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Abstract

The sluggish kinetics of the hydrogen oxidation reaction (HOR) in alkaline media, primarily arising from the linear scaling
relationship between H* and OH* adsorption energies on catalyst surfaces, remains a critical bottleneck for anion-exchange
membrane fuel cells (AEMFCs). In this study, we propose a multifaceted approach to overcoming the current limitations of
scaling by synthesising Ir-based ternary alloys with diverse oxophilic metals, including Mo, Ru, and Nb. The RulrMo@MHCS
catalyst, featuring a face-centred cubic single-phase solid solution with uniformly dispersed nanoparticles on hollow carbon
spheres, exhibits a kinetic current density of 18.04 mA cm at 50 mV overpotential and an exchange current density of 6.79 mA
cm™. This is a significant improvement over the performance of commercial Pt/C, with factors of 6.14 and 5.66, respectively.
Additionally, the catalyst demonstrates excellent long-term stability. X-ray photoelectron spectroscopy reveals electron transfer
from Ir to Ru upon Ru doping. Density functional theory calculations demonstrate that Ru incorporation downshifts the d-band
centre of Ir, thereby moderately weakening H* adsorption (AGu= =—0.38 eV) while enhancing OH* adsorption on Mo sites. This
adaptable calibration of intermediate adsorption energies circumvents the linear scaling constraint and substantially promotes
alkaline HOR kinetics. The findings of this study corroborate the hypothesis that multicomponent alloying is an effective strategy
for synergistic optimisation of H* and OH* binding, thus providing a rational design pathway for high-performance alkaline
HOR catalysts.
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1. Introduction

The transition to a low-carbon energy economy has posi-
tioned hydrogen as a promising energy carrier, with fuel cells
playing a central role in efficient hydrogen utilization. Among
various fuel cell technologies, anion-exchange membrane fuel
cells (AEMFCs) offer distinct advantages, including the po-
tential use of non-precious metal catalysts, reduced corrosion,

and lower system costs [1-3]. However, the commercializa-
tion of AEMFC:s is hindered by the intrinsically sluggish ki-
netics of the hydrogen oxidation reaction (HOR) in alkaline
media, which is two to three orders of magnitude slower than
that in acidic electrolytes on state-of-the-art Pt-based catalysts
[4, 5].

The origin of this kinetic limitation lies in the more complex
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reaction mechanism in alkaline conditions. Unlike in acid
where HOR proceeds via H* intermediates only, the alkaline
HOR involves both H* and OH* species, typically following
Tafel-Volmer or Heyrovsky—Volmer pathways [6-8]. The
widely accepted bifunctional theory suggests that an ideal al-
kaline HOR catalyst should possess balanced adsorption ener-
gies for H* and OH: sufficiently strong H binding to enable
H, dissociation, and adequate OH* affinity to facilitate the
Volmer step [9, 10]. Unfortunately, on monometallic surfaces,
the adsorption energies of H* and OH* are correlated through
a linear scaling relationship, making independent optimization
challenging [11]. Binary alloys provide some degree of tuna-
bility but remain constrained within a narrow compositional
space.

Multicomponent alloys have recently emerged as a promis-
ing platform to circumvent scaling relationships [12, 13].
Their multi-element composition creates a distribution of ac-
tive sites with diverse adsorption properties, allowing H* and
OH* binding to be decoupled and optimized separately [14].
Moreover, the increased configurational entropy suppresses
phase separation and surface oxidation, enhancing long-term
stability.

Iridium-based materials are particularly attractive for alka-
line HOR due to their moderate hydrogen binding energy
(HBE), strong hydroxyl binding energy (OHBE), and superior
CO tolerance compared to Pt [15-18]. Alloying Ir with oxoph-
ilic metals such as Ru, Mo, or Nb can further modulate its
electronic structure and surface chemistry. In this work, we
designed a series of Ir-based multicomponent alloys (IrMo,
RulrMo, and NbIrMo) supported on mesoporous hollow car-
bon spheres (MHCS). Through comprehensive structural
characterization, electrochemical evaluation, and density
functional theory (DFT) calculations, we demonstrate that
RulrMo@MHCS exhibits exceptional alkaline HOR activity
and stability, with Ru doping inducing a downshift of the Ir d-
band center that weakens H* adsorption while preserving
strong OH* adsorption — a combination that breaks the linear
scaling relation and accelerates reaction kinetics.

2. Materials and Methods

2.1. Synthesis of MHCS Support

The synthesis of mesoporous hollow carbon spheres was
accomplished through a one-pot method. Ethanol, deionized
water, and aqueous ammonia were mixed in a 7:1:1 volume
ratio (total 83 mL) under stirring for 15 min. Tetraethyl ortho-
silicate (3.46 mL) was added and stirred for a further 15 min,
following which 0.4 g of resorcinol and 0.56 mL of formalde-
hyde (37 wt.%) were added. The mixture was stirred at room
temperature for 24 h to allow polymerisation. The product was
collected by means of centrifugation, dried in vacuum, and
calcined at 700°C for 5 h under N». The silica template was
removed through the process of etching with a 20 wt.% NaOH
solution, thereby yielding MHCS.
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2.2. Preparation of Ir-Based Alloy Catalysts

The conventional impregnation-reduction technique was
employed in this study. IrCl3-3H,O (0.04 mmol),
(NH4)sM07024-4H>0 (0.006 mmol), and either RuCls-3H,O
or Nb(HC»04)s5 (0.01 mmol) and MHCS powder (70 mg) were
dispersed in 30 mL of deionised water by means of ultrasoni-
cation. The suspension was then exposed to ultrasonication for
a period of two hours, following which it was subjected to ro-
tary evaporation at a temperature of 80°C. The precursor pow-
der was reduced under Hy/Ar atmosphere at 600°C for 2 h
(ramping rate: 5°C/min). The resulting catalysts were denoted
RulrMo@MHCS, NbIrMo@MHCS, and IrMo@MHCS
(without the third metal).

2.3. Materials Characterization

X-ray diffraction (XRD) was performed on a Bruker D8
Advance. Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) were conducted on a JEOL
JEM-ARM200F and a SEM500. X-ray photoelectron spec-
troscopy (XPS) used monochromatic Al Ka radiation. Ele-
mental mapping was obtained by energy-dispersive X-ray
spectroscopy (EDS).

2.4. Electrochemical Measurements

All tests were performed on a CHI660E electrochemical
workstation using a three-electrode system in 0.1 M KOH at
room temperature. A glassy carbon rotating disk electrode
(RDE, 0.1256 cm?) was used as the working electrode, with
Hg/HgO as reference and Pt wire as counter electrode. Cat-
alyst ink was prepared by dispersing 2 mg catalyst in 980 pL
isopropanol and 20 pL Nafion (5 wt.%), then ultrasonicated.
The working electrode was loaded with 6 uL of ink (catalyst
loading ~12 pg cm™2). Cyclic voltammetry (CV) was rec-
orded at 50 mV s'. HOR polarization curves were obtained
at 5 mV s~! under various rotation speeds (400-3600 rpm) in
H,-saturated electrolyte. All potentials were referenced to re-
versible hydrogen electrode (RHE) after iR correction. Ki-
netic current density (jx) and exchange current density (jo)
were derived from the Koutecky—Levich equation and But-
ler—Volmer fitting. Chronoamperometry was performed at
0.05 V for stability evaluation. CO stripping was conducted
after CO adsorption at 0.05 V for 10 min in CO-saturated
KOH.

2.5. DFT Calculations

Density functional theory (DFT) calculations were per-
formed using the CASTEP code within Materials Studio soft-
ware. The exchange-correlation energy was estimated via the
generalized gradient approximation (GGA) employing the
Perdew-Burke-Ernzerhof (PBE) functional. Additionally, the
DFT-D3 correction was integrated into all computational
models to incorporate Van der Waals dispersion interactions.
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The simulations were implemented with a plane-wave basis
set defined by a energy cutoff of 571.4 eV, and a 4 x 4 x 1
Monkhorst Pack k-point grid was used to integrate the Bril-
louin zone. The geometry optimization and energy calculation
were terminated when the energy, force, stress and displace-
ments reached 1x107 eV atom™!, 3x102eV A™!, 5x1072 and
1x1073 respectively. Transition state configurations were
identified through combined linear/quadratic synchronous
transit methodologies, subsequently verified by vibrational
frequency analysis.

4. Results and Discussion

4.1. Structural Characterization

SEM and TEM images (Figure la and b) reveal that
RulrMo@MHCS maintains the hollow carbon sphere mor-
phology with alloy nanoparticles uniformly dispersed on the
surface. High-resolution TEM (Figure lc) shows lattice
fringes with a spacing of 0.214 nm, corresponding to the
(111) plane of face-centered cubic Ir, which is slightly con-
tracted compared to pure Ir (0.222 nm) due to Ru/Mo incor-
poration [19]. EDS elemental mapping (Figure 1d) confirms
homogeneous distribution of Ru, Ir, and Mo on the N-doped
carbon spheres.

Figure 1. (a) SEM, (b, c) TEM, and (d) EDS mapping of RulrMo@MHCS.

XRD patterns  (Figure 2) of RulrMo@MHCS,
NbIrMo@MHCS, and IrMo@MHCS exhibit characteristic
peaks at 20 ~41°,47°,69°, 83°, and 88°, indexed to the (111),
(200), (220), (311), and (222) planes of FCC Ir (PDF#87-
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0715). No distinct peaks for metallic Mo, Ru, or Nb are ob-
served, confirming the formation of single-phase solid solu-
tions [20].
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Figure 2. XRD patterns of RulrMo@MHCS, NbIrMo@MHCS, I[rMo@MHCS, and MHCS.

XPS survey spectra (Figure 3a) confirm the presence of Ir,
Ru, Mo, C, and N in RulrMo@MHCS. The high-resolution
Ir 4f spectrum (Figure 3b) shows four peaks at 61.7, 62.8,
64.7,and 65.9 eV, assigned to Ir® 4f7p, Ir*" 4f7), Ir® 4152, and
Ir*" 4fsp, respectively. Notably, the Ir 4f peaks in
RulrMo@MHCS are shifted to higher binding energy com-
pared to IrMo@MHCS, indicating electron transfer from Ir
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to Ru. Conversely, NbIrMo@MHCS shows a lower binding
energy shift, suggesting electron enrichment around Ir. This
directional electron transfer is expected to create abundant
HOR active sites and optimize intermediate adsorption ener-
gies.
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Figure 3. (a) XPS survey spectra and (b) Ir 4f XPS spectra of RulrMo@MHCS, NbIrMo@MHCS, and IrMo@MHCS.

4.2. Alkaline HOR Electrocatalytic
Performance

The HOR polarization curves measured at 1600 rpm in H-

111

saturated 0.1 M KOH (Figure 4) show that RulrMo@MHCS
exhibits the fastest increase in anodic current with potential
and reaches a limiting current plateau at ~0.15 V, indicative
of superior alkaline HOR activity. Both ternary alloys out-
perform the binary IrMo@MHCS and commercial Pt/C.
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Figure 4. HOR polarization curves of RulrMo@MHCS, NbIrMo@MHCS, IrMo@MHCS, and commercial Pt/C in H>-saturated 0.1 M KOH

(1600 rpm, 1 mV s7').

The HOR polarization curves of the samples at a scan rate
of 1 mV s7! and rotational speeds of 400 rpm, 900 rpm, 1600
rpm, 2500 rpm, and 3600 rpm are shown in Figure 5. It has

the limiting current

been demonstrated that, owing to accelerated H, transport,

density of various catalysts exhibits a

marked increase with rising rotational speed.
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Figure 5. HOR polarization curves of (a) RulrMo@MHCS, (b) NbIrMo@MHCS, (c) IrMo@MHCS, and (d) commercial 20 wt.% Pt/C at

different rotation speeds.
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The kinetic current densities (jx) extracted from Levich
analysis (Figure 6a) demonstrate that RulrMo@MHCS con-
sistently gives higher values across all potentials. Fitting the
micro-polarization region using the Butler—Volmer equation
(Figure 6b) yields exchange current densities (jo) of 6.79,
4.07, 1.23, and 1.20 mA cm? for RulrMo@MHCS,
NbIrMo@MHCS, IrMo@MHCS, and Pt/C, respectively. At
50 mV overpotential, RulrMo@MHCS achieves a jx of 18.04
mA c¢cm™? (Figure 6¢), which is 1.55, 6.96, and 6.14 times

a 10'

¢« RulMo@MHCS

1072
: ¢ NbirMo@MHCS
5 + IrMo@MHCS
¢ e PUC
1073 T t r T
-0.01 0.00 0.01 0.02
E (V vs. RHE)
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higher than those of NbIrMo@MHCS (11.61 mA cm™),
IrMo@MHCS (2.59 mA c¢cm™2), and Pt/C (2.94 mA cm™).
The jo values follow a similar trend, with RulrMo@MHCS
showing a 5.66-fold enhancement over Pt/C. As demon-
strated in Figure 6d, stability tests indicate that
RulrMo@MHCS demonstrates the slowest current density
decay of all the catalysts, thereby suggesting enhanced oper-
ational stability.
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Figure 6. (a) jk versus potential; (b) Micro-polarization region fitting; (c) Comparison of jk at 50 mV and jo,; (d) Chronoamperometric stability

at 0.05 V.

Zeta potential measurements were performed to evaluate
the adsorption capacity of different samples for OH-. In
comparison with Pt/C (—23.2 mV, see Figure 7a) and
IrMo@MHCS (-36.8 mV), RulrMo@MHCS (—38.1 mV)
and NbIrMo@MHCS (—41.5 mV) exhibit more positive zeta
potential values. This finding indicates that metal doping en-
hances their adsorption affinity for OH—. Among these,
RulrMo@MHCS exhibits a moderate OH* binding

strength—weaker than NbIrMo@MHCS but stronger than
Pt/C and IrMo alloys. The Hupd peak positions measured by
CV (Figure 7b) can be used to qualitatively evaluate the HBE.
RulrMo@MHCS exhibits the lowest Hupd peak potential
among all samples, indicating the weakest HBE. The find-
ings suggest that the optimized H* and OH* adsorption
strengths on RulrMo@MHCS are pivotal to its exceptional
basic HOR activity.
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Figure 7. (a) Zeta potential; (b) Cyclic voltammograms in N2-saturated 0.1 M KOH.
than for NbIrMo (-0.60 eV) and IrMo (-0.58 ¢V) (Figure
4.3. Mechanistic Investigation 8b). Figure 8c compares the binding energies of OH* on the
different Ir-based alloys. Nb doping simultaneously
DFT calculations were performed to elucidate the atomic-  strengthens both H* and OH* adsorption. In contrast, Ru

scale adsorption mechanism. The theoretical model of  doping weakens H* adsorption while moderately enhancing
RulrMo is shown in Figure 8a. The calculated AGu+ for ~ OH* adsorption — a combination that is beneficial for bal-
RulrMo is —0.38 eV, significantly higher (weaker adsorption)  ancing the two requirements of alkaline HOR.
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Figure 8. (a) Theoretical structural model of RulrMo; (b) AGux values; (¢) OH* binding energies; (d) Projected density of states (PDOS) of
Ir-d orbitals.
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PDOS analysis (Figure 8d) shows that the d-band center of
Ir in RulrMo is downshifted to —2.95 eV relative to the Fermi
level, compared to —2.93 eV for IrMo and —-2.91 eV for
NbIrMo. A downshifted d-band center typically weakens ad-
sorbate binding. This electronic effect explains the moderate
H* adsorption on RulrMo, bringing AGy+ close to the opti-
mum and thereby accelerating the HOR kinetics. Meanwhile,
the presence of Ru provides additional OH* adsorption sites,
facilitating the Volmer step.

5. Conclusions

In summary, we have developed a multicomponent
RulrMo@MHCS catalyst that effectively breaks the linear scal-
ing relationship between H* and OH* adsorption energies for al-
kaline HOR. The catalyst forms a single-phase FCC solid solu-
tion with uniformly dispersed nanoparticles on hollow carbon
spheres. Ru doping induces electron transfer from Ir to Ru, down-
shifting the Ir d-band center and resulting in weakened H* ad-
sorption (AGu= =—0.38 eV) while preserving strong OH* adsorp-
tion on Mo sites. Consequently, RulrMo@MHCS delivers a ki-
netic current density of 18.04 mA c¢cm™ and an exchange current
density of 6.79 mA cm™ at 50 mV overpotential, outperforming
commercial Pt/C by factors of 6.14 and 5.66, respectively, with
excellent stability. This work demonstrates that multicomponent
alloying is a viable strategy for decoupling and synergistically op-
timizing the adsorption of reaction intermediates, providing a ra-
tional design pathway for efficient alkaline HOR catalysts.
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HOR Hydrogen Oxidation Reaction
AEMFC  Anion-exchange Membrane Fuel Cells
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SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
XPS X-ray Photoelectron Spectroscopy
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RHE Reversible Hydrogen Electrode
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Jjo Exchange Current Density
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