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Abstract

Brick-shaped zinc tungstate nanoparticles have been synthesized by ecofriendly solvent-free process using molten salts. Zinc
tungstate nanobricks (ZnWO, Nbs) were characterized by powder x-ray diffraction (PXRD), FTIR, Raman, energy
dispersive and electron microscopic studies. ZnWO, Nbs are used as the multifunctional electrode materials to oxygen
generation reactions (OGR), oxygen reduction reactions (ORR) and supercapacitors (SCs) as well as photo-catalysts in the
waste-water treatment by the degradation of organic dyes. Low overpotential (17,9 = 0.475 V), low tafel slope (140 mV/dec),
high current density (~70 mA/cm?) and good stability of the electrodes are the key results of the present studies for water
electrolysis (OGR/ORR). ZnWQ, Nbs have also shown great interest in supercapacitors with efficient charge—discharge
activities in 1 M KOH. The specific capacitance and energy density of ZnWO, Nbs were found to be 250 F/g and 80 Wh/kg,
respectively, at 5 mV/s, these values are relatively higher than that of previously reported specific capacitance and energy
density value of metal tungstate nanoparticles. ZnWO, Nbs as the photo-catalysts work very significantly for photocatalytic
degradation of aqueous MB dye solution (~85 % in 3 h) in neutral medium.

Graphical Abstract
ZnWO, Nanobricks show significant multifunctional electro-chemical activities in alkaline medium and photocatalytic
degradation of organic dye in neutral medium.
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Highlights

e Ecofriendly solvent-free Synthesis of ZnWQO, Nanobricks (Nbs).
e 7ZnWO, Nbs show admirable multifunctional electrochemical activities (OGR/ORR/SCs).
e Low overpotential, low Tafel values, relatively high current density and good stability of electrode materials are

significant for OGR and ORR.

e ZnWO, Nbs exhibit efficient supercapacitor performances with the specific capacitance (250 F/g) and energy density

(80 Wh/kg) at SmV/s in 1 M KOH.

e ZnWO, Nbs also work as photo-catalysts to enhance the degradation of aqueous organic dyes.

Keywords

1 Introduction

Environmental remediation and clean energy production
have been attracted to the scholars, worldwide, since last
two decades. Precious electrode materials (e.g. Pt, Ru, Ir
etc. or their oxides) are commonly used globally in the
development of energy conversion process [1-4]. Repla-
cement of these precious electrode materials by cost effec-
tive, eco-friendly and promising nature of the electrodes is
the current challenge to develop the new technologies for
clean, renewable and sustainable energy resources. How-
ever, present work focuses on the enhanced electrochemical
performances of multi-functional ZnWO, Nbs electrodes in
water electrolysis (OGR and ORR) and supercapacitor
applications. The demand of renewable energy and the
diminution of fossil fuels have been increased drastically,
while the contaminated water causes harmful effects on
human being [S5, 6]. Therefore, production of cleaned
renewable energy and controlling of environmental pollu-
tions are the current challenges. The removal of organic
dyes (cationic/ anionic/ neutral) from waste-water via pho-
tocatalytic oxidation reaction is an efficient and cost-
effective way to control the environmental problems [7].
Nanocrystalline ZnWO, particles have also been reported as
the efficient photo-catalysts in the degradation of organic

dyes [8—13].
ZnWO, nanostructures were also reported as super-
capacitors [14-16], sensors [17-19], and photo-

electrocatalysts [20, 21]. ZnWOy as a pure electro-catalyst
is still traceless in the electrolysis of water to gas evolution
and reduction reactions. Other materials like transition
metal tungstate nanoparticles were also reported as elec-
trocatalysts in water electrolytic reaction and super-
capacitors [22-25]. Low overpotential, low Tafel values and
stability of the electrodes are the significant features to
improve the electrochemical activities of the electrode
materials. The overpotentials of metal tungstate nano-
particles are reported from 380 — 970 mV for water splitting
[22-24]. High over-potential range could be accountable to
diminish the electrochemical performances. On the other
hand, graphene based electrode materials have been used
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extensively for the supercapacitor applications due their
chemical stability, high surface area and pore volume, good
conductivity and capacitive performances. The specific
capacitances of graphene oxide and graphene- metal oxide
nanocomposites were reported in the range from 40 to
213 F/g [26, 27]. Zinc, nickel and copper tungstate nano-
structured materials have shown the specific capacitance
values of ~40-72F/g (3M KOH) [14], ~171F/lg 2M
KOH) [28] and ~13F/g 2M KOH) [29], respectively.
Recently, we have devolved various nano-structured mate-
rials with controlled morphology for photocatalytic degra-
dation of organic pollutants, electrochemical water splitting
and supercapacitors [30-34]. Synthesis of single phase
materials is also an important concern. ZnWQO, nanos-
tructured materials were synthesized from the various routes
including hydrothermal [35-37], polyol [38], mechan-
ochemical [39], microwave [40, 41], microwave-
solvothermal [42], and ultrasonic spray pyrolysis [43].
Previously, molten salts flux method was employed in the
synthesis of ZnWO,:Eu®" nanoparticle (particle size
~50 nm) using variety of flux i.e. LINO3, NaNO3; and KNO3;
[44].

In this paper, we report the solvent-free synthesis of
ZnWO, nanoparticles with unusual morphology using
molten salts (NaNO; + KNO3). Note that the solvent-free
process is an ecofriendly approach to prepare the nanos-
tructured materials for various applications. ZnWQO, Nbs
were successfully characterized by PXRD, FTIR, Raman,
FESEM, HRTEM and energy dispersive studies. Water
electrolysis of ZnWO, Nbs was investigated in details at
room temperature on 3—electrode electrochemical work
station (3-EEWS) using cyclic voltammetry (CV), linear
sweep voltammetry (LSV) with rotating disk electrode
(RDE) and Tafel experiments. CV and charge—discharge
measurements were carried out to study the supercapacitor
application of the ZnWO,; Nbs electrode materials.
Enhanced photocatalytic activities of ZnWO, Nbs were also
examined for the degradation of hazardous organic dyes in
to non-hazardous substances under sun light irradiations in
neutral medium.
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2 Experimental

Solvent-free process consists of 2 moles of zinc nitrate
hexahydrate (Zn(NOs),.6H,O, BDH, 98%), 2 mole of
sodium tungstate dehydrate (Na,W0O,.2H,0, BDH, 96%),
60 moles of sodium nitrate (NaNOs, Alfa Aesar, 98 4+ %)
and 60 moles of potassium nitrate (KNOj;, Alfa Aesar,
99%). The above mixture was ground together properly to
make a homogenous reacting mixture followed by the firing

20000
2

at 500 °C for 6 h. The reaction conditions have been fixed
on the basis of phase diagram of the molten salts [NaNO;
and KNOj;] as also reported elsewhere [45]. The resulting
products were washed by de-ionized water several times
and then dried in oven at 60 °C. The final product was white
in color. The white-colored product was characterized by
PXRD to confirm the percent phase purity and crystal
structure of ZnWOQO, Nbs. PXRD data of ZnWQO, Nbs was
collected on powder x-ray diffractometer (Rigaku MiniFlex,

Fig. 1 (a) PXRD, (b) FTIR, (c)
Raman, and (d) EDS studies of
ZnWO, Nbs. Inset of (a) shows
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Fig. 3 N,—adsorption—desorption isotherm of ZnWO, Nbs

Ni-filtered Cu-Ko radiation, step size of 0.02° and scan
speed of 1s). FTIR spectrum of ZnWO,4 Nbs was recorded
in the range of wavenumber (per cm) from 400 to 4000 per
cm on a Bruker TENSOR 27 Spectrometer. Field emission
scanning electron microscope (FESEM) and EDS studies of
ZnWO,4 Nbs were investigated at SKV (JEOL, JSM-7600F),
while HR-TEM data were collected at 200 kV (JEOL, JSM-
2100F). The surface area of ZnWQO, Nbs was measured by
the Brunauere-Emmett—Teller (BET) measurements (V-
Sorb 2800 Porosimetry Analyser, Gold APP Instruments).
Electrochemical activities and stability of the electro-
catalysts were tested by Cyclic voltammetry (CV), linear
sweep voltammetry (LSV), charonoamperometry (CA),
RDE measurements on potentiostat—galvanostat (CHI 660E,
China) electrochemical analyzer at 25 °C. Three electrodes
[i.e. reversible hydrogen electrode (RHE) as reference, Pt
wire as counter and glassy carbon electrode or carbon sheet
as working electrode] were used in the electrochemical
studies of ZnWO, Nbs. The working electrode for water
electrolysis has been prepared by pasting the slurry on the
glassy carbon (GC) electrode. The slurry contains 2.5 mg of
ZnWO, catalysts, 0.5ml of isopropanol and 0.1 ml of
nafion solution. The prepared working electrode was dried
in oven at 50 °C prior to use in electrolysis of water. Loaded
amount of ZnWQ, catalysts on GC electrode was of
0.28 mg/cm®. The area of GC working electrode was
0.07 cm?. Electrolysis of water (OER and ORR) was carried
in 1.0M KOH at 25 °C vs. reversible hydrogen electrode
(RHE). ORR reaction was also performed using rotating
disc electrode during LSV at the rotations of 500 to 3000 .
p.m. Moreover, we have studied the supercapacitive beha-
vior of ZnWO, Nbs using 1.0 M KOH electrolyte. The scan
rates vary from 5 to 200 mV/s during the CV measurements
of ZnWO, Nbs. The specific capacitance and energy density
of the electrodes were estimated using the respective
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Fig. 4 (a) CV of ZnWO, Nbs for OGR and ORR, (b) LSV of ZnWO,
Nbs for OGR, (¢) LSV of ZnWO, Nbs for ORR at different rotations
(500-3000 r.p.m.). Inset of (b) representing Tafel plot of ZnWO, Nbs

equations as also given in results and discussion. Zinc
tungstate electrodes for supercapacitor were prepared by
electrophoretic deposition on carbon sheet. Typically, 3 mg
of iodine (Alfa Aesar) and 15 mg of zinc tungstate powder
were dispersed in 15 ml of acetone followed by sonication
in ultrasonic water bath for 15 mins to obtain uniform
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dispersed zinc tungstate nanopowders. The carbon paper
was immersed, parallel to each other, in the solution with
ca. 1.0 cm of distance, and then 4 10 V of bias was applied
between them for 4 min using a potentiostat (BioLogic
SAS, model). Thereafter, the electrodes were rinsed with
de-ionized water, dried in air and then calcined at 80 °C for
120 min under air atmosphere. The average weight of zinc
tungstate deposited on carbon paper was 2.2 mg. The pho-
tocatalytic performances of ZnWQO, Nbs were investigated
on UV-VISIBLE spectrophotometer (SHIMADZU, UV-
1650) for photodegradation of MB dye in neutral medium
(pH =7) at Ay, of 664 nm under the solar light irradiation.

3 Results and discussion

The crystal structure and the phase purity of freshly pre-
pared materials were tested by PXRD. Figure 1a shows the
PXRD patterns of ZnWOQO, that can be indexed with
monoclinic structure of ZnWO,. PXRD patterns show the
formation of high crystalline materials with zero impurity
phases of other oxides (i.e., ZnO, WO3) or molten salts. The
indexed JCPDS pattern number of ZnWOy, is 15-774. Inset
of Fig. 1a shows x-ray line broadening studies of ZnWOQ,.
The X-ray line broadening studies have been used to
determine the crystallite size of ZnWQ, using Scherrer’s
Formula [t =0.91/(Bcos0)]; where ¢, A and B are the dia-
meter of particle, wavelength of CuKa radiation and line
broadening, respectively. B can be calculated by Warren’s
formula (i.e., B? :BZM — st), where By, and Bg are full
width half maxima (FWHM) of powder sample and stan-
dard (i.e. quartz) respectively. The crystallite size of ZnWO,
Nbs was found to be ~ 45 (+£5)nm from line broadening
studies. Figure 1b represents the FT-IR spectrum of
ZnWOy. The characteristics IR bands at ~618 and ~847 per
cm can be ascribed to V(Zn—O-Zn) and V(W-0), respec-
tively. The strong and weak bands at ~3436 and ~1635 per
cm are indexed with — OH group that could be due to the
presence of atmospheric moisture. IR bands at ~2360 and
~1384 per cm resemble to C=0 and C-O groups,

Time (seconds)

respectively, of atmospheric CO,. Raman spectrum of
ZnWO, Nbs is shown in Fig. 1c. The characteristic Raman
bands are identified at 279 (Ay), 311 (A,), 343 (Ay), 409
(Ap), 510 (By), 546 (A,), 680 (B,), 736 (Ay), 787 (By), and
908 (Ap) cm ! arise from ZnWO, Nbs as also reported [46].
These phonon bands confirm the formation of wolframite-
type structure of ZnWO, Nbs. Figure 1d shows the energy
dispersive X-ray spectroscopic (EDS) studies to investigate
the elemental composition of ZnWQ,. Note that EDS was
equipped with FESEM machine operated at SkV. The
elemental weight fraction (i.e., atomic weight) in the
nanoparticles was found to be in the ratio of 1:1:4 of Zn:W:
O, respectively, as it was expected according to our pre-
liminary loaded composition.

FESEM and HRTEM studies were carried out for the
morphology and the particle size of ZnWQO, nanostructured
materials (Fig. 2). FESEM image shows that the particles of
ZnWO, materials are in nanometric region with an unusual
morphology (Fig. 2a). TEM and HRTEM micrographs
confirm the formation of nano-sized particles of ZnWQO, in
bricks shape (Fig. 2b, c). The length, width, and height of
the ZnWQ, Nbs were observed to be 70, 40, and 20 nm,
respectively. Figure 2d shows the HRTEM micrograph of
ZnWO, Nbs to observe the crystalline nature and the inter-
planar distance (i.e., d-spacing). The d-spacing value of
ZnWO4 Nbs was calculated using the HRTEM data, which
matches with the most intense line of PXRD patterns of
monoclinic crystal structure of ZnWO, Nbs. The surface
area of ZnWQO, Nbs has been studied with the help of BET
isotherm i.e., N, adsorption—desorption isotherm as shown
in Fig. 3. The BET surface area, pore volume, and pore
radius of ZnWO, Nbs were found ~13.40 m%/g, 0.028 cc/g
and 18.78 A, respectively. The resulting surface area of
ZnWO, Nbs is nearly similar to previously reported surface
area of zinc tungstate nanoparticles [9, 39].

Electro-chemical studies of ZnWOQO, Nbs for water elec-
trolysis (OGR and ORR) and supercapacitor were investi-
gated in 1.0 M KOH. Anodic and cathodic sweeps were
observed in cyclic voltammetry (CV) with a very sharp
redox peak of ~1.49V vs. RHE at the scan rate of 50 mV/s

@ Springer
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Fig. 6 (a) CV curves and (b) histogram showing the resulting specific
capacitance of ZnWO, Nbs electrode at different scan rate from 5 to
200 mV/s. (¢) Charge—discharge (CD) curves of ZnWO,4 Nbs for IR
drops within 20 segments

(Fig. 4a). This initial study shows the multi-functional
behavior of the electro-catalysts in alkaline medium.
Thereafter, LSV polarization studies were carried out for
OGR and ORR. Figure 4b shows the polarization curve of
ZnWO, Nbs for the OGR in 1.0M KOH vs. RHE at the
scan rate of 50 mV/s. The current density was found to be
~70 mA/cm?. The resulting current density of ZnWO, Nbs

@ Springer

for OGR is the function of surface area of the nanoparticles
used and a combination of both faradaic and non-faradaic
processes. The current density is directly related to the
amount of oxygen generate during the water oxidation
reaction. The overpotanetial was found to be 475 mV at the
current density of 10 mA/cm? (1710) by the exclusion of the
potential of water oxidation process. Inset of Fig. 4b shows
the Tafel plot of the potential (5, V) vs. log (current density),
which is used to study the energy consumption in water
oxidation reaction for OGR (2H;O (), — 4H" +4¢,0,
@)- Tafel plot is linearly fitted and the slope value of
ZnWO, Nbs was found to be ~135 mV/dec. Present Tafel
slop value for water oxidation reaction is relatively lower
than the previous reports. An effective catalyst for water
oxidation could have low over-potential and low Tafel
values to sustain high current with stability of the electrodes
to enhance the production of energy, due to low con-
sumption of energy in electrochemical reactions. Figure 4c
shows the polarization curves for ORR using the rotating
disk electrode (RDE) by applying cathodic potential vs.
RHE with scan rate of 10 mV/s. The rotations of RDE vary
from 500 to 3000r.p.m. for the ORR studies. This is
noteworthy that the diffusion current densities of ZnWQO,
Nbs were significantly increased with the speed due to
oxygen diffusion distance. Koutecky—Levich (K-L) equa-
tion [47, 48] was employed to understand the kinetics of
water splitting and also used to study the electrons con-
voluted in the reduction reactions. The electro-chemical O,
reduction reactions follow the 1% order kinetics and 4e”
transferred process in electrolysis of water. The stability test
of ZnWOy, electro-catalysts was studied during the water
redox reactions (OGR and ORR) for 250 cycles in 1.0M
KOH at 50 mV/s (Fig. 5a). The onset potentials and current
densities of ZnWO, Nbs were consistent up to 250 cycles.
Additionally, to confirm the stability of the electrode
materials in water redox reactions, chrono-amerometric
(CA) tests of ZnWQ, Nbs were also carried out at 1.88 V
vs. RHE for 525 s (Fig. 5b). CA is a potentio-static and true
quantitative experiment. From the CA studies, we observed
that the current density (~44 mA/cm?) is stable with time at
1.88 V as also recorded the same during CV. Therefore, the
present work confirms the long-term stability of ZnWOQO,
Nbs as the bifunctional electro-active electrode materials in
water electrolysis to OGR and ORR activities. Precious
electro-active materials (e.g., Pt, Ru, Ir) were reported as the
superior electro-catalysts in water splitting reactions.
However, the materials with earth abundant elements are
significant electro-catalysts in water splitting reactions and
very economical compared to the noble materials.
Moreover, the electrochemical performances of ZnWO,
Nbs were investigated for the supercapacitors. The capaci-
tive performances of the prepared electrodes were investi-
gated on the electrochemical work station using CV
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Fig. 7 (a) Band gap energy plot,
(b) absorption spectra, (c)
percent photo-degradation and
(d) linear plots of photocatalytic
degradation of MB dye with
ZnWO, Nbs in neutral medium
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measurements. The specific capacitance of the electrodes
can be determined using the following equation: Cs = [([ /
(V)dv) / (vmAV)], where Cs, [ I(V)dv, v, m, and AV are the
specific capacitance (F/g), integrated area under the CV
curve, scan rate (mV/s), mass of the catalysts (g), and
voltage window (V) respectively. Figure 6a shows the CV
curves of ZnWQ, Nbs electrodes at the various scan rates of
5, 10, 20, 50, 70, 100, 150 and 200 mV/s within the peak
window of 0.86-1.66 V vs. RHE. CV curves show sharp
anodic (~1.49V) and cathodic (~1.40V) peaks in the
applied potential window. This could be due to the charge
storage behavior of the materials by the faradaic electron
charge-transfer process (i.e., faradaic redox reaction).
ZnWOy electrode gives high integrated area which reveals
high energy storage capacity of the materials. We observed
that the peak current increases with the scan rates
(5-200 mV/s), which is also a good agreement of the rate
capability and capacitive behavior of the electrode materi-
als. The specific capacitance of ZnWO, Nbs was deter-
mined to be ~250 F/g using CV at 5 mV/s. The performance
of ZnWOQO, supercapacitor was found superior than reported
CuWO, (10F/g) and ZnWO, (70F/g at 5mV/s) super-
capacitors [14, 29]. The maximum specific capacitance of
171 F/g was reported for NiWO, nanoparticles [28]. The
specific capacitances of the electrode have been estimated at
the various scan rates as also shown in Fig. 6b. The energy
density (E) of ZnWQ, Nbs was also determined using the
following equation: E = (Cs x AV?)/2. The energy density

Y Y
700 750 800 00 05 10 15 20 25 30
Wavelength (nm)

T

Time (h)

of ZnWO, Nbs was found to be 80 Wh/kg at the scan rate of
5mV/s. Carbon based electrode materials like carbon
nanotubes (CNT), graphene (G), graphene oxide (GO) or
their nanocomposites have been used extensively as the
structural stabilizers, promoters, conductive additives, or
reactive precursors to improve the power density and energy
storage capacities of the electrodes [49-51]. The capacitive
performances of graphene oxide (213 F/g) [26], graphene/
ZnO (60-120F/g) [26, 27], and graphene/SnO, (42 F/g)
[27] were also found weaker than the present results. Open
circuit potential charge—discharge (CD) curves (potential
(V) vs. time) of ZnWO, Nbs were shown in Fig. 6¢. The
CD experiments were conducted at the current density of
0.1 A/g. CD curves of ZnWO, Nbs exhibit reversible cycles
through charge and discharge route for 20 segments. Small
IR drops were detected during discharge path. Low IR
drops of ZnWO, Nbs are good indicators for low electrode/
electrolyte interfacial resistance and low energy loss. The
discharge time is also an important concern to study the
super-capacitive behavior of the materials. The discharge
time was found to be ~110 seconds only for 20 segments.
High discharge time of ZnWO, Nbs is directly related to
high Cs that is also a good agreement with the CV.
Additionally, photocatalytic properties of ZnWQO, Nbs
were investigated using the UV-visible absorption spectro-
scopy. The band gap of ZnWO, Nbs was found to be
~3.51eV, which is calculated from the absorption data
using Tauc’s model [52]. Figure 7a shows a plot between
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band gap energy and (ahv)® of ZnWO, Nbs. Where v, h and
a symbolize frequency, Planck’s constant and the absor-
bance of incident light beam respectively. The band gap of
ZnWO, Nbs (~3.51eV) was found to be lower than the
reported value (~3.8eV) [53]. The band gap is an energy
difference of valance and conduction bands. Photo-catalytic
behavior of ZnWOQO, Nbs was also investigated for the
degradation methylene blue (MB) dye solution in presence
of full sun light at neutral medium. Figure 7b shows the
UV-visible absorption spectra of photodegradation of MB
dye at the maxima of ~664 nm for 3h. The absorption
intensities of dye have been reduced consistently with time
in under sun light irradiation. This result shows that ZnWO,
Nbs work as admirable photo-catalysts in the degradation of
organic pollutants like dyes. Photocatalytic degradation of
MB dye can be explained by the formation of OH" and O, *
(hydroxyl and super-oxide free radicals) from electron (e
“)-hole (h™) pairs followed by the attack on the dye mole-
cule to oxidize in inorganic minerals (i.e., NO;~, HO, NHy
*, CO,). The mechanism of photocatalytic degradation of
dyes over the surface of photo-catalysts is reported else-
where [30, 31, 53]. Figure 7c shows the percent photo-
degradation of dye with time. ZnWO, photo-catalysts
degrade the dyes of ~85% in 3 h under the irradiation of
full sun light, while neither degradation or adsorption of dye
solution was occurred in dark with ZnWO,. The photo-
catalytic activity of ZnWQ, Nbs in neutral medium was
found to be better than the previously reported photo-
catalysis of other metal tungsten oxides [54]. Recently,
WO; nanoparticles were used as the photo-catalysts in the
degradation of MB dye solution, which degrade the dye of
~25 % in ~3 h [55]. The linear plot (In (Cy/Cy) vs. time)
follows the pseudo-first order kinetics as shown in Fig. 7d.
The rate constants (k) and R? were found to be ~0.43/min
and ~0.93, respectively.

4 Conclusion

In summary, brick-shaped ZnWO, nanoparticles were suc-
cessfully synthesized by the solvent-free process using
molten salts. Efficient multifunctional electrochemical
(OGR/ORR/SCs) and photo-catalytic properties of ZnWO,
Nbs were investigated for cleaned renewable energy, sto-
rage and environmental remediation, respectively. ZnWOQ,
Nbs show excellent electro-catalytic behavior in water
electrolysis (i.e. OGR/ORR) with low overpotential, low
tafel slope, high current density and good stability of elec-
trode materials. ZnWO, Nbs also work as the promising
supercapacitors. CV results show high specific capacitance
and energy density of 250 F/g and 80 Wh/kg, respectively,
at 5mV/s in 1M KOH. Enhanced photocatalytic perfor-
mances of ZnWQ, Nbs were also conducted for photo-

@ Springer

degradation of dyes at pH of 7. Therefore, the present work
suggests that ZnWO, Nbs are potential materials and can be
used traditionally as multifunctional catalytic materials in
energy conversion, conservation, storage and environmental
remediation.
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