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Engineering the nanoscale domain structure of transition metal catalysts offers a promising pathway to
enhance their intrinsic activity by tailoring surface coordination and electronic states. Here, we report a
MgO-assisted solvothermal strategy for synthesizing hexagonal close-packed (HCP) Ru nanospheres from
Ru(acac)s in isopropanol, in which MgO templates modulate the crystallization pathway to preferentially
expose the (100) and (002) facets while suppressing the (101) facet. This facet-selective growth leads to
the formation of well-defined crystalline domains with abundant low-coordination edge sites and oxygen
vacancies at domain boundaries. Such domain-induced surface reconstruction gives rise to edge-rich
chemistry — a catalytic environment characterized by enhanced interfacial charge transfer, strengthened
water adsorption, and optimized hydrogen binding at under-coordinated Ru° sites. Mechanistic studies,
including in situ Raman spectroscopy, reveal that the edge-enriched Rugomains Promotes earlier onset of
hydrogen adsorption and accelerates H, evolution by facilitating both the Volmer and Heyrovsky steps.
Benefiting from these structural and electronic advantages, the resulting Rugomains achieves an ultralow
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performing commercial Pt/C and most Ru-based HER catalysts. This work highlights a general and scal-
able strategy for activating edge sites through oxide-directed facet/domain engineering, providing new
rsc.li/frontiers-inorganic insight into the design of HER electrocatalysts based on edge-rich chemistry.

1. Introduction Iytic efficacy in the hydrogen evolution reaction, but these bench-

mark catalysts have some shortcomings, such as low abundance,
The intensifying energy crisis and environmental concerns from  poor performance, elevated costs and poor durability over time,
fossil fuel combustion have significantly disrupted the sustain-  hindering their wide adoption.”'® Recent decades have witnessed
able development of human society." Clean energy and renew- significant progress in developing high-efficiency catalytic
able energy can fundamentally solve the problem of ecological  materials with enhanced specific activity.'""**> Compared with Pt/
deterioration.”® Hydrogen production via the electrochemical C, Ru has a relatively low cost and similar hydrophilicity to Pt,
splitting of water is regarded as a viable method for sustainable  which makes it a promising material for HER electrocatalysts.****
energy retention and long-term power sustainability.”* Within 1n alkaline electrolytes, due to the shortage of hydrogen ions,
alkaline aqueous electrolytes, platinum-based materials and their  hydrogen ions need to be first dissociated from water molecules
alloy systems are universally recognized as the standard for cata- near the catalyst surface under the influence of the reaction
potential, and then H" adsorption-desorption occurs at the active
site.'” This pathway involves an initial step of water dissociation,
referred to as the Volmer step, followed by the hydrogen combi-
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ruthenium materials, encompassing both monatomic and oxide
forms, have captured significant scientific attention in the realm
of hydrogen evolution."®°

Crystal plane engineering can accurately control the surface
atomic arrangement and electronic structure by exposing
highly active crystal planes, leading to a reduction in the reac-
tion energy barrier and an increase in mass-specific
activity.>** In recent years, researchers have devoted them-
selves to developing and controlling the crystal plane orien-
tation and grain boundary density of materials to boost their
catalytic properties. For instance, Kang et al. proposed that
exposing only the (111) crystal plane in high entropy alloy octa-
hedral nanocrystals enables pH-universal high-efficiency
electrocatalytic hydrogen evolution.?® At the same time, grain
boundaries, a key type of crystal defect, can induce the redistri-
bution of local electrons and form highly active sites. By con-
structing a Ru/Ru,Fe; ,0O, heterointerface, Mu et al. found
that lattice mismatch led to the formation of abundant defect
sites and twisted interface structures significantly boosted
HER activity.** Despite these advances, conventional strategies
for defect and facet control are often complex, costly, and
difficult to scale. Notably, the catalytic role of localized edge
chemistry arising from small crystalline domains, referred to
here as “edge-rich chemistry,” remains underexplored.
Domain structures, consisting of nanoscale crystalline sub-
units with abundant grain boundaries, can synergistically
introduce surface defects.>>™” These features collectively lower
the activation energy for water dissociation and enhance H*
binding dynamics, offering a promising route for intrinsic
HER acceleration.”®?°

Here, we greatly improve the catalytic performance of metal-
lic ruthenium by using a MgO-induced solvothermal strategy
to synthesize domain-rich HCP-Ru nanocrystals with preferen-
tial facet orientation. Due to the limiting effect of magnesium
oxide on the growth of ruthenium, the size of agglomerated
spherical ruthenium metal decreases. Meanwhile, a large
number of crystal domains are formed around the ruthenium
nanosphere, resulting in more active areas, and a strong polar-
ization effect occurs between the interfaces, which greatly pro-
motes the improvement of catalytic activity while maintaining
stability. Structural characterization methods including XRD
and HRTEM confirm the formation of enhanced (100)/(002)
planes and reduced (101) contributions. Furthermore, XPS,
EPR, and FTIR analyses confirm the generation of oxygen
vacancies and under-coordinated Ru-O species-defect motifs
known to facilitate the Volmer step by accelerating water acti-
and promoting H* intermediate stabilization.
Electrochemical testing reveals that the sample synthesized
with an optimal MgO content exhibits the best HER perform-
ance in alkaline media, correlating with the synergistic effects
of domain-induced edge-rich chemistry, optimized facet
exposure, and defect-driven Volmer step facilitation. This
study provides new insights into domain and facet engineering
in noble metal catalysts and demonstrates the effectiveness of
oxide-induced directional growth for boosting electrocatalytic
activity.
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2. Experimental
2.1 Preparation of pristine Ru and Rugomains

50 mg Ru(acac); and a certain amount of MgO were dissolved
in a solution containing 30 mL of isopropanol and DI water.
After continuous magnetic stirring at room temperature for
30 minutes, the solution, which was homogeneous, was trans-
ferred to a 50 mL Teflon-lined stainless steel reactor and a
solvothermal reaction was carried out at 180 °C for 12 h.
Following the gradual cooling of the reaction system to room
temperature, the sediment was taken out of the solution, and
then 10 mL of 8 M HNO; was added and left to stand for a few
minutes until the white bottom disappeared. Next, the product
was washed several times with deionized water and absolute
ethanol and then treated with freeze drying. Finally, a series of
products were obtained. Based on the dosage of MgO (0, 20,
60, and 180 mg), the products were named pristine Ru,
RUdomains~1; RUdomains) and RUdomains2-

2.2 Preparation of D-Rugomains

The preparation procedure was the same as that for Rugomains,
except that 8 M nitric acid was replaced with 1 M nitric acid.

2.3 Preparation of N-MgO

The preparation procedure was the same as that for Rugomains,
except that Ru(acac); was not added and no acid washing was
performed.

Details on materials, physicochemical characterization, and
electrochemical measurement are available in the ESL{

3. Results and discussion

The preparation process is shown in Fig. 1a. Ru was incorporated
into MgO by a solvothermal method, and the obtained intermedi-
ate was Ru/MgO/Mg(OH),. MgO, recognized as an alkaline oxide,
was later purified with NO;~ to obtain the final RUgomains
products.’**! The introduced template is a sacrificial template; due
to the limiting effect of magnesium oxide on the growth of Ru, the
size of agglomerated spherical ruthenium metal decreases. After
being pickled with nitric acid, a large number of crystal domains
are formed around the Ru nanosphere, facilitating the exposure of
abundant edge sites, thereby enhancing catalytic activity.*

The morphologies of the samples were characterized by
SEM. As demonstrated in Fig. 1b and c and Fig. S1,f pristine
Ru shows smooth spheres (150-210 nm), whereas Rugomains
exhibits roughened surfaces and reduced size (110-170 nm).
The same phenomenon occurs in the samples of Rugomains-1
and Rugomains2 (Fig. S27), attributed to MgO regulation.
Pristine Ru shows negligible morphological changes before
acid treatment (Fig. S3af). However, for the unwashed
RUgomains (Fig. S3bt), a mixture of spherical Ru particles and
flake-like structures is observed, with both components tightly
integrated. XRD patterns (Fig. 2c¢) confirm that the flake-like
structures consist of MgO and Mg(OH),. Notably, small projec-
tions also formed around unpickled Rugemains, indicating that
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the surface protrusions are not due to etching but originate from
initial structural limitations. Elemental mapping demonstrated
the spherical morphology of pristine Ru and Rugomains (Fig. S47)
and the uniform spread of Ru throughout the whole substrate. To
further verify how MgO/Mg(OH), is distributed in the sample, we
prepared the D-Rugomains Sample. As shown in Fig. 1d, elemental
mapping of D-RUgomains reveals uniform dispersion of both Ru
and Mg within the spherical architecture, thus conclusively sup-
porting that Mg species are intimately associated with Ru prior to
their complete removal. This spatial coupling effectively influ-
enced Ru nanostructure development and, upon template
removal, yielded a surface enriched with exposed edges and active
centers. TEM further illustrated structural evolution. Fig. S5at
shows a TEM image of pristine Ru, consisting of compact spheri-
cal particles without distinct edge features. Rugomains (Fig. S5d¥)
displayed prominent nanoscale protrusions and sheet-like
branches (Fig. S5d1 and d2f), indicating a higher surface area
and edge enrichment. With increasing MgO content, the mor-
phology evolved toward irregularity accompanied by a decrease in
average Ru particle size (Fig. S5b, ¢, and S6%), thereby confirming
the dual role of MgO in growth suppression and nanostructural
refinement. Furthermore, as clearly observed in Fig. S71 (a high-
resolution image of D-Rugomains), the outer part of the Ru nano-
spheres is coated with MgO.
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v
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pieces, and a lattice distance of 0.202 nm corresponds to the
(101) plane of Ru crystals (Fig. 2c), indicating a hexagonal
close-packed structure (HCP). Fig. 2b shows the HRTEM image
of RUgomains; lattice directions are arranged differently and
through measurement, the interfacial spacing of the crystal
planes is found to be 0.202 nm, 0.215 nm, and 0.233 nm,
corresponding to the (101), (002), and (100) planes of Ru,
respectively (Fig. 2b1 and b2). Furthermore, abundant crystal-
line domains were formed on the outer surface of Rugomains
within the nanospheres, which are composed of lattice fringes
in different small regions (Fig. 2b). Similar phenomena can be
observed in samples Rugomains-1 and Rugomains-2 (Fig. S8 and
S91). Additionally, the presence of crystal domains was
obviously observed on the outer surface of Ru nanospheres of
D-RUgomains (Fig. S101). The findings suggest that MgO not
only limits the overgrowth of Ru nanocrystals but also forms a
strong interaction with the Ru surface during synthesis.
Following the removal of MgO via nitric acid etching, the long-
range lattice ordering of Ru was disrupted, thereby leading to
the formation of abundant crystalline domains coupled with
surface defect engineering (Fig. S111).* Induced defects
enable more sites to become active and visible on the Ru nano-
sphere surface, maximizing atom usage and accelerating the
catalytic process.’® The creation of localized lattice disorder

acid etching

-

Ru O Me OH

50 nm
-

Fig. 1 (a) Schematic illustration of the preparation of pristine Ru and Rugomains- (b and c) SEM images of pristine Ru and Rugomains: With different
maghnifications shown in the insets. (d) SEM image and elemental mapping of D-Rugomains-

High-resolution  transmission  electron  microscopy
(HRTEM) offered additional confirmation of the crystal struc-
ture of the sample. As illustrated in Fig. 2a, we can clearly see

that lattice directions are uniformly arranged on the small

This journal is © the Partner Organisations 2025

and different crystal faces at domain boundaries underpins
what we define as “edge-rich chemistry”. The X-ray diffraction
(XRD) patterns of the various samples are displayed (Fig. 2¢
and S12t). Each sample exhibited six characteristic peaks at
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38.4°, 42.2°, 44°, 58.3°, 69.4°, and 78.4° corresponding to hex-
agonal close-packed (HCP) Ru (PDF#89-3942) with no mag-
nesium signals observed, confirming complete template
removal. Compared with pristine Ru, Rugomains €Xhibited a
decreased (101) diffraction intensity and enhanced (002)/(100)
peaks, in line with HRTEM observations. This suggests the for-
mation of multi-domain structures and loss of long-range crys-
talline order.*> Furthermore, the (101) peak of RUgomains
exhibited a shift toward lower angles (Fig. S13at), implying
lattice expansion caused by strong Ru-MgO interfacial strain.*®

Intensity (n.u.)

Distance (nm)

View Article Online
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pristine Ru, the Rugomains O Ru-Ru appears very faint, indicat-
ing weak vibrations due to their low crystallinity, in good
agreement with the XRD results. For pristine Ru and
RUgomains, three peaks at 503.8, 623.8, and 690.8 cm™' are
observed, corresponding to the Eg, A;,, and B,, vibrational
modes of the Ru-O bond, respectively.’® Increasing the MgO
content progressively weakens the B, vibrational modes of
Ru-O bonds, indicating surface oxidation and structural dis-
ruption.®® These spectral changes support the presence of crys-
talline domains and high-density defects.
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Fig. 2 (a) HRTEM image of pristine Ru, with IFFT image and the corresponding intensity profiles of the selected area. (b) HRTEM image of Rugomains-
(b1 and b2) FFT and IFFT images and the corresponding intensity profiles of the selected areas in (b). (c) XRD patterns. (d) Raman spectra.

Fig. S13b} shows the XRD pattern of the relevant sample
without nitric acid cleaning. The XRD pattern of unwashed
RUgomains Showed distinct MgO and Mg(OH), phases, but no
metallic Mg, indicating that isopropanol has better reducibility
towards Ru. Without nitric acid cleaning, the diffraction peaks
of RUgomains iN metallic ruthenium also weakened; therefore,
the effect of nitric acid on the ordered crystal structure can be
excluded. Additionally, Raman spectra (Fig. 2d and S14t) pro-
vided further structural insights. The Raman peak at 189 cm™"
is associated with the metallic Ru-Ru bond, representing the
characteristic vibrational mode of metallic Ru.?” In contrast to

Inorg. Chem. Front.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the composition of materials. No Mg signal was detected in all
samples, confirming the complete removal of MgO (Fig. S157).

In contrast, the presence of strong Mg peaks in the
unwashed samples (Fig. S161) highlights the initial structural
participation of MgO in the solvothermal growth process,
playing a pivotal role in domain formation. For Rugomains, the
Ru 3p orbital analysis (Fig. 3a and S17at) reveals a 0.3-0.4 eV
positive shift in the Ru 3p3/2 peak relative to pristine Ru, indi-
cating an electron-deficient environment around Ru atoms.
Furthermore, it was deconvolved to Ru® (462.1 eV) and Ru®*
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Fig. 3 Pristine Ru and Rugomains (@) XPS spectra of Ru 3p, (b) XPS spectra of O 1s, (c) UPS spectra, (d) EPR spectra, (e) the FTIR profiles before and

after the water vapor treatment, and (f) contact angle images.

(465.1 eV), emphasizing the influence of metallic Ru’ and
high-valence Ru’*. The Ru’/Ru®" ratio significantly decreases
from 6.26 in pristine Ru to 2.92 in RUgomains, SUZgesting
increased surface Ru-O interactions, likely arising from abun-
dant interfacial oxygen species at crystal domain boundaries.*’

Concurrently, the O 1s spectrum (Fig. 3b and S17b¥) shows
a pronounced increase in both lattice oxygen and oxygen
vacancy content in the RUgomains Sample.”’ These oxygen
species are widely recognized to facilitate water dissociation,
particularly in the Volmer step of alkaline HER, by enhancing
the surface oxophilicity. The coexistence of high-valence Ru®"
and oxygen defects suggests a more reactive and hydrophilic
surface microenvironment. The crystal domain structure
formed during MgO-templated growth both induces preferen-
tial (100)/(002) facet exposure and concentrates edge sites with
oxygen defects at domain boundaries. This unique configur-
ation facilitates H adsorption, especially during the Volmer
step, thereby underpinning the enhanced HER activity.*?
Moreover, inductively coupled plasma (ICP) analysis
(Table S1t) confirms the complete removal of Mg after acid
etching. The electronic and interfacial properties of the cata-
lysts were further investigated. Fig. 3c shows surface valence
band spectra, demonstrating that Rugomains €Xhibits the lowest
work function of 2.45 eV. This reduction in the energy barrier
for electron emission facilitates more efficient interfacial elec-
tron transfer, thereby accelerating proton-electron coupling
and enhancing the kinetics of the HER process.*’ The lowered
work function is attributed to the increased density of low-co-
ordinated surface atoms and edge states introduced by crystal-
line domain segmentation. Electron paramagnetic resonance
(EPR) spectroscopy is performed at room temperature

This journal is © the Partner Organisations 2025

(Fig. 3d). A prominent signal at g = 2.004 is observed exclu-
sively in RUgomains, attributed to unpaired electrons associated
with oxygen vacancies or low-coordination Ru-O species.
These paramagnetic centers are predominantly localized at
domain boundaries and edge-rich regions—features arising
from the MgO-directed domain formation—and act as highly
efficient sites for water splitting and electron movement. The
water adsorption behavior was further examined by FTIR spec-
troscopy (Fig. 3e). Upon exposure to water vapor, Rugomains dis-
plays a significantly intensified O-H stretching band relative to
pristine Ru, suggesting that surface Ru-O increases H,O
affinity.** This aligns with the increased density of surface Ru-
O species and oxygen vacancies, both indicating a hydrophilic
surface nature and facilitating water activation through the
Volmer step. This conclusion is supported by water contact
angle measurements. The surface of pristine Ru is hydro-
phobic, with a contact angle measuring 132.02°, whereas
RUgomains Shows a highly hydrophilic interface with a contact
angle of only 24.67° (Fig. 3f). This pronounced shift in wett-
ability stems from the formation of oxygenated edge sites and
polar terminations at crystalline domain interfaces, which
enable more facile access of water molecules to the active
regions and ensure continuous hydrogen evolution.*®

The HER properties of the pristine Ru, Rugomains-1,
RUgomains; RUdomains-2 and commercial Pt/C catalysts are com-
pared. Fig. 4a illustrates the linear sweep voltammetry (LSV)
curves of the catalysts in 1 M KOH. Rugomains delivers the
lowest at a density of 10 mA ¢cm™>, which is significantly
superior to that of pristine Ru (87.4 mV), RUgomains-1
(65.5 mV), Rugomains-2 (35.5 mV), and commercial Pt/C
(40.4 mvV), respectively. A similar trend is observed at 20 mA

Inorg. Chem. Front.
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Fig. 4 HER performance of different catalysts in 1.0 M KOH solution: (a) LSV curves, (b) Tafel plots, (c) EIS spectra, (d) TOFs, (e) LSV curves obtained

during HER operation in the KSCN involved electrolyte, (f) chronoamperometric response curves of Rugomains at 10 mA cm

curves recorded before and after the chronoamperometry measurement,

~2, with LSV polarization

and (g) comparison of 7o for alkaline HER on Rugomains With recently

reported Ru-based catalysts; the detailed information on these compared catalysts can be found in the ESI.}

cm™? (Fig. $187), abundant domain boundaries and edge sites
provide a high density of active centers. The Tafel slope of
RUgomains 1S 34.4 mV dec™" (Fig. 4b), much lower than that of
pristine Ru (67.8 mV dec™), RUgomains-1 (54.2 mV dec™'), and
RUgomains2 (38 mV dec™'), indicating a Volmer-Heyrovsky
HER mechanism with accelerated kinetics, where water dis-
sociation is efficiently promoted by edge-enriched Ru-O inter-
faces, enhancing overall alkaline HER performance.*®
Additionally, electrochemical impedance spectroscopy (EIS,
Fig. 4c) further supports the enhanced charge transfer charac-
teristics of RUgomains, Which exhibits the lowest charge transfer
resistance of 13 Q at 50 mV. This reduced energy barrier
enables more efficient electron flow at the electrode-electrolyte
interface, promoting faster reaction kinetics. The intrinsic
activity of Rugomains 1S further verified by its high turnover fre-
quency (TOF) of 0.109 H, s™' at 50 mV (Fig. 4d), indicating
excellent atomic utilization (CO stripping measurement was
used to assess the moles of metal atoms as shown in
Fig. S191). SCN™ poisoning experiments (Fig. 4e) demonstrate

Inorg. Chem. Front.

that blocking the exposed Ru sites significantly suppresses
HER activity, confirming that these Ru centers serve as the
principal active sites. In comparison with other advanced Ru-
based HER catalysts (Table S2,1 and Fig. 4g), Rugomains Stands
out with its ultralow overpotential and rapid kinetics, high-
lighting the critical role of nanoscale crystalline domain engin-
eering in promoting edge-rich chemistry and enhancing water
dissociation. This is further supported by double-layer capaci-
tance (DLC) measurements (Fig. S20 and S$21f), where
RUgomains Shows the largest electrochemical surface area
(ECSA), consistent with its high density of exposed edges and
domain boundaries generated via the MgO template strategy.
Chronoamperometry measurements (Fig. 4f) show that
RUgomains retains 83% of its initial current after 30 hours at
10 mA cm ™, with minimal deviation between initial and post-
reaction polarization curves. The morphology and chemical
state of RUgomains F€Main consistent after a long duration of
HER operation, demonstrating excellent electrochemical dura-
bility (Fig. S227). Finally, the pH-universal performance of

This journal is © the Partner Organisations 2025
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Fig. 5 In situ Raman spectra recorded on (a) pristine Ru and (b) Rugomains-

(a) and (b), respectively.

RUgomains Was examined in 0.5 M H,SO, and 1.0 M Na,SO,
electrolytes. As shown in Fig. S23,7 RUgomains demonstrates
superior HER activity across acidic and neutral conditions.
This advancement is attributed to the edge-rich crystalline
domain design, which both enhances the Ru-H interaction for
more rapid H, desorption and improves water adsorption and
dissociation, thereby ensuring high activity under diverse oper-
ating environments.

For a more detailed examination of the possible catalytic
mechanism on a larger scale, in situ Raman measurements
were conducted on pristine Ru and Rugomains in @ 0.1 M KOH
solution to track the HER at the surface.

As shown in Fig. 5a and b, both samples initially exhibit
characteristic vibrational modes, including Ru-Ru (185 cm™),
adsorbed hydroxyl (*OH, 715-726 cm™"), and Ru-H stretching
bands corresponding to hydrogen adsorbed on metallic Ru
(1825 em™") and oxidized Ru species (1950 cm™"), as well as
interfacial water O-H stretching (3420 cm™").*” Compared with
pristine Ru (Fig. 5c¢), RUgomains (Fig- 5d) displays several
notable spectral differences that directly reflect its edge-
enriched, crystalline domain structure. Firstly, the Ru-H
stretching mode at ~1825 cm™" emerges at lower potentials
and increases in intensity more rapidly, suggesting an earlier
onset of *H adsorption and a higher density of metallic Ru’~-H
sites.*® This is consistent with the phenomena observed in
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(c) and (d) Magnified spectra of the corresponding vibration regions from

electrochemical measurements, evidencing accelerated
Volmer-Heyrovsky HER kinetics. Secondly, the weakened
Ru""-H mode (~1950 cm™") indicates a more reduced surface
environment, likely stabilized by the small crystalline domains
and the exposure of low-coordination Ru atoms at edges,
which are less susceptible to oxidation under operational
potentials. More importantly, the adsorbed *OH bending
(~715 ecm™") and O-H stretching (~3420 cm™") features show
distinct potential-dependent trends for Rugomains, reflecting
altered interfacial water structuring and enhanced water
dissociation.*>>® The higher intensity and earlier appearance
of these signals for Rugomains imply facilitated water adsorp-
tion and faster *OH generation, confirming more efficient

water activation, a critical step in alkaline HER.

4. Conclusions

In summary, we present a rational strategy to construct edge-
rich Ru catalysts via MgO-templated domain engineering. By
directing the crystallization of HCP Ru into nanoscale
domains with preferential (100) and (002) facet exposure, the
resulting Rugomains features abundant low-coordination edge
sites and Ru-O motifs enriched with oxygen vacancies, collec-
tively forming an edge-rich chemistry environment. Rugomains
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achieves an ultralow overpotential of 23.5 mV at 10 mA cm™>
and a Tafel slope of 34.4 mV dec™" in 1 M KOH, outperforming
pristine Ru and commercial Pt/C. This performance arises
from (1) crystal domain-induced enrichment of low-coordi-
nation Ru-O motifs and oxygen vacancies at domain bound-
aries (these sites exhibit high local charge density and oxophi-
licity, which synergistically lower the energy barrier for H,O
adsorption and dissociation, thereby accelerating the Volmer
step and improving alkaline HER kinetics) and (2) surface
undercoordination induced by crystal plane selective regu-
lation, which adjusts the hydrogen binding free energy (AGyx)
to the optimal range, enhancing the recombination of
adsorbed *H into H, through the Heyrovsky step. Overall, this
work offers a general and scalable domain-facet engineering
approach for activating edge-rich chemistry in Ru-based cata-
lysts, guiding the design of electrocatalysts with high efficiency
and broad pH applicability.
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