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The Cu/Cu,O photoelectrocatalyst, possessing strong active centers and a narrow bandgap, has been
considered a potential photoanode for photoelectrocatalytic hydrogen production coupled with glucose
oxidation. However, its limited charge separation and solar utilization capability have been considered
as bottleneck issues, restricting its performance. Herein, a novel Au/Cu/Cu,O-decorated nickel
foam (denoted as Au—Cu/NF) was tailored as a photoanode for the photoelectrocatalytic hydrogen
production-coupled glucose oxidation reaction (Pe-GOR). This material was prepared via a glycerol-
assisted hydrothermal method, resulting in the alloying of Au atoms into the Cu/Cu,O/NF structure. The
employed characterizations unveil the alloying of Au atoms into the structure via the formation of an
Au-Cu alloy on the NF support through intimate linkages (e.g., Au—Cu—-Ni), which unambiguously pro-
motes solar light absorption and charge transport capabilities. Consequently, the Au—-Cu/NF sample
exhibits outstanding photoelectrocatalytic activity and stability in the Pe-GOR. Notably, the achieved
Au—Cu/NF photoanode produces an average of 2.57 mmol H, ht chEO*Z at 1.62 V vs. RHE for
15 cycles within a total working time of 45 hours. The presented material demonstrates a novel strategy
toward the utilization of photoelectrocatalysts for the solar-enhanced hydrogen production-coupled
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1. Introduction

Green hydrogen has been considered a crucial factor in dec-
arbonizing hard-to-electrify sectors on the pathway to the 2050
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climate target."” Indeed, this energy carrier offers three features,
as follows: (i) high gravimetric energy density; (ii) potential for
production via a low carbon-footprint pathway; and (iii) suitability
as a promising candidate for the transition of heavy industries.
For these reasons, policymakers have made numerous attempts to
stimulate the green hydrogen market.” However, high production
costs are considered the primary obstacle, limiting the deployment
of green hydrogen on a large scale.”

The utilization of alkaline electrolyzers has been considered
a viable tactic for large-scale hydrogen production. However,
the high overpotential of the anodic oxygen evolution reaction
(OER) has been regarded as the primary problem, causing
high energy consumption, which leads to a high production
cost.® To address the mentioned issue, electrocatalytic hydro-
gen production integrated with the glucose oxidation reaction
(GOR) has garnered increasing attention, as it enables the
replacement of the OER with the GOR, which occurs at a
significantly lower potential. Moreover, the formation of value-
added products (e.g., gluconic acid) is considered a positive aspect,
offering alternative pathways to produce valuable molecules.”
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However, the overall energy consumption associated with
glucose oxidation and hydrogen production remains high.®
Therefore, developing a high-performance system is essential.

The employment of a photoelectrocatalytic system has
emerged as a potential strategy for hydrogen production
coupled with glucose oxidation.”™" This approach involves
the utilization of a photoanode that not only functions as an
electrocatalyst but also exploits solar energy to produce elec-
tron-hole pairs for the hydrogen evolution reaction (HER) and
GOR, respectively. As a result, such a configuration can improve
the hydrogen production activity compared to that of the GOR
counterpart. Consequently, the development of an anodic
material that not only possesses electrocatalytic features (e.g:,
robust active centers and low charge-transfer resistance) but
also contains efficient solar light absorption and promotes
charge separation is highly desirable.

Cu/Cu,O-based catalysts have garnered attention because of
their outstanding electrocatalytic properties for hydrogen pro-
duction integrated with glucose oxidation. Such a catalytic
architecture thus offers numerous active sites and promotes
charge transportation.’>'* Moreover, Cu/Cu,O catalysts exhibit
broad light absorption due to the narrow bandgap of Cu,O of
approximately 2.17 eV, suggesting their potential as a promis-
ing hierarchical structure for the solar-light-assisted glucose
oxidation reaction.’>” However, their weak solar absorption
capability and fast charge recombination are considered bottle-
neck issues, restricting the utilization of Cu/Cu,O-based
catalysts in photoelectrocatalytic glucose oxidation. For these
reasons, the development of a novel Cu/Cu,O-based photo-
electrocatalyst that exhibits outstanding light absorption and
charge separation properties may open a new avenue for
hydrogen production coupled with glucose oxidation.

Inspired by the aforementioned obstacles, we herein present
the exploration of a novel Au/Cu/Cu,O-decorated nickel foam
(denoted as Au-Cu/NF) photoelectrocatalyst synthesized via a
facile hydrothermal method. The achieved Au-Cu/NF exhibits
strong solar light absorption and boosted charge transport. The
employed characterizations unveil the formation of a unique
architecture within the obtained Au-Cu/NF structure, in which
the Au-Cu alloy is formed and anchored onto the NF support.
Such a structural configuration is considered the primary
reason contributing to the boosted photoelectrocatalytic activity.
The achieved material thus offers a novel route toward solar-
driven hydrogen production via glucose oxidation. Consequently,
the Au-Cu/NF photoelectrode demonstrates outstanding photo-
electrocatalytic glucose oxidation (Pe-GOR) performance and
impressive stability.

2. Results and discussions

The synthesis of the Au-Cu/NF photoelectrocatalyst involved
the participation of Cu®>", AuCl,, glycerol, and nickel foam
(NF) precursors, which were subjected to a hydrothermal treat-
ment at 160 °C, as presented in Fig. 1A. The detailed synthesis
is described in the Experimental section (see the SI). Fig. 1B-D
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Fig. 1 Illustration of the preparation of the Au—Cu/NF sample (A) and SEM
images of the as-prepared NF (B) and Au—Cu/NF (C) and (D).

display the scanning electron microscopy (SEM) images of the
samples before and after hydrothermal treatment, sugges-
ting the successful decoration of heteroparticles onto the NF
support.

Further characterizations were conducted to unveil the
structural properties of the synthesized Au-Cu/NF materials.
Fig. 2A exhibits the X-ray diffraction (XRD) patterns of the
obtained samples. All the obtained materials show two notable
peaks centered at 44.5° and 51.8°, which can be attributed to
the (111) and (200) planes of metallic Ni (JCPDS no. 04-0850),
respectively.'®'® The XRD patterns of both Au-Cu/NF and Cu/
NF catalysts exhibit the characteristics of Cu phases (i.e., 20 =
43.4° and 50.5°) and Cu,O phases (i.e., 20 = 29.5°, 36.6°, 42.4°,
and 61.57°).2°* Moreover, no diffraction peaks corresponding
to Au species are detected in the Au-Cu/NF sample, which may
be due to their low concentration and ultrasmall size.

UV-Vis spectroscopy was employed to investigate the optical
properties of the prepared samples, as shown in Fig. 2B. The
bare NF exhibits weak light absorption, which is attributed to
its metallic nature. The as-prepared Cu/NF catalyst exhibits the
absorption edge at 650 nm, which can be assigned to the
absorption of the Cu,O component.>”>” The weak absorption
band in the range of 650-750 nm can be attributed to the d-d
transitions of Cu(u), suggesting the presence of a trace level of
Cu0.?®*° The Au-Cu/NF catalyst shows a distinct absorption
profile compared to the NF and Cu/NF samples, with enhanced
light absorption. Furthermore, a notable absorption edge of
approximately 450 nm arises, whereas the CuO-derived signal
disappears. This evidence indicates more efficient utilization of
solar light and the formation of an extra component due to the
incorporation of Au species in the Au-Cu/NF sample.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the chemical oxidation states of elements in the
prepared materials. As shown in Fig. S2, the XPS survey
spectrum confirms the existence of Ni, Cu, O, and Au in the
prepared Au-Cu/NF. The atomic amount of Au is estimated to

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 XRD spectra (A); UV-Vis spectra (B); and XPS spectra of Cu 2p (C),
Au 4f (D), O 1s (E), and Ni 2p (F) of the as-prepared samples.

be 0.12% (Table S1). Fig. 2C exhibits the deconvoluted Cu 2p
spectra of the samples with and without Au incorporation.
The Cu 2pj3), spectrum of the Cu/NF sample shows two peaks
centered at 931.44 and 933.42 eV, which can be attributed to
the Cu(0)/Cu(1) and Cu(n) states, respectively.’’ Meanwhile, the
Cu 2p;, spectrum of Au-Cu/NF shows a peak centered at
932.15 eV, which is higher than that of the Cu/NF counterpart.
This shift implies a lower electron density surrounding Cu
atoms.>” As shown in Fig. 2D, the Au XPS spectrum is deconvo-
luted into two peaks centered at binding energies of 87.3 and
83.6 eV, which are lower than those of the reported metallic Au
state (~84.0 and ~ 87.8 eV, respectively).>® These observations,
which can be made for Au-Cu alloy-based systems, originate
from the electronegativity difference between Au (2.54) and
Cu (1.90), resulting in the electron transfer from Cu to
Au atoms.>*™” As shown in Fig. 2E, the two peaks located at
530.88 and 531.9 eV in the deconvoluted O1s XPS spectrum of
Au-Cu/NF can be assigned to the oxygen vacancies and
adsorbed water molecules, respectively.'>*3° These peaks are
found to be at higher binding energies than those of the Cu/NF
sample, suggesting a decrease in the electron density surround-
ing the O atoms.

The high-resolution Ni 2p XPS spectrum of the Cu/NF
material consists of two peaks centered at 854.51 and 860.48 €V,

This journal is © The Royal Society of Chemistry 2026
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assigned to the Ni’* oxidation state, as shown in Fig. 2F.*>*'
In contrast, the Au-Cu/NF sample exhibits peaks located at 855.4
and 861.04 eV, which are attributed to Ni** species.***' Therefore,
the XPS analysis provides two essential insights into the Au-Cu/
NF structure, as follows: (i) the introduction of Au species can
produce an additional AuCu alloy component in addition to the
existing Cu and Cu,O constituents, which is consistent with the
UV-Vis results, and (ii) the possible formation of a direct inter-
action of Au and Cu atoms with the Ni support, inducing changes
in the electron density surrounding all involved elements.

Fig. 3A-E show the TEM analysis of the prepared Au-Cu/NF
electrocatalyst. The TEM image and corresponding elemental
mapping signify the homogeneous distribution of the Ni, Cu,
O, and Au atoms in the prepared samples, indicating the
possibility of Cu-Au alloy formation. Moreover, selective area
electron diffraction (SAED) reveals d-spacings of 0.218 and
0.190 nm, which can be attributed to the (111) and (200) planes
of the Cu-Au alloy, respectively, as shown in Fig. 3F.**™** The
high-resolution TEM (HR-TEM) image reveals the lattice fringes
of 0.245 and 0.220 nm, corresponding to the (111) and (200)
facets of Cu,O, respectively.*>*® In addition, the d-spacing of
0.218 nm, which is higher than that of Cu (111) (i.e., 0.208 nm),
can be assigned to the (111) plane of Cu-Au (Fig. 3G).””
As shown in Fig. S3, the EDX spectrum further confirms the
presence of Ni, Cu, and Au elements in the as-prepared sample.
The detection of both Au and Cu indicates the successful
incorporation of Cu and Au in the alloy structure, consistent
with HR-TEM and SAED analyses.

Au-Cu(200)
Au-Cu(111)

e 0.218 nm

’ ok
Cuz01200)
0.22nm

Fig. 3 TEM image (A), corresponding elemental mapping images (B)—(E),
SAED pattern (F) and HR-TEM image (G) of the Au—Cu/NF sample.
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Fig. 4 PAL spectra (A). Correlation plots for S and W parameters of DB
measurements (B). EMD spectra obtained using single-crystal silicon (C)
and a NF (D) as references.

To gain fundamental insights into the nature of defects and
interfacial interactions within the samples, positron annihila-
tion lifetime spectroscopy (PALS), Doppler broadening (DB),
and electron momentum distribution (EMD) analyses were
conducted, as shown in Fig. 4 and Table 1."**®*° The PALS
results reveal two distinct positron lifetime components, where
7, corresponds to positron annihilation in mono-vacancies
and 1, reflects annihilation in vacancy clusters, as shown
in Fig. 4A."®> Compared to the bare NF, the t; value slightly
increases upon Cu loading on the NF, while the I; intensity
significantly decreases, indicating the generation of additional
mono-vacancies due to Cu introduction. In contrast, the incor-
poration of Au leads to a notable reduction in 7, and a recovery
of I,, suggesting that Au atoms play a key role in reducing
vacancy-type defects by promoting the atomic ordering or
alloying-induced passivation of pre-existing defects. This beha-
vior implies that the presence of Au may suppress surface Ni
corrosion and, consequently, hinder the generation of mono-
vacancies, likely through stabilizing interactions between Au
and Cu atoms on the NF. These interactions not only protect
the Ni surface but also modulate the defect landscape through
controlled alloy formation.

The DB spectroscopy results further confirm the changes in
the electronic structure and defect chemistry (Fig. 4B). The S
parameter reflects the annihilation of positrons with low-
momentum valence electrons and is typically sensitive to the
defect concentration. Meanwhile, the W parameter corresponds

Table 1 Positron annihilation lifetimes and intensities obtained from PAL
measurements and values of the two characteristic S and W parameters
obtained from DB measurements

Samples 7, [ns]  ty[ns] L [%] L[%] S w
NF 0.162 0.329 86.9 13.1 0.472 0.082
Cu/NF 0.167 0.338 73.3 26.7 0.476 0.077
Au-Cu/NF 0.145 0.326 77.3 22.7 0.469 0.076
148 | J Mater. Chem. C, 2026, 14, 1145-1151
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to annihilation with high-momentum core electrons and is
indicative of changes in the chemical environment surround-
ing the annihilation sites.>® For the Cu/NF sample, the § value
increases relative to the NF, implying enhanced positron trap-
ping at valence-electron-rich defect sites, which is consistent
with the PALS result indicating an increase in mono-vacancies.
However, upon the incorporation of Au, the S value drops
below that of the NF, indicating a reduction in defect-induced
positron trapping and a more ordered atomic environment.
Simultaneously, the W parameter shows a steady decrease from
the NF to Cu/NF and further to Au-Cu/NF, reflecting a pro-
gressive alteration in the chemical surroundings at the annihi-
lation sites, likely due to Au-Cu-Ni alloy formation and the
redistribution of the core electron density.

These findings are corroborated by the EMD profiles, which
provide momentum-resolved insights into the electronic states
involved in positron annihilation. As shown in Fig. 4C, the
momentum distribution reveals distinct peaks at approximately
10.0 x 107° mgc, 16.3 x 107° myc, and 21.3 x 10> mygc,
corresponding to annihilation with O 2p, Ni 4s, and Cu or Ni
3d electrons, respectively.'>>! Notably, the presence of distinct
EMD features at 12.4 x 107> myc (en;(4s)), 13.6 x 1073 m,C
(eau(54d)), 15.6 x 1072 mqc (ecy(3d)), and 16.0-17.0 x 10> m,C
(overlapping ecu/au(3d/5d)) confirms the simultaneous annihila-
tion of positrons with both Au and Cu core electrons.’® These
characteristic signatures provide compelling evidence for the
formation of an Au-Cu alloyed phase at the Ni interface, where
Au and Cu atoms are chemically bonded and structurally inte-
grated. More importantly, the low-momentum region, marked
by the cyan elliptical area, corresponding to P, below 3.5 X
103 myqc, is associated with annihilation involving free or
delocalized electrons. In this regime, the Au-Cu/NF sample
exhibits the highest annihilation intensity, indicating a higher
density of conduction electrons. This property suggests enhanced
electrical conductivity due to improved electronic delocalization
and enhanced charge carrier mobility. Such features are essential
for promoting charge transport, which can directly contribute to
the superior catalytic or photoelectrochemical performance of the
Au-Cu/NF material.

Taken together, the integrated findings from PALS, DB, and
EMD analyses provide a comprehensive understanding of the
defect and electronic structures in the designed catalysts. The
incorporation of Au not only reduces vacancy-type defects but
also induces tangible modifications in the local electronic
environment, as evidenced by the decrease in both positron
trapping and core-electron annihilation signatures. Moreover,
the enhanced annihilation in the low-momentum region
reveals an increased free-electron density in the Au-Cu/NF
sample, signifying improved electrical conductivity. These
results may originate from the formation of an Au-based alloy,
enhancing structural coherence and electronic delocalization at
the atomic scale. This alloyed configuration can establish
direct Au-Cu-Ni linkages, suggesting the well-integrated
chemical bonding between the Au-Cu domains and the Ni
foam. Such atomic-level restructuring not only facilitates more
efficient solar light absorption but also significantly enhances

This journal is © The Royal Society of Chemistry 2026
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charge-transport properties. These synergistic improvements
are expected to play a pivotal role in boosting the performance
of the Au-Cu/NF catalyst, offering new insights into interfacial
design strategies for next-generation photoelectrocatalytic
systems.

The next attempts aim to explore the photoelectrochemical
properties of the prepared materials for hydrogen production
coupled with glucose oxidation. Fig. 5A and Fig. S4 exhibit
the linear sweep voltammetry (LSV) curves of the prepared
Au-Cu/NF catalyst conducted in 1.0 M KOH and in 1.0 M
KOH containing 0.10 M glucose with and without light illumi-
nation. The photoelectrocatalytic glucose oxidation reaction
(Pe-GOR) catalyzed by the Au-Cu/NF catalyst requires outstand-
ingly low potentials of 0.81, 0.84, and 0.93 V vs. RHE to achieve
currents of 10, 20, and 50 mA, respectively, which are found to
be significantly lower than those of the OER counterparts. This
result implies the potential of the Pe-GOR approach toward
energy-saving hydrogen production. Moreover, Fig. 5B shows
the LSV curves of various samples with and without irradiation.
It can be said that the prepared Au-Cu/NF catalyst signifi-
cantly promotes the electrocatalytic oxidation of glucose
in comparison to the bare NF and Cu/NF samples, indicating
the unique properties of the prepared Au-Cu/NF catalyst.
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Fig. 5 LSV curves of the Au—Cu/NF sample with and without glucose (A),
LSV curves (B), solar-assisted hydrogen evolution rate at the applied
potential of 1.62 V vs. RHE (C), electrochemical impedance spectroscopy
(D), and stability test (E) of the as-prepared Au—Cu/NF.
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Also, Fig. 5C and Fig. S5 depict the hydrogen evolution rate
of various samples measured at an applied potential of 1.62 V
vs. RHE, which is selected to ensure a stable current for
activity assessment. The absence of gas evolution at the anode
during the stability test confirms the dominance of the GOR
process, which is consistent with a previous report.>> The
irradiated Au-Cu/NF catalyst exhibits a H, production rate of
~2.8 mmol h™', which remarkably outperforms the non-
illuminated Au-Cu/NF (ca., 2.25 mmol h™'), illuminated
Cu/NF (ca., 2.07 mmol h™"), and non-illuminated Cu/NF
(ca., 1.80 mmol h™ ).

Fig. 5D reveals the electrochemical impedance spectroscopy
(EIS) of the as-prepared materials, performed with and without
solar irradiation using 1.0 M KOH and 0.10 M glucose electro-
lytes at an applied potential of 1.32 V vs. RHE. Interestingly, the
Nyquist plot of the Au—Cu/NF photoelectrocatalyst shows the
smallest semicircle in comparison to the rest of the samples
and especially to the sample without illumination, indicating a
decrease in charge-transfer resistance (R.). This observation
confirms the assistance of solar light illumination, which can
promote charge generation and enhance interfacial charge
transport. These results provide two essential insights as follows:
(i) the incorporation of Au species can significantly build a
platform, promoting charge transportation, and (ii) the smal-
lest semicircle of the solar-illuminated Au-Cu/NF -catalysts
implies remarkably promoted charge production and separa-
tion, which further facilitates anodic oxidation processes.
Impressively, the prepared Au-Cu/NF catalyst shows outstand-
ing stability over 45 testing hours, corresponding to an average
hydrogen production rate of 2.57 mmol h™"! ¢mye, 2, as shown
in Fig. 5E. These achievements suggest Au-Cu/NF as a robust
material for solar-assisted hydrogen production coupled with
glucose oxidation.

3. Conclusions

An Au-alloyed Cu/Cu,O-decorated nickel foam photoanode
is successfully prepared via a facile hydrothermal synthesis.
The achieved material exhibits remarkable enhancement in
solar light utilization and charge separation efficiencies. The
employed characterizations unveil a unique structural inter-
action, in which the incorporation of Au atoms results in the
formation of an Au-Cu alloy that directly bonds to the Ni
support via possible Au-Cu-Ni linkages. Consequently, the
prepared Au-Cu/NF photoelectrocatalyst significantly promotes
performance in the solar-enhanced hydrogen production and
glucose oxidation reactions. Specifically, the Au-Cu/NF sample
requires low potentials of 0.81, 0.84, and 0.93 V vs. RHE to
reach the currents of 10, 20, and 50 mA, respectively, under
solar irradiation. Moreover, this material exhibits an exceptionally
high amount of produced hydrogen (2.57 mmol h™" emy, ?) at
1.62 V vs. RHE and maintains stability over 15 consecutive cycles,
corresponding to 45 hours of continuous operation. The pre-
sented exploration discloses a novel approach toward energy-
saving solar hydrogen production.
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