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ABSTRACT: Designing stable single-atom electrocatalysts with
lower energy barriers is urgent for the acidic oxygen evolution
reaction. In particular, the atomic catalysts are highly dependent on
the kinetically sluggish acid—base mechanism, limiting the reaction
paths of intermediates. Herein, we successfully manipulate the steric
localization of Ru single atoms at the Co;0, surface to improve acidic
oxygen evolution by precise control of the anchor sites. The delicate
structure design can switch the reaction mechanism from the lattice
oxygen mechanism (LOM) to the optimized adsorbate evolution
mechanism (AEM). In particular, Ru atoms embedded into cation
vacancies reveal an optimized mechanism that activates the proton
donor—acceptor function (PDAM), demonstrating a new single-atom
catalytic pathway to circumvent the classic scaling relationship. Steric

interactions with intermediates at the anchored Ru—O—Co interface played a primary role in optimizing the intermediates’
conformation and reducing the energy barrier. As a comparison, Ru atoms confined to the surface sites exhibit a lattice oxygen
mechanism for the oxygen evolution process. As a result, the delicate atom control of the spatial position presents a 100-fold increase
in mass activity from 36.96 A gRu(ads)_l to 4012.11 A gRu(anC)_l at 1.50 V. These findings offer new insights into the precise control of

single-atom catalytic behavior.

Bl INTRODUCTION

Acidic oxygen evolution reaction (OER) has long relied on
precious Ir/Ru oxide catalysts, which have plagued the
commercialization of the proton exchange membrane water
electrolysis (PEMWE) technology. In this respect, the design
of single-atom electrocatalysts is promising for maximizing
atom utilization and optimizing the synergistic effect between
active sites.' > In most cases, the catalytic performance of
single-atom catalysts (SACs) depends on the properties given
in the properties of support materials since the electronic states
can be regulated by the local coordination environment of
anchoring.*™” Currently, oxide supports have been widely
investigated to prevent undesirable agglomeration of active
atoms.””'" These M—O—Ru (M: metal) moieties exhibit
insufficient activity and stability due to the mismatch of the
electronic structure and the thermodynamic instability of the
active site. Typically, this drawback can be interpreted as
target-anchored Ru single atoms with fewer electron cloud
density and d electrons, leading to weakened OER reactivity."'
The selection of electron-donating oxide substrates is an
effective modulation strategy to inhibit the enhancement of the
Ru oxidation state at the oxidation potential.'””~"* However,
Ru SACs supported on the same substrate often exhibit
deviations from the regular activity in the actual situation. In
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general, during the synthesis of SACs, noble metal single atoms
often suffer from surface spillover or adsorption at surface
oxygen defects due to atomic compatibility, resulting in
mismatch between the electronic structure and theoretical
activity,"~"” which increases the design difficulty for SACs. In
addition, it is still difficult to define whether the traditional
Eley—Rideal-type adsorbate evolution mechanism and the two-
dimensional interface concept are applicable to zero-dimen-
sional SACs during the acidic OER process. Therefore, the
precise control of anchor points is necessary to achieve real
spatial homogeneity and to further analyze the catalytic
behavior.

Based on the above considerations, steric interactions
provide an effective strategy to design SACs that offer
promising electrocatalytic activity. It is understood that the
geometrical structural features of individual metal atoms on
stable oxide supports contain both attachment to oxide
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Figure 1. Illustration of the catalytic mechanisms of atomically dispersed ruthenium sites (a—c): simplified OER mechanisms consist of adsorbate
evolution mechanism (AEM), lattice oxygen mechanism (LOM), and proton donor—acceptor mechanism (PDAM). (d, e) Schematic illustration
of metal defective and perfect surface for anchoring Ru single atoms. Both catalysts exhibit single-atom level dispersion but completely different

steric locations.

surfaces and embedding in the oxide lattice through strong
covalent metal—support interactions. The dispersion and metal
utilization efficiencies may be identical but are completely
different in terms of isolation properties. These single-site
centers change the local interfacial electronic structure to
exhibit different catalytic pathways through site-resistance
effects."®™° For instance, the single atom located at the hollow
site and oxygen vacancy site exhibit different electronic
affinities to oxygenated intermediates.”” Hence, it is essential
to correlate the space electronic state of the active metal
species with the acidic catalytic behavior. To better explore the
most favorable single-atom anchor point for the acidic OER
reaction, constructing different steric configurations of lattice-
anchored (Ru,,.) and surface-adsorbed (Ru,4) ruthenium
SACs is urgently needed. These atomically dispersed single
sites are uniformly distributed in precisely defined steric
locations. From a crystallographic point of view, Ru atoms in
different active nanodomains can be coordinated to different
numbers of oxygen species and exhibit diverse geometric
configurations. Thus, steric interactions are expected to
modulate the orbital occupancy of the Ru atoms and further
influence the dissociation behavior of intermediates, thus
modulating the OER activity.

In this work, steric homogeneity of atomic catalysis is
achieved by synchronizing the metal defect construction with
the single-atom anchoring. The atomic details and energies of
intermediates at potentials relevant to oxygen evolution in
acids are elucidated by comparing physical, steric, and
electronic differences. In situ infrared absorption spectroscopy
shows that Ru g exhibits an OER mechanism dominated by
the lattice oxygen mechanism pathway, while Ru,,. is an
adsorbate evolution mechanism that activates the proton
donor—acceptor function, demonstrating a new pathway for
SACs that circumvented the scaling relationship. Combining
theoretical calculations and operando X-ray absorption spec-
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troscopy (XAS), the desorption of mutually coupled distal and
adsorbed *OO species is rate-determining, resulting in
instability for Ru,y species. On the contrary, the bridging
oxygen sites can act as a proton acceptor to accelerate proton
mobility for Ru,,, leading to a break in the single adsorption—
dissociation linear relationship, which in turn increases the
OER activity. As a result, only an overpotential of 198.5 mV is
required to drive the OER at 10 mA cm™? for Ru(,)—Co;0,,
which is significantly lower than the 298.1 mV of Ru(gy—
Co30,. Furthermore, the mass activity of Ru,,)—Co30, far
exceeds most of the currently reported single-atom catalysts.
The insight into the single-atom catalytic behavior at different
steric coordinates provides a new perspective on the OER
mechanism of SACs in acidic media and inspires us to design
high-performance acidic OER catalysts.

B RESULTS AND DISCUSSION

Mechanism Designs and Synthesis. As shown in Figure
la,b, the oxygen evolution mechanism of single-site Ru mainly
includes two types of AEM and LOM in acidic media. The
LOM pathway involves direct coupling between intermediates
and lattice oxygen, which has been proven to be more
favorable for kinetics.'' However, it is inevitably accompanied
by the dissolution of RuO,, which is disastrous and undesirable
for single-atom catalysts. The conventional AEM mechanism
exhibits a simultaneous transfer of electron—protons and
therefore a linear relationship and large theoretical over-
potential for the adsorption energy of O*, *OH, and *OOH.
Assuming that the active center shifts from planar to 3D, this
would facilitate proton transfer from the oxygen intermediate
to the neighboring bridging oxygen site and allow independent
binding energy optimization of the reaction intermediate
(Figure 1c). Inspired by the above results, the steric location of
the active site was designed by constructing metal defects, with
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Figure 2. Characterization of metal defect-confined and surface-adsorbed atomic Ru in Co;0,. (a) Scanning electron microscopy (SEM), (b)
TEM, and (c) high resolution-TEM (HR-TEM) images of Ru(,—Co030,. The inset in panel (b) is the corresponding nanoparticle size
distribution, (d) HAADF-STEM, (e) simulated images of the anchored Ru single atom taken along the [111] orientation, and (f) the
corresponding intensity profile of the parent Co;0, along the dashed rectangles, showing the isolated arrangement of Ru atoms. (g, h) HAADF-
STEM and simulated images of adsorbed atomic Ru. (i) TEM spectrum elemental mappings of Ru(,,c—C0;0, show the distribution of the Co, O,

and Ru.

the aim of exploring the possibility of spatial interaction
conversion reaction mechanism.

The anchored Ru with steric homogeneity is ingeniously
achieved by synchronizing the construction of metal defects
with the anchoring of single atoms. It is known that
glycerolatocobalt (GlyCo) is a layered organometallic
compound consisting of Co—O—Co—O skeletal parallel chains
terminated by —O—C—C(C—OH)-0O~ groups.”' ">’ During
its thermal oxidation, the surface hydrocarbon groups are
decomposed and removed, leaving an oxygen-rich environment
and eventually the formation of inherent Co defects (Figures
S1-S5). Ru(,,—Co030, was obtained by the diffusion of
dissolved Ru ions into the interlayer anchorage of GlyCo
where the cobalt defects formed in situ were utilized. For
comparison, a series of Ru(,,—C03;0,—X (X refers to the
concentration of Ru elements) were also synthesized as
described above. As a representative, Ru,,)—Co0;0, in the
following refers to the best-performing catalyst Ru,,.y—Co30,-
5 unless otherwise stated. Ruy,g4;)—Co0;0, was formed by the

electrostatic adsorption of cobalt oxides to surface Ru atoms
(Figure 1d,e).

Morphological and Structural Characterization.
Ru(,)—Co030, are composed of uniformly sized nanoparticles
with an average diameter of around 16 nm (Figure 2a,b). By
focusing on individual nanoparticles in Figure 2¢, well-defined
lattice fringes are assigned to the (311) and (440) planes of
Ru,,y—Co;30y lattices with spacings of 0.243 and 0.144 nm,
respectively. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
of Ru(,,y—Co;0, nanocrystals observed along the crystal
orientation of [111] exhibit ordered Co atomic arrays. Some of
the brighter atomic columns are identified as Ru (Figure 2d,e),
which is further confirmed by the intensity profile along the
dotted box in Figure 2f. Moreover, the absence of aggregated
ruthenium clusters indicates that the substitution of Ru atoms
occurs mainly at the lattice sites and displays strong structural
stability. In contrast, the STEM image of Ru(,4,—Co030, shows
a random distribution of Ru atoms in the middle of the Co
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Figure 3. Structure properties of Ru,,.)—C0;0, and Ru,4)—Co0;0,. (a) EPR and (b) Raman spectra. (c) Three-dimensional visualization of the
topology illustration of Ru,,—C030, and Ru(,4)—C030,. (d) Fourier transforms of the EXAFS spectra at Ru of Ru foil, RuO,, Ru(,,c)—C0;0,,
and Ru,4)—Co0;0,. () Fourier-transform spectra from EXAFS at the Co K-edge of Co foil, Co;0,—V¢,, Ru(3n)—C030,, and Ru(,q4)—C0;0,. Plot
of the first derivative peak position K-edge energy vs oxidation state including (f) Ru and (g) Co collected from metal calibration foil. (h—k) WT-
EXAFS of Ru foil RuO,, Ru,,y—Co0;0, and Ru(,4y—Co0;0, at the Ru K-edge, demonstrating highly dispersed single atoms in the catalysts.

nodes or at the edge of the grains (Figure 2g). In addition, the
Ru atoms identified in the triangular lattice interstice
correspond to the simulated image (Figure 2h). The above
data suggest that Co defects in the —Co—O—Co— skeleton can
trap individual Ru during high-temperature pyrolysis and
promote the formation of lattice-confined Ru atoms.
Importantly, single-atom Ru with differentiated steric positions
possibly exhibits unique electronic structures and catalytic
behavior.

Due to the ultralow loading capacity of Ru (around 3.23%,
Table S1), the X-ray diffraction (XRD) patterns of Ru,,—
Co;0, and Ru,4y—Co;0, are imperceptibly shifted compared
with the original Co;0,—V(, (Figure S8). As shown by
electron paramagnetic resonance (EPR) in Figure 3a, a visible
signal is detected at 2.004, assigned to a Co vacancy.”” And
Ru(,,)—Co030, has a weaker signal than Co;0,—V(,, which
further proves the success of the defect trapping technique to
confine the Ru single atom to the lattice. The Raman bands
within 150—750 cm™ describe the intrinsic active modes of
Co;0, at about 189 cm™" (F,,), 466 cm™' (Eg), 509 cm™
(Fy), 605 cm™ (F,), and 668 cm™ (Alg)'24_2 The overall
red shift of the Ru(,,.)—Co0;0, Raman bands compared to that
of Co;0,—Vc, indicates a gradual increase in short-range
ordering. In addition, this defective anchoring enhancement of
short-range ordering is also manifested in the crystallinity
enhancement caused by the change in the amount of anchoring
(Figures S9 and S10). Notably, the Ay band has a strong
sensitivity to octahedral cationic vibrational changes and shows
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a more pronounced peak shift compared to the tetrahedral-
dependent F,, band, implying that the Ru atoms prefer to be
anchored in octahedral positions rather than tetrahedral.”” On
the contrary, the insignificant offset of Ru(,45)—Co0;0, indicates
that the adsorption of Ru atoms on the surface does not cause
lattice expansion. Therefore, the structural model was
simulated based on the steric position where the Ru ion
occupies the octahedral position, which is consistent with the
structural analysis results.

The coordination environment of single-site Ru was further
determined by using extended X-ray adsorption fine structure
(EXAFS) spectroscopy. From Figure 3d, it can be seen that
Ru(y,)—C030, and Rug—Co;0, deliver two significant
peaks at 1.48 and 2.60 A, respectively. The first shell
contribution is caused by Ru—O scattering, and the scattering
peak near 2.60 A originates from the interaction of Ru—
Co.”** The Ru—Co bond distance is slightly longer than
metallic Ru—Ru and shorter than RuO,, which represents the
single-atom character in the crystal structure and excludes the
existence of Ru group clusters or particles. It is noteworthy that
a significant coordination number difference of Ru-bound Co
atoms in the second shell layer is observed, as reflected by the
variation of the Ru—Co path intensity, which verifies that the
ruthenium atoms of Ru,,—Co30, are more present as Ru—
Co pairs in a lattice-confined mode. Furthermore, there is only
one significant Ru—0 peak for Ru(,4,—Co030, and the Ru—Co
path is weak, suggesting that the single-site Ru is only riveted
to exposed oxygen atoms. And the presence of longer Ru—O
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Figure 4. Oxygen evolution reaction activities in 0.5 M H,SO, solution. (a) Oxygen evolution reaction polarization curves at a scan rate of 5 mV
s™! for RuO,, Co;0,~Vc,, Ru(,4)—C030, and Ru(,,—Co;0,—X. (b) Overpotential histogram and (c) Tafel plots calculated from the iR-
corrected polarization curves. (d) A comparison of the cyclic voltammogram curves without iR-corrected measured in argon-saturated 0.5 M
H,SO, at 50 mV s™". (e) pH dependence on the OER potential at different current densities for Ru(;)—C030, and Ru,g)—Co30,. (f)
Chronopotentiometry test for Ru(,,.)—Co30, and Ru(,4)—Co0;0, at 10 mA cm™ The inset shows the dissolved Ru mass percent in the H,SO,, of
Ru(,,)—C0;0, after the 150 h test. (g) Schematic illustration of the operando DEMS (PTEFE, polytetrafluoroethylene). DEMS measurements of
16080 and '*0™O signals from the reaction products for *O-labeled (h) Ru(yp—C0;0, and (i) Ru,49—Co0;0, in 0.5 M H,SO, in H,'°0.

bonds is attributed to the surface coordination of unsaturated
Ru—O octahedra. Normalized X-ray absorption near-edge
structure (XANES) spectra at the Ru K-edge indicate that the
valence states of Ru(,,—Co3;0, and Ru(g,)—Co;0, are
between those of Ru foil and RuO, (Figure S14a,b). Using
first derivative spectra to estimate the valence state (Figure 3f),
the oxidation state of Ru in Ruy,,)—Co030, is much similar to
RuO,, which can be attributed to the charge donation of
coordinated cobalt species.’”*" In contrast, the Ru valence of
Ru(4—Co0;0, is close to 3, implying a weaker electronic
interaction between the surface-adsorbed ruthenium species
and the cobalt tetraoxide. The valence states of the surface
metal species were further examined to corroborate the
consistent trend by X-ray photoelectron spectroscopy (XPS)
as shown in Figure S12. The Ru coordination environment was
further confirmed by wavelet transformation (Figure 3h—k).
How the steric effect of Ru single atoms altered the electronic
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state of the Co;0, support was further explored by XANES
and EXAFS spectra of the Co k-edge. The valence state of
Ru(y,)—Co030, is significantly lower compared to that of the
pristine Co;0, with metal defects, which is caused by the
charge transfer of cobalt stimulated by the lattice-closed Ru
atoms. In contrast, the adsorbed Ru atoms of Ru,4,)—Co30,
produce negligible electronic modifications with a valence state
similar to that of the baseline Co;0,. A closer look at the Co—
O path and Co—Col path presented by the Cok-edge EXAFS
spectra at 1.48 and 2.48 A shows no significant bond length
change before and after anchoring. This could be attributed to
the broad anchoring degrees caused by the metal defect.
Oxygen Evolution Driven by Single-Site Ru. To
establish the correlation between the catalytic activity and
specific steric effects, OER performances are evaluated and
compared to the benchmark. As shown by the polarization
curves, commercial RuO, provides an overpotential of 271.7
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hydrogen electrode. The vibrational band at wavenumber 1234 cm™

difference of the infrared signals at 1036 and 1051 cm™" vs potentials for Ru(y,)—C030,.

is assigned to the Si—O—Si vibrations from the silicon substrate. (1) Intensity

mV at 10 mA cm™?, in agreement with previous reports.32_34 It

ance to other single-atom OER catalysts reported so far

is evident that the anchoring quantity of the Ru atom directly (Figure 4ab and Table SS). Specifically, Ru(,,—Co030,-5

affects the catalytic activity, where the preferred Rug,)— exhibited an overpotential as low as 198.5 mV at 10 mA cm ™
Co;0,-5 displays not only a significant increase in activity (Figure 4a,b), remarkably preceding Ru(,g,)—Co;0, (298.1
compared to Ru,g)—Co;0, but also an optimized perform- mV). To quantify the intrinsic activity of the Ru atoms, the
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polarization current for the mass loading is normalized.
Ru(;ny—C030,-5 provides a high mass activity of 4012.11 A
g™! at a potential of 1.50 V, which is about 109 times higher
than that of Ru(,4)—Co30, (Figures S$15—S17 and Tables S2
and S3). When the current density is normalized per ECSA,
the specific activity of Ru(,,—Co030,-5 still far exceeds that of
Ru(,45)—C030,. These results indicate that the steric location
of the atom Ru is responsible for the high OER intrinsic
activity. The Tafel slope provides more insight into the
assessment of the OER reaction kinetics. As shown in Figure
4c, the slope (49.2 mV dec™) is much better than that of
Ru,4—C0;0, (128.2 mV dec™") and commercial RuO, (80.9
mV dec™!), also supporting the position-enhanced OER
catalytic activity. The surface state trapping resistance (R1)
and charge-transfer resistance (R2) of Ru(,,)—Co0;0,-5
measured by electrochemical impedance spectroscopy (EIS)
are both at low levels, favoring the rapid proton—electron-
transfer process at the catalyst—electrolyte interface, which is in
agreement with the kinetic process verified by the Tafel eq
(Figure S18 and Table §4).7%

To investigate the proton transfer phenomenon of the
catalysts, the electrochemical behavior during the redox
transition was recorded. According to Figure 4d, the pre-
OER redox features are observed in Co;0,, which are ascribed
to equilibria of dimeric Co redox centers. In contrast, Ru,4)—
Co;0, and Ru,,)—Co30, have insignificant charge accumu-
lation of the Co®*/Co*" redox couple, and this catalytic
behavior change confirms that the activity is mainly related to
the independent Ru. By focusing on the redox behavior near
1.4V, it was found that the oxidation current of Ru(,4)—Co0;0,
increases slightly at 1.4 V (vs RHE) and the current does not
increase sharply until 1.5 V, which corresponds to a redox
transition of the surface proton-stabilized —OO(H) group
similar to RuO, behavior. However, the cyclic voltammogram
of Ru,,—Co30, has insignificant characteristics before the
onset of catalytic oxygen evolution, which demonstrates a fully
oxidized surface and also implies a shift in the rate-determining
step and catalytic mechanism.’® The corresponding activity
change was explored in the pH range of the electrolytes 0—2 to
determine the catalytic mechanism. Ru(,,;)—Co0;0, shows an
acidity-independent property on the pH scale, which is typical
of the adsorbate evolution mechanism (Figure 4e).””***" In
contrast, Ru(g4)—Co03;0, reflects significant pH-dependent
behavior associated with the unstable LOM mechanism. The
activity difference implies the involvement of solution
hydrogen protons and incompatibility of the proton—
electron-transfer step with AEM. Correspondingly, the stability
of Ruy,,;)—Co30, showed only a slight degradation during 150
h of continuous operation, while Ru(,4y)—Co0;0, underwent a
substantial degradation after 12 h, which could be explained by
the mechanism transformation.”* In situ differential electro-
chemical mass spectroscopy (DEMS) measurements were
further conducted using the isotope '*O. Ru(;p—Co;0,
strictly follows the AEM, with no 3O, detected through
DEMS (Figure 4h). A minimum amount of **O, was detected
in the OER products due to the natural isotopic abundance of
80 in water. On the contrary, both **O, and *0, signals are
detected during the OER for Ru(,q4,)—Co0;0,, which represent
the engagement of lattice oxygen, thus confirming the initiation
of the LOM (Figure 4i). Therefore, it is concluded that the
acidic OER mechanism can be switched by the steric position,
thus changing the reactivity of the structure.

In Situ Characterizations of the Structure and
Intermediate Evolution. To reveal the charge and mass
transfer processes of the Ru atoms, Operando EIS tests were
performed at different applied biases as an effective method to
follow dynamic interfacial evolution. Primarily, the applied bias
during the OER reaction serves the reaction site indirectly but
affects the polarization current in the form of charge
accumulation.”' ~* As shown in the Bode plot (Figure Sa),
with increasing bias, the pre-OER process for Ru,,—Co3;0,
induces a nonuniform distribution of surface charge manifested
by a decrease in frequency peaks and a shift to higher
frequencies over the range of 1.40—1.45 V. The charge
accumulation is accompanied by a surface deprotonation
coupling electron-transfer process, which in turn triggers a
decrease in the activation free energy.41 As a comparison,
Ru(,4)—Co0;0, has a wide transition phase peak interval
(1.40—1.50 V), which indicates that the charge dissipation
process is slow, and thus the efficiency of the oxidized charge
shackles the OER surface reaction rate (Figure Sb). This
pseudocapacitance behavior accompanying the Ru redox
couple can be further matched onto the CV curve, specifically
the pair of peaks of Ru(,4)—Co0;0, near 1.4 V in Figure S21.
The sluggish current growth slope can be found to coincide
with a wide range of frequency peak shifts. In contrast,
Ru(,,()—Co030, has near-rectangular capacitive behavior and
closely borders the sharply increasing polarization current
region, implying that the surface deprotonation of the
polarized OOH* is unsynchronized by an electron-transfer
process. Therefore, for lattice-limited Ru atoms, additional
chemical steps are possible such as the mentioned PDAM
(Figure Sc).

To uncover the atomic details of the charge storage during
the OER, in situ XAS spectra of Ru(,,,—Co03;0, and Ru,4—
Co30, under different applied potentials (from 1.20 to 1.80 V
vs RHE) were recorded. The intensity of white lines (IWL),
measured as a function of applied potential, quantifies the
number of empty orbit states and hence the oxidation state.*'
The IWL of Rug,)—Co0;0, (Figure 5d,f) shows that the Ru
oxidation state changes with bias, while the Co oxidation state
remains constant. This finding implies that Ru(,4)—Co030, is
completely reliant on the valence change of the Ru center for
the charge accumulation and dissipation and that the stepwise
oxidation of Ru became the rate-limiting step in acidic
conditions. On the contrary, the stable Ru oxidation state of
Ru(,,)—Co030, cannot fully account for the stored charge,
implying that additional means are active, which is consistent
with in situ EIS test results (Figure Sg). Furthermore, the Co
IWL of Ru(,,—Co30, in the XANES exhibits a significant
electron-transfer process during the OER compared to that of
Ru(,4,—Co030, (Figure Shi). These results indicate that the
rate-determining step of the OER on Ruy,,y—Co0,0, is not the
valence change of Ru but the activation of the ligand, which
implies the activation of PDAM.

In this study, Operando ATR-SEIRAS spectroscopy was
used to identify reaction intermediates and to elucidate the
influence of steric interactions on the reaction mechanism
during oxygen evolution.** As the bias potential reaches the
polarization region, a pair of distinct absorption peaks at 1036
and 1051 cm™ were observed compared to the spectrum
obtained under open-circuit potential conditions for Ru,,—
Co;0,, which indicates the production of oxygen intermedi-
ates (Figure Sj). The absorption peaks are identified as *OOH
as an intermediate before the release of O, from AEM, and the
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energy diagram of Ruy,4)—Co0;0, with LOM pathways. (h) Gibbs free-energy diagram of Ruy,,—Co;0, with the PDAM mechanism for the

activation of proton donor—acceptor function.

hump is attributed to the hydrogen bonds of *OOH with
neighbors, which affects the molecular vibration.**™ To
elucidate the dynamics of the deprotonation of the *OOH
intermediate on the Rug,, surface, the difference in peak
intensity of the absorption bands at 1036 and 1051 cm™" was
plotted as a function of applied bias in Figure SI. Interestingly,
the vibrational band intensity of hydrogen bonds between the
*OOH intermediate and the Ru—O—Co surface increases
significantly as the reaction potential increases. The phenom-
enon is attributed to the stronger interaction with H on
surfaces that are fully oxidized at high potentials, implying an
optimization of the proton adsorption energy at the bridging
oxygen sites. The introduction of additional PDAM is in line
with the inference of the in situ EIS, XAFS described above,
which would accelerate the migration of protons at the Ru site,
leading to a break in the single adsorption—dissociation linear
relationship. For Ru(,4)—Co03;0, a peak with a vibrational
frequency of about 1200 cm™ appears at a potential of 1.30 V
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(Figure Sk), which can be assigned to the stretching vibration
of the *OO intermediate and the position of this absorption
peak having been elucidated by the previously reported
isotopic experiment.45 This phenomenon is surprising in that
the transfer of the Ru atom from the anchored position to a
surface-adsorbed position caused a complete shift in the
mechanism. Furthermore, a key piece of evidence is the
absence of the *OOH intermediate symbolizing AEM detected
near the 1050 cm™' wavenumber on adsorbed single atomic
surfaces.

Insights into the Oxygen Evolution Mechanism.
Density functional theory calculations were further performed
to clarify the mechanism transition caused by the steric effect,
and the energetically favorable surface was chosen to simulate
the OER process. In conjunction with experimental observa-
tions, the Ru atoms are anchored at the center of a six-
coordinated cobalt octahedron in place of the Co position and
are represented as a lattice-limited Ru single atom. Meanwhile,
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the simulated surface-adsorbed Ru atoms are bonded to the
three O of the adjacent Co—O polyhedra and protrude from
the surface of Co;0,. Compared with the anchored Ru—O
coordination, the adsorbed Ru single atom has a lower valence
and significantly less coordinated O, which is consistent with
the XAS results. Combined with the CV curves and in situ
characterization observations, the initial polarization phase of
the OER is not accompanied by a Co(III)/Co(IV) transition.
That is, cobalt is absent from the quadruple electron-coupled
proton transfer step and acts as an indirect reactivity center, so
the acidic OER process preferentially proceeds at the Ru site.
The following discussion is based on this premise. In either
single-atom structure, the Ru introduces a new localized Ru
4d—0O 2p-hybridized electronic state near the Fermi energy
level, which endows the whole with more charge directly
involved in the surface reaction and contributes to the
reactivity (Figure 6¢,f). In comparison, lattice-defined Ru has
a d-band center closer to the Fermi energy level, further
illustrating the role of spatial effects in regulating the evolution
of reaction intermediates.

The degree of Ru—O—Co interaction affects the charge
distribution and surface adsorption behavior. As shown in
Figure 6d,e, the Co—O hybridization of Ru(,,,—Co;0, is
relatively far from the Fermi energy level, which refers to the
difficulty of losing valence electrons at the Co sites; namely,
the lattice oxygen is challenging to be released by electro-
chemical oxidation. Therefore, the O—O coupling mechanism
is thermodynamically unfavorable. In contrast, the Ru—O—Co
bond of Ruy,4;)—Co0;0, has an overall high covalency, so direct
O—O0O coupling is thermodynamically possible. To distinguish
the effect of these different electronic structures on the
catalytic performance, the energy details of the oxygen-released
intermediates were evaluated according to the potential OER
pathway.

For Ru(,45)—Co030,, a higher applied potential is required for
further deprotonation, while the high covalency from Co—O—
Ru promotes the activation of lattice oxygen and triggers the
LOM mechanism that precedes the AEM process (Figure
S23). As shown in Figure 6g, both the O—O coupling and
release have high energy barriers but still outperform the
traditional AEM pathway. Unlike the conventional RuO, oxide
LOM mechanism, the coordination of the O atoms of
adsorbed Ru and cobalt inhibits oxygen vacancy formation.
The high vacancy formation energy leads to a still relatively
difficult desorption of distal O from the lattice O and prevents
producing a breakthrough enhancement. In addition, the
generated oxygen vacancies lead to surface dissociation and
rapid degradation of Rugg)—Co3;0,, as evidenced by the
continuous decay of stability. Note that the *OOH
intermediate for Ruy,,y—Co030, is detected as early as 1.1 V
vs RHE, which contradicts the rate-limiting step and confirms
the inapplicability of the conventional AEM mechanism, so the
analysis of additional chemical steps is necessary.*** By
integrating the above electrochemical features and in situ
characterization, it is concluded that the lattice-defined Ru
atom conformation with neighboring cobalt sites has an
optimized geometry during the deprotonation. In this regard,
adsorbed *OOH and *OH transfer the proton to the
neighboring Co site. Compared with the adsorbed convex
Ru—O—Co, the lattice-defined Ru—O—Co has a stronger
steric interaction with *OOH and the bridging oxygen releases
the proton into the cycle as the bias pressure increases. The
detailed reaction pathway further revealed that the theoretical
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overpotential of the PDAM pathway for activating the proton
donor—acceptor function is only 65 mV (Figure 6h). More
importantly, the PDAM not only breaks the limitation of the
reaction intermediate adsorption energy and activity inter-
dependence but also maintains structural stability during the
OER process. As a result, the simultaneous enhancement of
stability and intrinsic activity was achieved.

B CONCLUSIONS

In summary, we have manipulated the spatial localization of
single-atom Ru by utilizing the metal defect anchor point of
the support and switched the reaction mechanism. The atomic
localization induces electronic change, and their spatially
interacting distance effects have a direct impact on the
adsorption conformation and dissociation steps of the
intermediate, as directly confirmed by in situ ATR-SEIRAS
and in situ XAFS characterization. The obtained Ru,,)-Co;0,
is capable of continuous operation for more than 150 h under
acidic conditions without showing current decay and can reach
an overpotential of 198 mV at 10 mA cm™ In addition to the
Co;0, lattice-defined Ru SACs, the proposed defect-anchored
single-atom technique can also be applied to metal oxides
derived from other transition-metal glycerol complexes,
providing an effective and general way to construct a broad
library of atomic-scale catalytic understanding,
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