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In situ growth of novel laminar-shaped Co3S4 as 

efficient counter electrode for dye-sensitized solar cells 

Zhelu Hu, Kai Xia, Jing Zhang, Ziyang Hu, Yuejin Zhu*  

Abstracts: Laminar cobalt sulfide (Co3S4) nanosheets are successfully deposited on fluorine 

doped tin oxide (FTO) substrates by a facile one-step hydrothermal method. When it was 

applied into dye sensitized solar cells as the counter electrode (CE), the laminar Co3S4 

electrode, consisting of the interconnected nanosheets, exhibits prominent catalytic activity 

and outstanding metallic conductivity. It is the special structure that facilitates the electron 

transfer and reduces interface resistance. Under one sun (100 mW/cm2) illumination, the dye-

sensitized solar cell with the Co3S4 CE shows comparable photovoltaic conversion efficiency 

(Eff= 7.19%) to that with Pt CE (Eff=7.27%). The results indicate that the in situ hydrothermal 

method and the prepared novel laminar Co3S4 CE is potential for developing low-cost and 

high-efficient counter electrode. 

 

Introduction  

In the past two decades, dye-sensitized solar cells (DSSCs) 

have attracted significant attention in transferring solar energy 

into electricity, due to their advantages of low-cost, easy-

processing and high power conversion efficiency.1-3 Generally, 

a typical DSSC has a sandwich structure, which consists of 

dye-sensitized mesoporous semiconductor nanocrystalline TiO2 

photoanode, an electrolyte containing aniodide (I-)/triiodide (I3
-

) redox couple and a counter electrode. Of all the components, 

the counter electrode, as an indispensible part of DSSC, 

instantly extracts electrons from the external circuit and 

catalyzes the regeneration of I- from I3
-. Commonly the 

preferred CE is comprised of a thin layer of platinum (Pt) 

deposited on an FTO substrate, exhibited high catalytic activity 

for triiodide reduction, and excellent electrical conductivity.4 

However, the extremely expensive price and low abundance of 

Pt undoubtedly limits its application for large-scale production 

of DSSCs.5, 6 It is very necessary to solve this issue by 

searching for other stable, cost-effective and environmentally 

friendly alternative materials to replace the noble Pt. 

Recently, a large amount of potential free-Pt candidates have 

been introduced into DSSCs as the catalytic materials to 

substitute platinum, such as carbonaceous materials,7-9 

conductive polymers10-12 and inorganic compounds (transition-

metal oxides,13, 14 nitrides,15 phosphides,16 carbides,17 sulfides18, 

19 and selenides20). In 2009, Grätzel et al. proposed that CoS 

nanoparticles, deposited electrochemically on flexible ITO/PEN 

films, matched the performance of Pt as a triiodide reduction 

catalyst in DSSCs.21 As is known, cobalt sulfides (CoS, Co4S3, 

CoS2 and Co9S8) are often applied in lithium ion batteries, 

electrochemical capacitors and other fields, due to their 

prominent characteristics of simple fabrication, abound 

feedstock and excellent electrocatalytic activity.22 According to 

the slab band quantum computational principle, the calculated 

catalytic activity of CoxSy is analogous to Pt due to the 

corresponding surface structure which creates electron transfer 

pathways for oxygen reduction kinetics.23 From that time, many 

researchers intensively focus on cobalt sulfides and the other 

variety of inorganic compounds. Moreover they pay closer 

attention to explore simple execution, low-cost and efficient 

preparation methods. A microspheric Co8.4S8 electrode was 

prepared by a simple solution processed method;24 Optically 

transparent CoS counter electrode was synthetized through 

electro-deposition approach;25 3D CoS acicular nanorod arrays 

electrodes were prepared by chemical bath deposition 

method;26 The Co9S8 Nanocrystal Ink was employed as cathode 

material to fabricate large-area DSSCs combined with spraying 

techniques.27 All these approaches are very simple and have 

their own advantages for the preparation of counter electrodes, 

presenting remarkable photovoltaic performance.  

With the purpose of improving the behavior of counter 

electrode, it is found that increasing the surface area of cathodic 

materials may provide more active sites, which is of great 

benefit for triiodide reduction reaction. For example, large 

specific surface area of FeS2 nanorod electrode,28 graphene-like 

Co0.85Se and Ni0.85Se electrodes,29 hierarchical cobalt sulfide 

spindle electrodes30 possess superior catalytic activity and 

exhibit excellent power conversion efficiency.  

In this work, novel laminar cobalt sulfide nanosheets on FTO 

are fabricated by a simple one-step hydrothermal approach. The 
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obtained Co3S4 CEs show remarkable catalytic activity for 

reduction of I3
-. The efficient performance is due to the special 

“laminar-like” nanosheets structure which  possesses large 

surface area to make for electronic migration. To the best of our 

knowledge, it is the first time that the laminar-shaped Co3S4 is 

grown on a transparent conductive oxide (TCO) substrate as CE 

with one-step hydrothermal method. DSSC involved this 

special structure of Co3S4 electrode achieves 7.19% energy 

conversion efficiency, under AM1.5G simulated solar light 

(100mW/cm2), which is comparable to that of DSSC based on 

conventional Pt CE (7.27%).  

Experimental section 

Preparation of counter electrodes 

All chemical reagents were used as received without further 

purification. The typical procedure for Co3S4 counter electrode 

is as follows: Firstly, the transparent FTO glass substrates 

(NSG, Japan) were ultrasonically cleaned sequentially in 

deionized water, acetone, and  ethanol for 10 min, respectively, 

and then stored in ethanol. Secondly, the preparation of Co3S4 

nanosheets, directly grown on FTO substrates, adopted one-step 

hydrothermal method. CoCl2.6H2O (1.5mmol, Aladdin) and 

thiourea powder (15mmol, Aladdin) were dissolved in 80mL of 

deionized water and stirred for 10min until a clear and 

homogeneous pink solution was achieved. The whole solution 

was then transferred into a 100mL Teflon-lined autoclave. A 

piece of cleaned FTO substrate was placed at an angle  against 

the wall of the Teflon-liner autoclave with the conductive side 

facing down. The autoclave was sealed and heated in an oven at 

140, 160 or 180°C for 20h and the reaction system was also 

maintained at 160°C for 16 or 24h, in that period without 

intentional control of ramping or cooling rate. The samples of 

which were denoted to as T140-20h, T160-20h, T180-20h, 

T160-16h, T160-24h respectively.  

When the process was completed, the prepared counter 

electrodes were removed from the solution, thoroughly washing 

several times with deionized water. After that, the shallow 

black Co3S4 electrodes were dried in a vacuum oven at 60°C for 

5h.  

Fabrication of the DSSCs 

The TiO2 anode was prepared as described previously.31 

Prepared TiO2 porous films were deposited onto FTO by 

doctor-blade technique. The electrode was gradually heated 

under an airflow at 200℃ for 5min, at 325℃ for 5 min, at 375

℃ for 5 min, and at 450℃ for 15 min, and finally, at 500℃ for 

15min. The thickness of the TiO2 films were about 12 µm. The 

prepared TiO2 electrode was immersed into a 0.5 mM N719 

dye solution (acetonitrile and tert-butyl alcohol with volume 

ratio of 1:1). Then the electrolyte was a solution of 0.60 M 

BMII, 0.03 M I2, 0.10 M guanidinium thiocyanate and 0.50 M 

4-tertbutylpyridine of acetonitrile and valeronitrile (volume 

ration, 85:15). The dye-covered TiO2 electrode, electrolyte and 

Pt/Co3S4 counter electrode were assembled to be a sandwich 

type cell to take the measurement. 

Characterization and measurements 

The morphologies of the Co3S4 were characterized by 

scanning electron microscopy (SEM; SU-70, Japan). The Co3S4 

nanosheets were determined using X-ray diffraction analysis 

(XRD, D8 Advance, Bruker AXS, German) measured with Cu 

Kα (γ=0.154 nm) at 50 kV and 40 mA over the two theta range 

20° to 80°. Cyclic voltammetry (CV) was performed with a 

electrochemical workstation (Zennium, Germany) in a three-

electrode setup, which consisted of the Pt/FTO or Co3S4/FTO 

working electrode, a platinum wire counter electrode, and a 

Ag/AgCl reference electrode, immersing in acetonitrile 

electrolyte containing 10 mM LiI, 1 mM I2 and 0.1 M LiClO4 at 

a scan rate of 50 mV/s. Electrical impedance spectra (EIS) and 

Tafel polarization curves of the CEs were measured using the 

same electrochemical workstation (Zennium, Germany). The 

symmetrical dummy cells were assembled with two identical 

CEs filled with the same electrolyte as used in the DSSCs.32, 33 

In EIS tests, the samples were scanned at zero bias potential 

and 10mV amplitude over the frequency range 0.01–105Hz. 

The polarization measurements were performed at a scan rate 

of 50 mV/s. The photocurrent density-voltage (J-V) curve 

measurements were conducted with an AM 1.5 solar simulator 

equipped with a 1000w xenon light source and AM 1.5G type 

filter (Newport, USA). The light intensity of the solar simulator 

was adjusted by using a Standard Si Cell. J-V curves were 

obtained by applying an external bias to the cell and 

measurements were recorded by a Keithley model 2400 digital 

source meter.  A mask with a window of 0.16 cm2 was also 

clipped onto the TiO2 side to define the active area of the cell. 

 Results and discussion 

Morphology and composition of CEs 

After the hydrothermal procedure, the transparent FTO glass 

turns shallow black with semi-metallic luster. The XRD 

patterns of the prepared cobalt sulfides are shown in Fig.1. The 

products demonstrate that all prepared cobalt sulfides own 

identical diffraction peaks, which can be well indexed to Co3S4 

at 26.67°, 31.36°, 38.04°, 55.00° and 62.21° (JCPDS No. 42-

1448). Due to growth of Co3S4 on FTO substrates, there are 

some peaks belong to the FTO substrate without any impurity 

phase. It should be noticed that the peak intensity grows higher 

for samples of T160-20h and T180-20h, indicating Co3S4 is 

better crystallized at reaction time of 20h and temperature of 

160 and 180°C compared with other samples. 
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Fig.1 XRD patterns of T140-20h, T160-20h, T180-20h, T160-16h, 

T160-24h Co3S4 nanosheets on FTO substrates. 

 

Fig.2 shows the SEM images of the Co3S4 nanostructures 

prepared by hydrothermal method under different reaction 

temperature or reaction time. As shown in Fig.2, with the 

increment of reaction time or reaction temperature, the small 

sized Co3S4 nanosheets gradually assembled into big and 

compact nanosheets. In Fig.2(a), the fabricated Co3S4 at low 

temperature (140°C for 20h) presents a sparse nanosheets 

structure. With increasing temperature to 160°C for 20h, the 

nanosheets begin to grow bigger. By increasing the temperature 

to 180°C, the as-produced nanosheets transform into compact 

nano-block structure (Fig.2(e)), so that the electron 

transportation becomes more difficult.  When the reaction 

condition happens at 160°C for 20h, the laminar-shaped Co3S4, 

rarely seen in recent research, is directly deposited on FTO with 

unique special structure as shown in Fig.2(c), and the 

multilayer nanosheets can be obviously seen from the high 

magnification graph at top-view  from Fig.2(c). We also find 

that T160-20h metal sulfides are connected or very close to 

each other to form conductive paths, which benefits for electron 

transfer from one particle to another.34 Fig.2(f) reveals that the 

layer thickness of the fabricated T160-20h Co3S4 is 544nm 

thick. When the temperature controls at 160°C, the reduced 

reaction time of 16h results the agglomerate distributed Co3S4 

products (Fig.2(b)). Then, with increased the reaction time to 

24h (Fig.2(d)), the laminar-shaped Co3S4 nanosheets turn to 

more dense and compact. It is concluded the reaction condition 

of 160°C for 20h is most suitable for large surface area Co3S4 

CE fabrication. The unique structure may offer high 

conductivity for fast electron transport and provide more 

interfacial active sites for electrolyte of triiodide reduction.

 

 
 
Fig.2 SEM images of microstructure of T140-20h (a), T160-16h (b), T160-20h (c), T160-24h (d), T180-20h (e) Co3S4  with high magnification inset, cross-

sectional T160-20h Co3S4 (f). 
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Electrocatalytic properties of CEs  

Cyclic voltammetry (CV) is performed to investigate the 

electrocatalytic activity of CEs for the reduction of triiodide 

which is closely related with the photovoltaic performance.35 

Fig.3 shows the CV curves for Pt and Co3S4 electrodes 

prepared in different reaction time (T160°C-16, 20, 24h) and 

different reaction temperature (T20h-140, 160, 180°C), 

respectively. All the electrodes present two pairs of redox 

peaks, the left redox peaks corresponded to eq.(1) and the right 

ones corresponded to eq.(2), respectively: 

 

−−−
↔+ IeI 323

                                                          
(1)

 

−−
↔+ 32 223 IeI                                        (2) 

 

 

 
Fig.3 CV of I-/I3

- redox system for different CEs at a scan rate of 50 
mV/s cycling in electrolyte (10 mM LiI, 1 mM I2, 0.1 M LiClO4). 

 

The peak currents and the peak-to-peak separation (Epp) in 

cyclic voltammetry curves are two important parameters for 

comparing catalytic activities of different CEs.36 Of which, Epp 

is inversely correlated with the rate of the corresponding redox 

reaction. As shown in the Fig.3, T160-20h Co3S4 CE possesses 

similar profiles and positions of the two redox pairs in 

comparison with the Pt CE, hence comparable peak currents 

and Epp value prove that the similar catalytic performance. The 

increased (T160-24h) or decreased (T160-16h) the reaction 

time results lower peak currents and wider Epp, indicating the 

electrodes are inferior to Pt and T160-20h electrodes. Although 

the peak currents of T180-20h is slight lower, the Epp is little 

narrower compared with Pt, which reveals that the 

electrochemical catalysts of T180-20h Co3S4 electrode is close 

to Pt CE. Similarly, no apparent peak is observed for the T140-

20h electrode in this potential interval (-0.5V to 1.5V), 

suggesting the reduction reaction of I3
- to I- is  poor compared 

to Pt CE. According to the above results, we find the  laminar 

T160-20h Co3S4 nanosheets possess narrower Epp and higher 

peak currents and obviously show the best electrocatalytic 

activity for the reduction of I3
-. It is inferred that the catalytic 

property of each CE is closely related to the specific area 

nanosheets structure (Fig.2(c)), which also directly affects the 

DSSC performance and is well proved by conversion 

efficiencies (table 1).  

Tafel polarization  

 

Fig.4 Tafel polarization curves of the symmetrical cells based on two 

identical CEs  in the same electrolyte as that used in DSSCs at the scan 
rate of 50 mV/s. 

 

The Tafel polarization is used to further reconfirm the 

catalytic activity of the samples. Fig.4 shows the Tafel 

polarization curves which were derived with the resemble 

dummy cells to verify the relative properties of laminar cobalt 

sulfide nanosheets.26, 37 From the Tafel zone, we can get the 

information about the exchange current density (J0) and the 

limiting diffusion current density (Jlim), which are importantly 

related to electrochemical catalytic activities of CEs. The 

charge-transfer resistance (Rct) is inversely proportional to J0 

(Eq.(3)), theoretically a larger slope in the anodic or cathodic 

branch suggests a higher exchange current density (J0) on the 

electrode38 with smaller Rct 

ctnFR

RT
J →0                                                                        (3) 
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where R is gas constant, T is the   temperature (298 K), F is 

Faraday constant, n is the number of electrons involved in the 

reduction of triiodide at the electrode, and Rct is the charge 

transfer resistance. Among all the CEs, we know the T160-20h 

Co3S4 and   Pt have the larger slopes than T140-20h, T160-16h, 

T160-24h and T180-20h Co3S4, indicating that laminar Co3S4 

and Pt have similar electrocatalytic activity, and smaller Rct 

values for triiodide reduction on the electrode surfaces. 

Generally, the trends in J0 for the different electrodes in the 

Tafel plot are in a good agreement with the CV measurements. 

The limiting diffusion current density (Jlim) could also be  

estimated from  the plots, when the gradient becomes zero. Jlim 

is determined by the diffusion velocity of the redox couple in   

the electrolyte and also reflects the electrocatalytic activity of   

the electrodes. Though T160-16h, T160-24h, T140-20h Co3S4 

electrodes have parallel slopes, T140-20h Co3S4 electrodes has 

lower Jlim, suggesting that the T140-20h Co3S4 CE presents 

inferior electrocatalytic activity. According to the above result, 

the T160-20h Co3S4 shows the highest  J0, Jlim and smallest Rct 

value, and thus achieved highest catalytic activity. 

Consequently, we can conclude from the CV and Tafel 

polarization tests that laminar-shaped (T160-20h) Co3S4 CE 

possesses  Pt-like electrocatalytic activity to catalyze the 

reduction of triiodide. 

Photovoltaic performance of the cells 

The photovoltaic performance of solar cells is characterized 

by measuring their current-voltage behaviour.39, 40 The J–V 

curves of the DSSCs with Pt, T140-20h, T160-20h, T180-20h, 

T160-16h, T160-24h as CEs, respectively are shown in the 

Fig.5, and the detailed photovoltaic parameters are summarized 

in Table 1. The DSSC based on Pt CE has an open-circuit 

voltage (Voc) of 0.70 V, a short-circuit current density (Jsc) of 

15.99 mA/cm2, a fill factor (FF) of 0.67, and a PCE of 7.27%. 

When the laminar-like structure cobalt sulfide T160-20h  used 

as a CE, it obtains Voc of 0.70V, Jsc of 15.34 mA/cm2, FF of 

0.66, and a PCE of 7.19%, which reveals comparable properties 

with that of Pt CE. It is also quite clear that the performance is 

superior than that of DSSCs based on T140-20h (5.93%), T180-

20h (6.94%) CEs, which is due to their lower Jsc. It indicates 

that the electro-catalytic activity is prominently originated from 

the synthesis of Co3S4 phase in optimum heated temperature. 

Furthermore, compared with the performance of T160-16h 

(6.43%) and T160-24h (6.55%), it is concluded that the optimal 

time of hydrothermal reaction is 20h. The photovoltaic 

performance is in accordance with the catalytic property which 

is determined by the nano structure and fabricated condition. 

The remarkable performance of T160-20h Co3S4 CE can be 

attributed to more available reaction sites from the large surface 

area of interconnected nanoplatelets as  shown in SEM 

Fig.2(c).30 It indicates that in situ growth of T160-20h cobalt 

suflide on FTO is a potential candidate to replace Pt CE. 

 

 
Table 1. Performance characteristics of DSSCs based on different CEs. 

CE Voc 

 V 

Jsc  

mA/cm2 

 FF η  

% 

Rs 

Ώcm2 

Rct 

Ώcm2 

Pt 0.70 15.99 0.67 7.27 1.15 1.88 

T160-16h 0.69 14.06 0.65 6.43 1.79 6.98 

T160-20h 0.70 15.34 0.66 7.19 2.13 2.16 

T160-24h 0.70 14.41 0.64 6.55 3.41 6.03 

T140-20h 0.68 13.04 0.67 5.93 2.46 10.66 

T180-20h 0.70 14.83 0.66 6.94 2.29 2.37 

 
 

Fig.5 J–V curves of the cells based on different CEs. 

 
EIS analysis 

 

 The inner electron transfer of the CE is further investigated 

by electrochemical impedance spectroscopy (EIS) 

measurements to evaluate the catalytic activity of the counter 

electrodes and explain the Jsc difference of the DSSCs.41-43 The 

impedance analysis is performed on the symmetric cells 

constructed by two identical electrodes. The obtained Nyquist 

spectra and the equivalent circuit model are given in Fig.6.  

 

 
Fig.6  Nyquist  plots  of EIS for the  symmetrical  cells  based  on Pt, 
T140-20h, T160-16h, T160-20h, T160-24h and T180-20h Co3S4 CEs.  

The  equivalent  circuit  model  used  to  simulate  the  resultant  spectra  

is  shown  in the  inset. 
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In general, two hemispheres can be observed from the 

Nyquist plot, the left arc in the high frequency region reflects 

the charge-transfer resistance (Rct) at the CE/electrolyte 

interface and the double layer capacitance (Cµ), meanwhile the 

right one in the low-frequency range represents the diffusion 

resistance (Zn) of the redox couple in the electrolyte.44 

Moreover, the onset of intercept on the real axis indicates the 

total ohmic series resistance (Rs). By analysis the EIS spectra 

using the Z-view software, the charge-transfer  resistance  Rct 

values of T140-20h, T180-20h, T160-16h, T160-24h are 10.66, 

2.37, 6.98, 6.03 Ωcm2 respectively, and the corresponding 

resistances are listed in   Table 1.  The Rct is mainly related to 

the electrocatalytic activity for triiodine reduction, and a lower 

Rct value indicates higher electrocatalytic activity. The Rct value 

of  the T160-20h Co3S4 electrode is 2.16Ωcm2, which is close 

to that of the reference Pt electrode (1.88Ωcm2) and much 

lower than the other Co3S4 electrodes, indicating laminar cobalt 

T160-20h sulfide electrode owns excellent catalytic activity and 

electrical conductivity. The combination of lower Rct, Rs and Zn 

leads to a decrease in the total internal resistance than the other 

Co3S4 samples, comparable that to Pt CE, and thus leading to  

high Jsc and PCE. In view of  Fig.2(c), the T160-20h possesses 

larger specific surface area, so suggesting the Co3S4 

morphology and structure  have a significant impact on the 

electron transfer through interface.45 These EIS results are well 

accordance with the CV, Tafel polarization analysis and the 

photovoltaic performance of DSSCs. 

Conclusions 

In summary, laminar-shaped Co3S4 nanosheets are 

successfully grown on FTO substrate as Pt-free CE of DSSCs, 

via a facile one-pot hydrothermal method. The as-prepared 

Co3S4 lamellar structure not only shows high surface area for 

pervasion of electrolyte, but also exhibits excellent conductivity 

and catalytic activity. The prominent performance of dye 

sensitized solar cells based on cobalt sulfide counter electrode 

is prepared under the reaction condition of 160°C for 20h. 

Achieved the maximum PCE of Co3S4 CE  is 7.19%, which is 

very  close to that of Pt CE (7.27%). The laminar cobalt sulfide 

counter electrode is low cost, easy  fabrication, meanwhile 

shows superior photovoltaic performance, demonstrating that it 

is a prospective and cost-effective candidate to realize large-

scale industrialized production for DSSCs.  
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