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1. Introduction

ZnO/Al,03/CuO ternary nanocomposites: a
bandgap-engineered solution for high-efficiency
photocatalytic hydrogen generation

Krishna Daware,® Mayuri Khade,? Sonali Mhaske,” Yogesh Sethi,® Prashant Bankar,?
Ratna Chauhan*® and Suresh W. Gosavi () *2¢f

In photocatalytic systems, the efficient generation, separation, and transport of photoinduced charge
carriers are essential to achieving high-performance hydrogen production. Semiconductor composites
offer a promising route to enhance these processes by leveraging differences in energy band alignments
to facilitate charge separation. In this study, ZnO/Al,Oz and ZnO/Al,O3/CuO nanocomposites were
synthesized via a facile one-step hydrothermal method. Comprehensive structural and surface analyses
using X-ray diffraction (XRD), Raman spectroscopy, filed emission scanning electron microscopy
(FESEM), high resolution transmission electron microscopy (HRTEM), Brunauer—Emmett-Teller (BET),
X-ray photoelectron spectroscopy (XPS), and ultraviolet photoelectron spectroscopy (UPS) confirmed
the successful formation and heterojunction interface of the composites. UV-Vis diffuse reflectance
spectroscopy revealed a significant bandgap narrowing, with values of ~2.94 eV for ZnO/Al,Oz and
~2.19 eV for ZnO/Al,O3/CuO—both lower than that of pristine ZnO—indicating improved visible-light
absorption. Theoretical band structure calculations further supported the experimental findings and
confirmed the energetic favorability for interfacial charge transfer. UPS measurements were employed to
determine the work function, revealing efficient band alignment among the constituent semiconductors,
thereby promoting effective charge separation and transport. Photocatalytic hydrogen evolution
experiments demonstrated superior activity for the ternary composite, with hydrogen generation rates of
676.85 pmol h™! g~ (ZnO), 1448.62 pmol h™ g~ (ZnO/AL,Os), and 1888.66 pmol h™! gt (ZnO/ALOs/
CuO), highlighting the interfacial charge transfer enhancement driven by heterojunction formation and
bandgap engineering. These results indicate that the ZnO/AlLOz/CuO nanocomposite is a highly
promising photocatalyst for efficient solar-driven hydrogen production.

growing global demand for clean energy has intensified
research into efficient and economical hydrogen production

Hydrogen is recognized as a clean, renewable, and high-energy-
density fuel, making it a promising alternative to fossil fuels for
sustainable energy applications." Its utilization produces only
water as a byproduct, rendering it environmentally benign. The
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technologies. Among various methods, photocatalytic water
splitting using semiconductor materials has emerged as an
environmentally friendly and sustainable route, as it harnesses
solar energy to generate hydrogen directly from water without
carbon emissions.”> The efficiency of this process, however,
strongly depends on the properties of the photocatalyst, includ-
ing its band structure, charge separation efficiency, and light
absorption capability. Photocatalysis offers several benefits,
such as the direct utilization of abundant solar energy, mild
operating conditions, and the capability to integrate energy
conversion and storage processes. Nevertheless, single-
component photocatalysts often exhibit inherent limitations
that restrict their efficiency. Therefore, developing composite
photocatalysts that combine materials with complementary
properties has become a crucial strategy to overcome these
challenges and enhance overall photocatalytic performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In this context, the rational design of composite photocata-
lysts requires careful consideration of several essential para-
meters, particularly band structure matching, efficient charge
transfer pathways, and chemical compatibility among the
components. Proper alignment of conduction and valence
band edges facilitates effective charge separation and transfer,
thereby improving photocatalytic efficiency. By tailoring the
electronic structure and interfacial properties of different semi-
conductors, it is possible to construct heterojunctions that
suppress electron-hole recombination and extend the absorp-
tion range toward the visible region of the solar spectrum.

Ternary oxide composites with nanoscopic features have
recently gained significant attention due to their synergistic
properties and multifunctional capabilities, leading to applica-
tions in catalysis,’ controlled doping, sensing, and filtration.*
Among these, the combination of copper oxide (CuO), zinc
oxide (ZnO), and aluminum oxide (Al,O3) has been particularly
appealing because of the distinct yet complementary character-
istics of the individual components.”® Despite their potential,
only a limited number of studies have reported the successful
synthesis of ZnO/Al,0;/CuO nanocomposites through unified
approaches.”'® These materials have demonstrated potential in
photocatalytic degradation of pollutants,'> CO, reduction,"**¢
photoelectrochemical (PEC) water splitting for hydrogen
generation,”” and water oxidation,"® underscoring their versa-
tility and practical significance."

Individually, each oxide exhibits unique advantages and
inherent limitations. CuO, a p-type semiconductor with a
narrow bandgap (1.2-1.9 eV), shows strong visible-light absorp-
tion and good catalytic properties but suffers from high elec-
tron-hole recombination and stability issues.>>*' ZnO, an n-
type semiconductor with a wide bandgap (~ 3.2 eV), offers high
quantum yield, environmental benignity, and excellent oxida-
tive capability but is limited by poor visible-light response.***
Al,O3, known for its chemical and thermal stability, provides
structural robustness but lacks photoactivity and electrical
conductivity.>

Integrating these oxides into a ternary ZnO/Al,O;/CuO com-
posite combines their complementary attributes.>® ZnO pro-
vides a stable photoactive base, CuO enhances visible-light
absorption and acts as a charge separation center due to its
p-type conductivity, while Al,O; improves surface area, disper-
sion, and stability. The band alignment between ZnO allows
efficient charge transfer, where photogenerated electrons move
from CuO to ZnO and holes migrate in the opposite direction,
thereby minimizing recombination losses. Al,O; further assists
by preventing particle agglomeration and providing additional
active sites. Such band structure matching and interfacial
synergy make ZnO/Al,O;/CuO a suitable composite for photo-
catalytic hydrogen production.

Various synthesis techniques such as sol-ge
sonochemical,”® microwave-assisted combustion,
precipitation®” have been employed to prepare nanocomposites
with tunable physicochemical properties. Among these, the hydro-
thermal method is particularly advantageous due to its simplicity,
cost-effectiveness, and ability to yield highly homogeneous and

1,2 hydrothermal,*

2930 and co-

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

crystalline materials under mild conditions. The control of tem-
perature, precursor concentration, and reaction time directly influ-
ences the crystal structure, morphology, surface area, and optical
properties, thereby tuning the photocatalytic efficiency of the final
composite.*'>?

In the present study, ZnO, ZnO/Al,O;, and ZnO/Al,0;/CuO
nanocomposites were synthesized via the hydrothermal route
and systematically characterized by X-ray diffraction (XRD),
ultraviolet-visible (UV-Vis) spectroscopy, field emission scan-
ning electron microscopy (FESEM), high-resolution transmis-
sion electron microscopy (HRTEM), energy-dispersive X-ray
spectroscopy (EDS), Brunauer-Emmett-Teller (BET) surface
area analysis, and X-ray photoelectron spectroscopy (XPS).
The electronic structure was examined by ultraviolet photoelec-
tron spectroscopy (UPS) to elucidate band alignment. The
photocatalytic activity of the prepared materials was evaluated
for hydrogen evolution under UV light irradiation. The
enhanced photocatalytic performance of the ternary ZnO/
Al,05/CuO nanocomposite is attributed to its optimized band
structure, efficient charge separation, and improved surface
characteristics. The novelty of this work lies in the strategic
design and synthesis of a ternary oxide heterostructure with
tailored interfacial properties to achieve superior photocatalytic
hydrogen production efficiency.

2. Experimental
2.1 Materials

Aluminium nitrate nonahydrate, (Al(NO3);-9H,0), zinc chloride
(znCl,), copper nitrate trihydrate (Cu(NOj;),-3H,0), urea
(CO(NH,),), and oxalic acid (COOH)-2H,O all are analytical
grade chemicals used in the present work. Distilled water and
ethanol were used without additional purifications.

2.2 Synthesis of ZnO, ZnO/Al,0; and ZnO/Al,0;/CuO
nanocomposite

2.2.1 Synthesis of ZnO nanosheets. ZnO nanosheets were
synthesized via a facile single-step hydrothermal route. In a
typical synthesis, 0.1 M zinc chloride (ZnCl,), 0.6 M urea
(CO(NH,),), and 0.1 M oxalic acid dihydrate (COOH-2H,0) were
dissolved in 100 mL of distilled water under constant magnetic
stirring at room temperature for 30 minutes. The resulting
homogeneous solution was transferred into a Teflon-lined
stainless-steel autoclave and heated at 140 °C for 14 hours.
After naturally cooling to room temperature, the precipitate was
collected, washed thoroughly with distilled water and ethanol
to remove any residual impurities, and dried at 70 °C for
12 hours. The dried powder was then calcined at 450 °C for
4 hours to obtain crystalline ZnO nanosheets.

2.2.2 Synthesis of ZnO/Al,0; nanocomposite. The ZnO/
Al,O; nanocomposite was synthesized using the same hydro-
thermal method described above, with the inclusion of 0.1 M
aluminum nitrate nonahydrate (Al(NOj3);-9H,0) into the pre-
cursor solution. The mixture was stirred and treated hydro-
thermally under identical conditions (140 °C for 14 hours),

Energy Adv,, 2026, 5, 326-340 | 327


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00191a

Open Access Article. Published on 19 January 2026. Downloaded on 6/12/2026 5:19:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

followed by cooling, washing, and drying at 70 °C. The resulting
powder was calcined at 450 °C for 4 hours to ensure complete
crystallization and oxide phase formation.

2.2.3 Synthesis of ZnO/Al,0;/CuO nanocomposite. For the
synthesis of the ternary ZnO/Al,0;/CuO nanocomposite, 0.1 M
of both aluminum nitrate nonahydrate (Al(NO;);-9H,0) and
copper nitrate trihydrate (Cu(NO3),-3H,0) were simultaneously
added to the original ZnO precursor solution. The synthesis
procedure including stirring, hydrothermal treatment at 140 °C
for 14 hours, and subsequent cooling, washing, and drying was
identical to the previous steps. Finally, the dried sample was
calcined at 450 °C for 4 hours to yield the ZnO/Al,0;/CuO
nanocomposite.

2.3 Photocatalytic hydrogen generation by water splitting

Photocatalytic hydrogen evolution experiments were conducted
in a closed batch quartz reactor system to evaluate the hydro-
gen production efficiency of ZnO, ZnO/Al,O3, and ZnO/Al,O;/
CuO nanocomposites under UV light irradiation. A 125 W
mercury vapor UV lamp served as the irradiation source, posi-
tioned horizontally at a fixed distance of approximately 10 cm
from the surface of the reaction mixture to ensure uniform UV
exposure while minimizing thermal effects. The entire reactor
setup was enclosed within a reflective aluminum housing to
enhance light utilization by evenly distributing the incident
radiation across the reaction surface. For each experiment, 20
mg of photocatalyst was dispersed in a reaction mixture con-
taining 25 mL of deionized water and 5 mL of methanol, which
acted as a sacrificial electron donor. Platinum (0.5 wt%) was
preloaded onto the photocatalyst as a co-catalyst to promote
hydrogen evolution. The reactor, a 100 mL quartz vessel sealed
with a gas-tight septum, was purged with high-purity nitrogen
gas for 20 minutes prior to irradiation to eliminate dissolved
oxygen and other gaseous impurities. Continuous magnetic
stirring was maintained to ensure a homogeneous suspension
during the reaction. The system was water-cooled to maintain a
constant reaction temperature of 25 + 2 °C and to prevent
overheating of both the reactor and the photocatalyst suspen-
sion. The photocatalytic reaction was initiated under UV irra-
diation, and evolved gases were periodically sampled (0.5 mL)
through the septum using a gas-tight syringe. The hydrogen
content in the gas phase was quantified using a Shimadzu gas
chromatograph equipped with a 5 A molecular sieve column
and a thermal conductivity detector (TCD), with calibration
performed using a pre-established standard curve.

2.4 Physico-chemical characterization

UV-visible absorbance spectra for the samples were recorded on
JASCO V-670 spectrophotometer. X-Ray diffraction (XRD) tech-
nique was used to analyze crystal structure of the samples.
The X-ray diffraction pattern was recorded using Bruker D8-
Advanced Diffractometer in the 20 range of 20-80 degrees
which were operated at 40 kV and 30 mA. Field emission
scanning electron microscopy (FESEM) analysis was carried
out on Hitachi S-4800 instrument. Samples were prepared with
drop casting on silicon substrate, which was coated with thin
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platinum layer. Transmission electron microscopy (TEM) ana-
lysis was carried out on JEM 2200FS JEOL. Brunauer-Emmett-
Teller (BET) technique (Quantachrome Instruments v3.01) was
used to find the surface area using N, physisorption technique.
Molecular vibrations and structural characteristics were stu-
died using Raman spectroscopy model: thermo scientific spec-
trometer (excitation wavelength = 532 nm). X-ray photoelectron
spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy
(UPS) analysis was carried out using ESCA-3000, VG Scientific to
observe binding energies. Fluorescence spectra were recorded
using the photo-luminescence (PL) spectrophotometer (Model:
Fluorolog, HORIBAJOBINYVON).

3. Result and discussion
3.1 UV-visible spectra

The optical properties of the synthesized ZnO, ZnO/Al, O3, and
ZnO/Al,0;/CuO nanocomposites were investigated using UV-
Visible diffuse reflectance spectroscopy (UV-Vis DRS). As shown
in Fig. 1(a), the pure ZnO exhibited a strong absorption peak at
352 nm, characteristic of its band-to-band electronic transition
in the UV region. The ZnO/Al,O; nanocomposite showed a
slight blue shift, with an absorption peak at 340 nm, indicating
possible quantum confinement or interface effects due to Al,O3
incorporation. For the ZnO/Al,0;/CuO nanocomposite, three
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Fig. 1 (a) UV-Visible spectra and (b) Tauc plot of ZnO, ZnO/Al,O3 and

ZnO/Al,03/CuO nanocomposite.
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distinct absorption peaks were observed at 254 nm, 336 nm,
and 452 nm. The peak at 254 nm is attributed to high-energy
transitions in the ZnO matrix, while the absorption edge at
452 nm corresponds to CuO incorporation, enabling enhanced
visible-light absorption. These shifts in absorption behaviour
reflect modifications in the electronic structure and band
alignment among the constituent semiconductors.

The absorption features are directly associated with electro-
nic transitions from the valence band (VB) to the conduction
band (CB), which define the material’s optical band gap (E,).
The band gap energy was calculated using the Tauc method,
which is based on the Wood and Tauc equation:

(ahv)" = A(hv — Eg) (1)

In this equation, ‘«’ represents the absorption coefficient, ‘%’
is Planck’s constant, ‘v’ is the frequency, ‘E,’ is the band gap
energy, A is constant, and ‘n’ depends on the type of electronic
transition: (n = 1/2) for direct allowed transitions and n = 2 for
indirect allowed transitions.*?

Fig. 1(b) shows the E, value for ZnO, ZnO/Al,O; and ZnO/
Al,03/CuO nanocomposite is 3.13 eV, 2.94 eV and 2.19 eV
respectively. The results suggest a synergistic interaction
among ZnO, CuO, and Al,O; metal oxides. The E, value for
all the three synthesized samples lies in the UV-visible region.
This means that all three photocatalysts have enhanced photo-
catalytic activity under UV light.

3.2 X-ray diffraction

The XRD patterns of synthesized ZnO/Al,O;/CuO nanocompo-
site, ZnO/Al,0; nanocomposite and ZnO nanoparticles are
shown in Fig. 2(a)-(c). In ZnO X-ray diffraction pattern, the
characteristic diffraction appears at 31.74°, 34.35°, 36.25°,
47.48°, 56.60°, 62.81°, 66.42°, 67.92°, 69.13°, 72.43°, 76.94°
correspond to the planes (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) respectively Fig. 2(b), confirm
the hexagonal structure of ZnO (JCPDS: 01-076-0704). The X-
rays diffraction studies confirmed wurtzite phase and all dif-
fraction peak agreed with the reported JCPDS data. No any
other peak observed confirm the purity of sample. The char-
acteristic diffraction peaks appeared at 20 values 32.3°, 35.35°,
38.16° and 48.5° corresponding to plane (002), (111), (111) or
(200) and (202) for the CuO respectively (Fig. 2(b)). As expected,
the XRD spectra obtained from ZnO/Al,0;/CuO nanocomposite
system, Fig. 2(c), is indicating monoclinic crystal structure
(JCPDS card no 00-041-0254). In the X-ray diffraction pattern
of ZnO/Al,O; and ZnO/Al,05/CuO nanocomposite, peaks indi-
cative for the Al,O; phase are barely visible (weaker diffraction),
which suggests that Al,O; crystallites are either highly dis-
persed or amorphous structure.”’ Here we have calcined all
samples at 450 °C, and up to this temperature, alumina
remains in amorphous phase.

3.3 FESEM

FESEM and energy dispersive X-ray spectroscopy (EDS) were
employed to examine the surface morphology and elemental

© 2026 The Author(s). Published by the Royal Society of Chemistry
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composition of the synthesized nanomaterials. FESEM images
of ZnO (Fig. 3(a) and (b)) reveal the formation of multi-layered,
ultrathin nanosheets with lateral dimensions ranging from
approximately 180 to 450 nm and a thickness of less than
29 nm. These nanosheets exhibit a stacked architecture, con-
tributing to an increased surface area. In the case of the ZnO/
Al,O3; nanocomposite (Fig. 3(c) and (d)), the morphology dis-
plays ZnO nanosheets integrated with distinct spiky flower-like
structures characteristic of Al,0;. This hybrid structure
confirms successful composite formation and suggests a
significant enhancement in surface roughness and overall
surface area, which is favourable for photocatalytic activity.
FESEM images of the ZnO/Al,0;/CuO nanocomposite (Fig. 3(e)
and (f)) show a heterogeneous microstructure, with visible
contrasts in brightness indicating the presence of different
phases. The Z-contrast suggests that CuO and ZnO regions
appear brighter than Al,O; due to their higher atomic numbers.
The CuO nanoparticles are nearly spherical with an average size
of ~50 nm, and the overall composite exhibits porous features
and interparticle voids, which further enhance the specific
surface area. The ZnO/Al,O; nanocomposite exhibits a multi-
layered, ultrathin nanosheet morphology that facilitates
enhanced mass transport by reducing diffusion resistance
and allowing better penetration of light and reactant molecules
into the catalyst matrix. In the ZnO/Al,03/CuO nanocomposite,

Energy Adv., 2026, 5, 326-340 | 329
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Fig. 3 FESEM Micrograph for ZnO (a), (b), ZnO/A,O5 (c), (d), and ZnO/Al,O3/CuO nanocomposite (e), (f).

the uniform dispersion of nanoparticles and well-defined het-
erojunctions improve charge separation efficiency and increase
the density of reactive surface sites. Additionally, the increased
surface roughness and curvature enhance the adsorption capa-
city, promoting stronger interactions between the catalyst sur-
face and target molecules.>*** Elemental distribution was
analysed using EDS elemental mapping (Fig. 4), which shows
a uniform distribution of Zn, Al, Cu, and O elements across the
sample surface. The EDS spectrum (Fig. 4(a)) confirms the
presence of these elements, validating the successful synthesis
of the ZnO/Al,05/CuO ternary nanocomposite.

3.4 HRTEM

Transmission electron microscope analysis confirming the
successful formation of synthesized ZnO/Al,0;/CuO nanocom-
posite. The synthesized sample shows spherical shape of CuO
nanoparticles, spike like structure of Al,O; and ultrathin
nanosheets-like structure of ZnO confirm the presence of all
three nanomaterials in nanocomposite. The TEM image (Fig. 5)
shows the partial agglomeration trend of ZnO, Al,O; and CuO

330 | Energy Adv, 2026, 5, 326-340

nanoparticles owing to overloading of Al,O; and hydrothermal
conditions, which indicates the formation of ternary nanocom-
posite. Every nanoparticle is associated with surrounding
nanoparticles and no individual ZnO, Al,0; and/or CuO nano-
particles remain, which also confirmed the effective formation
of ternary nanocomposite of ZnO/Al,0;/CuO. The HRTEM
image shows the interplanar distance are 0.14 nm, 0.24 nm
and 0.25 nm corresponding to the diffraction plane (400), (101)
and (220) of ZnO, Al,0; and CuO; which is in closed agreement
with d spacing obtained from XRD pattern of ZnO, Al,0; and
CuO respectively.

3.5 Raman spectroscopy analysis

Raman spectroscopy was employed to investigate the struc-
tural, compositional, and phase characteristics of the synthe-
sized nanostructures, namely pure ZnO, ZnO/Al,O;, and ZnO/
Al,03/CuO nanocomposites, recorded at room temperature as
shown in Fig. 6.

The Raman spectrum of pure ZnO nanosheets exhibits
well-defined peaks at approximately 335 cm ™, 438 cm™*, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Elemental mapping of the ZnO/Al,O3/CuO nanocomposite: (a) FE-SEM with EDS, (b) overlapped elemental map, (c) Al elemental map,

(d) O elemental map, (e) Zn elemental map, and (f) Cu elemental map.

586 cm . The peak at 438 cm ™' is attributed to the E, (high)
phonon mode, a characteristic mode of the wurtzite hexagonal
ZnO structure, indicating good crystallinity. The 335 cm ™" peak
corresponds to the difference between E, (high) and E, (low)
modes, suggesting lattice vibration interactions typical of ZnO
nanostructures. The 586 cm™" band is commonly associated
with the A; (LO) or E; (LO) mode, often linked to structural
defects such as oxygen vacancies or zinc interstitials, indicating
slight disorder within the ZnO lattice. Upon incorporation of
ALO; into ZnO (ZnO/Al,O3), the spectrum retains the promi-
nent E, (high) mode at 436.3 cm™" and the E, high-E, low
mode at 335 cm™ ', demonstrating the persistence of the ZnO

wurtzite structure even after the formation of the heterostruc-
ture. However, the reduced intensity and broadening of peaks
suggest possible strain effects or lattice distortion induced by
Al,O; incorporation.

The Raman spectrum of the ternary ZnO/Al,03/CuO nanocom-
posite reveals a more complex vibrational profile with multiple
peaks at 314.01 cm ™, 398.8 em ™%, 555 cm ™%, 635.6 cm ', and a
broad band centred around 1095 cm™ ", The peak at 314.01 cm ™ *
corresponds to the A, mode of monoclinic CuO, while the
398.8 em™' peak is attributed to the B, mode of CuO. The
555 cm ™' and 635.6 cm™ ' bands are typically associated with
oxygen-related lattice vibrations in CuO or Al-O bond distortions,

Fig. 5

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a), and (b) TEM images for ZnO/Al,Os/CuO nanocomposite, (c)-(f) HRTEM image for CuO, ZnO, Al,O3 in nanocomposite respectively.
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Fig. 6 Raman spectrum of ZnO, ZnO/Al,Os and ZnO/Al,Os/CuO
nanocomposite.

implying successful integration of CuO and Al,O; phases into the
ZnO matrix. The broad peak observed at 1095 cm™ " is assigned to
multi-phonon scattering associated with the CuO component.
This high-wavenumber region is indicative of overtones and
combination bands arising due to strong electron-phonon cou-
pling and the disordered nature of the CuO phase within the
composite. The presence of such features suggests complex vibra-
tional dynamics, possibly resulting from interfacial interactions
and phonon confinement effects in the nanocomposite.

3.6 BET measurement

The surface area plays an important role in hydrogen generation
and photocatalytic activity. BET surface area of the synthesized
samples ZnO, ZnO/Al,03, and ZnO/Al,0;/CuO nanocomposite were
recorded under nitrogen adsorption-desorption isotherm at
77.35 K, and the corresponding isotherms plots are shown in
Fig. 7. The BET measurements reveal the surface area of ZnO, ZnO/
AlLO;, and ZnOJ/AlL,0;/CuO nanocomposite are 77.763 m?> g
135.056 m” g~ ', and 437.075 m> g~ respectively. As observed in
BET measurement, the ZnO nanosheets has low surface area,
however the surface area increases after formation of ZnO/Al,O4
and ZnO/Al,0;/CuO nanocomposite. The isotherm of all samples
corresponds to the type IV isotherm (IUPAC), indicating the
presence of mesoporous materials.'®** Therefore, it can play a
significant role in hydrogen generation via water splitting. BET
analysis shows the sample ZnO/Al,05/CuO have high surface area
and active catalytic sites may produce significant hydrogen
production.

3.6 XPS analysis

Chemical composition of ZnO/Al,0;/CuO nanocomposite was
determined by XPS analysis. The XPS spectra were calibrated
with carbon 1s peak located at 284.6 eV as the reference
position. Full survey scan confirmed the existence of Cu, Zn,
Al and O elements (Fig. 8(a)). Fig. 8(c) shows peaks assigned to
Zn 2p level. Two distinct peaks appeared at 1021.3 eV and
1043.85 eV suggest the presence of Zn”. The Al 2p fitted spectra
in Fig. 8(d) reveal the presence of an oxide peak at a binding
energy of 73.7 eV, along with an aluminium metal peak at
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nanocomposite.

71.75 eV. This alignment closely matches the reported peak
separation of 2.45 eV.>® O1s spectra in Fig. 8(b) is deconvoluted
into two peaks having binding energy 527 eV and 529.45 eV.
The low binding energy is ascribed to O, ions enclosed and
composite system. The signal serves as an indicator of quantity
of oxygen atoms are completely oxidized. High resolution
spectra of Cu 2p (Fig. 8(e)) are deconvoluted into Cu 2ps/,
and Cu 2p,. The spectrum exhibits two additional peaks
positioned at 961.22 eV and 940.5 eV which are related to
Cu0.*” These satellite peaks typically arise from the “shake up”
phenomenon, where excess electrons are stimulated into
higher energy states Cu 2p,, peak at 952.2 eV and Cu 2ps.,
peak was attributed at 932.35 eV was attributed to Cu' and
Cu.?® The high-resolution XPS spectra of the O 1s, Al 2p, and
Zn 2p core levels for the ZnO/Al,05;/CuO and ZnO/Al,O;
nanocomposites are shown in Fig. S1(a)-(f). A noticeable
shift in the binding energies of these elements is observed
in the ZnO/Al,0;/CuO nanocomposite compared to ZnO/
Al,O;, indicating a change in the electronic environment and
strong interfacial interaction among the constituent phases. The
observed binding energy shifts are 0.8 eV for O 1s, 0.7 eV for Al
2p, and 1.5 eV for Zn 2p, confirming charge redistribution and
modification in the oxidation states of the elements. These
variations in binding energy provide clear evidence for interfacial
charge transfer and successful formation of the ZnO/Al,0;/CuO
heterostructure.

3.7 Energy band and UPS analysis

The conduction band (Ecg) and valence band (Eyg) potentials,
for ZnO, Al,0; and CuO in ZnO/Al,0;/CuO nanocomposite was
calculated using the following known equations:

ECB:X_EC+0'5Eg

Eyg = Ecg — Eg

where y represents the Mulliken electronegativity of the semi-
conductors (5.75 eV for ZnO, 5.35 eV for Al,O; and 5.80 eV

© 2026 The Author(s). Published by the Royal Society of Chemistry
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for CuO). E, is the energy gap of the ZnO, Al,O; and CuO is 3.13,
4.4, and 1.4 respectively. E. is the energy of the free electrons on
the hydrogen scale with fixed value 4.5 eV. Thus, the Ecg values
of ZnO, Al,0; and CuO were —0.31, —1.34, and 0.57 eV,
respectively. In the same way, the values of Eyg were 2.81,
3.05, and 2.03 eV, respectively. Pure ZnO and ZnO/Al,O3 shows
low hydrogen evolution (i.e. low photocatalytic activity) with
respective to ternary composite, it may be larger band gap as in
Al,O; and ZnO or small band gap that resulted in higher
electron-hole generation recombination rate as in CuO.*

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 9 shows the schematic illustration of the band gap align-
ments for ternary composite.

The ultraviolet photoelectron spectroscopy (UPS) spectra of
the ZnO/Al,03/CuO nanocomposite on Si substrates are pre-
sented in Fig. 10. The results indicate that the onset energy of
secondary electrons for the ZnO/Al,03;/CuO nanocomposite
was estimated to be 15.02 eV, while the Fermi level was
determined to be —1.88 eV. When two semiconductors with
distinct energy gaps form a heterojunction structure, the
energy gaps align at the interface, influencing both the onset
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function and (c) the low energy region related to valence band maximum.

energy of secondary electrons and the Fermi energy level.*
Furthermore, the work function (@) was calculated using the
following equation:

WF (&) = hv — (B, — Ey)

334 | Energy Adv, 2026, 5, 326-340

(a) UPS spectra of the ZnO/Al,03/CuO nanocomposite film showing (b) the secondary edge at high binding energy region related to work

where @ represents the work function, # is Planck’s constant,
v is the frequency of UV light, E, denotes the onset energy of
secondary electrons, and Er indicates the Fermi level. Based on
this equation, the work function of the ZnO/Al,05;/CuO nano-
composite was found to be 4.32 eV, which is lower than that of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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individual CuO and ZnO nanoparticles.*"** A reduced work
function implies a higher Fermi level, leading to an increased
probability of electron transitions to the conduction band.
Additionally, a lower work function also contributes to a higher
current density. Consequently, the ZnO/Al,0;/CuO nanocom-
posite system demonstrates enhanced sensitivity compared to
ZnO and ZnO/Al,0O3, supporting the assertion that it exhibits
the best H, generation performance.

3.8 Photoluminescence and time-resolved
photoluminescence analysis

The photoluminescence (PL) and time-resolved photolumines-
cence (TRPL) spectra of ZnO, ZnO/Al,03;, and ZnO/Al,05/CuO
nanocomposites are presented in Fig. 11(a) and (b), respec-
tively. The PL spectra were recorded at room temperature with
an excitation wavelength of 352 nm. As shown in Fig. 11(a), all
samples exhibit a prominent emission peak centered around
458 nm, corresponding to the near-band-edge emission of ZnO
nanoparticles. A gradual decrease in PL intensity is observed
from pristine ZnO to the ZnO/Al,0;/CuO nanocomposite,
accompanied by a slight shift in peak position. This reduction
in emission intensity indicates suppressed charge carrier
recombination, which can be attributed to efficient charge
transfer and band bending effects arising from heterojunction

ZnO
ZnO/AlL Oy b
ZnO/AlL,0,/CuO

450
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g 0) Zn0
nO/ALO,
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Fig. 11 (a) Photoluminescence (PL) spectra and (b) Time-resolved photo-

luminescence (TRPL) spectra of ZnO, ZnO/Al,O3, and ZnO/Al,O3/CuO

nanocomposites.
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formation. In this configuration, the Al,O; layer functions as an
insulating barrier that minimizes surface recombination, while
the p-type CuO forms a p-n junction with n-type ZnO. This
junction promotes spatial separation of photoinduced elec-
trons and holes, thereby enhancing charge transfer efficiency.

The TRPL spectra, shown in Fig. 11(b), further support these
findings. The average carrier lifetimes obtained from TRPL
fitting are 13.6 ns for pristine ZnO, 15.10 ns for ZnO/Al,O;,
and 18.78 ns for the ZnO/Al,03;/CuO nanocomposite. The
significant increase in lifetime for the ternary composite
demonstrates more effective suppression of electron-hole
recombination due to the synergistic effects of CuO and
Al,O;. Specifically, the CuO-ZnO heterojunction facilitates
charge separation and prolongs carrier lifetime, while Al,O;
serves as a passivation layer that reduces surface defects and
traps. These results collectively confirm the improved charge
carrier dynamics and reduced recombination in the ZnO/Al, 05/
CuO nanocomposite, which are beneficial for enhancing photo-
catalytic activity.

4. Hydrogen generation performance
and mechanism
4.1 Photocatalytic hydrogen generation via water splitting

The photocatalytic hydrogen generation efficiency of pure ZnO,
ZnO/Al,03, and ZnO/Al,03/CuO nanocomposites was system-
atically investigated via water splitting under UV light irradia-
tion, as illustrated in Fig. 12. The comparative H, evolution
rates for these photocatalysts clearly demonstrate the enhanced
activity of the ternary nanocomposite.

The photocatalytic hydrogen generation performance of the
synthesized nanomaterials revealed a clear enhancement trend
with composite formation. Pristine ZnO nanosheets exhibited a
hydrogen evolution rate of 676.85 pmol h™" g™, primarily due
to their inherent semiconducting nature and moderate photon
absorption capability in the ultraviolet region. Incorporation of
Al,O; into the ZnO matrix significantly improved the H,

8000

Il 7.0

I 2n0/ALO,
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Fig. 12 H, evolution rate via water splitting using ZnO and ZnO/Al,Oz and
ZnO/Al,03/CuO nanocomposite.
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Table 1 Comparison of structural phase, optical band gap, surface area, and photocatalytic hydrogen evolution performance of ZnO, ZnO/Al,O3, and

ZnO/Al,03/CuO nanocomposites

Optical band

BET surface area

Photocatalytic hydrogen
evolution (umol h™' g™")

Photocatalytic hydrogen evolution
(umol h™" ¢~') under visible

Sample Structural gap (eV) (m?>g™) under UV irradiation light irradiation
ZnO Hexagonal 3.13 77.763 676.85 488.96
Zn0/Al,0, Waurtzite 2.94 135.056 1448.62 962.64
ZnO/Al,03/CuO Monoclinic 2.19 437.075 1888.66 1278.43

production rate to 1448.62 umol h™' g~*. This enhancement
can be attributed to the role of Al,O; in suppressing charge
carrier recombination, thereby improving the overall photoca-
talytic efficiency. A further and remarkable improvement was
achieved with the ternary ZnO/Al,03;/CuO nanocomposite,
which demonstrated an outstanding hydrogen evolution rate
of 1888.66 pmol h™" g~'. The synergistic interaction among
ZnO, Al,03, and CuO components contributed to superior light
absorption, efficient charge separation, and extended carrier
lifetimes, resulting in the highest hydrogen generation perfor-
mance among all tested samples.

The structural, optical, and catalytic parameters of ZnO,
ZnO/Al,0;, and ZnO/Al,03/CuO nanocomposites are summar-
ized in Table 1. The results clearly indicate that composite
formation leads to a progressive reduction in optical band gap
and a significant increase in surface area, both of which
contribute to the enhanced photocatalytic hydrogen evolution
activity observed for the ternary ZnO/Al,O5;/CuO system.

Although the ZnO/Al,03/CuO nanocomposite exhibits
extended optical absorption into the visible region (~2.19 eV),
the hydrogen evolution rate under visible-light irradiation was
found to be significantly lower compared to UV excitation. This
behavior arises because visible-light excitation predominantly
involves CuO or defect-related states, which generate charge
carriers with lower reduction potential and higher electron-
hole recombination probability. Moreover, the presence of
Al,O; can further restrict interfacial charge transfer under
low-energy visible excitation, limiting the effective participation
of photoinduced carriers in the hydrogen evolution process.
Although the ZnO/Al,05/CuO catalyst exhibits absorption in the
visible-light region (~2.19 eV), photocatalytic H, generation
under visible light was found to be significantly lower
than under UV irradiation (Table 1 and Fig. S2). This reduced
activity is attributed to the low-energy excitation of CuO or
defect states, which leads to high electron-hole recom-
bination and wunfavourable band alignment for proton
reduction.”® Therefore, UV-light-driven experiments are
reported to highlight the optimal H, generation performance
of the catalyst.

4.2 Plausible photocatalytic mechanism

The superior photocatalytic activity of the ZnO/Al,03/CuO
nanocomposite can be ascribed to the synergistic interplay
between its constituent components and the efficient separa-
tion and utilization of photogenerated charge carriers. The
proposed mechanism is explained as follows:

336 | Energy Adv, 2026, 5, 326-340

1. Photon absorption and charge generation. Upon UV
light irradiation, ZnO and CuO components absorb photons
with energy equal to or greater than their bandgaps, resulting
in the excitation of electrons from the valence band (VB) to the
conduction band (CB), thereby creating electron-hole (e /h")
pairs:

ZnO + hv —» e CByzno + h'VBo
CuO + hv - e CBgyo + h'VBeyo

2. Charge transfer via Z-scheme pathway. In this ternary
system, a direct Z-scheme heterojunction is formed between
ZnO and CuO with Al,O; acting as an insulating barrier and
charge mediator: the photogenerated electron in the CB of CuO
recombines with the hole in the VB of ZnO at the interface. This
recombination preserves the strongly reducing electrons in the
CB of ZnO and the strongly oxidizing holes in the VB of CuO,
which are energetically favourable for redox reactions (Fig. 13).

Recombination step:

e CBcuo + h'VBz,0 — Heat (non-productive recombination)

As a result, only the electrons in CB of ZnO and holes in VB
of CuO participate in surface reactions, achieving efficient
spatial charge separation and minimizing recombination
losses.

Although Al,O; is not photoactive, it plays a crucial role in
the ZnO/Al,03/CuO nanocomposite by regulating interfacial

CB — I ————_ e
H*
H,0
VB Electron-hole
R e recombination ht h*
A — AF — — — — e OZ
ZnoO A1203 CuO
Solar Ener:
H,0 = H,+ %0,
Photocatalyst

Fig. 13 Plausible Z-scheme photocatalytic mechanism illustrating charge
transfer in the ZnO/AlL,O3/CuO heterojunction for simultaneous hydrogen
and oxygen evolution under solar irradiation.
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charge dynamics. It physically separates ZnO and CuO, thereby
minimizing direct electron-hole recombination at the inter-
face. Its high surface area and thermal stability contribute to
the structural integrity and durability of the composite. Addi-
tionally, the dielectric nature of Al,O; aids in facilitating
interfacial charge transfer by promoting spatial charge separa-
tion, ultimately enhancing the overall photocatalytic efficiency.

3. Surface reactions for water splitting. Once the charge
carriers reach the surface of the nanocomposite, redox reac-
tions are initiated:

At the conduction band (CB) of ZnO, electrons reduce
protons (H') to generate molecular hydrogen:

2H" +2¢~ — H,1

At the valence band (VB) of CuO, holes oxidize water
molecules to form oxygen and release protons:

2H,0 + 4h™ — 0,1 +4H"

The proposed Z-scheme charge transfer is supported by our
experimental analyses. XPS shows binding energy shifts of Zn,
O, and Al in the composite, indicating interfacial charge
transfer. PL and TRPL results demonstrate suppressed recom-
bination and prolonged carrier lifetimes, while theoretical
energy band gap calculation and UPS confirms favourable band
alignment and reduced work function. Collectively, these obser-
vations provide strong evidence that the photogenerated elec-
trons in CuO recombine with holes in ZnO at the interface,
leaving highly reducing electrons in ZnO and strongly oxidizing
holes in CuO, consistent with a direct Z-scheme pathway. The
Z-scheme photocatalytic architecture offers several mechanistic
advantages that significantly enhance the overall efficiency of
the ZnO/Al,O3/CuO nanocomposite system for hydrogen gen-
eration. Unlike traditional type-II heterojunctions, which often
compromise the redox potential of charge carriers, the Z-
scheme preserves the strong reducing power of the electrons
in the conduction band (CB) of ZnO and the strong oxidizing
ability of the holes in the valence band (VB) of CuO. This is
achieved by the strategic recombination of photogenerated
electrons in the CB of CuO with holes in the VB of ZnO at the
interface, leaving behind the energetically favorable charge
carriers at the respective ends of the band structure. This
spatial and energetic separation of charges effectively sup-
presses bulk and surface recombination losses, thus improving
charge carrier lifetime. The presence of Al,O; further enhances
this effect by acting as an insulating spacer and charge med-
iator that physically separates the semiconductors, thereby
minimizing direct recombination while facilitating interfacial
charge mobility. Additionally, Al,O; contributes to increasing
the surface area and structural integrity of the nanocomposite,
which benefits catalytic activity. The synergistic interaction
among ZnO, Al,03, and CuO leads to enhanced light harvest-
ing, more efficient charge separation, and improved reaction
kinetics, resulting in a ~2.8-fold increase in hydrogen evolu-
tion rate compared to pristine ZnO.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Photocatalytic hydrogen evolution stability of the ZnO/Al,O3/

CuO nanocomposite over three consecutive cycles under identical reac-
tion conditions.

4.3 Photocatalytic stability and reusability

The long-term stability and reusability of the ZnO/Al,0;/CuO
nanocomposite photocatalyst were evaluated through three
consecutive photocatalytic hydrogen evolution cycles under
identical experimental conditions. After each cycle, the
photocatalyst was recovered by centrifugation, thoroughly
washed with deionized water and ethanol to remove residual
reactants, and then dried before reuse. As presented in
Fig. 14, the ZnO/Al,03/CuO nanocomposite demonstrated
excellent stability with only a slight decrease in hydrogen
evolution rate over successive runs. The initial H, generation
rate of 1888.5 umol h™" g~ ' in the first cycle decreased
marginally to 1837.5 pmol h™" g~* and 1781.5 pmol h™" g~*
in the second and third cycles, respectively. This minor
decline (~5.7% after three cycles) can be attributed to the
possible partial surface adsorption of reaction intermediates
or minor photo-corrosion of the active sites during prolonged
UV exposure.

The observed results confirm that the ZnO/Al,O3;/CuO nano-
composite maintains high photocatalytic durability and struc-
tural integrity throughout repeated use. The excellent stability
performance highlights the strong interfacial coupling between
ZnO, Al,0;, and CuO components, which effectively prevents
structural degradation and maintains efficient charge transfer
pathways during the photocatalytic process.

5. Conclusion

This study demonstrates the successful, cost-effective synthesis
of a ZnO/Al,03/CuO nanocomposite and its superior photoca-
talytic performance for hydrogen generation via water splitting.
The ternary composite exhibited a significantly enhanced
hydrogen evolution rate of 1888.66 umol h™' g™', compared
to 676.85 umol h™" g~ for pure ZnO and 1448.62 ymol h™" g~*
for the ZnO/AlL,O; system. The BET surface area increased
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markedly from 77.763 m”> ¢! (ZnO) to 135.056 m> g~ ' (ZnO/
ALLO;) and 437.075 m> g~ (ZnO/Al,0;/Cu0), facilitating greater
active site availability for photocatalysis. UV-Vis DRS analysis
revealed progressive shifts in absorption peaks, including an
extended absorption edge at 452 nm for ZnO/Al,05;/CuO nano-
composite, indicating improved visible-light harvesting due to
CuO incorporation and modified band alignment. HRTEM
images and XRD patterns confirmed the effective formation
of the ternary nanocomposite, with interplanar spacings of
0.14 nm (ZnO), 0.24 nm (Al,05), and 0.25 nm (CuO) matching
their respective diffraction planes. This work establishes a
comprehensive framework for engineering multifunctional
photocatalysts, integrating structural stability, enhanced
charge separation, and broad-spectrum light absorption, pav-
ing the way for scalable, efficient, and economically viable
solar-to-hydrogen energy conversion technologies.
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