
 

  

Abstract—Transparent nickel doped cobalt sulfide was fabricated 

on a SnO2:F electrode and tested as an efficient electrocatalyst and as 

an alternative to the expensive platinum counter electrode. In order to 

investigate how this electrode could affect the electrical 

characteristics of a dye-sensitized solar cell, we manufactured cells 

with the same TiO2 photoanode sensitized with dye (N719) and 

employing the same quasi-solid electrolyte, altering only the counter 

electrode used. The cells were electrically and electrochemically 

characterized and it was observed that the ones with the Ni doped 

CoS2 outperformed the efficiency of the cells with the Pt counter 

electrode (3.76% and 3.44% respectively). Particularly, the higher 

efficiency of the cells with the Ni doped CoS2 counter electrode (CE) 

is mainly because of the enhanced photocurrent density which is 

attributed to the enhanced electrocatalytic ability of the CE and the 

low charge transfer resistance at the CE/electrolyte interface. 

 

Keywords—Counter electrodes, dye-sensitized solar cells, quasi-

solid state electrolyte, transparency.  

I. INTRODUCTION 

DSSC is composed of a nanocrystalline film of a wide 

band gap semiconductor oxide deposited on a SnO2:F 

transparent conductive electrode (negative electrode), a broad 

absorption spectrum dye adsorbed and chemically anchored on 

the semiconductor oxide’s surface, an electrolyte bearing a 

redox couple, usually 
−−
3/II ,

 
and a counter electrode on a 

SnO2:F electrode (positive electrode). The material of choice 

for the counter electrode is in most cases platinum, as it can be 

easily prepared by thermal decomposition of chloroplatinic 

acid and is a great electrocatalyst [1]. However extensive 

research has been devoted in replacing platinum with a 

different catalyst that also bears good catalytic properties, 

abundance and lower material cost. Other suitable materials 

that have been used and tested include carbonaceous materials, 

such as graphite [2], graphene [3], [4], multi-walled carbon 

nanotubes (MWCNT) [5], [6], conjugated polymers [7]-[9] 

and inorganic materials such as cobalt sulfides [10]-[13]. In an 

attempt not to compromise between the counter electrode’s 

transparency and its electrocatalytic ability, we decided to 
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investigate the case of a nickel doped cobalt sulfide cathode 

[14]. Nickel doped cobalt sulfide counter electrode was chosen 

as an alternative CE based on the results reported from S. 

Srinivasa Rao et al. suggesting an enhancement of DSSCs’ 

power conversion efficiency when compared with cell’s 

employing Pt CE [14]. The cells that were used from Srinivasa 

Rao et al. to reach to these conclusions employed liquid −−
3/II

electrolyte. In order to examine the effect of this CE on the 

electrical characteristics of DSSCs employing a quasi-solid 

state electrolyte we used a similar nickel doped cobalt sulfide 

synthesis. The materials that were used to fabricate the nickel 

doped cobalt sulfide counter electrode were substantially 

cheaper than platinum and the deposition method used didn’t 

require annealing at high temperature, which suggests that this 

counter electrode could be also used for manufacturing 

flexible DSSCs. 

In this work, we investigate an alternative transparent 

counter electrode composed of nickel doped cobalt sulfide 

which we afterwards used for the fabrication of quasi-solid 

state dye sensitized solar cells. The electrical characteristics of 

these cells are compared against cells employing platinized 

counter electrodes through photocurrent-voltage 

measurements and electrochemical impedance spectroscopy 

(EIS). 

II. MATERIALS AND METHODOLOGY 

A. Materials 

Commercially available titanium(IV) butoxide (TTBU, 

97%), lithium iodide, iodine, 1-methyl-3-propylimidazolium 

iodide, tert-butyl pyridine, guanidine thiocyanate, 

chloroplatinic acid hexahydrate (H2PtCl6), O, O’-Bis(2-

aminopropyl) polypropylene glycol-block-polyethylene 

glycol-block-polypropylene glycol (Jeffamine® ED-600), 3-

isocyanatopropyltriethoxysilane, thioacetamide (ACS reagent 

≥99.0%), nickel(II) acetate tetrahydrate (98%) and all solvents 

were purchased from Sigma-Aldrich and used as received. 

Thiourea and cobalt(II) nitrate hexahydrate were purchased 

from Penta and used as received. 3-Cis-diisothiocyanato-

bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II) bis (tetra 

butyl ammonium), N719 was purchased from Solaronix S.A, 

Switzerland. SnO2:F transparent conductive electrodes (FTO, 

TEC8) 8 Ohm/square were purchased from Pilkington NSG 

Group. Commercial ultra-pure titanium butoxide (TTBU, 

97%, Aldrich), Triton X-100 (polyethylene glycol p-tert-

octylphenyl ether) surfactant (99.8%, Fisher Scientific), 
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glacial acetic acid (AcOH, Aldrich) were used to make 

precursor TiO2 sols. Titania powder P25 was provided by 

Degussa, (Germany, 30% Rutile and 70% Anatase). 

B. Preparation of TiO2 Photoanodes Sensitized with Dye 

TiO2 films were fabricated in two steps. A thin layer of 

TiO2 was first deposited on FTO glass substrates as blocking 

layer via sol-gel method following a previously reported 

procedure [15]. Briefly, for 5.4 ml solution, 0.72 g of Triton 

X-100 was mixed with 4 ml of ethanol, followed by addition 

of 0.4 ml of glacial acetic acid and 0.37 ml of titanium 

butoxide under vigorous stirring. After a few minutes stirring, 

the solution was deposited on the FTO glasses with a spin 

coating device (Spin150, APT Automation) at 1200 rpm for 

10s. The films were heated up to 500
o
C for 30 minutes using 

20
o
C/min heating ramp rate. The procedure was applied for 

the deposition of only two TiO2 layers while the films 

thickness was approximately 150nm. Then, an additional 

thicker layer was coated on top of the above layers, made of 

nanocomposite TiO2 paste using P25 commercial powder by 

doctor blade technique, followed by heating to 500
o
C. The 

fabrication of TiO2 paste was as follows: 3 g of Degussa P25 

was mixed with 0.5 ml of acetic acid in a mortar for about 3 

min. After that, 2.5 ml of millipore water and 17.5 ml of 

ethanol were alternately added to break all TiO2 aggregates 

and form a homogenous solution. The solution was transferred 

to a crucible with 50 ml of ethanol and was mixed with 10 g of 

terpineol and an amount of ethyl cellulose. The solution was 

ultrasonicated for about 2 minutes and then the crucible was 

placed in a rotary evaporator at 40-45
o
C to remove the 

excessive solvent and form the TiO2 paste. Finally the TiO2 

films were immersed in an ethanol/acetonitrile (1/1 v/v) 

solution of N719 (the dye concentration was 4 10
-4

 M) in order 

to sensitize the TiO2 electrode in the visible. Excessive dye 

molecules that weren’t adsorbed on the TiO2 surface were 

removed by rinsing with acetonitrile. 

C. Preparation of the Counter Electrodes 

An alternative counter electrode (CE) was prepared and 

used in quasi-solid state dye-sensitized solar cells to compare 

it against the commonly used Pt CE. The counter electrode 

that was fabricated was a nickel doped cobalt sulfide (Ni 

doped CoS2) as it is suggested in literature that this CE can 

substitute and perhaps supersede the platinum counter 

electrode. The nickel doped cobalt sulfide counter electrode 

was fabricated through the chemical bath deposition (CBD) 

method. For the solution synthesis we used 0.1 M cobalt (II) 

nitrate hexahydrate, 0.2 M thiourea, 0.2 M thioacetamide in 3 

ml of Millipore water. To the above solution we added 0.0471 

gr of nickel(II) acetate tetrahydrate to complete the doping. 

The FTO glasses are placed horizontally into a closed glass 

bottle containing the solution and then the glass bottle is 

placed in a furnace at 90
o
C for 2 hours. The parts of the FTO 

glass that we didn’t want to apply the CE solution were 

covered with an insulating tape, which was removed after the 

deposition. When the deposition was completed, the FTO 

glasses were removed from the glass bottle and were rinsed 

using Millipore water and ethanol. Finally, the FTO glasses 

annealed at 60
o
C for half an hour. The platinized FTO glasses 

were made by casting a few drops of a H2PtCl6 solution 

(5mg/1ml of ethanol) followed by heating at 500
o
C for 10 

minutes. 

D. Quasi-Solid Electrolyte Preparation  

In the construction of the solar cells a quasi-solid state 

electrolyte was used. This was chosen as a promising 

approach to DSSC technology as it combines the high ionic 

conductivity of liquids while it reduces the risk of leaks and 

minimizes sealing problems in the cells. For the gel electrolyte 

applied to the DSSCs, we used a hybrid organic-inorganic 

material [16], [17]. Briefly, O, O’-Bis(2-aminopropyl) 

polypropylene glycol-block-polyethylene glycol-block-

polypropylene glycol (Jeffamine® ED-600), of molecular 

weight 600 and 3-isocyanatopropyltriethoxysilane (ICS; molar 

ratio ICS/diamine=2) react in a vessel (acylation reaction), 

producing urea connecting groups between the polymer units 

and the inorganic part. The gel electrolyte was synthesized by 

the following procedure: 0.0788 grams of the functionalized 

alkoxide precursor were dissolved in 0.2 g of sulfolane and 0.1 

g of methoxypropionitrile under vigorous stirring. Then, 0.046 

g AcOH were added followed by 0.015 g 1-methyl-3-

propylimidazolium iodide, 0.015 g LiI and 0.0075 g I2. 

Finally, the electrolyte solution was completed by adding 

0.0255 g tert-butyl pyridine and 0.00445 g guanidine 

thiocyanate. After six hours stirring, one drop of the obtained 

sol was placed on the top of the titania electrode with adsorbed 

dye molecules and a slightly platinized FTO counter electrode 

was pushed by hand on the top. The two electrodes tightly 

stuck together by Si-O-Si bonds developed by the presence of 

the hybrid material. 

E. Characterization Techniques 

For the J-V curves, the samples were illuminated with Xe 

light using a Solar Light Co. solar simulator (model 16S-300) 

equipped with AM 0 and AM 1.5 direct Air Mass filters to 

simulate solar radiation at the surface of the earth. The light 

intensity was kept constant at 1000 W/m
2
 measured with a 

Newport power meter (Model 843-R). Finally, the J-V curves 

were recorded by connecting the cells to a Keithley Source 

Meter (model 2601A) which was controlled by Keithley 

computer software (LabTracer). The cells’ total active area 

was 1 cm x 1 cm, but for the J-V curves an appropriate black 

mask was used, limiting the cell’s active area to 0.514 cm x 

0.514 cm. For each case, we made two devices which were 

tested under the same conditions in order to avoid any 

misleading estimation of their efficiency. Cell performance 

parameters, including short-circuit current density (JSC), open 

circuit voltage (VOC), maximum power (Pmax), fill factor (FF) 

and overall cell conversion efficiency, were measured and 

calculated from each J-V characteristic curve. 

Electrochemical impedance spectroscopy measurements 

(EIS) were carried out under illumination using the same Xe 

light source that was used for the J-V curves. EIS 

measurements were performed without the use of a mask with 
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Metrohm Autolab 3.v potentiostat galvanostat (Model 

PGSTAT 128N) through a frequency range of 100 kHz-0.01 

Hz using a perturbation of ±10 mV over the open circuit 

potential. Experimental data are presented by scattering 

symbols while lines represent the fitted plots obtained using 

Nova 1.10 software. 

III. RESULTS AND DISCUSSION 

A. Solar Cells’ Performance 

Fig. 1 presents the current density-voltage (J-V) 

characteristic curves of quasi solid-state dye sensitized solar 

cells with the different counter electrodes tested. All J-V 

measurements were carried out using a mask with an aperture 

area of 0.514 cm x 0.514 cm. The electrical parameters 

measured and calculated for all cells are summarized in Table 

I. Fig. 2 shows a picture which corroborates the counter 

electrodes’ transparency. 
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Fig. 1 Photocurrent density-voltage characteristic curves of dye-

sensitized solar cells with different counter electrodes 

 

In Fig. 1 there are two curves illustrated corresponding to 

cells employing nickel doped cobalt sulfide counter 

electrodes. At some point while preparing the Ni doped CoS2 

counter electrodes one of the cap of the glass bottles popped 

out resulting in the evaporation of some amount of the solvent 

(Millipore water), making the solution more dense, which 

resulted in a thicker and less transparent counter electrode. 

However, we decided to use both the thinner and the thicker 

nickel doped counter electrode for cells to compare it against 

each other. 

 

 

Fig. 2 Platinum transparent counter electrode (on the left) and nickel 

doped cobalt sulfide counter electrode (on the right) 

 

It can be seen that the cell with the thinner nickel doped 

cobalt sulfide counter electrode has a higher Jsc value 

compared with the one employing the Pt CE. In general, 

cobalt sulfide counter electrodes have lower conductivity 

compared with Pt and lower electrocatalytic ability for 

reducing
−
3I . However, the use of small amount of nickel as a 

doping agent for the CoS2 seems to enhance the catalytic 

ability and increase the current density through the reduction 

of the energy losses. The cells with the thicker nickel doped 

cobalt sulfide counter electrode where outperformed by the 

cells with platinum counter electrode and we didn’t take them 

into account for the remaining measurements and calculations. 

The Voc values recorded for the different cells had small 

variations as expected, since the same anode and electrolyte 

was used for manufacturing the cells. Finally, the fill factor 

values were close, almost the same (0.68 and 0.67 for the 

DSSC with the Pt and the Ni doped CoS2 counter electrode 

respectively).  
 

TABLE I 

ELECTRICAL CHARACTERISTICS OF DSSCS EMPLOYING DIFFERENT COUNTER 

ELECTRODES 

Counter Electrode Jsc (mA/cm2) Voc (V) FF n (%) 

Pt 6.6 0.764 0.68 3.44 

Ni doped CoS2 7.8 0.733 0.67 3.76 

 

The dark current suppression was also examined to perceive 

the extent of the back electron transfer. Fig. 3 shows that dark 

current density in the cells made with the different counter 

electrodes. The onset of the dark current for the DSSCs 

fabricated with the platinum CE occurred at lower voltage 

compared with the cells employing the nickel doped CoS2 

counter electrode, which was an additional indication for the 

better performance of the cells with the latter counter 

electrode. 
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Fig. 3 Dark current-voltage characteristic curves of dye-sensitized 

solar cells with different counter electrodes 

B. Electrochemical Impedance Spectroscopy (EIS) 

Figs. 4 and 6 show the Nyquist and Bode plots obtained 

from cells with the different counter electrodes respectively. 

The first semicircle, starting from left to right, corresponds to 

the CE/electrolyte interface, RCE. The charge transfer 

resistance at the counter electrode (RCE) is represented as a 

semicircle in the impedance spectra and a peak in the Bode 

phase angle plot (peak at high frequency). The resistance 
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element related to the response in the intermediate frequency 

represents the charge transport at the TiO2/dye/electrolyte 

interface (Rtr) and shows diode like behavior. The semicircle 

at the low frequency, which is attributed to the diffusion of 

redox species in the electrolyte (Rdif), was small and not well 

distinguished, indicating a fast diffusion. Finally, the intercept 

of the horizontal axis stands for the resistance of the sheet 

resistance of the FTO substrate and the contact resistance of 

the FTO/TiO2 (Rh) [18], [19]. 

The total series resistance of the cell can be calculated using 

(1): 
 

                    difCEhS RRRR ++=                                (1) 

 

The equivalent circuits which were used to fit the 

experimental data are presented in Fig. 5. For electrodes 

having a rough surface the capacitance element in Fig. 5 (a) is 

replaced by a constant phase element (CPE, Q) which depends 

on the parameters Yo and N (Fig. 5 (b)) [20]. According to 

instrument software’s manual Yo is the admittance of an ideal 

capacitance while N is an empirical constant ranging from 0 to 

1. It is possible to convert a CPE element, which is in parallel 

with a resistance, to a pseudo capacitance using (2): 
 

                        








−

⋅=
1

1
1

NN
pseudo RYC

O
                             (2) 

 

As shown in (2) for N=1 the CPE element describes a pure 

capacitor, while for N=0 an ideal resistor. Moreover for N=0.5 

the CPE element is equivalent to the Warburg element often 

used to describe the diffusion in the electrolyte. It is generally 

though to arise from the lack of homogeneities in the 

electrode–material system. The fitted parameters are presented 

in Table II. 

The fitted parameters are summarized in Table II. The fact 

that the only difference between the cells was the counter 

electrode that was used, the main variations are expected to be 

noticed at the EIS parameters that correspond to that interface, 

in other words, at the CE/electrolyte interface. The RCE was 

smaller for the cells with the nickel doped CoS2 counter 

electrode indicating its better electrocatalytic performance. 

Moreover, difference was also observed at the Rtr values, 

while the total series resistance was calculated using (1) and 

the results were comparable. Specifically, Rs was 23.15 Ω for 

the cell with the platinum counter electrode, whereas Rs was 

23.56 Ω for the cell with the Ni doped CoS2 counter electrode. 
 

TABLE II 

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY FITTED PARAMETERS FOR 

DSSCS WITH DIFFERENT COUNTER ELECTRODES 

CE 
Rh 

(Ω) 

RCE 

(Ω) 

CCE 

(F) (10-4) 

Rtr 

(Ω) 

Ctr 

(F) (10-3) 

Rdif 

(Ω) 

Cdif 

(F) (10-1) 

Pt 14.4 6.62 0.141 20.6 1.25 2.13 0.0198 

Ni doped 
CoS2 

14.6 4.46 0.138 12.3 1.28 4.5 0.104 
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Fig. 4 Impedance spectra of dye-sensitized solar cells with different 

counter electrodes measured at open circuit voltage at 1 sun 

illumination 

 

 

Fig. 5 DSSCs equivalent circuits (a) R(RC)(RC)(RC) and (b) 

R(RQ)(RQ)(RQ) used to fit the experimental data from the EIS 

measurements 
 

The electron lifetime can be calculated from the mid 

frequency peak of the Bode plots presented in Fig. 6 using (3). 

According to the results presented in Table III, Pt had a higher 

electron lifetime than Ni doped CoS2, which isn’t in 

accordance to the Jsc values obtained from J-V curves. 
 

                                   
f⋅⋅

=
π

τ
2

1
                                   (3) 
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Fig. 6 Bode phase plots of dye-sensitized solar cells with different 

counter electrodes measured at open circuit voltage at 1 sun 

illumination 
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The longest electron lifetime of the Pt cells is due to the 

lower recombination of the injected electrons. Namely, the 

higher Jsc values obtained for the Ni doped CoS2 cells aren’t 

attributed to a lower recombination, rather to the increment of 

the CE’s electrocatalytic ability and the low charge transfer 

resistance at the CE/electrolyte interface. 
 

TABLE III 

ELECTRON LIFETIME

 

 

Counter electrode f (Hz) τ (ms) 

Pt 9.015 17.65 

Ni doped CoS2 13.14 12.11 

IV. CONCLUSIONS  

Transparent nickel doped cobalt sulfide counter electrode 

was fabricated and compared against platinum. The 

fabrication process of the former might be more time 

consuming than the latter, however the Ni doped cobalt sulfide 

synthesis requires low temperature thermal treatment, which 

can also be utilized for manufacturing flexible DSSCs and 

substantial lower cost. The cells that were manufactured 

employing the Ni doped CoS2 counter electrode achieved the 

highest efficiency of 3.76%, while the ones with the platinum 

had a highest efficiency of 3.44%. Specifically, an increased 

photocurrent density value was obtained for cells with Ni 

doped CoS2 counter electrode due to the low charge transfer 

resistance at the CE/electrolyte interface. Finally, over time, it 

was noted that the new transparent counter electrode worked 

well in combination with the quasi-solid state electrolyte 

without showing evidence of detachment between the two 

electrodes. 
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