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Uncovering the True Active Sites in Ni-N-C Catalysts for CO>

Electroreduction
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'Department of Chemistry and Biochemistry, 2Department of Materials Science and Engineering, University of California, Los

Angeles, Los Angeles, CA 90095, USA

*Corresponding author emails: alexandrova@g.ucla.edu.

Abstract

Understanding and designing active sites in single-atom catalysts (SACs) requires
going beyond static models to capture their dynamic evolution under realistic
electrochemical conditions. Here, we develop an integrated theoretical framework that
accounts for operational conditions, by combining grand canonical density functional
theory (GC-DFT) with machine learning-accelerated sampling to uncover structure-
activity-stability relationships in Ni-N-C SACs for CO; reduction reaction (CO2RR). A
library of NiNxCax (x = 0-4) motifs—representing coordination defects likely formed
during high-temperature synthesis—was systematically evaluated. Under working
conditions, these sites were found to undergo hydrogenation, and NiN3C; H; was
identified as the most probable active site. At reducing potentials, hydrogen adsorbs
spontaneously at C-Ni bridge sites rather than Ni top sites, while subsurface hydrogen
facilitates bent CO: adsorption crucial for activation. High CO2RR selectivity toward
CO arises from site separation: Ni centers drive CO2RR, while the hydrogen evolution
reaction (HER) occurs at C-Ni bridge or N sites, and from thermodynamic suppression
of HER at moderate hydrogen coverage. At more negative potentials, a shift in the
CO2RR rate-determining process (RDP), and Ni out-of-surface displacement induced
by co-adsorption of H and H»O, jointly reduce activity and selectivity. Thus, both the
high CO2RR selectivity of Ni-N-C catalysts, and its reversal with more negative

potentials, can be rationalized by accounting for hydrogenated surfaces. This highlights
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the necessity of modeling realistic, in situ conditions. This framework provides
generalizable insight into dynamic active sites in SACs, offering guidance for the

rational design of active and robust catalysts across diverse electrochemical reactions.

Introduction

Single-atom catalysts (SACs) have emerged as a transformative class of materials
in heterogeneous electrocatalysis, offering maximal atom utilization alongside high
catalytic activity.!"® Their apparent structural simplicity, consisting of isolated metal
atoms anchored on supports such as nitrogen-doped graphene, has enabled rigorous
mechanistic interrogation using both experimental and computational approaches,
enabling detailed correlation between atomic-scale structure and catalytic function.
These investigations have provided valuable guidelines for designing active sites
toward key reactions such as CO; reduction reaction (CO2RR),”'? oxygen reduction
reaction (ORR),!*16 and hydrogen evolution reaction (HER).!7-1?

However, despite the conceptual clarity offered by idealized models of these
systems, the real catalytic environment is far more complex and dynamic, often
rendering insights from well-defined structures inapplicable to real catalysts. First,
unlike molecular catalysts with explicit MNs(M = metal) coordination, M-N-C
materials synthesized under high-temperature conditions exhibit globally implicit and
structurally heterogeneous motifs due to the lack of precise control at the molecular
level during synthesis. As a result, a diverse ensemble of configurations, such as MNx
(x = 1-4), MCx species, and defects within the carbon matrix can be formed, making it
challenging to unambiguously identify the true active site.?’>* Second, under operating
conditions, the catalyst surface is dynamically reshaped by the applied potential,
electrolyte environment and reaction intermediates/products. These factors can induce

2627 or adsorbate binding,?3° thereby continuously

protonation,’?*% hydroxylation,
altering the coordination geometry and electronic properties of the active site. These
local changes can also impact the stability of metal atoms, leading to restructuring,

migration, or detachment of metal centers and in some cases, the formation of metal
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clusters.?*2931:32 Ag

a result, a central question remains unresolved: what is the true
active site of SACs under operating conditions? Addressing this challenge is essential
for developing predictive models of catalytic performance and guiding the rational
design of more robust and active catalysts.

Here, we focus on Ni-N-C systems, a widely studied class of electrocatalysts
known for their high activity and selectivity toward CO,RR.!%3373¢ Despite their
remarkable performance, the nature of the true active sites remains elusive. First,
multiple local coordination environments, viz. NiNs*73% NiN3C;3, NiN,C**40,
NiN;Cs*!, NiN3*2, NiN2V»* (V = coordination vacancy of Ni centers), and NiN3V; *
have been proposed, yet it remains unclear which configuration is catalytically most
relevant. Second, the origin of their intrinsically high CO2RR selectivity cannot be
satisfactorily explained by conventional static models. For instance, idealized NiN
sites exhibit prohibitively high barriers for *COOH formation®> while others show high
HER activity due to moderate H* adsorption on C-Ni bridge sites.’” Third, while
experiments based on Tafel slopes generally support *COOH formation as the rate-
determining step®, theoretical predictions vary considerably, with some identifying
CO; adsorption ,*COOH formation, or CO desorption as rate-limiting.!>?!4> Fourth, a
drop in CO selectivity at more negative potentials is frequently observed®**S, yet its
mechanistic origin remains ambiguous: a shift in the rate determining process (RDP),
enhanced competing HER kinetics, or potential-induced structural reconstruction,
limited CO> mass transport*” have all been proposed as plausible contributing factors.
Together, these unresolved questions reveal the limitations of static, idealized models
and point to the need to account for both the structural heterogeneity arising from
synthesis and the dynamic nature of active sites under electrochemical conditions.

In this work, we develop a generalizable computational framework that connects
catalyst synthesis and operation by integrating grand canonical DFT with machine-
learning-accelerated sampling. Using NiNxCs (x = 0-4) as a model system —capturing
coordination defects likely formed during high-temperature synthesis — we identify
hydrogenated NiN3C; as the most active configuration, offering an optimal balance of

activity, selectivity, and stability behavior. Under reducing conditions, hydrogenation
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occurs preferentially at C-Ni bridge sites, with subsurface hydrogen promoting the
formation of bent CO: intermediates. CO2RR selectivity is enhanced by two factors:
spatial separation of active sites, with Ni centers facilitating CO2RR and C-Ni bridge
sites or N sites mediating HER, and thermodynamic suppression of HER under
moderate hydrogen coverage. At more negative potentials, selectivity declines due to a
shift in the RDP and potential-induced structural instabilities, including Ni detachment
triggered by co-adsorption of H and H>O. That this framework captures both the origin
of high CO:2RR selectivity and its degradation under increasingly negative potentials
demonstrates the necessity of modeling hydrogenated, dynamically evolving surfaces.
This work provides molecular-level insights into how the environment, hydrogen
coverage, and dynamic restructuring jointly govern catalytic performance, offering a

general strategy for identifying true active sites under realistic reaction conditions.

Results

Thermodynamic Stability of Ni-N-C configurations under varying Hydrogen
Coverage

Ni-N-C catalysts synthesized under high-temperature conditions can exhibit
diverse coordination defects. To capture this structural diversity, we focus on a series
of four-coordinated NiNxCax (x = 0-4) motifs embedded in graphene, which represent
the most thermodynamically stable coordination environments for Ni single atom
(Figure S6). Their stability was systematically evaluated under varying hydrogen
coverages and reducing potentials, considering their function as cathodic active sites
for CO; electroreduction. Our analysis reveals that hydrogen preferentially adsorbs at
C-Ni bridge sites or N atoms rather than directly on the top of Ni center. For NiN4, H
adsorption is favored on the top of N (~0.5 eV more stable than on Ni), whereas for
NiNxCs sites(x # 4), the C-Ni bridge site is preferred over the N atoms by ~0.5 eV. To
rationalize this preferential adsorption, we found the H adsorption energy to be
influenced primarily by three factors: (i) the intrinsic H-X (X = C or N) binding strength,

(i1) local structural distortions near the adsorption site upon H binding, and (iii) the
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perturbation of Ni coordination environment (Figures 1a-1c¢). Nitrogen, with its lone
pair, stabilizes the Ni center via strong dative interactions with Ni d orbitals.® While the
N-H bonds are intrinsically stronger, shorter (1.07 A) and associated with greater charge
transfer (~0.5 e”) than the C-H bonds (1.17 A, ~0.1 ¢°), their formation induces
significant structural rearrangements. These include vertical displacement of the N
atom, elongation of N-C bonds (from 1.35 A to 1.43 A), and weakening of the Ni-N
interaction (from 1.95 A to 2.01 A). In contrast, H adsorption on C-Ni bridge site
introduces minimal distortion and even slightly reinforces the Ni-N bonding (from 1.95
A to 1.91 A). Therefore, despite the nominally stronger N-H bond, the associated
distortion of both the adsorption site and the Ni coordination environment renders C-
Ni bridge site thermodynamically preferred.

Focusing on H adsorption at adjacent C and N sites, we evaluate H coverage
effects, particularly their influence on Ni coordination and surface structural evolution.
Notably, H adsorption is considered on both sides of the graphene plane, motivated by
the possibility that protons may migrate through defects to the underside.*® Indeed, the
barrier for this migration is computed to be low (~ 0.4 eV at -1.0 V vs SHE, Figure 1d
and Figure S7), with comparable adsorption energies for H on both sides of the plane.
However, deeper intercalation of hydrogen into the bulk is energetically unlikely due
to the high migration barrier in a defect-free lattice.*® The most stable configurations at
varying hydrogen coverages are identified in Figures S8-S12. As the applied potential
becomes more negative, the H coverage increases correspondingly (Figure le and
Figure S13). For instance, in the NiCy4 system, the bare surface is favored above 0.13
V, NiC4H2 dominates from 0.13 to -0.50 V, and NiCsH4 becomes most stable between
-0.50 and -1.05 V. Beyond this, high-coverage configurations such as NiC4Hg emerge,
accompanied by significant out-of-plane displacement of the Ni atom. Once six H
atoms are adsorbed, the Ni center lifts significantly, indicating a critical threshold for
structural destabilization (Figure S8). This voltage-dependent hydrogen coverage thus
directly governs surface reconstruction. In comparison, the NiN>C, motif exhibits
stronger resistance to distortion, requiring much more negative potentials (~ -1.6 V) to

induce similar Ni displacement, thereby reinforcing the stabilizing role of nitrogen
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coordination (Figure 1f). At -1.0 V, the number of adsorbed H atoms typically matches
the number of carbon neighbors around Ni (Figure 1g), and dual-side adsorption is
found to be more stable than single-side configurations. In addition, stronger hydrogen
binding is observed in systems with a higher number of adjacent carbon atoms at the
same potential, underscoring the critical influence of local coordination on hydrogen

adsorption thermodynamics (Figure 1g).
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Figure 1. (a)-(c) Top and side views of the NiN>C, configuration under different
hydrogen adsorption scenarios: (a) H adsorbed on the C-Ni bridge site; (b) pristine (no
H); (c) H adsorbed on the adjacent N atom. Bond lengths are given in A. (d) Energy
profile for H migration from the top to the bottom side of NiCsat -1.0 V vs SHE, with
initial and final configurations shown. (e) Thermodynamic stability diagram of NiCs
with varying hydrogen coverages as a function of applied potential. For each coverage,

isomers within 0.2 eV of the global minimum at -1.0 V are considered. The lowest
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surface energy structures are indicated by colored solid lines, while other configurations
are shown in gray. More detailed assignments for each gray line are provided in the
Figure S13. Dashed lines indicate the coverage at which Ni-leaching becomes
thermodynamically favorable. Vertical black dashed lines denote the voltages at which
the most stable configuration changes. Red circles indicate transition points with
corresponding voltages and configurations indicated. The silver background highlights
the experimentally relevant potential window for Ni-N-C catalysts (pH = 6.8). (f)
Thermodynamic stability diagrams of NiN2C> with different hydrogen coverages as a
function of applied voltage. (g) Gibbs free energy of binding for the most stable
hydrogen-covered configurations for different Ni-N-C motifs at -1.0 V vs SHE, with
representative top views. Configurations involving Ni-leaching are excluded. Color
code: purple, light gray, blue and pink represent Ni, C, N and surface-adsorbed H,

respectively.

Impact of H coverage and distribution on CO2:RR and HER

Given the inherent chemical inertness of the linear O=C=0 molecule, CO;
adsorption and activation are widely regarded as key prerequisites for initiating
CO2RR.** To this end, we evaluated the influence of H coverage on CO: binding
across different Ni-N-C configurations, considering both linear and bent adsorption
configurations. The bent geometry is typically indicative of stronger metal-CO:
interactions and partial activation of the molecule, which can facilitate subsequent
proton-coupled electron transfer (PCET) steps. On the bare surface, we observed that
increasing the number of coordinated carbon atoms enhances the CO: binding strength
(Figure S14). This trend correlates well with Bader charge analysis (Figure 2a), which
shows that higher degree of carbon coordination leads to a higher electron density on
the Ni center (i.e., less positive charge), thereby strengthening CO» adsorption. Among
all studied motifs, CO> adsorption is thermodynamically feasible for all except the NiN4

configuration.



a
‘(.J. [ 187 O _
0.8 bent linear 08 o
2 cg=g3) il
- (=]
o4 ® H
el 06 &
s g
0.0 — 2

0.4
NiC, NiN,C, NiN,C, NiN,C, NiN,

0.04
NiC, NiN,C, NiN,C, NiN,C,NiN, NiC, NiN,C, NiN,C, NiN,C,NiN,

LM LA H,, Il H, , I H, , Bl H, JH, , Hys H;_o I Hg Hs 2 H,

d 2° M- C-Ni bridge/N sites e f .
‘- — ‘ - : S
- @- Ni sites .-“‘. ® ) ) ) u U/IIE’R( ' C-N@ﬂ\g;;NQ
g6 / [ ] ‘ : _Q
= o—g v : )
g —n 1. ¥4 :
S SIS 9
u J O,RR sitg: Ni ;
0.8 Ll HER Wal 2N oD PN UI ?M, S Q

0 1 2 3 4

e O . [ -
Number of N NG N e e

Figure 2. (a) Gibbs free energy differences between bent and linear CO; adsorption
geometries (AGy(CO2) = Guent - Giinear) at -1.0 V vs SHE for different Ni-N-C motifs
with varying hydrogen coverages (bars, left y-axis). Red hollow circles (right y-axis)
represent the net Bader charge of Ni atoms in the corresponding structures without CO»
adsorption. Red-filled circles highlight isomers that, within the same NiNyCax
composition and hydrogen coverage(Hn m) , possess the largest number of H atoms
adsorbed above the graphene plane. H, m indicates the number (n) of adsorbed

hydrogen atoms and the isomer index (m) at a given coverage, shown at the bottom of

the figure b. (b-c) Energy span (Ep,y,) analysis for CO2RR and HER at -1.0 V vs SHE

across Ni-N-C motifs. Blue dashed lines represent the change of Egp,, on the bare

surface, while orange dashed lines correspond to the most thermodynamically stable
hydrogen-covered configurations at -1.0 V. The associated RDP is annotated above each

bar in the corresponding color (blue for bare, orange for hydrogen-covered). (d)

Comparison of Egp,, values for HER on C-Ni bridge/N sites versus Ni sites on the



most thermodynamically stable hydrogen-covered configurations of Ni-N-C at -1 V. (e)
Top-view structures corresponding to the HER configurations analyzed in (d), with
hydrogen adsorption sites highlighted in orange. (f) Schematic illustration of spatially
separated active sites on Ni-N-C motifs: CO; reduction occurs on the top of Ni center,
while hydrogen evolution takes place at C-Ni bridge site or N site. Color code: white

indicates H in intermediates (e.g., H2O, *COOH), not directly adsorbed on the surface.

When surface hydrogenation is considered, specifically, the most
thermodynamically stable hydrogen-covered configurations for Ni-N-C composition at
-1.0 Vvs SHE, CO; binding is generally weakened compared to the corresponding bare
surfaces (Figure S14). Among them, NiN1C3_H3 shows the strongest binding, followed
by NiCs_Hs > NiN2Cz_Hz > NiN3C;_H; > NiNs_Ho, a trend that largely correlates with
Bader charge, except NiC4H4. When thermodynamic stability is disregarded and CO»
binding is examined solely as a function of H coverage, non-monotonic trends emerge:
in some cases, increasing hydrogen coverage strengthens CO; binding, while in others
it weakens. This behavior arises from differences in the spatial arrangement of adsorbed
hydrogen. Notably, even at the same H coverage, variations in the H adsorption
configuration significantly affect CO; activation, as reflected by the energy difference
between bent and linear CO; adsorption. Isomers with the largest number of H atoms
adsorbed above the graphene plane (denoted by red-filled circle in Figure 2a) exhibit
more positive energy differences between the bent and linear CO; adsorbed structures,
indicating less favorable CO: bending; in contrast, bottom-side hydrogen adsorption
facilitates CO> bending and thus activation. Although Bader charge analysis reveals
only small variation in the electronic properties of Ni centers across these isomers
(Figure 2a), the steric environment induced by the specific H adsorption geometry
plays a key role in modulating CO> activation. In summary, increasing the number of
coordinated carbon atoms consistently strengthens CO> adsorption, both with and
without hydrogen coverage. However, hydrogen adsorption generally weakens CO»
binding, and configurations with hydrogen adsorbed below the graphene plane are more

favorable for CO» activation due to reduced steric hindrance.



We then modeled the full CO2RR and HER pathways under different H coverages
using the energy span(ES) model,>*? where catalytic activity is determined by the
largest energy gap between the turnover-frequency (TOF) determining transition state
and intermediate, termed as the rate-determining process (RDP) at -1 V vs SHE. . The
idea of defining catalytic activity via the RDP, instead of a single rate-limiting step, is
consistent with the degree of rate control framework commonly used in microkinetic
modeling.>® All thermodynamic data used as inputs to the ES model are obtained from
GC-DFT calculations. Details of the reaction mechanism and ES model are provided in
the Supporting Information(SI). In the absence of hydrogen coverage (i.e., on the bare
surface), for CO2RR, NiN3C; exhibits the highest activity, followed by NiN2C> while
the remaining configurations show similarly low catalytic performance (Figure 2b). In
these cases, the RDP is *CO desorption, except for NiN4, where the formation of
*COOH is rate-limiting. > For HER, all configurations except NiN4 show comparable
activity, with NiN4 being markedly less favorable (Figure 2¢). For NiN4, *H adsorption
(Volmer step) is RDP, whereas for others, both *H adsorption and *H desorption
(Heyrovsky step) contribute comparably to the ES(Figure S15). Overall, HER is
thermodynamically more favorable (0.40 eV) than CO2RR (0.76-1.32 eV) for NiN,Ca.

x(x#4). For NiN4, HER is slightly less favorable than CO2RR (1.54 vs 1.31 eV),

suggesting good selectivity but low activity towards CO2RR. This is consistent with
prior reports,?” failing to explain the origin of the high CO2RR activity and selectivity
of Ni-N-C catalysts.

When considering the most stable hydrogen-covered structures at -1.0 V, we
observe that for CO2RR, the activity of NiC4 and NiNC3 slightly improves, while that
of NiN2C> and NiN3C; slightly declines. The overall trend closely resembles that of the
bare surface. Notably, for all structures, the RDP shifts to the *COOH formation,
aligning well with experimental observations (Figure 2b).>> For HER, however,

hydrogen coverage significantly suppresses catalytic activity across all structures, as
reflected by the increased Egpa, values (0.49-0.94 V), along with a universal shift of

the RDP to *H adsorption (Figure 2c¢). This suppression arises from the saturation of
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carbon coordination (reaching four) on hydrogenated surfaces, making further H

adsorption at C-Ni bridge sites thermodynamically unfavorable. H adsorption on Ni
sites becomes even less favorable, resulting in an additional increase in Ep,, by 0.35-

0.54 eV compared to adsorption at C-Ni bridge or N sites (Figures 2d and 2e). These
results confirm that HER still occurs at C-Ni bridge or N sites when surface

hydrogenation is taken into account. >

, challenging the common perception that HER
occurs at the metal site.> Therefore, both the suppression of HER under moderate
hydrogen coverage and the spatial separation of active sites contribute synergistically
to the high CO2RR selectivity of Ni-N-C catalysts(Figure 2f). Moreover, our findings
highlight a critical limitation in current HER catalyst screening strategies, which often
assess hydrogen adsorption only on metal centers.>®>” Such an approach neglects the
influence of surrounding heteroatoms and surface hydrogenation, potentially leading to
misleading predictions of catalytic performance.

Potential-Dependent Evolution of Activity and Selectivity in Ni-N-C
configurations

To systematically evaluate how catalytic activity evolves with applied potential, we first
analyzed the Boltzmann population(p;) of different hydrogen-covered isomers across
different potentials using Equation 2 (Figure 3a and Figure S16). Taking NiN;Cz as a
representative case, the isomers NiN1C3_H3 1 and NiN;C;_H3 > dominate the ensemble
across the potential range studied, with comparable populations. As the potential

becomes more negative, the population of NiNi1C;_Hj 1 gradually decreases, while that
of NiN1Cs_H3 > increases. Then we evaluate the Egp,, for each isomer under different

potentials for both CO>RR (Figure 3b and Figure S17) and HER (Figure 3¢ and

Figure S18), with the corresponding RDP summarized in Tables S1 and S2. For
CO2RR, Espan exhibits diverse trends: in many cases, it decreases with decreasing

potential. However, in some cases, it first decreases then increases due to a potential-

induced shift in the RDP. In a few cases, it remains relatively unchanged. In contrast,

for HER, Egp,n generally decreases monotonically as the potential becomes more
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negative.
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Figure 3. (a) Boltzmann population(p;) of different hydrogen-covered isomers of

NiN;C; as a function of applied potential. Each colored line represents a specific H-
covered configuration, with labels shown at the bottom of the figure. (b-c) Egpapn

values for CO2RR (b) and HER (c) across various H-covered NiN;Cs isomers under

different applied potentials. (d) Boltzmann-weighted energy spans (E;'g;ifhtm) for

CO2RR at different applied potentials across different Ni-N-C motifs. The x-axis
denotes the number of coordinated N atoms. Yellow labels indicate the corresponding
RDP for each case (e-f) Relative contributions of different hydrogen-covered isomers

to the overall CO2RR(e) and HER (f) for NiN;Cs at various potentials. (g) Difference
in E ;"r')iir’l‘ghted between CO2RR and HER across the Ni-N-C motif under various applied

potentials. More negative values signify higher CO2RR selectivity.
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To account for the ensemble-averaged catalytic behavior of all accessible

configurations, we then evaluated the Boltzmann-weighted energy span (E:;Zifhted,

Equation 4) across the ensemble for each Ni-N-C catalysts (Figure 3d) by combining

their Boltzmann-weighted populations with the corresponding Egp,, . Within the

experimentally relevant potential range (-0.8 to -1.2 V), the activity trend follows:
NiN3C; = NiNiCs > NiN2C>> NiC4 > NiNg. While the activity of NiCs increases
monotonically with more negative potential, others exhibit a volcano-type behavior,
which is consistent with experimentally observed activity trends.** For HER, the trend
is: NiN1C3 > NiC4 > NiN2Ca = NiN3C; > NiNy, with most catalysts (except NiN3C1)
showing enhanced HER activity under more negative potentials (Figure S19).

To further resolve the origin of these activity trends, we analyzed the potential-
dependent relative reaction contributions of individual isomers for different
reactions(k'®!, Equation 5), from which we can know which configurations dominate
the catalytic ensemble at a given potential. For CO2RR on NiCs, as the potential
becomes more negative, the contribution of the dominant species at -0.8V(NiC4 Hs 1)
decreases, while that of NiC4_Hy increases, overtaking NiC4 H3 1, around -1.0 V and
dominating the active ensemble from -1.0 V to -1.8 V(Figure S19a) . For NiN;Cs, the
dominant active configuration also shifts with potential: NiN1C3_H> > dominates the
active ensemble at -0.8V. As the potential becomes more negative, NiNi1C3 Hj3 >
governs activity from -1.0 to -1.3 V, while NiN1C3_H3 | becomes dominant at more

negative potential (Figure 3e). Although both isomers have similar Boltzmann
populations, NiNiC;_Hs » initially has a lower Egpa, (0.97 vs 1.22 €V at -1 V), which

increases at more negative potentials due to a shift in the RDP from *CO — *COOH
to *CO —*. For other catalysts, NiN2C> Hz, NiN3C; H; 1, and NiNs remain the

primary contributors to CO2RR over the considered potential range (Figure S20). The

RDPs of the dominant species for each Ni-N-C configuration at different potentials are

indicated in Figure 3d. The volcano-like activity trends are governed by RDP

13



crossovers: while NiN>C,, NiN3C; and NiN4 exhibit a shift from *COOH formation to
*CO; adsorption, NiN;C;3 shifts from *COOH formation to *CO desorption. For HER,
a similar analysis was conducted to assess the relative contributions of different isomers
(Figure 3f and Figure S21). At -0.8 V, NiN;C; H; » and NiN;C3_Hb» 3 contribute
significantly to HER due to their low barriers, despite low populations. As the potential
becomes more negative, NiN1C3 H3 1 and NiNi1C;_Hj; > emerge as the dominant active
species. Interestingly, the most active isomers differ between CO,RR and HER within
the same Ni-N-C system at potentials below -1.3 V (Figures 3e-f), emphasizing the
necessity of evaluating reaction-specific ensemble contributions. The dominant active
species can change with potential, driven either by changes in Boltzmann populations
or variations in intrinsic activity. These findings underscore the importance of including

low-energy ensemble of metastable states when assessing catalytic activity. ¥

weighted
span

To assess the selectivity for CO2RR vs. HER, we used the difference in E|

between these two reactions as a descriptor — a more negative value of this indicates

higher CO2RR selectivity (Figure 3g). NiCs and NiC3N; exhibit poor CO2RR
selectivity, while NiN4, NiN3C; and NiN;C; show superior selectivity. For these three,
selectivity first increases and then decreases with potential, closely mirroring
experimental observations.***> When considering both activity and selectivity, NiN3C;
and NiN2C; emerges as the most promising catalyst, followed by NiNj.

For comparison, the bare-surface configurations were also evaluated with the
change of potential (Fig. S22). Compared to the hydrogenated surface, bare structures
show slightly improved CO2RR activity but substantially enhanced HER activity.
Among them, only NiNs reproduces the potential-dependent selectivity reversal
observed experimentally, albeit with low CO2RR activity (1.31 eV at -1 V). All other
bare-surface configurations fail to reproduce the observed selectivity trends. This
inability to reproduce potential-dependent selectivity in the absence of surface
hydrogenation further highlights the importance of accounting for hydrogen coverage
for an accurate description of the catalyst structure and activity under realistic operating

conditions.
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Potential-Dependent Stability of Ni-N—-C Configurations under Co-adsorption of
H and H,O

Beyond activity and selectivity, the stability of SACs under working conditions
remains a critical yet underexplored issue in electrocatalysis. While significant efforts
have been devoted to understanding structure-activity relationships, the corresponding
structure-stability relationships are less well established. *%! Here, we observed that
increasing the number of coordinated hydrogen atoms progressively weakens the
anchoring of the Ni atom, promoting its detachment from the surface. Previous reports
have suggested that such detachment is more likely under co-adsorption conditions
involving multiple adsorbates such as CO, OH, or H>O in addition to hydrogen, which
collectively destabilize the metal center.?-*%62 Motivated by this, we systematically
investigated the co-adsorption of H and H>O to simulate pre-reaction surface
environment, enumerating all plausible adsorption configurations involving 0-4 H>O
molecules and 0-8 H atoms on representative Ni-N-C structures (Figure 4a). We must
admit that under realistic reaction conditions, strongly binding reaction intermediates
(e.g., *COOH, *CO) are likely present and may further destabilize the metal center

more effectively than H>O, thus amplifying the leaching tendency.
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Figure 4. (a) Top views of NiN>C, H» configurations with varying numbers of
adsorbed water molecules: 1H,O, 2H,0, 3H,0, and 4H,0. (b) Gibbs free energy of
binding energy of H and H>O on the NiN;C; under Usue = -1.4 V (c¢) Thermodynamic
stability diagrams of various H/H>O co-adsorbed configurations on NiN;Cs, NiN>C»,
and NiN3C; as a function of applied potential. The lowest surface energy structures are
indicated by colored solid lines, while other configurations are shown in gray. More
detailed assignments for each gray line are provided in the Figures S23-27. Vertical
black dashed black lines mark critical voltages where the Ni atom transitions from an
in-plane to an out-of-plane (detachment) configuration, with numerical values indicated.
Insets show representative structures of the detachment configurations. (d) Onset
voltages for Ni detachment from the surface as a function of the number of coordinated

nitrogen atoms, under conditions of H-only adsorption versus H/H>O co-adsorption.
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Because the configuration space is too vast for exhaustive DFT sampling, we
developed a machine learning potential (MLP) based on the Recursively Embedded
Atom Neural Network (REANN )%, trained for this system to accelerate exploration.
The model achieves a root mean square error (RMSE) of 0.003 eV/atom for energy
predictions and force RMSEs of 0.05 eV/A (C, H), 0.08 eV/A (N), 0.07 eV/A (0O), and
0.12 eV/A (Ni), demonstrating high accuracy and robust performance in capturing the
structural complexity of SACs systems. Further details are provided in the SI. From the
MLP-optimized database, the 200 lowest-energy configurations for each Ni-N-C motif
at a given H/H-O coverage were selected for further DFT refinement, forming the basis
for global minimum (GM) structure identification. Interestingly, the Ni atom remains
embedded within the coordination plane in the absence of H adsorption (i.e., only H2O
is present), as the Gy, remain positive (Figure 4b and Figure S28), highlighting that
hydrogen adsorption is the primary factor governing the stability of Ni single-atom sites.
Our results reveal that Ni preferentially coordinates with up to two H>O molecules,
whereas binding three or four H>O molecules is energetically unfavorable. In addition,
Upon H>O coordination, the relatively large volume of the water molecules and a
decrease in the Ni coordination number with surface C/N atoms (to 0~3) weaken the
anchoring, thereby driving the Ni atom to protrude from the graphene plane and detach
from the substrate (Figure 4c¢). In our model, detachment is defined as the vertical
displacement of the Ni atom beyond the graphene plane (Az > 1.0A), which represents
a structural precursor to instability and potential aggregation that may ultimately result
in cluster formation. As the number of coordinated N atoms increases from 1 to 3, the
critical potential for Ni detachment shifts from -0.80V to -1.25V and -1.54YV,
indicating enhanced stability with increasing N coordination. We further compared
critical detachment potentials under two scenarios: only H adsorption, and co-
adsorption of H and H>O (Figure 4d). The results clearly show that co-adsorption leads
to a more positive critical potential, making Ni detachment thermodynamically more
favorable. This highlights the necessity of considering not only hydrogen but also co-
adsorbates when evaluating the stability of single-atom catalysts under realistic

electrochemical conditions.
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These findings suggest that the experimentally observed decline in CO;RR
selectivity at more negative potentials may partially arise from the potential-induced
detachment of Ni atoms. Together, both the potential-dependent shift in the rate-
determining process and the destabilization of Ni SACs contribute to the overall loss of
CO2RR activity and selectivity. Considering activity, selectivity, and stability, the
NiN3C;_H; configuration emerges as the most promising active site across all Ni-N-C
motifs under operating conditions. From an electronic structure perspective, the Ni
atom in NiNjy is in the Ni** oxidation state, whereas Ni in NiN3C; H; exhibits a lower
oxidation state (Figure 2a), showing a tendency toward Ni'*. This lends some support
to experimental findings that Ni'" is the true catalytically active species under working

conditions, 33:38:39:42

Conclusion

In this work, we have combined grand canonical DFT calculations with machine-
learning-accelerated potential energy surface sampling to uncover the dynamic
structure-activity-stability relationships governing Ni-N-C single-atom catalysts under
electrochemical CO> reduction conditions. Our results demonstrate that under reducing
electrode potential, spontaneous hydrogenation of the surface occurs preferentially at
C-Ni bridge sites, with subsurface hydrogen playing a key role in stabilizing
catalytically relevant bent CO; intermediates. We show that CO2RR selectivity arises
from (1) spatial separation of active sites to enable functional differentiation between
CO2RR and HER and (2) suppression of HER at moderate hydrogen coverage.
However, at more negative potential, this selectivity deteriorates due to a shift in the
RDP for CO2RR and the onset of structural instabilities including Ni detachment
induced by co-adsorption of H and H>O. By systematically evaluating activity,
selectivity, and stability, we identify NiN3C; H; as the most robust and active
configuration under operating conditions. Importantly, the inclusion of hydrogen
coverage in our modeling enables rationalization of two key experimental observations:

the high intrinsic selectivity of Ni-N-C catalysts and the potential-dependent reversal
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in CO2RR selectivity. These findings emphasize the need to move beyond static models
and explicitly account for coordination environment, hydrogenation states, and
potential-induced structural evolution when designing next-generation single-atom
catalysts. Additional environmental factors beyond the intrinsic active site
configuration, such as pH, cations, anions, and explicit solvation may also modulate

interfacial reactivity and remain an important direction for future investigation.

Methods

DFT calculations

All plane-wave density functional theory (DFT) calculations were carried out using the
Vienna Ab Initio Simulation Package (VASP)%+% with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional within the generalized gradient approximation
(GGA) framework.%® The projector-augmented-wave (PAW) method was employed
with a kinetic energy cutoff of 400 eV. Model systems were constructed using a p(5 %
5) surface unit cell comprising three atomic layers. The bottom two layers were fixed
to mimic the bulk environment, while the top layer and all adsorbates were fully relaxed
to represent the interfacial structure. A vacuum region of 20 A was applied along the z-
direction to avoid spurious interactions between periodic images. For simulations
involving implicit solvation and surface charging, all structures were symmetrized, and
the simulation cell was extended to 60 A in the z-direction to accommodate the implicit
solvent region. Geometry optimizations were performed until forces on all relaxed
atoms were below 0.05 eV/A, with an energy convergence threshold of 105e¢V. A I'-
point-only (1 % 1 % 1) k-point mesh was used for all structural relaxations. Gibbs free
energies of adsorbed species were computed by correcting the DFT total energies with
zero-point energy (ZPE) and entropy contributions, obtained from vibrational
frequency analyses within the harmonic oscillator approximation. Grand canonical free
energies were evaluated using grand canonical density functional theory (GC-DFT), a
surface-charging-based approach. Further details on the GC-DFT methodology are

provided in the Supporting Information and in our previous work.6% All
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electrochemical data were analyzed within the GC-DFT framework.

Machine-learning atomic simulation

Due to the high computational cost associated with DFT calculations, which limits
the scale and diversity of accessible configurational sampling, we developed a machine-
learning (ML) potential to accelerate structural optimization and expand the explored
configurational space. Specifically, we constructed a neural network (NN) potential for
the Ni-C-N-O-H quinary system using the recursively embedded atom neural network

(REANN) framework,®> which employs a 5.0 A neighbor cutoff, eight primitive

Gaussian-type orbitals, an atomic energy fitting network of 128 X 128, and three

message-passing loops, each using a 64 X 64 fitting net. This model demonstrates high

accuracy and reliability in predicting structural energetics of complex catalytic systems
(Figure S4).

To generate the configurational dataset, we first sampled Ni adsorption sites near
C/N defects on Ni-free N-C surfaces, systematically covering Ni coordination numbers
from 1 to 4. Approximately 385 representative Ni-N-C motifs were constructed and
filtered by structural similarity. For each motif, we enumerated 255 hydrogen
adsorption configurations corresponding to all possible combinations of 1-8 H atoms
distributed over adjacent C/N site from both sides. These hydrogenated motifs were
then systematically combined with Ni(H20)x clusters (n = 0-4), replacing the original
Ni site, and rotational variants of the water molecules were introduced to capture
orientational flexibility. This procedure yielded over hundreds of thousands of distinct
configurations for each Ni-N-C motif. Training data were collected from these
structures and their optimization trajectories using an active learning strategy.
Structures were iteratively selected based on uncertainty model (thresholds of 0.05-0.25
eV/atom) and CUR decomposition sampling.”®* The computational workflow utilizes
an open-source package called "Generating Deep Potential with Python (GDPy)" for
implementing these advanced models.” The final dataset comprises 230 chemically

distinct systems and 38,042 total configurations. After identifying low-energy
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candidates through the NN, high-fidelity DFT calculations were performed to validate
the most thermodynamically stable structures for subsequent analysis.

Atomistic thermodynamics

To assess catalytic reactivity across different hydrogen coverages, we employed the
energy span (ES) model proposed by Kozuch and Shaik,’*! which approximates the
reaction rate by the largest free energy difference between a transition state and an
intermediate along the catalytic cycle. In our system, all elementary steps involve
proton-coupled electron transfer (PCET), which are known to exhibit similar barrier
profiles. To reduce computational cost, we assumed a uniform free energy barrier of
0.4 eV for all steps, consistent with prior studies.”®

The thermodynamic stability of each structure was evaluated by calculating the binding
free energy (Gy) of co-adsorbed hydrogen and water molecules Ni-N-C plane, defined
as follows:

Gp = GNi-N-C+nH+mH20 — GNi-N-c — Ny — MGh30 (1)
where Gni_n—_cs+nH+mHuzo 1S the total Gibbs free energy of the composite system and
Uy and Gy, are reference free energies for hydrogen and water, respectively.

The Boltzmann population p;of each structure i was computed based on its Gy

35258’59’77_79

p= e P Bes €00 @
where [ is 1/ksT, kg is the Boltzmann constant, T is the temperature (set to 298.15 K)
and S denotes the ensemble of all thermodynamically accessible structures.
To assess the catalytic contribution of each configuration, we used the weighted
reaction rate k;”, which combines stability based on the structure population p; and

activity described by the Arrhenius equation
kY = A- e PEpan . p, 3)
where A represents the rate constant of any reaction and E. Sipan represents the energy

span of configuration i. We assume that the rate constant of the same reaction remains
constant. The specific value of A is not considered, as our aim is to evaluate the relative

reactivity of each structure.
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A single kinetic descriptor that captures the activity of the full ensemble, the

Boltzmann-weighted energy span, was defined as:

Eweighted — —kBT Zjes kjw) (4)

span

Finally, the relative reaction contribution of the i-th structure is defined as:
1 _
ki =ki’/ Ljes ki )
where the nominator is the summation of the weighted reaction rate of S-reactive

structures.

Supporting Information available:

Computational details, machine learning potential development, thermodynamic
stability data, impact of H coverage on reactivity, potential-dependent evolution of

stability, activity, and selectivity of the Ni-N-C sites.
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