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Cu-Au core-nanocluster nanoparticles (NPs) offer a promising platform for multifunctional antimicrobial mate-
rials through coupled oxygen reduction, reactive oxygen species (ROS) generation, and galvanically enhanced
ion release. Here, the interfacial mechanisms governing antimicrobial activity in CuAuy NPs are investigated
using structural characterisation, density functional theory (DFT), electrochemical analysis, and antibacterial
testing. SEM, TEM, XRD, and XPS confirm a Cu-Au core-nanocluster architecture comprising ~ 50 nm Cu NPs
decorated with ~ 2-3 nm Au nanoclusters, generating abundant catalytic interfacial sites. DFT calculations
reveal complementary roles for Cu and Au, whereby Cu promotes oxygen activation by reducing the O-O
dissociation barrier to 0.189 eV, while Au stabilises partially reduced intermediates and favours selective two-
electron oxygen reduction. Rotating ring-disk electrode measurements validate HyO, generation, while chro-
noamperometry demonstrates stable electrochemical performance. Galvanic Cu?* release reaches 2442.67 g/
mL (73.28% dissolution) under acidic conditions, with physical-mixture controls confirming the importance of
intimate Cu-Au coupling. Antibacterial assays identify CuAu; s as the optimal composition, exhibiting the highest
inhibition against E. coli (~1.0 cm) and S. aureus (~1.4-1.5 cm). The results establish a direct
structure-property-performance relationship linking Cu-Au interfacial architecture to oxygen reduction, ROS
generation, Cu®* release, and antimicrobial activity, highlighting interfacial engineering as an effective strategy
for antimicrobial nanomaterial design.

1. Introduction

Metallic nanomaterials have attracted considerable interest for
antimicrobial applications because their high surface area and tuneable
electronic properties enable multiple antibacterial pathways, including
metal-ion release, reactive oxygen species (ROS) generation, and
membrane disruption [1-3]. Compared with conventional antimicrobial

agents, nanostructured metals can provide sustained activity through
surface-mediated physicochemical interactions while reducing the
likelihood of resistance development [4,5]. Among these mechanisms,
catalytic ROS generation has emerged as a particularly attractive strat-
egy because it enables continuous production of oxidative species
through interfacial redox reactions rather than relying solely on passive
ion release [6,7]. However, the relationship between nanoscale
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structure, interfacial chemistry, and the coupled processes governing ion
release, oxygen reduction, and ROS generation remains insufficiently
understood.

Copper (Cu)-based nanomaterials are widely recognised for their
broad-spectrum antimicrobial activity, arising primarily from Cu*/Cu®*
release and redox-mediated ROS formation [3,8,9]. Their effectiveness
generally increases with decreasing particle size owing to enhanced
surface reactivity and ion release kinetics [8,10]. Nevertheless, Cu-based
systems often suffer from rapid oxidation, uncontrolled dissolution
behaviour, and limited selectivity in oxygen reduction pathways, which
can compromise both stability and long-term performance [11-13]. In
contrast, gold (Au) nanostructures exhibit excellent chemical stability
together with well-defined catalytic and electronic properties [14-16].
Although Au possesses limited intrinsic antimicrobial activity, its ability
to modify local electronic structure and catalytic behaviour makes it an
attractive component for multifunctional antimicrobial systems
[17-19].

Bimetallic Cu-Au nanostructures provide a promising route to inte-
grate the complementary properties of both metals. Electronic coupling
between Cu and Au can alter adsorption energetics, facilitate charge
transfer, and enhance oxygen reduction reactions (ORR) [20-22]. Pre-
vious studies have demonstrated high selectivity towards hydrogen
peroxide (H0,) generation through a two-electron ORR pathway,
highlighting the importance of Cu-Au interfacial sites in controlling
reaction pathways and catalytic efficiency [21,23]. Because HyO5 acts
both as a direct antimicrobial agent and as a precursor to more reactive
oxygen species, selective ORR-driven HyO, generation offers a prom-
ising strategy for enhancing antimicrobial activity [24-26]. However, it
remains unclear whether the enhanced performance of Cu-Au systems
arises simply from combining Cu and Au components or from the for-
mation of electronically coupled interfacial sites capable of fundamen-
tally altering reaction pathways. Consequently, the mechanistic
relationship between interfacial structure, oxygen reduction, ROS gen-
eration, and antimicrobial activity remains poorly understood.

To address this challenge, CuAuy core-nanocluster nanostructures
were designed in which ultrasmall Au nanoclusters (<3 nm) are selec-
tively distributed across a Cu NP core, generating a high density of
accessible Cu-Au interfacial sites. Unlike conventional core-shell ar-
chitectures, this configuration preserves both exposed Cu domains and
catalytically active Au nanoclusters, enabling simultaneous Cu dissolu-
tion and oxygen reduction. The resulting galvanic coupling promotes
electron transfer from Cu to Au, facilitating oxygen activation and sus-
tained ROS generation [21,27,28]. DFT calculations predict that these
interfacial sites enhance charge transfer, reduce oxygen activation bar-
riers, and favour selective two-electron ORR pathways for HoO, for-
mation [23,29-31]. In addition, the Au nanoclusters provide plasmonic
functionality that may further enhance antimicrobial activity under
illumination through local photothermal heating [32-35].

In this work, CuAuy core-nanocluster nanostructures were system-
atically investigated to establish direct structure-property-performance
relationships governing antimicrobial activity. Structural characterisa-
tion, first-principles calculations, electrochemical measurements, and
antibacterial assays were combined to evaluate how Cu-Au interfacial
architecture influences oxygen reduction, Cu?* release, and ROS gen-
eration. Particular emphasis was placed on distinguishing the role of
electronically coupled interfacial sites from that of physically mixed Cu
and Au components. The results demonstrate that antimicrobial activity
is governed primarily by the density and accessibility of Cu-Au interfa-
cial sites, which promote selective oxygen reduction and coupled Cu
dissolution, while photothermal effects provide a secondary enhance-
ment under illumination. These findings establish interfacial engineer-
ing as a rational strategy for designing multifunctional antimicrobial
nanomaterials with enhanced catalytic and antibacterial performance.
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2. Materials and Methods
2.1. Materials and Nanoparticle Synthesis

2.1.1. Synthesis of Cu NPs

Cu NPs were synthesised via chemical reduction. KOH (22.4 g) and
NaBH,4 (2.7 g) were dissolved in 200 mL deionised water, followed by
the addition of EDTA (8 g) and PVP (8 g). The mixture was stirred at
40 °C until complete dissolution, after which 200 mL of 0.8 mol/L CuSO4
solution was added dropwise (50 drops/min) under vigorous stirring.
Following 30 min of reaction and 1 h ageing, the suspension was
centrifuged (12,000 rpm, 30 min), washed repeatedly with deionised
water to neutral pH, rinsed with ethanol, and freeze-dried.

2.1.2. Synthesis of Cu-Au Core-Nanoclusters

CuAuy NPs were synthesised through galvanic displacement by
decorating pre-synthesised Cu NPs with Au nanoclusters. Briefly, 28.8
mg Cu NPs was dispersed in 10 mL ethanol, followed by dropwise
addition of HAuCl4 and mercaptosuccinic acid (MSA) solutions under
magnetic stirring at room temperature. After 2 h, the products were
recovered by centrifugation (12,000 rpm, 13,820 x g), washed with
deionised water and ethanol, and freeze-dried. The CuAu; 5 composition
(Cu ~ 1:10) was selected as the optimised formulation for subsequent
investigation. CuAu; and CuAu, variants were prepared using propor-
tionally lower and higher HAuCl4/MSA concentrations, respectively.
Pristine Au nanoclusters were synthesised by NaBH4 reduction of
HAuCly in the presence of MSA, purified by dialysis for 7 days, and
freeze-dried.

2.1.3. Surface treatments of NPs

To evaluate the influence of environmental conditioning on antimi-
crobial performance, NP slurries were treated in 3.5% NaCl, 0.9% NaCl,
3% PVP, or a combined 3.5% NaCl/3% PVP solution under stirring (500
rpm, 1.5 h). The treated NPs were recovered by centrifugation, washed
with deionised water and ethanol, and vacuum-dried prior to testing.

2.2. Structural and surface characterisation

The morphology and microstructure of the synthesised NPs were
characterised using field-emission scanning electron microscopy
(Phenom LE, Thermo Fisher Scientific) and high-resolution transmission
electron microscopy (JEM-2100, JEOL). Crystalline phase composition
was analysed by X-ray diffraction (D/max 2500PC, Rigaku) using Cu Ka
radiation (A = 1.5406 10\), while surface elemental composition was
examined by X-ray photoelectron spectroscopy (ESCALAB 250Xi,
Thermo Fisher Scientific). SEM and TEM were used to evaluate particle
morphology, particle size distribution, and nanoscale architecture,
whereas XRD and XPS were employed to identify crystalline phases and
confirm the presence of Cu, Au, O, and C species within the Cu-Au core-
nanocluster system.

2.3. Electrochemical characterisation

Electrochemical measurements were performed using a CHI760
electrochemical workstation in Oy-saturated 0.1 M KOH employing a
conventional three-electrode configuration consisting of a catalyst-
modified glassy carbon working electrode, Ag/AgCl reference elec-
trode, and Pt wire counter electrode. Chronoamperometric measure-
ments were conducted at a constant potential of —0.1 V to evaluate the
electrochemical durability of the Cu-Au catalysts during continuous
oxygen reduction. Rotating ring-disk electrode (RRDE) measurements
were performed using an ALS RRDE-3A system (BAS) equipped with a 4
mm glassy carbon disk and Pt ring electrode. Catalyst ink (8 pL) was
deposited onto the disk electrode and measurements were conducted at
a scan rate of 10 mV/s. The electron transfer number and Hy0, yield
were calculated from the disk and ring currents to evaluate oxygen
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reduction selectivity and ROS precursor generation.
2.4. Antimicrobial Assay

Stock cultures of E. coli and S. aureus grown on nutrient agar, were
cultured and diluted in corresponding broths to achieve desired con-
centrations. Microbial cell densities were adjusted to ~ 3 x 107 CFU/mL
using spectrophotometric absorbance at 600 nm (0.1 OD for bacterial
cells) and spread onto Mueller-Hinton agar (Sigma-Aldrich, Dorset, UK).
Wells (4 mm diameter) were created using a cork borer, and 1000 pg/mL
NP suspensions were pipetted into the wells. Plates were incubated at
37 °C for 24 h, after which the zone of inhibition was measured in cm.
Each sample was tested in triplicate, and the mean results were
calculated.

2.5. Computational modelling

2.5.1. DFT modelling of ORR and ROS generation

ROS generation on Au- and Cu-based nanomaterials was investigated
using DFT calculations performed with BIOVIA Materials Studio.
Although the experimental systems involve Au nanoclusters (2-3 nm)
and Cu NPs (=40 nm), DFT calculations employ periodic slab models to
represent the local surface chemistry and active sites responsible for
oxygen activation, rather than explicitly modelling entire NPs [31]. All
calculations were carried out using the GGA-PW91 functional [36] as
implemented in the DMol® code [37], with a double numerical plus
polarization (DNP) basis set and a cutoff energy of 0.1 eV per atom [38].
Core electrons were treated using DFT semi-core pseudopotentials. A 5
x 5 x 1 k-point mesh was used for Brillouin zone integration [39].
Geometry optimizations employed strict convergence criteria, with an
energy gradient threshold of 2.7 x 10" eV, a maximum force of 0.054 eV
Al and a maximum atomic displacement of 0.005 A. A thermal
smearing of 0.2 eV and dipole slab corrections were applied to ensure
convergence and eliminate spurious electrostatic interactions.

Metal surfaces were modelled using periodic (2 x 2) fcc(111) slabs
consisting of four atomic layers separated by a 20 A vacuum region. The
bottom two layers were fixed, while the top two layers were fully
relaxed. To examine the effect of Cu incorporation, three surface con-
figurations were considered: an Au(111) surface containing a single Cu
atom substituted in the outermost layer, an Au(111) slab containing one
Cu subsurface layer beneath the Au surface, and an Au(111) slab con-
taining two Cu subsurface layers beneath the Au surface (Fig. 1). These
models represent increasing Cu enrichment rather than fixed stoichio-
metric ratios. Adsorbates relevant to the oxygen reduction reaction were
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placed at high-symmetry adsorption sites identified within the (2 x 2)
surface unit cell, and reaction free energies were calculated using the
computational hydrogen electrode approach. Transition states were
identified using the complete Linear/Quadratic Synchronous Transit
(LST/QST) method.

2.5.2. Photothermal and plasmonic simulations

Photothermal simulations were performed to investigate the influ-
ence of Au cluster coverage on heat generation in CuAuy core-
nanocluster systems. Finite-difference time-domain (FDTD) simula-
tions were first used to calculate the optical absorption of individual NPs
with Au coverages of 0%, 15%, 25%, and 35% under irradiation at A =
580 nm and an incident irradiance of 100 mW/cm. Structural parame-
ters, including the average NP diameter (53.8 A+ 6.5 nm) and Au
nanocluster size (~2-3 nm), were based on TEM characterisation.

To evaluate collective photothermal behaviour, the CuAu; 5 config-
uration (25% Au coverage) was modelled as a 3 x 3 NP array with
interparticle spacings of 100-200 nm. Simulations were performed on a
PVDF substrate to assess plasmonic coupling and heat confinement
under practical coating conditions [40]. Steady-state thermal analysis
was conducted at 25 °C assuming negligible convection and phase
change effects [33].

The thermal power generated by an individual NP was calculated
from its absorption cross-section (Caps) and incident irradiance (Ip)
[41,42]:

Qsingle = Cab:I 1)

To evaluate the resulting thermal behaviour, steady-state heat
diffusion simulations were performed in ANSYS Fluent [43,44]. The
specific absorption rate (SAR, W/ms) of the NP ensemble is then eval-
uated to quantify total photothermal energy deposition per unit volume:

SAR = Quota = ¥ Quingte = NCapsl (@)

This term defines the collective heat source (Qota)) for subsequent
modelling of temperature dynamics, where n represents the NP surface
density. The collective photothermal response of the NP-laden system
was calculated using the heat diffusion equation accounting for both
localised and bulk heating:

aT
/)CPE = KVZT + Qtotal (3)

where p is the material density, c, is the specific heat capacity, « is the
thermal conductivity, these parameters summarised in Table 1 govern

a. Topsite
00 b. Bridge site
o QD c. Hollow fcc site
R a2 d. Hollow hcp site
layers

Fig. 1. Top and side views of the Au(111) slab models used for the DFT calculations, illustrating progressive Cu incorporation within the Au lattice: (i) pristine Au
(111), (ii) Au(111) containing a single Cu atom substituted into the outermost surface layer, (iii) Au(111) containing one Cu subsurface layer beneath the Au
surface, and (iv) Au(111) containing two Cu subsurface layers beneath the Au surface. The schematic on the right shows the (2 x 2) surface unit cell and the
symmetry-distinct adsorption sites considered for ORR intermediates, including the top, bridge, hollow fcc, and hollow hep sites.
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Table 1

Thermal properties of materials used in the photothermal heat transfer model.
Material p(kg/m>) cp(J/kg-K) x(W/m-K) Ref
Au 19,300 129 318 [45]
Cu 8,960 385 400 [45]
PVDF 1,380 1000 0.28 [46]
Air 1.225 1006.43 0.026 [47]

how NP-derived heat generation (Eq. (3) propagates through the system,
enabling prediction of microbial inactivation thresholds from transient
surface temperatures.

3. Results and Discussion
3.1. Structural basis of the Cu-Au Core-Nanocluster system

The structural and compositional characteristics of the Cu-Au core-
nanocluster system were investigated using SEM, TEM, XRD, and XPS
(Fig. 2). SEM analysis (Fig. 2a) reveals Cu NPs with diameters pre-
dominantly between 50 and 60 nm, providing a high-surface-area
scaffold for Au nanocluster deposition. TEM analysis (Fig. 2b) con-
firms the formation of ultrasmall Au nanoclusters with characteristic
dimensions of approximately 2-3 nm and a lattice spacing of 0.232 nm
corresponding to the Au(111) plane. The assembled CuAu; 5 structure
(Fig. 2¢) exhibits a heterogeneous architecture in which Au nanoclusters
are distributed across the Cu NP surface, generating a high density of
discrete Cu-Au interfacial sites.

Unlike conventional core-shell or physically mixed Cu/Au systems,
this architecture simultaneously preserves exposed Cu domains and
catalytically active Au nanoclusters, maximising interfacial contact
while maintaining accessibility for both Cu dissolution and oxygen
reduction. Such nanoscale junctions are expected to govern electron
transfer, galvanic coupling, and oxygen reduction behaviour, as
demonstrated by the DFT analyses presented in Sections 3.2.1-3.2.3 and
the experimental validation discussed in Section 3.3. The intimate
coupling between Cu and Au domains therefore provides the structural
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basis for the ROS-generation mechanism investigated in this work.

XRD analysis (Fig. 2d) confirms the coexistence of Cu-, Cuz0O-, and
Au-related crystalline phases, indicating retention of distinct metallic
domains rather than bulk alloy formation. The presence of Cuz0 sug-
gests partial surface oxidation of Cu, which may influence interfacial
redox behaviour during oxygen reduction. Consistent with these ob-
servations, the XPS survey spectrum (Fig. 2e) confirms the presence of
Cu, Au, O, and C species within the material. Together, these results
provide direct experimental evidence for the formation of abundant Cu-
Au catalytic interfaces. As these interfaces are expected to govern oxy-
gen activation, charge transfer, and ROS generation, their catalytic role
was subsequently investigated using first-principles calculations. The
resulting structure-property relationships underpin the catalytic, elec-
trochemical, photothermal, and antimicrobial behaviour discussed
throughout Sections 3.2-3.5.

3.2. Interfacial catalysis of ORR and ROS generation

3.2.1. ORR thermodynamics at Cu-Au interfaces

To elucidate the origin of the enhanced antimicrobial activity
observed for CuAu; s, the thermodynamics of oxygen reduction were
investigated using DFT models representing local Cu-Au catalytic in-
terfaces. The most stable adsorption configurations of key ORR in-
termediates (O3, O + O, OOH, O + OH, and H302) were identified by
optimisation of adsorbate-surface interactions, with representative
structures shown in Fig. S1. These models are consistent with the
experimentally validated core-nanocluster architecture shown in Fig. 2
and the Cu-Au interfacial morphology identified by TEM and XPS
analysis in Section 3.1, enabling direct evaluation of local catalytic
behaviour rather than bulk alloy or physically mixed systems.

Adsorption energetics vary markedly with local surface composition
(Table 2). Au(111) exhibits weak O adsorption and limited activation,
whereas Cu-containing surfaces promote substantially stronger adsorp-
tion and dissociation of O and OOH intermediates. In contrast, a single
subsurface Cu layer produces only minor deviations from pristine Au
(111), indicating limited influence on surface reactivity. The calculated

&

§Au(111)

Cu(111)

Intensity (a.u.)

Cu(220)

Au 4f

O1s Cu2p

C1s

Intensity (a.u.)

50 60
20 (degree)

80

b 1 s 1 . 1 ' 1 N I bl 1
0 200 400 600 800 1000 1200
Binding energy (eV)

Fig. 2. Structural characterisation of the Cu-Au core-nanocluster system. (a) SEM image of Cu NPs (50-60 nm). (b) TEM image of Au nanoclusters showing the Au
(111) lattice fringe with an interplanar spacing of 0.232 nm. (c) TEM image of the assembled CuAu; 5 nanostructure. (d) XRD pattern confirming the coexistence of
Cu, Cuz0, and Au crystalline phases. (e) XPS survey spectrum confirming the presence of Cu, Au, O, and C species.
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Table 2
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Calculated free energies of formation (eV) for key ORR intermediates on Au, Cu, and Cu-modified Au(111) surfaces. Cu-containing surfaces enhance adsorption and
activation of O, and OOH intermediates, while Au-rich environments stabilise partially reduced species such as H,O», supporting complementary interfacial catalytic

roles.
Reaction Au Cu Au + 1 Cu atom Au + 1 Cu inner layer Au + 2 Cu inner layers
O, adsorption 0.332 —0.511 —0.418 0.424 —0.034
0, dissociation 0.731 —1.453 —0.992 - —0.245
OOH adsorption -0.117 —0.793 —1.039 - —0.419
OOH dissociation —0.673 —2.435 —2.024 - —1.582
H,0, formation —-0.816 —2.666* —0.462 - —-0.921

*Entries marked “~” indicate cases where further calculations were not performed due to minimal deviation from pristine Au(111) behaviour-H,0- dissociates into two

OH groups on the Cu(111) surface; no adsorption observed due to dissociation.

energetics further reveal complementary catalytic roles for Cu- and Au-
rich domains. Cu-rich sites favour O-O bond activation and intermediate
dissociation, while Au-rich environments stabilise partially reduced
species, particularly HyO5. Although Cu(111) promotes complete H,O5
dissociation, Au and Au + 2 Cu layer configurations preserve HyO> as a
stable intermediate, highlighting the importance of balancing oxygen
activation and intermediate stabilisation.

Collectively, these results support a cooperative catalytic mechanism
in which Cu-rich domains drive oxygen activation while adjacent Au-
rich regions preserve ROS-generating intermediates (Figs. S2-54). This
synergistic behaviour promotes sustained HyO, formation, central to the
experimentally validated ROS-generation pathway discussed in Section
3.3 and the antimicrobial activity observed in Section 3.5. To under-
stand the electronic origin of these adsorption trends, charge-transfer
behaviour and electronic structure modifications were subsequently
analysed.

3.2.2. Charge transfer and electronic structure

The catalytic behaviour of Cu-Au systems is governed by electronic
interactions between surface atoms and adsorbed oxygen species. Mul-
liken charge analysis (Fig. 3) reveals an oscillatory charge-transfer
profile throughout the ORR pathway, with the greatest charge transfer
occurring for dissociated intermediates and the lowest values associated
with intact O-O bonds. The magnitude of charge transfer follows the
trend: Cu > Au + 1 Cu atom > Au + 2 Cu layers > Au which closely
mirrors the adsorption strengths and reaction energetics reported in
Table 2.

The nature of the adsorbed oxygen species evolves with local elec-
tronic structure. Cu(111) and Au + 1 Cu atom surfaces favour peroxo-
like intermediates, whereas Au(111) and Au + 2 Cu layer surfaces
preferentially stabilise superoxo species [21,23]. This behaviour is

04 —e— Au —— Cu —®— Au+1Cuatom —@— Au+2Culayers
-0.2 4
OOH

-0.4 4
H.0,

-0.6

-0.8

Charge
o

1
-1.2
1.4 O0+0OH

-1.6 -
0+0

-1.8 T T T T T
0 —» 0*+0* —P OOH* —P O*+OH* —» H,0,

ORR reaction intermediates

Fig. 3. Mulliken charge distribution on oxygen atoms across successive ORR
intermediates (0O5*, O* 4+ O*, OOH*, O* + OH*, and H,0>*) on Au, Cu, and Cu-
modified Au(111) surfaces. Cu-containing surfaces exhibit greater charge
transfer, promoting O-O bond activation, whereas Au-rich surfaces stabilise less
perturbed intermediates. This charge modulation underpins selective ROS
generation at Cu-Au interfacial sites.

consistent with the projected density of states analysis, where Cu
incorporation shifts the d-band centre towards the Fermi level,
increasing orbital overlap between surface d-states and oxygen-derived
orbitals. The resulting Cu-Au d-state hybridisation strengthens adsor-
bate binding and facilitates charge transfer into antibonding O-O or-
bitals, thereby promoting oxygen activation while preserving ROS-
generating intermediates [15,22].

The charge-transfer trends observed in Fig. 3 closely follow the d-
band shifts shown in Fig. 4, indicating that the enhanced reactivity of
Cu-containing surfaces originates primarily from electronic structure
modulation rather than geometric effects. This prediction is consistent
with the RRDE measurements presented in Section 3.3, which experi-
mentally confirm selective HoO, generation through a predominantly
two-electron oxygen reduction pathway.

To distinguish electronic effects from structural contributions, lattice
parameters were analysed for all models (Table 3). Only minor lattice
contraction was observed following Cu incorporation, particularly for
subsurface Cu configurations, indicating that the catalytic enhancement
originates predominantly from electronic structure modulation rather
than geometric distortion.

While adsorption energetics and charge transfer describe interme-
diate stability, catalytic performance is ultimately governed by reaction
kinetics. Therefore, activation barriers for key O-O bond cleavage re-
actions were evaluated.

3.2.3. Reaction kinetics and pathway selectivity

Activation energies for O, and OOH dissociation were calculated
using the lowest-energy adsorption configurations identified above
(Table 4). Cu-containing surfaces exhibit substantially lower reaction
barriers than Au(111), with O5 dissociation requiring only 0.189 eV on
Cu(111) compared with 1.446 eV on Au(111). Similar trends are
observed for OOH dissociation, confirming the strong ability of Cu-rich

600 — A
u

500 u
3 Au +1 Cu atom
2
‘:,-" 400 — Au +2 Cu layers
2
L
8 300
°
2
8 200 |
o
=]

100 —

0 T T
-10 -5 0 5

Energy (eV)

Fig. 4. D-projected density of states (pdos) for surface atoms of au, cu, and cu-
modified au(111). cu incorporation shifts the d-band centre toward the Fermi
level, increasing adsorption strength and catalytic activity. This electronic
modulation enables efficient oxygen activation while maintaining selectivity
toward ROS-generating intermediates at Cu-Au interfaces.
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Table 3

Lattice constants of Au, Cu, and Cu-modified Au(11 1) surfaces. Minor lattice
contraction upon Cu incorporation indicates that catalytic enhancement is
dominated by electronic effects rather than structural distortion, consistent
with interfacial charge-transfer-driven activity.

Surface Lattice constant (a, b (A))
Au(111) 5.94
Cu(111) 5.08
Au(111) + 1 Cu layer 5.94
Au(111) + 2 Cu layers 5.80
Table 4

Activation energies (eV) for O, and OOH dissociation on Au, Cu, and Cu-
modified Au(111) surfaces. Cu-containing surfaces exhibit reduced barriers,
enabling rapid O-O bond cleavage, while Au-containing environments stabilise
intermediates. This balance supports selective H,O, formation and sustained
ROS generation at Cu-Au interfacial sites.

Reaction Au Cu Au + 1 Cu layer Au + 2 Cu layers
0y* - O* + O* 1.446  0.189  0.700 1.418
HOO* — HO* + O* 0.522 0.021 0.502 0.837

domains to promote O-O bond cleavage.

The calculated activation energies are in good agreement with re-
ported literature values [29,30,48-50], supporting the validity of the
computational framework. Together with the thermodynamic and
electronic structure analyses, these results indicate that Cu-rich sites
provide kinetically favourable pathways for oxygen activation, whereas
Au-rich environments moderate reactivity by stabilising partially
reduced intermediates. This balance favours selective H,O5 formation
rather than complete reduction to water, promoting sustained ROS
precursor generation. The predicted reaction pathway is consistent with
the enhanced Cu®" release and antibacterial performance of CuAu; s
reported in the Cu?* release measurements (Section 3.3) and antibac-
terial assays (Section 3.5), respectively.

Collectively, the DFT calculations predict that Cu-Au catalytic in-
terfaces promote oxygen activation, selective HyO» generation, and
interfacial electron transfer. To determine whether these computation-
ally predicted mechanisms are realised experimentally, electrochemical
stability, HyO, generation, and Cu®" release measurements were sub-
sequently performed.

3.3. Experimental validation of interfacial catalysis
3.3.1. Electrochemical stability and Hy0; generation

To verify whether the catalytic mechanisms predicted by DFT are
realised experimentally, electrochemical stability and oxygen reduction
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measurements were performed. These experiments provide direct evi-
dence for sustained catalytic activity and ROS precursor generation at
the Cu-Au catalytic interfaces identified experimentally in Section 3.1
and analysed computationally in Section 3.2.

Chronoamperometric measurements demonstrate the operational
durability of the Cu-Au core-nanocluster system under continuous
electrochemical conditions (Fig. 5a). The catalyst retained approxi-
mately 84% of its initial current after 10 h of operation, indicating good
electrochemical durability and preservation of catalytic activity.
Although this result does not represent long-term storage stability, it
confirms that the catalytic interfaces remain active during prolonged
oxygen reduction.

RRDE measurements further provide direct experimental evidence
for HoO, generation during oxygen reduction (Fig. 5b). The measured
H,0; yield and electron transfer number indicate that oxygen reduction
proceeds predominantly through a two-electron pathway, producing
Hy0, as the principal ROS precursor. The direct detection of Hy0,
experimentally validates the DFT-predicted preference for selective ox-
ygen reduction at Cu-Au interfacial sites predicted by the DFT analyses
in Sections 3.2.1-3.2.3, confirming that coupled Cu/Au domains favour
ROS generation rather than complete reduction to water.

Collectively, the chronoamperometric and RRDE measurements
confirm that Cu-Au catalytic interfaces remain electrochemically active
during prolonged operation and promote selective HyO, generation
through a predominantly two-electron oxygen reduction pathway.
These observations provide direct experimental validation of the
adsorption energetics, charge-transfer behaviour, and reaction pathway
selectivity predicted by the DFT calculations. Although HyO2 generation
was directly verified, secondary ROS species such as eOH were not
quantified experimentally and remain an important target for future
investigation.

3.3.2. Galvanic corrosion and Cu?" release

While the RRDE measurements confirm ROS precursor generation,
galvanic coupling within the Cu-Au architecture is expected to simul-
taneously enhance Cu dissolution. To evaluate this process experimen-
tally, Cu®" release measurements were performed under O-saturated
conditions using Cu, a physical mixture of Cu NPs and Au nanoclusters,
and CuAu, 5 (Table 5).

The inclusion of a physical mixture control provides a critical
mechanistic validation by distinguishing true interfacial coupling from
simple component coexistence. In NaCl solution, CuAu; 5 exhibits sub-
stantially greater Cu®* release than both pure Cu and the physical
mixture, with release increasing from 21.33 to 138.67 pg/mL as elec-
trolyte concentration increases. Although the physical mixture shows a
modest increase relative to Cu alone, the significantly higher dissolution
observed for CuAu; 5 highlights the importance of intimate nanoscale
Cu-Au junctions, consistent with the interfacial architecture identified in

(a) Chronoamperometric stability (b) RRDE analysis of oxygen reduction
.3 300
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5 257 3
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Fig. 5. Experimental validation of electrochemical durability and ROS precursor g

eneration in Cu-Au core-nanocluster materials. (a) Chronoamperometric response

recorded during 10 h of continuous operation, showing retention of approximately 84% of the initial current. (b) RRDE-derived electron transfer number (n) and
H,0, yield as a function of potential, confirming oxygen reduction through a predominantly two-electron pathway and direct H,O, generation.
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Table 5
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Cu®* release (ug/mL) and dissolved Cu (%) for Cu, Cu NPs + Au clusters, and CuAu, 5 in O,-saturated NaCl, HCI, and NaOH solutions. The enhanced dissolution of
CuAu, 5 relative to both pure Cu and the physical mixture confirms the role of Cu-Au interfacial coupling in promoting galvanic corrosion and Cu®" release.

0,-Saturated Solution NacCl HCl NaOH
Cu?" Release (pg/mL) 0.5M 1.0M 2.0M 0.5M 1.0M 2.0M 0.5M
Cu 0 0 0 1770.67 1845.33 1834.66 0
Cu NPs + Au clusters 3.56 9.69 15.45 1856.31 1943.71 1985.48 0
CuAu; 5 21.33 85.33 138.67 2176.00 2346.67 2442.67 0
Dissolved Cu (%) 0.5M 1.0M 2.0M 0.5M 1.0M 2.0M 0.5M
Cu 0 0 0 53.12 55.36 55.04 0
CuAu; 5 0.64 2.56 4.16 65.28 70.40 73.28 0

Section 3.1 and the ORR mechanism predicted by DFT in Section 3.2.

Under acidic conditions, Cu dissolution is further amplified, with
CuAu; 5 reaching 2442.67 pg/mL at 2.0 M HCI, corresponding to
73.28% dissolved Cu. This behaviour reflects proton-assisted corrosion
coupled with galvanic electron transfer, where Cu acts as a sacrificial
anode and Au functions as a cathodic oxygen reduction site. In contrast,
no measurable Cu?" release was observed in NaOH owing to surface
passivation through hydroxide formation. These trends demonstrate
that local chemical environments directly regulate interfacial electron
transfer and dissolution kinetics.

The enhanced dissolution observed for CuAu; s confirms that the
catalytic interfaces promote both oxygen reduction and galvanic
corrosion, establishing a cooperative mechanism for simultaneous ROS
generation and Cu?" release. Together with the RRDE measurements,
these results provide direct experimental evidence that the superior
activity of CuAu; s originates from interfacial coupling rather than
simple coexistence of Cu and Au components.

Bare Cu core 15% Au coverage

25% Au coverage

The combined electrochemical and dissolution data establish a direct
structure-property-performance relationship. Structural characterisa-
tion confirmed the formation of abundant Cu-Au interfacial sites
(Section 3.1), DFT calculations identified these sites as catalytically
active centres for oxygen reduction (Section 3.2), and the present ex-
periments verify both HyO, generation and galvanically enhanced Cu
dissolution. These coupled processes provide the mechanistic basis for
the superior antibacterial performance of CuAu; 5 reported in Section
3.5.

While galvanic corrosion and ROS generation represent the primary
chemically driven antimicrobial pathways, plasmonic Au nanoclusters
may provide an additional light-responsive contribution through pho-
tothermal enhancement. This possibility was therefore investigated
using optical-thermal simulations.

35% Au coverage
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Fig. 6. Photothermal response of Cu-Au core-nanocluster NPs with varying Au surface coverage under A = 580 nm irradiation (100 mW/ em?, 25 °C). (a) Structural
models with 0, 15, 25, and 35% Au coverage. (b) Corresponding temperature distributions showing enhanced and more localised heating with increasing Au content.
(c) Absorbed power spectra demonstrating increased optical absorption with Au incorporation and a plateau beyond 25% coverage due to plasmonic coupling
saturation. The 25% coverage configuration (CuAu; s) provides near-optimal photothermal performance with efficient Au utilisation.
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3.4. Photothermal performance and plasmonic enhancement

3.4.1. Au coverage effects on Single-NP heating

The influence of Au coverage on photothermal performance was
investigated under A = 580 nm irradiation (100 mW/cm, 25 °C). As
shown in Fig. 6a, Au nanoclusters are distributed as discrete plasmonic
domains across the Cu core rather than forming a continuous shell. This
morphology promotes localised electromagnetic coupling at multiple
interfacial sites. Corresponding thermal maps (Fig. 6b) reveal progres-
sively enhanced and more spatially confined heating with increasing Au
coverage.

At the single-NP level, absorbed power increases from 37.05 pW for
bare Cu to 47.70 pW at 35% Au coverage (Fig. 6¢), corresponding to a
temperature rise from 5.90 to 7.59 mK [51]. Although the absolute
temperature increase remains modest, the relative enhancement dem-
onstrates that Au incorporation improves optical absorption and pho-
tothermal conversion efficiency. The absorption spectra further indicate
that the enhancement originates from the evolution and broadening of
plasmonic modes rather than a simple increase in metallic volume.

A plateau is observed beyond 25% Au coverage, where additional Au
provides only marginal gains in absorbed power. This behaviour is
consistent with plasmonic coupling saturation and identifies 25%
coverage, corresponding closely to the experimentally observed CuAu; 5
morphology described in Section 3.1, as an efficient balance between
photothermal performance and material utilisation.
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3.4.2. Collective heating and plasmonic coupling

To assess collective photothermal behaviour, CuAu; 5 was modelled
as a 3 x 3 NP array with interparticle spacings of 100 and 200 nm
(Fig. 7). At 200 nm spacing, the array exhibits a maximum temperature
rise of 10.1 mK and a minimum temperature of 5.7 mK. Reducing the
spacing to 100 nm increases the maximum temperature to approxi-
mately 15 mK while substantially improving thermal uniformity
throughout the array.

The enhanced heating at smaller separations arises from stronger
near-field plasmonic coupling, which increases collective absorption
and local heat generation [52]. The low thermal conductivity of the
PVDF substrate further promotes heat confinement, enabling local
temperature accumulation [46]. These results demonstrate that photo-
thermal performance is governed primarily by NP density and spatial
arrangement rather than single-particle heating alone.

3.4.3. Macroscopic photothermal performance

At higher NP densities (Fig. 8), CuAu; 5 is predicted to achieve
temperatures approaching 40-60 °C at concentrations of 107-108 NPs/
cm, substantially lower than those typically required for equivalent solid
Au NPs [32]. This improved efficiency arises from the distributed plas-
monic architecture, where multiple Au nanoclusters generate localised
electromagnetic hotspots that collectively enhance light absorption and
heat generation [53].

While Cu?* release and ORR-driven ROS generation remain the
dominant antimicrobial pathways established in Section 3.3, photo-
thermal heating may provide an additional illumination-dependent

100 nm spacing
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Fig. 7. Collective photothermal response of CuAu; s NP arrays under optical excitation. Reducing the interparticle spacing from 200 to 100 nm increases the
maximum temperature rise from 10.1 to approximately 15 mK and improves thermal uniformity across the array. Enhanced heating arises from stronger near-field
plasmonic coupling and collective absorption at reduced separations, demonstrating that NP spacing and surface density play a dominant role in determining

photothermal performance.
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window (40-60 °C) at substantially lower densities than conventional Au NPs
owing to enhanced absorption and hotspot generation arising from its distrib-
uted plasmonic nanocluster architecture. Inset: schematic representation of a
PVDF-coated fibre network functionalised with CuAu; 5 NPs.

enhancement by promoting membrane disruption and accelerating
interfacial reaction kinetics [52,54,55].Beyond antimicrobial activity,
the combined optical absorption and photothermal behaviour of the Cu-
Au core-nanocluster architecture suggests broader potential for
plasmon-enhanced catalytic systems, where localised heat generation
may contribute to surface reaction enhancement under illumination.

3.5. Antimicrobial performance

3.5.1. Composition-Dependent activity

The antibacterial activity of Cu and CuAuy NPs (0.1 wt/v%, 1000
ppm) is shown in Fig. 9. Pristine Cu NPs, including all pre-treated var-
iants, exhibit negligible inhibition against both E. coli and S. aureus,
whereas all CuAuy systems display measurable antibacterial activity,
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confirming that Au incorporation activates a distinct antimicrobial
mechanism beyond the intrinsic activity of Cu alone. A clear composi-
tion dependence is observed, with CuAu; 5 exhibiting the largest inhi-
bition zones (~1.0 cm for E. coli and ~ 1.4-1.5 cm for S. aureus),
followed by CuAu;, whereas CuAus, is less effective in its untreated form.

The reduced activity of CuAuy reflects excessive Au coverage, which
partially shields Cu domains and limits both Cu?" release and electron
transfer for oxygen reduction. In contrast, CuAu; and CuAu; 5 maintain
an optimal balance between exposed Cu sites and catalytically active Au
domains, maximising interfacial coupling and ROS generation. This
interpretation is consistent with the interfacial architecture identified in
Section 3.1, the ORR energetics predicted in Section 3.2, and the
enhanced Cu®" release experimentally verified in Section 3.3. The
physical-mixture control further supports this mechanism, as the lower
Cu®" release observed for the Cu + Au mixture (Table 5) demonstrates
that intimate nanoscale coupling, rather than simple component coex-
istence, is required to maximise antimicrobial activity.

S. aureus consistently exhibits greater susceptibility than E. coli,
reflecting the absence of an outer membrane barrier and increased
permeability to Cu ions and ROS [10]. Surface treatments further
modulate activity, particularly for CuAuy, where NaCl promotes initial
Cu dissolution and PVP improves colloidal stability and dispersion.
Together, these results demonstrate that antibacterial performance is
governed primarily by Cu-Au interfacial design, with composition con-
trolling the density of catalytically active junctions and surface treat-
ment influencing reaction kinetics.

3.5.2. Physicochemical origins of antimicrobial activity

To further interpret the antibacterial behaviour, the physicochemical
properties of the NPs were examined (Tables 6 and 7). Surface treat-
ments produce only minor variations in hydrodynamic size and zeta
potential, with no systematic correlation to antibacterial activity. In
contrast, Au incorporation substantially increases particle size and re-
verses surface charge from positive to negative, confirming formation of
the core-nanocluster architecture.

Despite this charge inversion, CuAuy NPs remain highly active
whereas positively charged Cu NPs are largely inactive. This observation
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Fig. 9. Antibacterial activity of Cu and CuAuy NPs (0.1 wt/v%, 1000 ppm) against S. aureus and E. coli. Pristine Cu NPs exhibit negligible inhibition, whereas CuAuy
systems show clear antibacterial activity, confirming the importance of Cu-Au interfacial coupling. CuAu; 5 exhibits the highest inhibition, reflecting an optimal
balance between exposed Cu domains and catalytically active Au nanoclusters. S. aureus is consistently more susceptible than E. coli, while NaCl and PVP treatments

further enhance activity by promoting Cu dissolution and colloidal stability.
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Table 6

Hydrodynamic size and zeta potential of Cu NPs under different treatments.
Minor variations without correlation to activity indicate that surface treatment
alone does not govern antimicrobial behaviour.

Treatment Hydrodynamic size (nm) Zeta potential (mV)
No treatment 386 31.7
Seawater 422.6 32.7
Saline (salt concentration) 369.7 37.3
PVP solution 429.9 29.1
NaCl and PVP solution 380.9 321

Table 7

Hydrodynamic size and zeta potential of Cu and CuAuy NPs. Au incorporation
increases size and reverses charge, confirming core-nanocluster formation; ac-
tivity despite negative charge indicates a non-electrostatic, ROS-driven
mechanism.

Nanoparticle Hydrodynamic size (nm) Zeta potential (mV)
Cu 386 31.7
CuAuy 915.9 -15.8
CuAu; 5 591.9 -14.9
CuAu, 435.8 -18.7

demonstrates that electrostatic interactions are not the dominant anti-
bacterial mechanism. Instead, activity is governed primarily by chemi-
cally driven processes, namely galvanically enhanced Cu®* release and
ORR-mediated ROS generation. These findings are consistent with the
H»0, generation pathway experimentally verified in Section 3.3 and the
ORR mechanism predicted by DFT in Section 3.2.

Together, the composition-dependent activity and physicochemical
analysis establish that antimicrobial performance is controlled pre-
dominantly by interfacial catalytic processes rather than particle size or
surface charge. The superior activity of CuAu, s therefore originates
from an optimal balance between accessible Cu sites, Au-mediated ox-
ygen reduction, and a high density of catalytically active Cu-Au
interfaces.

3.6. Structure-Property-Activity relationships

The combined experimental and computational results establish a
direct structure-property-performance relationship for CuAu nano-
structures. Structural characterisation (Section 3.1) confirmed the for-
mation of abundant Cu-Au interfacial sites, while DFT calculations
(Section 3.2) identified these interfaces as catalytically active centres for
oxygen reduction and selective HyO; generation. Electrochemical
measurements (Section 3.3) subsequently validated enhanced cu®t
release and a predominantly two-electron ORR pathway, providing
direct experimental evidence for the proposed ROS-generation
mechanism.

The superior antibacterial performance of CuAu; s (Section 3.5)
arises from an optimal balance between exposed Cu domains and cata-
lytically active Au nanoclusters, maximising interfacial electron transfer
and reaction kinetics. Although photothermal effects may provide an
illumination-dependent enhancement at high NP densities (Section 3.4),
antimicrobial activity is dominated by coupled Cu®" release and ROS
generation. Together, these findings identify interfacial engineering as
the key strategy for optimising Cu-Au antimicrobial nanostructures.

4. Conclusion

This study demonstrates that the antimicrobial performance of CuAu
core-nanocluster NPs is governed by interfacial coupling between Cu
and Au domains rather than bulk composition alone. Structural char-
acterisation confirmed the formation of abundant Cu-Au interfacial
sites, while DFT calculations identified these interfaces as catalytically
active centres for oxygen reduction, charge transfer, and selective HoO5
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generation. Electrochemical measurements further validated a pre-
dominantly two-electron ORR pathway and enhanced Gu?* release,
providing direct experimental evidence for the coupled ROS-generation
mechanism.

Among the compositions investigated, CuAu; 5 exhibited the highest
antibacterial activity, reflecting an optimal balance between exposed Cu
domains and catalytically active Au nanoclusters. Photothermal simu-
lations showed that plasmonic heating provides an illumination-
dependent secondary enhancement, whereas Cu®" release and ROS
generation remain the dominant antimicrobial pathways under the
conditions studied. Collectively, these findings identify interfacial en-
gineering as the key design strategy for optimising Cu-Au antimicrobial
nanostructures and provide a framework for the development of
multifunctional antimicrobial coatings, filtration materials, and surface
protection technologies, as well as future investigations of plasmon-
enhanced catalytic systems in which optical absorption and photo-
thermal effects contribute to enhanced interfacial reaction kinetics.
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