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Abstract. This study aims to develop the graphene oxide-based metal sulphide nanocomposite, which has outstanding
photocatalytic properties. The graphene oxide (GO) was prepared by the Hummers method, and GO/nickel sulphide (GO/
NiS) nanocomposite was synthesized by the hydrothermal method to evaluate the photocatalytic dye degradation. The
synthesized nanocomposites were characterized by X-ray diffraction, Fourier transform infrared, ultraviolet–visible,
scanning electron microscopy with energy-dispersive X-ray and transmission electron microscopy techniques. Photocatalytic dye degradation efficiency of GO, NiS and GO/NiS nanocomposites were evaluated by using crystal violet (CV)
dye. The GO/NiS nanocomposite exhibited good photocatalytic activity as compared to NiS as well as GO. The optimum
condition obtained for the effective photocatalytic degradation of CV is pH = 8.0, crystal violet = 2.0 9 10-5 M,
nanocomposite = 0.30 g. The rate of degradation of CV with the composite was found to be 2.39 9 10-4 s-1.
Keywords.
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Introduction

The textile industry plays a vital role in economic growth,
but it generates a massive quantity of textile waste that is
damaging the environment. Approximately 1–20% of the
colour created all-inclusive is lost during the process and is
assorted with river water [1–5]. This wastewater creates too
many serious environmental and climate issues affecting the
society. To overcome these issues, the photocatalytic
degradation is used as the promising technology due to its
advantage of degradation of organic pollutants. Graphene
has excellent photocatalytic activity, good flexibility and
electrical conductivity due to its high surface area [6–10]. It
was proven that the photodegradation was influenced by the
functional groups of graphene oxide (GO) nanocomposite
[11]. Several reports highlighted that the photocatalytic
degradation with metal sulphides such as NiS, CuS, CdS,
etc. have been effectively used to remove the organic pollutants from water [12–14]. Semiconductors such as TiO2,
ZnO, NiS and NiO have been tested as photocatalysts as a
result of their electronic structure, which is influenced by
filled valence band and an empty conduction band [15,16].
This process generates active oxidizing and reducing species, which attach and convert organic pollutants into
harmless and straightforward products such as carbon
dioxide and water. Nickel sulphide (NiS) has been extensively studied as a photocatalyst because of its efficient

ionic conductivity due to oxygen vacancies [17]. However,
NiS has a wide bandgap (3.12 eV), limits its activity in the
presence of sunlight, which is the most significant disadvantage in its photosensitivity [18–20]. To solve the problem, considerable research efforts have been devoted to
investigate the hybrid structure of metal sulphides doped on
conductive GO nanostructures to improve the photodegradation process. In this study GO, NiS and GO/NiS
nanocomposites were synthesized through the hydrothermal
method and their photocatalytic degradation of crystal
violet (CV) under sunlight was investigated. The
nanocomposites were characterized by ultraviolet–visible
(UV–Vis) spectrometer, Fourier transform infrared (FT-IR),
X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX) and
transmission electron microscopy (TEM).

2.
2.1

Experimental
Materials and methods of GO, NiS and GO/NiS

The chemical and reagents such as graphite flakes, nickel
chloride hexahydrate (NiCl26H2O), sodium sulphide
(Na2S), sulphuric acid (H2SO4, 98%), potassium permanganate (KMnO4, 99.9%), hydrogen peroxide (H2O2, 30%)
and hydrochloric acid (HCl, 37%) were purchased from
Sigma Aldrich and used without further purification.
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Synthesis of GO

To a solution of 46 ml sulphuric acid, 1 g of graphite flakes
and 1 g of sodium nitrate were added under the ice-cold
condition and stirred for 4 h. Further 6 g of potassium
permanganate, which is a potent oxidizing agent, was added
slowly to the suspension. Then the mixture was stirred
continuously for 2 h at 35C until it turns brownish colour.
Then, 100 ml of deionized (DI) water was added slowly to
dilute the suspension. Finally, the above mixture was
quenching with 3 ml of hydrogen peroxide to turn into
yellow colour. To remove the unreacted salt, the mixture
was treated with 10% hydrochloric acid and centrifuged
until it reached neutral pH. After centrifugation, a gel-like
suspension was obtained, and it was dried in vacuum hot air
oven at 60C for 12 h to obtain GO nanosheet [21]. The
synthesis of GO nanoparticles by modified Hummers
method is illustrated in figure 1.

2.3

Synthesis of NiS nanoparticles

In a typical procedure, 6 g of nickel chloride hexahydrate
(NiCl26H2O) and 4 g sodium sulphide (Na2S) was dissolved in 100 ml of DI water. Then, the reaction mixture
was stirred at room temperature for 1 h to achieve a
homogeneous solution, then heated at 80C for 1 h to obtain
the black colour precipitate. Further, the reaction mixture
was washed with DI water and ethanol to remove the
unwanted impurities and dried at 90C for 4 h to obtain NiS
nanoparticles (figure 2). The synthesized NiS nanoparticles
were used for further characterization [22].

Figure 1.
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Synthesis of GO/NiS nanocomposites

Nickel chloride hexahydrate (NiCl26H2O; 2 mmol) was
dissolved in 40 ml of DI water, and 2 mmol sodium sulphide (Na2S) in 60 ml of DI water was added to it. Further
60 mg of GO was added to the above mixture, and then the
reaction mixture was transferred into Teflon-lined stainlesssteel autoclave, heated at 110C for 12 h. The obtained
precipitate was centrifuged in water and ethanol. Finally,
the GO/NiS nanocomposite was obtained and dried the
precipitate at 90C for 1 h in the hot air oven [23]. The
synthesis of GO/NiS nanocomposite by hydrothermal
method is illustrated in figure 3.

2.5

Characterization

UV–Vis absorption spectra were recorded on a Varian
Cary 50 spectrometer using a quartz cell with 1 cm
optical path. FTIR spectra were recorded using a Bruker
tensor 27, under the wavelength of 4000–400 cm-1 range
and the sample was prepared by KBr pellet method. The
XRD pattern of the catalyst was measured with a Model
D/max-RC X-ray diffractometer using CuKa radiation
source (k = 1.5418 Å) and operating at 40 kV and
100 mA. TEM measurements were carried out on a
Hitachi-7650 transmission electron microscope operated at
an accelerated voltage of 80 kV. EDX spectroscopy were
taken using JSM-5610LV. The surface area and morphology of the samples were analysed using SEM. The
photocatalytic studies were carried out by sunlight irradiation [24].

Synthesis of GO nanoparticles by modified Hummers method.
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Synthesis of NiS nanoparticles by co-precipitation method.

Figure 3.
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Synthesis of GO/NiS nanocomposite prepared by hydrothermal method.

Photocatalytic activity studies

The photocatalytic activity of synthesized samples NiS, GO
and GO/NiS nanocomposites was evaluated by the degradation of CV aqueous solutions using sunlight as a radiation
source. The concentration of 10-4 M of dye solution was
fixed as an optimized concentration for the CV with 500 ml
distilled water for the degradation process. Dye solution
(50 ml) was taken in a 100 ml beaker, and the catalyst
(20 mg for CV) was added into the solution. The solution
was stirred with a magnetic stirrer for 70 min, and the test
solution of CV was collected every 10 min for the UV
analysis [25].
Figure 4. UV–Visible spectrum of GO, NiS and GO/NiS
nanocomposites.

3.
3.1

Results and discussion
UV–Vis analysis of GO/NiS nanocomposite

The GO/NiS nanocomposite is easily soluble in water
medium but insoluble in organic solvents like ethanol,
acetone, methanol, etc. UV–Vis spectral analysis has been
performed for the prepared samples of pure NiS and
GO/NiS nanocomposites (figure 4). In these studies, NiS

nanoparticles show an absorption peak at 363 nm, and the
GO absorption peak is observed at 232 nm. The doped
GO/NiS nanocomposite displays an absorption band around
382 nm. The bandgap for NiS is 3.29 eV, and the GO
bandgap is 5.14 eV, whereas the GO/NiS nanocomposite
bandgap is 3.12 eV. The strongest absorption band at
363 nm for the NiS is shifted to a higher absorption region
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The FT-IR spectrum of GO, NiS and GO/NiS nanocomposites.

around 382 nm in the presence of GO/NiS, indicating the
successful formation of GO/NiS nanocomposite [26]. The
bandgap is calculated from the following equation:
Eg ¼

hc
;
k

ð1Þ

where h = Planks constant; variable c = velocity; k =
wavelength.

3.2

Fourier transform infrared spectroscopy

The FT-IR spectroscopy analysis was performed to investigate functional groups in the GO, NiS and GO/NiS
nanocomposites (figure 5). The FT-IR spectrum shows the
peaks at 2280, 2260, 1620, 1440, 416 and 423 cm-1. The
strong absorption band at 416 cm-1 is assigned to the Ni–S
stretching vibrations. The important peak at 1442 cm-1
corresponds to C–O mode stretching, and the carbonyl peak
is observed at 1620 cm-1 is due to the interaction of the
metal with oxygen atom [27].

3.3

X-ray diffractometer

The XRD results are shown in figure 6, and the XRD pattern was recorded in the diffraction angle 2h range (10 to
80). The synthesized GO/NiS nanocomposite was a single
phase with clear diffraction peaks. The diffraction peaks are
tabulated in table 1. The diffraction pattern of planes was
assigned to the (111), (200), (220) and (311) reflection lines
of cubic structure of NiS nanoparticles. By comparing these
data with the known standard data published by the Joint
Committee on Powder Diffraction Standards (JCPDS Card
No: 04-0835) [28–30], it is clear that the GO/NiS
nanocomposite with cubic phase was formed and no

Figure 6. XRD pattern of synthesized (a) GO, (b) NiS and
(c) GO/NiS nanocomposites.

characteristic peaks were observed other than GO/NiS
nanocomposite. The calculated average crystallite size was
increased when the temperature is increased, and the crystallite size starts to decrease in the high-temperature region.
The structural parameters are calculated such as crystallite size, microstrain and dislocation density of GO, NiS and
GO/NiS nanocomposites by using Debye–Scherrer’s formula (equations 2–4) [31] and the values are presented in
table 1.
Crystallite size ðDÞ ¼

0:9k
;
b cos h

ð2Þ

1
;
D2

ð3Þ

Dislocation density ðdÞ ¼
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Crystallite size calculated for GO, NiS and GO/NiS nanocomposites.

Samples

Average crystallite size,
D (nm)

Lattice parameter (Å), volume
(m3)

Dislocation density, d 9 1015
(m-2)

Microstrain,
e 9 10-3

NiS
GO
GO/NiS

22.116
32.278
36.390

a = 3.444, V = 224
a = 2.47, V = 35.88
a = 9.619, V = 149

0.9186
1.2941
5.5813

1.8044
4.9648
1.0564

Microstrain ðeÞ ¼

b cos h
;
4

ð4Þ

where k is the wavelength (k = 1.5406 Å) (Cu Ka), b the
full-width half-maximum (FWHM) of the line and h the
diffraction angle.
The lattice parameters and volume are calculated using
equations (5 and 6) for the rhombohedral GO/NiS system
[32,33]:
1
ðh2 þ k2 þ l2 Þ sin2 a þ 2ðhk þ kl þ hlÞðcos2 a þ 2 cos2 aÞ
¼
2
d
a2 ð1  3 cos2 a þ 2 cos3 aÞ

ð5Þ
pﬃﬃﬃ
 
V ¼ a3 1  cos2 a þ 2 cos3 a m3 :

ð6Þ

3.3a Williamson–Hall method: The crystallite size (D)
and strain values (e) were also calculated using the
Williamson–Hall (W–H) method from the following
equation [34]:
b cos h 1 X sin h
¼ þ
:
ð7Þ
k
D
k
Here b is FWHM of the line, k the wavelength of the X-ray
source used (1.5406 Å), and h the Bragg’s angle. From the
plots of b cos h/k vs. sin h/k (figure 6), the crystallite size
and strain values are calculated from the reciprocal of the
intercept on the Y-axis and the slope, respectively. The
crystallite size and strain values are tabulated (table 2),
which almost matched with the data reported by Debye–
Scherrer method. Table 3 shows the comparison between
the Debye–Scherrer and W–H methods.

3.4

Scanning electron microscopy

The morphology of the GO/NiS nanoparticles was investigated with a scanning electron microscope (SEM, LEO-0430,

Table 2. Crystallite size and microstrain for NiS and GO/NiS
nanocomposites by W–H method.
Samples

Crystallite size, D (nm)

Microstrain (e 9 10-3)

NiS
GO/NiS

22.116
36.390

1.8044
1.16745

Cambridge) at room temperature, mounted directly on
the sample stub and coated with gold film (*200 nm) under
reduced pressure (0.133 Pa). Figure 7 shows the SEM
images of pure GO, NiS and GO/NiS composites. Figure 7a
shows the SEM image of the synthesized GO. Figure 7b is
the SEM image of clustered flake-like shaped NiS
nanoparticles. The entire architecture is built from a smooth
surface, of which the thickness is about 10 lm. It is evident
that GO is almost transparent and GO layers interact with
each other to form a 3D network. Figure 7c compared with
the image of GO, the surface of the composite is much
rougher than that of GO, which might be attributed to the
growth of the NiS nanoparticles on GO. The GO are uniformly covered with NiS nanoparticles [35].
3.5

Elemental analysis (EDAX)

The EDX spectrum of the NiS, GO, and NiS/GO
nanocomposites are presented in figure 8. The prominence
of the nickel (Ni = 71.08%) and sulphur (S = 28.92%)
peaks confirmed the presence of NiS nanoparticles. Similarly, in GO/NiS, the presence of nickel (Ni = 30.19%),
carbon (C = 28.60%), oxygen (O = 15.08%) and sulphur
(S = 26.13%) peaks revealed the successful preparation of
the GO/NiS nanocomposite [36].

3.6

TEM analysis

TEM analysis was carried out to get more information about
the morphology and crystallinity of the samples. The TEM
images of GO, NiS and GO/NiS hybrid nanocomposites are
shown in figure 9. Figure 9a shows the TEM image of GO,
while figure 9b shows the TEM image of NiS nanoparticles,
and it reveals the presence of rod-like shaped NiS particles.
The majority of NiS particles present in this sample have
sizes ranging between 10 and 20 nm, and it is in good
agreement with the particle size deduced from the XRD
analysis. Figure 9c and d is the TEM images of GO/NiS
nanocomposites.
3.7

Photocatalytic studies

To find the degradation time of CV dye, different proportions of (5, 10, 15, 20, 25 and 30 mg) the catalyst was added
to the dye solution, and the system was kept in sunlight
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Comparison of crystallite size and microstrain by Debye–Scherrer and W–H methods.
Method

Crystallite size, D (nm)

Microstrain (e 9 10-3)

Debye–Scherrer
W–H
Debye–Scherrer
W–H

22.116
16.1969
36.390
21.858

1.8044
2.6210
1.16745
1.4715

Figure 7. SEM images of GO, NiS and GO/NiS nanocomposites. (a) GO, (b) NiS nanoparticles and (c and d) GO/
NiS nanocomposite.

irradiation which was stirred magnetically. The system was
observed by the naked eye and fixed the degradation time as
60 min for CV. The UV–Vis absorption peaks observed for
CV without the catalyst was 244, 298, 575 nm (major peak)
and 259, 356, 554 nm (minor peak), respectively. When the
catalyst was added into the dye solutions, the absorption
peaks of the dye solution started to vanish, and the samples
(5 ml) were collected every 10 min for the UV analysis. The
peaks at 244 and 298 nm of CV almost vanished in 60 min.
The peaks at 575 and 554 nm vanished in 60 and 80 min
with 91% of degradation. The absorption curves (figure 10),

degradation efficiency (%) and absorbance plots (figure 11) along with kinetic analysis of photodegradation
and degradation efficiency plots (figure 12) explained
clearly about the degradation capability of the
nanocatalyst.
3.7a Mechanism of photocatalytic activity: The
mechanistic aspects of this photodegradation are as
follows. The dye molecules can migrate to the catalyst
surface, where they can undergo a redox reaction with other
species present on the surface. Usually, electron–hole
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where C0 = initial absorbance of dye and Ct = absorbance of
dye solution after sunlight irradiation.
The kinetic study for NiS and GO/NiS nanoparticles
(photocatalyst) for the degradation of CV were studied
using Langmuir–Hinshelwood kinetic model [39] by using
equation (9):
lnðC0 =Ct Þ ¼ kt;

ð9Þ

where C0 and Ct are initial concentrations of CV dye
solutions at irradiation time ‘t’ and k the pseudo first-order
rate constant.
This reaction prevents the combination of the electron
and the hole, which are produced in the first step. These
OH• and O2 can then react with the dye molecule to
form other species and are thus responsible for the
decolourization of the dye (equations 11–15) [39,40].
This catalytic degradation process is used for treating
coloured industrial effluent and making pollution-free
environment.
3.7b

Photocatalytic mechanism:

Figure 8. EDAX spectra of (a) GO, (b) NiS and (c) GO/NiS
nanocomposites.

(h? VB) can react easily with surface-bound H2O to
produce OH• radicals, whereas valence band electrons
(e CB) can react with O2 to produce superoxide radical
anion of oxygen (equations 8 and 9) [37]. The percentage of
photocatalytic degradation was calculated using equation
(8) [38].
Photodegradation efficiency ð%Þ
¼ ðC0  Ct Þ=C0  100;

ð8Þ

Photocatalyst þ ht ! hþ VB þ e CB

ð10Þ

hþ VB þ e CB ! energy ðheatÞ
þ



H2 O þ h VB ! OH ðhydroxyl radicalÞ þ H


ð11Þ
þ



ð12Þ

O2 þ e CB ! O2 ðsuperoxide radicalÞ

ð13Þ



OH þ Pollutant ! intermediate ! H2 O þ CO2

ð14Þ



O2 þ Pollutant ! intermediate ! H2 O þ CO2

ð15Þ
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TEM images of (a) GO, (b) NiS, (c) and (d) GO/NiS nanocomposites.

Figure 10. UV–Visible spectra for the photocatalytic degradation of CV dye by (a) NiS and (b) GO/NiS nanocomposites under
sunlight photodegradation.
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(a) Degradation efficiency (%) and (b) absorbance of NiS and GO/NiS nanocomposites.

Figure 12. Kinetic analysis of photodegradation of CV dye
catalysed by NiS and GO/NiS nanocomposites.

The photocatalytic mechanism was investigated for the
excellent photocatalytic property of the prepared GO/NiS
nanocomposite. It is generally accepted that the dye and
organic pollutant can be photodegraded via a photocatalytic
oxidation process. The series of scavenger materials like
benzoquinone (BQ is an O
2 Quencher), potassium iodide (KI
a quencher of h?), silver nitrate (AgNO3 a quencher of e-)
and dimethyl sulphoxide (DMSO is a •OH quencher) were
added to the CV dye solution before the addition of
nanocomposite to determine the dominant active species [41].
Figure 13 shows that photocatalytic degradation is effectively affected by these scavengers. For the photocatalytic
system, the addition of AgNO3 (e- scavenger) and BQ (O•2 )
scavenger causes a moderate decrease in photocatalytic
degradation efficiency compared with other quenchers.
Hence it can be concluded that these are the moderate active
species in the present system. The addition of KI (h? scavenger) and DMSO (•OH scavenger) let to an extreme decrease
in the degradation efficiency (figure 13). Hence it can be
concluded that holes (h?) and •OH are the major species in
this catalyst system influencing the photodegradation.
According to this mechanism, it can be said that graphene
layer can postpone the recombination process, so the photocatalytic performance of GO/NiS nanocomposite is better
than pure NiS nanoparticles. Furthermore, high surface
area, the high separation rate of charge carrier, excellent
structure along with great electrical and optical properties of
GO/NiS nanocomposite can increase the photocatalytic
yield of the graphene oxide-based nanocomposite.

4.

Figure 13. Scavenger degradation efficiency
nanocomposite under sunlight irradiation.

of

GO/NiS

Conclusion

The GO, NiS and GO/NiS nanocomposites were synthesized successfully from the hydrothermal method, and the
corresponding structural behaviours are confirmed from
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FT-IR, UV, SEM, TEM and XRD techniques. The XRD
pattern confirms the formation of NiS, GO and GO/NiS
nanocomposites with a crystalline size of 36 nm. The
photocatalytic result of GO, NiS and GO/NiS degrades the
CV dye in the same reaction condition by 90, 86 and 93%,
respectively. Based on our obtained results we conclude that
the synthesized GO/NiS nanocomposites have large amount
charge separation and high surface area and exhibiting
excellent photocatalytic activity, and also possesses excellent reproducibility than the pure GO and NiS.
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