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Abstract. In this work, nickel sulphide (NiS)–reduced graphene oxide (rGO) (NiS–rGO) has been used as a cathode in
dye-sensitized solar cell (DSSC). The cathode has been prepared via liquid phase deposition technique assisted with
modified Hummer’s method and spin-coating technique. The effect of annealing temperature on the properties of NiS–
rGO has been reported. The influence of temperature on performance of the device utilizing NiS–rGO cathode has also
been investigated. The annealing temperature ranges from 320 to 400°C. The sample shows minor phase of NiS and rGO.
The device using the cathode annealed at 380°C produced the best power conversion efficiency (g) of 0.50%. This
champion device also yielded the highest Voc of 0.72 V. This is because this device owns the lowest sheet resistance (Rs)
of 11.50 X per square. The photovoltaic result of this work signifies that NiS–rGO has the potential as a substitution for
platinum as cathode for DSSC.
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Introduction

The use of graphene for replacing very costly platinum as
cathode in DSSC has been carried out by several research
groups [1–4]. This is due to several special properties of
graphene, such as high electronic conductivity, corrosion
resistance and catalytic activity. It has been found that the
power conversion efficiency (PCE) of the DSSC utilizing
graphene cathode was comparable to that of the Pt-based
device [1–4]. However, the PCE of graphene-based device can
be further improved by utilizing modified graphene or reduced
graphene oxide (rGO) cathode. Graphene or rGO cathode can
be modified by composing and doping with other materials.
rGO has been modified by composing it with other
materials, such as conducting polymer [5], carbon nanotube
(CNT) [6], metal sulphide [7], chalcopyrite [8], metal [9,10],
metal oxide [11] and alloy [12,13]. The electronic conductivity of graphene or rGO has been improved via this modification. The charge transfer resistance has been reduced and
catalytic activity for triiodide/iodide reduction at the interface
of cathode/electrolyte has also been improved and consequently enhanced the PCE of the device.
Nitrogen-doped graphene has been used as cathode in
DSSC [14,15]. Phosphorous-doped rGO (P-rGO) has been
employed as cathode for DSSC [16]. Ju et al [15] employed
nitrogen-doped graphene nanoplatelet as superior metal free
cathode for DSSC. Wang and his co-researchers [16]

utilized P-rGO as an electrocatalyst cathode in DSSC. In
our previous work, Au-doped rGO and Ag-doped rGO have
been utilized as cathode for the device [17,18]. The PCE of
Ag-doped rGO-based CE device has been improved by
using the CE that underwent annealing treatment at high
temperature that was 350°C [19]. Annealing treatment on
the CE at high temperature caused the charge transfer
resistance at the interface of cathode/electrolyte to be
lowered down and consequently improved the PCE.
In this work, we have prepared NiS–rGO samples by
liquid phase deposition (LPD) technique assisted with
modified Hummer’s method and spin-coating technique.
The samples underwent annealing treatment at high temperatures to improve its electronic conductivity and then,
utilized as a cathode in DSSC. The originality of this work
is the utilization of annealed NiS–rGO as the cathode for the
device. The goal of this work is to investigate the effect of
annealing temperature of NiS–rGO on its properties and the
performance parameters of the device especially PCE (g).

2.
2.1

Materials and methods
NiS–rGO preparation and characterization

Graphene oxide (GO) sheet was prepared according to the
procedures described in modified Hummer’s method [20].
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Figure 1. Schematic structure of DSSC of TiO/N719/iodolyte-Z50/NiS–rGO.

NiS–rGO cathode film was prepared onto ITO substrate
using spin-coating technique. One hundred milligrams of
GO sheet prepared via modified Hummer’s method was
initially ultrasonicated in 10 ml deionized water (DI) for
1 h. NiCl2 of 0.06 M and 0.45 M thiourea (TU) which serve
as nickel and sulphur precursors, respectively, for NiS
solution preparation, were mixed into 5 ml DI water. Both
GO and NiS solutions were sonicated separately for 30 min
followed by stirring for 3 h. The GO solution was then
deposited by spin-coating technique on the conductive side
of ITO substrate three times to get GO layer with sufficient
thickness. NiS solution was then coated onto GO films to
obtain NiS–GO films by the same technique at 1500 rpm for
30 s followed by pre-heating at 100°C for 10 min. The
NiS–GO sample was finally annealed at 320°C in an oven
under argon atmosphere for 1 h to produce NiS–rGO film.
These procedures were repeated for producing the samples
that underwent at other annealing temperatures, namely,
360, 380 and 400°C. The structural property of NiS–rGO
samples with various annealing temperatures was determined by XRD. The optical transmission of the samples
was investigated by UV–Vis spectrometer. The presence of
rGO and structural defects in the samples were studied by
Raman spectrometer.

2.2

DSSC fabrication

Doctor blade technique was used to prepare TiO2 films
which serve as a photoanode of DSSC [21]. TiO2 films were
then immersed into 0.5 mM N719 dye solution for 24 h at
room temperature to prepare TiO2-coated N719 dye. NiS–
rGO sample with various annealing temperatures was
employed as cathode for the device. Iodolyte electrolyte
solution was then injected in a space between the photoanode and the cathode via a capillary. The current–voltage (J–V) curves in dark and under illumination of
100 mW cm-2 light from tungsten halogen lamp were
obtained by Keithley 2401 instrument. The device area that
was illuminated by the lamp was 0.23 cm2. The J–V measurement for each device was performed three times. The
sheet resistance (Rs) of NiS–rGO cathode was determined
by four–point probe technique. The cathodic current density

(J) was determined from the cyclic voltammetry (CV)
measurement. Figure 1 depicts the structure of the device.

3.

Results and discussion

XRD patterns of NiS–rGO samples with various annealing
temperatures are displayed in figure 2. The low peak at the
diffraction angles of 22.5° and 41.0° belongs to rGO phase
[22]. The peak intensity for rGO at 22.5° is almost similar
for all the samples except for the sample that was annealed
at the lowest temperature i.e., 360°C whose peak disappears. The rGO peak intensity at 41.0° for all the samples
almost disappeared as the samples are thin. While, the low
peaks at 46.0° and 56.0° belong to NiS phase [21]. It is
found that the peak intensity of NiS at 45.0° for the samples
annealed at 360, 380 and 400°C is slightly higher than that
of the sample annealed at 320°C. This is because the sample
annealed at 320°C possesses lower crystallinity than that of
the samples annealed at 360, 380 and 400°C. However, the
NiS peak intensity at 55.0° for all the samples is very small
and almost disappears as the samples are very thin. The
thickness of the samples is around 80–100nm. ITO peaks
are identified at the diffraction angles of 30.0°, 36.0°, 38.0°,
51.0° and 61.0° [23]. It is noticeable that ITO peak at 30.0°
has the highest intensity compared with other diffraction
angles for all the samples. The peak at 30.0° is found to
decrease as the annealing temperature is increased. However, the most intense and sharp ITO peak is found at 38° in
the sample annealed at the highest temperature i.e., 400°C.
The ITO peak intensity at 38° for other annealed samples
are almost the same. The ITO peak intensities at 36.0°,
51.0° and 61.0° are almost similar for all the annealed
samples.
The UV–Vis optical transmission spectra for the samples
with various annealing temperatures are depicted in
figure 3. The transmittance above 100% has been obtained
for all the samples which is due to the transmittance contributed by ITO substrate. The transmittance of the substrate
is 37%. The transmittance is significantly influenced by the
annealing temperature as shown in the figure. The transmittance for the sample annealed at 320°C in visible region
is slightly higher than that in UV region. However, as the

Bull. Mater. Sci.

(2021) 44:224

Page 3 of 8

Figure 2.

XRD patterns of NiS–rGO film with various annealing temperatures.

Figure 3.

UV–Vis transmission spectra of NiS–rGO film with various annealing temperatures.
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Table 1. Transmittance and wavelength peak for various
annealing temperatures.
Temperature (°C)
320
360
380
400

Transmittance (%)

Wavelength peak (nm)

71
92
69
98

600
300
280
295

annealing is increased above 320°C, the transmittance
becomes higher in UV region rather than in visible region.
Table 1 shows the optical transmittance corresponding to
the wavelength peak for the samples with various annealing
temperatures. The sample annealed at 400°C is the most
transparent compared with the other samples, since it owns
the highest transmittance. In the descending order for
transmittance, the sample annealed at the highest temperature i.e., 400°C possesses the highest transmittance followed by the sample annealed at 360, 320 and 380°C.
Strong absorbance has been observed for the samples
annealed at 380 and 320°C, since these samples possess
weak transmission as illustrated in table 1. The stronger the
absorbance, the weaker the transmittance.
Figure 4 illustrates the Raman spectra for the samples
with various annealing temperatures. The spectra show two

Figure 4.
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Table 2. Intensity and ID/IG ratio obtained from Raman spectra.
Temperature (°C)
320
360
380
400

D band intensity

G band intensity

ID/IG

436.45
67.76
38.02
35.49

362.80
55.50
31.66
29.23

1.203
1.221
1.201
1.214

distinctive peaks at 1344 and 1595 cm-1 corresponding to
D and G bands, respectively. In rGO-based material, D band
is resulted from in-plane and edge-structural defects or the
disordered carbon atoms in rGO layers. While G band is
related to the vibration in-plane sp2 hybridization of atomic
carbon [24]. According to the spectra, the peak intensity
belonging to D and G bands is found to decrease with
annealing temperature. Also, D?G band is observed in the
Raman spectra for all the samples within 2650–2950 cm-1,
but with much less intensity compared to that of the individual D and G bands. The ratio of ID/IG for all the samples
is illustrated in table 2. According to the table, the ID/IG
ratio for each sample is almost similar. This result reveals
that the defect concentration in NiS–rGO is not significantly
influenced by its annealing temperature.
Figure 5 illustrates the dark current curves of the device
using NiS–rGO cathode annealed at various temperatures.

Raman shift of the devices with various annealing temperatures.
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I–V curves in dark for the devices with various annealing temperatures.

Photovoltaic parameters, sheet resistance and cathodic current with various annealing temperatures.

Temperature (°C)
320
360
380
400

(2021) 44:224

Jsc (mA cm-2)
2.31
4.27
3.83
2.96

±
±
±
±

0.81
1.04
1.33
1.02

Voc (V)
0.69
0.69
0.72
0.69

±
±
±
±

0.07
0.05
0.05
0.07

The leak current which is the current in reverse bias is
several times higher than the forward current that generates output power in the device. This results in high output
power loss in the device with low fill factor (FF) and
consequently, low PCE (g) as illustrated in table 3
[17,18,25]. According to figure 5, the device with the
cathode annealed at 320°C possesses the lowest leak
current, followed by the device using the cathode annealed
at 400, 380 and 360°C. The leakage current at 320°C is
slightly smaller than that at 400°C. The leakage current
neither decreases nor increases with annealing temperature. It is noticeable that the leak current differs a lot in
the devices with annealing temperatures. It can be said
that the leak current is significantly affected by annealing
temperature. On the other hand, the forward current or the
current in the positive voltage is almost similar in all the

FF
0.16
0.16
0.18
0.20

g (%)
0.26
0.47
0.50
0.41

±
±
±
±

0.09
0.11
0.17
0.14

Rs (X per square)

J (mA cm-2)

20.66
14.70
11.50
12.86

1.52
1.54
1.45
1.53

devices, signifying that the forward current is not influenced by annealing temperature.
The current–voltage (J–V) curves of the device applying
the cathode with various annealing temperatures are
depicted in figure 6. It is noticeable that the curves of all
devices have high slope indicating these devices own higher
internal resistance leading to high power loss and low fill
factor (FF). The shape of the curve for all devices with
various annealing temperatures is similar to that of the
devices reported in references [21,26,27]. Such shape
indicates that the current decreases quickly with the voltage
as observed in figure 6. The photovoltaic parameters are
determined from figure 6 and presented in table 3.
According to table 3, the short-circuit current density (Jsc)
has been found to increase with annealing temperature until
360°C and then, decreases when the temperature is further
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J–V curves of the devices with various annealing temperatures under illumination of 100 mW cm-2 light.

increased to 380 and 400°C. The open-circuit voltage (Voc)
is stable until 360°C, increases at 380°C and finally
decreases at 400°C. Due to the small change in Voc, it is
concluded that the Voc is insignificantly influenced by the
annealing temperature. The fill factor (FF) is similar at 320
and 360°C and increases at 380°C and keeps on increasing
when the temperature is further increased to 400°C. The
behaviour of PCE (g) is same as the Jsc, but the optimum
temperature for the g is 380°C, while that of the Jsc is
360°C. There is no optimum temperature for FF, since it
keeps on increasing with annealing temperature. Also, the
optimum temperature for Voc is 380°C.
Figure 7 depicts the CV curves for the device using the
cathode annealed at various annealing temperatures. Each
curve displays one cathodic peak at its lower part, representing the reduction current density generated from
reduction of triiodide to iodide. The cathodic or reduction
current density (J) for all the devices are also illustrated in
table 3. According to the table, J is found to neither
increase nor decrease with the annealing temperature. This
is because the increasing or decreasing trend of J with the
temperature is not found in the table. Initially, the J decreases with the temperature until 360°C, then decreases at
380°C and finally, drops once the temperature is further
increased to 400°C. The device with the cathode annealed
at 360°C, owns the highest J, followed by the device with

CE annealed at 400, 320 and 380°C in the descending
order. In other words, the device with 360°C sample
possesses the highest catalytic activity, followed by the
device with 400, 320 and 380°C samples in the descending
order. Meanwhile, the area under CV curve for all devices
is almost the same, signifying the power storage for all
devices is almost the same as well.
Also, according to table 3, NiS–rGO-based CE device
with the annealing temperature of 380°C yielded the highest
g. This device owns the highest g as its cathode has the
lowest sheet resistance (Rs). This means that the electrons
from the external circuit move more fastly within this
cathode to be captured by triiodide for being reduced to
iodide. Consequently, the g of the device is improved. This
reason can also be used to explain why the device with the
cathode annealed at 320°C demonstrates the lowest g as it
owns the highest Rs. The electrons travel more slowly
within this CE before being captured by triiodide at the
interface of NiS–rGO/electrolyte.
The highest g produced from the DSSC fabricated in
this work is 0.50%. Table 4 illustrates the comparison of
g of the DSSC utilizing NiS–rGO cathode with the g
obtained from the devices with various rGO-based cathodes. It is much lower than that reported in references
[14–16], since its Rct is much higher than that reported in
references [5–7]. However, it is higher than that reported
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Cyclic voltammetry (CV) curves of the devices utilizing the samples with various annealing temperatures.

Comparison of g of DSSC with various rGO cathodes.

rGO-based CE

g (%)

References

N-doped rGO
N-doped rGO
P-doped rGO
Au-doped rGO
Ag-doped rGO
Ag-doped rGO
NiS/rGO
NiS/rGO

7.07
9.05
6.04
0.18
0.43
1.30
1.04
0.52

[14]
[15]
[16]
[17]
[18]
[19]
[21]
This work

The photovoltaic results signify that NiS–rGO is able to
become as a free platinum cathode for DSSC.
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References
in references [17,18] and slightly lower than that reported
in references [19,21].

4.

Conclusions

NiS–rGO samples were successfully prepared, underwent
annealing treatment at high temperatures and then utilized
as cathode for DSSC. The sample contains minor NiS and
rGO phases. Annealing treatment on the sample has been
found to lower the sheet resistance of the cathode and
consequently, increases the efficiency of the device. The
device with the cathode annealed at 380°C produces the
highest g i.e., 0.50% due to the smallest sheet resistance.
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