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Abstract
In this work, a simple and one-step solvothermal method has been developed for directly growing three-dimensional flower-
like cobalt sulfide (CoS) on the fluorine-doped tin oxide coated glass substrate (FTO) for the counter electrode in the dye 
sensitized solar cell. The electroctalytic activity of the CoS@FTO towards the I3

− to I− reduction exhibited almost similar 
electrocatalytic properties to the Pt-based counter electrode. The dye-sensitized solar cell (DSSC) assembled with CoS@
FTO counter electrode attained almost similar photovoltaic performance (5.64%) to that of the DSSC with Pt@FTO counter 
electrode (5.9%) under 1 sun illumination. The adhesion stability of the CoS deposited at FTO was also studied using strong 
adhesive tape test, and the results show that after the strong adhesive tape test, the CoS@FTO retained almost 95% of the 
coating. The similar and comparative performance of the CoS@FTO to the Pt@FTO may be due to the high surface area 
originating from the 3D flower-like morphology, and the excellent electrocatalytic activity of the CoS.

1  Introduction

The extensive use of fossil fuel energy resources for various 
purposes has resulted in special attention in recent years 
being given to developing or building alternatives for future 
energy consumption [1–3]. For this purpose, researchers 
have focused on the utilization of solar cell energy using 
various types of photovoltaic device that can convert solar 
energy into electrical energy. Among them, the dye-sensi-
tized solar cell (DSSC) has attracted much attention, due 
to its low cost, easy fabrication of oxides, and easy tunable 
characteristics [1–15].

The dye-sensitized titanium dioxide (TiO2) photo anode, 
platinum (Pt) counter electrode, and I−/I3

− redox couple 
are the basic components of the DSSC. Among these, the 

counter electrode i.e. Pt, has played an important role in 
collecting the electrons and catalyzing the redox reaction 
of the electrolyte. Another advantage of Pt is its excellent 
conductivity, various catalytic sites, and easy synthesis over 
the conducting substrate [1–3, 9]. However, despite the large 
number of advantages of the Pt counter electrode, the cor-
roding behavior during the redox reaction, high cost, and 
lesser natural abundance are major drawbacks for its effec-
tive utilization as a counter electrode in the DSSC [1–3, 9, 
10, 16, 17]. In this respect, various efforts have been devoted 
to developing an alternative to Pt as the counter electrode 
in DSSC, such as metal sulfide, metal selenide, and metal 
nitride. Among various metal sulfides, cobalt sulfide (CoS) 
has received special attention in DSSC, due to its high cata-
lytic activity towards the redox reaction of the electrolytes, 
and simple synthesis process [1–3, 9, 10, 16–20].

For this purpose, various methods have been used to pre-
pare CoS, which have their own advantages and disadvan-
tages in terms of the various steps involved in the synthe-
sis process: use of excess chemical, whose discharge may 
directly or indirectly affect the environment; and compli-
cated synthetic steps.

For example Tsai et al. [3] demonstrated the fabrication 
of cobalt sulfide nanotube arrays on FTO-coated by com-
bining three simple technologies (the selective etching of 
ZnO sacrificial templates, mesoporous Co3O4 formation 
from cobalt-chelated chitosan, and ion-exchange reaction); 
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whereas Tsai et al. [18] reported the ion exchange reaction of 
Co(OH)2 to prepare cobalt sulfide, and further tested its cata-
lytic performance in the DSSC. Similarly, Congiu et al. [19] 
reported the synthesis of CoS using cobalt (II) bis-diethyl 
dithiocarbamate in chloroform. Thus, the need for a scal-
able, facile, and easy method that can be used for large-scale 
production is needed. Compared to the above mentioned 
method, a simple and one-step synthesis process directly 
growing CoS@FTO is considered to be a good and efficient 
method, compared to the other methods. Another advantage 
of directly growing CoS@FTO, instead of the suspension 
of the materials, is that it is helpful to avoid aggregation, 
detachment from the collector, and precipitation that directly 
influence the performance and stability of the device [1–3, 
9, 10, 16–20]. Therefore in this work, a simple and one-step 
solvothermal method was employed to grow a three-dimen-
sional flower-like cobalt sulfide on fluorine-doped coated 
glass (CoS@FTO), using aniline monomer as adhesive and 
directing agent. The developed CoS@FTO was character-
ized by spectroscopic and diffraction techniques, and its 
electrochemical and counter electrode performance in DSSC 
were further examined. The initial electrocatalytic activity 
towards the redox reaction of I−/I3

− measured by CV and the 
power conversion efficiency of the CoS@FTO are nearly the 
same as those of the well-studied and bench mark catalyst 
of Pt@FTO.

2 � Experimental

2.1 � Materials

Cobalt nitrate, aniline monomer, and Mucasol detergent were 
acquired from Sigma Aldrich. Thiourea was purchased from 
Alfa Acer. Fluorine-doped tin oxide (FTO, Pilkington TEC 
Glass-TEC 8, Solar, 2.3 mm thickness) glass was used as the 
substrate. TiO2 paste was purchased from Dyesol Industries 
Pvt. Ltd., Australia. The dye N719 (cis-bis(isothiocyanato)-
bis(2,20-bipyridyl-4,40-dicarboxylato)-ruthenium(II)bis-
trabutylammonium), 1-propyl-3-methylimidazolium iodide 
(PMII), iodine (I2), 4-tert-butylpyridine (tBP), acetonitrile, 
and lithium iodide were acquired from Sigma-Aldrich.

2.2 � Methods

The crystal structure and phase characterization measure-
ment was carried out using PANalytical X-ray diffractom-
etry (X’pert PRO-MPD, Netherland) with Cu Kα radiation 
(λ = 0.15405 nm), using a conventional electrochemical work-
station with three electrode setup (CHI-430A, CH Instruments, 
USA). Platinum, Ag/AgCl, and CoS@FTO were used as coun-
ter, reference, and counter electrode, respectively. The thick-
ness of the photoelectrode was measured by SURFCOM130A 

surface profiler (Accretech Korea Co. Ltd). The solar simula-
tor (Polaronix K201, Mc Science, Korea) was equipped with 
200 W Xenon lamp, and the intensity of the illumination was 
100 mW/cm2. The power of the solar simulator was calibrated 
with the mono-Si standard solar cell (PVM-396), which is 
certified by the National Energy Laboratory, USA. The IV 
characteristic was measured by KETHLEY interlinked with 
the Oriel Instrument software. The electrolyte was prepared 
by dissolving 0.6 M of PMII, 0.1 M LiI, 0.03 M I2, and 0.5 M 
tBP in acetonitrile solvent.

2.3 � Synthesis of CoS@FTO

Before the synthesis of CoS@FTO, FTO was cleaned in 
ultrasonic bath using detergent, water, and ethanol. For the 
synthesis of CoS@FTO, 250 µL of the aniline monomer was 
mixed using ultrasonication in 40 mL ethanol. After that, 1 g 
of the cobalt nitrate was dissolved in the above solution, and 
sonicated for 5 min. Then 0.5 g of the thiourea was added 
as sulfur source in the above mixture, and the mixture was 
further sonicated for 5 min. Subsequently, the above mix-
ture was transferred into the Teflon-lined autoclave, and the 
cleaned FTO glass was placed at an angle against the wall 
of the Teflon, with the FTO-coated face down. The whole 
system above was sealed, and heated at 200 °C for 12 h. 
After the reaction was completed, the autoclave was cooled 
to room temperature, and the coated CoS@FTO was rinsed 
with water and ethanol, and dried at 80 °C.

2.4 � DSSC preparation and assembling

Before coating of the photoactive material, the FTO glass 
substrate was cleaned in ultra-sonic bath using detergent, 
water and ethanol. The commercial TiO2 paste (Dyesol) was 
coated using screen printing, and dried/sintered at 500 °C 
for 30 min. After that, the TiO2-coated FTO substrate was 
immersed in dye solution, and kept at 40 °C in the automatic 
shaker for 12 h. The dye-adsorbed photoelectrode was fur-
ther washed with absolute ethanol, and dried in air. The pre-
pared photo electrode was assembled with counter electrode, 
using Surlyn thermal adhesive film (thickness = 25 µm) as 
spacer. After that, the drops of the electrolyte were inserted 
via vacuum backfilling through the drilled hole. After filling 
the electrolyte, the back hole was sealed with cover glass and 
adhesive Surlyn.

3 � Results and discussion

3.1 � Reaction and growth mechanism

Although the 3D flower-like morphology of the metal sulfide 
has been reported by various authors, the exact mechanism 
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is complicated, and still not clearly understood, However, 
different hydrothermal temperature and precursor would lead 
to different crystal structure, morphology, size, unique mor-
phology and different phase of synthesized material [21]. 
Usually a three-step formation mechanism possible for the 
cobalt and sulfur source has been proposed by researchers, 
which is described as follows [21, 22]: firstly in the hydro-
thermal procedure, cobalt and thiourea form a complex, 
and produce a large amount of CoS primary particles. Sec-
ondly, these primary particles are aggregated, and form solid 
microspheres; and finally, in the third step, larger diverse 
structures are obtained. It was determined that upon heating, 
ligand complex would finally decompose to give free Co2+ 
ions and active S2− ions in the solution. Our literature review 
concluded that various methods and expensive precursors 
were used for the synthesis of metal sulfide. However, in 
our case, we simply used a one-step solvothermal method 
to grow three-dimensional CoS flower-like architecture on 
FTO glass. Firstly, we used cobalt nitrate and thiourea as 
precursor to synthesized binder-free flower-like electrode 
on FTO to prevent lower conductivity, which is also benefi-
cial for the uniformity of film, which is of main concern in 
the DSSC device. Figure 1 b shows CoS@FTO film that is 
not uniformly grown, and easily leached out during simple 
washing.

After that, we modify our reaction system, and use aniline 
monomer as an adhesive in the synthesis of CoS@FTO; and 
to confirm the role of aniline, we check the durability of the 

electrode over the FTO surface using tape test, because in 
practical application, stability of the electrode is the main 
concern. Figure 1 a clearly shows that after the addition of 
a negligible amount of aniline monomer, the film is stable, 
and this also helps to increase the conductivity of CoS@
FTO, which leads to fast charge transport, and lower series 
of resistance of the device leads. SEM analysis shows that 
without the addition of aniline monomer, the 3D flower-like 
morphology of CoS on FTO is unstable, and easily detached 
from the FTO glass.

Here, we attempt to explain the synthesis mechanism of 
CoS@FTO with the help of the SEM images at different 
time duration, which explanation is well supported by pre-
viously published work [20–23]. The reactions that occur 
inside the hydrothermal reactor are as follows: initially, the 
Co2+ could make the precursor complex with aniline (Fig. 1 
a). After that, H2S is gradually released, due to the decom-
position of thiourea, after increasing the temperature from 
room temperature (RT) to 200 °C. The H2S and Co-aniline 
precursor complex react, and form tiny CoS nuclei. With the 
reaction proceeding, these tiny nuclei grow larger, so that 
particles with different sizes appear in the solution (Fig. 2), 
which is also confirmed by the SEM images of CoS after 1 h 
after hydrothermal synthesis. Driven by the minimization 
of surface free energies, the larger particles grow at the cost 
of the smaller ones, based on a typical Ostwald ripening 
process. In the subsequent process, the primary particles 
diffuse, and aggregate together to form solid microspheres, 

Fig. 1   The possible interaction of the initial precursor constituents a with aniline, and b without aniline
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and the microspheres tend to cluster in groups. The surface 
of the microspheres acts as nucleation sites for the forma-
tion of angular CoS nanostructure, which provides many 
high-energy sites for nano crystalline growth. Thus, the 
Co-aniline complex and H2S in the solution prefer transfer-
ring onto the surface of the sphere-like micro particles, and 
spontaneously nucleate on the small nanostructures. Moreo-
ver, due to the high intrinsic anisotropic properties, these 
initial CoS nuclei prefer to grow into nanopetals based on 
the precipitation solubility equilibrium in the solution. This 
dissolution–recrystallization process (Ostwald ripening) 
is a common phenomenon in the crystal growth process. 
When the reaction time is prolonged, the microspheres are 
exhausted because of mass diffusion and Ostwald ripening, 
and plenty of nanopetals are formed. As the Ostwald ripen-
ing process continues, the petals become thinner. Finally, 
a hierarchical three-dimensional flower-like morphology is 
formed (Fig. 2).

3.2 � SEM, XRD, and XPS analysis

To understand the flower-like morphology formation pro-
cess of the precursor, SEM micrography was applied to 
investigate the sample collected at different reaction time 
intervals, as shown in Fig. 2. Initially after 1 h of solvo-
thermal treatment, some colloidal nano particles could be 
observed in Fig. 2, which indicates that flower-like morphol-
ogy formation started from nano particle formation at the 
initial stage. When the reaction had proceeded for 2 h, these 
nano particles become dense, and of irregular size. Increas-
ing the reaction time duration to 5 h resulted in the forma-
tion of microspheres with a combination of particles and 
plate-like structures, due to the aggregation of the formed 
particles. Figure 2 shows that after 7 h, several non-uniform 
plate-like structure formations for the intermediate collected 
sample have formed. When the reaction time was prolonged 
to 10 h, a huge amount of nanoplates appear, which were 

interlinked together to form flower-like structure. Increasing 
the solvothermal time to 12 h resulted in the formation of 
a distinct and homogeneous three-dimensional CoS flower-
like architecture assembled by uniform nanosheets that were 
generated on FTO glass. On the basis of the experimental 
SEM results and investigation of the growth mechanism, 
that growth mechanism is tentatively proposed and depicted. 
The morphology of the CoS@FTO was observed by SEM, 
and Fig. 3 a–c present the results to determine the structural 
characteristics and morphology of the as-obtained mate-
rial. The SEM images at low magnification clearly show 
the three-dimensional flower-like morphology of the CoS@
FTO, whereas the high-magnification images show that the 
surface of the 3D framework was uniformly covered by 
sheets, and these petals were connected or interlinked with 
each other, which significantly enhanced the surface area 
of the material. In addition, the TEM image presented in 
Figure S1 further confirmed three-dimensional flower-like 
morphology of the CoS@FTO.

The phase structure of the CoS@FTO was examined by 
XRD analysis, and further compared with the bare FTO. 
Figure 3 d shows that the diffraction pattern of the CoS@
FTO clearly shows the presence of the characteristic peak 
of CoS in the present material, which can be readily indexed 
to the diffraction planes of (100), (101), (102), and (110). 
These observed diffraction planes of CoS@FTO are in close 
agreement with the standard diffraction of the hexagonal 
phase of CoS, which is the most stable form of CoS (JCPDS 
no. 65-8977) [1].

The chemical composition and oxidation state of the as-
synthesized 3D flower-like CoS were investigated by XPS 
analysis. Figure 3 e shows that the Co spectrum is split into 
two peaks: a main peak at 778 eV, with a shoulder peak at 
780 eV, indicating the oxidation state of Co2+. The high-
resolution S 2p XPS spectrum of CoS (Fig. 3 f) reveals the 
binding peaks at (161, 164.9, and 168.9) eV ((–C–S–C-–), 
(–C = S–), and (C–SOn–C), respectively), which could be 

adsorption/nucleation growth /aggregation self-assembly/attachments 3D CoS@FTO

Fig. 2   Schematic of the formation mechanism of CoS@FTO. The insets show the corresponding SEM images at different steps
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assigned to the spin–orbit couple of S 2p3/2 and S 2p1/2, 
respectively.

3.3 � Electrochemical performance

The electroctalytic reduction of the I3
− into I− over the 

CoS@FTO surface was examined by the cyclic voltam-
metry technique. The CV curve of the Pt@FTO electrode 
shows two distinct oxidation and reduction peaks, in which 
the negative pair corresponds to the redox reduction of 
the I−/I3

−, whereas the positive pair corresponds to the I2/
I3

− (Fig. 4 a). Since the more common reaction in the DSSC 
is the reduction of the I3− to I- over the counter electrode, 
we focused on the negative peak, and found that the catalytic 
reduction over the CoS@FTO is almost similar to that of the 
Pt@FTO electrode. Apart from the negative and positive 
pair, the peak-to-peak separation also gives insight into the 
catalytic activity over the electrode surface, and the electro-
chemical rate constant is inversely proportional to the peak-
to-peak separation (Epp). The Epp of 0.409 was observed 
for the CoS@FTO, whereas the Epp for the Pt@FTO was 
0.417 V. The as-prepared CoS@FTO reveals similar behav-
ior i.e. it shows two similar pairs of redox peaks in similar 
shape to the CV curve of the Pt@FTO electrode. However, 
the CoS@FTO exhibited higher current, as compared to 
the Pt@FTO electrode. The overall catalytic activity of the 
CoS@FTO might be due to the high density of the three-
dimensional flower-like CoS@FTO, which provides various 
catalytic sites, and surface area charge transfer channels for 

the electron and electrolytes to accelerate the reduction of 
the iodine-based electrolytes.

Figure 4 b shows the detailed results that were observed 
of the photovoltaic performance of the CoS@FTO and Pt@
FTO in the DSSC. The photocurrent–photovoltage curve 
shows that the CoS@FTO exhibits similar and compara-
tive performance to the well-known Pt@FTO electrode. The 
Pt@FTO exhibits the 0.746 V open-circuit voltage (Voc), 
12.23 mA/cm2 short-circuit current density (Jsc), 56% fill 
factor (FF), and 5.97% conversion efficiency; whereas, 
CoS@FTO displays 0.753 V Voc, 11.86 mA/cm2 Jsc, 63.17% 
FF, and 5.64% conversion efficiency. The Nyquist plot was 
further employed to understand the charge transfer proper-
ties over the surface of the electrode and results are pre-
sented in Figure S2. The diameter of the semicircle of the 
CoS is smaller as compared to the Pt which indicating that 
the CoS has the better charge transfer rate and lower inter-
facial resistance over the CoS electrode surface (Figure S2). 
The above results clearly show that the CoS@FTO exhibits 
similar and comparative performance to the Pt@FTO, which 
may be due to the high surface area originating from the 3D 
flower-like morphology, and the excellent electrocatalytic 
activity for the reduction of electrolytes. In addition, the pre-
sent obtained results were further compared with the other 
previously reported CoS and other typical transition metal 
sulfide based electrodes and their corresponding DSSC per-
formances. Figure 4c shows that compared to the previously 
reported work, the present performance is higher [3, 9, 10, 
18–20, 24–30].
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3.4 � Mechanical stability of the CoS grown at FTO

In addition to the counter electrode performance of CoS@
FTO in DSSC, the stability of the electrode over the FTO 

surface is also an issue of concern for practical application. 
In order to determine the stability of the CoS@FTO, the 
most widely used tape test or cross cut test was done. The 
as-prepared CoS@FTO electrode was first prepared by sharp 

Fig. 4   a CV voltammograms of 
CoS@FTO and Pt@FTO coun-
ter electrodes in iodine based 
electrolyte, b Current den-
sity–voltage curves of DSSCs 
with CoS@FTO and Pt@FTO 
electrode, and c the perfor-
mance graph of the CoS@FTO 
in comparison with the previous 
results
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razor, in order to provide edges over the electrode surface 
(Fig. 5b, c and e, f). After cutting the X-like edge pattern, 
the whole area of the CoS coated surface was covered by 
strong adhesive tape, and tightly pressed. Then the tape was 
pulled off, and the tested area examined with the help of the 
microscope, and the adhesion strength was rated according 
to the removed amount of the coating. The examined results 
show that after the strong adhesive tape test, the CoS@FTO 
retained almost 95% of the coating (Fig. 5 c–f).

4 � Conclusion

This work establishes a one-step solvothermal growth of 
CoS@FTO. The addition of aniline monomer provides 
good film deposition during the solvothermal treatment. 
The three-dimensional flower-like structure of the CoS 
as the counter electrodes provides larger surface area and 
interfacial contact between the electrolyte and electrode, 
which is advantageous for the reduction of the electro-
lytes over the CoS surface. The DSSC assembled using 
CoS as counter electrodes delivered the power efficiency 
of 5.64%, which is very close to the bench mark Pt cata-
lysts (5.9%). This comparable performance of the CoS@
FTO with Pt@FTO may be due to the unique 3D struc-
ture of CoS with interconnected structure, large acces-
sible surface area, and electroctalytic behavior of CoS. 
This simple and low-cost one-step synthesis method for 
the synthesis of metal sulfide may have enormous poten-
tial to replace the Pt counter electrode in future DSSC 
application.
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