=1253.6eV).

3. Results and discussion

SEM photographs in Fig. 1 suggest a high surface coverage and
loading of alloys on FTO glass. Deep examination gives homo-
geneously spherical aggregations. However, the compact struc-
tures in PtNig s and PtNiy sy alloy CEs can hinder the diffusion of
I"/ls~ redox couples at CEfelectrolyte interface. By optimizing
stoichiometry of Pt and Ni sources, a loose structure with an
average aggregation size of ~200nm is obtained for PtNi, -5 alloy
CE, providing channels for1-/1;~ species across the alloy layer [22].
At a high Ni dosage, such as PtNi alloy, the cracks and large
interfacial resistance may limit electron migration from FTO back
to alloy layer.

Energy—dispersive X—ray spectra (EDS), as shown in Fig. 2a,
demonstrate that Pt and Ni elements as well as partial elements
from FTO glass are detected, indicating a successful deposition of Pt
and Ni on FTO substrate. The measured atomic ratios by EDS for
PtNigss, PtNigsy, PtNig-s, and PtNi alloys are 1.000:0.266,
1.000:0.518; 1.000:0.752, and 1.000:1.083, respectively. The
measured atomic ratios are relatively close to their stoichiome-
tries, therefore the chemical formulae of the alloy CEs can be
expressed according to the stoichiometric ratios [23]. XPS
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characterization is carried out to determine the chemical structure
and composition of PtNig -5 alloy. As shown in Fig. 2b and Fig. 2c,
the peaks for Pt4f and Ni2p are centered at 71.28 eV (Ptdf7p),
7145 eV (Pt4fs2), and 852.5 eV (Ni2ps2), confirming the metallic
nature of as—synthesized PtNig ;5 alloy [24]. It has been mentioned
that the alloying of transition metals can favor the electronic
perturbation of other metals [25] and therefore accelerate the
electrocatalytic activity of the alloys for their electrocatalyst
applications. The binary alloy CEs synthesized by a CV method are
subjected to XRD measurements. As shown in Fig. 2d, XRD results
indicate that the alloy CEs consist of alloy materials at 26=39.96°
and FTO glass substrate marked with (*). Moreover, unalloyed Pt is
also detected because of the appearance of diffraction peak at
20=46.24",

A golden rule in determining an efficient CE is to evaluate its
electrocatalytic activity toward electrolyte [26]. As displayed in
Fig. 3a, the CV peak shapes and positions of alloy CEs are similar to
that of pristine Pt electrode, suggesting that the alloys have a
similar electrocatalytic function to Pt CE. However, the peak
current densities of CV curves have been elevated by alloying Pt
with Ni in comparison with pristine Pt electrode. Considering the
task of a CE is to collect electrons from external circuit and to
reduce I;~ to I, therefore, Red1 peak can be employed to assess the
catalytic activity of alloy CEs. The ratio of [, /e | is 2 parameter
to elevate the reversibility of the redox reaction toward 7[5~
species [27]. The obtained values for pristine Pt, PtNigs, PtNig s,
PtNig7s, and PtNi are 1155 0.985, 0.990, 1.007, and 0.966,
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Fig. 2. (a) EDS of Pt-Ni alloy CEs, XPS spectra of (b) Pt4f and (¢) Ni2p
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(d) Relationship between the cycle time and the redox peak current for the PtNi, 7 alloy CE.

respectively. The high peak current density, low peak—to—peak
separation (E,,, 0.528V for PtNiy 55 and 0.632'V for Pt) [28], and
good reversibility demonstrate the alloying of Pt with Ni can
markedly enhance the reversibility of I;~«—I" reaction, and
PtNig7s alloy has superiority of catalyzing liquid electrolyte
containing 1-/I;~ redox couples. From the stacking CV curves of
PtNig7s alloy CE at different scan rates, one can find an outward
extension of redox peaks (Fig. 3b). By plotting peak current density
corresponding to I3~ «— I~ versus square root of scan rate, linear
relationships are observed, indicating a diffusion controlled
mechanism of redox reaction on alloy CE [29]. A total of
100 consecutive CV curves for the I7/I;~ system using the PtNig7s
alloy CE at a scan rate of 50mV s~ are shown in Fig. 3¢, no obvious
attenuation of peak current densities in 0x1/Red1 means the alloy
CE is relatively stable for reducing I~ ions (Fig. 3d).

Nyquist EIS plots of the symmetric dummy cells by two
identical CEs are employed to demonstrate the intrinsic interfacial
charge—transfer kinetics at CE/electrolyte interface. As presented
inFig. 4a, the R, value of the PtNig 55 alloy CE is 3.03 {lcm?, smaller
than 5.75 () cm? for pristine Pt electrode (Table 1). The R., of CEs
follows an order of PtNigss < PtNiy s < PtNig2s < Pt< PtNi. The
sequence is consistent with the results of CV curves. Enhanced
electrocatalytic kinetics and charge—transfer ability could acceler-
ate dye regeneration and therefore elevate the J. of cells. Due to
the participation of electrons in I3~ reduction reaction, therefore
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the electron lifetime (r) at CEfelectrolyte interface can be
calculated from t=1/(27f,) and utilized to assess the reduction
reaction kinetics [30], where fiax is the maximum frequency of the
mid—frequency peak in the Bode phase plots (Fig. 4b). The t at
CE/electrolyte interface has an order of PtNig7s (42 ps) < PtNigso
(50 ps) < PtNip 45 (61 pus) < Pt (74 ps) < PtNi (90 ps). A low 1 value
refers to a rapid reduction reaction occurred at CE/electrolyte
interface. Moreover, the exchange current density (Jo, the slope for
anodic or cathodic branches) and limiting diffusion current density
(Jiims» the intersection of cathodic branch with Y-axis), in the Tafel
polarization curves can also be uitilized to reconfirm the catalytic
activity of CEs, As shown inFig. 4c, both Jo and Jii, have an order of
PtNig 75 > PtNigso > PtNig 25 > Pt > PENi. From equations Jy =RT/nFR«
[31]Jiim =20FCD,/1[32], and J,uqq = Kn"ACD, "> [33] (R is the gas
constant, F is Faraday's constant, n is number of electrons
participating in Iy~ reduction reaction, [ is the distance between
electrodes in a symmetric dummy cell, C is concentration of 15~
ions), one can conclude that the results from Tafel polarization
curves, EIS plots, and CV curves are in good agreement. Fig. 4d
compares characteristic [-V curves of the DSSCs with pristine Pt
and alloy CEs. The solar cell from PtNiyss electrode yields a
maximum 7 of 8.59% (Vue=0.716V, Jo=17.50 mAcm ™, FF=68.6%),
which are much higher than the photovoltaic parameters with
pristine Pt CE and those in literatures [34,35), The solar cell from
PtNig 75 electrode, This may be attributed to a fact that the rapid
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interconvertion between [;~ and I~ can accelerate electron
generation from N719 dye and therefore elevate the electron flow
from excited dye to conduction band of TiO,, therefore the electron
density on Ti02 conduction band is markedly enhanced. The
recorded 1 from PtNig7s alloy is impressive for the DSSCs with
low—Pt CEs.

Critical requirements of the engines and vehicles drived by solar
panels are high power conversion efficiency, cost—effectiveness,
fast start—up, multiple start capability, and operational stability.
The efficiency and expenses greatly depend on the design of CEs, in
which Pt—free or low—Pt materials are always required. However, a
robust catalyst in CE is desirable for fast start—up, multiple start,
and stability [36]. As shown in Fig. 5a, the photocurrent of the cell
device employing PtNij ;5 alloy electrode has an abrupt increase at
full irradiation. No delay in time is detected in starting the cell, this

Table 1

observation supports a fact that the alloy CEs are robust in
catalyzing I-[I;~ redox couples. After five start-stop cycles, there is
no failure in photocurrent density, however, the current density
from Pt based solar cell has an apparent decrease in the first two
cycles. These results suggest that PtNigvs alloy is a preferred CE
material for efficient DSSCs. Additionally, the relationship between
photocurrent density and time demonstrates cell stability on
prolonged exposure to light irradiation (100mWem™2). As
displayed in Fig. 5b, the photocurrent densities for DSSCs with
PtNi, 75 and Pt decrease by 6.75% and 14.69% over 5 h, respectively.
In comparison with the solar cell with Pt electrode [37], the DSSC
employing PtNig 75 alloy electrode displays enhanced stability. In
order to explore potential mechanism for enhanced catalytic
activity and stability, the Gibbs energy of the possible dissolving
reaction of PtNij ;5 alloy is calculated [38]. The values of Gibbs free

Comparison of photovaltaic and electrochemical parameters as well as electron lifetime and transparency for the DSSCs. 1 power conversion effidency; V,.: open-—circuit
voltage; J..: short—circuit current density; FF: fill Factor; Ry charge transfer resistance; W: Nernstdiffusion resistancecorresponding tol ™[l ~ couples: 1 electron lifetime at

CEfelectrolyte interface.

CEs n(%) Vie (V) Jee (mAcm ) FF(%) R (Q2em?) W (Qem?) (ps)
Pristine Pt 6.98 0698 1463 68.4 13.00 5.75 74
PiNigas 770 0703 1607 68.2 918 388 61
PtNigso 8.05 0717 1645 68.3 542 292 50
PtNig7s 8.59 0716 1750 68.6 3.03 185 42
PN 6.46 0703 1375 66.8 13.26 8.47 90

100
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energy (A,Gn) were calculated for the possible reactions
between Ni or Pt and triiodide species [Reaction 1: Pt (s)+213~
(aq)=Ptl, (s)+2I~ (aq); Reaction 2: Ni (s)+I3~ (ag)=Nil, (s)+
I~ (aq)]. The A,G,, values for reaction 1 and reaction 2 are
—45.9 and —76.4 k] mol ™", respectively. In this fashion, the reaction
between Ni species and triiodides is easier. The alloying of Ni with
Pt can form a competed reaction between Ni and Pt, therefore
protecting the high catalytic activity of Pt species by sacrificing Ni
species. The presented results demonstrate the superiority of
PtNip 75 alloy CE than pristine Pt electrode for DSSC application.

4. Conclusions

In summary, binary Pt-Ni alloys have been fabricated by an
electrochemical codeposition strategy free of any surfactant or
template and employed as CE materials in DSSCs. It is demonstrat-
ed that PtNi ;5 alloy CE has an optimal charge—transfer ability and
electrocatalytic activity toward I3~ reduction. The DSSC employing
PtNig 75 alloy CE exhibits impressive power conversion efficiency
of 8.59% in comparison with 6.98% from pristine Pt CE based
device. The research presented here is far from being optimized but
these profound advantages along with cost—effectiveness, mild
synthesis and scalable materials promise the binary Pt-Ni alloy CEs
to be strong candidates in robust DSSCs.
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Pursuit of light harvesting is a persistent objective for dye-sensitized solar cells (DSS5Cs). Here we report the
synthesis of titanium dioxide/silica (TiO»/SiO;) nanccrystallite photoanodes, aiming at elevating the light
harvesting for dye excitation. Due to light interference effect of the reflected light beams from TiO/SiO,
and SiO/electrolyte interfaces, the dye excitation and therefore the photocurrent density are markedly
enhanced. The photovoltaic performances of the resultant DSSCs are optimized by utilizing three TiO,/
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1. Introduction

The depletion of fossil fuels and global warming pose a chal-
lenge against sustainable development of the world. One of the
efficient solutions is to explore renewable energy resources.
Solar energy accounts for 99% of energy on earth, therefore the
direct conversion of solar energy into electricity has attracted
widespread attention due to low environmental impact." A
dye-sensitized solar cell (DSSC), a photoelectrochemical device
comprising of a dye-sensitized anode, a redox electrolyte having
I'/1;” couples, and a counter electrode, has attracted growing
interests because of its merits on cost-effectiveness, relatively
high power conversion efficiency, easy fabrication, and envi-
ronmental friendliness.*® Since the first DSSC prototype
created by Gritzel in 1991,° a maximum efficiency of ~13% has
been recorded under simulated air mass 1.5 (AM1.5) global
sunlight® One of the main problems in restricting the
enhancement in power conversion efficiency is the incompleted
dye excitation, therefore resulting in a modest electron density
on the conduction band (CB) of the TiO, anode." There has
been much effort to enhance the dye excitation, such as
building a reflecting layer'>* and designing bifacial DSSC that
can be simultaneously illuminated from both front and rear
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demonstrates the potential for utilization of TiO./SiO; nanocrystallite anodes in efficient DSSCs.

sides."* Recently, a bifacial DSSC device has been successfully
designed in our group by splitting incident light into two
beams.** The device is simultaneously irradiated from the TiO,
photoanode and a transparent polyaniline counter electrode.
The incident light from the transparent polyaniline counter
electrode can compensate for the light penetrated from the
photoanode, leading to a significantly enhanced dye excitation
and a promising power conversion efficiency of 8.35%.

In searching for other alternative strategies, here we present
three hydrothermal methods for the design of Ti0,/Si0, anodes
in an attempt to increase the electron density on CB of TiO,
nanocrystallites. The light intensity for dye excitation is expec-
ted to be markedly enhanced due to the interference light
reflected from TiO,/$i0, and SiOs/air (electrolyte) interfaces.
The concept toward light harvesting is also significant for other
solar cells, such as quantum dot-sensitized solar cells, perov-
skite solar cells.

2. Experimental
2.1. Materials

Unless noted otherwise, all chemicals were purchased from
Sigma-Aldrich and used as received. The average diameter of
commercial SiO; nanoparticles is around 20 nm.

2.2. Preparation of Ti0,/Si0, nanocrystallites

The Ti0,/$i0, nanocrystallites can be prepared according to the
following procedures: (1) under vigorous agitation at room
temperature, 100 mL of deionized water was mixed with 10 mL
of titanium tetrabutanolate. After 30 min, the mixture was
pump-filtrated to obtain dehydrated filter powders. (2)

This journal is @ The Royal Society of Chemistry 2015
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Subsequently, 10 mL of acetic acid and 0.8 mL of nitric acid
were added into the above filter powders dropwise in a flask.
After agitation of 15 min at 80 °C, the volume of the mixture was
adjusted to 170 mL by adding deionized water. The reactant was
further agitated at 80 °C in a sealed atmosphere. (3) Later, the
resultant colloid was transferred into a Teflon-lined autoclave
and heated at 200 °C for 12 h. (4) A homogeneous mixture
consisting of 65 mL of the white colloid and 0.4 g of commercial
P25 were prepared under ultrasonic irradiation for 30 min and
(5) then transferred to another Teflon-lined autoclave, which
was subsequently heated at 200 °C for 12 h. (6) After removing
the supernatant liquid, the colloid was mixed with 0.8 g of
poly(ethylene glycol) (M,, = 20 000) and 1 mL of OP emulsifier
and subsequently concentrated at 80 °C. To obtain the TiO,/
§i0; colloid, 0.0275 g of Si0, nanoparticles were added to the
above reagent after steps (2), (4), and (6). The as-synthesized
samples were denoted as Ti0/Si0-(i), TiO,/Si0y-(ii), and
Ti0,/Si0,(iii), respectively.

2.3. Fabrication of photoanodes

Fluorine doped tin oxide (FTO) glass substrates (sheet resis-
tance: 12 Q square ™) with a size of 2 x 2 cm® were thoroughly
rinsed with deionized water and anhydrous ethanol, and dried
by N, gas flow. The photoanodes from TiO,/Si0, were fabricated
using a screen printing technique. The size of the resultant
photoanodes was controlled at 0.5 x 0.5 em® with an average
thickness of Ti0,/Si0, layer of 10 pm. The air-dried colloids
were calcined in a muffle furnace at 450 °C for 30 min. The
increase of heating temperature was controlled at a speed of
2°C min~" till 130 °C, and then at a speed of 6 °C min™" until
450 °C. The resultant TiO,/$i0, films were immersed in
0.50 mM N719 ethanol solution for 24 h to obtain dye-sensitized
Ti0,/8i0, photoanodes.

2.4. Assembly of DSSCs

Each DSSC was assembled by sandwiching a dyesensitized
Ti04/Si0, photoanode, a liquid electrolyte having I /I;~ redox
couples, and a Pt counter electrode. The redox electrolyte con-
sisted of 100 mM of tetraethylammonium iodide, 100 mM of
tetramethylammonium iodide, 100 mM of tetrabutylammo-
nium iodide, 100 mM of Nal, 100 mM of KI, 100 mM of Lil, 50
mM of L, and 500 mM of 4-tert-butyl-pyridine in 50 mL aceto-
nitrile. The photocurrent-voltage (/-] curves of the assembled
DSSCs were recorded on an Electrochemical Workstation
(CHI600E) under irradiation of a simulated solar light (Xe Lamp
Oriel Sol’A™ Class AAA Solar Simulators 94023A, USA) at a light
intensity of 100 mW cm ™ (calibrated by a standard silicon solar
cell) in ambient atmosphere. A black mask with an aperture
area of around 0.25 cm® was applied on the surface of DSSCs to
avoid stray light. Each DSSC device was measured at least five
times to eliminate experimental error (+5%) and a suitable -V
curve was constructed.

2.5. Other characterizations

The morphologies of the resultant Ti0,/Si0, and pure TiO,
anodes were observed with a scanning electron microscope

This journal is © The Royal Society of Chemistry 2015
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(SEM, S-3500N, Hitachi, Japan) and a transmission electron
microscopy (TEM, JEM2010, JEOL). The optical absorption
spectra were recorded on a UV-vis spectrophotometer (Agilent
8453) at room temperature. Fourier transformed Raman spec-
troscopic measurements in the ultraviolet light were performed
on a Renishaw inVia Reflex Raman Spectrometer. High-
resolution gratings were used to give a spectral resolution of 2
em ', The spectra were recorded at room temperature from
3200 to 100 em ™" using 16 scans with an exposure time of 1 per
scan. X-ray diffraction (XRD) profiles of the resultant nano-
crystallites were recorded on an X-ray powder diffractometer
(X'pert MPD Pro, Philips, Netherlands) with Cu Ko radiation
(A= 1.542 A) in the 2 range from 10 to 70° operating at 40 kv
accelerating voltage and 40 mA current. Fourier transform
infrared spectrometry (FTIR) spectra were recorded on a Vertex
70 FTIR spectrometer (Bruker). For electrochemical impedance
spectroscopy (EIS) measurements, the DSSCs were scanned
from 0.1 Hz to 1 MHz at an ac amplitude of 10 mV.

3. Results and discussion

The morphology of a TiO, nanocrystallite photoanode is crucial
for use in a DSSC device.” Here, we mainly describe the
morphological difference of resultant Ti0,/Si0, and pure TiO,
prepared by the sol-hydrothermal method. As is shown in
Fig. 1, no apparent deviations in morphologies are observed
from SEM images, indicating that the synthetic strategy does
not influence the morphology of resultant Ti0,/$i0, anodes.
The BET surface areas of the samples are 46.2, 62.0, 96.7, and
73.5m* g~ for pure TiO,, TiO,/Si0,1), Ti0,/Si0(ii), and TiO,/
Si0,-(iii), respectively. The task of a photoanode is to adsorb
dyes and to transfer photogenerated electrons from the excited
dye to the FTO layer along the percolating networks of TiO,.
Therefore, a mesoporous structure having a high specific
surface area demonstrates that it is feasible to upload more
photosensitive dyes for electron generation. As a reference, the

Fig. 1 SEM photographs of the TiO,/SiO, and pure TiO, nano-
crystallites: (a) TiO2/SiO=(i), (b) TiO2/SIOz-(ii), (c) TiO2/SI0,- (i), and (d)
pure TiO,.

RSC Adv, 2015, 5, 46260-46266 | 46261
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surface morphology of pristine TiO, anode is also provided,
giving no apparent difference from TiO,/SiO,-(ii). Moreover, we
can not distinguish Si0, from TiO, nanoparticles in SEM
photographs, or amorphous SiO, nanoparticles maybe suffer
from dissolution and reorganization during the rigorous
hydrothermal conditions.

Fig. 2 displays the high-resolution TEM images of Ti0,/Si0,
and pure TiO, nanocrystallites. It can be seen that the crystal
lattice of the pure TiO, is homogeneous with no amorphous
regions, indicating that the organics and carbonaceous mate-
rials have been removed during the calcination process.
However, a great deal of lattice distortions and plenty of defects
are detected in the three TiO,/SiO, nanocrystallites. Due to the
presence of Si0, amorphous phase, we deduce that the amor-
phous regions refer to the Si0, phase and the crystal phase
means anatase TiO,. These results reveal that TiO, has been
successfully incorporated or partially incorporated with amor-
phous S$i0, by entering the lattice fringes of TiO, by Si*" ions.*
It has been known that the ionic radius of $i*' (0.039 nm) is
much smaller than that of Ti*" (0.068 nm), suggesting that Si**
fons can enter into the TiO, crystal lattice to substitute for Ti*",
which is consistent with the morphology analysis.

In order to describe the photo-absorption behavior of the
Ti0,/Si0, nanocrystallites, the UV-vis diffuse reflection spectra
have been recorded and are shown in Fig. 3. As a comparison,
the absorption spectrum of pristine TiO; is also conducted at
the same conditions. No obvious shape alteration is observed
after integration with Si0,. Pristine TiO, exhibits an absorption
band at ca. 396 nm. However, the absorption shifts towards the
ultraviolet-light region. Reflectance spectra have been converted
to the absorbance spectra using Kubelka-Munk equations (egn

(1) and (2)."

1-R,)
FRL () = o)
R
Re= Raaso, @

Fig. 2 TEM photographs of the TiO,/SiO; and pure TiO; nano-
crystallites: (a) TiO2/SIO2-(i), (b) TIO2/SIO»~(ii), (c) TIO2/SiO-(ii), and (d)
pure TiO,. The distortions and defects have been marked in the
figures.
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where R is the reflectance recorded for a sample and Rpaso, is
the reflectance recorder for a reference. To calculate the band-
gap energy, the Kubelka-Munk function is converted to the
form (F(R..)E)""* and the wavelength is changed to energy units
(eV). The direct band gap energy can be obtained by an
extrapolation method (see Fig. 3b-e). The direct E, values of
pure TiO,, TiO,/Si0.i), Ti0/Si0,-(ii), and Ti0./SiOx(iii) are
2.96, 3.00, 3.02, and 3.16 eV, respectively. Notably, TiO, is a
typical photocatalyst and has been utilized for dye removal from
pollutions.**** When irradiated by incident light, the electrons
on the valence band of TiO, can absorb energy and jump to its
conduction band, leaving holes in the TiO, surface. Both pho-
togenerated electrons and holes by TiO; can participate in the
degradation reactions of organic dyes. In this way, the N719
molecule, one of the organic dyes, is expected to be photo-
degradated by TiO,, while the wavelength of the light for dye
degradation depends on the E, of the TiO, (E, = 1240/J).
Apparently, the as-synthesized TiO4/SiO,-(ii) has the highest E,,
which indicates the excitation of photogenerated electrons and
holes requires an increased photon energy. Therefore, fewer
electron-hole pairs can be produced in the TiO,/$i0,-(ii) for
participating in the photodegradation of organic N719 dye
molecules, leading to an enhanced dye stability by utilizing
strategy (ii) for photoanode fabrication.

The XRD technique has been widely employed for the iden-
tification of the crystal phase as well as crystallite size of TiO;.
The detection of diffraction peaks reveals that pristine TiO; is
featured by anatase phase (Fig. 4). No diffraction peaks of the
rutile phase are detected in the XRD patterns. The crystallite
size can be determined from the broadening of the corre-
sponding XRD peaks by the Scherrer formula:*

_ K
g cos

6

where L is the crystallite size, 1 is the wavelength of the X-ray
radiation (CuKe = 0.15418 nm), K is usually taken as 0.89,
and § is the line width at half maximum height (FWHM). In
addition, the crystal lattice distortion (Ad/d) can also be evalu-
ated from the equation:*

Ad B

—= 4
d gl @)

At the first glance, all the diffraction peaks belonging to the
diffraction faces of anatase TiO, can be detected in the TiO,/
$i0, nanocrystallites. However, the relative intensity of the
diffraction peak belonging to the (101) face of anatase TiO,
phase dramatically decreases after being doped with Si*',
indicating an inhibition effect of phase transformation from
amorphous to anatase TiO,. Moreover, the crystallite size of the
Ti0,/510, has an order of decreasing and the Ti0,/SiOx(ii) has
the smallest crystallite size (Table 1), suggesting that the doping
of $i*" in TiO, can hinder the growth of crystallite size due to the
segregation of dopant cations at the grain boundary.® The
crystal lattice distortion (Ad/d) is also elevated by doping Si**
ions in comparison with that of pure TiO,, indicating that the
substitution of Ti by Si can generate more defects for dye

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) UV-vis diffuse reflection spectra of the TiO,/SiO, and pure TiO; nanocrystallites. Plots of (FR..)E)? as a function of energy for (b)

pristine TiOs, (¢) TIOA/SI0,-(i), (d) TIO/SI0,-(il), and (&) TiO/SIO,-(ii).
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Fig. 4 XRD patterns of the TiO,/SiO; and pure TiO, nanocrystallites.

adsorption. This result is in an agreement with TEM
observations.

The crystallographic structures of the Ti0,/Si0, and pure
TiO, nanocrystallites were investigated by Raman spectroscopy
and shown in Fig. 5a. The whole set of spectra shows three main
Raman peaks at 394, 515, and 639 cm ™" that can be ascribed to
the By, (1), A,/By, (2), and E, (3) modes of anatase phase of pure
TiO,, respectively. However, the mode positions have shifted in

his journal is © The Royal Society of Chemistry 2015
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Table 1 Structure parameters obtained from XRD patterns of pure
TiO, and TiO,/SiO; nanocrystallites

Crystallite
Nanocrystallites 6(%) 260 () size (nm) Adld
Pure TiO, 0.32 25.45 25.19 0.00752
Ti0,/Si0,-(i) 0.48 25.45 16.66 0.0113
Ti0,/Si0,(ii) 0.58 25.45 13.79 0.0136
TiO,/Si0,iii) 0.56 25.45 14.28 0.0132

comparison with pure TiO,. It is attributed to the decrease in
crystallite size (Table 1) and lack of adjacent atoms for the
surface atoms. Therefore, the surface atoms are in a relaxation
state and the red shift results from a surface relaxation effect.*
Although the positions have deviations, the doping of 5i*" does
not influence and change the structure of TiO,.* The conclu-
sion is consistent with that of XRD analysis. No Raman peaks
corresponding to SiO, can be detected in the doped TiO,,
indicating that $i*' may present in the substitutional positions
in the crystal lattice of Ti0,. The detection of 1059 cm ™ in the
FTIR spectra (Fig. 5b) is a signal of Si-O-Ti bond,** indicating
that there is a covalent bond between Si0, and TiO, instead ofa
simple mixture. The coverage of TiO, by S8iO, layer along with
the doping of TiO, by 5i0, and detection of Si-O-Ti bond may
be used to support the hypothesis that the amorphous Si0,

RSC Adv,, 2015, 5, 46260-46266 | 46263
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Fig. 5 (a) Raman and (b) FTIR spectra of TiO,/SiO; and pure TiO; nanocrystallites.

nanoparticles have been dissolved and reorganized in the
hydrothermal process.

Incident light intensity of 100 mW cm * (AM1.5G) has been
widely employed as a standard in evaluating DSSC perfor-
mances. In our previous study," we found that ~85 and ~40
mW em ™~ of incident light remains after penetrating FTO glass
and 10 pm-thickness FTO-TiO, photoanode (Fig. 6), respec-
tively. This indicates that the dye molecules adsorbed at the
interface of TiO,/FTO are irradiated by incident light with an
intensity of ~85 mW cm , whereas it is ~40 mW cm~ for the
dyes at the interface of TiO,/electrolyte. The incident light
shows a gradient descent within the dye-sensitized TiO, film
because of reflection and absorption of TiO, nanocrystallites. It
is well known that the DSSC performances are highly dependent
on incident light intensity.*** Therefore, the transmission
enhancement is of great significance in improving the photo-
voltaic performances. Interestingly, the transmission is
dramatically enhanced by synthesizing TiO,/Si0, by route (ii), it
is ~80 mW cm * in light intensity across the 10 pm-thickness
FTO-Ti0,/Si0; anode. To explore the potential mechanism, we
think it is subject to the compensation effect of reflected light

100
80
g 60
a8
2
5 40
E —TiOEfSiOZ-(i)
20 —Ti0,/Si0jii)
——Ti0,/$i0,~(i)
——pure Ti0,
0\ T T T T
300 450 600 750 900 1050
Wavelength (nm)
Fig. 6 Transmission spectra of TiO,/Si0; and pure TiO,

nanocrystallites.
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from TiO,/Si0, and SiO./electrolyte interfaces. The trans-
mission enhancement is attributed to a good matching of
/i, with nigio (ESIf)." Until now, we conclused that the dye
excitation efficiency is expected to be significantly enhanced,
which is contributive to the elevation of electron density on CB
of TiO, and therefore the photocurrent density of the DSSC.

Fig. 7a displays -V curves of the DSSCs from Ti04/5i0, and
pure TiO; photoanodes and the photovoltaic parameters are
summarized in Table 2. The DSSC device containing pure TiO,
crystallites gives aJ,. of 14.06 mA em 2 and 1 of 7.06%. Both of
these parameters are enhanced by employing TiO,/Si0, anodes.
The optimal photovoltaic performances result from TiO,/Si0,-
(ii) based DSSC: J,. of 18.06 mA em™* and 7 of 8.56%. . is a
reflection of accumulative electron density injected from the
excited state of dye to CB of TiO,, whereas the low excitation
efficiency and photodegradation of dye molecules on TiO,
nanoctystallites have been tremendous obstacles for current
loss. Owing to the compensation effect of TiO./SiO, nano-
crystallines and enhancement of E; of §i0, doped Ti0,, the
excitation efficiency and photostability of dye molecules can be
significantly improved, giving an enhanced J,. in their DSSC
devices. From a small standard deviation (+5%), as shown in
ESI Fig. S1,7 we infer that the DSSCs with promising photo-
voltaic performances and high reproducibility can be realized
using the method reported here (Table 3).

From the dark J-V curves in Fig. 7b, one can see that the
DSSC from Ti0,/S10,-(ii) anode shows the smallest dark current
density at the same voltage. The dark current density in DSSC
device is attributed to the triiodides combination with electrons
on CB of TiO, at the TiOy/electrolyte interface. The smaller
dark current density indicates that the reduction of triiodides
on the TiO,/electrolyte interface is slower. This is another factor
for the elevated J,. for TiO,/8i0,-(ii) anode based DSSC.

Fig. 8a shows the impedance spectra for the DSSCs, giving
two semicircles which are assigned to electrochemical reaction
at CE (a smaller one in high frequency region) and charge
transfer at the TiO,|dye|electrolyte (a larger one in low
frequency region). An equivalent circuit (see the inset of Fig. 8a)
is used to fit the Nyquist plots to estimate the electron transport

his journal is © The Royal Society of Chemistry 2015
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Table 2 Photovoltaic parameters of the DSSCs using various nano-
crystallite anodes. J..: short-circuit current density; V,.: open-circuit
voltage, FF: fill factor; PCE: power conversion efficiency

Jee
DSSCs Vae (V) (mA em %) FF PCE (%)
Ti0,/Si0,(i) 0.710 14.13 0.73 7.30
Ti0L/Si0,(if) 0.708 18.06 0.65 8.56
TiO/SiOx(iii) 0.770 14.10 0.69 7.52
Pure TiO, 0.718 14.06 0.70 7.06

Table 3 Parameters of lifetime of electrons and the equivalent circuit
obtained by fitting EIS of the DSSCs using a Z-view software. t: lifetime

Parameters  Ti0,/SiO{i) TiO,/Si0,{ii) Ti0,/Si0,{iii) Pure TiO,

R, (Qem?d) 0.89 073 0.97 0.95
Res (Qem?) 533 346 9.09 932
W@em®) 1872 6.84 18.18 19.06
7 (us) 124.2 399.7 214.9 105.1
12
a, " T,
104
R
R, Ry W
5 0 Ti0,Si0Ai)
) O Ti0/SI0A(i)
6 DR
% A Ti0,/8I0,ii)
= 7 pure TiO,
N

7' Cohm em’)

parameters, such as sheet resistance (R,), charge-transfer
resistance at CE/electrolyte (Ry), charge-transfer resistance at
the TiO,/dye/clectrolyte interface (Rew), and Nemst diffusion
impedance corresponding to the diffusion resistance of I /I;
redox species (W). CPE1 and CPE2 are constant phase elements.
Itis found that the R, of TiO,/Si0,+ii) anode based DSSC is the
smallest in comparison with other devices. The results
demonstrate that the photogenerated electrons can be rapidly
transferred to CB of TiO, and the excited dyes are easily recov-
ered by iodide ions. Moreover, the smallest W value suggests
that the I'/I;” redox couples have a high diffusion kinetics
within Ti0,/Si0,-(ii) anode.

=12, (5)

Finally, the lifetimes of electrons on various anodes are
determined according to eqn (4),* where f, is second peak
frequency (Fig. 8b), giving a lifetime of 124.2 ps for Ti0,/SiOx(i),
399.7 ps for TiO/8i0,-(ii), 214.9 ps for Ti0,/Si0,(iii), and 105.1
us for pure TiO,. The enhanced electron lifetime in Ti0,/8i0,

50
404 b
B
5 304
)
B
2 204
3
—Ti0,/Si0 i)
104 —Ti0,/Si0(ii)
—— Ti0,/Si0(iii)
——pure TiO,
0 T T — T T
E 0 1 2 3 4 5

Log(Frequence, Hz)

Fig. 8 EIS spectra of the DSSCs from varied nanocrystallite anodes. The inset gives the equivalent circuit used to fit the impedance data. (a)

Nyquist plot, (b) Bode phase plot.

This journal is © The Royal Society of Chemistry 2015

107

RSC Adl, 2015, 5, 46260-46266 | 46265



Key Laboratory of Advanced Technique & Preparation for Renewable Energy Materials, Ministry of Education

Published on 30 April 2015. Downloaded on 17/11/2015 00:02:50.

RSC Advances

based DSSCs can be attributed to the elevated formation of
connected channels by TiO, and enhanced electron density.

4. Conclusions

In summary, we have demonstrated that the combination of
TiO, with Si0, is an effective strategy for enhancing dye illu-
mination and excitation, and increasing dye photostability. Due
to the light interference reflected from TiO,/Si0, and SiO,/air
(electrolyte) interfaces, more active sites for dye adsorption and
high electron lifetime, the DSSC from TiO,/Si0ii) nano-
crystallite provides an impressive power conversion efficiency of
8.56% in comparison with that of 7.06% from a pure TiO, anode
based device. The research presented here is far from being
optimized but these profound advantages along with low-cost
synthesis and scalable materials show the new nano-
crystallites to be strong candidates for robust DSSCs.
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The pursuit of cost-effective and efficient solid-state electrolytes is a persistent objective for dye-sensitized
solar cells (DSSCs). Herein, we present the experimental design of iodide/triiodide (I"/I5™)-incorporated
poly(ethylene oxide)/polyaniline (PEQ/PANI) solid-state electrolytes, aiming at expanding the catalytic
event of |3~ reduction from the electrolyte/counter electrode interface to both the interface and
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with 0.8% obtained from a PANi-free electrolyte-based solar cell and 0.1% for a PANi-based solar cell
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1. Introduction

Solar energy, accounting for 99% of the total energy on Earth,
has been considered as one of the promising green energy
resources for developing a low-carbon economy. The direct
conversion of solar energy into electricity is an efficient solution
to current energy problems. Among diversified photovoltaic
devices,™* dye-sensitized solar cells (DSSCs) have received
widespread attention as inexpensive and remarkably efficient
energy conversion devices.™ The configuration of a typical
DSSC consists of an electrolyte containing redox couples that is
dissolved in an organic solvent, which is sandwiched between
an organic dye-sensitized TiO, anode and a counter electrode
(CE).” Researchers are currently focusing on understanding and
improving charge generation, transport, recombination, and
collection along with optimizing materials for liquid electrolyte
DSSC operation.'™* Until now, a maximum efficiency of 13%
has been measured under air mass 1.5 (AM1.5) global
sunlight.” Due to flaws in solvent leakage and evaporation, the
mass production and long-term stability of such DSSC devices
have been limited. One solution to this impasse is to employ
microstructured  polymer gel electrolytes with three-
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dimensional (3D) frameworks and all-solid-state electro-
Iytes.***” Although liquid electrolyte can be imbibed and
remains in the 3D structures of polymer gel electrolytes by
osmotic pressure or capillary force,* the dilemma of organic
solvent evaporation still remains. Therefore, the challenge of
achieving commercial success will be in designing efficient all-
solid-state electrolytes with facile synthesis processes and cost-
effectiveness.

The focus of the current solid-state systems is always on
enhancement of charge-transfer ability. An emerging avenue by
our group is to explore conducting polymers or carbonaceous
materials with integrated electrolytes having catalytic activities
for triiodide (I,7) reduction. In our previous works,™* con-
ducting species such as polyaniline (PANi), polypyrrole, and
graphene were successfully imbibed into 3D frameworks of
polymer gel electrolytes, aiming at extending the reduction
reaction of I;~ from the electrolyte/CE interface to the whole
structure due to the catalytic nature of such conducting poly-
mers. Moreover, organic hole transporting materials (HTMs)
such as 2,2'7,7-tetrakis(N,N-di-4-methoxyphenylamino}-9,9"-
spirobifluorene (spiro-OMeTAD) have also been employed to
replace electrolytes,™* which leads to >5% efficiency for solid
DSSCs. The oxidized dye can be regenerated by the hole injec-
tion into the HTM, which is subsequently collected by the CE to
fulfill an electronic circuit. These results demonstrate the great
potential of developing solid-state DSSCs based on organic
HTMs. Although spiro-OMeTAD is the most favorable organic
HTM for such solid solar cells, it is limited by low hole mobility
and high fabrication cost.**** Consequently, conjugated poly-
mers such as polyaniline have been investigated as an alterna-
tive HTM due to their thermal stability, high conductivity, and
good solubility as well as tunable optoelectronic features.”*

This journal is © The Royal Society of Chemistry 2015
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To explore versatile full-solid-state electrolytes having cata-
lytic and hole-transporting features, here, we launch an exper-
imental strategy of synthesizing simple composite electrolytes
from (I"/1;")-incorporated poly(ethylene oxide)/polyaniline
(PEO/PANi) for solid-state DSSC application. The resultant PEO/
PANi displays intrinsic electrocatalytic activity toward the
reduction of I;~ ions, rapid chargetransfer ability, easy
synthesis, and cost-effectiveness, which demonstrates the
merits of extraordinary solid-state electrolytes in efficient
DSSCs. In addition, the integration of conjugated structure
from PANi can shorten the charge diffusion path length. More
importantly, the conjugated PANi structures participate in the
dye regeneration by hole injection into the PANi. To our
knowledge, there are no systematic ageing studies on efficient
DSSCs from solid-state electrolytes with catalytic and hole-
transporting functions. DSSCs employing PEO/1.0 wt% PANi
show an efficiency as high as 6.1%, which is much higher than
0.8% from the cells with (I"/I; J-incorporated PEO electrolyte
and 0.1% for pristine PANi hole material.

2. Experimental

2.1 Synthesis of solid-state electrolytes

A homogenous mixture was obtained by dissolving 0.592 mL of
aniline in 20 mL of 1 M HCl aqueous solution. For polymeri-
zation, 20 mL of 0.125 M ammonium peroxydisulfate aqueous
solution was dipped in the above mixture within 30 min, and
the polymerization reaction was carried out at 0 °C. After 3 h,
the resultant reactant was rinsed with 1 M HCI aqueous solu-
tion, filtered, and finally vacuum dried at 60 °C for 24 h. The
feasibility of synthesizing (I"/1;”)}-incorporated PEO/PANI elec-
trolytes was confirmed by the following experimental proce-
dures: a mixing solution consisting of I'/I;~ redox couples,
PEO, and PANi was made by agitating 0.1 g of Lil, 0.019 g of I,
0.264 g of PEO (M,, = 2 000 000), and stoichiometric PANi (the
dosages of PANi were adjusted to be 0.2, 0.4, 0.6, 0.8, 1.0, and
2.0 wt% of PEO weight). After vigorous agitating for 24 h, the
reactant with a viscosity of approximately 100 mPa s~ was cast
onto a dye-sensitized TiO, anode for consolidation at vacuum.
As a reference, the (I/I;)-incorporated PEO electrolyte was
also prepared according to the above approach at the same
stoichiometric ratio.

2.2 Assembly of DSSCs

A layer of TiO, nanocrystal anode film with a thickness of
approximately 10 pm was prepared by a sol-hydrothermal
method.” The resultant anodes were further sensitized by
immersion in a 0.50 mM ethanol solution of N719 dye. The
DSSC was fabricated by sandwiching redox electrolyte between a
dye-sensitized TiO, anode and a Pt CE (purchased from Dalian
HepatChroma SolarTech Co., Ltd). The redox electrolyte con-
sisted of 100 mM of tetraethylammonium iodide, 100 mM of
tetramethylammonium iodide, 100 mM of tetrabutylammo-
nium iodide, 100 mM of Nal, 100 mM of KI, 100 mM of Lil, 50
mM of I,, and 500 mM of 4-tert-butyl-pyridine in 50 mL

This journal is © The Royal Society of Chemistry 2015
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acetonitrile. Surlyn film (30 pm) was utilized to seal the device
through hot-pressing.

2.3 Electrochemical characterizations

The electrochemical performances were recorded on a conven-
tional CHI660E electrochemical workstation setup comprising
an AgfAgCl reference electrode, a CE composed of a Pt sheet,
and a working electrode of fluorine-doped tin oxide (FTO) glass-
supported electrolyte. The CV curves were recorded in a sup-
porting electrolyte consisting of 50 mM M Lil, 10 mM I, and
500 mM LiClO, in acetonitrile. Bode phase measurements were
carried out in a frequency range of 0.1 Hz to 10° kHz and an ac
amplitude of 10 mV at room temperature. Both Bode plots and
Tafel polarization curves were recorded by assembling
symmetric dummy cells consisting of Pt CE|solid-state electro-
Iyte| Pt CE.

2.4 Photovoltaic measurements

The photovoltaic test of the DSSC with an active area 0f0.25 cm®
was carried out by measuring the photocurrent-voltage (J-V)
characteristic curves using a CHI660E electrochemical work-
station under irradiation from simulated solar light produced
by a 100 W xenon arc lamp (XQ-500 W) in an ambient atmo-
sphere. The incident light intensity was controlled at 100 mW
em 2 (calibrated by a standard silicon solar cell). A black mask
with an aperture area of approximately 0.25 cm” was applied on
the surface of the DSSCs to avoid stray light.

2.5 Other characterizations

The ionic conductivity of the electrolyte was measured using a
conductivity meter (DSSJ-3084, LeiCi Instruments) by consoli-
dating electrolyte into the space between two electrodes. The
instrument was calibrated with 0.01 M KCI aqueous solution
prior to experiments. Fourier transform infrared (FTIR) spec-
trometry spectra were recorded on a Vertex 70 FTIR spectrom-
eter (Bruker).

3. Results and discussion

Fig. 1a illustrates the synthesis process of (I”/I;”J-incorporated
PEO/PANI solid electrolyte as well as H-bonding between PEO
and PANL.* Li" ions are embedded into the free volume regions
of PEO surrounded by I and I;~ counter ions. The conforma-
tional transformation of PEO segments at relaxation motion
precipitates the migration of Li" and therefore T/I;~ couples.
Due to the redox nature of PANi, PANi nanostructures have been
widely utilized as CE material for Pt candidates.*™
Spectroscopy techniques were employed to examine the
formation of functional bands and reaction mechanisms. The
FTIR spectrum of the PEO/1.0 wt% PANI electrolyte is shown in
Fig. 2. The observation of the bands at 800-900 cm ™" indicates
the occurrence of PANi polymerization vie a head-to-tail
mechanism.* The oxygenic species are expected to interact with
the conjugated structure of PANI, especially through the Q-ring
(semiquinone radical cation), as has been reported in the case
of nanocrystalline TiO, and Au.* Once the PANi is integrated

J. Mater. Chem. A, 2015, 3, 5368-5374 | 5369
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3l +2e=21;

Fig. 1 (a) Schematic illustration of the synthesis of {I"/l;7)-incorpo-
rated PEO/PANI solid-state electrolytes. The PANI chains are bonded
onto PEO backbones by H-bonding for catalyzing |5~ reduction. (b)
Digital photograph showing the inverted PEO/L.0 wt% PANi solid
electrolyte.

with PEO, the bands belonging to C-N stretching the secondary
aromatic amine, and C-N-C stretching vibration in the polaron
structure move from 1292 and 1231 cm ™' to 1280 and 1242
em” | respectively. Additionally, the bands for C-O-C stretching
and C-O stretching at 1098 and 836 cm ' have also shifted to
1102 and 845 cm ™, respectively. These signal the interaction
between PANi (C-N) and PEO (C-O-C) through H-bonds.
Close contact of the PEO/PANI electrolyte with the Pt elec-
trode results in a conduction of reflux electrons (the electrons
traveling from the external circuit to the Pt CE) from the Pt layer
to the whole solid-state electrolyte. The conducting channels
formed by PANi chains function as pathways for electron
transfer and can be optimized by adjusting the PANi dosage.
Activated by electrons, PANi will catalyze the reduction reaction
of I;” (Redy: I;™ + 2e = 317) and I, (Redy: 31, + 2e = 2I;7), in
which Red, governs the entire reaction kinetics. Fig. 1b
demonstrates the solid nature of PEO/PANI and shows how
inversion of the vessel containing the PEO/1.0 wt% PANi elec-
trolyte results in the electrolyte staying on the bottom with no
observable flow, thus exhibiting its suitability as a solid support
for solid-state PEO/PANi. Cyclic voltammetry (CV) is a
commonly used technique for determining catalytic activity.
The CV curve of the solid-state electrolyte was measured using a

——PEO/1.0 wt% PANI electrolyte
——pristine PANI
——pristine PEO

. 836em”

1098 cm

1231 Icm'
1292 em’

\

1280 ¢m’! R 845 cm’!
1242 ¢cm 1102 em™
I ! I T I T
2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.2 FTIR spectraof PEO/L.0 wt% PANi electrolyte, pristine PANi, and
PEQ.
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conversional three-electrode system comprising a working
electrode of Cu foil-supported solid electrolyte, a Pt wire CE, and
liquid electrolyte containing I"/I;” redox couples. As shown in
Fig. 3a, two pairs of redox peaks are observed in (I"/I;”)-incor-
porated PEQ/1.0 wt% PANi solid-state electrolyte, and the peak
shape and positions are similar to pure PANi CE,** indicating
that the solid-state PEO/PANI electrolyte has the same catalytic
activity toward I;~ reduction. As a reference, no redox peaks
were detected from the (I"/I; )-incorporated PEO electrolyte,
suggesting no catalysis of (I /I;}-incorporated PEO.

With the aim of demonstrating the catalytic activity of solid
electrolyte, the (I /I; )-incorporated PEO/PANi film was sand-
wiched between two Pt electrodes. As shown in Fig. 3b, the 7 of
electrons at the electrolyte/Pt electrode can be calculated by the
equation’ t = 1/2wf,, where f, is the second peak frequency.
Once the electrons migrate from the external circuit to the Pt
layer, they either participate in the I, reduction at the elec-
trolyte/CE or transfer to the PEO/PANi system, and therefore,
the average 7 of electrons can be utilized to compare the syn-
thetical kinetics of Pt and PANi toward I; reduction. Appar-
ently, the PEO/1.0 wt% PANi electrolyte exhibits a lifetime of
2.53 ms, as summarized in Table 1, which is shorter than that
for other solid electrolytes.***® Considering that the Pt electrode
has the same catalytic performance, the enhancement of syn-
thetical kinetics reflects the highest catalytic activity in PEQ/1.0
wt% PANi electrolyte. Fig. 3¢ shows Tafel polarization curves
recorded on the same symmetrical dummy cell as that used for
Bode phase measurement. The slope for the anodic or cathodic
branch represents exchange current density (J, = RT/nFR,)." It
is apparent that the PEO/1.0 wt% PANi electrolyte has a
maximum J, and therefore charge-transfer ability. Additionally,
the intersection of the cathodic branch with the y-axis is a
limiting diffusion current density (fiim = 20FCD,/I),* a param-
eter dependent on the diffusion coefficient of I /I; redox
couples. The extracted /i, and diffusion coefficient of redox
species (D,) from PEO/1.0 wt% PANi are much higher than
those of pure PEO electrolyte, indicating that the resultant ionic
conductivity is significantly elevated.

Another creative feature of the PEO/PANI electrolyte is to
shorten charge (I /I; redox couples) diffusion path length. In
the DSSC with pure PEO electrolyte, the I" ions must migrate
from the electrolyte/Pt CE interface to the electrolyte/anode
interface for dye recovery, whereas the I;~ species have to
transfer across the whole electrolyte system to the electrolyte/Pt
CE for reduction. However, the energy from the PEO/PANi solid
electrolyte can assist with accelerating I;” < I conversion.
Assisted by the schematic diagram in Fig. 1, we can reveal the
potential mechanism. It has been previously described that the
interconnected channels from PANi chains distribute through
the whole electrolyte, and the I;” ions originating from the
electrolyte/anode interface only transfer to conjugated chain
segments of PANI for reduction reaction instead of the elec-
trolyte/Pt CE interface. The as-reduced I” species also quickly
return to the electrolyte/anode interface. Therefore, we can
make the conclusion that the integration of PANi can shorten
the I"/1;~ diffusion path length. Although we cannot determine
the accurate path and length in the current study, it is still

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) CV curves of (I7/157)-incorporated PEO/1.0 wt% PAN:i solid-state electrolyte, PANi CE, and (I”/l57)-incorporated PEQO electrolyte, (b)
Bode phase plots and (c) Tafel polarization curves of symmetric dummy cells from solid electrolytes. (d) Temperature dependence of ionic

conductivity for various solid-state electrolytes.

Table 1 Parameters for electrochemical data and electron lifetime

Electrolytes Rea (@em’) Ry (Qem?)  1(ms) W(Qem’)
PEO 36.1 621.9 — 255.2
PEO/0.2 wt% PANi  21.6 57.9 4.59 123.0
PEO/0.4 wt% PANi  9.13 21.2 4.55 108.7
PEO/0.6 wt% PANi  9.08 16.4 3.93 319
PEO/0.8 wt% PANi  8.82 9.59 3.90 20.4
PEO/1.0 wt% PANi  4.19 5.72 2.53 7.74
PEO/2.0 wt% PANi ~ 8.74 58.6 3.34 86.1

pioneering to demonstrate preliminary new insights on how to
elevate I;~ reduction, shorten charge diffusion path length, and
therefore markedly enhance the photovoltaic performances of
solid-state DSSCs.

The ionic conductivity of the solid electrolyte is crucial to the
photovoltaic performances of DSSCs. Fig. 3d shows the
temperature dependence of ionic conductivities for the solid-
state electrolytes, and the data are summarized in Table 2. (I"/
I, Jincorporated PEO/1.0 wt% PANi exhibits the highest
conductivity of 67.73 pS cm ™' at approximately 20 °C in
comparison to 3.59 pS em ™" for (I'/I; )-incorporated PEO.
Compared with 5.76 mS cm™* for ester-functionalized solid-
state electrolyte,” the measured conductivity is still unimpres-
sive, and therefore, the enhanced photovoltaic performances
are responsible for the peculiar catalytic activity. The ionic
conductivities of the electrolytes measured under dry air from
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approximately 20 to 50 °C follow an Arrhenius relationship: ¢ =
oo exp(—E,/RT), where ¢ is ionic conductivity, E, represents
activation energy, T refers to absolute temperature, and R is a
molar gas constant. It was found that all plots of In & against
1000/T give straight lines, which is a typical ion-conducting
behavior. The E,,* which is the minimum energy required for
ionic conduction through (1"/1;” }-incorporated PEO/PANi solid-
state electrolytes at 0, 0.2, 0.4, 0.6, 0.8, 1.0, and 2.0 wt% PANi,
was obtained from the slopes in the linear fit, showing 76.66,
63.46, 63.07, 43.08, 41.98, 39.66, and 42.71 kJ mol ', respec-
tively. The E, of the electrolyte at 1.0 wt% PANi is the lowest,
indicating thation (I and I; ) movement becomes easier in the
(I /13 )incorporated PEO/PANI system.

Table 2 Photovoltaic parameters of DSSCs with varied solid-state
electrolytes and the conductivity data. V,,.: open-circuit voltage; J..:
short-circuit current density, FF: fill factor; n: power conversion effi-
ciency; o: ionic conductivity at approximately 20 °C

Electrolytes 7 (%) Voo (V) FF (%) Jo (mAcm ™) o (uscm ™)
PEO 0.8 0633 614 2.06 3.59
PEO/0.2 wt% PANi 1.9  0.628 753 4.02 7.87
PEO/0.4 wt% PANi 2.5  0.616 71.2 5.70 12.26
PEO/0.6 wt% PANi 3.8  0.642 76.1 7.78 25.82
PEO/0.8 wt% PANi 4.2 0.633 66.9 9.92 42.84
PEO/1.0 wt% PANi 6.1  0.636 70.6  13.59 67.73
PEO/2.0 wt% PANi 3.1  0.623 65.1 7.64 12.76
PANi 01 0516 346 0.56 4.37
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Fig. 4a displays J-V curves of the DSSCs using (I /I; )
incorporated PEO/PANI, (I"/I;J-incorporated PEO solid elec-
trolytes, and pristine PANi hole-transporting material. The
DSSC with PEO/1.0 wt% PANi electrolyte yields an optimal » of
6.1% (Jue = 13.59 mA em 2, V,. = 0.636 V, FF = 70.6%). The
recorded efficiency is very high for the solid-state DSSCs with
either pristine solid-state electrolytes or HTMs.**** It is note-
worthy to mention that the efficiencies for the solar cells with
(I'/1;” )-incorporated PEO and pristine PANi hole layers are
0.8% and 0.1%, respectively. The marked enhancement in
efficiency is attributed to the synergistic effects of catalytic
activity and shortened charge diffusion path length of the PEO/
PANi electrolyte and hole injection into PANi. Notably, the [,
having the same order to 7, signals that the rapid interconver-
sion between I;” and I can accelerate the generation of
photoelectrons from dye molecules and therefore elevate the
accumulative electron density on the conduction band of TiO,.
The recorded efficiency from (I"/I;)-incorporated PEO/1.0 wi%
PANi is impressive in comparison with other full-solid-state
DSSCs.”**** In comparison with liquid-system DSSCs, the
efficiency is still modest. The dye regeneration by organic HTM
is generally on the picosecond time scale and at least one order
of magnitude faster than that in a typical liquid electrolyte
device.* This indicates that the charge separation and dye
regeneration are not the major bottlenecks for the low device
performance of the resultant DSSCs. Other limitations such as
low hole mobility of organic HTMs and incomplete filling of
HTM into mesoporous TiO, film have been considered because
the derivative problems could lead to excessive interfacial
recombination loss and dye regeneration hysteresis.

EIS experiments were carried out for the DSSCs to confirm
the charge-transfer abilities of the resultant solid electrolytes.
Nyquist plots in Fig. 4b illustrate that the R, follows an order of
PEO/1.0 wt% PANi (4.19 Q cm?) < PE0/2.0 wit% PANi (8.74 Q
em’) < PEO/0.8 wt% PANi (8.82 Q cm?) < PEO/0.6 wt% PANi (9.08
Q em®) < PEO/0.4 wt% PANi (9.13 Q em?) < PEO/0.2 wt% PANi
(21.6 © em®) < PEO (36.1 © em”), which is consistent with the
sequence of v and therefore catalytic activity. However, W
represents the Nernst diffusion resistance of I /I; redox

o PEO
4 © PEO/0.2 wi% PANi

PEO/0.8 wt% PANi
> PEO/.0 wt% PANI
A PEO/04 wi% PANi < PEO/2.0 wi% PANi
15 PEO/0.6 wt% PANi & PANi
3%@%??%%‘9}}?%2%%%

£

10 -t

memiﬁmmmﬂm%

Current density {mA em™)
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couples. A lower W denotes that I /I; species have higher
diffusion kinetics. The results of W match the ionic conductivity
well.

Fast startup, multiple start/stop cycles, and good photocur-
rent stability are prerequisite merits for efficient solar panels
that will be mounted on windows or roofs or used as portable
sources. Fig. 5a exhibits the start-stop switches of a cell device
employing (I /I; )-incorporated PEO/1.0 wt% PANi electrolyte.
As a reference, the switching of the cell device with (I7/I;")-
incorporated PEO was also measured under the same condi-
tions. An abrupt increase in photocurrent density at “light on”
indicates the fast startup of the DSSC, whereas no delay in
reaching the highest current density suggests that the incor-
poration of PANi with PEO accelerates hole injection and the
interconversion between I;~ and I” as well as shortening the
charge transfer path length. Interestingly, there is a depressed
process in each “on” stage, indicating a diffusion-limited
transport mechanism in the solid electrolytes. The schematic
sketch in Fig. 5 illuminates the transfer avenues of electrons
within a real solid-state DSSC employing (I"/I;” J-incorporated
PEQ/PANI electrolyte. Generally, there are two possibilities for
the photogenerated electrons released from excited dye mole-
cules: (i) The majority of electrons flow to the conduction band
of TiO; and further migrate to the FTO layer along conducting
channels; (ii) only a minority of electrons transfer to the TiO,/
electrolyte interface and recombine with I~ ions.*” Due to the
fact that PANI has the ability to conduct electrons, the electrons
at the TiO,/electrolyte interface are expected to transfer to the
electrolyte layer along the PANi chains and recombine with any
encountered I, resulting in a decreased electron density in
TiO, and therefore photocurrent density of a cell device.
However, the conducted electrons from electrolyte/Pt interfaces
participate in the reduction reaction of I,” + 2e — 31", accel-
erating the interconversion kinetics of I;  species. Although
there is also a decreased process for the cell with (I"/I;7 )
incorporated PEO electrolyte, the reduction degree is apparently
confined in the absence of PANi, whereas the lower photocur-
rent density reflects a relatively poor I"/I;” interconversion and
therefore dye recovery kinetics.

240 CPEY CPEZ
1 ﬁ/\r\_l H |_ o

~ 160 =

£ ]

E o PEO

i PEO/02wt% PAN

N 4 PEO0 A% PAN
PEO/0 6w1% PAN
PEO/0.8w1% PANi

< PEO/10wt% PANI
- PEO/2 Owt’ PANi

o000
o120 5 160 200 240
Z'{ohm em’)

Fig. 4 (a) Characteristic J-V curves and (b) Nyquist EIS plots of the DSSCs with solid electrolytes. The inset gives an equivalent circuit. R sheet
resistance; Ry charge-transfer resistance at the CE/electrolyte; R.;: charge-transfer resistance at the TiO/electrolyte interface; W: Nernst
diffusion resistance corresponding to the diffusion resistance of 17/l;~ redox couples; CPE1/CPE2: constant phase elements.
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Fig. 5 (a) The start-stop switches for the DSSCs with (I"/I3")-incorporated PEO/1.0 wt% PANi and PEO solid electrolytes. (b) Photocurrent
stabilities recorded on the DSSCs obtained from traditional liquid electrolyte and (1" /l;”)-incorporated PEO/1.0 wt% PANi solid electrolyte. The
schematic sketch illustrates the electron migration routes along PANi chains from the Pt electrode and TiO; anode in a real solid-state DSSC.

These conclusions are in agreement with electrochemical
and photovoltaic characterizations. Moreover, the conjugated
PANi can also participate in the dye regeneration by hole
injection into the PANi, which is favorable to the photovoltaic
performance. After eight startup cycles, no obvious decrease in
photocurrent density was observed, suggesting that the solid-
state DSSC has multiple startup capability. In order to compare
the stability of DSSCs with traditional liquid electrolyte con-
taining I"/1;” redox couples and (I7/I;")-incorporated PEO/
PANi electrolyte, their photocurrent stabilities were obtained
using a chronoamperometry mode. As shown in Fig. 5b, the
photocurrent densities increased by 35.1% and decreased by
8.5% for solid and liquid electrolytes under durative irradiation
over 2 h,* respectively. Although additional research will be
necessary before two-hour tests for a stable DSSC can be con-
ducted, this preliminary result demonstrates that the stability of
the cell device can be significantly enhanced by utilizing (I7/
1;” -incorporated PEO/PANI solid electrolyte.*

4. Conclusions

In summary, full-solid-state electrolytes from (I"/I;)-incorpo-
rated PEO/PANi featuring strong catalytic activity and shortened
charge diffusion path length have been fabricated by a facile
blending process free of any additives and employed in
assembling efficient DSSCs. It was demonstrated that (I /I; )-
incorporated PEO/1.0 wt% PANi electrolyte has an optimal

This journal is © The Royal Society of Chemistry 2015
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charge-transfer ability and electrocatalytic activity toward I~
reduction. Due to the expanded reaction area where electrons
can travel from the electrolyte/Pt interface to the solid-state
electrolyte system and the shortened charge transfer path
length, the kinetics for I,” « I" interconversion and dye
recovery and therefore electron density on the conduction band
of TiO, have been markedly enhanced. The DSSC employing (I /
I; Jincorporated PEO/1.0 wt% PANi electrolyte exhibits an
impressive power conversion efficiency of 6.1% in comparison
with 0.8% from (I"/1;” )incorporated PEO and 0.1% from pris-
tine PANi-hole-transporting-based devices. The research pre-
sented here is far from being optimized, but these profound
advantages along with cost-effectiveness, mild synthesis, and
scalable materials indicate that (I"/I;”}-incorporated PEO/1.0
wt% PANi electrolytes are strong candidates for incorporation
in full-solid-state DSSCs. Further studies are now in progress to
extend this approach to other solid-state electrolytes for better
photovoltaic performances.
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Background: Rhizobacteria play an important role in plant defense and could be promising sources of
biocontrol agents. This study aimed to screen antagonistic bacteria and develop a biocontrol system for
root rot complex of Panax notoginseng.
Methods: Pure-culture methods were used to isolate bacteria from the rhizosphere soil of notoginseng
plants. The identification of isolates was based on the analysis of 165 ribosomal RNA (rRNA) sequences.
Results: Atotal of 279 bacteria were obtained from rhizosphere soils of healthy and root-rot notoginseng
plants, and uncultivated soil. Among all the isolates, 88 showed antagonistic activity to at least one of
three phytopathogenic fungi, Fusarium oxysporum, Fusarium solani, and Phoma herbarum mainly causing
root rot disease of P. notoginseng. Based on the 165 rRNA sequencing, the antagonistic bacteria were
characterized into four clusters, Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetesi. The genus
Bacillus was the most frequently isolated, and Bacillus siamensis (Hs02), Bacillus atrophaeus (Hs09)
showed strong antagonistic activity to the three pathogens. The distribution pattem differed in soil types,
genera Achromobacter, Acidovorax, Brevibacterium, Brevundimonas, Flavimonas, and Streptomyces were
only found in rhizosphere of healthy plants, while Delftia, Leclercia, Brevibacillus, Microbacterium, Pantoea,
Rhizobium, and Stenotrophomonas only exist in soil of diseased plant, and Acinetobacter only exist in
uncultivated soil.
Conclusion: The results suggest that diverse bacteria exist in the P notoginseng rhizosphere soil, with
differences in community in the same field, and antagonistic isolates may be good potential biological
control agent for the notoginseng root-rot diseases caused by FE oxysporum, Fusarium solani, and Panax
herbarum.

Copyright @ 2015, The Korean Society of Ginseng, Published by Elsevier. All rights reserved.

1. Introduction

of coronary heart disease and cardiovascular disease |2]. Roots of
P. notoginseng have been used as a variety of raw materials in

Panax notoginseng F. H. Chen, known as Sangi or Tianqi in Chi- Chinese medicinal products in China [3]. It has been mainly culti-
nese, is a well-known traditional Chinese medicine [1], widely used vated for 400 years in the Southwest regions of China, especially in
for promotion of blood circulation, removal of blood stasis, induc- Wenshan, Yunnan Province [4].
tion of blood clotting, relief of swelling, alleviation of pain, and cure
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P. notoginseng should be grown in the field for at least 3 y to
obtain high-quality raw roots [5]. However, the long period
planting conditions make P. notoginseng vulnerable to attacks by
many soil-borne pathogens including fungi, bacteria, and nema-
todes [5—14]. Soil-borne pathogens of P. notoginseng have been
reported by fungi including Fusarium oxysporum, Fusarium solani,
Phoma herbarum, Alternaria tenuis, Alternaria panax, Cylindrocarpon
destructans, Cylindrocarpon didynum, Phytophthora cactorum,
Rhizoctonia solani, and by bacterial pathogens including Pseudo-
monas sp., Ralstonia sp., and by parasitic nematodes, such as Dity-
lenchus sp., Rhabditis elegans, and Meloidogyne spp. [15,16]. In this
case, the control of soil-borne diseases mainly relies on chemical
pesticides, fungicides, and crop rotation. Chemical pesticides and
fungicides are less effective on the soil-borne diseases, and lead to
reduction of P. notoginseng quality. Meanwhile, pesticides may be
toxic to crops, humans, animals [17,18]. However, a 15-20 y
replanting interval leads to the lack of appropriate fields, resulting
in searching for a new field orfand transferring to a less appropriate
field to grow P. notoginseng.

It is obvious that pesticides and less appropriate cultivation soil
are not suitable to control the qualities of P. notoginseng required by
the good agriculture practice (GAP). Friendly approaches are ur-
gently needed to effectively manage or solve the questions. Bio-
logical control, a bioeffector method with other living organisms to
control pests (insects, mites, weeds, and plant diseases) [19], has
been considered as effective approaches. Soil bacteria, especially
rhizospheric ones with antagonistic properties, demonstrate bio-
logical control effectiveness to some plant diseases, and are the
most potential for development of biological control agents (BCAs)
[20—29]. However, little is known about the bacterial diversity,
distribution, and ecological effects in the cultivation soil of
P. notoginseng In this study, we developed the investigation of
rhizobacteria of 3-y-old P. notoginseng from Wenshan, Yunnan
Province, by culture-dependent methods. The bacterial isolates
were also challenged by three pathogens, F. oxysporum, E solani,
and P. herbarum, which are associated with the root rot disease of
P. notoginseng.

2. Materials and methods
2.1. Soil sample collection and isolation of soil bacteria

Soil samples were collected from a 3-y-old P. notoginseng
plantation in Wenshan, Yunnan Province, in July 2014. Ten healthy
and 10 root-rot notoginseng plants were uprooted. Soil was
collected around 3 cm from the main roots, and rhizosphere soil
was gently stripped from the roots. Root-adjacent soil and rhizo-
spheric soil were mixed together, recorded as healthy plant soil and
diseased plant soil, respectively. Uncultivated soil sample was

obtained without planting notoginseng at the same field. All the
soil samples were placed into sterile plastic bags, transferred to the
laboratory in 24 h, and kept at 4°C before treatment.

Bacterial isolation were developed using serial dilution spread
plate method. Ten grams of soil was mixed with 90 mL of sterile
phosphate buffered saline (PBS, pH 7.4) and stirred for 30 min at

200 rpm. The soil suspension was left to stand for 10 min at room (2

temperature to allow settling of large particles, tenfold serial
diluted in PBS (from 102 to 10~>). Then, 80 pL of the first to fourth
and fifth diluents were transferred to petri dishes with LB agar
medium (10.0 g peptone, 5.0 g yeast extract, 10.0 g Nad,and 130 g
agar, 1.0 L distilled water, pH 7.2) and nutrition agar (NA) medium
(3.0 g beef extract, 5.0 g peptone, 50 g NaCl, 13.0 g agar, 1.0 L
distilled water, pH 7.0). The plates were incubation at 28°C, and
bacterial colonies were selected and purified according to their
morphological characteristics.

2.2. Screening of antagonistic bacteria against fungal pathogens

Three fungal pathogens E oxysporum, E solani, and P. herbarum
were isolated from the rotten root of P. notoginseng, and their
pathogenicity was verified [15,16]. The target fungi were cultured
on potato dextrose agar (PDA) medium (200.0 g fresh potato,20.0 g
starch, 13.0 g agar, 1.0 L distilled water, pH not adjusted). The
antagonism of all bacterial isolates was checked with respect to the
ability to suppress fungal growth. Antifungal bioassay was per-
formed with the dual culture and agar well diffusion plate on PDA.

In dual culture tests, a 5-mm mycelial disk of pathogenic fungus,
collected from the edge of actively growing colonies, was placed
into the center of plates containing fresh PDA. Bacterial isolates
were grown around the target fungus with a distance of 3.0 cm
(Fig. 1A, 1B). The dual culture plates were incubation at 28°C, and
checked every 12 h after inoculation. All treatments were tested in
duplicate.

In agar well plate tests, a 200-uL fresh culture of pathogenic
fungus with concentration of 108 spores/mL was mixed with 250
mL PDA and evenly distributed into 10 petri dishes (90 mm). On
each plate, four wells of 5 mm in diameter were made (Fig. 1C).
Bacterial isolates were cultured in nutrient broth medium at 28°C,
135 rpm for 72 h. The bacterial suspension was adjusted to the final
cell concentration of 107 cfu/mL with nutrient broth medium. Next,
200 uL of suspension was added to each well, and the same volume
of nutrient broth was used as control. All treatments were tested in
duplicate.

2.3. Phylogenetic analysis

The genomic DNA of bacteria was extracted using a bacterial
genomic DNA extraction kit (BioTeke Corporation, China, Cat#:

Fig. 1. Bioassay of soil bacteria toward (A) Fusarium solani, (B) Phoma herbarum, and (C) Fusarium oxysporum. Qu
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DP2001) and 16S ribosomal RNA (rRNA) genes were amplified by
PCR using the primer pair of PA (5'-AGAGTTTGATCCTGGCTCAG-3")
and PB (5'-AAGGAGGTGATCCAGCCGCA-3') [30]. The PCR reaction
was performed in 50 pL reaction mixture containing 1 pL of DNA, 1
uL forward primer (10uM), 4 L reverse primer (10uM), 5 uL reac-
tion buffer (10x), 4 uL dNTP (each 2.5uM), 0.5 uL of Tag DNA po-
lymerase (500 U}, and 37.5 pL sterile double-distilled water. The
PCR cycling protocol consisted of an initial denaturation at 94 °C for
4 min, followed by 32 cycles of 94 °C for 1 min, 56 °C for 1 min and
72 °C for 1 min, and a final elongation step of 72 °C for 10 min. As a
negative control, the DNA was replaced by sterile double-distilled
water. The PCR amplified products were separated by agarose gel
electrophoresis, and sequenced on an ABI Prism 3730 sequencer at
Sangon Biotech (Shanghai, China). The sequences of the isolates
were searched in EzBioCloud (http://www.ezbiocloud.net/). The
approximate phylogenetic affiliations and 165 rRNA gene sequence
similarities were determined according to Altschul et al [31]. Se-
quences chimera checking were performed by the program
CHIMERA CHECK of the Ribosomal Database Project (RDP) [32], and
sequences with a potential chimeric structure were excluded. The
alignments of 165 rRNA genes sequences were performed using
Clustal X [33]. The 165 rRNA sequences were used to construct a
phylogenetic tree with the Kimura 2-parameter model and MEGA
(version 5.05) by bootstrap analysis of 1,000 replications [34,35].
The partial 165 rRNA gene sequences obtained for rhizosphere
antagonistic bacteria have been deposited in GenBank with acces-
sion numbers: KP214596—-KP214641.

3. Results
3.1. Number of bacteria in different soil samples

Atotal of 279 bacterial isolates were obtained from healthy soil,
diseased soil, and uncultivated soil. The distribution is 132 isolates
(47.3%) in diseased soil, 77 isolates (27.6%) in healthy soil, and 70
isolates (25.1%) in uncultivated soil (Table 1). Bacteria in diseased
soil are much richer than that in healthy and uncultivated soil.

3.2. Antagonistic soil bacteria associated with P. notoginseng

All the soil bacterial isolates were evaluated for their antago-
nistic activity to three fungal pathogens, F. oxysporum, F. solani, and
P. herbarum. Eighty-eight isolates (31.5% of the total) displayed
antagonistic activities against at least one of fungal pathogens
(Table 1). The large number of bacterial antagonists was isolated
from healthy plant soil which offered 37 strains (48.1% of 77 isolates
from healthy plant soil), followed by uncultivated soil (27, 38.6% of
70 isolates from uncultivated land), diseased soil (24, 18.2% of 132
isolates from diseased soil).

Among the 88 antagonists, 33 displayed antagonistic activity
only against one of three fungal pathogens (Table 2), which
included four strains obtained from healthy plant soil toward
E oxysporum and 19 toward E solani, and 10 toward P. herbarum.

Table 1
Number of Rhizospheric Bacteria in Different Soil Samples of Panax notoginseng
No. of bacteria Soil sample Sum
Healthy Root rot Uncultivated
plant soil plant soil soil
Total 77 132 70 279
Antagonistic bactera 37 24 27 88
Percent of antagonistic 48.1 18.2 38.6 315
bacteria (%)

Table 2
The Number of Rhizobacteria Obtained from Different Soil of Panax notoginseng with
Antagonisitic Activities Toward Three Host Plant Pathogens of Root Rot Disease

Pathogens No. of rhizosphere antagonistic bacteria Sum
Healthy Root rot Uncultivated
plant soil plant soil soil
Fo 4 1] 1] 4
Fs 8 7 4 19
Ph 4 5 1 10
Fo & Fs 1 1 4 6
Fo & Ph 1 1 1] 2
Fs & Ph 9 5 10 24
Fo, Fs,& Ph 10 5 8 23
Total 37 24 27 88

*Fo = Fusarium oxysporum, Fs = Fusarium solani, Ph = Phoma herbarum

There were 32 bacterial isolates showing antagonistic activities
against two of three pathogens (Table 2). Among them, six isolates
had antagonistic activity to E oxysporum and E solani, two isolates
against F oxysporum and P. herbarum, and 24 isolates against
E solani and P. herbarum.

Furthermore, there were 23 isolates exhibiting different antag-
onistic activities against all the three fungal pathogens (Table 2).

3.3. Phylogeny of bacterial antagonists from P. notoginseng

The molecular analysis revealed that the 88 strains belonged to
four bacterial groups, Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria (Table 3, Fig. 2). Over half of the soil antagonistic
bacteria (46 isolates, 52.3% of total) were accommodated in the Fir-
micutes group. In this group, Bacillus spp. represented the majority,
with 42 isolates (91.3%). Phylogenetic analysis based on the 165 rRNA
gene sequences indicated that most active Bacillus isolates were
closely related to the species Bacillus thuringiensis (12 isolates,
28.6%), Bacillus aryabhattai (9 isolates, 21.4%) and Bacillus siamensis
(5 isolates, 11.9%) with the sequence similarities of 99.9—100.0%,
98.9-100.0%, and 99.1-100.0%, respectively. Other 16 Bacillus iso-
lates were assigned to nine species according to their sequence
similarities: Bacillus subtilis subsp. subtilis (2 isolates), Bacillus sim-
plex (1), Bacullus anthracis (1), B. atrophaeus (2), Bacillus cereus (4),
Bacillus licheniformis (1), Bacillus safensis (1), Bacillus toyonensis (3),
and Bacillus acidiceler (1). The four remaining Firmicutes were
respectively assigned to Paenibacillus chitinolyticus (1), Paenibacillus
Jjamilae (2), and Brevibacillus brevis (1) with similarity > 99.4%.
Twenty-six isolates belonging to Proteobacteria were assigned to 10
genera: Achromobacter, Acinetobacter, Acidovorax, Brevundimonas,
Delftia, Ensifer, Leclercia, Pseudomonas, Rhizobium, and Steno-
trophomonas. Pseudomonas included nine species: Pseudomonas
baetica (1 isolates), Pseudomonas helmanticensis (1), Pseudomonas
hunanensis (2), Pseudomonas koreensis (2), Pseudomonas libanensis
(1), Pseudomonas moorei (1), Flavimonas oryzihabitans (1), Pseudo-
monas chlororaphis subsp. aurantiaca (1), and Pseudomonas chloror-
aphis subsp. piscium (2) with sequence similarities of 98.3—100.0%.

In Actinobacteria, 11 isolates were assigned to nine species of five
genera (Arthrobacter, Microbacterium, Brevibacterium, Pantoea, and
Streptomyces) based on their similarities of 98.8—100.0%. Five iso-
lates in Bacteroidetes were phylogenetically related to Chrys-
eobacterium  vrystaatense (1), Chryseobacterium joostei (2),
Chryseobacterium contaminans (1), and Chryseobacterium stationis
(1) with a similarity = 98.0%.

3.4. Distribution of antagonists in different soil types

The distribution of active isolates obtained from healthy plant
soil, diseased plant soil, and uncultivated soil of P. notoginseng is
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Table 3

Antagonistic Activities of Rhizospheric Bacteria Towards Fusarium oxysporum ( Fo), Fusarium solani (Fs), and Panax herbarum (Ph) in Different Soil Types from Panax notoginseng
and Their Closest Phylogenetic Affiliation (Based on Partial 165 Ribosomal RNA Gene Sequences)

Isolate( Accession No.) Closest NCBI library strain & accession No. Antagonistic activities Similarity(%) Origin of strains
Fo Fs Ph

Hs02(KP214617) Bacillus siamensis KCTC 13613(AIVF01000043) bt +++ bt 100.0 Hs
Hs03(KP214604) Streptomyces cinnamonensis NBRC 15873(AB184707) L b b 100.0 Hs
Hs04(KP214608) Brevibacterium epidermidis NCDO 2286(X76565) ‘ 100.0 Hs
Hs05(KP214613) Bacillus subtilis subsp. subtilis NCIB 3610{ABQL01000001) ¢ 99.7 Hs
Hs07(KP214619) Bacillus toyonensis BCT-7112(CPO0GSE3) ¢ 100.0 Hs
Hs08(KP214632) Bacillus safensis FO-36b{AS|D01000027) ‘ b 999 Hs
Hs09(KP214630) Bacillus atrophaeus JCM 9070{AB021181) Fht +++ bt 999 Hs
Hs10{KP214629) Pseudomonas hunanensis LV{[X545210) + - 986 Hs
Hs11(KP214626) Pseudomonas baetica a390(FM201274) ‘ 99.6 Hs
Hs13(KP214612) Pseudomonas chlororaphis subsp. piscium JF3835(F|168539) + + ++ 98.1 Hs
Hs14(KP214624) Paenibacillus jamilae CECT 5266(AJ271157) - + b 100.0 Hs
Hs16(KP214618) Bacillus thuringiensis ATCC 10792(ACNFO1000156) + 99.9 Hs
Hs18(KP214628) Pseudomonas libanensis CIP 105460(AF057645) ‘ b 999 Hs
Hs20(KF214602) Acidovorax radicis N35(AFBG01000030 ) ¢ 973 Hs
Hs22(KP214611) Bacillus cereus ATCC 14579({AE016877) - + 100.0 Hs
Hs23(KP214640) Arthrobacter pascens DSM 20545(X80740 ) ‘ 99.6 Hs
Hs24(KP214631) Flavimonas oryzihabitans 1AM 1568(D84004) b 983 Hs
Hs25(KP214622) Chryseobacterium vrystaatense LMG 22846(AJ871397) - ‘ + 972 Hs
Hs26(KP214627 ) Pseudomonas moorei RW10{ AM293566) L ‘ 99.5 Hs
Hs31(KF214606) Ensifer adhaerens LMG 20216(AM181733) - ‘ 100.0 Hs
Hs33(KP214603) Achromobacter spanius LMG 5911 ( AY170848 ) . 99.9 Hs
Hs35(KP214609) Brevundimonas olei MJ15(GQ250440) . 99.7 Hs
RwO1(KP214601) Leclercia adecarboxylata GTC 1267(AB273740) - + ‘ 999 Rw
RwO04({KP214633) Bacillus licheniformis ATCC 14580(AE017333) St 4+ bt 989 Rw
RwO7(KP214610) Chryseobacterium joostei LMG 18212(A)J271010) - ‘ ‘ 98.6 Rw
Rw12(KP214634) Bacillus sonorensis NBRC 101234(AYTNO1000016) b 98.8 Rw
Rw14({KP214600) Delftia lacustris DSM 21246(EU888308) b4 + 993 Rw
Ry07(KP214638) Arthrobacter ureafaciens DSM 20126(X80744) ‘ b 99.5 Ry
Ry09(KP214614) Arthrobacter nicotinovorans DSM 420{X80743 ) ‘ b 100.0 Ry
Ry11(KP214615) Pseudomaonas koreensis Ps 9-14[AF468452) Et Ht 99.6 Ry
Rn02({KP214616) Pseudomonas helmanticensis OHA11{HG940537) ‘ b 99.7 Rn
RnOG(KP214623) Paenibacillus chitinolyticus IFO 15660{AB021183) e 999 Rn
Rn08(KP214607) Brevibacillus brevis NBRC 100599 (APO08955) bt +++ bt 994 Rn
Rn11(KP214620) Bacillus aryabhattai BSW22(EF114313) - + ‘ 100.0 Rn
Rn12(KP214605) Stenotrophomonas chelatiphaga LPM-5 (EU573216) ¢ 98.2 Rn
Rn13(KP214639) Arthrobacter arilaitensis Re117(FQ311875) ‘ 100.0 Rn
Rn16(KP214597) Rhizobium radiobacter ATCC 19358(AJ389904) bt bt 100.0 Rn
Rn17(KP214598) Pantoea septica LMG 5345(EU216734) ¢ 98.8 Rn
Rn18(KP214599) Microbacterium maritypicum DSM 12512(A]853910) b 99.4 Rn
UI06(KP214596) Acinetobacter calcoaceticus DSM 30006(AIECO1000170 ) . ‘ ‘ 999 ul
UI07(KP214625) Pseudomonas chlororaphis subsp. aurantisce NCIB 10068(DQ682655) ‘ + 99.7 ul
UI09(KP214637) Bacillus anthracis ATCC 14578(AB190217) - + ‘ 100.0 ul
UNO(KP214636) Bacillus acidiceler CBD 119(DQ374637) - ‘ 99.9 ul
UIN1(KP214635) Bacillus simplex NBRC 15720{AB363738) ¢ 100.0 ul
UIG(KP214621) Acinetobacter oleivorans DR1{CPO02080) L ‘ 100.0 ul
UI21(KP214641) Chryseobacterium contaminans C26 KF652079) ‘ 99.3 ul

+++, highly active; + + medially active; +, showing active;
rhizosphere soil of root-rotten plants; Ul, uncultivated soil.

presented in Fig. 2. At the phylum level, isolates in Firmicutes,
Proteobacteria, Actinobacteria, and Bacteroidetes were widely
distributed in all types of the soils. Firmicutes was dominant and
accounted for 45.9%, 29.2%, and 66.7% in healthy plant soil, diseased
plant soil, and uncultivated soil, respectively. The isolates in Bac-
teroidetes are much less than that in the other three phyla. Analysis
at the genera level showed that Bacillus and Pseudomonas were
presentin all soil types and represented the majority of antagonists,
especially Bacillus spp. which accounted for 45.9% of antagonists in
healthy plant soil, 29.2% in diseased plant soil, and 66.7% in un-
cultivated soil. Arthrobacter was distributed in soils with
P. notoginseng, and not found in the uncultivated soil (Fig. 3).

For all isolated genera, Acidovorax, Brevibacterium, and Flavi-
monas were exclusively found in healthy plant soil, whereas Delftia,
Leclercia, Brevibacillus, Microbacterium, Pantoea, Rhizobium, and
Stenotrophomonas were only present in diseased plant soil. Acine-
tobacter was only found in uncultivated soil (Fig. 3).

,not active; Hs, rhizosphere soil of healthy plants; NCBI, National Center of Biotechnology Information; Rw, Ry Rn,

4. Discussion

Soil-plant-microorganisms shape a complex soil ecosystem, and
soil microorganisms are regarded as an important and essential
component of soil quality due to their crucial activities in many
ecosystem processes [36—38]. Soil bacteria exist in almost every
soil type. Some soil bacteria are developed as biocontrol agents
(BCAs), an environment-friendly approach to control pests (insects,
mites, weeds, and plant diseases) | 19]. Panax plants, P. ginseng, P.
notoginseng, and Panax quniquefolius, are perennial plants and
mainly cultivated in artificial shads for several years. Cultivation
can be affected by diseases caused by soil-borne and foliar patho-
gens [16,39—42]. In recent years, using antagonistic microorgan-
isms to control ginseng diseases is increasing [40—43], but few
researches on P notoginseng [44|. In our study, we screened 88
antagonistic strains out of 279 soil bacterial isolates of P. noto-
ginseng with three pathogens as targets, and analyzed their

of Ginseng Research (2015), http://dx.doi.org/10.1016/j.jgr.2015.05.003
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Fig. 2. Neighbor-joining tree of partial rhizospheric antagonistic bacteria obtained from five different soil types (healthy plant soil, root rot plant soil, uncultivated soil) of Panax
notoginseng and their closest relatives based on the 165 ribosomal RNA gene sequences. The significance of each branch is indicated by a bootstrap value calculated for 1,000 subsets.
The scale bar represents 0.05 substitutions per base position. Accession numbers are given in parenthesis. Only values above 50% were shown. The rhizospheric antagonistic bacteria

of P. notoginseng were encoded as Hs01-37, Ry01-15, Rw01-14, Rn01-19, and UI01-27.

phylogenetic diversity and distribution in healthy plant soil,
diseased plant soil, and uncultivated soil.

Phylogenetic analysis indicated that soil antagonistic bacteria of
P. notoginseng were assigned into four bacterial groups: Actino-
bacteria, Bacteroidetes, Firmicutes, and Proteobacteria. In four bac-
terial groups, Firmicutes, especially Bacillus species, represented the
majority of the active isolates. This result is similar to that of
endophytic bacteria [ 15]. Meanwhile, the member of Proteobacteria
showed high diversity in taxonomy, and were assigned into 10

genera, 19 species. Actinobacteria and Proteobacteria were also
discovered from two types of soil associated to P. notoginseng. Most
of the Bacillus species exist in the rhizosphere soil of P. notoginseng.
This is the same as other results described in medical plants [43].
Additionally, species in Arthrobacter, Brevibacterium, Micro-
bacterium, Streptomyces, Pantoea, Brevibacillus, Paenibacillus, Delftia,
Lederdia, Achromobacter, Brevundimonas, Ensifer, Stenotrophomonas,
and Pseudomonas detected as antagonistic endophytic bacteria
from P. notoginseng have not been reported from cultivation soil of
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Fig. 3. Comparative taxonomic distribution of thizospheric antagonistic bacteria from different soil types of P notoginseng. The different color show to different taxa.

Table 4
Species Affiliations of Rhizobacteria from Panax notoginseng with Antagonistic Activities Toward Fusarium oxysporum (Fo), Fusarium solani (Fs), and Panax Herbarum (Ph)

Phylogenetic species Antagonistic activities

Fo® Fs® Pht Fo & Fs Fo & Ph Fs & Ph Fo, Fs, & Ph

Bacillus siamensis 1 4
Bacillus atrophaeus 1
Bacillus cereus 2 2

Bacillus safensis
Bacillus thuringiensis 2 1 8 1
Bacillus toyonensis 2 1
Bacillus licheniformis 1
Bacillus sonorensis 1

Bacillus simplex 1

Bacillus acidiceler 1
Bacillus anthracis

Bacillus aryabhat tai 1 2 4 2
Bacillus subtilis subsp. subtilis 1 1

Brevibacterium epidermidis 1

Brevundimonas olei 2

Brevibacillus brevis 1
Paenibacillus chitinoly ticus 1

Paenibacillus jomilae 2
Ensifer adhaerens 1 1

Chryseobacterium vrystaatense 1

Chryseobacterium indologenes 1

Coryseobacterium contaminans 2
Corynebacterium stationis 1

Flavimonas oryzihabitans 1

Pseudomonas hunanensis 1 1
Pseudomonas libanensis 1

Pseudomonas moorei 1

Pseudomonas boetica 1

Pseudomonas koreensis 1 1

Pseudomonas helmanticensis 1

Pseudomonas chlororaphis subsp. piscium 2
Pseudomonas chlororaphis subsp. aurantiaca 1

Streptomyces dnnamonensis 2
Stenotrophomonas chelatiphaga 1

Arthrobacter nitroguajacolicus 1

Arthrobacter nicotinovorans 1 1

Arthrobacter ureafaciens 1

Arthrobacter arilaitensis 1

Arthrobacter pascens 1

Achromobacter spanius 2

Acidovorax radicis 1

Leclercia adecarboxylata 1
Delftia lacustris 1

Microbacterium maritypicum 1

Pantoea septica 1

Rhizobium radiobacter 1

Acinetobacter calcoaceticus 1 1
Acinetobacter oleivorans
Total 4 19 10 6 2 24 23

-

—

-
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P. notoginseng [15]. Antagonistic bacteria existed in all types of
tested soil in the same field of P. notoginseng, but the number and
species of antagonists are different (Table 1). There are 23 species in
11 genera in healthy plant soil, 14 species in four genera in uncul-
tivated soil, and 20 species in 13 genera in diseased soil, respec-
tively. The biodiversity of antagonistic bacteria in diseased soil is
much lower than that in healthy plant soil and uncultivated soil
(Table 1). It is unclear what affect the patterns of distribution and
diversity of soil bacteria as the soil properties and agromanagement
approaches are not different in the same plantation, especially for
healthy plant soil and diseased soil. Further studies might focus on
the interaction between fungal pathogens and soil bacteria.

More than half of soil antagonistic bacteria of P. notogingseng (55
strains, 62.5% of antagonistic bacteria) showed antagonistic activ-
ities against two or three pathogens (Table 4). Most of these an-
tagonists were assigned into the genus Bacillus. Bacillus spp. have
been frequently reported as the major rhizobacteria for diverse host
plants and used to suppress pathogens. In this study, Bacillus sia-
mensis, Bacillus thuringiensis, and Bacillus aryabhattai were the most
dominant and widespread species within different rhizosphere soil
types of P. notoginseng, inferring that the three species can offer a
promising way to screen biocontrol Bacillus strains for
P. notoginseng. Moreover, other Bacillus spp. isolates, such as Bacillus
atrophaeus, Bacillus toyonensis, Bacillus licheniformis, and Bacillus
subtilis subsp. subtilis, with broad-spectrum antagonisms also are
promising candidates to resist root rot disease of P. notoginseng.
Further studies should be taken to evaluate their antagonistic
ability in pot and field condition.

In conclusion, this investigation provides the first evidence of
bacterial differences in healthy plant soil and diseased plant soil of
P. notoginseng, although antagonistic bacteria are harbored in all
types of tested soil. This will provide some clues for us to under-
stand the interaction among soil bacteria, pathogenic fungi, and
plant.
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Abstract A Gram-negative, pink-coloured, rod-
shaped, motile bacterium, designated YIM 930977,
was isolated from the desert soil collected from
Xinjiang province of China. Strain YIM 930977 was
found to grow at 2045 °C (optimum 28-37 °C), pH
5.0-7.0 (optimum pH 7.0) and 0-8 % (w/v) NaCl
(optimum 1 %, w/v). Based on 16S rRNA gene
sequence similarity studies, it belongs to the genus
Skermanella. The 16S rRNA gene sequence similarity
was identified to be 98.7 % to Skermanella xinjian-
gensis CCTCC AB 207153 while the DNA-DNA
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hybridization value was found to be only 48.1 %. The
predominant isoprenoid quinone was determined to be
Q-10. The major fatty acids were identified to be C .0,
Cig.1@7c and summed feature 4 (consisting of C,7,
anteiso Bfiso I). The major polar lipids were identified
as phosphatidylcholine, phosphatidylglycerol, phos-
phatidylethanolamine, diphosphatidylglycerol, two
unidentified phospholipids and one unidentified
aminolipid. The DNA G+C content was found to be
67.2 mol %. The analysis of the genotypic and
phenotypic data indicated that strain YIM 930977
belongs to a novel species of the genus Skermanella,
for which the name Skermanella rubra sp. nov. is
proposed. The type strain is YIM 930977 (=DSM
21389"=CCTCC AB 20151617).

Keywords  Skermanella rubra - Polyphasic
taxonomy - 16S rRNA gene
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Introduction

Conglomeromonas largomobilis subsp. parooensis was
first proposed by Skerman et al. (1983). Later, this
species was transferred to the new genus Skermanella as
the type species, Skermanella parooensis, based on
polyphasic taxonomic data (Sly and Stackebrandt
1999). The genus Azospirillum of the Alphaproteobac-
teria is phylogenetically closely related to the genus
Skermanella. At present, this genus comprises four
species with validly published names: S. parooensis(Sly
and Stackebrandt 1999), Skermanella aerolata (Weon
et al. 2007), Skermanella xinjiangensis (An et al. 2009)
and Skermanella stibiiresistens (Luo etal. 2012). These
species were isolated from fresh water, air, desert and
coal-mining soil, respectively. Species of this genus are
characterized as being Gram-negative, motile, possess-
ing a high DNA G+C content (mol %), strictly aerobic
and unable to fix nitrogen. The aim of the present study
is to clarify the taxonomic position of strain YIM
93097" within the genus Skermanella.

Materials and methods
Isolation and maintenance of organism

Strain YIM 930977 was isolated from a desert soil
sample collected from Xinjiang province, China.
Strain YIM 93097" was isolated by the standard
dilution plating technique at 37 °C on Glucose-Tryp-
tone-Yeast (GTY) medium (Tang et al. 2010) and
incubated at 37 °C for 2 weeks. Colonies were picked
off and repeatedly re-streaked onto GTY medium to
confirm its purity. Strain YIM 93097 was maintained
on GTY slants at 4 °C, and as glycerol suspension
(20 9%, v/v) at —80 °C for long-term preservation. The
reference type strain S. xinjiangensis CCTCC AB
207153" was obtained from the China Center for Type
Culture Collection (CCTCC), and used in physiolog-
ical, biochemical and chemotaxonomic analysis. For
chemotaxonomic and molecular studies strain YIM
93097" and the reference type strain were growth on
GTY medium at 37 °C for 3 days.

Phylogenetic and genetic analysis

PCR amplification of the 16S rRNA gene was carried
out according to established procedures (Li et al.

@ Springer
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2007). The 16S rRNA gene sequences of related taxa
were obtained from the EzTaxon-e server Database
(http://eztaxon-e.ezbiocloud.net/) (Kim et al. 2012).
Multiple alignments were carried out using CLUS-
TAL_X (Thompson et al. 1997). Phylogenetic analy-
ses were performed using three tree-making
algorithms, the neighbour-joining (NJ; Saitou and Nei
1987), maximum-likelihood (ML; Felsenstein 1981)
and maximum-parsimony (MP; Fitch 1971) methods.
The NI, MP and ML phylogenetic trees were recon-
structed using MEGA version 5.0 (Tamura et al.
2011). The topology of the phylogenetic trees was
assessed using bootstrap analysis based on 1000
replications (Felsenstein 1985).

The G+C content of the DNA was determined as
described elsewhere (Mesbah etal. 1989). DNA-DNA
hybridization between strain YIM 93097 and S.
xinjiangensis CCTCC AB 207153" was carried out
according to previously described method (HuB et al.
1983).

Morphological, physiological and biochemical
characteristics

Cell morphology was examined by using transmission
electron microscopy after growth on modified GTY
medium at 37 °C for 3 days. Cells were prepared for
transmission electron microscopy as described by
Golyshina et al. (2000). Gram staining was performed
using the standard Gram reaction test and confirmed by
using the KOH lysis (Cerny 1978). Cell motility was
detected by the presence of turbidity throughout the
semisolid medium (Leifson 1960) and the hanging-
drop method (Skerman 1967). The presence of
endospores was examined using malachite green
staining (Smibert and Krieg 1994) under a light
microscope. Catalase activity was tested by production
of bubbles after the addition of a drop of 3 % H,0,.
Oxidase activity was tested by oxidation of tetram-
ethyl-p-phenylenediamine. Anaerobic growth was
determined on modified GTY medium, using the
GasPak Anaerobic System (BBL) according to the
manufacturer’s instructions at 37 °C for 15 days. Salt
tolerance was examined in GTY medium supple-
mented with 0-20 % (w/v, from 0 to 20 at intervals of
1 9% NaCl increment). The effects of temperature on
growth were assessed at4, 10, 15,20, 28,37, 45,50 and
55 °C. Growth at different pH concentrations (from 4.0
to 10.0 atintervals of 1 pH unit) was tested as described
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by Xu et al. (2005). Carbon and nitrogen source
utilization was tested using Biolog GEN III Micro-
Plates according to the manufacturer’s instructions.
Several other physiological and biochemical features
were assessed using API 20E, AP1 50CH and APIZYM
test systems and tests were conducted according to the
manufacturers’ instructions (bioMérieux).

Chemotaxonomy analysis

Bacterial cells were collected after their growth on
TSA, pH 7.0 at 37 °C for 3 days, under aerobic
conditions. [soprenoid quinones were isolated accord-
ing to the method of Minnikin et al. (1984) and
separated by HPLC (Collins 1985). Cellular fatty acids
were extracted, methylated and analyzed using the
Microbial Identification System (MIDI) according to
the manufacturer’s instructions (Sasser 1990). The
fatty acid methyl esters were analyzed by using the
Microbial Identification software package of TSBA6
(Sherlock Version 6.1). Polar lipids were extracted and
examined by using two-dimensional Thin Layer

Chromatography (TLC) and identified as described
elsewhere (Minnikin et al. 1984).

Results and discussion
Molecular characterization

Phylogenetic analysis revealed that strain YIM
930977 is a member of the genus Skermanella
and closely related to S. xinjiangensis CCTCC AB
2071537, with 16S rRNA gene sequence similarity
of 98.7 %. The sequence similarities between strain
YIM 930977 and other validly named species of the
genus Skermanella were all lower than 97 % (8.
aerolata  5416T-32T, 93.8 %:; S. stibiiresistens
SB22". 92.7%: S. parooensis ACM 20427,
92.3 %). In the phylogenetic tree based on the
neighbour-joining algorithm, strain YIM 930977
clustered with the type strain of S. xinjiangensis
CCTCC AB 207153 at a high bootstrap resam-
pling value of 100 % (Fig. ). The topology was

Azospirillum thiophilum BV-sT (EU6T8791)
Azospirillum doebereinerae DSM 131317 (AJ238367)
Azospirillum humicireducens SgZ-5" (JX274435)
-Azospirillum oryzae TAM 151307 (AB185396)
-Azospirillum melinis TMCY 05527 (DQ022958)
Azospirillum rugosum IMMIB AFH-6" (AM419042)
Azospirillum canadense DS2T (DQ393891)
Azospirillum formosense CC-Nfb-TT (GU256444)
Azospirillum fermentarium CC-LY743" (TX843282)
L dcospirillum halopraeferens DSM 36757 (X79731)
100 Phaeospirillum fulvum ATCC 157987 (D14433)
{Magnemcpirih’um gryphiswaldense DSM 63617 (Y10109)
100r-Stella humosa DSM 59007 (AI535710)
r—.’i‘leﬁa vacuolata DSM 390017 (AJ535711)
oy ~Rhodocista pekingensis ICM 11669 (AF523824)
Rhodospirillum centenaria TAM 14193 (D12701)
Azospirillum irakense KBC1T (Z29583)
Azospirillum amazonense DSM 27877 (X79735)
gg-Skermanella aerolata 5416T-32" (DQ6T2568)
%Wrﬂwmfffa parooensis ACM 20427 (X90760)
Skermanella stibiiresistens SB22" (HQ3 15828)
El 1M 93097
Skermanella xinjiangensis 10-1-1017 (EU586202)

Rhock

—
0.02

Fig. 1 The phylogenetic afficiation of strain YIM 93097" on
the neighbor-joining phylogenetic tree based on 168 rRNA
gene. Numbers on branch nodes are bootstrap values (1000

126

74 Rhodovibrio salinarum ATCC 35394 (D14432)
Rhodothalassium salexigens DSM 21327 (D14431)
R pira trueperi ATCC 7002247 (X99671)

Bifidobacterium gallicum JCM82247 (DS6189)

resamplings, only values above 50 % are shown). Bar, 0.02
substitutions per nucleotide position
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similar to those of the phylogenetic trees con-
structed using maximum-parsimony and maximum-
likelihood methods.

The DNA G+C content was found to be 67.2 mol %,
which is within the range of the DNA G+C content of
the genus Skermanella (65.0-69.6 mol %). The DNA—
DNA hybridization value between strain YIM 930977
and . xinjiangensis CCTCC AB 207153" was found to
be 48.1 %. This value is below the 70 % cut-off
recommended for genomic species discrimination
(Wayne et al. 1987), clearly suggesting strain YIM
93097" represents a novel species in the genus
Skermanella.

Phenotypic and biochemical characteristics

Strain YIM 93097" was found to be a strictly aerobic,
Gram-negative, rod-shaped bacterium. The cells were
found to be motile (Fig. S1), and endospores were not
observed. While strain YIM 930977 was observed to

form circular, convex and pink colonies with wrinkles
on GTY medium at 37 °C after 3 days, the reference
type strain S. xinjiangensis CCTCC AB 2071537
formed circular, convex and light-pink colonies with-
out wrinkles. The physiological and biochemical
characteristics of strain YIM 930977 are given in the
species description and other phenotypic characteris-
tics of strain YIM 93097 and other species of the
genus Skermanella are presented in Table 1.

Chemotaxonomic characterisation

The major isoprenoid quinone of YIM 930977 and the
reference strain . xinjiangensis CCTCC AB 2071537
was determined to be Q-10. The major fatty acids of
YIM 930977 comprise Cyg0, Cig@7c and summed
feature 4 (consisting of C;7.; anteiso B/iso I). The
differences between fatty acids composition of strain
YIM 93097 and other species of the genus Skermanella
are as follows (Table 2). Strain YIM 930977 contains

Table 1 Phenotypic

M . Characteristic 1 2 3 4 5
characteritics of strain YIM
93097 and type strains of Source Soil Soil Air Soil Fresh water
the genus Skermanella Temperature range (°C) 2045 17-37 535 437 10-37
Growth pH range 5-7 6-9 49 59 6-9
Salinity range (%, w/v) 0-8 04 0-5 04 0-2
Urease - + - - +
Gelatin hydrolysis - - + - +
Glucose fermentation - - + - +
Tween 80 hydrolysis - - + - +
Assimilation of
Acetate - + - — +
L-Arabinose - W + - +
Propionate - + + - +
Mannitol - + + - +
Salicin —+ - - + -
L-Fucose + - + - +
i p-Sorbitol - - + - +
Strains: 1, YIM 93097"; 2,
S. xinjiangensis CCTCC Rhamnose - + - + +
AB 20?153T; 3, S. aerolata N-Acetylglucosamine Y - W - -
S4161-32":4, 5. Inositol - - + + -
stibiiresistens SB22°: 5, S. Enzvme activities
parooensis ACM 20427, yme ) ©*
Data are taken from Luo Esterase lipase (C8) + + - - +
et al. (2012) and from this #-Glucosidase - — _ W +
stdy f-Glucosidase + + - W +
+ positive, — negative, DNA G + C content (mol %) 67.2 688 65.0 69.6 672

w weak
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Table 2 Cellular fatty acids composition of strain YIM
930977 and Skermanella xinjiangensis CCTCC AB 2071537

Fatty acid YIM 930977 CCTCC AB 2071537
Ciso 6.7 8.0
Cie.0 3-OH 1.1 1.2
Cigmlle 1.2 0.8
Ci7.106¢ 1.0 1.0
Cizo 0.6 1.0
Cig.q05¢ 3.6 2.0
Cigq@7e 66.5 74.5
Cig 2-OH tr 1.7
Summed features*

2 2.5 2.0

3 1.3 1.3

4 8.7 -

* Fatty acids that could not be separated by gas
chromatography using the Microbial Identification System
software were considered as summed features. Summed feature
2 contains Cis.p 3-OH and/or is0-Cig.q 1; Summed feature 3
consists Cygmbe and/or Cigqo7c and summed feature 4
contains Cy7,, anteiso Bfiso 1. Data are percentages of total
fatty acids; fatty acids that represent <0.5 % in the two strains
are omitted. Fatty acids were determined in this study: the two
strains were incubated to the exponential phase under the same
conditions. The analysis was performed with two replications
for each strain

— not detected, ¢r trace amount (<0.5 %)

higher amounts of the major fatty acids summed feature
4 (Cy7,; anteiso B/iso I), and significantly lower amounts
of Cigo and summed feature 3 (Cigw6c and/or
C,6.1@7c). The polar lipids of strain YIM 930977 were
identified as phosphatidylcholine, phosphatidylglyc-
erol, phosphatidylethanolamine, diphosphatidylglyc-
erol, two unidentified phospholipids and one
unidentified aminolipid (Fig. S2). This polar lipid
profile is typical for the genus Skermanella.

Taxonomic conclusion

Phylogenetic and chemotaxonomic analyses (major
fatty acids, polar lipids and isoprenoid quinone) support
the assignment of strain YIM 93097" to the genus
Skermanella. However, several characteristic physio-
logical and biochemical features (listed in Table 1) and
genetic distinctness support taxonomic standing of
strain YIM 930977 at the species level. On the basis of
genotypic, phenotypic and phylogenetic evidence,
strain YIM 930977 should be classified as a novel
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species of the genus Skermanella, for which the name
Skermanella rubra sp. nov. is proposed.

Description of Skermanella rubra sp. nov

Skermanella rubra (rub’ra. L. fem. adj. rubra red).

Cells are Gram-negative, aerobic, rod-shaped and
motile by means of a single polar or subpolar
flagellum. Endospores are not observed. Colonies
are circular, convex and pink with wrinkles on
GTY medium after 3 day-growth at 37 °C.
Growth occurs on GTY medium at 20-45 °C
(optimum 28-37 °C), 0-8.0 % (w/v) NaCl (opti-
mum 0-2.0 %, w/v) and pH 5.0-7.0 (optimum pH
7.0). Positive for catalase and oxidase. The
following compounds are utilized as sole carbon
or nitrogen sources: acetoacetic acid, aztreonam,
dextrin, p-fructose-6-PO,, L-fucose, fusidic acid,
L-galactonic acid lactone, p-galacturonic acid,
glucuronamide, b-glucuronic acid, guanidine
HCI, lincomycin, minocycline, nalidixic acid,
niaproof 4, potassium tellurite, rifamycin SV,
sodium butyrate, tetrazolium blue, tetrazolium
violet, troleandomycin and vancomycin (Biolog
GEN III MicroPlates). Positive for B-galactosidase
activity (API 20E). Negative for arginine dihy-
drolase, gelatin hydrolysis, glucose fermentation,
indole production and urea hydrolysis (API 20E).
Assimilates acetonate. Does not assimilate lysine,
sodium citrate and sodium thiosulfate (API 20E).
Acid is produced from N-acetylglucosamine
(weakly), aesculin, amygdalin, p-arabinose
(weakly), vr-arabinose, arbutin, cellobiose
(weakly), p-fucose (weakly), L-fucose (weakly),
5-ketogluconate (weakly), b-lyxose, maltose,
potassium gluconate, p-ribose (weakly), salicin,
p-tagatose, b-xylose, L-xylose and methyl B-D-
xylopyranoside (APl 50CH). Enzyme activities
are positive for alkaline phosphatase, esterase
lipase (C4), esterase lipase (C8), B-glucosidase,
leucine arylamidase and naphthol-AS-BI-phos-
phohydrolase. Negative for acid phosphatase, o-
chymotrypsin, cystine arylamidase, [-fucosidase,
o-galactosidase, [-galactosidase, f-glucuronidase, o-
glucosidase, ~ N-acetylb-glucosaminidase,  lipase
(Cl14), trypsin and valine arylamidase,»-mannosidase
(API ZYM system). The predominant isoprenoid
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quinone is Q-10. The major fatty acids are Cy6.0,
Cig.iw7c and summed feature 4 (consisting of
Cy7.; anteiso Bfiso I). The polar lipids are
phosphatidylcholine, phosphatidylglycerol, phos-
phatidylethanolamine, diphosphatidylglycerol, two
unidentified phospholipids and one unidentified
aminolipids The DNA G+C content of the type
strain is 67.2 mol %.
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This work is a joint experimental and theoretical study on
the structural properties and thermodynamic stability of Cu-
doped BagGa,sSny, single-crystalline clathrates. Different
synthesis temperatures were adopted to prepare type-I and
type-VIIT BagGays_Cu,Snyg (x=0, 1, 2) by the Sn-flux
method. Experimental results revealed that the reaction
transformation temperature from type-VIII to type-I clathrates

1 Introduction Over the past decades, thermoelectric
materials have attracted the attention of workers because of
their capability to transform waste heat directly into high-
quality electrical energy [l, 2]. The performance of a
thermoelectric material depends on the figure of merit
ZT= oo Tlx, where « is the Seebeck coefficient, o is the
electrical conductivity, « is the thermal conductivity, T is
the absolute temperature, and a high ZT is the value that
thermoelectric material must possess [2]. In recent decades,
the performance of the thermoelectric materials has
significantly improved through intensive research [3-6];
however, the ZT value is still maintained at around unity and
is still difficult to be applied. Therefore, researching high-
performance thermoelectric materials is a vital task in
developing clean energy.

A promising thermoelectric material is the semi-
conducting clathrate compound with phonon-glass property
that satisfies the “phonon glass-electron erystal” (PGEC) [ 7].
Among the many types of clathrates [8-10] is the Sn-based
clathrate, which possesses promising applications in the
thermoelectric generation because of its low thermal
conductivity and high Seebeck coefficient [1 1-13].

Wiley Online Library
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is approximately 773K, and Cu doping can increase the
critical preparation temperature of type-I phase. The Cu-
doped samples possess high conductivity resulting from the
significant enhancement of carrier mobility. Theoretical
calculation revealed that the density of states (DOS) near
the Fermi level increased for Cu doping, which may lead to
reduction in structural stability.

® 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

BagGa gSnyy  (BGS) [14, 15] and EugGa,sGesq
(EGG) [16, 17] are two known members in the family of
clathrates that exist in two modifications of type-1 and type-
VIII phases. Both types have the same chemical formula
AgXi4Ys0 (A=Ba, Eu; X=Ga; Y=Sn, Ge). Type-l
clathrate with space group Pm3n has a simple cubic
structure (PDF No. 223). The unit cell of type-1 clathrate
consists of two dodecahedra and six tetrakaidecahedra
comprising X/Y atoms [18, 19]. The alkali metal or alkali-
earth metal (guest atom) can be accommodated in both
polyhedrons. The anharmonic vibration of the guest atom in
the cages canscatter heat-carrying lattice phonons effectively,
thereby reducing lattice thermal conductivity [20, 21]. By
contrast, the sp3 hybridization of the framework atoms
X/Y can significantly enhance electronic transmission.

Figure la shows the structure of type-I clathrates. The
guest atoms occupy the 2a and 64 sites, while the framework
atoms occupy the framework sites of 6¢, 167, and 24k [22].

The structure of type- VIII clathrate is shown in Fig. Ib.
Type-VIII clathrate with space group /43m also has a cubic
structure (PDF No. 217). The guest atoms are encapsulated
in the polyhedrons composed of 23 framework atoms, while

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 The structure of type-I (a) and type-VIII (b) clathrates.

the adjacent two polyhedrons are connected by a polyhedron
composed of eight framework atoms [23]. The guest atoms
occupy only the 8¢ site, while the framework atoms occupy
the framework sites of 2a, 8c, 12d, and 24g [22].

Avilaetal. [24] reported that the thermal conductivity of
type-1 BagGa,¢Snsq is only half that of type-1 BagGa, 4Ges at
700K, but type-l BagGa,sSnyy possesses lower carrier
concentration. The researchers conjectured that thermo-
electric performance can be optimized by doping or changing
the stoichiometric ratio. Meng et al. [25] synthesized n-type
single-crystal VIII-BagGays_,Ge,Snyy and found that its
conductivity improved by 62% through Ge doping. The
obtained maximum Z7 value reached 1.25 for the sample with
x=0.5ataround 7=500 K. Deng etal.[26] found that n-type
VIII-BagGa,_,Cu,Snso clathrates doped with Cu possess
high electrical conductivity with maximum Z7 of 1.35 for
x=0.03. The ZT value of the n-type BGS is enhanced by
partial substitution of Ge or Cu for Ga in the framework. In
particular, Cu doping can effectively improve the thermo-
electric performance of the material. Conversely, Takabatake
and coworkers [27] reported that type-1 BagGa;sSn;g is only
stable in a certain temperature range and will transform into
type-VIII BagGa,sSn;ypabove 739 K. In the preparation of Sn-
based clathrate through the Sn-flux method, higher reaction
temperatures will produce type-l clathrate, while lower
reaction temperatures will reduce type-VIII clathrate [ 12]. No
study to date has reported the reaction transformation
temperature from type-VII to type-l clathrate in the
preparation process. Therefore, the present work explores
the critical temperature of synthesized type-I BagGa,sSn3q by
controlling the synthesis temperature. Based on the results, the
influence of Cu doping on the critical temperature and
the thermoelectric property of Cu doped 1-BagGa;6Sn;, are
analyzed. In addition, the formation E; and the binding E,
energies of Cu-doped [-BagGa;Snsg and VII-BagGa;Snsg
are calculated and the electronic properties of Cu-doped
VIII-BagGa; 6Sny are explored.

2 Experimental The Cu-doped BagGa;sSns, single
crystals were prepared by the Sn-flux method. High-purity

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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elements Ba (ingot, 99.9%), Ga (ingot, 99.999%), Sn (ingot,
99.999%), and Cu (ingot, 99.999%) were mixed according
to the BagGa,_,Cu,Snzo (x=0, 1, 2) formula. The mixtures
were sealed in the evacuated quartz tube, placed in a
furnace, and then heated for 3h to 763 and 773 K for x =0
813, 823, and 833 K for x=1: and 813, 833, and 853K for
x=2. The mixtures were cooled to 663K for 50h after
being soaked for 10 h at the above-mentioned temperatures.
The quartz tube was removed from the furnace at 663 K.
The crystals were separated from the molten Sn solvent by
centrifugation.

Phase composition was characterized by powder X-ray
diffraction (XRD, Bruker D8 CuK,). Electron probe
microanalysis (EPMA, JXA-8230) was used for chemical
composition analysis. A comparative method was adopted
using constantan (Ni: 40%) as a reference sample with a
known «(7) to measure the Seebeck coefficient «. The
electrical conductivity o(7) of the samples was measured by
the DC current method, with the DC current kept at 20 mA.
The carrier density n was measured at room temperature by
the DC method in a magnetic field of 0.75T.

| = \ 1t \.l.l.‘.\u diki

Figure 2 Single-crystal sample of type-I BagGa;4 ,Cu,Sns,
with x =1, grown with soaking temperature of 833 k.
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Table 1 Crystal compositions, carrier mobility ju, carrier density n, effective mass m*/my, electrical conductivity o at room

temperature for all samples.

starting composition

sample Ba Ga Sn Cu carrier mobility g

carrier density n

effective mass  electrical conductivity o

(cm’/V's) (10" cm™) m*Img (10°Sm™)
I-Cuy, 798 158 30.2 0023 5.6 4.1 0.51 1.6
I-BGS 8.0 159 30.1 0.000 4.5 3.2 0.39 235
VIII-Cu, 7.98% 158 30.2 0018 452 3.1 0.23 2.8
VIII-BGS 7.96 159 30.1 0 278 42 0.38 18.9

3 Results and discussion Single-crystalline sam-
ples were obtained for x=0. 1, and 2 under different
synthesis temperatures. The obtained samples were denoted
by Cu,-T. where x is the starting content of Cu and T is the
soaking temperature.

The crystal sizes of type-1 single crystals with x=1
(Cuy) are about 4 mm. Figure 2 shows the grown crystal of
Cu;-833K with a shiny metallic luster. By contrast, the
crystal size of Cu,-853K is less than 2 mm. The obtained
reactant is partially composed of plate-like crystals with
BaNiSn;-type structure, which can be easily removed from
the clathrate sample.

The crystal composition, room-temperature values of
carrier mobility ey, carrier density n, and electrical
conductivity o of some samples with type-l and type-VIII
structures are listed in Table 1. Tin clathrate-VIII are
consistent with other experimental results [ 26]. Notably, the
actual Cu content is much lower than the starting
composition for all Cu-doped samples. The Ga composition
is slightly smaller than the ideal value of 16: nevertheless,
the composition of the framework elements is close to 46
because the total content of Sn and Cu is a little larger than
the ideal value of 30.

cu sk Types IBGS

| A ’ Cu, 833K A
i J\ i Cu, 813K A

=
=
=S IS Cubuk orn ]
'E Cu, 823K
=
=
‘@ Cu 313K
z R
L
2
= *I A N Cu 773K n
| N Co- 763K
Type-Vl BGS
1 1 1 1 1 1 I 1 }'p€| [ 1 ]
1 L L i 1
25 30 35 45 50
26°

Figure 3 Powder X-ray diffraction patterns of all samples
prepared at different temperature.
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Figure 3 displays the powder XRD patterns of the
clathrate samples. The pattern of Cugy-763K is well indexed
by type-VIII clathrates, while that of Cuy-773K is typical
type-l phase. The reaction transformation temperature
from type-VIII BGS to type-I BGS clathrate is around
773 K. To explore the effect of Cu doping on the reaction
transformation temperature, I- and VII-BagGas Cu, Snyg
(x=1 and 2) are synthesized in different temperatures.
As shown in Fig. 3, the pattern of Cu,-813K is well
indexed by the VIll-phase diffraction peak: the pattern of
Cuy-823K is composed of type-1 and type-VIII clathrates;
and Cuy-833K is type-1 clathrate. The critical preparation
temperature of type-1 Cu, is elevated to 853 K with the
increase in initial Cu content. Therefore, Cu doping can
increase the reaction transformation temperature from
type-VII to type-I phase for Sn-based BGS prepared by
the Sn-flux method. Furthermore, higher initial Cu content
has a higher reaction transformation temperature. The
reason for this phenomenon is discussed in the computa-
tional part.

The results of the present work corroborate the report of
Deng et al. [26] on the thermoelectric performance of
Cu-doped VIII-BGS. Hence, the present work focused only
on the analysis of Cu-doped I-BGS. The temperature
dependence of the Seebeck coefficient « for type-1 Cug and

g BayGa,sCu,Sng
-
340t
L~
BagGayeSnyg
=480
T T T T T
300 350 400 450 300 550
TK

Figure 4 Temperature dependence of Seebeck coefficient for
type-I BagGa4—,Cu,Snzg with x =0 and 1.
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4.0 Table 2 Energy difference between Cu occupying different sites
and the lowest energy structure for type-I and type-VIII clathrates.
type Cu site occupancy AE (eV)
35
:?"‘I-. I-BGCS 6¢ 0
—_— BagGasCu,Snyy 24k 0.57
g a0l 16 1.21
"y p VHI-BGCS 8¢ 0
= 12d 0.32
S e
251 BayGaysSny
performed based on the BagGa,sCu; Snyp (BGCS) chemical
20 : T T T T formula. The density-functional theory is adopted in the
oo 350 400 450 500 550 . s s . .
TK first-principles calculations. The interaction between the ion

Figure 5 Temperature dependence of electrical conductivity for
type-I BagGa,s_,Cu,Snsp with x=0 and 1.

Cu, samples is presented in Fig. 4. Both « are negative,
indicating n-type conduction. The n-type character is
maintained becanse the Sn composition is larger than the
ideal value of 30. Cu doping reduces the « and increases
the temperature of intrinsic excitation, indicating that Cu
doping changes the band structure of the compound. Nolas
et al. [28] found that the « and the electrical conductivity o
of SrgGa;qGesq are significantly influenced by fine tuning
the ratio of Ga to Ge, and « decreases with the decrease in
the value of Ga/Ge. The present work confirms these
findings.

Figure 5 shows the o of type-1 Cug and Cu; samples as a
function of temperature from 300K to 520 K. The & of type-
I Cuy decreases as the temperature 7 increases from 300 to
500 K, and then increases because of intrinsic conduction.
The electrical conductivity is enhanced by Cu doping.
To understand this phenomenon, the Hall coefficient is
measured and the carrier mobility and carrier density at
room temperature are estimated. As shown in Table 1,
With Cu-doped, for both I- and VII-Cug, the carrier
mobility and carrier density are increased and subtly
changed. respectively.

4 Computational approach and formation
energies To evaluate the effect of Cu doping on the
structure and thermoelectric property of 1-BagGa;sSnag
and VIII-BagGa,Snyg, the first-principles calculation is

solid and the valence electrons is described by the ultrasoft
pseudopotentials [29], and the electron configuration is
described by Ba: [Xel6s?, Ga: |Ar]3d'°4sl4p', Sn: [Kr|
4d'n5325p2, and Cu: [Ar]3d"4s'. The exchange and
correlation energy of the electrons are calculated by the
generalized gradient approximation (GGA) [30, 31].
Through the convergence test, the cutoft energy for
plane-wave expansion of the wave functions is set at
300eV, and k-mesh of 4 x 4 x 4 is adopted for all samples
of space [30]. The cell shape, volume, and atomic
coordinates are optimized to minimize the energy of
configuration. The equilibrium structural parameters,
electronic band, and densities of states (DOS) are calculated
based on the minimum-energy configurations.

To find the most stable BGCS structure, energy is
minimized by changing the Cu site in the BagGa,Snsg
framework. As shown in Table 2, Cu did not randomly
occupy the framework for both types BagGa;gSnsg, but
occupied the 6c and 8¢ sites in I- and VIII-BagGa,¢Snag,
respectively.

The calculated lattice constants of type-V1II and type-I
BGCS are 11.81 and 11.92 A, respectively, which are
slightly longer than those of the experimental valves.
Overestimating the bond strength results in larger lattice
parameters in using the GGA approximation [32]. The
values deviate from the present experimental data, but
agree with the theoretical results in other reports [33, 34].
Cu doping decreases the lattice constant because Cu has a
smaller atomic radius than Ga.

The formation Ef and binding Eq energies are listed in
Table 3. The total energy difference between the compound
and its corresponding isolate bulk constituent elements is

Table 3 The caleulated binding energy Ep, lattice constant, bandgap E,, and formation energy Ey, for the series. Some reported

theoretical results [33,34] are also listed.

lattice constant (:\) E;_z (eV) E; (eV/atom) E; (eV/atom)
VII-BGS 11.86, 11.88%* 0.20, 0.19%* -2.96, -2.98* -1.17
VII-BGCS 1181 0.14 —271 ~1.03
I-BGS 12.09, 12.22** 0.30, 0.24°* -2.69, 2.674 -0.95, -0.91*
I-BGCS 1192 0.16, 0.17% -2.51, 2.48% —0.88, —0.86%

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Energy(eV)
Energ;

G F Q z G

Figure 6 The electronic band structure of (a) VIII-BagGa;sSnsp and (b) VIII-BagCuGa, sSns, calculated by first principles.

called the which can be

calculated by

e

formation energy [22],

E¢(BagGasCuSnsg) = EgagGasCusns
- SEBaf lSEGafECu730ESns

where Eg, is the energy of one Ba atom in Ba metal; E¢,,
Eg.. and Eg, are defined similarly [22]. E; and E; are
negative and increased by Cu substitution, which indicated
that the synthesis of BGCS by the experimental method
satisfies the thermodynamics condition, however, the
stability of BGCS is poor compared with BGS, therefore,
the framework site is more easily occupied by Ga atom than
Cu. Moreover, the actual composition of Cu in the sample is
also determined by the migration at the reaction temper-
ature, and we conjecture that the migration of Cu is lower
than that of Ga, thus, Ga is preferentially combined with
framework atoms, consequently the actual Cu content is far
less than the starting content and the critical temperatures of
synthesis of the Cu-doped type-I clathrate are higher than
that of type-1 BGS.

50
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Figure 7 The total electronic densities of states for the VIII-
BagGa,;Sny, and VIII-BagCuGa,sSny, calculated by first
principles.
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5 Electronic properties Li et al. [33] reported the
electronic property of Cu-doped I-BGS: their results are in
good agreement with the present results. Hence, the present
paper focuses only on the analysis of VIII-BGCS. The
electronic band structures of VIII-BGCS and VIII-BGS are
shown in Fig. 6, where G (0, 0, 0), F (0, 1/2. 0), Q (0, 1/2,
1/2), and Z (0. 0, 1/2) are high-symmetry points in the
Brillouin zone. The VIII-BGS and VIII-BGCS are indirect
semiconductors. The binding energy Ej, lattice constant,
bandgap E,, formation energy Erare summarized in Table 3.
VIII-BGS is an intrinsic semiconductor with a bandgap
E,=0.20eV. The electronic property of VII-BGS is in
good agreement with other theoretical results [34]. The
effect of Cu doping on the minimum of the conduction band
is negligible, indicating that the electronic effective mass
remains nearly unchanged by Cu doping. The top of the
valence bands is changed dramatically, especially near the
valence-band maximum. Two states between the Fermi
level and the bottom of the conduction band are in
VIII-BGCS, indicating two excess holes per unit cell, and
the Cu atom acts as acceptors with two holes. However, the
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Figure 8 The partial electronic densities of states of Cu orbitals in
VIII-BagCuGaysSnsq calculated by first principles.
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Figure 9 The partial electronic densities of states of (a) free-doped and (b) Cu-doped clathrates by first principles.

present samples show n-type character because the value of
(Cu +Ga)/Sn is lower than the ideal value of 16/30. In
addition, Cu doping also narrows the energy gap: thus, the
carrier concentration should increase with Cu doping.
However, the actual Cu content in the VIII-BGCS samples
is relatively low, thus the carrier concentration is almost
invariable.

The total electronic density of states (DOS) of VIII-BGS
and VIII-BGCS are shown in Fig. 7. Cu doping increases
the electronic DOS near Fermi level, which may reduce
structure stability [35]. Furthermore, the bottom of
the conduction bands shifts to a higher energy level by
the coupling between Cu 3d states and the conduction bands
of clathrate, thereby enhancing the intrinsic excitation
temperature, which is in good accordance with our
experimental result.

Figure 8 shows the partial DOS of Cu. Obviously, the
effect of Cu 4s states on the total DOS is negligible. The Cu
3d states are mainly located between —3.0 and —2.0eV,
suggesting the localized character of Cu 3d electrons. The
calculated partial electronic DOS in Cu-free clathrate and
Cu-doped clathrate are shown in Fig. 9. Each partial DOS is
the total contribution from the same atomic element in the
unit cell. Figure 9 shows that the contribution of the Ba p
electrons to the total DOS near the Fermi level of both
compounds is negligible. The hybridization between the Ba
s orbital and the framework atoms form the conduction band
of clathrate. The top of the valence bands of clathrate mostly
consist Sn p and Ga p states that hybridize with the s states.
Blake |36] indicated that the valence bands of the clathrate
are almost exclusively localized on the framework, but the
lowest conduction bands are formed by the bonding orbitals
between the metal atoms and antibonding molecular orbitals
of the framework. Figure 8 shows that the Cu 3d states
possess a sharp peak around the Fermi energy level,
indicating that the DOS at the band edges is primarily
contributed by the Cu 3d states.

6 Conclusions In this work, single-crystal samples of
I- and V1II-BagGays_Cu,Snsg (x =0, 1,2) were prepared by
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controlling the synthesis temperature. The results showed
that the reaction transformation temperature from type-VII1
to type-1 clathrate is about 773 K, which was increased by
Cu doping. By contrast, the Seebeck coefficient was reduced
by Cu doping for I- and VIII-BGS. The carrier mobility was
significantly enhanced by Cu doping and consequently
resulted in the higher electrical conductivity for the Cu-
doped I- and VIII-BGS samples. The theoretical calculation
results reveal that the contribution of Cu 4s states to the total
DOS is negligible, and the Cu 34 states are located mainly
between —3.0 and —2.0eV, which suggests the localized
character of Cu 3d electrons. Moreover, Cu doping increases
the electronic DOS near the Fermi level, which may lead to
the reduction of the structure stability.
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In and Sn codoped B-Zn,Sbs single crystals were prepared by a
Sn-flux method according to the formula Zny 4SbaSnsIn (x = 0—
0.5). The thermal weight loss is suppressed completely until the
melting point of the single crystals. All crystals exhibit p-type
conduction. The carrier mobility of the single crystals is
increased, compared to a B-Zn,Sbs polycrystalline sample.

1 Introduction The performance of thermoelectric
(TE) material is assessed with the figure of merit Z7 defined
as ZT:oezaTlx, where «, o, k, and T are the Seebeck
coefficient, electrical conductivity, thermal conductivity,
and absolute temperature, respectively, and the electrical
part oo is called the power factor and « is divided into two
parts of lattice contribution &7, and carrier component kc.
At a specific temperature, material possessing a higher ZT
shows a better performance [1-4]. B-Zn,Sb; has attracted
much attention because of its outstanding TE performance
in midrange temperatures (473-673K) [5, 6] due to the
complex crystal structure and atomic disorder. 3-Zn,Sby
possesses a hexagonal unit cell with space group of R3c.
There are at least three disorderly distributed interstitial
Zn atoms in each unit cell. This structure means that
the compound has a very low thermal conductivity of
0.65 W/(mK) at room temperature [7, 8]. A record high
ZT of 1.3 at 670K for B-Zn,Sby was reported by Caillat
et al. |5].

Although B-Zn,Sby has a relativity higher ZT at
moderate temperatures compared to other TE materials,
turther improvement in its properties is necessary for the
practical application on the large scale, in this respect, many
approaches have been explored to enhance its Z7. Among
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All samples possess relatively high electrical conductivity,
reaching 6.3 10*S/m for the sample with x=0.18. The
Seebeck coefficient is enhanced on increasing of the total
content of In and Sn. The sample with x=0.5 exhibits
excellent electrical properties, and shows a maximal power
factor of 1.53 x 107> W/m/K* at 603K.

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

them, metal doping has been widely studied to optimize its
TE performance. Elements such as Ge, Cd, Hg, In, Si, Ag,
Cu, and Nb have been used to substitute Zn [9-17], and Sb
has been replaced by Ti, Te, or Bi [18-21], but the TE
performance has not been improved significantly. Moreover,
the poor thermal stability and weak mechanical property
resulting from cracks in polycrystalline B-Zn,Sby [22-25]
are the main reasons restricting its practical application.

In the present work, we focus on the effects of In/Sn
codoping on the thermal stability and electrical properties of
[B-Zn,Sb; single crystals prepared by the Sn-flux method.
The results show that the thermodynamic stabilities and
electrical transport properties of the $-Zn,Sbs single crystals
are simultaneously optimized.

2 Experimental The In/Sn codoped B-Zn,Sh; single
crystals were prepared by the Sn-flux method. High-purity
elemental Zn (grain, 99.999%), Sb (grain, 99.999%), Sn
(ingot, 99.999%), and In (ingot, 99.99%) were weighed
according to the formula of Zn, 4Sb3Sn;In (x =0-0.5). The
weighed elements were put into a quartz tube and sealed
under vacuum. The sealed tube was placed into a furnace
and heated to 853 K in 2 h, held at this temperature for 10h,
and then cooled to 753 K in 15 min, followed by cooling

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to 593 K in 40 h. The remaining molten Sn was separated
from the (3-Zn,Sby single crystals by the technique of
centrifugation.

The phase identification of the samples was carried out
by a powder X-ray diffraction (XRD, Bruker D§ X-ray
diftraction) using CuKa radiation (4= 1.5400 A). Electron
probe microanalysis (EPMA, JXA-8230) was used for
chemical composition analyses. The melting point and
thermal stability were measured by thermogravimetric-
differential thermal analysis (TG-DTA, STA449F3 Jupiter).
The Hall coefficient Ry was measured by a DC method in a
magnetic field of 0.75T. The electrical conductivity ¢ and
Seebeck coefficient o« were measured from 300 to 660 K
in a vacuum. The Seebeck coefficient ¢ was measured by
a comparative method using constantane (Ni:40%) as a
reference sample of which the « in the measured temperature
range is known. The electrical conductivity o of the samples
was measured by a DC current method with /=20 mA.

3 Results and discussions

3.1 Structure and chemical compositions Accor-
ding to the formula of Zny4Sb3Snaln,(x=0-0.5), single
crystals with crystal size about 6 mm were obtained by the
Sn-flux method. As an example, Fig. I shows a typical photo
of the grown crystal with x=0.3.

Figure 2 shows the powder XRD patterns of the crystals
with different In and Sn contents. All the diffraction peaks
can be indexed to the B-ZnySbs with hexagonal symmetry
(space group R3¢). The peak at 26 ~ 32° for the sample with
x=0becomes less obvious in the patterns of x = 0.3 and 0.5,
which can be attributed to the different grain size of the
powder prepared for the XRD measurement. In addition,
the peak at 26~ 52° in the sample with x=0.3 splits into
three peaks, due to the impurities in the Zn—Sn—In eutectic
compound that has not been separated completely from the
surface of the single crystals. Compared to the sample with
x =0, the Bragg positions shift to higher angles, indicating
smaller lattice parameters for the In/Sn codoped samples.

The actual compositions, lattice parameters, and some
electrical properties at room temperature of all the samples

Figure 1 The picture of the single crystal sample with x=0.3
prepared by the Sn-flux method according to the formula of
Z]474S'J3Sl’]3[l’]x (.I_O—Oj)A
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Figure 2 Powder XRD pattens for single-crystal samples
prepared by the Sn-flux method according to the formula of
Zny 4ShaSnsln, (x=0-0.5): x=0, x=0.18, x=0.3, and x=10.5.
(CuKa radiation, 2= 1.5406 A).

are summarized in Table 1. As can be seen from the actual
compositions, both Sn and In atoms are preferred to replace
Zn. The In contents in the crystals are increased on
increasing the starting content of In, while the Sn contents in
the crystals are decreased on raising x, and the total contents
of In and Sn in the crystals are increased synchronously. It
is seen from Table 1 that the lattice parameter of the sample
with x=0 is larger than that of the In-doped samples, but
for the In-doped samples, the lattice parameters are nearly
invariable. Also, it can be seen in Table 1 that the carrier
densities of the present samples are consistent with each
other and consistent with that of the B-ZnsSb; polycrystal-
line materials prepared by the MS-SPS [I1]. It can be
inferred that the substitution of In and Sn for Zn is the
isoelectronic substitution. So the chemical state of Sn in
the compounds should be $n**, a $n™* ion should replace
2 Zn*" ions, and a In*" ions should replace 1.5 Zn*" ions.
Compared to the sample with x=0, the content of Sn in
the In-doped compounds are decreased, and the lattice
parameters of the corresponding samples should be
decreased for the radius of Sn*™ (0.71 A) is smaller than
that of Zn>*(0.74 A). At the same time, the lattice parameters
of the In-doped samples should be increased as the radius of
In** (0.80 A)is larger than that of Zn’t, Hence, the smaller
lattice parameters of In-doped samples can be attributed to
the fact that the contribution of Sn** to the decrease of the
lattice parameter is greater than that of In*" to the increase of
the lattice parameter.

3.2 Thermal analysis of samples The thermal
stability of all Sn-flux samples has been studied in this
paper. All of the samples have no weight loss under the
melting temperature of B-Zn,Sbs. As an example, Fig. 3
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Table 1 The actual compositions, the room-temperature lattice constants (a/b/c), Hall coefficients (Ry), carrier concentrations (n), and
carrier mobilities (yy) of the prepared B-ZnySbhs crystals prepared by the Sn-flux method according to the formula of Zny 4Sb;SnsIn,

(x=0-0.5).
sample actual content lattice constant (a/b/c) n Ry My
- - (10" em™) (10 m¥C)  (cm*/Vis)
Zn Sb In Sn a=bh(A) c(A)

x=0 3.82 3.00 0 0.084 12.2478 12.4394 5.47 11.4 67.97
x=0.18 3.74 3.00 0.025 0.066 12.2412 12,4222 6. 64 9.41 58.98
x=03 3.65 3.00 0.066 0.042 12.2395 12.4206 6.11 10.2 57.04
x=035 3.62 3.00 0.098 0.038 12.2394 12.4151 5.79 10.7 56.41

100 |— 40.20

/’
[ } endothermic peak Bentartey @i

99 | 1 exothermic peak
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e
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Figure 3 Thermal analysis of sample with

- 0.05

96 x=0.3 prepared by the Sn-flux method accord-
ing to the formula of Zny 4Sb3Snsln, (x =0-0.5)
performed in an open alumina crucibles with a
heating rate of 10 K/min and high-purity nitrogen

95 —L L L L 1 0.00 :

300 400 500 600 700 300 900 was used as purge gas and protective gas.
T (k)

shows the TG-DTA curve of the sample with x=0.3
performed in an open alumina crucible. From the TG curve,
the weight loss has not been observed in the temperature
range from 300 K to the melting point of 919 K, indicating
the evaporation of Zn is suppressed completely in the present
single crystals. The thermal stability of the present 3-ZnsSba
single crystal is superior to that of the Cd-substituted
B-ZnySby polycrystal, which has only 85% of the original
phase left at 625K [10]. The recent study shows that the
reason for phase decomposition of B-ZnsSbs is the
evaporation of Zn [24] and it 1s known that the diffusion
mechanism of materials is mainly based on the mechanism
of vacancy diftusion. In this study, the lattice perfection and
fewer vacancy defects of the single crystals are the reason for
the suppression of Zn evaporation in the heating process of
TG-DTA, and this leads to the stability of single crystals up
to 800 K compared with polycrystalline samples.

The endothermic peak (see Fig. 3) at474 K is the melting
peak of the Zn-Sn-In eutectic compound, which is not
completely separated from the surface of single crystals. The
endothermic peak at 833 K is the melting peak of the sample
and the melting point is about 829 K, which is lower than
the 837 K of Zn,Sb, [26]. The reason for the lower melting
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point is due to the Sn and In codoping, which have a lower
melting point than Zn,Sbs. The phase transtormation of B to
v phase takes place at 791 K in this work, which is higher
than that of 767 K as shown in the phase diagram [26].
The location of the endothermic peak for the melting
Zn-Sn-In eutectic compound, melting point of the sample,
and the phase transformation temperature of B to -y phase of
all samples are listed in Table 2. It is obvious that the melting
temperature of both the solid solution and ZnsSby are

Table 2 The location of the endothermic peak for the melting of
the Zn—-Sn-In eutectic compound, melting of the sample, and the
phase transformation of [ to y phase of the present 3-Zn,Sbs
crystals prepared by the Sn-flux method according to the formula of
Zn4_4Sb3$n31n_, (x— ﬂ—ﬂj).

sample  melting temperature  temperature melting
of eutectic of phase point of
compound (K) transformation (K) ZnySb; (K)
x=0 482 774 835
x=0.18 478 785 §32
x=03 474 791 8§29
x=05 467 793 827

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Electrical Conductivity ¢ (10°S.m™)

300 700

T(K)

Figure 4 The temperature dependence of the electrical conductiv-
ity for all samples prepared by the Sn-flux method according to the
formula of Zny ,SbySn;In, (x=0-0.5) (x=0, x=0.18, x=0.3,
x=10.5) in the temperature range from 300 to 660 K.

decreased on increasing x, and this is due to the Sn and In
codopants that have lower melting points than ZnySbs.
However, with increasing In and Sn total content, the
temperature of the phase transformation of ( phase to vy
phase shows a gradual increase, indicating that the stability
of B-Zn4Sbs single crystals are improved.

3.3 Electrical transport properties The tempera-
ture dependence of electrical conductivity o for all samples
is presented in Fig. 4. All the samples possess higher
electrical conductivity at the room temperature, which
reaches to 6.26 x 10" $/m for the sample with x=0.18. In
order to explore the other electrical properties, the Hall
coefficient Ry was measured at room temperature, and then
using the measured o and Ry at 300 K, the carrier mobility
pu was calculated by pg=|Ry| % 0. As shown in Table I,
the carrier densities are consistent with that of the Cd-doped
B-Zn4Sb; polycrystalline materials prepared by the MS-SPS
[11]. However, as for the lower grain-boundary scattering of
single crystals, the puy of the present materials are increased
compared to polycrystalline materials.

The Seebeck coefficients as a function of temperature
for the prepared samples are shown in Fig. 5. All Seebeck
coefficients are positive, illustrating the prepared samples
show p-type conductivity, which is consistent with the
positive Hall coefficients (see Table 1). The Seebeck
coefficient « gradually increases to a maximum value at
around 603 K with increasing temperature and then decreases
gradually due to the intrinsic activation. The value of the
intrinsic conduction temperature of the sample with x=0.18
is lower than that of other samples. It is known that the
intrinsic conduction temperature is dependent on the bandgap
of materials, according to the formula E, =2eS . Tnax
where 8., is the maximum Seebeck coefficient and T, is

@ 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

140

220

——X=0

[

=

=
T

—

=

=
T

—

b=

=
T

Seebeck Coefficient a (uv.K™)

&=
=
T

120 1 1 i 1 1 i
300 400 500 600
T(K)

700

Figure 5 The temperature dependence of the Seebeck coefficient
for all samples prepared by the Sn-flux method according to the
formula of Zns4SbhiSnzIn, (x=0-0.5) (x=0, x=0.18, x=10.3,
x=0.5) in the temperature range from 300 to 660 K.

the temperature at Syax. As shown in Fig. 5, the sample with
x=0.18 should possess the narrowest bandgap. Additionally,
the Seebeck coefficient of the sample with x=0.5 is as high
as 205 pV/K at 603 K, which is comparable to that of
212pV/K for the In-doped [B-ZnsSbs polycrystal at
600K [14]. As can been seen in Fig. 5, the Seebeck
coefficient of the sample with x = (.18 with less content of In
and Sn is lower than that of other samples, presumably due to
the fact that scattering intensity of impurity scattering 1s
weaker than that of other samples.

The temperature dependence of the power factor oo for
all compounds is shown in Fig. 6. The power factor of the

L6

L5

14+

Power Factor o’c (10° w.m™.K?)

1.0 L | L L
300 400 500 600
T(K)

700

Figure 6 The temperature dependence of the power factor for all
samples prepared by the Sn-flux method according to the formula of
Zny 4SbsSnsln, (x=0-0.5) (x =0, x=0.18, x= 0.3, x =0.5) in the
temperature range from 300 to 660 K.
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sample with x=0 is lower than those of the other samples,
while the sample with x=0.5 gave the highest power factor
with the maximum value of 1.53 % 10~ W/m/K* at 603K
due to the higher electrical conductivity and higher Seebeck
coefficient.

4 Conclusions In this paper, In/Sn codoped B-Zn,Shy
single crystals with space group R3c were prepared
by the Sn-flux method according to the formula of
Zny45b3Sn;In (x=0-0.5). The prepared samples exhibit
excellent high temperature thermal stability, and it is
enhanced by the increasing codoped content of In and
Sn. All the prepared samples show p-type conduction.
Compared to the B-Zn,Sby polycrystal sample, the carrier
mobility is increased significantly. Also, the prepared
single crystals possess higher electrical conductivity.
The Seebeck coefficient of the crystal samples is increased
by the increasing total content of In and Sn. The sample
with x=0.5 exhibits excellent electrical properties, which
shows maximal power factor of 1.53x 107> W/m/K?
at 603 K.
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Spectral Characteristics of Si Quantum Dots Embedded in SiN, Thin Films
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Abstract  The siliconrrich SiN.. films were fabricated on Si(100) substrate and quartz substrate at different substrate tempera-
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tures varying from room temperature to 400 'C by bipolar pulse ane RF magnetron co-sputtering deposition technique, After dep-
osition, the films were annealed in a nitrogen atmosphere by rapid photo-thermal annealing at 1050 °C for 3 minutes, This ther-
mal step allows the formation of the silicon quantum dots, Fourier transform infrared spectroscopy, Raman spectroscopy, graz-
ing incidence X-ray diffraction and photoluminescence spectroscopy were used to analyze the bonding configurations, microstrue-
tures and luminescence properties of the films, The experimental results showed that. silicon-rich $i-N bonds were found in Fou-
tier transform infrared spectra, suggesting that the silicon-rich SiN, films were successfully prepared; when the substrate tem-
perature was not lower than 200 'C, the Raman spectra of the films showed the transverse optical mode of Si-Si vibration, while
the significant diffraction peaks of Si(111) and Si(311) wete shown in grazing incidence X-ray diffraction spectta, confirming the
formation of silicon quantum dotss our work indicated that there was an optimal substrate temperature (300 °C), which could
significantly increase the amount and the crystalline volume fraction of silicon quantum dots; three visible photoluminescence
bands can be obtained for both 300 'C sample and 400 ‘C sample, and in combination with Raman results, the emission peaks
were reasonably explained by using the quantum confinement effect and radiative recombination defect state of Si nanocrystals;
the average size of the silicon quantum dots is 3, 5 and 3. 4 nm for the 300 °C sample and 400 *C sample, respectively. These re-
sults are useful for optimizing the fabrication parameters of silicon quantum dots embedded in SiN, thin films and have valuable
implications for silicon based photoelectric device applications,

Keywords  Silicon quantum dots; Silicon nitride; Magnetron sputtering; Photoluminescence
(Received 2012 accepted 2012)
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HIGHLIGHTS GRAPHICAL ABSTRACT

e Graphene is incorporated into
microporous PAAmM matrix.

o The catalytic reaction of redox cou-
ples is conducted into conducting gel
electrolyte.

o Liquid electrolyte is driven by os-
motic  pressure  and  capillary
diffusion.
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Received in revised form

6 March 2015

Accepted 9 March 2015
Available online 10 March 2015

conducting gel electrolytes for quasi-solid-state QDSCs. With an aim of elevating the dosage of SE'JS;"
redox couples and therefore charge-transfer ability, both osmotic press across the PAAm-G and capillary
force within the three-dimensional micropores are utilized as driving forces. A promising power con-
version efficiency of 2.34% is recorded for the QDSCs by optimizing graphene dosage in the conducting
Keywords: gel electrolyte. The enhanced conversion efficiency of solar cell is attributed to the expanded catalytic
Quasi-solid-state quantum dot-sensitized area from counter electrolyte/electrolyte interface to both interface and the conducting gel electrolyte.
solar cell © 2015 Elsevier BV. All rights reserved.
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couples, and metal sulfide counter electrode. In comparison with
dye-sensitized solar cells (DSSCs) [4], the QDSCs demonstrate some
bewitching characteristics, such as tunable bad gap [5], high ab-
sorption coefficient [6], multiple exciton generation [7], and hot
electron transfer of quantum dots (QDs) [8]. A class of narrow
bandgap semiconductor QDs such as CdS [9], CdSe [10], CdTe |11},
PbS [12], and InyS3 [13] have been successfully explored to substi-
tute the organic dyes. In the previous studies, considerable atten-
tions have been focused on improving the power conversion
efficiencies of QDSCs by launching new strategies or techniques for
synthesizing versatile QDs [14]. Recently, a power conversion effi-
ciency as high as 7.04% has been achieved for the QDSC comprising
of a liquid polysulfide (S~/S2") electrolyte and ternary CulnS; QDs
[15]. A remaining issue for the liquid QDSCs is the leakage of liquid
electrolyte from the sandwiched solar cell [16]. By addressing this
issue, significant achievements have been made by employing
solid-state electrolytes [17,18). Due to the low charge transfer ki-
netics and the serious photogenerated electron recombination loss
and inner energy loss occurring at the electrolyte/electrode in-
terfaces [19,20], the photovoltaic performances are still unsatis-
factory. Therefore, it is a prerequisite to explore cost-effective and
stable electrolytes for storing redox species.

Polymer gel electrolytes, combination of the stability of solid-
state electrolytes and high charge—transfer ability of liquid elec-
trolyte, exhibit promising performances in both quasi-solid-state
DSSCs and QDSCs [21,22]. To realize these gel electrolytes, the os-
motic pressure across the gel matrix is a mainly driving force for
uploading the liquid electrolyte into three-dimensional (3D) gel
matrix. [n mechanism, the imbibition of liquid electrolyte by the gel
matrix is controlled by Flory theory and the imbibed liquid elec-
trolyte has migration kinetics similar to that in liquid system [23].
Once the gel electrolyte is sandwiched between a photoanode and a
counter electrode, the reduction reaction occurs at electrolyte/
counter electrode interface. Aiming at accelerating the reduction
reaction of redox species in the DSSCs, conducting polymers (pol-
vaniline, polypyrrole) [24] and carbonaceous materials (graphene,
graphene oxide) [25] have been incorporated into the gel systems
to fabricate conducting gel electrolytes in DSSCs, in which the
electrocatalytic reaction has been expanded from electrolyte/
counter electrode interface to both interface and the gel electrolyte.
Moreover, the interconnected conducting channels also shorten the
charge diffusion path length and yield a significantly enhanced
efficiency in quasi-solid-state DSSCs. Therefore, a promising strat-
egy of fabricating efficient QDSCs with high stability is to design
conducting gel electrolytes for quasi-solid-state devices. We pre-
sent here the synthesis of graphene implanted polyacrylamide
(PAAmM-G) conducting polymer gel electrolytes by incorporating
graphene into the 3D polyacrylamide matrix under the driving
force of both osmotic pressure across the gel matrix and capillary
diffusion from micropores. The synergistic effect of both osmotic
pressure and capillary force is believed to further elevate the
dosage of liquid electrolyte in per unit volume of gel electrolyte.
Moreaver, CoSe alloy is utilized as a counter electrode material to
substitute metal sulfides owing to its reasonable electronic con-
duction and electrocatalytic ability [26]. In comparison with the
QDSC from pristine PAAm gel electrolyte, the photovoltaic perfor-
mances of the solar cells have been markedly enhanced by
employing PAAM-G conducting gel electrolytes.

2. Experimental
2.1. Synthesis of microporous PAAm-G composites

The PAM-G matrices were synthesized by an aqueous poly-
merization route. In details, 10 g of acrylamide monomer and
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stoichiometric graphene (The percentages of graphene were
confined at 3, 5, 7, and 9 wt¥o of the acrylamide monomer) was
thoroughly dissolved in 15 mL of deionized water. After vigorous
agitation, the reactant was degassed for 10 min and heated in a
water bath of 80 °C, 0.0015 g of NN'<(methylene)bisacrylamide and
0.06 g of ammonium persulfate were successively added into the
above mixture. With the proceeding of polymerization, the vis-
cosity increased gradually. When the viscosity of the PAAmM-G
prepolymers reached around 180 mPa s, the reagent was poured
into a Petri dish and cooled to room temperature with the forma-
tion of an elastic black gel. After being rinsed with excess deionized
water, the samples were vacuum dried at 80 °C for more than 12 h.
The pristine PAAm matrix was also synthesized with the same
method. The microporous PAAM-G matrices were prepared by
immersing the dense PAAmM-G composites into deionized water for
2 days to reach swelling equilibrium, subsequently the swollen
PAAmM-G hydrogels were freeze-dried under vacuum at —60 °C for
48 h. The closed 3D framework of PAAM-G matrix will open during
the swelling process, whereas the freeze-dry technique can realize
the elimination of water with no morphological variation.

2.2. Preparation of conducting PAAm-G gel electrolytes

To realize PAAM-G gel electrolytes, the dense or microporous
PAAm and PAAmM-C matrices were immersed in aliquid electrolyte
consisting of 1 M S and 1 M Na;S aqueous solution for 5 days to
reach their swelling equilibriums. The imbibed liquid electrolyte
having 52‘;'5.1‘ redox couples will be reserved in the 3D frame-
works of PAAm or PAAM-G gel matrices.

2.3. Fabrication of CdS sensitized TiO, anodes

FTO glass substrates (12 Q2 cm‘z) with a size of 2 x 2 cm? were
thoroughly rinsed by deionized water and anhydrous ethanol, and
dried by N5 gas flow. The TiO colloid was prepared according to a
sol-hydrothermal method [27]. The TiO, anode films with an
average thickness of 10 ym and an active area of 0.5 x 0.5 cm® were
fabricated by a screen printing technique. The air-dried colloids
were calcined in a muffle furnace at 450 °C for 30 min. The eleva-
tion of heating temperature was controlled at a speed of 2 °C min~"
till 130 °C, and then at a speed of 6 °C min~! until 450 °C.

To fabricate CdS sensitized TiO» anodes, the TiOy film was
immersed into 0.1 M Cd(NOs); ethanol solution for 1.5 min, rinsed
with anhydrous ethanol and dried by N gas stream, then soaked in
0.1 M Na,S methanol solution for 1.5 min, rinsed with anhydrous
methanol and dried by Nz gas. By repeating the previous pro-
cedures for 12 times, we could obtain CdS sensitized TiOz anodes.

2.4. Synthesis of CoSe alloy counter electrodes

The CoSe alloy counter electrode was synthesized following
previous reports [ 18], In details, 0.01 g of Se powers and 0.0238 g of
CoCly,6H40 were mixed in 27.5 mL of deionized water by vigorous
agitation to obtain a homogeneous mixture. Subsequently, 7.5 mL
of hydrazine hydrate (85 wt®%) was dropped into the above solution.
After vigorous agitating for 10 min, the reactant was transferred
into a 50 ml of Teflon-lined autoclave and cleaned FTO glass sub-
strate with FTO layer downward was immersed in. After the reac-
tion at 120 °C for 12 h, the FTO substrate was rinsed by deionized
water and vacuum dried at 50 °C.

2.5. Assembly and characterizations of quasi-solid-state QDSCs

The quasi-solid-state QDSC was fabricated by sandwiching a
slice of gel electrolyte with thickness of around 500 um between a
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Energy(eV)

CdS quantum dots TiO;nanopraticles @ Graphene

Fig.1. The schematic diagram of a quasi-solid-state QDSCdevice from a CdS-sensitized
Ti0; photoanode and a PAAm-C conducting gel electrolyte.

CdS sensitized TiOz anode and a CoSe alloy counter electrode, as
shown in Fig. 1.

The photocurrent—voltage (J-V) curves of the QDSCs with an
active area of 0.25 cm’ were recorded on an Electrochemical

n

Workstation (CHIGO00E) under irradiation of a simulated solar light
from a 100 W xenon—mercury arc lamp (CHF-XM-500W, Beijing
Trusttech Co., Ltd) in ambient atmosphere. The incident light in-
tensity was calibrated using an FZ-A type radiometer from Beijing
Normal University Photoelectric Instrument Factory to control it at
100 mW cm 2 Each QDSC device was measured at least five times
to eliminate experimental errors and a compromise -V curve was
employed. A black mask with an aperture area of around 0.25 cm?
was applied on the surface of the cell to avoid stray light.

2.6. Other characterizations

The morphology of the microporous PAAM-7%:G matrix was
observed with a scanning electron microscope (SEM). The mor-
phologies of the conducting gel electrolyte with PAAM-7%:G were
observed confocal laser scanning microscopy. The ionic conduc-
tivities of gel electrolytes were measured by using a pocket con-
ductivity meter (DSS]-308A, Leici Instrument) by filling the gel
electrolytes into the interspace between two electrodes. Prior to
experiments, the instrument was calibrated with 0.01 M KCl
aqueous solution. For electrochemical impedance spectroscopy
(EIS) measurements, the QDSCs were scanned from 0.01 Hz to
10° Hz at an ac amplitude of 10 mV.
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Fig. 3. (a) The temperature dependence of ionic conductivity and (b) Archenius plots of various gel electralytes.
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3. Results and discussion

Fig. 2a shows the imbibition kinetics of PAAm and PAAM-7%.G
in the liquid electrolyte with no graphene. The swelling of a gel
matrix in liquid electrolyte can be involved into three processes: (i)
liquid electrolyte enters gel matrix, (i) relaxation of the macro-
molecular chains, and (iii) stretch of the whole chains in liquid
electrolyte, The liquid electrolyte loading can be obtained according
to the equation [25].

My = M i
Liquid electrolyte loading = w % 100% (1)

gel

where Mgei (g) and Mmatrix (g) are masses of polymer gel electrolyte
and anhydrous polymer matrix, respectively. The sharp increase in
liquid electrolyte loading within one day means a superabsorbing
ability of PAAm or PAAmM-7%:G toward liquid electrolyte, yielding a
final liquid electrolyte loading of 96.04 or 95.98 wt%, respectively.
No apparent deviation in liquid electrolyte uptake suggests that the
incorporation of graphene does not alter the imbibition capability
and molecular structure of PAAm. The 3D PAAm provides a
framework for reserving and migrating liquid electrolyte having
52‘;'55‘ redox couples like that in a liquid system, where the
implanted graphene can form interconnected channels for con-
ducting reflux electrons (the electrons from external circuit to
counter electrode) from CoSe counter electrode to the conducting
gel electrolyte. Generally, the swelling of PAAM or PAAM-7%G in
liquid electrolyte obeys Flory theory under the driving of osmotic
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pressure across the gel matrix [28). In order to further study the
imbibition mechanism, the relationship between the accumulative
amount of liquid electrolyte loading and the imbibition time has
been fitted by the Fickian theory [29]:

M,

=kt"
Me

(2)

where M; and M, are the masses of the imbibed liquid electrolyte
at time t and at equilibrium, k is a characteristic rate constant
relating to the properties of gel matrix, and n is a transport number
characterizing the transport mechanism. n < 0.5 suggests a Fickian
or Case 1 transport behavior in which the chain relaxation is much
faster than the diffusion; n = 1 gives a non-Fickian or Case Il mode
of transport where liquid electrolyte uptake is controlled by diffu-
sion process. 0.5 <n < 1 refers to an anomalous or a Case Il mode in
which structural relaxation is comparable to diffusion. According to
the plots of log(My/My,) — log(t) and extracted n values in Fig. 2b, it
is clearly that an anomalous mechanism in which structural
relaxation is comparable to diffusion in either PAAm or PAAm-7wt
%oG matrix.

Fig. 3a shows the conductivity—temperature (g—t) plots of
various gel electrolytes. In comparison with ~115 mS cm 2 for
pristine PAAm gel electrolyte, the room-temperature ionic con-
ductivities of the conducting gel electrolytes have been markedly
enhanced and the maximum conductivity is 125 mS em? for
PAAmM-Twt%oG. The elevated conductivity is expected to enhance
the charge—transfer ability of gel electrolyte and therefore
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Table 1

Photovoltaic parameters of the quasi-solid-state QDSCs with dense gel electrolytes.
Jee: short=circuit current density; Voo open-circuit voltage, FF: fill factor; 1: power
conversion efficiency.

Gel electrolytes Ve (V) Jec (mA cm 7 n{%) F(%)

Pure PAAM 0533 8.21 136 311

PAAM-3Wt G 0515 8.24 167 394

PAAM-5Wi G 0529 959 184 363

PAAM-TWthG 0590 9.63 224 394

PAAM-IwWt G 0548 8.98 188 382
Table 2

Peak frequency (f ), electron lifetime (7), and related parameters of the QDSCs using
various gel electrolytes.

Gel electrolytes  R.(Qcm®) Rgy (Qem?) R (Qan®) f,(Hz) 7 (ms)
Pure PAM 0513 1257 23,66 46390 0343
PAAm-3wthG 0389 8.718 1336 28517 0558
PAAM-SWERG 0294 3381 1194 24086 0.661
PAAm-TwihiG 0265 2.075 8.23 14543 1005
PAAM-IWthG 0369 3.094 1135 190.94 0834

photovoltaic performances of QDSC device. Arrhenius theory is
utilized to study the charge—transfer mechanism by plotting Ins
against 1000]T, as shown in Fig. 3b.

Eq
T =ayexp I

where ¢ is ionic conductivity, E; represents activation energy, the
minimum energy required for charge conduction through 3D gel
matrix. The extracted E; valuesare 11.119,10.979,10.974, 10.971,and
11.642 kJ mol™! for pure PAAm, PAM-3wt%eG, PAM-5wtloG, PAM-
TwthoG, and PAM-9wteG, respectively. The lowest E; value at
PAM-7wtheG gel electrolyte indicates that charge movement be-
comes easier at a graphene dosage of 7wt%e. Till now, we can make
a conclusion that the increased conductivity as well as E, for charge
transfer can result in enhanced reaction kinetics in the QDSCs.
The J-V curves of QDSCs from various gel electrolytes are shown
in Fig. 4a and the photovoltaic parameters are summarized in
Table 1. An efficiency of 1.36% (Ve = 0533V, [, = 821 mAcm 2,
FF = 31.1%) is recorded for the pristine PAAm gel electrolyte based
QDSC, which is in the same level to the liquid QDSC with CdS QDs
[30]. After being incorporated with graphene, the efficiency has
been elevated to 2.24% (V. = 0590 V, J- = 963 mA cm?,

(3)
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FF = 39.4%) for the quasi-solid-state solar cell with PAAm-7wt%oG
gel electrolyte. The significant enhancement in photovoltaic per-
formances is attributed to the expansion of catalytic reaction from
electrolyte/CoSe electrode interface to both interface and 3D gel
electrolyte. It has been widely demonstrated that the combination
of conducting species such as carbonaceous materials and
conductive polymers with insulating polymers such as PAAm can
form interconnected conducting channels for electron transfer
|24,25]. When applied as gel electrolyte, the channels by graphene
are therefore believed to conduct reflux electrons from CoSe layer
to the PAAm framework. In this fashion, the catalytic area for 52~
reduction is dramatically expanded [31,32], leading to rapid con-
version kinetics of S3~ — S$% recation. The 5 ions can further
react with photogenerated holes, leaving increased accumulative
electrons in photoanode. Contrarily, the §2- species at anode/
electrolyte must migrate to electrolyte/CoSe electrode interface for
conversion and then back to anode/electrolyte interface in pristine
PAAm based solar cell. Viewed from this point, the incorporation of
graphene into PAAm may shorten the diffusion path length of 5%/
S2~ redox couples. This conclusion can be solidly supported by the
elevation of J from 821 mA cm™ in pristine PAAm electrolyte
based solar cell to 9.63 mA cm~2 for the cell with PAAm-7wt%G gel
electrolyte. Moreover, the two-view SEM image of PAAm-7wit%G
matrix in Fig. S1b also suggests that the interconnected graphene
can conduct reflux electrons to 3D framework of conducting gel
electrolyte for expanding catalytic area and shortening charge
diffusion path length. However, excessive graphene such as at 9 wt
%o, the graphene may weaken the hydrophilicity of PAAm, resulting
inadecreased liquid electrolyte loading, charge—transfer ability (as
shown in Fig. 3) and therefore photovoltaic performances in its
QDSC.

Fig. 4b shows dark |-V characteristics of the quasi-solid-state
QDSCs, in which the cell with PAAm-7wt%eG gel electrolyte dis-
plays the smallest dark current density at the same voltage. The
dark current originates from a back reaction of electrons on con-
duction band of TiO; nanocrystallites with S2~ ions. The increased
voltage drop from an elevated electron density will accelerate the
electron migration to FTO layer along the TiO; percolating channels
for the PAAm-G gel electrolyte, which limits the recombination
reaction between electrons and S2~ species. The V. of QDSC is
determined by the difference between the quasi Fermi energy of
electrons in TiOz anode and valence band of CdS QDs. However, the
real Vi is generally smaller than this theoretical limit, and the main
reason is a backward reaction between electrons and electrolyte.

— Pure PAAm
Pt\.}'\l’ﬂ-i%na
——PAAmM-3%.G
PAAmM-T%.G
—— PAAmM-9%0G

0
T T T T T T T T T T
0 200 400 600 800 1000

1200

Time (s)

Fig. 5. {a) Start—stop switches and (b) photocurrent stability of the quasi-solid-state QDSCs, The start—stop switches were achieved by alternately irradiating (100 mW em %) and
darkening (0 mW cm ) the solar cells at a 50 s interval and 0 V. The photocurrent stabilities were obtained by persistently irradiating the cells at a 100 mW cm ? illumination.
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Fig. 6. () SEM image of microporous PAAm-7wit%sC matrix and confocal microscope photographs of the conducting gel electrolyte from microporous PAAmM-7wt¥G in (b) 2D and

(c) 3D modes,

From the dark |-V characteristics in Fig. 4b, we can make a
conclusion that the backward reaction between electrons and 2~
species has been restricted, leading to the largest V. value.

Electrochemical impedance spectra (EIS) in Fig. 4¢c were recor-
ded to evaluate the electrochemical performances of QDSCs and the
electrochemical parameters such as series resistance (Rs), char-
ge—transfer resistance at the electrolyte/CoSe counter electrode
interface (Ry), and charge—transfer resistance at CdS—Ti0,/elec-
trolyte interface (Ry,) are summarized in Table 2, Apparently, two
semicircles assigning to the electrochemical reactions at electro-
lyte/CoSe counter electrode interface (the smaller one in high fre-
quency region) and charge—transfer process at CdS—TiOa/
electrolyte interface (the larger one in low frequency region).
Meanwhile, the average electrons lifetime () is calculated ac-
cording to the following equation |33]:

1
=2 (4)

where the fp, is the peak frequency attributing to electrochemical
reaction at CdS—TiO;/electrolyte interface, as shown in the Bode
spectra (Fig. 4d). The largest 7 of 1.095 ms is detected for the QDSC
employing PAAM-7wthoG gel electrolyte. The enhanced 7 value is
attributed to the decreased Rw: for SZ'fSﬁ' redox couples and the
rapid reaction of holes with S2~ ions. This result leads to fast
electron-transfer process along Ti0, percolating channels and easy
flow of the electrons from CB of CdS to Ti04 [27]. After performing a
comprehensive analysis of the QDSCs, it can be concluded that the
solar cell from PAAm-7wtdoG gel electrolyte displays optimal
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photovoltaic performances.

When applied as photovoltaic curtain walls or portable sources,
the solar panels are expected to have superiorities on fast start-up,
multiple start/stop capability, and the long-term stability [34].
Fig. 5a shows the start-stop switches of QDSCs with various gel
electrolytes in a time slot of 1-600 s. A sharp increase in photo-
current density suggests a quick start-up ability of the cell during
operation under irradiation. The high photoelectrochemical ki-
netics on the quasi-solid-state QDSCs originates from the high
charge-transfer ability of PAAm-G gel electrolytes and reasonable
catalytic activity of CoSe alloy counter electrode. The inter-
connected conducting channels from graphene are crucial in
expanding catalytic area of 53~ — 5% and shortening charge
diffusion path length. Meanwhile, the slightly decreased current
density in “on” state indicates that the charges obey a diffusion
mechanism within the conducting gel electrolytes. As shown in
Fig. 5b, the photocurrent densities of the solar cells over 12005
demonstrate that the quasi-solid-state QDSCs have reasonable
stability on prolonged exposure to lightirradiation (100 mW cm™~2),
The photocurrent densities decrease by 33.3%, 40.5%, 34.7%, 28.6%,
and 44.0% for the cells with pure PAAm, PAAM-3wt%oG, PAAm-5wt
%0G, PAAM-TwthoG, and PAAM-9wtheG gel electrolytes, respec-
tively. This is mainly attributed to the volatilization of water me-
dium from the 3D frameworks.

With an aim of further improving the photovoltaic perfor-
mances of quasi-solid-state QDSCs, the dense matrices were
swollen in deionized water and subsequently freeze-dried
at —60 °C. As shown in Fig. Ga, the freeze-dried PAAM-Twt%eG
matrix displays homogeneous microporous structure, which is
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Fig. 7. |-V characteristics of quasi-solid-state QDSCs and their EIS spectra: (b) Nyquist plots, (c) Bode phase plot.

superior to enhancing liquid electrolyte uptake. When suffered in
liquid attack, both osmotic press across the PAAm-G and capillary
force within the 3D micropores are utilized as driving forces. In the
fashion, the liquid electrolyte percentage in per unit gel electrolyte
is markedly enhanced, leading to enhanced photovoltaic perfor-
mances in QDSC device. From Fig. 6b and c, the micropores have
been filled by liquid electrolyte, therefore the migration mode of
$%-/S2~ redox couples in the 3D framework of PAAM-7wt%G is
similar to that in a liquid system (Fig. S3). The characteristic |-V
curves of the resultant cells are shown in Fiz. 7a and the detailed
parameters are summarized in Table 3, yielding an efficiency of
1.64% for the cell with microporous PAAm gel electrolyte in com-
parison with 1.36% from dense PAAm gel electrolyte based solar
cell. These results reveal that the elevation in liquid electrolyte
loading has an acceleration effect on photovoltaic performances.
Similarly, the power conversion efficiency for the solar cell with
conducting gel electrolyte has also been enhanced from 2.24% to
234% by utilizing microporous PAAm-7wtG gel electrolyte. The

Table 3
Photovoltaic parameters of the quasi-solid-state QDSCs from microporous gel
electrolytes.

enhancement in efficiency is attributed to the elevation in char-
ge—transfer ability and catalytic activity, which can be confirmed
by the EIS spectra in Fig. 7b, ¢, and Table 4.

4. Conclusions

In summary, we have demonstrated that the integration of
grapheme with PAAm is an effective strategy of expanding catalytic
regions of 52~ — §* reaction, shortening charge migration path
length, and accelerating charge—transfer kinetics. The physico-
chemical behaviors can be further enhanced by imbibing the liquid
electrolyte by osmotic press across the PAAm-G and capillary force
within the 3D micropores. An impressive efficiency of 2.34% is
recorded for the quasi—solid—state QDSC with microporous PAAm-
TwtdeeG gel electrolyte in comparison with 1.64% for microporous
PAAm based cell. The research presented here is far from being
optimized but these profound advantages and cost—effective

Table 4
Electrochemical parameters of the quasi-solid-state QDSCs from microporous gel
electrolytes.

Gel electralytes R (Qem?) Ry Raz _+',,[Hz] 7 (ms)
Gel electrolytes Ve (V) Je(mAem @)  n(%)  F(%) Qm?) [(2em?)
Pure PAAM 0533 821 136 31 Pure PAAm 0513 1257 2366 46390 0343
Micoporous PAAm 0554 878 1.64 337 Microporous PAAm 0.301 1067 20.11 35276 0451
PAAM-TwtthG 0.590 9.63 224 394 PAAM-TWt%heG 0.265 2075 823 14543  1.095
Microporous PAAM-TwWiHG 0590 1147 234 346 Microporous PAAmM-Twt¥eG  0.250 1.792 797 13649 1.167
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synthesis demonstrate the technique to be promising in quasi-
solid-state QDSCs.
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1. Introduction

Photovoltaic conversion is a promising solution to the energy
requirement for nowaday's low-carbon economy [1—4|. Among
excitonic cells, dye-sensitized solar cell (DSSC) [5-9], an electro-
chemical device converting solar energy into electricity with no
emission, has attracted considerable interests because of its
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superiorities on simple fabrication, promising power conversion
efficiency, and scalable materials. Since the first prototype created
by Gratzel in 1991 [10], an efficiency of 13% has been measured for
the cell with Pt counter electrode (CE), dye-sensitized Ti0, photo-
anode along with liquid electrolyte containing I~/I515 redox cou-
ples [11]. However, the bleak commercialization prospect of DSSCs
mainly arises from the intrinsic limitations in poor stability
resulting from leakage of liquid electrolyte [12—14]. A promising
approach of overcoming such an impasse is to design solid-state
electrolytes of either enhancing charge transfer ability (I, Iy) or
injecting holes into hole transporting materials (HTMs) [15,16].
Another economic burden for DSSCs is high fabrication cost of Pt
Ces [17]. Therefore, many efforts have been made to explore can-
didates for Pt species, such as conducting polymers [18,19], carbo-
naceous materials [20,21], metal sulfonates [22], and binary alloys
|23,24]. In particular, the DSSC employing either solid-state elec-
trolyte or HTM can not realize the rapid recovery of organic dyes
located far from the TiO, /electrolyte (or HTM) interface, generating
an unsatisfactory conversion efficiency [25].

The structure of a solar cell is crucial in determining the func-
tional properties of a photoelectrochemical system. Early works in
this area were mainly focused on either replacing TiO; by other
wide-band-gap oxide semiconductors [26] or using cost-effective
CEs [27] or solid-state electrolytes [28,29] for enhanced charge
transport and hole injection. To our knowledge, there are no sys-
tematic aging studies on efficient DSSCs by combining these three
components, particularly using the same species. Here we launch
an experimental realization of a class of DSSCs consisting of poly-
aniline (PANi) incorporated TiO; anodes with shortened electron
migration length, cost-effective H* doped PANi CEs, and Iz doped
PANi solid-state electrolytes having shortened charge diffusion
path length along with electrocatalytic and hole-transporting
functions, The original intention of this design is to elevate the cell
stability, to reduce fabrication cost, and to simplify the preparation
techniques. An optimal efficiency as high as 3.1% under air mass 15
(AM15) global sunlight as well as simple synthesis and scalable
components demonstrate the concept to be applicable in enabling
the technological implementation of solid DSSCs.

2. Experimental
2.1. Synthesis of I, doped PANi

In the dark, 2 g of I, was dissolved in 50 mL of ethanol aqueous
solution (Viaer/Vethanot = 1/1) to obtain a homogeneous mixture.
3 mLof aniline was dipped in the above mixture within 30 min. The
polymerization reaction was carried out at 4 °C. After 48 h, the
resultant reactant was air-blowing dried at 50 °C.

2.2, Synthesis of H* doped PANi

1.48 mL of aniline was dissolved in 50 mL of 1 M HCl aqueous
solution to obtain a homogeneous mixture. A freshly cleaned FTO
glass was put at the bottom of the reaction vessel with FTO layer
upward. 50 mL of 0.125 M ammonium peroxydisulfate aqueous
solution was dipped in the above mixture within 1 h. The poly-
merization reaction was carried out at 4 °C for 24 h. The H' doped
PANi CE and resultant reactant were both rinsed by 1 M HCl
aqueous solution, filtrated, and finally air-blowing dried at 60 °C for
24 h.

2.3. Preparation of photoanodes

A layer of Ti0; nanocrystal anode film with a thickness of
~10 umwas prepared by a sol-hydrothermal method. The resultant
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anodes were further immersed in an N-methyl-2-pyrrolidone so-
lution dissolved H™ doped PANi solution (0.5 mg rnL'l) for 10 min,
after being rinsed by anhydrous ethanol and dried by Ny gas flow,
the TiO,/PANI photoanodes were sensitized by immersing into a
0.25 mM ethanol solution of N719 dye for 24 h.

2.4, DSSC assembly

The DSSC was fabricated by sandwiching solid-state electrolyte
between a dye-sensitized TiO,/PANi anode and a PANi CE. Four
strategies were utilized to assemble the solar cell devices: (i) Before
the cell assembly, a viscous electrolyte was prepared by dissolving
0.061 g of I, doped PANi, 0.11 g of Lil, and 0.25 g of PEO in 50 mL of
acetonitrile. After vigorous agitation for 24 h, the reactant was
vacuum-dried at 55 °C for 14 h to control the volume at around
5 mL The viscous electrolyte was dipped on a dye-sensitized anode,
after being covered by a PANi CE, the solar cell was air-blowing
dried at 60 °C for 15 min and sealed by a Surlyn film (30 um)
through hot-pressing. (ii) The viscous electrolyte was dipped on
dye-sensitized anode and then covered by a PANI CE and subse-
quently sealed by a Surlyn film through hot-pressing. Afterward,
the device was air-blowing dried at 60 °C for 30 min (iii) The
viscous electrolyte was thoroughly vacuum-dried at 55 °C for 48 h.
A slice of the solid electrolyte was sandwiched between a dye-
sensitized anode and a PANi CE and then sealed by a Surlyn film
through hot-pressing. (iv) The device in approach (ii) was vacuum-
dried at 60 °C for 30 min.

2.5. Photovoltaic measurements

The photovoltaic test of the DSSC with an active area of 0.25 cm?
was carried out by measuring the photocurrent—voltage (J-V)
characteristic curves using a CHIGG0E Electrochemical Workstation
under irradiation of a simulated solar light from a 100 W Xenon arc
lamp (XQ-500 W) in ambient atmosphere. The incident light in-
tensity was controlled at 100 mW cm2 (calibrated by a standard
silicon solar cell). A black mask with an aperture area of around
025 cm” was applied on the surface of DSSCs to avoid stray light.
Each |-V curve was repeatedly measured at least five time to
control the experimental error within +5%.

2.6. Electrochemical characterizations

The electrochemical performances were recorded on a con-
ventional CHIGEOE setup comprising an AgfAgCl reference elec-
trode, a CE of Pt sheet, and a working electrode of FTO glass
supported electrolyte. The CV curves were recorded in a supporting
electrolyte consisting of 50 mM M Lil, 10 mM I3, and 500 mM LiCl04
in acetonitrile. Bode phase measurements were carried out in a
frequency range of 0.1 Hz ~ 10° kHz and an ac amplitude of 10 mV at
room temperature. Both Bode plots and Tafel polarization curves
were recorded by assembling symmetric dummy cell consisting of
PANi CE|solid-state electrolyte|PANi CE.

2.7. Other characterizations

The absorption spectra of resultant anode, electrolyte, and CE
were recorded on a UV—vis spectrophotometer at room tempera-
ture. The morphologies of the resultant TiO,/PANi anode and PANi
CE were observed with a scanning electron microscope (SEM, S-
3500N, Hitachi, Japan). The X—ray diffraction (XRD) data were
collected in the 20 range between 10 and 50° at a scanning speed of
10° min~", Fourier transform infrared spectrometry (FTIR) spectra
were recorded on a PerkinElmer spectrum 1760 FTIR spectrometer.
The UV—vis spectra were measured on a UV-3200
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Fig. 1. (Top) Schematic illustration of a DSSC and charge-transfer mechanism. (Down)
topologies of (a) Ti0/PANI photoanode and top-view SEM photograph, (b) L doped
PANI solid-state electrolyte and solar cell, (¢) H' doped PANI CE and top-view SEM
image
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Fig. 2. (a) FTIR spectra of PEO incorporated PAN electrolyte, I, doped PANI, and pristine
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spectrophotometer. Fourier transformed Raman spectroscopic
measurements in the ultraviolet light were performed on a
Renishaw inVia Reflex Raman Spectrometer. High—resolution
gratings were used to give a spectral resolution of 2 cm~,

3. Results and discussion

The topologies of the Ti0,/PANi photoanode, 1, doped PANi
solid-state electrolyte, and H* doped PANi CE are subjected to
morphological examinations. As shown in Fig. 1a, the Ti0; has been
colored after immersion in H* doped PANi aqueous solution,
meaning that positively charged PANi has been bonded onto
negatively charged TiO, nanoparticles. Once the photogenerated
electrons flow from excited dyes to conduction band (CB) of TiO;
nanocrystallites, they can transfer to FTO layer along the Ti0:
nanocrystallite channels. Due to a solid-state feature of the elec-
trolyte, the oxidated dye molecules at anode/electrolyte interface
can be recovered by both I” species and electron injection from the
PANi in electrolyte, whereas the PANI filled in photoanode will
regenerate the dyes far away the interface by electron injection. In
order to further demonstrate the solid nature of the electrolyte
having [; doped PANi and PEO, the container is inverted, as shown
in Fig. 1b, the electrolyte stays on the bottom of a vessel and no flow
is observed, which is a powerful support for solid-state electrolyte.
Notably, moderate PEQ is prerequisite to prevent the formation of a
short circuit between a TiO,/PANi photoanode and a PANI CE.

Fig. 2a displays the FTIR spectra of I, doped PANi and the
resultant solid electrolyte. The observation of absorption bands at
800—900 cm ! indicates the occurrence of PANi polymerization via
a head-to-tail mechanism |30]. The oxygenic species are expected
to interact with conjugated structure of PANi, especially through
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| —H’ doped PANi in anode
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PED. (b) UV—vis spectra of H' doped PANi for CE and anode, and I, doped PANi for solid

electrolyte. FTO glass and FTO glass supported Ti0, were utilized as benchmarks for recording UV—vis spectra of a CE and an anode, respectively. (c) Raman spectrum and (d) XRD

pattem of the H' doped PANI CE. The peaks labeled with (*) are attributed to FTO glass.
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20mV em " and at room temperature. (b) Stacking CV curves of the PANi CE recorded at various scan rates. The inset gives the linear relationships between peak current densities

and square root of scan rate.

the quinoid ring (semiquinone radical cation), as has been reported
in the case of nanoscrystalline Ti0; and Au [31]. Once the PANi is
integrated with PEQ, the bands attributing to C—N stretching in the
secondary aromatic amine and C—N—C stretching vibration in the
polaron structure move from 1292 to 1231 cm™' to 1280 and
1242 cm™!, respectively. Additionally, the bands for C—0—C
stretching and C—0 stretching at 1098 and 842 em~'in pristine PEO
have also shifted to 1138 and 875 cm™' in the solid electrolyte,
respectively. These signal the possible interaction between PANi
(C—N) and PEO (C—0—C) through H-bonds. Fig. 1c shows SEM im-
age of the H" doped PANi CE, exhibiting well-defined fibrous

morphology with a diameter of around 100 nm. The nanofiber
network characteristic of a PANI electrode can significantly facili-
tate the redox reaction of 17/l redox couples. The absorption
curves for PANI in a photoanode, a CE, and a solid electrolyte are
shown inFig. 2b, giving a similar shape and three absorption bands
at ~370, ~435, and ~900 nm. The bands at ~370 and ~435 nm can be
attributed to m — =" transitions and the polaron band — =*
transition in the centers of benzenoid rings, respectively [32]. The
band at infrared region originates from the charged cationic spe-
cles, known as ™ — localized polaron transition [33]. This broad
band may be caused by the interband charge transfer from
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Fig. 4. Characteristic J-V curves of the DSSCs recorded (a) at AM15G irradiation and (b) in the dark. (¢) Nyquist and (d) Bode EIS spectra for the DSSCs with different assembly
strategies. The mass ratio of Lil to I doped PANi was 1.8, R series resistance; Ryp,: charge-transfer resistance at CEfelectrolyte interface; Ryo: charge-transfer resistance at anode/
dyefelectrolyte interface; W: Nernst diffusion resistance corresponding to the 1 (I3 redox couples; CPE1 and CPE2: constant phase elements.
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Table 1 ordering structure is expected to provide superhighways for charge
Photovoltaic parameters of DSSCs from various strategies: Vi,.: open-dreuit voltage; transfer

Jse: short-circuit current density, FF: fill factor; y: power conversion efficiency; =

electron lifetime In this fashion, cyclic voltammetry (CV) technique can be uti-

lized to determine the catalytic activity, as shown in Fig. 3a, giving

Strategies (%) VoolV)  Je(mAon)  FE) 7(w) two pairs of redox peaks (Red;/Ox1, Red/Ox,) corresponding to
Route (i) 31 0.649 792 603 404 interconversion reactions between I" and Iy species in the CV
:““‘e ?!']] 3; g-i;: ‘:g’; ‘;z-g 3;’; curves, The similar peak positions and shapes to those of pristine Pt
oute (1 5 X * : H * *

Route (iv) oot 0412 013 187 s electrode indicate that the resultant PANi CE has catalytic behavior

toward I /I3 redox couples [37]. From the stacked CV curves of the
PANi electrode, as shown in Fig. 3b, we can make a conclusion that
the cathodic and anodic reactions obey a diffusion-limited mech-

Table 2 N . A . . o
Electrachemical parameters of the DSSCs from various strategies. R, Ry, and Ware  a0UISM and there is no spectﬁ_c mteract_mn b_em'een I'ly redox
extracted from the EIS spectra of the solar cells. couples and electrodes due to linear relationships for both Ox1 and

Red1 reactions between the square root of scan rate and peak

Strategies R (Qan’) 7(ms) Ry(Qcm?) Re(Qem?) W(Qcom?) current density 38,39,

E““‘ep) ;g?i ;g‘l ;ﬁ 233: 22;3 Fig. 4a compares |-V characteristics of the DSSCs and the
oute (1 . » p s R 3

Route (iii) 7557 342 149 8649 2017 detailed photovoltaic paFarr_leters are sgrnrnamzs_:d in Table 1. The
Route (iv) 5072 2063 293 1384 8178 cell assembled by route (i) yields an optimal efficiency of 3.1% ;. of

792 mA ecm2, V,. of 0.649 V, and FF of 60.3%, which are much
higher than the values from other strategies. The results demon-
benzenoid to quinoid rings of the conjugated PANi. As shown in  strate that it is realizable to design DSSC with a PANi CE, a PANI
Fig. 2c, the appearance of Raman bands indicates that the as-syn-  electrolyte, and a PANI incorporated TiO, anode by optimizing the
thesized PANi doped by H™ and [, are in their emeraldine state [34]. ~ assembly technologies. ], is dependent on the accumulative elec-
The detection of three characteristic bands at 1596 cm™' (C=C  tron density on the CB of Ti02 injected from excited dyes [40]. In
stretching vibration in the quinoid rings), 1563 cm™' (C—C  route (i), the viscous electrolyte in acetonitrile has a close contact
stretching of intermediates between quinoid and semiquinoid ~ with TiO;/PANi anode but can not diffuse into its mesoporous
rings), and 1499 cm™! (C=N stretching of quinoid rings) suggests  structure, therefore the dye recovery is derived from electron in-
the conjugated structure of PANi. Moreover, the diffraction peaksat  jection of PANi in the anode as well as [~ reduction and electron
20 = 12.4,17.6,22.1, and 24.6° demonstrates that the resultant PANi  injection of PANi in the electrolyte. This conclusion can be sup-
has highly ordered molecular structure (Fig. 2d) [3536]. This  ported by the characteristic ]-V curve of the solar cell with I"[I3

a o0 i cre b — Route (i)
£000 m 1 — Route (ii)
] B —— Route (iii)
b o Ry w 45 _ L
5000 - . Route (iv)
5 4000 — H 5‘
E ] & 304
E )
~ 3000 7
SN £ ]
2000 o ! 15
1000 o 4
] 3
U M I T ‘ T I T I T I T D T ‘ T | T ‘ T | T ‘ T ‘ T
0 1000 2000 3000 4000 5000 6000 7000 2 -1 0 1 2 3 4 3
7' (ohm \:[u") Log(Frequency, Hz)
0
e 4
|5
€4 9]
£ 2
S 1 — Raute (1)
E — Route (ii)
é -4~ —— Raute (iii)
E ] — Route (iv)
3
® 6
A
3 — —
0.6 -0.3 0.0 0.3 0.6

Potential (V)
Fig. 5. (a) Nyquist and (b) Bode EIS plots and (c) Tafel polarization curves of the symmetric dummy cells from two identical CEs. The mass ratio of Lil to I, doped PANi was 18, The

inset shows an equivalent circuit: Ri—series resistance, Ry—charge-transfer resistance at PANi CEjelectrolyte interface, W—Nernstian diffusion resistance, (PE—constant phase
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spectra of the DSSCs assembled by route (i).

incorporated PEO electrolyte, as shown in Fig. S1. A [, value of
2.08 mA cm 2 and an efficiency of 0.82% are recorded in the solid
solar cell. For the cell with PEO electrolyte, the dye recovery is
realized by I reduction. The reduced kinetics in dye recovery is
therefore expected to have a low [, For the cell assembled by TiO,
anode, I/l incorporated PEQ electrolyte, and PANi CE, the absence
of PANI in directly transferring electrons from CB of Ti0; to PANi
chains and subsequently FTO layer, there are more electron loss
during the migration process. This can be confirmed by the reduced
Jic of 113 mA cm~Z When incorporated by PANi in the solid elec-
trolyte, the participation of PANi in expanding catalytic area,
shortening I Iy diffusion path length, and recovering dyes, there is
a little elevation in Js.. In consideration of the same dosage and
distribution of PANi structure in anode, the deviation mainly results
from solid electrolyte. In route (ii), the cell has been sealed before
air-blowing dry, therefore the evaporated acetonitrile can not
exclude from the cell. A remaining problem for the impasse is
resolution and flow of solid electrolyte. The inhomogeneous dis-
tribution of the solid electrolyte triggers incompletable dye
regeneration. However, the physical contact of the solid electrolyte
slice with photoanode generates a large interfacial resistance for
charge diffusion.

As shown in Fig. 4c and Table 2, the Ry, for the cell from route

Table 3
Photovoltaic parameters of DSSCs from various strategies and the simulated data
from EIS spectra.

Lil[l; doped PANi 5(%) Ve (V) Jeo(mAcm?) FF(%) Rgz(Qam?) 7(ps)

16 21 0574 7.09 516 344 578
1.8 31 0649 792 60.3 298 404
20 1.8 0548 667 492 117 241

(iii) is 864.9 Q cm?, which is much higher than 20.8 Q cm? in route
(i). The result demonstrates that the charge-transfer resistance at
anode/dye/electrolyte interface is markedly decreased by employ-
ing route (i). That is not surprising to have unsatisfactory photo-
voltaic performances in its solar cell. In comparison with route (ii),
the device is dried under vacuum conditions, producing enormous
macropores in the solid-state electrolyte. This macroporous struc-
ture prolongates the charge diffusion path length and blocks either
successive transportation of I/l redox couples or electron injec-
tion. Once the excited dye molecules can not successively recover to
their ground state, the accumulative electron density on CB of Ti03
and therefore J- will be brought down. Maoreover, the maximum
Vocis determined by the difference between the quasi Fermi energy
of electrons inTi0, and the redox potential energy of the electrolyte
|41], whereas the real Vy of a solar cell is smaller than this theo-
retical limit due to a backward reaction between photogenerated
electrons in TiO; and I3 ions or PANL. In a real DSSC, the backward
reaction of photogenerated electron with Iy species is restricted by
either inhomogeneous I3 distribution, poor contact or macro-
porous structure in the solar cells from routes (ii)—{iv). Therefore,
the electrons mainly suffer to recombination with PANi chains. As
shown in Fig. 4b, the dark current increases for the cell from route
(1) to (iv), meaning an elevated dark reaction and hence a decreased
Vi The electron loss can be further confirmed by the Bode EIS
spectra (Fig. 4d) and average lifetime of the electrons in photo-
anode, as listed in Table 1. The 7 (7 = 1/2xf) value is 404 ps in the
DSSC from route (i), whereas it reduces to 118 ps for the cell from
route (iv).

In addition, FF is a photovoltaic parameter inversely propor-
tional to internal resistance of a cell. R.; can be demonstrated by the
EIS plots and Tafel polarization curves of the symmetric dummy
cells in Fig. 5. From the extracted data in Table 2, one can see that
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Fig. 7. (a) The start-stop switch by alternatively irradiating ( 100 mW cm #and darking (0 mW cm ) the cell device at an internal of 25 s and 0 V. (b) Photocurrent stability with
durative irradiation under 100 mW em™? for the solar cell. The mass ratio of Lil to I doped PANi was 1.8,

Rt1, Rerz, and R are all increscent for the cell from route (i) to route
(iv), therefore leading to an order of FF value: Route (i) >Route (ii)
=Route (iii) =Route (iv).

The cations in the electrolyte have significant influences on the
photovoltaic performances of a DSSC [42), as shown in Fig. 6a. The
addition of Lil ions at a modest dosage such as mass ratio of Lil to [
doped PANi of 1.8, the active Li* cations can both adsorb on Ti0>
surface and implant into Ti0; nanocrystallite. In this fashion, the Lit
cations on Ti0, surface can form Lit—e~ dipoles with photo-
generated electrons at CB of TiO nanocrystallites [43]. Due to a fact
of shortened transportation length and decreased resistance
attributing to the diffusion of the Li*—e™ dipoles on Ti0s surface,
the addition of Ll can markedly enhance the electron-transfer
capability of the Ti0; anode and therefore J.. However, the
recombination kinetics between Li*—e ™ dipoles and I3 or PANi is
alsoelevated, leading to an enhanced dark currentand decreased FF
[44]. The DSSCs are characterized by Nyquist EIS, as shown in
Fig. 6¢, and the data are summarized in Table 3. The R, at anode/
electrolyte interface decreases from 34.4 to 11.7 by varying L/l
doped PANi ratio from 1.6 to 2.0. However, the dark current in
Fig. 6b and electron lifetime from Bode EIS spectra (Fig. 6d) reveal
an enhanced electron recombination at higher Lil dosage. After a
comprehensive evaluation, the DSSC at Lil{/I; doped PANiratio of 1.8
displays the maximum efficiency.

When applied as windows, roof panels, or portable sources, the
solar panels should be expected to have superiorities of fast start-
stop behavior, multiple start/stop capability, and persistent stabil-
ity. The start-stop switches are recorded by alternatively illumi-
nating (100 mW cm~2) and darkening (0 mW em2) the solid DSSC
from route (i), aiming at evaluating the start-up performances. As
shown in Fig. 7a, an abrupt increase in photocurrent density with
no time delay under irradiation means a fast start-up characteristic.
The photocurrent density after eleven start/stop cycles is still un-
changed in comparison to its initial state, which is a prerequisite for
a durable solar panel. Additionally, the /-t curve of the solar cell is
measured under prolonged irradiation over 10 h to study the sta-
bility, as shown in Fig. 7b, there is no sign of degradation in
photocurrent. Although the DSSC is only tested for 10 h, this pre-
liminary result demonstrates that stable solar cell can be realized in
the current work.

4. Conclusions
In summary, stable and solid-state DSSC has been successfully

fabricated by utilizing a TiO,/PANi photoanode, a PEO/PANI elec-
trolyte, and a PANi CE. It is demonstrated that the PANi in anode
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participate in dye recovery, the function of PANi in solid-state
electrolyte is to reduce I; species, to shorten charge diffusion path
length, and to recover dye molecules, whereas PANI CE mainly
realize the interconversion between I3 and I~ The DSSC from route
(1) yields an efficiency of 3.1% by optimizing assembly strategy and
Lil dosage. The research presented here is far from being optimized,
but these profound superiorities along with low cost, mild syn-
thesis, and scalable materials promise the DSSC to be a promising
technological implementation. Further studies are now in progress
to extend this approach to all-carbon quantum dot solar cells.
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Liquid electrolytes containing redox species have been widely used in dye-sensitized solar cells (DS5Cs),
whereas the volatility of organic solvents has been a tremendous obstacle for their commercial appli-
cation. To assemble durable DSSCs, here we report the synthesis of full-ionic liquid electrolyte, in which
1-butyl-3-methylimidazolium nitrate is employed as solvent and 1-methyl-3-propylimidazolium iodide
is iodide source. Using the imbibition performance of amphiphilic poly(acrylic acid/gelatin) [poly(AA/
GR)] and poly(acrylic acid/cetyltrimethyl ammonium bromide) [poly(AA/CTAB)] matrices, full-ionic
liquid electrolytes are imbibed into three-dimensional framework of poly(AA/GR) or paly(AA/CTAB) to
form stable gel electrolytes. Room-temperature ionic conductivities as high as 17.82 and 18.44 mS cm ™!
are recorded from full-ionic liquid imbibed poly(AA/GR) and poly(AA/CTAB) gel electrolytes, respectively.
Promising power conversion efficiencies of 719% and 7.15% are determined from their DS5C devices in
comparison with 6.55% and 6.12% from traditional acetonitrile-based poly(AA/GR) and poly(AA/CTAB) gel
electrolytes, respectively. The new concept along with easy fabrication demonstrates the full-ionic liquid
electrolytes to be good alternatives for robust gel electrolytes in quasi-solid-state DSSCs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cell (DSSC), an electrochemical device
directly converting solar energy to electricity, has attracted growing

* Corresponding author. Tel ffax: +86 532 66781690,

interests because of their merits on relatively high power conver-
sion efficiency, low fabrication cost, and environmental-
friendliness [1-6]. A typical DSSC device is composed of a dye
sensitized TiO; photoanode, a counter electrode, and redox elec-
trolyte. The task of redox electrolyte is to regenerate excited dye
molecules and to be subsequently reduced by the counter elec-

E-mail address: tanggunwei@ouceduwm (Q. Tang),

http:/ /dx.doiorg/ 10.1016{jjpowsour.201404.095
0378-7753/© 2014 Elsevier BV. All rights reserved.
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acetonitrile are always employed as mediums for the trans-
portation of iodideftriiodide (I"[I3) redox couples | 7-10]. However,
low ionic conductivity, insufficient penetration of the electrolyte
into nanoporous structure of Ti0, film, and volatility of organic
solvents have been tremendous obstacles for the commercial
application of DSSCs | 11-13]. Therefore, it is a prerequisite to find
an alternative solvent with nonvolafility, easy synthesis, low cost
and environmental-friendly natures for 1-/I5 loading. By addressing
these issues, room-temperature ionic liquids are preferred
candidates.

Room-temperature ionic liquids, liquid state within tempera-
ture of 100 °C, are defined as ionic solvents composed of positively
and negatively charged ions. They are always characterized with
high glass transition temperature |14, reasonable thermal stability
[15], high conductivity [16], and especially good dissolution to
iodine and iodide [17]. Up to now, there are few reports on the
employment of full-ionic liquid electrolyte in DSSCs, not to mention
full-ionic liquid electrolyte imbibed three-dimensional (3D)
amphiphilic framework-based quasi-solid-state DSSCs.

Inthe current work, 3D poly(acrylic acid/glycerol ) [ poly(AA/GR)]
and poly(acrylic acid/cetyltrimethyl ammonium bromide) [pol-
y(AA/CTAB)| polymer composites are employed as placeholders for
full-ionic liquid loading to replace acetonitrile-contained iodide
electrolytes |18,19]. Crosslinked poly(acrylic acid) is a typical 3D
framework capable of absorbing enmormous aqueous solution
because of decoration with hydrophilic -COOH groups, however,
modification of poly(acrylic acid) by glycerol (GR) or cetyltrimethyl
ammonium bromide (CTAB) can generate amphiphilicity to pol-
y(AA/GR) or poly(AA/CTAB). The imbibed full-ionic liquid electro-
lyte in 3D framewark of poly(AA/GR) or poly(AA/CTAB) can not leak
even during cell assembly and operation. The resultant gel elec-
trolytes are subsequently assembled into quasi-solid-state DSSC
devices, which are expected to be honored by long-term stability.
The objectives of this study are the synthesis of full-ionic liquid
imbibed poly(AA/GR) and poly(AA(CTAB) gel electrolytes and their
characterizations as well as the photovoltaic performances of
assembled DSSCs from the gel electrolytes.

2. Experimental
2.1. Materials

Unless noted otherwise, chemicals were purchased from
Sigma—Aldrich and used as received.

2.2, Synthesis of 3D poly(AA/GR) matrix

Poly(AA/GR) matrix was synthesized by the procedures: 5 ml of
GRand 10 g of acrylic acid (AA) were dispersed in 10 ml of deion-
ized water. Subsequently, initiator potassium peroxydisulfate (KPS)
(mass ratio of KPS to AA was 0.008) and crosslinker N,N'-methylene
bisacrylamide (NMBA) (mass ratio of NMBA to AA was 0.0005) were
added to the mixed solution. When the viscosity of the poly(AA/GR)
prepolymers reached around 180 mPa s~ the reagent was poured
into a petri dish and cooled to room temperature until the forma-
tion of an elastic gel. After rinsing with excess deionized water, the
samples were vacuum dried at 80 °C. Finally, the sample was vac-
uum dried at 80 °C for more than 12 h.

2.3. Synthesis of 3D poly(AA/CTAB) matrix

Poly(AA/CTAB) matrix was synthesized by the procedures: 1 g of
cetyltrimethyl ammonium bromide (CTAB) and 10 g of AA were
dispersed in 10 ml of deionized water. Subsequently, initiator KPS
(mass ratio of KPS to AA was 0.008) and crosslinker NMBA (mass
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ratio of NMBA to AA was 0.0005) were added to the mixed solution.
When the viscosity of the poly(AA/CTAB) prepolymers reached
around 180 mPa s, the reagent was poured into a petri dish and
cooled to room temperature until the formation of an elastic gel.
After rinsing with excess deionized water, the samples were vac-
uum dried at 80 °C. Finally, the sample was vacuum dried at 80 °C
for more than 12 h.

2.4. Synthesis of [AMIMJNO;, [AMIM]BE,, and MPIT

The |AMIM|NO3, |AMIM|BFy, and 1-methyl-3-
propylimidazolium iodide (MPIl) were synthesized by following
steps [20,21]: A mixture of 23.0 g of N-methyl-imidazolium and
25.3 g of allyl nitrate was vigorously agitated in a three-necked flask
equipped with mechanical stirrer and thermometer. The excess
allyl nitrate was removed by keeping temperature at 60—65 °C for
6—7 h, while the surplus N-methyl-imidazolium was extracted by
vacuum drying at 80 °C for 48 h to obtain a transparently viscous
liquid. 35.0 g of the as-synthesized viscous liquid, 20.0 g of silver
nitrate, and 50.0 ml of methanol were mixed in another three-
necked flask at 40 °C for 48 h to obtain [AMIM|NO;. The unreac-
ted sodium bicarbonate and methanol were removed in filtering
and evaporating processes.

A mixture of 23.0 g of N-methyl-imidazolium and 25.3 g of allyl
nitrate was vigorously agitated in a three-necked flask equipped
with mechanical stirrer and thermometer, The excess allyl nitrate
was removed by keeping temperature at 60—65 °C for 6—7 h, while
the surplus N-methyl-imidazolium was extracted by vacuum dry-
ing at 80 °C for 48 h to obtain a transparently viscous liquid. 35.0 g
of the as-synthesized viscous liquid, 20.0 g of AgBF,, and 50.0 ml of
methanol were mixed in another three-necked flask at 40 °C for
48 h to obtain [AMIM|BFa. The unreacted sodium bicarbonate and
methanol were removed in filtering and evaporating processes.

Methyl imidazole and iodopropane with a molar ratio of 1: 1.1
were mixed in a 250 ml neck boiling flask which was sealed by
toluene, The mixture was deaerated by bubbling N, for 5 min and
dark-agitated at 35 °C for 24 h. Resultant product was thoroughly
rinsed with anhydrous ether and shaken for 20 min and then kept
stilling for 1 h until the liquid became brownish red. After rotary
evaporation at 30 °C for 3 h, final MPII can be obtained.

2.5. Fabrication of full-ionic liquid imbibed gel electrolytes

Full-ionic liquid imbibed poly(AA/GR) gel electrolyte was pre-
pared according to the following procedures [22-25]: 0.2 g of
poly(AA/GR) was immersed in an ionic liquid electrolyte solution at
ambient temperature, resulting in the diffusion of full-ionic liquid
electrolyte into poly( AA/GR) framework and formation of a swollen
sample to reach absorption saturation. The ionic liquid electrolyte
consisted of 0.5 M I, 0.01 MLil in mixed organic solvent of 40 vol%
MPIL, 50 vol% [AMIM|NO+, and 10 vol% N-methyl pyrrolidone. lonic
liquid imbibed poly(AA/CTAB) gel electrolyte was prepared ac-
cording to the following procedures: 0.2 g of poly(AA/CTAB) was
immersed in an IL electrolyte solution at ambient temperature,
resulting in the diffusion of RTIL electrolyte into the poly(AA/CTAB)
network and formation of a swollen sample to reach absorption
saturation. The RTIL electrolyte consisted of 0.5 M Iz, 0.01 M Lil in
mixed organic solvent of 40 vol% MPII, 50 vol% [AMIM|BFs, and
10 vol% N-methyl pyrrolidone.

The ionic liquid loading could be calculated according to the
following equation:

Wi — Wy

lonic liquid loading (gg ‘) =~ (1)
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where W, (g) and W, (g) were the masses of full-ionic liquid
imbibed gel electrolyte and pure matrix, respectively.

2.6. Assembly of quasi-solid-state DSSCs

Alayer of Ti0 nanocrystal anode film with a thickness of 10 ym
and active area of 0.09 cm” was prepared by coating the Ti03 colloid
using a doctor blade technique, followed by sintering in air at
450 °C for 30 min. Subsequently, the TiQ, film was soaked in a
03 mM N719 |[cis-di(thiocyanato)-N,N'-bis(2,2"-bipyridyl-4-
carboxylic acid-4-tetrabutylammonium carboxylate, purchased
from Solaronix, SA, Switzerland] ethanol solution for 24 h to uptake
N719 dye for the fabrication of dye-sensitized TiO, photoanode. The
quasi-solid-state DSSC from full-ionic liquid imbibed poly(AA/GR)
or poly(AA/CTAB) gel electrolyte at an imbibition equilibrium was
fabricated by sandwiching a slice of gel electrolyte with a thickness
of around 1 mm between dye-sensitized Ti0; anode and a Pt
counter electrode (300—400 pm in thickness, purchased from
Dalian HepatChroma SolarTech Co., Ltd.).

2.7. Photovoltaic measurements

The photocurrent—voltage (J-V) curves of the assembled quasi-
solid-state DSSCs were recorded on an Electrochemical Worksta-
tion (Xe Lamp Oriel Sol’A™ Class AAA Solar Simulators 940234,
USA) under irradiation of a simulated solar light from a 100 W
xenon arc lamp in ambient atmosphere. The incident light intensity
was 100 mW cm > (AM 1.5) which was calibrated using a FZ-A type
radiometer (purchased from Beijjing Normal University Photoelec-
tric Instrument Factory). Each DSSC device was measured at least
five times to eliminate experimental error and a compromise [-V
curve was employed.

2.8, Characterizations

The morphologies of the gel electrolytes were captured with a
Zeiss Ultra plus field emission scanning electron microscopy
(FESEM). To observe the internal 3D microstructure, swollen gel
electrolytes were first cut into ultrathin film, followed by the
loading into a chamber under freezing temperature and high vac-
uum to remove solvent. The "HNMR spectra were recorded on a
Bruker Advance-400 spectrometer with d-chloroform as the sol-
vent and tetramethylsilane as the internal standard. Fourier
transform infrared spectrometry (FTIR) spectra were recorded on a
Vertex 70 FTIR spectrometer (Bruker). The ionic conductivity of gel-
electrolyte was measured by using a pocket conductivity meter
(HANNA8733, Hanna Instruments). Thermogravimetric analyses
(TGA) were conducted on a TA Instruments Model SDT Q600
thermogravimetric analyzer. The samples were heated at a heating
rate of 10 °C min and atmospheric pressure, and under N; flow
(90 mL rnin‘lj. The weight loss as a function of temperature was
recorded continuously in the range of 25-590 °C. Preliminary tests,
small masses (20—25 mg) of each material, thinly distributed in the
crucible. The ionic conductivity of gel-electrolyte was measured by
using a pocket conductivity meter (HANNA8733, Hanna In-
struments). The instrument was calibrated with 001 M KCl
aqueous solution prior to experiments. Tafel-polarization curves of
the symmetrical cells fabricated of samples were measured by
CHIGE0D electrochemical workstation, The symmetrical dummy
cells fabricated with two identical Pt electrodes (Pt electrode/gel
electrolyte/Pt electrode). The electrochemical impedance spec-
troscopy (EIS) was carried out using a CHIGG0E electrochemical
workstation at a constant temperature of 20 °C with an ac signal
amplitude of 20 mV in the frequency range from 0.1 to 10° Hz ata
10V dc bias in the dark. The porosity was analyzed by an AutoPore
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IV9500 mercury porosimeter (Micromeritics, USA) in a pressure
range of 0.5-30,000 psia.

3. Results and discussion
3.1. Morphology observation

The cross-sectional SEM images of pure poly(AA/GR) and pol-
y(AA/CTAB) matrices are shown in Fig. 1, which suggests well-
interconnected and microporous frameworks capable of caging
enormous full-ionic liquid electrolyte in the microporous structure
because of high porosity [68.8% and 67.4% for microporous poly(AA[
GR) and poly(AA/CTAB), respectively]. The absorbed full-ionic
liquid electrolyte is expected to be sealed in the 3D frameworks
[26—28]. The formation of 3D frameworks of poly(AA/GR) and
poly(AA/CTAB) matrices is a typical free radical process. Complex
monomers from AA/GR or AA/CTAB are formed by the hydrogen-
bonding between AA (C=0) and GR (-OH) or electrostatic attrac-
tion of AA (negatively charged) and CTAB (positively charged)
during the mixing process. For the polymerization, thermal cleav-
age of initiator KPS can initiate the complex monomers and
crosslinker NMBA to generate radicals. During the complicated
polymerization process, a 3D framework can be formed because of
the macrobiradicals nature of NMBA [18,19,29,30]. In fact, the pore
size and porosity can be controlled by adjusting synthesis condi-
tions, such as initiator dosage, crosslinker dosage, reaction tem-
perature, concentration of AA monomer, and mass ratio of AA to GR
or mass ratio of AA to CTAB. The matrix framework with higher
porosity can provide higher ionic liquid loading in per unit volume
of gel electrolyte, therefore, the transfer ability of gel electrolyte
toward I-/I3 redox couples is further enhanced. The increased
charge-transfer capacity can accelerate the recovery of excited dyes
and redox reaction between I~ « I3, which is favorable to elevating
photocurrent density and fill factor of DSSC device. The focus of the
current work was to display the feasibility of employing amphi-
philic poly(AA/GR) or poly(AA/CTAB) gel material as a placeholder
to fabricate robust gel electrolyte and therefore efficient DSSC
device.

3.2, Structural analysis

'HNMR spectrum of [AMIM|NOs; was provided to confirm its
molecular structure, Fig. 2a gives d values of 54, 6.0, and 4.8,
revealing the hydrogen atom positions in (1)—(3). The hydrogen
atom at position (4) can be confirmed by detecting ¢ value of 3.9,
whereas the single peak at 6 = 75 is a coupling reflection of
hydrogen atoms posited at (5) and (6), and & = 8.7 is attributed to
D20, Till now, we can make a conclusion that the chemical structure
of [AMIMINO is in the inset of Fig. 2a. The '"HNMR spectrum of
| AMIM]|BE, is provided in Fig. 2b, giving 4 values of 5.0, 6.2, and 5.6,
revealing the hydrogen atom positions in (1)—(3). The hydrogen
atom at position (4) can be confirmed by detecting ¢ value of 4.0,
whereas the single peak at ¢ = 76 is a coupling reflection of
hydrogen atoms posited at (5) and (6), and § = 8.8 is attributed to
D-0. Till now, we can make a conclusion that the chemical structure
of [AMIM|BFy. Fig. 2c shows the "HNMR spectrum of MPII, giving
¢ values of 1.0, 2.1, and 4.3 which are attributed to the hydrogen
atoms at position (1), (2), and (3) in n-propyl, respectively.
Hydrogen atom at position (4) gives a d of 4.1, and coupling of (5) &
(6) atoms shows a single peak at é = 7.7, whereas peak at § = 4.8 is
attributed to D70 and hydrogen atom at position (7) gives a peak at
0 = 48. Fig. 2d gives the FTIR spectrum of resultant MPII, showing
absorption bands at 2960, 2870, 1572, 1172, 1432, 954, and
3170 cm™! which can be attributed to C—H stretching in —CH3
group, C—H stretching in —CH; group, C=N stretching in imidazole
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Fig. 1. SEM photographs of (a) pure poly(AA/GR) and (b) poly(AA/CTAB) matrices.
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ring, (—H bending in imidazole ring, C—H bending in side —CH;
group, stretching of imidazole ring, and O—H in H;0, respectively.
By combining "HNMR and FTIR spectra, we can confirm that inset in
Fig. 2c is the molecular structure of MPIL All the absorption bands
of [AMIM|NO3, [AMIM|BFy, and MPII can be detected in IL imbibed
poly(AA/GR) or poly(AA/CTAB) electrolyte (Fig. 2e), indicating that
the ILs have been incorporated into the 3D framework of poly(AA/
GR) or poly(AA/CTAB) gel.

3.3. Thermal analysis

The thermal analysis behaviors of pure poly(AA/GR) and pure
poly(AA/CTAB) matrices are shown in Fig. 3. The main thermal
degradation of matrix under nitrogen atmosphere occurs in a
narrow temperature region between 350 and 450 °C. However, the
imbibition of IL electrolyte into 3D framework of poly(AA/GR) or
poly(AA/CTAB) results in a decreased thermal stability, giving a
decomposition temperature region between 300 and 400 °C
because of the poor thermal performance of room-temperature ILs.
It is noteworthy to mention that the weight losses of pure poly(AA/
GR) or poly(AA/CTAB) matrix and IL imbibed poly(AA/GR) or pol-
y(AA/CTAB) electrolyte within 100 °C are nearly the same, indi-
cating that the IL can be well-sealed in the 3D frameworks of gel
matrices. The good thermal stability and good ionic liquid retention
along with easy synthesis demonstrates the IL imbibed gel elec-
trolyte to be good candidate in quasi-solid-state DSSC devices.

3.4, lonic conductivity

The ionic liquid loading and ionic conductivity of the IL imbibed
poly(AA/GR) gel electrolyte are shown in Fig. 4a. The highest ionic
liquid loading of 803 g g ' and an ionic conductivity of
17.82 mS cm~! are recorded at an imbibition time of 18 days, which
are higher than that from acetonitrile-contained poly(AA/GR) [23].
The measured ionic conductivity from gel electrolyte is close to
18.72 mS cm ™' from pure IL electrolyte, indicating that the 3D
framework provides facile channels for rapid charge transfer. The
increased liquid electrolyte dosage in per unit volume of gel elec-
trolyte and ionic transfer ability are expected to have an accelera-
tion effect on power conversion efficiency of the quasi-solid-state
DSSCs. The imbibition kinetics of dense poly(AA/GR) matrix in IL
electrolyte, shown in inset of Fig. 4a, is mainly due to the Flory

100
804
X
3
—poly(AA/GR)
21 ILimbibed poly(AA/GR)  \
{—poly(AA/CTAB) \
P IL imbibed poly(AA/CTAB) -
0 1{|)0 260 3{|)0 4{|)0 S{I)D 600

Temperature (°c)

Fig. 3. TCA curves of pure poly(AA/CR), full-ionic liquid imbibed poly(AA/GR), pure
poly(AA/CTAB), and full-ionic liquid imbibed poly AAJCTAB).
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theory from osmotic pressure across the poly(AA/GR) matrix. The
loading of IL electrolyte increases with elongation of swelling time,
indicating a stepwise diffusion of IL electrolyte into 3D framework
of poly(AA/GR). The absorption equilibrium can be obtained at
swelling time of around 17 days, and no further diffusion occurs
under longer immersion time. Similar trend is also detected from IL
imbibed poly(AA/CTAB) gel electrolyte (Fig. 4c), in which the
highest IL electrolyte loading and ionic conductivity are 13.66g g
and 18.44 mS cm!, respectively. In order to determine the loading
of IL electrolyte by poly(AA/GR) or poly(AA/CTAB), the accumula-
tive IL electrolyte loading over time have been fitted using the
Fickian theory [24].

M n
m—kt

2)
where M; and M .. are the masses of the loaded IL electrolyte at time
tand at equilibrium, respectively. k is a characteristic rate constant
relating to the properties of poly(AA/GR) or poly(AA/CTAB), and n is
a transport number characterizing the transport mechanism.
n < 0.5 suggests a Fickian or Case I transport behavior in which the
poly(AA/GR) or poly(AA/CTAB) framework relaxation is much faster
than the diffusion; n = 1 gives a non-Fickian or Case 1l mode of
transport where IL electrolyte uptake is controlled by diffusion
process. 0.5 < n < 1 refers to an anomalous or a Case IIl mode in
which structural relaxation is comparable to diffusion. By plotting
log(M;/M.. ) vs log(t), the n value are calculated as 0.60 and 0.63 for
poly(AA/GR) and poly(AA/CTAB), respectively, indicating an
anomalous mechanism mode in which structural relaxation is
comparable to diffusion.

The conductivity—temperature (g—T) relationships for the IL
imbibed poly(AA/GR) and poly(AA/CTAB) gel electrolytes at various
imbibition time are shown in Fig. 4b and d, respectively. From the
figures, one can find that the conductivity increases with elevation
of temperature and the In(¢) versus 1/T plots is almost linear, which
i5 in a good agreement with previous results [22,23,2531].

The elevation of ionic conductivity with temperature is assigned
to enhancement of ions transportation. The data can be better fitted
by Arrhenius equation:

- —E;
a(T)y=A exp(m) (3)
where A is a constant, E; is the activation energy, kg is Boltzmann's
constant, and T is the absolute temperature. According to Fig. 4b
and Equation (3), the E, values for the IL imbibed poly(AA/GR) gel
electrolyte are calculated as 22.06 k] mol ™" (1 day), 18.36 k] mol™"
(4 days), 1718 k] mol™' (7 days), 1444 k] mol~' (10 days),
10.21 kj mol~" (13 days), and 9.67 k] mol~" (17 days). However, the
E; for the IL imbibed poly(AA/CTAB) gel electrolyte are calculated as
21.84 kj mol ™' (1 day), 19.28 k] mol~" (5 days), 16.18 k] mol™" (10
days), 13.86 k] mol~' (15 days), 1095 k] mol~' (20 days), and
8.97 k] mol~! (22 days). Low E, value in gel electrolyte suggests a
facile ionic transport along conducting channels. It is reasonable
that the conducting channels tend to be interconnecting at higher
imbibition aging because of gradual diffusion and rearrangement of
IL within 3D poly(AA/GR) or poly(AA/CTAB) framework. Therefore,
the interconnected micropores of poly(AA/GR) or poly(AA/CTAB)
framework provides superhighway for facile ion transport. There is
a consensus that the ionic conductivity is determined by the ther-
mal hopping frequency in the case of an ionic transport process
involving intermolecular ion hopping, resulting in proportional
relationship to exp(—Ea/KsT) and therefore leading to an Arrhenius
conductivity—temperature relationship [32]. The ion hopping
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Fig. 4. Dependence of ionic liquid-based gel electrolyte loading and ionic conductivity on imbibition time: (a) poly(AA/GR) and (c) poly(AA/CTAB). The inset shows the imbibition
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kinetics and ionic conductivity are expected to be significantly
enhanced at higher imbibition aging.

3.5. Electrochemical behaviors of the gel electrolytes

As a powerful tool to explore the electrochemical process, EIS
has been widely employed in testing the electrocatalytic activity for
the regeneration of redox species. For EIS experiments, the Pt/gel
electrolyte/Pt is contained in a symmetric cell composed of a gel
electrolyte sandwiched by two FTO supported Pt glass electrodes.
Fig. 5a shows the Nyquist plots of Pt/gel electrolyte/Pt devices using
the four electrolytes. Typically, the intercept on the real axis (high
frequency) can be attributed to the series resistance (R;) between
counter electrode and the gel electrolyte. The first semicircle
(middle frequency) can be assigned to the resistance capacitance

35
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25 7 IL imbibed poly(AA/CTAR)
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< 154
& R
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networks of the electrode/electrolyte interface, including the
charge transfer resistance (R). The EIS curves are shown in Fig. 5a
and the data are summarized in Table 1. In the current research, the
R values of IL imbibed poly(AA/GR) gel electrolyte and
acetonitrile-contained poly(AA/GR) gel electrolyte are 7.55 and
1357 Q crn2, respectively. Similarly, the R values of IL imbibed and
acetonitrile-contained poly(AA/CTAB) gel electrolytes are 9.07 and
9,31 Q cm?, respectively. Compared with acetonitrile-contained
poly(AA/GR) and poly(AA/CTAB), the decreased R of IL imbibed
poly(AA/GR) and poly(AA/CTAB) may be the result of enhancement
of ionic conductivity in the resultant IL electrolyte than that of
acetonitrile-contained liquid electrolyte. Lower R in IL imbibed
poly(AA/GR) or poly(AA/CTAB) gel electrolyte reveals that the
charge-transfer ability at IL imbibed gel electrolyte/Pt interface is
higher than that in acetonitrile-contained gel electrolyte/Pt

Log (j, mAcm™)

—— acetonitrile-based poly( AA/GR)

—— IL imbibed poly(AA/GR)

acetonitrile-based poly(AA/CTAR)
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Fig. 5. () Nyquist plots and (b) Tafel-polarization curves of acetonitrile-contained iodide imbibed poly(AA/GR), acetonitrile-contained iodide imbibed poly(AA/CTAB), full-ionic
liquid imbibed poly(AA/GR), and full-ionic liquid imbibed poly(AAJCTAB) gel electrolytes. Inset is a related equivalent drcuit diagram
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Table 1
The photovoltaic performances of the quasi-solid-state DSSC based on different
electrolytes,

Gel electrolytes R Ry Voo Ju FF q
@an’) (Qem?) (V) (mAcm?) %

Acetonitrile-contained iodide 1384 1357  0.708 13.60 0.68 6.55
imbibed poly(AA/GR)

Full-ionic liquid imbibed 1536 755 0730 1427 069 7.19
poly(AA/GR)

Acetonitrile-contained iodide 1073 931 0751 13.58 0.60 612
imbibed poly(AA/CTAB)

Full-ionic liquid imbibed 1295 907 0750 14.44 066 7.15
poly(AA/CTAB)

Full-ionic iquid - - 0.731 1414 070 7.27

interface. The rapid transport of refluxed electrons from Pt counter
electrode to gel electrolyte is expected to accelerate the reduction
reaction of iodides.

Tafel-polarization measurements are used to reconfirm the
electrocatalytic activity of the gel electrolytes, which is also per-
formed with the dummy cells similar to those used in EIS mea-
surements, as shown in Fig. 5b. A larger slope in the anodic or
cathodic branch indicates a higher exchange current density (Jp) on
the electrode. J can be also calculated by Equation (4) [33]:

_RT

"~ nFRe
Apparently, the calculated [ also follows the order of IL imbibed
poly(AA/CR) or poly(AA/CTAB) gel electrolyte > acetonitrile-con-
tained poly(AA/CR) or poly(AA/CTAB) gel electrolyte, suggesting
that IL imbibed poly(AA/GR) electrolyte shows a superior electro-
catalytic activity for triiodides reduction, which is consistent with
the .. order. In addition, the Tafel polarization curves contain the

information about limiting current density (flim), which can be
expressed as:

b

(4)

2neDeN,
Jim = JL A (5)

The IL imbibed poly(AA/GR) or poly(AA/CTAB) electrolyte shows
a high limiting diffusion current density (Jji) relative to that of
pure poly(AA/GR) or poly(AA/CTAB), reflecting a higher diffusion
velocity for the redox couple in the electrolyte. In theory, Jy varies
inversely with Re. With the EIS results, the change tendency of Jo
for various electrodes is generally in accordance with those pre-
sented in the Tafel curve plots. Jy, is determined by the diffusion
properties of the redox couple and the counter electrodes; At the
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same potential, a large Jji, indicates a large diffusion coefficient and
a small Zy [34,35]. The Jim value of IL imbibed poly(AA/GR) or
poly( AA/CTAB) gel electrolyte is higher than that of acetonitrile-
contained gel electrolyte. Consequently, we can make a conclude
from the electrochemical and EIS results that IL imbibed poly(AA/
GR) or poly(AA/CTAB) gel electrolyte has a higher electrocatalytic
activity than acetonitrile-contained gel electrolyte. The order of
electrocatalytic activity well explains the order of [ [36,37].

3.6. Photovoltaic behaviors of the quasi-solid-state DSSCs

The photocurrent versus photovoltage (J-V) curves of quasi-
solid-state DSSCs from wvarious gel electrolytes are shown in
Fig. Ga. As a reference, the J-V curve of the DSSC employing IL is
also recorded under one sun illumination. The IL electrolyte con-
tains: 0.5 M I3, 0.01 M Lil, 40 vol% MPI], 50 vol% [AMIM|NOs, and
10 vol% N-methyl pyrrolidone. The acetonitrile-contained liquid
electrolyte contains: 0.1 M Lil, 0.01 M Iy, 20 vol% NMP and 80 vol%
acetonitrile. Under a simulated solar light irradiation with intensity
of 100 mW cm2, the photoelectric parameters of DSSCs such as
short circuit current density (J5), open circuit voltage (Vi) fill
factor (FF) and energy conversion efficiency () are summarized in
Table 1. It is evident that nearly all photoelectric parameters of the
quasi-solid-state DSSC from IL imbibed poly(AA/GR) or poly(AA/
CTAB) gel electrolyte are higher than that from traditional gel
electrolyte. J5: is dependent on the electron density on conduction
band of Ti0;, whereas the photogenerated electrons are injected
from excited dyes. The maximum V, is determined by the differ-
ence between the quasi Fermi energy of electrons in Ti0y and redox
potential energy of electrolyte [38]. However, the real Vi, of a DSSC
is generally smaller than this theoretical limit, and one of the rea-
sons is a backward reaction between electrons and redox electro-
lyte |39]. From the dark J-V characteristics, as shown in Fig. 6b, it is
apparent that the DSSCs employing IL imbibed poly(AA/CTAB) and
acetonitrile-based poly(AA/CTAB) gel electrolytes have the smallest
dark current density at the same voltage. The dark current density
in DSSC device is attributed to the triiodides combination with
electrons on CB of TiQ, at the Ti0/electrolyte interface. The smaller
dark current density indicates that the reduction of triiodides on
the TiOz/electrolyte interface is retarded. This is a key factor for the
highest V. from IL imbibed poly(AA/CTAB) and acetonitrile-based
poly(AA/CTAB) gel electrolytes based DSSCs. Interestingly, the
DSSC from IL imbibed poly(AA/GR) gel electrolyte has larger dark
current but lower R than that from IL imbibed poly(AA/CTAB).
Generally, a larger R means a facile transportation of 1[Iz redox
species within 3D framework of matrix. However, the porosity of
poly(AA/GR) (68.8%) is larger than 67.4% for poly(AA/CTAB),
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Fig. 6. Characteristic photocurrent—voltage (-V) curves of quasi-solid-state DSSCs from acetonitrile-contained indide imbibed poly(AA(CR), acetonitrile-contained iodide imbibed
poly(AA[CTAB), full-ionic liguid imbibed poly(AA/GR), fullionic liquid imbibed poly(AA/CTAB) gel electrolytes, and full-ionic liquid: (a) under one sun illumination; (b} in the dark.
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Fig. 7. Schematic illustration on the quani-solid-state DSSC from full-ionic liquid
imbibed gel electrolyte,

yielding an increased contact rate of triiodides with photo-
generated electrons.

It has been known that the IL imbibed poly{AA|/GR) or poly(AA/
CTAB) has an increased charge-transfer ability. Once the excited
dyes release electrons, iodide ions participate in their regeneration
and change into triiodides, as shown in Fig. 7. Therefore, the
enhancement in R¢; can accelerate the reaction kinetics of dye re-
covery and therefore the electron density on conduction band of
Ti03. Moreover, the FF is also a parameter relating to the charge-
transfer ability of electrolyte material. The DSSCs employing IL
imbibed poly(AA/GR) and poly(AA/CTAB) display power conversion
efficiencies of 7.19% and 7.15% from their quasi-solid-state DSSCs in
comparison with 6.55% and 6.12% from traditional acetonitrile-
contained poly(AA/GR) and poly(AA/CTAB) gel electrolytes,
respectively. Although the efficiencies from IL imbibed poly( AA/GR)
and poly(AA/CTAB) based DSSCs are lightly lower than 7.27% from
IL based DSSC, the retention of IL has been significantly enhanced.
To reveal the potential mechanism of conversion efficiency, it is
believed as a comprehensive effect of ionic conductivity of gel
electrolyte, retention of solvent, and charge-transfer ability at gel
electrolyte/Pt counter electrode interface. From the results, we can
conclude that all of these performances have been enhanced in IL
imbibed poly(AA/GR) or poly{AA/CTAB) gel electrolyte in compar-
ison with that of acetonitrile-contained liquid electrolyte imbibed
ones.
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Fig. 8 Mormalized power conversion efficiencies of DSSCs from acetonitrile-based
liquid electrolyte-imbibed and ionic liquid-imbibed poly(AA/GR) and poly(AA/CTAB)
gel electrolytes.
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Fig. 8 shows the normalized power conversion efficiencies of
DSSCs from IL imbibed poly(AA/GR) and poly(AA/CTAB) gel elec-
trolytes, as a comparison, the results from acetonitrile-based liquid
electrolyte-imbibed poly{AA/GR) and poly(AA/CTAB) electrolyte
are also provided. After a work over 14 days, nearly 97% efficiencies
are remained in the DSSCs from ionic liquid-based gel electrolytes,
whereas that is only 83% for traditional acetonitrile-based ones
because of the volatilization of organic solvent from 3D poly(AA/
GR) or poly(AA/CTAB) framework. The volatilization of acetonitrile
is expected to lose the medium for ionic transfer within gel elec-
trolyte, therefore, the excited dye molecules can not be recovered
by redox couples. Until now, we can make a conclusion that the
DSSCs from IL imbibed poly(AA/GR) and poly(AA/CTAB) gel elec-
trolytes have a reasonable durability.

4. Conclusions

In summary, iodide-containing room-temperature ILs have been
successfully synthesized and imbibed into 3D frameworks of
amphiphilic poly(AA/GR) and poly(AA/CTAB) matrices to form a
durable gel -electrolytes. lonic conductivities of 1782 and
1844 mS cm! are recorded from IL imbibed poly(AA/GR) and
poly(AA/CTAB), respectively. The quasi-solid-state DSSCs have
promising power conversion efficiencies of 719% and 7.15%
employing IL imbibed poly(AA/GR) and poly(AA/CTAB) gel elec-
trolytes, respectively, which are higher than 6.55% and 6.12% of the
DSSCs from acetonitrile-contained poly( AA/GR) and poly(AA/CTAB)
gel electrolytes. Mareover, the DSSCs from IL imbibed poly(AA/GR)
and poly(AA/CTAB) gel electrolytes have a good stability that from
traditional acetonitrile-based gel electrolytes. This research opens a
gateway to improve the photovoltaic performances of DSSCs and
highlights competitive capacity of the quasi-solid-state DSSCs
among photovoltaic devices.
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To enhance the anhydrous proton conductivities of proton exchange membranes, we
report here the incorporation of HsPO, into three-dimensional (3D) framework of
polyacrylamide-graft-starch (PAAm-g-starch) hydrogel materials using extraordinary ab-
sorption of hydrogels to HsPO, aqueous solution. Intrinsic microporous structure can close
to seal HyPO, molecules in the interconnected 3D frameworks of PAAm-g-starch after
suffering from dehydration. The hydrogel membranes are thoroughly characterized by
morphology observation, thermal stability, swelling kinetics, proton-conducting perfor-
mances as well as electrochemical behaviors. The results show that the HyPO, loadings and
therefore the proton conductivities of the hydrogel membranes are dramatically enhanced
by employing PAAm-g-starch matrix. H.PO, loading of 88.68 wt% and an anhydrous proton
conductivity as high as 0.046 S cm ™" at 180 °C are recorded. A fuel cell using a thick
membrane shows a peak power density of 517 mW cm ™ at 180 °C by feeding with Hy/O,
streams. The high HsPO, loading, reasonable proton conductivity in combination with
simple preparation, low cost and scalable matrix demonstrates the potential use of PAAm-
g-starch hydrogel membranes in high-temperature proton exchange membrane fuel cells.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Proton exchange membrane fuel cell (PEMFC) is well-known an

electricity and characterized by a high efficiency and a low
environmental impact. It is believed as one of the solutions to
ecology damage, environmental pollution and energy exhaus-
tion [1-3]. Among the components of a PEMFC, proton

electrochernical device converting chemical energy of fuels into

* Corresponding authors. Tel/fax: +86 532 66781690.
E-mail addresses: tangqunwei@hotmail.com (Q. Tang), wangdnhd@ouc.edu.cn (X Wang).
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exchange membrane (PEM), transferring protons from anode to
cathode, is of great significance in determining the fuel cell
performances [4]. The ability of generating power has a strong
dependence on capacity of transferring protons. Therefore,
proton conductivity is a key criterion in evaluating the superi-
ority of a PEM. To date, the most successful low-temperature
PEMs are Nafion-related membranes, in which high price has
been fully reflected [5]. By addressing this issue, sulfonation of
engineering polymers such as polyether ether ketone, poly-
imide, polysulfone, and polyphenylene sulfide et al. has been
employed as low-temperature PEMs [5]. All of these mem-
branes give drawbacks of dependence on hydration degree and
environmental pollution in sulfonation treatment. In a real fuel
cell, the low-temperature operation offers demerits on water
management along with high cost [6]. One of the effective so-
lutions to overcome these issues is the employment of high-
temperature PEMs, in which the anhydrous proton conduc-
tors are incorporated [7,8]. At temperatures of higher than
100 °C, the electrode kinetics can be significantly enhanced,
which gives a low dosage of Pt material or the utilization of
non-Pt catalysts. H;PO, doped polybenzimidazole (PBI) mem-
branes are believed to be promising candidates as high-
temperature PEMs. The incorporation of H3PO, into linear PBI
originating from the protonation of C=N in repeated imidazole
rings. Therefore, the H3PO, loading is commonly lower than
~60 wt¥% which results in a relatively lower proton conduc-
tivity. Although recent research demonstrate that phosphate
species could be adsorbed on the platinum catalyst surface
[9,10], leading to the loss of a cell voltage, HaPO. is still widely
employed as anhydrous proton conductor because of its merits
on high proton conductivity, low cost, and thermal stability.
In search for robust high-temperature or intermediate
temperature PEMs, crosslinked hydrogel materials are prom-
ising matrix candidates because of their superabsorbing abil-
ity to H3POy or protic ionic liquid solutions [11-15]. Hydrogels
are defined as 3D polymer frameworks with a suitable cross-
linking degree, in which aqueous solutions are imbibed as
solvents [16]. Using their extraordinary absorption ability,
hydrogel materials have been successfully applied in assem-
bling quasi-solid-state dye-sensitized solar cells [17,18] and in
fabricating conducting hydrogels [19-23]. To further elevate
the absorbing capacity of hydrogel materials, the incorpora-
tion of typical matrix such as polyacrylamide with natural
macromolecules has been one of the efficient approaches.
Here we report the synthesis and characterization of a new
class of high-temperature PEMs consisting of anhydrous 3D
PAAm-g-starch framework incorporated with HaPOs The focus
of the current work is on the uptake of HsPO,, electrical and
electrochemicalcharacterizationsaswellas preliminary fuel cell
evaluation of resultant HsPO, incorporated PAAm-g-starch
membranes. Other characterizations such as mechanical
strength, fuelcrossover, andlong-termstability are notincluded.

2 Experimental
21.  Synthesis of PAAm-g-starch membranes

The PAAm-g-starch membrane was synthesized according to
an aqueous solution polymerization route [11-15]. In detail,
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a solution mixture consisting of acrylamide monomer (10 g,
AAm, analytical reagent, Sinopharm Chemical Reagent Co.,
Ltd) and starch (0, 0.2 and 0.35 g, analytical reagent, Sino-
pharm Chemical Reagent Co., Ltd) was made by agitating in
deionized water (15 mL) in a water-bath at 80 °C. Under
vigorous agitation, crosslinker N,N'-(methylene)bisacryla-
mide (0.008 g, NMBA, Sinopharm Chemical Reagent Co., Ltd)
and initiator ammonium persulfate (0.0225 g, APS, Sino-
pharm Chemical Reagent Co., Ltd) were subsequently added
to the above mixture. When the viscosity of the PAAm-g-
starch reached around 180 mPa s, the reagent was poured
into a Petri dish and cooled to room temperature with the
formation of an elastic transparent gel. The PAAm-g-starch
membranes were then molded into ¢ 3 cm die. After
rinsing with deionized water to remove unreacted mono-
mers or oligomers, the membranes were dried under vacuum
at 60°C for 24 h.

2.2.  Preparation of HsPO, incorporated PAAm-g-starch
membranes

The dried PAAm-g-starch membranes were immersed in
H,3PO, aqueous solution with concentration varying from 1 to
9Min asealed bottle at room temperature for 15 days to reach
absorption equilibrium. The resultant products were then
rinsed and dried under vacuum at 60 °C for 2 days to drive off
all water as much as possible and obtain the anhydrous H,PO,
incorporated PAAm-g-starch membranes. HyPO, loading (wt
%) was determined by measured according to the equation:

Wi-W,

H:PO4 loading(wtd%) = x 100% (1)

d
where Wy (g) was the mass of anhydrous H;PO, incorporated
PAAm-g-starch membrane, W, (g) was the mass of dried
PAAm-g-starch membrane.
2.3.  Electrochemical characterizations
The proton conductivity of the H;PO, incorporated PAAmM-g-
starch membranes in either hydrous or anhydrous state
were characterized with ac-impedance spectroscopy using a
CHIB60E Electrochemical Workstation in a frequency range of
0.01 Hz—2 MHz and an ac amplitude of 10 mV in temperature
range of 25-165 °C. Double coated PELCO Tabs™ carbon
conductive tapes (TED PELLA, INC, 90% of polymer acrylic
adhesive and 10% of carbon black) with a thickness 0of 0.1 mm
were used as the electrodes. The ochmic resistance associated
with the membrane was determined from high frequency
intersection of the spectrum with the Z' axis, from which the
proton conductivity can be calculated based on dimensional
information.

Cyclic voltammetry (CV) was conducted at room temper-
ature in 0.05 or 0.1 M H3PO, aqueous solution using a three-
compartment glass cell. The platinum wire with a diameter
of 0.4 mm was pierced into a hydrated H,PO, incorporated
PAAm-g-starch hydrogel which was used as working elec-
trode. A platinum sheet and Ag/AgCl were used as counter
electrode and reference electrode, respectively. Before the
measurement, the electrolyte was deoxygenated by nitrogen
bubbling for 5 min. The scan rate was 50 mv s,
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Fig. 1 — (a) Schematic of synthesis of PAAm-g-starch hydrogel matrix, (b) proposed proton transfer mechanism in HyPO,
incorporated PAAm-g-starch membrane under anhydrous conditions.
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(continued).

24.  Membrane electrode assembly (MEA) and fuel cell
tests

The gas diffusion electrodes (GDE, acquired from BASF Fuel
Cell, Inc., formerly E-Tek, Inc.) with a platinum loading of
1.0 mg cm~, were used for this study. The MEA with an
active area of 10 cm?® was fabricated by hot-pressing a
PAAm-g-starch membrane between the two Kapton framed
electrodes. The MEA was then assembled into a single cell
fuel cell testing rig. The gas flow fields were made from
graphite plates with single serpentine gas channels. Stain-
less steel end plates with attached heaters were used to
clamp the graphite flow plates. A commercial fuel cell
testing station (Fuel Cell Technology, Inc.) was used for fuel
cell testing, while H; and pure oxygen (or air) were fed to the
anode and cathode without any humidification, respec-
tively. The instrument was controlled by home-
programmed LabView Software (National Instruments,
Austin, TX).

2.5. Other characterizations

The morphologies of the porous structures were captured
with a zeiss emission scanning electron microscopy (SEM).
To observe the internal 3D microstructure of the PAAm-g-
starch membrane, a swollen PAAm-g-starch hydrogel was
freeze dried at a freezing temperature of around —60 °C for
72 h. Fourier transform infrared spectrometry spectra (FTIR)
were recorded on a Vertex 70 FTIR spectrometer (Bruker). The
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gas permeability was measured by the equal pressure
method with a gas chromatograph (Hewlett—Packard Series
Il 5890), equipped with a packed-bed column and an inte-
grator, monitoring the amounts of H, that permeated across
the HiPO, incorporated PAAm-g-starch framework mem-
brane with H3PO, loading of 88.68 wt’ from one side to the
other. A thick membrane was setinacell with a gas inlet and
outlet, where the temperature (25-180°C) was controlled. H,
was supplied at a flow rate of 30 mL min~". To evaluate the
dimension stability of the membrane against the tempera-
ture, the 88.68 wt% H3PO, incorporated PAAm-g-starch was
molded to a disc with a diameter of 2 cm. The specimen was
kept in the temperature ranging from 25 to 180 °C for 30 min
and the diameters were measured at anhydrous conditions
because of the potential use in high-temperature PEMFCs.
The thermal gravimetric analysis-differential scanning
calorimetry (TGA-DSC) tests were conducted on a TA TGA
2050 instrument. The experimental procedure consisted of
heating the samples in flowing nitrogen (99.999% purity,
100 mL min~") at a heating rate of 10 °C min™" from room
temperature to 780 °C until all the samples were completely
consumed. The tensile strength-elongation tests of the
H3PO4 incorporated PAAm-g-starch membranes were carried
out using an INSTRON Model 5583 testing machine. The test
conditions were controlled as follows: the temperature was
25°C, the size of the sample was 5 mm x 5 mm x 80 mm, the
distance between two square panels was 20 mm, and the
crosshead speed ws 100 mm min~". The porosity and pore
size were analyzed by an AutoPore IV9500 mercury
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porosimeter (Micrometritics, USA) in a pressure range of
0.5-30,000 psia.

3. Results and discussion

3.1.  Synthesis and morphology of 3D PAAm-g-starch
framework

The synthesis of PAAm-g-starch composite polymer is a
simple process schematically illustrated in Fig. 1. The poly-
merization of PAAm-g-starch originated from the free radical
reaction of inifiator APS, AAm monomers, crosslinker NMBA,
and starch. The resultant PAAm-g-starch framework is
believed as a 3D structure because of the macrobiradical na-
ture of NMBA.

The incorporation of HsPO, aqueous solution into 3D
PAAm-g-starch framework is primarily driven by the osmotic
pressure present across the membrane [24). Generally, the
absorption of HaPQ4 aqueous solution by PAAm-g-starch cau-
ses PAAm-g-starch framework to stretch and expand consid-
erably in volume, the process of which can be briefly
summarized by three steps: (i) the adsorption of H;0 molecules
on the surface of PAAm-g-starch because of the strong hy-
drophilicity of —CONH;, —OH, and —NHy; (i) Relaxation of
PAAm-g-starch chains in HsPO; aqueous solution,; (iii) stretch
of whole PAAm-g-starch macromolecule chains in HiPO.
aqueous solution. The swollen of PAAm-g-starch membranes
in HsPO. aqueous solution results in gradual decrease in os-
motic pressure, and a swelling equilibrium will be obtained at
equal value of expansibility and contractility of PAAm-g-
starch (i.e., the osmotic pressure across the membraneis zero).

The cross-sectional SEM image of PAAm-g-starch is shown
in Fig. 2, which suggests a well-interconnected and micropo-
rous framework capable of caging enormous H;PO, aqueous
solution into the microporous structure. The absorbed H;PO,
is expected to be sealed in the 3D system in a drying process.
In fact, the pore size and porosity can be controlled by
adjusting synthesis conditions, such as initiator dosage,
crosslinker dosage, reaction temperature, concentration of
AAmmonomer, and mass ratio of AAm to starch. The focus of
the current work is to display the feasibility of employing
PAAm-g-starch hydrogel material as a HsPOs supporter to
fabricate robust PEMs. The porosity and pore diameter of the
PAAm-g-starch membrane in our conditions are 75.1% and
12.6 nm, respectively. Such a high porosity is expected to
imbibe enormous H;PO, within the 3D framework. Moreover,
the loading of HyPO, will give an expansion in volume of
anhydrous membrane, as is also shown in Fig. 2.

3.2. Molecular structure

The FTIR spectra of 79.33 and 88.68 wt% HzPO; incorporated
PAAm-g-starch membranes are employed to demonstrate the
bondingbetween H,PO, and matrix and indicate the difference
at low and high H;PO, dosages. As is shown in Fig. 3, the ab-
sorption bands at 1660, 1449, 1125, and 982 cm™" in H,PO,
incorporated PAAm-g-starch are originated from the vibra-
tions of C=0 stretching, C—N stretching, and —NH, wagging,
respectively [22]. However, band intensity at 982 cm™" is
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Fig. 2 — Top: cross-sectional SEM image of PAAm-g-starch
membrane; Down: macroscopic morphologies of (a)
anhydrous PAAm-g-strarch, and 88.68 wt% H;PO,
incorporated PAAm-g-starch in (b) fully hydrated and (c)
dried states.

enhanced because of the strong absorption of P-0 symmetric
stretching in H,PO, incorporated PAAm-g-starch membranes
at higher HzPO, loading. A peak at 886 cm™" attributing to in-
plane bending of PO}~ is generated because of the incorpora-
tion of HsPO4. The change of absorption bands suggests that
HsPOs molecules interact with C=0, C—N, and —NH, groups by
0-H"0=C, O—-H"N-C, O—H"NH; to form hydrogen bonds
[11-15]. The formation of these hydrogen bonds plays an
important role in the conductivity behavior of the membranes.

3.3.  Loading of HsPO4

The swelling kinetics of dense PAAm-g-starch membranes in
concentrated HsPO4 aqueous solution, shown in Fig. 4, is
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Fig. 3 — FTIR spectra of anhydrous (a) 79.33 wt% and (b)
88.68 wt% H3PO, incorporated PAAm-g-starch membranes.
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Fig. 4 — (a) Swelling kinetics of PAAm-g-starch membranes at various starch dosages in 5 M H;PO, aqueous solution, and (c)
and (d) swelling kinetics of PAAm-g-starch membranes with starch dosage of 2.0 wt% in various concentrations of H,PO,

aqueous solutions.

mainly due to the Flory theory from osmotic pressure across
the membranes. The H:PO4loading increases with elongation
of swelling time, indicating a diffusion of HsPQ4 solution into
3D framework of PAAm-g-starch membranes. An absorption
equilibrium can be obtained at swelling ime of around 10
days, and no further diffusion occurs under longer immersion
tme. In order to determine the nature of H3PO4 loading by
PAAm-g-starch membranes, the accumulative HsPO4 loading
over time have been fitted using the Fickian theory [14,25].

Wt

= kt"
W

@

where W, and W.. are the mass of the loaded H:PO, at time t
and at equilibrium, respectively. k is a characteristic rate
constant relating to the properties of PAAm-g-starch mem-
branes, and n is a transport number characterizing the
transport mechanism, it is dimensionless. n < 0.5 indicates a
Fickian or Case I transport behavior in which the relaxation of
PAAm-g-starch framework is much faster than the diffusion;
n = 1 suggests a non-Fickian or Case Il mode of transport
where H,PO, uptake is controlled by diffusion process.
0.5 < n < 1 demonstrates an anomalous or a Case Il mode in

Table 1 — Absorption parameter (n) values of PAAm-g-
starch matrix for H;PO, absorption.

Starch/AAm n values at various concentrations
ratio (g/g) of HsPO4 agueous solution (M)

1 3 5 7 9
0/10 - - 0.235 - -
0.2/10 0.315 0241 0.231 0.218 0.182
0.35/10 - - 0.253 - -
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which structural relaxation is comparable to diffusion. By
plotting log(Wy/'W.) vs log(t), the n values from the mem-
branes at various starch dosages and in various HaPOs solu-
tions summarized in Table 1are all lower than 0.5, suggesting
a Fickian mechanism. The result indicates that the loading of
HsPO, from dilute H3PO4 aqueous solution is controlled by the
relaxation of PAAm-g-starch framework, which is opposite to
that in deionized water.

Proton conductivity is a key parameter for H;PO, incorpo-
rated PAAm-g-starch membranes and is highly dependent on
the HyPO, loading. To explore higher H,PO, loading and
therefore better proton conductivity, anhydrous PAAm-g-
starch membranes are immersed into H;PO, aqueous solu-
tion with concentrations from 0.05 to 9 M. The H;PO, loading
is always controlled by Flory theory [26,27]:

2 + 12-Xy

J
zv.m?) Vi

H;PO, solution loading = ( VT (3)

H;P0O,loading = H;PO, solutionloading x H; PO, concentration
4

where i/V, is the concentration of fixed charges referred to the
anhydrous PAAm-g-starch membrane, [ is ionic strength in
the HsPO, agqueous solution, V./V, is crosslinking density of
PAAm-g-starch, and (1/2—X,)/V, is relative to water affinity of
PAAm-g-starch. After systematic variation of concentration of
HsPO,4 aqueous solution, we find that the HsPOs loading in-
creases in the target concentrations (Fig. 5a), leading to
increased anhydrous proton conductivity at room tempera-
ture. The HsPO4 loading is 88.68 wt% from the absorption of
PAAm-g-starch in H;PO, aqueous solution of 8 M, and the
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room-temperature hydrous proton conductivity is as high as
0.136 Scm ™.

3.4.  Thermal and mechanical performances

In the TGA analysis (Fig. 6a), the weight loss started at about
~100 °C is attributed to water evaporation. However, the
decomposition between temperatures of 120-180 °C can be
attributed to the loss of PAAm-g-starch oligomers. The weight
losses at 180 °C for PAAm-g-starch, and 39.62 and 88.68 wt%
H3PO, incorporated PAAm-g-starch are 6, 4.5, and 4 wit%,
respectively, indicating a good thermal stability in high-
temperature PEMs. From Fig. 6b, one can see that the glass
transition temperature for three membranes is around 73.6°C,
no apparent deviation is observed. Fig. 6c shows the o-¢ plots
of HsPO, incorporated PAAm-g-starch membranes at room
temperature. There is a good correlation between the breaking

stress and breaking strain, and the maximum breaking stress
and breaking strain of 88.68 wt% H,PO, incorporated PAAm-g-
starch membrane are 17.7 MPa and 972%, respectively, while
those for pure PAAm-g-starch are 12.7 MPa and 544%,
respectively. The enhancement in mechanical strength is
believed to the hydrogen-bonding between H;PO, molecules
and PAAm-g-starch backbone.

3.5.  Proton conductivity

There is a high dependence of proton conductivity of a PEMon
water content. However, there is an universality in hydrogel
materials that the volume will be elevated by the filling of
aqueous solution, therefore, swelling volume ratio (defined as
Vswallen/ Vary) can be employed to evaluate the dependence of
H:PO, incorporated PAAm-g-starch membranes on water
content. Data on room-temperature proton conductivity from

105 0
a b\
904 -5
g;‘ 754 = —— PAA=g=slarch
ot 2 10 —— 39,62 w1t H PO,
T = — BR.68 wits H PO,
E E] PO,
z T 15
45
—— PAA=g=starch 20.
30{ ——39.62 wita H PO, “
—— 8868 with H PO,
15 -25

200 300 40 500 600 700

Temperature ( °C)

100

200 200 400 500

Temperature (°C)

100

—— PAMAag=starch
— .62 with H PO,
— 8E.68 wia HPO,

20
C
15+
-
=]
&
=
w40
3 p
& e
I
59/ ,/_/'
I/
o4 ‘ ,
0 200 400

500

800

1000~ 1200

Strain (%)

Fig. 6 — (a) TGA, (b) DSC, and (c) e—= curves of pure PAAm-g-starch, and 39.62 and 88.68 wt% H3PO, incorporated PAAm-g-

starch membranes.
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hydrated H.PO, incorporated PAAm-g-starch membranes,
recarded during dehydrated process of hydrous membranes,
are shown in Fig. 5b. In the initial stage, the proton conduc-
dvity is elevated by two orders of magnitude compared with
that at anhydrous state. Take 39.62 wtjs H,PO, imbibed PAAm-
g-starch membrane as an example, the anhydrous proton
conductivity (proton conductivity at swelling volume ratio of
100%) is in the level of ~107° S cm™, and it rushes up to
~107%8 cm™ at swelling volume ratio of around 500%. With
further increase in swelling volume ratio, the room-
temperature conductivity reaches an equilibrium.

[t has been pointed out that PAAm-g-starch membraneis a
3D polymer framework with extracrdinary capability of
absorbing HaPO, aqueous solution. The imbibed H5PO. mole-
cules are believed to attach on inner-surface of microporous
structure to form superhighways for proton transport. To re-
cord the formation of conducting channels, anhydrous proton
conductivities are plotted as a function of HsPO, loading at
room temperature (Fig. 7a), giving a typical percolation effect.
The turning peint in proton conductivity is defined as perco-
lation threshold. FromFig. 7a, one can see that the percolation
threshold value is at ~70% H,PO, loading, indicating the
interconnection of conducting regions from HsPO, at ~70%
H3PO4. For example, the anhydrous conductivity is in the level
of ~107* S em™ at HsPO, loading of 30.47 wt%, and it in-
creases to 1.7 x 107°§ cm ™" at a weight percentage of 71.24 wt
% H3POs. A maximum conductivity value of 0.0146 S emtis
achieved for the 88.68 wt% Hs;PO, incorporated PAAm-g-
starch membrane. The conductivity response of the mem-
brane can be described by traditional percolation theory [28]:

o=Clf -f.[ )

where ¢ is proton conductivity, fis weight fraction of H;PO, in
PAAm-g-starch membrane, f, is percolation threshold where
the transition take places, C is a constant and § is a critical
exponent (an index of system dimensionality, theoretically 1.3
and 1.94 for ideal 2D and 3D systems, respectively) [28]. We
also fit the experimental data using a percolation theory,
yielding f. = 71.8 wt%, § = 2, and C = 5.05 = 107°. The fitted
percolation threshold is nearly the same to that for shown in
Fig. 7a, supporting the formation of 3D interconnecting
channels in H3PO, incorporated PAAm-g-starch membranes.
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The proton conductivity from H,PO, incorporated PAAmM-g-
starch membranes measured under dry air from 25 to 180 °C
follows an Arrhenius relationship reasonably well as shown in
Fig. 7b. Itis noteworthy to mention that the activation energy,
E,, increases with H;PO, loading, which is opposite to that of
H3PO, doped PBI membranes, but consistent with our previ-
ous reports and other system on PAM/H:PO; membranes
[11-15]. Only at a higher H,PO, loading is E, closer to that of
pure HsPO, (23.05 kJ mol'l), Lower E, values in conducting
composites suggest a facile proton transport along conducting
channels. It is reasonable that the conducting channels tend
to be interconnecting at higher HaPO4 loading and the con-
ducting regions composed of HsPO, are isolated at lower
H3PO, loading. Therefore, there is a probability that the
functional groups such as —NH,, O-H, C=0, and C-N in
PAAm-g-starch can form hydrogen bonds with H;PO, mole-
cules and serve as pathways for proton transfer as illustrated
in Fig. 1. The potential mechanism has been described in our
previous report [13]. The proton conductivities of the resultant
membranes at low HiPO, loading are mainly the result of low
concentration of protons and hydrogen bonds from H,PO, and
PAAm-g-starch framework. An interconnecting channel from

01
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Fig. 8 — Stability of anhydrous proton conductivity for 80.53
and 39.62 wt% H;PQ, incorporated PAAm-g-starch
membrane measured at 135 °C.
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either hydrogen-bond bridges of H,PO, molecules or H;PO,/
PAAm-g-starch or both for proton transport is formed at high
H3PO4 loading,

The proton conductivity stabilities of anhydrous 80.53 and
39.62 wt% HsPOs incorporated PAAm-g-starch membrane
measured in dry air is shown inFig 8 for 135°C. Overan1lh
period, no apparent decrease in proton conductivity is
observed in 80.53 wt% Hs;PO. incorporated PAAm-g-starch,
suggesting that no serious HaPO4 leakage occurs during the
operation. However, the fluctuation in 39.62 wt% HiPO,
incorporated PAAm-g-starch may be the results of uncon-
nected channels for proton transfer. As has been described in

suggesting that the membrane at a H;PO, loading of 39.62 wt%
does not form interconnected channels within the 3D frame-
work. 11 h-stability presented here is far from being optimized
but the recoded conductivity stability along with low-cost
synthesis and scalable materials promise the new mem-
branes to be potential candidates in high-temperature
PEMFCs.
3.6.  Fuel permeation and dimensional stability

The low fuel permeability is significant to enhance the fuel cell
performances. Fig. 9a shows temperature dependence of H,

Fig. 7a, the percolation threshold is around 71.8 wt% H4PO,, permeability in HyPO, incorporated PAAm-g-starch
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membrane with H;PO, loading of 88.68 wit%. The H, perme-
ability coefficients at ~135 °C is in the order of
~107" em™ cm em™ s7' Pa™' compared with that of
~107% em™® cm em™? ¢ Pa™" for Nafion 112 and PIL/sulfo-
nated polyimide membranes [6]. H; permeability increases by
orders of magnitude with increasing temperature. The
significantly low fuel permeation is expected to enhance the
fuel cell performances.

The dimension stability of the 88.68 wt% HiPO, incorpo-
rated PAAm-g-starch membrane against temperatures is
shown in Fig. 9b. The diameter remained unchanged at tem-
peratures below 80 °C. Interestingly, there is a slightly in-
crease in diameter at temperatures higher than 100 °C. The
relative dimensional stability demonstrates the membrane to
be potentially used in high-temperature PEMECs.

3.7.  Electrochemical behaviors

3D PAAm-g-starch hydrogel material not only uptakes enor-
mous H:PO, and retain in the framework, but provides inter-
connecting channels for proton transport. Microporous
structure can be apparently observed from the SEM
morphology. To determine the unobstructed transport of
protons within the micropores, CV measurements are carried
out by piercing a platinum wire into a hydrated HaPO, incor-
porated PAAm-g-starch hydrogel membrane which is used as
working electrode. A platinum sheet is employed as a counter
electrode accompanied with an Ag/AgCl reference electrode.
The electrolyte is HsPO4 aqueous solution with the same
concentration to that for swelling of PAAm-g-starch. Fig. 10a
and Fig. 10c shows the CV plots obtained from 0.05 to 0.1 M
H3P0,; solution incorporated PAAm-g-starch membrane. A
typical hydrogen desorption peak area appears at the poten-
tial range of around —0.3 to 0.3 V because of the oxidation
reaction:

H, — 2H )

H = H, )

In the reduction scan, all the CVs show peaks at around
0.3V, corresponding to the reduction of surface oxides on Pt
wires. The distinctive feature in this peak is that the position
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of peak shifted toward lower potential. A hydrogen adsorption
peak is recorded in the potential region of —0.3 to —0.1 Vto the
reduction of protons (Equation (7)), showing the characterized
curves of Pt electrode in HaPO4 aqueous solution. The results
can be employed to detect the proton transport in hydrated
H3POy incorporated PAAm-g-starch membranes. By plotting
the peak current of hydrogen adsorption versus square root of
scan rate as shown in Fig. 10b and d, we can quantify the
intrinsic relations of proton transport in the hydrated HaPOq
incorporated PAAm-g-starch membranes. One can see that
the membrane scanned at higher scan rate has considerable
higher reduction peak current than those at lower ones. The
increased peak current values suggest a large surface areaand
fast reaction rate, which makes the PEMs robust in trans-
ferring protons within the interconnecting channels.
Furthermore, we can conclude that the proton transfer is
dominated by the diffusion of counterions in the PEMs, H,POyz,
HPO3~, PO, causing the diffusional behavior in the cyclic
voltammograms [29].

To elucidate the diffusion of protons in a H,PO, incorpo-
rated PAAm-g-starch membrane, Randles-Seveik theory is
employed and presented [30]:

jred . Knl.SACDa SUO.S (8)

where Jeq 1s the peak current density corresponding to
reduction of protons (mA cm™), K is 2.69 x 10°, n is the
number of electrons of reduction reaction, A is the electrode
area (cm?), C represents the bulk concentration of protons
(mol L™, D, is the diffusion coefficient of protons (cm™ s™%.
Take the CV curve at a scan rate of 100 mV s *as an example,
the D,, values are 4.39 x 107 and 4.56 x 107" cm™2 s 'in 0.1
and 0.05 M H3PO, aqueous solutions, respectively. The results
indicate that the protons have an enhanced diffusion kinetics
at the anhydrous membranes with lower HaPOy
concentrations.

3.8, Fuelcell

APAAm-graft-chitosan membrane with a thickness of around
500 pm was eventually assembled into a fuel cell for perfor-
mance evaluation. Detailed description of fuel cell assembly
can be found in the Experimental Section. The V-I and P-I
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characteristics measured at 180 °C with dry H, as the fuel and
dry oxygen as the oxidant are shown in Fig. 11. A maximum
power density of 517 mW cm ™ @ 0.82 A cm 2 was achieved at
180 °C from 88.68 wt% HzPO, incorporated PAAm-g-starch
membrane. However, the highest powder density was
244 mW cm™ @ 0.52 A cm~? by feeding with Hy/air streams.
While the demonstrated performance is lower compared to
H;PO,-doped PBI [31], the overall performance is satisfactory
and comparable to other proposed PEMFCs [32], considering
the fact that both membrane and electrode were not opti-
mized. The cell chmic resistance was approximately 103 mQ
at 180 °C using Ho/air streams, which was close to the calcu-
lated membrane resistance of 108.7 mQ using the conductivity
shown in Fig. 7b.

4, Conclusions

In summary, a new class of 3D framework of PAAm-g-starch
composite polymers have been synthesized as high-
temperature PEMs using their extracrdinary absorption and
retention to HsPOs The protons transfer via the Grotthuss
mechanism, migrating across hydrogen bonds present in
H,PO, as well as those formed between H.PO, molecules and
functional groups such as C=0, C-N, and —NH, in PAAm-g-
starch. The HsPO, is solidly caged inside the 3D framework
after dehydration, mitigating the loss of H;PO,. A high and
stable anhydrous proton conductivity of 0.046 S cm™ at is
obtained at 180 °C. A fuel cell using a thick membrane showed
a peak power density of 517 mW cm~? with 0, and H, as the
oxidant and fuel, respectively. The interconnecting micro-
pores of the membranes provide good superhighways for
proton transfer. These profound advantages along with low-
cost synthesis, robust proton conductivity, and easy film-
forming promise the new membranes to be strong candi-
dates as high-temperature PEMs. The technology presented in
this work opens a new prospect in our mind to design the
high-temperature PEMs with enhanced conductivity.
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Research on Interlayer in “a - Si:H/pc - Si:H” Tandem Solar Cells
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Abstract Tandem structure is able to improve the efficiency and stability of silicon-based thin film solar cells.
The current matching of sub cells that limiting the efficiency of the tandem devices can be effectively improved by
employing an interlayer. This paper introduces the structure, properties and materials of the intermediate reflector
and tunnel junetion in “a-Si: H/pe—-Si: H” solar cells. Based on the theoretical foundation, the concept of “tunnel
recombination reflector” short for the tunnel recombination junction as a light reflector is proposed and its working
principle and materials selection are discussed. In the tandem devices, such interlayer not only plays the role of
intermediate reflector that enhances light-trapping, but also optimizes the tunnel junction to improve charger carrier
collection.

Key words materials; tandem solar cells; interlayer; tunnel junction; current matching; tunnel recombination
reflector
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M BEEREFEMEAAZRE AN A R AERK
Blz—. NMBTWE sn EZAMMEREN. &RF
EREENIBFAMOMERR HHEXMEER
#iTiER, R HE— S RIZESME — L.
XA So BRSW RSN RERLHRE
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RERERSHRSLECH ALY EXEEMNA
B, Bl I REAF BB B ERER
BASSHAZENES. RELARRAZFIRAES
R R R 2E 58 (Seebeck ) 3N 21 A BE R
ABERREA, EFER/N BRI FHK RE LT
SR8 A#OANRRERG R AaiRAE SR
BRAZ—. AEMMNAREEATSHNEEER
ZT #&ik, B

i

IT - o’ al

K

HA, a0 Tk S 3 A RLE Seebeck BRE. RS
EMHREE T HATEE. EHEMNEBEET. /THE
WA, MH RSN ARERTERES, AE
fEaEnm e RN EERENMERT P(P =
o o) IBRHRSE .

HM Slack 12 “BEFHIE- L F R (PGEC)
SRR AME—EBNTFEHREEIMERMHE
MR B BT REHNEANERRG XM
RAgAEbE " AEERETRRNASENS
—#ERm L. MREE EEVEFTRENR
ERIEZHTHENDTASEENTFETFHNER,
MEAEFHFEENTFEREE BEXARFSEER
FHHRARE EESETRT K", XHiLshaE
BIBEHMERE T, NTIREEASR, ARTEAT
MEEREEEZW. BaidEsMHHREEEF
ESiE . Ce EfMSn BEESMAE. MEBEF S 5

« HEGE . EREANZESABHTA (51262032)
B 478 B HE 12014-0927
EEEM I BHZE
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I B 5 B RS B B 1201540320
(1978 - ), &, ZEEEAHA, EiEE L, BERRR, TENEHERMRHR.

Ge Si HHILETFHRE HE sn AEXEKBEFARRETF
RtgXK EfMAAERAREE, #EM o HEED
REMEEATRNAES . Sn EEAMAF 1 &
VIR A, ERE S BREMBETEFHE
RO R M HOA A R R A R AR R AV AR
Z—. ANEANE S BRBERNNBERENR
HAREmEE, X ER R R TR

2 IBZEMARME RSN

EENE—XBEFHL FARMEFFHN.
BT RAKELREH, HHELFE FHRNERE AR
BRMZRF (AREESIHLIERE) ey, B
BEEVHEARZTAERNTRE, EENAS AT
FERER HhMREENE | RESYHIEES
1, —RERAMX, (EFM AREESRLIERE).
Y X A Ge.SiBi Sn RPN Ge & .Si EH Sn &%
B, MERTFAUSSBRIELR TR A B
Bl . VIE Ba,Ga,Sn, EAYIBE T LA 44, =@
BH13m, B RRAHE S BRSNS
HE, GHES s MM+ ELRENET
EGCaMEIVIETLE Sn BT sp’ MUBRUHE, Ba R
FRFEH 23 MERFEFHAN 8 M EEEZEN,
WA S ER ZE R 8 MERER FHEMNSEE
HiE. ZERYPEREFRE-MSLA SEZERE
FEgse LE ARFSH(ZRREULESE) S
0.000459 nm” JHERR R FH 4 ML, 55 4 2a.8c.
12d #01 24g, #4REN S #4513 0. 00013, 0. 000115,
0.000152%A 0. 000129 nm*™ , BH X E EMH, 3 V-
BagGa, Sn,, &M, L 12d fI8c LB RE S 4 Ca
BEFAKAYHE Ca Ca iEHERTaEEHRY .
VI -BagGa, Sny, S H B B FIRETRL, BHEER 0.
32V R EBIERET Ca 1 Sn MR FHIEMA,
BH#H Ga.Sn FUEFE T Ba BE FHIEHRK.

Bif, &% " R/ Sn BIRFIEH & Mg 352
Bl Sn B8 25 A Ba,Ga,, Mg Sny, (x=0,0.5,1.0,
1.25#01.5), 5 REW, B Mg B2 HEM, FRE1L

BifL{EE : IH B, E-mail :skdeng@ 126. com
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AHMHESRERS, REEEED, BEERPERE 720 h.

FF Ba X ERTFERES 0. HETZHES
ARHEERAAH0.93 (Mg HBEXER v =1.5 ),
i Mg FISERRE ERRIR. ATLUER Mg BREREE
FHHRNEERZHT B S 2T 8.0, AWM fE
Mo TRARPETETSH BT R4

°
B 1 VIE%EH Ba,Ca,Sn, B E

Fig | Structural diagram of type-ll clathrates BagGa,g

Sny,
3 IR sn EESYERFAIE

Bl A sn B2 S WNE Ba,Ga,Sny, (L&,
ZAL Y B ESEE AEITHES Ca.Sn RFELHIH
TS, #0f Ga/sn RFELEZ BEBIERE 16/30, Ga
dERZERA ) BES S ZTEMNERS « B
g RHHREHES p RESHIE S BEEY
R Ga BIEFIE, B8 0 BMESHER S BIEFIE.
2005 £, Huo % ¥ ¥RIET Ga.Sn BEFIENBIE&
T p BF0 o B8 RNE! BagGa,, Sny, {4 &4, 2008 £,
Suckuni % ' Eit £ A K XRD FH T 4%
BUMEES MREEXBIZLEDHESE S (520 =
3)C. 5Ca.Sn BBRAEARIZESMRNEREBEE
HY, BN ERARARHEERTE Ba.Ca.Sn,
BEFTELERE (Cad 25 0 F8) BARETA
RERHEZEH BRAERAEXTERA, &3 h
I8 763 K FIEIR 10 h, AFE 50 h Ei8REE
Zo3 K BEREARENHARABLSBEREAE
B EIEER Ga 8 Sn HEEBEBREME. Kuznetsov
%0 I AEEREEART BayGaSn, ERILED,
A EAEESSRIPT SHERTERLFTE
REFETHNEREAEEMNELBERR AFE
HHHRRAREE R EREPRLS K/minkiEEE
RIS FZEWRIES30 ~100 K, E/EBEIE
w2 ~3h, ARNEHERTFESPRE, ATHREER
S FEREAERFESEHNANZLZAEEN
AXREH, ERTESEE 100 ~ 150 K #4LIE 150 ~
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4 I sn EESUARBEMEFE

4.1 VIZ sn BEADERHR

EILE, BRSMFRETIER S B2 S A
AHERHTTAEMR RET—LEENMRE
. Kono % ' REBEZHIELTIE Ba,GaSny,
HIBRFEMTERR, poo BFEES 2T EHESHE
RFRELH 10" /em’, T LFRE KA BT TR
BAH 10" fem’, B3 % R A0SR F iRk B BT 40
B 2 BERF 1.0, ZEZEEA" R
WIEN2k $1+& Sb #5211 B! Ba,Ga Sn,, KB F & F0
MR, RWBEAEMMTRERMENRZ Y1
K, 15E8A Sh B AR MR = SR EMTIAE B R ER
FHRESER, AMEZR p BUFD 0 BUATRHAT Seebeck R
HUORE#NERS SRRV ZIE>1. L
& ¥ g L S W S — 1 R IR T 8 AR 7 K AL Rt
MEEHANRER SEENEEHNERERF RS,
XEEFREF Ba FHEREF Sn.Ga HIREIIE R
e,

Ek 04] 8, FuGa,Ge, EEMEAR | BLE
BFVIR G, EiBE 696 CH, IR & 1 B4
LEE-EHENEET. 3TF Sn & BagGa, Sy BE
ZMAEHHR, BE 1986 £ Fisenmann 2 2 31R1&
T BagGa,g Sny, EEWMEB®mMEH. 2000 F,
Kumetsov % ™ Z R EERMESHK SRR Ba,Ca,
Sny, BEY. EREPVIZERVSEBEHNS ZaHRE
MEREERX FAAETENEEZLESWE
ERMEESEL MRS RMER B
hEBNERLENS | RESYHELLEEREM
Seebeck BH (R TH - 185 pV/K) MBI AT
RE(EETH2.2x10" em ™) . RIEMHEESR,
X F Sn H B RS Ba,Ga, Sny,, TEHE IR IR ER
CEERT, FTRNEEEEATUESE TR EHI
Sn EESW. ERSMEET (900 C) REBE A
B 1 B (p ) B Ba,Ca, Sy &Y, ERIXAE
ET 490 C) RESIHAEFWREY (« ) 1
BasGa Sy, BEM™ . ATRERESYENTRE
HEHREFENBEEE, Siga £ KA Ga.Sn W
BEFIF s BEASREBAEF p B B B
Sn % BayGa, Sny, EEH, M AHS BLEHR Y,
GEEEES M 300 ~ 600 K Nk T M 600 ~
300 KibdNdigd, HHREREEENTHATRTE, B
HEENERESETURAGELENET. ATH—
FIFEHFE, EHERMAZ 600 K BSHEEER
FEFIT XRD 547, ERENHERTHIE TS HBE
IV B ¥ firatie, MBAXH | HEIMETERT
HHT, BIAES M 600 ~300 K (&R RS ELE
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B2 & iSn BEMEESY BagGa,, S, AR EIARERE

3

BE | MpET. ATEd—SHEEREHETR
BE, Du %Y THZE AW «op BIBETHET T
MERE EF | BLEHME sn BEEMMATREF
HETETER (DTA) MRMALH K X 5L iTH
(PXRD) 347, & REWMABEE T 466 CHBA
| BIEEH, SRS T 466 CH, | BIEMET HILE
BSREANHZIRVEHBREEET 466 ~
500 CZfE, X5 ZEiRER Eu,Ca,Ce, EEWE IR
EpEER. 1k HEEHEI10 CH, EiRIESD
FEA570 CHI Ba (Ga/Sn), BEMMBE, BES
HRALEMZ p HEW SEHRE « HEZp
Tk ASHMREHLERSMEEE:. X5X
B0 MEREREA—H. LEY BEBEZE
BEHE TEEITWIE Ba,Ga,,Sn, KB F 1
HEM, HREBIZUEVERTHE, BEEEREM
BEETE, ERTPEKE, WEEFE | BETHE
BIEFEMTEERR, ZL SR EETRESE,
HREHN0.19 v, B MEEEBML ATIE X, &
BIHZESMMNFHENHLEIEEZNRMm. X
FRAENAT AT ZES MO HRINGAER, N
T BT BT A T SRR A R A s e
4.2 VIEsn BERSMEEHE

HRER Y, VIR BagGa, Sny, (L & HITE 150 ~ 300
KEEEERRAAESEESHEEEFRITMNS
S%, Huo & Bl Sn BBENFEHETERME
BagGa,oSn,, L &V H SR H B ER ST TH
5. HRERBELEZEE Ba,Ga, S, LRI A n B
£%, HEEH Secbeck RHFMRENT LRI A8
MBS LEEHME, B Seeheck RHE IS ERYIE
IS AN, BT BEMHA T RE (ZRHEAFR
EH3.7x10%em™?), M SBE B/ Seebeck REL,
F£ 550 K &b Seebeck REHIE 243 WV/K. ERERE
HR TR U RRBHHNAT. BEENAS
BHFEAUEZRAGAE. £150 K LASER
1.1 W/(m + K) . Saiga " &HT Sh 2 \I#
Ba,Ga, Sny,, ZEREFWA pon BERBEFEIHTFR
EEm, B p EERIIERTFHENE SHNLR
5 Kono % ' BTN . Sh B RERTH & n
Bfnp & Bag(;a]ﬁﬁnw‘ﬂ"ﬂiaaﬁﬁﬁmﬁ{]%x ZTEE
T=450 K WHiESRH0.90 #10.88. ATHIES
ZT R, ZEVIE Sn B4 S W, Deng 2 7
BEALBE RA S BETEHN&ETREA EER
B8 RS BagGa,, Al Sny,, EHRFRETHT
KEEAT MRMBSERERS, 500 K HHE#R
BagGa, Al Sn, JRBRA ZTE 1.2. BREMAER
B CuBEHEENEE n BESR BayGays_, Cu, Sny B
RIESY, £ 540 K FFHEMR BagGays o Cig 33 Sy 35 15
BAZIE1.35Y . Bif. 5% RE S0 BHEFE
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BIET Ge BZEWE Sn B E%ESY BaCay
Ge,Sny, (0=x<1.0) , BEBEHERASER &=
0.5 B, HmE 500 K MHERGRA ZTE1.25.

5 & &

&2 FRTIE, I Sn B% & Ba,Ga, Sn, HFEH
REASENREHEERFENERETHRIENR
FRAGE AMEAREFEEELEMBARHE
R AR, BWIE! Sn B% S Ba,Ga,,Sn,, TEfE
REEEENEEHRNEEREEFENARTIAR
=8, HRZARNAIREE R AM S H /7 {EEx
RE AAMARMELAGTE—SHRL. B
ZHEMHELSXRESRERS MR 2T .
BHAA TN ARSI .

(1) RAERHE (NZEEZRELITESE),
MEE ERBHEF (RRFHNEF) EAETR
RFHNBHEFHERRFATERERF TREM
RLEOPA R IERE, I SERRMRHE FRMIRIRIES .

(2) REABRFHERNE S YD EBEHEN
FFETER So BEEW, LIRS AT R FRARRE
SYREKZRILE ERIRS RITENAIRT, dt—
TREVHNE BRI E, I x b
frifiL.

3) MFZEAEHMANHNEIERAAEN
EATERBARS . St pA RN, AURRES
B &ELE NGEFEEMRREE.

BihFZERME BE o RESHLEMESR
WE /T 8, T p BRI 2T AR, Etinfi
—5EE p BRI ZT BEERN —THMRER.
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The recent research developments of Sn-based type-\ll

clathrates Ba, Ga,, Sn,, thermoelectric materials
SHEN Lanxian, LIU Zuming, DENG Shukang, MENG Daiyi, SHAL Xuxia
(Education Ministry Key Laboratory of Renewable Energy Advanced Materials and

Manufacturing Technology, Yunnan Provincial Renewable Energy Engineering Key Laboratory,

Solar Energy Research Institute, Yunnan Normal University, Kunming 630500, China)

Abstract {The Sn-based type-Vll clathrate Ba; Ga,;Sn,, was considered one of the most promising thermoelectric materials

hecause of its excellent thermoelectric properties. The crystal structure, synthesis methods, theoretical and experimental

research of Sn-base type-\ll compound were introduced and reviewed. In addition, some approaches have been proposed

for further research the compound.

Key words: Sn-based clathrate; type-\ll clathrate; thermoelectric materials: thermoelectric properties
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OB FHRS RS, R A R B B SR B - S/ALBE, JE7E N AU T BRI
1K X SR AT ST (XRD) (X AL 8 B il DO B R T RIE T . SRR LR ENIKAH T Ta-Si/Al
R 7 1, s DGR FE A 2 3R ] 200 °C2 (R 2235 80, AL B R~ e b A8 s B R FE i — A T, SR 2
BLRT B AR R S MR R L 200 CRba-SUALRFT E#E L. Bidit 8,18 RS BTl AT 1 |

BRRT HFREAEERIRMARER,
KR W, AR, BES B B
RESZES: TK513.S TERINE: A

0 51 B

R R AR A KR —ERA
fERE Bor. REHKXHERHTRERRK
BELARREATRAZEEAR, Kk, §EAHE
WEE T ATHXEY, Frh, ik (o-S) R
AP R TR A, R R (U
BREEIR A 19, B SRR R A =, AT M
FHR _E ] & AR O AR R B R AR &
RZ— B REEW IR E BB (S-W) R,
BECH R RMRRESES, "ERHA T
Tz [ g AR Sk ik R B L B
AL, NATHETE T S R (puc-Si) , pe-Si WAL R
ABRARA T RMBRNRBRE, THR
B BB BB L, -4 B8 0% P 0 0L 6, RTS8
HA R R E 2 BB K RE
B TR, ko A I A ) 5 R K AR MO B
TR B v 0 R R o TR T R S
TR RS, W A RE A REOE R
BAERFESHBOCE KRR R
APBE KIS REFRAETREAREHE, BK
B BRI GE T AT AR 4 e Ak
BB ZAAS"Y, AR AR EERAR
I FVEE I 0B R T A IR B R RS ) 1R B ] & R

WA ARE: 2013-05-29
E2TE . EEARBLEESBAES(U1037604)

A (o-S1) /48 (AL B, 38 g s il ko SE Bl T
FRE B Sk, B A I B R W - Si/AL B AR AL R
)TN

1 £ I

11 HENEE

IR AT JCP-450 7Y = FE R HS i S48 LA, LA
8 p B Si B0 {4 BF 99.999% AL 5% 0.02 Q- cm)
FLEEE 99.999% K AL B EEH, ABERE 1 500 G Rk
HHFHE, R R E K B EE K
PR R EYE 10 min; Be5T S 0E FI AR 99.99%
B Ar, R EZS Y 6.0x10™ Pa, TIESJEH 2.0 Pa,
Ar GLEH7 20 scem, Sl 5 — B IE SRR, WA Th
R 120 W, BF[E) 3 3.0 h, ¥ B B H £ 150~
250 czi), eI M aE R W IR — 2 AL R, W 5T
&N 60 W, E K 30 s, W RBEAER, FH
RTP-500 RURHEE K AP 7E N, U % a-Si/AL IR
HATHEIE K,

1.2 ERKMEERT

3 Bruker Apex IT X SR AT HHURAERE S 5
g TR R RBR R R A& E RENISHAW
A A H INVIA 6 B A @ Uk T R & Bt
JEIEIR, SR B AR S TR Rk

EREEE: wiE(966—), B, L, SiE, MLESE. ERNSRREARM RS RN, prhyang@hotmail com
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™ ErB O, AR R LR AR 1 kR R L A 1557
45 40 (4
2 £REGH w0} ;;D:Jk §i(400)
35+ %zu ‘\
21 BUEBRHIEXRD 547 Lol Bemm
ﬁ £ st : o'%
MR R R A oS ALK BB LEA Far S EmE
TEMEH, LU0EE Si(100) 4 RS 0 g i
& HRE N EE~250 TR L, 1% o-5i o[
B/AL BERE S, R AT IR A AL B, 85I R R ] ——ram—— a—
IR R IR T o-SUAL IR BARCR . WG S
w&TES8mE iR, b. ARHIEEE XRDE

#1 BERHESH

Table 1 Preparation parameters of samples

B R HEREC BJGEERC BARIES
A Si(100) Eil 550 300
B si(100) 150 550 300
€ Si(100) 200 550 300
D si(100) 250 550 300
E W 200 550 300
F o si(100) 200 FiBK —

Jp 7 3 LAt etk Sk R R L R, iR
FEgh C.E M) X SR AT, A 1a FTm . ME 1a
A ) 200 CBA GRS C 30T RELH Si(400)
Frshde 58 B i AR #E 0L E R R TR
KB T Si(111) M0 Si(220) WA %, BB
1 JEFRbERe2 , b Si(1LDATSTEIR T Si(220)77 5t
i, T WERRRE RS R EmN,
W TS EER ABLC.D.F 89 X BTER TS, In
B b frm. WA Ib ATEH, BEREHATHEN
Si(400) 77 5t , e {FE 32 B AN ARtk B R JBE ML 2
{H~200 CEHTEN ,200~250 T B HFE .

| si(iLn) §i(400)

o~ FERF(B IR )

L]
=
T

Si(220)

L

B8 FF < 10°/a.1
_
(=]

, FERC(RARERTI)

= un
T

50 60 W 80
2000°)

a. AEHEXRDE

1 1
20 30 40
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A1 R XRD
Fig. 1 The XRD spectrograms of microerystalline silicon thin

films

WL ERGHS XRD BEHELERTR v

(FWHM); % F Scherrer 243 HE AR KA D,

D=KA/(wcosf) (1)

A, D—FBRR T, nm; K —Scherrer % %,

H089; A —X HLE K, H 0154056 nm;

w—B R R rad; 0 —NTH A HRINE2
iz o

F2 ERRUBN
Table 2 crystallization parameters of samples
= Aa ifﬁ a%ﬁ;f.'“ ﬁiﬁf E eV f,%
A 0.41 23.24 30.29 154 186
B 0.39 24.44 4179 149 208
C 0.36 2647 4434 148 217
D 0.38 25.08 41.72 149 203
E 0.67 14.23 4009 148 184
F 042 2269 4023 150 212

22 WREWEN ST

B2 MRS P8 kil M 2 AT E LB E
TE 487.00 em™ A0 B B AYUE B 5 F RIS LA N
489.00 cm™', A% F3E B4 B H) TO(transverse optical)
8L 480.00 em™ A — AN (Av=0 cm™) , BLBHE
BT Rl (BB, BEGERAE BB H &
C BRI T 492,61 em™, RITHEB R E R H
EZ,



Key Laboratory of Advanced Technique & Preparation for Renewable Energy Materials, Ministry of Education

1558 X B & ¥ # 364

490.71 cm !

24F 49071 em™

Il
=

[ 492.61 em?!
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@A fom !

B2 R R B fh B

Fig.2 Raman of different substrate temperature

FEEBHIRIS0C)

—_
L=}
T

FERCHE200°C)
HERD(HIE250'C)

HAFHTIR200 O
RRAER)

SR EFx10°/a.u.
=)

L= -]

M2 SRR B S A — E AR
T LA E R ~200 °C, BGRB8 7 R 8 0 iz
BT, )5 M 200~250 °C, 4 5 & i (8 i1 G
HRREABRFLE, RAWHEYCEH B
FRRRE R, N E I ~200 L5 & B4 Z 91
200~250 CH5 B SUB BRI .
a-Si/Al RERAS RS, BEYRMES RS
RAEBUE , XM B e AR BB
W, TR B R B RSN SRR RN
EEE BRI AT, IR X S EA LT E K-
Si/AL BERY fa Tk,
Ko =Ty + T/ (T + 1gp + Lo) (2)
A, L, o L T Ly — O BN 520,
510 1 480 cm™' BHLFFAE B i 2R AT BB MR
RBREN . RUCRAHTESRINE 2 iR,
23 HERHRRENRREEENHR AEER
SR
A R RR MRS R R E%
R IR A AR, S B R T R R A
ST R KRR A BRI W . BT
B BN 112 eV TR S RER BN 1.75 V',
REHRWABRCE, )RR SRR,
TSR AR AL 3R LA B S A A XA B O T
BORITER, WR(13).R014)FR"M,
E =1.12X,+175(1-X)) (3)
500 cm™ MHE AW ZRFE KSR, B TSR
RoFRTF 2 om, 500 em ™ BHE A9 3 8 6 F Bk (1 7
H R TR, RE ARk .
fo=L/(I+1,+Y1) (4

196

A, 1o 0 L —fhR R AR E
SRNRSER; Y09,

Y XRD &5 8% 57, o[ 18 2R BA b AR R
<+ L A M B A A R AR A R A
ERNE 2R hE 2T, AR SiI(100) R
A R R FRAE R o, 7R e R B R R B PR
F AT SR 3 R R S g R P RE R
e, HRAEKST, RREEHELTREERR
BRGT AR RER, L, SR RERIRAE AL C B9
SR T (26.47 nm) LA ) 2% 1 BB 5 JCBE 40 E
B &R RSt (1423 nm) K, B C B S fb %
(44.34%) 1. E #5163 (40.09%) o

HRRERR FTHEREAR, T HIHEE
thoEMEREEL S BE . BibHd, BRET
R B — NSO, R D MK X
RATER R,

D=D, exp(-E,/kT) (5)
A, E,—§ BBIERE, X F Si, E,=4.7-5.1eV;
F—HRESEE D= c F—F .4 =
BRI TN 12,1416, FAH 2.4.6 T
/U, S D, =10°cm’fs

ML AT Y R SO R BE () B9 iR 3K, BEIR
FaY BB RN, HEEA BT S REFHE
SR, (B RER BT TR BER @ =(Dyov,)” HR
ERBEBREFRAREX, T HIER o B/,
i EL, BETRBE R , 2 0 FRT B T o B

p, = exp[-(E- TS)/kT] (6)
A, E-TS—ER M B B,

R B IR R IE B, R, SRR T
SERT Y BRI, I KT HENS & E
K AR RRR A, BT LA R IR E M 1R~200 C,
AL RS 0 S L3R T 5 K SRR B PR A
REERSBOEM, AT, ¥R 200 CTH,
ERTAEMKE LGRS RELE, ShaAE R
m, R TR SRR AR, B, 4
JE R A 200~250 CHEF A, SRR T A db b 42 B
TELBE T M A R B T A B A
B

Hdh F O oRB KRS TERIRIR AR 200 CRY
AT M, @b R A 2269 nm, AL E R
40.23% . 15 FE S @ Rk 49 URE , 200 CHI AT SE AR
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R W AR R R R TR HIER
BERRTH, BT R BB B R R fb
KRR, I BE A I, B VR e I
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RO B B A E B B, BB R RS
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EFFECT OF SUBSTRATE AND ITS TEMPERATURE ON ALUMINUM
INDUCED AMORPHOUS SILICON FILMS RAPID CRYSTALLIZATION

Duan Liangfei"’, Zhang Liyuan"’, Yang Peizhi'’, Hua Qilin'?, Deng Shuang'?, Peng Liujun'?
(1. Key Laboratory of Renewable Energy Advanced Materials and Manufacturing Technology of Ministry of Education of China ,
Kunming 650092, China;2. Solar Energy Research Institute, Yunnan Normal University, Kunming 650092, China)

Abstract: Amorphous silicon (a-Si)/aluminum (Al) films were prepared by magnetron sputtering based on glass and
monocrystalline silicon substrate at different temperatures , and then annealed by RTA in N, atmosphere. X-ray diffraction
(XRD) instrument and Raman scattering were used to analyse the structure and properties of pc-Si films. The results
showed that monocrystalline silicon substrate and heating can improve the crystallization of a-Si/Al films; The crystalline
volume fraction of pe-Si films increased with the increasing of substrate temperature from ambient to 200 °C. And then
crystalline volume fraction decreased with increasing of substrate temperature from 200 °C to 250 °C. «-Si/Al films can be
crystallized in the substrate of monocrystalline silicon with substrate temperatures 200 C. The effects of substrate
parameters on crystallization rate, grain size, band gap and the volume fraction of interface were obtained by calculating.

Keywords: substrate; amorphous silicon; aluminum induced; rapid annealing; erystallization
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mESEREERBUNNFHR

KAT -, BRRY L B HEE R WLk M BRNE

(I ZEFEAZ T BERRARERRASHEHFRESLEE, B 6500022 ZHMEALAMER R, R 650002)

BEHENEREIRENAFNE, KXRABERAEAEE /S EE, #FARELRE N EHRE.
BIEIRARRNHERERMBEHTRAGE, RELSEHAZTR. FAHES B A (Raman) {F0 X 5
475 (XRD) {0 BERETIEAERAE . SREM BARHEMAYGEREEAFLRMNERILSY EKE
KEFERE(E Al/Si REFE DT 8L ABREREE. RANRSNEERINE, #EUNERESRLUR.
kA EREEE MRS RER SNE

dh E 4210484 MRk ARIRAD A TEHE1000985X (2015) 01008503

Crystallization Kinetics of Aluminum-induced Amorphous Silicon Thin Films

ZHANG Lisuan'*, DUAN Lianget™*, YANG Wen'*, YANG Peihi'"*,
DENG Shuang"*, TU Ye'*, CHEN Xiao-ho"*
(1. Key Laboratory of Renewable Energy Advanced Materials and Manufacturing Technology, Ministry of Education, Yunnan Normal University,
Kunming 650092, Chinas2. Solar Energy Research Institute, Yunnan Normal University, Kunming 650092, China)

(Received 11 September 2014, accepted § October 2014)

Abstract :In order 1o investigate the kineet mechanism of Aluminum-nduced erystallization of amorphous

silicon, microerystalline silicon thin films were prepared by rapid photothermal annealing of magnetron

sputtered Al/S1 thin films. The thin films prepared at various substrate temperatures and annealing time
were characterized by Profile-system, Raman scattering spectroscopy (Raman) and X=ay diffraction

(XRD). The results show that annealing and substrate heating lead to the formation of silicon-Aluminum

composite al the Al/S1 interface. Prolonged annealing time promotes the interdiffusion of Al and Si,

facilitating the nucleation of microcrystalline silicon. The optimized Aluminum grain size and orientation,
effectively improve the effect of Aluminum induced erystallization.

Key words :amorphous silicon thin film: magnetron sputtering; aluminum-induced; kinetic
I 31 &
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86 ALBRFZH FUE

EREEFERMENEREE, MMEFSEEBERT 00 CEERE. ARXKFENERERE, WAL
A Ag FINE, FRMEEFSHERERA Y, ERXRESRL (AIC) MRRF. HRERHE KL
HESH MEREE e EF AN EERAAEBFSREPEENRAAZE BEKRZEAN
HIEN-

AIC HIERBEARERERLEE. ESAHL CHEAZRERUNBRE M RLEEEERT
100 CH. BAICHEMSEEASFHET Al MESL, SENRRTR, BHENEENEENS B0
BRERSYRZ—LEEFRAMAEE. X AICBIIRANERE, MERESCERE, URHEE AISING
KM —AFEE, BEESEN. AT BREREESRE S (100) MEBERE LRAT ALE, 23
BAXLEBREHE Al B ETRIERE () HE, 7 BHELRR AT Al/S ERETRICHET AIC H3)
HENE.

2 %X W
2.1 HEEME &

ERT, KA ICP450 ZRuERAEERE, RS P R (HE 99.999% RFE0.02 Q * cm)
MER A SEARM, FHRFES(100) FELKS Al/aSifE. HERERALKZENEEFKESER
15 min, FARSKTF WA SKEREER 99.99% 8 Ar, REREZEH 6.0 %10 " Pa, Ar FEH 20 scem, H
AR AT IE R AR RRRIINE S 100 W, WIKBEA R AHER (25 ) K200 CBEHEBMINEA 0 W,
WIRIREAEIR . R RTP-S00 BUREE K HE AP ZE R R T X RS AT HRAGE A . Oliver Nasta % 1
MR EREESS REASREORAE BN EEREAETHHAMSEEEENEE. AR/ AL/ -
SIMERBB TS REMER, AXERYRBAREN.

2.2 ERERERERIE

X FHEEFTHN AR B Bruker Apex 11 X SH&FTEHHL L8 (Raman) Fi&M 3R B EE RENISHAW 2

A INVIA 65 B R 8 iR

3 HR5R

3.1 FEIEETIRX
HEAERE FKEEAEE, REKEATE 30 EREEENBEFES 1.5 h, HEREH 200
To #H ABCD A A aS BOFHERBINR PP TRIERPGR N, B XEEAS min, ETZSHM
x 1B,
1 BENRLSH

Table 1 Crystallization parameters of the samples

‘\lml)h‘ \ B C D
Annealing temperature /C 500 550 600 Non-snnealed
\nnealing time /min 5 5 5

B 2#&AB.CD IS XE. MNERATUEY FRBNEETHRMASHTEEZNTX,
BEF 00«1 em', R FEREMNER AR E FIRAEE 450 cm ' 718 2 5 S A EPA B0 & AL g i 510
em 'z RAHBLNERREES ME—HN TFESTSEAMMELES, S gHafgE
TAHAEaR Al-Si #8. &R D ARBAER, TIAEHFRRZRS N, BFAKEE 200 C, R ERE
SIEESHELSHRHN A BEZEER. 39 S5 TEE AR B AL-S 8 KKBRTHEZAFEE,
EBEEREFEFRAGHAERRYE. B3R A B CTEH BAEHRERENAS HEEHRBER
BTHRS, BN FRTERCHT Al-Si (W& MAREE . HREETFHERENAS, S MY 8EEM. B.C#&
MR KBEERELR S 577 CHHE, BABHREHES Si, X2 H TR XM ETE, FREEKEAE
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REHAEEE R, RANERNRAERAURERAN—EHENR .

: :
L c :
) B
=
0 500
Wave number/cm’ Wave number/cm'
Bl FREEXNEETRESEREEERLA Runn B B2 ALERBRER Raman Bl

Fig. 1 Raman spectra of Aluminum-induced amorphous Fig.2  Raman spectra of annealing

silicon thin films at different annealing temperature samples after Al processing

3.2 FRALIE ALER, BREAC Al/a-Si EATIR AR
HFEFREIMARRGT Al LS S BS LSRN, Rt EEMEIH RS FRERLRNE
B El, REFREEAZE AR BEEETRALEMNARES «SifE. £53. 1 HRMNZEEGT
BlE A E FBEUR2MIZSHEBA BAEBEZE TR «Si . A53. 1 R BANETERKE
30 min, BXEEH 500 C.
#2 AIEMBEASE
Table 2 Annealing parameters of Al films

h’.ullp‘r E F G
Annealing temperature/"C 0 150 250
\nnealing time /min 0 hl 3

2EHEMEF.CG.HBA30 min GRS XIE. MEHRANEY E.F.C ZMHERBHRT 520
em ', TROAIBAE S20 om MHEMER KL SEAOEORFEFRIE" DESHEE TRRRE
RS, #R H XA, HBAREAS min, £ H EHETE A RGHTRALE, BEREH 5 ER
BHiRA, STECEER £ R H, T8 B ERE ARHE, 501 cm ' RbIEIEA Al-S (L& WIRIEE kTR —ME
B RTE 480 em QMR ENERAFEE FIRDBEST 520 on 'L PREMNERRXEE FIRIE

. HRFEAEIS CRAE HEEBHHEE, fEl Al(111)
HITREM 520 em . FASUEX =,
Io) / Cly + 1y + 1) HERXAEHRLE, 'EFF, N | Moy Alg20)
Loy oIy ¥ L RAUOALEZE 520 em 510 em ' #0480 % ”’\ AKIH)
em MHERHEEM B ETERNS MR EE | b M"”""“‘""‘*‘*’
DEEIRLEDSSL, HEULHREE. BE AIE M\-E
fRNEEASRRGHNHER G, SRLE A HER T T gul'
ErRERBETRK. 2006)

B3 Z2E.FCHRBAEMXRD BE. ERE B3 AL XRD Eit
AL AL B, TR B R R B A he s D o o 1

\ EEEEANE, SRAFRETF AR () &@E. (200) @ (220) GEA G111 FE@&. 150 CTRAS min 7
(1) BE#(200) REMETHERE. 250 CRBAS min FEAMTHIERNBEE N, BEHRE. FIAH
AT Size = KA /Beosd, R Size RRGEHRT (om) K AEH, —ﬂﬁﬂl K=1,1 & X §1&mKK (Cu
K, :0.154056 nm) , B RS ETEHHEMNEF R (Rad), 0 WEFTH A (Rad) . B Jade 5.0 £EMEREHEF
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88 AT BHEER EHUE

&S Al EEREEEHRTS8H E49. 0nm, F176. 2nm, G:51. 9nm. B RLE BB K Al R (220) |
(311) BEEE, EBERMERFSSANE M (111) 200) RAFRHF A F58K. HEERTLET
(220) . (311) BENE SAEAMSEND—HE X UFRENER MEANSHAERENSERE
SHAF FRAZ M EMNEESEiE.
3.3 BhESH

—fRiAAh, BAESSRLMNTIEN BT A 8RS Al/S REMER AKBET S Semama”,
RANJR S-SR RFE T #NAXNENGRE, SREFHEEREA AI-S 8, & Al/a-Si REHHER
BAEEL B RESRIL &1, Si-Si BRI T AIERINE, Si- 5| BB EEER, ARESIERES R
k&, B A-Si SRR EREERME Y . BT S BEE Al/aSi RAFAR, 25 Si BHE Al/aSi REM
RERETRKK. FHEKAHS SHEER—1TS HERE & S BFHTREREMNERMZIER
S MEHESTERS S, NEERATERE S EERT 82 B HR 8 S % E B HEF KA RE TEs
AR, RIE Si-AlEE, A EREERHERERE BUESR0 A BFHARKAMRE HF", #*
iFAaSi FETHE oS B, EEERKNERZRATME 4 FiRE oS/ p-Si/FEEH.

O a-Si @ a-Si

a-Si Si a-Si Al AL
Jo-Si pe-Si
Substrate Substrate | Substrate Substrate

B4 AlCEIBREE

Fig. 4 Diagram of AIC process

TRARRIETHEASESESAMODMERE: () BEENERTRIERREPH sisi #HH, i@
T BMAREN AR, BERIERESHERLEY. Bl S BEAEY, Lit2ETE KE R K
FEMEDEHTILIE, HRAMBREANET. Q) BAREES, 3K REBEEGR, EBREKK.
) FRESHEELSVAMOEARESHESRE ENSEIEFAEL 501 on 'RIFH£ME A-Si
SMMEHAEE—MES, HARERNESEENTRS SRRKANEREE. (4) ERRENS

FRERERA A BRMERENRUIZEEEZM, BEX Al RMOLERRE, XEAMEER
mAEEEEFREENRAIE. EREEET A-5i BREREREEE S NRARGEZLEERERR
L EAMBRENAERARERNT S EFREMZ. REFGOEZELR EFEEEZA &G D%,
EMERUREERR. MEENSAESEAF TREZNMENFELEY, FA, AL (220) F1(G11) 4
FoAREMRELE, BERR R PT R BE 2 -

4 5 ®

RIEMAFEREETRAFSESESLNESIENE. EFENEN A BRARERHEKIESR
FEERERIAT Al/S EIER AR IERR AR SY. R AR EEFEERESNESRLEYE
FHRIL. 150 CAl R ATREASRF (220) . 311) BHEE, EENNERIESILNE.
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MEFEAFEAREEAN LR FREALR 2R E TR B e S R RER IR BTN
ERESTE CFTRAERANZNE. BRRABUERSHNRZE BHREEURALIRETH
B 2—MEEANRE NSRS AMERROEEZE-—ERFEEXFEA. Bt mfE—5
REBRRARNEETEHEEEM U B BRREBHRTHMARE.

RERR-MAFNHHROARS KPUR AEBARTRASRNNE 2 THLAY EERTFIN.F
SIR EMIRENALNARTASAGLHAE. BI—RFXN, ZREEREA R BRARR
RRAEZUSEER LY SR T -BREREE, AUREASERRA—FHETZHRAEAS
#. XHBEEFBEFSLT o com "BAEARE, UES. 57 mWh* em "RAEEZE, HHFBEFATIL
BRI LED KTH A9, 3 BRI HRRHOFIEMET L.

5, BRFTREARRA RE— S EBHRITIRAMRLRIARARES, Bd TR L8R
HARIGE, f&T-HEFRERENETRERES RAXMERRKOENZELBRRARTL
BHMFENERERENER, FEENZEARRGEETHAFEXRMRE.
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Sn BRAFIESEXAIZZE VIIE Sn EREREERY
R 45 £ A2

s 1 2 ==IENE 1 sl
=5, ZEEER°, XHTE", X+ER, BEE
(1. e A FRBEER R, ABEAERMREREASHEHNETHEALTRES,
ZHERMERIRESTEE, B 6505002, ZHAFRAF LB ISR, BB 650500)

BENETD Sy BIEFLESET A4 VI & Sn B8 2% S Ba,Ga,, Al Sn, (x =40, 50,60;Sn40, Sn50, Sn60) , 3
W% Ba,Ga, Al Sn, BRESYHEMTBEEHTES BEFT Sn RS2 MRS, SREMA A NIFIERE
Sn BEFIZEMNEMMERRHFALE, 7E Sy MERIEXT Al EZESWHREZENTZME /) ZEBT Sn60 #
BEERFRERS, ITEEZE A £EEH Ga,Ga Sn, PHI AU FETH SR Hm KRR FEREREE
TLETSI#E S —H, £ 300 ~600 K HiEEEEN, RERSNERTHE Sn IIAEE N 50 MM, 488 K
HHRBREAMELEZ 10" Wem' K REBERMERTHE St MBESEH 0 WES MNERTFEREIER
BFZHRBESERR.

KB VI EESW Sn BESY. BERFT
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Effects of Sn-flux Content on the Electric Transmission Properties of
Al-doped Sn-based Type-VIII Single Crystalline Clathrate

SHEN Lan—=ian' , LI D('-f‘()ﬁgz, LIl H(mg—,\iu], LIl Zu—im}rg] , DENG .‘Um—lfrmgl
(1. Key Laboratory of Renewable Energy Advanced Materials and Manufacturing Technology, Ministry of Education,
Yunnan Provincial Renewable Energy Engineering Key Lab, Solar Energy Research Institution, Yunnan Normal University, Kunming 650500, China.:
2. College of Optoelectronic Engineering, Yunnan Open University, Kunming 650500, China)

(Received 18 March 2015, accepted 25 July 2015)

Abstract: The Al<doped typeVIII Sn-based single crystalline clathrate BagGa, Al Sn, (x =40, 50, 60
Snd0, Sn50, Sn60) were grown by Sn-lux method, and the effects of Sn starting content on the structure
and electronic properties of the clathrates BagGa,g Al;Sn, were investigated. The research results show that
the Al actual content in the samples almost keep invariable with the increase of Sn starting content, which
suggests that the effects of the starting content of Sn on the solid solubility of Al in the samples is very
unconspicuous ; At room temperature, Sn60 sample has higher carrier concentration, this may be due to
the difference of the location and distribution of Al atomic in compound GagGa,Sny,, and which leads to
differences in density of States near the Fermi. In addition, in 300-600 K Sn50 sample has higher power

factor, and Snd0 samples has lower power factor due to the higher resistivity, and a maximum power

kS B HA 120150348 L {51T B EJ 12015407 25

HEH A EREARMEEE (51262032)

EEEM BZE978), &, ZHEA BIWRE BERARA.
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factor of 1.82 x 10° W = m™" « K™ for Sn50 is obtained at about 488 K.

Key words: type-VIII clathrate; Sn-based clathrate: electronic property

BM Slack 2 “EFHE-BFRE" (PCEC) ALK, EFXMESHME S BARTEHEF
{13RE 4B, T Sn EEEH Ba, Ga Sn, EREE PORC SHMBEREZ— ", B Ba,Ca,,Sn, MR E
REIRINIE, M SR MEAERAE. 82000 FLI Sn BEAY Ba,Ca, Sy FF7E 1 BFN VI R FEHIE, A
TR ZENMARBZESYWNABEREE, Dk, KEHURREFEIELEFHN K. MEELEE
FRE B FE T RN ARNE S0 BESUHABAME. BBFAL HRENFEE Cu ALSh.Ge Mg
ERNEMERFEFHTHAMAKAESEZME, EFREAEL XA S0 BEFE . Ca BEFER Ca 0
Sn WAL HPEE S BEFIE DB HIEH Cu AL Ce 32248 Ba, G, Sny VI BUESVIRBEE /T
5. HRRY, S0 BEFIEEBRGMARITA o BEBE VI BISEEH Ba,GaySny,, B IEEE Ga § Sn
SELEAEMESR FRAMRERTES BT o BEFE Y S RESEN SO MEEN AlBEn
HEEMNERERY BagGa,e, Al Sny, EHFETHRETUFARABAT HHNBEEXREEIRS, BagGay,
Al Sn, ZE500 K KBRAZTE1.27 . £ HAIE, Ba,Gay Al Sy, & WETRE RSN BBF on RG2S
BRI ERRLIRE. At F0EH R Ba,Ga, Al Sn, BRESYEHMBEHBEEMART S0 EE
EMTLXER.

=

2 0% W

VIHE Sn HBRE AW BayCa, AlSn, HRFIERE S0 BEFE. RASHER A (BRI, 9.
999% ) Sn (HIK,99.999% ) Ba (H1K,99.9% ) F1 Ga (IR, 99.999% ) , #& Ba: Ga: Al: Sn=8:10: 6: x (x =
40,50,60;5n40, 5050, Sn60) R FHHRERERARERIBEN, HETEZH, FETHNARERAER
RPN, HEHEREEH R L AHBE 763 K(AIFHEEEH2.57 K/min ), ELBERE 10 h, AT
250 h(BD2 K/h iR R) E18HEE2 663 K, EZEETHHEERSNAXRBERAE CEBIE 5
MERPHE.

EREBARTER X S5 (XRD, BAIES Ul tima IV) #TEE AN TELREE2RTH
FHESRMAH (EPMA, IXA8230) G ZHE TillAH R A HEER 1 Seebeck RE o, WIAKREEES
300 ~600 K; B THMA Hall RGBT EFREN G, #I5REH 1 T,

3 BER5WHE

3.1 HREHRIENT

1 AMHEHERNETELREERERTHARESH. NEELE SR ELRATHERE
EE KRS BagGa Al Sy, RESn HESHEREN ML, Ca A RS ZALERE 16 /), BIERE
TELSEMAREIOME. NEDPETEE, 4 Sn BRMMNESSEME, Al EHERPHZRIEER
AL, AMNEEREHTLRL HA S BEREX AN EZESYTERELREERW. ZAWREER
B, TR So BIATIE (Sn 3 8) 1R 2 Ga BEFIE (Ca T 8) Fsl &8 Ca i (5 Sn {i) 824K Ba,Gay
Sny, B EZ S, Ga I Sn (TERBEFHLERER 1630 (N ERFS IV ERFHLLH), FHERCa 5
HE o ARBEHESYASHNERTE M ELETFHEERFEENTMW. AXRAE sn BEFES
BESWR, R Ca 1A BRBSEFRT, HT S0 MBEESE, XESBHHARTRRERERRDFEM
NEFBLETE, UEMHNEHER RRFRNIBERERMEIMNERPEHLENT, AMELR
BANERDNFLREATEAZTHS ST AMEM M ZLMER (Ca + Al) /S0 I 16/30, BHIESR
BRFZHER46. B4, E VI BEHESWAIER L 24,8¢,12d 124 MALE, RIS RIFEMNK

jifll
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BARSHERL=ZMRFHSALETESE MERR FHEHSSEMHNA FEOZBAIMELE
Tie, AT 2k R R F LA .

B 1 iR ARE Sn ZIFEEE Snd0.Sn50 F Suc0 HRBETEM AR REE, #RRTHAS mm L
E ABEEAH AFEEARRHARFESMH, 5 S SENELER ENERNRETRELHES
M. A& Snd0.Sn50.5n60 HIFAR XRD EEMNE 2 iR, NERAEH, = HROITSTES Vi E sn &
sEE i (ZiE B [43m) AEMFTEHE B RUNER), BNE S 260 =32 HHE H I M EEHTH 6. K2R HH S
XEMMBARTESEH BB S0 527,

F1 Snd0(a) Sn50(b) .Sn60 (c) HFRHPELRENEFSEREETHREESH
Table 1 Crystal composition and their electronic properties of the sample Sn40, Sn50 and Sné60

Sample  Crystal composition ~ (Ga+Al) /Sn n/10" em ™ a/nm plmQ s em Hiem® s V? es? Ry fem® + € Effective mass m* /m,
S0 Bag o Gay oy Al 66504 4 15.86/30. 18 6.65 11.629 5.3 17.73 -9.39 x10° 0.89
SnS0 Bag g Gay g Alg S0y 6 15.85/30. 18 5.88 11.626 3.83 21.75 -10.61 x107? 0.78
Sub0 Bag g Gay g0 Ale g Sny s 15.81/30. 15 9.43 11.623 3.45 19.21 -6.62 x107 0.87

100pm

B 1 Sn40.S050 F Sn60 #RHIETEIAFEREE (a) Sn =40 (b) Sn =507 (¢) Sn =60
Fig.1 SEM images of cross section for the sample Snd0), Sn30 and Sn60

3.2 AfFEET
MR AR 2T A=, B
ZT=o’aT/x
AT, #4827 R DEURF R Seebeck BB o BB E ¢ MIASE «, M /7 BEFIRAM R RBHH
RERERNT. Bt SWRETF P (P=d'oc) MEASE « 2RIEMBEEREEMNERE. FRX
B HTAREFERRTREBENRASREORTER, EMAX T EREEHEEETHR. Secheck
EHAAMTRRT, B

N N,
(2 +1ln—2) nu, — (2 +1n —')p#p
L n p |
1

Wk
“TarT e b nfd, + P,
pn BIEELREY Seebeck BHBRARTH
dVv k N,
a_dT_ T e (2+1n n )
dV &

N,
o (2 41n—)
P

dT" e

MEEMRERNTES, p BLFEBRE Seebeck REBAIE, n BIAIA Th, F]EA Seebeck R EAT L EH B
SHER ABERENERNEEES.

[ 3 4 Sn40.5050.5n60 HEFRT Seebeck REPERE T HITLXR. HE 3 MWER = MR Seebeck B
HiyAmE R PEUMERFREAAE HIRAMBEHERA 0 BESE. TF BaCa Sn, &Y H
ELRE TR S EEM Ca 7 Sn BT p’ MERETIR FRERRFHEAMETSHPEHET Ca BTH
SINTMFEER D B FRHIE X DB TFHINERETE FEmM A FmiME. HEZRLHF 16 1 Ca RFH,
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B0 16 MERFRIFE S MR T 2BEARFIRER 16 1 RFHAME, EF RS E—FIR RSN
BHMEREESE. MBI ERFS VIEEFILEXTF 16/30, EEEPHREHRDAFHONE WEMLE
WMEp BESEK Rz, ME 1 EEFS VI BRRFENTF 16/30, ME 0 BSEY . AR | TUEH (Ca+
AL /Sn BIE/NF 16730, IR FREFERRDF MMERIHT o BSHE. ENEEETERMA (300 ~600
K), B &R E RSN, FTARRE Secheck REMIHE HiHRE, BRYEEST 540 K LU Secheck REHY
HIETNRTEE IRHTEETAEREFREZE MNMEREFNSRHNERNES, ZTHESESE
HFE Seebeck RIEITEIEIEIE. ME 3 BAILEFEH, ZiET, Sn IS E A 40 A9 Seebeck BRHETTER
K (EEH 252 WV /K), Sn RIS 2 H 60 # Seebeck REAIHES N (HEH 207 pV/K) . HRERPY, £
ZBEEGTEF, Seebeck REMT R ETHEIBET FREMBRERE, B Secbeck RHIELLTFHHBBE LR
B REETFHAFRE. AXNETEETHRNERRY BRBLAKX 1= -1/(R,) (¢ HEFHE, R, HE
REH) My = o Ry | TETHROBERFREMNIBE (ML ) #—SMRHEEHSE. NF1 PR
EiH, Y Sn fRIEEE H 60 BT EIHER Sne0) HRE FiRERS, ALLE Secheck BHER. BEHERMERTF
REM Seebeck RHEENHRBYRE (EES5450.89.0.78.0.87, RE ) BERK, B LIRS
Seebeck REMB L EZHMBIER FIREZLATE.

E 4 FTRA Snd0.Sn50..5n60 #ERETEEE ) SBE THXR. AEHERERE 300 ~600 KEEAR
PEEMMEREREMmEN, RAHARMELLESEITH. S50 7 Snc0 HRMAEERTLLRK,
S0 HRAREEEEAS, ZREFZHSMIR FREREISENBRMME.

-200
Ba,Ga, Al Sn, e - Ba,Ga Al Sn_
| 2500
=z : T 80 60
2 >
s i R
= 300 ——
Sn 50 =450 50
JOTTY (RTUTFOWT TV BN Y N \\:ﬁ,_‘__g(
Sn 40 Sn 40
: ; ‘ : 350 : -
20 40 60 80 300 400 500 600
264() TK
B2 Snd0.5n50.Sn60 AR ER XRD B B3 Snd0.Sn50.5n60 #FHH Seeheck R 5EENXR
Fig.2  XRD patterns for the sample Fig.3  Seebeck coefficient as a function of
Snd0, Sn50 and Sn60 temperature for the sample 5nd0, Sn50 and Sn60
9.0 2.0
Ba,Ga, Al Sn, Ba,Ga, A1 Sn,
8.01 1.8
70t .
g ¥ 16t /\ 8n 50
& 60f g
£ e E Ll e e
1 m /7’—\
40rsn 50 Lt
Sn 60
3.0 L < ' - 1.0~ L L .
300 400 500 600 300 400 500 600
TK TK
Bl 4 Snd0,Sn50 #1Sn60 HREIRMEE) 5BERMXFE  BES SM0,5050 7 Su60 HRWNEETF P 5EETHXE
Fig.4 Temperature dependence of electrical conductivity Fig.5 Temperature dependence of power factor for
for the sample Snd0, Sn50 and Sn60 the sample Sn40, Sn30 and Sn60

B WK1 AARHBER S0 SEMHEN A WEXFRSEFWMAKX (A HEFRSESFAH 5. 66.5.
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67.5.81), BEiB T, 5 Snd0.5n50 1HELEL, Sn60 HERMEH R FRERS, XETEEHT Sn BASE209H
TERMHM SR NFEFEMBNERBELET, AMHETESYIER LRER FRIEHE, SFEH
SEHRFEHELETL, MTTERFRNESE.

B 5 4 H T Snd40.5n50.5n60 HRBINERTF P SEENXE. WEHRTH, & sn NBBEEEH S0
(BN Sn50) SRR ERFERAME E488 KMHIEA 1.82 x107 W - m™ « K7, 1 Snd0 IR B FHE
HELS ALENERFRE-

4 5

REEBRT Sn RFSEMNMIY VI A Sn B Z %AW Ba,Ca,AlSn, (x =40,50,60) B EH1ER
HEW, AR EERESMARBEMSEN S BRTREESSENREBXRA. FRERH. WFE S BRE2
RIS, Al MRS EERTT, AN SEBEHELRX G S BREET A EZESYPEIBELRE
E¥W. MAFERENREEERNYRIE 0 BESSMH, % Secbeck REEXEMAEEYBEERE
MASZFMEL HRERNEESZESEHBE. HEEH s NERESEH 60 B (5n60) EFERMER
FikE, XZAEEHET S0 BIRRIEMHMEIEMMS NI NEREMANEREL LT, AT
TEEWERLAARTFHEN IMHEHSSHBRTENLETE, AMEM AN B S ERRAE
300 ~600 K SREEEM, Sn BIESEH 50 MERAERENNERETF, £488 K A KBRAE 1.82 %107
Wem' « K?, 7 snd0 FREBETFRSNEBARSETRRNINERT.

2 % X M
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7 B IR FE X R 2 2 T 53 1 & 89 Zn (O, S)
5 IR A AN ot B M RE BT 22 M

1,2 T=1,2 el N Z=1,2 =
;E.:ZWHE r*ﬁ a;?-.' I B;EIJ\JE E_‘L r*ﬁiﬂlj:lb\ ] 5
(1. ZAFEAFABEERTRERERASHENEPESIRE, B 650002:
2. ZHIMEAS APAEETF AT, BBE 650002;3. EEHELSAFYESELER, HES 43600)

RE FRAHEERGLIE, LELHNFIEALT, EFRAERETHET 2n(0,9) BiE. R X HE&7
SHY. R T A BAEE . S5 WA L5 ok S Bt B R A AN AL 8 S MR A 3T 20 (0, 5) SRR 1T T &40
KRR, SRR (0,5 BEEFAFAERY E8, BT _#ER A M-SR LM BRNRE RN T
5% HANBESE, BB AREENTEW B FHEEER 200 CHEIENEEH 167 on § 70 (0,3)
WM FREIAE .82 x 10" em”, EBEH 19.3 oo’ /V + o, KA ZEFIELEHN.

FEER 20 (0, 3) HEE BEE LA H RIS L H e

B9 210484 Ak ERIRAD A TEHS1000985X (2015) 01003805

Effect of Substrate Temperature on Structure and Photoelectric Properties

of Zn(0,S) Thin Films Deposited by Magnetron Co-sputtering

PENG Liuun"”, YANG Wen"*, CHEN Xiao-ho', ZI Xing+a"*, YANG Pei=hi"*, SONG Zhao-ning’
(]. |\v_\ |,'.||mmtnl_\ of Advanced -[.l‘lllﬂil‘lll‘ and ['J‘vpnl'nlinn for Renewable |'.m-J'f_(_\ \]'.ltvl'iu‘s, .‘l]ini.\ll_\ ol I':ll\ll'itlil?ll, Yunnan Normal [ ni\\-ls\t_\,
Kunming 650092, Chinas2. Solar Energy Research Institute, Yunnan Normal University, Kunming 630092, China;

3. |lv|mllllh‘nt ol ['h_\.‘u-.‘ and \stmonomy, Ll]i\\‘]"\l_\ n|”[‘n|rl|n, -['n|\'l‘n43f1”f1, l.‘\\)

(Received 12 September 2014, accepted 27 October 2014)

Abstract:7Zn (0,S) thin films were deposited by magnetron co-sputtering using Zn0O and ZnS as targets
under different substrate temperature. The structure, optical and electrical properties of films were
studied by means of XRD, AFM, Raman spectrometer, UV-Vis-NIR spectrophotometer and Hall
measurement system. The results show that these films are two-mode mixed crystals with a hexagonal
wurizite structure; the optical absorption of the films is lower than 5% in the range of visible to near-
infrared spectral region; they are n-ype semiconductors, and the electrical properties of them were
obviously different with different sputtering substrate temperature; the carrier concentration and hall
mobility of the film with 167 nm thickness deposited under 200 °C is 8.82 x 10" em Yand 19.3 em”/V
* 5, respectively, and the film has a pyramid shaped surface structure.

Key words:Zn(0,S) thin film’ magnetron co-sputtering: substrate temperature: photoelectric property
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%18 FHES HEBENEEARSS &N 20(0,3) BREMNEBIEENTMT 39
L5 &
RS (CIGS) MEAMABHFREARBNESMB LTSRS, EERZE AR X

. BER CI0S KFRRMEH A FE/ B BB/ REE (CI6S) /EmB/BAE/aEMR. BT Clcs X
MLt ROME £ T K EP R B LK E (CBD) Sl EHLE (CS) BRE. A, CIS BH. FHE CBD 77
EHEIZS (IS AHBHMEMEENES “FiE "B & LZFRE, A7 FRENRKEE>S =52
BHEEREREKEE. N CISHEFRER 2.4 oV, JKKE 300 ~500 nm SEEA KX ERER
W, FHFREETAREOEAFA Y . Bt FEXBEREMRG “FE HE&HIAOH RS,
HPgEBs A ERTFRE—HAANESHERAEHEMSAANMER" . Ba HEEEH CI0S
AREBHEORESRAERE RUBEXSRARZ LS L RO EHELE. Bit, m&m&amg—
EHBETHD CI10S KRRBHEIEME, BRI FRKEER, WHERE oS KARBEERED.
TREMEMBNEREFE MEEER SEDEENRESREENEHLEERELAEE, /0. 208
F70(0,8) FEAABME, Heb 70 (0,5) B AR EFRAHE.

ElfF L, B Showa Shell SekivuK. K. BT Solar Frontier © 52§ CBD 3£ 70 (0, S) HRE{E B E
B CICS KPIR A LR EBRIEIALE T 19.7% , Okamoto ¥ IRHR TREFANE RESELL
% 70 (0,5) BREARTESEMR FEMENAL SR FROEFAAE " RARFERR (ALD) &
&R Zn(0,5) ERRIEAZEMER CICS KFABMREET I8 5% MARERY R XEABEHRZIEE
(NREL) 7 S P R RETE 6161800 70 (0,S) EMER CICS KPREMEBT 137 MXBREREE HER S
I¢x+ME$wmuﬂﬁ%ﬁnk=Hnn(xm%ﬁMAM) EMREHTTERHE KETH
B 0/0+S &R 70 (0,8) BHES CICS BEB Z BN SHRARS CIcs KIRRBEEHEN XA &
ERHHZBEZERARTOESS " IS TRENHR, HEHLERKS 208 71 2100 KRS WHER
B &H Zn(0,9) #EmuuxmaﬂﬁﬁTM%%mtﬁﬁmﬂz E N BRI LT & Zn
(0,8) BEMMRERRE. EHERSHEERMTRED AREERYMEREENEERSE M n
(0,8) BEMEHMARERUAEEEED CICS KREBENBHRER. Alt, ELERNFRTER
BX 7n(0,9) EEMEHMEREENEN. AXRBERELEHA L EFRFARREETHET 2 (0,
S) R, A H AR REEERITTHE.

2 % R

2.1 Zn(0,8) EEME &

AW R AR LEEHTESE 0 (0,S) &, B Z0S 83 200 AEH A 99.99% . HIKEE
AR AIERE Q5 C) 100 €200 TH300 C. ATHES ClCs KARRREECREMEGEEAS
(070 +5 ) K Zn(0,8) HEE, Tt 200 SR MRBMEIRINER 00 W, F&f /nS R B E’]ﬁﬂﬁﬂiﬁﬁ’]mi
AW, ARERHO0.5 P, TESETNE RESEMBIBS 200 HELRSEHZM ¥, BETrtE
# 30 min.

2.2 HREMERE

B Rigaku TTR 111 B X SFEETEHL (XRD) FAE 70 (0, S) BIER B L ﬁa'%m SPA400 BIEF N B
AR (AFN) RAEBEMEREFAR X B EE RENISHAW 28 INVIA £ B/ 8 LB R EEE A S
544 %A Hitachi4100 B 57T K (UVis) DR KB REE R F R Y5 &-mmiﬁlﬁlﬁﬂ&&ﬂﬂﬁt?ﬁ
FERE R R Crosstech HMS300 B RIGE G EEARER ERFRENERIBEERESH.

3 ZRE5iE
3.1 HEKIREXERESHEENE N
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40 ALREFR FHUE

B 1 ARE A ESE TR 20 (0,3) BHE o)

XRD Eif. HETR, SAERETEKE 20(0,5)

BIEH S REE, REAA AR EH («8), B 5 | ¢ 0

2 WIBMREIB K, 5 R MM 700 BIAIALE L

HIHER), 1B T 8 ¥ 51 A1 S S 80 Z0S TR E ok
{TF 34.62°.36. 74°F0 72. 74° {7 G 43 5 3 KL PPes

F(002) . (101) F1(004) EiE. Er, (002) & EH75 PO

38, REAEER (002) REEEEK. BEEFEK AR e TR
IREERIENN, (002) R T IEE iR, #RIEE A
200 CRHAHI T #5Ea (101) REAFTETE, ATEEE
n(0,8) BSEREERKEFEEX. FTRFKEETE
KEHES M THEM (004) FEETHIE BRE
BREEENASMILE. %, BETHENILEE EERTE SHREX.

B X FEETSHEBATH AT EEENSZEEE, TEARNT:

2d,,, ¢ sinf =nA (1)

AP, 4, AREEE, 0 AFTHE. 0 AFTSRE, A A X HEFK, ZERMAFTHE0. 15406 nm.

WFARFTEHT GHER, REETHEELN N RAEHLTEESEREH TELAKXNT:

1

Ay = f . - (2)
’Ji(h +h{.‘+k_) + (L)l

20/)
B FEHERETRRZ0(0,3) BHEH XRD i
Fig. 1 XRD patterns of Zn(0,8) thin films deposited

at different substrate temperatures

-

N2 a 8

REORXMO)X, TEHAFTART LB (0, MEANERERBEH, £RhEX | 44,
RIROATTHA, AREEE, o.c ARBREY THRETEEEY, MR | FRIRFEREHR 200 CR
HEMERNSBERRR, SAMRRREENSEEEES/ HEREEH 300 CHE&EH 20(0,5)
ERER (002) EEAETATES, EH KM (004) BEATHIE, Fit, BHMSBER  BRE RBEIEH
FAREEARSEERARAERT.

£1 FEMEEETHE Zn(0,8) BEEMBEREH
Table 1 The lattice constants of Zn (0, S) thin films deposited at different substrate temperatures

T/ 20 om) / () d (gpz) /mm ¢/nm 20 (101 +20000) / () dyor) + (o) /mm ase/nm
25 34.62 0. 25888 0.51776 / / /
100 34.66 0. 25859 0.51718 36.84 (10 0. 24377 (101 0. 32503
200 34,58 0.25917 0.51834 36. 74 o) 0. 24441 (391 0.32589
300 34.6 0. 25903 0. 51805 72,74 o) 0. 12989 (40q) 0.51958

B2 ERREHEEETRRMN 20 (0,5 SENEZEREE. ANEH HEEENEREEREYMN
RA. HEBERER SEEATNE ), XTELHFREXTRME T 808 RN 8eER EE
HEEEAS, HEEZERMEFEESTEBNAST SE THAE, SURTEA HHERREXE.
MESEE, FRFEEE FEKMEENREE, THEENEMRNER. ATEFBSRKESS,
BREEREEIE, BREE/D. R2FIHT 720 (0,8) HIEERHENYARE(RVS) . #EREBEEAEERIT
TR A0E RS R E R RO A IRE RS B/, R TIE; 100 CRETEMERNEERRER K AEHEHS
REESFERD, ZFEBEETE. Hd (o) BHEKEEH 200 CHAANEEEESNTEFEEY, IR
MR, AHAREEME " ARt ESHE, g REEERFNEE Y, ESH CICS KFHRBHER
B.
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511 EMES HRRE R ITI R &1 0 (0, 3) BIE LR RN 41

El2 FRMAEEET 20(0,5) HEIEM AFM REFHE (2) %8 (1) 100 C; (¢)200 €3 (d)300 C

Fig.2  AFM images of Zn(0,S) thin films deposited at different substrate temperatures

£2 FAMKEETHEN Zn(0,S) BRAMERE
Table 2 RMS of Zn(0,8) thin films deposited at different substrate temperatures

Substrate temperature RMS Roughness/nm
(a)257C 1.517
(b) 100°C 4,957
(e) 2007 2647
(d) 300°C 2.913

B3 2REEEE TR 20 (0,8) HiE L AT
V8. WERFINEL, FEEEH 25 CTHER S Bl 4y

Zn(0,S) HEEMNZERPHIMT 104 cm 444, 6 em', abi 2;61_]_%‘.__ Vl.-]-'%g TR

$60.9 om | = MR, S SR B0 700 B 101 | it e D
8283 M 100°C

em 444 em '\579 em ! EAVESHE YT R, 578 k A e

iy WD NS
GEES SSIERELE. BEAENAS NS s R e |
BEMREER THERMREREASSHEE
WEBMNERAE. FEREH25 CTHER Zn
(0,8) EREMASNIEEHI THEEA S8 em 1281
em 356 em T S ANE i, 588y EH S ke
BT R, B RBEENAS, S MEAEHF E
%, XA RN N ERFSIE. Zn(0,3) HER M
GEREMIMEFE BEFRSUBETHMASEMNNLE LEHBE HAEN_BER IBETE
AR, FiRERR EE NG AT A 200 1 Z0S HES S S, Ed BT 20 R ELElE
K, AR ETF 200 BIEMGEET KT Z0s MIEMGEE. ERSEREERE 1121 ~ 1125 cm @R IE T R
F 1V AL BARNE FEMEESE " .
3.2 FEEEMNHEARZFFENZN

n(0,8) BEEFAAFEMMEMEM N BESE FREEW 2 (0,5) EEMNBEZHEEEEY
M. B4 2 7Zn(0,s) BEERHEER ) HRFRE MIBE BAREETLHNXERE. AEFTMH, EE
RMHEAREHREE LAMSAR N EEANTAE SEREARERSARME MERIBRNTL
EENS AR,

FEBENTEASE 100 C, BER FREEBAMERIEZ 48 FESNEZEL SRR
D REIRENE HRETESAL IBERY L FHKEBESEASE 200 CK, MEREREX, THERE
SR R FRERM, X5H AP WEARFSEENE ERTE HRFEREED. REX. Bi
BEE W RIREIEM, 20 (0, 8) BRELSEFHRELFEITREL, O M S BHEBITELL 0/ (0,%) > 0.5, F&E /n
BFR.O ZL.S AL, B Zn B{FR.0 FAL.S B 0.8 R Zn (LB EREEEEM, Bt 720 (0,9) &
BEANESEEE—SHBE 00 CH, BREETHES, SR FESERRBTRABLKESR HRF

200 600 1000 1400 1800

Raman shift/cm™

B3 TRFEEETEE 20 (0,9) BEMA ST
Fig. 3 Raman spectra of Zn(0,5) thin films deposited

at different substrate temperatures
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42 AT RKZH FHUE

REBATE. SRFREEX EFFHFHE CICS KARBHERE, FEEER 200 CHH &K Zn
(0,8)HEEEY 167 mm, SN FRERSIEDR.82x10" cm , FHEH19.3 em /V » s,

3 0g, 1 i
: : .
g12 . 80z 0 i 25°C
) H el B % 100
« 603 116 3 F A
] 8 E 8
X 8 g B =
z V8 12§ i
o =3 <]
5 P02 Jg 3 E
34 z] <
! e Al § 4 %
i : ; . n‘ 20 3 . ‘ : T .,ﬂ
100 200 300 300 320 340 360 380 400
Substrate temperature/°C J/nm
B4 FRMEBET 7n(0,9) EEAREE . S5 FEHEEET 72 (0,9) #HE
HNFRE IBE, AR e S i
Fig. 4 Electrical resistivity p, carrier concentration n and hall Fig.5  Absorption spectra of Zn{(0,S) films
mobhility of Zn(0,8) thin films at different substrate temperatires at different substrate temperature

3.3 PRREXEEAFFENZN

AEFKEETIRA 20 (0,S) R AR KEME S FiR. NERTIUESE, £ L EEIMETE
Bl P RE IR R 1 NF 5% TSNV ESER, RIS E A 25 CRHREAY 7 (0,8) BREMFTEREEER
K FAREEASE 100 C, EREREEZK REGEEEFAKEEFASMIEN I5MAEETHSEHN
WEEENTH—E. Wi (0,s) BEMRELFEERENEH, HREESES, AMERAE, XitHB
HIER SR 208 1 Zn0 KREY 20 (0,8), REABMAF AR AR T Zn0 1 Zns BREE SHE
FE—2. FRAREERTAEROAERTER Zn0 §1Z0s WREAEETRAMNAA 3. 18 ¢V F3.76 ¢V,
MEEENAS, RIGHBELE, tFEEBER STESERRTANE X, BRRT/N, EFRT
HERE, LEHmEE .

O

BRARTRETH FM /0 (0.5) BEABART 4. BT ZEESR 2 N BEESE EF RSO
EEN AERFNEAE HREENEEN RAVRMAERERHIFELW. EFKEEHA 200 CHE
BEAERIFNXASE EEXOESFESH, 5/ FARS EEMNARTFRERS, AE CICS KA
HENE GERDEREEE, fR4RMAEHATHIBRENE. REERAH “TiE " HERR
CIGS APHA BT RHEMIES .
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WE LRSI ZnS0, ATERRRHY NH, - H,0 SC(NH, ), JNRRY, AR IR LR & T 208 W, A
XRD SEM ZHIEHRE T GBS T BB A T /KIS IREE  IARA 8] pH (% 0T ZnS WEBEAY L IRZEH  RITEAT
FF R, ERRH, IS MRAIR K5 1B BAVIEAT ST, AN Ee 45 M, o WL T B P B8 i R
KF 80% , St T LA, KRR 80 °C JUEAE 1 hpH =10 Z{F FULEL ZnS MERE Y5 808, 7T
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Structures and Visible-near Infrared Spectral Properties of
ZnS Thin Films Prepared by Chemical Bath Deposition

LIU Ying' , MIAO Yan-mei', HAO Rui-ting', GUO Jie' , YANG Hai-gang"”’

(1. Key Laboratory of Renewable Energy Advanced Materials and Manufacturing Technology, Ministry of Education, Institute of Solar Energy,
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Xinxiang 453007, China;3. Institute of Renewable Energy, North China Electric Power University, Beijing 102206, China)
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Abstract; Zine sulfide thin films were deposited on glass substrates by chemical bath deposition, using
ZnS0,, sodium citrate, NH; + H;0 and SC (NH,), as reactants. The influence of deposition
temperature, deposition time and pH value on the structures, the surface morphologies and the optical
properties of Zn$ thin films were studied by XRD, SEM, spectrophotometer, and step tester. The results
indicate that the diffraction peak of deposited ZnS thin film clearly appears after being annealed, which
presents a sphalerite structure, and the thin films have more than 80% average transmittance in visible
region. After process optimization, under the condition of 8¢ C, 1 h, pH =10, the surface of ZnS film
is uniform and dense, and the average transmittance is 89.6% in visible region, while the optical band
gap is 3.82 eV, which is suitable for buffer layer of CIGS and CZTS thin film solar cells.

Key words:ZnS thin film; buffer layer; chemical bath deposition; transmittance
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F3W X B R TBA % 28 WA KT W - L Oh L TERFIERR T 611

O

TESR BB CIGS) RIGREEIH ( CZTS) LA F B WAL Ha b B rh B+ R B H RIS, ERER R
HR D2 S R KU 2 IR B 8 R T I S8 S AR AL B A 45 M (1 T, BV T CIGS 1 CZTS
B PR B IR B E AR R Cas! AT 4R Cd SRS R R, ZnS RI-VIB(L A AR
SHAHTR, BT N B LTS PR AL HAHE R 3.6 ~3.8 eI 1 CdS(2.42 eV) E, ATHE R K
P R R 2 B Y 0 L T B 8 B R R I rR B B, 4% 2SRRI T A i &2, BN AL
HKIBUF(CBD) (& BAHALFEARGUR(MOCVD) 4 FRAME BEEIRET TR R S, Hed,CBD i
RABR, BRI B A Tkt i CBD B4 ZnS W% 2 FIK 4 BHE N4 3, A& B
BARIREM. Jonston 2™ WHFSY R, FradARah Sk B BHEYE ZoS MBI RO0R 1 TR R 5 ) i
BAMMEIER ., A, EPAMESHIS /N B IT T 4 ZnS MRLAUBI, (B i TR NI E 26t RGBT K
YRR U [ \pH {BX] ZnS WAL A MIIREARD . Bk, AR ERAEN RS HH & ZnS
W, KRR RE TR ] pH {0 ZnS HEMEPEREROBAA T | RGTHERO T

2 % B

Fef125.4 mmx76.2 mm x 1.5 mm U AEB R AR, fEIVEA A E R R I 30 min 7, HOKTE
PO K Z B8 A K P AR T U 30 min, BCHI RV E I, oK 0.1 mol/L A ZnSO, 5—E W B )
NH, - H,0 #3481 pHEEBURME, A 0.1 mol/L fFrEBaTE RS A0 BEH T 06 ZRITEH
KL BJEMA0.01 mol/L ) SC(NH, ), , ERFTAERRE R d. HEREAHSEHABRKH
RTINS, YR PR TR AN AR TSR IR, RN R, BEEF K EERE
FITTRE RS BT o S0 A7 4l 81— A R A S N, H 4% BLRE 9k B DR % — 2 , 40 R A L AL 161 (0.5 ~ 4
h) KYBBE (70 ~95 C) pH (9 ~11) , /387 A L =85k %t ZnS SRR REAY R, B TZMACR I
Bl RN &1

i KLATencor P-6 B & W (% LB 6035 470018 ; SR Rigaku ultima IV 5 X G407 51U AR 44
PRZEMHATIR ;R AR Hitachi S4800 U435 B (B X WK 0 R TP AR 4790 ; SR A Shimadzu UV-3600
RYGRHN- T T L0030t B X SRR e B Al
3 AR5k
3.1 HEEEAN

1 A A TR LA Bt () AL PR R B T ) 88 ) ZnS SRR AR RE . MBI AT LAR Y, BEE UTRART R A8 0, 88
RERG-RIEER-EROERSE  SUEDHE, B TR EYNIE RSB E R E, FLHKE
FEREMREHTARE  BEE DR E KM, [ Zo(NH, ), 1 078 AR H 4 T 712, ZoS BRI
R RE , WE I A K TR g — 5 W i 2o’ 5 87 B> R KB TR
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3.2 WEMESE :

B2 A ELR KA T ZoS WRERY XRD BiE, & TR UIRBETH & f ZnS W R £ 100 ~ 200 nm
oA MR B R X SR 2T A, ARG b R A A e (A0 2d Bw ), I AE R XRD 4347
SR 5 A B AT 252 AR, 6 RIS 0K S, A, CBD 35 B0 45 0 ZnS SHLIBE A 25 SR e
(H0B 2¢) , T HEATIE JOAD TR LABR MR A g 1
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Fig. I~ Thickness of ZnS thin films deposited at Fig.2  XRD patterns of ZnS thin films
different time and temperatures (pH =10) at different annealing conditions
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Fig.3  SEM images of ZnS thin films deposited at different conditions
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WE SRR FRFEEEAERIEEE R 180 CRETAKES Ge M 234 Si HEL, 3T 500 C 600 €700
CHZB A5 hy FJH Raman B X SRR (XRD) 4 B 2805 3 B 30805 % BT ) 45 T8 B A % AR ik 378 7 B
Tio BREM, Ce BREEEHTES S WHSAMER, BMERXBEFENT S o S HEALMREE, BE
Ge 2k M HEIRE: 500 “CB A 5 h 1 Si(400) F i Fr b Sh Ak, XF R ok R 2520 4.9 nm. 538 JGR E A H 3
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Study on the Crystallization Properties of Poly-Si Films Induced
Crystallization by Ge Capping Layer

DENG Shu-kang, DONG Guo-jun, YANG Xiao-kun, LIU Hong-xia, HOU De-dong, LI Ming
(Key Laboratory of Renewable Energy Advanced Materials and Manufacturing Technology, Ministry of Education,
Solar Energy Research Institute, Yunnan Normal University, Kunming 650500, China)

{ Received 9 June 2014, accepred 11 November 2014 )

Abstract:a-Si thin films with a capping layer of Ge(a-Si/Ge films) were deposited on Si substrates at
180 C by electron beam evaporation( EBE) , and then annealed for 5 h at 500 C, 600 °C, 700 C in
vacuum. The annealed films were investigated by Raman scattering, X-ray diffraction ( XRD) and
Automatic digital microscope. The resulis show that the capping Ge can induce a-Si crystallization, and
as the annealing temperature increasing, the crystallization of a-Si films become more significant. The a-
Si begin to crystallize with orientation of Si(400) annealed at 500 C for 5 h, and the corresponding grain
sizes is about 4.9 nm. When the annealing temperature increased to 700 “C, the crystallized film has a
strong preferred orientation of Si(400), the grain size is as large as 23.3 pum. The crystallization
temperature decreased by 300 °C compared to that a-Si film without Ge capping layer.

Key words: poly-Si films; electron beam evaporation; amorphous silicon; Ge-induced crystallization
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Fig.2 Raman spectra of a-Si films after removing Fig.3 Raman spectra of a-5i films annealed

capping Ge annealed at different temperatures at different temperatures

B3 HZEMIFE R AR AHET Si (400) AE L& ITC Ge 55 93E & Si MARAEE 5 500 °C 600 700
C 800 CF 1T E %R A5 iy Raman i, MBI A] I, 238 AR AR T 800 CHf, #5508 WAEMZ M
2B KR 800 CH, #Efh () Raman HUSHETE 514 em ™' QB T — AN T2 FII2E To W8, 3 A% 3 1 50
EE S BEIEER
3.2 #&@M XRD 47

BT HE—BIFLEA Ge B 500 C 600 CIRE -
B AR HE G Si A LRI R 700 3B Kk . 3
B PRERE B M TE , L B — SRS IR 5 R R g E
FE AR Ge J2 YA [ Ik BE 1B K R 2 17 f
XRD 4i#7, B 4 HEA Ce B i £ 500 C.600 £l &3 “ .
C.700 CiR 4 5 h J5H9 XRD &3 & Si,Ge HIbrHETR e — '
iU, 22500 °C 600 CiB A7 HIHEAH BRI 2. B Ge = ' = ' = 4

(111) ,Ge(220) , Ge(311) % Ge LT S WS 7E 26
=69. 2° [t AT 18 ) B EL A2 TE A £ Si (400) BT S e
ERATAH TR MR TS0 EAE Ce
BURZI0Z i Si WA ] AT AT A& 1F T XRD B3
Fp R BT TR0, DO W] LA SE Si (400 ) 1 AT 5
W F A I A A, TSR A TR Si(400) 77 1 RA LA AL 9T 5. BUR XRD i 57
W] LA B 8 KL BE (R 7 6 8 (SR BRAF o S8 Sherrer 233K Dy, = kA /Beos) X HL SR AT, 1
B, Dy AT LT ST () J7 1) 89 S ORL LR, &y Sherrer B (A ICHUL. 05) 4 WAST X-SF 4K
(CuK,,0.15405 nm) ,8 & 5 FWHM (rad) ,0 HAEhrig AT () , 453 500 “C1E K FE 600 IR AFE il
HIARLIE Doy 23120 4.9 nm 21,1 nm, 5 ERRIRIM] & % 0F T, 76 Si 4 L B IR A Si# iR, 7R
KIREF 5800 CHRA S h WA F ML, WHE T Ce HHA S, BE B EFRTIEM Si WA RLEE, A
AL N2 & S| EIRBER TR RrbE o IR 3 Ao iy L, 438 K BE A 700 TR, BRAE 260 =69. 2°HfHiE

20H)

B4 NG BER KK ) XRD 3%
Fig.4 XRD patterns of a-Si/Ge films annealed

at different temperatures
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Fig.5 The surface corrosion picture after removing the Ge layer for sample annealed at 700 “C
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T R RS A )45 Cu, ZnSnS, (CZTS) iR, BF R T R TR A 77 JHEH S LR L I
VAT SR R T RO 5T SEM 5 AFM RIEH AR WA SR MR, F EDS SN BEM TR 2. 7
FlRHIRESRAY Cu/ (Zn +Sn) Zn/Sn AbF (R0 853 XRD J Raman 0 1 45 S 170 DA SRR P ) — 004
Ml AR A CZTS MG R, BEHI& i L CZTS N MR By AR PR e 1 ~ VAR T
CZTS itk RE 2, FF B2 0. 83% f) CZTS WK PRk it , -l o B kiR A T 2R RAE 1.58% ,
KGR CZTS VIR, K [t , RER RS, AL, #iiaie

PEESES 0484, 1 SCHRARIAAD: A SEHS:1000-985X (2015) 12-0-

Fabrication of CZTS Thin Film and Solar Cells by Element Targets

JIANG Zhi, LI Zhi-shan, YANG Min, LIU sijia, LIU Tao, HAO Rui-ting, WANG shu-rong
(Solar Energy Research Institute of Yunnan Normal University, Kunming 650500, China)
( Received 17 June 2015, accepted 24 August 2015)

Abstract: The process of fabricating CZTS thin film by metal elemental target magnetron sputtering is
simple. But the adhesiveness and flatness is not so satisfied. The influence of component, heating ramp
and sulfuring temperature on the surface flatness and grain sizes of CZTS film were studied. The ratio of
Cu/(Zn + Sn) and Zn/Sn of prepared samples were at the best range. Then the crystallization and
secondary phases were characterized by XRD and Raman scattering. Through the above characterization,
we confirm the samples were pure CZTS phase. Finally, Then CZTS absorber based solar cells were
prepared and the electronic performance of cells was measured by I-V testing. The CZTS solar cells with
conversion efficiencies of 0. 83% were obtained. Finally, the PCE of second CZTS cell is 1. 58% by
further improving the sulfuring and annealing process of CZTS thin film.

Key words: CZIS thin film, solar cells, magnetron sputtering, sulfuring, conversion efficiency
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2 AT A k¥ R F4E

CZTS Rl 25 I KRB W28 g (A 8 ) Sibdk (R RS B ) o Hop ik B A5
WA ELA R ORI PIURRES s B L R R R IR A RS . 7E CZTS
O 6y 7 TR A 38 S K R BN 22 5 T A B SR R 62 1) 7 =0 4ty CZTSSe TS, PG BE
) Andrew Fairbrother, % \ R A i 48 & 2 Bl 2% & 7 CZTS WH-HF5T 7 CZTS WM & B 1F
FEIAE BB, 8E# Hyesun Yoo, JunHo Kim i 1 BE#5 85 42 B EATS T ARRITFURT H9 CZT Fisk 2
St CZTS Wi A fygema ™) | ifii Muhamad 1. Amalden FF5Y T #E 4L IR &% CZTS S eh — oA posm Y . o
B K2 OB SE /N LR FE S 0 3 4 CZTS JERESHE 05T 1 MR MO AR SE MR 5 kMR ) o 7 CZTS TR
A BFL e 0t 5 01 ) 44 T, TBM SR P8 S T 48t 38y 8. 4% () CZTS SR e b , 05 ACJ0 i v 25 E Oy 23.
AmA/cm’ ™ 3R H AT CZTS (A7) TH e e ) 2 3%, AR 5 vy TR (R JEUA 5 CZTS A i — P43 %
AL S) FIAT ( Se) Be %133 CZTSSe/CZTSe, 35 [H NREL FIE55 7688 CZTSSe 4 2% 0 9. 15% MMM
M, BARIF R A 300 ~400 mV, {555 2 B B BEA S T 37, 4mA/em’ . H AR 3 M4 R DARE £ 0 4
CZT F 12 R R 5 3R 7. 6% i CZTS WM r o™ 330 2 I AR FI W B 345 1 CZTS B b 7S
B, HK Stanford University ,AQT Solar , [ N FF K&  Solar Frontier Z5#E3E i Ik &1 1] £ CZTSSe HEH 15
B AR 4 9.3% 19.3% 8. 7% ,10. 8% f¥) CZTSSe HMLea ™", X AF T H il CZTSSe Wl
R A ST ek . ST, JEE S R B M L2 S5 A PR 15 8, 9 EL 3P (468 L S
{H'H . IBM f¥) Shafaat Ahemd 5¢ AFH H 7= K fl K2 ) Feng Jiang 52 A SR F B b 24 ORGSR BE 485 ( CZT) Tl )= 5
BiAGIE K HIPTAE20 B ) 4 ARl 7. 3% F1 8. 0% fy CZTS WEfEeL i ™™ . 2009 4F [BM 523 % f) Teodor
K Todorov, Kathleen B Reuter, David B Mitzi 3 F—F {81 {5 ¥ LA & BRI 77 (1) sol-gel 458 spin-coating [1)
77k Ja v B K 4 CZTSSe W2, 378 T AR 9. 6% 1y CZTSSe it | 20 %) T & p ik 5461k )5
2012 4E32/INEL B R 7 S T I RE B 7 1 CZTSSe s AR IR B 2 11.1% ) B 2013 4ERi%/ N IR B9
CZTSSe MR FH B M ATFEIRAUCR L B34 12.6% ' . SAEEIZ5 PR AT HG, B 0K 2023 B 10 UM R A M TR i
B R B EANE LS A MRS A T2 S, TZERELT, S5
RS, B BB H A=Ak CIGS EARLATLAS 14 32 DA Jy CZTS IR CIGS MEAE A 7= T 2 L M4kK,
JF LA L2 v 4 CZTS W (R 754 BFFE AT LA DAJG CZTS T FH via e 9 7= AL 4T F RS2 LRl . AR
53R 4 J B R B E A% I 56 4% CZTS WM, F LSt o R4 WAL IR \FHIR o St AR A i, R T
FALSY T 58 2 A B R I KR o 30 2o A IO A b AR o SR 0 5 A R ke e e
AE A2 .

2 % R

SR P 7 e 2R 5 G s T S5 IR AR 00 L o e i 4 B B LM ) 25 CZTS IR TR = . 8 SG 8 B % 1 1
(SLG) A T A% RSP Hh 230, 12980 30 70 R F N AR 05 A R B8 /K A TR Ve S A B B 0 P A UK
T B R R AR R = RS & B E S I E 5 x 107 Pa EAE SR, WETHEE®R1.5~0.3
Pa, @ d i 6 BUBERE 30 7 v/min, SR 6B A2 4 EL R TR A T 32 22 180 W 235 #E 1.5 Pa 1.0
Pa 0.5 Pa,0.3 Pa f) TAEJERE T IS (4N)20 min 10 min 15 min 45 min 32| ZELEHHEEN 1 pm
5 (Mo) FHEMRZ . FEEHTHIZ M H 4 : LA Sn—Cu—Zn MIITF 732 E RIS BB (4N) HHEE(4N) B¢
$E(AN) B35 P ( CZT) Sl = , 9 0 B D S Th R 5 I [R] A& 1,48 8] Sn/Cu/Zn G55 ) CZTS it
Tz (S31) R R HOAGR KA A 200 ~300 C, AR T & &, MEEEES AR T &
BT JZE TR, 5 B R CZTS R 38 i 65 B (Leica DM6000M ) 58 7 B i 55
( FEI quanta200) ., 5. ¥ 7 B 4% 4% (NSK SPA400) ,EDS( EDAX) XRD({ Rigaku UltimalV) . Raman ( Renishaw
inVia) 73 B3 MR ) Y A0 R EDRLRE B U R A4 B R M BT RAE, SR RA B A b
CZTS W A4 B bt B2 P i i 8 B st (R % CZTS - 36 B b R 5 . B it K
PHYERELER (NEWPORT) 15 A BIRAE AML. 5 (100 mW/em®) (i 2 T F 134 [ KEITHLEY /&) 4 7 f¥) 2400
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H124 B B i CZTS S BOK P A 3

TR IR SE W, CZTS W MURE S i 1~ V RFFETIR
®1 831, S& HHEHAS TREAS
Table 1 The composition of S31 and S85 precursor

Sample( precursor) Cu At% Sn At% Zn At% Cu/(Zn +5n) Zn/Sn

design 30 20 50 0.43 2.50

$31 35.97 18.55 45.48 0.56 2.45
precursor (100 W, 23 min) (50 W, 38 min) (50W, 6 min)

385 35.24 24.10 40. 66 0.54 1.68
precursor (100W, 21min) (50w, 46min) (50W, 5 min)

bR d =500 nm, Cu/ (Zn +Sn) \Zn/Sn Hf Ho G HEATIRT, AR AR 1oL 42 19985 2 LA T8 /R R
RS ) Cu Zn \Sn R RTTIRMSE], i TIA3 2160 58 BRJZ 5 AR R SR AR BB FE 5 JE A 2%
AT B AR TR e b —MBIEIA 1 M5 2R I S e B CZT Bkl fz o

3 BRI

R 2 AR BRI ZHALE 2K CZTS WRR , Horp S31 WIS AL 15 21 ) CZTS HEE, a7 LA i S31
T Sn F R MWD, Zn FBES . O TRBANE NG HEE) CZTS MR, £ S31 K Sn F 75 Zn FRE
A VAR S 4 4 S8S (¥ CZTS LR i , 58S Bl 2 AT AR 400 LU 4] B ELA R e i 2 2 I e WL 1, [
17y 831 5 S85 7E5t22 WAk BE T UK S000 15 3 MR IS , B 1a v ) 60 [ SR DX S i 5 T ) He AR
BB 60T MR AR 1 v BI040 T LAt R o 68 o B AR (/0 T LA i R A T 1 T 2
T Su WA REM CuZn Ttk 5 R H Sn TTRIZI CZTS S AORIRMA La s 7R 9 M 4r , TR 1E M AR
R T MK, b T Cu ARES Zo R0k (64, B ATE R KO T SAH (Cu,.S) o MBI
JBEY XRD (/8 2) AT LUt , 76 S31 1 07505 28. 48° (112) A5530 LA K 33. 03°(200) #4377 76 /MBS Y
T W, 2256 HE TCDD BARFEAFIE R Cu,, S FTTHTUE, T S8 A9RT AT &1 W B A X BT Cu,, S AT,
S85 B fLAR I CZTS JELBERE A AR ETE AL AN 1b B7m , T eh o] LA Hh S ek 3 A it o £ S 5 Rl
WP A MR B AR Rk . NIEERALS AR R P 5

F2 831, S85 HHERMLEHBEM CZTS BENTRAS

Table 2 The composition of CZTS thin film from S31 and S85 precursor
Sample  Cu At% SnAt% Zn A&t% S At% Cu/(Zn+5n) Zn/Sn S/M  Alloying temperature and time Sulfuring temperature and time

931 sulfumng  23.96  8.15  21.01 46.88 0.82 2.58 0.88 320 °C,30 min 575 C,30 min
S85 sulfuring 22.42 10.16 18.01  49.41 0.80 1.77 0.98 320 °C,30 min 575 C,30 min
N e
i B
*CITS
| aCus
) i
g Py
2 e ot
3
0720 %0 a0 S0 e 0 &
Bl e B TR S31(a) 5 SB5(b) 2009)

Fig. 1 The morphology of S31(a) and S85(b) under 5000
magnification times by optical microscope

Fr4H 7 e CZTS FENER TG BB A o BT A -3 2 238 X R TR G A0 P 32 o [l 22 R
B3 A a($85-1) .b(S85-2) e (S853) REAAE A4 ZE AL 12 °C/min 25 °C/min 38 °C/min B

Fig.2 XRD pattern of 831 and S85
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4 AT &% 4R But

JH2 575 CHiifl 30 min 7331 CZTS WK SEM (1000 45) &, 1T LA Hi FHREE# g9 P& 34 CZTS IR
RIS RIHIREN , AP P a] AT ), A 20088 i P Ll o ) T R A 3 1 TP 3, TP HER R
PR T B B B T R X AR AT R AR ZE M THE A A2 o, SZ A Y CuZn Sn BT RS S T
BAERR R CuZn S BB , % & R BACYIE L RV A CZTS T, AT ARAE SR P IE A
49 4 i At R A K [ o AR 2 A e, 7 M 88 i AT 32 B 7 7 R R R . I
Rt P it A B DR UE U2 AR 1 2% R 7R3 3 B b BE A © 5T 7 S BEIE s A I R BRAL ) , UK
TEMBRIRZ R AT A I 2 0 B T VA B 2, 72 580 CHRIRLE P B S S R/ R B3 3] CZTS &k, il CZTS
AR ) R L Cu Zin S R, I LA 24 SRR 2 A DA 288 8 AR 1 CZTS BN , it o BRI R K
SRR R, o LI S50 A 5 N ) TG R, 3 B VI , R AR S EO R W P BT
o 2 SR AT JRR L% , T 2188 P i B T G 3 S AT b 83 P B o A 77 R R, A TR
B IHBRRL A0 M R TS AR N . [ 4a b 250 S85-1 5 S85-2 ) AFM [ i d -G 2IR
FE A IRPHURE BE 55 MR (RMS) {20511 14.2 nm 5 30,4 nm, A LA H 38 2 8 RGP 30 T LA A 48 o VA
iDEIRE Ji

B3 HEA S85-1(a) . 885-2(h) \S85-3(c) RETHARFE (JK 1000 £%)
Fig.3 The morphology of $85-1(a), $85-2(b), S85-3(¢) under 1000 magnification times

Hm

P4 SB5-1(a) 5 S85-3(b)Ry AFM =#E 5 FmEE B 5 FEf S85-1(a) 5854 (b) F i SEM A
Fig.4 AFM image and 3D patterns of S85-1(a), S85-3(b) Fig.5 The morphology of S85-1(a), S854(h)

#3 $85-1,585-2,585-3.5854 HYHARL & & BBk &4
Table 3 The alloying and sulfuring condition of $85-1, $85-2, S85-3, 8854

Sample Alloying temperature and time Sulfuring temperature and time Heating ramp
§85-1 320 °C, 30 min 575 %, 30 min 12 C/min
§85-2 320 °C, 30 min 575 C, 30 min 25 C/min
5853 320 C, 30 min 575 1, 30 min 38 C/min
5854 320 °C, 30 min 590 C, 30 min 12 C/min

B AR K FRER JE [ A BRI S BR I R , 18] 5a(S85-1) 1 b(S854) Birm #E i 20 LA 12 °C/
min FFEARTEEE 575 CHI 590 CHIL 30 min 32 FFAFE G A SEM (20000 £) &, AP el LU il
24 R85 AR P L5 T B A ey A ) AU RS, (R i £ 306 0 J50RE RS 28 S LA, RO P 08020
ARRLEL A, LSRR T AR R R A B Rl G, CZTS Ay TR e 2 MR U= i 1 B 5 S e ok
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F12H B PRRIRA I CZTS MR R it 5

foERL o E2, B AR B A BB R, 000 CZTS X 22l R 45 R AL ( KA o &1 Ga vty 0 % i
R4y S85-1,885-2,585-3 5854 UM il fy XRD ¥ 3k, DA DU~ 5t R0 5 e A0 o B8 T LAt
(VAR E e A8 1Ok e v 1 4% 0 2 B P B A B L 0, 340 M XRD A7 vt o
A Cu,,S.SnS, A, HAAUSE XRD FHA GEewh BT RE SR 3 5 A e — 0o (iR B kb et ) , A CZTS
FOfT G i SR B0 ( CTS) BALHE (ZoS) ORI SIIEE B Huta EoRA PR G 2EAT 37 & K 75 21 6b Fy
IR T, I 6 F R RER ) CZTS WA A9 = K S U 04 (286 ~ 288 em” 336 ~ 339 em” 368 ~
372 em ), GHESCHRFARBNI CZTS HL 2 O 08— 30 I ENAL @B b IF R WEEE] CTS ZnS
AR MoS, FYFFAE , M8RR St MoS2 R RER IR Ny CZTS WRENT MoS, 94 @ BUN{E ST ERM . M & ik
YRS AL X o [ R T ASFI I R A AR A TR B, AR5 R 5 XRD (B3 R e 10— B, A i ) 43
3 CZTS Bt % SN EoW A2 5 B PR 1) 3 3 ok — 2 WV U RO P e e 2 11

A = b x7
! i - R st
I
& ! ; i e e -
4 i H E
il i : g
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JEM i RS/ G
T T A 0 0 P
bl Rawan shifiem '}
Bl 6 S85-1.585-2.885-3.585-4 K¢ 5119 XRD(a) %5 Raman(b) B
Figh6 XRD and Raman patterns of S85-1, $85-2, $85-3, S854
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Bl7 Hdh C85-1(a,b) 5 C854(c,d) Iy J~ VIR SRR M2
Fig.7 The light and dark J-V curve of C85-1(a, b) and C854(c, d)

FE T £ 171 CZTS A 5 (585-1,5854 ) f)FERE -, R Al b1 (CBD 3 ) R 5235 il & CdS &
WE5 i-Zn0/AZ0 5 0 2, 83 B2 785 NiszAl TiA #4531 SLG/Mo (1 pm )/CZTS (2.5 pm)/CdS (100
nm)/i-Zn0(90 nm)/AZ0(600 nm)/Ni-Al Z5¥3H CZTS #ifE AP 1 C85-1 5 €854, M 4 0.2 em’,
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6 AT AR R FUE

RFIRATEIRTE AML. 5 B0 U C85-1 &5 C85-4 JIR L A% i, A5 2 T1V4F it ) 1V A i 2 181 (181
Th.d) N4 C85-1 5 C854 MMM ZHBI T# 4. RUIE, 5 HATH A EHSReRgiR i) CZTS Wi ik
FEPERE EIR AR, JUELR 7 S L 3 5 B 5 R TR IR 7 TR A AR R S 72 (B, 32 W 4 o o D L
SEFEA T EER B, I Th.d FTUAF BT R AR KRR S R Rl 27 1R A2, 1
78 CZTS Wfic/= 5 Mo Jz LA CZTS Wiz 5 CdS ZEh 2 Z [0 77 £ 5 W A5 2 X i T Bz 2 B A, 4
DT b SRR, 73S\ SEM 5 AFM BT LUE ), H ATFRA1H] & 8 CZTS iz R P38 5 R iR
AEAR T DI CZTS B R AU, S 2R 2 () H M P77 380 70T e, WAt g B ECHL B, Rsh 5 7R o e
Voc, FEAH T BiikJRHe , 7 ZEUURRE G M ZE b= 167 10 208 s o 368 T ) ], AELCAE AL K T 3 1 = X
B0 T RO IR M LA B e e 0 T L L, 365 S o, i ) o o L 2 BE B IR PG, LR A R Uz 5
Mo AR Al ABEAE . B CZTS 55 Mo Hif 2 [ 7745 £LIR | [a] B el MoS2, W 25| AREAC e i o LA T 44 T
FRIBEHL P, FAIE Jsc 5 FF. b, i/ N E e B, 5 BEARAE U b CZTS ke A im) A K RE S
RFEARZ o AR K R P B AL A R, e b2 5 8 DUZ TR L2 A Al 1
TERREEE N SR R, PR OHEEZ BRI, RS B RARS SR
Rtro it LA RSP TR, A SR R A R ) CZTS Wi v
#4 AEREHRIOEXSH

Table 4 The parameters of different cell samples

Sample V,./mV J/mA - em? FF Efficiency/ %
C85-1 438 6.59 0.30 0.83%
854 478 8.5 0.325 1.58%

4 % @

AR 2L B A0 2 A P S8 0 VA ) 2% T AR AR SRR , e B0 3% 9 il ok B L R
HBAKIT CZTS WERR (A0 S iR 2 51, JE LR R - RS A, 48 A THIR A 1
BRI RIE AR . & SRR B AL AT LAGE R P B9 SR ST 8K o 3 R B V2 B AL 1R K
FRIFHIR AR B AR PR IR BE , B Tl o6t 5 AT O RO B A CZTS WL, 7 B2 bl 45
A5 0. 83% H1 1. 58% f] CZTS WA AL

5 % X W
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(M T2 R PR BT AT , B ol AR R R e R S R T R, ZH AR I M TR % B 650500)

H8 T AR SR 5 M 0 2 D 007 s 8 5 ZnS-SnS-Cu % CZST JERE, 5831 X HH4RAT 5L (XRD) i 8 i X
(Raman) |5 562 BA0EE  FT S F A (SEM) |fgi{X (EDS) FAERE 7 5 48 ) CZTS AR S PR 1
B REWR FA TR ETIBATHIT W i R0, il & CZTS WK Bk AN i 2 b
SR AR IR B AR KA, BT 4 A9 CZTS 6 Cu, S FHE — WM, B E T SRS OB E T
TR, B & CZTS WIRFE L2 4 40 R 3 B B4 (Cu/Zn + Sn=~0. 88, Zn/Sn~1.09) A5 1305 K [H B 1
WRMER,

R ARG, CZTS; WM, Wi

HEFHEES: 0484 LERARIRES: A TEHE1001-1625(2015) 5012705

Cu,ZnSnS, Thin Films Prepared by Magnetron Sputtering

LI Zhi-shan ,WNAG Shu-rong , JIANG Zhi ,YANG Min ,LIU Tao,HAO Rui-ting
(Solar Energy Research Institute, Key Laboratory of Advance Technology and Preparation for Renewable Energy Materiale, Ministry
of Education, Yunnan Province Key Lab of Rural Energy Engineering, Yunnan Normal University, Kunming 650500, China)

Abstract : In this work, CZTS thin films were synhesized by the sulfurization of sputtered singly-period or
multi-period ZnS-SnS-Cu precursors. The morphology, crystal structure, raman shift, surface
morphology, chemical composition and conduction type of CZTS thin films were characterized by X Ray
Diffraction ( XRD ), Raman spectroscopy, high-times optic microscope, scanning electron microscopy
(SEM) equipped with an energy dispersive spectrometer ( EDS) and thermal probe. The results show
that the adhesion and crystal quality of CZTS thin films would be greatly improved with the increase of
sputtering periods, there is no Cu,_ S and other second phase. The surface of CZTS thin films is very
smooth, the grains are uniform and compact, and no holes. The preparated CZTS thin films were copper-
poor and zinc-rich in chemical composition. It meets the requirements of high efficiency solar cells
absorption layer.

Key words: sputtering ; CZTS ;thin film solar cells ; sulfurization
13 7

BRI A CZTS MRIR f T E B 5 B RTOISE R IR 12 i CICS WA B b R IE A
HIEILEH , B A S B 454, 3 AR T CICS AT S . TASHERATTE In i Ga, ARG HET
% Se,Jf H Zn Sn 1S (MMAWILTAE T In A Ga, FAEHTEHE A 1.45 eVU' L5 M b AR A B L o MR S22 i

EETE  EHEPHAFEREH (2011DFA62380) ; % H AR 44 (61176127,61167003 )
fEE B A (1990-) 55, 0. T30 D5 G S0 BROAMOSEA FH L L O B
EinfeE T4, W, Rl
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128 B i W R F34 %

R O A R 1.5 oV T4ME , LD BRI 4 32,29 ) J00 B Ik S bR, Ol B0k
F 0% em ™, UL, CZTS B 5 A 0B AL A P L s RO RO R

H il CZTS WiER LA MRE HFES NP RE, BB EMEES %, HP RSk F 2 EuE
W SR BOLHIR B LS FES S R E AR RS AR B E R, BT CZTS(f 4 CZTS,
CZTSe F1 CZTSSe ) Y HEAR AP e 3 U2 )80 1 H 45 () Hironori Katagiri T 1996 4F & ¥ FI M 028 2 il 4
AR 0. 66% HIASE ), Katagiri BF52 /AT 1999 4E7EHE Mo B9 S LI CZTS MUK RT3
2.63% ), 12003 /MU T L KRUCRER R 5.45% . BERTE 2008 4 Z/ LT
YR HEAT B TR R A AR E 31 6. 77% 7, 2010 4 Todorov % FFIE & M 013 13 f 2 77
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il % LA R RIS A8 . BABrE TS SRR AR Rt U2 ZE R 1 CZST R

2.1 CZTS BRERGH &
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2.2 WRERE
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T Fa Il R CZTS WA AT 5 129

R T R % EL 807 B8 (ORI AU b Db L 1A ) , S i kg CZTS SRR T /i sty Pt % , T 55
il ) CZTS MR I T4, BeA UK T o T AR 2 i T4 R AR BRI L) TR R T )
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SRR o e PRI AT R LA o 3 e S SR R/ N5 0 2 JBE B WAL 7 JL B 4542 2 [ B £
FIRER BN FE I BRI o WA VR B R L, 5 PR BT S TR S B0 24 2 S B 8 T R LR % By L
7 ST B 4 T O R

B 1 RIS RS A9 CZTS MEEY 50 45 B GEE M4 (a) BEH; (b) WAL (o) mFH
Fig.1 50 times microscope images of the CZTS thin films obtained at the different sputtering periods
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BAR R R R O B A TSR A A, LR O 4 AR, i DAL R R AN B A R R i
260 5 28.5° 47.5°.56.3°%% CZTS =/~F 0, 4r HIRF R (112) . (220) , (312) i, 3 L (112) & o) T
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Fig.2 XRD patterns of the CZTS thin films obtained Fig.3 Raman spectra of the CZTS thin films obtained
at the different sputtering periods with different sputtering periods

H TR CZTS HISZJ7 ZoS DUA Cu,SnS; S HAIEF MR A AL5H , MM EREAE S,
LA XRD A BETE R UEHI B LT ZoS JUFA Cu,SnS, SFXEE WM B, R T4 74 CZTS MR
B EALH A , 7B A (7] el SR 5 1] 8 () A T MOE ARG g 514 nm () Raman Wi, [ 3 A
AR i, B bR BN R A (a SR b PRI o U REH) Bl 45 ) CZTS HL & (i A —B, B X
SR ZoS(351 em '), DY A 9 Cu,SnS, (297 em ' F1 353 em ) FIA A Cu, ,S(475 em ™) MO 4 XA
XRD k45 R+, H=AHAE0E 288 em ™' 338 em ™ FI 375 em ~ FFAFRAE CZTS WBIAMIALE R, %Ls
SRR A2 ) CZTS WL UM ESA , 96 2 ) 45 CZTS SRR BH B 0K

XA R S 4 CZTS TR XRD WAL R AN 4 F , F0rp a b 230530 o R0 , 74 81469 A g 49 o
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Tl # iy CZTS WA SEM B o Mo al LAZE H A, CZTS R 2R v S5088 1A o RS B D S 0 S99 e
TN 1 AR R , DR A B W o 30 A8 A, 758 kB A SR AR ] ) PR ) P 3 38 3 i 94 AL A3 0
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JEISIT DO R A R RS /NG A= 27 , 2 T S, AL k>

B4 RS E b Y CZTS W) SEM AR (a) SR (b) WM (c) )R 5
Fig.4 SEM images of the CZTS thin films obtained at the different sputtering periods
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SRR, Pt & Y CZTS YR 78 8 P R B AR 25, HL S R P &Y AR A & R R A BUR B
M ARIE

®1 AEHRIEHRAEH & CLTS HELH S
Tab.1 Component and atomic ratio of the CZTS thin films obtained at the different sputtering periods
Elemental composition/at%

Cw/(Zn+$ /S
i Cu Zn Sn S (Zn+5n) "
] B 22.70 12.93 11.98 52.39 0.91 1.08
b 22.07 12.99 12.01 52,93 0.88 1.08
oy ) 1 21.84 13.01 11,94 53,21 0.88 1.09
4 % @

24 SR PR 9 B8 TR0 01 9 DS 00 A0 00 S ) ) # CZTS R, i i G T2 % P i il 48 A
KPR T A SR B8 0 B B CZST SR ol o S BB i 7 T 40, DU P 7 e ) CZTS R
TERRG AL R T3, TG U4 5 i XRD St 3= 01, 0 ) S0 5 44 ) CZTS SRR 45 it o B
Bt Vee i B 58 5 i Raman [R50 H7 220, I 4 ARS8y CZTS AR, JEILABZR AR o SEM Ui 204y
V0 S Y CZTS SRR R D2, 3R B/, AR/ MR350 5 it RE (X (EDS ) A 0 A
JIHTEBA, Bl 9 CZTS VLR T U5 A0 P AU ARRORL, 2 LT, U3 B il 4 £y CZTS i f5t
A R R (Cu/Zn + Sn~0.88,Zn/Sn~1.09) , A& MACR KM fE L RIOZ H9ZR
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(e P D A B BT , 450 ST A AR B R S A T S, 5 R BT o LR S, BA 9] 650500)

% R RIS Zo-Cu-Sn-Cu & B HUE 2 I IE LA S TE R B R B W& T CZTSe M. FIH X 514
RTAHML(XRD) i @ ML ( Raman ) (T8 F B 505 (SEM) (BRI (EDS) FIAHRER X T ] % CZTSe WHAEHY
SAREETY 8 AR RTETEAR AL 0 R R B BEAT RAT S, 0 A 45 SRR A . Bl 4% CZTSe SIRAS S i it
RO R OB el 2R E N, BSRAE, p B A5 R A AR M E R, 1§
CZTSe Ml 2 4 A S E AR 0.35 em® # Mo/ CZTSe/ CdS/i-Zn0/Zn0 : AL/Ni-Al Hi 3, % 1. 17% , TRk
[EH 419 mV, 55 A% B 4 10,21 mA/em’®, SR T4 27%

KA RIS CZTSe; TAML; FRBgEH

hESES . TMI14 SCERERIEAD ; A SEHS:1001-1625(2015) S-0198-04

Growth of Cu,ZnSnSe, Thin Films by Selenization of
Sputtered Metallic Precursors

LI Zhi-shan ,WANG Shu-rong ,JIANG Zhi ,YANG Min ,LIU Si-jia,GUO Ren-jun,

TANG Yu ,HAO Rui-ting ,YANG Pei-zhi

(Key Laboratory of Advance Technology and Preparation for Renewable Energy Materials, Ministry of Education, Yunnan Province
Key Lab of Rural Energy Engineering,Solar Energy Research Institute, Yunnan Normal University , Kunming 650500, China)

Abstract; CZTSe thin films were fabricated on Mo-coated soda-lime glass substrates. The erystal
structure, Raman shift, surface morphology, chemical composition and conduction type of CZTSe thin
films were investigated by X Ray Diffraction (XRD), Raman spectroscopy( Raman) , scanning electron
microscopy { SEM) equipped with an energy dispersive spectrometer ( EDS) and thermal probe. The
results show that the preparation of CZTSe film with dense and uniform crystal grains which also
demonstrates good quality of erystallization, besides there is no other second phase. The chemical
composition of CZTSe was poor copper and zinc rich, and p-type conduction. The active area of 0. 35
em® cells was fabricated as the order of Mo/CZTSe/CdS/i-Zn0/Zn0: AlL/Ni-Al, which has 1. 17%
efficiency, an open-circuit voltage of 419 mV, current density of 10.21 mA/cm” and fill factor of 27% .
Key words: magnetron sputtering ; CZTSe ; selenization ; open-cireuit voltage

L 3 =

S S BT ( CTGS ) Ak A4 ( CdTe ) ACBH L W A5 58 it T 40 A S MR B o S R AU (1) 9 H
(A CIGS HA TR MM A AP & ED, BT HOOCEK, B G 5, 10 CdTe AR Cd RE LR

ELTWE : F% AR FHE4(61167003,61176127)
{EE B B (1990-) , B 0L FFE 2 . 3 B IS4 6 e 90 s A I e e 17 T A AT
BRS04, Wl 3.
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ail FHIIAF RS S R TEE B WL # Cu,ZnSnSe, A 199

TLE, SN R E R A E I, BT Cuy- T-IV-VI, 89 PTG A 903 S 1K Cu,ZnSnS, ( CZIS),
Cu,ZnSnSe, (CZTSe) , 1 Cu,ZnSn(S, _.Se,), "  mFHA M TEE AR PEE AL, T E TW 4
i ARG . PR T AR P R SR, A B R R A > 10" em ™) AR ATEE F ] &/
(S+Se) IRILLA] 0 ~ 1 A EEAE 1.0 eV ~ 1.5 eV Z ", I EH AP Ep R R % 32.2 % J2—
Fir R, CdTe F1 Cu(In, Ga) Se, ( CIGS) HOHT B FHER Mk 4t o

H A & 2T CZTS CZTSe 1 CZTSSe (RHBIH Mbtt Reg R4 i 8. 4% 1 11.69% " 0 12.6% ™, 1,
SR, T CZTS TR A B FE MR B 32.2 % B R A IR A 220G . A5 SO it BRI S Sn-
Cu-Zn-Cu 2 BT RGN 61 4 AR CZTSe MBI, BEMF & B AR A FHBE P O 2R () CZTSe
W, IR e R B AR S T 1. 17% BOER SRR A 419 mV FIFFBEHLIE.,

2.1 ERIRE

T2 SR FE 3 2 [ 7 A PR i v R s I BB R e ) 4, 1 R A0 < 4% B Mo/ Sn/ Cu/ Zn/ Cu (9 38 5 I
Fo BRI TR MM IERR E AT 1w ERTS M, TAEER N 1.6 Pa B % 0.3
Pa, WESTTHER Ky 180 W ; b J5 F S i RE I 8 5T S/ Cu/Zn/Cu il &8 /8 B8 )2, TAEIESE 7 0.3 Pa, T3 435
750 W.100 W.50 W.100 W, Fi BZ BB N :d =700 nm, {b254H 45 H:Cu/ (Zn +Sn) =0.7,Z0/Sn~1.3. ff
AAOFT AR N 99.99 %0 ARNKEZS R 5.0 x 10 Pa, Kl & 47 H0 & IR TR JZ 2E DB Ky 647 S (6] 3ELBE il
IRR A HE R P B B A 1L Cu Zn Sn =R & RE T HUES S . BB IR ER 4R E
R0 2 A T AR AL, A A 2% 1y AL S W 11 B 2 5 [ AR 5 0 B 4 B A A 38 A BRELBE O 570
CHIF N, SH TG 20 min J5 B A% H 2R 3] CZTSe WHEMLZ , i L i Ik 1 4518 3000 Pa, 7+
TR 25 C/min, Bk FBEAD (9 T & 43 5024 50 mg 1 600 mg, fx/5fE CZTSe M /= 1 b 27 K ¥ %
( CBD) {7i#R 50 nm f CdS, $R /5 P41 S md s ik S e iR 50 nm f) i-Zn0O #1400 nm {9 Zn0: Al, )5 F-F
THRMGERTIIR2 wm B NisAl 4
2.2 WRERIE

K F H 4<30% Ultima IV X JF2R 7751 (XRD) (B £ fEHIFX EDS (EDAX) ff) FEI Quanta 2000 34 i
T (SEM) FAEEER X Bl % CZTSe W M) AR S5 40 . R AR AL 2e 4 4 E T A S04 S T o E
CZTSe AL RE , %1 BT il 72 AORE SL HEAT T P08 35N, 5 J5 X CZTSe R HE M i) 1-V itk AT 3R 4E , Tk
TERRIEM A &1 F (AML. 5, 100 mW/em’, 300 K) #47, 5% NEWPORT K PG L 281E o e U, F F 2 I
KEITHLEY 23] 4: 7 ] 2400 $F 18K 56 .
3 LREH®

T B ) 6 J FUEZ7E 200 C 250 °C 300 CAFNRE FAERAL N, SUR T HAbHE 30 min, R &K
VR P HE ) T R AR R R R TR 2 FE R 48 N, AU F 570 CHlifh 20 min HARHEER,
il XRD 43I a1 frm, W 1 ATLAE B AN RNREE T #3810 82 e 76 4 R 4 TR 2 it
JREA AR, o 2 R AR G (R AL BRI 45 5 T 2 0 R 7E 250 CRIRLAAAL 3 i , AR X AT 4
SR B , ELAT AT s m A T0(FWHM) 8% . o W& R R )Z Joreid MR A B G = iR A B
M AR AR R, A RS S IR AL T Y R CZTSe, fAfiALAY XRD & 0T LAE ), B %5 ) CZTSe =14~
ELAEHR W AE R 20 4131108 27.2° 45.1°.53. 4°, 52 AR IR R (112) L (220) ((312) 1, 3F HLE (112) &
PR K, HoAR A5 PRI B 454 ) CZTSe Arifk K - (JCPDS 052-0868 ) #H% Y, 3X 571 26 ik 4R i
AR —2 0 Rl B AR AEREE B CuSe , Cu,Se SnSe HI Sn,Se 2 YCH A7 5 .

1T ZnSe il Cu,SnSe; 5 “ A5 CZTSe A7 AEH ALK A {AE5H , {UA XRD RS- ft & B0 8 v 13X
e T YRH A Tl —# 504 CZTSe WA E5H , W 7RI 250 °C b 385 R 570 C Rk i O Sl 77 Tt
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ST, (0P 2 FiR AR 172 em ™' (195 em " 1236 em i, WY B (O ER B CZTSe MHFAEME,
FAEF 195 om ™ AL By E U, 2 BOGIE S S ORIGEMATA ™ . HIZR 8IS XRD WL
SR8, A R ZSe(250 om ) SF IR S AHIEIEAFTE . X BEBIRE B R A IR B 0 A R AR
AT H BT A o

CZTSew
, T v AB0PCSeseC . 195
a8 8 |
¢ I
@ i b A250°C Se-ST0°C g 1
=} =] '
= | o ST = 172 /i
3 _J? L o A200°C Se-570°C /’.VH‘ 216
i 5 - SesT0°C VA
S D e T o
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2007y Raman shift/em’
Bl HEE WEEEAREET S E2 250 CTA4,570 TR
JEREAL CZTSe TERLIH) XRD F it CZTSe PG Raman Bl
Fig. 1 XRD patterns of the CZTSe films as-deposited Fig.2 Raman spectrum of the CZTSe was alloyed
precursor, alloyed at different temperatures after selenided at 250 C and selenide at 570 C

33 CZTSe MG AERE 250 CHUTIR B 570 CHI{LA SEM EETHHE, Ff a.b.c AHIRRE
10000 £ 20000 571 0000 {5, M AT A3, CZTSe LR TTBUHEAF , BA A5, R R/NEIST,
HRTTRHAR AL, REHEVN, K/ 0.6 pm 247, KA FRR T IR E, RN RARARS. &
Sl 4 SRR IR

e

B3 250 Ca4:,570 CHiMkA CZTSe #ARA SEM 2 i 4% A
Fig.3 SEM images of the CZTSe thin films was alloyed at 250 “C and selenide at 570 °C

CZTSe WA IbF 4 43 EDS Wi, £ —4 CZTSe MERRSGTEMRIR 250 CHULHE w5 1R 570 “CHi b il i,
BIGEASh . ER | ETBATE OB 9 CZTSe 4E41 EIRBIILEROHG JR T AL EE Cu/ (Zn +5n) =0.86, 3
BEZn/Sn =1.15,Se/M Jy 1. 12 FF5 5 33 2 K FH RE A o W i 2 9 B8R o Xt AR 22 SR ARG 19— 30, B
CZTSe 342 A BF L 0 ) A L IS BB Y Cu/ (Zn +Sn) =~0.8 ~0.92,Zn/Sn~1.05 ~1.25,,

F&1 250 CAE,570 CHLR) CZTSe HEHAZASFRFL , A M=Cu+Zn +5n
Tab.1 Component and atomic ratio of the CZTSe thin films was alloyed at 250 °C and
selenide at 570 C,M =Cu+Zn +8n
Elemental composition( atd% )
Cu Zn Sn Se
21.86 13.56 11.80 52.78 0.86 1.15 1.12

Cw/(#n +5n) In/Sn Se/M

B 4 Sl # 1) CZTSe 1 b R L2 KR (CBD) \REEMRST 2R MR IUBBRAL A (CdS ) G2 |
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Fig. 4 J-V characteristics of CZTSe solar cells
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(= IS T B BT , ST ] A BE D PR AR S A TS SR, A e MBI T TSI R 650500)

R R RIS, e B AR I BB B I LM 5T Cu S & IEZ 5, AR TE TR — 2 ZnS, ] %
Cu, ZnSnS, (CZTS) WEARAY URIJZ o X BRI ZHEAT NI & 2 , PRJR AR IR IRAE A 00 T R IR AL, B B &
TR AH R/ A CZTS W, J8E X BIRATAHX (XRD) $34 e 5E( SEM) Je B (EDS) 735 % 1 Ry i 1k
45H RSB 0 A A7 204 s 96 PR 8 OURESRIE T CZTS MRS, B M A8 218 CZTS JBEH 4
TRE, HIFRERIE V., =442 mV SEBOEM AL ). =5. 08 mA/em” Shf I R34 0.62%

REEE R (CZTS) s BRI, Sk, WBUR R

hES#ES,: TMI12 SCERERIRAD A NEHS1001-1625(2015) 5022205

Cu,ZnSnS, Thin Film Solar Cells Prepared by
Sulfurization of Sputtered Precursors

YANG Min ,WANG Shu-rong ,JIANG Zhi LI Zhi-shan ,LIU Si-jia,

GUO Ren-jun., TANG Yu ,HAO Rui-ting , YANG Pei-zhi

( Yunnan Province Key Lab of Rural Energy Engineering,Solar Energy Research Institute of Yunnan Normal University, Key Laboratory of
Advanee Technology and Preparation for Renewable Energy Materials, Ministry of Education, Kunming 650500, China)

Abstract: The precursors of Cu,ZnSnS, ( CZTS) thin films were prepared on Mo-coated soda lime glasses
by sulfurization of magnetron sputtered ( Cu + Sn)/ZnS layers. Prior to sulfurization, the precursors were
soft annealed under lower temperature. CZTS thin films with smooth surface but fine grains were obtained
by high temperature annealing under sulfur vapor atmosphere. The crystal structure, surface morphology
and composition of the films were characterized by X-ray diffraction ( XRD ), scanning electron
microscope ( SEM) and energy dispersive spectrometry ( EDS) respectively. Meanwhile the purity of
CZTS thin film phases was identified by raman spectroscopy. The conversion efficiency of the fabricated
CZTS film solar cell was 0.62% with an open-circuit voltage of 442 mV, a short-circuit current density of
5.08 mA/cm’.

Key words: Cu,ZnSnS, ( CZTS) ; magnetron sputtering ; sulfurization ;thin film solar cells
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CZTS SR EHAIRIITAL A YK S A JERE HIRHACHF . HASHFIEIE I L4 ~ 1.5 oV, SUBEARIL
R (10 em ™) ¥, ST LA EPISHVESTRIIBIN CZTS(Se) MR CZTS(Se) WM MEFF T HIR
ABOBFGE, B TEBREROM I . S IBM FIAAZE S 1414 A CZTS SR b, BN 8,496,
BT BRI EAT.

4 CZIS RN : B AREIRAS AR MBI ORI Wb v %,
SO R KT R PR IR W, 25 S A O LR I S ™, 3
BWAERE CZTS WA T2 4/ JC IR 4 IR B0 R ST 0B A G BRI ™ s FLs s 4
/M A A SR 2 8 ) 046 CZTS TR SRR B S 48, TARIBHIFF A 4R,
PRI S/Se AHFEBGR WL F TR ALIRAE L, 285378 CZTS(Se)/ Mo ) AT HUBE LAY MoS,/ MoSe, 3
AT B L B e U, B F KR BT T 300 C IR A &b B, A 2 T
MoS,/MoSe, A" , 3L, ZEARZ SRR, Cu Sn &R RBESE, 75 FI 5270 MEEO R R ANES PO e
B, B AR AT Cu Sn S RIEIR TR TR A —I2 ZnS 14t CZTS 9B (SLC/Mo/Cu
+S0/ZnS) SRIRAER R T 2L 260 CREMTIHRA S, RIEIA SRR HELR BAHIL 600 T
AL, PR 4 BORhy CZTS W, FEH 09 CZTS MBA I HBEB R 0 0. 629
H MR F R T B R CZTS TR BB, @R AL A B T EL B A R 49 OB T
SEHBECPTE H— E —YAR, BN T MBS AR SRR 4 1E4 R B Bieh A
S P I AR

2 £ B

2.1 CZTS EERYERE AT E

I FH 7 L2 s W PR R A B Mo (1 pm) O8NS B3 1 & CZTS IR BRI Z . WSIE
Cu . Sn JLWEHS SR G IS ZnS, FEM () A REAR A 99.99% ., FiIAHAT B IR IR ST =38 , WA Th 20 51k : Cu-100 W,
Sn-50 W,ZnS-50 W, TAESEH 0.3 Pa, SEMREEL) N 8 em, B h 5 B95%35 5 8 rpm, H A FEA IR , 753 2 fi il
JZHEIERE YR 500 nm, KETLHZBAGR K P RR S & 0038, A & 44 :2000 Pa ESSHA T,
VA30 C/min fFHREE % M Z R T B BARREE 260 C, & &W T 25 min, FE&45H)E EEHREAASE
AT B AL AR (26 99.99% ) fEABRIR , 75 3000 Pa AR KA T, BEALIEEE 600 °C ,74FF 30
min, FEA B RE, BAR B R, A KEEE CZIS |2 U n B CdS Z )2 (50 ~ 60
nm) , FIE AT 4 1-Zn0(50 ~70 nm) 1 Zn0: AL(400 nm) , 55 5 PR R B850 b Ni-AL Ha AR, v 3 1 40
HFH 0,25 em’.
2.2 CZTS Wi 2 & i it po it R 4E

X H A3 Ultima IV X 4128 47 41 { (XRD) , Renishaw in Via i 8 i {¥ ( Raman) | Fit. £ BE % {X
(EDS) /¥ FEI Quanta 2000 148 i ¥ i S 55 (SEM ) % i ] 4 CZTS JBE 1) B i ah by B4R AR ) 2 B e Ak
ST RIE /T . CZTS WY -V R0 2R ) NEWPORT K BHOEALILRE1E o A I8, il i 2
T(AML.5, 100 mW/em’, 300 K) , FIfi2 E KEITHLEY 4> &) 4 7= i 2400 #5218

3 ZRE5i#w
3.1 CZT4¢ER CZTS R BRI

CZTS T HZ(Cu +Sn/ZnS) R Z1d 260 CH 45 H) XRD EIEME 1 fim. MEFRLES, k64
BN £ 85 A Cu ZnS CugSns #l CusZng, Horpr CugSng TSN H] L, ZnS (17 EE4ESS . S5 I0RG
25 , CugSng fTTHEIRES , ZnS WRTSTIGEHIEE , AT e 2 (0975 (b R A SnS, FI Cu,SnS, FHMAE AL, STk
HfE , CZTS JERLER LIR30 350 CHA =Teb a4 Cu,SnS, AR, iR BEEIA 400 CHY Cu,SnS; LK
ARG (R U 7 & PR 4, A B FEE A5t 450 CJ5 Cu,SuS; 1 ZnS J2 7 A B, Cu,ZnSnS, ™ . [ A4
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CZTS TREFE AL AR DA SnS, Fil Cu, SnS, WA, SEAI TEZ G MY RIIERSR L 4 18 Cu,SnS; A7, 3 HIHE
(RYARZBKARIAS BN, 2 Cu,SnS, 5 ZnS SUBHER A S R BB IER 23

12 JJy CZTS WA SEM & Mo 2a RARZT A & MM CZTS W, & 2b Eifid 260 TR 4
25 min J5, BT FI CZTS M, “# e SRR, KA TZRMAME, 7TUE R e e 5 &
ey CZTS VSR T B LR A KB R A B, ATRER: Cu-S 3 Sn-S 8 0N, I HLan 51 2, X 20 AR
LY AR P A S L S, 138 e e AL 5 T B R T e, R SEA T TRA ER IR B S . B R R
e CZTS AR R TS BIRARGE . BA RIS IKIISER , BRI S 808, A R Z AL RoR B/

SHAERER R

Intensity/a.u.

B2 CZTS AR SEM [ (a) A a4, AEBLIL;
1 =% 260 C A 45 H XRD i
Bl R R 4J5 9 XRD [l (b)260 C A4 BRI

Fig. 1 XRD patterns of the precursor and
the sample annealed at 260 “C

Fig.2 SEM images of the CZTS thin films (a) sulfuring
without annealing; ( b) sulfuring afier 260 “C annealing

3 2 CZTS( 1t 260 C44) () XRD [EF1 Raman [, M XRD [ ehr] LA ) CZTS i i i ik B 4%
5% , W) 1 B 5B X TR ATATARHE S (PDF #026-0575) W4, (8 FHVERESE BB R IT . Mifi—2 A
CZTS 2/ 5 H HAb YA (A ZnS 5 Cu,SnS, #) XRD fijHfig 5 CZTS FUgE &) , X H T Thr @ik,
750 R AR AR AR B 1 . 251 em 1,288 em ' ,338 em ' AI373 em ' 5 ELf AR 21 ] R FI M CZTS E
(251 ~252 em ' ,286 ~288 em ',336 ~339 em ' ,351 em ' J% 368 em ') #H4F,{HAE 275 em [ B AEAE

— e S W ARG SO P IR A T RB R ZnS H'

(112)
2 4
= g
e 4
§ g
g (220) k=
(200 @1
sl | i e
10 20 30 40 50 60 70 80 90 200
26/(°) Raman shift/cm!
B3 (a)CZTS ] XRD A ; (b) CZTS fyhrse &
Fig.3 (a)XRD pattern; (b) raman analysis of CZTS
&1 CZTS HEEAHRTELH
Tab.1 Chemical composition of CZTS thin film
Elemental composition( at% )
- - - Cu/(Zn +Sn) Zn/Sn S/M
Cu Zn Sn S
23.37 13.39 10.46 52.78 0.98 1.28 1.12
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HfisE CZTS MR (2818 260 CA4:) P HIICE S LA, % Hoaf 4T EDS il A s R 1 frw. al kL
AR A R AR b, 3 R E . B S 0Bk, 5 R R b2 m R s LY A
WE LI SuS, '™ WIS Sn (& B> ) Sn i 2 AT LIZEA B IBAL T 2 A
SnS, , SRR YL THRBL AL Ip ik , W B AL B 6], FEAIG SnS, MBS . &5 hr & S A0 , 1 A 1l 45 1
CZTS TP WL A ZS — WA, WA CZTS P B EERZE , &7 CZTS fEZ BB AL ZnS ftkr , BELAG i
KK BB, XM AR UFREF AT . SRR O BT TR AL A E,
SUNF A BH e b ) P B W TR SRR B FF HL ZnS R0 TEHT R SR, 2 AE T CZTS v 2258 i i e b 1
(AR BHL, FAR ARG b b LT DR 1, R S 11 O B
P T AFIRE W, nos
3.2 CZTS it

[ 4 2y CZTS S [ B M FERRE L IR R A J-V R34k
MR E . SRR R 0. 62% (HMA LI BN 0.
25 em”) , 8 e oL PV FE IR TR /AN, TIE B o 3t (1)
BRABHK, REOX — 45 R0 T B R B CZTS S
ST AR KR ZnS —YCH, T WO E Y o R B Y Gy "
BRpEEZ BRI T E AR E, 0 CZTS Mt M4 CZTS MEA R MAREERAR T J-V a2
f;&@ﬂq[ﬂ?ﬁg,ﬁﬁﬁ:ﬁqlﬁmﬁﬂmﬁﬂgg%u [ i, Fig.4 Mluminated J-V characteristics (AM1.5,
%ﬁ?ﬂﬁﬁﬁﬂiﬁiﬁﬁﬁ’ﬂﬁEﬁﬁl , @Fﬁgm‘ CZTS %m 100 mW/cmz, 300 K) of CZTS film solar cell
FEL AT B 5 3 P BRI R 44T

4 % #

R PR ST ITRE T IR A AE B Mo RSP FS 3RS Ll 4% CZTS BT Z . WRSMUF 24 Cu Sn SLIRST , FK
8 208, XK ZHEAT 260 CHIRIES &, A5 ISR E AHIRTE 600 C &R T ik, 521 R iP5 H &
FIE/NE) CZTS 6, FIRFAE RN CZTS 3 ] 4 K BH it , 4589 2 SLG/Mo/CZTS/CdS/Zn0/Zn0 ; Al/Ni-
ALTJFBEHE V. =442 mV SR % . J, =5.08 mA/cm’®, HOU B EEMALHK T 0. 62% , 3 i 43
B, CZTS B A J T ZnS S5 A8 HE 0 T e A (R r B, BELAS T CZTS @MLK, SRR /ha ik i
WA TTE RSB A, 500 A B e Y B 7 B e e S B PR 3L, (5 75 CZTS JHERSE Fl 3t 1) 0t B e OB RIS
VR A O e AR BT BR A Fr e 4 e M e R P ks o TR R B AR ML A B 2%, B4R B Pl
JE AR AR IR A FL AT DR, o 55 0 AR 3% Wi [ 5 B 25 B A0 B9 P R I i
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B ALFEEH & Cu, ZnSnS, FR K HFFER R

¥ OEIRRFELH BABEFEE,E B HBT RS
(ZRIFA KA FIEBIICNT , £ RS Ttk BT R AR T TR, SRR I A3 B 650500)

AR R PR B A E DUBUT AR S IR L 4 T CuyZnSnS, (CZTS) #BE. 4 Cu Zn.Sn =M &R ITRIE—&E
N A SURRTE S A BAR B CZT SiIRAT IR I R R AR AE S A9 SURPIRAE N, R TR K BAL 185 C218
WiR. 83 SEM EDS XRD 5347 [ CZTS W BERRILAR JoR A 50 S5 SR 0L, 3 AL 8oL — P 7 T A
KSR IRBT . et CZTS R EadJa 6 T HIERL CZTS MR PN, JF @it LV AR T % MR K
HEMMEH,

KR CZTS; WAEt; LR itk M

HESES, 0484 SCRRFRIRED A M EHS:1001-1625(2015)S-0303-05

Characteristics and preperation of Cu,ZnSnS, Film by Electrochemical Method

JIANG Zhi ,WANG Shu-rong ,LI Zhi-shan , YANG Min ,LIU Si-jia ,GUO Ren-jun.,

TANG Yu ,HAO Rui-ting ,YANG Pei-zhi

( Yunnan Province Key Lab of Rural Energy Engineering, Solar Energy Research Institute, Key Laboratory of Advance Technology and
Preparation for Renewable Energy Materials, Ministry of Education, Yunnan Normal University , Kunming 650500, China)

Abstract: The Cu,ZnSnS, ( CZTS) film was fabricated on Mo substrate through electrochemical method.
Cu, Zn, Sn was deposited on Mo slice in a certain order to obtain the CZT precursor. The CZTS film was
finally prepared by annealing the precursor under S/N, atmosphere. The surface morphology, elemental
constitution and crystallization of CZTS film was investigated by scan electron microscopy (SEM) , energy
dispersive X-ray analysis (EDS) and X-ray diffraction (XRD), and the crystal composition was further
confirmed by Raman spectroscopy. Finally, the CZTS cells were prepared by depositing buffer and
window layer based on the CZTS films. And the efficiency of device and other parameters were tested by
I-V.

Key words: CZTS film;thin film cell ; electrochemical deposition ;sulfuration ; efficiency
1 5 =

WA RETR Y H £ SRR P R B Mg 5 , DY AR S ol 2238 /i th AR fL 3 ek AR R —
FREHERE TG RRIR , o —Fh AR OB KA RN F W B SE B YR , IR e L AR A R b £k 32 B 4% I BUR 9 F
T, SR SE N3 o TARSCAS (o 5T M A 7 P e A SR O A o Wt ) 2 0 e ), S A T o St

FZA LU0 (1) SRR B 5 (2) RETR IO B 5 (3) (TR BL 420 A Sh b5 (4) AT LA
BAERE KRN Fe Cu,ZnSnS, (CZTS ) R P e A — o 5 T VA P o it LR FEEE 0 1,45 ~

E&WA :EEH AR L (61167003,61176127)
A A F(1991-) 38 T AFge . B S B8 B G B fb o i T T 5
ERAEE T e, Wt Bl
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1.50 eV, 54 BH AL TSR I EEAS A 915 (1.5 eV) 4030, Hak CZTS B Sk AT, A TR
F R RS E I R 1 wm (§J5 L AEMOR P e BRIz % R i & o R e &
@, R AR TOEE FIPR B AT, R T B A TR A FH R i R W= B e A IR B 2 — ¢

H il CZTS WM & LR S , 2 W HE B AL 2, Wy B vk (AR R M S e, IR R
B 257844 ) 2006 £E H 2 Katagiri iz FH 5180 508 51— 44k B 25 £ %t (inline-type vacuum apparatus ) , i
Ty 5 0 B A B o 3, LA AR K 6. 7% o TBM /) S 025 ZR ML R4 Hh R B AR A
BT 8.4% CZTS R r i , H 5 K40 K o 45 B o 23. 4 mA/em’, 5K 2 H Al SR FH 4 38 05 o4 A8 () o A
O B Al ) £ A R £ R SR, e AR AR RN
PLEEURE 4 Ahmed , Reuter 25 3 i #1462 16 51 4 th 28038 7. 3% 1 CZTS WM o' o 2012 4¢,
IBM 44 B A3 5 i CZTSSe MR PR F o B 5 B A 3R 3R A B 10, 19 , F) 2013 4K %/ NI R CZTSSe
R AC P Y O B R B 7K 12.6% 1) ik T CZTSSe s AR Hh 0 O S P R . bR IR IE
G, L BRIV AT 8 IS P Ml A6 P, B DL LA A 2 S St 6 4 CZTS WA i e, 7E RS, TR
PIEFEEAMRKE . IBM ) Shafaat Ahemd %51 H A KB A% H) Feng 25 5 F i fb 2 U BUR 6145
(CZT) Fithl )25 B AL IR K oy 25 43 ) 4 2% 7. 3% F1 8. 0% ) CZTS Wi ™", e o, %
FR fe B 1 — WM A B TOAR, CZTS TR, 5 s WUk 2 AL 175 CZTS WifE. @ id SEM . XRD,EDS F
Raman BF53 7 Hr AR A R LA W IR B AL =F 4L A RO A4 . ) i 1V IR R A 2 AR ) 45 1)
CZTS 78 JE A PH e e Y B BE

2 % B

S50 R e P S O B R, A AR ARV S PR, B R IR (18 mm x 20 mm) FE R FAMR . AEFR AL
UURAZ A, Jefa AT RS bR 2 A B MR AN, BE IR E LB FACKE vt T
— AN S V25 Ve A FRIR R SR S 5 e ) R B PR Y AR 5 SR [R]S 7 F v R IR
—ABHAE . 7 FIECH 500 mL 0.06 M f) Cu,SO, #1500 mL 0.06 M ) SnSO, ¥E K , 7E W ME i 451
A 0.4 M [ Na,CoHs O, M5 60, FTE A B A W) pH (EIR 24 ~ 5. HJTACH 0.2 M #) ZnSO, K,
HMABIRIPH E B FHRAE, &R CuoSn—Zn WITUFTER I HIK LIRS REIHZE . W78 ik
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Development oi’ epoxy resin multimode optical waveguides

LIU Tao . YANG Min. JIANG Zhi. LI Zhi-shan. WANG Shu-rong”™
(Key Laboratory of Advance Technology and Preparation for Renewable Energy Materials, Ministry of Education of
China, Yunnan Province Key Laboratory of Rural Energy Engineering, Solar Energy Research Institute, Yunnan

Normal University, Kunming 650500,China)

Abstract: The multimode optical waveguides are fabricated using epoxy resin materials.and the non-con

tact lithography is adopted as a simple and cost-effective process, A kind of reliable and efficient develop

er and corresponding developing time are found by a lot of experiments. and The effects of temperature
and humidity.and spin-coating process on the waveguides thickness were studied:the effect of transpar

ent portion width of lithography mask.the spacing between lower cladding layer and lithography mask.
exposure intensity and time on the width of the optical waveguides are also studied. The morphology of
the samples is observed by scanning electron microscopy ( SEM). and the fabricated ridge optical
waveguides with cross sectional size of approximately 50 ,m>{50 pm have smooth surfaces and vertical
sidewalls. The transmission loss of epoxy resin multimode optical waveguides at wavelength of 850 nm is
measured to be 0. 1 dB/cm by cut-back method. Taking account of the high temperature shock on optical
waveguide during optoelectronic integrated process. the thermal stability of the fabricated optical
waveguides is tested and the attainable highest thermal stability temperature is 210 °C,

Key words; non-contact lithography: multimode optical waveguide: epoxy resin: optical loss: thermal

stability
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Fabrication process of organic polymer optical waveguide

LIU Tao, LI Zhi-shan ,JIANG Zhi, YANG Min, WANG Shu-rong
(Solar Energy Research Institute ,Key Laboratory of Advance Technology and Preparation for Renewable
Energy Materials ,Ministry of Education, Yunnan Province Key Lab of Rural Energy Engineering,
Yunnan Normal University . Kunming 650500 , China )

Abstract : The organic polymer optical waveguide interconnects become the best solution to realize short distance com-
putation and communication design. Short distance optical interconnection is the direction of future interconnects, and
excellent comprehensive performance of polvmer multimode optical waveguide is an important component in optical in-
terconnection. The fabrication process of organic polymer optical waveguide has important influence on the performance
of optical waveguide  therefore the fabrication process of organic polymer optical waveguide is summarized ,and puts

forward some own ideas.

Key words : polymer optical waveguide ; polymer optical waveguide fabrication process;optical loss
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Numerical Simulation and Analysis on Stagnation Performance
of All-glass Evacuated Collector Tubes

LIU Bai-hong, GAO Wen-feng, LIU Tao, LIN Wen-xian, XING Xiu-lan, HU Xiao-fang

(Solar Energy Research Institute,Key Laboratory of Advanced Technique & Preparation for Renewable Energy
Materials of the Ministry of Education of China, Yunnan Normal University, Kunming 650092, China)

Abstract: In this paper, FLUENT has been used to simulate and analyze the stagnation per-
formance of all-glass evacuated tubes, which size is (#58 X1 800mm, with different emittance and
vacuum degree, In addition, the accuracy of numerical simulation also being verified through test,
The numerical simulation results show that the lower is the emittance,the smaller is the heat
loss and the better is the thermal performance of all-glass vacuumed tubes. What's more, the
stagnation performance of all-glass evacuated tube decreases with the increase of the air pressure
in the vacuum jacket. The stagnation change of all-glass evacuated tube mainly in the range of
107" ~10 Pa. When the air pressure is lower than107! Pa or greater than 10 Pa,the thermal per-
formance change caused by heat conduction loss of air in the vacuum jacket is not chvious.
Therefore the vacuum degree of air jacket should maintain in the order of 107 Pa in order to
guarantee good thermal performance of all-glass evacuated tube.

Keywords: Emittance; Vacuum degree; Heat loss coefficient; Stagnation parameter
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Fig.3 Temperature comparison diagram of top,middle and bottom in the trichotomous solar water heater
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Experimental Study on the Operating Characteristic
of a Trichotomous Vacuum Tube Solar Water Heater

XING Xiu-lan, GAO Wen-feng, LIU Tao, LIN Wen-xian, LIU Bai-hong, HU Xiao-fang

(Solar Energy Research Institute,Key Laboratory of Advanced Technique &Preparation for Renewable Energy
Materials of the Ministry of Education of China,Yunnan Normal University, Kunming 650092, China)

Abstract; In this paper,an experimental study has been carried out to examine the operating
characteristic of a trichotomous vacuum tube water heater,which has three separate water tanks,
under typical sunny and cloudy weather condition,which is also compared to that of a regular so-
lar water heater. The results show that the temperature stratification of in the trichotomous solar
water heater is stronger than that in the regular solar water heater,no matter it was under the
sunny or cloudy weather conditions. In the trichotomous vacuum solar water heater,the tempera-
ture difference between the top and the middle is small,but there is a large temperature differ-
ence between the top and the bottom, In each water tank,there is a cold water zone in the bot-
tom region, which is particularly evident in the high temperature water tank, During the nighttime
cooling period,the temperature stratification in the low temperature water tank in the trichoto-
mous solar water heater is the strongest,while in the bottom region of the high temperature wa-
ter tank,the water temperature has the trend to rise initially but gradually become stable subse-
quently,

Keywords: Trichotomous vacuum tube solar water heater; Daily useful heat gain; Average stor-
age tank heat loss coefficient; Thermal performance
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First Principle Calculation of Structural and Electronical Properties for
Type I and Type VIII Sr-filled Si-Ge-Sn-based Clathrates

CHENG Feng ,WANG Jin-song ,LIU Hong-xia ,SHEN Lan-xian , DENG Shu-kang
(Solar Energy Research Inatitute , Education Ministry Key Laboratory of Renewable Energy Advanced Materials
and Manufacturing Technology, Yunnan Normal University , Kunming 650500, China)

Abstract : First principle is an algorithm of using the principle of quantum mechanics to solve the
schrodinger equation, which is according to the principle and the basic motion of interaction between
atomic nucleus and electron. In this work, the structural and electronic properties of Type-I and Type-
VII Sr-filled Si-Ge-Sn-based clathrates have been investigated by fist principle calculation, and the effect
of different atomic groups on the clathrate structure and electrical transport properties have been
researched. The results suggested that SryGa, Siy,, Sr;Ga,, Gey, and SryGa Sn,, are all belongs to
indirect-gap semiconductors materials, and Sr;Ga,Sn,, shows the smallest band gap and possesses the
largest bulk modulus among them. The worse symmetry of band edge structure for SryGa,Sn,; indicated
the higher performance than Sr,Ga,Si,, and SryGa,,Ge,, and the main reason for the differences between
SrgGa,eSiy , SrgGaGeyy and SrgGa, Sny, can be atiributed to the different electronic distribution of Sn
Ge and Si atomic.

Key words: first principle ; clathrates ; electronic distribution
1 3 =
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2 VI &%EEH Sr,Ga,Siy, . Sr; Ga, Gey, S, Ga, Sn,, BIE & BERTBH TR
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FEdh g/ nm E,/eV - atom ! E!/e\f
VIII-Sry Gayg Siyg 1.064 -42766 0.173
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Fig.4 (a)PDOS of Si Ge.Sn in type I clathrates; (b) PDOS of Si Ge,Sn in type VIII clathrates
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