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Active and poisoning-resistant Ru-based electrocatalysts for the hydrogen oxidation reaction (HOR)
are designed and fabricated by integrating Cu/Ru dual single atoms and alloy CuRu nanoparticles
(N-(CuRu)np:sa@NC) through a strategy involving weak chemical reduction and ammonia-assisted
gas-phase nitridation. The resultant N-(CuRu)np:sa@NC electrocatalysts feature nitrogen atoms
coordinated to both Cu and Ru metal atoms via strong N-metal interactions. Density functional
theory calculations revealed that alloyed CuRu nanoparticles and monodispersed Cu atoms are vital
for altering the electronic configuration of the host Ru elements. This finely tuned structure en-
hanced the adsorption of H and OH and promoted CO oxidation over the N-(CuRu)np:sa@NC elec-
trocatalyst, resulting in high alkaline HOR activity, as evidenced by the higher exchange current
density of 3.74 mA cm=2 and high mass activity of 3.28 mA pgr.!, which are far superior to those of
most Ru-based catalysts reported to date. Moreover, the N-(CuRu)np+sa@NC electrocatalysts are
resistant to CO poisoning and can be used at a high concentration of 1000 ppm CO with no distinct
decay in the activity, in stark contrast to the commercial Pt/C catalyst under the same conditions.
© 2025, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

cornerstone of the emerging green hydrogen economy [1].
Among HOFCs, alkaline exchange membrane fuel cells

Hydrogen-oxygen fuel cells (HOFCs) facilitate the conver- (AEMFCs) have attracted widespread attention because they
sion of hydrogen into electricity and are considered to be the exploit nonprecious metal electrocatalysts to efficiently carry
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out the cathodic oxygen reduction reaction [2,3]. However, the
anodic hydrogen oxidation reaction (HOR) in AEMFCs relies
heavily on platinum group metals (PGMs) to achieve high per-
formance and also shows significantly slower kinetics at high
pH levels [4,5]. Even for state-of-the-art Pt/C catalysts, the HOR
kinetics are typically 2-3 orders of magnitude slower in alka-
line electrolytes than in acidic electrolytes [6,7]. Consequently,
AEMFC catalysts require high PGM loadings to achieve the de-
sired power density. Although PGMs are the most effective
catalysts for the alkaline HOR, their limited natural abundance
and susceptibility to CO (< 10 ppm) poisoning significantly
impede their extensive application [8]. Therefore, development
of Pt-free HOR electrocatalysts that show low cost, high per-
formance, and resistance to CO poisoning is necessary to pro-
mote the commercialization of AEMFCs.

In the Volmer process, the adsorbed OH* quickly reacts with
adjacent H* to form H20, making hydrogen binding energy
(HBE) and hydroxyl binding energy (OHBE) the critical param-
eters for alkaline HOR activity [9]. Ruthenium been identified
as an ideal alternative to Pt because of its lower cost, superior
oxygenophilicity, and H* adsorption free energy (AGu+) compa-
rable to that of Pt [10]. However, the strong Ru-H bond of the
Ru metal severely hampers the rate-determining Volmer step,
hindering H20 formation [11,12]. To address this issue, re-
searchers have exploited strategies such as alloying, multisite
modulation, and single-atom modification to precisely tune the
electronic structure of Ru and optimize H* and OH* adsorption
[13]. Previous studies have suggested that alloying
low-electronegativity 3d transition metals (Cu:1.9, Ni: 1.9,
Co0:1.88) with Ru promotes electron transfer from Ru to the
alloying metal, shifting the d-band center upward and reducing
the AGu- value [14,15]. However, excess foreign elements can
obscure the active sites and limit their activity [16]. A dilute
alloying approach optimizes Had and OHada while preserving
most of the Ru active sites and weakening CO adsorption. Addi-
tionally, single-atom catalysts (SACs), featuring isolated metal
atoms anchored to suitable supports, are promising candidate
electrocatalysts because of their ultralow metal content, max-
imized atom efficiency, and exceptionally high intrinsic activity
[17-19]. Due to these attributes, SACs act as high-performance
catalysts for various electrochemical reactions [20,21]. The
combination of alloying and single-atom modification strate-
gies can synergistically enhance the alkaline HOR activity, sta-
bility, and CO poisoning resistance of Ru-based catalysts [22].
Han et al. [23] constructed a composite catalyst composed of
dilute RuCo alloy nanoparticles and individual Ru and Co atoms
that demonstrated remarkable stability and CO tolerance. Het-
eroatom (N, P, and S) doping is a promising method for modu-
lating the electronic structure of a host material without
changing its composition [24].

Based on these insights, we developed a novel electrocata-
lyst by integrating dilute alloying and single-atom modification
to enhance alkaline HOR performance. The resulting catalyst,
consisting of dilute CuRu alloy nanoparticles and monodis-
persed Cu/Ru single atoms (denoted as N-(CuRu)np+sa@NC),
demonstrated significantly improved catalytic activity, durabil-
ity, and resistance to CO poisoning, outperforming the

state-of-the-art Pt/C catalyst. Theoretical calculations revealed
that the electronic interaction between Ru and Cu, coupled with
effective N incorporation, optimized H* and OH* adsorption,
and expedited CO oxidation, ultimately facilitating the key
Volmer step and increasing CO tolerance. These attractive fea-
tures indicate that the combination of dilute alloying and sin-
gle-atom modification used in this study is a promising strategy
for the development of HOR electrocatalysts for fuel cells.

2. Experimental

2.1.  Synthesis of N-doped hollow mesoporous carbon spheres
(HMCS)

The HMCS were prepared via stirring reaction,
high-annealing and alkali-etching methods based on our pre-
vious report [25]. Specifically, 5 mL of TEOS and 500 mg of
3-hydroxytyramine hydrochloride were quickly added to a
solution containing 100 mL of ethanol, 30 mL of deionized wa-
ter, and 5 mL of ammonia solution. After vigorous stirring for
12 h at 25 °C, the resulting precipitates were collected via cen-
trifugation, washed, and dried in an oven for 12 h. The dried
sample was then annealed under a nitrogen atmosphere at 400
°C for 2 h, and followed by a temperature increased to 800 °C
for 3 h. Finally, the HMCS were obtained by completely remov-
ing SiO2 using 3 mol L-1 NaOH at 60 °C.

2.2.  Synthesis of N-(CuRu)np+sa@NC hybrid, N-Runp:sa@NC, and
(CuRu)np:sa@NC

Hollow mesoporous carbon spheres (HMCS, 30 mg) acting
as support were ultrasonically dispersed in deionized water
(10 mL), followed by the addition of ruthenium acetylacetonate
(40 mg) and copper acetylacetonate (20 mg), stirring, and ul-
trasonic treatment for 30 min. Next, an aqueous solution (6
mL) containing ascorbic acid (AA, 0.15 g) was incorporated,
and the mixture was maintained at 60 °C for 9 h. The precursor
was collected via centrifugation, washed three times and dried
at 60 °C overnight. Subsequently, the CuRu@NC precursor un-
derwent nitridation at 450 °C for 2 h, with a heating rate of 2 °C
min-! in NH3 atmosphere to produce the N-(CuRu)np+sa@NC
hybrid. For comparison, the preparation of N-Runp+sa@NC fol-
lowed a similar procedure but without ruthenium acety-
lacetonate. (CuRu)ne+sa@NC was synthesized in the same
manner as N-(CuRu)np+sa@NC except that the pyrolysis at-
mosphere was changed to Na.

2.3. Materials characterization

Powder X-ray diffraction (XRD, Rigaku D/Max 2500V/PC,
Japan, Cu K« radiation) was measured to characterize the crys-
tal structure and phase composition. Scanning electron mi-
croscopy (SEM, FEI Quanta 200 FEG) and transmission electron
microscopy (TEM, JEM-2100 F) were recorded to detect the
morphology and elemental distribution. X-ray photoelectron
spectroscopy (XPS, JPS-9010 Mg K.) was conducted to analyze
the chemical state and electronic structure. Inductively coupled
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plasma mass spectroscopy (ICP-MS, PerkinElmer corporation,
Flexar-NexION300X) was applied to examine the metal con-
tents of the catalysts. Raman spectra (Renishaw in Via) were
obtained using a Renishaw in Via with a visible laser (k = 532
nm).

2.4. Electrochemical measurement

The electrocatalytic measurements were conducted in a
typical three-electrode system through a CHI 760E (Shanghai,
China) electrochemical workstation. Specifically, a glassy car-
bon electrode (GCE, diameter: 5.0 mm, disk area: 0.196 cm?)
was selected as the working electrode, graphite rod and satu-
rated KCl-filled with Ag/AgCl were applied as counter electrode
and reference electrode, respectively. The potentials reported
in this work were normalized versus the reversible hydrogen
electrode (RHE) via a standard RHE calibration. The RHE cali-
bration was conducted in high-purity Hz-saturated with a Pt foil
as the working electrode (Eag/agai + 0.197 + 0.059 x pH).

2.5. Preparation of catalytic electrodes

To fabricate the working electrode, 3 mg of sample and 5 pL
of Nafion solution (5 wt%), were ultrasonically dispersed in
deionized water-isopropanol solution (volume ratio, 1:1) to
yield a homogeneous ink. Afterwards, 15 pL well-dispersed ink
was suspended onto the pre-polished glassy carbon electrode,
and dried ink prior to measurement. The catalyst loading was
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14.14 pgra cm-2, which was calculated by ICP-MS data.
2.6. Hydrogen oxidation reaction (HOR) measurements

Before HOR measurements, the electrolyte was bubbled
with high purity Hz for 30 min to maintain Hz-saturated state
during the HOR process. Cyclic voltammetry (CV) curves were
first recorded between 0 and 1.0 V (vs. RHE) in Nz-saturated 0.1
mol L-1 KOH electrolyte until the stable curves were obtained.
Then, the HOR polarization curves were gained at a sweep rate
of 10 mV s-1 from -0.05 to 0.50 V (vs. RHE) under 400, 900,
1600 and 2500 revolutions per minute (rpm) of the rotating
disk electrode (RDE) rotation rate. The accelerated degradation
tests were performed by cycling the samples ranging from 0 to
1.0 V (vs. RHE) with a scan rate of 100 mV s-! in Hz-saturated
0.1 mol L-t KOH electrolyte. Chronoamperometric characteri-
zation was conducted at 50 mV (vs. RHE). LSV curve was rec-
orded in Hz-saturated (containing 1000 ppm CO) 0.1 mol L-?
KOH electrolyte under 1600 rpm.

3. Results and discussion

3.1. Synthesis and structure characterization
N-(CuRu)np+sa@NC hybrids were fabricated using a simple

impregnation and nitridation approach (Fig. 1(a)). This process

commenced with the formation of monodisperse SiO:@DA
solid spheres (DA: dopamine) (Fig. S1). Through calcination
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Fig. 1. Key characteristics of N-(CuRu)np:sa@NC. (a) Schematic illustrations of the preparation of N-(CuRu)xe:sa@NC. (b) XRD patterns of
N-(CuRu)np:sa@NC and N-Runp:sa@NC. (c) SEM, (d) TEM and (e) high-resolution TEM images. (f) AC HAADF-STEM image of N-(CuRu)np:sa@NC (The
spots in the red dashed circle are attributed to Ru/Cu single atoms). (g) N2 adsorption-desorption isotherms and pore size distribution (inset). (h)
HAADF-STEM and corresponding elemental mappings images of N-(CuRu)np+sa@NC.
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and alkali-soaking, these solid spheres were transformed into
hollow mesoporous carbon spheres (HMCS) with cracked sur-
faces and uniform size distributions (Fig. S2). Then, copper and
ruthenium acetylacetonates were deposited onto the prepared
HMCS using ascorbic acid (AA) as the reducing agent. The pre-
cursor was then nitrided in NH3 atmosphere to yield a dilute
CuRu alloy and atomically dispersed Ru and Cu single-atom
catalytic sites (Supporting Information). XRD patterns (Fig.
1(b)) of N-(CuRu)np+sa@NC show diffraction peaks consistent
with metallic Ru in the hexagonal phase (JCPDS: 06-0663) [26].
The absence of a Cu peak suggests that the Cu concentration
was extremely low, as confirmed by inductively coupled plasma
mass spectroscopy (ICP-MS) data (Table S1). Compared to
N-Runp+sa@NC, the N-(CuRu)np+sa@NC peak exhibited a slight
shift to lower angle values, indicating the successful incorpora-
tion of a small amount of Cu into the Ru lattice and thus con-
firming the formation of dilute CuRu alloy nanoparticles [27].

As depicted in Fig. 1(c), N-(CuRu)np+sa@NC inherited the
highly monodispersed hollow spherical morphology of HMCS.
TEM observation verified the hollow and spherical nature of
N-(CuRu)np+sa@NC (Fig. 1(d)). Hollow structures devoid of
internal inert blocks offer advantages over solid spheres by
shortening the transport distance of the reactants [25].
High-resolution TEM (HR-TEM) analysis of N-(CuRu)np+sa@NC
revealed interplanar spacings of 0.211 and 0.236 nm, indexed
to the (002) and (100) facets of metallic Ru, respectively (Fig.
1(e)). These spacings are lower than the standard Ru metal
values (0.214 and 0.238 nm), further proving the alloying of Cu
with Ru, which is consistent with the XRD findings. The aberra-
tion-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of
N-(CuRu)np+sa@NC in Fig. 1(f) reveals not only the presence of
nanoparticles but also distinct single atoms. Fig. 1(g) and the
inset showed that the Brunauer-Emmett-Teller (BET) surface
area of N-(CuRu)np+sa@NC was 314.5 m?2 g-1, with the pore dis-
tribution indicating a mesoporous structure with an average
pore size of 13.4 nm that results from the removal of the SiO2
core [28]. The large specific surface area and favorable meso-
porous structure of N-(CuRu)np+sa@NC facilitated rapid elec-
trolyte permeation and ion diffusion, accelerating the HOR ki-
netics [29]. As shown in Fig. 1(h), the distributions of Ru and Cu
were further analyzed using HAADF-STEM and the corre-
sponding elemental mapping images. In addition to coexisting
on the alloy nanoparticles, Ru and Cu were observed as single
atoms distributed on the HMCS.

3.2.  Physicochemical characterization analysis

The valence states and local coordination of the metal atoms
in N-(CuRu)np+sa@NC were characterized using X-ray absorp-
tion near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) measurements [30]. The Ru K-edge
XANES spectra (Fig. 2(a)) indicated that the absorption edge of
N-(CuRu)np+sa@NC was positioned between those of the Ru foil
and RuOz, revealing that Ru predominantly existed in the &*
state (0 < § < 4). A noticeable negative shift in the absorption
energy of N-(CuRu)np+sa@NC compared to that of

(CuRu)np+sa@NC suggests that N incorporation reduces the
oxidation state of Ru [31,32]. The Ru K-edge Fourier transform
(FT) EXAFS spectra and the fitting results (Fig. 2(b) and Fig.
S3(a)) showed that the average distance for the first Ru-N/O
shell in N-(CuRu)np+sa@NC was approximately 1.77 A, which
was significantly greater than those in (CuRu)np:sa@NC (1.68
A) and RuO: (1.48 A). This finding strongly suggests that N
incorporation not only reduces the oxidation state of Ru, but
also leads to strong coordination between N and Ru [33].
Moreover, N-(CuRu)np:sa@NC displayed a clear second shell
peak at 2.38 A for Ru-Ru/Cu coordination, while the peak at
3.18 A related to Ru-O-Ru scattering was absent, confirming the
presence of isolated Ru atoms and CuRu alloy nanoparticles
[34,35]. It is important to note that the Ru-Ru/Cu bond distance
in N-(CuRu)np+sa@NC was slightly shorter than that of Ru foil
(2.45 A), suggesting the successful incorporation of Cu into the
Ru lattice. The proximity of the Ru-Ru/Cu peak to that of Ru-Ru
(Ru foil) reveals a low Cu content in the dilute RuCu alloy,
which is consistent with the XRD results [23,36]. Additionally,
the fitted coordination number for Ru-Ru/Cu in
N-(CuRu)np+sa@NC was approximately 5, which is lower than
the fitted coordination number of 12 for the Ru foil (Table S2),
highlighting the existence of many coordination-unsaturated
Ru sites on the catalyst surface, which can serve as the active
phase during the HOR process [32]. The Ru atoms in both
N-(CuRu)np+sa@NC and (CuRu)ne+sa@NC exhibited similar co-
ordination with comparable positions and intensities of the
scattering peaks.

Similar trends were observed in the Cu K-edge XANES spec-
tra (Fig. 2(c)), where the absorption energy of
N-(CuRu)np+sa@NC was lower than that of CuO but higher than
that of the Cu foil, approaching that of Cuz0, and indicating that
the average Cu valence state was close to +1. The EXAFS results
(Fig. 2(d) and Fig. S3(b)) revealed Cu-N/O coordination at 1.52
A and Cu-Ru coordination at 2.23 A, demonstrating the coex-
istence of isolated Cu atoms and dilute CuRu nanoalloys within
the N-(CuRu)np+sa@NC hybrid [30,37]. Notably,
(CuRu)np+sa@NC did not show significant Cu-metal coordina-
tion, implying that Cu existed primarily in a monodisperse
form, suggesting the effective reduction of dilute CuRu alloys by
the nitriding process. The simultaneous presence of single
Ru/Cu atoms and dilute CuRu alloy nanoparticles was further
corroborated by the corresponding wavelet transform (WT)
EXAFS analyses of the Ru and Cu K-edges (Figs. 2(e) and (f)).
These results strongly validate the presence of atomically dis-
persed bimetallic Cu and Ru single atoms alongside dilute CuRu
alloy in N-(CuRu)np+sa@NC.

Comprehensive XPS analysis provided detailed chemical
and structural insights into N-(CuRu)np+sa@NC. The XPS survey
spectrum confirms the presence of C, N, Cu, and Ru in
N-(CuRu)np+sa@NC (Fig. S4). The C 1s peak was referenced to
284.0 eV as the calibration standard (Fig. S5). For the N 1s
core-level spectra (Fig. S6), the peaks at 397.5, 398.4 and 400.0
eV were identified as pyridinic-N, N-M and pyrrolic-N, respec-
tively [38,39]. The presence of the N-M bond in
N-(CuRu)np+sa@NC was attributed to the successful coordina-
tion of nitrogen with the metal atoms (Cu and Ru) during nitri-
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Fig. 2. Physicochemical characterization analysis. (a) Ru K-edge XANES spectra of N-(CuRu)np+sa@NC, (CuRu)np+sa@NC, Ru foil, RuClz and RuO2. (b) Ru
K-edge FT-EXAFS spectra. (c) Cu K-edge XANES of N-(CuRu)np+sa@NC, (CuRu)np+sa@NC, Cu foil, Cuz0 and CuO. (d) Cu K-edge FT-EXAFS spectra. (e) Ru
K-edge EXAFS WT analysis. (f) Cu K-edge EXAFS WT analysis. High-resolution XPS spectra of (g) Ru 3p, (h) Cu 2p in N-(CuRu)np+sa@NC,

(CuRu)np+sa@NC, and N-Runp+sa@NC.

dation, facilitating strong interactions within the hybrid struc-
ture [40]. Fig. 2(g) shows two distinct peaks at 463.5 and 484.1
eV, corresponding to the Ru 3ps/2 and Ru 3p1/2 orbitals of me-
tallic Ru. The peaks at 468.8 and 489.5 eV arose from the inevi-
table surface oxidation of the Ru species. Compared with
N-Runp+sa@NC, N-(CuRu)np+sa@NC showed a positive shift in
the binding energy for Ru®, suggesting an electron-coupling
effect between Ru and adjacent Cu in both the CuRu alloy and
bimetallic single atoms [36]. The high-resolution Cu 2p XPS
profiles (Fig. 2(h)) revealed deconvoluted peaks at 932.1 and
933.8 eV for Cu*/Cu and Cu?+, respectively. Strikingly, the
Cu*/Cu peak in N-(CuRu)np+sa@NC shifted to lower energies
compared to that in N-Cunp+sa@NC. The positive shift of the Ru
peak and negative shift of the Cu peak verified the strong elec-
tronic interaction between Ru and Cu, that is, electron transfer
from Ru to Cu. This electron transfer can lead to a decrease in
the adsorption energy of Ru for H* and CO* and an increase in
the adsorption energy of Cu for OH*, which creates more fa-
vorable energetic conditions for the HOR reaction [41,42].

3.3.  Electrochemical HOR performance

The HOR electrocatalytic performance of various catalysts
was monitored using the RDE technique in Hz-saturated 0.1

mol L-1 KOH electrolyte. Calibration of the RHE was conducted
prior to the electrochemical tests (Fig. S7). Initially, we exam-
ined the impact of nitriding temperature on the catalytic per-
formance of N-(CuRu)np+sa@NC, and the optimal temperature
was found to be 450 °C (Fig. S8). Experimental investigation of
the dependence of the reaction performance on the Ru content
(Fig. S9) revealed an obvious volcano-shaped trend in the cata-
lytic performance, with the highest activity achieved at the Ru
loading of 3.08 wt%. This optimum Ru content likely arose
from the synergistic interaction between the dilute CuRu-alloy
nanoparticles and single Cu/Ru atoms with moderate concen-
tration on the support, which maximized active site exposure
and optimized intermediate adsorption [23]. The HOR activities
of  N-(CuRu)np+sa@NC,  (CuRu)np+sa@NC,  N-Runp+sa@NC,
N-Cunp+sa@NC, commercial Pt/C, and Ru/C were qualitatively
compared based on their current responses (Fig. 3(a)). Notably,
N-(CuRu)np+sa@NC yielded the highest anode current density
in both the kinetic- and diffusion-limited regions, indicating
outstanding Kkinetic and intrinsic activity. By contrast,
N-Cunp+sa@NC exhibited poor HOR catalytic properties, sug-
gesting that Ru acted as the primary active component for the
HOR, with Cu modulating the Ru activity [43]. A comparison
experiment in Nz-saturated 0.1 mol L-* KOH electrolyte showed
faint anodic current-voltage characteristics, confirming that the
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Fig. 3. Electrocatalytic HOR activity. (a) HOR polarization curves of different samples. (b) HOR polarization curves of N-(CuRu)xp+sa@NC at different
rotation speeds. Inset shows corresponding Koutecky-Levich plot. (c) Tafel plots. (d) Linear fitting curves in micropolarization region. (¢) Comparison
of various performance parameters of comparative electrocatalysts. (f) Comparison of the obtained MA and jo with those of recently reported alkaline
HOR electrocatalysts. (g) HOR polarization curves for N-(CuRu)np+sa@NC and comm. Pt/C before and after 1000 cycles. (h) Relative current-time

chronoamperometry responses of different catalysts in pure Hz-saturated 0.1 mol L-1 KOH.

anode current predominantly resulted from H: oxidation (Fig.
$10). Furthermore, the polarization curves at varying rotating
speeds (Fig. 3(b)) demonstrate that the limiting current density
increased with the rotational rate, confirming that the reaction
was controlled by Hz mass transfer [44]. Using the Kou-
tecky-Levich equation, a calibrated slope of 5.13 cm2 mA-1 s-1/2
was obtained at 50 mV vs. RHE for N-(CuRu)np+sa@NC (inset in
Fig. 3(b)), in agreement with the theoretical value (4.87 cm?
mA-! s-1/2) for the two-electron HOR system [45]. To thor-
oughly probe the HOR catalytic mechanism, the Tafel slopes
were determined by plotting the kinetic current density (jk)
against the overpotential of the as-prepared samples (Fig. 3(c)).
The asymmetrical behavior of the Tafel plot suggested that
N-(CuRu)np+sa@NC followed the Heyrovsky-Volmer mecha-
nism, with the Volmer step as the rate-determining step (RDS)
[46].

As plotted in Fig. 3(d), the exchange current density (jo) of
N-(CuRu)np+sa@NC was evaluated as 3.74 mA cm2 by fitting
the micro-polarization region, exceeding those of the
(CuRu)np+sa@NC (2.12 mA cm-2), N-Runpssa@NC (1.95 mA
cm-2) and Pt/C (2.77 mA cm-2) catalysts, and implying superior
inherent HOR activity of N-(CuRu)ne+sa@NC (Fig. 3(e)). Moreo-
ver, N-(CuRu)np+sa@NC captured a geometric jk of 7.94 mA cm-2
at 25 mV. At 50 mV, N-(CuRu)np+sa@NC showed the highest jk
value of 46.34 mA cm-2, with 6.7-fold, 9.1-fold and 5.7-fold in-

creases compared to those of (CuRu)np+sa@NC (6.89 mA cm-2),
N-Runp:sa@NC (5.07 mA cm-2), and Pt/C (8.12 mA cm-2), re-
spectively. The mass activity (MA) at 50 mV was derived by
normalizing the jx value to the mass determined by ICP-MS,
allowing for a more accurate reflection of the HOR activity.
N-(CuRu)np+sa@NC demonstrated an MA of 3.28 mA ugrd,
remarkably higher than those of (CuRu)np:sa@NC (0.42
mA ugrs ), N-Runp:sa@NC (0.29 mA ugﬁ&) and commercial
Pt/C (0.20 mA pgiy ). Considering that Ru can affect the hy-
drogen adsorption/desorption potential region (Hupd), CO
stripping voltammetry was adopted to evaluate the electro-
chemical surface area (ECSA) and identify the electrocatalyti-
cally active sites (Table S4) [47]. The ECSA for
N-(CuRu)np+sa@NC was calculated as 128.93 m2 g-1, higher than
those of the compared samples (Fig. 3(e)). Additionally,
N-(CuRu)np+sa@NC exhibited the highest specific activity
among all of the catalysts. In short, N-(CuRu)np+sa@NC showed
exemplary electrocatalytic performance, as evidenced by its
superiority in various performance parameters (Table S4).
Compared to other previously reported catalysts (Fig. 3(f) and
Table S5), N-(CuRu)np+sa@NC also showed a noteworthy supe-
riority in jo and MA.

Long-term stability is a vital criterion for assessing the suit-
ability of HOR electrocatalysts for practical applications. As
shown in Fig. 3(g), little degradation in the HOR activity was
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observed for N-(CuRu)ne+sa@NC after 1000 cycles, whereas a
drastic decay in the activity was observed for commercial Pt/C.
The stability of N-(CuRu)np+sa@NC was evaluated by chrono-
amperometry at 50 mV. As shown in Fig. 3(h), a decay of only
4.35% was observed for N-(CuRu)np+sa@NC after 6000 s of
continuous operation. In sharp contrast, under the same condi-
tions, the HOR activities of Pt/C and (CuRu)np+sa@NC de-
creased by 51.57% and 64.34%, respectively. The morphology
of N-(CuRu)np+sa@NC after stabilization was retained well, as
verified by SEM (Fig. S11). These results strongly demonstrate
the durability of N-(CuRu)np+sa@NC in the alkaline HOR pro-
cess.

Generally, hydrogen and hydroxyl adsorption on an elec-
trocatalyst surface plays a key role in HOR activity under alka-
line conditions [48,49]. To ascertain the catalytic mechanism
underlying the HOR performance of the
N-(CuRu)np+sa@NC hybrid, we investigated the adsorption ca-
pacity of H and OH species using the CV and CO-stripping tech-
niques, respectively. The desorption of hydrogen un-
der-potential deposition (Hupa) on the CV curve is a promising
approach for estimating the strength of Had bonds. As shown in
Fig. 4(a), the Hupa peak potential of N-(CuRu)np+sa@NC was
0.157 V, which is more negative than those of N-Runp+sa@NC
(0.182 V), (CuRu)np+sa@NC (0.185 V), and Pt/C (0.323 V), indi-
cating a weaker HBE. The attenuated HBE originates from the
synergistic effect of the Cu and Ru species and the N coordina-
tion effect, resulting in a lower Ru-H bond energy. Analogously,
CO-stripping measurements were conducted to explore the OH
adsorption strength, as the adsorbed OH* can expedite the oxi-
dation of the CO* adsorbed intermediate to CO2 (OH* + CO* —
COz + H* + e) [40,50]. As shown in Fig. 4(b),
N-(CuRu)np+sa@NC showed a CO-stripping peak at 0.715 V,

remarkable
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which is shifted negatively compared to those of N-Runp+sa@NC
(0.736 V), (CuRu)np+sa@NC (0.730 V), and Pt/C (0.741 V). This
confirmed that N-(CuRu)ne+sa@NC exhibits stronger binding
with OH* that endows it with more unpoisoned active sites to
enhance HOR performance. Additionally, zeta potential meas-
urements further confirmed the strongest hydroxyl adsorption
on N-(CuRu)ne+sa@NC (Fig. 4(c) and Fig. S12). As anticipated,
the anodic HOR current of N-(CuRu)np+sa@NC declined slightly
in the Hz-saturated electrolyte containing 1000 ppm CO (Fig.
4(d)), confirming that strong OH* adsorption can efficiently
oxidize CO to prevent catalyst poisoning, resulting in excellent
CO tolerance [51]. In stark contrast, the current density of Pt/C
decreased sharply relative to the initial state (Fig. 4(e)), indi-
cating that the active sites on its catalytic surface were almost
completely occupied or poisoned by CO, blocking the hydrogen
adsorption/dissociation sites [52]. To further examine the
temporal evolution of the CO tolerance of the samples, we con-
ducted tests at a continuous overpotential of 50 mV to obtain
the chronoamperometric response curves (Fig. 4(f)). After a
stability test for 1200 s, the relative current density of
N-(CuRu)np+sa@NC was maintained at 93.12%, significantly
surpassing that of commercial Pt/C (27.11%). This compre-
hensive analysis underscores the enhanced HOR activity and
CO tolerance of N-(CuRu)np+sa@NC, which can be attributed to
its optimal hydrogen and hydroxyl adsorption properties.

3.4. Theoretical study

To gain insight into the enhanced catalytic performance of
N-(CuRu)np+sa@NC, density functional theory (DFT) calcula-
tions were performed using three theoretical models (Fig. S13).
The (001) lattice plane of Ru was selected for the simulations
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Fig. 4. CV curves (a) and CO-stripping voltammetry curves (b) of N-(CuRu)xp:sa@NC, (CuRu)np:sa@NC, N-Runp+sa@NC and Pt/C. (c) Zeta potential of
N-(CuRu)np+sa@NC, (CuRu)np+sa@NC, N-Runp:sa@NC. HOR polarization curves of N-(CuRu)np:sa@NC (d) and Pt/C (e) in 1000 ppm CO/Hz-saturated 0.1
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based on its structural properties and crystal facet stability.
The differential charge density distributions (Fig. 5(a)) reveal
significant charge accumulation at the Cu-Ru interface, indicat-
ing a strong interaction that leads to charge redistribution,
which is consistent with the XPS findings. The total density of
states (DOS) of the N-(CuRu)ne:sa@NC electrocatalysts dis-
played a higher occupation at the Fermi level compared to
(CuRu)np+sa@NC and N-Runpe:sa@NC, suggesting that the elec-
tronic coupling between Ru and Cu diminished the charge
transfer resistance (Fig. 5(b)) [43]. This also indicates that
more electronic states are accessible for electron occupation
and movement at this specific energy level, thereby enhancing
electronic conductivity. The d-band center of
N-(CuRu)np+sa@NC is slightly elevated relative to those of
(CuRu)np+sa@NC and N-Runp:+sa@NC, as observed from the par-
tial density of states (pDOS) diagram (Fig. 5(c)). According to
the d-band center theory, this upward shift indicates enhanced
adsorption strength for reaction intermediates on Ru sites,
promoting H20 formation. These results imply that the met-
al-metal interactions can induce charge redistribution and
modify the energy band structure [53].

HBE and OHBE are essential descriptors for assessing the
HOR performance [54]. Following the Sabatier principle,
achieving an HBE value close to zero is crucial for balancing
hydrogen adsorption and desorption, thereby optimizing HOR
efficiency [55]. Simultaneously, higher OHBE, in line with bi-
functional theory, supports effective OH adsorption, which is
vital for the Volmer process that generates water [56]. Simula-
tions of H* and OH" adsorption on the N-(CuRu)np+sa@NC,
(CuRu)np:sa@NC, and N-Runp+sa@NC samples were performed.

As shown in Fig. 5(d), N-(CuRu)np+sa@NC exhibited a favorable
HBE value of -0.19 eV for H* adsorption. Moreover, the OHBE
values for (CuRu)np+sa@NC and N-Runp+sa@NC were 0.14 and
0.26 eV, respectively, indicating weak OH adsorption that im-
peded HOR catalysis (Fig. 5(d)). Conversely, N-(CuRu)np+sa@NC
demonstrated a stronger OH adsorption capability with an
OHBE of -0.09 eV, suggesting nearly optimal HBE and OHBE
values that significantly enhance HOR kinetics. Compared to
(CuRu)np+sa@NC and N-Runp+sa@NC, the CO adsorption energy
on the surface of the N-(CuRu)np:sa@NC catalyst was the
weakest, indicating that the modulation by Cu and N doping
significantly regulated the electronic structure of Ru, thereby
enhancing CO poisoning resistance (Fig. 5(e)).

Free energy diagrams of the alkaline HOR pathways over
N-(CuRu)np:sa@NC, (CuRu)np+sa@NC, and N-Runp+sa@NC are
presented in Fig. 5(f). The initial steps involve exergonic H ad-
sorption, while the Volmer step can be divided into OH adsorp-
tion and the subsequent recombination of OH* and H*to form
water [57]. Notably, the H* + OH* steps were endothermic, with
energy barriers of 039, 061 and 086 eV for
N-(CuRu)np+sa@NC, (CuRu)npssa@NC and N-Runpsa@NC, re-
spectively, while water formation steps were exergonic. Analy-
sis of these energy values revealed that the poten-
tial-determining step (PDS) of all the catalysts was the H* +
OH* step, with N-(CuRu)np:sa@NC demonstrating the lowest
energy barrier. The low energy barrier of N-(CuRu)np+sa@NC
was primarily due to the synergistic effect between the alloy
nanoparticles and single atoms, along with the incorporation of
N, which collectively altered the adsorption configuration and
electronic state of the reaction intermediates, thereby enhanc-
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Fig. 5. (a) Differential charge density distributions of N-(CuRu)ne:sa@NC. The blue, green and pink spheres represented Ru, N and Cu atoms, respec-
tively. (b) Density of state (DOS) plots. (c) The pDOS diagram for the d orbitals of metals in N-(CuRu)xpssa@NC, (CuRu)npssa@NC, N-Runp:sa@NC. (d)
Calculated HBE and OHBE values. (e) CO absorption energies on N-(CuRu)np:sa@NC, (CuRu)np+sa@NC and N-Rune:sa@NC models. (f) Calculated energy
profile for hydrogen oxidation into H20. (g) Schematic illustration of HOR catalysis on N-(CuRu)np+sa@NC.



274

ing HOR activity and CO tolerance. Fig. 5(g) visually depicts the
HOR catalytic mechanism in the N-(CuRu)np+sa@NC model to
better understand the reaction process.
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nanoparticles and dual Cu/Ru single atoms can achieve efficient HOR ac-

tivity and stability, as well as strong anti-CO resistance ability. Experiment

result reveals that the dilute alloying and monoatomization of foreign Cu

tailor the electron structure of host Ry, resulting in reduced adsorption of

H* and CO* and an enhanced adsorption of OH*, thereby significantly en-
hancing the HOR activity and CO resistance.
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#CuRuE € 5Cuw/RuE R FHHEIBRE MEFMES S Volmers 15

|

&

&, FARES R R %Tﬁ%%-%iﬁ-f?ﬁﬁ&%b, RACGKS, TRES, WHEK,
EB{]\LIJ ’*’

e *

XiH

WHIEAFENF SN EER, SRR RA R EALRE, JEAEMKS41004, FE
OF N Ak E R K S oy b R I A e Tk A F], B FL23955-6900, I 4R I 4 1
SEMERFMHFER, 3100084, FEH
GhE AT RFEATHER, K ITRFEIREREALRE, 100029, F [E
HmHEEAE T AFHBAFEL TRFK, k639798, #rin

T BB S T S e R HEL Tt (AEMFCs) B A A 7T R Al 5% < Je (R A 50008 i T 96 32 90 AR, R A S S AL e B2
(HOR)3 S 51 % 42 J (PGMs), B 'k 485 " HOR B 7 A B R 1k 2% A1 B IR 23N B ¢, 30 1 A A o 2R ] v PGMEs 7 8 LA 4
FrikRE. RAEPEAEATIEVED R, (M A e COThaE KU ™ H A 2 1 AEMFCsSEFRM AT, £T (Ru) R RCAAR
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B B B BE(AG)BET P, A A TR AR B ACAS B, 1H BFR Ruft S Ru-HEE FLFS 7 HOR K VolmerZ B8, S 85h /124IE. N
Uk, WU SR AR T2 R T 45 M TR SRS B K Ru S H 47 1 3 U 4 B AT & S AR i3k o 36 4%, t Ay v o0 DAFRAIG
AGyw; K HH LR FAS B AR B KA S5 7RI IR T AR TR G 1 456 20 R 115 26 U ARl 7 o A g s fh A2 et 1X
L [R] SR I L AL S (H*) 5 35 (OH*) P (R BT B 58 FE, NHF RAR AR . R0 HL i CORIRuSE M AL FIFR AL T B 77 171, %
HESIAEMFCs b At B A e = X

A5 3B T 55 Ak 2R TR R B ASORE Bk £ 0T 15, K Cu/Ru A R T ARG CuRu gl k& S E b & L FLB 804k 1
(N-(CuRu)xpssa@NC), Wit 3413 1 7 BA mid MEA SR HICO T 22 AURuIEHOR HLAEAL 7). Hr N 738 i 98 2 A N-4 J@ A
HAER 5CufRug 8 IR T TECAL. AR Z 88 IE = A IR TE RS 38 5 s T B B R 45 R 3R 9, o0kl A R B A AR AT 1)
Cu/Ru . J7 T FI M CuRuZ K & 4 00RE. 1 i 25 51 26 B, N5 44 U Ru ) Fe T 2 55 FE B A, T Cuft) B T = %5 Th s,
UESE HLF R Culf 58 A1 56 8. X Fl i 7 B A AT RO Ak 1 35 P67 R PRI PR AR, B A5 45 Rustf LR CO R PR B R B A1, ] R
4 CuXF OH 1) W B BE T 51, AT 7F RE 2 )2 i W HOR K S 6 ISR HE3E )38 T 58 4 R0 26 4. s fb 22k 45 SR 3R 0,
N-(CuR)np+sa@NC LA 55 5 (1022 e L 378 255 P R B 1, 2079083, 74 mA em 213,28 mA pgpy , it T324 A 1k 3R3E 1)
K2 HRuFEALT. 7E1000 ppm COM ik B A B A R RRAS 2 v v, R B H 7 FH PYC Evk A K I h #5688 7). B2 iR
IS HHHEER, &SR CuRuE &9 KR+ B B Cu R B R 2 Ru i L TR 8, AL H/OHW B 2 iECO %Ak, M
M THIREHORG MR BICO EEfE 1. RS SLI0 IR AE LS F R W, N-(CuRu)np:sa@NCE U FTHOR M GE RV K T LA R 44~
RIZE: (1) N5 4411 2 FL IR 0 P77 R0 Al < R 135 1 o (10 S R A1 2R, DT 0 v P A L 70 D T R e . (2) e 1) 2 BR
A P IMEE Sy H AR 58 R T/ AR R AR T adE, AR S T VR R ALR. (3) NEUIIA LA A Cust Z 5 T 16 ERu
A FEL T 45 44, DATIT IS 38 5 H*/CO* IR B, 3858 1 32 TSGR s X OH* W B, AT S5 25 32 7 1 b MERE R CORE 1. (4)
HBEFMOHBEX N-(CuRu)np+sa@NCR I [ B F SN AR K H R 3 T Volmer B3, M IR T 5k HORIT F2.

2k ERTR, AR A S5 R TAE A 1 B [F] SRS, KRR TE 7 N-(CuRu)npsa@NCHEALF)E PE AL A1 5 HOR S8 b
V'] 4 (AR ELAE AL, STh SRR A S5 T HOR Bl 24 W BRI, Syt s 38 B COH 2 IPGMs B AR AL TSR 4 T 97
Juz, HEZHAEMFCs VAL B FE I H S — 20,
KHEIR: MCuRugIK A 4 NS Ik, AEMRPL IR COTi 32 1%

Yo A8 B H: 2024-11-16. #:% H #1: 2025-02-24. _F W B J&]: 2025-05-20.
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