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ABSTRACT

At the present work, cobalt sulfide (CoS)-based counter electrode (CE) synthe-

sized by electrodeposition process in a deposition bath containing lithium

perchlorate (LP) was employed in architecture of dye sensitized solar cell

(DSSC). It was revealed that the LP can enhance the formation of CoS, while

suppressing the formation of passive film within the deposit. Furthermore, LP

differed the growth mechanism of CoS, resulting in honeycomb-like morphol-

ogy. As a result of these, the electronic conductivity, active surface area and

electrochemical/mechanical stability of CoS film have been improved, thus

leading to a lower charge transfer and series resistances and an excellent elec-

trocatalytic activity in comparison with Pt CE. The DSSC using CoS CE exhib-

ited a higher power conversion efficiency (PCE) of 7.14% in comparison to 6.24%

for DSSC with the Pt CE under solar irradiation of 100 mW/cm2. Furthermore,

consecutive cyclic voltammogram scans and stability test under solar irradiation

proven that DSSC with CS-LP CE had superb long-term stability. Therefore, the

electro-deposited CoS film in presence of LP can be contemplated as a

promising catalyst material instead of expensive Pt for utilizing in DSSC owing

to its excellent electrocatalytic properties and electrochemical/mechanical

stability.
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GRAPHICAL ABSTRACT

Introduction

Today, increasing energy demands and environ-

mental problems have forced the researchers to focus

on clean and renewable energy resources [1, 2]. Since

solar energy, which is a renewable energy source, is

abundant on earth and has almost zero emission of

both air pollutants and greenhouse gases, it is poin-

ted out as a primary candidate for overcoming the

energy and environmental issues [3, 4]. Photovoltaic

(PV) devices such as silicon, thin film and dye-sen-

sitized solar cells have able to directly convert the

solar irradiation to electric energy. In the field of PV

devices, dye-sensitized solar cells (DSSCs) have

received growing attention owing to its various dis-

tinctive merits like relatively low cost and simple

fabrication process, eco-friendliness, using readily

available materials and transparency [5, 6]. Typically,

the architecture of a DSSC comprises three main

layers such as a dye sensitized photo-anode, a redox

electrolyte and a catalytic counter electrode (CE).

Although, platinum (Pt) is typically employed as CE

material in the DSSCs due to its highly catalytic

activity, Pt is a very expensive and rare material, and

it can decompose to PtI4 or H2PtI6 in the redox elec-

trolyte containing I-/I3
- [7]. To overcome these

problems, it is necessary to enhance the performance

and reduce fabrication cost of DSSCs by replacing Pt-

based CE with a cheaper and chemically stable ma-

terial, which has good electrical and electrocatalytic

properties. To replace Pt, several materials such as

carbon materials [8], conducting polymers [9], metal

sulphides [10] and metal nitrides [11] have been

studied. Especially, metal sulphides are proposed as

effective CE materials owing to their excellent elec-

trocatalytic activity, good electrical conductivity and

large specific surface area [12].

Recently, a diversity of metal sulphides, such as

CoS2 [13], CoS [14], MoS2 [15] and WS2 [15] have been

extensively proposed as efficient CE materials. Of

these metal sulphides, especially CoS is considered as

one type of the most effective material due to its low-

cost, high conductivity and outstanding catalytic
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activity through the reduction of I3
- to I- [14].

Numerous techniques have been adopted to synthe-

sis CoS, including solvo-thermal [16], hydro-thermal

[17] and electrodeposition [18]. Of these techniques,

the electrodeposition method is the most re-pro-

ducible, simplest and low-cost way to synthesis a

robust and homogenous CoS film onto conductive

surfaces. Moreover, a thin film can be precisely

electrodeposited on the conductive substrate with

desired area, employing this method. For example,

Swami et al. produced CoS film onto fluorine doped

tin oxide (FTO) from deposition bath containing

0.5 M thiourea (CH4N2S), 5 mM CoCl2�6H2O and de-

ionized (DI) water via potentiodynamic deposition

technique [19]. DSSC with CoS CE achieved a power

conversion efficiency (PCE) of 6.72%, while PCE of

the cell using Pt CE was 6.94%. In other study, Wang

et al. synthesized CoS film on indium doped tin oxide

(ITO) substrate in alkaline deposition bath that con-

tain 150 mM thiourea, 5 mM CoCl2�6H2O and DI

water by one step electrochemical deposition tech-

nique and employed it as a CE in DSSC [20]. CoS CE

showed higher electrocatalytic activity for the

reduction of triiodide compared to the Pt CE,

resulting the DSSCs assembled with Pt and CoS CEs

exhibited an equal PCE of 6.55%. Lin et al. fabricated

a CoS film onto FTO substrate by employing a

cathodic electrodeposition method. The deposition

bath contains 0.5 M thiourea, 5 mM CoCl2�6H2O, DI

water and a few drops of NH4OH solution to adjust

pH to 6 [21]. The DSSC assembled with CoS CE

reached a PCE of 6.33%. These previous studies have

shown that the PV performance of CoS CE is com-

parable to Pt CE, indicating that CoS has a high

potential to be an alternative to Pt in DSSCs archi-

tecture. However, due to low surface area and weak

adherence of CE material on FTO, high charge

transfer resistance (Rct) can be occurred at the

CE/electrolyte interface, leading to a considerably

decrease in fill factor (FF), short current density (Jsc)

and the PCE of DSSCs.

In the current work, CoS film was successfully

synthesized for the first-time using deposition bath

contain 5 mM CoCl2�6H2O, 0.5 M thiourea and 0.1 M

LiClO4 (Lithium perchlorate), via potentiodynamic

deposition technique. Due to the highly ionic con-

ductivity of lithium perchlorate (LP), LP facilitated

the formation of CoS and suppressed the formation of

duplex passive films during the deposition process,

resulting in larger surface area, electronic

conductivity, low Rct, excellent long-term stability.

While the cell using CoS CE deposited without

lithium perchlorate exhibited a PCE of 4.32%, PCE of

the cell with CoS CE deposited in presence of lithium

perchlorate reached to %7.14 that is higher than the

cell using Pt CE (6.24%).

Experimental procedure

Preparation of counter electrodes

The CoS films were cathodically deposited onto FTO

(Merck, 13 X/sq) from deposition bath containing

5 mM CoCl2�6H2O (Merck, 99%), 0.5 M thiourea

(Merck, 99%) and 0.1 M Lithium perchlorate (or

without Lithium perchlorate) in a three-electrodes

cell. The CoS films deposited without and in presence

of LP were named as CS and CS-LP, respectively.

Prior to deposition process, FTO substrates (2 9 2

cm2) were washed with detergent solution and rinsed

with DI-water several times, then cleaned with

ultrasonic bath in acetone and ethanol for 5 min,

respectively. The potentiodynamic depositions were

performed employing a potentiostat instrument

(ZIVE SP1) at room conditions. In the three-elec-

trodes cell, a Pt sheet as CE, a saturated Ag/AgCl as

reference electrode and FTO substrates as working

electrode, respectively, were employed. The potential

range of potentio-dynamic deposition technique was

established between - 1.2 and 0.3 V at a scan rate of

10 mV/s for three cycles. After deposition process,

CoS/FTO samples were rinsed with DI-water and

dried under a N2 gas flow. Finally, reference Pt CE

was fabricated as our previous study [22].

Fabrication of DSSCs

TiO2 paste was prepared as previous study carried

out by Krasovec et al. [23]. In briefly, a titanium-

based sol containing titanium isopropoxide (Merck,

97%), citric acid (Merck, 99%) and ethylene glycol

(Merck, 99.8%) was prepared first by heating ethy-

lene glycol up to 60 �C then adding the determined

amounts of titanium isopropoxide and citric acid

during stirring. After that the determined amount of

TiO2 powder (Merck, %99.99) and prepared sol were

mixed and exposed to mortal grinder for 1 h. TiO2-

based photo-anodes were prepared via screen print-

ing method in approximately 12-lm-thickness onto
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surface of FTO substrates. The screen-printing pro-

cess was conducted on the faced-up of FTO substrate.

The dimension of the TiO2 film is 0.5 9 0.5 cm2. After

that the fabricated anodes were annealed at 450 �C
for 1 h in ambient air. TiO2-based anodes were sen-

sitized with 0.3 mM of di-tetrabutylammoniumcis-

bis(isothiocyanato)bis(2,20-bipyridyl-4,40dicarboxy-

lato)ruthenium(II) (N-719) dye (Merck, 95%) over-

night. Moreover, as described in previously [10] the

I-/I3
- liquid electrolyte synthesized as; 0.01 M

iodine (Merck, 99.99%), 0.6 M 1-butyl-3-methylimi-

dazolium iodide (Merck, 99%), 0.1 M 4-tert–butyl-

pyridine (Merck, 98%) and 0.1 M lithium iodide

hydrate (Acros, 99%) were solved in 3-methoxypro-

pionitrile (Merck, 98%), separately. Finally, the pre-

pared solutions were poured in a bottle and exposed

to magnetic stirrer for 4 h. The DSSCs were con-

structed as explained in our previous study [9]. In

briefly, the fabricated photo-anodes and CEs were

ensembled with Surlyn polymer foil frame (0.25-lm-

thick and 0.25 cm2 active area) as a spacer. Sealing

was achieved by keeping the photo-anode/Surlyn

polymer foil frame/CE structure on a hot plate at

80 �C for 15 s. The synthesized redox electrolyte was

injected into the gap through predrilled two holes on

the CE. Finally, the holes were sealed by locally

heating up the pieces of Surlyn polymer foil.

Characterizations

The surface morphologies and cross-section images

of the CEs were analyzed using TESCAN MAIA3

XMU scanning electron microscopy (SEM) instru-

ment. Moreover, energy dispersive spectroscopy

(EDS) was performed to analyze stoichiometry of CoS

films using SEM instrument. The diffraction patterns

of CoS films were detected by a RIGAKU SmartLab

X-ray diffractometer (XRD) at range of 2h = 20�–70�.
To investigate the composition of the films, X-ray

photoelectron spectroscopy (XPS) analyzes were

carried out employing Thermo Scientific K-Alpha

instrument. The cyclic voltammogram (CV) and 100

consecutive voltammogram cycles of CoS CEs were

performed in an electrolyte comprising 0.1 M LiClO4,

0.1 M I-/I3
- redox electrolyte and acetonitrile sol-

vent at scan rate of 50 mV s-1. To accomplish elec-

trochemical impedance spectroscopy (EIS) and Tafel

polarization measurements, the symmetrical dummy

cells were prepared with two identical CoS CEs filled

with the same redox electrolyte as employed in the

fabrication of DSSCs. The active area of the sym-

metric cells was 0.40 cm2. In EIS tests, the samples

were scanned in range of 100 Hz and 100 kHz under

solar irradiation of 100 mW cm-2. The polarization

measurements were carried out in range of - 1.2 and

1.2 V at a scan rate of 50 mV s-1. All the electro-

chemical analyzes were performed using an ZIVE

SP1 system. Furthermore, the current density-poten-

tial (J–V) curves of prepared DSSCs were obtained

employing Fytronix solar simulator system under the

AM 1.5 G illumination of 100 mW cm-2 as the light

source. The active area of the DSSCs was 0.25 cm2. In

addition, to determine the long-term stability of

DSSCs, J–V curves of DSSCs using CS and CS-LP CEs

were recorded every 2 days for 1 month. The long-

term stability tests were carried out in ambient air.

Results and discussion

To investigate electrodeposition kinetics of CoS films,

during deposition process, CV curves were recorded

as shown in Fig. 1a and b. One can see from Fig. 1a

and b, the oxidation and reduction peaks occurred for

CS at -0.26 and -0.71 V and, for CS-LP at -0.40 and

-0.58 V, respectively. As seen, the peak separation

between oxidation–reduction peaks decreased dras-

tically with incorporation of LP into deposition bath,

leads to lower overpotential for initiate nucleation of

the film in electrodeposition process [24]. Further-

more, it can be observed that the onset potential for

electrodeposition was shifted to more positive when

LP with highly ionic conductivity was introduced

into the deposition bath, suggesting that LP is likely

act as an accelerator in the deposition bath. Thus, the

deposition rate was improved with addition of LP,

leading to rapid and multiple nucleation of CoS onto

FTO substrate at the early stage of the crystal growth

[25]. Furthermore, it can be said that the Co2?

reduction rate was accelerated in the presence of LP

due to the shifting the onset of Co deposition and

increment in the cathodic current density. This shift

in the onset potential can be attributed to improve-

ment of formation of thiourea-Co (II) complexes. This

can be led to enhancement of adhesion of the CoS

film to the surface of FTO substrate due to faster and

larger amount formation of CoS sites [26, 27]. Fur-

thermore, increasing the peak current densities of the

redox couples with incorporation of LP into deposi-

tion bath leads to enhancement of surface area of the
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deposited film due to the formation of less compact

and uniform deposit structures [28]. Porous and large

surface area offer several advantages for CE in DSSC

architecture [9]. Furthermore, to assess the effect of

LP on formation of CoS film, XPS analyzes were

performed. Figure 1c and d show the high resolution

XPS spectra of Co2p and S2p orbitals of CS and CS-

LP samples, respectively. Generally, since the high

resolution of Co 2p spectrum exhibits spin orbit

splitting into 2p1/2 and 2p3/2 bands, which includes

the same chemical info, only the Co 2p3/2 bands with

higher intensity were deconvoluted using Gaussian

function. Figure 1c reveals that deposited films

include CoO, Co(OH)2, CoS and metallic Co con-

stituents. It is well known that duplex passive films

such as CoOOH and Co3O4 form as intermediates or

final products of oxidation in the media [29, 30]. As

observed from the Co2p spectra of CS, the peaks

Figure 1 CV curves recorded

during electrodeposition of

a CS and b CS-LP, c Co 2p

and d S 2p high resolution

XPS spectra of CS and CS-LP,

respectively, e XRD patterns

of CoS films deposited on

FTO substrates.
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centered at 779.95, 781.81, 781.01 and 778.46 eV

binding energy can stem from CoO, CoS, Co(OH)2
and metallic Co, respectively. By incorporation of LP

into deposition bath (CS-LP film), the intensity of Co

metallic peak increased and shifted to higher binding

energy, indicating that Co(OH)2 passive film much

more converted to Co2? in the CS-LP film. Further-

more, the intensity of Co(OH)2 and CoO peaks con-

siderably decreased, and the intensity peak of CoS

increased and shifted to higher binding energies (CoS

peak at 781.96), suggesting that the amount of

Co(OH)2 and CoO was much decreased with the

increase in CoS content in the deposit [21, 31]. XPS

results show that incorporation of LP could be

enhanced the formation of thiourea-Co (II) complexes

and suppressed the formation of duplex passive film,

resulting in much more amount of CoS sites in the

CS-LP film [21, 29, 31]. On the other hand, as seen

from Fig. 1d, S 2p spectra of CS and CS-LP demon-

strate two peaks centred at 163.6 and 168.6 eV. The

peak at 163.6 eV can be attributed to metal sulphur

bonds (Co–S), while the peak at 168.6 eV stem from

the formation of formamidine disulfide (FD) via the

one electron surface electro oxidation reaction [31]. It

clearly seen that XPS and CV curves of deposition

process are perfectly in accordance. XRD experiments

were carried out to identify the crystal structure of

CoS films on FTO substrate. Fig. 1e represents XRD

patterns of CS and CS-LP CEs. The appeared minor

diffraction patterns of CoS on FTO substrate might be

owing to the deposition of CoS films at low content

on surface of the FTO substrates. Moreover, the XRD

patterns of the CS and CS-LP CEs are almost same,

indicating that introducing of LP into growth med-

ium did not lead to a change in the crystal structure

of the CoS film. As shown in Fig. 1e, the resulting

peaks at 2h = 29.98�, 47.86� and 54.90� can be attrib-

uted to (1 0 0), (1 0 2) and (1 1 0) crystal planes of pure

CoS with the hexagonal structures, which are good

agreement with pdf card of JCPDS (No. 75-0605) [32].

These results reveal that pure CoS film was success-

fully synthesized in growth bath with or without LP

through electrodeposition technique.

SEM measurements were performed to investigate

the impacts of LP on surface morphology and growth

mechanism of the CoS film. As exhibited in Fig. 2a–b,

while CS CE exhibits smooth and agglomerated

granular morphology, the morphology converted to

honeycomb-like porous structure with the diameter

of 0.2–0.5 lm with incorporation of LP into growth

medium. This can be attributed to the instantly

acceleration of Co2? and S2- ions in the growth bath

due to the outstanding ionic conductivity of LP,

leading to rapid and multiple nucleation of CoS at the

early stage of the crystal growth [25]. Moreover, each

nucleus can develop vertically along its orientation,

and the most of its growth orientations can lead to

honeycomb-like 3-dimensional CoS nano-architec-

tures [33]. In addition, it well known that increasing

the ionic conductivity of synthesis media led to

enhance the pore size and periodicity, resulting in

honeycomb-like morphology [34]. Furthermore, the

change in morphology is in accordance with CV

curves recorded during electrodeposition of CoS

films. Honeycomb-like porous morphology can offer

larger surface area in comparison to granular mor-

phology, resulting in improvement of interface

Figure 2 a and b SEM micrographs, c and d cross-section

images, e and f EDS analyzes of CS and CS-LP films,

respectively.
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contacting CE with the redox electrolyte [35]. More-

over, large surface area stemming from the honey-

comb-like porous nature of the CS-LP can be an

efficient charge transfer network improving the col-

lection of the charge carriers from the external circuit

and transfer of them to redox electrolyte, leading to

higher Jsc values in DSSCs [36]. Moreover, highly

porous morphology can decrease the Rct that occurs

at the interface of electrolyte/CE and enhance the

diffusion of the redox electrolyte on the surface of CE

due to increment in catalytic active sites for confining

liquid electrolyte [9]. Thus, it is expected that CS-LP

CE offer more effective contribution to the PV per-

formance of the DSSC compared to CS CE. As shown

in Fig. 2c and d, the cross-section images of the CS

and CS-LP films were taken to determine the thick-

ness of the films. Although CS and CS-LP films were

electrodeposited at same conditions and parameters,

the thickness of the CS and CS-LP film were obtained

as * 4.1 and * 4.8 lm. This can be attributed to

high reaction rate of CS-LP arising from excellent

ionic conductivity of LP. Moreover, to determine the

composition of the CoS films, EDS analysis were

carried out. In ideal CoS compound, the ratio of

cobalt to sulphur elements should be equal to 1.84,

but at the present study it is found to be approxi-

mately 1.92 and 1.96 for CS and CS-LP films,

respectively. As shown in Fig. 2e and f, the weight

percentages of Co and S elements are in CS, and CS-

LP films are close to each other, indicating that CoS

structure successfully synthesized in presence or

absence of LP by electrodeposition method.

To elucidate electrocatalytic activity of CEs, cyclic

voltammogram (CV) tests were carried out in range

of - 0.6 to 1.0 V. As seen from Fig. 3a, CV curves

show a pair of oxidation–reduction peaks, pointing

out that fabricated CEs catalyze the regeneration of

I-/I3
-. The cathodic peak current density (Jred), sep-

aration of cathodic–anodic peaks (Epp) and the ratio

of anodic peak current density (Jox) to |Jred| are

crucial criteria for assessment the catalytic activity

and reversibility of a CE [37]. A lower Epp and ratio of

Jox/|Jred| demonstrate a higher electrocatalytic

activity and better reversibility of the redox reaction

toward the I-/I3
-, respectively, while the higher Jred

value indicates higher electrocatalytic activity. As

depicted in Table 1, the Jred of CS-LP CE is consid-

erably higher than that of CS and Pt CEs, indicating

that the CS-LP film has excellent electroctalytic

activity compare with that of CS and Pt CEs [38]. The

larger Jred value of CS-LP CE can be attributed to a lot

of conductive networks in CS-LP film which resulting

in faster charge transfer from external circuit to I-/

I3
- electrolyte, and larger surface area of CS-LP

which offering more catalytically active sites for

enhancing the reduction of I3
- to I2

- [35]. Further-

more, the Epp value and ratio of Jox/|Jred| were

determined from the corresponding CV curves as

0.57 V and 1.57 for CS-LP CE, 0.69 V and 1.75 for CS

CE, and 0.64 V and 1.57 for Pt CE, respectively. The

lower Epp value of CS-LP CE suggests a low over-

potential loss in the suggested DSSC compare to Pt

and CS CEs [38]. Generally, the Epp value depends

not only on the electron transfer rate, but also the

porosity of film morphology [39]. So, the decrement

in Epp value could be attributed to more porous

morphology of the CS-LP CE. In addition, according

to ratios of Jox/Jred, CS-LP CE exhibits better

reversibility for the redox reaction toward the I-/I3
-

than the CS CE, while similar with that of Pt CE [39].

As a result, the higher Jred and lower Epp values of

CS-LP CE propound an outstanding electrocatalytic

activity in comparison to CS and Pt CEs, thus

boosting the Jsc and open circuit voltage (Voc) which

leading to higher PCE of the DSSC. Moreover, to test

electro-chemical stability of the CS-LP and CS CEs,

consecutive 100 cycles CV scans were carried out (see

Fig. 3b and c). After successive 100 CV cycles, while

the cathodic peak of the CS CE considerably declined

and shifted negatively which resulting in increment

of Epp value, the cathodic peak of CS-LP CE almost

remained stable which indicating the CS-LP CE has

good reversible activity, outstanding electrochemical

stability, better adherence onto surface the FTO and

lower internal energy loss for reduction of triiodide

in DSSCs [40]. Due its lower over-potential value

observed during deposition process (see Fig. 1b) CS-

LP film strongly adhered on FTO substrate that

resulting in high electrochemical stability of CS-LP

CE. The high electro-chemical stability and high

electronic conductivity of CS-LP can be attributed to

low content of unstable duplex passive films in the

CS-LP (see Fig. 1c).

Electrochemical impedance spectra (EIS) were

carried out using a dummy cell to understand the

interfacial charge transfer kinetics occurs at interface

of redox electrolyte/CE. The obtained Nyquist plots

and suggested equivalent circuit, and the determined

electrochemical parameters by fitting by Nyquist

plots with equivalent circuit are in shown in Fig. 3d
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and Table 1, respectively. As seen in Table 1, the

series resistance (Rs) of CS, CS-LP and Pt is obtained

as 16.1, 12.0 and 12.9 X, respectively. The lower Rs

value of CS-LP CE can be ascribed to better adher-

ence of CS-LP onto surface of FTO and higher elec-

trical conductivity, leading to a higher FF in the DSSC

Figure 3 a CV curves of CS,

CS-LP and Pt CEs, b and

c consecutive 100 cycles CV

scans of CS and CS-LP CEs,

d Nyquist plots and e Tafel

polarizations of CS, CS-LP

and Pt CEs.

Table 1 Electrocatalytic

activity parameters of CEs

obtained from CV, EIS and

Tafel polarization

measurements

Sample Epp (V) Jox/Jred Rs (X) Rct (X) W (X) J0 (mA/cm2) Jlim (mA/cm2)

CS 0.69 |1.45/0.83| 16.1 36.8 12.2 0.45 2.77

CS-LP 0.57 |2.11/1.34| 12.0 21.1 6.15 1.31 5.86

Pt 0.64 |1.84/1.17| 12.9 24.3 11.8 1.00 4.56
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compare with that of CS and Pt CEs [41]. Moreover,

in comparison to CS and Pt cell, CS-LP dummy cell

has lower Rct value and Warburg constant (W),

indicating that CS-LP CE exhibits excellent electro-

catalytic activity for reduction of triiodide and fast

diffusion rate of liquid electrolyte onto surface of

FTO, leading to higher Jsc and thus higher PCE value

of the DSSC [42]. Lower Rct and W of CS-LP dummy

cell can be ascribed to higher electronic conductivity,

larger surface area and strong adherence of CS-LP

onto FTO surface. As shown in Fig. 3e, Tafel polar-

ization curves were recorded to further clarify inter-

facial charge transfer occurs at the interfaces of redox

electrolyte/CE. Furthermore, the exchange current

density (J0) and limiting current density (Jlim) which

are criteria for determination of the electrocatalytic

activity can be extracted by fitting linear anodic/ca-

thodic branch of Tafel curve. It is found that J0 and

Jlim of the CS-LP dummy cell are 1.31 and 5.86 mA/

cm2, respectively, that are remarkably higher than

that of CS and Pt cells. This demonstrates that CS-LP

CE exhibits an excellent electrocatalytic activity

compare with CS and Pt CEs [42].

As shown in Fig. 4a, the PV characteristics of the

DSSCs assembled with CS, CS-LP and Pt CEs were

characterized with current density–voltage (J–

V) curves. Open-circuit potential (Voc), short-circuit

current density (Jsc), fill factor (FF) and PCEs (g) are
determined from the J–V curves of corresponding

DSSCs, are exhibited in Table 2. The PCE of the DSSC

using CS-LP CE resulted in 7.14% (Voc = 0.70 V, Jsc-
= 15.22 mA/cm2 and FF = 67.0%), while the PCEs of

the cells employing CS and conventional Pt CEs were

determined as 4.32 and 6.24%, respectively. By

incorporation of LP, the PCE of the cell has been

improved approximately 60% relative to CS CE-

based DSSC. This can be ascribed to enhancement of

Figure 4 a J–V curves of CS,

CS-LP and Pt CE-based

DSSCs, b Jsc–time, c FF–time

and d PCE–time plots of

DSSCs using CS and CS-LP

CEs.

Table 2 Photovoltaic parameters of fabricated DSSCs with CS,

CS-LP and Pt CEs

CEs Jsc (mA/cm2) Voc (V) FF (%) g (%)

CS 12.60 0.68 50.4 4.32

CS-LP 15.22 0.70 67.0 7.14

Pt 13.86 0.69 65.2 6.24
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active surface area (honeycomb-like morphology),

improving electronic conductivity (suppressing pas-

sive duplex films) and well adherence of the film on

surface of FTO. Improving of surface area, adherence

ability and conductivity resulted in lower electron

transfer and series resistances which lead to better

charge transfer at the interface of CE/electrolyte,

leading to higher FF and Jsc values of DSSC using CS-

LP CE [9, 38, 43]. Furthermore, the higher FF value of

the DSSC employing CS-LP CE, which determines

the characteristics of the J–V curves, and the maxi-

mum power output of the cells suggests that CS-LP

has lesser diffusion impedance for electrolyte species

on surface of the CE [43, 44]. For outdoor applica-

tions, one of the significant needs of DSSCs is the

long-term photostability. The results of long-term

stability (30 days) tests of the DSSCs using CS and

CS-LP CEs are shown in Fig. 4b–d. It was observed

that during first 9 days, the photovoltaic parameters

of the CS-LP DSSC decreased slightly and in the

following days trended to be stable. After 30 days,

the Jsc, FF and PCE values of the CS-LP cell dropped

only 5.5, 1.0 and 5.0%, respectively, while values of

the DSSC with CS CE decreased as 22, 19 and 40%

relative to initial values. Since the CS film tend to peel

off from the surface of FTO after 30 days, the incre-

ment in stability of the CS-LP cell can be ascribed to

suppressing unstable duplex films in the CoS struc-

ture and well adherence of CS-LP on FTO substrate.

These stability results are in accordance with the

consecutive CV test.

Conclusion

In summary, CoS film was successfully synthesized

for the first-time in the deposition bath contain LP,

via potentiodynamic deposition technique and

employed in DSSC architecture as counter electrode.

Obtained results exhibited that incorporation of LP

into deposition bath change the growth mechanism,

content, surface morphology, adherence ability and

stability of the deposited film. By incorporation of LP,

(i) the cluster like morphology converted to honey-

comb-like which resulting in larger surface area, (ii)

formation of duplex passive films were suppressed

leading to higher electronic conductivity, adherence

and chemical/mechanical stability of the film. As a

result, the Rct and Rs values decreased from 16.1 and

36.8 X to 12.0 and 21.1 X, respectively, which are

lower than that of Pt CE. Thus, due to the excellent

electrocatalytic activity, the CS-LP CE exhibited a

PCE of 7.14% which is considerably higher than that

of CS and Pt CE cells (4.32% for CS and 6.24% for Pt).

Furthermore, the suggested DSSC demonstrated an

excellent long-term photo-stability in comparison to

CS CE cell. In the light of these results, it can be said

that to improve the features of deposited film such as

surface morphology, conductivity, electrocatalytic

activity, electrochemical/mechanical stability, not

only in electrodeposition of CoS structure but also in

all electrodepositions of metal sulphurs, LP can be

used as additive in deposition bath. Furthermore,

one-step electrodeposition of CoS in presence of LP is

very simple, low-cost, and effective method which

offers a promising approach for mass production of

CE materials with high catalytic activity and stability

alternative to high cost/performance of Pt CEs.
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