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Abstract Cobalt sulfide counter electrodes for the dye-

sensitized solar cell (DSSC) were successfully prepared on

fluorine-doped tin oxide (FTO) glass substrates by a facial

one-step in situ solvothermal method. The influences of

prepared temperature on the synthesized phase, surface

morphology, electrocatalytic, and photovoltaic perfor-

mances of the cobalt sulfide counter electrodes were

investigated with X-ray diffraction (XRD), field-emission

scanning electron microscopy (SEM), cyclic voltammetry

(CV), electrochemical impedance spectroscopy (EIS),

Tafel, and photocurrent density–voltage (J–V) measure-

ments. The results indicated that very thin Co9S8
nanoparticle thin films grew on the FTO substrates and the

Co9S8 counter electrode prepared at 180 �C showed supe-

rior electrocatalytic activity, chemical stability, and pho-

tovoltaic performance. The DSSC based on the Co9S8
counter electrode prepared at 180 �C exhibited an effi-

ciency of 6.59 % which was comparable to the solar cell

based on the sputtering Pt counter electrode (6.82 %). It

indicated that Co9S8 in situ growing on FTO glass substrate

at 180 �C is a potential candidate to replace Pt as a low-

cost and efficient counter electrode of DSSC.

Introduction

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

have attracted considerable attention because of their

acceptable efficiencies, low fabrication cost, easy pro-

cessing, and so on [1–5]. Generally, a typical DSSC

includes a dye-sensitized photoanode, an electrolyte with

the iodide/triiodine (I-/I3
-) redox couple and a catalytic

counter electrode (CE). Among these, CE is a significant

component of DSSCs, which collects the electrons from the

external circuit and catalyzes the reduction of triiodine (I3
-)

to iodine (I-) between the CE and electrolyte interface [6].

So, the desired CE material should be with high electrical

conductivity for the electrons transporting and collecting,

high catalytic activity for the reaction of I3
- to I- and good

stability [7]. At present, noble metal platinum (Pt) is still a

judgment criterion in the field of counter electrodes.

However, Pt is expensive and scarce. So, it is not a good

choice to prepare a large number of Pt CEs for DSSCs.

Therefore, it is essential to seek for cost-effective Pt-free

CE materials for the future industrial application of DSSCs.

In recent research, various inorganic materials such as

transition-metal oxides [8–10], nitrides [11–13], carbides

[14–16], sulfides [17–22], and phosphides [23–25] have

come into sight. Among them, transition-metal sulfides

such as cobalt sulfide have attracted more and more

attentions due to their abundant resource, high electrical

conductivity, and excellent electrocatalytic activity for the

reduction of I3
-. Xiao et al. [26] prepared original CoS film

by the cyclic voltammetry electrodeposition method fol-

lowing a NaHS hydrothermal treatment, and achieved

DSSC efficiency of 7.16 %. Jinghao Huo et al. [17] pre-

pared CoS thin film on FTO glass by repetitive elec-

trophoretic deposition and ion exchange deposition, then

the thin film was treated with sodium borohydride or/and
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sulfuric acid solution. The DSSC based on the treated CoS

CE exhibited a power conversion efficiency of 7.72 %. Tai

et al. [27] synthesized CNT@CoS1.097 nanocomposites by

hydrothermal reaction and then deposited it on FTO-coated

glasses by using a spray-coating approach, followed by

annealing under N2 atmosphere at different temperatures.

The DSSC based on the CNT@Co9S8 CE showed a max-

imum efficiency of 7.78 %. Wang et al. [28] obtained

CoS/graphene CE by a one-pot hydrothermal and a doctor

blade method, and achieved 7.08 % of the DSSC effi-

ciency. Jin et al. [29] synthesized monodispersed CoS2
nano-spheres by a hydrothermal method and fabricated

CEs by a cast-coating method, finally achieved a DSSC

efficiency of 6.78 %. Chen et al. [30, 31] fabricated Co9S8
nanoneedle arrays on conducting plastic substrate and FTO

substrate by a chemical bath deposition and an ionic-ex-

change process. They achieved a power conversion effi-

ciency of 5.47 and 3.72 % for flexible dye-sensitized solar

cells and quantum dot-sensitized solar cells, respectively.

However, the fabrication procedures of these CEs were

relatively complicated, which has limited their promotion

[32]. In situ growth has been considered to be a very simple

and effective method for fabrication of CEs of DSSCs [33].

In this work, we present a simple one-step solvothermal

method for in situ preparation of cobalt sulfide thin films on

FTO glass substrates without any surfactant. Under the

optimum conditions, the prepared Co9S8 samples were

used directly as the CEs without any post-treatment,

expressing a superior electrocatalytic activity and stability.

The corresponding DSSC delivered an efficiency of

6.59 %, which was comparable to that of the DSSC based

on sputtering noble Pt counter electrode (6.82 %) tested

under similar conditions.

Experimental procedure

Materials

Tetrabutyl titanate (TBT), Polyethylene glycol (PEG,

MW = 20,000), Triton-X100, ethanol, HNO3, LiClO4,

CH3COOH, acetonitrile, and propylene Propylene car-

bonate (PC) were obtained from Sinopharm Chemical

Reagent Corporation (China). Co(CH3COO)2.4H2O and

thiourea were obtained from Aladdin Industrial Incorpo-

ration. Iodine (I2, 99.8 %) was obtained from Beijing Yili

chemicals (China). Lithium iodide (LiI, 99 %) and 4-tert-

butylpyridine (TBP) were purchased from Acros. The Ru-

dye, cis-di(thiocyanato)-bis(2,20-bipyridyl-4,40-dicarboxy-
late) ruthenium(II) (N719), was purchased from Solaronix

(Switzerland). All the reagents used were of analytical

purity without further purification. Fluorine-doped SnO2

conductive glass (FTO) was used as the substrate for the

deposition of mesoporous nanocrystalline TiO2 film and

counter electrodes.

Preparation of the cobalt sulfide counter electrode

The transparent FTO glass substrates were ultrasonically

cleaned sequentially in deionized water, acetone, and

ethanol for 20 min, respectively, and then were stored in

ethanol. Cobalt sulfide thin films were directly grown on

FTO substrates by one-step solvothermal method. The

preparation processes of cobalt sulfide thin films are as

follows: Co(CH3COO)2�4H2O (2 mmol, Aladdin) and

thiourea (2.1 mmol, Aladdin) were dissolved in 35 mL

ethanol and stirred until it achieved a clear and homoge-

neous blue solution. The entire solution was then trans-

ferred into a 50 mL Teflon-lined autoclave and a piece of

cleaned FTO substrate was placed at an angle against the

wall of the Teflon-lined autoclave with the conductive side

facing down. The autoclave was sealed and maintained in

an oven at 160, 180, and 200 �C for 18 h and then cooled

to room temperature naturally. The prepared counter

electrodes were washed several times with deionized water

and ethanol and then dried in a vacuum oven at 50 �C for

1.5 h. According to their synthesis temperature, they were

named as Co9S8-160, Co9S8-180 and Co9S8-200 CEs,

respectively.

Fabrication of DSSC

Nanocrystalline TiO2 paste for fabricating the transparent

mesoporous layer of electrode was prepared according to

the reported procedure [34]. The prepared TiO2 paste was

coated on the bare fluorine-doped tin oxide (FTO) glass

using the doctor blade method. After drying in air, the films

were calcined at 500 �C for 30 min. The calcined TiO2

electrode was preheated at 110 �C for 30 min and then

immersed in anhydrous ethanol containing 0.5 mM of Ru-

dye (Bu4 N)2[Ru(Hdcbpy)2-(NCS)2] (N719 dye, Sola-

ronix) and kept at 60 �C for 12 h. The dye-sensitized TiO2

electrodes were rinsed with ethanol and dried in an oven at

70 �C for 30 min. A sandwich-type DSSC was fabricated

by the following procedure. One drop of iodine-based

electrolyte solution was deposited onto the surface of the

TiO2 photoanode and penetrated inside the TiO2 film via

capillary action. The electrolyte solution was composed of

0.1M1-propy-3-methylimidazolium iodide (PMII), 0.05 M

LiI, 0.1 M Guanidinium thiocyanate (GNCS), 0.03 M I2,

and 0.5 M 4-tert-butylpyridine (TBP) in mixed solvent of

acetonitrile and propylene carbonate (PC) (volume ratio:

1/1). A platinized FTO counter electrode or a cobalt sulfide

counter electrode was then clipped onto the top of the TiO2

photoanode to form a sandwich-type test cell and then the

cell was tested immediately.
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Characterization

Morphology of cobalt sulfide counter electrodes was

observed with a Sirion FEG field-emission scanning elec-

tron microscope (SEM). XRD patterns were recorded on a

Rigaku D/max-2500 X-ray diffractometer. The chemical

states and compositions of the CEs were characterized by

X-ray photoelectron spectroscopy (XPS, Thermo Scien-

tific, Escalab 250Xi). J–V characteristics of the DSSCs

were measured on the CHI660D electrochemical worksta-

tion under AM1.5G simulated solar irradiation (Oriel

91192, USA) with an intensity of 100 mW/cm2, which was

calibrated by a Si photodiode. The active area of solar cells

was located at 0.25 cm2 by employing a metal plate as

mask. The electrolyte consisted of 0.6 M 1,

3-dimethylimidazolium iodide, 0.1 M guanidinium thio-

cyanate, 0.05 M LiI, 0.03 M I2, and 0.5 M 4-tert-butyl-

pyridine in acetonitrile. Sandwich cells were then prepared

by clamping together the TiO2 photoanode with the counter

electrode. Electrochemical impedance spectroscopy (EIS)

was carried out with a computer-controlled electrochemical

workstation (CHI660D, CH Instruments). The spectra were

scanned in a frequency ranging from 0.05 Hz to 100 kHz at

room temperature and the magnitude of modulation signal

was 0.01 V. The obtained electrochemical impedance

spectra were fitted with Z-View software in terms of the

appropriate equivalent circuit as shown in Fig. 4. Tafel

polarization was also performed for the symmetrical

dummy cells with a scan rate of 10 mV/s in dark condition.

Cyclic voltammetry (CV) measurements were conducted in

a three-electrode system at a scan rate of 50 mV s-1, using

Pt-foil as CE, Ag/AgCl as reference electrode, and the as-

prepared cobalt sulfide counter electrode as working

electrode. The I-/I3
- electrolyte consisted of 0.1 M

LiClO4, 10 mM LiI, and 1 mM I2 in acetonitrile.

Results and discussion

Characterization of materials

Figure 1a shows the X-ray diffraction (XRD) patterns of

the cobalt sulfide samples growing on FTO glass substrates

at different temperatures. Maybe due to the trace amounts

or low crystallinity of the samples on FTO glass substrates,

no diffraction peaks of cobalt sulfide can be observed

obviously, and the prepared counter electrodes show only

the diffraction peaks of FTO substrates. In order to confirm

the composition of the as-synthesized samples, the corre-

sponding powder samples obtained from in situ

solvothermal method also were detected by the XRD as

shown in Fig. 1b. All diffraction peaks of the three samples

located at 30.06�, 31.36�, 39.67�, 47.57�, 52.23�, 54.58�,
61.34�, and 62.26� match well with those of Co9S8 (JCPDS

No.86-2273) [35]. However, for sample prepared at

160 �C, there is an unknown diffraction peak existed at

35.55� in its XRD pattern. With increasing the reaction

temperature, the crystallinity of samples increased gradu-

ally and the unknown diffraction peak faded away.

Figure 2 shows the surface morphology of the cobalt

sulfide samples synthesized at 160, 180, and 200 �C for

18 h, respectively, and the cross-sectional SEM image of

the cobalt sulfide samples growing on FTO glass substrate

at 180 �C for 18 h. It can be seen that cobalt sulfide sam-

ples are nanoparticle thin films and the Co9S8-180 sample
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corresponding powder samples obtained from in situ solvothermal method (b)
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shows some large particles aggregated by lots of

nanoparticles, which makes film surface rough. The surface

of Co9S8-200 sample is relatively compact and smooth.

High surface roughness can support a high surface area of

the CE, which is benefit for enhancing the electrocatalytic

activity of the CE [36]. Co9S8-180 CE shows a relatively

high surface roughness and maybe has a relatively large

surface area. Unfortunately, we could not get the data for

surface areas because the films were too thin to meet the

lowest requirement in the BET tests. In addition, it can be

seen from Fig. 2d that very thin cobalt sulfide thin film

grows on the FTO thin film. The thickness of cobalt sulfide

thin film was found to be about 130 nm.

The full and high-resolution XPS spectra of the cobalt

sulfide sample growing on FTO glass substrate at 180 �C
are shown in Fig. 3, which was used to further analyze the

surface composition and oxidation states of the elements. It

confirms the presence of Co and S signals. In the Co 2p and

S 2p high-resolution spectra (as shown in Fig. 3b, c), the

Co 2p3/2 peak at 778.5 eV and the S 2p3/2 peak at

163.1 eV are matched well with the XPS spectral charac-

teristic of Co9S8 [30, 37–39]. In addition, there is a peak at

777.8 eV in the Co 2p spectrum, which corresponds to the

Co 2p3/2 peak of the Co, and there is a main peak at

164.25 eV in the S 2p spectrum, which is assigned to the S

2p3/2 peak of S8 [39]. It is reasonable to presume that

Co9S8 with some amorphous cobalt sulfide phase was

formed on FTO glass substrate. This result is in accordance

with XRD analysis.

Electrochemical properties of CEs

In order to investigate the electrocatalytic activity of the

CEs, EIS measurements were performed in a symmetrical

dummy cell constructed with two identical CEs (CE/elec-

trolyte/CE). The typical Nyquist plots and the equivalent

circuit are shown in Fig. 4. A semicircle can be observed in

the high-frequency region for all the CEs. It reflects the

charge-transfer resistance (Rct-EIS) which is mainly related

to the electrocatalytic activity for triiodine reduction at the

CE/electrolyte interface [40]. The intercept of the semi-

circle on the real axis presents the ohmic series resistance

(Rs). Apart from the external wires, clips, and size of the

FTO glass, conductivity of CE also has a significant effect

on Rs [41, 42]. The right arc in the low frequency is

ascribed to the Nernst diffusion resistance (Zw) of the redox

couple in the electrolyte [43]. The insert shows the

equivalent circuit diagram of EIS containing a constant

phase element (CPE), which is the double-layer capaci-

tance at the CE/electrolyte interface. All the Nyquist plots

were fitted using Z-view software according to the equiv-

alent circuit, and the fitted parameters are summarized in

Table 1. It is noticed that Pt CE has lower Rs than Co9S8-

based CEs, which demonstrates that Pt CE still has better

Fig. 2 The surface morphology of the cobalt sulfide samples synthesized at a 160, b 180, and c 200 �C for 18 h, respectively, and d the cross-

sectional SEM image of the cobalt sulfide sample growing on FTO glass substrate at 180 �C for 18 h
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conductivity. The Rct-EIS is an index to indicate the elec-

trocatalytic performance of the CE. The lower Rct-EIS rep-

resents the higher catalytic performance of the CE [26, 44,

45]. The Rct-EIS value of the Co9S8-180 CE is 1.849 X cm2,

which is higher than that of the Pt CE (0.573 X cm2), but

lower than that of other two Co9S8-based CEs. It indicates

that Co9S8-180 CE has the highest electrocatalytic activity

among the Co9S8-based CEs. Meanwhile, Co9S8-180 CE

has the lowest Nernst diffusion resistance (Zw) among four

CEs (including Pt CE), i.e., iodine ion’s transport is the

fastest in the electrolyte for Co9S8 device. Fast iodine ion’s

transport can accelerate reducing dye and is beneficial for

improving photovoltaic performance of DSSC. The sum

(Rsum) of Rs, Rct-EIS and Zw is a part of whole series

resistance of DSSC (including anode, counter electrode,

and electrolyte) [45–47]. On the basis of the same anodes,

the smaller the Rsum, the larger the fill factor (FF) of the

solar cell. So, the FF of Co9S8-180 device is larger than

that of other Co9S8-based devices and smaller than that of

Pt-based device (as shown in Table 2). In addition, a larger

CPE of the CE corresponds to its larger surface area [26,

36]. The Co9S8-180 CE shows the highest CPE value,

which is in accordance with the results of the SEM.

The Tafel polarization was used to further explain the

catalytic activity of the counter electrodes. Figure 5 shows

the Tafel polarization curves of the Pt and Co9S8-based

CEs. Generally, the curve is divided into three zones:

polarization zone, Tafel zone, and limiting diffusion zone

according to the potential [48]. Theoretically, the curve at
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relatively low potential but higher than 0.1 V corresponds

to the Tafel zone. The information on the exchange current

density (J0) at this region can be obtained. 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. The steeper the curve in the Tafel zone is, the

higher the J0 is, and the better electrocatalytic activity the

CE has [49]. As shown in Fig. 5, the Pt CE displays the

highest J0, followed by the Co9S8-180, Co9S8-200, and

Co9S8-160 CEs. This reveals that Co9S8-180 CE has the

highest electrocatalytic activity among the Co9S8-based

CEs. The value of exchange current density (J0) is the

kinetic component directly correlated with the electro-

chemical reaction rate constant and inversely proportional

to the charge-transfer resistance (Rct-Tafel), which can be

estimated by Eq. (1):

J0 ¼ RT=nFRct�Tafel; ð1Þ

where R is the gas constant, T is the absolute temperature,

F is the Faraday constant, and n represents the number of

electrons involved in the reduction of I3
- at the electrode

(n = 2). The values of Rct-Tafel calculated according above

equation are listed in Table 1. The variation tendency of

Rct-Tafel for all CEs coincides well with that of Rct-EIS

obtained from electrochemical impedance spectroscopy

(EIS).

At the diffusion zone, the curves were caused by

transport of I3
- and I- in the electrolyte. The limiting

diffusion current density (Jlim) could also be obtained from

the curve in this region. The intersection point of the

cathodic branch and Y axis is lgJlim, which can be

expressed by Eq. (2):

Jlim ¼ 2nFCD=l; ð2Þ

where C is the I-/I3
- concentration, D is the diffusion

coefficient of the I3
- in electrolyte, and l is the spacer

thickness. Jlim is determined by the diffusion coefficient of

the redox couple in electrolyte and also reflects the elec-

trocatalytic activity of the electrode. The values of diffu-

sion coefficient (D) were calculated from above equation

and listed in Table 1. It can be noticed that the D values

were highly related to the Zw values obtained from the EIS

analysis, i.e., the larger the D, the smaller the Zw.

According to Eq. (2), larger Jlim make counter electrodes

have larger D (i.e., smaller Zw) [17]. From Fig. 5, the order

of Jlim is Pt[Co9S8-180[Co9S8-160[Co9S8-200,

which is consistent with the decreasing trend of Zw (as

listed in Table 1).

Figure 6 shows the cyclic voltammetry (CV) curves of

Pt and Co9S8-based CEs. All the electrodes exhibit two

pairs of redox peaks. The left peaks are corresponding to

the redox reaction between I- and I3
-, which directly

affects the DSSC performance, while the right peaks are

attributed to the redox reaction between I2 and I3
-, which

has little effect on the DSSC performance [26]. The peak

current density (Jpc) and the peak separation between the

Table 1 Impedance and electrocatalytic parameters of the symmetrical dummy cells determined by fitting the experimental data according to

the equivalent circuit model (as shown in Fig. 4) and the Tafel polarization curves (as shown in Fig. 5)

Sample Rs (X cm2) Rct-EIS

(X cm2)

Zw (X cm2) Rsum (X cm2) CPE (F cm-2) Rct-Tafel (X cm2) D 9 10-6 (cm2 s-1)

Co9S8-160 16.15 3.311 4.91 24.831 3.9533 9 10-5 5.113 1.039

Co9S8-180 17.49 1.849 2.86 22.199 4.9325 9 10-5 3.621 1.434

Co9S8-200 19.26 2.432 8.91 30.602 3.1142 9 10-5 4.062 0.770

Pt 8.31 0.573 4.08 12.963 4.008 9 10-5 2.684 1.166

Table 2 Photovoltaic performance data of DSSCs based on different

counter electrodes

Sample Jsc (mA cm-2) Voc (V) FF g (%)

Co9S8-160 13.32 0.70 0.592 5.52

Co9S8-180 13.8 0.71 0.663 6.59

Co9S8-200 13.57 0.72 0.585 5.72

Pt 14.56 0.70 0.675 6.88
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Fig. 5 Tafel curves of the symmetrical dummy cell constructed with

two identical Pt and Co9S8-based CEs (Color figure online)
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anodic and cathodic peaks (Epp) in cyclic voltammetry

curves are two significant parameters for comparing cat-

alytic activities of different CEs. The larger |Jpc| value

means the fast catalytic reaction speed, and the smaller Epp

value means the smaller overpotential for the catalytic

reaction [50]. As shown in Fig. 6, the Pt CE has the highest

peak current density and the Co9S8-180 CE is the best one

among all the Co9S8-based CEs, which should be attributed

to their higher electrocatalytic activity (i.e., smaller Rct)

and larger surface area (i.e., bigger CPE value) [36]. It is

consistent with the results of EIS and SEM analysis. In

addition, the Co9S8-based CEs possess similar Epp with the

Pt CE, suggesting a similar electrocatalytic process on

these electrodes.

Figure 7a presents the CV curves of the Co9S8-180 CE

in the I3
-/I- electrolyte at different scan rates. It can be

seen that the cathodic and anodic peaks gradually and

regularly shifted negatively and positively,respectively,

with the increase of scanning rate gradually. At the same

time, anodic and cathodic peak current densities absolute

values increase gradually with the increase of scanning

speed. Figure 7b illustrates a good linear relationship

between anodic and cathodic peaks current densities and

the square root of the scan rate for the Co9S8-180 counter

electrode. This phenomenon demonstrates that there is no

species interaction between the I3
-/I- redox couple and the

Co9S8-180 counter electrode. It is only a diffusion-limited

process on the Co9S8-based counter electrodes [36, 51].

The stability of Co9S8-180 CE

Long-term stability is an important factor for device

industrialization. Figure 8 shows 100 consecutive CV

measurements of the CoS-180 counter electrode and the

relationship between the number of cyclic scan and the

anodic and cathodic peak current densities at the scan rate

of 50 mV/s. It can be seen that there is only a slight change

from the 1st to 100th scan, indicating that the Co9S8-180

counter electrode is tightly bound to the FTO glass sub-

strate and possess fine electrochemical stability in the I-/

I3
- system [44].

Photovoltaic performances of the cells

The photocurrent density–voltage (J–V) curves of DSSCs

based on Pt and fabricated Co9S8-based counter electrodes

are shown in Fig. 9. The corresponding photovoltaic per-

formance parameters are summarized in Table 2. It can be

seen that, for the highest electrocatalytic activity, the DSSC

based on the Pt CE shows the best photovoltaic
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performances with a short-circuit current density (Jsc) of

14.56 mA/cm2, open-circuit voltage (Voc) of 0.7 V, fill

factor (FF) of 0.675, and photovoltaic conversion effi-

ciency (g) of 6.88 %. Among all the Co9S8-based CEs, the

DSSC based on the Co9S8-180 CE obtained the highest

energy conversion efficiency due to improving the Jsc and

FF value. The improvement in Jsc for the Co9S8-180 CE

results from its high exchange current density, cathodic

peak current density (i.e., high electrocatalytic activity),

and high limiting diffusion current density (i.e., fast iodine

ion’s transport in the electrolyte) [52], as indicated in the

Tafel and CV tests. The increase in FF can be attributed to

the low Rsum (i.e., the sum of Rs, Rct, and Zw), as discussed

in EIS test. Therefore, the DSSC based on the Co9S8-180

counter electrode reaches power conversion efficiency of

6.59 %, which is comparable to that of Pt counter electrode

(6.88 %) and is 19.4 % higher than that of the DSSC based

on Co9S8-160 counter electrode. It indicates that cobalt

sulfide in situ growing on FTO glass substrate at 180 �C is

a potential candidate to replace Pt as a low-cost and effi-

cient counter electrode of DSSC.

Conclusion

In this study, the Co9S8 counter electrodes were success-

fully prepared by a facial one-step in situ solvothermal

growth method. The influences of prepared temperature on

the synthesized phase, electrocatalytic, and photovoltaic

performances of the Co9S8-based CEs were investigated.

The cobalt sulfide counter electrode prepared at 180 �C
showed the highest electrocatalytic activity, good chemical

stability, and photovoltaic performance among the Co9S8-

based CEs. The DSSC based on the Co9S8-180 CE

achieved the maximum PCE (6.59 %) with a Jsc of

13.8 mA cm_2, Voc of 0.71 V, and FF of 0.663, which is

very close to that of the DSSC based on the Pt counter

electrode (6.82 %). For mild and facile one-step in situ

solvothermal method, low-cost counter electrode material,

and superior electrocatalytic activity, the Co9S8-180 CE is

a potential candidate to replace Pt as a low-cost and effi-

cient counter electrode of DSSC.
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