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Using the cluster-plus-glue-atom model, we optimized Ru—Sn oxide
catalysts for the oxygen evolution reaction (OER). Optimal performance
is achieved when all glue-atom sites are occupied by Sn (ie., Ru:
Sn = 1:2), thereby maximizing both OER activity and stability. This work
provides novel insights and a rapid strategy for designing efficient, stable
Ru-based catalysts.

Water electrolysis is vital for sustainable hydrogen production,
meeting global energy demands while addressing environ-
mental concerns.’™ Proton exchange membrane water electrolysis
(PEMWE) stands out for its high current densities, low resistance
losses, high hydrogen pressure, and minimal gas crossover.*”
However, the acidic environment, high energy barrier, and slow
kinetics of the anodic oxygen evolution reaction (OER) process
necessitate catalysts with enhanced activity and long-term stability,
currently confining options to costly, scarce iridium-based materi-
als. Ruthenium-based catalysts present a compelling alternative,
offering superior activity at approximately one-tenth the cost of
iridium. Recent advances, beyond interface and stress engineering,
have significantly enhanced Ru site activity and catalyst stability
through heteroatom doping, forming Ru-O-M (M = Mn, Cr, Er,
etc.) configurations.*® Nevertheless, the optimal heteroatom
concentration and its effect on electrolysis performance remain
underexplored, with few theoretical frameworks to guide catalyst
design. This study employs the cluster-plus-glue-atom model,
originally developed for complex metallic alloys, to clarify the
activity origins of Ru-O-Sn configurations and to optimize Sn
doping levels based on good structural compatibility between Ru
and Sn oxides. Compared with conventional trial-and-error strate-
gies based on experimental experience or density functional theory
(DFT) calculations in previous studies of heteroatom-doped
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Ru-based catalysts (e.g., Mn, Cr, Er), this approach enables
direct tracking of the catalyst’s chemical short-range order,
rapidly identifies optimal compositions, and substantially
reduces both experimental workload and computational cost,
facilitating the rational design of efficient, cost-effective, and
scalable PEMWE systems for hydrogen production.

The cluster-plus-glue-atom model describes material com-
position and structure as a nearest-neighbor cluster coordi-
nated with a few outer-shell glue-atoms, expressed by the
cluster formula [cluster](glue-atoms).” According to the princi-
ples of atomic density and cluster separation,'®'" the cluster
formula for rutile-structured materials like RuO, is [Ru-Og]
Ru,,"* where a central Ru atom is coordinated by six O atoms to
form the [Ru-Og] cluster, interconnected by two Ru glue-atoms
to create a three-dimensional structure (see Fig. S1 for details).
This formula reveals local Ru-O-Ru pairs formed among the
center-atom, nearest-neighbor O atoms, and glue-atoms
(second-neighbor Ru), driven by chemical short-range order.
Our prior studies show that glue-atoms are more readily sub-
stituted by heteroatoms.'*'* While the cluster-plus-glue-atom
model has been applied to the design of photocatalysts," it has
not yet been utilized for electrocatalyst design. When a het-
eroatom M replaces glue-atoms, a Ru-O-M local structure
forms, with the number of M atoms tied to the glue-atom
count. Accordingly, we designed four RuO, catalyst samples
with varying Sn heteroatom doping levels to study the effect of
Sn glue-atom quantities on performance. Specifically, for sam-
ple without heteroatom doping, the cluster formula remains
[Ru-Og¢]Ru,, denoted as Ru#Ru,. For partial Sn replacement of
glue-atoms, the cluster formula is [Ru-Og|RuSn, denoted as
Ru#RuSn. When glue-atoms are fully replaced by Sn, the cluster
formula is [Ru-O¢]Sn,, denoted as Ru#Sn, (see Fig. 1(a)).
Finally, when glue-atoms are fully Sn and the center-atom is
partially replaced, the formula is [Ru, 5Sn, s—O¢)Sn,, denoted as
Rug 5Sng 5#Sn,.

Ru-Sn oxides were synthesized via pyrolysis, with the com-
position of four samples controlled by varying the Ru: Sn ratio
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Fig. 1 (a) Schematic illustration of composition design based on cluster-
plus-glue-atom model. (b) XRD patterns of Ru—Sn oxides. (c) low and (d)
high-magnification HAADF-STEM images of Ru#Sn,. (e) Scans of the (101)
lattice distance of Ru—Sn oxides.

in the precursor reagents. X-Ray diffraction (XRD) patterns of
the four samples all exhibit a single-phase rutile structure that
match well with the reference pattern PDF#00-040-1290
(Fig. 1(b)), indicating the formation of a stable Ru-Sn oxide
solid solution. Due to the larger ionic radius of Sn (0.69 A) than
Ru (0.62 A), diffraction peaks shift to lower angles with increas-
ing Sn content."® Scanning electron microscopy (SEM, Fig. S2b)
and low-magnification HAADF-STEM (Fig. 1(c)) images reveal
that Ru#Sn, sample consists of uniform granular particles with
a size of approximately 10 nm. Fig. 1(d) illustrates the atomic
distribution along the [110] crystal orientation, further con-
firming that Ru#Sn, possesses a rutile structure. Similar
morphological uniformity is observed across all four samples
(Fig. S2-S5), suggesting that varying Ru : Sn ratios have minimal
impact on particle morphology, thus reducing surface-related
effects on catalytic performance. In addition, high-magni-
fication HAADF-STEM images show the interplanar spacings
of rutile facets, such as 0.255 nm for the (101) plane in Ru#Ru,,
0.275 nm in Ru, 5Sn, 5#Sn,, and 0.334 nm for the (110) plane in
Ru#RuSn. As shown in Fig. 1(e), the (101) interplanar spacing
increases with the increasing Sn content, further confirming
lattice expansion due to the larger Sn cations, consistent with
the XRD results. Energy-dispersive spectroscopy (EDS) mapping
reveals uniform distribution of Ru and Sn without segregation
(Fig. S2-S5), and quantitative analysis (Table S1) confirms that
the atomic ratios align with the designed compositions.

X-ray absorption spectroscopy (XAS) was utilized to probe
the local electronic structure and coordination environment of
Ru-Sn oxides. The Ru K-edge X-ray absorption near-edge struc-
ture (XANES) spectroscopies (Fig. 2(a)) for all four samples
closely resemble that of pure RuO, (Ru#Ru,), and an increase
in Sn content leads to a shift of the absorption edge toward
lower energy as compared to pure RuO, (Ru#Ru,), indicating
electron accumulation on Ru and a reduced oxidation state due
to Sn doping.® Meanwhile, the Fourier-transformed extended
X-ray absorption fine structure (FT-EXAFS) at the Ru K-edge
(Fig. 2(b) and Fig. S6) shows a primary peak at 1.49 A, which can
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Fig. 2 (a) Ru K-edge XANES spectra, (b) Fourier transform spectra of
k?-weight Ru K-edge EXAFS spectra, (c) Wavelet transforms for the
k?-weighted EXAFS for Ru-Sn oxides.

be attributed to Ru-O scattering, confirming the formation of
[Ru-0,] cluster with oxygen as the first nearest neighbor.'” In
absence of anion doping, oxygen acts as a bridging ligand in
the Ru-O-Sn structure. It is noteworthy that the second major
peak, resulting from Ru-M (M = Ru/Sn) scattering, shifts from
3.10 A to 3.15 A as the Sn content increase, indicating a gradual
transition of the glue-atoms from Ru to Sn within the [Ru-Og]
Ru, cluster formula of RuO,. To further investigate the differ-
ences in glue-atoms within the molecular-like structural units
of RuO,, a wavelet transform (WT) analysis of the EXAFS spectra
was conducted owing to its capability to discriminate the types
of coordinating atoms in both R-space and k-space.'® As shown
in Fig. 2(c), the contour intensity maxima corresponding to the
Ru-M scattering increase from 7.93 A~ for Ru#fRu, to 8.03 A™*
for [Ru-Og]RuSn, 8.17 A~* for [Ru-Og]Sn,, and 8.36 A~ for
[Rug 5Sny 5—O6JSn,, further corroborating the progressive replace-
ment of Ru glue-atoms with Sn."

The OER activities of Ru#fSn,, Ru#fRuSn, Ru, 5Sn, s#Sn, and
Ru#Ru, were assessed using a three-electrode system in a 0.5 M
H,SO, solution. Fig. 3(a) displays the polarization curves
obtained through linear sweep voltammetry (LSV), utilizing
an electrochemical workstation to normalize the current. At a
current density of 10 mA cm™2, the Ru#Sn, demonstrates
a lower overpotential (110) of 193 mV compared to Ru#RuSn
(226 mV), RugsSngs#Sn, (237 mV) and Ru#Ru, (245 mV).
Moreover, the Tafel slope of Ru#Sn, in Fig. 3(b) is
49.5 mV dec”’, significantly lower than the other catalysts.
The above results indicate that when the same geometric area is
coated with the catalyst, Ru#Sn, exhibits a lower electrochemi-
cal reaction energy barrier and faster reaction kinetics.>® The
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Fig. 3 Electrocatalytic OER performance evaluation for Ru—-Sn oxides in
0.5 M H,SOy,. (a) LSV polarization curves, (b) Tafel plot. (c) Nyquist plots of
EIS and fitting result with equivalent circuit. (d) Ru mass activities and ECSA
normalized activities of Ru—Sn oxides at potentials of 1.50 V (vs. RHE).

electrochemical impedance spectroscopy (EIS) measurements
were employed to investigate the charge transfer resistance (R.;)
of different catalysts. Based on Fig. 3(c) and the fitting results
presented in Table S2, it can be concluded that the R. of
Ru#Sn, is 1.28 Q, the lowest among the four catalysts. This
suggests that Ru#Sn, exhibits superior electron transfer effi-
ciency during water electrolysis.”’ To investigate the intrinsic
activity of the catalytic center, both mass-specific and areal
activity were examined and the calculation results are shown in
Fig. 3(d). Firstly, the electrochemical double-layer capacitance
(Ca1) was measured to determine the electrochemically active
surface area (ECSA). The results shown in Fig. S7, S8 reveal that
Ru#Sn, possesses the highest Cdl (30.74 mF cm™?) and the
greatest number of active sites, attributable to its larger con-
ductivity and specific surface area. The ECSA-normalized activ-
ity at 1.50 V (vs. RHE) is 0.37 mA cm 2, indicating that Ru#Sn,
exhibits the strongest intrinsic OER activity.>> Furthermore, the
mass-specific activities of 4 catalysis are shown at different
overpotentials in Fig. S9a, the Ru mass activity of Ru#Sn, at
1.50 V (vs. RHE) is calculated to be 1232.19 mA mg ™ 'g,, which
is 56 times higher than that of Ru#Rus. It is noteworthy that the
mass-specific activity of Rug sSno s#Sn, is 8.5 times higher than
that of Ru#Ru, at the same potential, demonstrating the
enhancing effect of Sn positioned at the glue-atom site on
the intrinsic activity of the center Ru sites.>®> On the other
hand, the chronopotentiometry (CP) tests (Fig. S9b) shown that
Ru#Sn, and Ru,;Snys#Sn, can stably react for more than
100 and 40 hours at 10 mA cm™ > with a potential growth rate
of 0.90 and 2.43 mV h™', respectively. Ru#fRuSn and Ru#Ru,
can only sustain the reaction for 20 hours. These results suggest
that Sn, as a glue-atom, can better maintain the structural
stability of the [Ru-O,] clusters. By comparing descriptors such
as 1,0, Tafel slope, Re, Cq; and CP (Fig. $10), it can be concluded
that Ru#Sn, with all glue-atoms occupied by Sn exhibits
the strongest intrinsic activity at the center Ru site. Although
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Ruy 5Sn, 5#Sn, also has all glue-atoms as Sn, part of its center-
atoms is substituted with Sn and showing no significant
catalytic activity. In cases where there are fewer Sn glue-atoms
of Ru#Sn, and Ru#Ru,, the modification over the Ru center is
insufficient, resulting in poor catalytic performance.

The OER mechanism and stability of Ru-Sn oxides were
investigated using DFT calculations, focusing on the (110) facet
of the rutile structure due to its high activity.>*>> Bader charge
analysis (Fig. 4(a)) reveals electron transfer from Sn to Ru,
decreasing the Ru charge transfer from 1.83 (Ru#Ru,) to 1.68
(Ru#Sn,), consistent with XAS results. The differential charge
density reveals electron accumulation on glue-atoms and the
central Ru in Ru#Ru,, whereas in Ru#Sn,, electrons concentrate
more on the Ru center with less on Sn glue-atoms (isosurface
level: 0.015), thereby indicating an enhanced regulation of the
catalytic Ru center by Sn glue-atoms. Fig. 4(b) shows the partial
and total density of states (PDOS and TDOS). The d-band center
of Ru 4d in Ru#Sn, exhibits a notable upshift to —1.41 eV,
closer to the Fermi level compared to that of Ru#Ru, (—1.64 eV).
This observation indicates optimized adsorption of oxygenated
intermediates and faster OER kinetics.?® Furthermore, the
TDOS results (Fig. S11) indicate that Ru#Sn, exhibits more
density of states near the Fermi level, suggesting improved
conductivity and charge transfer.”” Gibbs free energy was
calculated to investigate the thermodynamic energy barrier
for OER. As shown Fig. 4(c), it reveals that Ru#Sn, has a lower
energy barrier (1.88 eV) for the rate-determining step (*OH —
*O + H' + e7) compared to Ru#Ru, (2.11 eV), balancing
intermediate adsorption better than Ru#Ru,, which strongly
adsorbs *O, hindering further *OH adsorption. On the other
hand, to understand the difference in stability between Ru#Sn,
and Ru#Ru,, the formation energy of Ru vacancy (Ru,) and the
projected crystal orbital Hamilton population (pCOHP) were
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Fig. 4 (a) Differential charge density and Bader charge calculation of
Ru#Ru, and Ru#Sn,. (b) The PDOS of Ru 4d for Ru#Ru, and Ru#Sn,.
(c) Gibbs free energy diagrams on Ru site at U = 0 V for Ru#Ru, and
Ru#Sn,. (d) COHP of Ru#Sn, and Ru#Rus.
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calculated. Fig. S12 shows a higher Ru demetallization energy
barrier in Ru#Sn, (1.18 eV) compared to Ru#Ru, (—0.79 eV),
indicating greater resistance to Ru dissolution. pCOHP analysis
(Fig. 4(d)) shown that Ru#Sn, has more bonding states below
the Fermi level compared to Ru#Ru,, resulting in a smaller
integrated COHP (ICOHP) value of —3.60 eV for Ru#Sn, versus
—2.74 eV for Ru#Ru,. This indicates a stronger Ru-O bonding
interaction in Ru#Sn,, resulting in enhanced structural stability
during OER.*®

In conclusion, we synthesized Ru-Sn oxide catalysts with
varying center and glue-atom compositions using the cluster-
plus-glue-atom model. Experimental and theoretical analyses
demonstrate that optimal OER activity and stability are
achieved when all glue-atoms are Sn (Ru:Sn = 1:2), maximiz-
ing regulation of the Ru center-atom. Insufficient Sn glue-
atoms (RuO, or Ru:Sn = 2:1) reduce catalytic center optimiza-
tion, while fewer Ru center-atoms (Ru: Sn = 1: 5) decrease active
site density, lowering activity. This study offers novel insights
and a rapid design approach for high-performance ruthenium-
based OER catalysts.
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