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ABSTRACT: WS,—ZnO nanostructured materials are of great interest in
the area of green energy due to their potential application for hydrogen
generation. In the present work, we report an efficient method to produce
WS,—ZnO nanoheterostructures through electrospark erosion of zinc
granules in aqueous solutions of hydrogen peroxide, with the simultaneous
addition of nanostructured WS,. WS,—ZnO nanostructures prepared with
this synthesis method were carefully characterized by XRD, TEM, BET,
FTIR, UV—vis, and Raman spectroscopy analyses to establish their
chemical compositions and morphology. According to the XRD analysis,
the resulting electrospark erosion products represent heterostructures
containing individual phases of hexagonal tungsten disulfide and zinc oxide.
The crystallite sizes varied from 4.3 to 66.7 nm for both phases. This
correlated with the TEM measurements. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) showed that the WS,—ZnO
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nanostructure decorated electrodes displayed improved conductivity, photocurrent density (by 2.564 mA/cm?), and hydrogen gas
evolution under light conditions in contrast to the dark experiments. The investigation confirmed the potential of the WS,—ZnO
nanostructures for efficient hydrogen generation for green energy applications.

KEYWORDS: nanostructures, tungsten disulfide, zinc oxide, photocatalytic materials, electrospark erosion

1. INTRODUCTION

There is a worldwide drive to significantly reduce the use of
fossil fuels due to their impact on climate change and their
contribution to ever-increasing greenhouse gas emissions. The
importance of an alternative fuel source such as hydrogen is
evident. The generation of green hydrogen, such as splitting of
the water molecule, has received a lot of attention recently.

Photoelectrochemical (PEC) cells use sunlight to carry out
solar-to-fuel conversion, thereby splitting the water molecule
using electrolysis to produce green hydrogen. Although an
attractive method to use, it requires the use of expensive scarce
metals, such as platinum group metals (PGMs) as electrodes.
Consequently, researchers are constantly on the search for
alternative materials to rival the efficiency of PGMs without the
associated cost penalty. This is a critical issue to be addressed
in any device utilizing sunlight conversion to produce
hydrogen by water splitting for use in the production of
clean energy.

Over the past two decades, ZnO is one of the most studied
and widely applied materials for photocatalytic devices and
applications due to it being widely available at low production
cost and is nontoxic. It is a semiconductor material with a
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bandgap of 3.37 eV, which absorbs light in the blue and
ultraviolet regions of the visible spectrum. ZnO can easily be
modified and transformed into nanostructures” which is
beneficial for its use in PECs. Over the past decade, many
reports have been published on the synthesis of ZnO
nanoparticles,4 nanoflakes,’ hexagonal prismatic rods,® nano-
flowers,” nanorods,® nanopillars, or nanosheets, using several
different synthesis methods.” These studies have shown that
the morphology and physical properties of the ZnO play a very
important role in determining and modifying its optoelectronic
properties and continue to receive increasing attention from
researchers worldwide.

One example of this is doping ZnO with rare earth elements

. . 10,11 o
as well as cationic or anionic substitutions.” "~ In addition, the
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Figure 1. Scheme illustrating the fabrication and subsequent characterization techniques of the WS,—ZnO nanostructures.

optical properties of bulk ZnO can be modified by nano-
structuring. This will increase the number of intrinsic defects in
the crystal structure. Alternatively, a reduction in crystal size
leads to a significant increase in the surface-to-volume ratio,
thereby creating stronger surface defects related to the
emission. For example, rose-like ZnO exhibits enhanced
fluorescent properties.'” Diamond-shaped ZnO nanostructures
deposited on dye-sensitized solar cells showed an increase in
the short-circuit current.'> A recent study also showed that
ZnO nanoparticles can exhibit interesting optical properties if
the appropriate precursor was selected.'* It confirms that
photoluminescent emission of ZnO can be modified by
creating O and Zn vacancies. However, a remaining
disadvantage is the wide bandgap of ZnO, which limits its
use to being an ultraviolet photocatalyst and results in only 5%
of sunlight captured by ZnO. Thus, shifting the optical
response to the visible range would improve its photocatalytic
efficiency. This can be achieved by doping it with metals and
nonmetals and through the synthesis of heterostructures.">"®

However, ZnO nanoparticles alone may not allow for
enough electron transport. This can be ascribed to two
reasons: first, there is insufficient contact between the particles;
and second, even if there is contact between particles, grain
boundaries are formed, which will interfere with electron
transport. The result is that the possible fabrication of devices
will be impaired. Despite its limitations, e.g, rapid recombi-
nation of photogenerated electron—hole pairs, ZnO is widely
explored for large-scale use such as water and air
purification.”"”

A new class of photocatalytic materials attracting increasing
interest because of their excellent catalytic and optical
characteristics is transition-metal dichalcogenides. For exam-
ple, they have been applied for photoelectrochemical water
splitting to produce hydrogen for clean energy devices."*™°
Chu at al.”" showed that a p-type composite material of WS,
has a photocatalytic activity as the photocathode of a
photoelectrochemical cell under simulated solar light irradi-
ation. Lin et al.”* found that the electronic structure and
optical properties of the hybrid nanomaterials depend on the

structure of the ZnO substrates. If MoS, and WS, monolayers
are present on a ZnO substrate, then the photoabsorption in
the visible region of the solar spectrum is enhanced. Because
the increase of ZnO substrate thickness decreases absorption
ability, investigations should focus on the synthesis of thin film
ZnO. Wang et al.” investigated the structural, electronic, and
optical properties of heterostructures and found that type-II
band alignment occurred at the WS,/ZnO interfaces. Thus,
there is a split of the photogenerated electron—hole pairs at the
surface (conduction-band minimum (CBM) and valence-band
maximum (VBM) located in the different layers), which
determines the various photovoltaic and photocatalytic
efficiencies of the heterostructures. A water decomposition
process depends on the correlation of the CBM/reduction
potential of water and the VBM/oxidation potential of water.
Guan et al.** observed that adjustment of CBM and VBM
provides a suitable material for the successful application of
water splitting.

There is limited work on the new class of transition-metal
dichalcogenide photocatalytic materials available in the
literature. WS, combinations, in particular, have only been
described in a handful of papers. The effect of its synthesis,
morphology, and crystal size on its performance can clearly be
extended and benefit from more investigations and new
knowledge. The present work describes a hitherto unexplored
fabrication method of nanoheterostructures by electrospark
erosion (ESE) and their characterization as potential photo-
electrode materials for hydrogen generation in photoelec-
trochemical cells. The electrospark erosion technique was used
to produce binary composite materials in the WS,—ZnO
system and evaluate their efficiency for hydrogen generation
when water is split. Not only will this add new knowledge to
the field about WS,—ZnO heterostructures but also will
contribute to unlocking a viable cheap and efficient method for
large-scale hydrogen generation for energy applications.

2. MATERIALS AND METHODS
2.1. Preparation of WS,—ZnO Nanostructures. The WS,—
ZnO (WZO) nanoheterostructures were manufactured by electro-
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spark erosion (ESE).*® This technique is a hybrid of top-down and
bottom-up approaches: with a decrease in the particle diameters (WS,
and Zn), an increase in the size of the heterostructure components
occurs. The method of electrical explosion of the conductor (tungsten
wire) was used to produce tungsten powder. The passing of high-
density pulsed current through a conductor results in the intense
energy release, the generation of shock waves, and creating the
possibility of rapid heating of the metal to temperatures above 10* K.
This leads to a change in the physical state of the metal and the
formation of nanodispersed particles of the metal (tungsten) from
which the conductor is made. Nanodispersed tungsten powder was
mixed with elemental sulfur and pressed into tablets, and nano-
structured tungsten disulfide WS, was obtained by self-propagating
high-temperature synthesis (SHS). The combustion process was
initiated by local heating of the sample (tablet) using a nichrome
spiral through which a current pulse was passed. After initiation at a
single point, the combustion front spread over the surface of the
sample from the center to the periphery. Then, a bright glow was
observed from the surface of the sample, which gradually covered the
entire sample. The exothermic effect of the interaction of nano-
dispersed tungsten powder and elemental sulfur provides the synthesis
of tungsten sulfide by the SHS method in an autowave mode with the
maintenance of a combustion wave due to the thermal effect of a
chemical reaction. WS,—ZnO nanostructures were synthesized by
ESE of zinc granules (analytic grade, ZAO “Soyuzhimprom”,
Novosibirsk, Russia) in aqueous solutions of hydrogen peroxide
(OO0 “INNOVATSIIA”, Voronezh, Russia), with the simultaneous
addition of WS, nanostructured powder in the reaction zone.
Nanostructured tungsten disulfide was prepared by the self-
propagating high-temperature synthesis of mixtures of tungsten
nanopowder and elementary sulfur. The scheme of the ESE
experiment for the preparation of the WS,—ZnO heterostructures is
presented in Figure 1. The schematic diagram shows a reactor, which
is a porcelain vessel that can withstand strong impulses of an electric
current. During the pretreatment stage, zinc granules are dispersed in
hydrochloric acid and dried afterward in order to remove the oxide
film from the surface of the granules. A high-energy pulse power
supply was used to provide current according to the experimental
protocol. Aqueous solutions of hydrogen peroxide at various volume
concentrations were used in the different runs to prepare the WS,—
ZnO heterostructures. The experimental protocol requires the
preparation of S volume concentrations of a 38% solution of
hydrogen peroxide to determine the effect of its concentration in the
formation of the WZO nanostructures.

A 38% solution of hydrogen peroxide (SHP) was used as a liquid-
solvent oxidizer in the electrospark experiments. The basic SHP was
dissolved in distilled water in 4 different volume concentrations: 100,
75, 50, and 25, while distilled water was used as a fifth solution (0%).
The aim was to evaluate the role of hydrogen peroxide concentrations
in the formation processes of ZnO nanoparticles and WS,—ZnO
heterostructures. A mass of 185 g of zinc granules was weighed for
each series of experiments and was then placed into the reactor before
200 mL of SHP was poured in as well. After this procedure, electric
current pulses were applied to the electrodes from the power supply,
lasting 30 s for each experiment. The following experimental
conditions were applied during testing: electrode separation distance
of 10 cm, voltage of 500 V, current of 150 A. After each experiment,
the prepared suspension was separated into two fractions (the small-
size (S) and large-size (L) fractions). Both fractions were initially
suspensions of the as-prepared nanostructured particles before they
were subsequently separated using the principle of different
sedimentation rates. The obtained fractions were dried at 80 °C in
an oven for 1 h. The synthesized WS,—ZnO heterostructures were
characterized by various analytical methods, such as transmission
electron microscopy (TEM), X-ray diffractometry (XRD), Raman and
Fourier transformation infrared (FTIR) spectroscopy, ultraviolet—
visible spectroscopy (UV—vis), cyclic voltammetry, and electro-
chemical impedance spectroscopy.

2.2. Characterization Techniques. X-ray diffraction (XRD)
diffractometry was carried out using a Shimadzu-7000S diffractometer

(Cu Ka radiation, 4 = 1.5418 A, Shimadzu, Kyoto, Japan) in order to
examine the crystal structures of the heterostructures prepared by
electrospark erosion. Transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDS) analysis were performed
on a JEOL JEM-2100F instrument (JEOL Ltd., Tokyo, Japan) for
morphological observations and chemical compositions of the
prepared nanoheterostructures. The specific surface area of the
prepared samples was determined on a specific surface area analyzer
SORBTOMETER-M (Granat, Russia) employing the BET and STSA
multipoint methods. The specific surface areas of the prepared WS,—
ZnO nanostructures were measured in triplicate at p/p, = 0.2. Fourier
transform infrared spectroscopy of the synthesized samples was
conducted on an FTIR spectrometer (Shimadzu, IRAffinity-1S) in the
range of wavenumbers from 500 to 4000 cm™. The resonance modes
and valence states of the prepared heterostructures were analyzed
using Raman spectroscopy (Centaur-HR, Russia) with a 532.8 nm
excitation laser. The reflectance spectra of the studied samples were
captured using an AVASPHERE-50-LS-HAL integrating sphere and
Avantes AvaSpec-3648 fiber spectrometer in the 200—1000 nm
spectral range. A Xenon 150W light source with an operating range of
200—2500 nm was used as a source of probing radiation. A MS-20
glass reference was applied to reduce the effect of reflection from the
sample surface.

3. RESULTS AND DISCUSSION

3.1. Particle Size, Morphology, and Phase Composi-
tions of the Synthesized WS,—ZnO Nanostructures.
WS,—ZnO nanostructures were prepared via a facile electro-
spark erosion process where zinc granules were dispersed in
aqueous solutions of hydrogen peroxide with the simultaneous
addition of WS, nanostructured powder into the reactor. The
marking list and main characteristics of the WZO hetero-
structures are given in Table 1. The used abbreviations are

Table 1. List of the Samples of WZO Nanostructures
Prepared by the ESE Method in H,0, Aqueous Solutions

sample 38% H,0, (v/v) surface area, (m?/g)
WZO-15 100 9.4
WZO-1L 100 15.1
WZ0-25 75 248
WZO-2L 75 27.6
WZ0-38 50 34.0
WZO-3L 50 35.0
WZ0-4S 25 235
WZO-4L 25 239
WZO-55 0 101.1
WZO-5L 0 44

linked to the dimensions of structural elements in two main
WZO fractions decanted from the working ESE suspensions
after drying: small-size (S) and large-size (L) fractions. Table 1
demonstrates that the small-size fractions have a smaller
specific surface area compared with the large-size fractions,
except for the case where no hydrogen peroxide was present in
the solution.

Transmission electron microscopy observations demonstra-
ted the presence of nanostructured WS,—ZnO in the final
products (Figure 2). The zinc oxide particles are 20—40 nm in
diameter, whereas the larger hexagonal tungsten disulfide
particles have average sizes of 40—80 nm. The ZnO and WS,
nanoparticles adhere to each other due to the formation of
active centers formed during electrospark dispersion. Initial
tungsten disulfide particles were hexagonal “sandwiches”
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Figure 2. TEM image of the prepared WZO nanostructures.
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Figure 3. XRD patterns of the WZO nanostructures prepared by the ESE method.

formed due to van der Waals packages, which were
delaminated during the ESE process.

The X-ray diffraction (XRD) patterns of the WS,—ZnO
(WZO) nanostructures are presented in Figure 3. Only two
crystalline phases were detected: hexagonal ZnO (zincite, PDF
card No. 036—1451) and hexagonal WS, (PDF card No. 08—

0237). According to the XRD patterns of the WS,—ZnO
heterostructures, ZnO reveals (100), (002), (101), (012),
(003), (110), (013), (200), (11-2), (021), (004), and (022)
diffraction planes, whereas the WS, displays (002), (004),
(100), (101), (103), (006), (105), and (008) diffraction
maxima. According to the XRD observations in Figure 3, the
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tungsten disulfide used did not reveal any chemical or
polymorph transformation during electrospark erosion.

The crystallite size D of the WS,—ZnO nanostructures was
calculated from the XRD data according to the Sherrer
equation:

D = K
PcosO

where K is a unitless constant taken as 0.9, 4 is the X-ray
wavelength (1.54 A), § is the width of the line at half-
maximum intensity, and @ is half of the diffraction angle. The D
values were determined for the three highest and most intense
peaks of the WS, and ZnO spectra.

The determination of the chemical bonds and functional
groups was conducted by Fourier-transform infrared spectros-
copy (FTIR) in the transmittance mode. The FTIR spectra
were captured for all WZO nanostructures, prepared under
different concentration conditions, as shown in Figure 4. The

120
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Figure 4. FTIR spectra of the nanoheterostructures WS,—ZnO.

distinctive bands detected and their assignments are
summarized in Table 2. Specific characteristics of the ZnO
lattice, related to fundamental aspects of WS,—ZnO, can be
detected in all WZO nanoheterostructures prepared in
different hydrogen peroxide concentrations. Some important
features, such as stretching Zn—0O modes due to the hexagonal
wurtzite phase, appear as strong peaks in all the WZO
heterostructures. This is an important feature indicating
potential energy harvesting. The 599 and 669 cm™" positions
in all FTIR spectra are characterized by bonding and stretching
Zn—0° modes. The peaks at 1092 cm™' are due to S—S

bonds,”” while the peaks at 1392 and 1632 cm™" are related to
hydroxyl groups.”” The band at 2358 cm™" can be attributed to
CO, vibrations related to the presence of atmospheric air***’
and can be linked to the possible aeration during the
electrospark erosion, drying, or storing (in the case of the
pure tungsten disulfide powder). The broad absorption band at
3400 cm™' can be assigned to the stretching vibrations of the
O—H group.”

Figure 5 shows the Raman spectra of various WZO
nanoheterostructures. The nature of the high—intensity
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Figure S. Raman spectra of the prepared WZO nanoheterostructures.

absorption band at 245 cm™' may be due to internal zinc
defects in the structure of zinc oxide for the small fraction
sample WZO-1S. The peak in the Raman spectrum at 508
cm™ can be assigned to the 3E,(TO)+E,; multiphonon mode
of zinc oxide. The band at 176 cm™" apparently refers to the
LA longitudinal phonon mode of tungsten disulfide WS,.*’
The bands at 230 and 297 cm ™" are assigned to the A;sLA and
2LA-E,, modes of tungsten disulfide, respectively. The shifts at
353 and 419 cm™' belong to the ElZg and A, out-of-plane
vibrational modes of WS,. The experimental results obtained
are in good a%reement with previous studies on WS, Raman
spectroscopy.”” The other two peaks observed at 325 and 581
cm ™! correspond to the 3E,-E,; multiphoton scattering mode
as well as the E;(LO) fundamental phonon mode of ZnO,

Table 2. Description of the Position and Interpretation of FTIR Absorption Bands of the WS,—ZnO Nanostructures®

band positions, cm™

WZ0-1S  WZO-1L  WZO-2S WZO0-2L WZO-3S WZO-3L
599 ¢ 599 ¢ 599 ¢ 599 ¢ 599 w 599 w
699 ¢ 699 ¢ 699 w 699 w 699 ¢ 699 w
1092 ¢ 1092 1092 ¢ 1092 ¢ 1092 ¢ 1092 ¢
1632 w 1632 w 1632 w 1632 w 1632 ¢ 1632 w
2358 ¢ 2358 w 2358 ¢ 2358 ¢ 2358 ¢ 2358 ¢
3400 b 3400 b 3400 b 3400 b 3400 b

“c = clear; w = weak, b = broad.

WZ0-4S WZO-4L  WZO-5§ WZO-SL assignment

599 w 599 w 599 w bonding Zn—O modes

699 w 699 w 699 w 699 w stretching Zn—O modes

1092 ¢ 1092 ¢ 1092 w S—S bond modes

1632 w 1632 w 1632 w 1632 w modes of hydroxyl groups
2358 ¢ 2358 ¢ 2358 ¢ 2358 ¢ CO, vibrations (atmosphere)
3400 b 3400 b 3400 b 3400 b O—H group stretching

E https://doi.org/10.1021/acsaem.4c01488
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Figure 6. Reflection spectra of the prepared WZO nanostructures (a) small and (b) large particle sizes.
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Figure 7. Tauc plots of the WZO heterostructures with various size fractions (a, b). Variation of the bandgap energy of WS,—ZnO
nanoheterostructures according to the H,O, concentration of the original 38% solution used in the ESE procedure (c, d).

respectively.” The shift at 953 cm™ can be attributed to the
flat mode of zinc oxide of sample WZO-3S, whereas the shift at
835 cm™! corresponds to the ZnO mode. There are some
particularly noticeable features of the samples prepared in
distilled water. The shift at 835 cm™ observed in the Raman
spectrum of the WZO-5S sample (prepared in distilled water)
for example may relate to the mode of zinc oxide in the
nanostructured state.”*

There is a shift at 199 cm™ in the Raman spectrum of the
large fraction of the sample prepared in distilled water, which
probably belongs to the A} mode of zinc oxide.

3.2. Optical Properties. Figure 6a,b shows the total
(diffuse) reflection results of the various prepared oxide-sulfide
nanoheterostructures in the ultraviolet, visible, and near-
infrared spectral regions. The maximum reflection coeflicient
corresponding to the WZO-3S sample is about 78% in the IR
spectral region. A similar value is assigned to the WZO-1S
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sample in the visible spectral region. However, there is a
decrease in the reflection coeflicients in the IR region for this
sample. The minimum reflection coefficients obtained are for
the WZO-4S sample, and it is about 19% of the spectrum. In
the reflection spectra, absorption bands can be identified at
400 and 450 nm, similar to those of the oxide—oxide
nanoheterostructures discussed above. At the same time,
bands are detected at 610, 650, and 750 nm. There is a shift of
the fundamental absorption boundary in the oxide—oxide
systems. For the WZO series samples with the large-scale
structure represented in Figure 6b, the maximum reflection
corresponds to the WZO-1L sample and it is about 42% of the
spectrum. WZO-3L, WZO-4L, and WZO-5L samples have
similar values of the reflection coeflicient at approximately
20%. Absorption bands at 400 and 450 nm can be detected in
the reflection spectra. There are bands at 610, 650, and 750
nm, which indicates that there is a shift of the fundamental
absorption boundary.

To estimate the band gap of the samples based on the
reflection spectra measurements, the Kubelka—Munk trans-
formation was used (Figure 7a,b). The exponent depending on
the type of optical transition was assumed to be equal to 1/2.
The bandgap energies of WZO with the small and the large
scale crystal sizes decrease from 3.13 to 2.96 eV and 3.18 to
3.01 eV, respectively (Figure 7c,d). The results obtained are
consistent with the results obtained by other authors.*>*® The
difference in bandgap values was caused by the variation in the
crystal structure of WS,, depending on the H,0, concentration
used in its synthesis.

3.3. Photoluminescence Properties. There is a weak
emission band observed upon excitation at a wavelength of 305
nm for WZO-18S, 28§, 3§, 45, and SS samples in the 350—700
nm spectral region (Figure 8a) Three emission bands can be

a) Jex= 305 nm
—WZO-18
541 —wzo2s
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‘® 24
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Figure 8. Photoluminescence spectra of the various WZO nano-
heterostructures. (a) Small particle sizes and (b) large particle sizes.

distinguished at 390, 440, and 470 nm. The maximum
photoluminescence intensity corresponds to the WZO-2S
sample, while the minimum intensity is demonstrated by the
WZO-5S sample.

An opposite situation was observed in the photolumines-
cence (PL) spectra for the WZO-1L, 2L, 3L, 4L, and SL

samples (Figure 8b). The intense emission is recorded upon
excitation at a wavelength of 305 nm in the 350—900 nm
spectral region. For samples WZO-1L and WZO-2L, the
emission is similar to that described above and 3 emission
bands can be distinguished at 390, 440, and 470 nm. For
samples WZO-4L and WZO-5L, an intense nonelementary
band is observed in the region of 450—900 nm. Sample WZO-
3L exhibits intense emission consisting of a number of
overlapping bands in the range 390—900 nm. Additional
emission bands can be identified at 440, 460, 500, 530, 580,
and 620 nm in PL spectra. The green emission at 530 nm is
attributed to the radiative recombination of simple ionized
oxygen vacancies. This is very often observed in the oxygen-
deficient ZnO material."* The bands centered at 390 and 440
nm, respectively, are attributed to interband transitions and
emission from deep levels in the bandgap region.””~** The
bands at 460 and 500 nm are possibly related to emissions of
Vo-Zn; complexes (Zinc interstitials (Zn;) with oxygen
vacancies (Vy)).** Small differences in the energies of these
complexes may be due to their different distances in the ZnO
caristall lattice.*”** The emission band at 620 nm is attributed
to radiative interband recombination of electrons and holes in
WS,

3.4. Photoelectrochemical Measurements. Photoelec-
trochemical (PEC) investigations were conducted on a
potentiostat-galvanostat P-40X in order to evaluate the
potential of the prepared WZO nanostructures as materials
for photoelectrodes in photoelectrochemical cells. The PEC
measurements were performed in a three-electrode cell in
which WZO-coated graphite, graphite, and Ag/AgCl electro-
des were employed as working, counter, and reference
electrodes, respectively. This protocol was chosen since it is
cost-effective and quite efficient. A 0.1 M solution of NaOH
was used as the electrolyte in the cell. The maximum potential
applied to the working electrode was 2 V in cyclic voltammetry
experiments. The potential scanning rate was S mV/s. The
working electrode was prepared by embedding WZO
nanostructures into conductive polymer glue matrices, and
highly conductive graphite electrodes were coated with WZO-
based compositions. Figure 9a demonstrates the cyclic
voltammograms and Nyquist plots on the photoelectrochem-
ical cell with a WSO-3L nanodecorated photoanode. The
measurements were conducted under natural (dark) con-
ditions and under the irradiation of a Xe 150W lamp (light) in
order to evaluate the contribution of the WZO-decorated
working electrode to the photocurrent induced in the
photoelectrochemical cell. For the light conditions, the
photoelectrochemical measurements were accompanied by
increased intensive gaseous H, and O, gas evolution at the
counter and working electrodes, respectively.

The electrochemical impedance curve recorded for the
WZO-3L nanostructures is shown in Figure 9b. For this WZO-
3L-decorated graphite electrode, the impedance measurements
for both the dark and light conditions were conducted at 50
different frequencies. In all scanning regions (between 12.5 and
20.5 Q of the real impedance), the imaginary impedance is
lower for the light experience, whereas the difference between
light and dark conditions tends to be 1.8 Q on the Nyquist
plot. Therefore, the WZO-3L-based electrode shows better
conductivity under light conditions than in the dark during
photoelectrochemical measurements.

Table 3 summarizes the parameters of the photoelectro-
chemical measurements for all WZO nanoheterostructures
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Figure 9. Cyclic voltammograms (a) and Nyquist plots (b) of WS,—ZnO nanostructures under light (blue) and dark (red) conditions.

Table 3. Current Densities Obtained from C—V Curves of
WZO-Decorated Photoelectrodes”

current (mA/cm?)

sample name light dark AJ (mA/cm?)
WZ0O-1L 2.628 1.875 0.753
WZ0-1S 6.750 4.186 2.564
WZ0-2L 10.019 9.390 0.627
WZ0-2S 10.657 10.083 0.573
WZ0O-3L 25.671 23.702 1.969
WZ0-3S 6.667 6.049 0.618
WZ0-4L 15.725 14.892 0.833
WZ0-4S 7.925 7.262 0.663
WZ0O-SL 10.591 9.642 0.949
WZO-SS 3.851 2.71S 1.136

“AJ the difference in current under light on—off states.

under the light and dark conditions. The highest difference AJ
in current under light on—off states was found for the WZO-
1S-decorated photoelectrodes.

The results of cyclic voltammetry were compared to
literature data. The current density is about zero mA/ cm? at
the potentials up to 0.7 V. The further increase of potential
results in the sharp growth of the current density that is much
higher than it is known in the literature.”

Comparison of Nyquist plots of our WS,—ZnO hetero-
structures and WS,~ZnO nanocomposite’®* revealed the
lower values of our samples’ impedance. Therefore, the charge
transfer resistance is significantly low. Thus, it makes the
movement of the charge carriers on the interface easy and
faster and enhances photocatalytic efficiency.

4. CONCLUSIONS

The present paper describes the successful synthesis of WS,—
ZnO nanostructures by using electrospark erosion of zinc
granules in an aqueous solution of hydrogen peroxide. To
evaluate the role of hydrogen peroxide as a liquid medium
oxidizer, four different volume concentrations of hydrogen
peroxide aqueous solutions were used in the ESE synthesis.
TEM observations demonstrated that the ESE products
represent binary heterostructures between the WS, nano-
particles (40—80 nm in diameter) and ZnO nanoparticles
(10—20 nm in diameter). Intense emission is recorded upon
excitation at a wavelength of 305 nm in the 350—900 nm

spectral region. For samples WZO-1L and WZO-2L, the
emission is similar, and 3 emission bands can be distinguished
at 390, 440, and 470 nm. Cyclic voltammetry measurements
showed a photocurrent of about 2.564 mA/cm?* in a classical
three-electrode cell with a WZO-decorated working electrode
in 0.1 M NaOH electrolyte, with vigorous hydrogen evolution.
The obtained materials possess good potential for use as a
photoanode material for photoelectrochemical water splitting
to generate hydrogen for green energy applications.
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