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Efficient and durable electrocatalysts for the oxygen evolution reaction (OER)
are essential for advancing water splitting technologies, which enable sus-
tainable hydrogen production. The integration of amorphous oxide supports
with metal single atoms offers a promising strategy to precisely tuning the
electronic structure and improving the exposure of active sites. Here, we
report an amorphous NiMoO, support anchored with Ru single atoms
(denoted as a-RNMO), which achieves a low cell voltage of 1.78 V at 1A cm™
and noteworthy durability in an anion exchange membrane water electrolyzer.
Time-resolved operando Quick X-ray absorption spectroscopy reveals rapid
Mo leaching followed by structural reconstruction, culminating in the NiOOH
formation. Theoretical calculations suggest a likely “complementary amor-
phous-electronic” mechanism. It shows that the amorphous structure exposes
more active sites and favors the adsorption of intermediates, while Ru single
atoms finely modulate the electronic structure. These valuable insights high-
light the design of high-performance OER electrocatalysts based on metal
single atoms anchored on amorphous oxides.

The oxygen evolution reaction (OER) is a key reaction in water splitting
for hydrogen production and metal-air batteries'”. Since this is a slow
four-electron transfer reaction, highly efficient electrocatalysts are
required to accelerate the process®. Although noble-metal catalysts
such as Ru and Ir oxides show excellent intrinsic OER activity, their
large-scale application is limited by high cost and scarcity*”. Therefore,
the research interest has shifted towards non-noble 3d transition-metal
(hydro)oxides. These non-noble metal catalysts are cost-effective and

can maintain competitive electrocatalytic performance®’. Among
them, Ni complies the Sabatier principle for electrocatalyst design and
has thus attracted significant research interest. In Ni-based materials
(e.g., MOFs®?, NiM0O,4'*", LiNiO,", Ni(OH),"", and Ni-based LDHs"),
electrocatalytic oxidation induces the surface reconstruction into
hydroxides, which are widely considered to be the real active sites.
Recently, amorphous oxides have also been shown to display pro-
mising electrocatalytic properties. Amorphous structures typically
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exhibit a larger electrochemical surface area and more abundant
defects, which can facilitate adsorption and desorption of inter-
mediates and also expose richer active sites'. NiMo-based amorphous
oxides are attracting attention due to their facile synthesis (e.g., room-
temperature preparation), fast surface reconstruction rate”, and
experimental feasibility. However, significant efforts are still needed in
electronic structure modulation to further enhance the OER perfor-
mance of this type of electrocatalyst.

Meanwhile, numerous previous theoretical and experimental
studies have shown that single atom catalysts (SACs), due to their
minimal metal usage and specific coordination environments'®?, can
be promising candidates with tunable electronic structure and
potentially improved electrocatalytic performance. However, several
hurdles remain to be overcome before SACs can serve as a competent
catalyst. One of the challenges is how to anchor or expose more single-
atom metal sites to modulate their local microenvironment?. Amor-
phization creates an abundance of metal dangling bonds with flexible
unsaturated electronic configurations, providing more opportunities
for electronic coupling, redistributing local lone-pair electrons, and
accelerating charge transfer between active centers****, Inspired by
these findings, it is speculated that incorporating single atoms into
amorphous structures could be a viable approach to enhance their
catalytic activities. On the other hand, the rapid reconstruction char-
acteristics of amorphous materials place higher demands on detection
techniques. It remains challenging to comprehensively identify surface
transformations in Ni-based amorphous OER catalysts, and this area
has received little attention. Conventional synchrotron beamlines
based on monochromators require several minutes to acquire a
complete X-ray absorption spectrum, which greatly limits the tem-
poral resolution that can be achieved®. In this regard, the rapid
reconstruction of Ni-based amorphous oxides may be overlooked.
Recent advances in the so-called quick-X-ray absorption fine structure
(QXAFS) method, which employs fast data acquisition schemes and
specially designed continuous-scanning monochromators, allow tem-
poral resolutions down to the millisecond range®. This allows us to
investigate the details of the experimental design and probe the
structural changes of Ni-based amorphous oxides.

Inspired by these results, we developed a room-temperature
strategy to anchor Ru single atoms onto amorphous NiMoO, (a-
RNMO) via a one-step supersaturated co-precipitation method. The as-
prepared a-RNMO, with low Ru single-atom loading (2.28 at.%),
required only 1.78 V to reach 1 A cm™ in an anion exchange membrane
water electrolyzer (AEMWE) device, maintaining stability for over
100 hours. Comprehensive characterization revealed the dynamic
reconstruction during oxidation, ultimately forming the amorphous
NiOOH. Density functional theory (DFT) calculations suggest that Ru
single atoms could contribute to tuning the amorphous electronic
structure, and also indicate that electronic interaction between Ru and
Ni could facilitate the adsorption of intermediate oxygen. This work
presents the concept of anchoring metal single atoms in synthetic
amorphous oxides and its potential influence on alkaline OER, and
proposes a complementary amorphous-electronic mechanism.

Results

Synthesis and structural characterization of the amorphous
materials

For materials synthesized at room temperature, it is crucial to find
metals that can co-precipitate simultaneously in the system with suf-
ficiently rapid precipitation kinetics; otherwise, phase separation may
occur?. A facile one-step supersaturated co-precipitation method was
used to prepare a-RNMO. In brief, high-concentration aqueous solu-
tions of Ni*, Ru*, and MoO,*> were prepared separately and then
quickly mixed under ultrasonication, leading to the instantaneous
formation of metal-oxide precipitates, according to the schematic
diagram in Fig. 1a. The a-RNMO was obtained through subsequent

washing and drying. The X-ray diffraction (XRD) pattern (Fig. 1b)
showed the absence of a crystalline phase in a-NMO and a-RNMO,
which was distinct from crystalline NiMoO4 (c-NMO) with strong
characteristic peaks. The absence of diffraction peaks limits the
information extractable from XRD analysis, emphasizing the need for
high-energy synchrotron X-ray total scattering measurements with
pair distribution function (PDF) analysis. This technique provides
short-range structural correlations of amorphous structure by Fourier
transform of the total scattering data (including both diffuse and
Bragg)®”°. As shown in Fig. 1c-e, it was evident that for the pristine
a-NMO and a-RNMO, the crystal structures were long-range disordered
but short-range ordered, in contrast to c-NMO which had a long-range
ordered crystal structure. This analysis indicated that the amorphous
structure had a short-range correlation of about 9 A. The local struc-
tures of a-NMO and a-RNMO can be modeled using the crystal struc-
ture of NiMoO, (PDF#33-0948, Supplementary Fig. 1). Compared with
the c-NMO results, the M-O (M = Ni, Mo) and M-M bond lengths in the
amorphous structures were found to be longer. This suggested that
the amorphous structure was looser, which could expose more active
sites in the electrocatalytic reaction and potentially enhance the
adsorption and desorption capacity of OER intermediates. In the
a-RNMO structure, the average M-0 bond length (1.90 A) was slightly
longer than that of a-NMO (1.86 A), probably due to the larger atomic
radius of Ru. Detailed results of the PDF structural refinements are
provided in Supplementary Table 1. As shown in Supplementary
Fig. 2a, a-RNMO exhibited uniform nanoparticle morphology with an
average size of about 50 nm. The high-resolution transmission elec-
tron microscopy (HR-TEM) image in Supplementary Fig. 2b-c showed
no lattice fringes, combined with the absence of diffraction rings in the
selected area electron diffraction (SAED) pattern (Supplementary
Fig. 2d), together indicating typical amorphous oxide formation. The
a-NMO exhibited similar features (Supplementary Fig. 3). In contrast,
¢-NMO (Supplementary Fig. 4) consisted of short nanorods, and its
HR-TEM images displayed clear lattice fringes, confirming a high
degree of crystallinity. Supplementary Fig. 5 and Fig. 6 show the uni-
form distributions of Ni, Mo, and O elements in a-NMO and c-NMO,
respectively. The presence of monodispersed Ru single atoms (bright
dots marked by red circles in Fig. 1f) was observed by high-
magnification aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-STEM)
image. Fig 1g shows the 3D surface plot of the selected region in Fig. 1f.
No obvious atomic lattice distribution was observed, and the intensity
of atomic signals appeared random, which is characteristic of amor-
phous structures. The highest peaks corresponded to the positions of
Ru single atoms, further demonstrating their isolated dispersion.
Moreover, energy-dispersive X-ray spectroscopy (EDS) mapping
(Fig. 1h) revealed homogeneous spatial distribution of Ru, Ni, Mo, and
0. The elemental composition of a-RNMO was analyzed by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (Supple-
mentary Table 2) and scanning electron microscopy-energy-dispersive
X-ray spectroscopy (SEM-EDS) (Supplementary Fig. 7), confirming the
Ru content was 2.28 at.%. The molar ratio of Ru to Ni (= 0.15) was
higher than the theoretical value, which could be attributed to higher
loss of Mo and Ni ions compared to Ru ions during supersaturated
solution processing. As a result, the amorphous structure accom-
modated more Ru single atoms in a homogeneous manner.

Electronic structure and oxidation state analysis

We investigated the influence of amorphous phase and Ru incor-
poration on the electronic structure and coordination environment
of Ni and Mo by X-ray photoelectron spectroscopy (XPS) and X-ray
absorption spectroscopy (XAS). As shown in Fig. 2a, the two main Ni
2p peaks of both a-NMO and a-RNMO were deconvoluted into Ni*
(about 855 eV and 873 eV) and Ni** (about 857 eV and 875 eV) species,
respectively'®. The incorporation of Ru resulted in an increased
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Fig. 1| Structural characterizations of amorphous RuNiMo oxides (a-RNMO).
a Schematic illustration of the amorphous catalyst synthesis via one-step co-pre-
cipitation method. The white, red, grey, purple, and yellow spheres represent H, O,
Ni, Mo, and Ru, respectively. b XRD patterns of a-NMO, a-RNMO, c-NiMoO,.
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where the X-ray PDFs at room temperature (blue) are fitted by the NiMoO, struc-
tural model (red) over the range of 1.5<r<10 A. The difference curve (green) is
shown offset below. f AC-HAADF-STEM image of a-RNMO. g 3D atom-overlapping
surface plots of the selected area in (f). h EDS mappings of a-RNMO. Source data for
the Figure (b-e, g) are provided as a Source Data file.

proportion of Ni2* and a peak shift towards lower binding energy.
Specifically, the percentage of Ni?* species increased from 69% in
a-NMO to 78% in a-RNMO, suggesting that the surface average
valence state of Ni was reduced in the presence of Ru. As for the Mo
3d spectra in Fig. 2b, the peaks corresponded to the Mo®* signal’**.,
The shape and position of these peaks were similar for both a-NMO
and a-RNMO, indicating that Mo®" was unaffected by Ru. The valence
state of Ru in a-RNMO, as shown in Fig. 2c, was approximately Ru>¢*,
The O 1s spectra of a-RNMO (Supplementary Fig. 8) showed a higher
lattice oxygen concentration (M-O) than that of a-NMO?, suggesting
that the introduction of Ru favored an increase ratio of the lattice
oxygen.

XAS is a powerful tool for studying electronic and local structure
properties. The X-ray absorption near edge structure (XANES)
spectra at the K-edge correspond to transitions of the 1s core elec-
trons to unoccupied orbitals***, revealing the bulk chemical states
of Ni, Mo, and Ru ions. The edge position is sensitive to the oxidation
state®. As observed in Fig. 2d, the normalized Ni K-edge XANES

spectra showed a slight decrease in the valence state of Ni species by
the introduction of Ru, suggesting partial electron donation from Ru
to Ni, leading to the slight Ni reduction. This electron transfer
between Ru and Ni was consistent with XPS results. In contrast, the
Mo K-edge spectra exhibited similar shapes and edge positions for
a-NMO and a-RNMO (Fig. 2e), indicating a nearly identical valance
state”’, which is close to Mo®" (c-NiMoO,). For the K-edge of Ru
(Fig. 2f), the edge position in a-RNMO was negatively shifted com-
pared to RuO,, implying a slightly lower valence state than Ru*". This
was in agreement with XPS analysis. Extended X-ray absorption fine
structure (EXAFS) spectra were further employed to study the
coordination environment of a-RNMO. The R-space were obtained by
Fourier transform (FT) of the measured k-space data, which exhib-
ited a high signal-to-noise ratio up to 8 A (Supplementary Fig. 9). FT
analysis of a-RNMO and a-NMO revealed reduced structural order
compared to ¢-NMO, as evidenced by the lower amplitudes of FT
peaks of a-d* (Fig. 2g). The first coordination shell corresponded to
Ni-O bonds (-1.59 A) in the amorphous structure, slightly longer than
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Fig. 2 | Surface XPS and bulk XANES, EXAFS analysis of a-RNMO. a Ni 2p and (b)
Mo 3d XPS spectra of a-NMO and a-RNMO. ¢ Ru 3p XPS spectrum of a-RNMO. d The
normalized Ni K-edge and (e) the normalized Mo K-edge XANES spectra of a-NMO,
a-RNMO, and ¢-NiMoOj,. f The normalized Ru K-edge XANES spectra of a-RNMO, Ru
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foil, and RuO,. The magnitude of the Fourier transforms for (g) Ni K-edge, and (h)
Mo K-edge EXAFS spectra of a-NMO, a-RNMO, and ¢-NiMoO,. i Ru K-edge EXAFS
spectra a-RNMO, Ru foil, and RuO,. Source data for the Figure (a-i) are provided as
a Source Data file.

those in the crystalline structure, which could facilitate higher
exposure of active sites for electrocatalysis. A similar trend was
observed for the Mo K-edge results (Fig. 2h). The Mo-0 distances in
a-NMO and a-RNMO were 1.32 A and 1.35 A, respectively, which were
longer than that of ¢-NMO (-1.26 A). No evident Ni-Ni and Mo-Mo
scattering signals were detected, indicating an absence of metal
clusters. The Ru K-edge EXAFS spectra (Fig. 2i) of a-RNMO showed
two notable peaks in R-space. The main peak at ~1.44 A corresponded
to the Ru-0 coordination shell. The second peak at -2.76 A differed
from the Ru-Ru bond (-2.39 A, from Ru foil) and Ru-O-Ru bond
(-3.19 A, from Ru0O,), suggesting that the absence of Ru and RuO,
nanoclusters in a-RNMO. The peaks at higher R might arise from
higher frequency noise®®. In addition, there were two characteristic
regions recognized by the wave transform (WT)-EXAFS analysis. As
observed in Supplementary Fig. 10, the first and second shell scat-
tering peaks were located at R=1.45A, k=5.69 A7, and R=2.75A,
k=7.60A", respectively. This was quite different from the Ru-Ru
and Ru-O-Ru bond positions, implying the presence of mono-
dispersed Ru species. These structural characterizations, together
with microscopy observations, demonstrated that Ru single atoms
were homogeneously dispersed in a-RNMO.

Electrochemical alkaline OER performance investigation

The OER performance of amorphous electrocatalysts was evaluated in
1M KOH using a three-electrode system. All measured potentials were
carefully calibrated versus the reversible hydrogen electrode (RHE)
(Supplementary Fig. 11). As shown in Fig. 3a, a-RNMO exhibited the
highest OER activity among all investigated samples. At a current
density of 10 mA cm™, the overpotential () of a-RNMO was 220 mV,
substantially lower than those of a-NMO (326 mV) and c-NMO
(450 mV). In addition, the overpotential of a-RNMO was lower than
those of commercial RuO, and NiFe-LDH (Supplementary Fig. 12), the
latter now being widely employed as a benchmark OER electrocatalyst.
The polarization curves without iR compensation are provided in
Supplementary Fig. 13. Moreover, the electrocatalytic OER perfor-
mance of a-RNMO was optimized by adjusting the Ru content (Sup-
plementary Fig. 14). These results suggested that an appropriate Ru
concentration could enhance the OER performance of a-RNMO, pos-
sibly by tuning its overall electronic structure. Likewise, a-RNMO dis-
played the lowest Tafel slope (45.15mV dec™), implying faster OER
kinetics than others (Fig. 3b). Indeed, Tafel slopes were obtained from
the linear relationship between overpotential and log(j) (Supplemen-
tary Fig. 15). As shown in Fig. 3c, electrochemical impedance
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Fig. 3 | Electrochemical performance investigation of a-RNMO. a LSV polariza-
tion curves with automatic iR-compensation of a-NMO, a-RNMO, ¢-NMO, and RuO,
(mass loading: 0.255 mg cm™) in 1M KOH under 25 °C, at scan rate of 5mV s™, using
RDE (0.196 cm?) with 1600 rpm. b Tafel plots extracted from (a). ¢ EIS Nyquist plots
of samples at 1.53 V vs. RHE. (Inset: the equivalent circuit used) The charge transfer
resistances (R.) of a-RNMO, a-NMO, ¢-NMO, and RuO, were 1533+ 0.36 Q,
48.82+0.76 , 890.70 £ 9.86 Q, and 101.80 + 1.18 Q, respectively. d TOF values
normalized to Ni and mass activities normalized to Ru at the overpotential of
300 mV. e Specific activities of a-RNMO and others. fFE tests of a-RNMO with RRDE

with1600 rpm at E;ipg = 0.4 V vs. RHE. g Chronopotentiometry tests of a-RNMO and
RuO; at 10 mA cm™ and 100 mA cm?, using carbon paper electrode (1cm?).

h Polarization curve of the electrolyzer without iR-compensation using a-RNMO as
the anode and Pt/C as the cathode in flowing 1M KOH solution at 80 °C. (Inset:
schematic illustration of AEMWE cell created by Microsoft PowerPoint) (i) Dur-
ability of AEMWE at a current density of 1 A cm™ without iR-compensation

at 80 °C. Note: The error bars represent the standard deviation of three indepen-
dent measurements. Source data for the Figure (a-i) are provided as a Source
Data file.

spectroscopy (EIS) Nyquist plots were measured under identical con-
dition (n=300mV). Using the equivalent-circuit model (inset of
Fig. 3¢) for fitting, a-RNMO showed the smallest Nyquist semicircle and
the lowest charge-transfer resistance (R.,) (Supplementary Table 3),
suggesting faster charge transfer during the OER process. To minimize
the effect of morphology, the OER currents were normalized to the
specific Brunauer-Emmett-Teller (BET) surface area (Supplementary
Fig. 16). The specific activity of a-RNMO was more than 10 times higher
than that of a-NMO. As shown in Fig. 3d, the turnover frequency (TOF)
was calculated by assuming Ni as active site. Compared to a-NMO, the
TOF of a-RNMO increased by approximately sixfold. The mass activity
of a-RNMO (1906.87 mA mg'g,) was more than 140 times higher than
that of RuO, (13.09 mA mg™g,). This combination of lower Ru content
and higher mass activity indicates favorable utilization efficiency of Ru
atoms in a-RNMO. Furthermore, to evaluate the true catalytic activity
of electrocatalysts, the electrochemically active surface area (ECSA)
was estimated from double-layer capacitance (Cyq) measurements

(Supplementary Fig. 17). The a-RNMO presented the highest specific
activity (0.95mA cm?gcsa), approximately fourfold than that of
a-NMO (0.23mAcm?gcsy) (Fig. 3e). The a-RNMO electrode also
achieved a Faradaic efficiency (FE) over 90% during 60 minutes
(Fig. 3f). A schematic diagram of the FE test is provided in Supple-
mentary Fig. 18. The calculated oxygen yield based on FE results was
nearly equivalent to the theoretical value (Supplementary Fig. 19),
indicating high selectivity during the OER process. As summarized in
Supplementary Fig. 20, Fig. 21, Table 4, and Table 5, a-RNMO out-
performed most reported Ru- and NiMo-based oxide OER catalysts in
both Tafel slope and overpotential. To evaluate stability, a chron-
opotentiometry test was conducted. As shown in Fig. 3g, the alkaline
OER activity of a-RNMO showed a negligible change at current density
of 10mAcm™ and 100 mA cm™ after 300 h and 60 h, respectively,
outperforming the stability of RuO,. In summary, this amorphous
oxide synthesized at room temperature with atomically dispersed Ru
demonstrated excellent OER activity and stability under alkaline
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Fig. 4 | Operando XAS analysis of a-RNMO. a-c Ni K-edge, Ru K-edge, and Mo K-
edge XANES spectra of a-RNMO measured in 1M KOH under pristine, OCP, OER
operating condition (1.4 V, 1.5V, and 1.6 V vs. RHE) and OCP after OER operation.
d-f The magnitude of the Fourier transforms for Ni K-edge, Ru K-edge, and Mo K-
edge EXAFS spectra of a-RNMO measured in 1M KOH under pristine, OCP, OER

operating condition (1.4 V, 1.5V, and 1.6 V vs. RHE) and OCP after OER operation.
g WT-EXAFS analysis of Ni K-edge under pristine, OCP, OER operating condition
1.4V, 15V, and 1.6 V vs. RHE) and OCP after OER operation. Source data for the
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conditions. Also, anion exchange membrane water electrolyzer
(AEMWE) test further confirmed the promising performance of
a-RNMO, achieving a cell voltage of 1.78V at 1A cm™ (Fig. 3h). Sup-
plementary Fig. 22 compares the polarization behavior with com-
mercial NiFe-LDH. The NiFe-LDH | |Pt/C required 1.98V at 1Acm?,
higher than that of a-RNMO. Moreover, no significant voltage increase
was observed at 1A cm™ over 100 h with a-RNMO (Fig. 3i). Polarization
curves recorded during the durability test (Supplementary Fig. 23)
confirmed that the catalytic activity was retained.

Mechanistic insights during the OER process

Exploring what changes in the OER process is of particular interest.
To better understand the active site changes that might be respon-
sible for the improved OER performance of a-RNMO, operando
Quick-XAS data were collected sequentially at the Ni, Ru, and Mo
K-edges to investigate the potential-dependent dynamics of oxida-
tion states and coordination environments during the OER process.
Unlike traditional operando measurements, the present study
employed total-fluorescence-yield (TFY) mode Quick-XAS with a time
resolution of about 2 min, revealing that the reaction which usually
remained stable on a timescale of seconds to a few minutes. This is
more suitable for observing dynamic variations of oxidation state
under a constant potential over time, thus enabling a true operando
measurement. The setup of the test is shown in Supplementary
Fig. 24. During the measurements, XAS data were collected at open
circuit potential (OCP), 1.4V, 1.5V, and 1.6 V versus RHE, respectively,

and finally returned to OCP, allowing time-dependent scanning every
minute. As shown in Fig. 4a, the K-edge spectrum of Ni from pristine
a-RNMO exhibited a pronounced edge and a high white-line signal
around 8350 eV. As the potential increased and the reaction pro-
ceeded, the Ni K-edge continuously shifted toward higher energy by
approximately 2eV. In addition, the intensity of the white-line
decreased, suggesting lower geometrical asymmetry with deeper
oxidized Ni species. The results indicate that Ni species of a-RNMO
underwent oxidation during the OER process, and the valence state
of Ni appeared to increase gradually and irreversibly*. In addition,
the relative intensity of the pre-edge peak at 8334 eV was observed to
rise with increasing potentials (inset of Fig. 4a), which was in
response to a decrease in localized octahedral [NiOg] symmetry®.
Moreover, at least four discrete isosbestic points were identified in
the K-edge XANES spectra of Ni in a certain range of oxidizing
potential (black arrows in Fig. 4a), signifying that a continuous self-
reconstruction process undergoes a linear combination of different
Ni-based species®*°. This trend was better demonstrated by the FT-
EXAFS results obtained later. As shown in Fig. 4b, the K-edge of Ru
underwent a slight positive shift when the applied voltage reached
approximately 1.5V, and its position remained nearly unchanged
thereafter. Subsequently, operando Mo K-edge XANES (Fig. 4c)
revealed a minor positive shift at OCP compared to pristine a-RNMO,
possibly caused by partial electron delocalization due to the adsor-
bed H,0. The pre-edge peak (labeled A) at 20004 eV was attributed
to the dipole-allowed 1s->4d transition, indicating that all
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compounds, under different voltages, Mo exhibited tetrahedral
symmetry* . The wide pre-edge shoulder (labeled B) at 20022 eV
was associated with octahedrally coordinated Mo, corresponding to
a 1s > 5p transition*®. The Mo K-edge position varied slightly, imply-
ing that Mo was unlikely to serve as the main active site of a-RNMO
during OER. FT-transformed EXAFS of K-edges of Ru, Ni, and Mo were
characterized to investigate the coordination environments by time-
dependent experiment.

FT-EXAFS of the Ni K-edge (Fig. 4d) showed that the first-shell
Ni-O peak (-1.59 A) weakened below 1.4V (red curves). Above 1.5V
(vellow and blue curves), a new peak at -140 A emerged, corre-
sponding to the Ni-O bond in B-NiOOH species. The higher the
applied voltage, the more intense the signal was. After switching off
potential (purple curves), two peaks at -1.45A and -1.05A were
observed, attributed to the Ni-O bond in the y-NiOOH species. The
Ni-M peak (-2.73 A, labeled B) split into two peaks at 1.5V, assigned
to B-NiOOH. At 1.6 V, the peak at 2.42 A (labeled A) corresponded to
y-NiOOH"**, The inset in Fig. 4d provides a clear visualization of the
species change process. WT-EXAFS (Fig. 4g) confirmed the emer-
gence of a new Ni-M coordinationat 1.5V (R=2.61A, k=10.45A"). At
1.6 V, another Ni-M coordination (R=2.50 A, k=9.16 A™) was formed
without showing reversibility after switching off potential. The
interatomic distances were reduced through a denser form of edge-
sharing polyhedral stacking in the oxidized state, resulting in the
formation of NiOOH analogues®*. These observations suggest a
two-step reconstruction of Ni species, undergoing first 3-NiOOH and
then y-NiOOH. In the Ru K-edge EXAFS (Fig. 4e), the Ru-O bond
signal at 1.45 A decreased with increasing potential, implying a lower
coordination number. Ex-situ ICP-MS test was supplemented. As
shown in Supplementary Fig. 25 and Table 6, the dissolution of Ru
and Ni was negligible within 100 hours (below 0.25 ppm), while Mo
loss was more than ten times to those of Ru and Ni. In the time-
resolved operando XAS test, it only took two minutes to collect each
spectrum. Therefore, the change in the Ru coordination environment
cannot be related to the Ru dissolution, which is originated from the
generation of unsaturated Ru active sites. The FT-EXAFS spectrum of
Mo K-edge (Fig. 4f) showed a first shell signal at 1.30A, corre-
sponding to the Mo-0O bond in a-RNMO. Its bond length remained
almost constant during the OER process, further supporting that Mo
was not the main active site.

In-situ Raman spectroscopy (Supplementary Fig. 26 and 27) was
used to detect the intermediate states of the catalyst. The ¢c-NMO
maintained its Mo-O vibration modes (a very strong band at 959 cm™
was the terminal Mo = O bond symmetric stretch, a band at 914 cm™
was the terminal Mo = O bond asymmetric stretch, and a band at
704 cm™ was the Ni-O-Mo bond symmetric stretch*®) up to 1.50V
without new species. The spectrum matched that of stoichiometric a-
NiMoO,4". In contrast, a-RNMO and a-NMO showed different Raman
shifts. The Mo-O feature at near 900 cm™, disappeared in a-RNMO
above 1.30V, suggesting a rapid Mo dissolution. The Mo-O signal of
a-NMO persisted to 1.50V, indicating a slower dissolution of Mo.
Moreover, when the applied potential was above 1.25V, a-RNMO dis-
played peaks at 470 cm™ and 555cm™, attributing to the bending
vibrational mode of E5(6(Ni**~0)) and the stretching vibrational mode
of Alg(v(NP*—O)) in NiOOH. And, a-NMO showed similar characteristic
peaks when the applied potential was above 1.35V. Meanwhile, SEM
and TEM (Supplementary Fig. 28) confirmed the retention of nano-
particles morphology and amorphous structure after OER. XRD (Sup-
plementary Fig. 29) showed no new peaks appeared during
200 h stability test. SEM-EDS (Supplementary Fig. 30) revealed a sub-
stantial dissolution of Mo and a small amount of Ru loss. This behavior
is common for alkaline electrocatalytic reactions with Mo
element'***°, XPS (Supplementary Fig. 31) further showed increased
Ni valence and disappearance of Mo 3 d peaks, testifying the dissolu-
tion of Mo. The elevated noise in k-space (Supplementary Fig. 32) also

supported the gradual Mo dissolution, which could facilitate the
structural reconstruction in a-RNMO.

Theoretical considerations

To further elucidate the roles of the amorphous structure and Ru
single atoms during the OER process, a theoretical study with DFT
calculations was conducted. As for the amorphous atomic model, we
thoroughly analyzed previous structural models and found their con-
struction and validation to be scarce and challenging. In view of this,
considering the compositional features by SEM-EDS spectra (Supple-
mentary Fig. 7a), we selected NiMoO, with experimentally verifiable
crystallographic characteristics (PDF#33-0948) as the benchmark
model (Supplementary Fig. 33)*"%. Through heating and cooling
simulation tests at a rate of 20 °C min™ to approximate the realistic
amorphous state, the nearest neighbor coordination numbers were
adjusted to match the experimental PDF analysis (Fig. 1c-e). The first
coordination distances for c-NMO, a-NMO, and a-RNMO were com-
puted as 175A, 1.85A, and 188A, respectively (Supplementary
Fig. 34), with an error margin of less than 0.1 A. In the a-RNMO model,
Ru single atoms were introduced by replacing Ni atom on the surface
according to the real Ni/Ru ratio. The calculated first coordination
distance (1.88 A) deviated by less than 0.02 A from the experimental
value, supporting the rationality of the model. Considering Mo dis-
solution during the structural evolution of a-RNMO over the OER
process, an atomic model without Mo (a-Ru/NiOOH) was constructed.
The POSCAR details of four structures, crystal NiMoO, (c-NMO),
amorphous NiMoO, (a-NMO), amorphous RuNiMoO, (a-RNMO), and
reconstructed NiOOH (a-Ru/NiOOH), can be seen in Supplemen-
tary Fig. 35.

We then compared the free energies of these different structures
from three aspects: amorphous structures, single-atom effects, and
reconstructed model. Regarding the amorphous structure, a compar-
ison between c-NMO and a-NMO (Supplementary Fig. 36 and Fig. 5a)
suggested that Ni sites act as the dominant active sites, and the *O
adsorption step likely acts as the rate-determining step (RDS). The
calculated theoretical overpotential of a-NMO (0.58 V) was lower than
that of c-NMO (0.77 V, Supplementary Figs. 37, 38), which is in agree-
ment with experimental observations. This reduction of the over-
potential was attributed to the electronic modulation effect induced
by the amorphous structure®***. The introduction of Ru single atoms in
the model was found to lower calculated energy barriers (Fig. 5b),
yielding an estimated overpotential of 0.51V for a-RNMO compared
with 0.58 V for a-NMO. The incorporation of Ru in a-RNMO reduced
the free energies of formation of *OH and *O intermediates to 0.32 eV
and 1.23 eV, respectively. It suggested that this modification could
improve the reaction kinetics through electronic optimization (elec-
tronic interactions were discussed in detail in the next section). As
shown in Fig. 5¢c and Supplementary Fig. 39, in single-site hypothetical
cases, the overpotentials of Ni and Ru were calculated to be 0.61V and
0.53V, which are lower than NiOOH in the conventional adsorbate
evolution mechanism (AEM, nnioon=0.80V) and lattice oxygen
mechanism (LOM, nnioon=0.88V)*. As shown in Supplementary
Fig. 40, migration of *O between Ni and Ru (0.31eV barrier at 300 K)
suggested a possible dual-site cooperation in the model framework.
Further understanding of the electronic mechanism underlying this
synergistic dual-site effect required deeper investigation at the elec-
tronic structure level.

The complementary amorphous-electronic mechanism was sys-
tematically revealed at electronic-level, including charge density dif-
ference (CDD, Figs. 5d-g), projected density of states (PDOS,
Supplementary Fig. 41), and molecular orbital theory (Fig. Sh). CDD in
the simulated system indicated a notable charge redistribution after *O
adsorption. Bader charge analysis suggested variations in electron
transfer at the Ni sites from-1.09 e (a-RNMO) to-1.02 e (a-Ru/NiOOH).
Concurrently, the Ru-Ni bond exhibited a delocalized charge
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distribution characteristic. PDOS results showed an increase in elec-
tron occupied states near the Fermi level (Ef) and a shift of Ni d-band
center to -1.41eV, which could contribute to weaker *O adsorption.
PDOS diagrams of other relevant catalysts are presented in Supple-
mentary Fig. 42. Molecular orbital theory (Fig. 5h) implied potential
Ru-Ni orbital interactions, while Ru might act as a bidirectional charge
buffer. During O, generation, Ru functioned as an electron acceptor
when Ni provided excess electrons (ey; =-1.41 eV), whereas during *OH
desorption, Ru actively supplied electrons through the cooperative
site (ery.ni =-1.23 €V) when Ni experienced electron deficiency. This
dynamic response characteristic is clearly demonstrated in Supple-
mentary Videos 1 and 2, which differs from previously reported uni-
directional electron-donation systems, such as Fe-doped NiOOH°,
NiFeOOH*, Zn/NiOOH*, NiFeOOH@S0,¢, and Ni(OH),/NiOOH’. The
operating mode resembled a seesaw mechanism, regulating both
electronic site density and catalytic activity.

For the stability, the crystal orbital Hamilton population (COHP,
Supplementary Fig. 43) quantitatively characterized the strength of
atomic bonding, which is recognized as a well-established method for
evaluating structural stability. The simulated bonding strength of

Ru-0 (-5.46) was significantly higher than that in RuO, (—4.05), stabi-
lizing Ru in a-RNMO. In contrast, the bonding strength of Mo-0 in
a-RNMO (-3.68) was weaker than that in c-NMO (-4.89), which would
be responsible for severe Mo leaching under alkaline conditions. The
COHP reflected the localized bond strength and exhibited an intrinsic
correlation with the overall stability characterized by the formation
enthalpy (Ef) the dissolution potential (Ugiss), With reference to the
definitions in the previous model®. These two parameters collectively
constituted the criteria for stability evaluation. Indeed, Ef<0 eV and
Ugiss > 0V versus standard hydrogen electrode (SHE) indicated ther-
modynamic stability and electrochemical stability, respectively. As
shown in Fig. 5i and Supplementary Table 7, Ru in a-RNMO (Ugiss =
5.21V) was more stable than in RuO, (Ugiss = 3.67 V), whereas Mo in
a-RNMO exhibited a lower Uy;ss, suggesting the severe Mo dissolution,
which are in agreement with experimental observations during OER.
For the reconstructed NiOOH-related structures, two Ru configura-
tions were compared (Supplementary Fig. 44): Ru single atoms
anchored on the NiOOH surface and Ru doped into the NiOOH bulk.
The calculated Ug;ss values (Fig. 5i) suggested that surface-anchored Ru
single atoms were more stable than bulk-doped Ru. The corresponding
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E¢ values also indicated that atomically dispersed Ru on NiOOH was
thermodynamically more favorable.

Discussion

In summary, amorphous NiMoO, anchored with Ru single atoms was
synthesized via a one-step supersaturated co-precipitation method at
room temperature, improving OER activity and stability. Comprehen-
sive physicochemical and operando characterizations, as well as DFT
calculations, suggested that Ru single atoms and amorphous structure
played vital roles in the electrocatalytic reactions. Notably, a-RNMO
with 2.28 at.% Ru (220 mV overpotential) outperformed the commer-
cial RuO, in mass and specific activities, offering significant economic
advantages. Real-time operando XAS and in-situ Raman identified a
continuous reconstruction during the OER process, culminating in the
formation of crystalline and amorphous a-Ru/NiOOH. Unlike the con-
ventional four-electron pathway, it was revealed that the amorphous
structure with complementary electronic modulation that could
facilitate OER performance. Moreover, a-RNMO demonstrated excel-
lent performance in AEMWE, validating its potential for practical
application in alkaline electrolyzer. This study provides a prospective
strategy for anchoring noble metal single atoms in amorphous mate-
rials in order to strike a balance between high performance and eco-
nomic efficiency. It also emphasizes the importance of conducting
detailed spectroscopy measurements under operating conditions to
understand the reconstruction during the evolution of Ni-based
species.

Methods

Materials

Nickel(ll) chloride hexahydrate (NiCl,-6H,0, 99.9%), sodium molyb-
date (Na,MoOy,, >98%), ruthenium(lll) chloride (RuCls, 99.5%), nick-
el(Il) nitrate hexahydrate (Ni(NO3),-6H,0, 99.9%), and ammonium
heptamolybdate tetrahydrate ((NH4)sMo0,0,4-4H,0, >99.9%) were
purchased from Aladdin. Potassium hydroxide (KOH, 99.99%) was
purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). Ruthenium oxide (RuO,, 99%) was obtained from Innochem.

Catalyst synthesis

Synthesis of amorphous NiMo oxides (a-NMO) and RuNiMo oxides
(a-RNMO). The preparation of amorphous NiMo oxides and RuNiMo
oxides was synthesized via the one-step supersaturated co-
precipitation method. In a typical synthesis process, 20 ml of aqu-
eous NiCl,-6H,0 solution with a concentration of 1M was prepared,
denoted as solution A. 20 ml of aqueous Na,MoO, solution with a
concentration of 1 M and containing RuCl; was also prepared, denoted
as solution B. The mass fraction of RuCls in solution B were 1at.%,
2.5at.%, and 5at.%. Then, solution B was rapidly added to solution A
under ultrasonic conditions at room temperature. Precipitates were
formed immediately. After 10 min of ultrasonic vibration, the pre-
cipitates were collected by centrifugation and washed with water and
ethanol three times.

Synthesis of crystal NiMo oxides (c-NMO). 0.349 g Ni(NO5),-6H,0
and 0.371 g (NH4)sMo0,0,4-4H,0 were dissolved in 30 ml DI water and
mixed under stirring for 30 min. Next, ammonium hydroxide was used
to adjust pH = 7.0. The mixture was transferred into a Teflon-lined
stainless-steel autoclave for hydrothermal treatment at 150 °C for 6 h.
The precipitate was separated by centrifugation, washed with water
and ethanol, and dried at 70 °C. The above products were annealed in
air at 450 °C for 3 h, and the c-NMO was obtained.

Physical characterizations

General measurements. The samples were analyzed using XRD (Cu-
Ka source, A;=1.5405 A, \,=1.5443 A) on a Bruker D8 Advance dif-
fractometer at 25°C to identify phase purity and structural details.

XRD patterns were recorded in the 20 range from 10° to 90°, and the
scanning step was 0.02°. XPS (Thermo Scientific ESCALAB 250Xi, the
US) was employed to characterize the electronic structure.

The morphology of samples was observed using SEM (Zeiss Sigma
500, Germany) at an accelerating voltage of 5 kV. The contents of the
different elements were obtained by spot scanning in this model. TEM
(JEOL 2100 F, Japan) and SAED were measured at a working voltage of
200 kV. EDS mapping was obtained in the HR-TEM model.

N, adsorption/desorption measurements were conducted using a
TriStar 3020 device (Micromeritics Company, the US) using the
Brunauer-Emmett-Teller (BET) analysis method. Metal ratios were
measured using an ICP-OES (Agilent 730, the US). The lower con-
centration ratios of dissolution metal in electrolyte were measured by
ICP-MS (Thermo Scientific iCAP RQ, the US).

A HORIBA XploRA PLUS Raman spectrometer, coupled with an
electrochemical cell, was used to acquire operando Raman spectra.
The working electrode was prepared by dropping pristine catalysts on
carbon paper with 0.5 mg cm™ loading. Hg|HgO electrode and carbon
rod were used as the reference electrode and counter electrode,
respectively. Raman spectra were collected from 300 to 1000 cm™
while performing chronoamperometry test from 1.20 to 1.50 V vs. RHE
in 1M KOH solution to evaluate the reconstruction of catalysts.

X-ray PDF analysis and refinement. The synchrotron X-ray PDF
measurements were carried out at the BLOSW beamline at Super
Photon ring-8 (Spring-8) in Japan using the rapid acquisition PDF
method (RAPDF)**%¢, The incident beam energy was set to 114.11 keV,
and the sample-to-detector distance was adjusted to 600.8797 mm.
Powdered a-NMO, a-RNMO, and ¢-NMO samples were measured in 1-
mm-diameter polyamide capillaries at room temperature. The detec-
tor exposure time was set to 240 s to ensure adequate counting sta-
tistics. The PDF data were processed and modeled with the software
packages pyFAl, PDFgetX3, and PDFgui®*®*. The Fourier-transform
data were limited to Q ranges of 0.1-12.0 A1 for both a-NMO and a-
RNMO, and 0.1-17.0 A1 for ¢-NMO. The instrument parameters for
PDF modeling®**® were obtained from a standard Silicon material and
were determined to be Qqgamp =0-02914 A!and Qproad =00 AL

Quick-XAS measurement and analysis. Time-resolved operando
quick-scanning XAS for this electrocatalysts were conducted in quick
transmission mode at the TPS44A beamline in National Synchrotron
Radiation Research Center (NSRRC) in Taiwan. Operando Quick-XAS
data were sequentially carried out on the Ni, Mo and Ru K-edge to
investigate the dynamics of oxidation states and coordination envir-
onments during the reaction process. We used a Quick-XAS in real time
in 2min to determine that the reaction was typically stable on a
timescale of seconds or a few minutes, where a metal foil was taken as a
reference to calibrate the energy scale. This was more conducive to
observe the dynamic change of oxidation state with time under the
same potential, which was also a true operando measurement. During
the measurements, after collecting XAS data at the open circuit
potential (OCP), the applied electrode potential was stepwise
increased to 1.4V, 1.5V, and 1.6 V versus RHE, and then returned back
to the OCP. Five spectra were collected at each potential, and each
spectrum took only two minutes. For wavelet-transformed k>-weighted
EXAFS, the x(k) was exported from Athena.

Electrochemical measurements

Three-electrode cell measurements. All the OER measurements were
tested in O,-saturated 1M KOH solution at room temperature on an
electrochemical workstation (VMP3, Bio-Logic, France) with a rotating
disk electrode (RDE) configuration. The electrolyte was prepared by
dissolving 11.22 g of KOH pellets in 200 ml of DI water via stirring at
room temperature for 10 minutes (pH =13.7 £ 0.2). The electrolyte was
freshly prepared for each measurement. A three-electrode
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electrochemical cell was used for testing, including a glassy carbon
(GC) electrode (0.196 cm2) as the working electrode, graphite elec-
trode as the counter electrode, and Hg|HgO electrode as the reference
electrode. The GC electrode was mechanically polished using Al,O5
powder to obtain a mirror-bright surface before measurements. The
electrocatalysts (5mg), Vulcan XC-72R (5mg), and Nafion® solution
(5.0 wt% in aliphatic alcohols, Aldrich) were dispersed in absolute
isopropanol (1.9 ml) after 30 min of ultrasonic cell crusher. The 20 pl
catalyst ink was then dropped onto the GC electrode and dried at the
room temperature. The mass loadings of all electrocatalysts were
about 0.255 mgcm™?, including a-RNMO, a-NMO, ¢-NMO, and RuO..
The noble metal Ru loading of a-RNMO and RuO, were 0.02 mg cm™
and 0.19 mgcm™, respectively. Linear sweep voltammetry (LSV)
polarization curves were measured at 5SmVs™ in 0.0-1.0V (vs. Hg|
HgO) using RDE at 1600 rpm. Before LSV, cyclic voltammetry (CV) was
measured at 50 mVs™ in 0.0~ 0.3V (vs. Hg|HgO). A 95% iR compen-
sation was automatically applied by the electrochemical workstation
to minimize resonance effect and reduce significant data errors. Tafel
plots were derived from the corresponding LSV polarization curves.
The electrochemical impedance spectroscopy (EIS) was measured in
the frequency range 0.01 - 100 kHz with an amplitude of 10 mV applied
to the 1.53 V vs. RHE, averaging 6 data points per frequency decade. All
data were fitted using ZView software to extract the relevant para-
meters. The turnover frequency (TOF) is calculated from

i

TOF= o= @
Here, i was obtained at overpotential 300 mV, n was the mole
number of Nickel atoms on the electrode, and F was the Faraday
constant. Based on the scan rate dependent of CV, during—-0.1V~0.1V
(vs. Hg|HgO), at 100, 80, 60, 40, 20 mV s, the double-layer charge
(Cq1) was used to estimate the electrochemical surface area (ECSA). The

ECSA is obtained from

ECSA= % %S @)
S

Here, C, was the specific capacitance of the corresponding
smooth surface under the same conditions. In general, metal oxides
had a value of C, of 60 pF cm™. S is a surface area of working electrode
(0.196 cm2). In addition, the Faradaic efficiency (FE) is obtained from
rotating ring-disk electrode (RRDE) and calculated based on Eq. (3):

I ..
FE= "¢ 3
Ce* sk

Here, the collection current of /,;,, was obtained at £,;,, =0.4 V vs.
RHE and /4 = 0.7 mA on the Pt electrode. The C, is the oxygen col-
lection coefficient which in this type of electrode configuration has a
value of 0.37. To exclude interference of O, in the electrolyte, N, was
passed throughout the FE test. It was ensured that all the O, generated
by the OER occurring on the disk was utilized by the O, needed for the
ORR occurring in the ring. The chronopotentiometry test was eval-
uated using carbon paper (1cm? 0.255 mg cm™) under different cur-
rent density. Specifically, the catalyst ink was gradually drop-casted
onto the carbon paper and dried at room temperature. The loading
amount was determined by measuring the mass of the carbon paper
before and after drop-casting. In H,-saturated 1 M KOH, the calibration
employed a Pt sheet working electrode, a Hg|HgO reference electrode,
and a graphite rod counter electrode. CV scanning was carried out with
2mV ™. The average potential value at the moment when the current

AEMWE single-cell measurements. The membrane electrode
assembly (MEA) fabrication and AEMWE evaluation were performed at
Xiamen Kah Membrane Technology Ltd. The MEA was prepared by
spraying technique of catalyst-coated substrate (CCS). For the anode,
the prepared catalyst (a-RNMO) was dispersed in isopropanol and DI
water, mixing with the ionomer solution. The prepared solution was
manually sprayed on Ni foam as an anode gas diffusion electrode
(GDE) with loading of 2mgcm™. For the cathode, commercial Pt/C
mixed was mixed in the same way. It was sprayed on carbon paper as a
cathode GDE with loading of 1mgcm™. The middle of the two elec-
trodes was isolated by an anion exchange membrane (AEM02-80 pum,
Kah Membrane Technology). The membrane (thickness: 80 pm) was
activated by soaking in 1M KOH solution for 4 h at room temperature.
The setup consisted of the prepared MEA, in addition to oxygen and
hydrogen sides were equipped with PTFE gaskets, end plates with
electrolyte ports, and bipotential plates. The CCSs were treated in 1M
KOH over 12 h before polarization test to access the activity. The
components were clamped in a fixture with a torque of 3.5N-m. The
single-cell tests were carried out in flowing 1M KOH solution at 80 °C,
using chronoamperometry with stepwise increase in current, record-
ing the change in voltage.

Computational methods

DFT calculations. DFT calculations in the first-principles framework
were conducted with the Vienna Ab initio Simulation Package (VASP)**".
Throughout the calculations, the projector augmented wave (PAW)
method and the Perdew-Burke-Ernzerhof (PBE) functional using the
generalized gradient approximation (GGA) were applied®™”. Con-
vergence analysis determined energy cutoff of 500 eV in the plane-wave
basis. Brillouin zone sampling was performed with a 3 x3 x1 k-point
mesh using Monkhorst-Pack scheme”. To suppress spurious mirror-
image interactions between adjacent unit cells, a 15 A vacuum layer was
incorporated perpendicular to the surface in slab-model simulations.
The convergence criteria were established as 10 eV for electronic
energy and 102eV/A for atomic forces”. Moreover, long-range disper-
sion interactions were corrected via the DFT-D3 method™. The solvent
effect of water has been treated implicitly using the VASPsol program”.,
In addition, the charge transfer between the substrate and adsorbates
was quantitatively described by means of Bader’s charge analysis™”.

Formation enthalpy (E;) and dissolution potential (Uy;). In addition
to the intrinsic activity of the electrocatalysts, stability is also crucial.
Some active sites may have good intrinsic activity, but there are many
reasons why the actual activity is much lower than the theoretical
intrinsic activity. For example, the central metal ion is easily dissolved,
or the loading is susceptible to oxidation/reduction due to electron
enrichment/deficiency. Taking the a-RNMO structure with the best
performance as an example, its thermodynamic and electrochemical
stabilities were evaluated by the formation enthalpy (£,) and dissolu-
tion potential (U ), which were defined as

1
Ep= j(E a—rvMo — Ea—nmo — Epy) “@
E 5
Udiss = Udiss (Ru,a~RNMO) ~ pa ©)

where E,_pvmo and E,_yuyo are the total energies of a-RNMO (with Ru
atoms) and a-NMO (without Ru atoms), £, is the total energy of the
Ru metal atom in a-RNMO’s most stable bulk structure. U;ssmetat, utk)
denotes the standard dissolution potential of the bulk metal, and n
represents the number of electrons transferred during the dissolution
process. Based on the definition, £, <0 eV and U y;,> 0V vs. SHE were

becomes zero is the calibration value. In this study, all potentials were  considered thermodynamically and electrochemically stable,
referenced to RHE. respectively.
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OER pathways. In alkaline media, the OER proceeds via a four-electron
transfer pathway, widely employed to quantify catalytic activity’>”*:

OH™ +* — OH*+e~ (6)
OH*+OH™ — O*+H,0+e" 7)
O*+0OH™ — OOH* +e~ (8)
OOH*+OH™ — 03+H,0+e" 9)
05 — 0,+* (10

where * designates an active site on the catalytic surface, OOH’, O', and
OH’ denote the corresponding absorbed intermediates, respectively.

The Gibbs free energy change for the multistep OER can be
expressed as follows®:

AG=AE +AF yp; — TAS + kT x In10 x pH an
where AE represents the total energy difference between the
reactants and products, obtained through DFT calculations. AE ;¢
corresponds to the vibrational frequencies of the adsorbed spe-
cies. The specific values are provided in Supplementary Table 8.
AS denotes the entropy change, with the temperature T at
298.15K. kgT xIn10 x pH is the corrected value as a pH different
from 0. The pH value is taken as 14 in this result. The over-
potential of the OER is then determined as follows

Gmax

-123 (12)

Noer =

Here, AG,, refers to the maximum Gibbs free energy change
among four reaction steps, given by Eqgs. (6)-(10); 1.23V is the ther-
modynamic equilibrium potential of water for pH = O at a temperature
of T=298.15K. The atomic coordinates of the optimized computa-
tional models are given in Supplementary Data 1.

Data availability
All relevant data are available from the corresponding authors on
request. Source data are provided in this paper. Source data are pro-
vided with this paper.
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