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A B S T R A C T

A novel NiWO4-ZnO-NRGO ternary nanocomposite has been efficiently synthesized by decorating nitrogen doped
reduced graphene oxide (NRGO) with zinc oxide and nickel tungstate nanoparticles via a facile microwave
irradiation technique and its capability to catalyze photodegradation of methylene blue (MB) dye in aqueous
solution and reduction of 4-nitro phenol (4-NP) to 4-amino phenol (4-AP) using sodium borohydride was
explored. The as-synthesized nanocomposite was characterized by X-ray diffraction (XRD), Raman spectroscopy,
Brunauer-Emmett-Teller (BET) analysis, energy dispersive X-ray (EDX) analysis, field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), X-ray photoelectron spectroscopy (XPS), photoluminescence (PL) spectroscopy and diffuse reflectance
spectroscopy (DRS) techniques. The photocatalytic activity of the as-synthesized nanocomposite estimated
through the photodegradation of MB under visible light irradiation showed 9 times improvement over pure
NiWO4. It also showed excellent catalytic activity in reduction of 4-NP to 4-AP. The material also showed
excellent stability and reusability. The entire study revealed that the novel NiWO4-ZnO-NRGO ternary nano-
composite can act as a promising bifunctional photocatalyst for environmental remediation and industrial
application.
1. Introduction

In last few decades, water pollution due to industrial effluents has
become a huge concern for the environment [1]. Waste water released
from various industries containing toxic chemicals has posed a threat to
aquatic as well as human life. In such a situation development of new
strategies for environmental remediation is the need of the day. Photo-
catalysis has emerged as a savior in this respect. Nanoparticles like ZnO,
NiO, TiO2, Fe3O4, Co3O4 and their composites show a great promise as
photocatalysts due to their excellent physical and chemical properties
[2–6]. Likewise, metal tungstates have also attracted attention due to
their band gap tunability when coupled with other semiconductors
[7–10]. Reduced graphene oxide (RGO) is a single-atom thick sheet
formed by sp2-bonded carbon atoms packed into a 2D hexagonal lattice.
It has desirable properties like large surface area; better chemical and
mechanical strength; good optical, electrical and thermal proper-
ties [11,12].

In order to achieve excellent catalytic performance in nanocomposites
two important factors have to be considered: faster electron transfer and
y 2017; Accepted 24 May 2017
better charge separation. A combination of semiconductors with suitable
band gaps can promote charge carrier separation [13]. There are many
reports on the incorporation of carbon nanostructures such as graphene
and carbon nanotubes as components of photocatalyst composites to
enhance the activity [14–19]. The incorporation of nitrogen atoms which
are rich in electrons, into RGO promotes the interaction between
neighboring carbons atoms and electrons. NRGO increases the transfer
rate of electron from the conduction band (CB) of the semiconductor and
also creates an additional donor level above the valence band of semi-
conductors thereby reducing the energy requirement for the excitation of
electron from valance band (VB) to CB of semiconductor materials
[20,21]. The ternary composites have better charge carrier separation
and a fast electron transfer system compared to the pristine semi-
conductor materials [22]. However, excellent catalytic performance with
high stability and low cost are still rare [23].

In view of the aforementioned facts a novel NiWO4-ZnO-NRGO
ternary nanocomposite has been efficiently synthesized via a facile, cost
effective microwave irradiation technique. The as-synthesized nano-
composite was characterized by diffraction, microscopic, spectroscopic
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techniques to study the elemental composition, morphology and optical
properties. The photocatalytic efficiency was studied in photo-
degradation of MB dye in aqueous solution and hydrogenation of 4-NP to
4-AP using sodium borohydride. The ternary composite shows excellent
photocatalytic activity, stability and reusability compared to the pristine
materials. This bifunctional photocatalyst shows a huge promise in
environmental remediation and industrial application. To the best of our
knowledge this is the first report on synthesis and study of photocatalytic
activity of NiWO4-ZnO-NRGO ternary composite in degradation of MB
and hydrogenation of 4-NP.

2. Experimental

2.1. Materials and method

All the reagents and chemicals were obtained from Sigma-Aldrich and
were utilized without additional purification. Millipore water was used
to carry out all the experiments.

2.2. Preparation of NiWO4 and ZnO nanomaterials

To synthesize NiWO4, 0.01 M of nickel acetate solution and 0.01 M of
sodium tungstate solution were stirred for 1 h. The mixture was irradi-
ated with microwave for 10 min at 350 W. The obtained precipitate was
cooled, centrifuged and washed with water and ethanol. It was finally
dried at 80 �C for 12 h. For synthesis of ZnO the same procedure was
employed, but by using zinc acetate and sodium hydroxide solution in
1:2 ratio.

2.3. Preparation of the ternary NiWO4-ZnO-NRGO ternary
nanocomposites

GO was prepared by modified Hummers method as reported else-
where [24,25]. NiWO4-(A)-ZnO-(B)-NRGO ternary nanocomposites
(A ¼ 0, 0.005, 0.01 and 0.02 M of zinc precursor solution; B ¼ 0.5, 1, 2.5
and 5 wt. % GO) were synthesized via microwave irradiation method. In
a typical synthesis, 0.01 M of nickel acetate solution and 0.01 M of so-
dium tungstate solution was slowly added to the dispersed GO solution
under consistent stirring for approximately 2 h. During this calculated
amount of zinc acetate and sodium hydroxide was also added. The pH of
the solution was maintained at 9 using ammonia. Later, 1% urea was
added to the above mixture. The resulting solution was irradiated with
microwave (350 W) for 10 min and the obtained precipitate was allowed
to cool naturally. The precipitate was centrifuged and washed several
times with water and ethanol and then finally dried at 80 �C for 12 h.
Control samples containing RGO was synthesized in the absence of urea.

2.4. Characterization

The phase structure and purity of the nanocomposites were investi-
gated using XRD (Rigaku) with Cu-Kα radiation for 2θ range of 5�–70�

with a scan rate of 1�/minute. Raman spectrum was recorded at 532 nm
using the laser Raman microscope (Renishaw, Invia) equipped with He-
Ne laser source. Nitrogen adsorption and desorption experiments were
performed at 77 K on a Micromeritics ASAP 2020 system. Prior to
analysis, the samples were degassed at 200 �C in vacuum for 24 h. The
specific surface area (SSA) was calculated by the Brunauer-Emmett-Teller
(BET) method based on adsorption data in the relative pressure (P/Po)
range of 0.05–0.3. The pore size distribution was calculated using the
Barrett-Joyner-Halenda (BJH) model applied to the desorption branch.
The morphology of the samples was studied using field emission scan-
ning electron microscope (FESEM, Zeiss Ultra 55), transmission electron
microscope (TEM, Tecnai G20) and high-resolution transmission electron
microscope (HRTEM, Tecnai). Elemental composition was determined
using EDX (Zeiss Ultra 55) and XPS (Kratos XSAM800) equipped with a
standard monochromatic Al Kα source. UV–visible spectrum was
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obtained by diffuse reflectance method (Analytic Jena). The photo-
luminescence (PL) spectrum was recorded using fluorescence spectro-
photometer (Horiba JobinYvon). The total organic carbon concentration
(TOC) was measured using total organic carbon analyzer (TOC-V CSN,
Shimadzu, Japan).

2.5. Determination of photocatalytic activity

Photocatalytic properties of the ternary nanocomposites were studied
using MB following procedure reported elsewhere [22]. 20 mg of
nanocomposites were dispersed in 200 mL aqueous solution of 10 mg/L
MB dye and stirred for 30 min in the dark to attain adsorption desorption
equilibrium. Later, this solution was exposed to a 250 W Hg lamp pro-
vided with a cutoff filter of 400 nm. At regular time intervals, 4 mL of the
MB solution was withdrawn and centrifuged to remove the residual
nanocomposites. The supernatant was used to record the absorbance at
664 nm wavelength. The percentage of photodegradation of the MB dye
was calculated using equation (1).

Percentage of photodegradation of the MB dye ¼ �
Co � C =Co

�� 100
��

(1)

where, Co is the initial concentration and C is the concentration at a given
interval time, of the MB dye solution, respectively.

To determine the possible photocatalytic degradation mechanism,
trapping experiments were conducted using various kinds of scavengers.
In trapping experiments, the photocatalytic activity of the catalyst was
determined under similar conditions as outlined above in the presence of
a scavenger for a particular species.

The mineralization of the dye was calculated by using TOC analysis.
The TOC was analyzed before the start of the experiment (TOCo) and at
specified intervals during the photodegradation reaction (TOCt). The %
mineralization of MB dye was calculated by using the following equa-
tion (2).

% Mineralization of the MB dye ¼ �ðTOCo � TOCtÞ=TOCo

�� 100 (2)

where, TOCo is the initial concentration and TOCt is the concentration at
a given interval time, of the MB dye solution, respectively.

2.6. Reduction studies

In a typical experiment, 2.7 mL of 4-NP (0.1 mM) was mixed with
0.3 mL of NaBH4 (0.1 M) solution under constant magnetic stirring
followed by addition of 0.1 mg of catalyst. The reduction reaction of
4-NP was investigated using UV–visible absorption spectroscopy in the
range of 250 nm–500 nm. Once the reaction completed the recovery of the
catalyst was done by ultracentrifugation, followed by thorough washing
with 10% ethanol and finally vacuum drying at 60 �C for 6 h. The catalyst
was then reused for subsequent cycles to study its stability and reusability.

3. Results and discussion

3.1. XRD studies

Fig. 1 reveals the XRD patterns of the as-synthesized GO, NiWO4, ZnO
and NiWO4-0.01 M ZnO-2.5% NRGO. The diffraction peaks at 10.5�

corresponds to (002) planes of GO sheets. ZnO diffraction peaks at 31.6�,
34.2�, 36.1�, 47.4�, 56.4�, 62.7�, 66.2�, 67.8� and 68.9� can be indexed to
the (100), (002), (101), (102), (110), (103), (200), (112) and (201) as
indicated in JCPDS file no. 36-1451 [26]. NiWO4 diffraction peaks at
19.2�, 24.1�, 24.8�, 30.9�, 31.5�, 36.7�, 38.7�, 41.6�, 44.9�, 49.1�, 50.6�,
52.0�, 54.2�, 65.2� and 68.6� is ascribed to the (100), (011), (110), (111),
(020), (002), (200), (102), (112), (022), (220), (130), (202), (132) and
(041) planes according to JCPDS file no. 15-0755. Peaks corresponding
to NRGO were not found in the diffraction pattern of ternary composite.



Fig. 1. XRD spectrum of (A) GO, (B) NiWO4, (C) ZnO and (D) NiWO4-0.01 M ZnO-2.5%
NRGO.

Fig. 2. Raman spectra of (A) GO, (B) NRGO and (C) NiWO4-0.01 M ZnO-2.5% NRGO.
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This may be due to the small quantity and exfoliated nature of NRGO in
the composite [21].

3.2. Raman studies

Raman spectrum of GO (Fig. 2A) reveals two distinct modes: G mode
at 1599 cm�1 and D mode at 1355 cm�1. The intensity ratios of D to G
band (ID/IG) is a measure of relative concentration of sp3 hybridized
defects to sp2 hybridized GO domains [27]. We see that after microwave
irradiation the ID/IG ratio increases from 0.87 for GO to 1.09 for the
composite indicating the formation of more defects in NRGO (Fig. 2B)
during the reduction. Slight variation in the Raman frequency, appear-
ance of a prominent 2D band at 2639 cm�1 in Fig. 2Bmay be attributed to
the formation of NRGO from GO.

Fig. 2C shows the Raman spectrum of NiWO4-0.01 M ZnO-2.5%
NRGO ternary nanocomposite. Raman bands at 785 cm�1, 901 cm�1 and
1038 cm�1 correspond to Raman active modes of NiWO4. Bands at
115 cm�1, 337 cm�1, 410 cm�1, 431 cm�1, 535 cm�1, 860 cm�1,
1098 cm�1, 1750 cm�1, 2275 cm�1 and 2813 cm�1 correspond to the
Raman active modes of ZnO. Peaks at 1379 cm�1 (D mode);
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1609 cm�1 (G mode) with ID/IG ratio 1.10 and 2D band at 2639 cm�1

with I2D/IG ratio as 1.06 correspond to presence of double layered NRGO
with defects in the ternary composite. The change in the value of Raman
frequencies of D and G band and increased value of ID/IG ratio in the
composite may be due to the interaction between the NRGO sheets and
the semiconductor particles [21].

3.3. BET surface area analysis

The nitrogen adsorption-desorption isotherms were used to obtain
information about the BET specific surface area and pore size distribution
in the nanocomposites [28]. As observed in Fig. 3, the isotherm exhibits a
characteristic type-IV pattern with a significant hysteresis in the P/Po
range 0.6–1.0, implying the existence of abundant mesopores in the
synthesized nanocomposites. The slightly wide capillary condensation
step is a consequence of the relatively broad pore size distribution, as
shown in Fig. 3.

BET analysis showed that the specific surface area of NiWO4, NiWO4-
2.5% NRGO and NiWO4-0.01 M ZnO-2.5% NRGO are 25.25 m2/g,
34.64 m2/g and 38.83 m2/g, respectively. From these results, it is evident
that the higher surface area of NiWO4-2.5% NRGO and NiWO4-0.01 M
ZnO-2.5% NRGO nanocomposites than that of pure NiWO4, is due to the
contribution fromNRGO and ZnO components. The pore size distribution
calculated by the BJH method indicates that the nanocomposite has a
hierarchical pore structure, the sizes of which peak at 3.34 nm and
5.61 nm. The presence of such mesopores is believed to increase the total
surface area which in turn would enhance the catalytic activity of the
ternary nanocomposites.

3.4. Morphology studies

The morphology of the samples was studied using electron micro-
scopy. The FESEM images of the NiWO4 and ZnO (Figs. S1A–B) suggest
that the particles have approximately spherical shape. Similarly (Fig. 4A)
reveals that the NiWO4-0.01 M ZnO-2.5% NRGO ternary nanocomposite
consists of ZnO and NiWO4 nanoparticles well anchored on the surface of
the NRGO sheets. This observation is further supported by the TEM
image (Fig. 4B). EDX spectra of the encircled areas are shown in
Fig. 4C–D. HRTEM image in Fig. 5A shows the interface between NiWO4,
ZnO and NRGO in NiWO4-0.01 M ZnO-2.5% NRGO ternary nano-
composite. The obtained lattice fringes of 0.15 nm correspond to the
(111) plane of NiWO4 and that of 0.283 nm correspond to the (100) plane
of ZnO. The EDX spectrum (Fig. 5B) revealed N, C, O, Ni, Zn andW as the
elements present in the composite. Uniform distribution of the particles is
indicated by elemental mapping (Fig. 5C–H). The average size of the
nanoparticles was found to be 13.4 nm for NiWO4 and 22.7 nm for
ZnO (Fig. S2).

3.5. XPS studies

The XPS survey spectrum of NiWO4-0.01 M ZnO-2.5% NRGO nano-
composites is shown in Fig. S3 and detailed elemental compositions are
summarized in Table S1. The binding energy positions in the XPS spec-
trumwere calibrated with C 1s at 284.8 eV. Fig. 6A shows the C 1s spectra
which can be deconvoluted into five peaks at 284.5 eV (CC/CC),
285.5 eV (CN), 286.1 eV (CO), 287.2 eV (CO) and 290.2 eV (OCO),
respectively [22]. Fig. 6B reveals the N 1s spectra which can be decon-
voluted into four peaks at 398.4 eV (pyridinic-N), 399.4 eV (pyrrolic-N),
400.8 eV (graphitic-N) and 402.4 eV (pyridine-N-oxide), respectively
[21]. Fig. 6C depicts Ni 2p spectra deconvoluted into six peaks located at
855.9 eV, 857.7 eV (satellite), 861.6 eV which belongs to Ni 2p3/2 and
873.6 eV, 875.4 eV (satellite), 879.5 eV which belongs to the Ni 2p1/2,
respectively [29]. Fig. 6D shows the W 4f spectra deconvoluted into four
peaks corresponding to W 4f7/2 (34.8 eV and its satellite 35.4 eV) and W
4f5/2 (36.9 eV and its satellite 37.5 eV), respectively [24]. Fig. 6E shows
the Zn 2p spectra deconvoluted into four peaks placed at 1018.1 eV,



Fig. 3. BET surface area analysis: Adsorption-desorption isotherms.
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1019.6 eV (satellite) which belongs to Zn 2p3/2 and 1041.1 eV, 1042.5 eV
(satellite) belongs to the Zn 2p1/2, respectively [24]. Fig. 4F reveals O 1s
spectra deconvoluted into three peaks at 530.2 eV, 532.2 eV and
533.1 eV related to ZnO, NiWO4 and HOH bonds, respectively [21,22].

3.6. Optical absorbance analysis

The optical properties of the as-synthesized nanocomposites are
studied by DRS. The absorption of ZnO-2.5% NRGO and NiWO4-2.5%
NRGO (Fig. 7) is high in comparison to pure ZnO and NiWO4. The optical
energy band gap (Fig. 7B) of the nanocomposites was measured using the
Tauc relation, αhν ¼ A (hν – Eg)n/2, where α, h, ν, Eg and n denote the
absorption coefficient, Planck's constant, the velocity of light, energy
band gap and the type of transition of the semiconductor. Among these
parameters, ‘n’ is determined by the type of transition process that occurs
in a semiconductor (n¼ 1 for a direct transition and n ¼ 4 for an indirect
transition). The direct band gap (i.e., n ¼ 1) is considered in general for
semiconductor photocatalysis processes [21,22]. The obtained band gap
energy values of ZnO, NiWO4, ZnO-2.5%NRGO, NiWO4-2.5% NRGO and
NiWO4-0.01 M ZnO-2.5% NRGO are 3.0 eV, 3.10 eV, 2.82 eV, 2.42 eV
and 2.27 eV, respectively. From the results, it is evident that there is an
appreciable reduction in the band gap energy of the ternary nano-
composite in comparison with other components. This may be attributed
to the synergic effect of the composite components, ZnO and NRGO
leading to appreciable interaction among the components causing for-
mation of new molecular orbitals of lower energy [21].

Using the DRS results, the band edge positions of the nanocomposites
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were calculated theoretically using Mulliken electronegativity theory
following the empirical equations (3) and (4).

EVB ¼ χ� Ee þ 0:5Eg (3)

ECB¼ EVB � Eg (4)

where EVB is the valence band edge potential, ECB is the conduction band
edge potential, Eg is the band gap energy of the semiconductor, Ee is the
scale factor of the hydrogen reference electrode (�4.5 eV), and χ is the
absolute electronegativity of the semiconductor, which is defined as the
geometric mean of the absolute electronegativities of the constituent
atoms. The calculated band edge potentials of the CB and VB of ZnO and
NiWO4 are given in Table S2.
3.7. Photoluminescence analysis

An efficient photocatalyst should have very less recombination rate of
photogenerated electron hole pair. The recombination of photogenerated
electron-holes and charge separation in the ternary nanocomposite were
investigated through PL emission spectrum as shown in Fig. S4. An
intense PL peak corresponds to faster recombination rate of photo
generated electron-hole pairs [22]. All the synthesized materials
exhibited a broad emission peak in the visible region starting from
420 nm to 700 nm with the excitation wavelength of about 400 nm. Pure
NiWO4 showed an intense broad peak around 520 nm indicating rapid
recombination of charge carriers. Introduction of NRGO led to slight



Fig. 4. (A) FESEM, (B) TEM image of NiWO4 – 0.01 M ZnO – 2.5% NRGO ternary nanocomposite, EDX spectrum of (C) NiWO4 and (D) ZnO nanoparticles present in the ternary composite.
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decrease in PL intensity. The higher conductivity of the NRGO sheet
matrix facilitates smooth electron transport and hence results in the
increased separation of electron hole pairs [30]. Further, when ZnO is
introduced, the PL spectrum of NiWO4-0.01 M ZnO-2.5% NRGO nano-
composite exhibits very less intensity. This can be ascribed to the
contribution of ZnO towards further separation of electron hole pairs. In
the ternary composite, electrons are excited from VB to CB of ZnO and
then immediately transported to the CB of NiWO4 due to favorable en-
ergy level difference. From CB of NiWO4 electrons would get transported
through NRGO network due to the high conductivity of NRGO. Thus the
entire process results in an efficient and enhanced separation of electron
hole pairs and leads to appreciable decrease in the PL intensity in NiWO4-
0.01 M ZnO-2.5% NRGO nanocomposite [30–32].
3.8. Photocatalytic activity

The photocatalytic degradation of the as-synthesized nanocomposite
was studied using MB solution under visible light irradiation. The blank
test was performed without adding nanocomposite to MB solution. There
was no noticeable degradation which indicated that the photolysis is
insignificant for the blank MB solution. The NRGO composition in the
nanocomposite was optimized based on the photodegradation efficiency.
The photocatalytic efficiency of catalyst with varying NRGO content
(Fig. S5) indicates that with increase in NRGO content the efficiency
increases up to 2.5% NRGO and decreases there onwards. This decrease
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in efficiency may be due to NRGO sheets covering the surface of semi-
conductor which in turn hinders the absorption of photon by the semi-
conductor. Such observations are well documented in the literature
[9,10,17–19,22,25]. Hence NRGO content was kept constant at 2.5% and
ZnO content was varied for further experiments.

The photocatalytic degradation efficiency with varied ZnO content
(Fig. 8A) showed increase in efficiency with increase in ZnO content upto
0.01 M ZnO. NiWO4-0.01 M ZnO-2.5% NRGO ternary composite showed
maximum efficiency by degrading MB dye within 120 min. For sake of
comparison even RGO composites were considered. RGO composites
showed lesser efficiency than NRGO composites.

The as-prepared nanocomposite followed the first order kinetics of
photocatalytic degradation of MB solution as given in equation (5)

ln
�
C=Co

� ¼ �kt (5)

where, Co is the initial concentration of the MB dye, C is the concentra-
tion of the MB at the irradiation time (t) and k is the first order rate
constant. The rate constant k values were calculated from the slope of the
straight line (Fig. 8B). Fig. 8C shows that the rate constant values of the
different nanocomposites. The first order rate constants of ternary com-
posite indicates 9 and 2.5 times more photocatalytic efficiency than the
pure NiWO4 and NiWO4-2.5% NRGO, respectively.

The durability of the ternary nanocomposites was additionally
investigated. It was seen that even after 5 consecutive cycles the



Fig. 5. (A) HRTEM image; (B) EDX spectrum; elemental mapping of (C) C; (D) N; (E) Ni; (F) W; (G) Zn and (H) O of NiWO4 – 0.01 M ZnO – 2.5% NRGO ternary nanocomposite.
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photocatalytic activity of nanocomposite showed only a small reduction
in efficiency from 99.5% to 97.2%, which is negligible. The results
indicate that the ternary composites have sufficient stability to be used in
environmental applications.

To determine the degree of mineralization of MB, during its photo-
degradation catalyzed by NiWO4-0.01 M ZnO-2.5% NRGO nano-
composite, total organic carbon (TOC) analysis was performed [33].
Fig. 9A shows the plot of absorbance vs. wavelength for MB at different
time intervals. As can be observed from the plot, the absorbance at
664 nm decreased with time and reached 99.27% during scan at 120 min
under visible light irradiation. Fig. 9B shows the TOC values for the MB
solution at different intervals of time. The TOC value decreased to
88.28% under visible light irradiation for 120 min of visible light irra-
diation. Thus, it is very evident that, the NiWO4-0.01 M ZnO-2.5% NRGO
nanocomposite has high catalytic efficiency towards photodegradation of
MB molecules and that organic carbon is mostly converted to CO2 during
the process.
129
Further, the recyclability of the ternary nanocomposite has also been
investigated. It is observed that even after 5 consecutive cycles the effi-
ciency of the photocatalytic activity of nanocomposite showed only a
small reduction from 99.27% to 96.72%, which is negligible. The results
therefore ascertain that the ternary composite also has sufficient stability
for use in environmental applications.
3.9. Mechanism of the photocatalytic activity

To determine the active species involved in photodegradation and to
find out the mechanism, trapping experiments were carried using scav-
enging agents such as, benzoquinone (BQ, a quencher of O2�

�), potassium
iodide (KI, a quencher of hþ), silver nitrate (AgNO3, a quencher of e¡)
and ternary butanol (TBA, a quencher of OH�). Addition of TBA caused
only a small decrease in efficiency (97.12%) which meant hydroxyl
radical was not the active species. But addition of KI, AgNO3 and BQ
caused dramatic decrease in the efficiency 18.24%, 50.68% and 71.45%



Fig. 6. High-resolution XPS spectra of NiWO4-0.01 M ZnO-2.5% NRGO (A) C 1s; (B) N 1s; (C) Ni 2p; (D) W 4f; (E) Zn 2p and (F) O 1s.

Fig. 7. (A) UV–Vis spectra and (B) band gap plots of ZnO, NiWO4, ZnO-2.5% NRGO, NiWO4-2.5% NRGO and NiWO4-0.01 M ZnO-2.5% NRGO.
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Fig. 8. (A) Degradation rate; (B) first order kinetics plot; (C) rate constants plot for the photodegradation of MB over various catalysts and (D) effects of different scavengers on the
photodegradation of MB using NiWO4-0.01 M ZnO-2.5% NRGO ternary composites under visible light irradiation.

Fig. 9. (A) Absorbance versus wavelength and (b) TOC values for the MB solution at different intervals of time.
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respectively. Based on these results the following mechanism
is proposed.

ZnOþ hν→ZnO
�
e�CBþhþVB

�
(6)

ZnO
�
e�CB

�þ NiWO4→ZnOþ NiWO4

�
e�CB

�
(7)
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NiWO4

�
e�CB

�þ O2→NiWO4þO
��
2 (8)

ZnO
�
hþVB

�þMB→CO2þH2Oþ Inorganic species (9)

where e�CB is the electron in the conduction band and hþVB is the hole in
the valence band, respectively.



Fig. 10. Schematic diagram of photodegradation of MB over NiWO4-ZnO-NRGO ternary
nanocomposite under visible light irradiation.
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A schematic diagram showing mechanism of photodegradation is
given in Fig. 10. When ternary nanocomposite is irradiated with light, the
electrons from the VB of ZnO get excited to the CB [34]. These electrons
migrate to the CB of NiWO4 and from there, the electrons get transferred
through NRGO matrix towards reaction site. This reduces the
Fig. 11. (A) UV–Vis absorption spectra for the reduction of p-NP to p-AP by NaBH4 in the prese
(C) kinetics plots and (D) rate constants of conversion of p-NP to p-AP using different catalyst
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recombination rate of electron and holes. Then the electron combines
with oxygen to form superoxide radical anion. The holes formed in the
process degrade MB into products such as CO2, H2O and other harm-
less species.

3.10. Reduction studies

The catalytic activity of the as-synthesized nanocomposites was
evaluated by the reduction of 4-NP using NaBH4 in an aqueous solution.
Blank test was carried out in the absence of catalyst which showed
negligible reduction of 4-NP. Addition of ternary nanocomposites into
the 4-NP solution decreased the intensity of absorption peak of 4-NP
found at 400 nm immediately and a new absorption peak corresponding
to 4-AP at 300 nm was obtained (Fig. 11A). The catalytic reduction of 4-
NP to 4-AP was completed in 80 s. This is better compared to the pre-
viously reported literature where in the conversion took 100 s [10]. For
comparison, the catalytic activity of the individual components of the
nanocomposite materials was analyzed and they showed lower catalytic
activity than NiWO4-ZnO-NRGO nanocomposites. The reaction kinetics
was studied as in the case of photodegradation of MB dye (Fig. 11B–D).
NiWO4-ZnO-NRGO nanocomposite showed maximum rate constant 1.78
times higher than NiWO4-NRGO, 2.15 times higher than ZnO-NRGO,
2.81 times than that of ZnO, 2.96 times that of NiWO4 and 3.23 times
that of NRGO. Further the stability and reusability of the NiWO4-ZnO-
NRGO ternary nanocomposites was analyzed [24]. The catalyst was
recovered and further used. The reused catalyst exhibited excellent cat-
alytic activity even after 10 successive cycles, with nearly 100%
nce of NRGO/NiWO4/ZnO nanocomposite; (B) relative concentration plot of p-NP to p-AP;
s.
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conversion within a time period of 108 s (Fig. S6).

4. Conclusions

In this article we report successful microwave synthesis of NiWO4-
ZnO-NRGO ternary nanocomposites. The phase structure, elemental
composition, surface morphology and optical properties of the as-
synthesized nanocomposites were studied by various techniques. The
visible light photocatalytic activities were studied in degradation of MB
dye. Optimized concentration of efficient catalysts was found to be
NiWO4 – 0.01 M ZnO – 2.5% NRGO. The photodegradation efficiency of
NiWO4 – 0.01 M ZnO – 2.5% NRGO was approximately 9 times higher
than NiWO4 and it showed high stability even after 5 cycles. The for-
mation of the band edge position followed the type II alignment and the
trapping experiment suggested the photogenerated holes were the active
species involved in the photocatalytic reactions. On the basis of the
experimental results, the possible photodegradation mechanism was
proposed. The composite also showed excellent catalytic activity in the
reduction of 4-NP to 4-AP in the presence of NaBH4. The reaction
completed in 80 s. These results suggest that the novel ternary composite
reported in the present work is a potential candidate for environmental
remediation in the future and can be used for a variety of applications.
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