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a b s t r a c t
Cobalt diselenide (CoSe2) is endowed with excellent and stable photoelectrochemical properties.
However, the preparations of CoSe2 usually need high pressure, high temperature, long reaction time
or special devices. Here, CoSe2 counter electrodes are prepared by a facile electrochemical deposition
method and controlling different deposition voltage. The influence of deposition voltage on the film quality and the performance of dye-sensitized solar cells is investigated, and the CoSe2 counter electrode with
–1.1 V deposition voltage achieve a best power conversion efficiency of 10.17%, which has a 21.9%
increase compared to the solar cell based on platinum counter electrode (8.35%). The impressive efficiency together with facile preparation highlights the potential for substitute for the noble metal
platinum.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
In the 21st century, solar energy is expected to become increasingly attractive as a new source of energy because of its inexhaustible and environment-friendly supply character, in stark
contrast to the finite fossil fuels-coal, petroleum, and natural gas.
In contrast with traditional photovoltaic devices, dye-sensitized
solar cells (DSSCs) possess many merits such as facile preparation
process, relatively high efficiency, and environmental benignity
(Chen et al., 2016; Gratzel, 2001; Hagfeldt et al., 2010; Wu et al.,
2015). Recently, DSSCs co-photosensitized with an alkoxysilylanchor dye ADEKA-1 and a carboxy-anchor organic dye LEG4 have
exhibited high power conversion efficiency (PCE) of over 14%
under one sun illumination (Kakiage et al., 2015). The counter electrode (CE) is a key component of DSSCs, and its role is to collect
electrons from the external circuit and catalyze the reduction of

triiodide (I
3 ) to iodide (I ) at CE/electrolyte interface. Hence, it is
indispensable for an efficient CE to having excellent electro catalytic activity, good conductivity, and satisfactory stability. platinum (Pt) CE is applied to DSSCs on account of its outstanding
conductivity and high catalytic activity toward I/I
3 couple
(Calogero et al., 2011; Wu et al., 2014b). However, we have to
acknowledge that Pt is costly and can be corroded to PtI4 or
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H2PtI6 by I/I
3 redox couple (Yun et al., 2014), which is not conducive to the application of Pt CE in DSSCs.
In order to get over these disadvantages, numerous attempt
have been done to explore substitutes for Pt. To date, many Ptfree candidates have emerged so as to work out the deficiency,
such as carbon-based materials (Nagavolu et al., 2016; Pan et al.,
2013; Wang et al., 2016), conductive polymers (Wu et al., 2008;
Wu et al., 2014a) metal carbides, (Liao et al., 2013; Wu et al.,
2011; Zhang et al., 2016), nitrides (Kang et al., 2015; Li et al.,
2011; Li et al., 2010) oxides (Kim et al., 2016; Yun et al., 2013), sulfides (Huo et al., 2015; Liu et al., 2015; Park et al., 2015), and compounds of them (Guo et al., 2016; Li et al., 2016; Tang et al., 2015;
Yu et al., 2016; Yue et al., 2015). Metal chalcogenides have showed
outstanding performance because of their favorable catalytic activity and high chemical stability. Many metal sulfides (e.g. NiS, CoS,
FeS2, SnS2 and MoS2) have been applied to DSSC device and
obtained decent efficiency rivaling Pt (Cui et al., 2016; Liao et al.,
2015; Srinivasa et al., 2014; Wang et al., 2013). Recently, metal
selenides have attracted much attention owning to their distinctive electronic properties, interesting chemical behaviors and a
wide variety of potential applications (Cai et al., 2014b; Dong
et al., 2015; Duan et al., 2015; Kong et al., 2014; Yang et al.,
2015). As reported by Gong et al., metal selenides presented more
superior catalytic activity in the reduction of I
3 than metal sulfides
(Gong et al., 2012). Generally, metal selenide films are mainly fabricated by the methods like hydrothermal method, solvent-thermal
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method. Gong et al. proposed a facile one-step strategy to synthesize Co0.85Se and Ni0.85Se counter electrodes by hydrothermal
approach and achieved a remarkable conversion efficiency of
9.40% (Gong et al., 2012). However, the hydrothermal and
solvent-thermal methods require high temperature or high pressure, long reaction time or special devices. Electrochemical deposition is a technique with many advantages including simple
equipment, controllable conditions, low cost and environmentally
friendly.
Herein, we address a facile electrochemical deposition route to
prepare CoSe2 CE for DSSC devices. The influence of deposition
voltage on the film quality and the performance of DSSCs is investigated. Under optimal conditions, the DSSC based on CoSe2 CE
achieve a power conversion efficiency of 10.17%, which is higher
than the solar cell based on Pt CE (8.35%) under the same experimental conditions.
2. Experimental section
2.1. The preparation of CoSe2 counter electrode
The CoSe2 CEs were prepared by a constant potential deposition
technique. FTO glasses (Fluorine doped tin oxide over-layer, sheet
resistance 15Xcm1) were cleaned with detergent, deionized
water, and acetone and sonicated with ethanol in an ultrasonic
bath for 20 min. To improve the wettability of FTO, plasma was
treated for 15 min prior to use. The treated FTO, Pt foil, and Ag/AgCl
CE were used as the working, counter, and reference electrodes,
respectively. The aqueous bath containing 0.2 molL1 CoCl26H2O
(Alfa Aesar 97%), 0.2 molL1 Na2SeO35H2O (Alfa Aesar 99%),
0.5 molL1 LiCl (Aladdin 99%) was used for depositing CoSe2 CEs.
Four different CEs were prepared by controlling the deposition
voltage (0.9 V, 1.0 V, 1.1 V and 1.2 V) for 40 s. Unfortunately,
it makes the CoSe2 film falling down from FTO that the deposition
voltage continues decreasing from 1.2 V to 1.3 V. Thus, four
CoSe2 CEs films were obtained. The counter electrodes prepared
with deposition voltages of 0.9 V, 1.0 V, 1.1 V and 1.2 V are
named as CoSe2-0.9, CoSe2-1.0 CoSe2-1.1 and CoSe2-1.2, respectively. Subsequently, the obtained samples were annealed in a conventional tube furnace at 550 °C for 2 h in a high purity nitrogen
atmosphere.
2.2. Cell fabrication
TiO2 photoanodes were prepared by our precious work (Jia
et al., 2015). Briefly, the TiO2 paste was used to prepare 10 lm
mesoporous TiO2 films on FTO covered by TiO2 quantum dots by
doctor blade method. In order to obtain better efficiency, the samples were immersed in 0.05 M aqueous solution of TiCl4 at 70 °C for
30 min. After sintered at 450 °C for 30 min, the TiO2 films were
transformed in an ethanol solution of N719 dye (2.5  104
molL1 Dyesol) for 24 h to obtain dye-sensitized TiO2 photoanodes. The dye-adsorbed TiO2 photoanodes and CoSe2 CEs or Pt
counter electrodes were clipped together. One drop of liquid electrolyte was injected into the interspace between the two electrodes. After injecting the electrolyte, a cyanoacrylate adhesive
was served as sealant to avoid electrolyte leakage. The liquid electrolyte contained 0.4 molL1 sodium iodide, 0.1 molL1 tetrabutyl
ammonium iodide, 0.5 molL1 4-tert-butylpyridine,
and
0.05 molL1 iodine in acetonitrile solution.

HITACHI) at an acceleration voltage of 5 kV. X-ray diffraction
(XRD) patterns of the powders were obtained by an automatic Xray diffractometer X-ray diffraction (XRD), Cu-Ka (k = 1.5418 Å)
radiation, Smart Lab 3 kW, Rigaku, Japan). the Current-Voltage
(J-V) characteristic curves were recorded on a Keithley 2400 source
meter under the illumination of AM1.5G simulated solar light coming from an AAA solar simulator (Newport-94043A) equipped with
a Xe lamp (450 W) and an AM1.5G filter. The cyclic voltammetry
(CV) curves were recorded from 0.2 to 0.6 V on a conventional
CHI660E setup with a three-electrode system, which comprises
an Ag/AgCl reference electrode, platinum sheet, and a working
electrode of the as-prepared CE. The scan rate is 50 mVs1 and
the electrolyte contained an anhydrous acetonitrile solution consisting of 0.1 M LiClO4, 10 mM LiI and 1 mM I2. Electrochemical
impedance spectroscopy and Tafel polarization curves were carried
out on the same workstation (IM6, Zahner) and the samples were
scanned from 0.001 Hz to 100 kHz at 0 V bias and ac amplitude of
5 mV at room temperature. Tafel polarization curves were
recorded by assembling symmetric cell. Ultraviolet–visible (UV–
vis) absorption spectrum was measured by Lamda 950 UV/VisNIR spectrophotometer.

3. Results and discussion
Fig. 1 depicts the X-ray diffraction (XRD) patterns of the cobalt
diselenide samples prepared with deposition voltages of 0.9 V,
1.0 V, 1.1 V and 1.2 V, respectively. As shown in Fig. 1, the
diffraction peak positions of all the samples have no obvious difference. The 2h diffraction peaks less than 70° are indexed to standard
spectra of CoSe2 (PDF#53-0449), and the 2h peaks larger than 70°
are belonged to the CoSe2 phase (PDF#09-0234). Therefore, the asprepared samples are mainly CoSe2 phase, indicating that the
deposition voltage do not change cobalt diselenide compositions
and crystalline phase.
Fig. 2 displays the field emission scanning electron microscopy
(FESEM) images of CoSe2 samples with different deposition potential. When the deposition potential is low, the cathode current is
large, which increases the growth rate of CoSe2 and changes the
morphologies of the samples. In the Fig. 2(a), CoSe2-0.9 continuous
film is consisted of plentiful flake debris. Besides the fragment is
not separated and connected to each other. As shown in Fig. 2(b),
the film changes into another shape when the deposition potential
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2.3. Characterization and measurements
The morphologies of cobalt diselenide were investigated with a
field emission scanning electron microscopy (FESEM) (SU8010,
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Fig. 1. XRD patterns of as-prepared CoSe2-0.9, CoSe2-1.0, CoSe2-1.1, and CoSe2-1.2
samples.
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Fig. 2. FESEM image of (a) CoSe2-0.9, (b) CoSe2-1.0, (c) CoSe2-1.1, and (d) CoSe2-1.2 samples.
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Fig. 3. (a) Photocurrent-voltage curves of the DSSCs with CoSe2-0.9, CoSe2-1.0, CoSe2-1.1, CoSe2-1.2, and Pt CEs; (b) Incident photon to current conversion efficiency (IPCE) of
the DSSCs with Pt and CoSe2-1.1 CEs; (c) ultraviolet–visible (UV–vis) absorption spectra for the devices based on Pt and CoSe2.
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To interpret the electro catalytic activity of different CEs, cyclic
voltammetry (CV) of CEs were measured in a three-electrode system. Fig. 4 gives the CV curves using different electrodes in
iodide/triiodide redox solution, respectively. In the CV curves, a
pair of peaks is found in curves, which corresponds to the redox


reactions: I
3 + 2e = 3I . The CE is critical to catalyzing the reduc

tion for I3 to I . Generally, the cathodic peak current density (|
Jred|) has influence on the reaction rate of the catalyst for the

reduction of I
3 to I . The larger value of |Jred|, the better electro
catalytic ability is. Notablely, |Jred| value increases in the order of
Pt < CoSe2-0.9 < CoSe2-1.0 < CoSe2-1.2 < CoSe2-1.1. Of all different
CEs, the CoSe2-1.1 CE has a highest |Jred| value, indicating that

decreases to –1.0 V. Much flake debris disappears and the film of
CoSe2-1.0 becomes smooth compared with CoSe2-0.9. When the
deposition voltage is reduced to –1.1 V, the shape of CoSe2-1.1
has undergone great changes. The CoSe2-1.1 film presents a hierarchical nanosheet sphere structure (Fig. 2(c)). Besides, a fog-like
thin layer appears on the film surface. This morphology is beneficial to electron transport and the reduction for I–3. Compared with
the CoSe2-1.1 film, CoSe2-1.2 (Fig. 2(d)) has little change except
that the nanosheet spheres become irregular and a thin layer on
the film comes to disappear. This undermines the integrity of the
film.
Fig. 3(a) shows the photocurrent density–voltage (J-V) curves of
the DSSCs with different electrodes, and the corresponding photovoltaic parameters are listed in Table 1. From Table 1, the DSSC
based on CoSe2-1.1 CE shows the highest power conversion efficiency (PCE) = 10.17%, short-circuit current density (JSC)
= 17.65 mAcm2, open-circuit voltage (Voc) = 0.809 V and fill factor (FF) = 0.712, which is better than the PCE of device with Pt CE.
Meanwhile, the DSSCs based on other CoSe2 CEs (CoSe2-0.9, CoSe21.0 and CoSe2-1.2) also show higher PCE (8.90%, 8.64% and 9.44%)
than the device based on conventional Pt CE (8.25%). Apparently,
it is an effective pathway to prepare the CoSe2 CEs by electrodeposition method, and different deposition potentials of CoSe2 CEs
make different catalytic activities for the reduction of I
3 ions to
I ions. The CoSe2 CE exhibits remarkable performance when the
deposition potential is 1.1 V. Compared with the DSSC devices
based on CoSe2-0.9, CoSe2-1.0 and CoSe2-1.2 CEs, the device with
CoSe2-1.1 CE have an increase in Voc, Jsc, and FF simultaneously,
which is conducive to its best PCE. It is need to point out that all
the CoSe2 CEs have obviously improved Voc.
According to DSSCs principle (Janani et al., 2015; O’regan and
Grfitzeli, 1991), the theoretical Voc depends on the potential difference between the quasi Fermi energy of electrons in TiO2 and the
redox potential energy of electrolyte, whereas the actual Voc of
the DSSCs is lower than this ideal value because of a backward
reaction between photogenerated electron and I
3 species. The

more I
3 will be reduced to I when the efficient CoSe2 CEs replace
the Pt CE, which can reduce the probability of recombination
between photogenerated electron and I
3 species. The Voc comes
closer to ideal value and the performances of devices increase.
From the Fig. 2(c), the CoSe2-1.1 film has hierarchical nanosheet
sphere structure, it can provide more active sites for reduction of
I
3 and decrease the backward reaction, thus the electrocatalytic
activity is improved. The PCE of the device based on CoSe2-1.1 is
increased by 21.9% compared to the DSSC based on Pt CE. Based
on the photovoltaic performance of the DSSCs, CoSe2 has great
potential to serve as alternatives to the Pt CE. Besides, Fig. 3(b)
shows spectra of IPCE. The CoSe2-1.1 CE based DSSC exhibited a
slightly higher IPCE than the cell with a Pt CE between 380 and
640 nm, In the higher wavelength region (640–800 nm), DSSC
based Pt has higher value of IPCE than that of CoSe2-1.1. Fig. 3(c)
gives the UV–vis absorption spectra for Pt and CoSe2. The inset of
Fig. 3(c) is the enlarged absorption spectra around the absorption
onset. In the region (640–800 nm), the absorption intensity of Pt
is slightly larger than that of CoSe2, which is consistent with the
spectra of IPCE.

Fig. 4. Cyclic voltammograms of CoSe2-0.9, CoSe2-1.0, CoSe2-1.1, CoSe2-1.2, and Pt
electrodes.

Fig. 5. Nyquist plot s of CoSe2-0.9, CoSe2-1.0, CoSe2-1.1, CoSe2-1.2, and Pt
electrodes.

Table 1
Photovoltaic and electrochemical parameters for different CEs.
CEs

VOC (V)

JSC (mAcm–2)

FF

PCE (%)

RS (Xcm2)

RCT (Xcm2)

CoSe2-0.9
CoSe2-1.0
CoSe2-1.1
CoSe2-1.2
Pt

0.796
0.796
0.809
0.802
0.777

15.82
15.76
17.65
16.78
15.83

0.707
0.689
0.712
0.695
0.679

8.90
8.64
10.17
9.35
8.35

12.12
11.65
10.57
11.27
10.53

5.20
6.40
2.57
3.96
7.51
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CoSe2-1.1 CE has a better catalytic activity than others. On the
other hand, the peak-to-peak potential separation (Epp) for the
pair peaks implies that the counter electrode has the better
electrocatalytic ability. The smaller Epp value means the smaller

Fig. 6. Tafel polarization curves of different CEs.
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overpotential for the catalytic reaction (Cui et al., 2016). The order
of Epp value is CoSe2-1.1 (0.328 V) < CoSe2-1.2 (0.355 V) < CoSe20.9 (0.362 V) < Pt (0.402 V) < CoSe2-1.0 (0.411 V). The CoSe2 CEs,
except CoSe2-1.0 CE, have a smaller Epp than Pt CE. CoSe2-1.1 electrode shows the smallest Epp value, indicating that this CE has the
best electrocatalytic activity compared with other CEs. Although
CoSe2-1.0 CE has slight larger Epp value than Pt electrode, the
CoSe2-1.0 CE has better electro catalytic activity than Pt electrode
owing to its larger |Jred| value. So CoSe2-1.0 CE also has a better
comprehensive effect relative to Pt CE.
Electrochemical impedance spectroscopy (EIS) measurements
were performed with symmetrical cells constructed with two identical CEs (CE/electrolyte/CE). The Nyquist plots (Fig. 5) for symmetric cells with different CEs illustrate impedance characteristics, and
two semicircles are observed in the higher (left) and lower (right)
frequency regions. According to the equivalent circuit (inset of
Fig. 5), the starting point of the semicircle intercept on the real axis
represents the series resistance (RS), including the bulk resistance
of the CE materials, the FTO substrate and the contact resistance
(Jin et al., 2014). The semicircle span intercepts on the real axis
represent charge transfer resistance (RCT) on the electrode/electrolyte interface (Cai et al., 2014a). The equivalent circuit inserted
in Fig. 5 is used to fit the EIS plots, and detailed EIS parameters are
listed in Table 1. The RS value of CoSe2-0.9 is 12.12 Xcm2. When
the deposition potential reduced to 1 V, the value is 11.65 Xcm2.

Fig. 7. (a) Cyclic voltammograms of CoSe2-1.1 after subjected to 80 cycles; (b) Cyclic voltammograms of sputtered Pt after subjected to 80 cycles; (c) Cathodic peak current
density (|Jred|) as a function of cycle.
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The value of Rs does not continue to reduce with the decrease of
deposition voltage. As shown in Table 1, the CoSe2-1.1 has a minimum value. The over negative potential leads to poor ductility
between CoSe2 and FTO, which is confirmed by our experiment
that the 1.3 V deposition voltage makes the CoSe2 film falling
down from FTO. Besides, RCT decreases in the order of Pt > CoSe21.0 > CoSe2-0.9 > CoSe2-1.2 > CoSe2-1.1, which implies that the
device with CoSe2-1.1 CE has better electro catalytic ability than
others. The reason why the CoSe2-0.9 CE obtains a better PCE than
CoSe2-1.0 is that CoSe2-0.9 CE has a smaller RCT, though the value
of the CoSe2-0.9 CE is slightly higher by comparison with that of
CoSe2-1.0 CE. As shown in the Fig. 2 (a), CoSe2-0.9 has more flake

debris, which provides more active sites for reduction of I
3 to I
in comparison with of CoSe2-1.0 CE.
Tafel polarization curve (Fig. 6) of counter electrode was measured using symmetrical cells like EIS. From the Fig. 6, it can get
the exchange current density (J0) and limiting diffusion current
density (Jlim). The value of J0 is the intersection point of the cathodic branch part linear extrapolation and a line perpendicular to the
point of zero potential and has a relationship with RCT according to
Eq. (1). Generally, J0 has a closely positive correlation with the catalytic activity for reducing I-3. The higher J0 means a better catalytic
activity (Gao et al., 2016). From Fig. 6, the order of J0 is Pt < CoSe21.0 < CoSe2-0.9 < CoSe2-1.2 < CoSe2-1.1. Obviously, CoSe2-1.1 electrode has an optimal catalytic activity among all CEs. LogJlim is
the crossing point of cathodic branch and Y axis and there is a linear relationship between Jlim and diffusion coefficient of I
3 according to Eq. (2). The diffusion of electrolyte ions through the
electrode can effectively enhance the electrochemical process on
the counter electrode and consequently increase the FF and the
Jsc. Apparently, Jlim values follow the order of Pt < CoSe21.0 < CoSe2-0.9 < CoSe2-1.2 < CoSe2-1.1 in the Fig. 6. The result of
Tafel curves are consistent with the result obtained from the EIS
analysis.

J0 ¼

RT
nFRCT

ð1Þ

D¼

l
J
2nFX lim

ð2Þ

where R is the gas constant, T is absolute temperature, n = 2, F is
Faraday constant, RCT is the charge-transfer resistance, D is the diffusion coefficient of I
3 , l is the spacer thickness, and C is the concentration of I
3 in electrolyte.
The long-term electrocatalytic stability of CoSe2-1.1 was evaluated by cyclic voltammetry, using 80 cycles of scan. As the reference, the CV curve of sputtered Pt CE was also obtained at the
same condition. Fig. 7(a) and (b) depict the cyclic voltammograms.
The correlations between the peak current densities and the number of scans were summarized in Fig. 7(c). The CoSe2-1.1 CE had
only a 3.75% decrease (1.60–1.54 mAcm–2) after 80 cycles of scan.
However, Pt CE reduced by 13% (0.93–0.81 mAcm–2) after the
same test. Thus, it is very clear that the CoSe2-1.1 is more stable
than that of sputtered Pt in I–3/I– medium. So CoSe2-1.1 CE could
be a reliable material to replace sputtered Pt on the CE of DSSCs.
4. Conclusions
In summary, we have successfully synthesized CoSe2 by a facile
electrochemical deposition method. The electrochemical measurement indicates that the CoSe2 electrode has lower resistances and
better electrocatalytic activity than traditional Pt electrode. It is
found that the deposition potential affects the performance of
CoSe2 material for DSSC device and the deposition potential of –
1.1 V voltage can obtain optimal CE materials. The DSSC based on
CoSe2-1.1 CE achieves a impressive power conversion efficiency

of 10.17%, which increases by 21.9% in contrast to the DSSC based
traditional Pt counter electrode (8.35%). Therefore, CoSe2 is
promising to be a low-cost, Pt-free, and high performance electrode material applied in DSSC field.
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