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A B S T R A C T   

In this study, we propose a new counter electrode based on the Ni-doped MoSe2 as a viable counter electrode for 
DSSC applications. We investigate different ratios of Ni dopant inside the MoSe2 lattice. Our results show that the 
introduction Ni can increase the active surface area and improve the electrocatalytic behavior of the MoSe2 
materials. We employed our prepared materials as the counter electrode in DSSCs and show that our optimized 
case demonstrates an open circuit voltage of 688 mV, a short circuit current density of 16 mA/cm2, a fill factor of 
63% resulting an efficiency of 6.94% which is a significant improvement from the 6.68% efficiency of the DSSCs 
fabricated from the high-cost platinum counter electrode.   

1. Introduction 

The future of energy market is moving toward the renewable en
ergies with a fast pace and solar cells will play a significant role as clean 
and low-cost electrical power supplies [1,2]. Dye sensitized solar cells 
(DSSCs) are among the third-generation solar cells with huge potentials 
for future applications [3,4]. Unfortunately, the current share of DSSCs 
in harvesting the solar energy is so low and further research is required 
to bring DSSCs in to practical applications [5,6]. One factor that limits 
the effective use of DSSC, is the expensive price of its components and 
especially its counter electrode [7,8]. In DSSCs, the counter electrode is 
responsible for transferring electrons from the external circuit to the 
electrolyte and catalyzing the reduction of I−3 to I− in the electrolyte [9, 
10]. The conventional counter electrode is a fluorine-doped tin oxide 
(FTO) glass coated with a platinum electrocatalyst, which contributes to 
a major share of the cost of preparation due the use of expensive plat
inum element. Replacing this element with another high performance 
and lower cost electrocatalytic materials, can create new opportunities 

in the field of DSSCs [11,12]. Many attempts have been made to find an 
alternative material for platinum as the DSSC counter electrode. Elec
trocatalytic materials such as metal oxides [13,14], conductive polymers 
[15,16], nitrides [17,18], sulfides [19–21], carbides [22], carbon 
nanostructures [23,24], and 2D materials [25–28] have been investi
gated for this purpose with different ratios of success. Yet, more research 
is required to find a practical counter electrode material for DSSCs. 

Recently, selenide materials have demonstrated outstanding perfor
mance in solar cells and photocatalyst materials. Zatirostami et al. 
showed that SnSe can be employed as the counter electrode material in 
DSSC and achieve comparable efficiencies to that of the platinum 
counter electrodes [29,30]. MoSe2 is another selenide material with a 
narrow bandgap and lamellar crystal structure which huge potentials for 
DSSC applications [31,32]. Chen et al. employed an MoSe2/Mo structure 
as the counter electrode and attained high efficiencies in DSSCs [33]. 
Lynch et al. demonstrated that MoSe2/Graphene nanosheets as the 
DSSC’s counter electrode can result in efficiencies up to 95% of the 
platinum counter electrode [34,35]. Furthermore, tapa et al. provided 
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the guidelines and potentials for further development of metal chalco
genides counter electrodes [36]. Yet, this material requires more 
research and optimization to reach its potentials in solar cells. 

In this study, we have employed the excellent electrochemical and 
electrocatalytic properties of MoSe2 as a potential counter electrode for 
DSSCs. To further improve these properties, for the first time up to our 
best knowledge, we have used the Ni as a dopant to tune the properties 
of MoSe2 according to DSSC requirements and demonstrated its capa
bility as a replacement for conventional Pt counter electrodes. We 
attempt to further improve the MoSe2 properties to increase its elec
trocatalytic and transport properties and thus making it more suitable 
for counter electrode employment. For this purpose, we introduce 
different ratios of Ni into its lattice structure. Yet, this method has not 
been tested for the counter electrodes of the DSSCs. The increased 
electrocatalytic behavior is very desirable for this purpose and we 
investigate different ratios of Ni dopant in MoSe2 materials to achieve 
the optimized result. We believe that our new proposed counter elec
trode possesses enough potentials to replace platinum in DSSCs as a 
lower cost material and further increase the DSSCs feasibility. 

2. Experimental method 

2.1. Photoanode preparation 

We employed FTO-coated glass with 2 × 1.5 cm size (15 Ω/□) as 
substrates and washed them using deionized water and ethanol solution. 
For further cleaning and removing any organics from the substrates, 
they were placed in an ultrasonic bath with acetone solvent and a 
temperature of 60 ◦C for 30 min. We deposited a 100 nm thin layer of 
TiO2 on the FTOs using the RF sputtering method to act as a blocking 
layer. We acquired P25 standard TiO2 nanoparticles from Merck Co and 
deposited them on the FTO substrates using the doctor blade technique. 
For this purpose, 100 mg of the TiO2 nanoparticles were added to 5 mL 
HPLC Merck Co ethanol and stirred them for ~1 h so that a homogenous 
solution was acquired. In this step, we added a 0.1 g ethylene cellulose to 
the solution and continued stirring for another 1 h to attain a milky color 
solution. We also added 0.5 mL α-Terpineol and 6 drops of triton-X100 
and increased the temperature of the solution to 80 ◦C. The stirring was 
continued for another 1 h so that a suitable and adhesive paste was 
acquired for deposition. The paste was cooled down to room tempera
ture and doctor bladed on FTO substrates. The deposited layers were 
aged for 30 min and then transferred to an air furnace in which it was 
held at 500 ◦C for 45 min. This heat-treatment facilitates the evaporation 
of the organic materials from the layers and provides us with a meso
porous TiO2 layer [37]. The layers were later cooled down to room 
temperature and placed in a 0.3 mM N719 dye (ethanol + acetonitrile) 
solution for 24 h for dye-sensitization. 

2.2. MoSe2:Ni counter electrode preparation 

For preparation of the Ni-doped MoSe2 counter electrodes, we also 
used ultrasonically cleaned FTO-coated glass substrates that were used 
as the working electrode in a three-electrode electrochemical cell. In this 
configuration, the counter electrode is a platinum wafer and an Ag/AgCl 
standard electrode plays the role of the reference electrode. Further
more, the electrolyte is composed of 9.12 g Molybdic acid (H2MoO4, 
Merck Co) in 100 mL of 1.5 M ammoniacal solution (NH3, Sigma Aldrich 
99.98%) and 15 mg selenium dioxide (SeO2, Merck Co, 99.9%) in 100 
mL deionized water and different ratios (0, 36, 72 and 108 mg) of nickel 
(II) chloride (NiCl2 Sigma-Aldrich 99.99%). The electrochemical depo
sition was conducted at 40 ◦C temperature for 10 min at working elec
trode potential of − 1.10 V to achieve the required thickness of MoSe2 
thin films. We named the prepared counter electrodes according to the 
NiCl2 quantities of 0, 36, 72 and 108 mg as Ni0, Ni1, Ni2 and Ni3 
respectively. Moreover, we employed a standard platinum counter 
electrode in solar cell fabrication as the control sample to compare with 

our prepared counter electrodes. 

2.3. Solar cell fabrication 

After the preparation of the photoanode and counter electrodes, we 
fabricated our DSSCs. For this purpose, Surlyn spacers were sandwiched 
between the two electrodes which were placed with a small displace
ment from each other for installation of electrical contacts. We injected 
the iodide-tri-iodide electrolyte containing 0.05 M iodine, 0.5 M tert- 
butylpyridine, and 0.1 M lithium iodide, 0.1 M potassium iodide, 0.1 
M sodium iodide through a micrometric drilled hole on the counter 
electrode which were later covered with Surlyn. The complete DSSC 
structures were sealed by adhesive epoxy. In order to minimize the 
characterization errors, we fabricated 20 DSSCs from each sample and 
reported their average results. 

2.4. Characterization 

We used an STOE STADI-P X-ray diffractometer (XRD) in the range of 
2θ = 20 to 80 to analyze the crystalline structure of the samples. In order 
to acquire the morphological properties of the samples, we employed a 
Mira III Tescan field emission electron microscope (FESEM) with 15 kV 
operating voltage. The optical and bandgap analysis of the prepared 
materials were carried out by a 3648 Avantes UV–visible spectrometer 
in the wavelength range of 300–800 nm. To investigate the electro
catalytic behavior of the CEs, we used a high end, high current poten
tiostat/galvanostat (AUTOLAB 302 N). The porosity of the CEs was 
analyzed by a Brunauer-Emmett-Teller (BET) analyzer (Belsorp mini II 
instrument). We also used a Sharif Solar PGE-18 electrochemical 
impedance spectrometer (EIS) to acquire the electrical parameters of the 
samples and a Sharif Solar current-voltage (I–V) tracer to find out its 
photovoltaic performance under an AM1.5 solar light simulator. 

3. Results and discussion 

We employed XRD analysis to investigate the crystallographic 
properties of the prepared materials. Fig. 1 shows the X-ray diffraction 
patterns of the Ni0, Ni1, Ni2 and Ni3 samples. As we can see from the 

Fig. 1. XRD pattern of MoSe2 counter electrodes synthesized with different Ni 
concentration. 
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figure, all the samples demonstrate similar patterns with the least dif
ferences between them. This shows that the nickel dopant has not 
affected the crystalline structure of the MoSe2 layers and thus we do not 
witness any additional peaks in their XRD patterns. The 2θ diffraction 
angles in these spectra are 13.56, 27.27, 31.73, 37.84, 47.40, 56.17, 
65.97, and 69.51◦ which respectively demonstrate (002), (004), (100), 
(103), (105), (110), (108) and (203) crystallographic planes of hexag
onal MoSe2 and comply with the standard reference (JCPDS No: 00-029- 
0914). Using the Debye-Scherrer formula, we can estimate the crystallite 
sizes of the samples [38]: 

D=
kλ

β cos(θ)
.

In this equation, k is the shape constant and equal to 0.89, λ shows 
the employed X-ray wavelength that in our work is 1.54 Å, β stands for 
the corresponding full with at half maximum (FWHM) of each peak and 
θ is the diffraction angle of the X-ray. By averaging the results for 
different diffraction angles, we can estimate the crystallite sizes of Ni0, 
Ni1, Ni2, and Ni3 layers to be respectively around 37, 35, 31, and 29 nm. 
As we can observe in the XRD results, the introduction of the Ni into the 
MoSe2 lattice have decreased the crystallite sizes of the samples. 
Although it seems that the Ni doping is negatively affecting the crys
tallinity of the samples, we expect that its other influences on the 
physical, electronic and chemical properties of the counter electrode, 
improve the performance of the DSSCs. Furthermore, the presence of the 
majority of the peaks in the XRD patterns of these samples shows that 
there is no preferred orientation. To investigate this, we calculated the 
texture coefficient from the following equation: 

TC(hkl)=

⎛

⎜
⎜
⎜
⎝

I(hkl)/I0(hkl)
1
n

∑

n
I(hkl)/I0(hkl)

⎞

⎟
⎟
⎟
⎠

in which I(hkl) and I0(hkl) , are respectively the XRD intensities of the 
sample and standard references peaks and n is the number of reflections. 
The texture coefficients of the of Ni0, Ni1, Ni2, and Ni3 samples are 
summarized in Table 1. In this table, the texture coefficient near 1 shows 
the conformity with the reference and variation from 1 means that the 
sample is taking a preferred orientation. From these results, we can 
conclude that there are no preferred orientations in our prepared 
counter electrodes and the samples are grown in every direction. 

The morphologic properties of the samples were analyzed by elec
tron microscopy. Fig. 2(a–d) displays the FESEM images of the prepared 
MoSe2 counter electrodes with different concentrations of NiCl2. As we 
can see from the figure, the surfaces of the layers have a granular 
morphology with a high amount of porosity. This could be expected 
from the electrodeposition method to not provide a dense and compact 
layer. However, these high roughness and porosity are suitable for 
DSSCs’ counter electrode applications [30] and thus we can consider the 
electrodeposition as a viable and facile method for the preparation of 
counter electrodes. Moreover, we can see from the images that the 
surface of the counter electrodes is composed of interconnected nano
particles with diameters ranging from 50 to 100 nm. Additionally, by 

increasing the Ni doping, we observe that the number of pores and holes 
are increased in the counter electrodes. In Fig. 2a which refers to the 
MoSe2 sample with no Ni doping, we see that the majority of the pores 
are filled whereas by increasing the Ni content in samples in Ni1, Ni2 
and Ni3 the pores are increased and a higher porosity surface is formed. 
Although, the Ni2 and Ni3 samples possess similar morphologies but 
their porosity is evidently higher than the Ni0 and Ni1 counter elec
trodes. We employed the BET analysis to quantitatively investigate the 
porosities of the samples. Fig. 2e illustrates the adsorption/desorption 
diagram of the nitrogen in BET analyses for different counter electrodes. 
The active surface areas of the Ni0, Ni1, Ni2, and Ni3 samples are 
respectively 49, 57, 86, and 79 cm2/g which show that the Ni2 sample 
possesses the highest porosity among our prepared samples. 

The dependence of porosity on doping has also been observed before. 
Gu et al. by fabricating nitrogen-doped porous carbon spheres, improved 
the porosity in this material, which is essential for electrocatalytic ox
ygen reduction and enhanced its performance [39]. Chen et al. also by 
investigating nitrogen doping in carbon nanosheets concluded that ni
trogen doping leads to a very large specific surface area (898 m2 g− 1), 
which increases the catalytic properties of the material [40]. The control 
of porosity by doping can be justified by the surface formation energy. 
By changing the Ni doping level, it can be imagined that during the 
growth, the surface tensions may change in such a way that the surface 
formation energy is altered. Ni is considered as a defect in the structure 
of MoSe2. As Fang et al. also point out, during the synthesis, the structure 
and porosity may change with the formation of defect clusters and 
defective linkers [41]. The elemental composition of the counter elec
trodes with different Ni ratios were investigated by the EDS point 
analysis and illustrated in Fig. 2f. We clearly see from the figure that the 
counter electrodes are purely made of Se, Mo elements and minor 
presence of Ni can also be observed. Furthermore, the increase in the 
concentration of NiCl2 in the preparation step results in the higher 
amount of Ni elements in the EDS analysis which was expected. 

We used the cyclic voltammetry (CV) method for analyzing the 
electrocatalytic behaviors of the prepared MoSe2:Ni counter electrodes. 
CV analysis indicates which reactions are taking place on the surface of 
the counter electrodes and is a powerful tool in determining its prop
erties. For this purpose, we used MoSe2 layers with different Ni ratios as 
the working electrodes, wire platinum as the counter electrode and the 
standard Ag/AgCl as the reference electrode and immersed this config
uration in a 50-mM LiI, 10-mM I2, and 0.5-M LiClO4 electrolyte solution. 
The CV analyses swept a voltage range of − 0.5 to 1.5 V with 50 mV/s 
steps. Fig. 3a, shows the CV results of Ni0, Ni1, Ni2, and Ni3 samples 
along with the platinum control sample which is the most common 
counter electrode in DSSCs. We observe in these figures that there are 
two reduction and two oxidation peaks in every sample which corre
spond to the redox reactions of I−3 + 2e− ↔ 3I− and 3I2 + 2e− ↔ 2I−3 [42]. 
In an illuminated DSSC operation, the dye molecules are oxidized and 
inject their electron into the photoanode’s semiconductor [43]. In other 
words, I− gives its additional electron to the dye molecules and oxidizes 
them. At the same time, the reduced I− species are changed into I−3 . The 
increase in the concentration of I−3 results in the immigration of these 
species toward the counter electrode for compensation of their shortage 
at the surface of the counter electrode due to the diffusion effect. Thus, 
at the surface of the counter electrode, the I−3 species, acquire 2 electrons 
and change into three I− species according to the I−3 + 2e− →3I− reduc
tion formula. On the other hand, the increase in the concentration of I−
species at counter electrode, increases their diffusion towards the pho
toanode and forms a cycle which delivers the injected electrons from the 
counter electrode to the photoanode and completes the circuit. This 
operation is schematically illustrated in Fig. 3b. Thus, the height of the 
I−3 + 2e− →3I− reduction peak can demonstrate the counter electrodes’ 
performance. As we can see from Fig. 3a, the height of this half-reaction 
peak has the highest amount for the Ni2 counter electrode and even 
surpasses that of the platinum counter electrode. Ni3, Ni1, and Ni0 

Table 1 
Texture coefficients of different samples for main (hkl) planes of MoSe2 achieved 
from XRD pattern of different counter electrodes.  

(hkl) Texture coefficient 

Ni0 Ni1 Ni2 Ni3 

(002) 0.991 0.978 0.905 0.906 
(004) 1.025 1.125 1.158 1.133 
(100) 1.003 1.002 1.089 1.120 
(103) 0.990 1.050 0.922 0.916 
(110) 0.988 0.944 0.924 0.918  
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samples have respectively the next higher performances. Furthermore, 
the potential difference between the two oxidation and reduction peaks 
(EPP) demonstrates the reversibility of the electrode which is another 
performance factor for counter electrodes and lower Epps are desirable 
[44]. According to the CV curves, the Ni2 sample has the lowest Epp 
among the prepared samples (except the platinum counter electrode). 
Fig. 3c shows the Tafel polarization diagram for the anodic and cathodic 
branches of the samples. All the diagrams are calibrated according to 
their equilibrium potential and thus the equilibrium of the all samples 
has been occurred at overpotential η = 0. The intersection between the 
slope of the linear section of the cathodic branch in the Tafel diagram 
with the equilibrium axis shows the exchange current density (J0) [45]. 
As we can see from the Tafel diagrams, J0 of the Ni2, platinum, Ni3, Ni1, 
and Ni0 has the higher values respectively. The higher J0 is an indicator 
of better electrocatalytic performance at the counter electrode surface 
[46]. Therefore, the Ni2 and platinum counter electrodes demonstrate 
the highest electrocatalytic performances in comparison with the other 
samples. Furthermore, according to Ref. [47]: 

J0 =
RT

nFRct  

in which R is the universal gas constant, T stands for the absolute tem
perature, n shows the number of reduction electrons, F is the Faraday 
constant and Rct shows the charge transfer resistance, we can show that 
the higher J0 results in the lower Rct . The lower Rct values indicate easier 
electron pathways at the surface of the counter electrodes. Therefore, as 
the Rct of the Ni2 sample confirms its higher electrocatalytic activity. 
The increased electrocatalytic activity in the Ni2 sample can be corre
sponded to the results of FESEM and BET analyses. In other word, the 
increased active surface area in the Ni2 counter electrode also increases 
the interactions between MoSe2 and electrolyte species which acceler
ates and increases the electrocatalytic activity. 

We employed the EIS analysis to investigate the transport and elec
trocatalytic performance of MoSe2:Ni electrodes. For this purpose, we 
used the counter electrode/electrolyte/counter electrode symmetric 
configuration to eliminate the effects of other DSSC components on the 
performance of counter electrodes. The EIS analysis was performed in 
dark condition and frequency range of 0.1–100 kHz with 10 mV 
perturbation voltage steps. Fig. 3d shows the Nyquist diagrams of the 
MoSe2 counter electrodes with different ratios of Ni dopant. We observe 
a single semicircle in the Nyquist diagrams of each sample which is due 
to the electronic interactions between the electrolyte and counter elec
trodes [43]. In dark condition, there is no excited electron present to be 
injected from the configuration into the circuit and the transported 
electrons are due to the applied potential difference between the two 
electrodes. These electrons perform transitions from the solid phase to 
the liquid phase and a charge transfer resistance is created. Therefore, 
the diameter of the semicircles in the Nyquist diagrams of the EIS 
analysis demonstrate the Rct of counter electrode/electrolyte interface 
which their lower values indicate better electrocatalytic activity and 
transport in the samples [48]. We can calculate the Rct and series 
resistance (Rs) of the counter electrodes from the Nyquist diagrams in 
Fig. 3d. The calculated values are summarized in Table 2. As we can see 
from this table, the Rct values for Ni0, Ni1, Ni2, Ni3, and platinum 
counter electrodes are respectively 62.66, 48.17, 26.77, 32.47, and 
29.96 Ω cm2 which shows the superiority of Ni2 and platinum counter 
electrodes in cases of electrocatalytic and transport properties. These 
results are in correspondence with the CV and Tafel polarization ana
lyses. Moreover, the Rs of Ni0, Ni1, Ni2, Ni3, and platinum counter 
electrodes are respectively 14.44, 14.10, 11.74, 12.98, and 9.57 Ω cm2 

which shows better conductivity in the platinum counter electrode 
which is due to the platinum metallic nature. 

Thus far, our examination has focused on the physical and electro
chemical characteristics of counter electrodes. In order to analyze their 

Fig. 2. FESEM images of (a) Ni0, (b) Ni1, (c) Ni2 and (d) Ni3 MoSe2 counter electrodes. (e) adsorption/desorption of different counter electrode based on relative 
pressure of N2 gas (BET analyses). (f) point EDS of MoSe2 counter electrodes with various Ni dopant. 
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photovoltaic performances, we acquired their J-V characteristics which 
are illustrated in Fig. 4a. Furthermore, the photovoltaic parameters of 
the DSSCs fabricated from Ni0, Ni1, Ni2, Ni3 and platinum counter 
electrodes are summarized in Table 3. It is clear that the DSSCs 

fabricated from the Ni2 counter electrode has the highest power con
version efficiency (PCE) of 6.94% while demonstrating an open circuit 
voltage (VOC) of 688 mV, short circuit current density (JSC) of 16.00 mA/ 
cm2 and filling factor (FF) of 0.63. the second highest performance DSSC 
is made with the platinum counter electrode which shows an efficiency 
of 6.68%. The efficiencies of other samples have lower values of 6.40, 
5.87, and 5.63% respectively for Ni3, Ni1, and Ni0 counter electrodes. 
The higher efficiency of the Ni2 counter electrode is due to its higher JSC. 
Although the VOC of the DSSC fabricated with platinum counter elec
trode is 719 mV and is higher than the 688 mV value of the Ni2 DSSC, 
the higher JSC in the latter sample compensates it and achieves higher 
efficiency. 

VOC of Pt counter electrode is higher than Ni2. However, the effi
ciency of a solar cell does not depend only on VOC and consists of three 

Fig. 3. (a) Cyclic voltammetry (CV) of different MoSe2 and Pt counter electrodes. (b) schematic diagram of DSSC performance under illumination. (c) Tafel po
larization of MoSe2 counter electrodes with different Ni concentrations. (d) Nyquist plots for symmetric MoSe2/electrolyte/MoSe2 configuration obtained from EIS 
measurement. 

Table 2 
Series resistant (Rs) and charge transport resistance (RCT) of different counter 
electrodes obtained from Nyquist plots of EIS analyses.  

Sample Rs (Ω.cm2) RCT (Ω.cm2) 

Ni 0 14.44 62.66 
Ni 1 14.10 48.17 
Ni 2 11.74 26.77 
Ni 3 12.98 32.47 
Pt 9.57 29.96  
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main components, VOC, JSC and FF, almost each of which originates from 
separate factors. For example, VOC depends on the difference in quasi- 
Fermi levels in the semiconductor material and electrolyte redox, 
while FF is related to the conductivity of the semiconductor [49]. In this 

way, the tuning of the open circuit voltage is highly dependent on the 
semiconductor materials. Although, JSC refers to the maximum amount 
of current that is generated in the solar cell, this current can change 
drastically by increasing the effective number of dye molecules or the 

Fig. 4. (a) J-V characteristic curves for different DSSCs fabricated by Ni0, Ni1, Ni2 and Ni3 counter electrodes. (b) incident to photon current efficiency (IPCE) 
spectra of different DSSCs assembled by Ni0, Ni1, Ni2 and Ni3 counter electrodes. (c) box and whisker diagrams for photovoltaic parameters obtained from 20 DSSCs 
of each sample. 
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porosity of the materials [38,50]. However, the excessive increase of dye 
molecules may be destructive and requires an optimal amount. The in
crease in the electrocatalytic activity of Ni2 counter electrode, as proved 
in the EIS and CV analyses, provide more current for dye reduction. This 
leads to an increase in the short circuit current of the Ni2 compared to 
Pt. Typically, current density has a higher influence on the efficiency 
because the VOC is mainly determined by the materials bandgap while 
the JSC is result of many factors that can be altered. The increased JSC in 
the Ni2 DSSC is due to the role of the counter electrode which acceler
ates the electrocatalytic processes and improves the charge transport as 
witnessed in the CV, Tafel, and EIS analyses. 

Fig. 4b illustrates the IPCE curves of the fabricated DSSCs. In this 
figure, we see the incident photon to current efficiency for different 
wavelengths. Since our DSSCs are prepared using the N719 dye, the 
absorption peaks of these diagrams are located at 510 nm [51]. We can 
clearly see that Ni2 DSSC possesses higher quantum efficiency than 
other samples. The IPCE of the Ni2 DSSC in 450–500 nm wavelengths 
range is between 45 and 60%. The integral of the IPCE under AM1.5 
illumination is equal to the current density of the DSSC which has a good 
matching with the JSC trend of the J-V analysis. The JSC values were 
calculated using the IPCE curves and are summarized in Table 3. The 
results confirm the J-V measurement results and show the highest cur
rent for the Ni2 sample. 

In order to verify our results and to test their repeatability, the 
number of 20 DSSCs were fabricated from each sample and their 
photovoltaic results are illustrated in the form of box and whisker plots 
in Fig. 4c. This figure shows that our prepared materials and DSSCs 
possess a high repeatability with minimum error which verifies our 
results. 

Although Pt is accepted as a standard CE for DSSCs, to increase their 
cost-effectiveness, a huge amount of attention is paid to new CE mate
rials and structures. Carbon black, carbon nanotubes, conductive poly
mers, sulfides and composite materials are among the various 
investigated potential replacements for Pt in DSSCs. Lou et al. employed 
multiwalled carbon nanotube thin films on FTO as CE in DSSCS and 
achieved efficiencies of up to 4.69% [52]. Nemala et al. could improve 
the efficiencies to 6.3% by using a solid-state prepared CZTS/CNT 
composite structure [53]. Gua et al. employed a hydrothermal method 
to prepared WS2/MoS2 composite nanostructure with high porosity and 
attained efficiencies of around 7.30% [54]. Narudin et al. used ZrO2 and 
TTIP binders along with carbon black CEs to achieve around 5.7% ef
ficiencies [7]. Furthermore, Farooq et al. used polyaniline (PANI) doped 
with sulfuric acid to accomplish 4.54% efficiencies [55]. our work 
demonstrated a facile low-cost method to achieve around 7% effi
ciencies which looks quite promising for applications as CE in DSSCs. 

As we can clearly see, the MoSe2-based CE demonstrates a good 
performance and even with higher efficiencies than that of conventional 
Pt CEs. Since, employing Pt in DSSCs increases the cost of solar energy 
generation, the new CE can decrease the cost while improving the per
formance of DSSCs. Furthermore, our proposed fabrication method of 

the CE, is based on a facile and inexpensive electrochemical technique 
which can prepare a high-quality layer in short time periods. Moreover, 
introducing Ni into the MoSe2 structure, provides us with a method to 
modify the porosity and thus tune the electrocatalytic and electro
chemical properties of DSSCs. 

4. Conclusion 

In summary, we showed that Ni can be efficiently doped into MoSe2 
lattice without altering its crystallographic properties while signifi
cantly enhancing its electrocatalytic and charge transport characteristics 
and thus making it a suitable counter electrode for DSSCs. The results of 
FESEM and BET analyses indicated the improved porosities and higher 
active surface areas in the Ni2 samples which results in the better 
electrocatalytic behavior which was confirmed by CV and Tafel exper
iments. Furthermore, EIS results proved the lower charge transfer 
resistance in the same sample. The DSSCs fabricated with the optimized 
Ni2 counter electrode, demonstrated higher efficiencies than any other 
samples even better than the DSSCs fabricated from conventional plat
inum counter electrodes. The efficiencies of the DSSCs composed of the 
optimized Ni-doped MoSe2 and platinum counter electrodes were 
respectively 6.94 and 6.68%. The higher performance of the Ni2 DSSC is 
attributed to its increased current density as a result of its improved 
active surface area, electrocatalytic activity and lower charge transfer 
resistance. 
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