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pH-dependent mechanism of oxygen
evolution in highly disordered RuO2
nanosheets

Xiaoyan Jin1,2,12, Taehun Lee3,12, Joohyuk Park4, Juhyoung Kim 1,5,
SungBin Park6,7, So Yeon Yun1, Yung-Eun Sung 6,7 , Dong Wook Kim5,8 ,
Min Gyu Kim 9 , Aloysius Soon 1,10 & Seong-Ju Hwang 1,11

Amorphous materials have garnered significant research interest because of
their high structural tolerances and useful functionalities. Here, we develop an
effective synthesis method for atomically thin, highly disordered RuO2

nanosheets that exhibit a promising electrocatalytic performance and a dis-
tinct pH-dependent operation mechanism. The poor orbital overlap and
coordinatively unsaturated nature of the Ru ions in the highly disorderedRuO2

nanosheets have a synergistic effect on the electrocatalytic performance by
enhancing surface adsorption and the activation of lattice oxygen. The highly
disordered RuO2 nanosheets exhibit high electrocatalytic activities in the
oxygen evolution reactions (OERs) performed in both alkaline and acidic
electrolytes. Various in situ spectroscopic investigations reveal that structural
disordering causes a greater contribution of the lattice oxygen participation
mechanism in acidic media than in alkaline media. This pH-dependent
mechanism can be attributed to the amorphization-induced enhancement of
lattice oxygen occupation in the acidic OER medium and increased hydroxide
adsorption in the alkaline OERmedium. Such disorder-driven pH tuning of the
electrocatalytic operation mechanism enables the fabrication of pH-universal
high-performance electrocatalysts.

Highly disordered amorphous materials are attracting increasing
research interest because of their good structural and electrochemical
stabilities, along with their promising functionalities as electrodes and
catalysts1,2. The absence of long-distance structural order in highly
disordered materials provides a high level of structural flexibility to

accommodate the crystal lattice frustration caused by catalytic and
electrochemical processes3–5. As previously reported, the amorphiza-
tion of metal oxide lattices frequently results in imperfect coordina-
tion between metal ions and oxide ions6,7. This lowered coordination
number renders such highly disordered materials highly active as
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catalysts, since the amorphization-induced depression of orbital
overlap inside the lattice endows thematerial with an extra capacity to
form additional bonds with the adsorbed reactants8,9. Thus, the
enrichment of surface active sites in highly disordered materials is
crucial for optimizing their electrocatalytic performances10,11.

Two-dimensional (2D) nanosheets with atomic-level thicknesses
are considered promising candidates for use in the exploration of
amorphization-based high-performance electrocatalysts because of
their high structural flexibility toward lattice disordering12,13. As
reported previously by our group, the atomically thin 2D morpholo-
gies of exfoliated inorganic nanosheets allowed us to maximize the
influence of amorphization on the catalyst activity owing to their large
surface-to-volume ratios14. The calcination of monolayer metal oxide
nanosheets under reducing conditions was expected to amorphize
these materials via the loss of oxygen ions followed by a resulting
rearrangement of the component ions in the crystal lattice. Notably,
the degree of amorphicity can also be controlled by fine-tuning the
calcination temperature and atmosphere. The controlled amorphiza-
tion of inorganic nanosheets could therefore provide opportunities
not only to explore high-activity electrocatalysts, but also to elucidate
the influence of amorphicity on the pH dependence of the catalyst
performance. Among the various inorganic nanosheets reported to
date, monolayer RuO2 nanosheets have received significant research
attention due to their promising functionalities as electrocatalysts for
the oxygen evolution reaction (OER) and as supercapacitor
electrodes15–17. The single-crystalline nature of exfoliated RuO2

nanosheets renders them appropriate model compounds to elucidate
the correlation between structural disorder and the improved catalyst
functionality18. Furthermore, the presence of many coordinatively
unsaturated surface sites and significant surface disordering in highly
disordered RuO2 nanosheets is assumed to create a strong pH
dependence with regard to the electrocatalyst functionality via an

enhanced surface sensitivity. Thus, a systematic in situ investigation of
the pH-dependent operation mechanism of highly disordered RuO2

nanosheets would provide a crucial basis for the development of
universal pH-active electrocatalysts. At the time of this submission,
despite the advantages of its amorphous nature, no studies have
reported the synthesis of atomically thin amorphous nanosheets, and
no systematic in situ investigation has been performed regarding the
impact of structural disordering on the pH dependence of the elec-
trocatalytic mechanism.

To address these gaps in the literature, the current study focuses
on the fine-tuning of structural disorder as an efficient strategy to
explore highly active electrocatalysts with pH-dependent operation
mechanisms. The impact of structural disorder on the chemical
bonding and morphology of atomically thin RuO2 nanosheets is
investigated using spectroscopic and microscopic techniques as well
as theoretical calculations to understand their high electrocatalytic
activities in both alkaline and acidic electrolytes. Additionally, the
distinct pH dependence of the electrocatalytic activity and the
underlying mechanism for this dependence are elucidated system-
atically by in situ spectroscopy.

Results
Phase transition to highly disordered RuO2 nanosheets
As precursors for the preparation of highly disordered RuO2 nanosh-
eets, exfoliated RuO2 nanosheets were obtained by the intercalation of
a protonated Na0.2RuO2 species with tetrabutylammonium (TBA+)
cations16. The formation of atomically thin 2D layered RuO2 nanosh-
eets was evidenced by atomic force microscopy (AFM), scanning
transmission electron microscopy (STEM), and high-resolution trans-
mission electron microscopy (Supplementary Fig. 1). As shown in
Fig. 1a, the crystal order of the layered RuO2 nanosheets was regulated
in a controlledmanner by subjecting the nanosheets to heat treatment

Fig. 1 | Synthesis of highlydisorderedRuO2nanosheets. a Schematic diagram for
the synthetic route to highly disordered RuO2 nanosheets. b Powder XRD patterns,
c TEM images, d STEM images, and e atomic arrangement of bulk RuO2, layered

RuO2 nanosheets, and aRumaterials. In e, Ru andOatoms aredenoted by violet and
yellow spheres, respectively.
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atmoderate temperatures of 100, 200, 300, 400, and 500 °Cunder an
Ar atmosphere. The resulting materials were designated as aRu100,
aRu200, aRu300, aRu400, and aRu500, respectively. Powder X-ray
diffraction (XRD) analysis (Fig. 1b) confirmed amorphization during
the reductive heat treatment process. While the layered RuO2

nanosheets and the aRu100 specimen each exhibited a (001) XRDpeak
corresponding to a layered RuO2 lattice16, the intensity of this peak
significantly decreased for the aRu100, aRu200, and aRu300 samples
(c.f., the RuO2 nanosheets), with a notable shift to higher angles being
observed. Moreover, broad signals were detected in the XRD patterns
of these samples, indicating structural disordering of the RuO2 lattice.
Considering that the position and intensity of the (001) peak are
strongly dependent on the layer-by-layer ordering of the RuO2 layer
with interlayer water molecules, the observed high-angle shift and
depression of this peak can be ascribed to the collapse of the inter-
calatedRuO2 structure and the shrinkage of the interlayer distancedue
to the deintercalation of interlayer water molecules. Similar
calcination-induced changes in the XRD patterns have been well
documented for various layeredmetal oxides19–21. Upon increasing the
calcination temperature further to 400 and 500 °C, rutile RuO2-related
Bragg reflections became discernible in the XRD patterns of the
aRu400 and aRu500 specimens22, indicating recrystallization of the
rutile structure in these materials. Despite these thermally induced
structural changes, the very thin 2D nanosheet morphology with a
house-of-cards-type stacking structure remained essentially unchan-
ged after heat treatment, as evidenced by field-emission scanning
electron microscopy (Supplementary Fig. 2). Additionally, transmis-
sion electron microscopy (TEM) measurements confirmed the reten-
tion of the atomically thin 2D nanosheet morphology after reductive
thermal treatment (Fig. 1c and Supplementary Fig. 3). In contrast to the
aRu100, aRu200, and aRu300 samples, the aRu400 and
aRu500 samples exhibited surface holes, indicating that reductive heat
treatment yielded vacant 2D nanosheets. The formation of atomically
thin vacant nanosheets was confirmed using AFM. As shown in Sup-
plementary Fig. 4, aRu500 exhibits surface holes and a markedly ani-
sotropic 2D shape with a thickness of only ~0.7 nm. The formation of a
highly disordered RuO2 lattice after calcination at 200 °C was further
confirmed from the STEM images (Fig. 1d). Furthermore, a notable
structural disorder was observed for the component ions in the
aRu200 sample, as can be seen from Fig. 1e and Supplementary Fig. 5.
In contrast, distinct lattice fringes were observed for aRu500, indi-
cating that calcination at 500 °C induced the crystallization of the
rutile RuO2 structure (Fig. 1b).

Local atomic structure and chemical bonding in highly dis-
ordered RuO2 nanosheets
The impact of the reductive calcinationprocesson theRuvalence state
was subsequently verified using X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 2a, increasing the calcination temperature
induced a continuous displacement of the Ru 3ppeaks toward the low-
energy side with respect to those of the layered RuO2 nanosheets,
indicating that the Ru valence state continuously decreased becauseof
the evaporation of lattice oxygen. As plotted in the O 1 s XPS data of
Fig. 2b, among the present materials, the highly disordered aRu200
material showed the most intense shoulder peak in the higher energy
region of ~531−532 eV, which was attributed to surface-adsorbed oxy-
gen species23. Peak convolution analysis revealed that the area of this
shoulder peak became smaller upon increasing the heating tempera-
ture to 500 °C due to the depression of structural disordering, as
presented in Supplementary Fig. 6 and Supplementary Table 1. This
suggests that structural disordering effectively promoted the surface
adsorption of hydroxide species on the RuO2 nanosheets. Such
enhanced surface adsorption could be attributed to the increased
ability of the nanosheets to interact with the adsorbed hydroxide
species owing to the amorphization-induced depression of the orbital

overlap inside the oxide lattice. The increased local structural disorder
around the Ru ions following reductive heat treatment was verified by
O K-edge X-ray absorption near edge structure (XANES)
measurements24. As displayed in Fig. 2c, all present aRu materials and
rutile-structured bulk RuO2materials exhibited two XANES features (A
andB),whichwere related to the dipole-allowed transitions from theO
1s orbital to the O 2p orbitals that were hybridized with the Ru 4dt2g
and Ru 4deg orbitals, respectively25. The energy difference between
these peaks was reduced from ~3.1 eV for the bulk RuO2 to ~2.4 eV for
aRu100, reflecting the depression of crystal field splitting for the 4 d
orbitals. Thus, theobservedpeak splitting indicates a depressionof the
crystal field splitting (Δo) by ~29% owing to the disordering of the local
structure in the RuO2 material (see Fig. 2c). As depicted in Fig. 2d, the
poor orbital overlap in the highly disordered RuO2 lattice is respon-
sible for a decrease in the splitting between the Ru 4dt2g and 4 deg
orbitals. The observed depression of the peak splitting in the aRu200
material highlights the existence of thermally induced disorder in this
material. Moreover, the Ru K-edge extended X-ray absorption fine
structure (EXAFS) data provided additional compelling support for the
enhanced structural disorder following reductive heat treatment. As
shown in Supplementary Fig. 7, despite the overall similarity in the
oscillation features of the layered RuO2, aRu100, aRu200, and aRu300
species, calcination at 200−300 °C rendered the features beyond 8Å−1

more diffuse and rather similar to those of the bulk RuO2, thereby
reflecting the calcination-induced local structural modification. As
shown in Fig. 2e, the layered RuO2 nanosheets and the aRu100 speci-
men exhibited typical layered RuO2-type EXAFS profiles with two
Fourier-transform (FT) peaks related to the Ru−O and Ru−Ru coordi-
nation shells26, whereas significantly weaker FT peaks were observed
for aRu200. Upon increasing the heat-treatment temperature, an
increase in the FT peak intensity of the Ru−Ru shell was discernable at
~3.2 Å, reflecting a gradual transformation into rutile-type features27. As
demonstrated in Fig. 2f, the Ru K-edge FT-EXAFS result strongly sug-
gests that, despite the highly disordered structure of aRu200, this
sample possesses a rutile RuO2-type local atomic arrangement
including the first Ru−O coordination shell and the two Ru−Ru coor-
dination shells up to 4 Å (Supplementary Table 2). In contrast to
aRu200, the aRu500 specimen exhibits well-defined intense FT peaks
assignable to the rutile RuO2 phase, confirming the restoration of its
crystalline nature upon calcination at elevated temperatures (Supple-
mentary Fig. 8 and Supplementary Table 2). The reasonable quality of
the EXAFS fitting results was further substantiated by the Fourier-
filtered EXAFS results in the k-space, as shown in Supplementary Fig. 8.
Moreover, the calcination-driven sequential structural modification,
i.e., the layered RuO2 → highly disordered RuO2 → rutile RuO2 trans-
formation, was further verified from the contour wavelet plots of the
EXAFS oscillations (Fig. 2g–i). Additionally, heat-induced amorphiza-
tion and phase transitions were confirmed usingmicro-Raman analysis
(Fig. 2j). In contrast to the layered RuO2 nanosheet and the aRu100 s-
pecimen, which exhibit the typical phonon lines of a layered RuO2

phase28, only diffusive featureless spectra were observed for aRu200,
aRu300, and aRu400, confirming the highly disordered structures of
these materials. Additionally, aRu500 was found to exhibit distinct
phonon lines corresponding to the rutile RuO2 phase

29, consistentwith
the TEM images, XRD patterns, and first derivatives of the Ru K-edge
XANES data (Supplementary Fig. 9). In contrast to the surface-sensitive
XPS data, the impact of the structural disorder (accompanied by the
removal of surface oxygen) on the Ru K-edge energy was less distinct
in the bulk-sensitive XANES spectra. To further confirm the enhanced
adsorption of hydroxides following the introduction of structural
disorder, Ru K-edge EXAFS analyses were conducted on the aRu200
and bulk RuO2 materials before and after soaking in the alkaline elec-
trolyte. As shown in Supplementary Fig. 10, the Ru K-edge EXAFS
analysis reveals that the highly disordered aRu200 exhibits a notable
enhancement in the FT peak related to the Ru−O bond after soaking in
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a 1M KOH electrolyte. This indicates that an increase in the coordi-
nation number caused the effective adsorption of OH− ions. Con-
versely, the bulk RuO2material exhibits only a negligible change in the
intensity of the FT peak after soaking in the same electrolyte. This
result provides additional convincing evidence for the amorphization-
induced enhancement of OH− adsorption.

OER electrocatalytic activity of the highly disordered RuO2

nanosheets
The role of structural disordering in enhancing the electrocatalytic
activity of the RuO2 nanosheets for the OER was confirmed by per-
forming linear sweep voltammetry (LSV) measurements in N2-satu-
rated 1M KOH and 0.5M H2SO4 electrolytes at 1600 rpm using a scan

rate of 10mV s−1. As presented in Fig. 3a–d, the calcined RuO2

nanosheets exhibit significantly improved OER activities with lower
overpotentials than those of the bulk RuO2 and layered RuO2

nanosheets in both alkaline and acidic media, highlighting the benefit
of reductive heat treatment on the electrocatalytic performance of
the RuO2 nanosheets. Compared to the commercialized Ir/C catalyst,
which exhibited overpotentials (η) of 289mV for 1MKOH and 325mV
for 0.5M H2SO4, the aRu200 nanosheets exhibited a better OER
functionality with significantly lower overpotentials of 190mV for 1M
KOH and 220mV for 0.5M H2SO4, thereby emphasizing the influence
of amorphization in maximizing the electrocatalytic activity30. Upon
increasing the heat-treatment temperature beyond 200 °C, the OER
activity of the calcined RuO2 nanosheets decreased in both 1M KOH

Fig. 2 | Crystal structures, electronic structures, and local atomic arrangement
of highly disordered RuO2 nanosheets. a Ru 3p XPS, b O 1s XPS, c O K-edge
XANES, d schematic orbital diagram of RuO2, e Ru K-edge FT-EXAFS data, f EXAFS

fitting data (The radial distance was not phase-corrected.), and jmicro-Raman data
of aRu materials, layered RuO2, and bulk RuO2. WT-EXAFS data of g layered RuO2,
h aRu200, and i bulk RuO2.
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and 0.5M H2SO4 solutions, suggesting that the crystallization of a
highly disordered structure had a detrimental effect on the electro-
catalytic activity. Moreover, as presented in Supplementary Fig. 11,
the aRu200 material displayed a higher electrochemically active
surface area (ECSA), mass activity (MA), surface activity (SA), and
turnover frequency (TOF) than the bulk RuO2, underscoring the sig-
nificant advantage of structural disordering in improving the elec-
trochemical activity and electrocatalytic performance of the RuO2

material31–33.
In addition, at a current density of 10mAcm−2, the chron-

opotentiometric data revealed a significant improvement in the elec-
trocatalyst durability for the RuO2 nanosheets upon amorphization. As
shown in Fig. 3e, f, during the durability test, aRu200 exhibited only
weak potential decays in acidic and alkaline electrolytes, respectively,
indicating its robust electrocatalytic durability. Notably, the stability of
aRu200was slightly higher in the alkaline electrolyte than in the acidic

electrolyte. Similar to aRu200, the other aRu materials exhibited
robust durabilities at higher temperatures, giving results that were
comparable or slightly inferior to that of aRu200 (see Supplementary
Fig. 12). In stark contrast, the bulk RuO2 material suffered from severe
activity fading within several hours after the measurement, high-
lighting the crucial role of amorphization in enhancing the electro-
catalyst durability. The high OER activity of the aRu200 specimen was
further validated by incorporating this material into polymer electro-
lyte membrane water electrolyzers (PEMWEs) and anion exchange
membrane water electrolyzers (AEMWEs). Specifically, the aRu200-
based PEMWEs and AEMWEs delivered better performances with
smaller overpotentials than the corresponding electrolyzers based on
the bulk RuO2, as shown in Supplementary Fig. 13. This further con-
firms the role of structural disorder in improving the catalytic perfor-
mance of RuO2. The origin of the disorder-induced effects on the OER
functionality of the RuO2 nanosheets was subsequently examined by

Fig. 3 | Electrocatalyst performances of highly disordered RuO2 nanosheets.
a, b LSV curves of OER, c, d overpotential data, e, f long term durability plot, and
g, h EIS data of aRumaterials, layered RuO2, and bulk RuO2. The inset in e provides
an enlarged view to highlight the potential change in the early stage. The mass

roading of catalyst ink is 0.2265mg cm−2. All LSV curves were collected at a scan
rate of 10mV s−1 with a rotating speed of 1600 rpm and measured at room tem-
perature. No iR correction was conducted.
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performing electrochemical impedance spectroscopy (EIS) measure-
ments at 1.45 V. As depicted in Fig. 3g, h, the semicircle diameter of
aRu200 was significantly smaller than that of the layered RuO2

nanosheets in the mid- and high-frequency regions, indicating an
improved charge transfer efficiency in the former34. Curve-fitting
based on equivalent circuits confirmed the decrease in the charge
transfer resistance (Rct) upon amorphization, underscoring the benefit
of amorphization on the charge transfer kinetics (Supplementary
Table 3).

The role of structural disorder in improving the stability of the
RuO2 nanosheets was also investigated by monitoring the XRD, Ru 3p
XPS, RuK-edge EXAFS, andTEMdata obtained for the aRu200material
after stability testing to compare the catalyst phases, surface states,
and structures. As shown in Supplementary Fig. 14, these analyses
revealed that the stability test induced no significant changes, indi-
cating that aRu200 retained its crystal phase, surface state, local
structure, and crystal morphology after stability testing. This high-
lights the improved structural toleranceof theRuO2material following
amorphization.

Origin of the enhanced activity of the RuO2 nanosheets follow-
ing amorphization
Density functional theory (DFT) calculations were performed to elu-
cidate the origin of the significantly enhanced electrocatalytic activity
of the highly disordered RuO2 nanosheets. Initially, disordered RuOx

(x = 1.5, 1.7, and 2.0) models were generated using a robust melt-
quench approach with ab initio molecular dynamics (aiMD) simula-
tions, which have been successfully applied to model the amorphous
forms of several systems (e.g., Si, SiO2, and other oxides such as
IrO2)

35,36. The simulation details are provided in the Methods section
and in Supplementary Fig. 15. Furthermore, oxygen vacancies were
introduced into the initial RuO2 structure to create oxygen-deficient
disordered RuO2 systems. The structural properties of the bulk crys-
talline RuOx are illustrated in Supplementary Fig. 16. It is evident that
the disordered RuOx showed a good agreement with the experimental
data. The partial radial distribution function, g(r), depicted in Fig. 4a–c
reveals that no long-distance ordering exists beyond 4Å in the highly
disordered RuOx structures with various stoichiometries (denoted as
aRuO2, aRuO1.75, and aRuO1.50), consistent with the disordered natures
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of the prepared samples (e.g., aRu200 and aRu300). Notably, sig-
nificant amorphization-induced variations were observed for aRuO1.75

and aRuO1.50 with regard to their averaged Ru coordination numbers
of 5.0 ± 0.83 and 4.2 ± 0.94 and their Ru–O bond lengths (highest
peaks at 1.96 and 1.94Å with widely broadened peaks, black solid lines
in Fig. 4b, c). These values deviate from the single value of 6 for the Ru
coordinationnumber and 1.98 Å for theRu–Obond length in the rutile-
structured bulk RuO2. The decrease in the Ru–O bond length and the
reduced coordination number for Ru in these theoretical amorphous
structures are consistent with the experimentally characterized values
of the Ru–O bond lengths and Ru coordination numbers, as summar-
ized in Supplementary Table 4.

Subsequently, highly disordered RuOx surfaces derived from
two bulk phases, namely aRuO1.75 and aRuO1.50, were generated by
randomly selecting ensemble structures from the MD trajectories
equilibrated at 300K and varying the cleaving planes from the amor-
phous bulk structures. The local oxygen ion environment around the
outermost Ru ions was maintained on both cleaved facets, resulting in
30 amorphous surface configurations. To evaluate the stabilities of
these surface formsofdisorderedRuOx, theGibbs free energy changes
(ΔG; Supplementary Fig. 17) were computed under oxygen-rich con-
ditions (with the oxygen chemical potential set by the O2 molecule as
the oxidation limit), as illustrated in Fig. 4d. Qualitatively consistent
with the experimental observations indicating the enhanced adsorp-
tion of oxygen species onto the RuO2 nanosheets following surface
amorphization, the obtained disordered surfaces bearing additional
oxygen adsorbates exhibited increased stabilities under oxidative
conditions. Figure 4e illustrates the thermodynamically favorable dis-
ordered surfaces, namely the aRuO1.81 and aRuO2.08 surfaces (derived
from aRuO1.75 and aRuO1.50), under oxygen-rich conditions (red arrows
in Fig. 4d). As indicated, the coordination numbers of the Ru ions in
these slab models were 4.8 ± 0.84 and 4.1 ± 0.90, respectively, where
the darker RuOx polyhedra indicate the presence of highly under-
coordinated Ru atoms (coordination number <4).

Energetic analyses of the lattice oxygen participation mechanism
(LOM) and the adsorbate evolution mechanism (AEM) were subse-
quently conducted using DFT calculations to elucidate the enhanced
OER activities of the amorphous RuOx surfaces. The ΔG values for the
elementary steps of the AEM and LOM occurring on the thermo-
dynamically favorable amorphous surfaces (Fig. 4f, g) were calculated
using the computational hydrogen electrode (CHE) method37. Owing
to the lack of long-range periodicity, the Ru site dependencyofΔGwas
considered (Supplementary Fig. 18) and the reactionpathwayswith the
lowest theoretical OERoverpotentials (η) were selected (Fig. 4f, g). The
calculated ηLOM value for the aRuO2.08 surface was 1.51 V, which was
notably lower than those obtained for rutile-structured bulk RuO2 (i.e.,
1.99 and 1.86 V for the (110) and (211) surfaces, respectively), suggest-
ing that local disorder could lower the LOM barrier relative to crys-
talline facets38. As previously reported, the rate-determining step in the
LOM of the rutile-structured RuO2 involves activation of the lattice
oxygen species through the creation of oxygen vacancies, followed by
reaction with a free molecule of H2O

38. In the LOM on the highly dis-
ordered RuO2.08 surface, the activation of the Ru–O bond involved
significant structural rearrangement of the RuO4 polyhedron with H*
and its connectivity with the neighboring RuOx polyhedra (the “H* +
O2” step shown in Fig. 4g), alongside the creation of an oxygen
vacancy. This ~0.5 V reduction in ηLOM relative to that of the crystalline
counterpart confirms that the promotion of the LOM process by the
disordered RuOx surfaces depends on the nature of the electrolyte. In
contrast, the ηAEM value for the aRuO2.08 surface (0.77 V) was com-
parable to those obtained for the (110) and (211) rutile-structured RuO2

surfaces (0.56 and 0.98 V, respectively)38. However, significant Ru site-
dependence was observed for the ΔG values of both the AEM and the
LOM in the aRuO2.08 surface, with variations of ±0.5 V, as shown in
Supplementary Fig. 18. Such marked changes of ΔG depending on the

Ru site could be responsible for the local disorder-induced improve-
ment in the OER activity through both mechanisms. We note that our
DFT/CHEmodels neglect explicit electrolyte and sample only a limited
set of amorphous surface configurations. Accordingly, the computed
energetics are used to rationalize qualitative trends observed experi-
mentally rather than to provide quantitative predictions.

Origin of the pH-dependent OER activity of the highly dis-
ordered RuO2 nanosheets
To obtain an in-depth understanding of the pH-dependentmechanism
underlying the disorder-induced enhanced OER activity of the RuO2

nanosheets, in situ differential electrochemical mass spectrometry
(DEMS) analyses were performed for the aRu200 and bulk RuO2 spe-
cimens under varying potentials in acidic 0.5MH2SO4 and alkaline 1M
KOH electrolytes prepared using O18-labeled water, see Fig. 5a–d. As
shown in Fig. 5a, b, the ratio between the evolved 34O2 and

36O2 gases
was notably greater for the acidic electrolyte than for the alkaline
electrolyte. From Fig. 5e, it can be seen that the LOM process yielded
34O2 gas upon the combination of one 16O atom from the RuO2 lattice
and one 18O atom from the isotope water, whereas the AEM process
produced 36O2 gas via the combination of two 18O atoms from isotope
water39. In this regard, the higher 34O2/

36O2 gas ratio observed in the
0.5M H2SO4 solution (c.f., the 1M KOH solution) provides convincing
evidence for the enhanced contribution of the LOMupon the lowering
of the electrolyte pH. Furthermore, such an enhancement of the
34O2/

36O2 gas ratio in the 0.5M H2SO4 electrolyte was not observed for
the bulk RuO2 (Fig. 5c), confirming the disorder-driven increase in the
LOM contribution in the acidic electrolyte. The observation of similar
34O2/

36O2 gas ratios for the bulk RuO2 in both the 0.5M H2SO4 and 1M
KOH electrolytes confirms that bulk RuO2 showsminimal mechanistic
change across pH.

To further investigate the pH dependence of the operation
mechanism, in situ XANES/EXAFS analyses were carried out for
aRu200 and the bulk RuO2 under varying potentials (i.e., at the open-
circuit voltage (OCV) and at 1.40, 1.45, 1.50, and 1.60V) in the same
acidic and alkaline electrolytes. As shown in Fig. 6a–h, the application
of an oxidative potential to aRu200 led to quite distinct shifts in fea-
tures A and B toward higher-energy sides in the alkaline electrolyte
condition. These features corresponded to the rising edge and the
dipole-allowed 1 s → 5p transition, respectively, thereby indicating an
increased Ru valence state during the OER40. To perform a detailed
investigation of the spectral changes induced by the evolution of O2,
the differential Ru K-edge data were inspected with regard to the plots
of the differences in the normalized intensity (ΔI = INth − I1st) and the
intensity difference of feature A during the OER (Fig. 6g, h). With an
increasing oxidative potential, aRu200 experienced a continuous
decrease in the intensity of feature A, related to a decrease in ΔI and
indicating the displacement of the edge position toward the high-
energy side. This variation confirmed an increase in the Ru valence
state of aRu200 during the OER in the alkaline electrolyte41. Since the
adsorption of hydroxide ions during the intermediate step of the OER
processdepletes the electrondensity of RuO2

42, themarked increase in
the Ru valence state of aRu200 observed during the OER could be
considered strong evidence for effective hydroxide accumulation in
the highly disordered RuO2. This originates from the enhanced cap-
ability of the amorphous material to interact with the adsorbed reac-
tants. On the other hand, the potential-induced spectral changes
appearedweaker in the0.5MH2SO4 electrolyte than in 1MKOH,which
could be attributed to a significantly lower hydroxide ion concentra-
tion in the acidic electrolyte. In comparison with highly disordered
aRu200, the variation of the XANES features of bulk RuO2 during the
OER was less prominent, reflecting milder modification of its electro-
nic structure (Supplementary Fig. 19). In addition, the potential-
induced variation in the edge energy was further inspected by mon-
itoring the shifts of the maximum peaks observed in the first
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derivatives of the XANES spectra. As shown in Supplementary Fig. 20,
the highly disordered aRu200 exhibited a distinct shift in the max-
imum peak (i.e., the edge energy) toward the high-energy region
during the OER in the alkaline electrolyte, which was greater than the
peak shift observed for the bulk RuO2. This result confirms the higher
OER activity and greatermodification of the electronic structure of the
highly ordered aRu200. In contrast, despite the higher OER activity of
aRu200 than bulk RuO2, only a weak shift of the maximum peak in the
first derivatives occurred in the acidic electrolytes for highly dis-
ordered aRu200 as well as for bulk RuO2. Considering that the AEM
pathway relies strongly on the adsorption of hydroxide ions and
induces a greater increase in the Ru oxidation state than the LOM
pathway (Supplementary Fig. 21)43, the weak edge shift observed for
aRu200 in the acidic electrolyte can be attributed to the reduced
contribution of the AEM pathway and the increased contribution of
LOM pathway under low pH conditions. This is consistent with the
H2O

18-labeled DEMS results obtained for aRu200, which showed a
decreased contribution of the AEM and an increased contribution of
the LOM in the acidic electrolyte (Fig. 5a). These in situ XANES results
emphasize the pivotal role of amorphization and vacancies in enhan-
cing the surface adsorption of hydroxide ions in alkaline media and
increasing contribution from the LOM to the OER activity in
acidic media.

As per theRuK-edge EXAFSanalysis, a notable shift of this FTpeak
toward a longer distance was observed during the OER performed in
the acidic electrolyte, indicating the elongation of the Ru−O bond (see
Fig. 6i, j and Supplementary Table 5). In contrast to the AEM, which
experiences the additional formation of Ru−OOH bonds with the
adsorbed hydroxide ions, the LOM involves the replacement of the
shorter lattice Ru−O bonds with longer Ru−OO (i.e., OO*) bonds44,
thereby accounting for the observed increase in the average Ru−O
bond distance. In addition to the peak shift, a close comparison of the
FT-EXAFS data measured for aRu200 in the acidic electrolyte at both
the OCV and at 1.6 V revealed a slight depression of the Ru–O-related
FT peak intensity upon the application of an oxidation potential (see
Fig. 6j). This potential-induced lowering of the peak intensity

demonstrated a decrease in the coordination number during the OER
process in anacidicmedium, as confirmedby the EXAFSfitting analysis
(Supplementary Fig. 22 and Supplementary Table 5). Such a decrease
in the coordination number with a larger distance provided compel-
ling evidence for the increasing contribution of the LOM in the acidic
electrolyte, since this process involved the cleavage of metal−oxygen
bonds and a corresponding reduction in the coordination number45.
Conversely, as presented in Fig. 6k, l, during the OER performed in an
alkaline medium, the FT peak corresponding to the Ru−O bond in
aRu200 was displaced toward the shorter-distance side with an
increasing oxidative potential. This result indicated the shortening of
the Ru−O bond, which was further corroborated by fitting analysis
(Supplementary Table 5), thereby supporting the dominant contribu-
tion of the AEMmechanism in the alkaline electrolyte. Specifically, this
involves the additional adsorption of hydroxide ions, which results in
an increased Ru oxidation state, as evidenced by the XANES results.
This EXAFS analysis clearly demonstrates the greater contribution of
the LOM in the acidic electrolyte (c.f., in the alkaline electrolyte) when
considering the OER functionality of the highly disordered aRu200. In
contrast to aRu200, the EXAFS spectrum recorded for the bulk RuO2

changed negligibly during the OERs performed in acidic and alkaline
media (Supplementary Fig. 22 and Supplementary Table 5). This can be
ascribed to the weak OER activity of the layered RuO2 nanosheets.
Overall, the in situ XANES/EXAFS results suggest that aRu200 exhibits
a distinctpH-dependentOER activity, i.e., an increasing contributionof
the LOM upon reducing the solution pH. This could be attributed to a
reduction in the Ru−O bond strength through structural disordering,
which facilitated the participation of lattice oxygen species in the OER
(Supplementary Fig. 21). In the alkaline electrolyte, the AEM is domi-
nant during the OER because of the high concentration of hydroxide
ions. Thus, the disorder-induced enhancement in the adsorption
capability of aRu200 in the presence of hydroxide species was
responsible for the increased contribution of the AEM under alkaline
conditions with respect to the bulk RuO2. As presented in Supple-
mentary Fig. 23, in contrast to the aRu200 and bulk RuO2 specimens,
the layered RuO2 nanosheets showed a significantly more severe
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depression of the FT peaks during the OER process in both acidic and
alkaline electrolytes, highlighting the relatively weak structural stabi-
lity of this material.

The pH-dependent operatingmechanismof the highly disordered
RuO2 nanosheets was further substantiated by in situ Raman analysis.
As shown in Fig. 6m, aRu200 exhibits broad phonon lines related to
the Ru−O vibration modes at 400–600 cm−1 in the 1M KOH
solution22,46, demonstrating the retention of a highly disordered
structure in the alkaline electrolyte. An increase in the oxidative

potential slightly displaces the phonon lines corresponding to the
stretching mode of the Ru−O vibration toward higher wavenumbers,
indicating an increase in the Ru−O bond energy47. This is consistent
with the Ru K-edge XANES/EXAFS results. Such a distinct variation in
the Ru−O vibrational energy could be regarded as evidence of the
additional creation of Ru−OH bonds and a subsequent increase in the
Ru oxidation state during theOERperformed in an alkaline electrolyte.
This observation offers further convincing proof of the increased
contribution of the AEM to the OER activity of highly disordered
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aRu200 in an alkalinemedium.Moreover, sinceCO2 can dissolve in the
alkaline electrolyte to form CO3

2− an additional Raman peak assigned
to the CO3

2− species appeared at ~1065 cm−1 40. As shown in Fig. 6m, the
intensity of this carbonate peak increased for aRu200 upon increasing
the oxidative potential, which could be ascribed to the surface
adsorption of hydroxide ions on the highly disordered material. Such
spectral variations were less prominent for the bulk RuO2 during the
OER (Fig. 6n), consistent with its lower OER activity compared to that
of aRu200. In situ Raman analysis also provided compelling evidence
for the increased contribution of theAEM to the improvedOER activity
of the highly disordered RuO2 nanosheets in the alkaline medium.
Furthermore, in the acidic medium, an increasing oxidation potential
led to the enhancement of RuOOH-related peaks at 850−950cm−1 for
the aRu200 system (Fig. 6o)22,46. Even at a low potential of 1.4 V (i.e.,
during the very early stages of theOER), this oxygen intermediate (e.g.,
HOO*)-related peak was discernible for aRu200, which is in stark
contrast to the results obtained for the bulk RuO2 (Fig. 6p). As illu-
strated in Supplementary Fig. 21, the LOM process was initiated by the
formation of Ru−OOH (e.g., HOO*) bonds, in contrast to the AEM
process, which involved the formation of HOO* species in the final
step. Additionally, in contrast to the LOM pathway, wherein the Ru
−OOH bonds are formed by the attachment of hydroxide to the lattice
Ru−Obond, the formation of Ru−OOHbonds in the AEMprocess relies
on the successive adsorption of two hydroxide ions on the RuO2 sur-
face. Thus, the Ru−OOH bonds formed during the AEM process were
too labile to be detected, thereby accounting for the absence of
RuOOH-related Raman peaks in the bulk RuO2. Thus, the observation
of this RuOOH-related peak throughout all stages of the OER (i.e.,
1.4−1.6 V) could be regarded as convincing evidence for a disorder-
induced increase in the LOM contribution to the enhanced OER
activity. Alternatively, it was reported that the Raman peak originating
from the deprotonated Ni−OO (i.e., OO*) species was discernible at
900−1000 cm−1 48. Consequently, a Raman peak originating from the
Ru−OO species was expected to appear below 900 cm−1 since the
stronger Ru4+−OO bond (c.f., the Ni2+−OO bond) should lead to low-
ering of the O−O* vibration energy in the Ru4+−OO species (with
respect to the Ni2+−OO species) due to the bond competition effect.
Thus, the vibrationmode originating from theOO* species in the RuO2

electrocatalyst also contributed to the observation of a Raman peak at
850–950 cm−1 during the OER process of aRu200. Since this OO* spe-
cies was formed only in the LOM pathway, its presence for only the
aRu200 specimen and its absence from the bulk RuO2 system could be
interpreted as compelling evidence for the increased contribution of
the LOM pathway to structural disordering. The formation of oxygen
intermediate species for the OER performed over aRu200 in the acidic
electrolyte was further corroborated by in situ Fourier transform
infrared (FTIR) spectroscopy. As presented in Supplementary Fig. 24,
the aRu200 system exhibited a clear peak at ~1050 cm−1 originating
from the *OOH species after the application of an electrical
potential49,50, which was not discernible at the OCV. This result pro-
vides further proof of the generation of RuOOH species during the
OER, thereby supporting the increasing contribution of the LOM in the
acidic electrolyte. This *OOH-related peak was not discernible for the
bulk RuO2, either at the OCV or at 1.6 V, ultimately confirming the
disorder-induced enhancement of the LOM contribution in the acidic
electrolyte.

To further confirm the increased contribution of the LOM under
acidic conditions, the effects of tetramethylammonium (TMA) ions on
the OER activities of the aRu200 and bulk RuO2 specimens were also
investigated in the 0.5M H2SO4 and 1.0M KOH electrolytes. TMA was
selected due to its ability to act as a quencher for *OO species, i.e., a
characteristic intermediate in the LOM pathway (see Supplementary
Fig. 21)51,52. Thus, the variation in the OER activity upon the addition of
TMAcanbe an effective indicator of the contributionof the LOMto the
OER performance. It was found that the addition of TMA led to a

marked degradation in the OER activity of the highly disordered
aRu200 under acidic conditions (Supplementary Fig. 25). This is in
stark contrast to the bulk RuO2, which exhibited a much weaker TMA-
induced depression of its OER performance. This result provides
additional convincing support for the significant contribution of the
LOM pathway to the OER activity of aRu200 under acidic conditions.
Conversely, negligible effect of TMA addition on the alkaline OER
activitywas commonly observed for aRu200 andbulkRuO2, indicating
no significant contribution of LOMprocess to the alkaline OER activity
of both materials.

Considering that the AEM pathway is known to be more advan-
tageous than the LOM pathway for improving the stability of an OER
catalyst, the higher stability of aRu200 in the alkaline electrolyte than
in the acidic electrolyte could be interpreted as a greater contribution
of the AEM process in the alkaline solution. Notably, even in an acidic
solution, the aRu200 material delivered a good durability for up to
100h, emphasizing the merit of a highly disordered structure. Indeed,
the high structural flexibility of the amorphous lattice helped relieve
the destabilization effect caused by oxygen loss in the LOM pathway.
This was achieved via rearrangement of the local oxygen sublattice
around the Ru ions, thereby preventing a significant loss of lattice
enthalpy.

Theoretical surface Pourbaix diagrams were subsequently
obtained to provide further support for the above experimental find-
ings by illustrating how the stabilities of the surface adsorbates change
depending on the pH and the applied (oxidation) potential. In these
diagrams (Supplementary Fig. 26), two surfaces of the highly dis-
ordered RuOx were considered, each of which was identified as having
the lowest theoretical overpotential for either the AEM or the LOM
(Fig. 4f, g). The relevant adsorbates (i.e., O*, HOO*, H*, and HO*) of
these surfaces were also considered. Under alkaline conditions (pH =
14), the theoretical results (left panel, Supplementary Fig. 26) show the
enhanced stability of HO* for the AEM compared to the LOM, indi-
cating stronger hydroxide adsorption, consistent with the XANES and
EXAFS observations. In contrast, under acidic conditions (pH= 1), the
surfaces bearing lattice oxygen vacancies (i.e., H*, see Fig. 4g for the
surface geometries) exhibited a broader stability range for the LOM
than for the AEM (right panel, Supplementary Fig. 26). The theoretical
observation that reduced Ru species bearing lattice oxygen vacancies
exhibit an increased stability during the LOM process aligns with the
reducedRucoordination number detected by EXAFS under acidicOER
conditions. Overall, the considerable agreement between the spec-
troscopic findings and these theoretical surface adsorbate stability
predictions demonstrate that the hydroxide-driven AEM dominated
under alkaline conditions, whereas the LOM (with the formation of
lattice oxygen vacancies) governed the OER process under acidic
conditions, thereby enabling a highly efficient OER across a wide
pH range.

Discussion
In summary, a thermally driven amorphization route was developed
for the preparation of atomically thin, highly disordered RuO2

nanosheets that exhibited a good electrocatalytic OER activity and a
distinct pH-dependent operation mechanism. Significant disordering
of the crystal lattice effectively increased the OER activity and dur-
ability of the RuO2 nanosheets via enhanced surface adsorption and
the activation of lattice oxygen atoms to create oxygen vacancies in an
agreement with DFT calculations. Various in situ spectroscopic inves-
tigations revealed that the highly disordered RuO2 nanosheets exhib-
ited a pH-dependent tuning of their OER mechanism. Specifically, the
contributions of the LOM and AEM processes to the OER activity were
found to vary significantly with respect to the change in the electrolyte
pH. In an acidic electrolyte, the reduction in the lattice energy caused
by amorphization facilitated the occupation of lattice oxygen sites of
the highly disordered RuO2 nanosheets (i.e., an increasing

Article https://doi.org/10.1038/s41467-025-67318-y

Nature Communications |          (2026) 17:672 10

www.nature.com/naturecommunications


contribution of the LOM). In contrast, the high concentration of
hydroxide ions in the alkaline electrolyte rendered the AEM dominant
during the OER. This was attributed to the fact that amorphization
decreases the orbital overlap inside the lattice and enhances the ability
to interact with the adsorbed species. The enhanced surface adsorp-
tion of hydroxide ions therefore enhanced the OER activity of the
highly disordered RuO2 nanosheets, with an increasing contribution
from the AEM. The amorphization strategy presented herein can
therefore be applied for the development of a useful synthetic route
toward highly efficient transition metal oxide-based electrocatalysts
that are active over a wide pH range. Currently, our group is devel-
oping soft chemical amorphization routes that are applicable to other
types of monolayer inorganic nanosheets, including metal chalco-
genides, metal hydroxides, and metal pnictogenides, to explore eco-
nomically feasible and efficient electrocatalysts with a high degree of
structural disorder.

Methods
Materials
Ruthenium (IV) oxide (RuO2, anhydrous, 99.9%), ruthenium powder
(Ru, −200 mesh, 99.9%), tetrabutylammonium hydroxide solution
(TBA·OH, 40wt% in H2O), and sodium persulfate (Na2S2O8, 98%) were
purchased fromMerck. Sodium carbonate (Na2CO3, anhydrous, 99%),
hydrochloric acid (HCl, 35.0–37%), sulfuric acid (95%), 2-propanol
(99.5%), and potassium hydroxide (KOH, 95%) were obtained from
SAMCHUN chemicals. 20% Ir on Vulcan XC-72 was purchased from
Premetek. Nafion (5wt%) and fluorine-doped tin oxide (FTO) glass
were obtained from Omniscience. Carbon paper (TGP-H-60) was pur-
chased from thermoscientific. Platinum wire and saturated calomel
electrode (SCE) were purchased from ALS. H2O

18(98%) water was
purchased from China Isotope Company.

Material preparation
Theprecursormaterial for the synthesis of exfoliatedRuO2nanosheets
was synthesized as follows: first NaRuO2 was prepared by mixing
Na2CO3, Ru, and RuO2 in a molar ratio of 2:1:3, followed by heating at
900 °C for 12 h under an Ar atmosphere. The resulting powder was
then reactedwith 1MNa2S2O8 for 3 days (100mLper 1 g), washedwith
distilled water, and oven-dried. The obtained powder was reactedwith
1MHCl for another 3 days (100mLper 1 g), with a daily replacement of
the acidic solution. Afterward, the powder was thoroughly washed
with distilled water and oven dried. The resulting powder was dis-
persed in distilled water containing TBA·OH solution and stirred for
10 days (250mL distilled water and 1mL 40wt% TBA·OH per 1 g
powder). The obtained colloidwas centrifuged at 4000 rpm for 10min
to remove unexfoliated precipitates16. Owing to the negative surface
charges of the exfoliated RuO2

40, the obtained colloidal suspension of
RuO2 nanosheets was restored through protonation using a 37% con-
centrated HCl solution as the H+ source. The obtained precipitate was
washed with distilled water and freeze-dried. To synthesize the aRu
materials, the proton-assembled H−RuO2 nanosheets were heat-
treated under an Ar atmosphere in a tube furnace at temperatures of
100–500 °C for 3 h (heating rate: 2 °C/min).

Material characterization
Powder XRD was performed for the synthesized materials using a
Rigaku MiniFlex instrument (Ni-filtered Cu-Kα radiation) at room
temperature. AFM images were recorded for the layered RuO2

nanosheets using a Park System NS-10 instrument. The crystal shapes
and atomic arrangements of the aRu materials and layered RuO2

nanosheets were characterized by electron microscopy (JEOL JEM-
F200, JSM-7001F, and JEM-ARM200F). The O K-edge XANES and Ru
K-edge XANES/EXAFS measurements were conducted at beamlines
10A2 and 10C in the Pohang Light Source under top-up operations at
3 GeV and 300mA. While all spectra were obtained in transmission

mode, the in situ measurements were conducted in fluorescence
mode. To ensure spectral reliability, care was taken to evaluate the
stability of the energy scale by monitoring the spectrum of the Ru
metal foil for each measurement; thus, the edge positions were
reproducible to <0.05 eV. The in situ XANES/EXAFS spectra were
recorded in the fluorescence mode using an in situ cell (prepared in-
house), as shown in Supplementary Fig. 27. The catalyst material was
deposited on FTO glass (1 × 2 cm2) to prepare the working electrode,
which was placed in the in situ cell filled with the desired electrolyte
(1MKOHor0.5MH2SO4). A Ptwire and a SCEwereused as the counter
and reference electrodes, respectively. Data processing for the XANES
and EXAFS measurements was performed using Athena software. The
XPS measurements were carried out using a Thermo VG spectrometer
(monochromatized Al-Kα X-ray source, operated at 12 keV and 3mA).
The XPS energy calculations were performed based on the adventi-
tiousC 1 s peakat 284.8 eV.Micro-Ramananalysiswas conductedusing
a Horiba Jobin Yvon LabRam Aramis spectrometer (Ar-ion laser,
λ = 514.5 nm). In situ Raman experiments were performed using an Au
nanoparticle-based substrate for surface-enhanced Raman spectro-
scopy. The in situ FTIR experiments were conducted using a JASCO FT/
IR-4600 instrument. In situ DEMS data were recorded to analyze
evolved gases during the HER process using a custom design cell, as
depicted in Supplementary Fig. 28.

Electrocatalytic activity tests
The electrocatalytic activity was measured using a three-electrode
system. To prepare the composite catalyst, the active material (8mg),
Vulcan XC-72 (2mg), andNafion® solution (5 wt%, 40μL) weremixed in
aMilli-Qwater/isopropanol (5mL, 4:1 (v/v)), followed by sonication for
1 h to form the catalyst ink. The catalyst ink (10μL drop) wasdeposited
on a glassy carbon (GC) electrode (3mm, ALS Co.), then oven-dried.
The catalyst loading was 0.2265mgcm−2. The resulting catalyst-coated
GC electrode, an SCE, and a Pt metal wire were used as the working,
reference, and counter electrodes, respectively. The EIS data were
collected over a frequency range of 100 kHz–0.1 Hz with an amplitude
of 10mV applied to the 1.45 V (V vs RHE). All electrochemical data were
measured using an IVIUM analyzer and an RRDE-3A rotator. Prior to
performing the electrochemical measurements, the electrolyte solu-
tion was purged with nitrogen gas for 30min, and a nitrogen flow was
maintained throughout the experiment to ensure an oxygen-free
environment. LSV was conducted in both acidic and basic electrolytes.
For the acidic conditions, a 0.5M H2SO4 (2.81mL of 95% H2SO4 solu-
tion was dispersed in 97.19mL of Milli-Q water, pH =0.28 ± 0.05)
solution was used, while for the basic conditions, a 1M KOH solution
(59.06 g KOH in 100mL of Milli-Q water, pH = 13.79 ± 0.05) was
employed. The electrolyte was freshly prepared before each mea-
surement. The measurements were performed in a glass cell (ALS Co.,
120mL) with an electrolyte volume of 60mL. The LSV measurements
were performed at a scan rate of 10mV s−1 and a rotating speed of
1600 rpm. The potential was scanned from 0.2 to 0.6 V (V vs SCE) in
the case of 1M KOH electrolyte, and from 1.1 to 1.5 V (V vs SCE) for the
0.5M H2SO4 electrolyte. The electrochemical measurements were
performed. No iR correction was conducted. The chron-
opotentiometry test was evaluated using carbon paper (1 cm2,
0.2265mgcm−2) substrate. In H2-saturated 0.5M H2SO4 electrolyte,
calibration was conducted utilizing a Ptmesh as the working electrode
and counter electrode, a saturated calomel electrode (SCE) as the
reference electrode. LSVmeasurementwasperformed at a scan rate of
2mV s−1 (Supplementary Fig. 29). The calibration potential was deter-
mined by averaging the potential, at which the current density
approached to zero, corresponding to the onset of the HER. All
reported potentials were subsequently referenced to the reversible
hydrogen electrode (RHE) scale, calculated as: E (V vs RHE) = E (V vs
SCE) + 0.059 × pH. The electrochemical measurements were per-
formed at least three times for each catalyst.
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Preparation of the membrane-electrode assembly and PEMWE/
AEMWE tests
Membrane electrode assemblies (MEAs) were prepared to evaluate the
single-cell performances and durabilities of the fabricated catalysts.
Nafion® 212 (DuPont, USA) and PiperION-60® (Versogen, USA) were
used as the PEM and AEM, respectively. Bothmembranes were treated
before use according to the manufacturer’s instructions. All catalyst
layers were fabricated using the catalyst coated substrate method by
spraying the catalyst slurry onto a porous transport layer (PTL).
2GDL8N-035 (Bekaert, Belgium) and 20FP3 (Bekaert, Belgium) were
used as the anode PTLs for the PEMWEs and the AEMWEs, respectively.
JNT40-A3 (JNTG Co., Korea) was used as the PTL cathode in both sys-
tems. A catalyst slurry was prepared by mixing the catalyst, the iono-
mer, 2-propanol, and deionized (DI) water. The anode and cathode
catalyst loadings were 1.0 and 0.4mg cm−2, respectively, while the
ionomer contents were 60 and 30wt.% for the anode and the cathode,
respectively. The anode and cathode membranes were assembled at a
torque of 70 kgfcm to prepare theMEA. The active area was 5 cm2. The
single-cell performanceswere evaluated using single-cell tests. The cell
temperatures were maintained at 80 and 70 °C for the PEMWEs and
AEMWEs, respectively. Preheated distilled water and 1M KOH were
supplied to the anodes and cathodes of the PEMWEs and AEMWEs as
reactants at flow rates of 5mLmin−1. The polarization curves were
recordedusing the voltage sweepmethodover a rangeof 1.35–2.15 V at
a scan rate of 10mV s−1. The performance was measured using a
potentiostat (Zahner-Elektrik GmbH & Co. KG, Germany).

DFT calculations
The Vienna ab initio Simulation Package53–55 was used to perform the
DFT calculations with the revised Perdew–Burke–Ernzerhof functional
and Grimme’s D3-dispersion correction56–58. A plane-wave-basis kinetic
energy cutoff of 400 eV was employed. The aiMD simulations were
performed under constant pressure conditions (NPT ensemble) using
the Langevin thermostat, with a friction coefficient of 10 ps−1 to control
the temperature fluctuations and a time step of 1 fs59,60. To model the
amorphous phases of the bulk Ru oxides with varying stoichiometries,
192-atomp(2 × 4 × 2) supercells of rutile were utilized, wherein oxygen
vacancies were randomly introduced to set the O/Ru stoichiometries
to 1.75 and 1.50 in the starting structures. TheBrillouin zonewas folded
to the Γ-point for these supercell structures. The initial structures were
randomized at 3000K for 10 ps to mimic the melting process, fol-
lowed by quenching from 3000 to 100K over 5 ps at a cooling rate of
580K/ps. The quenched structures were equilibrated at 300K for
10 ps. The amorphous RuOx surfaces were derived from two bulk
phases, namely aRuO1.75 and aRuO1.50, by randomly selecting ensemble
structures from the MD trajectories equilibrated at 300K and varying
the cleaving planes from the amorphous bulk structures. The local
oxygen atom environments around the outermost Ru atoms on both
cleaved facets were maintained, resulting in 30 amorphous surface
configurations. The vacuum region was adjusted to ~15 Å to minimize
the interaction between periodic images. The CHE approach37 was
employed to assess the OER overpotentials for the LOM and AEM, and
also to assess the relative stabilities of the amorphous surface as a
function of the pH and the electrode potential (versus SHE)61. The
Gibbs free energy calculations for the OER process were conducted
considering the zero-point energy andvibrational entropy corrections,
as reported previously38. A gamma point sampling of the Brillouin
zone was used to optimize the gaseous H2 and H2O molecules within
a box having dimensions of 15 × 15 × 15 Å. The site dependencies of
the surface adsorbates (HO*, O*, HOO*, and H*O-site) were also
considered.

Data availability
The authors declare that all data supporting the findings of this study
are available from the corresponding author upon request. The DFT

datasets generated in this study are deposited in Zenodo repository
and is available at https://doi.org/10.5281/zenodo.17241077. The
repository includes DFT-optimized structures and ab initio molecular
dynamics (aiMD) trajectories, including RuOx bulk MD trajectories,
amorphous surface models, and adsorbate-covered optimized sur-
faces. Source data are provided with this paper.
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