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Plasmonically Enhanced Hydrogen Evolution on Anisotropic
AuPt Nanowires with Submonolayer Pt Surface Coverage
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Mykhailo Chundak, Mikko Ritala, Sarah J. Haigh, Thomas J. A. Slater,
and Pedro H. C. Camargo*

The rational design of electrocatalysts that efficiently harness plasmonic
excitation for electrocatalytic hydrogen production from water remains
challenging. Here, guided by density functional theory (DFT) predictions,
anisotropic AuPt nanowires are systematically synthesized with precise
monolayer and submonolayer Pt surface coverage on Au nanowire templates.
Under visible-light-driven plasmonic excitation, these catalysts exhibited high
hydrogen evolution reaction (HER) activity, achieving mass activities up to 9.3
A mg−1Pt at −0.05 V vs RHE, representing a ≈7-fold enhancement over
commercial Pt/C catalysts and surpassing spherical AuPt nanoparticles.
Detailed electron microscopy, spectroscopy, and electrochemical analyses
indicated that the submonolayer Pt coverage provided more isolated catalytic
sites, optimal electronic coupling, and preserved plasmonic properties. DFT
calculations reveal pronounced electronic redistribution at Au–Pt interfaces,
raise Pt d-band centers, and ideal Gibbs free energies for hydrogen
adsorption. This synergistic combination of catalytic and plasmonic
properties represents a promising strategy to substantially reduce precious
metal usage without compromising catalytic performance, offering a robust
framework for designing electrocatalysts for renewable energy conversion.
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1. Introduction

The production of hydrogen through elec-
trocatalytic water splitting, comprising the
hydrogen and oxygen evolution reactions
(HER and OER, respectively), is a critical
pathway to decarbonizing the chemical and
energy sectors.[1–3] Yet, its widespread im-
plementation is constrained by the need for
precious-metal catalysts, such as platinum
(Pt) for the HER, which remain costly,
scarce, and geographically concentrated.[4,5]

A central challenge is thus to develop
catalyst architectures that dramatically
improve Pt utilization while maintaining
or enhancing activity and stability.[6–9]

Plasmonic electrocatalysis, which har-
nesses localized surface plasmon reso-
nance (LSPR) in metallic nanostructures
to generate energetic charge carriers and
localized heating under visible light, of-
fers a compelling strategy to address this
limitation.[10–12] Antenna–reactor designs
that integrate a plasmonic metal (e.g., Au
or Ag) with catalytically active sites (e.g.,
Pt) can synergistically enhance reaction

kinetics and selectivity, enabling, at least in principle, a reduction
in the use of catalytic noble metals.[13–16] Such hybrid nanostruc-
tures offer the dual advantages of harvesting optical energy and
maximizing catalytic activity.[13–15] However, realizing and maxi-
mizing this potential requires precise control over surface mor-
phology, electronic structure, andmetal distribution at the atomic
scale: conditions that are difficult to achieve, especially under ul-
tralow catalyst loadings.[17–19]

Recent studies, including our previous work on AuPt
nanospheres, have demonstrated that sparse and non-uniform
distributions of Pt on Au cores can significantly enhance HER
activity under LSPR excitation, highlighting the importance of
nanoscale interface engineering.[17,19,20] Yet, these concepts re-
main largely unexplored in anisotropic nanostructures such
as nanowires, which offer unique advantages including en-
hanced light–matter interaction and facet-dependent electronic
properties.[21–24] Critically, the influence of morphology, partic-
ularly anisotropy, on plasmonic coupling and catalytic perfor-
mance under ultralow Pt loading has yet to be systematically ex-
amined. Previous studies of AuPt nanostructures have largely
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focused on spherical morphologies or higher Pt loadings, where
continuous shells dominate surface chemistry and plasmonic re-
sponses are dampened. While AuPt nanowires themselves have
been reported, the systematic investigation of anisotropic AuPt
nanowires with submonolayer Pt surface coverage in plasmon-
enhanced HER remains limited.[17,25–27]

Notably, prior studies have underscored the importance of
Au–Pt coordination in nanowire systems. For example, ultra-
thin Pt–Au alloy nanowires with (111)-dominant facets have been
reported where Pt was the primary catalytic component and
Au served as an alloying element, demonstrating enhanced ac-
tivity for oxygen reduction and alcohol oxidation.[17] More re-
cently, ultrathin Au3Pt twin nanowires for spontaneous hydro-
gen production coupled with glucose oxidation have been devel-
oped, emphasizing coordination tuning, tensile strain, and Pt-
to-Au site transfer as mechanisms for improved stability and
selectivity.[25] In parallel, plasmonic bimetallic nanostructures
such as Pd–Au nanorods have been explored for ethanol oxida-
tion under illumination.[28] Other studies have also reported Au–
Pt nanostructures in different contexts: Au@Pt nanostructures
for ethanol oxidation in fuel cells,[27] Au–Pt nanotube networks
as stretchable biosensing electrodes,[29] and synthesized ultra-
thin Au–Pt nanowires with stepped Pt sites for alcohol electro-
oxidation.[26] While these works provide valuable insights into
alloying, strain, and hot-carrier processes, they typically involve
continuous or thick Pd/Pt shells, focused on oxidation or sens-
ing reactions, and rely on relatively high precious-metal contents
that dampen plasmonic responses.
In contrast, here we introduce a distinct design paradigm in

which anisotropic helical Au nanowire networks serve as plas-
monic scaffolds decorated with ultralow, submonolayer Pt cov-
erages. To address this gap, we designed and investigated a se-
ries of AuPt nanowires with controlled low Pt contents (<10
at.%). By employing density functional theory (DFT) calcula-
tions, we identified optimal atomic-scale surface compositions
expected to maximize catalytic activity and plasmonic enhance-
ment. Guided by these computational insights, we synthesized
bimetallic nanowires via a template-directed co-reduction strat-
egy, yielding catalysts with well-defined surface morphology and
Pt coverages ranging from≈1–2 atomic layers down to submono-
layer levels. The electrocatalytic performance of the produced
nanowires was evaluated under both dark and visible-light-driven
plasmonic excitation conditions. Our results revealed that the
electrocatalytic performance displayed a strong dependence on
Pt loading, surface distribution, and morphology, as predicted
by our DFT calculations. Specifically, the AuPt nanowires with
submonolayer Pt coverage exhibited superior HER performance,
achieving overpotentials as low as 35 mV at −10 mA cm−2, com-
pared to 66 mV for equivalent spherical AuPt nanoparticles and
closely matching the 28 mV of commercial Pt/C catalysts. Un-
der visible-light illumination, the nanowires demonstrated a pro-
nounced plasmonic enhancement, achieving a mass activity of
9.3 A mg−1Pt at −0.05 V vs RHE, ≈7-fold higher than commer-
cial Pt/C catalysts under identical conditions (the nanospheres
showed negligible response to illumination). This study repre-
sents an advancement within the established field of plasmonic
electrocatalysis rather than a conceptual breakthrough. It builds
upon recent progress in understanding energy and charge redis-
tribution inmultimetallic plasmonic systems[30–34] and integrates

anisotropic Au nanowire scaffolds with discontinuous submono-
layer Pt decoration to couple efficient plasmonic excitation with
minimized Pt utilization for hydrogen evolution in acidic media.
Our findings not only elucidate fundamental structure–activity–
plasmonic relationships but also establish broadly applicable de-
sign principles for developing efficient, cost-effective catalysts to
sustainably meet future energy demands.

2. Results and Discussion

The rational design of electrocatalysts that efficiently couple plas-
monic excitation with catalytic function requires an understand-
ing of how surface morphology and distribution influence cat-
alytic activity at the atomic level.[14] Building upon the insights
from our previous studies of spherical AuPt nanoparticles,[19] we
employed DFT simulations to identify optimal atomic configura-
tions and Pt surface coverages for the AuPt nanowires. Theoret-
ical models comprising two main exposed surface facets – (111)
and (200) – alongside corresponding edge sites were constructed
(Figure S1A, Supporting Information; Figure 1A). These models
span various degrees of Pt loadings and coverage, and were de-
noted as Au nanowires (control sample, no Pt), Au-Pt Sublayer
(submonolayer coverage), Au-Pt Monolayer (monolayer cover-
age), Au-Pt Core-shell (multiple layer coverage), and Pt nanowires
(control sample, pure Pt).
Analysis of charge density difference (CDD) diagrams revealed

significant electronic redistribution at the Au-Pt interfaces in the
Au-Pt Sublayer, Au-Pt Monolayer, and Au-Pt. Core-shell config-
urations, contrasting markedly with monometallic Au and Pt
nanowires[35] (Figure 1A). The pronounced regions of electron
accumulation and depletion indicate substantial electron den-
sity transfer from Au cores toward Pt surface sites. Furthermore,
electron localization function (ELF) analysis revealed more de-
localized electrons around surface Pt atoms, particularly at the
(111) sites (Figure S1B, Supporting Information).[36] These elec-
tronic redistributions suggest enhanced LSPR-induced hot elec-
tron mobility toward Pt catalytic sites under visible light excita-
tion, potentially leading to accelerated reaction kinetics.
To further explore the electronic properties of the various AuPt

NW models, we analyzed the projected partial density of states
(PDOS) of the d-orbitals and corresponding d-band centers (dc,
Figure 1B). Compared to pure Au nanowires, all AuPt models
exhibited an elevated d-band center, that increased with the Pt
content, indicative of enhanced adsorption affinity toward crit-
ical reaction intermediates.[37] Analysis of PDOS and d-band
centers across distinct surface configurations, including (111),
(200), and edge positions, underscored substantial variability de-
pendent upon facet orientation (Figure 1C; Figure S2, Support-
ing Information). Notably, (111) facets consistently demonstrated
higher d-band centers compared to (200) facets and edge sites,
with the (111) facets in Au-PtMonolayer configuration exhibiting
the highest d-band center and thus potential for superior catalytic
activity.
Given these findings, the Au-Pt Monolayer model was selected

for amore detailed analysis of catalytic activity. Calculations of the
Gibbs free energies for hydrogen adsorption (ΔGH*) clearly indi-
cated that Pt sites on (111) facets (−0.111 eV) exhibited notably
lower ΔGH* values compared to sites on (200) facets (−0.198 eV)
and edge positions (−0.182 eV) (Figure 1D). This suggests that
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Figure 1. DFT-based analysis of surface configurations and HER activity in AuPt nanowires. A) Atomic models and corresponding charge density dif-
ference (CDD) maps for AuPt nanowires with a monolayer configuration. Exposed facets include (111) and (200) surfaces. The wire is viewed along
the longitudinal axis. Green and pink isosurfaces indicate regions of electron accumulation and depletion, respectively (isosurface value = 0.05 e Å−3).
B) Projected density of states of the d-orbitals (PDOS) highlighting the evolution of electronic structure across different configurations. C) Calculated
d-band center values for various catalytic sites on (111), (200), and edge positions on Au nanowires, Au-Pt sublayer, Au-Pt monolayer, and Au-Pt core-
shell models, and Pt nanowires. This illustrates the sensitivity of surface coordination to Pt coverage. D) Gibbs free energy profiles (ΔGH*) for hydrogen
adsorption at Pt sites in the Au–Pt monolayer model, showing facet-dependent catalytic behavior relevant to HER activity.

the (111) facet Pt sites can contribute more strongly to the en-
hanced HER performance.[38] Consequently, our DFT results in-
dicate that the Pt composition and crystal structure at the surface
are expected to impact HER activity, with Pt monolayer coverage
on exposed (111) facets being the most favorable configuration
for high catalytic activity.
Following the insights provided by our computational re-

sults, we proceeded to experimentally synthesize bimetallic AuPt
nanowires with controlled Pt surface coverage. Utilizing a co-
reduction method that exploits the difference in reduction po-
tentials between Au and Pt precursors, we synthesized AuPt
nanowires with ultralow Pt loadings (the Pt atomic % was var-
ied from 8 to 1). In this synthesis, 𝛼-naphthol acted both as
a shape-directing agent and a reducing agent at 70 °C over a
period of 12 h,[20] enabling controlled growth of Au nanowires
with varying surface compositions of Pt. Specifically, we prepared
three distinct samples with controlled Au:Pt ratios, designated as
Au92Pt8, Au98.5Pt1.5, and Au99Pt1, based on the elemental atomic
percentages as determined by microwave plasma atomic emis-
sion spectroscopy (MP-AES). A control sample comprised of pure
Au nanowires was also prepared. Powder X-ray Diffraction (XRD)
data showed that only diffraction peaks assigned to face centred
cubic (fcc) Au from all NW compositions due to the low Pt loading
in these samples (Figure S3, Supporting Information). Moreover,

all the AuPt nanowires, as well as the control Au nanowires sam-
ple, displayed similar morphological features (Figure S4, Sup-
porting Information), characterized by an undulating nanowire
morphology with widths ranging from 5 to 7 nm (Figure S5, Sup-
porting Information) and lengths extending to several tens of
nanometers.
We next evaluated the electrocatalytic performance of AuPt

nanowires toward the HER as a function of Pt content, un-
der both dark conditions and visible-light plasmonic excitation
(525 nm, 68 mW cm−2). The results were benchmarked against a
commercial Pt/C catalyst (20wt.%Pt). Linear sweep voltammetry
(LSV) curves normalized by geometric electrode area (Figure 2A)
showed that under dark conditions, both Au92Pt8 and Au98.5Pt1.5
nanowires delivered HER activities comparable to Pt/C, with
overpotentials of 35 and 36 mV at −10 mA cm−2, respectively,
vs 28 mV for Pt/C. However, when normalized by Pt mass
(Figure 2B), significant differences emerged, with Au98.5Pt1.5
nanowires achieving the highest enhancement in mass activity
over Pt/C, outperforming both Au92Pt8 and Au99Pt1. These re-
sults highlight that controlling the Pt composition enables the
optimization of HER performance, with performance reaching a
maximum where the Au nanowires contain 1.5 at% Pt. The in-
trinsic activity of these catalysts was further quantified by eval-
uating the mass activity at −0.05 VRHE (Figure 2C). Under dark
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Figure 2. Electrocatalytic performance of AuPt nanowires with varying Pt coverage for the HER. A) LSV curves normalized by geometric electrode area.
B) LSV curves normalized by Pt mass, illustrating intrinsic activity. C) mass activity at −0.05 VRHE. D) Tafel plots derived from area-normalized LSVs,
highlighting differences in reaction kinetics across catalysts. E) Nyquist plots from EIS, revealing charge transfer resistances. F) Chronoamperometry
curves at −10 mV vs RHE, assessing catalytic stability. Measurements were performed in Ar-saturated 0.5 m H2SO4 using Pt/C, Au92Pt8, Au98.5Pt1.5,
Au99Pt1, and Au100 (pure Au) NWs.

conditions, Au98.5Pt1.5 NWs exhibited a mass activity of −5.42 A
mg−1Pt, substantially higher than both Pt/C (−0.94 A mg−1Pt)
and the other AuPt nanowire compositions (−1.01 and −1.78 A
mg−1Pt for Au92Pt8 and Au99Pt1, respectively). It is important to
clarify that mass activities were normalized to Pt content, consis-
tent with standard practice for benchmarking HER electrocata-
lysts, since Pt is the catalytically active species (Au has no activ-
ity under the employed conditions as seen in Figure 2A). This
normalization highlights how efficiently each Pt atom is utilized,
which is the key metric for evaluating low-Pt designs.
A wavelength of 525 nm was selected for photocatalytic

investigations based on the transverse LSPR band of the
nanowires observed in UV–vis spectra (Figure S6, Supporting
Information).[39,40] Under illumination, all AuPt nanowires dis-
played enhanced HER activity relative to dark conditions, with
the most pronounced enhancement observed for the Au98.5Pt1.5
nanowires (Figure 2B,C). The mass activity of Au98.5Pt1.5
nanowires increased to 9.3 A mg−1Pt, representing a ≈1.7-fold
enhancement relative to dark conditions and a 7.2-fold improve-
ment over Pt/C under equivalent light exposure. While the abso-
lute differences in overpotentials between dark and illuminated
conditions appear modest in geometric area-normalized plots
(Figure 2A), normalization by Pt mass reveals statistically signif-
icant light-induced enhancements, particularly for the Au98.5Pt1.5
nanowires (1.7-fold relative to dark, 7.2-fold relative to Pt/C,
Figure 2C). These results indicate that the observed effect is
not an artifact of scaling but a genuine plasmon-mediated en-
hancement. We note that both hot-carrier activation and local

photothermal heating can contribute under LSPR excitation, and
fully disentangling their roles remains highly challenging.[41–43]

Nevertheless, our DFT simulations and spectroscopic data con-
firm charge redistribution at Au–Pt interfaces and the preserva-
tion of Au LSPR features, supporting hot-carrier transfer as a
plausible contributor to the enhanced activity in the submono-
layer Pt regime together with photothermal heating.
While normalization to Pt mass is the accepted standard for

benchmarking HER electrocatalysts, since Pt constitutes the ac-
tive catalytic component, it is important to acknowledge that
Au is itself an expensive noble metal. Therefore, the present
AuPt nanowire catalysts are not proposed as immediately vi-
able for large-scale deployment. Instead, our study should be
viewed as a model platform that establishes a general design
principle: dispersing submonolayer Pt onto a plasmonic scaffold
maximizes catalytic activity while preserving optical enhance-
ment. The concept is transferable in principle to alternative,
more earth-abundant plasmonic materials such as Ag, Cu, or
Al, which could reduce costs while maintaining the essential
antenna–reactor synergy. Thus, the key contribution of this work
lies not in demonstrating immediate economic competitiveness,
but in providing atomic-level mechanistic insight and structural
guidelines for the rational development of low-Pt plasmonic
electrocatalysts.
To contextualize the performance of the Au98.5Pt1.5 NWs, we

compared our results with representative HER electrocatalysts
reported in recent literature (Table S2, Supporting Information),
showing that Au98.5Pt1.5 NWs deliver overpotentials and mass
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Figure 3. Structural and compositional analysis of Au98.5Pt1.5 NWs. A) Tomographic render STEM-HAADF image revealing the uniform nanowire thick-
ness and undulating interconnected morphology (see Movie S1). B) HAADF-STEM image of a representative nanowire segment. C) Atomic-resolution
HAADF-STEM image showing the dominance of {111} surface facets, with occasional presence of {100} planes. D–F) STEM-EDS elemental maps show-
ing the distribution of (D) Pt, (E) Au, and (F) the Au–Pt overlay. The results confirm that there is no continuous coverage of Pt, indicating a dispersed
submonolayer configuration, consistent with a calculated Pt surface coverage below 20 nm. G,H) High-resolution XPS spectra of (G) Au 4f and (H) Pt
4f core levels. In (G), spectra for monometallic Au nanowires are included for comparison. The Pt 4f spectrum in (H) indicates the presence of both
metallic Pt0 and oxidized Pt2+ species, consistent with high surface exposure and submonolayer distribution.

activities that are competitive with state-of-the-art catalysts with
higher Pt loadings.
Further insights into the electrocatalytic mechanism were ob-

tained from Tafel analysis (Figure 2D). The Tafel slopes, cal-
culated from LSV curves normalized by geometric area, indi-
cated rapid kinetics for Au98.5Pt1.5 and Au92Pt8 nanowires, sim-
ilar to that of the Pt/C catalyst. Electrochemical impedance spec-
troscopy (EIS) measurements (Figure 2E) revealed lower charge
transfer resistances for Au98.5Pt1.5 and Au92Pt8nanowires, re-
spectively, indicating efficient electron transfer, thus facilitating
faster HER kinetics. The fitted EIS parameters are summarized
in Table S3 (Supporting Information). In all cases, the charge-
transfer resistance (Rct) decreased under 525 nm LED illumina-
tion compared to the dark, indicating improved interfacial charge
transport upon plasmon excitation. For example, Rct values de-
creased from 4.02 → 3.52 Ω·cm2 (Au99Pt1), 0.74 → 0.53 Ω·cm2

(Au98.5Pt1.5), and 0.99 → 0.54 Ω·cm2 (Au92Pt8). The strongest ef-
fect was observed for Au98.5Pt1.5, consistent with its superior
light-enhanced HER activity. These results confirm that plas-
monic excitation contributes to facilitating charge transfer at the
AuPt/electrolyte interface
As the most active catalyst in our series, the stability of the

Au98.5Pt1.5 nanowires was assessed via chronoamperometry at
a fixed current density of −10 mA cm−2 over a 24-h period
under dark conditions and benchmarked against commercial
Pt/C (Figure 2F). We deliberately performed long-termmeasure-
ments in the absence of illumination to provide a conservative
benchmark and to decouple electrochemical durability from tran-

sient photothermal or irradiation-induced fluctuations, which
can complicate stability interpretation. The AuPt nanowires ex-
hibited stable catalytic activity throughout the test and showed
comparable performance to Pt/C. HRTEM analyses after the
durability test (Figure S7, Supporting Information) confirmed
the structural preservation of the nanowires, with no observable
surface etching, aggregation, or fragmentation.
We note that Faradaic efficiency (FE) and gas chromatogra-

phy (GC) measurements of hydrogen production were not per-
formed in this study. However, under the acidic conditions em-
ployed (and with Pt-based catalysts, the HER is well established
to proceed with ≈100% FE.[44–46] The measured overpotentials,
Tafel slopes, and stability over 24 h are fully consistent with HER
being the dominant process. While direct quantification would
further validate this, we consider the risk of significant side reac-
tions to be negligible under these conditions. We therefore inter-
pret the observed currents as corresponding to HER.
To better understand the structural origins of the higher cat-

alytic performance observed for Au98.5Pt1.5 relative to the other
samples, we undertook a comprehensive structural analysis com-
bining 2D and 3D imaging techniques. TEM and HAADF-
STEM imaging (Figure 3A–C; Figure S8, Supporting Informa-
tion) revealed that the Au98.5Pt1.5 nanowires possess an undu-
lating morphology, with the wires having a narrow width distri-
bution and an atomically coherent polycrystalline fcc structure,
containing frequent twins and stacking faults. Frequent twinning
within the nanowire‘s fcc atomic crystal structure enables a high
proportion of the most stable {111} surface facets despite the
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irregular morphology. Atomic-resolution imaging confirmed the
predominance of exposed {111} surface facets, withminor contri-
butions from {100} planes (Figure 3C; Figure S8, Supporting In-
formation) with d-spacings of ≈0.24 and ≈0.14 nm, correspond-
ing to {111} and {200} planes, respectively, of fccAu. Importantly,
the facet distribution aligns with the DFT predictions that {111}-
terminated Pt sites provide optimal HER activity.
To gain deeper insight into the 3D architecture, the continu-

ity of the helical nanowire networks, and their implications for
electrocatalytic performance, we performed electron tomography
using HAADF-STEM (Figure S9, Supporting Information). The
3D imaging revealed an entangled, yet spatially open network
of interconnected wires. This geometry enables high surface ac-
cessibility and efficient electrolyte penetration while minimizing
diffusion limitations.[17,25,26] The 3D analysis also confirmed that
the individual nanowires maintain consistent diameters and cur-
vature throughout their volume, corroborating the structural co-
herence observed in 2D projections. These interconnected undu-
lating wires contribute to enhanced charge transport pathways
and mechanical resilience during operation, offering a structural
rationale for the high activity and stability of the catalysts.
We note that electrochemical surface area (ECSA) determi-

nation via hydrogen underpotential deposition is not reliable
for these nanostructures, since the Pt coverage is discontinu-
ous and too dilute to yield well-defined Hupd features, while Au
does not provide a clear hydrogen adsorption signal. Similarly,
turnover frequency (TOF) values would require precise quantifi-
cation of the number of accessible Pt sites, which cannot be ro-
bustly defined under submonolayer decoration. For this reason,
we report Pt mass-normalized activity as the most rigorous and
widely adopted benchmarking metric for low-Pt HER catalysts.
The structural advantages of the 3D nanowire networks, includ-
ing high accessibility and porosity, are instead supported by direct
morphological evidence from SEM, TEM, and tomography.
Further, STEM-energy-dispersive X-ray spectroscopy (STEM-

EDS) mapping illustrates that, while Au was distributed homo-
geneously across the nanowires (Figure 3E), X-ray counts of Pt
were too low to conclusively locate Pt atoms (Figure 3D), with
no evidence indicating the presence of continuous Pt layers.
In addition, atomic resolution STEM imaging revealed isolated
atomic species that were mobile on the nanowire surfaces under
the electron beam (Figure S10, Supporting Information), sug-
gesting that Pt may be present as isolated single atoms on the
nanowire surfaces. However, the similar atomic number of Pt
and Au makes it impossible to unambiguously assign the in-
dividual surface atoms to Pt or Au from STEM-HAADF imag-
ing. Isolated single atoms were not found on Au nanowires
(Figure S11, Supporting Information), suggesting that the iso-
lated atoms observed are likely to be Pt. To avoid overinterpreta-
tion, and in the absence of atomic-resolution spectroscopic tech-
niques such as EXAFS, we conservatively refer to these surface
features as submonolayer distributions. Nonetheless, the more
discrete and sparse Pt distribution suggests effective formation
of more isolated catalytic sites relative to a monolayer or core-
shell coverages, essential for efficient plasmonic enhancement
and catalytic activity.[47,48] Equivalent 2D and 3D imaging of the
monometallic Au nanowires used as control samples and 2D
imaging of the other Au-Pt composition (Figures S11–S14, Sup-
porting Information) revealed all samples had similar structure

and morphological features, individual nanowires have a poly-
crystalline fcc atomic structure dominated by {111} surface facets,
the nanowires have consistent size distributions and spiral in an
irregular manner to form an interconnected network. This gives
confidence that the change in catalytic performance is a result of
the surface Pt content, not a result of a change in the native Au
nanowire morphology.
Although direct visualization of 1–2 atomic layer Pt distribu-

tions is inherently challenging, multiple complementary obser-
vations support submonolayer Pt decoration rather than continu-
ous coverage at the surface. STEM-EDSmaps show Pt signals lo-
calized at the surface,HAADF-STEM images reveal faint contrast
features corresponding to isolated surface atoms or small clus-
ters, andXPS spectra indicate characteristic binding energy shifts
consistent with submonolayer Pt. Moreover, the preservation of
strong Au plasmon resonances in the UV–vis spectra would not
be expected if a continuous Pt shell were present.
The X-ray photoelectron spectroscopy (XPS) Au 4f spectrum

of Au98.5Pt1.5 (Figure 3G, bottom trace) displayed well-defined
doublets assigned to Au 4f7/2 and 4f5/2 characteristic of metallic
Au0. No significant shifts were detected relative to the pure Au
nanowires (Figure 3G, top trace). The Pt 4f region (Figure 3H)
exhibitedmain signals at 71.06 and 74.42 eV that can be assigned
to the Pt 4f7/2 and 4f5/2 doublets of Pt. Also, a lower intensity dou-
blet at 72.23 and 75.93 eV that can be assigned to oxidized Pt2+

species was detected. The presence of Pt2+ suggests partial sur-
face oxidation that can be attributed to the ultralow Pt content,
in which the dilute distribution of Pt on Au can favor the forma-
tion of Pt2+ and sites that are more susceptible to the formation
of PtO and Pt(OH)2 species.

[19,48] The detection of both Pt0 and
Pt2+ further supports the interpretation from STEM-EDS that Pt
is dispersed as a submonolayer. The coexistence of oxidized and
metallic Pt species is also indicative of highly exposed and re-
active surface Pt sites, which are beneficial for HER catalysis.
Although bulk electronegativity values suggest charge transfer
from Pt to Au, electron redistribution in Au–Pt nanostructures
depends strongly on coverage regime and local coordination. In
our system, discontinuous submonolayer Pt decoration creates
undercoordinated Pt atoms that favor electron enrichment, as
confirmed by DFT Bader charge analysis. This contrasts with
alloyed systems, where higher Pt coordination drives Pt → Au
transfer.[25] Thus, charge redistribution in Au–Pt systems cannot
be explained by electronegativity alone, but must be understood
in the context of nanoscale morphology.
Regarding the Pt distribution, we emphasize that the conclu-

sion of submonolayer Pt arises from a convergence of comple-
mentary evidence: i) STEM-EDS mapping shows no continuous
Pt shell in Au98.5Pt1.5 nanowires, in contrast to Au92Pt8 (shown
later in Figure 4); ii) atomic-resolutionHAADF-STEM images re-
veal faint contrast features corresponding to isolated, mobile sur-
face atoms absent in pure Au nanowires (Figure S10, Supporting
Information), strongly suggestive of Pt single atoms or clusters;
and iii) XPS confirms the presence of both metallic Pt0 and ox-
idized Pt2+, consistent with highly exposed, discontinuous Pt at
ultralow loadings. In view of the difficulty in distinguishing Au
and Pt atoms unambiguously by STEM alone, we therefore use
the conservative term submonolayer distribution.
To further illustrate how Pt coverage influences structural fea-

tures, we characterized the Au92Pt8 nanowires, representing the
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Figure 4. Structural and compositional characterization of Au92Pt8 nanowires. A) HAADF-STEM image of an individual nanowire segment, and
B) corresponding fast Fourier transform (FFT) pattern showing well-defined lattice spacings assigned to (111) and (100). C) Atomic-resolution HAADF-
STEM image showing lattice-resolvedmorphology with predominant {111} surface facets. D–F) Corresponding STEM-EDS elemental maps of the region
in (C): (D) Au, (E) Pt, and (F) the Au–Pt overlay. The maps indicate the formation of a continuous 1–2 atomic layer Pt shell over the Au nanowire core.

high-Pt end-member of our series (Figure 4A–F). In contrast
to the discontinuous submonolayer Pt decoration observed for
Au98.5Pt1.5, the Au92Pt8 sample exhibits a more continuous cov-
erage (1–2 atomic layer Pt shell over the Au nanowire core).
HAADF-STEM imaging (Figure 4A,C; Figure S13, Supporting
Information) and FFT analysis (Figure 4B) reveal well-defined lat-
tice fringes with dominant {111} surface facets similar to those
in the Au98.5Pt1.5 and pure Au nanowires. However, STEM-EDS
mapping reveals that the higher Pt content leads to a more con-
tinuous and uniform distribution of Pt over the nanowire surface
compared to that seen inAu98.5Pt1.5 nanowires (Figure 4E,F). This
surface coating has a thickness of 0–2 atomic layers in the region
imaged in Figure 4 (Figure S14, Supporting Information), simi-
larly showing another region of nanowire with similar layer thick-
nesses. This comparison highlights the structural evolution with
increasing Pt loading and explains the dampening of plasmonic
responses at higher Pt contents.
The enhanced HER activity observed for the Au98.5Pt1.5

nanowires can thus be rationalized by considering both elec-
tronic and plasmonic effects. For the submonolayer coverage of
Au98.5Pt1.5, Pt atoms are more discretely distributed on the Au
surface, leading to a higher probability of forming more isolated
catalytic sites with reduced Pt–Pt coordination to more isolated
catalytic sites with lower Pt–Pt coordination numbers.[49] While
we did not directly measure coordination numbers using EX-
AFS or related techniques, the inference of lower coordination is
supported by atomic-resolutionHAADF-STEM, XPS, and STEM-
EDS. More isolated Pt sites possess altered electronic states, typ-

ically characterized by an upshifted d-band center, as supported
by our DFT calculations, which results in optimized binding in-
teractions with reaction intermediates, such as adsorbed hydro-
gen (H*).[49,50] In contrast, the continuous 1–2 atomic layer Pt
shell observed for Au92Pt8 nanowires increases Pt–Pt coordina-
tion, shifting electronic properties closer to bulk-like Pt andweak-
ening the advantage of electronic synergy between Au and more
isolated Pt sites. Furthermore, from a plasmonic perspective, the
discrete submonolayer coverage of Pt in the Au98.5Pt1.5 nanowires
preserves the strong LSPR absorption of the Au core, thereby fa-
cilitating efficient generation and injection of plasmon-induced
hot electrons into surface Pt sites.[51] In contrast, a continuous
Pt shell may damp the plasmon resonance more strongly, reduc-
ing the plasmon-driven hot-carrier generation efficiency, and re-
sulting in lower catalytic activity despite the higher total Pt con-
tent. Thus, achieving dispersed Pt species on the surface is pro-
posed to be critical to balancing catalytic activity, plasmonic reso-
nance, and efficient hot-electron utilization, ultimately maximiz-
ing HER performance. However, when the Pt content is further
decreased to 1 at.% in the Au99Pt1 nanowires, a noticeable de-
cline in catalytic activity is observed. This reduction can be at-
tributed to the insufficient availability of Pt active sites for ef-
fective electron transfer and hydrogen adsorption. While sub-
monolayer Pt coverage in the Au98.5Pt1.5 nanowires optimally bal-
ances electronic synergy and plasmonic enhancement, reduc-
ing the Pt loading further limits the density of accessible cat-
alytic sites, which becomes a critical bottleneck for HER perfor-
mance. Therefore, while minimizing Pt content is desirable for
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Figure 5. DFT analysis of electronic structure and hydrogen adsorption across Au–Pt surface models. A) Plane-averaged differential charge density
(DCD) profiles along the z-axis for Au (111), Au-Pt sublayer, Au-Pt monolayer, Au-Pt core–shell, and Pt (111) surface models. B) Electrostatic potential
profiles showing progressive changes in work function with increasing Pt coverage. C,D) Projected density of states (PDOS) of (C) Au 5d and (D) Pt
5d orbitals under different coordination environments. E) Charge density difference (CDD) plots and Mulliken charge analysis for H adsorption on
various surfaces. Green and pink contours indicate regions of electron accumulation and depletion, respectively (isosurface range: −0.25 to +0.25
e). F) PDOS comparison between free H and H adsorbed at Pt sites in the monolayer model, showing hybridization of the H 1s orbital with surface
states. G) Calculated Gibbs free energies for hydrogen adsorption (ΔGH*) across all models. H) Mulliken charge analysis before and after H adsorption,
highlighting efficient electron transfer at monolayer Pt sites.

cost and resource considerations, our results suggest that there
exists an optimal range, exemplified by Au98.5Pt1.5 nanowires,
below which further reductions compromise catalytic efficiency
due to insufficient availability of catalytically active sites. Our
data on Au99Pt1 nanowires confirmed that this lowest-Pt load-
ing sample preserved the characteristic nanowire morphology
(TEM/SEM, Figure S4, Supporting Information), exhibited a nar-
row size distribution (Figure S5, Supporting Information), and
retained the Au plasmon resonance (UV–vis, Figure S6, Support-
ing Information). These results demonstrate that the structural
framework is consistent across the compositional series, validat-
ing Au99Pt1 as the low-Pt end-member. Together with the detailed
atomic-resolution analysis of Au98.5Pt1.5 and Au92Pt8, these find-
ings provide sufficient evidence that the evolution of structure
with Pt loading is fully captured without requiring redundant
high-resolution characterization for Au99Pt1.

To further elucidate the electronic and structural origins of the
enhancedHER activity observed for the Au98.5Pt1.5 nanowires, we
performed additional DFT calculations specifically focused on de-
tailed slab models of the (111) surface facet. These calculations
differ from the initial DFT analyses (Figure 1), which employed
simplified nanowire models includingmultiple facets and edges,
by providing a more precise examination of the electronic inter-
actions and surface phenomena localized exclusively at the dom-
inant catalytic facet. Using surface slab models representing key
compositional motifs, pristine Au, Au–Pt sublayer, Au–Pt mono-
layer, Au–Pt core–shell, and pure Pt surfaces (Figure 5; Figure
S15, Supporting Information), allowed us to mimic the experi-
mentally observed configurations and probe the electronic behav-
ior at atomic precision. To assess how surface Pt incorporation
alters charge distribution and interfacial behavior, we analyzed
the charge density difference (CDD)maps and the corresponding
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plane-averaged differential charge density (DCD) profiles along
the surface normal (z-direction) (Figure 5A; Figure S16, Support-
ing Information). The DCD analysis revealed significant electron
redistribution at themetal–metal interface.[52] This interfacial po-
larization, driven by strong electronic coupling between the Au
core and Pt atoms at the surface, may establish a built-in elec-
tric field across the interface that facilitates spatial separation
and directional transport of plasmon-generated hot carriers. Elec-
trostatic potential profiles across the models (Figure 5B) further
confirmed this behavior, showing a progressive increase in work
function (WF) with higher Pt content. This trend reflects spon-
taneous electron migration from the Au core to the more elec-
tronegative Pt-rich surface, aligning the Fermi levels and stabi-
lizing the system.[53] The resulting charge equilibration ensures
that photogenerated hot electrons accumulate preferentially on
the surface Pt sites, precisely where HER takes place, thus en-
hancing the overall efficiency of plasmon-driven catalysis.
Next, we examined the projected density of states (PDOS) of

Au 5d and Pt 5d orbitals in different configurations (Figure 5C,D,
respectively). For the Au 5d states (Figure 5C), Pt decoration in-
duced a downward shift in the density of states, indicative of elec-
tron transfer from Au to Pt and a concomitant depopulation of
Au surface states. Conversely, the Pt 5d states (Figure 5D) dis-
played a notable upshift in both the monolayer and sublayer con-
figurations, resulting in elevated d-band centers relative to bulk
Pt and the core–shell model. This shift toward the Fermi level
is associated with stronger orbital overlap and enhanced bind-
ing of reaction intermediates, a hallmark of improved catalytic
activity.[53] Among all configurations, the sublayer andmonolayer
models exhibited the highest d-band centers, consistent with the
theoretically optimal hydrogen adsorption energy. Charge den-
sity difference (CDD)mapping andMulliken population analysis
(Figure 5E) revealed significant electron redistribution localized
at Pt active sites upon H adsorption, especially in the monolayer
model, where pronounced charge accumulation and depletion
highlight efficient coupling between the Pt surface and H*.[54]

Complementary PDOS analysis of the H 1s orbital (Figure 5F)
confirmed strong hybridization with Pt states, supporting effec-
tive electron transfer during the adsorption process.
The catalytic implications of these interactions were quanti-

fied by calculating the Gibbs free energy of hydrogen adsorption
(ΔGH*, Figure 5G). The Pt sites in themonolayermodel exhibited
ΔGH* values closest to the thermoneutral condition (≈0 eV),[55]

suggesting an ideal balance between H* adsorption and desorp-
tion. This would, in principle, translate to optimal HER perfor-
mance. However, experimentally, the best catalytic activity was
observed for the Au98.5Pt1.5 nanowires, which exhibit submono-
layer Pt coverage rather than a complete monolayer. This appar-
ent discrepancy can be reconciled by considering the nature of
plasmonic enhancement and local heterogeneity in real catalyst
surfaces. While DFT calculations assume idealized, ordered sur-
faces, the experimental submonolayer coverage produces a het-
erogeneous distribution of Pt atoms—ranging from more iso-
lated atoms to layered regions on the Au surface. Such config-
urations can maximize the electronic synergy between Au and
Pt, creating low-coordination Pt sites that are known to be cat-
alytically superior.
Interestingly, Mulliken charge analysis (Figure 5H) revealed

that Pt sites in the monolayer model experienced the greatest

electron loss uponH adsorption, despite stronger H binding pre-
dicted by their elevated d-band centers. This suggests a synergis-
tic interaction between adjacent Au and Pt atoms in mixed en-
vironments, facilitating directional charge transfer from the Au
scaffold to Pt and then to theH* intermediate.[56] The experimen-
tally realized submonolayer architecture captures the best of both
regimes: sufficient Pt coverage to provide active sites, and enough
surface heterogeneity and electronic coupling to enhance both
intrinsic activity and plasmonic responsiveness. Taken together,
these insights offer a coherent atomic-scale explanation for the
superior catalytic performance of Au98.5Pt1.5 NWs. They highlight
how submonolayer Pt coverage on anisotropic Au supports can
simultaneously optimize hydrogen adsorption thermodynamics
and electronic structure, critical factors for maximizing HER ac-
tivity under light-driven and precious-metal-limited conditions.
In summary, our results establish a clear structure–activity–

plasmonic relationship. The anisotropic Au nanowire architec-
ture not only provides high surface accessibility and efficient
charge transport but also preserves Au LSPR even at ultralow
Pt coverages. This retention of plasmonic activity is critical, as
it enables hot-carrier generation and interfacial charge redistri-
bution at the Au–Pt interface, which in turn optimizes hydro-
gen adsorption on Pt. The correlation between preserved LSPR
features (UV–vis, Figure S6, Supporting Information), favorable
electronic coupling (DFT, Figures S1,S2,S18 and S19, Support-
ing Information), and enhancedHER activity under illumination
demonstrates that plasmonic effects play a decisive role in pro-
moting HER efficiency at minimal Pt loading.

3. Conclusion

In this work, we established anisotropic AuPt nanowires with
submonolayer Pt coverages as an efficient platform for plasmon-
enhanced hydrogen evolution. Guided by DFT calculations, we
synthesized nanowires with controlled Pt distributions ranging
from 1–2 atomic layers to discontinuous submonolayer decora-
tion. Advanced structural analyses confirmed the preservation
of nanowire morphology, predominant {111} facets, and surface
Pt decoration, while optical and spectroscopic measurements
demonstrated that Au LSPR are retained even at ultralow Pt load-
ings. Electrochemical studies revealed that these structural fea-
tures translate into high HER activity, with Au98.5Pt1.5 nanowires
achieving overpotentials as low as 35 mV at −10 mA cm−2 and a
mass activity of 9.3 A mg−1Pt at −0.05 V vs RHE under visible-
light illumination, approximately sevenfold higher than commer-
cial Pt/C under the same conditions. Importantly, long-term test-
ing confirmed the durability of the catalysts, with nanowire mor-
phology and integrity preserved after 24 h of continuous opera-
tion. Together, these results highlight a clear structure–activity–
plasmonic relationship: anisotropic nanowire geometry provides
open architectures for electrolyte access, submonolayer Pt dec-
oration maximizes Pt utilization efficiency, and plasmonic exci-
tation drives hot-carrier transfer and interfacial charge redistri-
bution that further enhance catalytic activity. Beyond the specific
system studied here, this work establishes a broadly applicable
design principle for coupling plasmonic antenna scaffolds with
atom-efficient catalytic reactors, offering a promising strategy to
reduce precious-metal usage while advancing sustainable hydro-
gen production.
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4. Experimental Section
Materials and Methods: The following reagents were used without

further purification: gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%,
Sigma–Aldrich), dipotassium hexachloroplatinate(IV) (K2PtCl6, 99.9%,
Sigma–Aldrich), 1-hydroxynaphthalene (C10H7OH, 99%, Sigma–Aldrich),
sodium citrate tribasic dihydrate (≥99%, Sigma–Aldrich), L-ascorbic acid
(≥99%, Sigma–Aldrich), nitric acid (HNO3, 65%, Sigma–Aldrich), sul-
furic acid (H2SO4, 98%, Sigma–Aldrich), isopropanol (≥99.9%, Sigma–
Aldrich), acetone (99%, Honeywell), Nafion perfluorinated resin solu-
tion (10 wt.% in H2O, Sigma–Aldrich), ethanol (99.8%, Fisher Chemical),
and Vulcan XC-72R carbon black (Fuel Cell Store). Ultrapure water (18.2
MΩ·cm) was obtained using a Milli-Q system and used for all synthesis
and washing steps.

Field-emission scanning electronmicroscopy (FE-SEM) was carried out
using a Hitachi S-4800 operated at 10 kV and a working distance of 8 mm.
Samples were prepared by drop-casting ethanol-dispersed nanowires onto
silicon wafers. Transmission electron microscopy (TEM) was performed
on a JEOL JEM-1400 microscope, with samples prepared by drop-casting
ethanol suspensions onto carbon-coated copper grids. Particle size distri-
butions were determined by measuring the diameters of 100 particles.

Atomic-resolution HAADF-STEM and STEM-EDX elemental mapping
were carried out using a probe-corrected Thermo Fisher Spectra 200
S/TEM operated at 200 kV, equipped with a ChemiSTEM EDX sys-
tem. Imaging conditions included a probe current of ≈150 pA, a semi-
convergence angle of 29.5 mrad, and an inner collection angle of 56 mrad.
Tomographic analysis was conducted using a Thermo Fisher Spectra 200
S/TEM with a probe current of ≈80 pA, a convergence angle of 11 mrad,
and a collection angle of 56 mrad. Tilt-series were acquired from −54° to
68° (for the Au98.5Pt1.5) and −60° to 62° (for the Au) with 2° increments.
Tomographic reconstruction was completed in Inspect3D using an Expec-
tation Maximization algorithm with 20 iterations.

UV–vis spectra were recorded using a Shimadzu UV–2600 spectrome-
ter over the range 300–1100 nm (1 nm step) from aqueous nanoparticle
suspensions. XRD patterns were collected on a Bruker D8 Advance diffrac-
tometer using Cu K𝛼 radiation (𝜆 = 1.5406 Å) in Bragg–Brentano geom-
etry. Data were acquired from 20° to 70° 2𝜃 with a step size of 0.02° and
1 s per step. Diffraction patterns were indexed using JCPDS reference files.

Elemental analysis was performed by microwave plasma atomic emis-
sion spectroscopy (MP-AES, Agilent 4100 MP-AES) with three indepen-
dent measurements per sample. X-ray photoelectron spectroscopy (XPS)
was carried out using a PREVAC system equipped with a monochroma-
tized Al K𝛼 source (1486.7 eV) under ultrahigh vacuum. The pressure in
the chamber during the measurements was ≈3 × 10−10 mbar. Survey and
high-resolution spectra were acquired at 200 and 100 eV pass energy, re-
spectively. All spectra were calibrated to the C 1s peak and analyzed using
CasaXPS with a Shirley background correction.

Synthesis of Au and AuPt Nanowires: Au and Au@AuPt nanowires were
synthesized following a modified protocol based on Chen et al.[20] In a
25 mL round-bottom flask, 3 mL of ultrapure water, 3 mL of ethanol, 1 mL
of HAuCl4·3H2O (59 mmol), and varying volumes of K2PtCl6 (2.4 mmol)
weremixed to achieve target Pt coverages (core–shell, monolayer, and sub-
monolayer) as summarized in Table S1 (Supporting Information). Then,
1 mL of 1-hydroxynaphthalene (0.5 m in ethanol) was added as both a
reducing and shape-directing agent. The reaction mixture was heated at
75 °C for 12 h under reflux using a silicone oil bath. After cooling to room
temperature, the product was washed seven times with ethanol via cen-
trifugation and resuspended in ethanol for storage. Control Au nanowires
were synthesized identically but without the addition of the Pt precursor.

Electrocatalytic Evaluation: HER: Electrochemical measurements were
conducted in a conventional three-electrode glass cell using an Autolab
PGSTAT 128N potentiostat. A glassy carbon electrode (GCE, 6 mm diam-
eter, 0.2827 cm2 geometric area) was used as the working electrode, a
graphite rod as the counter electrode, and a reversible hydrogen electrode
(RHE) as the reference. For the catalyst ink preparation, a 1 mL disper-
sion of AuPt nanowires (2.32 mg mL−1) was centrifuged and the super-
natant removed. The solid was redispersed in 1 mL of a solution contain-
ing ethanol:water:Nafion 5% in a 7:2.9:0.1 v/v/v ratio. Vulcan XC-72R car-

bon was added to yield a final carbon concentration of 1.16 mg mL−1. The
resulting suspension was ultrasonicated for 60 min to obtain a homoge-
neous ink. A 24.4 μL aliquot of the freshly prepared ink was drop-cast onto
a glassy carbon electrode (geometric area = 0.2827 cm2). The film was
dried at 50 °C for 10 min, resulting in final loadings of 200 mg cm−2 of Au
and 100 mg cm−2 of C.

All measurements were carried out in 0.5mH2SO4 (Ar-purged) at room
temperature (25 °C). Linear sweep voltammetry (LSV) was performed
at 5 mV s−1. For light experiments, we used a Kessil PR160L LED (𝜆 =
525 nm, 68 mW cm−2, 5 cm distance). Long-term stability measurements
(chronoamperometry), however, were carried out in the dark at a fixed cur-
rent density of −10 mA cm−2, in order to provide a conservative and light-
independent benchmark of electrochemical durability. This approach en-
sures that catalyst degradation, if present, can be attributed to intrinsic
electrochemical processes rather than fluctuations associated with illumi-
nation. Mass activities were determined by normalizing the current ob-
tained from LSV to the Pt mass deposited on the electrode. The Pt content
of each catalyst was quantified by MP-AES (Table S1, Supporting Informa-
tion). Geometrically normalized voltammograms and additional controls
are provided in the Supporting Information.

Theoretical Calculations: DFT calculations were performed using the
CASTEP package to investigate the electronic structure and HER activ-
ity of Pt-decorated Au nanowires.[57] The exchange-correlation interac-
tions were described using the Perdew–Burke–Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA).[58] Ultrasoft pseu-
dopotentials were employed with a plane-wave cutoff energy of 420 eV.
van der Waals interactions were accounted for using Grimme’s DFT-D dis-
persion correction.[59] Geometry optimizations were carried out using the
Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm until forces con-
verged below 0.05 eV Å−1, energy convergence was within 5 × 10−5 eV per
atom, and atomic displacements were less than 0.005 Å. A vacuum spac-
ing of 20 Å was included along the c-axis to avoid periodic interactions
between surfaces. Simulated models correspond to various Pt coverage
scenarios as detailed in the manuscript and Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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