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ABSTRACT: Novel barium tungstate/nitrogen-doped reduced graphene oxide—graphi-
tic carbon nitride (BawO,/NRGO—-g-C3;N,) nanocomposite has been synthesized by a
simple one-pot microwave technique. The synthesized nanocomposites are well
characterized by diffraction, microscopic and spectroscopic techniques to study its
crystal structure, elemental composition, morphological features and optical properties.
The material prepared is tested for its performance as an electrocatalyst, photocatalyst
and reduction catalyst. The nanocomposite catalyzed the photodegradation of methylene
blue (MB) dye in 120 min, reduction of 4-nitro phenol (4-NP) to 4-amino phenol (4-AP) in 60
s, showed an impressive Tafel slope of 62 mV/dec for hydrogen evolution reaction (HER).
The observed results suggest that the nanocomposite acts as an efficient multifunctional
catalyst. The reported approach provides fundamental insights which can be extended to
other metal tungstate-based ternary composites for applications in the field of clean
energy and environment in the future.
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1 Introduction

The abundance of existing major sources of energy such as
coal, natural gas and other fossil fuels is limited and they
are non-renewable too. With increase in the population, the
global energy demand has increased and society is not able
to cope with the demand. The quest for renewable clean
energy sources has turned our attention towards hydrogen
[1]. Hydrogen can be produced by water splitting through
electrocatalysis. But most of the materials currently used
for electrocatalytic water splitting are noble and expensive.
Development of low cost and environmental friendly
electrocatalyst is the need of the day now to commercialize
hydrogen production [2]. Semiconductor photocatalysis
has attracted interest of research community as it can solve
both environmental and energy problems [2-3]. A good
photocatalyst should have an extended excitation wave-
length, low recombination rate of charge carriers and active
sites on the surface to facilitate adsorption and reaction.
Several strategies have been developed to achieve the
above said properties like doping, coupling with semi-
conductors and compositing with layered materials to
improve the surface area [3]. Despite these efforts,
commercialization of these materials is yet to be realized.
Hence, designing of materials with multifaceted catalytical
activity such as, high performance towards electrolysis,
photodegradation and reduction, which would help in
solving the energy and environmental problems, must be
thoroughly considered. Such multifunctional catalysts will
provide an economic way to serve several applications.

Graphene-based architectures not only provide support
to other materials but also have a potential to harness the
electrical and redox properties [4-6]. The electronic
property and the chemical reactivity of graphene can be
tailored by doping nitrogen [7-8]. In N-doped graphene
~0.5 electron per N atom is provided to carbon =
conjugated system thus enhancing the photocatalytic
efficiency. When composited with semiconductors, nitro-
gen-doped reduced graphene oxide (NRGO) increases the
rate of transfer of electrons from the conduction band of
semiconductors in comparison with graphene.

Graphitic carbon nitride (g-C5N,4), a metal-free poly-

meric semiconductor with higher nitrogen content and
porous structure, has attracted significant attentions in the
field of photocatalysis due to its good thermal-chemical
stability, electronic and optical characteristics, low cost and
non-toxicity. g-C3Ny4 possesses a bandgap of ~2.7 eV with
the conduction band (CB) position at — 1.1 eV and valence
band (VB) position at + 1.6 eV. As the CB potential of g-
C3N, is sufficiently negative, the strong reducing capability
of electrons in the CB of g-C5N, surface can have great
potential for photocatalytic studies [9—11]. Combining g-
C3N4 with other appropriate semiconductors to form
semiconductor heterostructure is considered as an effective
method to enhance photocatalytic activity.

Semiconducting materials which possess narrow band-
gap have been used as photocatalysts, as their bandgap
energy lies in the energy range of ultraviolet (UV) or
visible light [12—13]. Tungsten oxides, hydrates and metal
tungstates have been studied for their photocatalytic
capabilities [14-15]. In particular, ZnWQ,;, CoWOy,,
FeWO,; and NiWO,; have been extensively used for
preparation of composites for water splitting [16—-19]. On
the other hand, BaWO, which has a wide variety of
applications has been studied meagerly in the field of
photocatalysis due to its instability and slow electron
transfer rate. To extend the absorption of BaWO, from the
UV region to the visible-light region of solar spectrum the
bandgap should be decreased. Since smaller bandgap leads
to higher recombination rate, the transport property is tuned
by doping carbon-based material to improve the photo-
catalytic efficiency [20].

It is well known that use of the microwave irradiation
over conventional heating has obvious advantages such as,
uniform and volumetric heating, short reaction time and
uniformity in the size and shape of formed nanoparticles
without much need of high temperature and pressure.
Several reports are available in support of the advantages of
microwave assisted approach over conventional methods
for the synthesis of nanocomposites [16—20].

Based on the above facts, we report here the synthesis of
BaWO,/NRGO-g-C3N, nanocomposites via a facile,
simple one-pot microwave method. To the best of our
knowledge this is the first report on such kind of ternary
nanocomposite with tri-functional utility. The as-synthe-
sized material is thoroughly characterized using various
advanced techniques. The reported material is highly
efficient in catalyzing hydrogen evolution reaction
(HER), degradation of methylene blue (MB) dye and
reduction of 4-nitro phenol (4-NP) to 4-amino phenol (4-
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AP). The reported approach is extendible to other metal
tungstate nanocomposites as well.

2 Experimental
2.1 Materials

All the reagents and chemicals were of analytical grade and
used without further purification. Deionized water was
used throughout the study.

2.2 Synthesis of BaWOy,

BaWO, nanoparticles were prepared by a simple micro-
wave route. In a typical synthesis, solutions of barium
chloride, ammonium tungstate and cetyltrimethyl ammo-
nium bromide (CTAB) in H,O/ethanol were prepared with
desired molar ratio and mixed together using ultrasonica-
tion for about 30 min. The resulting mixture was treated
with microwave irradiation at 350 W for 10 min and then
allowed to cool to room temperature. The obtained
precipitate of BaWO, was filtered and washed thoroughly
with 10% ethanol several times to remove the impurities.
Finally, the precipitate was dried at 60°C overnight.

2.3 Synthesis of graphene oxide (GO)

GO was prepared through chemical exfoliation of natural
graphite powder by a modified Hummers’ method
previously reported [21]. 5 g of graphite flakes and 2.5 g
of NaNO; was added in 150 mL of concentrated H,SO,
under constant stirring in a beaker immersed in an ice water
bath. Then, 15 g of KMnO,4 was added slowly and the
mixture was stirred at the 30°C for 2 h and then for 30 min
at 95°C. Finally, the reaction mixture was diluted with
distilled water and 10 mL of H,O, was subsequently
added. The GO obtained was separated from the yellow
solution by centrifugation, washed with dilute HCI and
water until the pH was 7. Later it was exfoliated by
sonication.

2.4  Synthesis of g-C3Ny

The powder of g-C3N4 was prepared according to the
previously reported technique [22]. Typically, 2 g of
melamine was put into a semi-closed alumina crucible
which was calcined at 550°C with a heating rate of 10°C/
min for 4 h in the air atmosphere in a muffle furnace. The
obtained light-yellow g-C5;N, product was collected and

ground into powder form, then thoroughly washed with
deionized water, and dried at 60°C overnight for further
use.

2.5 Synthesis of BaWO,/NRGO—g-C5N,4 nanocomposites

BaWO4/NRGO(A)-g-C3Ny4(B) nanocomposites (4 = 2.5
wt.% GO; B= 5%, 10% and 20% of g-C5N,) were prepared
using a simple microwave route. In a typical synthesis, a
well-mixed solution of (0.01 mol/L) barium chloride, (0.01
mol/L) ammonium tungstate, (0.1%) CTAB and (1.0 g)
urea in 50 mL of H,O/ethanol was prepared. To this, a
solution containing calculated amounts of GO(4) and g-
C5Ny(B) dispersed in water was added under constant
stirring. The pH of the reaction mixture was maintained at 9
using ammonia. After 30 min of ultrasonication, the
resulting mixture was treated with microwave irradiation
at 350 W for 10 min and then allowed to cool to room
temperature. The obtained precipitate of BaWO,/NRGO-
g-C3N,4 nanocomposite was filtered and washed thoroughly
with 10% ethanol several times and finally dried at 60°C
overnight.

Similarly, BaWO,/g-CsN,; and BaWO4,/NRGO nano-
composites were prepared using appropriate starting
materials. BaWO,4/NRGO nanocomposites with the
NRGO content varying from 0.5% to 5% were prepared
and their catalytic efficiency for photodegradation of MB
dye was tested. The nanocomposite with 2.5% NRGO
showed the highest activity and hence 2.5% NRGO was
taken as the optimized composition for BaWO,/NRGO
nanocomposites. Similarly, in the case of BaWO,/NRGO—
g-C3N, ternary nanocomposites, keeping the NRGO
content fixed at 2.5%, the g-C3N4 content was varied
from 5% to 20%. The nanocomposite with 10% g-C3;N4
showed the maximum catalytic activity and hence it was
taken as the optimized composition of g-C3N, in the
ternary nanocomposite (Fig. S1). Schematic representation
of the synthesis of BaW0O,/NRGO—g-C3N,4 nanocompo-
sites is shown in Fig. S2.

2.6 Characterization

The powder X-ray diffraction (XRD) patterns were
recorded using X-ray diffractometer (Rigaku, Japan) with
the Cu Ka target (A= 0.15406 nm) in the 26 range 5° to 80°
with a scan rate of 1(° )/min. The specific surface area was
obtained using SMART SORB 92/93 (Smart Instruments
Company Private Limited) by the Brunauer-Emmett—
Teller (BET) method. The surface morphology was
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obtained using scanning electron microscopy (SEM,
JEOL) and high-resolution transmission electron micro-
scopy (HRTEM, Technai). Laser Raman microscope
(RenishawInvia) was used to obtain Raman spectrum
using excitation laser wavelength source of 532 nm. X-ray
photoelectron spectroscopy (XPS) was done to determine
the chemical states of the samples with Multilab2000
(ThermoScientific, UK) and the obtained data was
calibrated using contaminant carbon at a binding energy
of 284.8 eV. UV-visible diffuse reflectance data were
collected with a spectrophotometer (Analytik Jena).
Photoluminescence (PL) spectra were obtained using
Horiba JobinYvon spectrometer with excitation wave-
length of 380 nm. The total organic carbon concentration
(TOC) was measured using total organic carbon analyzer
(TOC-V CSN, Shimadzu, Japan).

2.7 Photocatalytic measurements

The photocatalytic activity of BaWO,/NRGO—-g-C5Ny
nanocomposites in the degradation of MB was evaluated
as follows. Firstly, 0.02 g of BaWO,/NRGO-g-C5;Ny
nanocomposite was dispersed into a 200 mL MB (10 mg/L)
aqueous solution in a Pyrex glass vessel and then the
dispersion was kept in the dark for 30 min at room
temperature to establish the adsorption equilibrium. The
solution was irradiated using an Hg lamp (250 W with 400
nm cutoff filter). During the irradiation, samples were taken
out at given time intervals, filtered and then the concentra-
tion of MB was determined at 664 nm using a UV-visible
spectrophotometer (Analytik Jena) from which percentage
degradation was calculated. For comparison, the photo-
catalytic activities of the components of the composite
were also tested following the same procedure. In the
recycling experiment, the catalysts were collected and
washed several times with 10% ethanol, before the next
cycle.

To identify the nature of degradation process, the extent
of mineralization of the dye during the photodegradation
was estimated. The mineralization of the dye was
calculated by using the TOC analysis. The TOC was
analyzed before the start of the experiment (TOC,) and at
specified intervals during the photodegradation reaction
(TOC,). The mineralization percentage of MB dye (onmp)
was calculated by using the following equation:

TOC, - TOC,

1 1
Toc, X 100 (1)

omp/% =

where, TOC, is the initial concentration and TOC, is the

concentration at a given interval time, of the MB dye
solution, respectively.

In addition, to determine the mechanism of the
photocatalytic activity, experiments were carried out
using various radical scavengers like t-BuOH (TBA, 10
mmol/L), KI (potassium iodide, 10 mmol/L), BQ (benzo-
quinone, 1 mmol/L) and AgNOs; (silver nitrate, 10 mmol/
L) which acted as the scavengers for hydroxyl radicals
(*OH), holes (h™), superoxide radicals (*O5) and electrons
(e"), respectively as reported previously [23].

2.8 Reduction

The reduction of 4-NP to 4-AP by using NaBH, at ambient
temperature was chosen as a model reaction to test the
catalytic activity of the BaWO,/NRGO-g-C;N4 nanocom-
posites. 0.3 mL of freshly prepared NaBH, solution (0.1
mol/L) was mixed with 2.7 mL of an aqueous 4-NP
solution (0.1 mmol/L) in a quartz cuvette, leading to an
immediate color change from light yellow to yellow-green.
Then, 0.0005 g of BaWO,/NRGO-g-C5;N, nanocompo-
sites was added to start the reduction reaction and the
reaction progress was monitored at 400 nm by using UV-
visible spectroscopy (Analytik Jena) at a regular time
interval of 15 s. For comparison, the catalytic activities of
components of the composite were also tested following
the same procedure. In the recycling experiment, the
catalysts were collected and washed several times with
10% ethanol and then reused.

2.9 Electrocatalytic measurements

All electrochemical measurements were performed using
an IVIUM potentiostat in a conventional three-electrode
cell. A glassy carbon disk with a geometric area of 0.07065
cm? modified with the catalysts was used as the working
electrode, an Ag/AgCl (3 mol/L KCI) as a reference
electrode and a Pt wire as the counter electrode were
employed for electrochemical measurements. 0.1 mol/L
KOH solution was used as the electrolyte. The reference
electrode was calibrated with respect to the reversible
hydrogen electrode (RHE). Prior to experiments, the glassy
carbon electrode was polished with a polishing cloth using
different alumina pastes (3.0—-0.05 mm) to obtain a mirror-
like surface, followed by ultrasonic cleaning in water. For
electrochemical measurements, a catalyst ink was prepared
by dispersing 2.0 mg/mL of the catalyst in water that
contained 0.1 wt.% Nafion under ultrasonication for 30
min. 5.0 pL of the catalyst suspension was drop-coated



M. Mohamed Jaffer SADIQ et al. Synthesis of BaWO,/NRGO-g-C3;N4 nanocomposites with excellent multifunctional ... 251

onto the polished glassy carbon electrode and dried in air at
room temperature. Linear sweep voltammetry (LSV) was
done at a scan rate of 10 mV/s to evaluate the HER
performance of the working electrode. The long-term
stability was evaluated by chronopotentiometry at a current
density of —10 mA/cm? using a glassy carbon disk (3 mm
diameter) modified with the catalyst. The catalyst loading
for each electrode was 0.142 mg/cm®. All the measure-
ments were carried out at room temperature. Also, before
the experiment, electrolyte solution was purged with N, for
30 min to remove the oxygen completely.

3 Results and discussion

3.1 XRD studies

The XRD patterns of NRGO, g-C3N,4, BaWO,, BaWO,/
NRGO and BaWO,/NRGO-g-C;N, nanocomposites are
shown in Fig. 1. The diffraction peak at 20 = 24.4°
corresponds to the (002) reflection plane of reduced phase
of NRGO. The peaks at 20 = 12.8° and 27.5° seen in pure
g-C3N4 can be indexed to the (100) and the (002)
diffraction planes conforming to the JCPDS No. 87-1526
of the graphitic carbon nitride. The diffraction pattern of
BaWO, matches well with JCPDS No. 43-0646 suggesting
that the material has the scheelite-type tetragonal crystal
structure with the space group of the [41/a symmetry [24].
The peaks found at 26 values 17.3°, 26.5°, 28.1°, 31.9°,
43.0°,45.7°,48.7°, 53.6°, 54.5°, 66.6°, 67.7°, 69.4°, 73.0°,
73.8°, 75.8° and 76.8° can be ascribed to the (101), (112),
(004), (200), (204), (220), (116), (312), (224), (400), (208),
(411), (332), (404), (420) and (228) planes of BaWOy,.

BaWO,/NRGO-g-C,;N,

BaWO/NRGO a Lo

e

Intensity/a.u.

NRGO =

10 20 30 40 50 60 70 80
20/degree

Fig. 1 XRD patterns of NRGO, g-C3N4;, BaWO,, BaWO,/
NRGO and BaWO,/NRGO-g-C3N, nanocomposites.

BaWO4/NRGO and BaWO,/NRGO—g-C3N,4 nanocompo-
site have similar diffraction peaks corresponding to
BaWO,. These results specify that the introduction of
NRGO and NRGO—g-C3N, does not disturb the orientation
and structure of scheelite BaWO,.

3.2 Raman studies

The as-synthesized nanocomposites are further character-
ized by using Raman spectroscopy. As shown in Fig. 2, five
peaks are exhibited at 334, 478, 794, 830 and 927 cm ™' in
the pure BaWO, sample. The bands positioned around 334
cm' is indexed to the stretching vibration of the BaOg
octahedra. The bands located at 478, 794 and 830 cm ! are
assigned to the W—O stretching vibration of the WO,
tetrahedra. The band at 927 cm' is associated with the
WOg¢ symmetric stretching vibration of the crystalline
BaWO, [25]. The Raman spectrum of the pure NRGO
reveals two prominent peaks of D band and G band at 1356
and 1598 cm™, respectively [7-8]. The Raman spectrum of
the BaWO,/NRGO-g-C3N, nanocomposites contains all
the bands corresponding to BaWO, and NRGO. The ratios
of Ip/lg in pure NRGO and BaWO,/NRGO-g-C5N,
nanocomposites are 1.09 and 1.13, respectively. The higher
value for ternary composite may be due to the interaction of
NRGO, g-C3N4 and BaWO, leading to more defects and
disorders in the BaWO,/NRGO—-g-C;N, nanocomposite.
The typical bands of g-C5Ny appear at 421, 605, 897, 1087,
1219 and 1339 cm ! [10]. However, these bands of g-C3N,
are difficult to identify in the Raman spectrum of the
BaWO4/NRGO—g-C3N,4 nanocomposite. This may be due
to the weak scattering ability of g-C3N4 on the surface of
the nanocomposite [10].

421 605

. uﬁ\1598 NRGO
= ;
‘7 41348
i
E

N E1612
1 | BaWO,/NRGO-g-CN,
1077, 12639
W PV {
: 927
> BaWoO,

334! 547g794§
400 800 1200 1600 2000 2400 2800
Raman shift/cm

&

Fig. 2 Raman spectra of NRGO, g-C3N,4, BaWO, and BaWO,/
NRGO-g-C;5N,4 nanocomposites.



252 Front. Mater. Sci. 2018, 12(3): 247-263

3.3 FTIR studies

The presence of BaWO,, NRGO and g-C3N4 in the as-
synthesized nanocomposite can be identified using Fourier
transform infrared spectroscopy (FTIR). As shown in Fig.
3, the main peak at 819 cm™', assigned to the stretching
vibration of Ba—O, W—0 and W—0O-W, is seen in the
spectrum of pure BaWO, and BaWO,/NRGO-g-C5;Ny
nanocomposites [26]. As shown in the inset of Fig. 3, the
peaks at 3406, 2969, 2884, 1633, 1465 and 1248 cm™ in
the FTIR spectra of NRGO and BaWO,/NRGO—g-C5Ny4
nanocomposites can be ascribed to the asymmetric and
symmetric vibrations of O—H and C—H, respectively [27].
The spectrum of g-C5N, shows peaks at 1248, 1326, 1415,
1465, 1575 and 1633 cm!' which are characteristic
stretching modes of C—N heterocycles. The peaks at 808
and 3184 cm™' are attributed to the typical breathing mode
of triazine units and the stretching mode of N-H in g-
C3Ny, respectively [27]. The FTIR spectrum of BaWO,/
NRGO—g-C3N,4 nanocomposites reveals similar peaks as
that of g-C3Ny4. All the peaks corresponding to BaWQy,
NRGO and g-C;Ny are present in the spectrum of BaWO,/
NRGO—-g-C3N, nanocomposites.
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Fig. 3 FTIR spectra of NRGO, g-C3N4, BaWO, and BaWO,/
NRGO—-g-C5N,4 nanocomposites.

3.4 Surface morphology studies

The specific surface area of the as-synthesized nanocom-
posites was measured by the BET analysis. The specific
surface areas of BaWO, and BaWO,/NRGO-g-C;N4
nanocomposites are 3.51 and 25.02 m?/g, respectively. It
is very clear that the specific surface area increases due to
the introduction of the NRGO and g-C3N,4 on the BaWO,
substrate. This increase in surface area facilitates the

surface adsorption and creates more number of active sites
resulting in enhanced catalytic activities [16].

The high-resolution transmission electron microscopy
(HRTEM) image (Fig. 4(a)) reveals that BaWOQO, particles
are successfully deposited on the surface of g-C3N4 and
NRGO nanosheets. The spacing of the lattice fringes in the
BaWOQy is about 0.51 nm which corresponds to the (101)
plane of scheelite-type tetragonal crystal phase (JCPDS
No. 43-0646). In addition, the lattice spacing of about 0.34
nm corresponds to the (002) plane of the graphitic carbon
nitride (JCPDS No. 87-1526) and lattice spacing of 0.36
nm corresponds to the (002) planes of the NRGO
nanosheets. The selected area electron diffraction
(SAED) pattern of the nanocomposite (inset of Fig. 4(a))
shows ring pattern indicating the polycrystalline nature of
the sample. The particle size distribution of BaWO, (Fig. 4
(b)) shows that the average particle sizes is around 12 nm.

The EDX analysis (Fig. 4(c)) of BaWO,/NRGO—-g-C3N,
nanocomposites further compliments the characterization
and formation of the ternary composite. In addition to that,
the distribution of elements in BaWO,/NRGO—g-C3N,
nanocomposites was determined by the elemental mapping
analysis (Figs. 4(d)—4(h)). The analysis infers the uniform
distribution of the particles in the composite.

3.5 XPS studies

XPS is used to investigate the elemental composition as
well as the chemical environment on the surface of the as-
prepared nanocomposites. XPS survey spectrum of
BaWO4/NRGO—g-C3N, nanocomposites is shown in Fig.
5(a). The elemental peaks of C, N, O, Ba and W are found
in the BaWO,/NRGO-g-C5N,; nanocomposites, which
confirm the presence of NRGO, g-C3N,4, and BaWO, in
the nanocomposite. High-resolution C 1s spectra (Fig. 5
(b)) can be deconvoluted into four peaks. Peaks at 284.2
and 285.3 eV can be allocated to carbon (C = C) and typical
sp? carbon atoms bonded to N atoms in an aromatic ring
(N—C=N), peak at 286.98 eV can be ascribed to C=N
originated from NRGO and the formation of C-O—-C
bond between NRGO and g-C3N,; during microwave
treatment. The peak at 288.03 eV can be ascribed to the
interaction of C—N—C between g-C3N4 and NRGO. As
shown in Fig. 5(c), five deconvoluted peaks in the high-
resolution N 1s spectrum of BaWO,/NRGO—g-C3Ny
nanocomposites are assigned to pristine g-C3N, (396.8
eV), pyridinic N (397.9 eV), pyrrolic N (399.1 eV),
graphitic N (400.8 eV) and terminal amino groups (403.9
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Fig. 4 (a) HRTEM image (inset showing SAED pattern), (b) particle size distribution, (¢) EDX spectrum, and elemental mappings of
d) C, (e) N, (H Ba, (g) W and (h) O of the BaWO,/NRGO—g-C3N, nanocomposites.

eV), which is in agreement with the reported data [9]. The
O 1s peaks in Fig. 5(d) at 528.96, 530.48 and 534.03 eV
correspond respectively to Ba—O-W, N-C-0O and
N—-C—-0-W of the BaWO,/NRGO—g-C3;N, nanocompo-
sites, revealing the chemical interaction between NRGO, g-
C3N4 and BaWOy in the nanocomposites. As shown in
Fig. 5(e), the doublet peaks at 37.1 and 35.0 eV belong to
W 4f5,, and W 4f;,, respectively, which are the features of
W in pure BaWO, [20]. The peaks at 794.6 and 779.2 eV
correspond to Ba 3d3,, and Ba 3ds,, (Fig. 5(f)), which can
be assigned to Ba*" of pure BaWO,.

For comparison, survey and high-resolution XPS spectra
of the as-synthesized NRGO is given in Fig. S3. XPS can
be used to provide direct evidence for doping of N into
RGO. The presence of N could be clearly detected in the
XPS spectra of NRGO, and the high-resolution N 1s XPS
spectra could be fitted into four types of N doping,
including pyridinic N (398.3 eV), pyrrolic N (399.6 eV),
graphitic N (400.7 eV) and pyridinic N oxide (402.5 eV).
All the above results show that the N-doped RGO has been

successfully synthesized. Further, the small differences in
the binding energies observed for neat NRGO and NRGO
in the nanocomposite can be attributed to the interactions of
NRGO with other components of the composite.

3.6 Optical studies

The optical properties of NRGO, g-C3N,;, BaWOy,,
BaWO4/NRGO and BaWO,/NRGO—g-C3N,4 nanocompo-
site are determined via the UV-visible diffuse reflectance
spectroscopy (DRS) (Fig. 6(a)). As shown in Fig. 6(a),
NRGO absorbs in the whole visible-light region. The
BaWO4/NRGO and BaWO,/NRGO—g-C3N, nanocompo-
sites show higher absorption as well as wider wavelength
window of absorption in the visible-light region compared
with pure g-CsN, and BaWO,. Thus, the observation
suggests that the BaWO,/NRGO—g-C3N4 nanocomposite
can efficiently utilize visible-light and generate more
electron—hole pairs under visible-light irradiation.

For a given semiconductor, its bandgap energy (E,) can
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Fig. 6 (a) DRS spectra, (b) bandgap plots and (c) PL spectra of BaWO,/NRGO-g-C;N, nanocomposites.

be measured from the intercept of the tangents in the plot of
(ahv)®" versus photon energy (hv) based on the Tauc
relation given below in Eq. (2) and are shown in Fig. 6(b):

@)

where a, h, v and k are absorption coefficient, Planck
constant, frequency of light and a constant, respectively. In
addition, # is a constant determined by the type of optical
transition of a semiconductor, which is equal to 1 for a
direct gap material, and 4 for an indirect gap material.
According to Eq. (2), the intercept of the tangents to the

ahy = l’c(hvag)”/2

plots of (av)? versus photon energy could be employed to
determine the bandgaps of the given materials, due to their
direct electronic transitions.

The bandgaps of pure g-C5N4, BaWO,, BaWO,/NRGO
and BaWO,/NRGO-g-C;N, nanocomposite are 2.69,
443, 3.04 and 2.41 eV, respectively (Fig. 6(b)). The
bandgaps of BaWO,/NRGO—g-C;N, nanocomposites are
reduced compared to its components. The reduction in the
bandgap may be attributed to the delocalization of surface
charges resulted by the interactions of the components in
the composite. It is believed that interactions lead to the
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formation of new molecular orbitals of lower energy which
in turn facilitates the reduction in the bandgap. Such
observations for semiconductor composites are reported in
Refs. [14,16]. Such reduction in the bandgap of the
materials is beneficial for enhancing both visible-light
absorption and photocatalytic activity.

3.7 PL studies

PL analysis represents the recombination performance of
photogenerated charge carriers in a semiconductor. Higher
rate of recombination results in higher intensity of the PL
spectrum. The enhanced photocatalytic efficiency of
BaWO,4/NRGO-g-C3N, nanocomposite is attributed to
the effective separation of photogenerated charge carriers
[14]. The nature of charge carrier recombination in
BaWO0O,, BaWO,/NRGO, BaWO,/g-C3N, and BaWO,/
NRGO—-g-C3N, nanocomposite was investigated by PL
analysis (Fig. 6(c)). BaWO, exhibits strong emission peak
around 445 nm, which is due to the recombination of the
photogenerated electron—hole pairs. After NRGO or g-
C3N, was introduced, the heterostructure samples show
lower PL emission intensity compared with that of pure
BaWOQ,, suggesting lower recombination of the photo-
generated electron—hole pairs. The PL peak of BaWO,/
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NRGO—-g-C3N,4 nanocomposite shows the lowest intensity,
which reveals higher separation between the photogener-
ated electron—hole pairs in the BaWO,/NRGO—g-C3N,
nanocomposite surface.

3.8 Photocatalytic studies

The nanocomposite and its components were tested for
their photocatalytic activities in the degradation of MB dye.
In the absence of the catalyst the degradation was
negligible. As shown in Fig. 7(a), the efficiencies of pure
NRGO, BaWO,, g-C3N,;, BaWO0,/g-C5N4, BaWO,/
NRGO, NRGO-g-C;N,; and BaWO,/NRGO-g-C3N,
nanocomposites are 13.10%, 21.06%, 46.99%, 65.47%,
74.49%, 79.63% and 99.44% for 120 min visible-light
irradiation, respectively. Clearly, the photocatalytic degra-
dation efficiency of these samples decreases in the
following order: BaWO,/NRGO-g-C;N4 > NRGO—g-
C3N4 > BaWO4/NRGO > BaW0,/g-C3Ny4 > g-C3Ny >
BaWO, > NRGO. These results demonstrate that the
BaWO4,/NRGO—-g-C5N,4 nanocomposite shows higher
photocatalytic activity for MB degradation than pure
NRGO, g-C3N4, BaWO,, BaWO,/g-C5N4, BaWO,/
NRGO and NRGO—g-C3Ny.

It is observed that the kinetics of photocatalytic

401 u bk ()
® NRGO
A BaWoO,
321 & g-(‘,3N:
4 BaWO,/g-C)N,
Go 244 < BawoNrRGO
S ’ » NRGO-g-C;N,
= ® BaWO,/NRGO-g-C,N,
% 1.6
0.8
0.0
0 15 30 45 60 75 90 105 120
Irradiation time/min
1004 99.44%  97.56% (d)
30 BaWO,/NRGO-g-C;N,
X
g 60 60.22% 43.76%
= 8 22.97% g
= a g
gl) 40 é‘? =
20+ 51
s

Scavengers

Fig. 7 (a) Degradation plots of MB over various catalysts, (b) First-order kinetics plots of MB over various catalysts, (c) rate constant of
MB over various catalysts, and (d) plot depicting effects of different scavengers on degradation efficiency of BaWO,/NRGO—g-C;Ny4

nanocomposites under visible-light irradiation.
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degradation of MB follows the Langmuir-Hinshelwood
first-order kinetics model, which can be described by the

C
~In (Fo) =kt 3)

where Cy is the initial concentration of dye, k is the first-

following equation:

order rate constant, C is the concentration of the dye at time
interval ¢. The rate constants can be obtained from the slope
of the plot of —In(C/Cy) versus irradiation time (Fig. 7(b)).

The rate constant of BaWO,/NRGO—g-C3N, (0.01767
min") is about 11.70, 9.11, 4.09, 2.67, 2.04 and 1.63 times
greater than those of pure NRGO (0.00151 min™), BaWO,
(0.00194 min™"), g-C3N4 (0.00432 min™'), BaWO,/g-C3N,4
(0.00663 min '), BaWO,/NRGO (0.00865 min ') and
NRGO-g-C3N, (0.01087 min"), respectively (Fig. 7(c)).
The enhanced performance of the ternary nanocomposite
may be attributed to the factors such as narrow bandgap,
higher extent of energy absorption in the visible-light
region and efficient separation of charge carriers, con-
tributing significantly towards improved photodegradation
of MB in comparison to that of component materials.

The durability and stability of the photocatalysts are
significantly important for their practical applications. The
catalytic stability was determined by recycling the
nanocomposite. The degradation rates changed from
99.44% to 99.21% to 98.82% to 98.35% to 97.44% from
the 1st to the 5th cycle, respectively. These results indicate
that the BaWO,/NRGO—-g-CsN, nanocomposite is rela-
tively stable during the photocatalytic process.

In order to understand the photocatalysis mechanism of
the BaWO,/NRGO-g-C5N, nanocomposite, the active
species generated during the photocatalytic degradation
process are identified through radical and hole-trapping
experiments. 10 mmol/L Ternary butyl alcohol (TBA), 10
mmol/L KI (potassium iodide), 1 mmol/L BQ (benzoqui-
none) and 10 mmol/L AgNOj (silver nitrate) acted as the
scavengers for hydroxyl radicals (*OH), holes (h"),
superoxide radicals (*O3) and electrons (e), respectively.

Figure 7(d) displays the influence of different quenchers
on the visible-light photocatalytic activity of BaWO,/
NRGO—-g-C3N, nanocomposite for the degradation of MB.
With the addition of TBA, the photodegradation efficiency
of MB did not change much indicating that the *OH is not
the active species generated in the BaWO,/NRGO—g-C3N,
photocatalytic reaction system. The degradation efficiency
of MB changed slightly with the addition of BQ and
AgNO;, implying that *O, and e were formed in the

photocatalytic reaction system of BaWO,/NRGO-g-C3Ny
under the visible-light irradiation. However, after addition
of KI, the photodegradation efficiency of MB decreased
significantly as a result of quenching of h* in a reaction
system, which indicated that h™ is the main active species
generated in the BaWO,/NRGO—-g-C3N, photocatalytic
degradation of MB. The proposed reactions are shown in

Egs. (4)—(7):

g-C3Ny + hv — g-C3Ny(e” +h™) 4)
g-C3Ny (e ) + BaWO, — g-C3N, +BaWOy(e )  (5)
BaWO,(e ) + 0, — BaWO, + <O, 6)

g-C3N4(h+) + dye — C02 + H20 (7)

where e is the electron in the CB edge, and h* is the hole in
the VB edge.

The visible-light photocatalytic efficiency of the
BaWO4/NRGO—g-C3N4 nanocomposite can be elucidated
by the band positions of the respective semiconductor
materials. Therefore, the VB and CB energy levels of
BaWO, and g-C3N, were measured using the Mulliken
electronegativity formula:

EVB :X*Ee + OSE‘g (8)

Ecp = Evg—Eg ©)

where, Eyg and Ecg are respectively the VB and the CB
potentials; E, is the bandgap of the semiconductor, i.e.,
4.43 and 2.69 eV for BaWO, and g-C;Ny, respectively. y is
the arithmetical mean of the absolute electronegativity of
component atoms in the semiconductor, and E, is the free
electron energy based on the hydrogen scale (4.5 eV). The
y values of BaWO, and g-C5N4 are 5.6954 and 4.73 eV,
respectively. The calculated VB potentials of BaWO, and
g-C5Ny are 3.4104 and 1.575 eV, respectively. The CB
potentials are —1.0196 and —1.115 eV, respectively, for
BaWO, and g-C;N,.

Based on the above discussions and analysis, a possible
charge transfer mechanism for the BaWO,/NRGO—g-C3N,
nanocomposite is proposed, as shown in Fig. 8. When the
system is under visible irradiation, the VB electrons of g-
C3N, semiconductors are excited to the CB, leaving holes
in the VB, thereby forming photoinduced electron—hole
pairs. Because the CB potential of BaWOy is slightly lower
than that of the CB of g-C3N,, the CB electrons of g-C3N,4
would easily jump to the CB of BaWO, and from there to
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Fig. 8 The proposed mechanism for the photocatalytic degrada-
tion of dye by BaWO,/NRGO-g-C;N4 nanocomposites under
visible-light irradiation.

the highly conducting NRGO sheets, resulting in effective
charge separation and transport. These electrons would
then react with the oxygen to form superoxide radical
anion. The holes will immediately get transported with the
support of conductive NRGO matrix to react with MB to
form products such as CO,, H,0, and other species. Thus,
the entire process leads to efficient separation of the
photogenerated electron—hole pairs, which in turn results in
the enhancement of the photocatalytic activity of BaWQO,/
NRGO—-g-C3N, nanocomposites for the degradation of
MB.

In order to understand the nature of products formed
during photocatalytic degradation of MB, we have
determined the total organic carbon content (TOC) of the
reaction medium during the photocatalysis process. Using
the TOC values, percentage mineralization of the dye was
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calculated employing Eq. (1) given earlier. For compari-
son, the decrease in concentration of MB in terms of
decolorization percentage was determined during the
catalytic photodegradation. The concentrations of solutions
were calculated from absorbance data at 664 nm. Figure 9
(a) shows absorbance versus wavelength plot at different
intervals of time and Fig. 9(b) shows variations of the
mineralization percentage and the decolorization percen-
tage with time in the form of a bar diagram. As can be
observed from the plot, the absorbance at 664 nm
decreased with time and reached 0.56% during scan at
120 min under visible-light irradiation. The TOC value
decreased to 14.36% or mineralization extent increased to
85.74% under visible-light irradiation for 120 min of
visible light irradiation. Thus, the results suggest that, the
organic carbon is mostly converted to CO, during the
process. In view of this, it can be concluded that the
nanocomposite is an eco-friendly photocatalyst. A com-
parison of photocatalytic degradation activity of reported
catalysts with our catalyst is given in Table S1.

3.9 Hydrogenation studies

The catalytic activity of BaWO,/NRGO-g-C3N, nano-
composites was evaluated in the reduction of 4-NP using
NaBH, in an aqueous solution. In the absence of the
catalyst the reduction was negligible. However, when
BaWO4/NRGO—g-C3N,4 nanocomposites were added into
the 4-NP solution, the absorption of 4-NP found at 400 nm
peak decreased immediately and the new absorption peak
of 4-AP found at 300 nm was obtained, and then the
intensity of this 300 nm peak increased with time as shown

BaWO,/NRGO-g-C;N, ®) 100

Decolorization/%

=30 0 30 60 90
Irradiation time/min

120

Fig. 9 (a) Absorbance versus wavelength and (b) mineralization/decolorization test bar diagram for photodegradation of MB catalyzed
by BaWO,/NRGO—g-C3N,4 nanocomposites at different intervals of time.
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Fig. 10 (a) UV-vis absorption spectra for the reduction of 4-NP to 4-AP by NaBH, in the presence of BaWO,/NRGO—g-C;N,
nanocomposites. (b) Catalytic reduction of 4-NP to 4-AP over various catalysts using NaBH,. (¢) First-order kinetic plots of —In(C/Cy)
against the reduction time of 4-NP to 4-AP. (d) Rate constant values of 4-NP over various catalytic materials.

in Fig. 10(a). The catalytic reduction of 4-NP into 4-AP
was completed in 60 s. The complete change of 4-NP can
be visually seen (inset of Fig. 10(a)) as the solution color
changes from bright yellow to colorless. The observed
results indicated that the BaWO4/NRGO—g-C3N,4 nano-
composite is an excellent catalyst in the reduction of 4-NP
to 4-AP than those of pure NRGO, BaWO,, g-C3N,4,
BaWO0,/g-C3N,4 and BaWO,/NRGO materials (Fig. 10(b)).
The reaction rate for the reduction process followed
pseudo-first-order kinetics with respect to the 4-NP
concentration similar to the one described for photode-
gradation previously. The first-order kinetic plots of
—In(C/Cy) versus conversion time for all the catalyst
materials are shown in Fig. 10(c). The reaction rate
constant (k) is calculated from the slope of these plots and
the same is given in the form of a bar diagram for
comparison as shown in Fig. 10(d). The above results
clearly indicate that BaWO,/NRGO-g-C;N, nanocompo-
sites exhibit a significantly enhanced catalytic activity for
the reduction of 4-NP to 4-AP than that of component
materials.

The catalytic stability and reusability of the BaWQ,/
NRGO-g-C3N, nanocomposites were tested after recovery
from the previous reaction mixture (Fig. 11). The recycled

catalyst exhibited excellent catalytic activity even after 10
successive cycles, with nearly 100% conversion within a
time period of 92 s. A comparison of reduction activity of
reported catalysts with our catalyst is given in Table S2.
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Fig. 11 Catalytic stability of BaWO,/NRGO-g-C5N, nano-
composites for successive 10 cycles.

3.10 Electrocatalytic studies

The electrocatalytic performance of the BaWO,/NRGO-
g-C3N4 nanocomposite was investigated in 0.1 mol/L KOH
solution using a standard three-electrode system. For the
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sake of comparison, component materials and 20 wt.% Pt/
C were also tested under the same conditions. The
polarization curves for the HER on various electrodes are
shown in Fig. 12(a). BaWO,/NRGO-g-C5N4 nanocompo-
sites demonstrated a remarkably high activity with an onset
potential of ~83 mV vs. RHE and a HER current density of
10 mA/cm? at an overpotential of 211 mV. On the other
hand, BaWO,/NRGO and BaWO,/g-C3N, had an onset
potential of ~186 and ~205 mV and current density of 10
mA/cm? at overpotentials of 320 and 347 mV, respectively.

The linear regions of Tafel plots (Fig. 12(b)) were fitted
into the Tafel equation (n = blogj + a, where b is the Tafel
slope) [28-29], yielding 30, 62, 103, 112, 160, 196 and 227
mV/dec for 20 wt.% Pt/C, BaWO,/NRGO—g-C5N,,
BaWO4/NRGO, BaWO,/g-C5N4, BaWO,, NRGO and g-
C3Ny electrodes, respectively. This indicates that the
BaW0O,/NRGO—g-C3N, nanocomposites electrode has
much higher activity than the component materials
electrode. Although its activity is still lower than the 20
wt.% Pt/C electrode, it may be considered significant
because of the fact that it is a Pt-free catalyst. There are
normally three principal steps for the HER in alkaline
solutions namely, the Volmer reaction (electrochemical
hydrogen adsorption: H,O + ¢ — H,gqs + OH"), and the
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Tafel reaction (chemical desorption: H,4s + Haqs — H,) or
the Heyrovsky process (electrochemical desorption: Hygs +
H,0 + e — H, + OH") [29]. Tafel slopes of 120, 40 or 30
mV/dec are expected if the Volmer, the Heyrovsky or the
Tafel reactions are the rate-determining steps, respectively.
Thus, the experimentally observed Tafel slope of 62 mV/
dec indicated that the Heyrovsky process is the rate-
determining step for BaWO,/NRGO-g-C;N4 nanocompo-
sites.

Stability is one of the key factors in evaluating catalyst
performance. In view of this, to assess the stability of
BaWO4/NRGO-g-C3N4 nanocomposites during HER,
continuous cyclic voltammograms to up to 2000 cycles,
and galvanostatic polarization curves at a current density of
—10 mA/cm?> were recorded. Figure 12(c) displays LSV
curves recorded at a scan rate of 10 mV/s for BaWO,/
NRGO-g-C3N,4 nanocomposites before and after perform-
ing 2000 continuous cyclic voltammograms between 0.0
and —0.5 V. Notably, no appreciable activity change was
observed after 2000 cycles indicating excellent stability of
the BaWO,/NRGO—-g-C;N, nanocomposites during HER.
This observation further suggests that the BaWO,/NRGO-
g-C3N4 nanocomposite structure and composition remain
unchanged during the catalytic process. The potential
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required to deliver a current density of —10 mA/cm? is an
important figure of merit for the viability of a HER catalyst
because it corresponds to the current density required to
attain 10% efficiency in a solar-to-fuel conversion device
[28-29]. Galvanostatic measurements also demonstrated
the outstanding stability of the BaWO4/NRGO—g-C3N,4
nanocomposites in basic media (Fig. 12(d)), confirming
that the ternary nanocomposite can be a very useful,
efficient and promising candidate for HER. A comparison
of electrocatalytic activity of reported catalysts with our
catalyst is given in Table S1.

4 Conclusions

In this work, BaWO,/NRGO—-g-C5N,; nanocomposites
were successfully synthesized by microwave irradiation
method and characterized by different techniques like
XRD, Raman, SEM, HRTEM, XPS, BET, PL and UV-
visible spectroscopy. The synthesized composite exhibited
enhanced efficiency for photodegradation of MB dye,
HER, and catalytic reduction of 4-NP to 4-AP, suggesting
that the material can be a very promising multifunctional
catalyst. The present approach provides fundamental
insights which can be extended in future to other metal
tungstate-based ternary composites to act as multifunc-
tional catalyst in the field of clean energy and environment.
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Table S1 Comparison of the photocatalytic degradation process parameters for reported catalysts
Photocatalyst Light source Concentration Degradation extent, Time Refs.
) B . visible light catalyst: 0.1 g 0 .
g-C3N-NS/CuCr.0, (10%) (50 W LED lamp) RhB: 250 mL (2.5% 10" mol/L) 98.8%, 210 min (S1]
visible-light
. catalyst: 0.04 g (20 mL) o .
g-C3Ny/TiO, (350 W xenon arc lamp, RhB: 30 mL (1x10° mol/L) 95.2%, 90 min [S2]
cutoff filter, 420 nm)
visible light catalyst: 5 mg
rGO-TiO,—0.55CdS (300 W Xe lamp, cutoff filter, MB: 80 mL (5 mg/L) 65 223(?0%%3)) ggdmin [S3]
400 nm) or 4-CP: 25 mL (1 mg/L) =7 ?
light source .
AgCl@Ag/N-GO (150 W Xe arc lamp, N C;?tg(l)yi:'Ll ('?Ogﬁ o 97%, 150 min [S4]
cutoff filter, 400 nm) ’ e
. . UV resource .
RGO/Ag/TiO,-nanotubes/Ti plates (125 W mercury lamp) MB: 100 mL (10 ppm) 89%, 120 min [S5]
UV light source
Cu-doped TiO,/RGO (UV-A light 300 W, MB: 35 mL (10 ppm) 63%, 180 min [S6]
A= 315-400 nm)
visible light o
Graphene-Bi,MoOj (250 W halogen lamp, 0‘;“”‘3? ;thlo)c(ia? g?z‘(‘;‘og/;i) 90.4%, 90 min [S7]
cutoff filter, 400 nm) S eotp Y
visible-light source catalvst: 20 m
BaWO,/NRGO-g-CsN, (250 W mercury lamp, ME. 2ooymL 0 fl L 99.44%, 120 min this work
cutoff filter, 400 nm) ’ g
Table S2 Comparison of 4-NP to 4-AP reduction parameters of reported catalysts
Catalyst Time Rate constant Refs.
Pd-GA/RGO 5 min 0.1199 min "' [S8]
[Pt(ppy)CI(3-ampy))/GO 840 s 2.04x107° 57! [S9]
AgNPs@MWCNTs—polymer composite 5 min 0.473 min "' [S10]
Pd/RGO/Fe;04 60 min 3.06 min ! [S11]
Ni-RGO 480 s 1.8x103s! [S12]
GO/Ag 30s 14.5%107 s [S13]
BaWO,/NRGO-g-C3Ny4 60 s 0.1883 s this work
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Table S3 Comparison of HER parameters using alkaline medium for reported catalysts
UmV vs. RHE at —10 mA-cm > ,
Catalyst - - Tafel slope/(mV-dec ) Refs
Onset potential Over potential

Mo,C@NPC -137 - 126.4 [S14]
MoS, CNTs aerogel -210 - 135 [S15]
Carbon paper/carbon tubes/cobalt-sulfide - 190 138 [S16]
AuNPs@NCNRs/CNFs-8 -190 386 110 [S17]
CoO,@N-doped carbon - 232 115 [S18]
Fe@N-C - 330 158 [S19]
N, P-doped graphene 389 585 145 [S20]
BaWO,/NRGO-g-C;Ny4 83 211 62 this work
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