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ABSTRACT: The development of efficient photocatalysts for sustainable hydrogen production via water splitting is vital for
advancing renewable energy technologies. In this study, we present the synthesis and characterization of a novel visible-light-active
photocatalyst comprising hedgehog-shaped zinc oxide (ZnO) nanostructures coupled with graphene quantum dots (GQDs). Optical
properties assessed by UV—visible and photoluminescence (PL) spectroscopy revealed that the ZnO/GQDs heterostructure
possessed a reduced band gap (2.86 eV) compared with pristine ZnO (3.10 €V), resulting in improved light absorption and charge
separation. Electrochemical analyses indicated a significantly higher photocurrent response and lower charge transfer resistance for
the ZnO/GQDs heterostructure compared with the pristine ZnO nanostructure. Photocatalytic tests demonstrated that the ZnO/
GQDs heterostructure achieved over 3-fold higher hydrogen (H,) production rates, with an apparent quantum yield (AQY) of
1.51% at 440 nm, and maintained stable activity over prolonged reaction periods. These results highlight the enhanced
photocatalytic efficiency and stability of the ZnO/GQDs heterostructure, underscoring its potential as a high-performance
photocatalyst for sustainable hydrogen generation. The synergistic effects between ZnO nanostructures and GQDs offer valuable
insights into the design of advanced photocatalytic materials for renewable energy applications.

1. INTRODUCTION

Photocatalysis has emerged as a promising avenue for

sustainable energy production by harnessing solar energy for

chemical reactions, notably water splitting for hydrogen
L 12 .

generation. ”~ Semiconductor photocatalysts, such as metal

splitting. These strategies include designing and synthesizing
heterostructured photocatalysts by integrating different semi-
conducting materials to create favorable charge transfer
pathways and improve light absorption properties.*”'" Another
approach involves modifying photocatalyst surfaces through the
deposition of cocatalysts or sensitizing agents, such as noble

oxides and sulfides, including titanium dioxide (TiO,), zinc
oxide (ZnO), tungsten trioxide (WO,), tantalum pentoxide
(Ta,O5), cadmium sulfide (CdS), and zinc sulfide (ZnS), have
attracted significant attention due to their ability to directly
utilize sunlight to activate the catalysts, along with their stability
and abundance.' ™

However, these single-component semiconductor photo-
catalysts face challenges that hinder their practical application.
Their wide bandgaps lead to inefficient utilization of solar
irradiation, leaving the majority of photons in the visible
spectrum unused and limiting their quantum yield. Additionally,
the rapid recombination of photogenerated charge carriers
curtails charge separation and transfer efficiency, resulting in low
overall photocatalytic activity.””

To address these challenges, various strategies have been
proposed to enhance the efficiency of photocatalysts for water
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metal nanoparticles or organic dyes, to facilitate charge
separation and promote specific reaction pathways.g’lz_14
Additionally, engineering the morphology and nanostructure
of photocatalyst materials has been explored to enhance light-
harvesting efficiency, increase surface area, and promote charge
carrier mobility.">'® Beyond these strategies, the introduction of
homojunctions can facilitate the spatial separation of photo-
generated electron—hole pairs, leading to enhanced charge
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Scheme 1. (a,b) Illustration of the Synthesis Method for the ZnO Hedgehog-Shaped (HGs) Substrate and (c) Ilustration of ZnO
Functionalized with Graphene Quantum Dots (GQDs) (ZnO/GQDs)
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transport and increased availability of reactive species for
catalytic reactions.'” Furthermore, the reverse barrier layer
concept has been investigated as a strategy to suppress the
recombination of photogenerated charge carriers, promoting
their participation in the desired catalytic processes and
improving the overall photocatalytic performance.'®

In this context, integrating graphene quantum dots (GQDs)
with ZnO nanostructures presents a compelling strategy to
synergistically enhance the photocatalytic activity for water
splitting. GQDs, with their unique electronic and optical
properties, offer excellent potential for extending the light
absorption range to the visible spectrum and facilitating efficient
charge separation and transfer dynamics.lg_21 Meanwhile, ZnO
nanostructures, characterized by their high surface area-to-
volume ratio and intrinsic photocatalytic activity, serve as ideal
platforms for anchoring GQDs and promoting interfacial charge
transfer processes. The heterostructure formed by coupling ZnO
nanostructures with GQDs not only extends the light absorption
range but also mitigates the recombination of photogenerated
charge carriers, thereby enhancing the overall efficiency of water
splitting and hydrogen production. Moreover, the tunability of
GQDs allows precise control over the band alignment at the
heterojunction interface, further optimizing charge transfer
kinetics and photocatalytic performance.””**

Furthermore, the utilization of spiky, hedgehog-shaped ZnO
nanostructures offers unique benefits for photocatalytic
applications. These hierarchical nanostructures provide in-
creased surface area and multiple light-scattering sites,
facilitating enhanced light absorption and efficient utilization
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of incident photons. Additionally, the spiky morphology
promotes rapid charge transport and diffusion, minimizin
charge recombination and enhancing photocatalytic activity.”
The matching of energy band edges between zinc oxide and
graphene quantum dots in the heterostructure configuration not
only facilitates efficient charge separation and transfer but also
holds the potential to enable S-scheme charge transfer pathways.
The establishment of an S-scheme mechanism can further
enhance the overall efficiency of water splitting by prolonging
the lifetime of photogenerated charge carriers and promoting
redox reactions at distinct sites within the photocatalyst.”'

In this article, we present an investigation into the synthesis,
characterization, and photocatalytic performance of hedgehog-
like ZnO nanostructures coupled with graphene quantum dots
as visible-light-active photocatalysts for water splitting. Through
a systematic analysis of the structural, optical, and electro-
chemical properties, we elucidate the mechanisms underlying
the enhanced photocatalytic activity and provide insights into
the design principles for next-generation photocatalysts aimed at
sustainable energy production.

2. EXPERIMENTAL SECTION

2.1. Chemicals. For the synthesis of ZnO nanostructures,
zinc acetate dihydrate (Zn(CH;COO),-2H,0), zinc nitrate
hexahydrate (Zn(NO,),:6H,0), and hexamethylenetetramine
(HMTA, C¢H;,N,) were purchased from Sigma-Aldrich
(Korea). Polystyrene (PS) microspheres with an average size
of 3.5 yum were purchased from SOKEN Chemicals (Japan). For
the synthesis of GQDs, glucose (C4H;,0f4), ammonium
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chloride (NH,Cl), potassium hydroxide (KOH), sulfuric acid
(H,S0,), and nitric acid (HNOj;) were purchased from Sigma-
Aldrich (South Korea). Deionized water (DI water) was used
throughout the experiments.

2.2. Synthesis of Hedgehog ZnO Nanostructures. The
synthesis of hedgehog-shaped ZnO nanostructures involved the
following steps (Scheme 1lab): (i) preparation of a PS
microsphere-assembled substrate, (ii) formation of ZnO seeds
on PS microspheres, and (iii) growth of ZnO into spiky
nanostructures.

2.2.1. Preparation of the PS Microsphere-Assembled
Substrate. PS microspheres were assembled on the glass
substrate using a Langmuir—Blodgett (LB) instrument (KSV-
NIMA-LB) (Figure S1). The dispersion of the negatively
charged PS microspheres in a mixture of water and ethanol ($
mg mL™") was spread on a water surface and compressed with a
barrier moving at a speed of 2 mm min~'. When the surface
pressure reached 45 mN m ™, the glass slide was lifted to obtain a
monolayer of closely packed PS microspheres on the glass slide.
The glass slide deposited with PS microspheres was thermally
treated at 100 °C for 10 min to facilitate the adhesion of PS
microspheres to the glass slide.

2.2.2. Formation of ZnO Nanoparticles on PS Micro-
spheres. ZnO seeds were formed by adding a solution of
Zn(CH,COO0), and KOH dropwise to methanol at 60 °C,
followed by continuous stirring for 2 h. The glass slide with a
layer of PS was immersed in the ZnO seed solution for 10 min
and then dried at room temperature. This process was repeated
three times to form ZnO nanocrystal layers onto PS by
electrostatic adsorption between the negatively charged PS
surface and positively charged ZnO nanocrystals.

2.2.3. Growth of ZnO Hedgehog Structure Films. ZnO
nanoparticle layers were immersed in a ZnO growth precursor
solution consisting of zinc nitrate hexahydrate (Zn(NO;),
6H,0) and hexamethylenetetramine (HMTA). ZnO spikes
were grown at 90 °C for 6 h using a hydrothermal process. The
ZnO hedgehog structures were then immersed in ethanol,
sonicated for 10 s, rinsed again in ethanol, and dried in an oven.

2.3. Synthesis of Graphene Quantum Dots (GQDs).
The GQDs were prepared by chemical oxidation of biomass-
derived graphene (BG) (Figure S2). The synthesis method of
BG is described in detail in our previous study.”* For the
synthesis of GQDs, 100 mg of BG was added to 65 mL of 6 M
HNO; and refluxed at 120 °C for 24 h. After the mixture was
cooled to room temperature, the product was centrifuged to
separate the GQDs. The brown supernatant was then
neutralized with KOH and concentrated using a rotary
evaporator at 100 °C. Subsequently, the GQDs were purified
using a dialysis bag (MWCO 2000 Da) for 3 days, with the
washing water changed every 12 h. Finally, the aqueous
suspension of GQDs was stored in a refrigerator at 5 °C for
further experiments.

2.4. Preparation of Hedgehog ZnO and GQD Hetero-
junction Photocatalysts. The assembly of GQDs on the ZnO
substrate was performed as follows: the ZnO substrate was
immersed in a polyethylenimine (PEI) (1.0 mg mL™")-added
NaCl solution (pH = 7) for 10 min and dried under vacuum for
30 min (Scheme 1c). Subsequently, the substrate was immersed
in the aqueous suspension of GQDs for 10 min and dried under
vacuum for 30 min. This dipping process was repeated twice to
fabricate the ZnO/GQD substrate.

2.5. Photocatalytic Water Splitting. The photocatalytic
water-splitting reaction was carried out in a Pyrex round-bottom

flask (Figure S3). The sample substrate was placed in a 250 mL
two-neck round-bottom flask containing 200 mL of DI water.
The substrate was fixed in place by a pole leaning on the flask
neck. A 300 W xenon lamp with a UV cut filter was used for
visible light irradiation. During light illumination, the heat
generated was controlled by a glass water bath. Collected gases
were obtained in an inverted measuring tube placed in another
water bath containing diluted HCI. The concentration of the
evolved hydrogen was analyzed by gas chromatography at
various intervals. The apparent quantum yield (AQY) was
calculated using the equation provided in the Supporting
Information.

2.6. Electrochemical Measurement. Electrochemical
analysis was carried out using a platinum plate as the counter
electrode and an Ag/AgCl electrode as the reference electrode.
An aqueous solution of Na,SO, (0.5 M) was used as the
electrolyte without any additives. The working electrode was
prepared on indium tin oxide (ITO) as the sample substrate.
The area of the working electrode was 3.0 cm” (1 X 3 cm). The
experiment was conducted under darkroom light control by ON
and OFF states of a 300 W xenon light, using a 420 nm optical
filter for visible light measurement.

2.7. Characterizations. Scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and high-
resolution transmission electron microscopy (HR-TEM) were
used to examine the morphology of ZnO, GQDs, and the ZnO/
GQDs composite. The elemental compositions of ZnO/GQDs
were analyzed by X-ray photoelectron spectroscopy (XPS) with
a monochromatic Al Ka source. Fourier transform infrared
(FTIR) spectroscopy was used to identify functional groups
present in ZnO/GQDs over the range of 400—4000 cm™'.
Hydrogen gas was measured by a gas chromatography (Agilent
8890 GC) system with a thermal conductivity detector (TCD)
and argon as the gas carrier using an HP-5 column with 30 m
length, 320 ym diameter, and 0.25 ym film thickness under
specific conditions.

3. RESULTS AND DISCUSSION

3.1. Characterization of Hedgehog ZnO Nanostruc-
tures and Graphene Quantum Dots (GQDs). Scanning
electron microscopy (SEM) was utilized to characterize the
hedgehog-shaped ZnO nanostructures and the ZnO/GQDs
heterostructure. The hedgehog ZnO nanostructures were
synthesized on a polystyrene (PS) microsphere assembled on
a glass substrate by using the Langmuir—Blodgett (LB)
technique, as illustrated in Figure la.

SEM imaging revealed the distinct spiky morphology of the
ZnO nanostructures, featuring an average spike length of
approximately 800 nm and a diameter of 45 nm with a dense
arrangement of spikes per unit area (Figures 1b and S$4).
Initially, ZnO exhibited a hedgehog-like morphology with well-
defined, rod-like projections radiating from a central core.
Subsequently, GQDs were deposited on the surface of spiky
ZnO nanostructures, which had been functionalized with
polyethylenimine (PEI). This PEI functionalization enhanced
the interaction between ZnO and GQDs, promoting their
integration and facilitating interfacial charge transfer processes.
The ZnO/GQDs heterostructures displayed noticeable changes
in surface texture compared with the pristine ZnO nanostruc-
tures, indicating the successful incorporation of GQDs onto the
ZnO nanostructure (Figure 1c). Elemental mapping further
confirmed the successful deposition of GQDs on the ZnO
nanostructure (Figure SS).
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Figure 1. SEM images: (a) monolayer of PS microspheres on a glass
slide, (b) hedgehog-shaped ZnO formed on PS microspheres, and (c)
the ZnO/GQDs heterostructure.

GQDs for this study were synthesized through strong acid
treatment with biomass-derived graphene as the precursor. The
synthesized GQDs were characterized to elucidate their
structural and optical properties. Transmission electron
microscopy (TEM) imaging revealed a uniform size distribution
of the GQDs, with an average diameter of approximately S nm
(Figure 2a).

UV—visible spectroscopy confirmed the presence of charac-
teristic absorption peaks in the visible range. A strong absorption
between 250 and 300 nm corresponds to the 7—z* transition in
the sp>-bonded carbon network of graphene-based materials. An
absorption shoulder at approximately 380 nm corresponds to
the electron transition from the n-orbital induced by the
electron-donating —C=0 group on GQDs to the 7* orbital.
An absorption tail extending up to 600 nm results from the n-
orbital induced by the electron-donating N on GQDs to the z*
orbital (Figure 2b).>5~**

These observations confirm the presence of aromatic
conjugated structures and oxygen- and nitrogen-containing
functional groups in the GQDs, which play crucial roles in their
photoluminescence (PL) properties. PL spectroscopy was
performed to further examine the emission behavior of the
GQDs under different excitation wavelengths ranging from 360

to 620 nm (Figure 2c). The observed excitation-dependent PL
behavior, with a shift in the emission wavelength as the
excitation wavelength changes, is a characteristic signature of the
quantum confinement effect. Due to the quantum confinement
effect and small size, nanoscale GQDs behave like semi-
conductor materials.”*"*° Additionally, the GQDs were
prepared by chemical oxidation of graphene-based materials to
have defects and oxygen functional groups, which is attributed to
the generation of discrete energy levels and photoluminescence
properties. When excited with wavelengths ranging from 360 to
440 nm, the PL spectra exhibited an excitation-dependent
feature and slight down-conversion, indicating the discrete
energy levels of the confined charge carriers rather than the
continuous energy bands of bulk graphene. As the excitation
wavelength increased from 460 to 620 nm, the emission peak
gradually red-shifted from 550 to 650 nm, with the strongest
emission peak observed at 580 nm for an excitation wavelength
of 520 nm. This excitation-dependent behavior and the
observed Stokes shift arise from the difference in the energy
levels involved in the absorption and emission processes,
indicating the presence of the quantum confinement effect and
different surface states with oxygen-containing groups in the
GQDs.”” Additionally, the rapid decrease in intensity with an
increasing excitation wavelength suggests the presence of
emissive free sites within the GQD structure, further supporting
the presence of the quantum confinement phenomenon. The
inset of Figure 2c showcases the bright yellow-orange PL of the
GQDs under a 365 nm UV lamp, further highlighting the effects
of the quantum confinement and surface functional groups.”®
Figure 3 depicts the Fourier transform infrared (FTIR)
spectrum of hedgehog ZnO and ZnO/GQDs heterostructures,
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Figure 3. FTIR spectra of ZnO/GQDs, showing the characteristic
vibrational modes and functional groups present in the heterostructure.
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Figure 2. (a) TEM images of GQDs, showing their size and morphology. (b) UV—visible absorption spectrum of GQDs, showing characteristic
absorption peaks. (c) PL spectra of GQDs, illustrating excitation-dependent emission behavior.
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Figure 4. (a) Raman spectra of ZnO, GQDs, and the ZnO/GQDs heterostructure. (b) XRD patterns of ZnO and the ZnO/GQDs heterostructure.
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Figure S. XPS analysis of the ZnO/GQDs heterostructure: (a) Zn 2p, (b) C 1s, (c) N 1s, and (d) O 1s spectra.

elucidating the chemical functional groups within the hetero-
structure. The broad signal between 3000 and 3700 cm™
corresponds to the stretching vibrations of —NH and —OH
groups, confirming the presence of amine and carboxyl
functional groups within the ZnO/GQDs heterostructure.>' >3
Additionally, a strong absorption band at 1597 cm ™! is attributed
to the amide group —(C=0)NH— of PEL*> Furthermore,
distinct peaks corresponding to vibrations of the amine group
and C—N single bond stretching were observed at 1330 and
1104 cm ™/, further confirming the presence of functional groups
on the surface of GQDs.** Finally, the absorption peak at 678
cm™ corresponds to the Zn—O stretching vibration, indicating
the bonding of GQDs to the surface of the ZnO nanostructure.’”
These FTIR spectra findings corroborate the SEM observations,
providing further evidence that GQDs are indeed bonded to the
surface of ZnO within the heterostructure.

The Raman spectra further confirm the formation of the
ZnO/GQDs heterostructures (Figure 4a).

The ZnO/GQDs heterostructure exhibits characteristic peaks
associated with GQDs, specifically the D-band at 1387 cm™" and
the G-band at 1580 cm™."”** The intensity ratio of the D-band
to the G-band (Ip/I; = 0.89) is higher in the heterostructure
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compared to the GQDs alone (Ip/I; = 0.81), indicating a
reduction in the size of the sp>-hybridized carbon domains of
GQDs due to the interaction with ZnO.*" Additionally, the ZnO
peakat 437 cm™, associated with the high-frequency E, mode, is
slightly shifted in the heterostructure, suggesting a modification
of the ZnO structure due to interaction with GQDs. The peaks
at 583 and 384 cm™ in both ZnO and the ZnO/GQDs
heterostructure indicate structural defects within ZnO.'”*' The
X-ray diffraction (XRD) patterns (Figure 4b) show character-
istic peaks for ZnO at 26 values of 31.77°, 34.42°, and 36.25°,
among others, corresponding to the various crystal planes of the
waurtzite ZnO structure.”®*” In the ZnO/ GQDs heterostructure,
the ZnO peaks remain present but with some variations in peak
intensities compared to the ZnO nanostructure. Additional
peaks at 26 values of 26.50° and 54.55°, corresponding to the
(002) and (004) planes of GQDs, confirm the presence of
GQDs within the heterostructure.'” The increased intensity of
the (101) peak in the ZnO/GQDs suggests a higher level of
defect, likely due to lattice disorder and strain within the ZnO
structure induced by the inclusion of GQDs.'*"

X-ray photoelectron spectroscopy (XPS) analysis was
conducted to investigate the chemical composition, surface
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carrier transfer process in S-scheme mode.

chemical states, and bonding configuration of the ZnO/GQDs
heterostructures. The survey spectrum (Figure S6a,b) revealed
the presence of core elements including Zn, C, O, and N in the
ZnO and ZnO/GQDs heterostructure. The significant increase
in the C 1s peak intensity observed in the ZnO/GQDs
compared to ZnO suggests that a substantial amount of GQDs
was successfully deposited on the surface of the ZnO structure.
The high-resolution XPS spectra of the core elemental peaks for
the ZnO/GQDs heterostructure and ZnO are presented in
Figures 5 and S6c¢,d, respectively. The Zn 2p spectrum of both
ZnO and ZnO/GQDs heterostructure (Figure Sa) exhibited
two distinct peaks at 1044 and 1021 eV, corresponding to Zn
2p1/, and Zn 2ps ,, respectively.’® This suggests the presence of
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Zn*" in the oxidation state and indicates that the deposition of
GQDs did not alter the chemical state of ZnO.** The C 1s XPS
spectrum was deconvoluted into five peaks (Figure Sb). The
peak at 283.57 eV corresponds to the C—Si bond originating
from GQDs on the glass substrate. The peak at 284.8 eV is
attributed to sp>-hybridized carbon (C=C/C—C) in the
aromatic rings of GQDs.* !

Analysis of the N 1s peak (Figure Sc) revealed four peaks. The
peak at 399.24 eV indicated the presence of amine groups (—NH
or —NH,). The peak at 398.60 eV was attributed to the existence
of pyridinic N (C=N—C) in its sp*-hybridized form. The O=
C—N group, resulting from the PEI bonding between ZnO and
GQDs, appeared in both N 1s and O 1s deconvoluted spectra
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Figure 8. (a) Transient photocurrent response comparison between ZnO and the ZnO/GQDs heterostructure. (b) Nyquist plot showing the charge

transfer resistance for ZnO and ZnO/GQDs.

(Figure 5d) at $32.71 and 400.57 eV, respectively."” The peak
observed at a binding energy of 529.31 eV was assigned to the
O’ ions, representing oxygen in the oxide lattice without
oxygen vacancies, indicating Zn—O bonding. This peak was
present in both ZnO and the ZnO/GQDs composite, suggesting
that the integration of GQDs onto the ZnO surface preserves the
ZnO lattice structure.*®

UV—vis spectroscopy was employed to determine the optical
bandgaps of ZnO, GQDs, and the ZnO/GQDs heterostructure.
The band gaps were determined using the Tauc plot method
(Figure 6a), revealing values of 3.10 eV for ZnO, 2.05 eV for
GQDs, and 2.86 eV for the ZnO/GQDs.

Linear sweep voltammetry (LSV) analysis was conducted to
further determine the conduction band minimum (CBM),
valence band maximum (VBM), and the bandgaps of the
materials.” According to the LSV data (Figure 6b,c), the CBMs
of the ZnO, GQDs, and ZnO/GQDs were found to be —1.47,
—1.60, and —1.21 V (vs Ag/AgCl), respectively. The
corresponding VBMs were 1.63, 048, and 1.59 V (vs Ag/
AgCl), respectively. The bandgap values determined by the LSV
method are consistent with those derived from the Tauc plot,
validating the measurements. The reduced band gap energy of
the ZnO/GQDs heterostructure suggests enhanced light
absorption capabilities, particularly within the visible range,
compared to the ZnO nanostructure. This reduced band gap
implies that the ZnO/GQDs heterostructure can generate a
greater number of photoexcited carriers under solar irradiation,
thereby augmenting its photocatalytic activity.”"**

Considering that the CBM of GQDs is positioned higher than
that of ZnO, while the VBM of ZnO is lower than that of GQDs,
we propose an S-scheme heterojunction mechanism for ZnO/
GQDs photocatalysis. The energy band diagram (Figure 7a)
illustrates the key transitions involved in water splitting.

In this mechanism, the alignment of the CBM and VBM upon
contact drives effective charge separation, establishing a
staggered energy band structure conducive to efficient photo-
catalysis. Upon contact, the Fermi energy levels of ZnO and
GQDs align, resulting in band bending that distorts the original
band diagrams. The band edge of GQDs bends upward as a
result of the loss of electrons, whereas the band edge of ZnO
bends downward due to the accumulation of electrons, as
illustrated in Figure 7b.*> This bending creates an internal
electric field due to electrons spontaneously migrating from
GQDs to ZnO, which drives the separation of the photo-
generated charge carriers. Electrons in the CB of ZnO and holes
in the VB of GQDs are driven directly toward the interface of
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ZnO and GQDs. This internal field reduces the possibility of
electron—hole recombination due to the Schottky barrier at the
Zn0O/GQDs interface, effectively extending the lifetime of the
charge carriers. Consequently, electrons in the CB of GQDs
facilitate the reduction reaction to produce hydrogen, while
holes in the VB of ZnO drive the oxidation reaction to generate
oxygen. Furthermore, the S-scheme heterojunction allows weak
reduction electrons in the CBM of ZnO to recombine with the
weak oxidation holes in the VBM of GQDs, accelerating charge
carrier separation while maintaining a strong redox potential.
This synergistic effect, driven by the S-scheme heterojunction,
significantly enhances the photocatalytic efficiency of the ZnO/
GQDs heterostructure for water splitting,”"*>*’

The transient photocurrent response of ZnO and ZnO/
GQDs under visible light irradiation (4 > 420 nm) was
investigated using an electrochemical workstation with a 300 W
xenon lamp and UV-cut filter (Figure 8). As depicted in Figure
8a, ZnO particles exhibited a weaker photocurrent response,
whereas the ZnO/GQDs heterostructure displayed a signifi-
cantly stronger photocurrent response, approximately three
times higher than that of ZnO alone. The subdued photocurrent
response observed for ZnO under visible light is attributed to its
relatively large bandgap energy (3.10 eV), which limits its
absorption of visible light. Conversely, the augmented photo-
current in ZnO/GQDs suggests a higher charge transfer rate due
to improved light absorption, efficient charge separation, and
reduced recombination of electron—hole pairs. It is worth
noting that the photocurrent for both ZnO and ZnO/GQDs
slightly weakened with prolonged light exposure, likely due to
photocorrosion.'”**

To further elucidate the charge separation efficiency of the
ZnO/GQDs heterostructure under visible light irradiation,
electrochemical impedance spectroscopy (EIS) measurements
were conducted (Figure 8b). The Nyquist plots reveal that the
semicircle diameter, representing internal resistance, is smaller
for ZnO and ZnO/GQDs under visible light irradiation than
that under dark conditions. This reduction in the radius
indicates a lower charge transfer resistance, signifying eflicient
charge transfer at the electrode—electrolyte interface.*”*" The
smaller semicircle for ZnO/GQDs compared to ZnO in the dark
suggests that the addition of GQDs reduces the charge transfer
resistance at the electrode—electrolyte interface for the ZnO/
GQDs system. GQDs can act as electron acceptors and facilitate
the separation of electron—hole pairs generated in ZnO, thereby
preventing recombination. The reduced resistance in both ZnO
and ZnO/GQDs under light illumination underscores rapid
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Figure 9. (a) Hydrogen evolution performance over time for ZnO and ZnO/GQDs. (b) Apparent quantum yield (AQY) for ZnO and ZnO/GQDs
during photocatalytic water splitting. (c) Hydrogen evolution over repeated cycles for ZnO and ZnO/GQDs.

charge transfer and increased photocurrent generation,
corroborating the transient photocurrent results. GQDs can
also act as light-harvesting centers, absorbing visible light and
generating electron—hole pairs, which can provide efficient
pathways for charge transport, leading to reduced charge
transfer resistance. Therefore, the significant enhancement in
photocurrent response and reduced charge transfer resistance
under visible light confirm the superior photocatalytic activity of
the ZnO/GQDs heterostructure. This improvement can be
attributed to the synergistic effects of the GQDs, which not only
narrow the bandgap but also facilitate efficient charge separation
and transfer, thereby enhancing photocatalytic performance for
water splitting.

The photocatalytic performance for hydrogen production was
evaluated using gas chromatography (GC) equipment coupled
with a xenon lamp and UV-cut filters (Figure 9).

As shown in Figure 9a, hydrogen (H,) evolution increased
almost linearly with the light irradiation time. Notably, the level
of H, production from the ZnO/GQDs heterostructure was
significantly higher than that from pristine ZnO, consistent with
the photocurrent response data. The average H, evolution rates
were 387.90 umol cm™ h™! for the ZnO/GQDs heterostructure
and 118.98 pmol cm™ h™! for the pristine ZnO hedgehog
structure. This more than 3-fold increase in H, production from
the ZnO/GQDs heterostructure compared to pristine ZnO
suggests more efficient charge separation and reduced charge
recombination in the ZnO/GQDs heterostructure. Figure 9b
presents the apparent quantum yield (AQY) for hydrogen
production at 440 nm, which was 1.51% for the ZnO/GQDs
heterostructure and 0.56% for pristine ZnO, averaged over S h of
reaction. The ZnO/GQDs heterostructure maintained its
photocatalytic activity stably over prolonged reactions, demon-
strating remarkable stability as a photocatalyst. Reusability tests
for hydrogen production under light (using a 420 nm filter) are
shown in Figure 9c. The ZnO/GQDs heterostructure
maintained good stability up to the fifth cycle with only an
11% reduction in the degradation rate by the fifth cycle.

A comparison of the present study with previous reports on
different photocatalysts used in water splitting is provided in
Table 1. This comparison highlights the superior performance of
the ZnO/GQDs heterostructure in terms of hydrogen
production efficiency and stability, underscoring its potential
as an effective photocatalyst for sustainable hydrogen gen-
eration.

4. CONCLUSIONS

In conclusion, we successfully developed a novel heterostructure
comprising hedgehog-shaped zinc oxide (ZnO) nanostructures

Table 1. Comparison of Hydrogen Production Performance
and Apparent Quantum Yield (AQY, %) Under Light
Ilumination for Various Photocatalysts

H, production Light
Material (umol h™!/unit) source AQY (%) ref.
ZnO 22.32 (gram) solar light S1
ZnO 256 (gram) visible light 52
ZnO 42 (gram) solar light ~ 1.02 53
ZnO 8.7 (gram) Uv- 54
visible
light
ZnO 118.98 (cm?) visible light  0.56 this
(440 nm)  study
ZnO/Lu 1380 (gram) visible light 52
Zn0O/CdS 334.8 (gram) solar light s1
ZnO/CdS 4134 (gram) Uv- SS
visible
light
ZnO/Au/CdS 502.20 (gram) solar light 51
Zn0O/g-C;N, 827.5 (gram) solar light ~ 20.00 S3
ZnO/g-C;N, 123 (gram) Uv- 1.13 54
visible (240 nm)
light
ZnO/In,0; 240.4 (gram) visible light 56
TiO,/S,N- 86 (gram) visible light 57
GQDs
GQDs/PDI 1600 (gram) visible light  0.50 58
(420 nm)
CQDs/CdS 3928 (gram) visible light 2.20 59
(400 nm)
N-CQDs/CdS 907 (gram) visible light 20.98 59
(400 nm)
N-GQDs/PTI1/ 880 (gram) visible light 60
Zn0O-QDs
N,p-CQDs/Zn0O 417 (gram) visible light 36
ZnO/CDs 250 (cm?) solar light 61
Zn0/GQDs 387.91 (cm?) visible light 1.51 this

(440nm)  study

coupled with graphene quantum dots (GQDs) to enhance
photocatalytic water splitting. The integration of GQDs with
ZnO nanostructures resulted in a significant enhancement of
photocatalytic activity by extending light absorption into the
visible spectrum, facilitating efficient charge separation and
reducing charge recombination. Characterization studies
confirmed the successful synthesis of well-defined ZnO
nanostructures and GQDs, with transmission electron micros-
copy (TEM) showing a uniform size distribution of GQDs of
approximately 5 nm in diameter. UV—visible spectroscopy and
photoluminescence (PL) spectroscopy revealed the optical
properties of GQDs, including visible range absorption and

https://doi.org/10.1021/acsomega.4c05574
ACS Omega 2024, 9, 40790—40800


https://pubs.acs.org/doi/10.1021/acsomega.4c05574?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05574?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05574?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05574?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

excitation-dependent emission behavior, indicative of quantum
confinement effects and surface functional groups on GQDs.
The ZnO/GQDs heterostructure exhibited a reduced band gap
energy compared to ZnO alone, resulting in enhanced light
absorption and a significantly higher photocurrent response
under visible light irradiation. Electrochemical impedance
spectroscopy (EIS) measurements further confirmed efficient
charge transfer at the ZnO/GQDs interface, highlighting active
charge transfer and increased photocurrent generation. Photo-
catalytic evaluation revealed that the ZnO/GQDs hetero-
structure achieved over 3-fold higher hydrogen (H,) production
rates compared to pristine ZnO, along with a superior apparent
quantum yield (AQY) for hydrogen production. Importantly,
the ZnO/GQDs heterostructure maintained stable photo-
catalytic activity over prolonged reactions, underscoring its
good stability as a photocatalyst. This study demonstrates the
promising potential of the ZnO/GQDs heterostructure as an
efficient photocatalyst for sustainable hydrogen generation
through water splitting. The synergistic effects between ZnO
nanostructures and GQDs provide insights for the design and
development of next-generation photocatalysts for renewable
energy applications. Further research into optimizing the
heterostructure configuration and exploring additional function-
alities of GQDs could lead to even more efficient photocatalytic
systems for practical implementation in solar energy conversion
technologies.
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