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The low-cost nickel sulfide counter electrode (NiS CE) for the dye-sensitized solar cell (DSSC) is
electrodeposited onto the fluorinated tin oxide (FTO) glass substrate by using a cyclic voltammetry (CV)
approach. The influences on the morphology and electrocatalytic performances of the NiS CE are studied
by changing the thiourea concentration and the cycles of the CV electrodeposition. The electrochemical

impedances and photoelectric performances of various DSSCs are also investigated. The results show that
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the preparation conditions for the best electrocatalytic performance of the NiS CE are under 1.00 mol L~!
of the thiourea concentration and 10 cycles of the CV electrodeposition, and the DSSC shows a
photovoltaic conversion efficiency of 5.75% under full sunlight illumination (100 mW cm 2, AM 1.5G).

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Since the first report of the dye-sensitized solar cell (DSSC) in
1991, it has attracted extensive attentions due to its simple
production process, low cost, and relatively high energy conversion
efficiency [1-8]. The DSSC is usually composed of the dye-
sensitized photoanode, 17 /I3 redox electrolyte, and counter
electrode (CE). Typically, the CE applies a transparent F-doped
tin oxide (FTO) or indium tin oxide (ITO) glass coated with
platinum (Pt) nanoparticles. Pt acts as a good catalyst to speed up
the reduction of I3~ to I [1]. In spite of Pt having high
electrocatalytic activity, it is not conducive to prepare large-scale
of DSSCs due to its high cost and limited resource [6].

Numerous studies have been made with the aim of displacing
the noble Pt by new materials in the DSSC, such as, metal catalytic
materials [9-11], carbon-based materials [12-14], conducting
polymers [15-20], and inorganic compounds [21-26]. Among
them, nickel (Ni) has attracted much attentions due to its abundant
resource, high electrical conductivity, and excellent electrochemi-
cal properties. Joshi et al. [10] incorporated Ni into carbon
nanotubes/nanofibers on the FTO glass as the DSSC CE by using
a thermal decomposition process. Bajpai et al. [11] prepared a Pt-
free CE by coating Ni nanoparticles onto the graphene, the results
showed that Ni nanoparticles could enhance the conductivity and
catalytic ability of the CE. However, Ni could be reacted in the I /I3~
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redox couple electrolyte, which would bring about a negative effect
on the long-term stability of the DSSC. The metal sulfide (MS,
M=Ni, Co, Cu, Mo, W, etc.) is a class of effective catalytic material
for the I3~ reduction reaction in DSSCs, and the main methods for
the MS preparation include electrochemical deposition [23],
chemical bath deposition [27], and electrostatic self-assembly
methods [28,29]. Guai et al. [30] electrophoretic deposited
S-doped nickel oxide CEs, and obtained a DSSC efficiency of
5.04%. Dou et al. [31] reported a nickel phosphide-embedded
graphene CE prepared by the hydrothermal reaction, and received
5.70% of the DSSC efficiency. Sun et al. [23] employed nickel sulfide
(NiS) as the DSSC CE by a potential reversal technique, and the
achieved DSSC efficiency of 6.83% was very close to that of the Pt CE
(7%). Ku et al. [32] used NiS as the CE for the thiolate/disulfide
mediated DSSC by a facile periodic potential reversal technique,
gained an efficiency of 6.25% against that of 3.98% based on a Pt CE.

In this paper, we electrodeposited NiS CE onto the FTO glass by
using a cyclic voltammetry (CV) approach, and investigated
the influences of the thiourea concentration and the cycles of
the CV electrodeposition on the morphology and electrocatalytic
performances of the NiS CE. Under the optimum conditions, the
DSSC obtained a photovoltaic conversion efficiency of 5.75% under
full sunlight illumination (100mW cm2, AM 1.5G).

2. Experimental
2.1. Materials

Nickel chloride, thiourea, ethanol, iodine, lithium iodide, lithium
pechlorate, tetrabutyl ammonium iodide, 4-tert-butyl-pyridine, and
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acetonitrile were purchased from Shanghai Chemical Agent Ltd.,
China (analysis purity grade). Sensitized-dye N719 [cis-di(thiocya-
nato)-N,N’-bis(2,2’-bipyridyl-4-carboxylic  acid-4-tetrabutylam-
monium carboxylate)ruthenium(Il)] was purchased from Dyesol,
Australia. The above agents were used without further purification.
Fluorinated tin oxide (FTO) glass substrates were purchased from
NSG, Japan (8 2sq™1).

2.2. Electrodeposition of NiS CEs

Prior to the electrodeposition, FTO glass substrates (1.5 cm x 2
cm) were cleaned with deionized water and ethanol in sequence.
Three kinds of different electrodeposition solutions were prepared
by containing same concentration of nickel chloride (0.05 molL™')
and adding different concentrations of thiourea (0.75molL™},
1.0molL"!, and 1.25molL"!, respectively). The CV electro
deposition of NiS thin film onto FTO glass substrates were carried
out using a computer-controlled Autolab potentiostat (Type III)
from an aforementioned electrodeposition solution in a three
compartment cell at ambient atmosphere. A cleaned FTO glass
substrate, a saturated silver/silver chloride (Ag/AgCl), and a Pt wire
were used as the working electrode, the reference electrode, and
the counter electrode, respectively. The parameters for NiS CEs
were set under the potential interval ranging from —0.9V to 0.7V
at a scan rate of 0.05V s~ ! for 5,10, and 15 cycles, respectively. The
achieved NiS CEs were washed in distilled water and dried under a
cool air flow. The parameters and sample names for the NiS CEs
were listed in Table 1. For comparison, a thermal decomposition Pt
CE was employed.

2.3. Assembly of DSSCs

The TiO, photoanodes were prepared according to our previous
reports [2,5]. The resultant TiO, photoanodes were further
sensitized by immersing them into a 0.25mmolL"! ethanolic
solution of N719 dye for 24 h, followed by air drying. After dye
adsorption, the TiO, photoanodes were assembled with various
CEs. Then the electrolyte was injected into the cell. The redox
electrolyte, composed of 0.60molL~! tetrabutyl ammonium
iodide, 0.10molL~! lithium iodide, 0.10molL~! iodine, and
0.50 mol L~! 4-tert-butyl-pyridine in acetonitrile, was employed
in photovoltaic conversion measurements.

2.4. Characterizations and measurements

The surface features of the NiS CEs were observed using a
scanning electron microscopy (SEM, JEOL-JSM-6701F) operating at
10kV. The phase identification of the NiS CE was conducted with
powder X-ray diffraction (XRD, BRUKER D8-ADVANCE). CVs for
[7/I3~ system were measured in an acetonitrile solution consisting
of 0.05 molL~! lithium iodide, 0.01 mol L' iodine, and 0.05 mol
L' lithium pechlorate, the potential window was —0.8V to 1.2V
(vs. Pt) with different scan rates (50, 75,100, and 125 mV s~ !) using
a computer-controlled potentiostat (Autolab Type III) in a three-
electrode electro-chemical cell at a constant temperature of 15 °C,
the resultant CEs acted as the working electrode, a Pt-foil as

Table 1
The preparation parameters of various NiS CEs.
CE Thiourea concentration (mol L™ 1) CV cycles
NiS-a 0.75 10
NiS-b 1.00 10
NiS-c 1.25 10
NiS-d 1.00 5
NiS-e 1.00 15

counter electrode and a Pt-wire as reference electrode. The
electrochemical impedance spectroscopy (EIS) measurements for
the DSSCs were conducted by using an electrochemical work
station system (CHI660D, Shanghai Chenhua Device Company,
China) at a constant temperature of 15°C in ambient atmosphere
under a dark condition, and the impedance data covered a
frequency range of 1-10° Hz with 5 mV of amplitude and 0.8 V bias
potential. The resultant impedance spectra were analyzed by
means of the Z-view software. The photocurrent density-voltage
characteristic of the DSSC was carried out using a computer-
controlled CHI6G60D under illumination by a solar simulator
(CEL-S500, Beijing Ceaulight Science and Technology Ltd., China)
in ambient atmosphere. The active cell area and the incident light
intensity were 0.30 cm? and 100 mW cm 2 (AM 1.5 G), respectively.
The photoelectronic performances [i.e., fill factor (FF) and overall
energy conversion efficiency ()] were calculated by the following
equations [33]:

_ Vmax ><]max
FF = Ve (1
n(%)zwxmo%zwxmo% (2)
mn m

where Jsc is the short-circuit current density (mA cm2), Voc is the
open-circuit voltage (V), Pi, is the incident light power, Jmax
(mAcm~2), and Vmax (V) are the current density and voltage in the
J-V curves at the point of maximum power output, respectively.

3. Results and discussion
3.1. Composition of the NiS CE

XRD pattern was employed to investigate the composition of
the NiS attached on the FTO glass substrate. In Fig. 1, the crystalline
phase of NiS-b can be observed at 30.2, 34.8, 46.0, 53.7, and 73.0°,
which are identified to be the (100), (101), (102), (110), and
(202) diffraction signals, respectively, according to the Joint
Committee on Powder Diffraction Standards (JCPDS card No.
75-0613) [34]. And other strong peaks are corresponding to the
bare FTO glass. XRD patterns for other NiS CEs are the same as
those of the NiS-b, this indicates that the NiS-based CE was
successfully electrodeposited onto the FTO glass.
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Fig. 1. XRD patterns of the bare FTO and NiS-b CE.
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3.2. Morphology of the NiS CE

Fig. 2 shows the SEM images of the NiS CEs prepared by
different electrodeposition conditions. Fig. 2a-c shows that the
morphologies of various NiS CEs were observably influenced by
the thiourea concentration. The NiS nanoparticle is very tiny under
the low thiourea concentration of 0.75molL~" (Fig. 2a). The NiS
nanoparticles become larger when increasing the thiourea
concentration to 1.00molL~! (Fig. 2b), this is due to the high
thiourea concentration which could improve the deposition rate of
the NiS growth. In other words, the higher the thiourea
concentration, the more thiourea is available to the electrode
surface from the bulk solution to support the NiS electro-
deposition. However, some inconsecutive voids appeared in the
NiS film under the thiourea concentration of 1.25mol L~! (Fig. 2¢),
this is owing to that, the excessive thiourea concentration might
tremendously increase the deposition rate, resulting in the
unequally electrochemical deposition process. Therefore, the best
thiourea concentration for the opportune size of the NiS CE is
1.00mol L. According to Fig. 2b,d, and e, adding CV cycles would
lead to larger NiS nanoparticles. From 5 to 10 CV cycles, the range of
NiS increase is not obvious, but from 10 to 15 CV cycles, the NiS
nanoparticles increase is obvious. An opportune size of the NiS
nanoparticles can support a high surface area of the NiS CE, which
is benefit for enhancing the electrocatalytic activity of the NiS CE.

3.3. Electrocatalytic activities of the NiS CE

CV measurements were carried out to study the catalytic
performances of the NiS CEs in the I /I3~ system, and a thermal
decomposition Pt CE was used as the reference for comparison. As
shown in Fig. 3, all CEs show two pairs of oxidation and reduction
peaks, the redox pair on the left is owing to the redox reaction of
I3~ +2e « 31, which directly affects the performance of the DSSC;
while that on the right is due to the redox reaction of 3I,+
2e” «+ 2137, which has little effect on the DSSC performance [5,35].
The Pt catalyst has the highest peak current density among all the
CEs. The NiS-b CE is the best one among all the NiS-based CEs,
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Fig. 3. CVs of the (Pt) Pt, (a) NiS-a, (b) NiS-b, (c) NiS-c, (d) NiS-d, and (e) NiS-e CEs,
respectively.

suggesting that the NiS-b CE has the highest electrocatalytic
activity compared to NiS-based CEs, which can be attributed to its
opportune size of NiS nanoparticles with the largest active surface
area, as discussed in the subsequent EIS results.

Fig. 4 shows CVs of the I3~/ system on the Pt and various NiS
CEs at different scan rates. For all the CEs, the anodic peaks
regularly and gradually shifted positively, and the corresponding
cathodic peaks also shifted negatively while increasing the scan
rate. Fig. 5 shows a linear relationship between the anodic (or
cathodic) peak current density and the square root of the scan rate,
illustrating that this redox reaction is diffusion limited at either the
Pt CE or NiS-based CEs, which may be attributed to the diffusion of
iodide species off of the CE surface [36,37]. Moreover, the diffusion
coefficient (D,) in the Randles-Sevcik equation (Jreq=Kn'>AC
(D)%5v%3) can be calculated from the correlation between the

Fig. 2. SEM images of the (a) NiS-a, (b) NiS-b, (c) NiS-c, (d) NiS-d, and (e) NiS-e CEs, respectively.
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Fig. 4. CVs of the (Pt) Pt, (a) NiS-a, (b) NiS-b, (c) NiS-c, (d) NiS-d, and (e) NiS-e CEs at different scan rates (from inner to outer: 50, 75, 100, and 125 mV s, respectively),

respectively.

peak current density (Jreq) and scan rate (v). Where K represents
the constant of 2.69 x 10°, n stands for the number of electrodes
devoting to the charge transfer, A is the electrode area, and C is the
bulk concentration of I3~ species. As listed in Table 3, the Pt CE
shows the highest D,, of 5.31 x 10~®cm~2 s, demonstrating it has
the best catalytic performance [36-38]. The NiS-b CE has the

largest D,, of 3.65 x 10~®cm~2s~! among all of the NiS-based CEs,
implying it has a highest electrocatalytic activity compared to the
NiS-based CEs. These results are in accordance with those of in
Figs. 2 and 3.

Furthermore, Fig. 6a shows consecutive CV measurements of
the NiS-b CE, the peak positions and peak current densities both
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Fig. 6. Consecutive 160CVs (a) of 1" /I3~ system for NiS-b CE at a scan rate of
100mVs~, the relationship (b) between the number of scans and the resultant
redox peak currents from Fig. 6a.

have a little change. The correlations between the peak current
densities and the number of scans were summarized in Fig. 6b.
Both redox peak current densities retain stable with increasing the
number of scan. This proves that the NiS-b CE is tightly bound to
the FTO glass surface and has good chemical stability [39].

3.4. Electrochemical impedance and photovoltaic performance of the
DSSC

The electrochemical impedance spectroscopy (EIS) for the DSSC
was shown in Fig. 7. The equivalent circuit of this model (inset of
Fig. 7) has been already reported [40]. The results of the fitted
impedance data are shown in Table 2. The intercept of the real axis
at high frequency refers to the ohmic series resistance (Rs)
containing the sheet resistance of the anode, the counter electrode,
and the electrolytic. The first semicircle at high frequency
represents the Rcr(CE), which is an important correlation with
the electrocatalytic activity of the CE, the lower Rc(CE), the higher
catalytic performance of the CE. While the second semicircle at
middle frequency is the Rc(TiO3) for the charge-transfer resistance
at the electrolyte/anode interface [41], and the third semicircle at
low frequency stands for the Nernst diffusion impedance (W) on
the diffusion resistance of the 1" /I3~ redox species. The constant
phase elements (Ycpe(CE) and Ycpe(TiO,)) are frequently used as
substitutes for the capacitors in an equivalent circuit to fit the
impedance behavior while the electrical double layer does not
behave as an ideal capacitor [41]. Comparing to the Rs values of the
NiS-based CEs, the slight change is attributed to the different
morphology size of the NiS caused by different preparation
conditions. However, the Rer(CE) value (9.48 () cm?) of the NiS-b
CE is the smallest one among all the NiS-based CEs, indicating it has
the highest electrocatalytic activity compared to the NiS-based
CEs. The lower Rcr(CE), the higher fill factor (FF) and the higher cell
efficiency (1) [36,42,43]. In addition, a larger Ycpg(CE) of the CE
corresponds to its larger surface area. The highest Ycpe(CE) value of
the NiS-b CE (0.94 mF cm™2) shows its largest surface area, which
can enhance the electrocatalytic activity. These results are in
accordance with the results of the CV and SEM.

Fig. 8 shows the photovoltaic performances of DSSCs based on
various CEs under full sunlight illumination (100 mW cm™2, AM
1.5G), which were reproduced many times without obvious
change, and the resultant photovoltaic parameters were summa-
rized in Table 3. It is obvious that the DSSC based on the Pt CE has

70
e I 2Re(CE) IR(Ti0,)
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(b) .
<01 v © CPE(CE) | | cPE(TIO,)
5 (d) | | | |
g wd | <« © | [
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Fig. 7. Nyquist plots of the DSSCs based on the Pt, (a) NiS-a, (b) NiS-b, (c¢) NiS-c, (d)
NiS-d, and (e) NiS-e CEs, respectively.
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Table 2
Best-fit values for Rs,Rcr(CE), Ycpe(CE), and W of the equivalent circuits to the EIS in
Fig. 7.

CE Rs (2 cm?) Rer(CE) (0cm?)  Yepe(CE) (mFem™2) W (Qcm?)

Pt 9.97+£0.01 0.75+0.01 0.85 2.38+0.01
(a) 11.61+0.02  15.81+0.02 0.92 12.59 +0.02
(b) 11.76 +0.02 9.48 +0.01 0.94 7.26 +0.02
(c) 11.93+£0.03  15.63+0.01 0.89 9.86+0.01
(d) 12.09+0.02 22.66-0.02 0.75 15.76 +0.02
(e) 11.874+0.02  13.41+0.02 0.86 9.05 +0.02

Table 3

The photovoltaic parameters of DSSCs with Pt, (a) NiS-a, (b) NiS-b, (¢) NiS-c, (d) NiS-
d, and (e) NiS-e CEs, respectively.

CE D, (cm 257 1) Jsc (mAcm~2) Voc (mV) FF n (%)
Pt 5.31x10°° 16.76 750 0.62 7.79
(a) 7.75 %1077 14.98 730 0.26 2.84
(b) 3.65%x10°° 16.68 734 0.47 5.75
(c) 1.98 x10°° 15.65 732 0.30 3.44
(d) 5.04 x1077 14.82 730 0.25 2.70
(e) 2.45x10°° 16.35 733 0.40 4.79
18

Current Density (mA cm'2)

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
Voltage (V)
Fig. 8. Photocurrent density-voltage characteristics of DSSCs under 100 mW cm 2
(AM 1.5 G) based on the Pt, (a) NiS-a, (b) NiS-b, (c) NiS-c, (d) NiS-d, and (e) NiS-e CEs,
respectively.

the best photovoltaic performances due to its highest electro-
catalytic activity. Among all the NiS-based CEs, the DSSC with the
NiS-b CE obtained the best n of 5.75%. As a result, the electro-
catalytic activity of the CE would observably influence the the
short-current density (Jsc) and FF of the DSSC, the higher
electrocatalytic activity, the higher reaction rate of the I /I3~
system, the lower electrochemical impedance, finally the higher
Jsc and FF of the DSSC.

4. Conclusions

In summary, NiS CEs were fabricated by using a CV deposition
method, the influences of the thiourea concentration and the CV
cycles on the electrocatalytic and photoelectric performances of
the NiS CE were investigated. The optimum conditions for the
NiS-b CE were under 1.00molL! of the thiourea concentration
and 10 cycles of the CV electrodeposition. The NiS-b CE showed a
good chemical stability and high electrocatalytic activity with the
D, 0f3.65 x 10~6cm™2 s~ ! for the I7/I5~ diffusion on its surface. The
DSSC based on the NiS-b CE obtained a Jsc of 16.68 mA cm 2, V¢ of

734 mV, FF of 0.47, and n of 5.75% under full sunlight illumination
(100 mW cm 2, AM 1.5G).
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