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Discovering electrocatalysts that can efficiently convert carbon dioxide (CO,) to valuable fuels and
feedstocks using excess renewable electricity is an emergent carbon-neutral technology. A single metal
atom embedded in doped graphene, i.e., single-atom catalyst (SAC), possesses high activity and selectivity
for electrochemical CO, reduction (CO;R) to CO, yet further reduction to hydrocarbons is challenging.
Here, using density functional theory calculations, we investigate stability and reactivity of a broad SAC
chemical space with various metal centers (3d transition metals) and dopants (2p dopants of B, N, O; 3p
dopants of P, S) as electrocatalysts for CO,R to methane and methanol. We observe that the rigidities of
these SACs depend on the type of dopants, with 3p-coordinating SACs exhibiting more severe out-of-
plane distortion than 2p-coordinating SACs. Using CO adsorption energy as a descriptor for CO,R
reactivity, we narrow down the candidates and identify seven SACs with near-optimal CO binding strength.
We then elucidate full reaction mechanisms towards methane and methanol generation on these identified
candidates and observe highly dopant-dependent activity and rate-limiting steps, divergent from
conventional mechanistic understanding on metallic surfaces, calling into question whether previous design
principles established on metals are directly transferrable to SACs. Consequently, we find that zinc
embedded in boron-doped graphene (Zn-B-C) is a highly active catalyst for electrochemical CO;R to C;
hydrocarbons. Our work reveals the opportunities of tuning SAC reactivity via engineering dopants and
metals and highlights the importance of re-elucidating CO,R reaction mechanisms on SACs towards
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|. Introduction

Consumption of fossil fuels and other CO,-emitting energy
resources contributes significantly to global warming.'” As
energy demands are projected to increase substantially,®* mitiga-
tion of CO, concentrations in the air will be crucial to avoiding
climate-related ecological and humanitarian problems.” One of
the most promising solutions is the conversion of atmospheric
CO, to valuable chemical feedstocks via electrochemical CO,
reduction (CO,R) using excess renewable electricity, such as solar
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+ Electronic supplementary information (ESI) available: Methods to locate the
most stable SAC geometries; benchmark calculations of kinetic energy cutoff and
k-point grid selections; initial magnetic moment guess, dipole correction, and
DFT+U benchmarks; geometries of all optimized clean SACs and representative
adsorption sites; comparison of dopant effects in tuning CO adsorption energies;
constrained geometry optimizations for CO adsorption energy predictions; com-
plexation energies of SACs; most favorable adsorption sites of key intermediates;
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unearthing new design principles for SAC chemistry.

and wind.®® various materials, including metals, metal alloys,
and metal oxides, have been used to catalyze CO,R.>™** Currently,
copper (Cu)-based materials remain the best metal electrocata-
lysts for CO,R towards generating hydrocarbon products.’*2°
However, these catalysts require high overpotentials to achieve
reasonable reaction rates and exhibit poor selectivity towards
valuable products, which is impractical for commercializing this
technology,””! motivating rational design of more efficient CO,R
catalysts with improved activity and selectivity.

Beyond conventional metal surfaces, single-atom catalysts
(SACs) consisting of an isolated metal site in doped graphene
(typically with nitrogen or N dopants) have become emergent
catalysts for CO,R in the past decade.?**® Dispersing isolated
metal atoms on graphene maximizes atom utilization and sup-
presses competitive hydrogen evolution reaction (HER).**>’ In
addition, dopants, such as N, can stabilize active metal centers
embedded on graphene, enabling proton-coupled electron transfer
(PCET) to enhance CO,R activity.”* *° Carbon monoxide (CO) has
been experimentally identified as the major product of electro-
chemical CO,R for SACs on N-doped graphene. Zheng et al
synthesized nickel (Ni) SAC on N-doped graphene (Ni-N-C) and
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reported a nearly 100% faradaic efficiency for electrochemical CO,
to CO conversion at an applied potential of —0.68 V vs. the
reversible hydrogen electrode (RHE).>' Zheng et al. confirmed
the superior catalytic performance of Ni-N-C in reducing CO, to
CO with a faradaic efficiency of 98.5% and observed that Ni-N-C
outperforms other SACs, including Fe-N-C, Cu-N-C, and Co-N-C,
in generating CO.>*> Wang et al. noted that the poor selectivity of
Co-N-C for CO production comes from the undercoordinated N
species in the synthesized materials and removing those under-
coordinated N atoms results in a highly improved CO faradaic
efficiency of 99.4% at an applied potential of —0.60 V vs. the
RHE.* In addition to CO, hydrocarbons have also been identified
as major products of CO,R for SACs on N-doped graphene. Yang
et al. reported a faradaic efficiency of 44% for methanol generation
using Cu-N-C at —0.9 V vs. the RHE,** while Han et al. observed a
high faradaic efficiency of 85% for methane production using
Zn-N-C at —1.8 V vs. the saturated calomel electrode.** Beyond C;
products, SACs on N-doped graphene can also generate multi-
carbon hydrocarbons with notable faradaic efficiencies. Guan et al.
observed production of both methane and ethylene on Cu-N-C
and noted that a high Cu loading favors ethylene generation, while
a low Cu loading prefers producing methane.*® To improve activity
and selectivity of SACs towards generating hydrocarbons, SACs
incorporating dopants other than N or heteroatom dopants have
been synthesized. Cai et al. achieved a high faradaic efficiency of
78% for methane production at —1.44 V vs. the RHE when mixing
oxygen (O) dopants with N in Cu-N,0,~-C SAC.*” Mixing boron (B)
dopants with N can also boost the catalytic performance for CO,R
to methane using Cu SACs.*® In addition to SACs with 2p dopants,
SACs with 3p dopants have also been successfully synthesized. For
example, Co SACs with both N and sulfur (S) dopants (Co-N,S,-C)
have been used for CO,R to CO, outperforming Co-N-C at all
overpotentials.*

Despite these achievements, discovering practical SACs
towards electrochemically reducing CO, to hydrocarbons
remains a grand challenge due to the lack of in situ spectroscopy
to detect atomic-scale, short-lived reaction intermediates and the
existence of a large SAC chemical space that cannot be fully
enumerated by experimental approaches.’® Instead, computa-
tional modeling, typically with density functional theory (DFT),
plays an important role in understanding reaction mechanisms
at the electronic structure level and assessing hypothetical cata-
lysts prior to experimental synthesis.*’~* For example, Zhao and
Liu used ab initio molecular dynamics simulations and enhanced
sampling to investigate the CO,R to CO reaction pathways via an
adsorbed COOH intermediate (*COOH; * refers to an adsorption
site) on Ni-N,~C SACs (x = 0-4).** They found that an appropriate
explicit description of solvents and surface charge can lead to the
experimentally observed CO, chemisorption of forming *CO,
prior to protonation and proposed that a hybrid coordination
environment with one nitrogen and three carbon atoms is the
most active and selective Ni-N-C SAC for CO,R to CO. Vijay et al.
also investigated the same CO,R to CO reaction mechanisms via
*CO, and *COOH intermediates on both Fe-N-C and Ni-N-C
and determined that the rate-limiting step could be either CO,
adsorption or the subsequent proton-coupled electron transfer
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step of forming *COOH.* Beyond CO, several computational
efforts have been conducted to study CO,R reaction pathways to
hydrocarbons. Chen et al. used DFT to explain the experimentally
observed high activity of Cu-N-C for CO,R to acetone and
proposed that the pyrrolic coordination environment results in
an energetically favorable pathway with the rate-limiting step
being the first CO, reduction step of forming *COOH, consistent
with spectroscopic characterization of SAC structures using
extended x-ray absorption fine structure.’® Zhou et al. confirmed
the favorability of pyrrolic coordination environment over the
pyridinic structure for Ni-N-C SACs towards CO generation.*”
Yang et al. investigated reaction mechanisms of CO,R to methane
and methanol also on Cu-N-C and proposed that the selectivity
towards different products originates from *COH reduction to
*CHOH for methanol vs. to *C for methane, explaining the
experimentally observed high activity of methanol production.®*
While still focusing on Cu-N-C, Guan et al. studied a different
reaction pathway towards forming methane, i.e., through *CO to
*CHO to *CH,O, along with C-C coupling mechanism via
formation of OC—*COH intermediate towards generating ethy-
lene, and concluded that the selectivity of C; vs. C, products is
dependent on Cu loading density.>® In addition to mechanistic
analysis, DFT simulations provide the opportunities of assessing
hypothetical catalysts prior to trial-and-error experimental synth-
esis and verification. For example, Wang et al. investigated 23
N-doped M-N-C SACs with M ranges from 3d to 5d transition
metals and concluded that their CO,R reaction mechanisms and
reactivities toward methane generation are highly dependent on
the outermost d-shell electrons of the catalytically active metal
centers with no ubiquitous rate-limiting step.*® Hou et al. inves-
tigated 28 N and S co-doped SACs, M-N,S,_,—C SACs (M = Fe, Co,
Ni, Cu), toward generating methanol and methane. They con-
sidered multiple different reaction pathways and identified
Cu-N;S;-C as an active catalyst for CO, CH3;OH, and CH,
production, as well as Fe-N;S,-C for formic acid generation.*’
Wei et al. assessed stability and catalytic performance of 10 dual
metal-site SACs, M1/M2-N-C (M1, M2 = Fe, Co, Ni, Cu), for CO,R
to CO, formic acid, methanol, and methane. Considering CO,
reduction to *COOH and *CHOH reduction to *CH as the rate-
limiting-steps, they predicted that Fe/Co-N-C and Co-N-C exhi-
bit the best activity and selectivity towards methane formation.*

Despite previous success of using DFT to study and design
graphene-based SACs for electrochemical CO, conversion,
there is a fundamental gap in understanding the roles of
metals, dopants, and coordinating environment in tuning
reactivity of SACs. In addition, the reaction mechanisms of
CO,R to hydrocarbons beyond CO product on SACs remain
unclear, limiting the opportunities of developing effective
design principles for SACs and leaving the question whether
descriptors established on metal catalysts are transferrable to
SACs a puzzle. In this work, we focus on rationalizing catalytic
activities of a large SAC chemical space with various metal
centers (i.e., all 3d transition metals) and dopants (2p dopants:
B, N, O; 3p dopants: phosphorus or P, S) as electrocatalysts for
CO,R towards generating methane and methanol. We first
narrow down the selection of potential SAC candidates using
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CO adsorption energy, which has been previously identified as
an effective descriptor for CO,R activity on metal catalysts,>
and then elucidate full reaction mechanisms of CO, conversion
to methane and methanol on identified SAC candidates with an
CO adsorption energy close to the optimal value of —0.67 eV.>>
Consequently, we propose promising SACs as CO,R electroca-
talysts for experimental synthesis and verification. To the best of
our knowledge, no theoretical investigation exists heretofore of
performing such systematic mechanistic analyses on B-, O-, P-,
and S-doped SACs for electrochemical CO,R to hydrocarbons.

lI. Computational methods

We performed all spin-polarized DFT calculations within Vienna
Ab initio Simulation Package (VASP)>*** version 6.3.1. We self-
consistently simulated valence electrons of 2s and 2p electrons
for B, C, N, and O, 3s and 3p electrons for P and S, and 4s and 3d
electrons for first-row transition metals (Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn) using the all electron, frozen-core, projector
augmented-wave (PAW) method.”> We employed the Perdew-
Burke-Ernzerhof (PBE)*® exchange-correlation functional in tan-
dem with Grimme’s D3°”*® dispersion correction and the Becke-
Johnson damping function.>® We applied a kinetic-energy cutoff
value of 800 eV for the plane-wave basis set. We obtained the
initial SAC geometry, which consists of one metal atom, four
dopants, and 26 C atoms in the unit cell from a previous work
(Fig. 1).°° Each clean SAC structure was fully optimized (both
atomic positions and lattice parameters) until the absolute total
force on each atom was less than 0.03 eV A", After adding
adsorbates on SACs, we re-optimized atomic positions of all
atoms in the supercell at fixed lattice parameters using the same
convergence threshold. We confirmed that all periodic cells
contain at least 15 A of vacuum along the c-axis before and after
geometry relaxation to avoid artificial interactions between the
periodic images in the direction normal to the SAC surface.
Locating the most stable geometries of both clean and adsorbed
SACs is challenging due to the vacancies created and substitutes
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Fig. 1 SAC structure side view (top) and top view (bottom) with different

metal centers (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) shown in blue,
dopants (B, N, O, P, and S) shown in magenta, and C shown in gray.
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doped in graphene. We developed a systematic strategy to ensure
that the most stable geometries were discovered in our simula-
tions (Supplementary Method and Table S1, ESI). In addition to
full geometry optimizations, we also performed benchmark
calculations of surface-constrained optimizations, in which the
position of each atom in SAC along the c-axis (i.e., the direction
normal to graphene plane) was fixed to maintain a planar
geometry. We employed an automatic, I'-point-centered Mon-
khorst-Pack® k-point grid of 3 x 3 x 1 to sample the Brillouin
zone. The chosen kinetic energy cutoff and k-point grid converge
the total energies to within 1.5 meV per atom (Fig. S1 and S2,
ESIt). We used a default initial magnetic moment guess of 1 on
each atom. Benchmark calculations indicated that using differ-
ent initial magnetic moment guesses for the metal atoms results
in same final energies and magnetic moments (Tables S2 and S3,
ESIt). We applied a Fermi surface smearing with first order
Methfessel-Paxton method®® and a smearing width of 0.1 eV to
integrate the Brillouin zone and aid self-consistent field conver-
gence. Adding dipole field energy and potential corrections®
yields similar CO adsorption energies with differences less than
0.01 eV on representative N-doped SACs (Table S4, ESIt). Bench-
mark DFT+U calculations of applying a Hubbard U value of
3.29 eV on Fe, as suggested in previous studies,®*®® showed
similar reaction energies for CO,R to methane and methanol
pathways on Fe-N-C (Fig. S3, ESIY).

To quantify metal- and dopant-induced distortion within
SAC, we computed displacements of metal and dopant atoms
along the direction normal to the graphene surface (ie., z-
direction) using the equation,

4
AZ = |Zmetal - Zgraphem:’ + E ‘Zdopam,i - graphene!
i=1

i=

in which Zgraphene T€presents the average Cartesian coordinates
in the z-direction of all 26 C atoms. Similarly, Zeta1 and Zgopant,i
are Cartesian coordinates in the z-direction of the metal atom
and each dopant atom, respectively. Given the divergent dis-
tortions observed in dopants, we considered displacement of
each dopant by summing them up. To evaluate energetic
stability of SACs, we computed the complexation energy of
SACs, which was used in previous work®® to evaluate stabili-
zation that the doped graphene provides to the metal center
and is defined as the relative energy of SAC with respect to its
bare and doped graphene and the gas phase metal ion,

Ecomplexation = Esac — Egraphene — Emetal

in which Egsc, Egraphene, aNd Eneta) are energies of SAC, bare and
doped graphene, and the gas phase metal ion, respectively. We
evaluated CO adsorption energies as follows:

AEco = Ecossac — Esac — Eco

in which Ecoisac and Esyc are energies of the SAC with a CO
adsorbate and the clean surface, respectively. Eqo is the energy
of a gas-phase CO molecule, which was modeled as an isolated
molecule in a unit cell of 15 A x 15 A x 15 A. Reaction energies
of PCET steps were determined using the computational

This journal is © the Owner Societies 2025
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hydrogen electrode®” (CHE) model with the energy of an isolated
H, molecule modeled in a unit cell of 20 A x 20 A x 20 A.

lll. Results and discussion
Dopant effects on structural stabilities of SACs

We considered a pyridinic-type SAC moiety, i.e., the central metal
atom is coordinated with four pyridinic dopant atoms (Fig. 1).
Other structures, such as a pyrrolic-type SAC moiety, might exist,
yet how metal centers and dopants fill C vacancies in graphene is
not the focus of our work. Starting from planar monolayer of SAC
geometries, we fully optimized the structures and observed
system-dependent out-of-plane distortion, particularly in the
region of metal center and dopants (Table S1, ESIf). Local
distortion among active sites is due to the capabilities of dopants
to fill in C vacancies on graphene as well as symmetry and rigidity
enforced by periodic boundary conditions. Overall, 2p-coordinating
SACs with N, B, or O dopants exhibit distortion only among the
metal site if any, while 3p-coordinating SACs with P or S dopants
experience distortion among both the metal and dopant sites,
regardless of the metal center.

To quantify the local out-of-plane distortion observed in
SACs, we computed displacements of metal and dopant atoms
along the direction normal to the graphene surface as
described in the Computational methods section (Fig. 2). When
performing full geometry optimizations with no constraint, we
observed that SACs with 2p dopants (i.e., B, N, or O) either
remain planar with a 0.0 A distortion or exhibit a moderate
distortion of less than 2.1 A concentrated on the metal site.

(A) N Zmetal

Zg_raphene :~ ‘ ?I 7 E ,_

Zdopant,i
(B)
6F ® P'S
L 4
o L AR
=T
= N @B @O0
g P S ¢ 4
2 ©
o I
$ ] ®© 060 ®© 0 0
Op—8-8-8-0-8-0-&
Sc Ti V Cr Mn Fe Co Ni Cu Zn
Fig. 2 (A) A representative model showing different coordinate values in

the z-direction used to quantify out-of-plane distortion of SACs. (B) Out-
of-plane distortion (AZ) of SACs with different 3d metals and dopants (B:
green circles; N: blue circles; O: red circles; P: purple diamonds; S: orange
diamonds).
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Though the overall structural properties remain similar across
all 2p dopants, different dopants exhibit divergent local distortion
sensitivities to metal sites. Within N-doped SACs, only early transi-
tion metals, Sc-N-C, Ti-N-C, and V-N-C show local distortion
around the metal center with displacements of 1.0 to 1.3 A, while
the other M-N-C SACs preserve the planar structure. Interestingly,
boron-doped SACs exhibit consistently local distortions with displa-
cements in the range of 1.0 to 1.6 A for all transition metals,
indicating the crucial role of dopants in determining local metal-
coordination environment. Oxygen-doped SACs show more var-
iances in out-of-plane distortions that are sensitive to metal center
valence electrons. Early and late transition metals exhibit moderate
displacements, while mid-row transition metals remain planar in
the same plane with graphene substrate. Switching from 2p dopants
to 3p dopants (ie, P or S), we observed out-of-plane distortion
concentrated not only on metal sites, but also on dopants, increasing
the degree of distortion from less than 2.1 A for 2p dopants to 3.0 to
6.0 A for 3p dopants. Although all 3p-coordinating SACs show severe
out-of-plane distortion, P-coordinating SACs are more distorted than
corresponding S-coordinating SACs for early and mid-row transition
metals and vice versa for late transition metals. In addition, we noted
that Zn-O-C, Zn-P-C, and Zn-S-C are not structurally stable
materials since the metal centers cannot form any chemical bonds
with dopants (Table S1, ESIt). Most SACs exhibit structures with all
four dopants in the same side of the graphene, while two exceptions
(Cu-P-C and Fe-S-C) display structures with dopants on the
opposite side of graphene (Table S1, ESIT).

These observations are consistent with previous studies
performed on other graphene-based SACs that graphene’s
ability to accept a dopant is highly dependent on atomic radius
of dopant elements,’® and thus dopants with similar atomic
radius as carbon are more suited for retaining the 2-
dimensional monolayer structure of graphene.®® Our results also
indicated that 2p-coordinating systems with dopants possessing
similar atomic radius to carbon favor planar configuration
compared with 3p-coordinating systems with dopants possessing
larger atomic radius than carbon. In addition, we generally expect
longer bond distances between 3p elements with C atoms than
C-C bond distances in graphene.”””* To enable enough space for
forming 3p-C bonds and 3p-metal bonds within the rigid frame-
work of graphene, 3p dopants and metal sites move along the
direction normal to the graphene monolayer to facilitate those
longer bond distances. In addition, we computed complexation
energy (vide supra) to assess stabilization that the doped
graphene provides to the metal center on five representative
SAGCs, including Fe-N-C, Sc-B-C, Ni-O-C, Cu-P-C and Co-S-C
(Table S5, ESIt). All SACs exhibit negative complexation energies,
showing strong stabilization effects that the support provides to
the active metal sites. In general, SACs with 2p pyridinic dopants
are likely to be more structurally stable than SACs with 3p
pyridinic dopants in experimental synthesis.

CO adsorption energy as a descriptor for CO,R reactivity

CO remains the dominant product of electrochemical CO,R on
most catalysts at lower applied potentials, leading to assump-
tions that *CO is a key intermediate toward further PCET steps
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of acquiring hydrocarbons and *CO reduction is likely to be the
rate-limiting step.””””> *CO binding strength has recently been
proposed by Liu et al. as a descriptor for CO,R activity due to its
linear correlation with reaction barriers of the *CO reduction
step on multiple metallic surfaces.”® Zhong et al further
identified the optimal CO adsorption energy being —0.67 eV
for CO,R to hydrocarbons on metal catalysts.>® Using this
descriptor, we first narrowed down potential SACs for electro-
chemical CO,R within our focused chemical space, i.e., all
possible combinations between 3d metals and dopants (B, N,
O, P, S), by calculating CO adsorption energies on them (Fig. 3).
Given the DFT errors in predicting adsorption energies,”®””® we
used a range of +£0.2 eV to the optimal value of —0.67 eV (i.e., in
the range of —0.87 to —0.47 eV) in determining promising
candidates for electrochemical CO,R to hydrocarbons.
Nitrogen-doped SACs, particularly with mid-row or late 3d transi-
tion metals, are the most widely studied SACs for electrochemical
CO, reduction both experimentally and computationally.>>*>** How-
ever, unfortunately, none of those materials exhibits optimal CO
binding strength within +0.2 eV from —0.67 eV (Fig. 3B), indicating
that none of them are likely to reduce CO, to hydrocarbons with
reasonable efficiencies. Given the extensive investigations of such
catalysts, we included Co-N-C with a CO adsorption energy of
—0.92 eV, which is close to the optimal region, as well as the
most widely studied Fe-N-C in our mechanistic analysis (vide
infra). Overall, our DFT simulations predict strong CO binding
strength for early and mid-row transition metals and very weak
CO binding strength for late transition metals (Ni-N-C, Cu-N-
C, and Zn-N-C), indicating that CO is readily desorbed from the
surface once it is generated. This is consistent with multiple
experimental observations that nitrogen-doped SACs with late
3d transition metals are efficient electrocatalysts for CO,R to
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C0,**”® such as Ni-N-C being a superior electrocatalyst for CO
generation with nearly 100% faradaic efficiency.*'**

While nitrogen dopants are among the most experimentally
synthesized graphene-based catalysts at atomic scale, SACs coor-
dinated with other dopants studied in this work (i.e., B, O, P, S) are
mostly hypothetical materials. Screening and narrowing down
those materials in silico prior to trial-and-error experimental
synthesis and verification can efficiently accelerate the catalyst
design process. For boron-doped SACs, we observed a clear
sensitivity of CO adsorption energy on metal center d-fillings that
CO binding strength becomes stronger from Sc-B-C (—0.72 eV) to
Co-B-C (—1.90 eV) and then weaker from Ni-B-C (—1.87 eV) to
Zn-B-C (—0.79 eV) with increasing outer shell d electrons, result-
ing in two potential active and selective electrocatalysts, Sc-B-C
and Zn-B-C, for converting CO, to hydrocarbons (Fig. 3C). Switch-
ing to another 2p dopant (i.e., O), unfortunately, we predicted that
all of them bind CO too strongly and thus are unlikely effective
electrocatalysts to reduce CO, to hydrocarbons (Fig. 3D). *CO
binding strength on 3p-coordinating (ie., with P or S) SACs
exhibits more systematic dependence on d-filling, regardless of
dopant type (Fig. 3E and F). We observed more negative CO
adsorption energies with increasing outer shell d electrons from
Sc (—1.03 eV for Sc-P-C, —1.44 eV for Sc-S-C) to Fe (—2.21 eV for
Fe-P-C, —1.95 eV for Fe-S-C), and then less negative CO adsorp-
tion energies with increasing outer shell d electrons from Fe to Ni
(—0.46 eV for Ni-P-C, —0.62 eV for Ni-S-C). The only exception is
Cu SACs (—0.67 eV for Cu-P-C, —1.63 eV for Cu-S-C) showing
stronger CO binding strength compared with Ni SACs. Unfortu-
nately, we cannot find stable structures for Zn-P-C, Zn-S-C, and
Zn-0O-C. Overall, we further identified four 3p-coordinating SACs
with optimal CO binding strength, namely Ni-P-C, Cu-P-C,
Co-S-C, and Ni-S-C, in our following mechanistic studies.
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unstable SACs.
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Comparing the effect of tuning dopants on CO binding
strength, we observed that the sensitivity is dependent on
d-filling of metal centers (Fig. S4, ESIT). In general, early and
mid-row transition metals (Sc, Ti, V, Cr, Mn, and Fe) exhibit a
moderate range of CO adsorption energies when changing
dopants, while late transition metals (Co, Ni, and Cu) show a
larger range of CO adsorption energies. However, there is no
systematic trend which dopant results in consistently strong or
weak CO binding strength across all 3d transition metals.
Motivated by the effects that Ni and Cu SACs have weak CO
binding strength with N dopants and moderate or strong CO
binding strength with other dopants, we propose a strategy of
combining different dopants via heteroatom doping to tune
binding energy of key adsorbates for SAC design.

For the widely studied nitrogen-doped SACs which mostly
preserve planar geometries (Fig. 2), the natural approach to
simulate the geometry is allowing full relaxation of atomic
positions in geometry optimizations.*”** However, for SACs
with other dopants which exhibit out-of-plane distortions, a
constrained geometry optimization of restricting the movement
of atoms in the direction normal to the graphene plane has
been used.®® Here, we benchmarked the accuracy of using this
approach for SAC study. We constrained the movement of each
atom within the graphene plane by fixing the coordinates in z-
direction (i.e., direction normal to the graphene plane) in geo-
metry optimizations for both clean and CO-adsorbed surfaces
when predicting CO adsorption energies (Fig. S5, ESIT). Overall,
constrained optimizations predict less negative CO adsorption
energies for most SACs with several exceptions including early
transition metals embedded in boron- and phosphorus-doped
systems. There are larger variations in CO adsorption energy
predictions between performing full and constrained geometry
optimizations, ranging from —2.73 to 0.81 eV. Given the possible
large discrepancies in energetics predictions, we highlight the
importance of performing full relaxation when simulating SACs
to incorporate the structural effects.

Reaction mechanisms of CO,R to methane and methanol on
2p-coordinating SACs

To further assess the reactivity of identified SAC candidates
using CO adsorption energy as a descriptor (vide supra), we
elucidated full reaction mechanisms of CO,R to hydrocarbons.
We considered eight SACs with varying metal centers and
dopants in our mechanistic analysis, including Sc-B-C, Zn-
B-C, Ni-P-C, Cu-P-C, Co-S-C, and Ni-S-C with optimal CO
adsorption energy, as well as Co-N-C with CO adsorption
energy close to optimal value and the most widely studied
Fe-N-C. Given the large interatomic distances between active
metal centers within SACs, C-C coupling steps toward forming
C,: products are extremely challenging,®®*° and thus here we
considered C; hydrocarbon products, i.e., methane and metha-
nol formation. Typically, electrochemical CO,R proceeds via
*CO reduction to either *COH or *CHO, resulting in divergent
reaction pathways following these two intermediates.'*'® We
focused on five possible reaction pathways towards methane
formation, i.e., CO, - *COOH — *CO — *COH or *CHO — *C
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or *CHOH — *CH or *CH,0OH — *CH, — *CH,; — CH,, and
two reaction pathways toward methanol formation, i.e., CO, —
*COOH — *CO — *COH or *CHO — *CHOH — *CH,OH —
CH;3O0H (Fig. 4). Unlike previous studies that only considered
atop adsorption site on metal centers for intermediates,*”>*®%!
we examined three possible adsorption sites: atop, bridge, and
hollow around metal centers for key intermediates (Table S6,
ESIT). Surprisingly, the most favorable adsorption site highly
depends on both type of intermediates and metal-coordinating
environments of SACs (Table S7, ESIt). Atop site is not con-
sistently predicted to be the most favorable adsorption site for
many adsorbates, indicating a complete screening of all possi-
ble adsorption sites is crucial in mechanistic study of graphene-
based single atom catalysts.

We first considered reaction mechanisms of CO,R to
methane and methanol on Zn-B-C (Fig. 5A). The initial PECT
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Fig. 4 Possible reaction pathways considered for electrochemical CO,R
toward methane and methanol formation on graphene-based SACs. The
green path denotes the most favorable reaction pathway for most SACs
except for Zn-B-C.
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Fig. 5 Energetics of CO,R to methane via eight PCET steps and methanol
via six PCET steps on (A) Zn-B-C and (B) Fe—N—-C SACs predicted by DFT-
PBE-D3. The green lines show the most favorable pathway toward
methane or methanol formation through a *CHO intermediate identified
on most SACs except for Zn—B-C. The red lines denote other favorable
pathways on Zn—-B-C. Blue lines indicate formation of methanol.

step of CO, to *COOH is energetically favorable with a reaction
energy of —0.28 eV (Table S8, ESIt). Subsequent PCET step from
*COOH to *CO and one water molecule is predicted to have a
slightly positive reaction energy of 0.24 eV. Interestingly, we
observed thermodynamically favored *CO reduction to form both
*CHO and *COH with reaction energies of —0.04 eV and
—0.15 eV, respectively. The small quantitative energy difference,
ie, ~0.1 eV, indicates competitive formation and thus
co-existence of *CHO and *COH as key CO,R intermediates on
Zn-B-C. Considering the next PCET step, we obtained a high
reaction energy of 2.86 eV for *COH reduction to form *C and one
water molecule (Fig. S6 and Table S8, ESI}), indicating the
infeasibility of this pathway, whereas subsequent PCET steps of
both *CHO and *COH to form *CHOH are more favorable with
reaction energies of 0.02 eV and 0.13 eV, respectively. Selectivity
toward methane and methanol is dependent on the step of
*CHOH reduction. Methanol formation proceeds through
*CH,OH intermediate with a reaction energy of —1.12 eV and
the final reduction step with a reaction energy of zero. Methane is
more thermodynamically favorable with a lower reaction energy
for *CHOH reduction to *CH (—1.32 eV), but a higher reaction
energy for subsequent reduction to *CH, (0.45 eV), following by
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favorable further reduction to form *CHj; (—1.47 eV) and CH,
(—0.05 eV).

Overall, we found Zn-B-C SAC to be a promising electro-
catalyst for CO,R toward generating both methane and methanol.
The most favorable reaction pathway proceeds via CO, —
*COOH — *CO — *COH — *CHOH — *CH — *CH, —
*CH; — CH, with *CH — *CH, (0.45 eV) as the potential rate-
limiting step for methane generation. Methanol formation is also
possible through CO, - *COOH — *CO — *COH — *CHOH —
*CH,0OH — CH;0H with *COOH — *CO (0.24 eV) as the potential
rate-limiting step. Therefore, Zn-B-C SAC requires very low applied
potentials, i.e., —0.45 V vs. the RHE and —0.24 eV vs. the RHE, for
electrochemical CO,R to generate methane and methanol, respec-
tively. In addition, the identified rate-limiting steps on Zn-B-C
SAC differ from conventional understanding of *CO reduction step
reported previously on metallic surface,> casting doubt whether
*CO adsorption energy is an effective descriptor to screen SACs as
electrocatalysts for CO,R. To provide a more complete picture of
catalytic performance of Zn-B-C SAC, we also investigated its
activity for HER. We predicted that the potential rate-limiting step
of HER on Zn-B-C is the Heyrovsky step with a reaction energy of
0.33 eV, which is only slightly lower than the reaction energy of
0.45 eV for the rate-limiting step of CO,R to methane (Fig. S7,
ESIY). Both reaction energies are easily surmountable with applied
potentials, indicating competing CO,R and HER on Zn-B-C.

Switching to the other boron-doped SAC, Sc-B-C, we
observed consistent negative and positive reaction energies
for the first two CO,R PCET steps as on Zn-B-C, but with
much larger values (—1.00 eV for CO, reduction to *COOH and
1.03 eV for *COOH reduction to *CO; Fig. S6, S8 and Table S8,
ESIt). However, CO reduction to *CHO is favored over *COH
formation by 0.89 eV (—0.52 eV for *CHO formation, 0.37 eV for
*COH formation), divergent from the competing steps of *CHO
and *COH formation predicted on Zn-B-C. Following *CHO
formation, subsequent PCET steps involve *CHOH formation
(—0.03 eV), *CH,OH formation (—0.86 eV), leading to methanol
(0.20 eV), or *CH, formation (0.08 eV), *CH; formation
(—0.88 eV), resulting in methane (—0.26 eV), and thus methane
is slightly more favorable than methanol on Sc-B-C. To sum-
marize, methane proceeds via CO, —» *COOH — *CO —
*CHO —» *CHOH — *CH,OH — *CH, — *CH; — CH, and
methanol proceeds via CO, — *COOH — *CO — *CHO —
*CHOH — *CH,OH — CH3;OH. The rate-limiting step is
*COOH reduction to *CO with a high reaction energy of 1.03 eV,
indicating Se-B-C might not be an active electrocatalyst for CO,R.

For nitrogen-doped SACs, unfortunately, none of them pos-
sesses a CO adsorption energy close to the optimal value of
—0.67 eV. However, to understand how CO, can be electroche-
mically reduced to hydrocarbons catalyzed by those most widely
studied graphene-based SACs, we included Fe-N-C and Co-N-C
in our mechanistic analysis. Both methane and methanol pro-
duction on Fe-N-C follow the same reaction pathways as on Sc-
B-C, but with several different trends in energetics, including
reaction energy of *COOH reduction to *CO is negative (—0.61 eV)
and reaction energy of *CO reduction to *CHO reduction
(0.50 eV) is positive (Fig. 5B and Fig. S6, Table S8, ESIT).
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In addition, the reduction of *CH,OH to CH30H (—0.25 eV) is
more thermodynamically favorable than to *CH, (0.50 eV),
indicating preferred methanol formation on Fe-N-C with a
rate-limiting step of *CO reduction to *CHO. The required
applied potential for methanol generation on Fe-N-C is pre-
dicted to be —0.50 V vs. the RHE, suggesting that it might be an
active electrocatalyst for CO,R to hydrocarbons. However, pre-
vious experiments®*®* suggested that Fe-N-C can only electro-
chemically convert CO, to CO with reasonable efficiencies. This is
because *CO readily desorbs from the surface upon generation
with a very weak *CO adsorption energy, though the required
applied potentials are predicted to be low enough for methanol
generation. Therefore, tuning *CO adsorption energy represents
an effective strategy to strengthen the activity of Fe-N-C for CO,R
to hydrocarbons. For Co-N-C, CO,R to methanol follows the
same reaction pathway as Sc-B-C and Fe-N-C, but with a
different rate-limiting step of *CHO reduction to *CHOH with a
predicted high reaction energy of 0.98 eV (Fig. S6, S8 and
Table S8, ESIT). Unfortunately, we were not able to locate stable
structures of *CH, adsorbed on Co-N-C, indicating that methane
formation might not be possible on Co-N-C. Our DFT predic-
tions are consistent with experiments*>®> that Co-N-C can only
electrochemically reduce CO, to CO. In addition, comparing
reactivity of Fe-N-C and Co-N-C for CO, to CO conversion, we
predicted a much lower *COOH to *CO reaction energy for
Fe-N-C (—0.61 eV) than for Co-N-C (0.22 eV) (Fig. S6, S8 and
Table S8, ESIT), consistent with previous experiment®® showing
that Fe-N-C is more active than Co-N-C for this chemistry.

To summarize, we predicted that Zn-B-C and Fe-N-C might
be active electrocatalysts for CO,R to methane and methanol,
respectively, given their surmountable energies at moderate
applied potentials. However, we observed both metal- and
dopant-dependent CO,R mechanistic behaviors on 2p-
coordinating SACs (Table 1). Zn-B-C favors *CO reduction to
*COH, whereas the other three SACs (i.e., Sc-B-C, Fe-N-C, and
Co-N-C) proceeds via *CO reduction to *CHO toward methane
or methanol formation. In general, methane formation is more
favorable on boron-doped SACs, while methanol generation is
more preferred on nitrogen-doped SACs. Unfortunately, rate-
limiting steps are fully system-dependent on 2p-coordinating
SACs, indicating *CO binding strength might not be an effec-
tive descriptor for CO,R reactivity since this proposed descrip-
tor assumes that *CO reduction is the rate-limiting step.

Table 1 Preferred products, rate-limiting steps, and reaction energies in
eV of rate-limiting steps of CO,R to methane and methanol on Zn-B-C,
Sc-B-C, Fe-N-C, Co-N-C

Reaction
Product Rate-limiting step energy
Zn-B-C  Methane *CH+H" +e — *CH, 0.45
Sc-B-C Methane *COOH +H"'+e” — *CO+H,0 1.03
Fe-N-C  Methanol *CO+H'+e  — *CHO 0.50
Co-N-C  Methanol *CHO + H' + e~ —» *CHOH 0.98
Cu-P-C Methanol *CO +H' +e~ —» *CHO 0.56
Ni-P-C Methanol CO, + H" + e~ — *COOH 0.74
Ni-S-C Methanol CO, + H + e~ —» *COOH 1.02
Co-S-C Methanol CO, + H" + e~ - *COOH 1.37
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Reaction mechanisms of CO,R to methane and methanol on
3p-coordinating SACs

Moving from 2p-coordinating SACs to 3p-coordinating SACs, we
next considered Cu-P-C (Fig. 6A), which has a CO adsorption
energy (—0.67 eV) close to the optimal value (Fig. 3). Consistent
with most 2p-coordinating SACs, Cu-P-C favors reaction path-
ways of CO, —» *COOH — *CO — *CHO — *CHOH -
*CH,0H — *CH, — *CH,; — CH, and CO, —» *COOH —
*CO - *CHO — *CHOH — *CH,0OH — CH3;O0OH toward
methane and methanol formation, respectively (Fig. S5, ESIT).
Due to the large reaction energy difference (0.65 eV) between
*CH,OH reduction to form *CH, (—0.49 eV) and methanol
(—1.14 eV; Table S8, ESIt), Cu-P-C is predicted to exhibit a
strong preference towards methanol formation with an early
rate-limiting step of *CO reduction to *CHO (Table 1). To
overcome the reaction energy (0.56 eV) of such step, an applied
potential of —0.56 V vs. the RHE is needed for methanol
generation on Cu-P-C, indicating an active electrocatalyst for
CO,R to hydrocarbons. Moving to the other phosphorous-
doped SAC (Ni-P-C) with promising CO binding strength, we
observed same reaction pathways for CO,R to methane and
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Fig. 6 Energetics of CO,R to methane via eight PCET steps and methanol
via six PCET steps on (A) Cu-P-C and (B) Ni-S—C SACs predicted by DFT-
PBE-D3. The green lines show the most favorable pathway toward
methane or methanol formation through a *CHO intermediate identified
on most SACs except for Zn-B-C. Blue lines indicate formation of
methanol.
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methanol with a same preference for methanol formation
(Fig. S6 and S8, ESIt). However, the rate-limiting step changes
from *CO reduction to the very first PCET step of CO, reduction
to *COOH with a reaction energy of 0.74 eV (Table 1 and Table S8,
ESIt). We have identified two sulfur-doped SACs with promising
CO binding strength, namely Ni-S-C and Co-S-C (Fig. 3). Their
mechanistic behaviors as electrocatalysts for CO,R are similar to
Ni-P-C (Fig. 6B and Fig. S6, S8, ESIt). Unfortunately, the reaction
energies of the rate-limiting step, CO, reduction to *COOH, are
starkly high on both Ni-S-C (1.02 eV) and Co-S-C (1.37 eV;
Table 1), indicating their low activities to activate CO,.

Overall, all 3p-coordinating SACs favor methanol formation
over methane, yet Cu-P-C is the only one with surmountable
energies at moderate applied potentials. 3p-coordinating SACs
exhibit early rate-limiting steps, i.e., *CO reduction for Cu-P-C
and CO, reduction for Ni-P-C, Ni-S-C, and Co-S-C. This
prediction is consistent with previous computational work
showing that CO, adsorption and reduction is critical in
electrochemical CO,R.>”"** In addition, we observed relatively
high reaction energies for the very first PCET steps, especially
on sulfur-doped SACs, indicating challenges in activating CO,
even towards generating CO, which is different from 2p-
coordinating SACs and conventional metal surfaces. This dis-
crepancy in mechanistic behavior between SACs and metal
catalysts again suggests the inefficiency of using CO binding
strength as a descriptor for CO,R reactivity.

IV. Summary and conclusions

Motivated by recent experimental success in using nitrogen-
doped SACs for electrochemical CO,R to generate CO and
enhancing subsequent proton-coupled electron transfer steps
using other dopants, we applied computational modeling with
DFT to enable a systematic understanding of the roles of metal-
coordination environment in tuning SAC activity for CO, con-
version. We screened a large chemical space containing all
possible combinations of 10 active metals (i.e., 3d transition
metals) and five dopants (ie., B, N, O, P, and S). We first
investigated their structural stabilities and noted dopant-
dependent rigidities that 2p-coordinating SACs preserve planar
geometries or at most display a minor degree of out-of-plane
distortion in the metal center, while 3p-coordinating SACs
exhibit severe out-of-plane distortion among the metal-
coordination region. We then used *CO binding strength, which
was previously identified on metal catalysts as a descriptor for
CO,R activity, to narrow down the potential SAC candidates for
converting CO, to hydrocarbons. We identified six hypothetical
SACs that might be efficient electrocatalysts for CO,R, namely
Sc-B-C, Zn-B-C, Ni-P-C, Cu-P-C, Co-S-C, and Ni-S-C.

To further assess their activity, we elucidated reaction
mechanisms of CO,R to methane and methanol on the identi-
fied SACs. Two nitrogen-doped SACs (Co-N-C and Fe-N-C)
were also included in the mechanistic analysis to understand
dopant effects. We observed consistent preferred reaction path-
ways for methane and methanol formation proceeding via

5472 | Phys. Chem. Chem. Phys., 2025, 27, 5464-5475

View Article Online

Paper

CO, —» *COOH — *CO — *CHO — *CHOH — *CH,OH —
*CH, — *CH; — CH, and CO, —» *COOH — *CO — *CHO —
*CHOH — *CH,0H — CH3;OH on most SACs except for
Zn-B-C. Surprisingly, unlike metallic surfaces, the predicted
rate-limiting steps on SACs are system-dependent and vary with
both dopants and metals, challenging the development of
efficient design principles for SACs. In addition, it indicates
infeasibility of using CO adsorption energy as a descriptor for
CO,R reactivity since *CO reduction is not a consistent rate-
limiting step on SACs. Regarding CO,R selectivity, boron-doped
SACs favor methane formation, while SACs with other dopants
(i.e,, N, P, and S) prefer methanol formation. Overall, we
identified Zn-B-C as a promising electrocatalyst for CO,R to
methane, as well as Fe-N-C and Cu-P-C for CO,R to methanol
due to their surmountable energies at moderate applied poten-
tials. We believe our systematic studies reveal fundamental
insights into the role of dopants and metals in tuning SAC
reactivity and inspire new design principles for CO,R electro-
catalysts. Moving forward, we are extending full mechanistic
analyses of CO,R to valuable hydrocarbons on graphene-based
SACs from selected 3d transition metals to all 3d-5d transition
metals, with the ultimate goal of developing new and effective
descriptors to guide activity and selectivity.
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