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A B S T R A C T   

Dye sensitized solar cell (DSSC) technology could become a low-cost solution for solar energy harvesting if the 
use of expensive dyes and Pt can be avoided. This work reports the development of a novel nanohybrid based on 
CeNi2S4 nanotubes embedded on sheets of reduced graphene oxide (RGO), which can serve as excellent counter 
electrode for DSSC showing great promise to replace Pt. The structural and morphological characterization of the 
nanocomposite synthesized using a simple one step hydrothermal method revealed well defined crystalline 
nanotubes of CeNi2S4 (with length 190 nm and diameter 8.54 nm) uniformly embedded on the surfaces of the 
RGO sheets (~2.65 μm in size). The morphology and size of the nanotubes were found to be dependent on the 
duration of the hydrothermal reaction. The optimized CeNi2S4/RGO nanohybrid CE when used as counter 
electrode in DSSC, photo conversion efficiency as high as 9.21 ± 0.03 % was recorded, a value almost equal to 
that obtained from the DSSC fabricated with Pt as counter electrode and much higher than that with bare 
CeNi2S4 justifying its potential use in Pt-free DSSC. The improved performance of the electrode have been 
attributed to the hierarchical nanohybrid structure consisting of catalytically active 1D CeNi2S4 nanotubes 
embedded on electrically conducting 2D RGO sheets that provides fast ion diffusion pathways, large accessible 
surface area and good chemical and thermal stability.   

1. Introduction 

Over the past decade, there is an increasing interest in renewable 
energy technologies due to the combination of increasing world energy 
demand and fast depletion of traditional energy sources [1,2]. Amongst 
the different renewable energy, solar energy is of interest due to its 
practicality and abundant source [3,4]. Generally, the solar cell tech-
nology can be separated into three types, crystalline silicon, thin film 
and nanotechnology-based solar cells [5,6]. At the moment, the market 
leading technology is crystalline silicon due to its long lifetime (>25 
years) and high power conversion efficiency (PCE) ~ 22% [7]. However, 

crystalline silicon based solar cells are expensive to its heavy material 
reliance and energy-intensive manufacturing process. It would be 
attractive to realize a lower cost solar cell with simple fabrication pro-
cess. Consequently, mesoscopic dye-sensitized solar cells (DSSC) have 
been proposed due to their acceptable PCE and low material cost [8]. In 
addition, DSSCs can be manufactured at a plastic-compatible tempera-
ture using roll-to-roll fabrication process [9,10], which further reduce 
the overall manufacturing process. Typically the DSSC configuration 
consists of a dyed TiO2 thin film, electrolyte, catalyst counter electrode 
clamped between two conductive glass substrates [11,12]. The counter 
electrode (CE) is an important component in DSSCs as it collects 
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electrons from the external circuit and catalyzes the reduction of elec-
trolyte [13]. The CE in DSSCs are typically made with Pt (it possess high 
conductivity, chemically stable against the electrolyte and highly elec-
trocatalytic on FTO glass [14,15]. However, Pt is rare and which cost 
and therefore would be impractical for industrial production of DSSCs 
[16,17]. Therefore, it is important to find a more economical alternative 
CE for DSSCs with similar electrocatalytic performance. Researchers 
have considered various allotropes of carbon material [18], conductive 
polymers [19], metal nitride [20], metal sulfides [21] and metal sele-
nide [22]. 

Owing to excellent catalytic activity and good chemical stability, 
transition metal oxides and sulfides have been frequently tested as CE 
material in DSSC. In particular, cobalt and nickel based mono and 
bimetallic sulfides have received large research attention in recent years 
since both Ni and Co have excellent redox properties suitable for large 
pseudocapacitance. Binary nickel cobalt sulfides can offer richer redox 
reactions than their corresponding single-metal sulfides owing to the 
contributions of both nickel and cobalt with different valence states. 
Sulfides also have relatively higher electrical conductivity compared to 
their oxide counterparts which make charge transport easier and faster 
than the oxides. In order to further improve the performance of metal 
sulfide/oxide based electrodes, researchers have often combined them 
with nanostructured carbon materials such as graphene, RGO or carbon 
nanotube, which have good electrical conductivity as well as large 
specific surface area [23,24]. S. Lu et al., reported highly efficient MoS2/ 
rGO electrocatalysts for triiodide reduction as Pt-free counter electrode 
for dye-sensitized solar cells [25]. A. Sarkar and his group reported 
CoNi2S4-reduced graphene oxide nanohybrid. The optimized CoNi2S4/ 
RGO nanohybrid film when used as counter electrode in DSSC, photo 
conversion efficiency as high as 9.22% was recorded, a value almost 
equal to that obtained from the DSSC fabricated with Pt as counter 
electrode and much higher than that with bare CoNi2S4 justifying its 
potential use in Pt-free DSSC [26]. The combination of RGO and these 
materials could take advantage of the high electron transport ability of 
RGO and the abundant active sites of micro-nano structured materials, 
thus enhance the efficient electrocatalytic performance of the com-
pounds. However, it has rarely been reported that the mixture of RGO 
and CeNi2S4 based materials applied as efficient and large-scale CE in 
DSSCs. In view of the above, here we report the synthesis of a nano-
hybrid CE consisting of CeNi2S4 nanotubes embedded on RGO nano-
sheets for use in DSSC. The prepared CE demonstrated that effectively 

improved electrocatalytic performance and stability as CE in DSSCs. Due 
to the combination of abundant active sites and superior conductivity, 
the CeNi2S4/RGO films reduced the interface resistance and electrolyte, 
promoted electron transfer, thus enhanced activity with a PCE of 9.21 ±
0.3% in DSSCs. 

2. Experimental section 

2.1. Chemical reagent 

Expandable graphite flakes were purchased from KaiYu Industries, 
Nanjing, China. Sodium nitrate (NaNO3), potassium permanganate 
(KMnO4), sulfuric acid (H2SO4, 98%), hydrogen peroxide (H2O2, 30%), 
nickel nitrate hexahydrate (Ni (NO3)2, 6H2O), sodium hydroxide 
(NaOH), ethylene glycol, isopropyl alcohol, acetonitrile anhydrous, 
polyethylene glycol were bought from Merck, India. Ceriumt nitrate 
hexahydrate (Ce(NO3)2, 6H2O), l- cysteine, N-methyl-2-pyrrolidone, 
nafion (NR50), titanium dioxide nanopowder (purity > 99.5%, average 
particle size 21 nm), polyvinylidene fluoride (PVDF), lithium iodide 
(LiI), lithium per chlorate (LiClO4), iodine, N719 dye, and fluorine 
doped tin oxide (FTO) coated glass slides (sheet resistance ~7 Ω/sq) 

2.2. Fabrication of RGO and CeNi2S4/RGO thin films 

Firstly, graphene oxide (GO) was synthesized by a modified Hum-
mer’s method starting from expandable graphite flakes using NaNO3, 
KMnO4, H2SO4 and H2O2. Then the as synthesized GO was dispersed in 
40 ml ethylene glycol (0.5 mg/ml) under ultrasonication. After 15 min 
of ultrasonication the GO solution was transferred to a magnetic stirrer 
where it was stirred for a further 20 min before adding 0.5 g of Ce 
(NO3)2,6H2O and 0.8 g of Ni(NO3)2,6H2O (1:2 M ratio) under stirring. 
After 2 h of stirring the solution mixture was transferred to a 100 ml 
teflon lined stainless steel autoclave and kept in a hot air oven at 160 ◦C 
for 24 h. To eliminate influence of temperature, it was kept constant for 
all the batches as it can also affect the size and shape of the particles. 
After that the autoclave was cooled to room temperature naturally and 
then the final product was washed several times with distilled water and 
ethanol followed by drying in vacuum at 60 ◦C for 8 h. The quantity of 
graphene in the CeNi2S4/RGO composites was regulated to be 0, 0.5, 1, 
and 5 wt% during the composite sample manufacturing procedure, and 
the corresponding samples were denoted as CENS, CENSG0.5, CENSG1, 
and CENSG5, respectively. When the reaction mixture was transferred to 
the autoclave, an acidic solution was formed because of Ce2+ and Ni2+

hydrolysis with the OH– ions of water. Then an anion exchange reaction 
occurred in which the anions (OH– and NO3

2–) of the Ni–Co precursors 
were exchanged with the abundant S2− ions, produced by the decom-
position, to form the Co–Ni–S species. In the next step, these 
Co–Ni–S species nucleated on the solute (RGO) particles (sheets) and 
grew as CeNi2S4 nanotubes. 

2.3. Fabrication of CE, photoanode and DSSC 

The CE was made by mixing of CeNi2S4/RGO nanohybrid (80 wt%), 
acetylene black (10 wt%) and PVDF (10 wt%) by grinding them together 
and then dissolving in N-methyl-2-pyrrolidone (NMP) following com-
mon protocol. NMP was used mainly as a solvent to dissolve/disperse 
the nanohybrid as it is known to be an extremely good polar aprotic 
solvent that is miscible with water and hence can be easily removed 
from the film. PVDF was used as a binder to improve adhesion between 
the nanohybrid particles as well as to the FTO substrate. This prevents 
the film to come off from the FTO coated glass during repeated cyclic 
measurement. Acetylene black was used as a conductive additive and is 
widely used in non-metallic electrodes. The as-prepared slurry was then 
deposited on FTO glass to make a uniform film over an area of 2.5 cm ×
2.5 cm by spin coating at 4000 rpm (Apex Instruments, India) followed 
by drying in air at 100 ◦C. For comparison, CEs were also made by using 

Fig. 1. (a) X-ray diffraction pattern; (b) crystal structure of CuNi2S4.  
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bare CeNi2S4 and bare RGO following the same procedure as above. The 
TiO2 photoanode films were prepared using a commercial TiO2 sol 
(Solaronix, Ti-Nanoxide T/SP) on FTO with the aforementioned method. 
To obtain dye-sensitized TiO2 photoanodes, the films were soaked in the 
Ruthenium complexes dye solution (N719) dissolved in anhydrous 
ethanol for 24 h. All DSSCs were fabricated by using identical TiO2 film 
based photoanode, N719 dye and identical electrolyte (0.05 M I2, 0.1 M 
LiI, and 0.1 M LiClO4 and dissolved in anhydrous acetonitrile) but using 
different CE material. For comparison, one DSSC device was also 
fabricated with a Pt film as CE. 

2.4. DSSC device testing 

The photocurrent density vs. voltage (J–V) characteristic of the 
DSSCs was recorded using a Keithley 2400 source meter connected 
across the photoanode and the counter electrode under the illumination 
of AM1.5 G solar light (100 mW/cm2) using a CT50AAA solar simulator 
supplied by Photo Emission Tech, Inc., USA. The active device area 
during photovoltaic measurements was 20 mm × 20 mm while the 
aperture size of the mask was 22 mm × 22 mm. The thickness of the 
photoanonde and counter electrode was 1 and 0.8 μm, respectively. The 
light intensity was calibrated using a NREL based reference Si cell before 

the measurements. Upto 10 devices were tested to check the reproduc-
ibility and reliability of the device made with the optimized CE material. 

3. Results and discussion 

3.1. X-ray diffraction (XRD) analysis 

The XRD pattern was utilized to describe the phase transition and 
crystal structure of several CEs in order to precisely examine them. Fig. 1 
shows the XRD pattern of all the CEs. The peak position of bare rGO was 
found at 2θ of 26.47◦, which could be indexed to (002) crystalline plane 
of GO. The pattern of CeNi2S4 appeared four various with sharp intense 
peaks (31.8◦, 38.5◦, 50.6◦, 55.7◦), which matched to the (311), (400), 
(511), (440) crystal planes. According to the standard vale (JCPDS No. 
15-0867 card) the results are exactly matched to cubic phase of CeNi2S4. 
In can be seen that the high peaks in the spectrum all belong to CeNi2S4, 
indicating that the material had good crystallinity and purity. The ma-
terial’s crystal strength was linked to the intensity of the peaks. All of the 
distinctive peaks of CeNi2S4/RGO correlate well with those of RGO and 
CeNi2S4/RGO. This shows that CeNi2S4 has grown well on the rGO 
surface. The existence of RGO peaks in the composite sample suggests 
that throughout the hydrothermal process, RGO was successfully 

Fig. 2. SEM images of a) rGO; b) CuNi2S4; c) CUNSG5; TEM images of d) rGO; e) CuNi2S4; f) CUNSG5; g) HRTEM image of CUNSG5 and h) EDS of CUNSG5.  
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reduced from GO. 

3.2. Morphological analysis 

Morphological information of the prepared CEs is analyzed by SEM 
and TEM. Fig. 2 (a-c) SEM images of RGO, CeNi2S4 and CENSG5, sam-
ples, respectively. SEM images of bare RGO (Fig. 2a) and CeNi2S4 
(Fig. 2b) shows sheets and well-defined long tube like structures with 
average length of 0.7 μm and average diameter of 70 nm Although, only 
few in number, these nanotubes like structures were found to shrink in 
their size compared to that in the bare CeNi2S4 suggesting that the 
presence of RGO restricts its overgrowth and results in lowering of the 
size of CeNi2S4 nanotubes in the CENSG5 sample (Fig. 2c). The TEM 
image of rGO shows clear 2D like with wrinkle type sheets (Fig. 2d). 
CeNi2S4 nanotubes were further identified the low magnification TEM 
images (Fig. 2e). The diameter of nanotubes was found to be 20–30 nm 
and length up to several micrometers. The uniform size nanotubes were 
successfully decorated on the surface of rGO sheets in the composite 
sample (Fig. 2f). The clear lattice fringes vale of about 0.321 nm in the 

HRTEM image further suggest that (311) orientation plane of cubic 
structure CeNi2S4 (Fig. 2g). Ce, Ni, S, and C are all present in the 
CeNi2S4/RGO composite sample EDS picture (Fig. 2h), indicating that 
RGO was successfully incorporated into CeNi2S4. 

3.3. Raman spectra analysis 

The Raman spectrum of the as-prepared CeNi2S4/RGO nano-
composite is presented in Fig. 3 along with the spectrum of bare RGO 
and CeNi2S4. CeNi2S4 shows the presence of prominent Raman peaks 
around 280, 332, and 376 cm− 1, which could be assigned to E1g, A1g, 
and E2g vibrational modes of S atoms with respect to Ce-Ni atom, 
respectively [27]. The CeNi2S4/RGO nanocomposite also exhibits the 
same characteristic Raman peaks as that of CeNi2S4 and, in addition to 
these peaks, this composite also displays Raman peaks around 1344 and 
1584 cm− 1, which originate due to the D-band and G-band of RGO, 
respectively [28]. The presence of the D-band and G-band confirms the 
presence of reduced graphene oxide (RGO) in CeNi2S4/RGO nano-
composite. Thus, Raman results also confirm the successful fabrication 
of CeNi2S4/RGO nanocomposite. In addition, the ID/IG values of RGO 
and RGO/CeNi2S4 films were 1.08 and 1.18, respectively. The effective 
decorating of RGO in the CeNi2S4 crystal matrix explains the difference 
in ID/IG value 

3.4. Optical properties 

To confirm the tunability of the optical properties of the CeNi2S4/ 
RGO nanocomposite, UV absorption spectroscopy was used (Fig. 4a). 
The absorption spectrum of RGO shows a peak at about 280 nm, which 
originates from the π–π* transitions in the aromatic C–C bonds of the 
reduced graphene oxide. The CeNi2S4 absorption spectrum located at 
410 nm. The light response was weak in the visible light spectrum, 
which is consistent with its catalytic activity. The absorption edge at 
420 nm was greatly lowered when the amount of RGO was raised, and 
the absorption intensity in the visible range was also greatly raised (485 
nm), indicating that the usage of light had been improved further. Ac-
cording to the Tauc plot [29,30], the optical bang gap was obtained and 
values are 3.02, 2.88, 2.81 and 2.71 eV for CeNi2S4, CENSG0.5, CENSG1, 
and CENSG5, respectively (Fig. 4b). The decreasing the band gap of 
composite sample is caused a significant increase in absorbance in the 
visible region emphasizing the synergistic effect of RGO and CeNi2S4. 
This is due to the band gap excitation of electrons from the valence band 
to the conduction band due to the presence of RGO and Ce. Ce atoms act 

Fig. 3. Raman spectra of the thin film samples.  

Fig. 4. a) UV–Vis absorption spectra and b) corresponding Tauc plot.  
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as electron trapping centers that result in a non-radiative recombination 
of electrons and holes. This means that the photoelectrons are prefer-
entially transferred to the dopant level formed by Ce. As more Ce-Ni 
enters the crystal lattice, sulfur ions are displaced creating native Ce- 
Ni vacancies. So in order to prepare a solar driven DSSC CeNi2S4/RGO 
with small bandgap, the relative amount of Ce in the composite is very 
important to prevent electron–hole recombination. Fig. 5 shows the 
photoluminescence spectra of all CE samples stimulated at 300 nm. 
Photoluminescence spectra, which are generated by the recombination 
of free carriers, can provide further knowledge on the energy levels of 
imperfections in semiconductors and are commonly used to determine 
the bandgap energy. At 420 and 490 nm, two emission peaks were 
recorded. The emission maxima were measured at 2.95 and 2.53 eV, 
respectively, in the energy bandgap. The near band-edge emission (NBE) 
was attributed to these emission peaks, showing that the free electrons 
are reprocessed. Moreover, the gradual decreased emission was noticed 
when the loading of RGO increases, which could be due to recombina-
tion of electron-hole pair process was suppressed. 

3.5. Textural analysis 

The surface areas of the samples were measured by recording the 
adsorption–desorption isotherms against N2 gas which are shown in 
Fig. 6. BET measurements show that incorporation of RGO largely in-
fluences the surface area of the nanohybrid samples show much larger 
values of specific surface area compared to that of the bare CeNi2S4 
nanotubes. This is very much in accordance with expectation since RGO 
is known to have large surface area due to its planar structure. The 
constant isothermal temperature lines (type III, Brunauer-Deming- 
Deming-Teller classification) and hysteresis loops (H3, International 
Union of Pure and Applied Chemistry classification) identified in the 
BET spectrum on the left demonstrate the mesoporous nature of the 
materials [31–33]. While bare CeNi2S4 nanotubes exhibited specific 
surface area of only 58 m2/gm and pore size of 16.2 nm, for CeNi2S4/ 
RGO (CENSG5) nanohybrid it increased to 94 m2/gm. The highest 
specific surface area of CeNi2S4/RGO (CENSG5) sample is the combined 
contribution of planar RGO sheets having large surface area and the 
formation of significantly smaller sized CeNi2S4 nanotubes than that in 
other samples. 

3.6. Photovoltaic and photocurrent response 

The fabricated DSSC set up was expressed schematically in Fig. 7a). 
The photovoltaic characteristics of DSSCs assembled with bare RGO, 
bare CeNi2S4, CeNi2S4/RGO and Pt film as CE were evaluated under full 
sunlight illumination (100 mW/cm2, AM1.5 G), and the data for the best 
performing devices are presented in Fig. 7 (b) whereas the corre-
sponding photovoltaic parameters of merit obtained for those DSSCs are 
summarized in Table 1. It can be seen that DSSCs made with bare RGO as 
CE shows a rather low FF and PCE as a result of its poor electrocatalytic 
property. For DSSC with bare CeNi2S4 as CE, the Jsc and FF value in-
creases slightly because of its comparatively better catalytic activity, 
leading to enhanced PCE value of 5.77 ± 0.02 % from 3.45 ± 0.01%. For 
DSSCs made with CeNi2S4/RGO (CENSG5) CE the values of photovoltaic 
parameters further enhanced because of the synergistic effect of elec-
trically conducting RGO and catalytically active CeNi2S4 nanotube like 
structures but due to disordered morphology and presence of mixed 
phases of CeNi2S4, the DSSCs made with them displayed relatively low 
FF and PCE value. The PCE value of 9.21 ± 0.03 % was obtained for the 
best performing DSSC made with CeNi2S4/RGO (CENSG5) as CE which 
is very close to the PCE value (9.18%) of the DSSC made with Pt as CE. 
The initial increase in JSC and VOC can be explained by the formation of 

Fig. 5. Photoluminescence spectra of the thin film samples.  

Fig. 6. a) N2 adsorption and desorption analysis rGO, CuNi2S4 and CUNSG5 films. b) corresponding pore size distribution.  
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more conductive sites by RGO, which considerably decreases the 
transport resistance for photogenerated electrons. The JSC corresponds 
to the ejected electron numbers throughout the external circuit, while 
VOC is associated with the difference between the Fermi level of CeNi2S4 
under illumination and the Nernst potential of the I–/I3− redox couple in 
the electrolyte [34]. The change in VOC of the DSSC, based on CeNi2S4 
and CeNi2S4/RGO CEs, shows that the Fermi level of the CeNi2S4/RGO 
CEs is affected by the RGO incorporation. Compared with other fabri-
cated electrodes, CeNi2S4/RGO (CENSG5) sample exhibited the highest 
fill factor and short circuit current (Jsc) which can be attributed to the 
numerous small size nanotubes well distributed and well anchored on 
RGO sheets (having large surface area) forming not only good con-
ducting pathways, but also improving catalytic performance leading to 
faster reduction of I3− to I− (due to increased surface catalytic sites). The 

I− ions in turn promotes the regeneration of dyes, thus injecting more 
photoelectrons, and suppressing the inner circuit recombination, all of 
which lead to the highest value of Jsc and FF in the photovoltaic tests. 
Fig. 7c) shows the IPCE spectra of all the CE thin films. In order to draw a 
contrast, the IPCE spectra might also be combined to yield the compa-
rable value of the short-circuit current density (JIPCE). JIPCE values for Pt, 
CeNi2S4, CENSG0.5, CENSG1, and CENSG5, DSSCs are 10.68, 13.14, 
13.89, 14.86, 16.34 and 16.31 mA/cm2, correspondingly, which are 
close to JSC findings derived using J-V curves. The varying current 
densities of several CEs were represented in Fig. 7d (transient photo-
current response, I-T) under the same light source excitation and 
numerous switching cycles. The researchers came to the conclusion that 
conductive glass (ITO) was just a technique for finding the current 
response intensity of CE materials. It lacked the capacity to create 
electricity. The current ability was quickly noticed once any type of 
catalytic substance was applied to ITO. The relevant current density 
improved significantly when the composite CEs were produced by 
adding various quantities of RGO. The best-performing (CeNi2S4/RGO- 
5% current density increased by more than five times that of bare 
CeNi2S4. In addition, Fig. S1 shows long-term stability data of a bare 
CeNi2S4 and CeNi2S4/RGO (CENSG5) based DSSC under continuous AM 
1.5 G irradiation. It is found that the value of PCE gradually decreases 
from its initial value to 88% after irradiation for 60 days, which can be 
ascribed to the adsorption of water molecules on carbon based CEs. In 
subsequent tests, the cell efficiency becomes stable. This result indicates 
that the CeNi2S4/RGO based DSSC shows reasonable stability in long- 
term operation. On the other hand, the aperture of the mask on the 
DSSC should be large enough to avoid shadowing of the active area and 

Fig.7. a) Schematic representation of the fabricated DSSC; b) J-V plot c) IPCE spectra; d) Transient photo response curve.  

Table 1 
Photovoltaic parameters of all the CEs.  

Parameters RGO CeNi2S4 CENSG0.5 CENSG1 CENSG5 

Jsc (mA/ 
cm2) 

10.68 
± 0.02 

13.64 ±
0.02 

14.12 ±
0.02 

15.76 ± 0.02 
16.56 ± 0.02  

Voc (V) 0.55 ±
0.01 

0.61 ±
0.01 

0.63 ±
0.01 

0.67 ± 0.01 0.69 ±
0.01 

Fill Factor 58 ±
0.02 

72 ±
0.02 

75 ± 0.02 0.71 ± 0.02 084 ±
0.02 

PCE η (%) 3.45 ±
0.01 

5.77 ±
0.01 

6.36 ±
0.01 

7.71 ± 0.01 9.21 ±
0.03 

*Data for each cell are based on five individual samples with standard deviation 
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restriction of the angle for reception of diffuse radiation. The large drop 
in JSC observed in Fig. S2 by changing the configuration from (c) to (b) 
can be attributed to the latter unwanted effect. In quantitative terms the 
loss of JSC is influenced by the relative content of diffuse radiation in the 

Fig. 8. a) CV curves of all the CEs; b) Plots of i− 1 vs. ω− 0.5 of the various CEs; c) Nyquist plot and d) Tafel polarization of all the CEs.  

Table 2 
EIS parameters of all the CEs.  

Parameters Pt CeNi2S4 CENSG0.5 CENSG1 CENSG5 

K0 (x10− 2 

cm/s) 
1.61 2.45 2.51 2.66 2.77 

|Ipc| 
(mAcm− 2) 

3.12 ±
0.02 

2.77 ±
0.02 

3.34 ±
0.02 

3.55 ±
0.01 

3.77 ±
0.02 

RS (Ω cm− 2) 12.21 ±
0.02 

14.15 ±
0.02 

10.13 ±
0.02 

8.91 ±
0.04 

6.81 ±
0.01 

RCT (Ω cm− 2) 21.61 ±
0.01 

19.84 ±
0.01 

16.31 ±
0.01 

14.97 ±
0.01 

12.68 ±
0.02 

J0 (mAcm− 2) 1.12 1.05 2.45 3.89 5.89 
IPCE (%) 44 42 61 64 78  

Table 3 
Comparison results of PCE between present work and already reported works.  

Sample Method Dye PCE (%) Ref. 

MoS/GO Electrodeposition N719  8.01 [42] 
SnS/GO Solvothermal N719  3.91 [43] 
rGO-NiCo2S4-1 Solvothermal N719  7.06 [44] 
rGO-NiCo2S4 Co-pricipitation N719  6.01 [45] 
MoS/CNT Solvothermal N719  8.40 [46] 
CeNi2S4/RGO Hydrothermal N719  9.21 this work  

Fig. 9. Schematic representation of the photo-conversion mechanism of the 
CuNi2S4/rGO hybrid films under solar light irradiation. 
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simulator and other geometrical factors. The fact that the present cell 
combines a large distance (4 mm) between the mask and the photoactive 
film with a small active area (the side length of the electrode is 3 × 5 
mm) renders this configuration particular susceptible to the effects of 
restricting the reception angle for diffuse light. in Fig. S2 where the 
increase in aperture are of the mask from 16 to 36 mm2 for a device size 
of 12 × 2 mm2 did not affect the photocurrent density, suggesting that 
any contribution of light collection from the small inactive area of 
exposed TCO glass to the photocurrent is below experimental error. It 
may be suggested that the collection of light from the inactive part of a 
photovoltaic DSC module, for example, the area occupied by in-
terconnects or current collector grids could be exploited as a means to 
raise the total area conversion efficiency of the device. While this idea is 
valid in principle the data in Fig. S2 show that if the inactive surface is 
constituted only by a narrow strip of TCO glass, there are no significant 
benefits to be expected from this effect. Other light management stra-
tegies, for example, the use of scattering particles would have to be 
employed to enhance the harvesting of sunlight striking photo-inactive 
parts of the solar cell. 

3.7. Electrochemical properties 

Both cyclic voltammetry (CV) and rotating disc electrode (RDE) 
methods were utilized in this work to investigate the electrochemical 
characteristics of the CEs in more depth. At a scan rate of 100 mV/s, 
cyclic voltammograms of the electrodes with films of Pt, CeNi2S4, 
CENSG0.5, CENSG1, and CENSG5 are shown in Fig. 8a). For evaluating 
the electrocatalytic capacities of CEs, the peak to peak separation (Epp), 
cathodic current density (Ipc), and potential (Vpc) were important 
metrics [35,36]. The catalytic ability of CEs was favourably associated 
with the |Ipc| among them. The |Vpc| and |Epp| were independently 
associated linked with the electrocatalytic activity of CEs. According to 
Fig. 8a, the CeNi2S4/rGO-5% CE had an even higher |Ipc| (3.77 ± 0.02 
mAcm− 2) than the CeNi2S4, CENSG0.5, and CENSG1 CEs, and was 
slightly higher than the Pt CE (3.12 ± 0.02 mAcm− 2), suggesting that 
the CuNi2S4/RGO CE effectively created an opportunity in the I− /I3−

electrolytes. Moreover, the simplified Kouteck- Levich equation [37] 
was utilized to statistically quantify the functional electrochemical 
surface area (Ae) and the conventional heterogeneous rate constant (k0) 
using a rotating disc electrode (RDE). According to the Fig. 8b) and 
Table 2 shows that CeNi2S4/rGO-5 % CE has a higher k0 of 2.77 × 10− 2 

cm2/s than CeNi2S4 (2.45 × 10− 2 cm2/s) and bare Pt (1.61 × 10− 2 cm2/ 
s); this is attributable to the porous structure and electrical conductivity 
of rGO, as well as the efficient electrochemical property of CeNi2S4 for 
the conversion of I3− ions to I− ions. Complementary EIS was also used to 
assess CE behaviour. Fig. 8 c) and inset show Nyquist plots of the CEs 
and equivalent circuit. Two semicircles can be seen: the semicircle at 
high frequencies reveals the existence of resistant in the charge transfer 
(Rct) activity at the electrode/electrolyte contact and determines the 
catalytic activity of CEs; the semicircle at low frequencies demonstrated 
the formation of resistance in the charge transport (Rct) activity at the 
electrode/electrolyte contact and describes the catalytic activity of CEs. 
In low frequency, the second semicircle also specifies the dispersion 
resistance at the electrode contact. The addition of rGO in the CuNi2S4 
nanohybrid with the lowest Rct accelerates charge transfer and im-
proves electrocatalytic performance significantly (see Table 2). Tafel 
polarization studies reveal much more about electrocatalytic activity of 
the CEs that have been produced. The symmetric cells in the dark were 
used to record Tafel curves (Log J plotted vs. voltage) employing linear 
sweep voltammetry at low scan rates (Fig. 8d). Table 2 contains data 
generated from Tafel plots for various CEs. The cell built with CuNi2S4/ 
rGO/FTO electrodes had the maximum current density, demonstrating 
the nanohybrid’s capacity to catalyse the I3− /I− redox process. We found 
that the trends of the fmax and J0 values are similar, following the 
sequence of CeNi2S4 > CENSG0.5 > CENSG1 > Pt > CENSG5. The ob-
tained results indicate the trends of τ and J0 were similar to those found 

for the Rct values. Note that a shorter τ indicates a faster electron 
transfer across the CE/electrolyte interface [38] and that a high J0 value 
indicates a high short-circuit current density (Jsc) in DSCs [39–41]. 
Moreover, the PCE obtained in the present work is comparatively high 
than other metal sulfides/graphene oxide based materials [42–46]. The 
results are summarized in Table 3.Solar-driven interfacial evaporation 
has been developed in the past decade and received great achievements. 
Until now, the highest PCE is reported to be even over 100% for the 
combination of both materials and structural designs. The developed 
CeNi2S4/RGO hybrid composite materials are applied for SSG devices. 
As a result, as-prepared materials have micrometer-sized pores with an 
excellent broadband absorption, low heat capacity, and low heat con-
ductivity. The highest η was up to 85% and the steam generation rate 
was 1.55 kg m− 2h− 1 for CeNi2S4/RGO with a 1–2 µm pore size under one 
sun solar simulation (Fig. S3). The improved performance of CeNi2S4/ 
RGO sample is due to high surface area with a pore size of micrometers 
was better than that of samples with a pore size of nanometers. This may 
be associated with the viscosity of water suppressed in nanosized pore 
channels, resulting in sluggish delivery of water to hot regions [47–49]. 
Fig. 9 depicts the photo conversion mechanism. The J-V and electro-
chemical data imply that the RGO might increase PCE and electro-
catalytic activity greatly. This might be because combining CuNi2S4 with 
a sufficient quantity of RGO rapidly increases reaction species on the 
composites and improves electron transport at the electrode/electrolyte 
interface, resulting in increased in electrocatalytic activity. When 
compared to the Pt counter electrode, the CeNi2S4–5 wt% RGO CE shows 
better electrocatalytic activity for I3 reduction. Furthermore, raising the 
RGO level above 5% had no effect on electrode function. One possibility 
might be that higher levels of RGO disrupt the development of CeNi2S4 
nanostructures and their equivalent to increasing with RGO. This might 
have an impact on the CeNi2S4 and RGO synergistic interactions 
necessary for quicker electron transport at the electrode–electrolyte 
interface, resulting in better electrocatalytic activity in the DSSC. 

4. Conclusions 

A facile and one-pot hydrothermal method was used to prepare a 
hybrid composite of CeNi2S4/RGO as the electrocatalytic film for the 
counter electrode of a dye-sensitized solar cell. The structure and 
morphology of the corresponding samples were characterized by XRD, 
TEM Raman spectra and XPS. All the characteristic results of CeNi2S4/ 
RGO indicating the success of growth for CeNi2S4 on the surface of rGO. 
Electrochemical studies such as EIS, Tafel polarization and CV delivered 
reliable evidence of excellent electrocatalytic activities of the CeNi2S4/ 
RGO hybrids. Remarkably, the DSSC fabricated with a composite of 
CeNi2S4 and 5 wt% RGO (CENSG5) showed a power conversion effi-
ciency of 9.21 ± 0.03 %, which was higher than that of Pt (9.18 ± 0.01 
%). The CeNi2S4/RGO composite thin films may stand out as a 
competitive alternative to the expensive platinum counter electrode due 
to the good electrocatalytic property acquired from the cheap cost and 
simple production procedure. 
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