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Electrochemical CO; reduction to CO (CO;RR) is a sustainable carbon utilization route. Silver is widely recognized
for its high CO selectivity and favorable cost-performance compared to gold, but nanostructured Ag catalysts suffer from
stability issues during prolonged operation. Using the IM?ODE inverse-design algorithm and density functional theory
calculations, we identify the large-pore N-doped graphene (NG) supported regular tetrahedral Agy cluster (r-Tet) as ther-
modynamically stable and CO;RR-active. Substituting its apical Ag atom (AgzM @NG; M = Cu, Ru, Rh, Pd, Ir, Pt, Au)
shows that coinage metals (Cu, Au) preserve stability but lack activity, whereas other metals cause loss.of the initial tetra-
hedral geometry due to excessive CO binding (—2.63 eV to —3.20 eV). To resolve this, we introduce a hydrogen atom at
the hollow site (Hollow-H) of r-Tet, which concurrently activates the Agy cluster for CO,RR and-strengthens interfacial
Ag—-N bonding. The H-activated catalyst proceeds via a two-stage mechanism with H activation (0.80 eV) as the potential-
determining step (PDS). Crucially, Hollow-H acts as a dual-purpose electronic promoter: It localizes the apical Ag atom
orbital for CO, activation while simultaneously transferring charge to prevent cluster deformation from an imbalanced
charge distribution. This work establishes hydrogen-activated engineering as a general strategy for enhancing both the

activity and stability of supported cluster electrocatalysts.
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1. Introduction

Converting waste CO, to CO using renewable electricity
and feeding the product into existing syngas processes is a vi-
able route for a “green carbon” cycle.!'>} The electrochemical
CO; reduction to CO (CO,RR) is particularly attractive due to
its two-electron, two-product nature, which-offers favorable
kinetics. Silver is a leading catalyst candidate because it bal-
ances moderate COOH binding (*COOH), weak CO adsorp-
tion (*CO), and relatively low cost compared to Au.!*~*! How-
ever, Ag-based catalysts.face two coupled challenges: The
weak CO, adsorption leads to a high overpotential for “COOH
formation (the potential-determining step),!!%!!! while struc-
tural degradation (aggregation, dissolution, and surface re-
construction) under extended operation limits durability.[1>-14]
Moreover, strategies that boost activity often compromise sta-
bility, and vice versa, creating a persistent activity-stability
trade-off that must be overcome for practical application.[!-16]

Nano-structuring of metal catalysts reduces their charac-
teristic dimensions to the nanoscale or even sub-nanometer
regime, thereby substantially increasing the specific surface
area and the number of under-coordinated surface atoms, and

tailoring electronic structures through quantum effects.!!7-18]
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Fully realizing these benefits often necessitates an appropri-
ate support, particularly two-dimensional (2D) nitrogen-doped
carbon-based materials, where electron-rich N sites stabilize
metal clusters via strong metal-support interactions while
modulating the electronic structure of active sites.[!%2! Ex-
perimentally, Ag atomic clusters on N-doped carbon nan-
otubes have achieved CO Faradaic efficiencies exceeding 99%
for CO, electroreduction.!!”! Bai er al.?2) demonstrated that
Cuj clusters on g-C3Ny4, where each Cu atom coordinates
to pyridinic N, exhibit delocalized Cu d-orbital states arising
from Cu-N hybridization; P and Se heteroatom engineering
was employed to re-tune the electronic structure for selec-
tive CO,-to-ethylene conversion. Zhang et al.*! screened My
clusters on C;N and found that Cry and Mny achieve limit-
ing potentials of —0.24 V and —0.23 V for CO production,
outperforming their single-atom counterparts. For Ag specif-
ically, Zhang et al.®* compared Agy, Agg, and Agj3 on g-
C3N4 and demonstrated that Ags exhibits the strongest CO,
chemisorption among the three sizes. These studies collec-
tively underscore the sensitivity of catalytic performance to
cluster and coordination geometry, yet strategies for simulta-
neously enhancing the activity and structural stability of sup-
ported Ag four-atom clusters under reaction conditions remain
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largely unexplored.

A critical aspect that remains underexplored is the role
of the aqueous electrochemical environment, specifically ad-
sorbed hydrogen (*H), in modulating both stability and activ-
ity. Zhang et al.'>>! demonstrated that *H adsorption serves as
a dominant driving force for Cu catalyst restructuring during
CO2RR by weakening metal-metal bonds and inducing lat-
tice expansion, with the mechanism extending across multi-
ple transition metals. Huang et al.!?®! further established the
charge state of adsorbed *H as a critical kinetic descriptor for
hydrogen electrochemistry. Whereas Ag was predicted to re-
sist “H-induced restructuring due to thermodynamically unfa-
vorable H adsorption, the deliberate introduction of hydrogen
into the catalyst system may offer a novel route to actively
modulate both stability and activity.

Herein, we combine inverse-design structure search
with comprehensive density functional theory (DFT) calcu-
lations to systematically investigate Ags clusters on N-doped
graphene (Agq @NG) for CO,RR. The IM>ODE algorithm 27}
identifies the thermodynamically favored cluster configura-
tion and we elucidate its electronic stability origin. Apical-
atom substitution (AgzsM@NG) reveals a divergence between
initial-state and reaction-state stability. To resolve the activity-
stability dilemma, we propose the Hollow-H strategy and un-
cover a dynamic charge-buffer mechanism, anelectronic effect
in which H-induced polarization simultaneously: activates the
apical Ag site and reinforces interfacial anchoring. This estab-
lishes hydrogen engineering as a generalizable framework for
stable, active cluster electrocatalysts.

2. Computational methods

All spin-polarized DFT calculations were performed us-
ing the Vienna ab initio simulation package (VASP)[?8:2%]
with the projector augmented wave (PAW) method.?%) The
Perdew—Burke—Ernzerhof (PBE) functional within the gener-
alized gradient approximation (GGA) was employed, ! with
the DFT-D3 dispersion correction.*?] A plane-wave energy
cutoff of 500 eV and Gamma-centered k-point meshes of
[3 x 3 x 1] (relaxation) and [7 x 7 x 1] (electronic structure)
were used. All structures were relaxed until residual forces
fell below 0.03 eV/A and total energy convergence reached
1073 eV. The NG substrate was modeled using a 7 x 7 x 1
graphene supercell (a =b=1722 A, c=2000A; a = =
90°, ¥ = 120°) with pyridinic-N-terminated pore edges (diam-
eter ~ 5.70 A).

Bader charge analysis!*3! was employed to evaluate the
charge distribution and electron transfer among the con-
stituent atoms, where positive values indicate electron loss
and negative values indicate electron gain. Crystal orbital
hamiltonian population (COHP) analysis used the LOBSTER

package,’*¥1 with integrated COHP (ICOHP) values quanti-
fying bond strength. The IM>ODE single-objective DE search
employed a random initial population of 10 Ag4/NG candi-
dates, a mutation factor of 0.6, duplicate removal after local
DFT relaxation and energy ranking. To verify search conver-
gence with respect to generation number, 50 DE generations
were conducted, and converged to three low-energy candidate
structures. The workflow proceeds as illustrated in Fig. 1 and
more explanations regarding IM>?ODE are provided in Supple-
mentary Material S1.
The cluster binding energy per atom (Ey,)-was defined as

Ey, = (Ecluster+NG —Ecluster — ENG)/”7

where Ecjyster+NG»> Eclusters and Eng are the total energies of

the supported cluster system, the isolated cluster, and the sub-

strate, and » is the number of metal atoms in the cluster.
Adsorption energies (E,q5) were calculated as

Eads = Etotal — Eslab — Emoly

where Eioa1, Eslabs and Epo) are the total energy of the slab with
adsorbed molecule, the pure slab and the single molecule, re-
spectively.

Reaction free energies followed the computational hydro-
gen electrode (CHE) model 3!

AG = AE + AEzpg — TAS + AGpH + AGy,

where AE represents the reaction energy difference between
the reactant and product, which is directly calculated from
DFT computations. The zero-point energy (AEzpg) and en-
tropy of the adsorbates are obtained based on the vibrational
frequencies and the entropies of the gas phase. AGpy and AGy
indicate the changes in free energy caused by the variation of
H™ concentration (pH value) and electrode potential (U). The
Up was defined as

UL = —max (AG) /e,

where max(AG) is the largest positive free energy differ-
ence among the elementary steps. The CHE framework pro-
vides thermodynamic free energy differences of these proton-
coupled electron transfer steps.

Implicit solvation effects were evaluated using VASP-
sol with EB_.K = 80, LAMBDA_D_K = 3.0, and TAU =
0.0. Structural relaxations were performed on the vacuum-
optimized geometries. These calculations provide a

continuum-solvent thermodynamic reference.

3. Results and discussions
3.1. Inverse design search for stable Ag, cluster configura-
tions on N-doped graphene
To identify the thermodynamically stable configuration
of Agy clusters in the confined pore of N-doped graphene
(NG), we employed the IM?ODE inverse-design algorithm in
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a single-objective optimization to minimize total energy. The
NG substrate (Fig. 1, left) was constructed from a 7 x 7 x 1
graphene supercell with pyridinic-N-terminated pore edges,
yielding a pore diameter of 5.70 A, suitable for nanocluster
loading. The single-objective optimization was set for 2D-
supported cluster geometries with a mutation factor of 0.6.
The IM?ODE search followed the standard differential evolu-
tion (DE) workflow?”! (Fig. 1, center): (i) generate an initial
population of random Agy structures on NG, (ii) locally opti-
mize each candidate with DFT, (iii) rank structures by energy
and remove duplicates, and (iv) create new candidates via DE
operations.

After structural search and DFT refinement, under our
computational conditions, three low-energy Ags configura-

tions emerged (Fig. 1, right). The vertical plate (v-Plt)

IM2ODE
Differential Evolution Process

is a near-planar arrangement oriented perpendicular to the
graphene plane; as noted in prior literature, Ag clusters ex-
hibit a propensity for planar geometries in the gas phase and

5.37-31 The irregular tetrahedron

on pristine graphene surface
(i-Tet) has a distorted tetrahedral geometry with unequal Ag—
Ag and Ag—N bonds. The regular tetrahedron (r-Tet) displays
symmetric tetrahedral coordination: Three basal Ag (Agy)
atoms bond to pore-edge N atoms, while one apical Ag (Ag,)
sits above the basal plane. Average energies per atom are
—8.8617 eV/atom, —8.8609 eV/atom, and —8.8602 eV/atom
for v-Plt, i-Tet, and r-Tet (Table S1), respectively. Cluster
binding energies per Ag atom rank-as r-Tet (—1.23 eV) > i-
Tet (—1.21 eV) > v-Plt (—1.02eV). Although average ener-
gies differ only by.~ 1.5 meV/atom, binding energy clearly
establishes r-Tet as the most stable configuration.
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Fig. 1. IM?ODE inverse-design workflow for a stable Agy cluster on N-doped graphene. Left: input structures of the N-doped graphene substrate
and the 4-Ag-atom cluster (top), and IM>ODE parameter settings (bottom). Center: four-step DE procedure for structural search. Right: three
lowest-energy Agy configurations — vertical plate (v-Plt), irregular tetrahedron (i-Tet), and regular tetrahedron (r-Tet) — with their average total

energies per atom and binding energies per Ag atom.

This stability order is notable because Ag clusters typi-
cally favor planar shapes, suggesting that the pyridinic-N pore
promotes three-dimensional (3D) tetrahedral formation. The
preference can be explained geometrically: Three basal Ag
atoms maximize bonding with pore-edge N atoms, while an
apical Ag completes the tetrahedron. Furthermore, compar-
ison of the projected density of states (PDOS) of the apical
Ag atom across the three configurations (Figs. S1-S3) reveals
that the d,» orbital of the apical Ag in r-Tet is more localized

and lies closer to the Fermi level than those in v-Plt and i-Tet,

which is favorable for the subsequent adsorption of electro-
catalytic intermediates. Given these geometric and electronic
factors, r-Tet was chosen for all further studies.

3.2. Electronic origin of the stability of regular tetrahedral
Agq on NG

To elucidate the electronic basis for r-Tet’s superior sta-
bility, we performed a comprehensive bonding analysis using
electron localization function (ELF), charge density difference
(CDD), Bader charge analysis, and COHP calculations. The
2D ELF maps (Fig. 2(a)) reveal strong electron localization
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(ELF values up to 0.93) near the pyridinic-N pore edge be-
fore cluster anchoring, with characteristic red circle areas in-
dicating nitrogen lone-pair electrons. After r-Tet adsorption,
the maximum ELF decreases to 0.82 and the red areas dimin-
ish, directly evidencing that N lone-pair electrons participate
in Ag-N bonding and drive significant interfacial electron re-
distribution.

The CDD analysis (Fig. 2(b)) confirms electron redistri-
bution in all three configurations, with clear electron accumu-
lation/depletion at the Ag—NG interface. Notably, r-Tet dis-

) ee— Gy

@)

plays more symmetric charge redistribution than the other two,
with three Agp atoms undergoing comparable charge transfer
with coordinating N atoms. Bader charge analysis (Fig. 2(c))
quantifies this homogeneity: v-Plt Ag charges range widely
(—0.41 e to +1.06 e), reflecting heterogeneous coordination;
r-Tet charges are narrowly distributed (—0.37 e to —0.04 ¢), in-
dicating a homogeneous electronic environment that stabilizes
the 3D cluster geometry. i-Tet exhibits intermediate charge

heterogeneity, consistent with its intermediate symmetry.
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Fig. 2. FElectronic origin of r-Tet Agy stability on N-doped graphen

e. (a) Two-dimensional ELF maps before and after r-Tet adsorption. (b)

Charge density difference isosurfaces for v-Plt, i-Tet, and r-Tet. (c) Bader charge distributions of individual Ag atoms. (d) ICOHP versus bond
length for Ag—N and Ag—Ag bonds. (e) and (f) -pCOHP curves for six Ag—N bonds and six Ag—Ag bonds in r-Tet (blue: apical-basal Ag—Ag;

red: basal-basal Ag—Ag).

ICOHP analysis (Fig. 2(d)) shows the bonding origin
of the stability difference. In v-Plt and i-Tet, some bonds
are strong (Ag—Ag ICOHP down to —0.40 eV in v-Plt;
Ag-N ICOHP down to —0.43 eV in i-Tet), but the overall
bonding distributions are broad, with weak bonds (ICOHP
near —0.10 eV). This inhomogeneity creates structural weak
points. In contrast, r-Tet displays tightly clustered bond
strengths: Ag—N ICOHP ranges from —0.38 eV to —0.31 eV,
and Ag-Ag ICOHP from —0.29 eV to —0.23 eV. The nar-
row distributions indicate that r-Tet’s stability arises from a
balanced network of moderate-strength bonds. The -pCOHP

10

curves (Figs. 2(e) and 2(f)) further support this: The six Ag—
N curves nearly overlap, confirming equivalence of the three
basal Ag atoms, while Ag—Ag curves separate into two groups
— apical-basal (blue) and basal-basal (red).

3.3. Divergent stability regimes and reaction-state insta-
bility induced by substitution engineering

Having established r-Tet’s stability, we constructed eight
AgsM@NG systems (M = Cu, Ag, Ru, Rh, Pd, I, Pt, Au)
by replacing the apical Ag atom to directly modulate the elec-
tronic properties of the active center and assess structural sta-
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bility. Figure 3a presents the cluster binding energy per atom
and Bader charge transfer for each system, revealing two dis-
tinct stability regimes. For coinage metals (Cu/Ag/Au), larger
binding energies coincide with larger total cluster charge trans-
fer and modest apical-atom charge variation. Here strong Ag—
N interactions at the cluster-substrate interface are the pri-
mary stability contribution. For the other metals (Ru, Rh, Pd,
Ir, Pt), binding energies increase across each period (left to
right), while total charge transfer systematically decreases. In-
stead, binding energy correlates positively with charge vari-
ation on the apical M atom: As the M atom accumulates
This in-
verted charge-transfer/binding-energy relationship signals a

more electron density, binding energy increases.

shift where intra-cluster metal-metal bonding, rather than sub-
strate interaction, governs cluster stability.

Figure 3(b)’s ICOHP bonding balance map plots each
system in the space of Ag-N bond strength (-ICOHP(Ag—

(a)

N)) vs intra-cluster cohesion mismatch (|A| = |ICOHP(Ag, —
M,) —ICOHP(Ag,
favorable bottom-left region, characterized by strong Ag—N

—Agy)|). Cu/Ag/Au systems reside in the

anchoring and small cohesion mismatch. This indicates bal-
anced, cooperative bonding where interfacial and intra-cluster
interactions reinforce each other. The comparable Agy,—M,
and Agy,—Agp bond strengths produce a structurally homo-
geneous cluster with low internal stress and uniform elec-
tronic distribution. The other systems are displaced toward the
upper-right region, reflecting progressively weaker Ag—N in-
teractions and a growing disparity between Ag,—M, and Ag,—
Agy, bond strengths. As detailed in Fig. S4, individual ICOHP
values confirm that some bonds are excessively strong while
others are anomalously weak. A critical consequence of this
bonding imbalance is structural deformation under catalytic

operating conditions.
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Fig. 3. Stability of AgzsM @NG (M = Cu, Ag, Au, Ru, Rh, Pd, Ir, Pt) under substitution engineering. (a) Cluster binding energy per atom
(left), total cluster Bader charge (center), and apical M atom Bader charge (right). (b) ICOHP bonding balance: intra-cluster cohesion mismatch
|A| vs Ag—N bond strength. (c) Left: Standard CORR-to-CO pathway; right: initial- and final-state structures upon *CO adsorption, showing
reconstruction from tetrahedral to v-Plt, i-Tet, or r-Tet geometries. (d) *CO adsorption energies for all AgzM @NG systems.

Figure 3(c) illustrates the standard CO,RR-to-CO path-
way. In our computational screening, except for the Ru/Ir-
substituted systems (which exhibit tilted CO; side-on adsorp-
tion, Table S2), none of the other AgzM @NG systems activate
CO,, which remains physisorbed. CO adsorption (Figs. 3(c)

and 3(d)) shows structural differences. Cu/Ag/Au maintain
their tetrahedral geometry with moderate CO binding energies
(—0.65 eV to —1.27 eV). In contrast, other systems undergo
severe structural reconstruction upon *CO adsorption, from ro-

tation into i-Tet-like geometries to complete collapse into v-
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PIt configurations, driven by excessively strong *CO binding
(—=2.63 eV to —3.20 eV). This occurs because *CO adsorp-
tion on an already unbalanced cluster exacerbates the cohe-
sion mismatch: The strong M—CO bond withdraws electron
density from the apical region, effectively pulling the M atom
away from its equilibrium tetrahedral position. It is important
to emphasize that even moderately strong CO adsorption can
induce dynamic catalyst restructuring. A well-established ex-
ample is the CO-driven structural evolution of Cu electrodes
under CO,RR conditions.[*") A reconstructed structure may
exhibit catalytic activity that differs substantially from that of
the initial geometry, and evaluating its performance would re-
quire a separate reaction-pathway calculation. In this work,
we focus on the catalytic properties of the AgzM tetrahedral
cluster in its initial configuration, and the activity of the re-
constructed phase is not discussed here.

These findings show that the initial-state stability does not
guarantee reaction-state stability under catalysis. The ICOHP-
based cohesion mismatch parameter |A| serves as a bonding-
imbalance indicator for the apically substituted AgzsM @NG,
capturing a cluster’s resilience to adsorbate-induced pertur-
bations. It measures the bonding disparity between the sub-
stituted Agp—M, bond and the unsubstituted Ag,—Ag;, bond;
an enhanced Agy,—M, bond, while locally stabilizing, redis-
tributes electron density away from the basal Ag atoms, weak-
ening Ag,—N anchoring and rendering the supported clus-
ter more susceptible to adsorbate-driven structural reconstruc-
tion. Moreover, the results reveal a fundamental limitation
of conventional alloying: While transition metal substitution
can enhance intermediate binding and activity, it disrupts the
delicate anchoring-cohesion balance underlying structural in-
tegrity. Coinage metals preserve this balance but exhibit in-
sufficient *COOH activation (the free energy diagram of the
Ag4@NG system is shown in Fig. S5); late transition metals
achieve stronger intermediate binding at the cost of reaction-
state degradation. Within these apical-substitution systems,
the, activity-stability trade-off motivates alternative strategies
to decouple these traditionally conflicting objectives.

3.4. Hydrogen-assisted electronic activation and interfa-
cial stabilization

The findings in Subsection 3.3 reveal a dilemma: Stable
coinage metal systems show insufficient *COOH activation,
while reactive late-transition-metal systems suffer adsorbate-
induced reconstruction. Noting that *H is ubiquitously present

25411 we hy-

on electrode surfaces under cathodic potentials,[
pothesized that a single H atom adsorbed at a well-defined hol-
low site on the Ag, cluster side face could act as an electronic
promoter, simultaneously boosting both activity and stability.
Figure 4(a) illustrates this Hollow-H activation model, where

the H atom is positioned at a side-face hollow site of the tetra-

hedral cluster, coordinated by three Ag atoms (a detailed dis-
cussion of H adsorption sites on the Agy cluster surface is pro-
vided in Table S3) to modulate Ag—N interfacial anchoring
(via the basal Ags platform) and catalytic reactivity (via the
apical Ag atom). To test this, we analyzed the electronic ef-
fects of Hollow-H adsorption using PDOS and —-pCOHP. The
PDOS of basal Ag atoms (Fig. 4(b)) shows that H adsorption
induces pronounced d-band broadening and significantly en-
hances states near the Fermi level (Ef). The corresponding
—pCOHP analysis (Fig. 4(c)) provides quantitative evidence:
The ICOHP magnitude increases from —0.35eV (before H ad-
sorption) to —0.56 eV (after H adsorption), an approximately
60% enhancement in Ag—N bonding strength. The enhance-
ment stems from a substantial reduction in anti-bonding state
occupation below Ef, coupled with increased anti-bonding
contributions above Ef, consistent with the PDOS evidence
for strengthened Ag—N hybridization.

The catalytic cycle on H-Ag4s @NG follows a distinct two-
stage mechanism (Figs. 4(d) and 4(e)), differing from the con-
ventional CO,RR pathway on metal electrodes. Stage I (H
activation): Ags @NG + H™ + e~ to H-Agy @NG, with a cal-
culated reaction free energy of 0.80 eV. This pre-activation
step, occurring prior to CO, admission, transforms the initially
inert Ag4s@NG into the catalytically competent H-Ags @NG
Stage II (CO2RR cycle on the H-activated cluster):
Starting from H-Ags@NG, the reaction proceeds as * +
CO; to *CO; (AG = 0.43 eV), *CO,+ HT + e~ to *COOH
(AG=—0.49¢€V), *COOH + HT + ¢~ to *CO + H0 (AG =
0.24 eV), and *CO to CO(g) +* (AG = 0.46 eV). The correc-
tion results of the implicit solvation model for the reaction free

State.

energy show that (Fig. S6), under both vacuum and implicit-
solvent conditions the potential-determining step is H activa-
tion (stage I), not *“COOH formation, making a notable depar-
ture from conventional Ag-catalyzed CO,RR.HO!T A direct
comparison with Ag(111) is provided in Fig. S7: Hollow-H
activates the Agy cluster at a potential below the Ag(111) lim-
iting potential of —0.98 V, and shifts the CO,RR bottleneck
from *COOH formation to CO desorption (0.46 eV), substan-
tially reducing the largest free-energy uphill step within the
catalytic cycle.

The Hollow-H strategy in pure Ag4s@NG is unique com-
pared to AgzCu@NG and AgzAu@NG (Figs. S8 and S9).
While AgzCu@NG has a similar H activation free-energy up-
hill (0.79 eV), it suffers from excessively strong intermedi-
AgizAu@NG has
a lower H activation free-energy (0.37 eV) but also faces a
high CO desorption energy (0.90 eV). In contrast, Ags@NG
achieves the optimal balance with a moderate H activation en-

ate binding that hinders CO desorption.

ergy and intermediate binding strengths (—0.49 eV to 0.46 eV
for CO,RR steps) that allow efficient CO release; a discussion
of HER competition is provided in Supplementary Material
Fig. S2 and Figs. S10 and S11. This aligns with design princi-
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ples for Ag-based CO,RR catalysts, !>l which emphasize bal-
ancing *COOH stabilization and *CO desorption. Thus, the

hancing structural stability and catalytic activity, addressing
both the activity and stability issues identified in substitution

Hollow-H acts as a dual-purpose promoter, concurrently en-  engineering.
1 (c) 1
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E 0.0 v
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: & -0.6{ICOHP=-0.35 eV :
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Fig. 4. Hydrogen-assisted stabilization and activation of Ags@NG. (a) Top-view structure of Hollow-H on Agy @NG, with the Hollow-H site
highlighted by the red dashed circle. (b) PDOS of basal Ag atoms before (without-H) and after (with-H) Hollow-H adsorption. (c) -pCOHP
of Ag—N bonds with corresponding ICOHP values.. (d) Two-stage CO,RR mechanism: H activation (Stage I, red) and CO,RR cycle on the
H-activated cluster (Stage II, blue). (e) Free energy diagram for the complete two-stage pathway of Ags @NG.

3.5. Hollow-H-induced dynamic charge buffer mechanism

Having established Hollow-H as a dual-purpose elec-
tronic promoter, we explore its electronic origin. Figure 5(a)
presents ELF maps and CDD isosurfaces before and af-
Be-
fore adsorption, the ELF distribution is relatively isotropic in

ter H adsorption along two orthogonal cross-sections.

both directions. Upon Hollow-H adsorption, a pronounced
anisotropy develops: Elevated ELF appears above the apical
Ag atom on the side opposite to the adsorbed H (x-axis di-
rection), indicating unpaired, delocalized electrons, while the
y-axis direction remains largely unchanged. The CDD isosur-
faces independently corroborate this: Before adsorption, the
3D CDD map shows net electron depletion above the apical
Ag, an electronic configuration unfavorable for electrophilic
CO;,RR intermediates; after adsorption, clear electron accu-
mulation develops directly above the Ag-top, creating a po-
larized adsorption region primed for nucleophilic attack on
incoming CO,. Thus, Hollow-H induces directional electron
polarization toward the catalytic active site. By forming a co-
valent bond with the side-face Ag atoms, H does not localize
electron density in the Ag—H bond but triggers a global elec-
tronic polarization of the entire Ags cluster, simultaneously

stabilizing the side-face Ag atoms and activating the apical Ag
atom for intermediate binding.

Orbital-resolved PDOS of the apical Ag (Fig. 5(b)) re-
veals that all five d-orbitals systematically shift toward Er with
enhanced localization. This contrasts sharply with the basal
Ag atoms (Fig. 4(b)), whose d-states become more delocal-
ized and broaden in energy. This reveals an electronic differ-
entiation within the cluster: The basal Ag atoms, with delo-
calized d-orbitals, enhance hybridization with the substrate to
strengthen anchoring (structural function); the apical Ag atom,
with localized d-orbitals near Ef, is primed for hybridization
with adsorbate orbitals (catalytic function).

The Bader charge evolution of four components along the
CO,RR pathway further illustrates this (Figs. 5(c) and 5(d)).
The Ags cluster continuously loses electrons, serving as the
primary electron reservoir replenished by the substrate. The
apical Ag atom maintains a near-constant charge, functioning
as a catalytic center that facilitates directed electron flow with-
out self-accumulation. Hollow-H continuously gains elec-
trons, acting as a dynamic charge buffer that regulates electron
release to intermediates, preventing excessive charge accumu-
lation on the apical Ag,”®! which would weaken Ag—Ag co-
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hesion. The reaction intermediate exhibits oscillatory charge
behavior, adapting to its evolving chemical identity (* to *CO,
to *COOH to *CO). It is this dynamic charge-buffer mecha-

(a)

(b)

Ag.:
reactive states
localized
( ) Agy:
anchoring states

(delocalized)

PDOS

0.64 —— Hollow-H
—— Aga

—o— Ag, cluster

1 —— Intermediate

Ag, cluster
(electron source)

o
o

Charge (e)

-0.34

-0.6

H*  H*CO, H*COOH H*CO

[ without H

nism of Hollow-H that simultaneously activates the apical Ag
site and preserves the tetrahedral structural integrity of the Agy
cluster throughout the CO,RR pathway.

] WithH

-2.0

-4.0 -2.0

E—E, (eV)
(Electron flow pathway)
Ag, Hollow H Intermediate

(catalytic center) (electron acceptor)
e flow e flow e flow

S

dynamic charge regulation & structural stabilization

(electron buffer)

Fig. 5. Hollow-H-induced dynamic charge buffer mechanism in Ags @NG. (a) Left: 2D ELF maps and 3D CDD isosurfaces (isosurface =
0.0015 ¢/A3) before Hollow-H adsorption. ELF cross-sections are taken along the x-axis (through the Hollow-H site) and y-axis (perpendicular).
Right: corresponding maps after Hollow-H adsorption, showing electron accumulation above the apical Ag atom along the x-axis direction.
(b) Structure of H-Ag4 @NG and orbital-resolved PDOS of apical Ag d-orbitals, before (blue) and after (red) Hollow-H adsorption. (c) Bader
charge evolution of key components along the CO,RR pathway: Hollow-H (black), apical Ag (red), Ags cluster (blue), and reaction intermediate
(green). (d) Schematic of the charge buffer circuit: Ags cluster to Ag, to Hollow-H to intermediate.

4. Conclusion

We have presented a comprehensive theoretical inves-
tigation of Ags clusters supported on large-pore N-doped
graphene for electrochemical CO, reduction to CO, com-
bining inverse-design structure search with multi-dimensional
electronic structure analysis. The IM?ODE algorithm iden-
tifies the regular tetrahedral Ags as the most stable configu-
ration. The stability mechanisms originate from a synergis-
tic balance between homogeneous Ag—N interfacial anchoring
(ICOHP: —0.38 ¢V to —0.31 eV) and uniform Ag—Ag intra-
cluster cohesion (ICOHP: —0.29 eV to —0.23 eV). The pro-
posed ICOHP-based cohesion mismatch parameter |A| serves
as a bonding-imbalance indicator for structural stability un-
der reaction. To address the activity-stability trade-off in CO,
electroreduction, our hydrogen (Hollow-H) strategy simulta-

neously activates the Ags cluster and reinforces interfacial
Ag-N bonding through a ~ 60% ICOHP enhancement. The
resulting H-Ag, @NG catalyst operates via a two-stage mech-
anism with H activation (0.80 eV) as the potential-determining
step, a distinct departure from the *COOH-limited paradigm
on conventional Ag surfaces.

Electronically, we uncover a dynamic charge buffer
mechanism in which Hollow-H reorganizes the electron flow
pathway as Agy cluster (electron source) to apical Ag (cat-
alytic center) to Hollow-H (dynamic buffer) to intermedi-
ate (adaptive acceptor). This strategy achieves simultaneous
activity enhancement through electronic polarization of the
active site and stability preservation through charge buffer-
ing that prevents accumulation-driven structural reconstruc-
tion. Whether this charge-buffer mechanism extends beyond
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the present Ags model to atomically precise clusters (e.g.,
Auys, Cu, on N-doped carbons), supports with tunable N-
configurations, or reactions such as nitrate electroreduction
where *H similarly governs selectivity remains an open ques-
tion for experimental investigation. If confirmed, hydrogen-
mediated regulation could offer a general strategy for decou-
pling activity and stability in supported cluster electrocataly-
sis.
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