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Electrochemical hydrogen evolution coupled with organic oxidation (EHCO) offers a promising route to

improve the energy efficiency of water electrolysis by replacing the sluggish oxygen evolution reaction

with value-added organic oxidation processes. However, the limited adsorption of organic reactants on

the catalyst surface remains a key bottleneck, constraining the overall performance of EHCO systems.

Herein, we report a field-induced enrichment strategy to enhance benzyl alcohol electrooxidation

coupled with hydrogen evolution. A nanostructured cooperative catalyst composed of Au nanoparticles

supported on copper oxide nanowires (Au/CuO NWs) delivers an impressive current density of 734 mA

cm−2 at 1.5 V vs. RHE, along with a benzyl alcohol oxidation rate of 4.74 mmol cm−2 h−1 and a 91%

faradaic efficiency for benzoic acid production. The catalyst demonstrated excellent stability and

sustained industrial-level current output (>300 mA cm−2) in a membrane-free flow electrolyser.

Combined experimental and COMSOL simulation results reveal that the nanowire morphology induces

stronger localised electric fields, promoting the interfacial enrichment of benzyl alkoxide and the

formation of OH* species, thereby improving the overall performance. This work establishes a new

paradigm for leveraging local electric field effects in electrocatalyst design, advancing the development

of next-generation EHCO systems.
1 Introduction

The global transition toward sustainable energy has driven
growing interest in green hydrogen technologies. Among
various approaches, water electrolysis is widely recognised as
a clean and efficient method for producing high-purity
hydrogen, powered by renewable electricity.1–3 This carbon-
neutral process offers a scalable solution for energy storage
and conversion, addressing both global energy and environ-
mental challenges. However, its widespread deployment is
constrained by the inherently sluggish kinetics of the anodic
oxygen evolution reaction (OER), a multi-step four-electron
process that requires high overpotentials. In addition, the
generation of low-value O2, along with associated safety
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concerns and system complexity, undermines its industrial
appeal.4–6

Previous studies have demonstrated that replacing the
sluggish OER with thermodynamically more favourable organic
oxidation reactions can substantially reduce the anodic over-
potential, while simultaneously yielding high-value-added
chemicals.7–9 This dual advantage not only enhances the over-
all energy efficiency of electrolysis systems but also improves
the economic feasibility of hydrogen production. Therefore,
electrochemical hydrogen evolution coupled with organic
oxidation (EHCO) has garnered signicant attention as
a promising strategy to overcome the limitations of conven-
tional water electrolysis in terms of both energy consumption
and cost-effectiveness.10

Among various organic substrates, benzyl alcohol (PhCH2-
OH) is an attractive feedstock owing to its efficient electro-
oxidation to benzoic acid (PhCOOH), a high-value chemical
widely used in the production of polymers, preservatives, and
pharmaceuticals.11 The electrooxidation of benzyl alcohol typi-
cally proceeds through a multistep reaction pathway, involving
substrate adsorption on the catalyst surface, the generation of
reactive oxygen species (e.g., OH*), catalytic transformation,
and subsequent product desorption.12–14 Despite increasing
interest, most studies have focused on improving the intrinsic
Chem. Sci.
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activity of catalytic sites, with relatively less attention paid to
reactant adsorption.15–17 This oversight shis the rate-
determining step to reactant adsorption, thereby limiting the
overall catalytic performance. Duan and co-workers recently
addressed this challenge by constructing a cooperative catalyst
(Au/CoOOH), wherein the Au sites promote benzyl alcohol
adsorption through s-p interaction, and the CoOOH compo-
nent facilitates OH* generation.12 This bifunctional synergy
enabled a remarkable current density of 540 mA cm−2 at 1.5 V
vs. RHE. More recently, Chen and co-workers reported that
PtZn-ZnOx interface engineering not only enhanced the
adsorption of PhCH2OH, but also accelerated OH* generation
due to the unsaturated coordination environment of Zn atoms,
thereby achieving outstanding performance.18 Despite these
advances, further enhancement in the adsorption and enrich-
ment of benzyl alcohol at the catalyst surface remains a critical
challenge.

Field-induced reagent enrichment, a concept originally
demonstrated in CO2 electroreduction, offers a potential solu-
tion to this limitation. High-curvature nanostructures can
generate enhanced local electric elds that concentrate reactive
species such as K+ and CO2 at the catalyst surface, thereby
improving conversion rates and selectivity.19,20 For example,
gold nanoneedles enabled a CO2 reduction current density of 22
mA cm−2 with over 95% faradaic efficiency for CO production,
outperforming conventional Au nanoparticles by an order of
magnitude.19 This concept has recently been extended to other
electrochemical systems.21 In particular, localised enhanced
electric elds have been shown to facilitate OH− adsorption and
thereby promote OER performance.22 Inspired by these nd-
ings, we hypothesise that eld-induced enrichment could
similarly enhance the adsorption of benzyl alcohol. Notably,
under strongly alkaline conditions, benzyl alcohol predomi-
nantly exists in the form of benzyl alkoxide anions (PhCH2O

−),
which are more susceptible to electric eld modulation.23

Inspired by these insights, we propose a eld-induced enrich-
ment strategy to substantially improve the performance of
benzyl alcohol electrooxidation coupled with hydrogen
evolution.

Herein, we successfully apply the concept of eld-induced
reactant enrichment to enhance electrochemical hydrogen
evolution coupled with benzyl alcohol oxidation. Specically, we
design a nanostructured cooperative catalyst comprising Au
nanoparticles supported on copper oxide nanowire arrays (Au/
CuO NWs). An impressive current density of 734 mA cm−2

was achieved at 1.5 V vs. RHE, surpassing most previously re-
ported systems for benzyl alcohol electrooxidation. The corre-
sponding oxidation rate reaches 4.74 mmol cm−2 h−1, which is
3.6 and 5.1 times higher than that of Au supported on CuO
nanosheets (Au/CuO NSs) and nanoparticles (Au/CuO NPs),
respectively, and 9.5 times higher than that of pure Au. The
experimental results and multiphysics simulations (COMSOL)
reveal that the enhanced local electric elds generated by the
nanowire architecture facilitate the interfacial enrichment of
benzyl alcohol and promote the formation of OH*, thereby
accelerating the overall oxidation kinetics. This work offers
a new paradigm for integrating intrinsic physical eld effects
Chem. Sci.
with organic electrooxidation, paving the way toward the
development of high-performance EHCO systems.

2 Results and discussion
2.1 Characterisation of multiple morphology Au/CuO
cooperative catalysts

Our recent work has revealed that the Au/CuO cooperative
catalyst contains abundant oxygen vacancies, which serve as
adsorption sites to enhance the adsorption of benzyl alcohol.24

As a result, the Au/CuO catalyst exhibits superior catalytic
performance compared to Au/CoOOH. Motivated by these
ndings, we selected Au/CuO as the model cooperative catalyst
to investigate the effect of eld-induced reactant enrichment.
Due to the variation in local electric eld strength induced by
different morphologies,19 three different CuO nanostructures;
nanoparticles (NPs), nanosheets (NSs), and nanowires (NWs),
were synthesised on Cu foam (detailed synthesis methods are
provided in the SI). These were used to prepare three distinct
morphology Au/CuO cooperative catalysts (Au/CuO NPs, Au/
CuO NSs, and Au/CuO NWs) by electrodepositing Au nano-
particles onto the corresponding CuO substrates. This experi-
mental design enables direct elucidation of the contribution of
nanostructure-induced local electric elds to the adsorption
and activation of benzyl alcohol during electrooxidation. For
comparison, pure Au nanoparticles and pure CuO were also
synthesised on Cu foam following the same methods.

The three synthesised Au/CuO cooperative catalysts were
systematically characterised to investigate their morphological
features. Scanning electron microscopy (SEM) images reveal
distinct surface architectures for each sample. The Au/CuO NPs
display a rough, granular morphology composed of densely
packed nanoparticles (Fig. 1a). In contrast, the Au/CuO NSs
exhibit vertically aligned and interconnected nanosheets with
abundant open spaces (Fig. 1b). Notably, small protruding
particles can be observed on the surface of the nanosheets,
which are attributed to the Au nanoparticles. The Au/CuO NWs
consist of vertically oriented nanowires forming a dense and
uniform array on the Cu foam (Fig. 1c and S1†). Similarly, small
surface protrusions are also presented along the nanowires.
Energy-dispersive spectroscopy (EDS) elemental mapping
conrms that the Au nanoparticles are uniformly distributed
across the surfaces of all three CuO morphologies (Fig. 1d–f).
High-resolution transmission electron microscopy (HRTEM)
reveals that the Au nanoparticles on all three CuOmorphologies
exhibit similar particle sizes (Fig. S2†), with average diameters
of ∼40 nm for both Au/CuO NPs and Au/CuO NSs, and ∼50 nm
for Au/CuO NWs. Moreover, inductively coupled plasma-atomic
emission spectrometry (ICP-AES) measurements conrm that
the Au loadings are comparable across the samples (Table S1†),
further suggesting that the differences in catalytic performance
are not due to variations in Au content or distribution. These
results collectively demonstrate the successful fabrication of
three well-dened morphology Au/CuO cooperative catalysts
containing well-dispersed Au nanoparticles.

The structures of the catalysts were examined by X-ray
diffraction (XRD, Fig. 1g). All samples exhibit two prominent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) Au/CuO NPs, (b) Au/CuO NSs and (c) Au/CuO NWs. EDS mapping of (d) Au/CuO NPs, (e) Au/CuO NSs and (f) Au/CuO
NWs. (g) XRD patterns of three Au/CuO cooperative catalysts. (h) Raman spectra of three Au/CuO cooperative catalysts. (i) High-resolution Au 4f
XPS spectra of three Au/CuO cooperative catalysts and pure Au.
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Bragg peaks at 2q = 43.7° and 50.8°, corresponding to the (111)
and (200) planes of metallic Cu, respectively. Additionally, two
low-intensity Bragg peaks at 2q = 35.9° and 39.1° can be
observed, which are assigned to the (−111) and (111) planes of
monoclinic CuO.25 No distinct Bragg peaks corresponding to
metallic Au were detected, likely due to the relatively low Au
loading. Raman spectra were performed to further conrm the
CuO phase (Fig. 1h). All three Au/CuO samples exhibit charac-
teristic CuO vibrational bands at 291, 341, and 630 cm−1, which
correspond to the Ag (296 cm−1), Bg(1) (346 cm−1), and Bg(2)
(636 cm−1) modes of monoclinic CuO, respectively.26

The electronic interactions between Au and CuO were
investigated by X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 1i, all three Au/CuO cooperative catalysts exhibit
positive shis in the binding energies of the Au 4f peaks
compared to pure Au, while the Cu 2p peaks show a shi toward
lower binding energies relative to pristine CuO (Fig. S3†). These
shis indicate electronic interactions at the Au–CuO interface,
with electrons transferring from Au to CuO. Notably, no
© 2025 The Author(s). Published by the Royal Society of Chemistry
signicant differences are observed in the Au 4f or Cu 2p
binding energies among the three Au/CuO samples. Collec-
tively, these results suggest that aside from their morphological
differences, the three Au/CuO cooperative catalysts exhibit
comparable crystalline phase and electronic structure.
2.2 Benzyl alcohol electrooxidation performance

Electrochemical measurements were carried out in a standard
three-electrode conguration using a glass cell, with a Pt foil as
the counter electrode and Ag/AgCl electrode as the reference
electrode. The electrooxidation performance of benzyl alcohol
on the prepared catalysts was initially evaluated using linear
sweep voltammetry (LSV). In 1 M KOH (Fig. S4†), all samples
exhibited an oxidation peak between 0.8 and 1.0 V vs. RHE,
which is attributed to the redox transition of Cu species in the
Cu foam (Cu0/Cu+ to Cu2+),27 as well as the onset of the oxygen
evolution reaction (OER).

Upon the addition of 0.1 M benzyl alcohol (Fig. 2a), bare CuO
NWs exhibited negligible oxidation activity below 1.3 V vs. RHE
Chem. Sci.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03582a


Fig. 2 (a) LSV curves of benzyl alcohol electrooxidation at scan rate of 10mV s−1 in 1 M KOHwith 0.1 M benzyl alcohol over different catalysts. (b)
Current densities of benzyl alcohol electrooxidation in the literature and in this work. (c) Conversion rate of benzyl alcohol and the corresponding
FE of benzoic acid over different catalysts. (d) The charging currents measured plotted as a function of scan rate. (e) Kinetic curves for benzyl
alcohol oxidation over Au/CuO NWs at 1.5 V vs. RHE. (f) Stability test of Au/CuO NWs for benzyl alcohol oxidation in batch reaction (10 batches,
10 h).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

12
:5

3:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(Fig. S5†). A sharp increase in current density was observed
beyond 1.35 V vs. RHE, corresponding to the oxidation of benzyl
alcohol by CuOOH species generated in situ.28,29 In contrast,
both Au and all Au/CuO catalysts exhibited a pronounced
oxidation current starting at∼0.9 V vs. RHE, which is consistent
with the potential required for OH* formation on Au (0.85 V vs.
RHE) and signicantly lower than the CuOOH formation
potential. This indicates that Au acts as the primary catalytic
site for OH* generation in the Au/CuO system, facilitating the
electrooxidation of benzyl alcohol, in consist with our recent
ndings. Notably, all Au/CuO samples delivered signicantly
higher current densities than pure Au or CuO, underscoring the
advantage of the cooperative catalyst design. Among the three
Au/CuO catalysts, the current density decreases in the order of
Au/CuO NWs, Au/CuO NSs, and Au/CuO NPs, highlighting the
critical role of nanostructure morphology on catalytic perfor-
mance. Remarkably, the Au/CuO NWs achieved a maximum
current density of 933 mA cm−2, outperforming most previously
reported electrocatalysts for benzyl alcohol oxidation (Fig. 2b
and Table S1†). We also compared the benzyl alcohol oxidation
performances of Au/CuO cooperative catalysts with commercial
Pt/C and RuO2 catalysts. The results show that the current
density of the Au/CuO cooperative catalysts is signicantly
higher than that of commercial catalysts (Fig. S6†).

To further evaluate the catalytic efficiency and product
selectivity, chronoamperometric (CA) measurements were con-
ducted, and the reaction products were quantitatively analysed
by high-performance liquid chromatography (HPLC). At 1.5 V
Chem. Sci.
vs. RHE (Fig. S6†), Au/CuO NWs achieved a benzyl alcohol
conversion rate of 4.74 mmol cm−2 h−1, which is 3.6 and 5.1
times higher than that of Au/CuO NSs and Au/CuO NPs,
respectively, and 8.5 times greater than that of pure Au (Fig. 2c).
In addition, a faradaic efficiency (FE) of 91% toward benzoic
acid was achieved with Au/CuO NWs (Fig. S7†), signicantly
outperforming other samples. We further evaluated the elec-
trochemically active surface area (ECSA) of pure Au and the
three Au/CuO catalysts by cyclic voltammetry (CV) at different
scan rates (Fig. S8†).30 As shown in Fig. 2d and S9,† both Au/CuO
NWs and Au/CuO NSs exhibit signicantly higher ECSA
compared to Au/CuO NPs and pure Au. However, the ECSA of
Au/CuO NWs and Au/CuO NSs are comparable, despite the
substantially higher catalytic activity observed for Au/CuO NWs.
These results suggest that the superior performance of Au/CuO
NWs cannot be solely attributed to the increased ECSA. Instead,
the enhanced activity is likely driven by the eld-induced reac-
tant enrichment effect, which was considered in the catalyst
design.

To evaluate the greater practical catalytic performance of Au/
CuO NWs, the reaction was extended until the conversion of
benzyl alcohol exceeded 99%. The kinetic curves show that the
yield of benzoic acid reaches 99% (Fig. 2e), indicating that the
produced benzoic acid remains stable without undergoing
further oxidation. Notably, benzaldehyde was initially observed
as a transient by-product. However, as the reaction proceeded, it
was progressively oxidised to benzoic acid, demonstrating that
benzoic acid is the nal and dominant product.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) LSV curves of Au/CuO NPs and Au/CuO NWs at scan rate of 10 mV s−1 in 1 M KOH solution with different concentrations of benzyl
alcohol (BA). (b) Maximum current density of Au/CuO NWs and Au/CuO NPs at different benzyl alcohol concentrations and the corresponding
ratio of jmax. (c) Values of the oxidation charges (QOx(BA)) for the adsorbed benzyl alcohol over Au/CuO samples and pure Au. (d) Zeta potential of
Au/CuO samples and pure Au. (e) Fluorescence spectra for the detected cOH radicals in electrolyte using terephthalic acid (TPA, 0.4 mM) as
a probe molecule. (f) Schematic illustration of nanowire-induced localised electric field facilitating interfacial adsorption enrichment of benzyl
alcohol.
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We subsequently evaluated the stability of the Au/CuO NWs
catalyst over ten consecutive reaction batches, corresponding to
a total reaction time of 10 hours. As shown in Fig. 2f, both the
benzyl alcohol conversion and the high FE toward benzoic acid
were largely maintained, together with the preservation of the
original nanowire structure (Fig. S10†), demonstrating the
excellent stability of the catalyst under continuous operation.
Moreover, we employed a pulsed potential strategy to achieve
stable, high-current-density (>300 mA cm−2) operation for 12
hours (Fig. S12b†).31

Previous studies have shown that Au-based catalysts tend to
deactivate during long-term reaction due to surface oxidation
into inactive AuOx species, which can be mitigated by
enhancing local reactant concentrations.7,32 Therefore, we
further investigated the long-term stability of Au/CuO NPs and
Au/CuO NWs. As shown in Fig. S11,† Au/CuO NPs exhibited
rapid deactivation at 1.35 V vs. RHE, with the current density
sharply dropping from 250 mA cm−2 to negligible 2 mA cm−2

within 6000 s. In contrast, Au/CuO NWs demonstrated signi-
cantly slower degradation, retaining a current density of 150 mA
cm−2 even aer 36 000 s of continuous reaction. This remark-
able enhancement in stability is likely attributed to the nano-
wire architecture of Au/CuO NWs, which induces a stronger
local electric eld. The intensied eld facilitates the adsorp-
tion and enrichment of benzyl alcohol, thereby effectively
mitigating deactivation over extended periods.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3 Mechanistic studies of the enhanced activity of Au/CuO
NWs

We have focused on elucidating the underlying mechanism
behind the exceptional performance of Au/CuO NWs. To this
end, LSV were performed at varying benzyl alcohol concentra-
tions, selecting Au/CuO NWs and Au/CuO NPs as representative
samples for comparison. As shown in Fig. 3b, both the current
density and deactivation potential of the two catalysts increased
with rising benzyl alcohol concentration. However, Au/CuO
NWs consistently exhibited a signicantly higher current
density and a more positive deactivation potential than Au/CuO
NPs under identical conditions. Notably, the ratio of the
maximum current densities between Au/CuO NWs and Au/CuO
NPs decreased as the benzyl alcohol concentration increased.
These results suggest that Au/CuO NWs exhibit a stronger
capacity for adsorbing and enriching benzyl alcohol, thereby
enhancing catalytic performance and improving resistance to
deactivation.

To further assess the catalyst's ability to adsorb benzyl
alcohol, open circuit potential (OCP) measurements were con-
ducted to probe changes in the organic adsorbate content
within the inner Helmholtz layer.33 Upon injecting 0.05 M
benzyl alcohol, Au/CuO NWs exhibited a signicantly larger
OCP shi compared to other Au/CuO samples and pure Au,
indicating a higher benzyl alcohol adsorption capacity within
the inner Helmholtz layer (Fig. S12†). This enhanced adsorption
behaviour was further validated by electrochemical adsorbate-
Chem. Sci.
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Fig. 4 Simulated normalisedOH− surface density distribution on (a) Au/CuONPs, (b) Au/CuONSs and (c) Au/CuONWs. Simulated distribution of
normalised benzyl alkoxide (RO) surface density on (d) Au/CuONPs, (e) Au/CuONSs and (f) Au/CuONWs. (g) Themaximum surface electric field
strength of three Au/CuO catalysts. (h) The average of normalised OH− surface density on three Au/CuO catalysts. (i) The average of normalised
RO surface density on three Au/CuO catalysts.
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stripping (EAS) experiment.34 The oxidation charges of benzyl
alcohol (QOx(BA)) can be used to quantify the amount of adsor-
bed reactant (Fig. S13†). As shown in Fig. 4b, the QOx(BA) value of
Au/CuO NWs reached 3.7 mC cm−2, which is markedly higher
than those of Au/CuO NSs (2.7 mC cm−2), Au/CuO NPs (1.5 mC
cm−2), and pure Au (0.9 mC cm−2), conrming the superior
affinity of Au/CuO NWs for benzyl alcohol. Importantly, both
the OCP and EASmeasurements reveal a trend in which Au/CuO
NWs exhibit stronger adsorption than Au/CuO NSs, followed by
Au/CuO NPs. This sequence closely matches the catalytic
activity observed across the samples (Fig. 2a). Such a direct
correlation demonstrates that the nanostructure morphology
can modulate the adsorption capability of the catalyst toward
benzyl alcohol, thereby playing a crucial role in enhancing
electrocatalytic performance.

Earlier research has elucidated that Au-based catalysts
facilitate alcohol electrooxidation by adsorbing OH− to form
active oxygen species (OH*), which are essential for the oxida-
tion process.8 Notably, localised electric eld enhancement has
been reported to promote OH− adsorption at the catalyst
surface. To investigate this effect, we compared the OH−
Chem. Sci.
adsorption capabilities of Au and various Au/CuO catalysts
using zeta potential measurements.35 As shown in Fig. 3d, Au/
CuO NWs exhibit the most negative zeta potential among all
samples, indicating a stronger ability to accumulate OH−within
the inner Helmholtz layer. Since the adsorbed OH− can be
electrooxidised to generate OH*, we further conducted uo-
rescence probe experiments to quantitatively evaluate OH*

generation (Fig. S14a†).36 As shown in Fig. 3e, the uorescence
intensity observed for Au/CuO NWs is signicantly higher than
that of other Au/CuO samples and pure Au, suggesting that Au/
CuO NWs is more conducive to generating OH*. Aer adding
benzyl alcohol, a notable decrease in uorescence intensity was
observed for Au/CuO NWs (Fig. S14b†), conrming that the
generated OH* species actively participate in benzyl alcohol
electrooxidation.

Importantly, both the zeta potential and uorescence probe
results reveal a consistent trend across the three Au/CuO cata-
lysts, with Au/CuO NWs exhibiting the highest value, followed
by Au/CuO NSs and Au/CuO NPs. This trend aligns well with
their benzyl alcohol adsorption capacities. These ndings
indicate that nanostructure-induced variations in local electric
© 2025 The Author(s). Published by the Royal Society of Chemistry
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eld strength can modulate the adsorption of both OH− and
benzyl alcohol, ultimately inuencing the overall electro-
catalytic performance. Taken together, the superior catalytic
performance of Au/CuO NWs can be attributed to the nanowire
architecture, which induces a stronger localised electric eld.
This enhanced eld signicantly promotes the adsorption and
activation of OH− (i.e., OH* formation) and facilitates the effi-
cient interfacial enrichment of benzyl alcohol, thereby
contributing to the outstanding electrocatalytic performance
(Fig. 3f).
Fig. 5 (a) Photograph and schematic illustration of the membrane-
free flow electrolyser. (b) The LSV curves of Au/CuO NWs in 1 M KOH
with or without 0.1 M benzyl alcohol (BA) in the membrane-free flow
electrolyser. (c) I–t curves of Au/CuO NWs catalyst at 2.0 V, 2.2 V and
2.4 V in 1 M KOH containing 0.1 M benzyl alcohol at 60 °C in the
membrane-free flow electrolyser.
2.4 COMSOL simulations

To further validate the experimental observations, COMSOL
simulations were employed to model the effects of local electric
eld enhancement and interfacial species enrichment (see
Experimental section for details).21,22 The models were con-
structed based on the SEM and TEM results (Fig. 1), with ve Au
nanoparticles uniformly distributed on each type of CuO
substrate. Owing to the three-dimensional nature of the
models, only three Au nanoparticles are visible in the two-
dimensional projections of the Au/CuO NPs and Au/CuO NWs
models (Fig. S15†). However, this does not compromise the
reliability of the simulation results. As shown in Fig. 4g, the
maximum surface electric eld strength of Au/CuO NWs is
higher than that of Au/CuO NSs, which in turn exceeds that of
Au/CuO NPs. This trend is consistent with the original design
rationale of the catalysts.

We further analysed the surface density of reactive species,
including OH− (Fig. 4a–c) and benzyl alcohol alkoxide (Fig. 4d–
f), across the three Au/CuO models. As shown in Fig. 4h and i,
the average surface densities of both OH− and benzyl alkoxide
exhibit the same trend, with Au/CuO NWs showing the highest
values, followed by Au/CuO NSs and Au/CuO NPs. This trend is
in excellent agreement with the experimental results (Fig. 3).
Notably, the enhanced accumulation of OH− at the catalyst
surface can directly accelerate the generation of OH*, a key
reactive intermediate in the electrooxidation process. The
strong localised electric eld, induced by the nanowire archi-
tecture, lowers the energy barrier for OH− activation, thereby
promoting OH* formation.

These simulation results provide visual support for the
mechanistic hypothesis proposed in Fig. 3f. Specically, the
superior catalytic performance of Au/CuO NWs can be attrib-
uted to nanowire architecture, which induces a stronger local-
ised electric eld. This enhanced eld facilitates the adsorption
and activation of OH− and promotes the interfacial enrichment
of benzyl alcohol, thereby improving the overall performance.

To evaluate the generality of the strategy, we further tested
ethanol and cyclohexanol as substrates. The results show that
Au/CuO NWs exhibit better performance than Au/CuO NPs
(Fig. S18†). However, the observed current densities are
substantially lower than those for benzyl alcohol oxidation. This
is likely due to the higher pKa values of ethanol and cyclo-
hexanol, which limit the formation of alkoxide species under
alkaline conditions and consequently reduce the effectiveness
of electric eld-induced interfacial enrichment. In future
© 2025 The Author(s). Published by the Royal Society of Chemistry
studies, we plan to employ Kelvin probe force microscopy
(KPFM) or electrostatic force microscopy to directly visualise the
localised electric eld distribution at the catalyst surface. In
addition, in situ spectroscopic techniques will be applied to
capture the dynamic evolution of surface species, enabling
deeper mechanistic understanding of the eld-induced
enrichment process.
2.5 Flow electrolyser studies

To evaluate the catalyst under more practical conditions, we
carried out two-electrode tests in a homemade membrane-free
ow electrolyser using Au/CuO NWs as the anode and Ni
foam as the cathode, with a working area of 30 cm2 (Fig. 5a and
S16†). This conguration enables continuous liquid ow and
gas release, providing a more industrially relevant testing
environment. As shown in the LSV curves (Fig. 5b), the onset
potential for water splitting in 1 M KOH was ∼1.55 V. Upon the
introduction of 0.1 M benzyl alcohol, the onset potential
signicantly decreased to ∼0.85 V, conrming the thermody-
namic advantage of the benzyl alcohol oxidation reaction over
the oxygen evolution reaction. Moreover, increasing the reac-
tion temperature to 60 °C further reduced the onset potential to
0.75 V and enhanced the absolute current, indicating that
elevated temperature accelerates benzyl alcohol oxidation
kinetics. CA measurements were subsequently conducted at
different cell voltages to evaluate the catalytic performance. As
shown in Fig. 5c, the absolute current for benzyl alcohol
oxidation increased with cell voltage from 2.0 V to 2.4 V.
Notably, at 2.4 V, we achieved electrochemical hydrogen
evolution coupled with benzyl alcohol oxidation at industrially
Chem. Sci.
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relevant current densities (>300 mA cm−2, total current > 9 A),
demonstrating the practical applicability of this strategy.

The successful demonstration of Au/CuO NWs in
a membrane-free ow electrolyser highlights the potential for
practical and scalable application. Although noble metal Au is
used, the catalyst remains cost-effective due to its low loading
and uniform dispersion on inexpensive CuO supports. The
membrane-free conguration also simplies system design and
reduces overall cost, enhancing industrial applicability. These
advantages, together with the high current density and opera-
tional stability, support the feasibility of applying this EHCO
strategy in decentralised hydrogen production and organic
oxidation. Future efforts will aim to reduce noble metal usage
through controlled deposition, alloying, or single-atom
approaches. Additionally, a techno-economic analysis (TEA)
will be carried out to quantitatively evaluate the system's cost-
performance balance and scalability, guiding further develop-
ment toward real-world implementation in sustainable energy
and chemical manufacturing.

3 Conclusions

In summary, we have developed a eld-induced enrichment
strategy to signicantly enhance the performance of electro-
chemical hydrogen evolution coupled with benzyl alcohol
oxidation. By constructing a nanostructured Au/CuO coopera-
tive catalyst with nanowire morphology, we achieved efficient
interfacial enrichment of both OH− and benzyl alkoxide
species, thereby accelerating the overall oxidation kinetics. A
maximum current density of 933 mA cm−2 was achieved with
the Au/CuO NWs catalyst, outperforming the majority of re-
ported systems for benzyl alcohol oxidation. Experimental
measurements combining COMSOL simulations conrmed
that the enhanced performance originated from the nanowire-
induced localised electric elds, which promoted reactant
adsorption and OH* generation. Furthermore, the catalyst
demonstrated excellent stability and sustained industrial-level
current output (>300 mA cm−2) in a membrane-free ow elec-
trolyser. This work not only provides a viable approach for
overcoming kinetic limitations in EHCO systems but also offers
a general strategy for integrating physical eld effects into
catalyst design for green energy conversion.
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The data that support the plots within the manuscript and other
ndings of this study are available from the corresponding
author upon reasonable request.

Author contributions

Yifan Yan: conceptualisation, methodology, writing original
dra, writing – review & editing, visualisation, validation,
formal analysis, investigation, and data curation. Lina Chen:
validation, formal analysis, investigation, and data curation.
Shaoyu Kang: visualisation, validation, formal analysis, inves-
tigation, and data curation. Xiaofei Li: formal analysis and data
Chem. Sci.
curation. Claire Coulthard: formal analysis and data curation.
Jianqin Tang: formal analysis and data curation. Chunping
Chen: formal analysis, resources, data curation and investiga-
tion. Zhenhua Li: conceptualisation, methodology, supervision.
Mingfei Shao: conceptualisation, supervision and project
administration. Dermot O'Hare: conceptualisation, method-
ology, writing – review & editing, supervision and project
administration.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was nancially supported by the National Key R&D
Program of China (2022YFB4002700), the National Natural
Science Foundation of China (22090031 and 22288102).

References

1 L. Chong, G. Gao, J. Wen, H. Li, H. Xu, Z. Green, J. Sugar,
A. Kropf, W. Xu, X. Lin, H. Xu, L. Wang and D. Liu, Science,
2023, 380, 609–616.

2 P. Kempler, R. Coridan and L. Luo, Chem. Rev., 2024, 124,
10964–11007.

3 Q. Sha, S. Wang, L. Yan, Y. Feng, Z. Zhang, S. Li, X. Guo, T. Li,
H. Li, Z. Zhuang, D. Zhou, B. Liu and X. Sun, Nature, 2025,
639, 360–367.

4 J. Suntivich, K. May, H. Gasteiger, J. Goodenough and
Y. Shao-Horn, Science, 2011, 334, 1383–1385.

5 Y. Li, X. Wei, L. Chen, J. Shi and M. He, Nat. Commun., 2019,
10, 5335.

6 C. He, Y. Yan, Y. Fu, C. Ma, J. Xia, S. Han, H. Zhang, X. Ma,
G. Lin, F. Feng, X. Meng, W. Cao, L. Zhu, Z. Li and Q. Lu, Adv.
Mater., 2025, 37, 2418959.

7 Y. Yan, H. Zhou, S. Xu, J. Yang, P. Hao, X. Cai, Y. Ren, M. Xu,
X. Kong, M. Shao, Z. Li and H. Duan, J. Am. Chem. Soc., 2023,
145, 6144–6155.

8 Y. Yan, Q. Wang, J. Yang, Y. Fu, Q. Shi, Z. Li, J. Zhang,
M. Shao and X. Duan, Small, 2025, 21, 2406782.

9 J. Yang, T. Xia, H. Li, H. Yan, X. Kong, Z. Li, M. Shao and
X. Duan, Angew. Chem., Int. Ed., 2025, 64, e202413457.

10 Y. Yan, L. Chen, Y. Fu, Z. Wang, Z. Li and M. Shao, Adv.
Funct. Mater., 2025, 2503516.

11 C. Li, X. Zhao, A. Wang, G. Huber and T. Zhang, Chem. Rev.,
2015, 115, 11559–11624.

12 Z. Li, Y. Yan, S. Xu, H. Zhou, M. Xu, L. Ma, M. Shao, X. Kong,
B. Wang, L. Zheng and H. Duan, Nat. Commun., 2022, 13,
147.

13 H. Heenen, H. Pillai, K. Reuter and V. Bukas, Nat. Catal.,
2024, 7, 847–854.

14 C. Chen, H. Jin, P. Wang, X. Sun, M. Jaroniec, Y. Zheng and
S. Qiao, Chem. Soc. Rev., 2024, 53, 2022–2055.

15 J. Zheng, X. Chen, X. Zhong, S. Li, T. Liu, G. Zhuang, X. Li,
S. Deng, D. Mei and J. Wang, Adv. Funct. Mater., 2017, 27,
1704169.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03582a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

12
:5

3:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
16 H. Huang, C. Yu, X. Han, H. Huang, Q. Wei, W. Guo, Z. Wang
and J. Qiu, Energy Environ. Sci., 2020, 13, 4990–4999.

17 S. Chongdar, A. Ghosh, R. Bal and A. Bhaumik, J. Mater.
Chem. A, 2024, 12, 233–246.

18 R. Liu, W. Tu, A. Pei, W. Huang, Y. Jia, P. Wang, D. Liu,
Q. Wu, Q. Qin, W. Zhou, L. Zhou, K. Yan, Y. Zhao and
G. Chen, J. Am. Chem. Soc., 2025, 147, 10339–10348.

19 M. Liu, Y. Pang, B. Zhang, P. Luna, O. Voznyy, J. Xu,
X. Zheng, C. Dinh, F. Fan, C. Cao, F. Garćıa de Arquer,
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