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HIGHLIGHTS GRAPHICAL ABSTRACT

e RuCo alloy nanoparticles is fabricated
by impregnation and  pyrolysis
strategies.

e The hollow mesoporous structure facil-
itates ion diffusion and electron
transport.

e The hcp-RuCo@C exhibits good HOR
activity and resistance to CO poisoning.

o Alloying-induced d-d electronic interac-
tion optimizes the HBE and OHBE, pro-
moting the vital Volmer step.

ARTICLE INFO ABSTRACT

Keywords: Bimetallic alloys hold exceptional promise as candidate materials because they offer a diverse parameter space
Bimetallic alloy for optimizing electronic structures and catalytic sites. Herein, we fabricate ruthenium-cobalt alloy nanoparticles
Electrocatalysis

uniformly dispersed within hollow mesoporous carbon spheres (hcp-RuCo@C) via impregnation and pyrolysis
strategies. The intriguing hollow mesopore structure of hcp-RuCo@C facilitates efficient contact between active
sites and reactants, thereby accelerating hydrogen oxidation reaction (HOR) kinetics. As anticipated, the hcp-
RuCo@C showcases remarkable exchange current density and mass activity of 3.73 mA cm 2 and 2.8 mA
gre, respectively, surpassing those of commercial Pt/C and documented Ru-based electrocatalysts. Notably,
hep-RuCo@C demonstrates robust resistance to 1000 ppm CO, a trait lacking in Pt/C catalysts. Comprehensive
experimental results reveal that the alloying-induced d-d electronic interactions between Ru and Co species
significantly optimizes hydrogen binding energy (HBE) and hydroxide binding energy (OHBE). This optimization
promotes the vital Volmer step, ameliorating the alkaline HOR properties of hcp-RuCo@C.
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1. Introduction

Amidst a global consensus on pivotal actions to address climate and
environmental concerns, the utilization of hydrogen-centric energy
systems is receiving mounting attention [1]. Hydrogen-oxygen fuel cells
(HOFCQ) offer high energy efficiency and durability, paving the way for
establishing a sustainable energy infrastructure based on electrical
hydrogen generated from renewable resources [2,3]. Recent advance-
ments in non-precious cathodic oxygen reduction reaction (ORR) elec-
trocatalysts and anion-exchange membranes have significantly reduced
the cost of fuel cell systems [4,5]. Nevertheless, the widespread adoption
of anion-exchange membrane fuel cells (AEMFCs) heavily relies on the
efficiency and durability of the HOR electrocatalysts, as the HOR ki-
netics of platinum-group metals in alkaline environments present sig-
nificant challenges compared to acidic conditions [6-8]. Despite
tremendous progress in developing high-performance HOR electro-
catalysts such as alloy materials [9], single-atom catalysts [10], and
heterostructure compounds [11], etc., the ongoing goals for practical
commercial applications include further reducing the use of precious
metals and enhancing electrochemical stability. Therefore, crafting low-
cost, efficient and high stability HOR catalysts under operational con-
ditions is pivotal for commercializing AEMFC technology.

The alkaline HOR process involves the dissociation of Hy to form
adsorbed hydrogen (Haq), as well as the combination of Hyq and adjacent
hydroxyl groups (OH™) to form water [12,13]. Hydrogen binding energy
(HBE) and hydroxyl binding energy (OHBE) are crucial parameters for
evaluating alkaline HOR [14,15]. Ruthenium (Ru) possesses similar
metal-hydrogen bond strength to platinum (Pt), relatively economical
cost, appropriate oxyphilic capacity, and optimal adsorption of OH,q
and H,q at low anode potential, which is essential for achieving rapid
HOR Kkinetics in alkaline environments [16,17]. To some extent, Ru-
based electrocatalysts are deemed as potential alternatives to Pt. How-
ever, as the anodic potential increases, metallic Ru is incapable to
maintain an adequate oxide-free surface to bind with H,q, because it is
susceptible to oxidation at higher anodic potentials (>0.1 V vs. RHE)
[18]. Therefore, there is a need to modulate the electronic structure of
Ru to manufacture Ru-based HOR electrocatalysts with exceptional ac-
tivity and durability. Coupling Ru with d-d orbitals of heteroatoms (Fe,
Co, and Ni) to manipulate the d-band centers relative to the Ru Fermi
level can alter the surface structure of Ru, weakening the HBE and
enhancing the OHBE, thus boosting the HOR activity of Ru-based cata-
lysts [19,20]. For instance, Yuan et al. utilized the polymer-assisted
pyrolysis method to fabricate FeCoNiMoW high-entropy alloy (HEA)
nanoparticles embedded within a porous carbon skeleton, which
exhibited remarkable activity and durability in an alkaline environment
[21]. Moreover, innovating open nanostructures, such as hollow meso-
porous spheres, proven effective in amplifying the electrocatalytic pe-
culiarity of alloy materials, expediting efficient reactant mass transfer
across outer and inner surfaces and creating more active sites [22].

In this study, we synthesized bimetallic RuCo nanoalloy using a wet-
chemical-pyrolysis strategy, and evaluated its catalytic performance for
HOR under alkaline condition. Benefiting from the unique hollow
mesoporous structure and alloying effect, hcp-RuCo@C exhibited a
larger specific surface area, decreasing diffusion resistance and
providing a high density of active sites. Consequently, hcp-RuCo@C
demonstrated a synergistic combination of high activity, decent dura-
bility, as well as superb CO tolerance, showcasing its potential appli-
cation in energy conversion devices. Experimental results disclosed that
the d-d electronic interactions between Ru and Co optimized the
adsorption of both hydrogen and hydroxyl species, which significantly
advances the crucial Volmer step.
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2. Experimental section
2.1. Chemicals and reagents

All materials were employed without any further purification. These
included tetraethyl silicate (TEOS), ammonia solution (NH4OH), 3-
hydroxytyramine hydrochloride (CgH11NO2-HCl), ruthenium tri-
chloride (RuCl3-xH20, 99 %, ~40 wt.% Ru), cobaltous acetate
(C4HgC004, 99.5 %), trimesic acid (H3BTC, 99 %), methanol absolute
(CH30H, 99.5 %), commercial Pt/C (20 wt% Pt), nafion solution (5 wt
%), and potassium hydroxide (KOH, 90.0 %).

2.2. Synthesis of hollow mesoporous carbon spheres (HMCS)

The hollow mesoporous carbon spheres were synthesized according
to our previous work [23].

2.3. Synthesis of hcp-RuCo@C nanoalloy, hcp-Ru@C, and Co@C

The typical synthesis of hcp-RuCo@C catalyst was as follows. Briefly,
a specific amount of HMCS support was dispersed in 40 mL of mixed
solution (deionized water/methanol absolute: = 1/1 v/v) containing 20
mg ruthenium trichloride, 30 mg cobaltous acetate and 20 mg trimesic
acid. Followed by an oil bath for 12 h at 60 °C. The precursor was
harvested by centrifugation, washed with water and ethanol for several
times, and dried in a vacuum oven overnight. Subsequently, the pre-
cursor was then pyrolysed at 500 °C for 2 h at a heating rate of 5 °C
min~! in an N, atmosphere. After naturally cooling, the obtained sample
was denoted as hep-RuCo@C, with a specific Ru content of 4.68 wt.%,
affirmed by inductively coupled plasma (ICP-MS) measurements.

As a control, the preparation of hcp-Ru@C, and Co@C was similar to
that of hep-RuCo@C, in the absence of ruthenium trichloride (cobaltous
acetate).

2.4. Materials characterization

The samples’ crystal structure and phase composition of the samples
were examined using Powder X-ray diffraction (XRD) with a Rigaku D/
Max 2500 V/PC instrument, which utilized Cu Ka radiation to scan the
26 range from 10 to 90 degrees. The morphology and elemental distri-
bution of the catalysts were characterized through scanning electron
microscopy (SEM, FEI Quanta 200 FEG) and transmission electron mi-
croscopy (TEM, JEM-2100F). X-ray photoelectron spectroscopy (XPS)
with a JPS-9010 instrument utilizing Mg Ka radiation analyzed the
samples’ chemical state and electronic structure. The metal content in
the catalysts was determined using inductively coupled plasma mass
spectroscopy (ICP-MS, PerkinElmer corporation, FLexar-NexION300X).
The samples’ specific BET surface area (Brunauer-Emmett-Teller) and
pore size distribution were used to measure the specific surface area and
pore size distribution, respectively. Raman spectra were recorded using
a Renishaw in Via instrument with a visible laser set at 532 nm.

2.5. Electrochemical measurements

The CHI 760E (Shanghai, China) electrochemical analyzer was used
to perform all the electrochemical measurements in a standard three-
electrode system. A glassy carbon electrode (GCE, diameter: 5 mm,
disk area: 0.196 cm?) coated with catalysts acted as the working elec-
trode. The Ag/AgCl electrode (in 0.1 M KOH) and the graphite rod were
the reference electrode and counter electrode, respectively. All
measured potentials were reported versus the reversible hydrogen
electrode (RHE) potential.

2.6. Preparation of catalytic electrodes

To fabricate a thin-film working electrode, 3 mg of sample and 5 pL
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Fig. 1. (a) Schematic illustration of the fabrication of hcp-RuCo@C. SEM images of (b) SiO>@DA and (c) hep-RuCo@C. (d—e) TEM images and corresponding particle
size statistics of hep-RuCo@C. (f-h) High-resolution TEM image and lattice analysis. (i) HAADF-STEM and corresponding elemental mappings of hcp-RuCo@C.

of Nafion solution (5 wt.%), were ultrasonically dispersed in deionized
water-isopropanol solution (volume ratio,1: 1) to form a homogeneous
ink. Then, 10 pL ink was pipetted onto the surface of a pre-polished
glassy carbon electrode, drying the ink before measurement. The
amount of Ru loading was 14.29 gg, cm 2, calculated by ICP-MS data
(Table S1).

2.7. Hydrogen oxidation reaction (HOR) measurements

Cyclic voltammetry (CV) curves were recorded between 0 V and 1.0
V vs. reversible hydrogen electrode (vs. RHE) in a pre-made Nj-satu-
rated 0.1 M KOH electrolyte until stable curves were obtained. The HOR
polarization curves were recorded by a rotation disk electrode (RDE)
with a rotation speed of 1600 rpm in an Hy-saturated 0.1 M KOH, and
the potential range is from —0.05 V to 0.5 V at a scanning rate of 10 mV
sL

The HOR polarization under the rotation speed of 2500, 1600, 900,
and 400 rpm were collected at a scanning rate of 10 mV s~ '. The kinetic
current density (ji) of each electrocatalyst could be calculated from the
Koutecky-Levich equation (Eq. (1):
1 1 1
-+ n
Ja Jk )

(€8]

Where jq is the diffusion current density [mA cm_z], Jjk is the kinetic

current density [mA cm’z], and j is the measured current density [mA
-2

cm” “].
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Levich equation (Eq. (2):

ja = 0.62nFD*?y~/%Cow'/? = BCow'/? (2
In the formula, n, F, and D correspond to the number of electrons
transferred in the HOR, the Faraday constant (96485 C mol 1), and Hy
diffusivity in the electrolytes (3.7 x 107> cm?s™1), respectlvely Bis the
Levich constant, Cy is the solubility of Hy (7.33 x 10~ “mol L™ 1) and o is
the rotating speed.

Exchange current density (jo) could be deduced from the Butler-
—Volmer equation in Eq. (3):

X oF —(1-a)F
=jo eRT — " RT

Jk 3
where 7, a is the overpotential and transfer coefficient, R and T
represent the gas constant (8.314 J mol™! K1) and the testing tem-
perature (303 K), respectively.
Mass activity (MA) was normalized by using jx and the mass active
metal dripped onto the RDE (Eq. (4).

]k
M

MA = 4)
CO stripping voltammetry measurements was performed by holding the
potential of working electrode at 0.1 V (vs. RHE) for 10 min in the UHP
CO to adsorb CO on the metal surface fully. Following, N, was bubbled
for 40 min to remove residual CO in the electrolyte completely. CO
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Fig. 2. (a) XRD patterns of hcp-RuCo@C and hep-Ru@C. (b) Raman spectra of hep-RuCo@C, hep-Ru@C, Co@C and C. (¢) N, adsorption-desorption isotherms and
pore size distribution (inset) of hcp-RuCo@C. (d) High resolution XPS of Ru 3p in hcp-RuCo@C and hep-Ru@C. (e) UPS spectra and (f) band structure alignment of

hep-RuCo@C and hep-Ru@C.

stripping current was obtained by cycling between 0 V and 1.2 V (vs.
RHE) at 0.02 V s~ ! without any extra CO. The 1st CV is the stripping of
the monolayer CO, where the CO oxidation peak can be noticed. The 2nd
CV represented the background (Eq. (5).

QCO

ECSA;ctive metal = 042 mC em % = M

%)
where Qco is the total charge of adsorbed CO oxidation, 0.42 mC cm 2
corresponds to monolayer CO adsorption, and M represents the total
loading of active metal on the working electrode.

3. Results and discussion
3.1. Synthesis and structural analysis

Fig. 1a illustrated the overall synthetic pathway for hcp-RuCo@C,
involving impregnation and carbonization strategies. Briefly,
SiO2,@DA (DA: dopamine) was initially synthesized using a one-pot
approach. Hollow mesoporous carbon spheres (HMCS) were obtained
after carbonization and desilication. Subsequently, HMCS were
dispersed ultrasonically in a mixed aqueous solution containing Ru salt,
Co salt, and H3BTC, resulting in the formation of hcp-RuCo@C through
annealing at 500 °C in N atmosphere. For comparison, the hcp-Ru@C
catalyst was prepared by a similar process. The morphological evolu-
tion of HMCS and hcp-RuCo@C were investigated using SEM charac-
teristic. As depicted in Fig. 1b, SiO,@DA appeared a monodispersed
spherical morphology. After pyrolysis and alkali-steeping, the initial
solid sphere transformed into a hollow spherical shape (Fig. S1).
Notably, hcp-RuCo@C retained the distinctive hollow spherical
morphology inherited from HMCS (Fig. 1c). The hollow spherical
structure afforded a superiority in erasing the inert interior blockage and
curtailing the distance for reactant transport compared to an intact
sphere [24,25]. Transmission electron microscopy (TEM) images
(Fig. 1d) verified the hollow spherical nature of hcp-RuCo@C. Profiting
from the synergistic effect between Co and Ru species, RuCo nano-
particles were evenly distributed throughout the hollow spherical
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structure, resulting in a small average particle size of 1.86 nm (Fig. 1e).
In contrast, pure hcp-Ru@C (4.16 nm) tended to aggregate on the sup-
port. This led to a distinctly larger nanoparticle size on the carrier sur-
face and covered many active sites, which contributed to poor catalytic
performance (Fig. S2a). High-resolution TEM (HR-TEM) analysis
(Fig. 1f-h) indicated lattice streak spacing of 0.211 and 0.234 nm
aligning with the (002) and (1 00) crystal facets of hcp-Ru, respectively.
Compared with hep-Ru@C (Fig. S2b), the crystal plane spacings of hep-
RuCo@C exhibited a certain reduction, validating the successful incor-
poration of Co atom into the Ru lattices [26]. Elemental mapping
analysis further confirmed the homogeneous spatial distributions of C,
O, Co and Ru elements within the structure (Fig. 1i).

X-ray diffraction (XRD) analysis (Fig. 2a) revealed that both hcp-
RuCo@C and hcp-Ru/C exhibited a well-matched hexagonal-close-
packed (hcp) structure (JCPDS: 06-0663) [27]. Remarkably, the XRD
peaks around 44° for hcp-RuCo@C shifted positively to higher angle
than hep-Ru@C, indicating the smooth incorporation of Co atoms into
the Ru lattice. Raman spectroscopy was then employed to assess the
structural defects of the samples. Fig. 2b showed that the intensity ratio
(Ip/Ig) between D (=~ 1319 cm_l, disordered/defective C—sp3) and G (=
1581 em ™%, ordered graphitic C-sp®) bands for the HMCS support was
approximately 1.49, suggesting the richness of structural defects in the
carbon carriers [28]. Whereas the Ip/Ig ratio of hcp-RuCo@C was
slightly lessened, likely due to the occupation of some carbon defective
sites by RuCo alloy nanoparticles. This suggested that HMCS can be a
protective shell, preventing RuCo alloy nanoparticles’ agglomeration,
exfoliation, and dissolution during electrochemical measurements, thus
upholding their prolonged stability [25,29]. As showed in Fig. 2c, the
specific surface area of hcp-RuCo@C determined by Bru-
nauer—-Emmett-Teller (BET) was about 429.19 m?> g’l, and possessed
abundant pore structure (average pore size ~ 10.99 nm), which was
conducive to Hy adsorption and electron/mass transport on catalyst
surface, thus enhancing its catalytic performance [23,30].

Moreover, the variation of surface chemical states after alloying with
Co was thoroughly appraised by X-ray photoelectron spectroscopy
(XPS). In the high-resolution Ru 3p spectra (Fig. 2d), the deconvoluted
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Fig. 3. (a) HOR polarization curves of hep-RuCo@C, hep-Ru@C, Co@C and commercial Pt/C, respectively. (b) HOR polarization curves for hcp-RuCo@C at various
rotation speeds. Inset in b shows corresponding Koutecky-Levich plots at 50 mV. (c) Tafel plots. (d) Linear fitting curves in micropolarization region. (e¢) Comparison
of ji and jo of studied electrocatalysts. (f) Compared the MA with other recently reported alkaline HOR electrocatalysts. (g) HOR polarization curves for hcp-RuCo@C
and commercial Pt/C in Hy-saturated 0.1 M KOH before and after 1000 cycles. (h) Chronoamperometry (j-t) responses were recorded on hcp-RuCo@C and com-
mercial Pt/C. The inset shows the SEM image of hcp-RuCo@C after long-term stability.

peaks at 462.63 and 484.86 eV corresponded to bulk metallic Ru, while
the peaks centered at 466.60 and 489.72 eV accounted for electro-
depleted ruthenium species (Ru®"). Apparently, the metallic Ru peak
of hep-RuCo@C emerged a positive shift of 0.23 eV in contrast to pure
hep-Ru@C, which explained the electron transfer from Ru to Co,
inducing a violent d-d electron interaction, which was conducive to
enhancing HOR activity [31]. Additionally, the electronic characteris-
tics of hcp-RuCo@C were thoroughly investigated using ultraviolet
photoelectron spectroscopy (UPS) to delve into its augmented intrinsic
activity and rapid reaction dynamics. Fig. 2e-f revealed that the work
function (WF) values for hcp-RuCo@C and hep-Ru@C were determined
to be 4.04 and 4.49 eV, respectively. The reduced WF value in hcp-
RuCo@C suggested that alloying Co with Ru facilitated electron trans-
fer from the catalyst’s interior to its surface, accelerating electron ex-
change with reactants and thus expediting the reaction dynamics [32].
Moreover, the valence band maximum (VBM) values for hcp-RuCo@C
and hep-Ru@C were measured at 3.31 eV and 3.42 eV, respectively. It
was evident that alloying Co with Ru shifted the valence band of hcp-
RuCo@C closer to the Fermi level (Ef), indicating improved electrical
conductivity [32,33].

3.2. Electrocatalytic performance in alkaline media

The electrocatalytic peculiarity of the catalysts were evaluated via
the rotating disk electrode (RDE) technique in Hy-saturated 0.1 M KOH
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electrolyte, following reversible hydrogen electrode (RHE) calibration
(Fig. S3). Through systematic experiments varying temperature and Ru
content, we ascertained that hep-RuCo@C exhibited superior hydrogen
oxidation reaction (HOR) activity at an optimal temperature of 500 °C
and a Ru content of 4.68 wt.% (Figs. S4-5). Subsequently, we qualita-
tively assessed the HOR activities of hcp-RuCo@C, hep-Ru@C, Co@C
and commercial Pt/C by examining the current responses. Fig. 3a
demonstrated that hcp-RuCo@C displayed the highest anodic current
density across the potential range region, outperforming both hcp-
Ru@C and commercial Pt/C. A control experiment (Fig. S6) conducted
in Np-saturated electrolyte showcased inappreciable current-voltage
feature, validating that the anodic current chiefly rooted in Hy oxidation
rather than other species. Moreover, we assessed the HOR polarization
curves (Fig. 3b) of hcp-RuCo@C as a function of rotating speed to
analyze the catalytic process, revealing that the limiting current density
grew with the mounting rotational rate, certifying an Hy mass-transfer-
controlled process [34]. The Koutecky-Levich plot at 50 mV (inset of
Fig. 3b) showed a linear relationship between the reciprocal of the
current density and the square root of rotation speed, yielding a slope of
4.51 cm? mA~! s71/2, approach to the theoretical value (4.87 cm? mA™!
sV 2) for a two-electron transfer HOR process [35,36].

To elucidate the HOR catalytic mechanism, Tafel slopes were derived
from the relationship between the kinetic current density (jy) and
overpotential for the studied catalysts (Fig. 3c). The asymmetry
behavior in Tafel plot elucidated that hcp-RuCo@C operated according
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hep-RuCo@C.

to the Heyrovsky-Volmer mechanism, with the Volmer step was iden-
tified as the rate-determining step (RDS). As plotted in Fig. 3d, the jy of
samples were acquired from the micro-polarization region (—5 to 5 mV).
The jo of hep-RuCo@C (3.73 mA cm™2) exceeded those of hep-Ru@C
(2.67 mA cm~?) and commercial Pt/C (1.83 mA cm2), indicating the
favorable inherent HOR activity of hcp-RuCo@C (Fig. 3e). Additionally,
the ji value at 50 mV was obtained from Koutecky-Levich equation. hcp-
RuCo@C possessed a geometric ji of 40.34 mA cm ™2, representing 2.2-
and 5.9-fold increases compared to hep-Ru@C (18.15 mA cm2) and
commercial Pt/C (6.74 mA cm2), respectively. Furthermore, the ji
value of hep-RuCo@C was normalized by the specific Ru loading to
obtain the mass activity (MA) at 50 mV, The MA value of hcp-RuCo@C
yielded to be 2.8 mA pggl, substantially overmatching that of most
documented Ru-based catalysts (Fig. 3f).

Long-term stability was evaluated by operating 1000 CV cycles and
chronoamperometry (j-t) measurements in an Hp-saturated 0.1 M KOH
electrolyte. Fig. 3g exhibited that the HOR polarization curves of hcp-
RuCo@C before and after 1000 cycles overlapped well, and the
limiting current density showed only a slight recession even after 5000
cycles (Fig. S7). In addition, hcp-RuCo@C maintained HOR reactivity
throughout the test without significant degradation, contrasting sharply
with the substantial decline observed in commercial Pt/C (Fig. 3h).
Simultaneously, the morphology of hcp-RuCo@C after the HOR test
remained unchanged (insert in Fig. 3h). These results collectively veri-
fied the outstanding electrochemical stability of hcp-RuCo@C.

3.3. Catalytic mechanism analysis

Indeed, the alkaline hydrogen oxidation reaction (HOR) activity is
intricately tied to the binding energies of intermediates, Hyq (HBE) and
OH,q (OHBE), crucial in the rate-determining Volmer step [37,38]. To
gain a deeper understanding of the catalytic process, we meticulously
examined the electrochemical desorption profiles associated with
hydrogen underpotential deposition (Hypp) and CO-stripping curves for
investigated catalysts. These are persuasive electrochemical methods for
probing the adsorption behavior of Hpag and OH,q on platinum group
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metals (PGM)-based catalysts [39,40]. The shifting of Hypp peak to-
wards lower potentials in cyclic voltammetry (CV) signified a weaker
binding of hydrogen [41]. As observed in Fig. 4a, the Hypp peak of hcp-
RuCo@C was situated at 0.149 V vs. RHE, more negative than those of
hep-Ru@C (0.191 V) and Pt/C (0.309 V), indicating a relatively weak-
ened HBE for hcp-RuCo@C, thereby accelerating the Volmer step ac-
cording to the bifunctional mechanism [42]. Since the anodic current of
CO oxidation can only be initiated by reactive OH,q, CO-stripping curves
were employed to monitor OH,q [37]. The CO oxidation peak (Fig. 4b)
of hcp-RuCo@C appeared at 0.675 V, which shifted negatively
compared to hep-Ru@C (0.815 V) and Pt/C (0.723 V). After alloying Co
with Ru, hcp-RuCo@C exhibited a stronger OHBE and better HOR
properties than hep-Ru@C, underscoring the beneficial role of Co. This
enhancement is primarily attributed to the relatively oxophilic nature of
Co, which facilitated the capture of hydroxide species and reduced the
hydrogen adsorption species on catalyst surface. The appropriate OHBE
of hep-RuCo@C modulated the alkaline HOR process and prevented the
poisoning of active sites, ameliorating the CO tolerance [40]. As pro-
jected, the HOR current of hcp-RuCo@C showed little change in an Hy
atmosphere containing 1000 ppm CO, corroborating the efficient
oxidation of CO by OH,4 to mitigate catalyst poisoning (Fig. 4c). In stark
contrast, the LSV polarization curve of commercial Pt/C exhibited a
significant decline from its initial state, indicating that the active sites on
its catalytic surface were predominantly occupied or poisoned by CO,
which obstructed the hydrogen adsorption/dissociation sites [43].
Furthermore, the zeta potential measurements also confirmed that hcp-
RuCo@C demonstrated the strongest hydroxyl adsorption (Fig. 4d and
Fig. S8). Consequently, the diminished HBE and augmented OHBE on
hep-RuCo@C electrocatalyst surface achieved an optimal balance be-
tween Hyq and OH,q, leading to exemplary HOR performance (Fig. 4e).

Taken together, the enhanced electrocatalytic performance of hcp-
RuCo@C stemmed from several contributing factors. Firstly, the
unique hollow porous carbon support provided ample space for
anchoring nanoalloy particles, ensuring their uniform distribution
within the pores of the porous support, thereby effectively preventing
particle aggregation. Secondly, the hollow spherical structure of hcp-
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RuCo@C possessed a larger specific surface area, which was beneficial
for exposing more active sites and providing a high contact area with Hy
and electrolytes, thus accelerating the effective electrons/mass transfer.
Thirdly, the RuCo alloying-induced d-d electronic interactions opti-
mized both HBE and OHBE, significantly expediting the pivotal Volmer
step and fortifying the alkaline HOR performance.

4. Conclusion

In summary, we have successfully engineered a high-performance
hep-RuCo@C  electrocatalysts with an unconventional strong d-d
orbital hybridization. Characterization techniques confirmed the large
specific surface area and abundant pore structure of hcp-RuCo@C,
facilitating efficient reactant access to active sites and enhancing cata-
lytic efficiency. As anticipated, the resulting hcp-RuCo@C performed
vastly decent HOR mass activity and exchange current density relative
to pure hep-Ru@C and commercial Pt/C respectively. Furthermore, hcp-
RuCo@C was commendable for its virtue to continuously catalyze the Hy
oxidation without evident degradation and possessed superb CO toler-
ance. Experimental results revealed that Ru-Co alloying-induced the
strong d-d electron interaction optimized the adsorption of both
hydrogen and hydroxyl species, thereby accelerating the rate-
determining Volmer step. This work elucidates the paramount role of
d—d orbital hybridization in optimizing electrocatalytic activity and of-
fers valuable insights for designing innovative catalysts with conspicu-
ous HOR properties.
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