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Abstract
Exploiting novel, low cost, and efficient photocatalysts for removal of pollutant waste water was significant to resolve the energy
crisis and environment remediation. Here, we report the synthesis of nickel sulphide (NiS)/reduced graphene oxide (rGO)-based
heterojunction photocatalyst using one step hydrothermal method. The intimate contact between NiS and rGO was suggested to
quicken the transfer of photogenerated electrons from NiS to rGO, reducing the recombination of charge transporters and hence
increasing the photocatalytic activities. The physico-chemical properties of the NiS/rGO heterojunction photocatalysts were
scientifically studied with different characterization methods. The most efficient photocatalytic performances under solar light
irradiation have been carefully assessed, and the NiS/rGO heterojunction nanocomposites exhibit photocatalytic degradation on
methylene blue (MB). The removal percentage for MB can reach maximum at ~ 87% in ~ 100min under solar light treatment.
Moreover, the NiS/rGO heterojunction nanocomposite revealed highly stable for removing MB even after four successive
experiments. Therefore, the experimental results demonstrated that the prepared NiS/rGO nanocomposites showed significant
photocatalytic performance, thus supporting probable active heterojunction nanocomposite for energy conversion as well as in
environmental remediation.
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Introduction

The environmental contamination produced by organic pol-
lutants with industrialization and population growth has be-
come a serious concern all over the world. The biggest con-
cern is the energy lessening and environmental problems,
methods using limitless solar light to catalyze particular

solutions like production of hydrogen from water splitting,
reduction of CO2 into hydrocarbon fuels, in addition to de-
composition of environmental pollutant fascinate several at-
tentions [1–4]. Used for these applications, the principal is very
active photocatalysts which retain comparable reaction mecha-
nisms containingmaterialization of photo-generated transporters
and corresponding redox reactions [5–8]. Photocatalytic meth-
odology has turn into an ideal green technique as it can remove
contaminant organic impurities in wastewater to create non-
hazardous materials, for example, CO2, H2O and the rest with
no ancillary pollution, minor reaction circumstances, and low
energy consumption [9–11]. Specifically, metal sulphide-based
semiconductors have fascinated varied consideration in the field
of environmental decontamination and numerous attainments
have been reached [12–14].

However, conservative identical photocatalyst has intrinsic
disadvantages like the fast recombination of photo-induced
electron-hole (e−/h+) pairs and the light absorption only at
UV region (λ < 400 nm) [15]. Emerging heterogeneous
photocatalyst exists an efficient way to widen the range of
light absorption wavelengths and support the separation of
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the charge carrier [16–18]. Thus, the heterogeneous
photocatalyst consistently displays more engaging than its
identical complement. In recent times, synthesis of metal sul-
phide (ZnS, CdS, SnS2, and MoS2) based photocatalysts has
been widely studied because of their widespread applications
in multidisciplinary areas [19–24]. A combination of two dis-
similar semiconductors inclined to prepare a nanocomposite
photocatalyst is an enormously important procedure for envi-
ronmental applications. Furthermore, recent investigators
have presented an emergent attention favoring the production
of reduced graphene oxide (rGO) based binary heterojunction
nanocomposite, which can solely carry a synergistic outcome
[25, 26].

The combination of rGO with a metal sulphide
photocatalyst can improve photocatalytic performance due
to the outstanding benefits; it offers and fulfill practical neces-
sities [27–29]. With an existing combination of distinct
graphene and semiconductor nanoparticles, the graphene
seeming interacts with plentiful inorganic materials to en-
hance the photocatalytic activity of organic dyes [30–32].
Trending research focuses have been contributed to improving
the photocatalytic performance of ZnS/rGO, SnS2-BiFeO3/re-
duced graphene oxide, MoS2/RGO, and CdS/RGO nanocom-
posites [33–36]. An aggregation of metal sulphide with rGO is
able to increase the photocatalytic performance. It is appealed
that enhanced photocatalysis by rGO is owing to the incident
that rGO delivers way for charge carriers.

Following the above facts, we have synthesized NiS/rGO
heterojunction nanocomposites via a simple hydrothermal
method. The prepared photocatalyst is assessed using different
microscopic and spectroscopic methods to discover its phys-
ical and chemical properties. Moreover, the composite sample
exhibits twice the degradation percentage of the photocatalytic
activity in solar light irradiation. The systematic mechanism of
photocatalytic dye removal is suggested for the degradation of
MB, where explained in the existing research. We hope that
this existing work can deliver as an origin to promote proposal
of NiS/rGO heterojunction nanocomposite catalyst for waste
water decontamination and other environmental applications.

Materials and methods

Materials and reagents

Graphite powders and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. Nickel (II) chloride hexahydrate
(NiCl2.6H2O) and sodium Sulfide hydrate (Na2S∙9H2O) were
purchased from High media. Potassium permanganate
(KMnO4), hydrochloric acid (HCl), sulfuric acid (H2SO4),
hydrogen peroxide (H2O2), and methylene blue dye were pur-
chased from Merck Chemicals, India, and used as purchased
without any extra purification process.

Preparation of NiS/rGO heterojunction
nanocomposite

Graphene oxide was synthesized through a modified
Hummer’s method [20]. NiS/rGO heterojunction nanocom-
posites were prepared using one-step hydrothermal method.
In brief, 0.30 g of rGO containing 30-mL deionized water was
kept for ultra-sonication for 1 h. Then, aqueous solutions of
NiCl2.6H2O (0.25 M) were added to the above suspension
with continuous stirring. After 30 min of stirring, the above
solution was shifted to a 100-mL Teflon-lined stainless-steel
autoclave and hydrothermally treated at 170 °C for 5 h. Later
cooling to ambient temperature, the obtained product was
separated by centrifugation and washed several times with
water and ethanol. The resulting sample was collected and
then kept for drying at 60 °C overnight prior to
characterization.

Characterization

Powder X-ray diffraction (XRD) analyses were recorded on a
Rigaku Miniflex X-ray diffractometer with monochromatic
high intensity Cu Kα radiation (λ = 0.15406 nm). FT-IR spec-
tra were recorded on a BRUCKER TENSOR 27 FTIR spec-
trophotometer. The morphology analysis of NiS/rGOwas car-
ried out by scanning electron microscopy (SEM, Zeiss18
Evaluation) and high-resolution transmission electron micros-
copy (HRTEM, JEM-2100F, JEOL) operating at 200 kV. The
optical properties of the prepared samples were measured by a
V-770 diffuse reflectance spectrophotometer (DRS, JASCO).
The photoluminescence (PL) study was characterized by
JASCO FP-6500 using an excitation wavelength of 420 nm.

Photocatalytic degradation test

Solar light irradiation was used as an essential tool to deter-
mine the catalytic performance of the prepared nanocomposite
and to measure the methylene blue degradation as well.
Photocatalytic experiments were carried out with a known
amount (100 mg) of prepared nanophotocatalyst composites
suspended in 100mL ofMB dye solution (30 mg/mL). Before
starting the photocatalytic degradation experiment, the solu-
tions were magnetically stirred for 30 min in a dark atmo-
sphere to establish the adsorption/desorption equilibrium of
the dye molecules. The suspension then constantly irradiated
with solar light for 100 min. At regular time intervals, 3 ml of
the suspension was taken for centrifugation to separate the
photocatalyst and for further evaluation using a UV–vis ab-
sorption spectrometer. As for the recycling experiments, the
residual photocatalyst powder was centrifuged and used up to
four successive cycles for photocatalytic degradation perfor-
mance of NiS/rGO heterojunction nanocomposite toward MB
dye. For assessment, the self photodegradation of MB
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(namely, photolysis) were also established under same envi-
ronments in the absence of photocatalyst. The photo-removal
efficiency percentage was calculated from the equation of
C0−C/C0 × 100, where C0 and C were the symbolic represen-
tations for the concentration of organic pollutant before and
after photocatalytic experiments, respectively.

Photoelectrochemical analysis

The transient photocurrent (i-t), Mott–Schottky plot (M-S),
and electrochemical impedance spectroscopy (EIS) measure-
ments were conducted using SP-150 (BioLogic Science
Instruments, France) electrochemical workstation. The
photoelectrochemical measurements were carried out using
three-electrode cell configurations. In the experiment refer-
ence electrode (Ag/AgCl (3 M KCl)), platinum wire (counter
electrode) and prepared samples were working electrode. The
measurements were performed in 0.5-M Na2SO4 electrolyte
solution and xenon lamp (150 W) was used as a solar simu-
lator. Ten milligrams of prepared samples were dispersed in
1 mL of ethanol and 40-μl Nafion solution with the help of
ultrasonication for 30 min. The dispersed solution was coated
on the pre-cleaned fluorine-doped tin oxide (FTO) electrode
with an active surface area of ~ 1 cm2 by spin coating tech-
nique with 4000 rpm for 2 min. The Mott–Schottky study to
apply the potential ranges from − 1.2 to 6 V. Moreover, the
electrochemical impedance spectroscopy (EIS) recorded at the
applied frequency range from 10-2 to 105 Hz with an AC
amplitude of 10 mV under open circuit potential.

Results and discussion

Crystal structures

The crystal structures of NiS and NiS/rGO heterojunction
nanocomposites were analyzed using XRD diffractogram,
and the experimental results were displayed in Fig. 1. The
diffraction peaks of NiS at 29.79°, 45.53°, and 54.22° corre-
spond to (002), (102), and (110) directions, suggesting α-NiS
(a = b = 3.439 nm, c = 5.352 nm), where the points and con-
centrations of the diffraction peaks were in good agreement
with the standard JCPDS Card: 65-5762 [37, 38]. The peaks
corresponding to contaminations were not observed, indicat-
ing that well-crystallizedNiS was obtained under the synthetic
conditions. The XRD pattern of NiS/rGO heterojunction
nanocomposites is shown in Fig. 1. The composite of NiS-
decorated rGO showed the diffraction peaks of NiS. But, the
intensities of the peaks are weakened associating with pure
NiS. Besides, there is no noticeable diffraction peak consigned
to the rGO in composite, which can be attributed to that the
systematic stack of rGO is smashed by the intercalation of NiS
to weaken the diffraction intensity of rGO.

Fourier-transform infrared spectroscopy

The FTIR spectrum of nanostructured pure NiS and NiS/rGO
heterojunction nanocomposite was shown in Fig. 2. The broad
band around ~ 3400–3200 cm−1 was assigned to the stretching
and bending mode of O–H and H–O–H groups of absorbed
water. The peaks around ~ 607 cm−1 indicate the stretching
mode of Ni–S. These peaks remain the same in the composite
(NiS-rGO). Moreover, the characteristic peaks of C–O, C=O
stretching would not be observed in composite, which con-
firmed the reduction of GO into rGO. Therefore, this outcome
is evident of the purity and presence of functional groups in
pure NiS and composite.

Morphological analysis

Figure 3a–c shows the FESEM images of pure NiS, rGO
sheet, and composite of NiS-rGO samples. The surface mor-
phology of rGO revealed the two dimensional (sheet structure)
morphology (Fig. 3b). The rGO sheets were closely packed
and aggregated due to the reduction of functional groups in
GO. Furthermore, aggregations were significantly reduced in
composite materials due to the interaction of NiS with rGO
sheet as shown in Fig. 3c. However, partial magnification of
FESEM, the morphology of NiS/rGO heterojunction nano-
composites was not perfectly demonstrated. Therefore,
HRTEM were analyzed to advance a better consideration of
the morphological and structural features. Figure 4a–e dis-
plays HRTEM of NiS/rGO heterojunction nanocomposite, re-
spectively. NiS/rGO heterojunction revealed the anisotropic
surface morphology due to the influence of hydrothermal
treatment. It can be clearly seen a homogeneous dispersion
of the nanomaterials in the rGO supports.

The lattices of NiS/rGO heterojunction were obviously ev-
ident in the HRTEM images. The adjacent interface of NiS on
rGO nanoparticles (Fig. 4e) revealed the formation of nano
heterojunction. This type of nanocomposite was more favor-
able for the transportation of photoexcited carriers between
NiS and rGO. An average particle size in the range of 5–
50 nm, the selected area electron diffraction (SAED) pattern
of the heterojunction nanocomposites material was polycrys-
talline nature (Fig. 4f). The d spacing value of 0.22 nm corre-
sponds to the (102) crystal plane of the NiS. Based on the
above results, we can presume that the strong interfacial cou-
pling effect between NiS and rGO will stimulate
photogenerated electron-hole pair separation and relocation,
and hence further improve the photocatalytic activity of NiS/
rGO heterojunction nanocomposites [39].

Optical properties

The UV–visible diffuse reflectance spectra are conducted to
investigate the optical absorption property of the NiS and NiS/
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rGO nanocomposites as shown in Fig. 5. The spectrum of the
NiS/rGO heterojunction catalyst shows an enriched absorp-
tion in visible light region, from 400 to 500 nm. However, a
gradual red-shift to longer wavelengths is observed for the
NiS/rGO nanocomposites. The red-shift absorption is attribut-
ed to the formation of the Ni-O-C bond, which reduces the
bandgap energy of the NiS/rGO nanocomposite. The NiS/
rGO nanocomposites therefore show a continuously improved
visible-light absorption, which is in agreement with the re-
sults. Furthermore, the outcomes showed that the NiS has
low intensity absorption in UV and visible region. In the UV
region, all the NiS-rGO samples have absorption with high
intensities, which showed that the photocatalytic activity of
NiS-rGO composites can be complete in this region.

To gain deep insight into the separation, transfer, and re-
combination behavior of the photogenerated charge carriers in

the samples, photoluminescence emission spectra are mea-
sured as shown in Fig. 6. Compared with the pure, the NiS-
rGO nanocomposites showed decrease in the PL intensity,
which indicates that the recombination of the electron/hole
pairs can be significantly inhibited in the composite. The ex-
perimental results indicate that the suppressed recombination
of photogenerated electron–hole pairs.

Photocatalytic degradation of NiS/rGO heterojunction
nanocomposites

The photocatalytic activity of as-synthesized NiS/rGO
heterojunction nanocomposites was assessed by observing
its typical absorption band at 650 nm to calculate the degra-
dation percentage of MB under solar light irradiation. Before
light irradiation, the solutions were magnetically stirred in
dark condition for 30 min to confirm the adsorption-
desorption equilibrium of MB. Figure 7a, b shows the photo-
catalytic activity of NiS/rGO heterojunction nanocomposites.
The photocatalytic degradation spectra in Fig. 7b exhibit both
the adsorption and the photocatalytic degradation perfor-
mance in NiS/rGO heterojunction nanocomposites, where
maximized and attained the utmost adsorption ability at about
87%. In the case of pure NiS nanoparticles (Fig. 7a), the deg-
radation of MB dye solution has reached approximately 70%,
which was lower than that of NiS/rGO heterojunction.

Figure 8a, b shows the time-dependent irradiation absorp-
tion spectra of time vs. Ct/C0 under solar light irradiation for
different catalytic conditions. The results showed that the re-
moval performance of MB could be increased in NiS/rGO
heterojunction photocatalyst as associated to pure NiS. It
clearly states that NiS/rGO heterojunction catalysts revealed

Fig. 1 XRD patterns of NiS and
NiS/rGO heterojunction
nanocomposites

Fig. 2 FTIR spectra of NiS and NiS/rGO heterojunction nanocomposites
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Fig. 4 a–e HR-TEM images of NiS/rGO heterojunction nanocomposites at different magnifications. f SAED patterns of NiS/rGO heterojunction
nanocomposites

Fig. 3 FESEM analysis. a Pure
NiS, b rGO, and c NiS-rGO
heterojunction nanocomposite

4205Ionics (2020) 26:4201–4212



admirable photocatalytic activity against MB oxidation. For
all catalysts, over 87% of MB was degraded after 100 min,
proposing substantial photolytic performance.

The photocatalytic activity kinetics of MB using prepared
photocatalysts were analyzed via the pseudo first-order kinetic
model to define the rate constant of photocatalytic degradation
in regard to the reaction time when the first concentration of
the organic pollutant was low, as the following equation: [40,
41].

In Ct=C0ð Þ ¼ −kt

where C0 is the initial concentration of MB, Ct is the concen-
tration at time t, and k is the reaction rate constant. The rate
constant was evaluated by the slopes of linear fit as illustrated
in Fig. 8c. The values of k were 0.6015, 0.8874, 0.9794, and

0.9989 min−1 for without, dark, NiS, and NiS/rGO
heterojunction nanocomposites catalysts, respectively.
Hence, the photocatalytic degradation rate of NiS/rGO
heterojunction catalyst was about 3 times larger than that of
NiS.

The pH is an important parameter influencing photocata-
lytic degradation of organic pollutants and the experiments
were carried out at pH values of (3, 7, 9, and 11) in Fig. 9a.
The pH was adjusted before light irradiation by concentrated
solutions of sodium hydroxide (pH < 7), hydrochloric acid
(pH > 7), and other parameters remain constant. Figure 9a
shows that the initial pH 3 and the dye degradation efficiency
were only about 44% after 100 min. Meanwhile, the degrada-
tion efficiency is up to 88% at pH 7, which is the natural pH
value of di-ionized water, without pH adjustment. In addition
to the photocatalytic degradation efficiency increased with the
increase of pH, exhibiting maximum efficiency (94%) at
pH 11, which easily adsorbs on the surface of NiS/rGO
heterojunction nanocomposites, resulting in the increase of
photocatalytic degradation efficiency. Moreover, OH ions
are easily adsorbed on the semiconductor surface at alkaline
conditions, which promotes the generation of hydroxyl free
radicals and subsequently a probably higher pollutant
oxidation.

Photocatalyst concentration of the range from 25 to
100 mg/L was studied and its dye concentration, reaction tem-
perature, pH values remain constant, and the degradation ef-
ficiency is shown in Fig. 9b. The photodegradation efficiency
was from 47.8 to 95% with increasing NiS/rGO nanocompos-
ites dosage from 25 to 100 mg/L, respectively. When catalyst
dosage is from 100 mg/L, the maximum photodegradation
efficiency is 95% at 100 min. Many researchers have demon-
strated that photodegradation efficiency of organic pollutants
is strongly affected by the number of active sites and more
availability photo-excited electrons and holes in the reaction
solution.

Keeping the NiS/rGO nanocomposite concentration at
100 mg/L remains constant the dye solution. The effect of
varying amounts of the dye was studied on degradation effi-
ciency (10 mg/L, 15 mg/L, 20 mg/L, and 25mg/L) as given in
Fig. 9c. When increasing the concentration of MB, the rate of
degradation efficiency was found to decrease. These results
indicate that the number of dye molecules increase, and the
amount of light passing through the dye solution to reach the
catalyst surface was reduced. Thereby the formation of the
reactive hydroxyl and superoxide radicals is also simulta-
neously reduced. Thus, there should be an optimum value
maintained for the catalyst and the dye concentration, wherein
maximum efficiency of degradation can be achieved.

The photocatalytic activities of NiS/r-GO photocatalyst are
examined for the photodegradation of colorless phenol at
room temperature (Fig. 9d). In 100 mg of NiS/rGO
photocatalyst was added into 100 mL colorless phenol

Fig. 5 UV–visible diffuse reflection spectra of NiS and NiS/rGO
nanocomposite

Fig. 6 Photoluminescence spectra of the NiS and NiS-rGO nanocompos-
ite photocatalysts
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Fig. 8 Photocatalytic activity of the photocatalysts based on the
photocatalytic degradation (a) and removal percentage (b) of MB under
solar light irradiation, the corresponding plots of In(Ct/C0) vs. irradiation

time of the prepared catalysts (c), catalysts recycling in the
photodegradation of MB under solar light irradiation (d)

Fig. 7 Typical UV–vis spectra of MB aqueous solutions after photocatalytic degradation for various times using NiS and NiS/rGO as the photocatalyst
under solar light irradiation
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(20 mg/L) aqua solution. Previous to the irradiation, the solu-
tion was magnetically stirred under the dark condition for
100 min to form adsorption-desorption equilibrium experi-
ment. After that, the photocatalyst measurement was illumi-
nated. In regular interval (20 min), 3 mL of the colorless
phenol was taken and separated by centrifugation
(5000 rpm) to remove the catalyst, and the colorless phenol
absorption value of the supernatant was measured at 270 nm
(colorless phenol) using a UV–visible spectrophotometer
(JASCO V-670 double beam).

The photocatalytic evaluation of without and with NiS/
rGO photocatalyst was carried out by the degradation of col-
orless phenol under solar light irradiation; the results are
shown in Fig. 9d. As shown in Fig. 9d, the NiS/rGO
photocatalyst can degrade 89.20% of colorless phenol degrad-
ed after 100 min of light irradiation. Therefore, these results
conclude that the NiS/rGO photocatalyst has a prominent role
to degrade the colorless phenol further improved with (~

89%). In this result, NiS/rGO photocatalyst possessed power-
ful photo-oxidation ability and suggested that the
photocatalysts for practical applications.

The stability and reusability of used samples were also
significant aspects for their practical use. Hence, the durability
reactions of NiS/rGO heterojunction nanocomposites for the
removal of MB under solar light irradiation were confirmed.
After every experiment, the catalyst was washed with distilled
water and recycled; the outcomes can be perceived in Fig. 8d.
The photocatalytic degradation efficiency shows virtually no
major loss while they have been used for four successive
cycles, which reveals that NiS/rGO heterojunction nanocom-
posites are satisfactorily constant and not disabled during the
photodegradation progression. The XRD pattern of NiS/
rGO(2) after the degradation of MB is measured, and shown
in Fig. 10. The XRD pattern peak of the NiS/rGO(2) sample
did not changemuch before and after theMB degradation test,
suggesting that our photocatalyst is stable in structure.

Fig. 9 Factorial effects of heterogeneous reaction on MB degradation and respective degradation efficiency spectra of high efficient degradation cycle:
pH value (a), MB concentration (b), catalyst dosage (c), and degradation of colorless phenol (d)
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Trapping and electrochemical experiments

Figure 11 shows the results of NiS/rGO heterojunction nano-
composites. Without any trapping reagent, NiS/rGO
heterojunction catalyst displays the capability of contraven-
tion miserable the MB dye under solar light irradiation. In
addition of the expense reagents, the removal percentage of
the pollutant dye shrinkage, which means photogenerated
holes, superoxide anion radicals and hydroxyl radicals were
created and energetic for the duration of the photocatalytic
degradation method. Specifically, an active photogenerated
holes eliminate the dye-sensitization mechanism of the
photodegradation because the hole was not complicated in
the dye sensitization process [42].

Moreover, all four established types together with superox-
ide anion radical, photogenerated hole, hydroxyl radical, su-
peroxide anion radical, and photogenerated electrons were
active during the photocatalysis process. For NiS/rGO

heterojunction nanocomposites, the stabilized degradation
percentage with EDTA, BQ, IPA, and AgNO3 was 59%,
22%, 40%, and 70%, respectively.

Electrochemical impedance spectroscopy (EIS) analysis is
further performed to understand the fundamental electron
transfer kinetics, and the corresponding Nyquist plot of EIS
spectra for NiS and NiS/rGO catalysts is presented with the
difference of impedance, |Z|, as a function of frequency as
shown in Fig. 12. The charge carrier dynamics at the interface
between the photoanode and the electrolyte could be analyzed
using EIS. The diameter of the semicircle in the Nyquist plot
could be an indicator of the resistance of charge transfer from
photoanode to electrolyte. From Fig. 12, it is clear that rGO
ornamentation shows a remarkable rise of charge transfer ef-
ficacy that results in a slighter arc than that of pure NiS.
Moreover, NiS/rGO heterojunction shows the minutest arc
associated to the pure, indicating that the charge transfer is
considerably enhanced by both NiS and rGO.

In general, photocurrent value could provide a directory to
the sample’s capability to produce and transfer the

Fig. 10 XRD patterns of NiS/rGO (2) after 5 cycles recycle test toward
MB degradation

Fig. 12 Electrochemical impedance spectroscopy (EIS) plots of NiS and
NiS/rGO nanocomposites

Fig. 11 Effects of a series of scavengers on the degradation efficiency of
MB by NiS/rGO heterojunction photocatalyst Fig. 13 Photocurrent responses of the NiS and NiS/rGO nanocomposites
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photogenerated charge carriers secondarily, which influences
catalyst photocatalytic efficiency to a large degree (Dong et al.
2014). The photocurrent plots of the NiS and NiS/rGO nano-
composites under solar light irradiation are shown in Fig. 13.
The photocurrent for NiS/rGO heterojunction is nearly 4.5
times as much as the NiS catalyst which showed the faster
charge transfer and more efficient separation of electron-hole
pairs through the NiS/rGO nanocomposites, which can signif-
icantly improve the photocatalytic performance toward MB
degradation.

Figure 14 shows the hydrogenation and NiS decoration
lead to the cathodic shift of the flat band potential using

Mott–Schottky measurements, which proposes the enhanced
photogenerated charge separation. Furthermore, the smaller
Mott–Schottky plot slope of NiS/rGO compared with the
NiS indicates its increased donor density. However, an ob-
servable increase of electron density is perceived for the
NiS/rGO, signifying that the introduction of NiS with rGO
played an imperative role in improving electron density of
NiS/rGO nanocomposites. So, more electrons can participate
in photocatalytic MB degradation process.

Photocatalyst mechanism

Based on the overhead investigational results and discussion,
a probable mechanism for photodegradation of MB dye solu-
tion under solar light driven NiS/rGO heterojunction nano-
composite was suggested and showed in Fig. 15. In the com-
posite, NiS and rGO sheets were active to solar light.

The higher activity of NiS/rGO heterojunction catalyst
could be contributed to the photoexcited, which shows NiS/
rGO nanocomposites absorbs light of the solar light and pro-
duces photo-generated charge transporters (holes and elec-
trons). Though, to enhance the photocatalytic performance
of NiS was devoted to a rGO, meanwhile rGOwas an electron
accepter/carrier that acts as a significant role in the separation
of the carrying electron-hole pairs in the heterojunction sys-
tem [43]. The excited electron in the conduction band of NiS
can be suitably shifted to the rGO sheet, which slows down
the recombination of the electron-hole pairs and improves the
plenty and constancy of photogenerated charge in the
heterojunction for the photo degradation of MB dye solution.

Fig. 14 Mott-Schottky curves for the NiS and NiS/rGO nanocomposites
in an aqueous solution of Na2SO4 as supporting electrolyte

Fig. 15 Proposed mechanisms of
photogenerated charge transfer
and pollutants degradation in the
NiS/rGO heterojunction nano-
composites under solar light
irradiation
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Simultaneously, the remote photogenerated charges support
the creation of reactive oxidative species, i.e., O2

•− and OH•,
which were liable for degrading MB dye solution verified by
Fig. 15.

Conclusion

In summary, a simple photocatalytic material was prepared
using facile synthesis method. In this reaction system, the
structures of NiS/rGO heterojunction nanocomposites own
different boundary exposed active surface and we detected
its photocatalytic degradation activity under the solar light
irradiation. The FESEM and HRTEM images of the
heterojunction catalyst showed that NiS has hexagonal mor-
phology, that are uniformly dispersed on the rGO sheets, and
the average particle size of the heterojunction is confirmed to
be from 5 to 50 nm. The rGO-based NiS nanocomposite
resulting from the heterojunction assembly extant excited
charge carriers with the coupling effect of NiS and rGO, re-
fining the recombination time. The obtained NiS/rGO
heterojunction revealed the superior photocatalytic perfor-
mance against MB degradation under solar light irradiation
as compared with pure NiS. Moreover, NiS/rGO nanocom-
posite revealed better solar light photocatalytic constancy and
reusability. Hence, the development of such hierarchical metal
sulphide/reduced graphene oxide nanocomposites provides a
more effective economical approach to harvest solar energy
for decomposition of highly dangerous MB dyes from the
wastewater.
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