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als nickel hydroxide formation in
PtRuNi catalysts enhances hydrogen oxidation

Kai Tao,a Mingxiao Han,b Li Jiang, b Shangzhong Jin,b Tommaso Giovannini, c

Denis Garoli, *bd Zhefei Zhao, e Qiang Linf and Huaizhou Jin*a

Understanding the mechanisms for improving hydrogen oxidation reaction (HOR) activity on Pt-based catalysts

in alkaline environments is challenging due to the lack of directly observed intermediates. Understanding the role

of oxophilic metal additives is also crucial for designing advanced catalysts. In this study, we use in situ surface-

enhanced Raman spectroscopy (SERS) to investigate the HOR on Au@PtRuNi nanoparticles. Electrochemical

measurements show improved HOR activity with little change in hydrogen binding energy (HBE), whereas

Raman results show the 740 cm−1 peak for hydroxyl adsorption on Ru, as well as a new peak at 565 cm−1,

which can likely be attributed to the formation of nickel hydroxide (Ni(OH)2) during the catalytic process,

starting from 0.3 to 0.5 V vs. RHE. This suggests that nickel hydroxide and the hydroxyl groups on ruthenium

likely collaborate to facilitate hydrogen oxidation.
1. Introduction

Hydrogen fuel cells are a promising technology for green energy
generation; they are highly efficient and produce only water as
a byproduct, making them environmentally friendly.1–4 One crit-
ical half-reaction in hydrogen fuel cells is the hydrogen oxidation
reaction (HOR). In fact, the efficiency of this reaction is signi-
cantly inuenced by the electrocatalyst.5–8 Platinum (Pt) is a well-
known electrocatalyst in the HOR; however, because of its scar-
city and high cost, researchers are actively exploring other metals
and alloys to enhance catalytic activity and reduce costs.9–11 In
recent years, alkaline anion exchange membrane fuel cells
(AEMFCs) have gained signicant attention due to their ability to
work better with non-platinum group metal catalysts.12–15

However, the HOR is signicantly slower in alkaline media than
in acid. Therefore, researchers are trying to develop new catalysts
that can operate efficiently in alkaline environments.16 Among
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them, ruthenium (Ru) and nickel (Ni) are two particularly
promising candidates for enhancing Pt-based catalyst
performance.17–19 Studies have also shown that multi-metal
catalysts, such as those formed by implanting oxophilic metals
into PtRu structures, can enhance HOR activity; however, their
mechanisms have not yet been fully elucidated.20

To understand the HOR in alkaline media, we rst start with
its reaction equation. The HOR in alkaline media consists of
a few basic steps: Tafel, Heyrovsky, and Volmer steps, with the
rst step being the Tafel or Heyrovsky process, and the second
being the Volmer process.17,21 The reaction equations of Tafel,
Heyrovsky and Volmer steps are shown in (1)–(3), with the total
reaction equation shown in eqn (4):

Tafel step: * + H2 / 2Had (1)

Heyrovsky step: * + H2 + OH− / Had + H2O + e− (2)

Volmer step: Had + OH− / * + H2O + e− (3)

Total equation: 2* + H2 + 2OH− / 2* + 2H2O + 2e− (4)

In these equations, * represents hydrogen adsorption sites.
Heyrovsky and Volmer steps involve the participation of hydroxyl
(OH) species. The source of OH− species and its precise role
remain areas of active investigation and debate.22,23 The two
dominant mechanistic proposals are the hydrogen binding
energy (HBE) theory and the bifunctional mechanism.24

Supporters of HBE theory emphasize that the hydrogen binding
energy is the primary factor that affects HOR kinetics.25 On the
other hand, supporters of the bifunctional mechanism postulate
that HOR kinetics in alkalinemedia is limited by the Volmer step,
and that adsorbed OH species on oxophilic metal or compound
Nanoscale Adv.
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sites on the electrocatalysts would enhance HOR activity by
facilitating the Volmer step.26One of the earliest supporters of the
bifunctional mechanism, Nenad M. Markovíc's group, success-
fully modied Pt(111) with Ni(OH)2-islands, and suggested that
adsorbed OH species are a key reactant in the HOR in alkaline
solutions.27 One critical reason for this debate stems from the
technical challenges in directly observing the short-lived hydroxyl
intermediates during the catalysis.28–30 Surface-enhanced Raman
spectroscopy (SERS) is a powerful tool for identifying and char-
acterizing these transient species at the electrode–electrolyte
interface (i.e. in situ).31 This technique can be employed to iden-
tify adsorbed hydroxyl species and other intermediates, providing
direct spectroscopic evidence to elucidate their role in the reac-
tions.5 In several previous studies, Ru has been identied as a key
oxophilic metal for OH adsorption, with the metal's ability to
adsorb OH species at very low potentials.32,33 Specically, SERS
results indicated that the formed ruthenium oxides served as
robust OH adsorption sites, thereby facilitating the HOR
process.33 Ni can also provide OH adsorption sites, but the
adsorption may happen at a higher potential.34

In this study, we aim to utilize SERS to investigate the behavior
of adsorbed hydroxyl intermediates on Pt and PtRu based cata-
lysts by using Au@Pt, Au@PtRu and Au@PtRuNi core–shell
structures.35 The Au@PtRuNi structure is used to investigate the
role of Ni in the HOR process, and that whether Ni can act in
synergy with Ru to improve HOR activity. The Au@PtRuNi core–
shell structure is shown in Fig. 1. This comparative analysis with
multiple catalysts using both electrocatalytic measurement and
SERS allows for a nuanced understanding of how different oxo-
philic elements inuence the interfacial interactions in the HOR,
and allows us to discover possible nickel hydroxide formation
which facilitates the HOR process.

2. Materials and methods
2.1 Materials and instrumentation

Gold chloride trihydrate (HAuCl4$3H2O, 99.9%) is the precursor
used to synthesize gold nanoparticles (AuNPs). Metal precur-
sors used for catalysis synthesis include chloroplatinic acid
Fig. 1 Illustrative schematic of the HOR process on the Au@PtRuNi
surface in alkalinemedia. (The choice for the size of the Au core and Pt,
Ru and Ni composition is related to the composition measured with
EDS).

Nanoscale Adv.
hexahydrate (H2PtCl6$6H2O, 99.9%), ruthenium(III) chloride
hydrate (RuCl3$xH2O), and nickel chloride hexahydrate
(NiCl2$6H2O).

Reductive agents including sodium borohydride (NaBH4),
ascorbic acid and sodium citrate were employed for the
synthesis; ethanol, potassium hydroxide, and ultrapure water
(18.2 MU cm) were used for solution preparation and cleaning
procedures.

All reagents above were purchased from various domestic
providers, such as Adamas-beta, Macklin and Aladdin, all from
Hangzhou and Shanghai, China. They were all of analytical
grade and were used without further purication. Vulcan
carbon XC-72 was utilized as the catalyst support material, ob-
tained from Cabot Corporation, Boston, United States.

Electrochemical measurements were performed using
a DHElecchem electrochemical workstation with a standard
three-electrode setup, using the built-in DHElecchem soware
to record electrochemical data. A Gauss Union C031-4 in situ
electrochemical ow cell was used for all electrochemical and in
situ Raman measurements. The ow cell was equipped with
a standard tri-electrode setup, including a platinum wire
counter electrode, a mercury/mercurous oxide (Hg/HgO) refer-
ence electrode, and a glassy carbon working electrode, with all
potentials referenced against the reversible hydrogen electrode
(RHE) in 0.1 M KOH solution.

For Raman measurements, we used a Horiba XploRA Raman
Spectrometer (Horiba Jobin Yvon, Paris, France). A 638 nm laser
was used as the excitation laser. Strong uorescent interference
was present for SERS measurements when a 532 nm laser was
used; on the other hand, the signals we obtained when using
a 785 nm laser were too weak.
2.2 Methods

2.2.1 Synthesis of 55 nm AuNPs. 55 nm AuNPs were
synthesized according to Frens' method.36,37 Specically, 2.424
mL of 0.825% HAuCl4 aqueous solution was combined with 196
mL of water in a three-necked round-bottom ask. This mixture
was subsequently brought to a boil, followed by the rapid
addition of 1.5 mL of 1% trisodium citrate solution under
continuous stirring while boiling for 20 minutes. The resulting
colloidal solution was then cooled to room temperature and
stored for further use.

2.2.2 Synthesis of Au@Pt nanoparticles. Core–shell Au@Pt
nanoparticles were synthesized following similar steps as re-
ported in previous chemical reductionmethods.33,34 Specically,
Au@Pt nanoparticles were synthesized by rst combining 30
mL of gold colloidal solution with 0.72 mL of 1 mM aqueous
H2PtCl6; this mixture was then stirred at 80 °C, followed by the
dropwise addition of 0.36 mL of 10 mM aqueous ascorbic acid
using a step motor-controlled syringe. Stirring was maintained
for an additional 20 minutes aer the complete addition.

2.2.3 Synthesis of Au@PtRu nanoparticles. Aer the
synthesis of Au@Pt nanoparticles, Ru was reduced on the
surface by adding 120 mL of 1 mM RuCl3 and 60 mL of 1% tri-
sodium citrate quickly while the solution was boiling. The
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6na00164e


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

11
:5

2:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solution was then stirred while boiling for another 20 minutes
to complete the reduction process, forming Au@PtRu.

2.2.4 Synthesis of Au@PtRuNi nanoparticles. For Au@P-
tRuNi nanoparticles, Pt and Ni were reduced on the surface of
AuNPs simultaneously by combining 30 mL of gold colloidal
solution with 0.72 mL of 1 mM aqueous H2PtCl6 and 0.72 mL of
1 mM aqueous NiCl2 solution. This mixture was then stirred at
80 °C, followed by the dropwise addition of 0.72 mL of 10 mM
aqueous ascorbic acid using a step motor-controlled syringe,
and stirring was maintained for an additional 20 minutes aer
the complete addition. Then, Ru was reduced on the surface
using exactly the same method in the synthesis of Au@PtRu
nanoparticles.

Aer the synthesis of these Au@catalyst core–shell nano-
particles, transmission electron microscopy (TEM) was used to
characterize their morphology and size distribution, with
elemental composition and mapping characterized by energy-
dispersive X-ray spectroscopy (EDS). Additionally, electro-
chemical techniques such as cyclic voltammetry (CV) and linear
sweep voltammetry were employed to evaluate the catalytic
activity with the aforementioned DHElecchem electrochemical
workstation. In situ Raman spectroscopy measurements were
conducted under constant potential conditions (such as −0.015
V, 0.035 V, 0.085 V, 0.135 V, etc.) to investigate intermediates
during the electrochemical processes.
3. Results
3.1 Characterization of nanoparticles

Fig. 2 shows the characterization results of Au@PtRuNi nano-
particles. Fig. 2(a) and (b) show the TEM result of the
Fig. 2 Characterization of Au@PtRuNi nanoparticles. (a) The TEM result
particle; scale bar: 5 nm; (c) elemental mapping from one single nanopa

© 2026 The Author(s). Published by the Royal Society of Chemistry
nanoparticles. The TEM images suggest that the chemical
reduction method produced uniform nanoparticles with an
average diameter of 30 nm and well-dened morphology.

EDS elemental mapping reveals the spatial distribution of Au,
Pt, Ru, and Ni throughout the nanoparticles. Fig. 2(c) shows the
distribution of the four individual metals. The Au and Pt signals
are concentrated in the center of the gure, this suggests more
continuous distribution of Au and Pt, whereas the Ru and Ni
signals are spread more sparsely over the nanoparticle. Quanti-
tative EDS analysis of Au, Pt, and Ru shows atomic percentages of
77.80%, 21.01%, and 1.18%, respectively (normalized for Au, Pt
and Ru only). Nickel content could not be accurately quantied
by EDS; however, the presence of nickel content is conrmed in
XPS results in Fig. 3(c) and (d). In fact, X-ray photoelectron
spectroscopy (XPS) was used to characterize the surface chemical
states of the Au@PtRuNi nanoparticles, as shown in Fig. 3. The Pt
4f spectrum displays two prominent peaks at binding energies of
71.2 eV (Pt 4f7/2) and 74.5 eV (Pt 4f5/2), which correspond to
metallic Pt, with a minor shoulder at ∼72.3 eV suggesting the
presence of partially oxidized Pt species Pt(II). The Ru 3p3/2 peak
is observed at 462.9 eV, consistent with metallic Ru, while the
broadening toward higher binding energy indicates a small
fraction of RuOx, which is in agreement with the role of Ru as an
oxophilic site for OH adsorption. XPS spectra of Ni 2p are taken
both before and aer the HOR. In Fig. 3(c), two main Ni 2p3/2
peaks appear at 856.0 eV and 852.7 eV corresponding to Ni(II) and
metallic Ni, respectively. XPS results further show that the
deposition of Pt, Ru and Ni on the Au core is successful. In
addition, as shown in Fig. 3(d), the XPS curve changes aer HOR
electrocatalysis. The 852.7 eV peak corresponding to metallic Ni
disappears while the 855.6 eV peak, which corresponds to Ni(II),
s of nanoparticles; scale bar: 10 nm; (b) the TEM results of one nano-
rticle for Au, Pt, Ru and Ni, respectively; scale bar: 20 nm.

Nanoscale Adv.
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Fig. 3 (a and b) XPS results of Pt 4f and Ru 3p of Au@PtRuNi nanoparticles, respectively; (c) XPS result of Ni 2p of Au@PtRuNi nanoparticles,
before the HOR; (d) XPS result of Ni 2p of Au@PtRuNi nanoparticles, after the HOR.
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becomes the main nickel peak in the spectrum. The shi of the
satellite peak from 860.3 to 862.3 eV also suggests that nickel
species are oxidized during the HOR process.

3.2 Electrocatalytic performances

Fig. 4(a) shows the HOR cyclic voltammetry (CV) curves of the
HOR on Au@Pt, Au@PtRu and Au@PtRuNi nanoparticles. CV
was performed in the range from 0.0 to 1.0 V vs. RHE at a scan
rate of 10 mV s−1 in 0.1 M KOH solution saturated with H2. On
all CV curves, we can see hydrogen underpotential deposition
(Hupd) peaks around 76 mV. This means that the addition of
oxophilic metals on the Pt layer did not alter the hydrogen
binding energy (HBE) signicantly. On the CV curve of Au@P-
tRuNi, there are exclusive metal redox peaks at 0.77 and 0.88 V.
According to Hall et al. and Oshchepkov et al., redox peaks in
this region can be assigned to the transition between a-Ni(OH)2
and b-Ni(OH)2.38–40

The CV curves in Fig. 4(a) also show that Au@PtRuNi exhibits
a higher double-layer capacitance (Cdl) compared to Au@PtRu
Nanoscale Adv.
and Au@Pt; the increased Cdl may arise from enhanced surface
roughness and/or hydrophilicity from Ni(OH)2 formation.

In order to assess the catalytic performance of the three
catalysts, we also performed polarization experiments. Fig. 4(b)
shows the polarization curves of Au@Pt, Au@PtRu and Au@P-
tRuNi catalysts obtained from linear sweeping voltammetry in 0.1
M KOH with saturated H2 at a sweeping rate of 10 mV s−1 and
rotating speed of 1600 rpm, with the inset of Fig. 4(b) showing the
micro-polarization regions of −4 to 4 mV. Fig. 4(c) shows the
Tafel plot obtained from the LSV data from Fig. 4(b). Current
densities increase faster for Au@PtRuNi than for Au@PtRu and
Au@Pt, with Au@Pt having the slowest increasing of current
density. At a xed current density of 1 mA cm−2, Au@PtRuNi
requires an overpotential of 38.9 mV, compared to 52.5 mV for
Au@PtRu and 65.5 mV for Au@Pt. This 13.6 mV and 26.6 mV
improvement over Au@PtRu and Au@Pt, respectively, demon-
strates that the catalytic enhancement arises from electronic and
chemical effects of Ni(OH)2, rather than the increase of surface
area and hydrophilicity alone.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cyclic voltammetry curves of Au@Pt, Au@PtRu and Au@PtRuNi, measured in a potential range from 0.05 to 1.0 V vs. RHE at a scan rate
of 10 mV s−1 in 0.1 M KOH solution saturated with H2; (b) polarization curve obtained from linear sweeping voltammetry from −0.1 to 0.6 V vs.
RHE at a scan rate of 10 mV s−1 and 1600 rpm rotation speed, inset is the micro-polarization region from−4 to 4mV; (c) Tafel plots derived from
HOR polarization curves using normalized kinetic current densities.
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These results demonstrate that the inclusion of Ni in the
catalyst provides genuine catalytic enhancement. The mecha-
nisms of this enhancement are revealed by in situ SERS analysis
in the next section.
3.3 SERS measurement results

We further examine the catalytic mechanisms using in situ
electrochemical SERS. Fig. 5(a) shows a comparison between
the SERS spectra obtained from Au@Pt, Au@PtRu, and Au@P-
tRuNi alloy nanoparticles at a potential of 0.155 V. Compared to
Au@Pt NPs, Au@PtRu and Au@PtRuNi nanoparticles have
a clear additional peak at 740 cm−1. This peak was reported in
the literature and was attributed to OHad species adsorbed on
Ru or RuOx.33 Au@PtRu and Au@PtRuNi have the same 740
cm−1 peak, which indicates that Ru or RuOx is a primary OH
adsorption site.

The changes to the spectra of the HOR on Au@PtRuNi
nanoparticles from −0.015 V to 0.535 V (−15 to 535 mV) vs. RHE
are shown in Fig. 5(b). In these experiments, we also found
another peak at 566 cm−1 that becomes stronger as potential
increases. In the Au@PtRu results shown in Fig. 5(c), a peak is
also observed near 566 cm−1. However, the 566 cm−1 peak ob-
tained from the Au@PtRu catalyst becomes weaker as the
potential increases, and disappears before 0.2 V, which is
attributed to the oxidation of RuOx and is consistent with
previous results.33 On the other hand, for experiments on
Au@PtRuNi nanoparticles, the intensity of 566 cm−1 increases as
the potential increases, especially at and above 0.385 V vs. RHE.
Hence, the increasing 566 cm−1 peak on Au@PtRuNi nano-
particles is associated primarily with Ni compounds. Nickel has
two primary (oxy)hydroxide species in electrochemistry: nickel
hydroxide, Ni(OH)2, where Ni is predominantly in the +2 oxida-
tion state, or Ni(II), and nickel oxyhydroxide, NiOOH, which
contains nickel in the +3 oxidation state, or Ni(III). Our post-
reaction XPS result in Fig. 3(d) shows a prominent Ni(II) peak at
855.6 eV; the metallic Ni peak, which is present in the pre-reac-
tion XPS curve in Fig. 3(c) and disappears in Fig. 3(d), suggesting
that most Ni species are oxidized. We performed peak tting on
© 2026 The Author(s). Published by the Royal Society of Chemistry
the post-reaction XPS result, and the t could not converge when
a Ni(III) peak was added. This suggests that the contribution of
Ni(III) is non-existent or extremely minimal, and that Ni(II) is the
dominant nickel species in the HOR process. In the literature, the
formation of NiOOH or Ni(III) typically requires higher potentials;
1.2 V to 1.4 V vs. RHE are the minimum potentials required for
NiOOH formation, whereas Ni(OH)2 can form at lower potentials,
such as at 0.5 V vs. RHE.41,42 According to recent studies, the
transition of a-Ni(OH)2 to b-Ni(OH)2 can take place at low
potentials, which is a phenomenon consistent with the two
distinct oxidation peaks observed in the cyclic voltammetry curve
of Au@PtRuNi; moreover, Hall et al. assigned the peak around
566 cm−1 to b-Ni(OH)2, and a-Ni(OH)2 exhibits no such peaks
near that region.38,43 Xue et al. also showed that in a RuNi/C
catalyst, Ni species are present as oxidized Ni(II) under operating
conditions.44 Given these pieces of evidence, we attribute the 566
cm−1 peak on Au@PtRuNi to Ni(OH)2. The distinct behavior of
the 566 cm−1 peak in the Au@PtRuNi system, intensifying with
increasing potential, suggests the potential involvement of nickel
hydroxide species that may enhance the HOR catalytic activity.

We also performed peak-tting for the 740 cm−1 peak on
Au@PtRuNi and Au@PtRu catalysts; the results (SI Fig. S2) show
that the area of the 740 cm−1 peak on Au@PtRuNi is larger at
lower potentials and gradually decreases as the potential
increases, whereas the 740 cm−1 band on Au@PtRu remains
similar over the same potential range. This potential-dependent
decrease in the 740 cm−1 peak area on Au@PtRuNi, while
remaining constant on Au@PtRu, indicates that the addition of
nickel fundamentally modies the OHad adsorption dynamics.

Here, we propose that Ni(OH)2 acts as a dual-function
modier. First, it facilitates water activation and supplies
additional OHad species through its inherent oxophilic char-
acter; second, it creates favorable interfacial sites at the
Ni(OH)2–RuOx perimeter for efficient OHad consumption. At
lower potentials (−0.015 to 0.235 V vs. RHE), the enhanced OHad

generation dominates, resulting in a larger 740 cm−1 peak on
Au@PtRuNi compared to Au@PtRu. However, at higher poten-
tials (above 0.235 V vs. RHE), OHad is consumed more rapidly
Nanoscale Adv.
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Fig. 5 (a) Comparison between SERS spectra of the HOR in alkaline on different catalysts at 185 mV vs. RHE potential; (b and c) the trend of SERS
spectra of the HOR in alkaline media on Au@PtRuNi and Au@PtRu catalysts, respectively, at different potentials from−15 to 535 mV vs. RHE. The
potentials (mV) at which the Raman spectra are taken are labeled to the right of each spectra.
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through the interfacial Volmer step at Pt–RuOx sites promoted
by Ni(OH)2, causing the 740 cm−1 peak to decrease. The
potential role of Ni(OH)2 will be further discussed in the
Discussions section.
4. Discussions

The HOR in situ SERS results on the Au@PtRuNi catalyst
provide clear evidence that Ru/RuOx is still the dominant OHad

adsorption site, whereas Ni in Au@PtRuNi is oxidized into
hydroxide or oxyhydroxide phases, most likely Ni(OH)2, as evi-
denced by the 566 cm−1 peak. The presence of the potential-
dependent 566 cm−1 peak, as well as the potential-dependent
decrease in the 740 cm−1 OHad peak area on Au@PtRuNi,
suggests a bifunctional mechanism in which Ru/RuOx and
Ni(OH)2 play distinct yet complementary roles. Lin et al. showed
that OHad adsorbed on the surface of RuOx has favorable free
energy to react with Had to form H2O (DG z −0.7 eV).33 This
places RuOx close to the optimal OHad binding region for
alkaline HOR.45,46 With the bifunctional mechanism, Pt
provides sites for the adsorption of hydrogen atoms and forms
Had, while RuOx supplies optimally bound OHad that reacts with
Had to form H2O. Our SERS observation shows that the position
of the 740 cm−1 peak remains unchanged upon Ni addition,
indicating that the Pt–RuOx bifunctional mechanisms remain
intact on Au@PtRuNi. In contrast, the emergence and growth of
the ∼566 cm−1 band on Au@PtRuNi, but not on Au@PtRu,
points to an additional, possibly more “upstream” role of Ni
(oxy)hydroxides. The potential ranges for Ni(OH)2 and NiOOH
formation in the literature strongly suggest that Ni in Au@P-
tRuNi is transformed in situ into Ni(OH)2.38,41,44

Under this hypothesis, the active surface of Au@PtRuNi can
be viewed as a Pt–RuOx–Ni(OH)2 ensemble. In our electro-
chemical experiments, the HOR has higher reaction activity on
Au@PtRuNi than on Au@PtRu; our DFT results (Note #2 and
Fig. S2 in SI) also show that the Pt–RuOx–Ni(OH)2 ensemble has
modestly more favorable Gibbs free energies for OH adsorption
and for Had + OHad / H2O formation at the Ni(OH)2/RuOx
Nanoscale Adv.
interface, compared to the RuOx surface alone. In addition, we
performed RT-TDDFTB simulations of four core–shell nano-
particle models: Au561, Au309@Pt252, Au309@Pt216Ru36, and
Au309@Pt116Ni116Ru20 (Note #3 and Fig. S3 in SI). The results
show that alloying the Au surface with Pt, Ru, and Ni does not
produce a distinct new visible resonance, but instead broadens
and damps the optical response of the Au core. This suggests
that the enhanced HOR activity and the appearance of the 566
cm−1 Raman band are unlikely to originate from a stronger
plasmonic or optical antenna effect. The optimized multi-metal
clusters also exhibit signicant structural relaxation upon
incorporation of Ru and Ni, which may support the formation
and stabilization of catalytically relevant species.

The role of Ni(OH)2 can be rationalized by the Pt/Ni(OH)2
system studied by Markovic's group in both HOR and hydrogen
evolution reaction (HER) electrocatalysis.27,47 Tian et al.'s
research also reported a synergistic interaction between RuOx

and Ni(OH)2 in their system.48 In both Markovic and Tian's
systems, Ni(OH)2 acts as a promoter that accelerates water
activation and the production of OHad while Ru/RuOx act as
active sites for further reaction steps involving OHad. The
spectroscopic evidence from the potential-dependent decrease
in the 740 cm−1 OHad peak on Au@PtRuNi also validates our
proposed multi-site bifunctional mechanism. Rather than
simply increasing the total OHad availability, Ni(OH)2 actively
regulates the supply-consumption network at the Pt–RuOx sites.
These results are consistent with DFT predictions of more
favorable OHad reduction energetics at the Ni(OH)2/RuOx

interface. To summarize, we successfully found spectroscopic
evidence of Ni(II) forming in situ that correlates with increased
HOR activity. Our in situ electrochemical SERS results, together
with prior work on Pt/Ni(OH)2 and Ru–NiOx systems, support
a multi-site bifunctional mechanism for the HOR on Au@P-
tRuNi in which Ni(OH)2, RuOx, and Pt play distinct yet
complementary roles. In our Pt–RuOx–Ni(OH)2 framework
formed in situ from the Au@PtRuNi catalyst, Pt provides sites
for H adsorption, Ni(OH)2 contributes to water activation and
the supply of OHad, and RuOx provides thermodynamically
© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimal adsorption sites for OHad to react with Had in the
Volmer step. The Ni(OH)2–Pt and Ni(OH)2–RuOx perimeters
increase the number of interfacial Had/OHad pairs and establish
a coupled OHad supply and consumption network. Taken
together, our results support a multi-site, bifunctional mecha-
nism and highlight a general strategy for future alkaline HOR
catalyst design that not only promotes OH adsorption, but also
focuses on the synergistic effect of different oxophilic compo-
nents for coupled supply and consumption of OHad.
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4 M. İncı, Sustain. Energy Technol. Assess., 2022, 53, 102739.
5 Q. Liu, M. Ranocchiari and J. A. van Bokhoven, Chem. Soc.
Rev., 2021, 51, 188–236.

6 H. Prats and K. Chan, Phys. Chem. Chem. Phys., 2021, 23,
27150–27158.

7 V. Hasannaeimi and S. Mukherjee, Sci. Rep., 2019, 9, 12136.
8 X. Mu, S. Liu, L. Chen and S. Mu, Small Struct., 2023, 4,
2200281.
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