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Abstract: This article describes the effective synthesis of colloidal SnO2 quantum dots and ZnWO4

nanorods using wet chemical synthesis and hydrothermal synthesis, respectively. The resulting
ZnWO4-SnO2 core–shell nanorod heterostructure is then made, and its structural, optical, and mor-
phological properties are assessed using XRD, SEM, TEM, and DRS. The heterojunction’s structural
confinement increases the exposure of its reactive sites, and its electronic confinement promotes
its redox activity. The heterostructure subsequently exhibits a smaller bandgap and better light-
harvesting capabilities, resulting in increased photoelectrochemical performance. The heterostructure
of core–shell nanorods shows promise for usage in a range of optoelectronic devices and effective
solar energy conversion.
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1. Introduction

Photoelectrochemical water splitting has received a lot of attention as a potential
source of clean and sustainable energy. This process splits water into hydrogen and oxygen
using a photoelectrochemical (PEC) cell, transforming solar energy into chemical energy [1].
Photoelectrochemical splitting has the potential for higher efficiency, scalability, and energy
storage than other renewable energy sources such as the wind and the sun. Although
TiO2 has been investigated a great deal because of its remarkable qualities, including its
high electron mobility, stability, and availability, its wide bandgap limits its capacity to
absorb light and operate photoelectrochemically [2,3]. To overcome this limitation, other
metal oxide semiconductors have been investigated, including ZnO, Fe2O3, WO3, and
SnO2. Some of these materials offer narrower bandgaps, better light harvesting properties,
and potential for bandgap engineering. Because of their small bandgaps, great stability,
and comparatively low toxicity, Fe2O3 and WO3 in particular appear attractive [4]. Due
to its high electron mobility, stability, and abundance, SnO2, while being a wide bandgap
semiconductor, has demonstrated considerable potential for effective photoelectrochemical
water splitting [5,6]. These materials offer the advantage of being earth-abundant, non-
toxic, and chemically stable, making them attractive for large-scale applications. As a result,
researching metal oxide semiconductors for photoelectrochemical water splitting offers a
possible route for the creation of clean and sustainable energy [7].

Efficient and stable photoelectrochemical devices remain a significant challenge, driv-
ing ongoing research to identify new materials with enhanced photoelectrochemical perfor-
mance. ZnWO4 nanorods and SnO2 quantum dots are emerging as promising materials
for efficient photoelectrochemical water splitting due to their unique properties. ZnWO4
has a wide bandgap, making it suitable for absorbing UV light and generating high pho-
tocurrents, while its high surface area and aspect ratio in the form of nanorods facilitate
efficient charge separation and transfer [8]. Additionally, ZnWO4 is a chemically stable and
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earth-abundant material, making it an attractive option for large-scale production. In con-
trast, SnO2 quantum dots possess a small size and high surface area, facilitating improved
charge transfer and efficient light absorption. In addition to having a broad bandgap,
SnO2 may be tuned, which enables it to effectively absorb visible light and provide high
photocurrent densities [9]. SnO2 is a plentiful, non-toxic, and chemically stable substance
that is also safe and sustainable for use in large-scale applications. Due to their unique
characteristics, ZnWO4 nanorods and SnO2 quantum dots are attractive candidates for the
development of efficient photoelectrochemical water-splitting systems. The use of these
materials can increase photocurrent densities, improve charge separation, and facilitate
the efficient absorption of light. As a result, a lot of hydrogen fuel and oxygen may be
produced, which can be used as a clean, sustainable source of energy. For the development
of efficient and economical photoelectrochemical water-splitting systems that can help to
meet the expanding global need for clean and renewable energy, ZnWO4 nanorods and
SnO2 quantum dots offer a possible path forward. These materials are abundant, stable,
and sustainable.

In a series of studies, various novel photoanode materials and heterostructures were
synthesized and characterized for ZnWO4-based photoelectrochemical water-splitting per-
formance. Because of its significant visible light absorption, a composite of one-dimensional
ZnWO4 nanorods and WO3 nanoplates heterojunction was reported by Mohan Kumar
et al. to exhibit outstanding PEC activity when compared to pure ZnWO4 and WO3 [10].
Cui et al. looked into WO3 nanorod arrays with defective ZnWO4 decorations for effective
PEC water splitting. As a comparison to pure WO3 nanorod arrays, type-II heterojunc-
tion nanorod arrays displayed significantly better PEC activity, with the ideal ZnWO4
decoration and surface defects exhibiting high incident photon-to-current efficiency and
relatively high photostability [11]. A unique NiFe2O4-ZnWO4 nanocomposite was reported
by Koutavarapu et al. to have been made using a straightforward hydrothermal method. It
demonstrated strong photocurrents and charge-transfer resistance, making it a potential
material for water splitting [12]. Babu et al. studied the PEC performance of a hydrother-
mally prepared Bi2WO6 nanocomposite anchored with ZnWO4 nanorods, which exhibited
low charge-transfer resistance and strong interfaces, improving its PEC performance under
solar irradiation [13]. A one-dimensional ZnWO4@SnWO4 core–shell heterostructure was
created by Zhuang et al. with improved PEC performance when exposed to visible light,
which was attributed to the effective separation and transfer of photo-generated charge
carriers [14]. ZnWO4 boosted the performance of ZnO NRs-based PEC water-splitting
cells by enhancing charge transfer between the photoanode and electrolyte, leading to
improved PEC activity compared to the pure ZnO nanorods, according to research by
Wannapop et al. [15]. Overall, these studies highlight the potential of novel photoanode
materials and heterostructures for efficient PEC water splitting.

Several studies have focused on developing efficient photoelectrochemical water-
splitting systems. A three-dimensional macroporous BiVO4/SnO2 inverse opal heterostruc-
ture with Au nanoparticles was used by Zhou et al. to build a very effective system
that demonstrated a notable improvement in photoelectrochemical water-splitting perfor-
mance [16]. Similarly, Bai et al. developed a ternary photoanode of SnO2/BiVO4/rGO,
which exhibited remarkably higher photocurrent density than BiVO4 photoanodes [17].
Three-dimensional nanoporous SnO2/CdS heterojunction was used by Hu et al. to create a
high-performance system that displayed a photocurrent density that was 9.7 times more
than that of planar SnO2/CdS films [18]. Lei et al. developed a SnO2-TiO2 bilayer compos-
ite film that exhibited enhanced photoelectrochemical performances by co-doping with
nitrogen and fluorine [19]. Kahng et al. developed a SnO2/Mo:BiVO4 photoanode that
exhibited outstanding photoelectrochemical performance and can be used to degrade tetra-
cycline hydrochloride [20]. Koutavarapu et al. studied improving photoelectrochemical
water oxidation by utilizing a novel nanocomposite of nickel ferrite and tin oxide quantum
dots (NF-SQD) and found that it exhibited better improvement in photoelectrochemical
water oxidation compared to other prepared samples [21]. For photoelectrochemical wa-
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ter splitting, Babu et al. created a ternary nanocomposite named g-CN/Au-SQD that
displayed a significant photocurrent and reduced charge-transfer resistance more than
other generated samples [22]. They also discussed how cadmium sulfide–tin oxide quan-
tum dots core–shell nanorods outperformed virgin cadmium sulfide nanorods in terms
of photoelectrochemical performance, producing larger photocurrents and lower charge
transfer resistance [23]. These findings emphasize the significance of creating effective
photoelectrochemical systems for water splitting and the possibility of nanocomposites to
enhance their functionality.

The present study investigates ZnWO4-SnO2 core–shell nanorods, which combine
the properties of both materials to offer even greater photoelectrochemical performance.
By utilizing both materials in the core–shell nanorod structure, the present study seeks
to enhance photoelectrochemical performance even further. Overall, the development of
effective and long-lasting photoelectrochemical water-splitting technology has important
ramifications for the production of clean and renewable energy, and continuous research in
this field offers great promise for the future.

2. Results and Discussion
2.1. Structural Analysis

The present study investigated the crystal phase of ZNR and ZW-CS nanorods using
the XRD technique. The purpose of this analysis was to understand their respective
properties. The XRD patterns obtained from both samples were analyzed, and the results
were presented in Figure 1.
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Figure 1. XRD pattern of ZNR and ZS CS nanorods.

The monoclinic zinc tungsten oxide structure was found to be present in the ZNR, and
the diffraction peaks were identified as belonging to different planes (0 1 0), (1 0 0), (0 1 1),
(1 1 0), (1 1 1), (0 2 1), (2 0 0), (1 2 1), (2 0 2), (0 3 2) and (3 1 1). These peaks were in good
agreement with the monoclinic zinc tungsten oxide (JCPDS. No: 15-0774). The ZNR’s XRD
pattern revealed no impurity peaks, proving its purity. The development of a SnO2 QD’s
shell around the ZnWO4 core, however, was indicated by the XRD pattern of the ZS CS,
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which displayed lower diffraction peak intensities of the ZNR [24,25]. Furthermore, the
core–shell nanorod pattern and the SnO2 QD XRD peaks both supported the development
of the shell in the ZS CS sample. The (1 1 0), (1 0 1), and (2 1 1) planes of tetragonal SnO2
were identified as the locations of the observed XRD peaks (JCPDS. No: 77-0452). The XRD
peaks of the SnO2 QD were, however, weaker than those of the ZnWO4 nanorods. This
was the case because the peak intensities of the ZNR nanorods were significantly higher
than those of the SnO2 QD. Moreover, compared to ZNR, the XRD peaks of SnO2 QDs
are often broader and less intense. It was claimed that the little quantity of colloidal SnO2
QDs employed in the production of ZW CS nanorods would be to blame for the reduced
prominence of SnO2 QD’s XRD peaks [26].

2.2. Morphological Study

The purpose of this study was to characterize the morphology of ZNR and their
core–shell equivalents using TEM and SEM methods (ZS CS). The results of XRD analysis
showed that the ZNR exhibited a pure monoclinic zinc tungsten oxide structure, while the
ZS CS sample had a SnO2 QD’s shell on the ZnWO4 core. SEM imaging of the as-prepared
ZNR showed a smooth surface, while the surface of the ZS CS nanorods appeared to be
rough due to the adsorption of SnO2 QD’s after the synthesis of the core–shell structure
(Figure 2a,b). The production of ZS CS nanorods was greatly aided by the high temperature
and pressure produced by the sonochemical process, which strengthened the bond between
the surface of the NR and QDs. The production of the core–shell nanorods was verified by
TEM and SEM pictures, which showed that the SnO2 QDs were embellished on the ZNR
core surface in the ZS CS nanorods (Figure 2c,d). The intimate interfacial contact between
the ZnWO4 and SnO2 quantum dots, as well as the rational core–shell structure of the ZS
CS nanorods, lead to improved PEC performance, which is essential for their potential
application in water splitting. Nevertheless, the small islands of SnO2 QDs in the ZS CS
film may provide additional surface area and connectivity for the nanorods, which could
contribute to the improved electrochemical activity to some extent.Inorganics 2023, 11, x FOR PEER REVIEW 5 of 13 
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The results suggested that the surface of the ZNR was fully covered with SnO2 QDs in
the case of ZS CS nanorods. HR-TEM images and fringe patterns in Figure 3a–d depict the
formation of ZS CS nanorods. Additionally, lattice fringes of ZnWO4 and SnO2 quantum
dots on (1 1 1) and (1 1 0) planes, respectively, shown in Figure 3d, confirm the core–shell
structure, with lattice fringe line distances of approximately 0.29 nm and 0.33 nm for ZnWO4
and SnO2, respectively. The SEM, TEM, and HR-TEM analyses all consistently support
the morphology of the ZS CS nanorods. Overall, these findings provide comprehensive
evidence for the formation of core–shell nanorods of ZnWO4 and SnO2.
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2.3. Absorption Study

The absorption spectra presented in Figure 4 provide insights into the optical proper-
ties of ZNR and ZS CS nanorods. Whereas ZS CS nanorods displayed a wide absorption
range in the UV–Visible range, ZNR’s absorption range was only seen in the UV light range.
The band transition from the filled O 2p orbital to the vacant W 5d orbital is responsible
for ZNR’s absorption. Yet, the development of a shell surrounding the core nanorods of
ZS CS nanorods may be the cause of their high absorption, increasing their capacity for
light harvesting by reducing their bandgap [24]. The bandgap value of ZNR was found
to be 3.54 eV, while that of the as-synthesized colloidal SnO2 QDs was determined to be
2.8 eV. In contrast, the bandgap of ZS CS nanorods was calculated to be 3.26 eV, indicating
a decrease in bandgap compared to ZNR, which can be attributed to the formation of a
shell. The formation of a shell around a core can lead to quantum confinement effects,
which can result in a decrease in the bandgap [27]. The change in absorbance indicates the
successful formation of ZS CS nanorods [28]. When ZnWO4 nanorods were combined with
SnO2 QDs, the absorption peak of the ZS CS nanorods was red-shifted, indicating close
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contact between the two semiconductors with appropriately matched band edges. This
red-shifted absorption peak and the slight shift in absorption edge indicate the formation
of a heterojunction that can improve photoelectrochemical performance [29].
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Figure 4. UV–Vis DRS spectra of ZNR and ZS CS nanorods.

In summary, the optical absorption spectra show that ZS CS nanorods were success-
fully formed, and the reduced bandgap has increased the ability to collect light [30]. The
redshifted absorption peak and the slight shift in absorption edge indicate a tight contact
between the two semiconductors and the formation of a heterojunction, respectively, which
can improve the photoelectrochemical performance. These findings provide valuable in-
sights into the optical properties of ZNR and ZS CS nanorods, which could have potential
applications in photocatalytic and photovoltaic devices.

2.4. Photoelectrochemical Study

Using a three-electrode system, the PEC characteristics of photoanodes made using
as-synthesized ZNR and ZS CS nanorods were examined. The results are shown in LSV
in Figure 5a. Under dark, the current density seen for both ZNR and ZS CS nanorods
was insignificant [31]. However, the current density of ZS CS nanorods was found to be
higher than that of ZNR under light conditions, with a difference of 0.57 mA/cm2, i.e., 0.73
and 0.16 mA/cm2, respectively. The onset potential was significantly lower for ZS CS
nanorods than for pristine ZNRs, as revealed by LSV. The excellent crystallinity of ZNR
using a hydrothermal method and their unchanged crystallinity even after the formation of
core–shell nanorods structure, the close interfacial contact between ZnWO4 nanorods and
SnO2 QDs, which is favorable for the transfer of photogenerated electrons, and core–shell
structure are the factors that contribute to the improved PEC performance [28]. The higher
current density in the presence of light shows that the photoanodes can effectively split
water using solar energy. The low onset potential and high photocurrent density of ZS CS
nanorods confirm the effectiveness of the heterojunction formed between ZnWO4 nanorods
and SnO2 QDs [27]. This close interfacial contact between the two semiconductors improves
charge separation and prevents photo-induced charge carriers from recombining.
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Chronoamperometric I-t plots were used to assess the stability of the as-synthesized
ZNR and ZS CS nanorods in both light and darkness. The results are shown in Figure 5b,
where it is clear that under light, ZS CS had a larger current density than virgin ZNR,
indicating a quicker separation of photogenerated charge carriers. Moreover, clean ZNR
and ZS CS both retained their stability for additional repeated cycles. Up to 500 s of
light on and light off testing were used to evaluate the photoresponse and stability of
the photoanode. The researchers used the electrochemical impedance spectroscopy (EIS)
method to measure the charge transfer resistance at the electrode–electrolyte interface.
Figure 5c analyzes and displays the Nyquist impedance plots of the ZNR and ZS CS
photoanodes, which feature a semicircle in the high-frequency zone and a line in the
low-frequency region. The smaller radius of the semicircle implies low charge transfer
resistance and good electrical conductivity at the electrode–electrolyte contact, whereas
the greater radius implies the opposite. The core–shell structure of ZS greatly lowered the
charge transfer resistance, resulting in superior PEC performance, as evidenced by the fact
that the semicircle radius of ZS CS was lower than that of pristine ZNR [32]. Additionally,
the drop in the semicircle radius when the light was on demonstrated that the electrical
conductivity at the contact was better in the presence of light than in the absence of light.
These findings imply that over ZS CS nanorods, photogenerated carriers and photoinduced
charge transfer were separated more efficiently, improving PEC performance. The observed
photoelectrochemical water oxidation mechanism is shown in Figure 5d. The production
of a heterostructure as a result of the photoanode being exposed to solar light caused the
creation and separation of electron–hole pairs, which then took part in redox processes [27].
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An oxidation process took place at the counter electrode, while a reduction reaction took
place at the working electrode created by the ZS CS nanorods. It was made possible for
photogenerated electrons and holes to move from the CB of ZnWO4 to the CB of SnO2 and
from the VB of SnO2 to the VB of ZnWO4, respectively, thanks to the type-II heterojunction
that was created between these materials.

This transfer was caused by the two materials’ inherent potential differences (Figure 6).
In particular, when the photoanode is illuminated, the photogenerated electron and holes
are generated in the ZS CS nanorods and ZNRs. Due to the intimate contact between
ZnWO4 and SnO2 quantum dots and the rational core–shell structure of ZS CS nanorods,
the electrons can efficiently transfer from the ZnWO4 to SnO2, leading to the effective
separation of electron–hole pairs. The photogenerated holes at the ZS CS nanorod surface
can directly participate in the water oxidation reaction, resulting in the formation of O2 gas.
At the Pt counter electrode, where they took part in the reduction of water, they continued
their journey through a wire and produces H2 gas [10,11]. Because of the effective charge
separation and transfer produced by this mechanism, the ZS CS nanorods used in the study
displayed improved photoelectrochemical performance.
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3. Experimental Section

The Supplementary Information contains details of the synthesis process for both
ZnWO4 nanorods (ZNR) and colloidal SnO2 quantum dots (QDs). The ZnWO4-SnO2
core–shell (ZS CS) nanorods were prepared by first dispersing 100 mg of ZnWO4 nanorods
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in 50 mL of ethanol and stirring for 30 min. Subsequently, the ZnWO4 nanorods were
gradually mixed with 1 mL of colloidal SnO2 QDs and exposed to ultrasonic waves for 2 h.
The final product was purified through a washing and centrifugation process and dried at
a temperature of 80 ◦C for 12 h. The additional information related to characterizations
and PEC experimental procedure is provided in the Supporting Information.

4. Conclusions

For the purpose of photoelectrochemical water splitting, our work investigated the
potential of ZnWO4-SnO2 core–shell (ZS CS) nanorods as a photoanode material. Through
XRD analysis, we confirmed the formation of the ZS CS nanorods with a crystalline
structure. The ZS CS nanorods’ improved light harvesting capacity is owing to their
core–shell structure, which is demonstrated by the UV–Vis absorption analysis to have
significantly increased the absorption of visible light. SEM and TEM morphology examina-
tions shed light on the size and shape of the nanorods. EIS analysis revealed that the ZS CS
nanorods had decreased charge-transfer resistance and increased electrical conductivity
at the electrode-electrolyte interface, all of which are necessary for improved photoelec-
trochemical performance. The produced ZS CS nanorods performed predictably and at
a high rate of separation of photogenerated charge carriers, with a larger current density
seen in the presence of light, according to chronoamperometric I-t plots. The observed
photoelectrochemical water oxidation mechanism revealed the formation and separation of
electron–hole pairs, their involvement in redox reactions, and the contribution of ultrasonic
energy to the formation of a core–shell structure. Overall, our results indicate that the ZS CS
nanorods, because of their improved light collecting ability, effective charge separation and
transfer, and stable performance under light, have tremendous potential as a photoanode
material for photoelectrochemical water splitting.

Supplementary Materials: The following supporting information can be downloaded at: https://
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