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Broader context

A ruthenium-titania core—shell nanocluster
catalyst for efficient and durable alkaline
hydrogen evolutionf

Hyun Woo Lim, €2° Tae Kyung Lee,” Subin Park,” Dwi Sakti Aldianto Pratama,”
Bingyi Yan, 2 ** Sung Jong Yoo, (2 ** Chan Woo Lee 2 *% and Jin Young Kim @ =2f
Anion-exchange-membrane water electrolysis (AEMWE) is an emerging technology for hydrogen
production. While nanoparticles are used as catalysts to enhance catalytic activity, they face durability
challenges due to high surface energy and reactivity. Here we present a core—shell nanocluster catalyst
featuring a Ru metal core encapsulated in a porous/reduced titania monolayer, incorporating Mo atoms.
This core—shell structure not only protects the unstable metal core but also lowers the energy barriers
for water dissociation. The synergistic interface formed by the titania heterostructure and Mo doping
modulates the electron density distribution of ruthenium active sites, fine-tuning the d-band electronic
structure and optimizing the intermediate binding strengths. As a result, exceptionally low overpotentials
of just 2 mV at 10 mA cm™2 and 120 mV at 500 mA cm™2 could be achieved. In a practical AEMWE
system, the core—shell catalyst shows an outstanding current density of 3.35 A cm™~2 under a cell voltage

of 2.0 V at 60 °C, preserving its activity over 530 h of long-term electrolysis at 0.5 A cm™2.

Anion-exchange-membrane water electrolysis (AEMWE) has emerged as a sustainable technology for hydrogen production, critical for transitioning to a low-
carbon economy. However, the sluggish kinetics of the hydrogen evolution reaction (HER) in alkaline conditions, driven by the energy barriers of water
dissociation, necessitates high overpotentials, posing a significant challenge for efficient hydrogen production. While nanoparticle catalysts have shown
promise in enhancing catalytic activity, their long-term stability remains a concern due to agglomeration and dissolution under electrochemical conditions. To
address these issues, core-shell catalysts have gained attention for improving both activity and durability, as they protect the core material while optimizing
interfacial electron transfer. This work presents a Ru-based core-shell nanocluster catalyst, featuring a 1-nm Ru metal core encapsulated in a porous/reduced
titania monolayer with incorporated Mo atoms. This structure stabilizes the Ru core and enhances catalytic performance by lowering the energy barrier for

water dissociation and hydrogen desorption. The catalyst achieves remarkably low overpotentials of 2 mV at 10 mA cm > and 120 mV at 500 mA cm 2,

2

demonstrating excellent durability in AEMWE systems with a current density of 3.35 A cm ™2 at 2.0 V and 60 °C, while maintaining stability for over 530 h.

“ Department of Materials Science and Engineering, Seoul National University,
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1. Introduction

H, is an energy carrier that can help replace fossil fuels and
facilitate the transition to a low-carbon economy.™ H, can be
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renewable energy. Anion-exchange-membrane water electrolysis
(AEMWE) is drawing attention as a next-generation hydrogen
production technology due to its low-cost components, zero-gap
configuration, and applicability for differential pressure
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evolution reaction (HER) under alkaline conditions—owing to
the energy barrier of water dissociation—necessitates the use of
high overpotentials.” Additionally, at high current densities, the

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ accumulation of hydrogen gas bubbles can block water trans-
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port, resulting in significant mass transport overpotential.®
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Furthermore, metal-based HER catalysts, including Fe, Co,
and Ni, as well as their hydroxide forms, can dissolve in
alkaline electrolytes, leading to the degradation of catalytic
performance.”'® The delicate design and development of alka-
line HER catalysts are essential to improving the energy effi-
ciency and operational durability of AEMWE.

Nanoparticles (NPs) have been utilized as attractive electro-
catalyst materials for enhancing catalytic activity, owing to
their high surface area, improved electrical conductivity, and
remarkable ability to actively promote reactions through inter-
actions with support and reactants."'™*? In the Pt/C catalyst,
~2 nm-sized Pt NPs are well dispersed onto a conducting
carbon black support, resulting in a 24-times-higher mass
activity compared to bulk Pt of the same amount of noble
metal at —0.05 V vs. RHE." The mass activity also highly
depends on the Pt size. The Pt/C exhibits 48-times-higher mass
activity when particle size is reduced from 1.85 to 1.30 nm."
Similarly, the turnover frequency (TOF) of Ru NPs also
increases from 4.8 x 10™* to 0.005 s~ " as the NP size decreases
from 7.6 to 2.5 nm.'® However, the decrease in particle size to
the nanometer level compromises durability.'”'® Smaller NPs
have higher surface energy, contributing to instability and promot-
ing agglomeration or Ostwald ripening."**® In electrochemical
environments, low-coordination sites are more susceptible to dis-
solution, causing mass loss, and weak nanoparticle-support inter-
actions increase catalyst detachment.>*

Core-shell catalysts are gaining attention for addressing
these issues, as their ability to protect the core with a thin layer
of corrosion-resistant material leads to stable HER activity.**>*
Metal NPs enclosed by a graphene shell maintain their HER
overpotentials over a long duration, in contrast to pristine
NPs.?*2* Moreover, the core-shell structure offers an interfacial
effect that further optimizes hydrogen binding strength and
enhances HER activity through electron transfer between the
core and shell atoms.>® Dimensional and morphological con-
trol of core-shell catalysts is crucial for tuning catalytic
performances.*®*” Typically, reducing the shell thickness to a
monolayer level maximizes charge polarization at the shell
surface, leading to improved catalytic activity.”®*® Furthermore,
controlling the shell coverage can improve HER activity by
exposing the interfacial active sites.>>*® Nanostructural proper-
ties such as core size, core-shell materials, and interfacial
compatibility are also vital for catalytic performance. Advanced
synthesis and design methods that finely tailor core-shell
catalysts can be an effective strategy for achieving both high
catalytic activity and durability.

Here we report a core-shell nanocluster (NC) catalyst featur-
ing a 1-nm-sized Ru metal core surrounded by a porous/
reduced titania monolayer with dispersed Mo atoms between
them. The core-shell structure not only protects the unstable
Ru core but also provides synergistic interfaces, thereby enhanc-
ing catalytic activity and durability simultaneously (Fig. 1a). For
the synthesis (Fig. 1b), RuO, NCs are hydrothermally
deposited onto the Mo-doped titania surface of 3-D Ti electro-
des. Through low-temperature post-annealing at 200 °C, atomic
diffusion from the Mo-doped titania surface to the RuO, NC
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forms a NC comprising a RuO, core and a Mo-doped titania
shell. The thickness of the shell layer can be precisely con-
trolled by adjusting the annealing time. Subsequent electro-
chemical reduction reconstructs the core-shell NC into a Ru
metal core surrounded by a porous and reduced titania mono-
layer with reduced Mo atoms between them. DFT calculation
indicates that the synergistic interface formed by titania hetero-
structure, and Mo doping induces electron-deficient and
electron-accumulated Ru sites near the interface. These unique
interfacial sites facilitate both water dissociation and hydrogen
desorption, thereby promoting H, generation under alkaline
conditions (Fig. 1c). The final core-shell Ru catalyst shows
extremely low overpotentials of 2 mV at 10 mA em > and
120 mV at 500 mA cm >, outperforming most benchmark
catalysts (Fig. 1d).>*> Furthermore, in AEMWE application,
the core-shell Ru catalyst exhibits one of the highest current
densities of 3.35 A cm ™2 at a cell voltage of 2.0 V at 60 °C, with
negligible catalyst degradation over 530 h of long-term electro-
lysis at 500 mA cm 2. The core-shell NC catalyst addresses
critical challenges associated with Ru-based catalysts, includ-
ing corrosion, difficult hydrogen desorption, high energy bar-
riers for H,O dissociation, and high material costs, thereby
demonstrating significant potential for practical applications
in the alkaline HER industry.

2. Results and discussion
2.1 Electrocatalytic activity

The HER activities of the core-shell Ru (CS-Ru) catalysts, with
varying shell thickness achieved by altering the post-annealing
time from 0 to 60 min (denoted as CS-Ru-0, 20, 40, and 60),
were evaluated using linear sweep voltammetry (LSV) at a scan
rate of 10 mV s~ in 1.0 M KOH (Fig. 2a and Fig. S1 and S2,
ESIT). The formation of the shell results from the diffusion of Ti
and Mo from the anatase titania support. A monolayer shell
with a thickness of 0.45 £ 0.02 nm is formed after 40 minutes
of annealing, while no shell is observed in samples annealed
for 0 or 20 minutes (Fig. S3 and Table S1, ESI}). After 60 min of
annealing, the shell thickness increased to 1.38 £ 0.07 nm,
forming a triple-layer titania structure through controlled dif-
fusion. The LSV scan was performed 50 times for each catalyst,
and the final LSV curves are plotted in Fig. 2a. CS-Ru-40 and
CS-Ru-60 exhibit superior electrocatalytic activity, with over-
potentials of 2 and 14 mV at 10 mA cm™ 2, respectively, whereas
CS-Ru-0 (87 mV) and CS-Ru-20 (22 mV) require higher over-
potentials. Online gas chromatography measurements further
revealed that CS-Ru-40 achieves a high faradaic efficiency
exceeding 96.7% for H, production at a current density of
10 mA cm 2 and an overpotential of 1.8 mV during chrono-
potentiometric electrolysis (Fig. S4, ESIt). These results indi-
cate that the controlled diffusion of Ti and Mo through low-
temperature annealing for an optimized duration (40 min)
achieves the desired shell thickness (a monolayer shell in this
study) and significantly improves the alkaline HER activity.
The best sample (CS-Ru-40) shows low overpotentials at high

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Core—shell Ru catalyst's synthesis strategy, computational results, and catalytic performances. (a) A contour map displaying the activity, stability,
and particle size for bulk, nano, and core—shell catalysts. (b) Schematic illustration of the structural transformation of a core—shell Ru catalyst induced by
low-temperature post-annealing and electrochemical reduction processes. (c) Schematic illustration of the calculated free energy diagram for water
dissociation and hydrogen desorption on a core-shell Ru catalyst. (d) Performance comparison of core—shell Ru and benchmark catalysts in terms of

HER overpotential and AEMWE current density.

current densities, too (51 and 124 mV at 100 and 500 mA cm ™2,

respectively).

Tafel analysis was conducted to clarify the mechanism govern-
ing the HER activity of the CS-Ru catalysts (Fig. 2b). CS-Ru-40
exhibits a significantly low Tafel slope (30.7 mV dec ). The
similarity of this Tafel slope to the theoretical value (30 mV dec )
suggests the occurrence of the Volmer-Tafel mechanism, in
which the rate-determining step (RDS) for the HER is the H-H
coupling between adsorbed hydrogen intermediates (H*).** This
indicates that CS-Ru-40 effectively ruptures H,O bonds, given that
H* is typically produced via the dissociation of H,O bonds under
alkaline conditions. In contrast, the Tafel slopes of CS-Ru-0, CS-
Ru-20, and CS-Ru-60 (71.6, 45.1, and 40.3 mV dec™ ', respectively)
suggest that high overpotentials are required to increase the
current density by an order of magnitude. These Tafel slope
values indicate that the RDS involves water dissociation during
the Heyrovsky step,*® as opposed to CS-Ru-40. The double-layer

This journal is © The Royal Society of Chemistry 2025

capacitances (Cq; Fig. 2c and Fig. S5, ESIt) of CS-Ru catalyst
electrodes exhibit relatively consistent values (170.4, 176.8, 175.2,
and 173.8 mF cm™2). The ECSA of the substrate prepared without
nanoclusters was measured at 164.3 mF ecm™2, accounting for
approximately 94% of the total ECSA (Fig. S5, ESIt). Given the
substantial contribution of the substrate to the overall ECSA,
the post-annealing time has a negligible impact on the ECSA.
The charge-transfer kinetics of CS-Ru catalysts in HER was also
investigated through measuring the charge-transfer resistance
by electrochemical impedance spectroscopy (EIS).** Nyquist plots
were obtained at 0 V. RHE, which is the equilibrium potential of
the HER in 1.0 M KOH at 25 °C (Fig. S6, ESIT). Among the CS-Ru
catalysts, CS-Ru-40 exhibits the lowest R, value (2.5 Q) and the
fastest charge-transfer kinetics, as evidenced by its highest
exchange current density (j, = 10.3 mA cm > estimated using
the equation R, = RT/Fj,, where R represents the gas constant and
F is the Faraday constant; Fig. 2d).

Energy Environ. Sci., 2025, 18, 2243-2253 | 2245
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Fig. 2 Electrocatalytic activities for HER. (a) LSV curves of core—shell Ru catalysts measured at a scan rate of 10 mV s~*in 1.0 M KOH electrolyte. (b) Tafel
plots, (c) double-layer capacitances, (d) charge transfer resistances, and exchange current densities of core—shell Ru catalysts. (e) Mass activities of core—
shell Ru, Pt/C, Ru/C, and RuO,/C calculated at the overpotential of —100 mV. (f) Comparison of HER performance with that of previously reported
catalysts. (g) The overpotential values of core—shell Ru catalysts recorded at a current density of 100 mA cm™2 for an initial 10 h. (h) Concentrations of Ru
dissolved in electrolyte obtained by ICP-MS during chronopotentiometry at 100 mA cm™2 for 5 h. (i) Long-term stability test for the core—shell Ru at a

constant current density of 100 mA cm 2.

As a result, the CS-Ru-40 catalyst significantly outperforms
the commercial Pt/C (0.2 mgp cm™?), Ru/C (0.2 mgg, cm™ ),
and RuO,/C (0.2 mgg, cm ™ ?) catalysts by 41, 24, and 177 mV at
10 mA ecm % and by 49, 79, and 277 mV at 100 mA cm 2,
respectively (Fig. S7, ESIT). Furthermore, the high mass activity
of 2.18 A mg ", calculated based on the small amount of Ru
(0.16 mgg, cm ?) obtained by inductively coupled plasma-mass
spectroscopy (ICP-MS; Fig. 2e and Table S2, ESIY), is 4.4, 6.6 and
109-times-higher than those of commercial Pt/C (0.5 A mg™ "), Ru/
C (0.33 A mg™") and RuO,/C (0.02 A mg™ "), respectively (Fig. S8,
ESIT). Notably, the HER activity of CS-Ru-40 featured by
low overpotentials of 2, 97, and 120 mV at 10, 300, and
500 mA cm” 2, respectively, is the best among the reported HER
catalysts under alkaline conditions (Fig. 2f and Table S3, ESIY).

Fig. 2g compares the stability of the CS-Ru catalyst under
continuous HER operation at 100 mA cm >. CS-Ru-40 and
CS-Ru-60 maintain their overpotentials for an initial 10 h
(50 to 48.4 mV and 83.1 to 82.9 mV from 0 to 10 h, respectively),
while the activity of CS-Ru-0 and CS-Ru-20 degrades continu-
ously. Moreover, ICP-MS analysis of the electrolyte after
chronopotentiometry at 100 mA cm™> for 5 h shows that the
amount of dissolved Ru for the CS-Ru catalysts aligns with the
overpotential trend (90.1, 58.1, 2.8, and 2.7 ppb for CS-Ru-0, 20,

2246 | Energy Environ. Sci., 2025, 18, 2243-2253

40, and 60 after 5 h, respectively; Fig. 2h). This suggests that
catalyst deactivation occurs due to the detachment and dissolu-
tion of the Ru-based active sites during vigorous HER when the
specific shell thickness is not achieved. The long-term stability
of CS-Ru-40 is also confirmed by chronopotentiometry at
100 mA cm > over a period of 300 h, showing negligible degrada-
tion (Fig. 2i). These results indicate that the protective titania shell
formed by controlled Ti diffusion around the CS-Ru catalysts
alleviates Ru corrosion and enhances catalyst stability.

2.2 Materials characterization

The Ti foam electrode coated with CS-Ru-40 NCs was analyzed
before and after the electrochemical reaction (i.e., 50 HER
cycles) using high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) in Fig. 3. The results
reveal the formation of a 40-nm-thick mixed-metal oxide layer
consisting of Ru, Ti, and Mo atoms on the Ti foam electrode
(Fig. S9, ESIt). High-resolution HAADF-STEM analysis of the
oxide layer shows the distribution of bright core-shell
nanoclusters (particle size: 1.9 £ 0.35 nm) on a dark Mo-
doped titania support (Fig. 3a and Fig. S10a and S11, ESIY),
where bright and dark regions correspond to the (110) plane of
rutile RuO, (JCPDS no. 40-1290) and (101) plane of anatase TiO,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Characterization of core—shell Ru catalysts. (a) High-resolution HAADF-STEM image of the core—shell Ru NC. (b) Line-scan profile of the core—
shell Ru NC. Characterization data in (a) and (b) are measured before the electrochemical reaction. (c) XPS core-level spectra of pre-HER and post-HER
samples in Ti 2p and Ru 3p regions. (d) HR-TEM image of the core—shell Ru catalyst measured after 50 LSV scans over a potential range of 0.1to —1.7 V vs.
RHE in 1.0 M KOH (pH = 14). (e) HAADF-STEM image of a post-HER sample. (f) EELS spectrum of the post-HER sample. EELS is measured at NC, indicated
by the orange box. Red, blue, and green squares correspond to where the spectra were obtained. (g) Five line-scan profiles obtained from a spherical
NC of the post-HER sample to visualize the 3-D elemental distribution. Data in the figures were obtained from the core—shell Ru catalyst post-annealed

for 40 min.

(JCPDS no. 21-1272), respectively. The selected area electron
diffraction (SAED) pattern also displays distinct diffraction
spots assigned to the rutile and anatase crystal structures
(Fig. S10b, ESI¥).

Line-scan profile of CS-Ru-40 (Fig. 3b and Fig. S12, ESIY)
shows the formation of a core-shell structure, featuring a RuO,
core surrounded by a Mo-doped TiO, monolayer shell, with Mo
atoms predominantly distributed at the interface between the
core and the shell. With increasing post-annealing time, the
concentration of Ti and Mo in the core increases (Fig. S3 and

This journal is © The Royal Society of Chemistry 2025

Fig. S13 and Table S1, ESIt), while the atomic percentages
in the anatase titania support remain largely unchanged
(Fig. S14, ESIT). X-ray photoelectron spectroscopy (XPS) spectra
of the core-level Ti 2p and Ru 3p (Fig. S15, ESIt) show the
Ti 2ps, peak (Ti"" at 458.0 €V) and Ru 3p;, peak (Ru® at
462.7 eV), with an increased Ti*" peak observed as the post-
annealing time increases.*>*® This increased Ti atoms thicken
the shell, forming a triple-layer (1.38 nm) titania shell after
60 min as shown in Fig. S3f (ESIf). Overall, these findings
confirm the formation of a NC composed of a RuO, core and a

Energy Environ. Sci., 2025, 18, 2243-2253 | 2247
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Mo-doped titania shell, facilitated by atomic diffusion from the
Mo-doped titania support surface to the RuO, core.

The XPS analysis reveals that the RuO, core NCs are signifi-
cantly reduced to metallic Ru during the electrochemical
reduction (Fig. 3c), with the intensity of the Ru® peak at
461.1 eV increasing after 50 HER cycles. The Ru** peak at
462.7 eV of the pre-HER sample decreases at the same time.
Interestingly, the Ti** peak of the pre-HER sample also
decreases and shifts towards lower binding energy after HER,
indicating partial dissolution and reduction of Ti** ions to form
a porous TiO, shell. The reduced core-shell Ru NC catalyst (i.e.,
CS-Ru-40) was further analyzed by high-resolution transmission
electron microscopy (HR-TEM; Fig. 3d), where metallic Ru NCs
anchored onto the anatase TiO, support, as evidenced by the
d-spacings assigned to the (100), (101), and (002) planes of
hexagonal Ru metal and to the (101) plane of anatase TiO,, were
observed. SAED also confirms clear diffraction patterns corres-
ponding to Ru metal and anatase TiO, (Fig. S16, ESI{). It is
noticeable that the Mo 3d XPS profile also shows an increase
in the Mo peak, implying the reduction of Mo at the surface

View Article Online
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(Fig. S17, ESIf).*” High-resolution HAADF-STEM analysis
is performed to acquire z-contrast images (Fig. 3e and
Fig. S18, ESIT). Given that the Ru (z = 44) region is supposed
to be brighter than Ti (z = 22), the different brightness can be
leveraged to identify the atomic positions of Ru and Ti on
the surface of the NCs. Atoms with different brightness are
randomly detected from the surface of CS-Ru-40 NC like the
single-atom catalysts. These results indicate that the active
surface of CS-Ru-40 is atomically heterogeneous, which can be
ascribed to the formation of the porous TiO, monolayer shell
during HER. This porous feature was examined by electron
energy-loss spectroscopy (EELS) spectrum obtained at different
locations on a single CS-Ru-40 NC (Fig. 3f). The Ti L-edge signals
are partially observed from certain areas of the NC surface, and
their intensities are also different depending on the location,
corroborating the existence of a porous titania shell.®

The cross-sectional structure of a CS-Ru-40 NC was recon-
structed using EDS line-scan profiles of metal elements mea-
sured from five different vertical positions (Fig. 3g and Fig. S19,
ESIT). It is clearly seen that the core-shell structure consisting
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Fig. 4 Density functional theory calculations for mechanistic understanding. (a) Five optimized atomic structures used for the DFT calculation.
(b) Calculated free energy diagrams of water dissociation on pristine Ru, Ru/compact TiO,, Ru/porous TiO, or TiO,, and Mo:Ru/porous TiO, surfaces,
where the progression of water dissociation in the Mo:Ru/porous TiO, atomic model is illustrated as insets. (c) An atomic model of Mo:Ru/porous TiO,
and its charge density distribution. Yellow and cyan regions represent electron-rich and electron-deficient areas, respectively. (d) The calculated Bader
charge of Ru and Mo atoms at the interfacial site. The Ruon+ and Rup« indicate the atoms where OH* and H* intermediates are attached after water
dissociation. (e) Partial density of state (PDOS) and d-band center of Ru atoms interacting with H,O and OH* in pristine Ru and Mo:Ru/porous TiO,.
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of a Ru-based core, Ti-based shell, and interfacial Mo atoms is
preserved after HER. However, the intensity ratio of Ti to Ru in
the core region decreases after HER, strongly supporting the
formation of the porous titania shell, especially considering
the same shell thickness before and after HER (0.45 and
0.48 nm, respectively). Furthermore, the presence of the sub-
nanometer-sized pores (0.55 nm) was confirmed from the pore-
size distribution analysis using the gas adsorption method
(Fig. S20, ESIT). The 3-dimensional structure of CS-Ru-40 NC
was further investigated using HAADF-STEM imaging and
STEM-EDS mapping (Fig. S21, ESIt). The Ru signal is mainly
concentrated at the core of the NC (orange rectangle), whereas
the Ti and O signals are detected over the entire area of the NC
indicating that the Ru core is surrounded by a TiO, shell. The
atomic percentages of Ti, Ru, and Mo measured using EDS are
31.5, 64.2, and 4.3 at%, respectively, showing that the Ti-to-Ru
ratio decreases from 0.70 to 0.50 after HER. This result sup-
ports the partial dissolution of the TiO, shell and the resulting
formation of a porous shell layer, which is consistent with the
structural reconstruction.

2.3 Mechanistic understanding

Density functional theory (DFT) calculations were conducted to
elucidate the mechanism of the alkaline HER at the catalytically
active sites, for which five atomic models of pristine Ru, Ru
with a compact TiO, monolayer (Ru/compact TiO,), Ru with a
porous TiO, monolayer (Ru/porous TiO,), Ru with a porous and
reduced TiO, monolayer (Ru/porous TiO,), and Mo-doped Ru
with a porous and reduced TiO, monolayer (Mo:Ru/porous
TiO,) were constructed (Fig. 4a and Fig. S22, ESIf). Fig. 4b
compares the changes in Gibbs free energy during the water
dissociation step that is considered as the RDS for HER in
alkaline media. The activation energy barriers for the dissocia-
tion of H,O into OH* and H* are calculated to be 0.93, 1.02,
0.85, 0.81, and 0.68 eV for pristine Ru, Ru/compact TiO,, Ru/
porous TiO,, Ru/porous TiO,, and Mo:Ru/porous TiO,, respec-
tively. The Ru with a compact TiO, layer shows a higher
activation barrier for water dissociation compared with pristine
Ru, whereas the Ru surface partially covered with a TiO, or TiO,
monolayer (i.e., porous shell layers) shows lower activation
energy values than bare Ru. This suggests that water dissocia-
tion is highly facilitated at the open interfacial sites. In addi-
tion, the presence of Mo near the active interfacial sites further
enhances HER activity by reducing the energy barrier for water
dissociation and promoting the supply of hydrogen. The
hydrogen binding energy, which is another important activity
descriptor for acid HER, was compared in Fig. S23 (ESIY).
Pristine Ru metal exhibits the lowest binding energy
(—0.95 eV), and thus, the strongest H* adsorption, which is
likely to limit HER activity due to the inefficient desorption of
H,. The binding energy increases in the presence of a compact
TiO, shell layer (—0.84 eV), and further increases if the shell
becomes porous (—0.68 eV) and TiO, is reduced to TiO,
(—0.66 €V). Finally, the binding energy increases to as high as
—0.58 eV when a Ru atom near the interface is replaced with a
Mo atom, facilitating the turnover of H* to H, and eventually
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promoting HER activity. As a result, the synergistic effect,
originating from the interface between Ru metal and the reduced
titania monolayer, along with the substitution of Ru with Mo, is
believed to maximize the performance of alkaline HER.

The localized charge distribution of Mo:Ru/porous TiO, was
simulated to comprehensively explore the effects of the inter-
face and elemental substitution (Fig. 4c), and the Bader charge
was calculated for the quantitative characterization (Fig. 4d and
Fig. S24, ESIt). A relatively electron-deficient Ru atom with a
positive Bader charge of 0.3|e| is believed to attract a water
molecule, polarize it and weaken its O—H bonds, which facil-
itates water dissociation and boosts the H* formation rate.>*™**
In addition, the electron deficiency causes the d-band center of
Ru atoms interacting with OH* in Mo:Ru/porous TiO, to shift
closer to the Fermi level compared to that of Ru metal (Fig. 4e).
This upward shift enhances adsorption strengths of both H,O
and OH*.*>** The H* escapes from the Ru atom where water
dissociation occurs and is attracted to another Ru atom with a
partially accumulated electron density and a negative Bader
charge of —0.04|e|, where the H, production step occurs. The
accumulated electrons could contribute to a greater filling
of the antibonding orbital of Ru—H*, leading to a reduction
in the bonding strength between H* and the Ru atom,** and
eventually facilitating the desorption of H* from the Ru atom.
The charge redistribution analysis is in good agreement with
differences in free energy discussed in association with Fig. 4b,
signifying the favorable adsorption/desorption behavior of
the intermediates on the Mo:Ru/porous TiO, surface (i.e., CS-
Ru-40 sample). These calculation results also align with the
observed catalytic activities, indicating that incorporation of
Mo significantly reduces the overpotentials—by more than 60-
fold—achieving an ideal overpotential of 2 mV at 10 mA cm ™2
in the CS-Ru-40 catalyst. This also provides a rational strategy to
optimize HER catalysis via controlling the adsorption/
desorption behavior of catalysts.

2.4 Anion-exchange-membrane water electrolysis

To test the practical applicability in AEMWE, a membrane
electrode assembly (MEA) was constructed using a CS-Ru-40
cathode, IrO, anode, and a PiperION membrane (Fig. 5a).
For preparing the cathode, CS-Ru-40 catalyst was deposited
onto a 1.5-mm-thick Ti felt with a porosity of 70%. The
current-voltage characteristics was subsequently evaluated
in a flowing 1.0 M KOH electrolyte at 60 °C (Fig. 5b). The
MEA of CS-Ru-40||IrO, exhibits a high current density of
3.35 A cm 2 at a cell voltage of 2.0 V, outperforming the
benchmark Pt/C||IrO, system showing a lower current density
of 1.22 A cm™? at the same cell voltage. Notably, CS-Ru-
40||IrO, exhibits record-high performance compared to the
previous reports using the catalyst-coated substrate (CCS)
method in the AEMWE system (Fig. 5c and Table S4, ESIY),
which can be ascribed to the record-high HER activity of the
core-shell Ru NC catalyst (Fig. 2f). A voltage breakdown
analysis was performed at a current density of 1 A cm™? to
clarify the contribution of each cell component to the over-
potential (Fig. 5d).*> The overpotential associated with the
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Fig. 5 Performances of core—shell Ru in an AEM electrolyzer. (a) Schematic illustration of an AEM electrolyzer showing key components and their
arrangement. (b) Performance evaluation of MEAs utilizing core—shell Rul[IrO, and Pt/C||IrO, as cathode||lanode in 1.0 M KOH at 60 °C. (c) A comparison
of activities of the AEMWE single cells. (d) Voltage breakdown analysis for AEM electrolyzers using core—shell Ru and Pt/C as cathodes. (e) Durability test
of an AEM electrolzyer catalyzed by core—shell Ru at 0.5 A cm™2 over 530 h at 60 °C. (f) LSV curves of core—shell Ru measured before and after the
AEMWE durability test. Core—shell Ru in this figure corresponds to the catalyst post-annealed for 40 min.

anode kinetics exerts the most significant influence on the
overpotentials for both MEAs. Regarding cathode kinetics,
the CS-Ru-40 cathode demonstrates a substantial reduction
in overpotential compared to Pt/C, accounting for the excep-
tional HER activity of CS-Ru-40. Ohmic resistance during the
AEMWE is low enough (0.06 and 0.08 Q for the CS-Ru-40 and
Pt/C cathodes, respectively; Fig. S25, ESIt), so its influence on
the AEM performance can be neglected.

The durability of the AEM electrolyzer with the CS-Ru-40
cathode was examined at a current density of 0.5 A cm > and a
temperature of 60 °C (Fig. 5e). The initial cell voltage (1.65 V)
slightly increases to 1.86 V at the beginning of the operation
and remains stable until 430 h with a low degradation
rate of 0.18 mV h™" after being stabilized. The initial increase
in the cell voltage can be attributed to the membrane
stabilization,*®*” whereas the slow increase over time can be
ascribed to the corrosion of IrO, anode. The image of the IrO,
electrode after durability test shows empty spots and the ICP-
MS analysis also confirms that the Ir content decreases from 2
to 0.4 mg cm > (Fig. S26, ESIt). The abrupt increase in the cell
voltage at approximately 430 h is not associated with the
degradation of the HER cathode, but results from the degrada-
tion of the membrane, because the cell voltage immediately
recovers after replacing the membrane and IrO, anode. The cell
voltage remains stable for an additional 100 h, demonstrating
the high stability of the CS-Ru-40 catalyst (over 530 h, at
0.5 A cm?). Notably, the unique core-shell structure of CS-
Ru-40 catalyst was preserved even after the durability test
(Fig. S27, ESIt). Furthermore, the HER overpotential of the
CS-Ru-40 cathode exhibits almost similar overpotentials before
and after the AEMWE durability test over 530 h (before: 2, 65,
and 92 mV and after: 2, 69, and 100 mV, at 10, 500, and
1000 mA cm 2, respectively; Fig. 5f), assuring the excellent
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stability of the core-shell Ru NC catalyst. These findings con-
firm that CS-Ru-40 as a cathode catalyst of an AEM electrolyzer
exhibits high enough activity and stability to be applied to
commercial alkaline water electrolysis systems.

3. Conclusions

A core-shell nanocluster catalyst, consisting of a Ru metal core
and a porous/reduced titania shell with dispersed Mo atoms
in between, was prepared via a hydrothermal process followed
by post-annealing and subsequent electrochemical reduction.
The best sample featured by a porous and reduced titania
monolayer shell with a thickness of ~0.48 nm (CS-Ru-40)
exhibited an almost zero overpotential of 2 mV at 10 mA cm™>
and a low Tafel slope of 30.7 mV dec™ " toward the HER in an
alkaline electrolyte, which didn’t increase much even at high
current densities (e.g., 51 and 120 mV at 100 and 500 mA cm ™2,
respectively). These exceptional activities are presumably
induced by the unique interfacial sites of the core-shell
nanocluster and the electronic modification caused by Mo
substitution, leading to the remarkably lowered activation bar-
rier for water dissociation and the energetic barrier for H,
desorption. Additionally, CS-Ru-40 demonstrated high durabil-
ity, maintaining its low overpotential for 300 h at 100 mA cm ™2,
owing to the protection imparted by the titania shell.
Furthermore, upon being integrated into a practical AEMWE
device, CS-Ru-40 delivered one of the highest current densities of
3.35 Acm™? at 2.0 V (60 °C in 1.0 M KOH). It also showed good
stability by maintaining the cell voltage at 0.5 A cm > over 530 h
at 60 °C with a low degradation rate of 0.22 mV h™ . Overall, the
superior activity and durability suggest that the unique core-
shell-structured nanocluster is a promising catalyst for practi-
cally feasible AEMWE applications.

This journal is © The Royal Society of Chemistry 2025
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4. Experimental section
4.1 Synthesis of core-shell Ru catalysts

Core-shell Ru catalysts are synthesized through oxidation,
hydrothermal method, and low-temperature thermal annealing
in air. Initially, the oxidation process occurs by immersing the
Ti foam (MTI-KOREA, EQ-TiF-1106, porosity: 40%, thickness:
0.6 mm) into H,0, solution (Aldrich, 50 wt%) at 70 °C for
30 min. Subsequently, Mo-doping of Ti foam is carried out
through a hydrothermal method at 180 °C for 12 h (at a heating
rate of 10 °C min~ "), utilizing a solution of 0.5 mmol MoClj
(Aldrich, 99.99%) and 0.5 mmol TiCl, (Aldrich, >99.0%). After
overnight drying in a vacuum oven at 70 °C, the deposition of
Ru-based NCs is carried out hydrothermally using a 1 mmol
RuCl;-xH,O (Aldrich, 99.98%) solution at 150 °C for 10 h. All
solutions are prepared using deionized water generated by
Human Corporation (Model Hyman RO 180), and the volume
of each solution is fixed at 50 mL. Finally, the synthesized
catalysts are annealed at a low temperature of 200 °C, with
varying annealing times of 0, 20, 40, and 60 min. Each sample
is denoted as CS-Ru-0, 20, 40, and 60. CS-Ru-40, intended for
application in practical AEMWE, is synthesized using the same
manufacturing process with Ti felt (SINOPRO, porosity: 70%,
thickness: 1.5 mm). To prepare the RuO,/C electrode, 1 mg of
commercial RuO,, 4 mg of Ketjen black powder, and 40 pL of
Nafion solution were mixed in 460 pL of a 1:1 mixture of water
and ethanol. After sonicating for 30 min, 100 pL of the solution
was dropped onto a carbon cloth and dried in air overnight. A Ru/
C electrode was manufactured using the same process, except for
replacing commercial RuO, with commercial Ru. The Ru mass of

both electrodes was measured to be 0.2 mg cm 2.

4.2 Materials characterizations

Morphological analyses (both in wide and magnified views),
SAED pattern, elemental mapping, line-scan profiles, and EELS
are conducted using a spherical aberration (Cs)-corrected
monochromated TEM (Themis Z, Thermo Fisher) at an accel-
eration voltage of 200 kV. The crystal orientation and lattice
distance of the structure were evaluated by X-ray diffraction
(XRD) (Model D8 Advance.2020, Bruker) using Cu Ka radiation
(4 = 0.1542 nm). The chemical bonding state of the elements
within the sample is analyzed using XPS (Versaprobe III, UL-
PHI). The binding energy of the XPS spectrum is calibrated
to the C 1s peak at 284.6 eV. The quantity of each material in
sample and its dissolution in the electrolyte during the reaction
are measured using ICP-MS (NexION, PerkinElmer). The pore-
size distribution was characterized by adsorption-desorption
measurements (ASAP 2020, Micrometritics) using N, at 77 K.

4.3 Electrochemical measurements

Electrochemical measurements are performed using a poten-
tiostat (Model PARSTAT MC, Princeton Applied Research). The
H-type cell is utilized to separate the working electrode and
counter electrode, with each compartment of the H-type
cell separated by a Nafion membrane (NR212, Ion Exchange
Materials). The counter electrode and reference electrode are Pt
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wire (CE-1, Neo Science) and Hg/HgO electrode (RE-61AP, ALS).
The HER activity is assessed through a LSV curve in 1.0 M
KOH (pH = 14) under a stirring rate of 550 rpm, ranging from
0.1 to —1.7 V vs. Hg/HgO. The LSV is performed at a scan rate
of 10 mV s~ . All potentials are initially iR-compensated using

eqn (1):
Ecompensated = Emeasured — iRs (1)

where  Ecompensatedy Emeasured, and Rs represent the iR-
compensated potential, experimentally measured potential,
and solution resistance, respectively. The solution resistance
is 0.25 Q. The iR-compensated potentials are then converted to
the RHE scale using eqn (2):

Erue = Engmgo T 0.118 V + (RTIn 10/F) vs. RHE 2)

where, R is the gas constant (8.314 J K~ 'mol %), T the tempera-
ture (in Kelvin), and F the Faraday constant (96 485.3 C mol ™).
The overpotential is determined as the difference between the
converted potential and 0 V vs. RHE. The Tafel slope is
calculated by plotting overpotentials against the logarithm of
the current density (log|j|) using the following eqn (3):

n = 10g(jljo) ®3)

where, 7, 4, and j, are the overpotential, Tafel slope, and the
exchange current density. The ECSA is determined by calculat-
ing the Cq4, through CV curves in a non-faradaic potential range
of 0.2 to 0.8 V vs. RHE at various scan rates in 1.0 M Na,SO,
(pH = 7). The flat Ti foil is utilized as a control, with the
assumption that its geometric electrode area of 1 cm?® corre-
sponds to a Cgq; value of 1 cm”. The Cg value for the Ti foil is
6.73 x 10°> mF cm % EIS is carried out using a potentiostat
(Model Zennium, Zahner-Elektrik) with an AC voltage of 20 mV
to characterize the electrodes across a frequency range from
10 mHz to 100 kHz in 1.0 M KOH (pH = 14). A potential of 0 V vs.
RHE is applied to the CS-Ru catalysts to evaluate the Ry and R.

4.4 AEM electrolyzer

MEA is assembled using CS-Ru-40 (1 cm?, 0.65 mg of Ru) and
Pt/C (1 cm?, 0.65 mg of Pt) as the cathode and IrO, (1 cm?, 2 mg
of Ir) as the anode, with each electrode separated by an
PiperION membrane. The Pt/C electrode is manufactured using
the CCS method through spray coating on a Ti felt substrate
and IrO, electrode is manufactured using a catalyst coated
membrane method. For the cathode, the current collector
and gas-diffusion layer (GDL) are made of graphite and Ti felt,
while for the anode, they are composed of Au-coated Ti and
stainless felt. The electrolyzer is subsequently tested in 1.0 M
KOH (pH = 14) electrolyte flowing at a flow rate of 30 mL min "
at a temperature of 60 °C. The activity is assessed by LSV
curve over a potential range of 1.35 to 2.0 V at a scan rate
of 10 mV s™'. To evaluate R; and R, of CS-Ru-40||IrO, and
Pt/C||IrO,, EIS is measured at a constant current density of
0.1 A cm™ 2. Overpotential breakdown is performed using R
obtained through EIS. First, the Ohmic overpotential is calcu-
lated based on Ohm’s law: 5 = iR,. The kinetic overpotentials
(Mkinetics) Of the anode and cathode are then determined by
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fitting a Tafel plot. Finally, the mass transport overpotential
(7mr) is determined by the residual overpotential calculated
through the following equation: nyr = E — Eg — Hxinetics — 1o
where E, corresponds to the theoretical potential of water
electrolysis.
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