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Rational Design of Ru0,/0.5Ce0, Heterostructure as an Efficient
and Stable Electrocatalyst for Acidic Water Splitting

Tenghao Liu?®¢, Quan Zhou*9, Liu Yang?, Yining Zhang*e, Rongyue Wang*2>< and Zhongwei Chen*d

The large-scale commercialization of low-cost Ru-based catalysts in proton exchange membrane water electrolyzers
(PEMWES) is fundamentally hindered by structural degradation through lattice oxygen oxidation (LOM) pathways during
acidic oxygen evolution reaction (OER). To address this challenge, we present an interfacial engineering strategy for the
construction of ruthenium-cerium oxide heterostructure (RuO,/xCe0,) via a facile impregnation-pyrolysis method.
Morphological and electronic structure characterizations confirm the formation of heterojunction interfaces between RuO>
and CeO,. The developed Ru0,/0.5Ce0, catalyst achieves an overpotential of 214 mV and maintains negligible activity loss
over 550 h at 10 mA cm™. Furthermore, the membrane electrode assembly (MEA) employing Ru0,/0.5Ce0; as the anode
delivers 1.59 V at 1 A cm2 with over 300 h durability at 500 mA cm, showcasing its practicality for PEMWE. Electronic
structure analysis confirms the interfacial charge transfer lower the oxidation state of Ru species and diminish lattice oxygen
content. Catalytic mechanism investigations and density functional theory (DFT) calculations reveal that the formation of
heterointerface induces a transition in RuO, from a hybrid mechanism to an adsorbate evolution mechanism (AEM)-
dominated OER pathway, lowering the energy barrier of the rate-determining step while suppressing lattice oxygen
participation, synergistically enhancing activity and durability. This work proposes an effective strategy for designing highly
active and durable ruthenium-based catalysts.

1. Introduction

Proton exchange membrane water electrolysis (PEMWE) has
gathered significant attention due to its advantages, including
rapid response time, high energy density, and high hydrogen
purity.1=* However, PEMWE requires higher overpotential and
consumes more energy to overcome the energy barrier, as the
anodic oxygen evolution reaction (OER) involves a four-electron
transfer process*®, necessitating advanced efficient catalysts.
To date, iridium (Ir)-based and ruthenium (Ru)-based catalysts
are considered the most effective candidates in acidic
environments. Nevertheless, the scarcity of Ir metal resource
and relatively low OER activity are major factors limiting their
widespread application.” Ru-based catalysts, particularly
ruthenium dioxide (RuO;), are widely regarded as promising
alternatives to Ir-based catalysts due to their lower cost and
higher OER activity.1%!! Despite its advantages, at high OER
potential, the Ru in RuO; is prone to over-oxidation, forming
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soluble RuO4 via high-valent oxygen states, which leads to Ru
dissolution and a rapid decay in catalyst activity and
stability.1213 Therefore, enhancing the stability of RuO,-based
catalysts without compromising their activity is crucial for
advancing the practical application of PEMWE.

To address this challenge, researchers have employed a
range of strategies, including elemental-doping,'416 defect
engineering,’’1° construction of heterostructures,2-22 and
support materials interactions,?32* etc. Among these, the
construction of heterogeneous interface structures stands out
due to its unique structural features, such as synergistic
effects,2>26 strain effects,228 and electronic interactions.13:2°
These features,
electronic properties of the original catalyst, optimize the
interface charge distribution and promote the kinetics of
oxygen evolution reaction.3° For example, Deng et al.3! reported
that constructing a CoOx/RuO4-CC heterointerface utilizes
strong catalyst-support interactions to modify the electronic
configuration of Ru-O bonds, achieving high acidic OER activity
with an overpotential of 180 mV at 10 mA cm2 and maintaining
a stable current density of 100 mA cm2 for 100 h. Wu et al.32
engineered N-doped porous  Ru/RuO;
heterojunction hollow spheres to modulate the electronic
configuration of Ru active sites to optimize the adsorption of
intermediates, demonstrating exceptional OER performance
with a low overpotential of 211 mV at 10 mA cm2 and stability
exceeding 120 h. However, pioneering heterostructure
catalysts demand intrinsically carbon-free architectures to
withstand harsh anodic conditions, alongside precisely

which facilitate the modification of the

carbon-coated
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adjustable heterocomponent ratios. In recent years, CeO; has
been widely employed as an electronic promoter in host
electrocatalysts to regulate oxygen vacancy dynamics,
leveraging its reversible Ce3*/Ce** redox couple.33-36 Motivated
by recent advances in CeO,-based electrocatalysts, the rational
design of Ru0,/Ce0; heterostructures has emerged as a
promising strategy to suppress Ru overoxidation while
enhancing acidic OER activity. However, most reported Ru-Ce
systems still rely on carbon-based supports that are susceptible
to anodic corrosion, which limits their long-term applicability
under PEMWE conditions. In addition, precise control over the
Ru/Ce ratio and systematic optimization of heterointerface
composition remain insufficiently explored.

Herein, we developed a facile impregnation-pyrolysis
approach to synthesize RuO; and CeO; nanoparticle
heterostructure catalysts, featuring abundant heterogeneous
interfaces, where morphological characterization verified the
formation of RuO,;-CeO; heterostructures. When utilized as an
acidic OER catalyst, RuO,/0.5CeO, exhibits a low overpotential
of 214 mV at 10 mA cm? and sustains negligible activity
degradation over 550 h at 10 mA cm2, demonstrating enhanced
performance compared to commercial RuOs. Furthermore, the
membrane electrode assembly (MEA) integrated with
Ru0,/0.5Ce0; as anode delivers an outstanding performance of
1.59 V at 1 A cm? with long-term stability of over 300 h at 500
mA cm=2. Mechanistic studies and theoretical calculations
demonstrate that Ru0,/0.5CeO; heterointerface induces a
transition from the original hybrid mechanism to an adsorbate
evolution mechanism (AEM)-dominated OER pathway. This
shift suppresses lattice oxygen oxidation while accelerating
*OOH intermediate formation, synergistically enhancing both
catalytic activity and operational durability.

2. Materials and methods

2.1. Chemicals and materials

RuCl3-nH,O  (Kunming Boren Precious Metals Co.lLtd),
CeCls-7H,0 (Aladdin, 99.99%), carbon black (Black Pearls 2000,
abbreviated as BP2000), cyanamide (95%, Macklin), commercial
Pt/C (60%Pt, Johnson Matthey Hispec9100), and commercial
RuO; (Aladdin, 99.99%).

2.2. Synthesis of catalysts

0.128 g of RuCl3-nH,0, 0.087 g of CeCl3-7H,0 and 0.295 g of
cyanamide were dissolved in 20 ml of deionized water and
ultrasonicated for 10 minutes to form a uniform solution.
Subsequently, 0.317 g of BP2000 carbon was added to the
solution and stirred for 30 minutes to form a homogeneous
mixture. Finally, the mixture was vacuum-dried at 80 °C to
obtain precursor powder. The precursor powder was annealed
at 650 °C for 2 h in a tube furnace under a 10 vol% H>/N;
atmosphere, yielding an intermediate compound designated as
Ru-CeOQCl/C. This intermediate was subsequently calcined at
450 °C for 5 h under ambient air atmosphere to obtain final
product, namely Ru0,/0.5CeO..

2| J. Name., 2012, 00, 1-3

For comparative analysis, samples were prepared by.yaryingithe
mass of CeCl3-7H,0 precursor while PRAIAEIMNECTdERtCAl
procedures for other synthesis steps. Specifically, samples
prepared with 0.175 g and 0.038 g CeCl3-7H,0 were denoted as
RuO,/Ce0; and Ru0,/0.25Ce0,, respectively. Reference
samples synthesized in the absence of CeCl3-7H,0 and
RuCls-nH,0 were denoted as homemade RuO, and homemade
CeO,, respectively.

2.3. Characterization

Crystal Structure of catalysts was conducted by XRD. A Malvern
Panalytical Empyrean S3 diffractometer equipped with a Cu Ka
source generated diffraction profiles across a 26 range of 10-
90°. X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Thermofisher Escalab 250 Xi+ (Thermo
Scientific), using Al Ka radiation as the excitation source.
Transmission electron microscopy (TEM) was conducted with a
JEM-2100 microscope. High-angle annular dark field scanning
transmission electron microscopy (HAADF STEM) was carried
out using a JEM-ARM200F microscope 200 KV. Scanning
electron microscopy (SEM) was performed with a Sigma 560
field emission scanning electron microscope equipped with
energy-dispersive X-ray spectroscopy (EDS) for elemental
analysis. Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) analysis was carried out using a
Thermofisher Escalab 250 Xi*.

2.4. Electrochemical OER measurements

Electrochemical measurements were evaluated in 0.1 M HCIO4
electrolyte with a three-electrode setup on a CHI 760E
workstation. Glassy carbon electrode (GCE) with a 5 mm
diameter was used as working electrode. Ag/AgCl electrode
with saturated KCl solution and graphite rod were used as
reference electrode and counter electrode, respectively. The
measured potential was converted to a reversible hydrogen
electrode (RHE) using the following equation:

Egpe=Eagagc+0.059xpH+0.197(1)

A homogeneous catalyst ink was prepared by ultrasonically
dispersing 16 mg of catalyst for 30 min in a solvent mixture of
0.5 ml of ultrapure water, 0.48 ml of anhydrous ethanol, and 20
ul of Nafion solution (5wt% Nafion, Dupont D520). The catalyst
thin film on the working electrode was fabricated by depositing
homogenized catalyst ink onto a glassy carbon substrate,
resulting in a catalyst loading of 0.36 mgg, cm™2. The electrode
was first activated through electrochemical cycling between
1.05 and 1.75 V vs. RHE at 100 mV s for 30 cycles. Linear sweep
voltammetry (LSV) measurements with iR compensation were
conducted over a potential range of 1.05 to 1.65 V versus RHE
at a scan rate of 10 mV sl Electrochemical impedance
spectroscopy (EIS) measurements were carried out with the
frequency range from 10,000 Hz to 0.1 Hz with an amplitude of
5 mV. The Tafel slope is calculated according to following
equation:

n=bxlogj+a(2)

This journal is © The Royal Society of Chemistry 20xx
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Where n is the overpotential, b is the Tafel slope, j is the current
density, and a is a constant. The ECSA of the catalysts were
quantified via the electrochemical double-layer capacitance
(Cai) according to the following equation:

_Ca
ECSA=—(3)
CS

Where Cq was via cyclic voltammetry at scan rates of 2-10 mV
s'1 within a non-Faradaic potential range (0.87-0.97 V vs. RHE),
as derived from the linear slope of capacitive current versus
scan rate plots. Cs is the general surface specific capacitance
(0.035 mF cm™2). The turnover frequency (TOF) of catalysts was
determined using following equation:

O, turnovers per A

TOF(0,h™)=3600x £204)

active sites per Ag,
Where the calculation of O; turnovers per geometric area is
according to following equation:

1Cs™! Imol 1 6.023x10%
X X =X
1000mA ~ 96485.3C " 4~ 1molO,

O, turnovers perAge,=jgeo X

All Ru atoms in the catalyst are assumed to be active sites. SEM-
EDS results were used to calculate the number of active sites
per geometric area. Chronopotentiometry (CP) tests were
conducted at 25 °C using titanium mesh electrodes coated with
catalyst via spray deposition, with a controlled mass loading of
1.6 mggy cmM2.

2.5. In situ Attenuated Total Reflection Surface-Enhanced Infrared
Absorption Spectroscopy (ATR-SEIRAS) experiments

in situ ATR-SEIRAS experiments were performed on a Nicolet
iS50 FT-IR spectrometer equipped with a narrow band MCT-A
detector and an in situ IR optical accessory (SPEC-I, Shanghai
Yuanfang Tech.) Unpolarized infrared spectra were acquired at
8 cm resolution. Nano scale gold thin films were chemically
deposited on silicon substrates to amplify infrared signal
sensitivity and conductivity. A homogeneous catalyst ink was
prepared by ultrasonically dispersing 2 mg of catalyst for 30 min
in a solvent mixture of 0.28 ml ultrapure water, 0.7 ml
anhydrous ethanol, and 20 ul Nafion solution (5wt% Nafion,
Dupont D520). 20 pl of the ink was uniformly coated onto the
Au-modified surface, serving as the working electrode in a
three-electrode electrochemical cell. Ag/AgCl electrode with
saturated KCI solution and Pt mesh were used as reference
electrode and counter electrode, respectively.

2.6. PEMWE testing

Membrane electrode assemblies (MEAs) were fabricated via
the catalyst coated membrane (CCM) method, employing
Ru0,/0.5Ce0; as the anode catalyst and commercial Pt/C (60
wt% Pt, Johnson Matthey Hispec9100) as the cathode catalyst.
The catalyst powder was dispersed in isopropanol, deionized
water, and Nafion solution to prepare the ink. The resulting
anode and cathode inks were uniformly deposited by spray
coating onto opposing sides of a Nafion 115 proton exchange
membrane (active area: 5 cm?), achieving precise loadings of 1.0
mggru cM~2 and 0.3 mgp: cm~2, respectively. CCM, anode gas

This journal is © The Royal Society of Chemistry 20xx
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diffusion layer (platinum-coated titanium felt), and,cathede gas
diffusion layer (carbon paper) were hoRpFéSsedot8oottHiAsa
MEA. For comparison, a control MEA with commercial RuO;
anode was similarly prepared. PEM electrolyzers were operated
at 80 °C with distilled water as reactant. A chronopotentiometry
test was performed at 500 mA cm~2 to evaluate the durability of
Ru0,/0.5CeO0..

2.7. DFT calculations

Density functional theory (DFT) calculations were carried out
using the Vienna ab initio simulation package (VASP) to
determine the system geometries and energies. The projector
augmented wave (PAW) method was employed to model the
interactions between ion cores and valence electrons. For the
exchange-correlation functional, the Perdew-Burke-Ernzerhof
(PBE) variant of the generalized gradient approximation (GGA)
was utilized. The electronic wave functions were expanded in a
plane-wave basis set, with a kinetic energy cutoff of 520 eV
applied. Brillouin zone integration was performed using a
Monkhorst-Pack k-point grid of dimensions 3 x 3 x 1. Structural
optimization was conducted via a conjugate-gradient algorithm
based on atomic forces, with convergence criteria set at 1.0 x
1075 eV per atom for energy and 0.02 eV/A for forces.

3. Results and Discussion

As depicted in Fig. 1a, the Ru0,/0.5CeO; electrocatalyst was
fabricated through two-steps cyanamide-assisted
impregnation-pyrolysis method. Briefly, aqueous mixture
containing certain proportion of Ru salt, Ce salt, cyanamide
(CN3zH3), and carbon black were homogeneously mixed and then
dried. Dry precursor was then annealed in a diluted Hy/N;
atmosphere within a tube furnace, yielding carbon-supported
Ru and CeOCI (denoted as Ru-CeOCl/C). Finally, the obtained
Ru-CeOCI/C was calcined under air atmosphere to produce the
Ru0,/0.5Ce0; heterostructure electrocatalyst. (For a detailed
description of the preparation process, see Experimental
Section.) The experimental XRD pattern of Ru0,/0.5CeO;
matches the standard reference cards for RuO; (PDF#43-1027)
and CeO; (PDF#89-8436), confirming the coexistence of
crystalline RuO; and CeO; phases (Fig. 1b). Notably, all RuO;
diffraction peaks in the Ru0,/0.5Ce0O, undergo a positive shift,
indicating lattice contraction within the RuO, phase due to
heterostructure-induced strain, which is consistent with
previously reported results of MnO2/Ru0,.3” Subsequently, a
series of heterostructured catalysts were synthesized by
adjusting the amount of Ce salt precursor. XRD patterns of both
Ru0,/Ce0; and Ru0,/0.25Ce0, samples confirmed a positive
shift in RuO; diffraction peaks (Fig. 1c). With decreasing adding
amount of cerium precursor, the Ru0,/0.25CeO, sample
displays coexisting crystalline phases of metallic Ru and RuO;.
Control experiments indicate that cyanamide is crucial for
heterostructure construction. As shown in Fig. S1, without
cyanamide, the final product shows RuO; diffraction peaks at
the standard bulk positions, whereas the cyanamide-assisted
route induces peak shifts characteristic of interfacial coupling,
suggesting that cyanamide promotes intimate Ru-Ce precursor

J. Name., 2013, 00, 1-3 | 3
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mixing and facilitates RuO,/CeO, heterostructure formation
during annealing. Homemade RuO; and CeO, were synthesized
for comparison, where the RuO; phase exhibits perfect

Journal Name

consistency with the standard PDF card, further copfirmingthat
the RuO; peak shift in RuO,/xCe0, sampléXTestlied froMPattice
contraction induced by heterostructure formation.
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Fig. 1 (a) Schematic illustration of the synthesis of RuO,/0.5Ce0, catalyst. (b) XRD patterns of Ru0,/0.5Ce0, and Ru-CeOCI/C. (c) XRD patterns of Ru0,/0.25Ce0,, RuO,/Ce0,,
homemade RuO,, and homemade CeO,.

The morphology and composition of heterostructured
catalysts were characterized by scanning electron microscopy
(SEM) and SEM-Energy Dispersive X-ray Spectroscopy (EDS)
analysis (Fig. S2-S4). SEM-EDS analysis determines that the mass
ratios of Ru and Ce in Ru0,/0.5CeO, are 42.48% and 32.3%,
respectively, with an atomic ratio of approximately 1.9:1 (Fig.
S3). The catalyst maintains minimal carbon content (3.2 wt%),
matching commercial RuO, benchmarks, avoiding carbon-
induced degradation pathways. The Ru-to-Ce ratios in other
heterostructured catalysts, as determined by SEM-EDS and ICP-
OES, are summarized in Table S1. Transmission electron
microscopy (TEM) and aberration-corrected scanning
transmission electron microscopy (ac-STEM) were used to
characterize the morphology of the Ru0O,/0.5Ce0, catalyst. TEM
image reveals abundant heterostructures featuring coherent
interfaces formed between RuO, and CeO; nanoparticles (Fig.
2a, 2b). As shown in Fig. 2c, selected area electron diffraction

4| J. Name., 2012, 00, 1-3

(SAED) further identifies distinct diffraction rings of RuO; (211),
(101), and (110), as well as the crystal facet of CeO; (111), (220)
and (222).38 HAADF-STEM image (Fig. 2d) and the enlarged
atomic-resolution image (Fig. 2e) further reveal the intimate
contact between adjacent nanodomains, where two
representative regions (d1 and d2) were selected for FFT/IFFT
analysis to identify the CeO, and RuO, phases at the
heterointerface. As illustrated in Fig. 2f and 2g, fringes with a
spacing of 0.31 nm corresponds to the (111) plane of cubic
CeO,, whereas fringes with a spacing of 0.247 nm belong to the
(101) plane of RuO; (typically around 0.256 nm). The reduced
lattice spacing of RuO; confirms heterostructure-induced
contraction in RuO,, consistent with XRD results. Furthermore,
EDS elemental mapping of Ru0,/0.5CeO; further corroborates
atomically intimate heterointerfaces with distinct boundaries
between RuO; and CeO; nanoparticles (Fig. 2h).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) low-magnification TEM, (b) high-magnification TEM, and (c) corresponding SAED patterns of RuO,/0.5Ce0,. (d) HADDF-STEM image and (e) enlarged atomic-resolution
image of Ru0,/0.5Ce0,. FFT image and IFFT image of (f) CeO, and (g) RuO, taken from the corresponding regions in (e). (h) EDS elemental mapping images for RuO,/0.5Ce0,.

To investigate the effects of heterogeneous interface on the
electronic structure of Ru0,/0.5Ce0, and the mechanistic roles
in catalytic activity, we performed X-ray photoelectron
spectroscopy (XPS) to characterize surface chemical states and
interfacial electronic interactions. The survey-scan XPS analysis
reveals Ru and O signatures in homemade RuO,, whereas
distinct Ru, Ce, and O spectral peaks emerge in Ru0,/0.5CeO,,
indicating the successful synthesis of Ru0,/0.5CeO; (Fig. 3a). As
shown in Fig. 3b, the high-resolution Ru 3p spectrum of
Ru0,/0.5Ce0, exhibits two spin-orbit doublet peaks at 462.4 eV
(3p3/2) / 484.7 eV (3p1/2) and 465.5 eV (3ps/2) / 487.8 eV (3p12),
corresponding to Ru**t and Ru3* species respectively. Compared
with pristine RuO;, the Ru 3ps; spectra of Ru0,/0.5CeO;
exhibits a 0.39 eV negative shift, accompanied by an increased
Ru3* fraction, indicating interfacial electronic redistribution and
increased electron density at Ru sites in the heterostructure.3?

Meanwhile, the Ce 3d spectrum shows a positive shift (0.68 eV)
together with a higher Ce** proportion relative to CeO,, further

supporting interfacial charge redistribution between CeO; and
RuO; (Fig. 3c). This evidence aligns with electron transfer from
CeO; to Ru atoms. which consequently reduces the average
valence state of Ru species.3®> The O 1s spectra were
deconvoluted into four peaks: lattice oxygen (O.), hydroxyls (-
OH), adsorbed H,0, and C=0 or C-0 species (Fig. 3d).4° Relative
to pristine RuO,, the lattice oxygen peak in Ru0,/0.5CeO,
displays a 0.14 eV higher binding energy, indicating transfer of
electrons from lattice oxygen to metal sites and result in
reduced oxidation state of Ru species.*! The lower valence state
suppresses electron transfer from Ru/Ce atoms to oxygen,
while altered local coordination environments may optimize
reaction pathways.*? The binding energy position and relative
concentrations of O 1s for Ru0,/0.5CeO, and RuO, are
summarized in Table S2. These findings confirm the successful
construction of a Ru-based heterostructure catalyst with a
reduced Ru oxidation state, where electron transfer from CeO,
to RuO; modulates the electronic structure and suppresses
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lattice oxygen participation, thereby potentially enhancing OER
kinetics. The interfacial electron redistribution between CeO;
and RuO, is expected to optimize the Ru—O electronic
environment, rather than merely lowering the Ru valence. Such

modulation can balance the adsorption/desorptiono.of
oxygenated intermediates on Ru sites aR@'sUpPresseXedssive
lattice-oxygen activation, thereby favoring faster and more
stable OER kinetics.

a RUO,/0.5Ce0, O1s b
RuO, i
= & |Ru0,/0.5Ce0,
= =
2 2 3pyz
(0] (V]
E Ce 3d O1s §
Ru 3p
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Fig. 3 (a) XPS survey spectrum of Ru0,/0.5Ce0, and commercial RuO,. High-resolution XPS spectra of (b) Ru 3p for Ru0,/0.5Ce0, and commercial RuO,, (c) Ce 3d for Ru0,/0.5Ce0,,

and (d) O 1s for Ru0,/0.5Ce0, and commercial RuO,.

The OER performance of as-prepared catalysts in 0.1 M
HCIO4 electrolyte were evaluated via a standard three-electrode
system. The linear sweep voltammetry (LSV) curves reveal that
Ru0,/0.5Ce0; significantly outperforms Ru0,/Ce0,,
Ru0,/0.25Ce0,;, homemade RuO, and commercial RuO; in
terms of current density (Fig. 4a and S5). Specifically, the
overpotential of the Ru0,/0.5CeO, requires only 214 mV

overpotential at 10 mA cm™2, substantially lower than
homemade RuO; (251 mV), Ru0,/0.25Ce0, (259 mV),
Ru0,/CeO, (308 mV), and commercial RuO, (304 mV),

respectively, while homemade CeO; negligible OER activity (Fig.
4b). Furthermore, the Ru0,/0.5Ce0O; requires only 266 mV
overpotential at 100 mA cm™2, surpassing than those of other
catalysts. The Tafel slope of 48.9 mV dec? for Ru0,/0.5CeO;
further evidences faster OER kinetics compared to
Ru0,/0.25Ce0; (73.5 mV dec?), RuO,/Ce0; (142.8 mV dec?),
and commercial RuO; (141.1 mV dec™?) (Fig. 4c). Electrochemical
impedance spectroscopy (EIS) reveals that Ru0,/0.5CeO;
exhibits the lowest charge transfer resistance (Ret) at 1.5 V vs.
RHE among all catalysts, demonstrating superior OER kinetics
(Fig. S6). Operando EIS measurements were employed to probe
interfacial charge transfer dynamics in Ru0O,/0.5CeO.. Fig. 4d
and 4e present Bode phase plots comparing the catalyst with
commercial RuO,. At high frequencies (10'-103 Hz), the catalyst
exhibits reduced charge-transfer resistance compared to
commercial RuO,, indicating accelerated electron mobility
through Ru-O-Ce bonding networks at the surface-oxidation
interface. Concurrently, at lower frequencies (101-101 Hz),
beyond an applied potential of 1.35 V, become smaller than that
of commercial RuO,, which could be attributed to the faster

6 | J. Name., 2012, 00, 1-3

kinetics in adsorbed intermediates during OER in
Ru0,/0.5Ce0,.4943 The electrochemical active surface area
(ECSA) was evaluated via cyclic voltammetry at scan rates of 2-
10 mV st within a non-Faradaic potential range (Fig. S7). The
electric double-layer capacitance (Cq) was derived from the
linear slope of capacitive current versus scan rate plots. As
shown in Fig. 4f, RuO,/0.5Ce0; exhibits a highest Cq4 of 37.3 mF
cm2, 1.6-fold and 3.8-fold higher than Ru0,/0.25Ce0; (23.6 mF
cm-2) and RuO,/Ce0, (9.8 mF cm-2), confirming heterostructure-
induced exposure of active sites that enhance catalytic kinetics.
To compare the intrinsic activities of these catalysts, the ECSA-
normalized current density was calculated, confirming the
highest intrinsic activity of RuO,/0.5Ce0, compared with other
catalysts (Fig. S8). The superior intrinsic activity of
Ru0,/0.5Ce0; is attributed to the RuO,-CeO; heterointerface,
which combines interfacial strain, charge redistribution, and
surface hydroxyl enrichment to optimize the reaction
energetics of OER intermediates, rather than relying solely on
Ru valence reduction. Turnover frequency (TOF) values were
derived from the oxygen evolution rate scaled to the total Ru
ions (Fig. 4g). At 1.5 V, Ru0,/0.5CeO; yields a TOF of 942 hl,
surpassing that of RuO,/CeO; (58 h1), Ru0,/0.25Ce0, (187 h1),
and commercial RuO2 (73 h). As evidenced by the
chronopotentiometry (CP) test at 10 mA cm? in Fig. 4h,
Ru0,/0.5Ce0; operates stably for over 550 h at 10 mA cm™2 with
only 15 mV increase in potential, surpassing commercial RuO;
(deactivation within 3 h) and outperforming most reported Ru-
based electrocatalysts (Table S3). Post-stability ICP analysis of
electrolytes was conducted to quantify metal dissolution.
Additional post-stability TEM and XPS analyses reveal that,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) LSV polarization curves of RuO,/CeO,, Ru0,/0.5Ce0,, Ru0,/0.25Ce0,, commercial RuO,, and homemade CeO, with iR compensation. (b) Overpotential comparisons at
current densities of 10 and 100 mA cm~2. (c) Tafel slopes derived from (a). Bode phase plots of (d) Ru0,/0.5Ce0, and (e) commercial RuO; at different potentials. (f) Cq plots derived
from CV curves. (g) TOF of RuO,/Ce0,, Ru0,/0.5Ce0,, Ru0,/0.25Ce0,, commercial RuO,. (h) Chronopotentiometry test of RuO,/0.5Ce0, and commercial RuO, at 10 mA cm=.

Inspired by the outstanding OER performance and
durability of the RuO,/0.5CeO; catalyst, we further evaluated its
practical applicability in a PEMWE device. The PEMWE
configuration is illustrated in Fig. 5a. The anode catalyst was
Ru0,/0.5Ce0; with a Ru loading of 1 mg cm2, while the cathode
catalyst was commercial Pt/C (60 wt% Pt, Johnson Matthey
Hispec9100) with a Pt loading of 0.3 mg cm=. A Nafion N115 was
served as the proton exchange membrane. For comparison, a
control device was fabricated using commercial RuO; as the
anode with a Ru loading of 1 mg cm?2, while maintaining
identical experimental conditions. As depicted in Fig. 5b, the
current-voltage characteristic (I-V) curve (without iR correction)
demonstrates that, RuO,/0.5CeO; catalyst achieves a current
density of 1 A cm2 at 80 °C with an applied voltage of 1.59 V,
whereas commercial RuO; requires 1.64 V under identical
conditions. As illustrated in Fig. 5b, the I-V curves (without iR

This journal is © The Royal Society of Chemistry 20xx

correction) demonstrate that, RuO,/0.5CeO; only requires a cell
voltage of 1.59 V and 1.72 V to reach a current density of 1 A
cm=2 and 2 A cm?, surpassing commercial RuO; (1.64 V for 1 A
cm2and 1.79 V for 2 A cm™2). Furthermore, the Ru0,/0.5Ce0,
can operate over 300 h at 500 mA cm? with a performance
degradation rate of only 0.07 mV h™ (Fig. 5c), which
outperforms most reported Ru-based electrocatalysts (Table
S3). In addition, a comparison with representative previously
reported Ru-Ce based catalysts is provided in Table S5. Relative
to these systems, the present catalyst distinguishes itself by
combining a carbon-free architecture, tunable Ru/Ce
composition, and extended MEA validation, while maintaining
competitive activity and durability. These features highlight the
practical potential of the RuO;-CeO, heterostructure for
PEMWE operation under harsh acidic conditions.

J. Name., 2013, 00, 1-3 | 7
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Fig. 5 (a) Schematic of the PEMWE device. (b) I-V curves of PEMWE electrolyzers using Ru0,/0.5Ce0, or commercial RuO, as anodic catalyst and commercial Pt/C as cathodic catalyst
in pure water at 80 °C without iR compensation. Inset in (b): photograph of the PEMWE device. (c) Chronopotentiometry testing of Ru0,/0.5Ce0, catalyst at 500 mA cm™2 in the

PEMWE electrolyzer using commercial Pt/C as cathodic catalyst in pure water at 80 °C.

pH-dependent experiments probing the OER mechanism
reveal negligible dependence of catalytic activity on electrolyte
pH (Fig. S9). At 2 mA cm2, overpotentials remained nearly
identical across pH range from 0.3 to 1.0, with consistent
behaviour extending to 5 mA cm? and 10 mA cm (Fig. 6a).
These observations collectively suggest that the reaction
pathway is following the AEM mechanism, characterized by four
coupled proton-electron transfers. In situ ATR-SEIRAS were
further performed to gain deeper mechanistic insights into the
acidic OER on Ru0,/0.5CeO; (Fig. 6b). The FTIR spectrum of
Ru0,/0.5Ce0; exhibits an O-H stretching mode of *OH at 3220
cm, along with a prominent peak at 1041 cm™ assigned to O-
O stretching of *OOH intermediates. Given that *OOH
represents a signature intermediate of the AEM mechanism,
this observation indicates AEM dominance in the OER process
(Fig. 6¢). Critically, the absence of a *OO characteristic peak at
approximately 1120-1130 cm™ rules out the involvement of the
LOM mechanism. 4144 In contrast, while pristine RuO; is well-
documented to exhibit a hybrid AEM/LOM mechanism in acidic
OER.#14546 The construction of Ru0,/0.5Ce0; significantly

suppresses the LOM pathway by stabilizing lattice oxygen. This
electronic modulation mitigates Ru over-oxidation, ensuring the
AEM pathway becomes highly dominant, thereby enhancing
both catalytic activity and long-term stability. To elucidate the
origin of catalytic activity in Ru0,/0.5CeO,, DFT calculations
were performed using a heterojunction model comprising RuO
(110) and CeO> (111) facets with a Ru:Ce atomic ratio of 2:1 (Fig.
6d and S10-S12). The RuO; (110) and CeO; (111) interfaces
aligned well, forming extended coordinatively bridge row via
Ru-0O-Ce bonds. Both Ru0,/0.5CeO; and RuO; followed four-
proton-coupled electron transfer steps of AEM, as shown in Fig.
6e and S10. The OER rate-determining step (RDS) for both
Ru0,/0.5Ce0, and RuO; is the transformation of *O to *OOH
(Fig. 6f). Specifically, at the theoretical potential (U = 1.23 V),
Ru0,/0.5CeO0; exhibits a free energy barrier of 0.665 eV, which
is 0.217 eV lower than that of pristine RuO; (0.882 eV). The
lowered barrier promotes *OOH formation efficiency,
demonstrating  that  heterostructure  engineering in
Ru0,/0.5CeO0; is an effective strategy for boosting OER kinetics.
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Fig. 6 (a) Overpotential of RuO,/0.5Ce0, at 2 mA cm 2, 5 mA cm "2, and 10 mA cm 2, respectively, in electrolytes with different pH. (b) In situ ATR-SEIRAS spectra at various applied
potentials for Ru0,/0.5Ce0,. (c) The AEM path diagram. (d) Crystal structure model of RuO,/0.5Ce0,. (e) Four-step AEM of OER for Ru0O,/0.5Ce0. (f) Free energy diagrams of

Ru0,/0.5Ce0; and RuO;.

4. Conclusions

In summary, we successfully constructed a series of RuO,/xCeO;
heterostructured catalysts by using a two-step impregnation-
pyrolysis method. Comprehensive phase and electronic
structure characterizations validate the formation of
heterojunction interfaces and interfacial charge transfer,
resulting in reduced Ru average oxidation state and diminished
lattice oxygen content. The developed Ru0O,/0.5CeO; catalyst
delivers exceptional acidic OER performance with a low
overpotential of 214 mV and excellent stability for 550 h at 10
mA cm=, outperforming commercial RuO,. Ru0,/0.5Ce0, as
anode achieves a voltage of 1.59 V at 1 A cm™ and operation
stably for over 300 h at 500 mA cm=? with a performance
degradation rate of only 0.07 mV h-l. ATR-SEIRAS experiments
coupled with DFT calculations reveal that the heterointerface-
driven AEM pathway effectively suppresses lattice oxygen
oxidation while facilitating *OOH
through the bridging of O, thereby establishing an optimal
activity-stability synergy. This work proposes a heterointerface

intermediate formation

engineering strategy for designing efficient and stable Ru-based
electrocatalysts toward practical hydrogen production.
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