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Abstract

IrO2 is a commonly employed anode catalyst for COz electrolysis in membrane electrode assembly (MEA)

systems. However, under high current densities, its structural reconstruction leads to activity loss and stability
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degradation, limiting industrial viability of CO> electrolysis. Herein, we demonstrated a confinement
reconstruction strategy to precisely regulate the structural evolution during electrolysis. Ethylene glycol serves as

a structural modulator, protecting the catalyst surface, suppressing soluble species formation, and promoting

ordered structural evolution. Single-atom Ru acts as a stability enhancer, forming robust Ir-O—Ru bridging
structures that facilitate an ordered transformation from a four-fold [RuO4]/[IrO4] to a six-fold symmetry [RuOs]/
[IrO¢] octahedral framework, thereby enhancing structural rigidity and long-term stability. As a result, in MEA-
based CO: electrolysis, the catalyst achieves stable operation at 200 mA cm=2 for 480 h, maintaining a CO
selectivity above 80%. Theoretical calculations further elucidate that the enhanced stability originates from the
suppression of oxygen vacancy formation, making the lattice-oxygen-mediated mechanism (LOM) potentially
less favorable. This work provides insights into the structural evolution of OER catalysts under high-current-

density conditions, paving the way for large-scale CO; electrolysis commercialization.

Keywords: Electrocatalysis, CO2 reduction, MEA, oxygen evolution reaction, structural reconstruction, stability,

neutral electrolyte

Introduction

Electrocatalytic CO2 reduction (eCO2RR) to high-value chemicals and fuels using renewable energy presents a
highly promising strategy to mitigate climate impact and achieve carbon neutralityl!-3l. Among various CO»
electrolyzer, membrane electrode assembly (MEA) cell, as a dual-electrode zero-gap cell, offers significant
advantages over flow cells. It effectively reduces cell resistance, enhances energy efficiency, and boosts cell
stability, making MEA-based CO: electrolysis a more feasible and scalable approach for industrial-scale
deploymentl4 51. However, CO; electrolysis in MEA systems involves both the cathodic eCO2RR and the anodic
oxygen evolution reaction (OER)l. While eCO2RR catalysts on the cathode side can efficiently and selectively
convert COz into specific products such as CO and ethylenel’-%l, maintaining stable operation of the MEA system

remains a key bottleneck for advancing the industrial implementation of eCO2RR.

To address the stability challenges of MEA-based CO; electrolysis, while ensuring high product selectivity and
activity of the eCO2RR catalyst, the stability and activity of the OER catalyst are also of paramount importance.
The conventional rutile-phase IrO: catalyst is widely recognized as a OER catalyst and has been extensively
employed in eCO2RR systems(7- 10-121. However, under high current densities, it suffers from severe dissolution
and structural degradation, significantly limiting the durability of the overall systeml(!3-15]. Moreover, IrO; tends to
transform into an amorphous yet highly active IrOx phase under OER conditions, further compromising its
structural stabilityl10. 16-18]. To overcome these problems, various structural engineering strategies have been
developed, such as oxygen vacancy modulation. While these approaches can enhance OER activity, they may also
lead to structural instability, shortening catalyst lifespan(!9 201, Although previous studies have explored Ru-doped
IrOz, the mechanistic role of Ru, particularly in the structural reconstruction process under high current densities,

remains unclear(?!l. Considering the poor stability of IrOx-based OER catalysts under acidic and alkaline



conditions[22-24], enhancing their stability in neutral electrolytes is a more promising approach for advancing
practical CO; electrolysis. The key to overcoming this challenge lies in gaining a deep understanding of the
reconstruction mechanisms of IrOx-based catalysts and developing tailored material design strategies to achieve

long-term stability under high current densities.

Herein, we introduced the concept of confinement reconstruction to regulate the structural evolution process of
the IrOx phase, thereby facilitating the formation of an ordered and ultrastable structure. Ethylene glycol (EG)
serves as a structural modulator, effectively preventing excessive oxidation of Ir and the formation of disordered
amorphous phases of Ir. Ru single atoms, acting as a dual-role dopant, not only serve as a stabilizing agent by

forming robust Ir-O—Ru bridging structures, facilitating the structural reconstruction from 4-fold symmetry to 6-

fold symmetry and enhancing structural rigidity, but also modulates the oxidation state of Ir, optimizing the
electronic structure and improving the stability of catalytically active species. For COz-electrolysis in a MEA
reactor, the Ru0.05mg/IrOx catalyst demonstrated remarkable durability, sustaining continuous operation at a
current density of 200 mA cm-2 for 480 h. Theoretical calculations further reveal that the selective incorporation
of Ru single atoms within the IrO; lattice modulates oxygen adsorption behavior, tailors the electronic structure,

and optimizes the scaling relations to minimize the energy gap between OER intermediates. This study provides

an in-depth understanding of the catalyst evolution during the OER process and proposes novel strategies for

optimizing OER catalysts under high current densities.
Materials and Methods
Chemicals

Titanium Fiber Felt (Ti mesh), approximately 53-56%, was purchased from Fuel cell store. Acetone, hydrochloric
acid, oxalic acid dihydrate iridium (III) chloride hydrate, potassium carbonate, ruthenium (III) chloride hydrate,
Iridium(IV) oxide, Ruthenium(IV) oxide, ethylene glycol, potassium bicarbonate, potassium hydroxide were
purchased from Sigma with ACS grade. Gas Diffusion Layers Sigracet 39BB and Anion Exchange Membrane
Sustainion® X37-50 Grade RT were purchased from Dioxide materials. Argon LaserStar 5.0 (99.9995%) and
Carbon dioxide LaserStar 5.0 (99.999%) were from Praxair and Linde. Deionized water was used in the

experiments. All reagents were used without further purification.
Fabrication of IrOx/Ti electrodes by anodic electrodeposition

Before the electrodeposition process, Titanium Fiber Felt was firstly cut into 1 cm % 2 cm or 3 cm x 3 cm size and
then fully washed with acetone, dilute HCI solution, and water, respectively. The IrOx electrodeposition solution
adopted the recipe reported by Zhang et al.1251: Oxalic acid dihydrate (1 mmol) was combined with 30 ml of water
containing 0.2 mmol of IrCl;. The mixture was stirred for 10 minutes, and then K>CO3 (5 mmol) was added to
raise the pH to 10-10.5. Next, the solution was diluted to a total volume of 50 ml, resulting in a final concentration

of iridium ions of 4 mmol L-. This solution was maintained at a temperature of 40°C for approximately 5 days or



longer to achieve stabilization. Subsequently, it was stored as a stock solution at a temperature of 4°C. The
electrodeposition was conducted using a three-electrode system, in which the Ti Fiber Felt served as the working
electrode with a 1x1 cm?2 or 3%3 cm2 working area. The reference electrode and counter electrodes were an Ag/
AgCl electrode and a platinum wire, respectively. The electrochemical technique used for electrodeposition was
the potentiometric method. The potentiometric electrodeposition was conducted in 25 mL electrodeposition
solution with the Ti Fiber Felt as substrate under a potential of 0.0016A (versus Ag/AgCl) for 15, 30, 60, and 120

min. Finally, the samples were heat-treated in a tube furnace for 1 h at 500 °C under air.
Synthesis of Ru/IrOx OER catalyst

Ru/IrOx was synthesized by the galvanic replacement reaction. Typically, 2 or 40 mL x mg mL-! (x=0, 0.005,
0.01, 0.05, 1) RuCls solution was first prepared using ethylene glycol (EG) as solvent. EG acts as a reducing agent
in the synthesis to reduce Ru3* ions. Then Ti Fiber Felt with IrOx nanoparticles was immersed into the solution
under 80°C for 15min. After washing with isopropanol and water, the Ti Fiber Felt with IrOx was dried by air

flow. Ti mesh acts as a conductive electrode and does not participate in the OER reaction.
Preparation of gas diffusion electrode (GDE)

The silver was deposited on the 2.5%2.5 cm? GDL (Sigracet 39 BB) by AJA magnetic sputtering with a
background pressure of 5x10-7 Torr. Ag metal was used as a bottom electrode which was deposited by direct
current (DC) magnetic sputtering with the target Ag. The sputtering power was 100 W, the deposition pressure

was 5 mTorr and the working gas was pure Ar of 12 sccm.
Electrochemical measurements

All electrochemical tests were measured on Metrohm Autolab PGSTAT 204 electrochemical workstations at
room temperature with IR corrected. The OER stability and activity performance of the IrOx and Ru/IrOx catalyst
with different Ru loading amounts in neutral conditions (0.5M KHCOs electrolytes) were systematically studied
in a single compartment electrolytic cell. A three-electrode system was fabricated with the prepared IrOx-based
materials, platinum wire, and Ag/AgCl (in saturated KCl) electrode serving as the working electrode, the counter
electrode, and the reference electrode, respectively. The synthesized Ti Fiber Felt with Ru/IrOx catalyst directly
served as the working electrode with an electrode holder. The surface area of the working electrode was controlled
at 1 cm? in 25ml 0.5M KHCO3 solution under an Ar gas environment. Linear sweep voltammetry (LSV) under a
select potential range with 0.4V iR compensation was used for overpotential and activity measurement of the Ru/
IrOx catalytic OER reaction. After that, the chronoamperometry (I-T) test was used for stability measurements
under the over potential at 10mA and 100mA for 30min or 60min. The Ru/IrOx catalytic OER performance was
evaluated using chronopotentiometry (P-T) tests under a selective potential for 12, 100, and 200 hours. Before the
OER test, LSV curves were performed until the polarization curves achieved steady state. The electrochemically
active surface area (ECSA) measurements were conducted using cyclic voltammetry (CV) scans at different rates

from 10 to 50 mV s-! with a 10 mV s-! increment speed from 0.5 Vrue to 0.7 Vrug; within this potential range, the
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Faradic process is excluded. All the potential values are presented in RHE unless otherwise stated using the

following equation [26]:
ERruE = Eagiagci+ 0.197V + 0.059 x pH €))
The ESCA is calculated by the following equation [261;

Specific capacitance
Agcsa= (2)
40 pFem=2cmggg,

The overpotential (1) is calculated from equation:
N(V) = Erue — 1.23V 3)

The specific capacitance of the sample was obtained by CV. It was carried out at different scan rates in the range
of 0.5 Vrue to 0.7 Vrue. 40 mF cm-2 is the specific capacitance of a flat surface for metallic and semiconducting

materials with 1 cm? of the real surface area in the aqueous electrolytel26].
OER performance measurement in MEA electrolyzers

The OER performance of Ru/IrOx catalysts was evaluated in MEA electrolyzers coupling with the CO> reduction
reaction. The electrolyzer setup is shown in Figure 4A. A potentiostat with a current booster (Metrohm Autolab,
10 A) was used to apply the current. To facilitate the electrochemical reactions, a commercially available CO2
MEA electrolyzer from Dioxide Materials was utilized. The MEA electrolyzer consisted of flow field plates with
a serpentine-shaped flow field of 5 cm2, serving as the anode and cathode, enabling a continuous supply of 0.5 M
KHCO3 anolyte and humidified CO: to their respective electrodes. As for the specific components, the cathode
utilized Ag gas diffusion electrode (GDE), the anode employed a Ti Fiber Felt with Ru/IrOx catalyst, and a
physically separated anion exchange membrane (Sustainion X37-50 membrane) separated the anode and cathode.
To ensure even distribution of electrical current, the cathode electrodes were securely taped to the stainless-steel
flow field plate using a copper frame. The electrolyzer bolts were appropriately tightened with equal compression
torque. Prior to conducting the electrochemical testing, the anion exchange membrane was activated in 1| M KOH
solution for more than 24 hours. Once the electrolyzer assembly was completed, the anolyte (0.5 M KHCOs3)
flowed through the anode at a constant rate of 18 mL/min using a peristaltic pump with silicone tubing to circulate
the anolyte, while the humidified CO; was supplied from the gas diffusion electrode (GDL) at a constant flow rate
of 50 standard cubic centimeters per minute (sccm). The OER was then initiated by applying a constant current
density (100, 200, and 500 mA cm-2) for long term stability tests. The corresponding cell potentials for the current
densities of interest were recorded with continuous monitoring. The full-cell potentials were reported without IR
correction. Gas products were analyzed using GC (Agilent 6890) to determine the gas product yield. For each
current density tested, the gas products were collected upon complete stabilization of the cell voltage at least three

times.



Material characterization

Scanning electron microscopy (SEM) images were captured on a Hitachi S4800 with a working accelerating
voltage of 10 kV. Glancing-incidence X-ray diffraction (GIXRD) was measured on a PANalytical X Pert Pro
MRD diffractometer with Cu Ka radiation (1.54 A) at an incidence angle of 0.3°. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a Thermo-VG Scientific ESCALab 250 microprobe with a
monochromatic Al Ka X-ray source (1486.6 eV). The obtained spectra were calibrated using the C 1s line. The
catalyst was sonicated from the carbon paper in IPA solution. Then the solvent was drop casted onto ultrathin
lacey carbon TEM grids for imaging. Some residue carbon paper is hard to separate from the samples. Aberration-
corrected scanning transmission electron microscopy high-angle annular dark field (AC-STEM-HAADF) images
were taken on an FEI Titan 80-300 HB TEM equipped with energy-dispersive X-ray spectroscopy (EDX) at 80
kV. The HAADF-STEM images were recorded by FEI Titan 80-300 HB TEM/STEM with double aberration
correctors operating at 80 kV at the Canadian Center for Electron Microscopy (CCEM). Inductively coupled
plasma mass spectrometry (ICP-MS) analyses of Ru and Ir abundances were carried out on an Agilent 8800 triple
quadrupole ICP-MS, using He as a collision cell gas, and In and Bi as internal standards to correct for instrument
drift. Primary ICP calibration standards were from Aristar VWR Chemicals BDH. Analysis of secondary
standards from Delta Scientific Inorganic Ventures confirmed instrument accuracy to within 3%. Detection limits
and background equivalent concentrations were < 3 ppt (parts-per-trillion) for both Ru and Ir. Gas
chromatography (GC) tests were conducted on an Agilent 6890 machine with Carboxen (TCD) and Carbonplot
(FID) columns. Scanning transmission Soft X-ray microscopy (STXM) measurements were carried out at the Soft
X-ray Spectromicroscopy (SM) beamline at the Canadian Light Source. XAS measurements were carried out at
the 20-BM beamline of the Advanced Photon Source (APS), Argonne National Laboratory. The measurements at
the Ir L-edge and Ru K-edge were performed in fluorescence mode using a Ge detector. The Ir L-edge and Ru K-
edge XANES and EXAFS data were analyzed and treated using the software package Athena. The EXAFS data
was fitted using the software package Artemis. Ir and Ru foil was applied for reference and calibration samples. In
this fitting data, CN represents the coordination numbers of identical atoms; R is assigned as the interatomic
distance; 82 denotes the Debye-Waller factors; and R factor is the goodness of fit. The fitting parameters strictly

comply with all experimental requirements.
In situ Raman test

Raman spectra were conducted with a Renishaw inVia Reflex system equipped with a 100x objective and a 633
nm excitation (Renishaw HeNe laser, 17 mW). The filter was set at 5% of maximum intensity. The measurements
were performed in a modified flow cell. The as-prepared catalysts, Ag/AgCl, and platinum wire were used as the
working, reference, and counter electrodes, respectively. The 50 mL of 0.5M KHCO; electrolytes was
continuously circulated through the flow cell during electrolysis. All applied currents were recorded without iR

compensation.



In situ ATR FT-IR test

Measurements were performed at 02B1-1 Far-IR beamline of the Canadian Light Source (CLS). In situ ATR FT-
IR spectra were conducted using a Bruker IFS 125 HR spectrometer with a custom-built Veemax III variable
angle reflectance system (Pike Technologies, USA), and all spectra were shown as the absorbance [-log(R/Ro)].
The catalyst ink was dropped cast onto an ITO-coated SI Microgrooved Wafer Element with a 55° Face angle and
dried in air before testing. A platinum wire and an Ag/AgCl electrode were used as counter and reference
electrodes, respectively, in a customized electrochemical cell. The 50 mL of 0.5 M KHCOs electrolyte was
continuously circulated during OER. The applied potentials ranged from 0.5V to 3V, and infrared spectra were

collected every 2 min. All applied potentials were not iR corrected.
Computational details

The computational results presented in this study were performed using the Vienna Ab initio Simulation Package
(VASP, version 5.4.4(27. 28]) in conjunction with the Atomic Simulation Environment (ASE) interfacel291. All spin-
polarized density functional theory (DFT) calculations utilized the PBE exchange-correlation functional(30l. The

electron-ion interactions were described using projector-augmented wave (PAW) potentials(31.32],

The (110) surface of IrO> was employed for surface calculations. The tetragonal P4>/mnm space group bulk
structure of IrO2, was utilized from Materials Project identifier mp-2723[331. to construct the IrO2(110) surface.
First, the lattice parameters of the bulk structure were optimized with a plane-wave cutoff of 520 eV and a
Monkhorst-Pack k-point mesh of (5 x 5 x 7). Subsequently, a (1 x 2 x 4) IrO2(110) surface was constructed
based on the optimized bulk structure, with a 20A vacuum spacing between repeating structures in the z-
direction. To simulate the Ru-doped model structures, Ir atoms from the surface and subsurface layer(s) were
substituted with Ru, with a total atomic percentage ranging from 6 to 19 %. The surface geometry was optimized
using a plane-wave cutoff of 520 eV and a Monkhorst-Pack k-point mesh of (4 x 4 x 1). The convergence
criteria for electronic and  ionic iterations in geometry optimizations were set to 10-6 eV and 0.03 eV/A,

respectively.

The vacancy formation energy is evaluated using eq. (4):

AEf = Eslab + vacancy 7(Eslab - 1/2/'t02) (4)

where, AEy represents the formation energy of the oxygen vacancy, FEsiab+vacancy 1S the total energy of the slab
model with an oxygen vacancy, Esab iS the total energy of the perfect slab without a vacancy, and 1/2uO>
is the chemical potential of oxygen expressed as 1/2E(O2) = Emo — Em2. This approximation is commonly

used to mitigate known DFT limitations in computing the total energy of gas-phase triplet O and ensures

consistency with prior electrocatalysis literature. While referencing H>O directly would provide a more direct link



to electrode potential, our focus on relative stability trends justifies this widely accepted approach. The equation
(4) essentially quantifies the energy required to form an oxygen vacancy. A lower formation energy indicates a
more stable oxygen vacancy. If AEf is negative, it implies that the formation of the oxygen vacancy is

energetically favorable.

In evaluating the free energy for both gas-phase molecules and adsorbed species in eachstep of the OER, we
considered zero-point energy (ZPE) and entropic (S) corrections obtained from a vibrational analysis performed at
298.15 K. Gas-phase molecules and adsorbed species were analyzed under the Ideal-gas oscillator limit and
Harmonic limit, respectively. To approximate solvation effects, we applied the implicit solvation corrections
proposed by Siahrostami and Vojvodic34] for rutile-type oxides, which are widely accepted in modeling IrO»-
based electrocatalysts. This correction helps account for stabilization of adsorbed intermediates at the
electrochemical interface in the absence of explicit solvent or continuum models. Following this analysis, the free

energy change is expressed as:

AGi = AE; + AZPE — TAS (5)

where AE; denotes the energy difference between the reactant and product.

The theoretical overpotential, denoted as n©ER, is defined as,

nOER = maX[AGl, AGQ, AG}, AG4]/e - 123V (6)

By considering the difference between AGo+ and AGro+ as a distinctive descriptor for OER activity, the

theoretical overpotential (under standard conditions: T =298.15 K, P =1 bar, pH= 0) can be expressed as:

NOER = {max [(AGo* —AGHo*), 3.2eV —(AGo* —AGno*)]/e}—1.23V (7)

Despite being a thermodynamic quantity, this equation reliably correlates with experimentally determined

overpotentials.

Results and discussion

Materials characterization of electrocatalysts
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Figure 1. Synthesis and structural characterization. (A) Schematic illustration of the confinement
reconstruction strategy at atomic scale. (B) GIXRD spectra of IrOx and Ru0.05mg/IrOx before and after the
stability test under current density of S00mA cm2; (C-D) AC-HAADF-STEM images of Ru0.05mg/IrOx before
reaction (C) and after 12h stability test under current density of 500mA cm-2 (D); (E) EELS maps of Ru0.05mg/
IrOx after stability test with corresponding HADDF-STEM image.
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We conceived a confined reconstruction strategy to reverse the formation of amorphous structures, ensuring the
ordered reconstruction of IrOx catalysts under high current densities (Fig. 1A). EG acts as a structural modulator,
forming a protective layer-like structure on the surface, which suppresses the generation of soluble Ir species.
Meanwhile, Ru functions as a stabilizing factor, promoting the dissolution-redeposition processes of IrOyx in a

more ordered manner, thus enhancing the structural durability of the catalyst. The pristine IrOx sample was

synthesized via salt electrodeposition onto a Ti felt substrate, exhibiting a nanoneedle morphology (Fig. S1A-C).
However, after a 12-h stability test at a current density of 500 mA cm-2, although the morphology remained
unchanged, significant catalyst dissolution occurred, leading to detachment from the substrate and a noticeable
decrease in coverage (Fig. S1D-F). In contrast, the morphology of IrOx-EG transformed from nanoneedles into
spherical nanoparticles after the stability test, which remained tightly anchored to the substrate (Fig. S1G-L). This
indicates that the protective layer-like structure formed by EG on the catalyst surface reduced the dissolution rate
of Ir, influenced the reconstruction pathway of IrOx particles, and prevented the formation of disordered
amorphous phases. Notably, the introduction of Ru single atoms onto the IrOx substrate resulted in a particulate
morphology (Fig. S2A-C). After 4 h of stability testing at 500 mA cm-2, the catalyst exhibited a reconstruction
behavior similar to that of the IrOx-EG sample (Fig. S2D-F). When the stability test duration was extended to 12
h, the catalyst remained stably adhered to the substrate, while the particle structure became increasingly refined

(Fig. S2G-I), indicating a further progression toward an ordered reconstruction.

To investigate the structural evolution mechanism of the catalyst, we conducted a series of ex situ
characterizations. Since the grazing incidence X-ray diffraction (GIXRD) patterns of all samples exhibited
characteristic diffraction peaks corresponding to the rutile-phase IrO2 (PDF card No. 43-1019) (Fig. 1B), it was
challenging to directly observe the structural transformations in bulk phase. However, GIXRD analysis revealed
that Ru single atoms did not form any distinct bulk phase (Fig.1B). The absence of noticeable changes in GIXRD
pattern further indicated that no bulk phase transformation occurred. To further analyze the local microstructural
changes of the catalyst under high current density, we employed aberration-corrected high angle angular dark field
scanning transmission electron microscopy (AC-HADDF-STEM). The comparison of STEM images and EDS
mapping of IrOx before and after the stability test clearly demonstrated that catalyst underwent structural
reconstruction and amorphization under high current density (Fig. S3 vs Fig. S4). However, after EG treatment,
the post-reaction IrOx-EG sample exhibited a 4-fold symmetry [IrOs] octahedral structure (Fig. SSA-D, Table
S1), indicating that EG facilitated the ordered reconstruction of IrOx, transforming it from an amorphous to a
crystalline state and ultimately forming a stable rutile-like structure. The EELS mapping further demonstrated
that, after reconstruction, Ir and O were homogeneously distributed within the bulk phase (Fig. S6A-B).
Interestingly, in the Ru0.05mg/IrOx sample, single-atom Ru doping also enhanced the crystallinity of IrOx, leading
to the formation of a stable 4-fold symmetry [IrO4] octahedral structure revealed by the combination of AC-
HADDF-STEM with extended X-ray fine structure (Fig. 1C, Fig. S7TA-D, and Table S1). EELS spectroscopy
revealed that Ru was uniformly distributed in the bulk phase (Fig. S8A-B), suggesting that Ru, as a single-atom

dopant, was homogeneously and stably incorporated into the IrOx structure. After a 500 mA cm-2 stability test, the
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catalyst underwent an ordered structural transformation from original 4-fold symmetry [IrO4] to a 6-fold [IrOs]
octahedral structure revealed by the combination of AC-HADDF-STEM with extended X-ray fine structure (Fig.
1C-D, Fig. S9A-D, and Table S1). This observation indicates that Ru single-atom doping serves as a structural
stabilizing factor, promoting a high degree of crystallization. Although it is difficult to distinguish the Ru atomic
position from Ir by Z-contrast direct imaging due to the close atomic numbers, the EELS mapping confirmed that
Ir, Ru, and O remained homogeneously distributed within the bulk phase (Fig. 1E and Fig. S10), indicating

ordered reconstruction under high current density conditions.

X-ray photoelectron spectroscopy (XPS) was employed to analyze the surface composition and chemical states of
the catalysts. In all pre- and post-reaction samples, the Ir 4f spectra could be deconvoluted into two distinct peaks,
corresponding to Ir3* and Ir* oxidation states (Fig. S11A)[13. 351 while the O 1s spectra exhibited three
components, attributed to lattice oxygen, adsorbed hydroxyl species, and molecularly adsorbed water (H20) (Fig.
S11B)36. 371, A comparative analysis of the elemental compositions obtained from XPS fitting revealed that, after
the stability test, the Ir** content in the Ru0.05mg/IrOx sample increased significantly (Fig. S11C). This could be
attributed to the partial oxidation of surface Ir atoms in Ru0.05mg/IrOx, likely caused by the adsorption of surface
hydroxyl species or the accumulation of oxygenated intermediates under OER conditions, resulting in an
apparently higher Ir#+ ratio. However, the proportion of lattice oxygen decreased markedly compared to IrOx and
IrOx-EG (Fig. S11D), indicating that Ru doping facilitated the ordered reconstruction of the IrOx lattice, thus
enhancing structural stability and mitigating the detrimental effects of lattice oxygen. To identify possible organic
species on the catalyst surface, C 1s XPS analyses were performed on IrOx, IrOx—EG, and Ru0.05mg/IrOx
catalysts before and after the reaction. For the IrOx catalyst synthesized using water as the solvent, no organic
species were detected on the surface (Figure S11E). In contrast, both IrOx—EG and Ru0.05mg/IrOx catalysts
exhibited similar organic species before and after the reaction (Figure S11E), indicating the stable presence of the
EG protective layer throughout the electrochemical process. The oxygen K-edge X-ray absorption spectroscopy
(XAS) spectra were acquired using synchrotron-based scanning transmission X-ray microscopy (STXM) (Fig.
2A). Notably, while XPS confirmed the presence of Ir*", STXM XAS did not exhibit a corresponding spectral
feature, suggesting that Ir*+ was primarily located on the catalyst surface or that the Ir valence edges (M and N
edges) exhibited low sensitivity in STXM measurements. Oxygen K-edge XAS probed the electronic transition
from oxygen 1s orbitals to unoccupied states derived from the hybridization between oxygen 2p and metal d
orbitals. Thus, these spectra provided insight into the covalency of the metal-oxygen bonds. Changes in the
intensity of peaks 1, 2, and 3 indicated an enhanced Ir—O covalency in Ru0.05mg/IrOx after the reaction, relative
to its state before the reaction (Fig. 2A). The increased Ir—O covalency in Ru/IrOx suggested a reduction in the
number of unoccupied Ir 5d orbitals, implying a decrease in the Ir oxidation state in Ru0.05mg/IrOy after the
reaction. In contrast, IrOx exhibited lower Ir—O covalency (Fig. 2A), indicating a higher population of unoccupied
Ir 5d orbitals and thus a higher Ir oxidation state after the reaction, suggesting the generation of soluble Ir species.
This contrast in Ir-O covalency may be attributed to a Ru-induced structural reconfiguration mechanism during

the OER that did not occur in undoped IrOx. Additionally, Ru incorporation as single atoms enhanced the stability
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of the IrOy structure, mitigating lattice distortion and suppressing the formation of undercoordinated Ir sites,
which were prone to dissolution. This Ru-stabilized IrOx framework contributed to improved long-term durability
during OER. The oxygen K-edge spectra of both Ru0.05mg/IrOx and IrOx exhibited distinct features from
commercial IrO2 (Fig. 2A), further suggesting the presence of oxygen vacancies in both materials, which may
contribute to the catalytic activity. Moreover, while STXM XAS did not show evidence of RuO formation,
extended X-ray absorption fine structure (EXAFS) analysis confirmed Ru—O bonding (Table S2), indicating the
presence of Ru in an oxidized state. This discrepancy could be attributed to the low sensitivity of O K-edge XAS

for detecting RuO» at low doping concentrations.

To further investigate the evolution of the chemical state and local coordination environment of the catalyst before
and after the reaction, we conducted Ir Li-edge and Ru K-edge XAS measurements. Under OER conditions, the Ir
Ls-edge XANES spectra of IrOx exhibited a shift toward higher energy (Fig. 2B), indicating that IrOx underwent
partial dissolution during electrochemical reconstruction, potentially transforming into a more amorphous or
higher oxidation state, leading to a shortening of the Ir-O bond length (Fig. 2C, Fig. S12A-H, and Table S1).
During this reconstruction, the local coordination environment of Ir was partially disrupted, leading to a reduction

of the Ir-Ir coordination number and an elongation of the Ir-Ir bond length (Table S1). However, after EG
treatment, the Ir L3-edge XANES spectra of IrOx-EG (before vs after reaction) did not show a significant shift to

higher energy as observed in the pristine IrOx after OER (Fig. 2B), suggesting that EG effectively regulated the
oxidation state of Ir, suppressing Ir overoxidation and reducing the formation of soluble Ir species. During OER,
IrOx-EG did not undergo severe amorphization but rather tended to form a distorted [IrOs] octahedral structure,
where the Ir-O coordination number (5.8) was close to 6, and the Ir-O bond length was 1.99 A (Fig. 2C and
Table S1). Additionally, the Ir—Ir coordination number did not significantly decrease as observed in pristine IrOx
but remains at 3.1 (Table S1), indicating that [rOx-EG retained a certain degree of long-range order after structural
reconstruction. Meanwhile, the Ir—Ir bond length remained at 3.24 A (Table S1), which was close to the standard
IrO; lattice parameter. In the Ru0.05mg/IrOx system, before the reaction, the absorption edge of Ir closely aligned
with that of IrO; references, whereas Ru exhibited a noticeably higher oxidation state than RuO; reference (Fig.

2B and D). This could be attributed to the fact that the strong electronic coupling between Ru and the surrounding

Ir-O matrix induced charge redistribution, leading to a partially oxidized Ru center with a higher oxidation state
and coordination number than RuO; reference (Table S2). EXAFS fitting results clearly showed the absence of
Ru—Ru coordination and the presence of only Ru—O bond (Fig. 2E and Table S2), confirming the single-atom
nature of Ru. Ir primarily presented in a four-coordinated Ir—O configuration (Table S1), and Ru single atoms
mainly occupied low-coordination sites on the IrOx surface ([RuOs4], Ru—Ocwy = 4) (Fig. 2E, Fig. S13, and Table
S2). During long-term OER operation under high current density, an interaction between Ru and IrOx occurred,
ultimately forming a more stable octahedral coordination structure. In this process, Ir gradually transitioned into a
nearly ideal [IrOs] octahedral configuration (Ir—Ocy = 6) (Table S1), while Ru underwent a transformation from

4-fold [RuO4] to 6-fold symmetry, eventually forming a [RuOs] octahedral structure (Ru—Ocy = 6) (Table S2).
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This transition was likely influenced by the presence of surrounding oxygen species (*O, *OH), which facilitated
the rearrangement of Ru coordination, leading to its incorporation into the IrOx lattice and the formation of a
stable Ru—O-Ir interconnected structure, thereby significantly enhancing the catalyst's durability. In the six-fold
symmetric structure, the coordination between Ru and Ir was more compact, contributing to the stabilization of
active reaction sites. Moreover, the single-atom Ru was likely in a relatively stable state, where its strong
interaction with Ir and O atoms ensured minimal structural variations in the catalyst. The stability of single-atom
Ru played a crucial role in maintaining the overall stability of the catalyst, particularly under high current
densities. To further verify the local coordination environment of Ir and Ru, we conducted wavelet transform
(WT) analysis. Compared to IrO; reference (Fig. 2F), Ir foil, and IrOx (Fig. S14A-C), IrOx-EG predominantly
maintained an Ir—O coordination environment, preserving a high degree of structural stability (Fig. S14D-E).
More importantly, in the Ru0.05mg/IrOx system, Ir transitioned from Ir—Ir coordination to Ir—O coordination (Fig.
S14F vs Fig. 2G), while Ru remained in the Ru—O coordination form before and after the reaction (Fig. S14G-H
vs Fig. 2H-1, Table S2), further confirming the formation of a Ru—O-Ir interconnected structure, which provided
crucial evidence for the high stability of the catalyst under OER conditions.

In ICP-MS analysis, the change in catalyst loading can be used to evaluate the structural stability of the catalyst
during the reconstruction process (Table S3). For the IrOx catalyst, the loading amount significantly decreased
after the stability test, indicating the formation of a large number of soluble species (Table S3). This also
demonstrated the instability of IrOx under high current densities, which tended to undergo amorphization. In
contrast, after introducing the EG protective layer, the formation of soluble species during the reconstruction
process was effectively suppressed (Table S3). Furthermore, the Ru single-atom doping induced an ordered
reconstruction of the catalyst, forming a more stable high-coordination [IrO¢] and [RuOs] octahedral structure
(Fig. 1D, Table S1-2). Therefore, the Ru0.05mg/IrO catalyst showed no obvious change in loading before and
after the reaction (Table S3).
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Figure 2. Multimodal X-ray spectroscopic analysis of electrocatalysts. (A) O K-edge x-ray absorption spectra
of Ru0.05mg/IrOx and IrOx before and after reaction. (B) Ir Li-edge XANES spectra of as-prepared samples
before and after reaction and corresponding references (Ir foil and IrO2). (C) Ir Ls-edge Fourier-transform EXAFS
spectra of as-prepared catalysts and corresponding references (Ir foil and IrOz); (D) Ru K-edge XANES spectra of
Ru0.05mg/IrOx samples before and after reaction and corresponding references (Ru foil and RuQ3). (E) Ru K-
edge Fourier-transform EXAFS spectra of Ru0.05mg/IrOx catalysts and corresponding references (Ru foil and
Ru0y). (F-G) Wavelet transforms for k3-weighted EXAFS signals of Ir Ls-edge of IrO2 (F) and Ru0.05mg/IrOx«
after reaction (G). (H-I) Wavelet transforms for k3-weighted EXAFS signals of Ru K-edge of RuO: (H) and

Ru0.05mg/IrOx after reaction (I).
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Figure 3. (A-B) In situ real-time ATR FT-IR spectra of the Ru0.05mg/IrOx (A) and IrOx (B) catalysts were
recorded under various applied potentials in 0.5M KHCO3 electrolyte. (C) In situ Raman test of Ru0.05mg/IrOx
using 0.5M KHCO;3 electrolytes under various currents. All applied potentials and currents were not iR corrected.

(D) The proposed mechanism diagram of the ordered reconstruction.

To monitor the evolution of surface-adsorbed intermediates during the reaction, in situ attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectroscopy was employed. For Ru0.05mg/IrOx (Fig. 3A and Fig. S15),
as the potentials increased, absorption bands at 3314 cm! and 1650 cm-! progressively intensified and then
stabilized38l. These bands are attributed to the stretching and bending vibrations of hydrogen-bonded hydroxyl

groups, respectively, indicating adsorption of H>O molecules on the catalyst surface and the onset of the OER.

Once the potential exceeded 1.4 V, the emergence of the *OO* intermediate at 1050 cm-! indicated that the
catalyst followed the oxide path mechanism (OPM)B391, implying the formation of oxygen bridge structures at the
catalytic sites. Furthermore, the appearance of the *OOH intermediate at 1200 cm-1[40] suggests that the catalytic
process more closely aligned with the adsorbate evolution mechanism (AEM), rather than the conventional OPM
or lattice-oxygen-mediated mechanism (LOM). Notably, no *OO* or *OOH intermediate bands were observed at
potentials below 1.5 V (Fig. S15A-B), indicating that structural reconstruction of the catalyst did not occur at low

current densities and that only H>O adsorption was initiated under these conditions. Importantly, even after the
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external potential was removed, all key adsorption bands remained stable (Fig. S15A-E), confirming that

Ru0.05mg/IrOx underwent an irreversible and ordered reconstruction under high current densities. For IrOx, the

*OH, *OO0%*, and *OOH adsorption bands were also observed, indicating that IrOx followed a similar reaction
mechanism (Fig. 3B). Such reconstruction behavior involved the oxygen-bridge formation seen in OPM-type
mechanisms but ultimately follows the AEM pathway, favoring the stable generation of *OOH species and
efficient Oz evolution. However, the stability of active sites within the oxygen-bridge structures cannot be directly
verified by in situ ATR-FTIR. Therefore, in situ Raman spectroscopy was employed to further reveal the evolution
of the surface structure. For the Ru0.05mg/IrOx catalyst, the Ir—O stretching mode remained at the same position
and showed excellent stability with increasing currentl!0! (Fig. 3C), indicating a robust Ir—O structure. In contrast,
for pristine IrOx, although the Ir—O stretching mode was observable at low currents, it gradually disappeared at
higher current densities (Fig. S16), suggesting amorphization of the catalyst structure. These results confirmed
that Ru single-atom doping and the EG protective layer effectively enhanced the stability of the Ir-O—Ru bridging

structure and promote an ordered reconstruction during OER operation.

Based on these results, we proposed a plausible reconstruction mechanism at high current densities (Fig. 3D). EG
contained hydroxyl groups that could chelate with surface Ir atoms, modulating the local coordination
environment and promoting controlled nucleation during electrochemical activation. It not only suppressed the
over-oxidation of Ir species into soluble forms, preventing amorphization, but also ensured the stability of Ir-O
bonds, thereby promoting an ordered reconstruction process (Fig. S5-6). During the initial stage of the OER, Ru
existed predominantly in a high oxidation state (Fig. 2D) and preferentially adopted a lower coordination number
(Table S2) to accommodate its electronic configuration. Consequently, it anchored onto the IrOx framework in a
four-coordinated [RuQOs] structure (Table S2). However, as the OER progressed, the high anodic potential
promoted the accumulation of oxygen intermediates (*OO, *OOH, *OH) (Fig. 3A-B and Fig. S15). Direct O*—
O* coupling occurred between adjacent Ru and Ir sites, leading to the formation of oxygen-bridged structures. To
adapt to the evolving reaction environment, [rOx dynamically adjusted its oxygen coordination number (Table
S1), while high-valence Ru (Fig. 2D) exhibited increased mobility, which may lead to dissolution and leaching
from the bulk phase. However, under the protective effect of EG, an ordered reconstruction process was triggered,
where Ru gradually integrated into the IrOx lattice through the formation of robust Ru—O-Ir bridging structures.
This process stabilized Ru within the IrOx framework, enabling a progressive transition from a four-coordinated to
a six-coordinated oxygen environment. The final [RuOs]/[IrOs] octahedral configuration (Table S1, Table S2)
enhanced the structural rigidity of the catalyst and significantly improved its long-term stability under high

current density.

Electrocatalytic OER performance
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Figure 4. OER performance and stability under neutral condition. (A) The 12-hour stability test for I[rOx and

Ru/IrO with varying Ru loadings at 500 mA cm-2; (B) LSV curves, normalized to the geometric area, for samples
with different Ru loadings before and after the 12-hour stability test at 500 mA cm-=2; (C) ECSA analysis
comparing Ru/IrOx with varying Ru loadings to IrOx. (D-E) The long-term stability test of Ru0.05mg/IrOx at
current densities of 500 (D) and 200 mA ¢cm~2 (E). The Ru0.05 mg/IrOx catalysts used in Figures 4D-E were
subjected to 12 h of stability testing at 500 mA cm-2. (F) Comparison of OER performance between Ru0.05mg/

IrOx and other reported materials at neutral conditions.

To evaluate the catalytic OER performance, electrochemical measurements were conducted in a three-electrode

system using 0.5 M KHCOs electrolyte. Stability tests revealed that IrOx exhibited significant degradation at high
current densities (Fig. S17A), with a substantial decline in OER activity after reaction (Fig. S17B). This

suggested that IrOx underwent dissolution and reconstruction under high-current conditions, leading to severe
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performance deterioration. Notably, IrOx-EG demonstrated significantly enhanced stability under high-current
conditions (Fig. S18A). Moreover, after stability testing at different current densities, the IrOx-EG exhibited
improved OER activity compared to original IrOx (Fig. S18B vs Fig. S17B), indicating that EG effectively
inhibited IrOx dissolution and enhances structural stability. To further optimize OER performance, Ru was
incorporated into the catalyst, and various Ru/Ir ratios were investigated. Prior to stability testing, LSV results
showed that Ru doping enhanced the OER activity, with the optimal performance observed at a Ru0.01 mg/IrOx
(Fig. S19). The 12-h stability testing indicated that at low current densities, all samples maintained good stability
at 10 and 200 mA cm-2 (Fig. S20A-B). However, under a high current density of 500 mA c¢cm-2, only catalysts with
Ru loadings of 0.05 mg and 1 mg exhibited superior durability (Fig. 4A). Furthermore, post-reaction OER
performance analysis revealed that, except for Ru0.05mg/IrOx, which exhibited an anomalous increase in activity,
all other samples suffered performance degradation (Fig. 4B and Fig. S21A-H). This suggested that an
appropriate amount of Ru doping not only enhanced structural stability but also improved catalytic activity.
Notably, at low current densities, Rulmg/IrOx exhibited the highest OER activity (Fig. S22A), whereas at high
current densities, Ru0.05mg/IrOx demonstrated superior catalytic performance (Fig. S22B-C). This indicated that
under low current density conditions, the catalyst retained its original 4-fold symmetry [IrO4] and [RuOs]
octahedral-like structure as the primary active site (Table S1). However, at high current densities, an appropriate
amount of Ru acted as a structural stabilizing factor, facilitating catalyst reconstruction to form 6-fold symmetry
[IrO¢] and [RuOgs] octahedral structures (Table S1, Table S2), thereby further enhancing catalytic activity and
stability. This observation underscored the structural advantages introduced by appropriate Ru doping. To
elucidate the origin of the enhanced catalytic activity, electrochemical double-layer capacitance (Ca)
measurements were employed to estimate the electrochemically active surface area (ECSA) of catalysts (Fig.
S23-28). In the ECSA-normalized activity comparison, the activity ranking remained largely unchanged before
and after the stability test, with Rulmg/IrOx consistently exhibiting the highest intrinsic activity (Fig. S29A-D).
Although variations in stability and catalytic activity may be related to ECSA, it remained unclear whether ECSA
was the sole determining factor. Further analysis of the catalyst roughness factor revealed that under high current
densities, Ru0.05mg/IrOx exhibited the highest roughness factor, while Rulmg/IrOx had the lowest (Fig. 4C).
This finding indicated that ECSA alone cannot fully account for the observed differences in catalytic performance,
and additional factors such as active site exposure and structural evolution likely contribute to the enhanced OER

activity of Ru0.05mg/IrOx at high current densities.

Based on the above findings, Ru0.05mg/IrOx was selected for long-term stability testing. Under high current
densities of 500 and 200 mA cm-2, the catalyst exhibited stable operation for 100 h (Fig. 4D) and 200 h (Fig. 4E),
respectively. This durability significantly exceeds previously reported OER stability in neutral conditions (Fig. 4F,

Table S4), demonstrating its promising potential for practical applications.

OER performance of electrocatalyst in a MEA-based CO: electrolysis
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Figure 5. eCO2RR stability in an Scm2 MEA. (A) A schematic illustration of the MEA electrolyzer. (B) The
eCO2RR stability test of fresh Ru0.05mg/IrOx@Ag NPs at current density of 200 mA cm2 using 0.5M KHCO:s.
(C) Comparison of the long-term operational stability of Ru0.05mg/IrOx@Ag NPs in a neutral CO, electrolysis
using MEA reactor for CO production with other reported systems.

In the industrial application of eCO2RR, achieving high current densities exceeding 200 mA cm2 is a critical
requirement. Given that the Ru0.05mg/IrOx catalyst demonstrated exceptional stability at 200 mA cm? in a
conventional three-electrode configuration, we further evaluated its long-term performance in a MEA system to
assess its practical viability for CO2 electrolysis (Fig. SA). The MEA device utilized a 5 cm? geometric electrode
area, with Ru0.05mg/IrOx serving as the anodic catalyst for the OER and Ag nanoparticles as the cathodic catalyst
for eCO2RR, selectively producing CO. During the initial stage of electrolysis, structural instability of the catalyst
led to reconstruction under high current density, causing fluctuations in cell voltage (Fig. SB). However, once a
stable catalytic structure was established, the MEA system maintained stable operation for 480 h (Fig. 5B). Over
this extended period, the Faradaic efficiency (FE) of CO production gradually declined from an initial 90% to
approximately 80% (Fig. 5B), indicating gradual but controlled catalyst degradation while preserving high

selectivity. For comparison, stability tests under acidic conditions were conducted. The catalyst exhibited stable
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operation for 16 h, maintaining a CO selectivity of approximately 65% with a cell voltage around 4.5V (Fig. S30).
This result further demonstrates that e€CO2RR in a neutral electrolyte offers lower cell voltage, better stability than
acid condition for industrial application. Notably, the durability of our MEA system significantly outperforms
previously reported neutral-electrolyte MEA systems for CO production (Fig. SC, Table S5), highlighting the
structural and electrochemical advantages of the Ru0.05mg/IrOx catalyst. The superior stability of our system was
likely attributed to the synergy between Ru and Ir by confined reconstruction, where Ru incorporation promoted
the formation of a high-coordination [RuOg]/[IrOs] octahedral framework, enhancing both intrinsic catalytic
activity and resistance to dissolution. These findings underscored the strong potential of our catalyst and MEA
configuration for industrial-scale eCO2RR applications, offering a promising route toward scalable and energy-

efficient CO2 conversion technology.
Computational Results and Discussion

To better understand the reasons behind high activity and stability of Ru0.05mg/IrOx samples in our experimental
section, we utilized DFT calculations. Our integrated analysis of EXAFS (Fig. 2E, 21, Table S2) and AC-
HAADF-STEM images (Fig. 1C-D) confirms the single-atom dispersion of Ru atoms with localized coordination
within the Ru/IrO»« structure. Therefore, to capture the influence of coordination environment, we constructed
various model structures by incorporating different numbers of Ru single atoms doped into the IrO2x (110) rutile

crystal structure (Fig. 6A).

The studied model structures include various content of atomic percentages of Ru, including 6%, 13% and 19%.
Of note, the percentages in our computational models may not directly mirror the experimental compositions.
However, constructing a variety of models for atomic configurations aids in elucidating the potential coordination
chemistry that impacts the stability and activity of Rux-IrOz.x. Rue%-IrO2 includes one Ru single atom in the IrO>
slab, while Rui3%-IrO2 and Rui9-IrO; include two and three Ru single atoms in the IrO> slab, respectively. For
Ruew-1rO2, we investigated three probable sites for Ru atoms, indicated as Ruges(a)-IrO2 and Ruevp)-IrO2 and Rusy,
©-IrOz in Fig. 6A, each of which corresponds to a different location for the doped Ru atom, either on the surface
or subsurface of the IrO> slab. Specifically, in Ruev)-IrO2, the Ru atom is a sublayer atom located below the Ir
atom active site. In Ruswn)-IrO2, the Ru atom is a surface atom located next to the Ir atom active site. In Rusvc)-

IrO,, the Ru atom is a surface atom, and it serves as the active site.

For Ruize-IrO2, we examined two different model structures where (Rui3v)-IrO2 and Rui3ww)-IrO2) correspond
to different arrangements of Ru atoms within the IrO> slab. In Rui3y@)-IrO2, one Ru atom is a surface atom
located next to the Ir atom active site, while another Ru atom is a sublayer atom positioned below the Ir atom
active site. In Rui3yw)-IrO2, one Ru atom is a sublayer atom below the Ir atom active site, and another Ru atom is
a sublayer atom next to this Ru sublayer atom. For Rujoy-IrO>, we examined only one possibility due to the
configuration it presents. In this structure, the two Ru atoms on the surface and the Ru atom in the sublayer are the

nearest neighbor atoms to Ir at the surface for this amount of Ru.
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According to our XPS findings depicted in Fig. S11, Ru0.05mg/IrOx sample with reduced lattice oxygen content
after OER exhibits greater stability. The rise in lattice oxygen content correlates directly with an increase in
oxygen vacancies. Consequently, it is apparent that samples like IrO>, which display a substantial increase in
lattice oxygen content following OER testing, have undergone the formation of numerous oxygen vacancies,
resulting in low OER stability. To investigate the stability in more detail, we calculated the formation energy of an
oxygen vacancy (AEr) in various model structures constructed for Rux-IrO2. in Fig. 6A using DFT calculations
(see computational details in Methods) (Fig. 6B). We then compared these with the vacancy formation energy of

pristine IrOx.

The tendency of the catalyst to form an oxygen vacancy (less formation energy) is an indication of a less stable
structure. The stability of IrO: is sensitive to different incorporations of Ru (Fig. 6B). IrO2 has a negative oxygen
vacancy formation energy of AEf= -0.27 eV, indicating a facile loss of oxygen from site 1 (Fig. 6B). However,
any amount of Ru incorporated into IrO> shifts the oxygen vacancy formation energies toward more positive
values ranging from 0.1 to 0.39 eV when a vacancy is formed in site 1 (Fig. 6B). When subsurface oxygen
vacancies are considered in Rux/IrO; structures, the oxygen vacancy formation energy is decreased indicating
more tendency to form subsurface oxygen vacancies. The fact that incorporating any amount of Ru (Rux/IrOz)
shifts the oxygen vacancy formation energy towards more positive values indicates higher stability for Rux/IrO2
structures, leading to less leaching of the Ir#+ into the solution during the OER in comparison with pure IrO.. This
analysis offers valuable insights into understanding the interactions between Ru dopants and IrO; at different

crystallographic sites, leading to tailoring the IrO> catalytic properties toward better OER performance.

As stated earlier, it is established that catalysts operating under LOM exhibit superior activity, but inferior
stability compared to those operating under AEM?27. 28, Previous experimental and computational studies on IrO»
and RuO; catalysts have demonstrated the LOM as a likely pathway for OER.29.30 To understand how the OER
activity changes across different Rux/IrO2.x model structures, we investigated both AEM and LOM mechanisms.
We first did the analysis for the AEM mechanism3! and calculated the adsorption free energies of OER
intermediates, AGno*, AGo*, and AGruoo*. Computational hydrogen electrode (CHE) in conjunction with
descriptor-based analysis was used to identify trends in OER activity across different model structures in Fig. 6A.
The free energy difference of the key intermediates AGuo+ and AGo~ is used as the OER activity descriptor.
Theoretical overpotential was calculated for all different model structures (see the computational details in

Methods) which allowed us to establish the OER activity volcano plot (Fig. 6C).

The color bar in Fig. 6C shows the theoretical overpotential with the most active catalyst located in the red region
where overpotential is minimized. Different examined structures were studied to draw the catalytic activity trends
(Fig. 6A). Our findings reveal that Ir remains the most active site in all Rux/IrO2«x structures. When a surface Ru
atom is considered as the active OER catalytic site (Ruesv()/IrO2) in any of the structures studied, the calculated
overpotential is exceptionally high, reaching 0.71 V (Fig. 6D). The results in Fig. 6C-D indicate that even

minimal percentage of Ru atoms (e.g. Ruew)y/IrO2) modifies the electronic structure of the adjacent Ir sites,
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lowering the OER overpotential and thereby increasing activity. Among the studied systems, Ruizv)/IrO2 structure
displays the least overpotential (0.38 V, Fig. 6C-D). In this configuration, Ru single atoms are dispersed across
both the surface and the sublayer (as depicted in Fig. 6A), thereby altering the electronic structure of the adjacent

Ir atom, which acts as an active site.

We further investigated the LOM mechanism on our most active catalyst surface, i.e., Rui3v)/IrOz (Fig. 6E-F).
Our results show that the reaction mechanism may involve a combination of both LOM and AEM, with LOM
potentially playing a role in initiating the reaction by facilitating the transfer of lattice oxygen atoms, which then
proceed to participate in adsorbate evolution on the catalyst surface. Fig. 6E-F display the OER free energy
diagrams on IrO; and Rui3%@)/IrO2 at U = 0.0 V and U = 1.23 V, considering both AEM and LOM mechanisms.
LOM relies on the participation of lattice oxygen atoms, whereas AEM involves the adsorption and evolution of
reactive OER intermediates on the catalyst surface. Thus, we further calculated the adsorption energy of the key

intermediate steps for LOM, AGuox, AGz2no*, and AGzo+.
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Figure 6. Density functional theory calculations. (A) Different Rux/IrO2 loading systems at various sites.

Arrows are used to indicate four specific sites for Ir doping. (B) Calculated formation energy of an oxygen

vacancy for different Rux/IrOz loading systems at various sites; A negative value indicates that vacancy formation

is energetically favorable. The model systems include pure IrO2, Rusv@a—)/IrO2, Ruizvby/IrO2, and Ruigy/IrO:.

(C) Volcano plot of the OER overpotential as a function of adsorption free energies, AGno+ and AGo+, for reaction

intermediates. (D) Theoretical overpotential, noer, for different Rux/IrO> loading. (E-F) Free energy diagrams of

IrO2 (E) and Ruize@yIrO2 (F) depicting the adsorbate evolution mechanism (AEM) and lattice-oxygen-mediated
mechanism (LOM) for the OER at U=0 V, and U =
intermediate structures for both AEM and LOM pathways are shown on top. Atom colors are indicated.

1.23 V standard potential, pH=0, and T=298 K. Key

Taking the AEM pathway on IrO2 at U = 0.0 V, we find that the initial step involves the exothermic adsorption of

HO* on the IrO; surface (Fig. 6E). The subsequent oxidation of HO* to O* is an uphill process with a
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thermodynamic barrier of 1.63 eV, followed by an oxidation of additional H2O molecule and O* to form HOO*
with a barrier of 2.93 eV. The free energy diagram at U = 1.23 V, shows that the most uphill step (also known as
thermodynamic barrier) for the OER following the AEM is associated with the oxidation of O* to HOO*. The
free energy diagram for the LOM pathway starts with the adsorption of H>O(l) and a subsequent oxidation leading
to the formation of HO*. The next step in LOM pathway diverges from AEM as another H,O molecule needs to
be oxidized and form the second HO* in a second active site, followed by an oxidation of both HO*s to 20%*,
resulting in the formation of Ox(g). The thermodynamic barrier in LOM is energetically competitive with its
counterpart in the AEM pathway. However, the occurrence of two exothermic steps at the onset implies that LOM
could potentially offer a more advantageous route in IrO> when contrasted with AEM. This observation aligns
with recent experimental findings reported for IrO> using in-situ operando experiments32 and explains why IrO:

has a significant increase in lattice oxygen content after OER (XPS analysis, Fig. S11).

For the Rui3v)/IrO2 system (Fig. 6F), the LOM and AEM mechanisms closely mirror that of IrO2, sharing the
same key intermediates. The most apparent difference in the LOM pathway is that the introduction of a Ru single
atom weakens the adsorption free energy of the second HO* on Ir sites, which in turn results in a lower
overpotential. In the AEM, the highest thermodynamic barrier still remains to be the oxidation of O* to HOO*. In
the LOM pathway, there is a slightly exothermic adsorption of HO* with an energy gain of 0.076 eV. However,
subsequent steps in the LOM pathway are uphill, resembling the energy profile observed in the AEM pathway.
Notably, the thermodynamic barrier at U = 1.23 V for oxidation of 2HO* to 20* is slightly higher than the

corresponding barrier in the IrO; system.

At U = 1.23 V for the AEM, going from O*+H>0 to HOO* is accompanied by 1.70 eV and 2.02 ¢V on IrO; and
Rui3v)/IrO2, respectively. Conversely, the LOM mechanism has thermodynamic barriers of 1.78 eV and 1.9 eV
on IrO> and Ruizw)/IrO2, for oxidation of 2HO* to 20*. These results suggest that while there is a competition
between AEM and LOM in both [rO2 and Rui3e)/IrO2, LOM is potentially less favorable when Ru is doped into
the IrO>. This entails the higher stability for Rux/IrO»x catalysts which is consistent with experimental
observations from XPS results where the lattice oxygen content (an indicator of abundant oxygen vacancies) is

less impacted or reduced for after OER test (Fig. S11).

While our mechanistic analysis focuses primarily on the competition between the AEM and the LOM, we
acknowledge that other OER pathways have been proposed in the literature for IrO, including peroxo-based
oxygen coupling, dual-site mechanisms, and proton-coupled electron transfer (PCET) variants. Notably, recent
theoretical works by Ha and Larsenl#!l, Goddard and Pingl42], Binninger and Doubletl*3], and Krewer et all*4] have
broadened the mechanistic landscape by identifying multiple coexisting or condition-dependent pathways.
However, our combined experimental and theoretical strategy is designed to investigate the specific interplay
between AEM and LOM, as these are the two mechanisms most strongly implicated by our operando
spectroscopic data (Fig. 3 and Fig. S15). XPS and EXAFS analyses indicate that lattice oxygen redox activity and

oxygen vacancy evolution correlate directly with catalytic stability in our Ru-doped IrO> system (Fig. 2 and Fig.
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S11). Since LOM is closely tied to catalyst degradation via lattice oxygen participation and Ir dissolution, our
DFT calculations were constructed to quantify how Ru incorporation shifts the mechanistic preference away from
LOM and toward AEM. While we do not dismiss the possibility that other pathways may operate under specific
electrochemical conditions, our study prioritizes the thermodynamically and experimentally dominant pathways
most relevant to explaining the stability and reactivity trends observed in our system. To reflect the broader
context, we have now expanded the discussion to acknowledge the mechanistic diversity of OER on IrO; and

position our AEM—LOM analysis as a stability-driven exploration supported by both theory and experiment.

It is important to note that the computational analysis presented in this work, based on the CHE model, is
primarily applicable to reaction energetics in the kinetic regime of oxygen evolution, typically corresponding to
low-to-moderate overpotentials. While the CHE model has proven widely effective for identifying intrinsic
catalytic trends and theoretical overpotentials, it does not capture electrochemical phenomena that become
prominent at high current densities, such as mass transport limitations, interfacial potential gradients, double-layer
effects, or solvent reorganization. Our DFT calculations are therefore intended to provide atomistic-level insights
into the impact of Ru incorporation on the electronic structure and thermodynamics of IrOx surfaces, rather than
simulate the full electrochemical environment at industrial current densities. At such large driving forces,
additional modeling frameworks—such as continuum-level transport simulations, kinetic Monte Carlo (KMC)
methods, or Marcus theory-based solvent interaction models—may be necessary to fully describe the
electrochemical response. We acknowledge this limitation and have indicated that while our findings are not
directly transferable to the mass-transport-limited regime, they nonetheless offer meaningful mechanistic insights

into catalyst stability and activity trends under relevant reaction conditions.

Conclusions

In conclusion, we developed a confinement reconstruction strategy for OER catalysts in neutral CO; electrolysis
using MEA reactor, achieving high activity and stability. EG served as a structural modulator, protecting the
catalyst surface and promoting an ordered reconstruction. Ru acted as a dual-function regulator, stabilizing IrO»
by forming robust Ir—O—Ru bridging structures, which facilitated the transition from 4-fold to 6-fold symmetry,
enhancing structural rigidity. Simultaneously, Ru modulated the oxidation state of Ir, optimizing the electronic
structure and improving the stability of active sites. The Ru0.05mg/IrOx catalyst maintained stable operation at
200 mA cm2 for 480 h accompanied by over 80% CO FE in MEA-based CO> electrolysis. DFT calculations
confirmed that Ru suppressed oxygen vacancy formation and enhanced activity, making the AEM more favorable.
This strategy provided new insights into high-current-density OER catalyst design, accelerating the

commercialization of COz electrolysis in neutral electrolytes.
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