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ABSTRACT: Significant challenges remain for developing efficient catalysts in an
electrochemical multielectron CO2 reduction reaction (CO2RR), which usually
suffers from poor activity and selectivity. Motivated by the recent experimental
progress in fabricating dual-metal atom catalysts (DMACs) in N-doped graphene
materials (graphene-N6V4; N: nitrogen and V: vacancy), we sampled eight types
of homonuclear (N6V4-M2, M = Cr, Mn, Fe, Co, Ni, Cu, Pd, and Ag) catalysts and
28 types of heteronuclear (N6V4-M1M2) catalysts to study CO2RR activity via
first-principles high-throughput screening. Using stability, activity, and selectivity as
indicators along with the broken conventional scaling relationship, N6V4-AgCr was
selected as a promising candidate for deep CO2 reduction to methane with a low
overpotential of 0.55 V after two screening rounds. Further analysis showed that a
frustrated Lewis pair, formed between metal and the para-N, owing to the
difference in the electronic arrangement of the d orbitals of various transition
metals, caused a difference in the spin polarization of the systems and affected the catalytic performance of each DMAC. Our work
not only provides a solid strategy for screening potential catalysts but also demonstrates that their CO2 reduction activities originate
from the various atomic and electronic structures of DMACs.

1. INTRODUCTION

The growing demand for fossil fuels is accompanied by
excessive emissions of CO2, resulting in severe climate change
with harmful impacts on the environment and health. Thus,
there is an urgent need to seek effective methods for reducing
CO2 content, converting CO2 into fuels, and further closing
the anthropogenic C cycle. The electrochemical CO2 reduction
reaction (CO2RR) is regarded as a promising approach for
managing the global C balance and converting CO2 into value-
added C-based products.1,2 In particular, CO2RR can produce
several C1 products including carbon monoxide (CO), formic
acid (HCOOH), methanol (CH3OH), and methane (CH4).
All of the C1 products are highly relevant to the chemical
industry.3−5 However, previous studies mainly focused on the
two-electron reduction process, such as the reduction of CO2
to CO or HCOOH.6−9 The practical implementation of
multielectron reduction of CO2 faces major hurdles due to
energy efficiency and product selectivity.10,11 In this regard,
exploring robust catalysts for deep CO2 reduction with high
activity and selectivity is still a truly novel undertaking.12

Transition metals (denoted M) are the most common
choice for CO2RR electrocatalysts. To date, Cu-based
materials have been demonstrated as the most widely
investigated metal catalysts for CO2 reduction toward deeper
reduction products.10,13 However, the conventional linear

scaling relations between the adsorption strengths of reaction
intermediates on the pure metal surface greatly limit the
exploration of superior catalysts toward other metal
catalysts.14,15 Generally, pure metal materials cannot effectively
activate CO2 due to the scaling relations unless a prohibitively
high overpotential of −1 V is used to initiate the reaction.16 In
addition, the hydrogen evolution reaction (HER) can easily
dominate under the same conditions, decreasing the efficiency
of CO2RR.

2,17,18 Therefore, a widespread approach is to
perform an atomic-level manipulation of metal atoms for
designing highly active electrocatalysts. To solve the problems
of reactivity and selectivity, recently, some single-atom
catalysts (SACs) have been widely studied.19,20 However, the
catalytic activity of a single-atom catalyst is usually limited to
the low density of the metal active site, coupled with a
relatively simple electronic structure.21 Meanwhile, the single-
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metal atoms tend to form clusters during synthesis, leading to
challenges in efficient use of single-atom catalysts.22,23

In this case, dual-metal atom catalysts (DMACs), with
M1M2−Nx−C coordination, have received considerable
attention in heterogeneous catalysis because of their unique
atomic and electronic structures compared to SACs. DMACs
exert mutual effects for tuning the electronic structures of both
M sites, altering the binding energy of reaction intermediates.
Such effects reduce the energy barrier and improve the
reaction rate through an efficient and stable approach.24−26

The electrochemical applications of DMACs have been used
toward multi-intermediate electrochemical reactions, such as
the oxygen reduction/evolution reaction (ORR/OER),27−30

CO2RR,
26,31−34 and N2 reduction reaction (NRR).35−37 In the

applications of the CO2RR field, several researchers have
successfully prepared DMACs in C-based materials and
suggested DMACs as a potential alternative to Cu as
electrocatalysts for CO2RR.

30,38−43 For example, Ren et al.
synthesized a novel electrocatalyst with Fe−Ni dual sites
embedded into N-doped porous C as an efficient catalyst for
CO2RR.

44 By utilizing the strong adsorption of CO2 molecules
on Fe and the weak binding capacity of Ni with CO, the
selectivity of the DMAC for CO2RR toward CO achieves an
impressive high selectivity of 99%; the Faraday efficiency (FE)
exceeds 90% in a wide potential range, ranging from −0.5 to
−0.9 V, reaching 98% at −0.7 V compared with a reversible
hydrogen electrode (RHE). Two recent studies also success-
fully identified high-activity catalysts for CO2RR by breaking
down the severe restriction imposed by scaling relations on
catalytic activity.26,34 Significant activity and selectivity for CO
have also been observed in Cu/Mn, Ni/Mn, and Ni/Fe
DMACs via theoretical computations. The results are even
better than that of the well-established metal catalyst due to
the breaking of the scaling relationship between the adsorption
strength of *CO and *COOH species (* indicates the active
site).34 Despite their superior activity, some questions
regarding DMACs remain unanswered. First, given that the
combination of two different transition-metal atoms has many
possibilities, can theoretical calculations screen out exper-
imentally unexplored DMACs with remarkable CO2RR
catalytic performance? Second, what are the fundamental
factors that determine the catalytic activity of DMACs?
Answering these questions can identify potential good catalysts
for CO2RR and provide guidelines for designing highly

efficient DMACs for CO2RR and other electrochemical
reactions.
In this work, high-throughput density functional theory

(DFT) calculations were conducted to investigate several
transition-metal (M = Cr, Mn, Fe, Co, Ni, Cu, Pd, and Ag)
homonuclear and heteronuclear dual-metal atoms embedded
into a series of N-doped graphene-based catalysts (denoted
N6V4-M2 or N6V4-M1M2, as shown in Figure 1). Half of the
candidates were first selected by evaluating stability, activity,
and selectivity. Further analysis was performed by breaking the
scaling relationship between the adsorption strengths of
*COOH/*CHO and *CO species. Then, N6V4-AgCr was
identified from the 36 concept catalysts as a highly promising
catalyst for the electrochemical CO2 reduction to produce
CH4. Additional investigation showed that a frustrated Lewis
pair (FLP) was formed between the metal and the adjacent N
due to the different spin polarizations in the electronic
arrangement of the d orbitals of various transition metals. The
catalytic performance was significantly dominated by the
various spin polarizations of the screened systems.

2. MODELS AND COMPUTATIONAL METHODS
2.1. Models. Based on the experimental characterization

results of the K-edge X-ray absorption near-edge structure and
the extended X-ray absorption fine structure spectra,39 a
rectangular superlattice of graphene to confine a pair of metal
atoms with coordinated N was considered. As shown in Figure
1, two transition-metal atoms are joined in graphene to replace
four C vacancies, and both atoms are surrounded by three N
atoms. Hence, we define it as N6V4-M2/M1M2. Geometri-
cally, M1 and M2 are equivalent sites, and thus, 28
heteronuclear N6V4-M1M2 and 8 homonuclear N6V4-M2
were calculated in our work.

2.2. Computational Methods. All of the calculations
were performed on the basis of the spin-polarized DFT45

methods implemented in the Vienna Ab initio Simulation
Package (VASP 6.0).46 The generalized gradient approxima-
tion was used to estimate the exchange−correlation
interaction47 in the scheme of the Perdew−Burke−Ernzerhof
functional.48 The effect of core electrons on the density of
valence electrons was described using the projector augmented
wave method.49 The kinetic energy cutoff for the plane waves
was set to 450 eV for all of the calculations in the 6 × 6 × 1
graphene supercells. The convergence tolerances of energy and
force on each atom during structure relaxation were less than

Figure 1. Schematic of the geometric structure of N6V4-M2 and N6V4-M1M2. The gray and blue balls represent C and N atoms, respectively, and
the cyan and green balls represent the two transition-metal atoms.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.0c10802
J. Phys. Chem. C 2021, 125, 7155−7165

7156

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10802?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10802?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10802?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10802?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.0c10802?rel=cite-as&ref=PDF&jav=VoR


10−4 eV and 0.02 eV/Å, respectively. A set of Monkhorst−
Pack mesh K points of 3 × 3 × 1 and 5 × 5 × 1 is used to
sample the Brillouin zone for geometry optimization and
electronic structural calculations.50 A vacuum distance of 20 Å
was set for graphene to ensure sufficient vacuum and avoid
interactions between two periods. The thermal and zero-point
energy (ZPE) corrections of different C intermediates
adsorbed onto graphene were further calculated at the Γ
point. Grimme’s dispersion-corrected DFT scheme was used to
describe the van der Waals interactions in the systems.51,52

The free energy (G) of each reaction intermediate is given as
G = EDFT + EZPE − TS, where EDFT is the DFT calculated
electronic energy and EZPE and S are the ZPE correction and
the entropy, respectively. T is the temperature and it was set to
298.15 K. At electrode potential U = 0 V (versus RHE), the
change of free energy (ΔG) can be calculated using the
following equation: ΔG = ΔE + ΔZPE − TΔS, where ΔE is
the reaction energy of hydrogenation and ΔEZPE and ΔS are
the differences of EZPE and S, respectively. The EZPE and TS for
all of the intermediates of CO2 reduction on N6V4-M2/M1M2
are calculated by the following equations

∑=E hv
1
2 i

iZPE
(1)

∑ ∑− = − −
−

−TS K T hvln(1 e ) (
1

e 1
)

i

hv K T

i
i hv K TB

/
/

i

i

B

B

(2)

where h, v, and KB represent the Planck constant, vibrational
frequencies, and the Boltzmann constant, respectively.

3. RESULTS AND DISCUSSION

3.1. Stability and Screening Methods. First, we
theoretically examine the geometric structures of the
aforementioned 8 homonuclear N6V4-M2 and 28 hetero-
nuclear N6V4-M1M2 monolayers. The details of the
optimized structures are provided in Figure S1 of the
Supporting Information. All metal atoms can be incorporated
into the central cavity of graphene and form nearly in-plane
configurations. The distances between two metal atoms are
within the range of 2.19 Å (for N6V4-FeCo) to 2.53 Å (for
N6V4-CrMn). All metal dimers exhibit shorter bond length
compared with the interatomic bond length in their bulk. This
interconnection enables electronic conversion between dimers
to synergistically react and adsorb the adsorbate, triggering a
different catalytic performance from the monoatomic counter-
part.53

Then, we evaluated the thermodynamic and electrochemical
stabilities of the 36 N6V4-M2/M1M2 monolayers through
their formation energy Ef and dissolution potential Udiss
(Figure 2a),54 which are defined as Ef = (Etotal − EN6V4 −
2EM)/2 and Udiss = Udiss° (metal 1, bulk) + Udiss° (metal 2, bulk)
−

+
E

n e n e1 2
f for homonuclear, where EM is the total energy of the

metal atoms in the most stable bulk structure, Etotal and EN6V4
are the total energies of N6V4-M2/M1M2 and the substrate,

Figure 2. (a) Computed formation energy and dissolution potential of metal atoms in N6V4-M2/M1M2. (b, c) Relationship between the binding
energies of (b) Eb(CHO) and Eb(CO) and (c) Eb(COOH) and Eb(CO) of the N6V4-M2/M1M2 systems on the transition-metal surface. The
calculated Ni, Cu, Ag, Pd, Au, Pt, and Rh data was used to generate a linear proportional relationship between adsorbates.55
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respectively, Udiss° (metal, bulk) is the standard dissolution
potential of the bulk metal, and n is the number of electrons
involved in the dissolution. For heteronuclear, both different
metals are discussed at the same time, which are defined as Ef =
Etotal − EN6V4 − EM1 − EM2 and Udiss = Udiss° (metal 1, bulk) +
Udiss° (metal 2, bulk) −

+
E

n e n e1 2
f .

In accordance with the definition provided in a previous
study,36 Ef < 0 eV indicated thermodynamical stability, while
Udiss > 0 V versus the standard hydrogen electrode suggested
electrochemical stability. The exact values of the Ef and Udiss of
N6V4-M2 and N6V4-M1M2 are listed in Tables S1 and S2,
respectively.
The computed Ef values of nearly all of the selected N6V4-

M2/M1M2 systems, except for N6V4-Ag2, are considerably
below zero, suggesting the high thermodynamic stabilities of
these metal dimers in the graphene-N6V4 substrate. With
regard to Udiss, half-systems are excluded due to electro-
chemical instability under acidic conditions, as indicated by
their negative Udiss values (Figure 2a).
Furthermore, attaining a low overpotential toward electro-

catalytic CO2RR is difficult due to adsorbate (particularly
*COOH, *CO, and *CHO) scaling relations.26,55,56 In
general, the hydrogenation of *COOH to *CO or *CO to
*CHO is always the potential rate-determining step (RDS) of
CO2 reduction, and thus, the overall catalytic efficiency
depends on the binding energies of *COOH [Eb(COOH)],
*CO [Eb(CO)], and *CHO [Eb(CHO)].

55 Accordingly, we
then studied *CHO, *COOH, and *CO adsorption onto
N6V4-M2/M1M2. As shown in Figures 2b,c and S2, the
scaling relations of the systems are completely different from
those of pure metal surfaces. Points are dispersed in the entire
region between Eb (COOH) and Eb (CO), proving that the
diatomic systems can effectively break the traditional linear
relationship. That is, for the same *COOH adsorption
strength, DMACs have stronger *CO adsorption strength,
making *COOH→*CO easier. Hence, forming *CO and
approaching the desired low overpotential region are easier
than the other hydrogenation steps. For the relationship
between Eb (CHO) and Eb (CO), most systems exhibit a
strong linear relationship, except for the six systems that

deviate significantly from the straight line, namely, N6V4-Pd2,
N6V4-Cr2, N6V4-CrCo, N6V4-AgCr, N6V4-AgPd, and N6V4-
NiPd. However, N6V4-Cr2 and N6V4-CrCo are excluded due
to their unsatisfactory results in the preceding stability tests.
Hence, we finally identified four systems, namely, N6V4-Pd2,
N6V4-AgCr, N6V4-AgPd, and N6V4-NiPd, that meet the
stability criteria and break the aforementioned scaling relations
for further investigations. We also calculated the projected
density of states (PDOS) of four candidates after adsorbed
with *CO and are shown in Figure S3. It can be seen clearly
that there is strong bonding between the p-orbitals of carbon
atoms of the adsorbed *CO and the d orbitals of dual metals at
the region of −7 to −8.5 eV below the Fermi energy level.
Also, the insert numbers of electrons obtained by *CO further
demonstrated the strong interaction between the *CO and
metal active sites.

3.2. Activation of CO2. The activation of CO2 onto the
surface of catalysts is always the first step in electrocatalytic
CO2 reduction. The structures of CO2-adsorbed N6V4-M2/
M1M2 (N6V4-Pd2, N6V4-AgCr, N6V4-AgPd, and N6V4-
NiPd) are illustrated in Figure 3. CO2 is first adsorbed on two
metal sites of all four candidates. After the optimization of
these candidates, CO2 is slightly far away from the surface and
then leads to physical adsorption, except for N6V4-AgCr. The
binding strength between CO2 and N6V4-AgCr is extremely
strong, with an adsorption energy of −0.91 eV, and the
distance between CO2 and the metal of N6V4-AgCr is 2.60 Å.
Meanwhile, the others are physically adsorbed with less
negative adsorption energies of −0.45, −0.47, and −0.21 eV
and longer distance between CO2 and the metal of 3.58, 3.57,
and 3.33 Å for N6V4-Pd2, N6V4-AgPd, and N6V4-NiPd,
respectively. The charge density difference of N6V4-M2/
M1M2 with CO2 adsorption is shown in Figure 3. A significant
charge transfer can be observed between the anchored metal
dimers and CO2. All of these findings indicate that CO2
molecules can be activated by metal dimers embedded into
graphene-N6V4.

3.3. Entire Pathways for CO2RR. We then explored
CO2RR pathways based on N6V4-Pd2, N6V4-AgCr, N6V4-
AgPd, and N6V4-NiPd. The four candidates possess the same
reaction pathways (Figure 4). The detailed free-energy

Figure 3. Side and top views of the charge density difference for CO2 adsorbed on N6V4-M2/M1M2 (N6V4-Pd2, N6V4-AgCr, N6V4-AgPd, and
N6V4-NiPd). In the lower panel, negative values indicate the number of obtained electrons, and positive values indicate the number of lost
electrons. Charge depletion and accumulation are presented in cyan and yellow, respectively. Isosurface = 4 × 10−4 e/Å3.
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diagrams are shown in Figure 5, and the related optimized
structures are shown in Figure S4.
The overall formula for the formation of each product is

provided in the Supporting Information, i.e., eqs S1−S15. The
dual-metal active centers significantly break the *CO−*CHO
scaling relation; the RDS values of all of the candidates are not
eq S8 [*CO + H+ + e− → *CHO (*COH) + H2O], which is
always the RDS for single-atom catalysts.14,15 The production
of CO occurs through the path of eq S4 [CO2 → *COOH →
CO]. The free energies of *CO2 hydrogenation to form
*COOH are increased by 0.78 eV (N6V4-AgPd), 0.38 eV
(N6V4-AgCr), and 0.74 eV (N6V4-NiPd). This step is also the
RDS for producing CH4, and the corresponding overpotential
is only 0.55 V for N6V4-AgCr, which is considerably lower
than those of pure transition-metal surfaces (such as the
theoretical overpotential on the Cu surface is 0.91 V).57

However, the desorption of CO is found to be difficult for all
of the candidates due to the strong adsorption. In the reaction
pathway of eq S1, i.e., [CO2 + 2H+ + 2e− → HCOOH], CO2 is
hydrogenated by a proton−electron pair to form *COOH and
then HCOOH generated via a second proton−electron pair
transfers to *COOH. Only N6V4-AgPd is favorable for
producing HCOOH, and the RDS is still the first hydro-
genation of *CO2 with a change of free energy of 0.78 eV, as
shown in Figure 5c. The key step in the formation of deep
reduction products with more than 2e− reduction, namely,
formaldehyde (HCHO), CH3OH, and CH4, is hydrogenation
of *CO to form *CHO. However, the hydrogenation of *CO
is not the RDS in our studied candidates due to the breaking of
*CO−*CHO scaling relations. For N6V4-Pd2 and N6V4-
NiPd shown in Figure 5b,d, the hydrogenation of *CO is
extremely easy with decreasing free energy. For the subsequent
elementary reaction, i.e., eq S11 [*CHO + H+ + e− → *OCH2
(*CHOH)], *CHO is hydrogenated to form *OCH2 apart
from *CHOH due to the relatively lower input energy for

*OCH2 formation. Equation (11) is the energy consumption
step for N6V4-Pd2, with an increase of 0.59 eV free energy, and
is also the RDS in the formation of the deep reduction product,
namely, CH3OH. However, the excessive binding strength
between the intermediates and N6V4-Pd2 leads to higher
potentials for product desorption. *CHO hydrogenation on
N6V4-NiPd is likely to proceed with eq S9 [*CHO + H+ + e−

→ HCHO] and HCHO as a final product (ΔGmax = 0.74 eV),
as shown in Figure 5d. Then, the reaction proceeds with eq
S12 [*OCH2 + H+ + e− → *OCH3], where the C atom
becomes saturated, and the C−metal bond dissociates with the
O atom that was directly connected at the bridge site of the
metal dimer. The next proton−electron transfer leads to the
dissociation of the C−O bond and the production of CH4. In
addition, the CO2RR pathways to CH4 are less competitive
only for N6V4-AgCr due to the energetically disfavored
intermediates along the reaction path toward its formation
(Figure 5a). The introduction of AgCr dual-atom sites
successfully reduces the change of free energy (ΔG) of *CO
hydrogenation without increasing the ΔG of other elementary
reactions. Therefore, breaking scaling relations by designing
multiple active sites might be a universal method for catalyst
development.
The thermodynamic limiting potentials toward C1 products,

including CO, HCOOH, HCHO, CH3OH, and CH4, are
summarized in Figure 5. The AgCr dimer exhibits much lower
required potential toward CH4 and HCOOH and higher
potential toward other C1 products (Figure 5a). The proton−
electron transfer of *COOH results in lower change of free
energy (ΔG) of *CO hydrogenation without increasing ΔG,
and the trend of HCOOH formation is upward. This finding
indicates that the AgCr dimer exhibits higher efficiency and
selectivity in generating CH4. The limiting potentials toward all
of the C1 products on the AgPd (0.78 eV) (Figure 5c) and
NiPd (0.74 eV) (Figure 5d) dimers, which both occur during

Figure 4. Comprehensive reaction network for the CO2 reduction pathway toward a variety of C1 products, namely, CO, HCOOH, HCHO,
CH3OH, and CH4, on N6V4-Pd2, N6V4-AgCr, N6V4-AgPd, and N6V4-NiPd.
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the first hydrogenation (eq 2), are relatively high. Similar
limiting potentials toward different products suggest poor
selectivity. Meanwhile, the Pd2 dimer exhibits relatively better
selectivity toward the HCOOH product with a significantly
low limiting potential (0.37 eV) (Figure 5b), while for deep
reduction to produce CH4, it exhibits lower efficiency and
selectivity. We also calculated all reaction paths for CO2

reduction to CH4 of single-metal catalysts based on the
candidates of dual-metal atom catalysts, including AgN4, PdN4,
CrN4, and NiN4. The entire reaction path is shown in Figure
S5. The CO2 reduction performances of single sites are not
good enough compared with that of dual metal sites, which
show poor selectivity and high overpotentials. The limiting
potentials for CrN4, NiN4, PdN4, and AgN4 are −0.71, −1.50,
−1.78, and −2.01 eV, respectively. These results are all higher

than that of our corresponding dual-metal atoms in N-doped
graphene (−0.38 eV for AgCr, −0.59 eV for Pd2, −0.78 eV for
AgPd, and −0.74 eV for NiPd). It can also be seen from Figure
S5 that the rate-determining steps all occur in the first
hydrogenation step of the reaction process, except for CrN4.
The above results indicated that the activity of single sites in
our work is not good enough compared with dual metal sites.

3.4. CO2RR Versus HER. An ideal catalyst for CO2RR,
except high stability and activity, should also be able to
effectively suppress HER to achieve high FE. Therefore, the
next step is to judge the catalytic selectivity of the screened
catalysts. In this context, we calculate the limiting potential
between CO2RR and HER [UL(CO2RR) − UL(HER)] to
estimate the catalytic selectivity of different catalysts. The
UL(CO2RR) − UL(HER) versus UL(CO2RR) relationship of

Figure 5. Free-energy profiles for the CO2 reduction reaction to CO, HCOOH, HCHO, CH4, and CH3OH on (a) N6V4-AgCr, (b) N6V4-Pd2,
(c) N6V4-AgPd, and (d) N6V4-NiPd at zero applied voltage (versus RHE).
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the four promising CO2RR catalysts is presented in Figure 6.
The results indicate that N6V4-AgCr is located at the top right

corner of Figure 6, indicating its superior catalytic activity and
excellent CO2RR catalytic selectivity. Compared with the
adsorption energy of *H on the metal site of N6V4-AgCr
(−0.80 eV), CO2 adsorption (−0.91 eV) is more negative.
Consequently, the adsorption of CO2 is preferred and the
adsorption of H is hampered. However, N6V4-AgPd and
N6V4-NiPd may not be favorable in the competition with H
evolution, leading to poor CO2RR selectivity. For N6V4-Pd2,
the adsorption energy of *H at the metal site (−1.00 eV) is
more negative than that of *CO2 (−0.45 eV), also indicating
poor CO2RR selectivity.
3.5. Activity Origin. What factor is responsible for the

difference in dual-metal-dependent CO2RR performance? To
decode the underlying mechanism, electronic structures are
analyzed by calculating the electron localized function (ELF)

and electrostatic potential (ESP) of the four candidates. In
Figure S6, the ELF maps show that the electrons around C and
N are highly localized and delocalized regions existing around
metals. Therefore, the two metals in the middle can be inferred
to be in the ionic state and a strong covalent bond is formed
between C−N and C−C. The primary interaction between
metal ions and N atoms is Coulombic attraction, which can be
inferred from the lone pair between the metal ions and the N
atoms (the red regions). Furthermore, the classic Lewis acid−
base could be found at the metal ions and adjunct N, while the
metals and their para-N atom (the green arrow in Figure 7a−
d) show a distance from 4.169 to 4.556 Å. Because two metal
atoms of the dual-atomic systems are out of the substrate, the
interaction between metal and their para-N atom is regarded as
delivering FLP-like activity (as shown by the green arrow in
Figure 7a−d.). The electron transfer between CO2 and Lewis
pairs contributes to the Lewis acid activity of Lewis pairs.58,59

Obviously, the bond lengths of Ag−N and Cr−N in N6V4-
AgCr are 4.556 and 4.177 Å, respectively. Meanwhile, the bond
lengths of Ag−N and Pd−N in N6V4-AgPd, Ni−N, and Pd−
N in N6V4-NiPd and Pd1-N(Pd2-N) in N6V4-Pd2 are 4.350,
4.437, 4.387, 4.252, and 4.169(4.303) Å, respectively. In a
nutshell, we can arrive at a conclusion that the enhanced
acidity and basicity of Lewis sites, together with the elongated
distance of Lewis pairs (Ag···N, 4.556 Å), contribute to the
highest CO2RR activity. The associative activation of CO2 on
FLPs leads to adsorption and hydrogenated pathway [(*CO2)-
δ− + (H+)δ+ + e− → *COOH] with moderate adsorption and
low activation energy of 0.38 eV on N6V4-AgCr.
Although FLPs exist in all dual-metal candidates, the activity

of FLPs also varies in different diatomic systems due to the
difference in the d-orbital electronic arrangement of various
transition metals. Figure 7 clearly shows the ESP distribution
on different atoms. The reddish region has a lower ESP and is
more susceptible to attacks by electrophilic reagents. The blue
area has a high ESP and is susceptible to nucleophilic reagent
assault. Nearly all of the N atoms are red, indicating low ESP.
Compared with N6V4-Pd2, N6V4-AgPd, and N6V4-NiPd, the

Figure 6. Limiting potential [UL(CO2RR)] versus UL(CO2RR) −
UL(HER), suggesting the CO2RR activity and selectivity of the four
screened catalysts. The inset in the figure shows the free-energy
diagrams of HER.

Figure 7. Schematic of the design concept for FLPs in the N6V4-M1M2/M2 crystal structure. (a−d) Optimized structures of N6V4-Pd2, N6V4-
AgCr, N6V4-AgPd, and N6V4-NiPd. The red number indicates the lost Bader charge for each metal. (e−h) Corresponding electron density of the
four candidates. Electron density isosurfaces are plotted at 0.07 e/bohr3. The reddish region has a lower electrostatic potential and is more
susceptible to attacks by electrophilic reagents. The bluer the area, the higher the ESP, and the easier it will be for nucleophilic reagents to attack
the area.
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Ag atom of N6V4-AgCr demonstrates a stronger charge
contraction by adjacent Cr cations because the d orbital of Cr
is in a semifull state, and thus, losing electrons is easier than
that in the fully charged state of the d orbital of Ag. Bader
charge analysis further indicates that the Ag of N6V4-AgCr is
positively charged by approximately 0.59e− loss and Cr shows a
higher positive charge (1.20e−) than all other metal atoms,
suggesting higher capability to activate CO2 molecules.60

3.6. d-Orbital Spin-Split Rule. To reveal the internal
mechanism of the above results, the projected density of states
(PDOS) of the above four candidates was compared (Figure
8). Previous studies have mentioned that spin polarization of
transition metals will affect the adsorption of small
molecules.61,62 For example, the interaction of surface Mn
atoms makes it produce strong spin polarization, which
promotes the breaking of the N−N triple bond and subsequent
reactions.61 In addition, the spin polarization (1.38, 2.18, 1.07,

2.05, and 2.85 μB for Nb, Mo, Ta, W, and Re on g-CN,
respectively) is obviously quenched after N2 adsorption,
promoting the activation of N2.

62 In our case, activation of
the CO2 molecules is the first step of the CO2RR. CO2 consists
of two σ bonds (generated from the sp hybrid orbital of the
carbon atom and the p orbital of oxygen) and two delocalized
π bonds (two p-orbitals of carbon atoms that are not involved
in the hybridization overlap with p-orbitals of oxygen atoms
side by side). Since the oxygen atom has a high electro-
negativity, the electron reactivity of the two pairs of highest
occupied orbitals is strong, resulting in low chemical activity of
the CO2 molecule. By forming chemical bonds between CO2
and the active sites of the catalyst, electrocatalysts stabilize
CO2 radicals or intermediates, resulting in a lower redox
potential.63 Furthermore, since CO2 has an empty orbit with a
lower energy level and a higher electron affinity, it accepts
electrons easily.64 Therefore, a catalyst with a strong ability to

Figure 8. Partial density of states (PDOS) of metals and N on (a) N6V4-Pd2, (b) N6V4-AgPd, (c) N6V4-AgCr, and (d) N6V4-NiPd before the
adsorption of CO2. Fermi level is set to 0 eV.

Figure 9. Electronic configurations of spin-split d orbitals for Cr and Ag to generate the empty spin-down higher-energy d orbitals of Cr or all fully
spin-up and partially spin-down d orbitals of Ag, respectively. The arrows along different directions represent electrons with opposite spins. The
CO2 in the middle shows the relationship between the bonding state and the antibonding state of CO2 and the outermost electrons of the metal.
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lose electrons will aid the adsorption and activation of CO2.
The spin polarization (3.269 μB) is obviously seen only for
N6V4-AgCr, promoting the activation of CO2,

62 while no spin
polarization is observed on N6V4-AgPd, N6V4-NiPd, and
N6V4-Pd2. We further calculated the PDOS of the entire stable
diatomic structure combined with Ag, as shown in Figure S7. It
revealed that the degree of electron spin polarization gradually
decreases as the atomic number increases, such as the spin
polarization of N6V4-AgCr is the largest (3.269 μB), while the
spin polarizations of AgFe and AgCo gradually decrease to
1.848 and 0.590 μB, respectively. In comparison, AgNi, AgCu,
and AgPd show high spin symmetry.
Furthermore, the local density of states (LDOS) is adopted

to disclose the effect of the interaction between different
metals on the spin polarization of d-orbital electrons compared
with the bulk structure of each metal. Considering N6V4-AgCr
as shown in Figure S8, the bulk structures of Ag and Cr metals
show an octahedral coordination field in which dxy, dxz, and dyz
triple-fold degenerated into one orbital, and dx2−y2 and dz2
double-fold degenerated into another orbital alone. However,
when Ag and Cr form a diatomic structure and coordinate with
N, the degenerated d orbitals of Ag and Cr simultaneously split
into five sub-bands of different energy levels and are
accompanied by a peak shift. Upon polarization as shown in
Figure 9, the d orbital produces five higher-energy spin-down d
orbitals and five lower-energy spin-up orbitals. The electron
arrangements of Cr are dn = 5 with the outermost electron
arrangement being 3d54s1. Spin-up d orbitals are partially
occupied (see Figure S8d for details), i.e., both the lowest
unoccupied molecular orbital (LUMO) (around 1.8 eV) and
highest occupied molecular orbital (HOMO) (around −1.5
eV) consist of spin-up d orbitals and leave the remaining spin-
down d orbitals empty (from −3.5 to 1.8 eV), while the
outermost electron arrangement of Ag is 4 d105s1 and only the
dxy orbital of Ag shows the spin polarization (see Figure S8b
for details). Both spin-up and spin-down dxy-orbitals occupied
the LUMO (around 1−3 eV) and HOMO (around −2 to 0.5
eV), respectively. This result is also in agreement with the
symmetry matching rule of the frontier orbitals of M-d and
CO2-σ/CO2-π*, which further illustrates the electron accept-
ance and donation as shown in Figure 9. N6V4-AgCr has more
empty d orbitals and a high spin polarization to accept
electrons and hence leads to the stronger CO2 adsorption to
initiate the reaction, while for AgPd (Figure S9), NiPd (Figure
S10), and Pd2 (Figure S11) diatomic structures, they will also
lead to the splitting of the d orbital, but there is no spin
polarization due to the higher occupations of d orbitals. Hence,
CO2 molecules will be favorably adsorbed onto the surface of
N6V4-AgCr, and the subsequent hydrogenation processes, i.e.,
eqs S1−S13, will proceed successfully. Based on the above
analysis, we found that the combination of different diatoms
will lead to differences in the arrangement of metal d orbitals
and this difference causes various electron spin polarizations
and thus affects the selectivity and performance of catalysis.

4. CONCLUSIONS
In summary, we examined the potential of dual-metal atoms
embedded into N-doped graphene, named N6V4-M2 and
N6V4-M1M2, as efficient CO2RR electrocatalysts via high-
throughput first-principles screening. We systematically studied
36 systems. Our results indicated that half-systems were first
excluded as qualifying candidates that meet the screening
criteria of thermodynamic and electrochemical stabilities.

Subsequently, only four systems were selected due to the
significant deviations from linear scaling relations. Lastly,
N6V4-AgCr was found to exhibit superior catalytic activity and
selectivity toward CH4 production with an extremely low
overpotential of 0.55 V. Electronic structure analysis
demonstrated that the FLPs formed between the metal and
the para-N lead to a difference in the spin polarization of the
systems, affecting catalytic performance. Overall, this work
provides a comprehensive understanding for screening and
designing novel DMACs with stability, activity, and selectivity.
We believe this research will motivate additional experimental
and theoretical studies to further explore ideal catalysts for
CO2 electroreduction.
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