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1 | INTRODUCTION

| Zhibo Cui’ | Wensheng Jiao® |

Abstract

The slow kinetics of the hydrogen oxidation reaction (HOR) in alkaline media
requires higher loadings of noble metal catalysts to achieve satisfactory kinetic
activity, which greatly undermines the cost competitiveness of anion-exchange
membrane fuel cells. Herein, we prepared an atomically ordered RuGa
intermetallic nanocatalyst (imc-RuGa/hp-hCN) anchored on hierarchical
porous nitrogen-doped carbon. The ordered arrangement of the oxygenophilic
Ga atoms and Ru atoms directionally modulates Ru electronic structure,
synergistically optimizing *H and *OH adsorption energies for enhanced HOR
catalysis. The mass activity of the catalyst reaches up to 9.93 A mgg, ", which
is 13 times higher than that of commercial PtRu/C. Importantly, the catalyst is
stabilized for 600 h with a decay rate of only 10.5%. Theoretical calculations
demonstrate the atomic-scale ordered structure confers a homogeneous elec-
tron environment for the Ru active sites, enabling the catalyst to simulta-
neously maintain high activity, stability, and CO tolerance.
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reaction (ORR),”'* which significantly reduces the

Anion-exchange membrane fuel cells (AEMFCs) are
considered an important alternative technology to
proton-exchange membrane fuel cells (PEMFCs) due to
their unique alkaline operating environment.'™
Compared to the acidic system, AEMFCs allow the use
of non-precious metal catalysts (such as the Fe-, Co-, and
Ni-based materials) to drive the oxygen reduction

dependence on platinum (Pt) group metals on the cath-
ode side, while the lower corrosivity in the alkaline me-
dium allows for a wider range of bipolar plate material
choices and a more competitive overall cost.'* However,
AEMFC anode hydrogen oxidation reaction (HOR) ki-
netics are 2-3 orders of magnitude slower in alkaline
media versus acidic systems, necessitating Pt/PtRu cata-
lysts with high loadings.">'* Critically, these anode
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catalysts suffer from carbon monoxide (CO) poisoning
vulnerability, particle agglomeration, and oxidative
deactivation during operation, severely limiting dura-
bility.">'® Developing new anode catalysts with high ac-
tivity, stability, and low precious metal requirements is
therefore essential for AEMFC industrialization.

Ru is a promising Pt alternative for alkaline HOR due
to its abundance, lower cost, and suitable hydrogen-
binding energy.'”'® However, its intrinsic activity is
significantly lower than Pt's, primarily because its surface
readily forms inert RuO, species that hinder *H adsorp-
tion/desorption.’®?*  Furthermore, Ru's strong *OH
adsorption blocks active sites and slows kinetics.*' To
address this, researchers have employed alloying strate-
gies, introducing oxygenophilic metals (e.g., Fe, Co, Ga)
to create bimetallic systems. To address this, researchers
have employed alloying strategies, introducing oxygen-
ophilic metals (e.g., Fe, Co, Ga) to create bimetallic sys-
tems. These leverage ligand effects and bifunctional
mechanisms to synergistically optimize *H and *OH
adsorption energies.”” > Nevertheless, disordered alloy
nanoparticles often suffer from elemental segregation,
leading to non-uniform active sites. They are also prone
to component-selective dissolution in strong alkalis,
causing structural instability. More importantly, the
random synergism in disordered alloys makes precise
control over intermediate adsorption energies
difficult.?~%® In this regard, the construction of atomi-
cally ordered intermetallic compounds (IMCs) has
become an important breakthrough, whose long-range
ordered atomic arrangement can provide a homoge-
neous electronic environment.”**° Through combined
geometrical and electronic effects, IMCs enable direc-
tional regulation of active sites and enhanced structural
stability.>

Herein, we synthesized an atomically ordered RuGa
intermetallic catalyst (imc-RuGa/hp-hCN) via in situ
elastic spatial confinement on hierarchical porous N-
doped carbon. A breakthrough enhancement in alkaline
HOR kinetics was achieved by precisely controlling the
atomic ordered arrangement of Ru and Ga. Experimental
and theoretical calculations have shown that the ordered
doping of Ga atoms induces a redistribution of electron
density at Ru sites, thereby synergistically optimizing the
adsorption free energy of *H and *OH. The atomic
ordering ensures uniform active sites, while strong Ru-Ga
covalent bonds suppress Ga dissolution and Ru oxidation.
Consequently, imc-RuGa/hp-hCN demonstrates excep-
tional stability (only 10.5% decay after 600 h) and CO
tolerance (92% activity retention in 1000 ppm CO/H,). Its
mass activity reaches 9.93 A mgg,, ", which is 1.9 and 13
times higher than disordered RuGa alloys and commer-
cial PtRu/C, respectively. This work establishes a

paradigm for low-cost, highly stable HOR catalysts
through atomic ordering and support synergy, acceler-
ating AEMFC commercialization.

2 | RESULTS AND DISCUSSION

The synthesis method of imc-RuGa/hp-hCN is illustrated
in Figure 1A. It summarizes a one-step synthesis method
using silica (SiO,) and polydopamine structures to form
an in situ elastic spatial confinement scheme. A co-
mingled layer of polydopamine and SiO, forms inside
the synthesized SiO, spheres by means of a simultaneous
reaction of polydopamine polymerization and hydrolysis
of TEOS (Figure S1). This process enables the uniform
dispersion of Ru and Ga metal ions. During the calcina-
tion carbonization process at 900°C, the silica and poly-
dopamine (PDA) carbon sources act as domain-limiting
barriers of two different hardnesses. This limits the
migration of metal ions at high temperatures and facili-
tates the formation of fine, uniformly dispersed RuGa
IMC nanoparticles on the polydopamine carbon layer.
Subsequently, the SiO, is eliminated through etching,
resulting in the formation of a pore-rich imc-RuGa/hp-
hCN catalyst. Transmission electron microscopy (TEM)
images reveal that the diameter of the imc-RuGa/hp-hCN
hollow spheres is approximately 120 nm, with a shell
layer thickness of about 20 nm (Figure 1B, SEM images
are shown in Figure S2). As shown in Figure 1F, the X-
ray diffraction (XRD) pattern of the prepared imec-
RuGa/hp-hCN is consistent with the characteristic
diffraction peaks of standard RuGa IMC (PDF#17-0440),
which is different from metallic Ru (PDF#06-0663).
Additional morphological data on RuGa IMC nano-
particles is obtained through the utilization of aberration-
corrected high-angle annular dark-field scanning trans-
mission electron microscopy (AC HAADF-STEM).
Figure 1C shows that the average diameter of IMC
nanoparticles is 2.1 nm, uniformly dispersed in the hol-
low spherical shell. In Figure 1D, enlarged nanoparticles
are shown, and it can be clearly seen that the lattice
spacing of RuGa IMC is 0.225 nm, belonging to the (110)
plane of RuGa, consistent with the XRD results. This
further confirms that we synthesized ultra-small RuGa
IMC nanoparticles using the method of elastic spatial
confinement. The corresponding energy dispersive X-ray
(EDX) elemental distribution illustrated the homoge-
neous distribution of Ru and Ga elements in the catalyst
(Figure 1E). The elemental content of the catalyst was
determined by inductively coupled plasma mass spec-
trometry (ICP-MS, Table S1), and the atomic ratio of Ru
to Ga is 51.3:48.7, which is close to 1:1. Additionally, we
synthesized disordered Ga-doped Ru nanoparticles (d-
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FIGURE 1 Preparation and structure characterization of imc-RuGa/hp-hCN. (A) Schematic diagram of the synthesis of imc-RuGa/hp-
hCN. (B) Transmission electron microscopy images of imc-RuGa/hp-hCN. (C, D) AC HAADF-STEM image and the crystal plane spacing of
the RuGa intermetallic compound marked with the orange line in (D). (E) HAADF-STEM image and the corresponding energy dispersive
X-ray elemental maps of Ru and Ga. (F) X-ray diffraction pattern of imc-RuGa/hp-hCN. Inset is the crystal structure of RuGa intermetallic

compounds.

RuGa/hp-hCN), Ru/hp-hCN, and Ga/hp-hCN as control
samples using a similar method. The morphological
characteristics of these samples are shown in Figure S3.
From the XRD pattern, it can be seen that Ru/hp-hCN
exhibits characteristic peaks of hexagonal close-packed
(hcp) phase Ru, and the introduction of the Ga element
fundamentally changes the crystal structure of the cata-
lyst, transforming it from hcp phase Ru to the body-
centered cubic (bcc) RuGa IMC (Figure S4). As shown
in Figure S5, the XRD characteristic diffraction peaks of
d-RuGa/hp-hCN are different from RuGa IMC, and the
rightward shift compared to Ru/hp-hCN proves that Ga
doping causes a lattice shift in elemental Ru, indicating
that Ga element is doped into Ru particles.

The surface chemical state of the samples was char-
acterized by X-ray photoelectron spectroscopy (XPS). The
presence of Ru, Ga, and N elements in the sample in
addition to carbon is shown in Figure S6 which is
consistent with the EDX elemental mapping results. As
shown in Figure S7, due to the direct coordination
structure between a large number of ultrafine

nanoparticles in imc-RuGa/hp-hCN and the carrier car-
bon, the Ru element has two valence states (0 and + 4) in
imc-RuGa/hp-hCN, corresponding to Ru species in RuGa
IMC and Ru coordinated with N/O atoms on the surface
of IMC, respectively.**>* It is noteworthy that the Ru® 3p
peak of imc-RuGa/hp-hCN is negatively shifted by
0.36 eV in comparison to Ru/hp-hCN. This indicates that
the electron transfer from Ga atoms to Ru atoms results
in a reduction in the electron binding energy of Ru. Ac-
cording to literature reports, electron-rich Ru sites can
reduce the H adsorption energy during alkaline HOR
processes, which is helpful for improving the catalytic
activity of alkaline HOR reactions.">** From the 2p peak
of Ga, it can be seen that there are both metallic Ga and
oxidized Ga, similar to the Ru element, corresponding to
the species in IMC and the species directly connected to
the carrier on the surface (Figure $8).>>3¢

X-ray absorption spectroscopy (XAS) technology was
used to further obtain atomic level structural informa-
tion. X-ray absorption near edge structures (XANES) of
imc-RuGa/hp-hCN and the reference samples (Ru foil
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and RuO,) as shown in Figure 2A. The K-edge of Ru in
imc-RuGa/hp-hCN is located between Ru foil and RuO,,
close to the reference sample of Ru foil, indicating that
the valence state of Ru is between 0 and +4, with an
average valence state of approximately +0.51. Mean-
while, Figure 2B shows the Ru K-edge Fourier trans-
formed extended X-ray absorption fine structure (FT-
EXAFS) of imc-RuGa/hp-hCN and reference samples,
where the prominent peak of imc-RuGa/hp-hCN at
1.51 A can be attributed to the Ru-N/O bond through
path fitting.”" This is due to the Ru-N/O bond at the
interface between nanoparticles and carbon support. The
peak at 2.33 A can be attributed to Ru-Ga bonds. As
shown in Figure 2D, the Ga K-edge XANES spectrum
shows that the absorption edge of Ga in imc-RuGa/hp-
hCN lies between Ga foil and Ga,0O;, indicating the
valence state of Ga is between 0 and +3, valence and this
result is consistent with XPS. The Fourier transform of
Ga K-edge EXAFS spectra shows that the Ga-Ru bond in
ime-RuGa/hp-hCN also appears at around 2.33 A, which
is consistent with the results of Ru-Ga bonds in Ru K-
edge EXAFS spectra. We further confirm the analysis
conclusion by fitting EXAFS (Figure S9). The fitting re-
sults of Ru and Ga elements both indicate the presence of
Ru-Ga bonds with a bond length of approximately 2.56 A
in imc-RuGa/hp-hCN (Table S2). Furthermore, wavelet
transform (WT) is performed on the EXAFS spectra of Ru
and Ga K edges, revealing clear Ru-N/O, Ga-N/O, and
Ru-Ga bonds in imc-RuGa/hp-hCN (Figure 2C,F). The
conclusion that RuGa IMCs on the catalyst are connected

FIGURE 2 Structural characterization of imc-RuGa/hp-hCN.
(A) The Ru K-edge XANES spectra of imc-RuGa/hp-hCN, Ru foil,
and RuO,. The inset of (A) is the relationship between the Ru K-
edge absorption energy (E,) and oxidation states for imc-RuGa/
hp-hCN, Ru foil, and RuO,. (B) FT-EXAFS spectra at the Ru K-
edge of imc-RuGa/hp-hCN, Ru foil, and RuO,. (D) The Ga K-edge
XANES spectra of imc-RuGa/hp-hCN, Ga foil, Ga,03 and Ga
(acac);. (E) FT-EXAFS spectra at the Ga K-edge of imc-RuGa/hp-
hCN, Ga foil, Ga,0; and Ga(acac);. (C) Ru K-edge wavelet
transform-EXAFS of imc-RuGa/hp-hCN, Ru foil, and RuO,.

(F) Ga K-edge wavelet transform-EXAFS of imc-RuGa/hp-hCN,
Ga foil, Ga,05 and Ga(acac);. FT-EXAFS, Fourier transformed
extended X-ray absorption fine structure; XANES, X-ray
absorption near edge structures.

to the carbon support through metal-N bonds is basically
confirmed.

The HOR activity of the catalyst was tested by rotating
disc electrode (RDE). In hydrogen-saturated 0.1 M KOH,
a series of LSV curves were measured at 1600 rpm and a
scan rate of 5mV s!, as shown in Figure 3A.%7 The other
three control samples are synthesized Ru/hp-hCN, com-
mercial Pt/C, and commercial PtRu/C. Ga/hp-hCN using
only the Ga element exhibits no significant HOR catalytic
activity (Figure S10). Compared with Ru/hp-hCN and
commercial PtRu/C, imc-RuGa/hp-hCN shows better
HOR activity and higher current density. Besides, there
are no apparent current densities of imc-RuGa/hp-hCN in
the Ar-saturated electrolyte (Figure S11), implying that
the anodic current of imc-RuGa/hp-hCN mainly origi-
nates from HOR. Moreover, both imc-RuGa/hp-hCN and
d-RuGa/hp-hCN have higher current densities than Ru/
hp-hCN, and the doping of Ga results in a much smaller
decrease in current density at 0.25 V versus RHE
compared to the control Ru/hp-hCN. This indicates that
Ru doped with Ga can promote the HOR process. In
addition, imc-RuGa/hp-hCN has better activity and less
current density decay with increasing potential compared
to d-RuGa/hp-hCN, demonstrating that the regular
atomic arrangement of IMC can achieve superior HOR
performance. Figure 3B shows the Tafel diagram of all
samples fitted by Butler-Volmer, which shows that imc-
RuGa/hp-hCN has faster reaction kinetics. In addition,
we studied the polarization curves at different rotational
speeds, and the increase in current density with the in-
crease of RDE rotational speed reflects the influence of
mass transfer on the HOR process. By calculating the
slope of the Koutecky-Levich equation curve at 0.2 V
versus RHE, it is confirmed that imc-RuGa/hp-hCN and
control samples are close to the theoretical value of the
two-electron HOR  process (Figure 3C and
Figures S12-S14). From the micro polarization region
diagram (Figure 3D), it can be seen that the slope of imc-
RuGa/hp-hCN near 0 V is much higher than that of Ru/
hp-hCN and commercial Pt/C, which means that imc-
RuGa/hp-hCN has the highest exchange current density
(G°) (2.89 mA cm™), higher than that of Ru/hp-hCN
(1.79 mA cm™?) and Pt/C (1.60 mA cm™?).

The mass activity of the catalyst can be inferred from
the results of metal loading. The mass activity (j*™) can be
obtained by normalizing the mass of kinetic current den-
sities (j*) at 50 mV overpotential (Table S3). As shown in
Figure 3E, imc-RuGa/hp-hCN exhibits the highest mass
activity compared to control samples, with a j*™ 0f 9.93 A
mgg, ', which is 13 times higher than that of the com-
mercial PtRu/C catalyst (0.76 A mgpgy ') and 1.9 times
higher than that of d-RuGa/hp-hCN (Table S4). It also
outperforms recently reported noble metal-based catalysts
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FIGURE 3 Electrocatalytic HOR performance of different catalysts in 0.1 M KOH. (A) HOR polarization curves of imc-RuGa/hp-hCN
and the references in H,-saturated 0.1 M KOH electrolyte with a scan rate of 5 mV s~ and a rotation speed of 1600 rpm. (B) Tafel plots
derived from HOR polarization curves normalized kinetic current densities (j) via the Butler-Volmer fittings. (C) HOR polarization curves
of imc-RuGa/hp-hCN at different rotating speeds (inset is Koutechy-Levich plot). (D) Fitting linear current in the micro-polarized region.
(E) Comparison of the mass activities (™) and the ECSA-normalized exchange current densities (j*%) of imc-RuGa/hp-hCN, Ru/hp-hCN,
commercial PtRu/C, and commercial Pt/C. (F) LSV curves of imc-RuGa/hp-hCN before and after 20 000 cycles of cyclic voltammetry

testing. (G) imc-RuGa/hp-hCN and commercial Pt/C tested on gas diffusion electrodes at 0.05 V versus RHE. HOR, hydrogen oxidation

reaction.

in of mass activity (Table S6).**® It is demonstrated that
introducing Ga atoms to regulate the electronic structure
of Ru sites can significantly improve the mass activity of
catalysts. Electrochemical surface area (ECSA) is a key
parameter that can determine the number of active sites on
the catalyst surface. The larger the electrochemical surface
area of the catalyst, the more effectively it can catalyze the
reaction. The ECSA values of imc-RuGa/hp-hCN, Ru/hp-
hCN, PtRu/C, and Pt/C measured by copper under-
potential deposition (Cuypg) experiments were 199.9,
164.3,16.74,and 31.34 m> g, respectively (Figure S15 and
Table S5). The j° can be normalized by ECSA to obtain the
j%* of the catalyst, which reflects the intrinsic activity of the
catalyst. As shown in Figure 3E, the active site on the
surface of imc-RuGa/hp-hCN has the highest intrinsic ac-
tivity (j%° = 0.096), significantly higher than PtRu/C

(G°° = 0.061). Compared with the Ru/hp-hCN and
d-RuGa/hp-hCN, it has nearly doubled, which further
proves that Ga plays an important role in adjusting the
intrinsic activity through the electronic interaction
with Ru.

The stability of the catalyst is also an important factor
that restricts the application of AEMFCs. Given that, we
conducted a study on the stability of imc-RuGa/hp-hCN.
In Figure 3F, we first use the accelerated degradation test
(ADT). After 20 000 cycles of cyclic voltammetry test, the
imc-RuGa/hp-hCN decreases slightly (2.6% at 0.1 V),
which is much smaller than the decrease of d-RuGa/hp-
hCN after 2000 cycles (Figure S16). In long-term stability
testing, gas diffusion electrodes (GDE) are selected as
working electrodes (Supporting Information). As shown
in Figure 3G, after 600 h of testing, the activity of imec-
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RuGa/hp-hCN decreased by 10.5%, while the commercial
Pt/C decreased to 80% in less than 50 h. Compared with
the results of XPS and TEM of imc-RuGa/hp-hCN before
and after the reaction, the morphology and structure of
the catalyst did not change (Figures S17-S19). The HOR
stability of imc-RuGa/hp-hCN is significantly better than
that of most recently reported noble metal-based alkaline
catalysts (Table S6 and Figure S20). After running on
RDE for 10 000 s, the current density of imc-RuGa/hp-
hCN did not decrease, while d-RuGa/hp-hCN decreased
by 12.4%, which proves that the ordered structure is the
source of its stability (Figure S21 and S22). Therefore, the
highly regular RuGa IMC in imc-RuGa/hp-hCN ensures
exceptional stability during alkaline HOR, preventing
rapid deactivation and enabling long-term performance
and cost efficiency.

CO tolerance tests demonstrate that imc-RuGa/hp-
hCN exhibits superior resistance to CO poisoning
compared to Ru/hp-hCN, with a significantly smaller
decrease in current density under CO exposure
(Figure 4A). Notably, d-RuGa/hp-hCN also outperforms
commercial Pt/C and PtRu/C catalysts in CO tolerance,
as evidenced by its LSV curve (Figure S23). These results
confirm that Ga doping electronically modulates Ru sites,
enhancing CO tolerance. We also used the chro-
noamperometry method to test the stability in the pres-
ence of CO. As shown in Figure 4B, Ru/hp-hCN,
commercial Pt/C, and PtRu/C all become completely
inactive within 3600 s, while imc-RuGa/hp-hCN and d-
RuGa/hp-hCN are still able to catalyze HOR. It is worth
noting that imc-RuGa/hp-hCN and d-RuGa/hp-hCN
decrease by 13.3% and 52%, respectively, after 3600 s,
demonstrating that ordered RuGa IMC has higher

FIGURE 4 (A) Polarization curve of imc-RuGa/hp-hCN and
Ru/hp-hCN in 1000 ppm CO/H,-saturated 0.1 M KOH.

(B) Comparison of the stability of imc-RuGa/hp-hCN, Ru/hp-
hCN, commercial Pt/C, and PtRu/C using chronoamperometry in
1000 ppm CO/H,-saturated 0.1 M KOH solution tested on rotating
disc electrode. (C) CO-stripping measurements on the synthesized
catalysts in N,-saturated 0.1 M KOH. (D) Free energy of *H
adsorption on Ru atoms of imc-RuGa/hp-hCN and other control
catalysts (AG+y). (E) Comparison of *OH adsorption energy
(AGson).

resistance to CO than disordered Ga doped RuGa alloys.
Imc RuGa/hp hCN exhibits excellent performance when
applied to AEMFC, with a peak power density of
805 mW cm™2, comparable to the performance of
platinum-based catalysts (Figure S24).

The above results indicate that RuGa IMC provides
activity, stability, and CO resistance far superior to Ru/
hp-hCN. To further investigate the source of excellent
performance, we characterized adsorption of *H and *OH
by the catalyst through electrochemical testing. The CO-
stripping experiment is shown in Figure 4C, the CO-
stripping peak position of imc-RuGa/hp-hCN was signif-
icantly lower than that of Ru/hp-hCN, indicating that the
formation of the RuGa intermetallic compound can
improve the *OH adsorption capacity of Ru site. Mean-
while, the lower CO-stripping peak potential also means
that the imc-RuGa/hp-hCN catalyzes the conversion of
*CO to CO, at a faster rate, indicating that RuGa imc has
stronger resistance to CO poisoning. The results of
hydrogen underpotential deposition (Hypq) showed that
imc-RuGa/hp-hCN had the lowest desorption potential of
*H (Figures S26 and S25). This result confirms that the
introduction of Ga can reduce the surface *H binding
energy. The Volmer reaction is considered the rate
determining step (RDS) of alkaline HOR. Therefore,
weakening the strong *H on the catalyst surface and
enhancing *OH can accelerate the occurrence of Volmer
steps, thereby simultaneously improving the alkaline
HOR activity of the catalyst.

In order to further understand the excellent HOR
activity of imc-RuGa/hp-hCN, density functional theory
calculations are performed on the model system. Exper-
imental characterization (Figure 1 and XAFS) confirms
imc-RuGa/hp-hCN contains abundant ultrafine RuGa
IMC nanoparticles anchored to the support via metal-N
bonds. Subsequently, we establish possible imc-RuGa/
hp-hCN models as shown in Figure S27. *H and *OH are
important descriptors for HOR reaction activity, and
calculating the adsorption energy of key reaction in-
termediates in alkaline HOR processes can effectively
reflect the enhancement of catalytic activity by the con-
struction of RuGa IMC.**° The *H adsorption configu-
rations of imc-RuGa/hp-hCN and the control samples are
shown in Figures S28-S30, and the corresponding values
of hydrogen adsorption free energies (AG+y) are calcu-
lated to be —-0.37, —0.28, and —0.18 eV, respectively
(Figure 4D). The AG«y on IMC sites of imc-RuGa/hp-
hCN are much more thermo-neutral, this means that *H
has the fastest desorption rate on it. In addition, the *OH
adsorption free energy (AG«op) on the surfaces of three
catalysts is calculated. The calculation results (Figure 4E)
indicate that with the doping of Ga, both imc-RuGa/hp-
hCN and d-RuGa/hp-hCN have stronger AGx«oy
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compared to the metal Ru surface. This is consistent with
the results of the CO-stripping experiment, further con-
firming that the change in AG«oy caused by Ga doping is
the reason for improving the CO tolerance of Ru-based
catalysts.

In summary, we utilized a silicon-based nanopore
confinement approach to synthesize a hollow carbon
sphere catalyst, which was loaded with ultrafine RuGa
IMC nanoparticles in a single step. This method
effectively integrated Ga and Ru into a highly active
catalyst for the alkaline HOR. The imc-RuGa/hp-hCN
catalyst exhibited exceptional performance, maintaining
stable operation for 600 h at a working voltage of
0.05 V versus RHE. Remarkably, its mass activity was
13 times higher than that of the commercial PtRu/C
catalyst. Additionally, the imc-RuGa/hp-hCN catalyst
maintained its HOR activity even in the presence of
1000 ppm CO. Theoretical calculations demonstrate
that the ordered electronic structure of RuGa IMC
nanoparticles optimizes the adsorption of *H and *OH,
enhancing HOR activity and CO tolerance. This work
demonstrates that the improvement in the performance
of alkaline HOR catalysts is attributed to the doping of
the oxygenophilic element Ga and the regulation of
the ordered electronic structure. It offers the potential
for the development of highly stable and CO-tolerant
AEMFCs.
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