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ABSTRACT: Single-metal atom catalysts in nitrogen-doped graphene supports
have attracted growing attention as state-of-the-art CO2 reduction reaction
(CO2RR) electrocatalysts. Nevertheless, theoretical explorations on such systems
remain immensely insufficient owing to the complexity in realistic modeling of the
solid/liquid interface and the lack of understanding of the potential dependence of
the reaction mechanisms and the catalytic nature of active sites. In this work, we
develop a methodology of Langmuir adsorption model-derived potential-dependent
kinetics (LPD-K) to probe the potential-dependent kinetics of the CO2RR on
single-atom electrocatalysts. Using this LPD-K method, we show how to predict the
potential-dependent chemistry using a specific example, single-nickel atom
nitrogen−graphene catalysts (NiNnC4−n@Gra, n = 1−4). We investigate the
reaction mechanisms and energetics at the electrochemical interface using ab initio
molecular dynamics (AIMD) simulations with fully explicit solvation, in
conjunction with thermodynamic integration methods and electrode potential analysis. The effect of the applied electrode
potential on the free energetics of the CO2RR on NiNnC4−n@Gra is comprehensively discussed. It is suggested that both reaction
energies and barriers for CO2 adsorption and further protonation are approximately linearly correlated with the applied electrode
potentials but the slopes are distinctly deviated from 1 eV per volt. Based on the correlations of potential-dependent free energetics
and the proposed kinetic model, we predict the onset potentials of the CO2RR under both basic and acidic conditions, which are
comparable with the experimental observations. In addition, our findings reveal the structural impact of the catalytic activity of a
single-Ni atom catalyst with different coordination environments. In a broad sense, probing the structural origin and thermodynamic
CO2RR analysis could inspire the rational design of efficient MNC@Gra-based CO2RR catalysts.
KEYWORDS: ab initio molecular dynamics, thermodynamic integration, single-atom catalysis, CO2 electroreduction,
potential-dependent reaction free energy

■ INTRODUCTION
Electrocatalysis of the CO2 reduction reaction (CO2RR) to
CO is a promising effective method to mitigate the severe CO2
concentration in the atmosphere and achieve the goal of
converting CO2 into renewable feedstock and sustainable
energies.1−5 To this end, numerous electrocatalysts6 have been
extensively investigated for an efficient CO2RR, among which
the state-of-the-art single-atom catalysts (SACs) characterized
by atomically dispersed metal atoms on suitable substrates
have become cutting-edge catalysts since they were first
proposed in 2011.7 Thereinto, nickel atoms embedded in
nitrogen-anchored graphene (NiNnC4−n@Gra), which possess
distinguished reactivity and selectivity for the CO2RR to CO in
the aqueous phase, have received much attention because of
the impressive Faradaic efficiencies for the CO2RR.8−12

However, the structural catalytic nature and reaction
mechanism remain controversial, and there is a substantial
divergence about the rate-determining step (RDS) in recent
investigations, although it seems apparently simple. For
instance, preceding reports put forward the RDS to be CO2

adsorption on Au,13,14 Ni- and Fe-embedded MNC catalysts
(NiNnC4−n@Gra and FeN4C@Gra),15,16 CO2(g) to *COOH
on noble metals,17,18 or the *COOH to CO(g) step on Ag
from C−O bond cleavage.19 Additionally, no effort had been
spared to study the reactivity and identity of the CO2RR on
NiNnC4−n@Gra limited exclusively in an alkaline electrolyzer
experimentally and theoretically in past decades.20−24 How-
ever, for all that, experimental evidence demonstrated that
NiN4@Gra features high catalytic performance, which even
rival Au- and Ag-based catalysts in acidic medium.10,12 In
addition, theoretical explorations on such systems remain
immensely insufficient owing to the complexity in realistic
modeling of the solid/liquid interface and the lack of
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understanding of the potential dependence of the reaction
mechanisms and the catalytic nature of active sites. In this
sense, it is essential to explore the catalytic reactivity and
selectivity of the CO2RR over the NiNnC4−n@Gra electrode
due to the lack of theoretical data.

Even though the well-developed computational hydrogen
electrode (CHE)25 model has been widely adopted in past
years, some realistic conditions, such as external applied
potential26 and electric field effects,20 need to be taken into
consideration. Even so, many theoretical trials have been
devoted to exploring models by introducing extra electrons
into the system.20,23,27 Nevertheless, nowadays, instead of
bringing in redundant charge, counterions are more extensively
employed in the establishment of electric field to adjust the
applied potential and elucidate the solid/liquid interface liquid
structure.28,29 Le et al. explored the Helmholtz layer of
electrified solid/liquid interfaces by introducing Na atoms into
the Pt(111)/water interface and demonstrated that it is a good
approach to describe the potential and probe electrocatalysis
processes.29 Thus, in this work, by utilizing the well-adopted
methodology of workfunction tuning by introducing Na+
counterions, with a sufficiently thick explicit water layer, the
mechanism of the catalytic CO2RR in an aqueous environment
over the NiNnC4−n@Gra electrode/electrolyte interface and
the corresponding reaction kinetics are systematically inves-
tigated by combining ab initio molecular dynamics (AIMD),
constrained MD, and thermodynamic integration.

We noticed that many theoretical developments investigate
the details of CO2RR mechanisms and mainly focus
qualitatively on the reactivity and selectively of the
CO2RR.21 As the examples given in the literature, Li et al.
addressed that the reactivity of NiN4@Gra excelling that of
N@Gra (only N doped) toward the CO2RR is based on the
observed thermodynamics of the RDS without considering the
electrolyte and voltage impact.21 Herein, we attempt to
quantify the effect of the potential-dependent reaction barrier
on the CO2RR activity to shed light and rationalize the
catalytic behavior. Particularly, we will give the Langmuir
adsorption model-derived potential-dependent kinetics (LPD-
K) from traditional fixed-electron-based free energies and
barriers, which we believe will favor the investigation of the
catalytic behavior of SAC with widespread application and
promotion. To concretize the concepts underlying this
theoretical methodology, here, we narrate the application of

LPD-K to predict the detailed reaction mechanism and rates
for the CO2RR over NiNnC4−n@Gra electrodes. Through
applying our constructed LPD-K model and analyzing reaction
barriers and charge transfer, we report the potential-dependent
kinetics of the CO2RR on these catalysts and predict the onset
potentials, which are comparable with experimental observa-
tions.9,21,24,30 In addition, we show that the effective surface
charge density is the key factor that drives the charge transfer
to CO2 during the CO2RR on NiNnC4−n@Gra.

■ METHODS
Static Calculations and Computational Models. All

static calculations are performed using spin-polarized density
functional theory (DFT) with the Perdew−Burke−Ernzerhof
(PBE) functional31 based on the Vienna ab initio simulation
package (VASP).32,33 The plane-wave basis set cutoff is at 400
eV, and the generalized gradient approximations (GGA)34 is
used to describe the exchange-correlation energy, while
projector augmented wave (PAW)35 is used to describe core
electrons. The supercell is constructed by orthogonalized 6 × 4
unit cells of graphene with dimensions of 17.04 × 14.76 ×
20.00 Å3. Two adjacent C atoms are removed to construct a
divacancy to load the single nickel atom, which is coordinated
to 1−4 nitrogen/carbon atoms through strong covalent bonds,
denoted as NiN1C3@Gra, NiN2C2@Gra, NiN3C1@Gra, and
NiN4@Gra (Figure 1a−d). Raman and transmission electron
microscopy (TEM) characterizations evidenced that predoped
N plays an indispensable role in creating defects on graphene
shells, which assist in trapping and bonding a significant
number of Ni atoms in the graphene shells.36−38 We have also
calculated formation energies to explore the stability of these
catalysts, Table S1. It is suggested that the single-Ni atom
catalyst is less stable with a lower N content and the NiN4@
Gra catalyst is the most energetically favorable one. Therefore,
we have not considered the single-Ni atom catalyst without
doping N in this work, although our free energetic simulations
indeed imply that the lower N content should result in high
activity for the CO2RR. Herein, we considered the four
possible structures to identify the correlation between the
coordination environment and catalytic performance of the
CO2RR in the atomic scale and help the rational design of
nanostructured catalysts,39,40 in addition to tackle the dispute
of the experimental observations of the structural informa-
tion.9,21

Figure 1. (a−d) Top view of different atomic configurations in the graphene matrix for nitrogen-anchored graphene on coordination. (e) Side view
of the simulation models of NiN1C3@Gra. Hydrogen bonds are depicted by thin dashed lines. The nickel, carbon, nitrogen, oxygen, hydrogen, and
sodium atoms are colored in orange, gray, green, red, white, and pink, respectively.
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In our simulation model, we placed 141 water molecules,
leading to the average density of ∼1 g·cm−3 to model the
solvent water environment. The corresponding equilibrated
structures obtained from the 5 ps AIMD simulation are
presented in Figure 1e. The three-dimensional periodic
boundary condition is applied to the supercell, giving rise to
water molecules surrounding both the sides of the graphene
surfaces.
Ab Initio Molecular Dynamics (AIMD) Calculations

and Free Energy Sampling. All molecular dynamics
simulations are carried out using the Quickstep module with
the CP2K package41 because of its quick simulation speed with
plenteous explicit solvent water molecules. The core electrons
of Ni, C, N, O, H, and Na atoms are represented by the
Goedecker−Teter−Hutter (GTH)-type pseudopotentials,42,43

while their valence orbitals are expanded in the Gaussian and
auxiliary plane-wave (GPW)-type double-ζ basis sets44 with
one set of polarization functions (DZVP)45 with a plane wave
cutoff for density expansion of 400 Ry. The PBE functional31 is
utilized to determine the electron exchange and correlation
energies, with the Grimme D3 dispersion corrections.46 During
the AIMD simulation, the self-consistent field convergence
criterion is set to 10−5 Ry for both the electronic gradients and
total energies. To get the longer timestep of 1 fs, the deuterium
mass of 2.0 is employed for all hydrogen atoms in AIMD runs.
Unless otherwise specified, these MD simulations are set to 10
ps under a canonical ensemble (NVT), in which the
temperature is controlled at 300 K using Nose−́Hoover
thermostats.47,48

In order to evaluate the reaction dynamics, free energy
profiles are provided from the integration of the potential of
mean force (PMF) with respect to the suitable predefined
collective variables (CVs) used as reaction coordinates,49 and
the details of the method can be referred to in the

literature.50,51 In this method, we obtained =A Hd
d

F

by

taking the derivative of the free energy A(ξ) with regard to the
reaction coordinate ξ, where Hξ

F is the Fixman Hamiltonian of
the generalized coordinates. The derivative of the Hamiltonian
against ξ corresponds to an external force applied to the
studied system to retain the reaction coordinates fixed. In our
systems, taking the CO2 activation step as an example, the
change of the Hamiltonian with respect to ξ is denoted by the
SHAKE Lagrange multiplier λ for constraining the C−Ni
distances, which is the characteristic variable between the
initial state (IS) and the final state (FS) (Figure 2a). As a
result, we perform a succession of constrained MD calculations

to obtain the mean force for the set of C−Ni distances along
the reaction coordinate from IS [CO2 (gas phase)] to FS
[*CO2, adsorbed on NiNnC4−n@Gra]. In the force−distance
curves, the three zero-force points correspond to the initial,
transition, and final states. The free energy profiles can then be
obtained by integrating the average forces with respect to the
C−Ni distance. For the *COOH formation reaction, the
reaction coordinate is defined as combined CV depicted in
Figure 2b, while for the *CO-OH dissociation step, the C−O
bond length is the most distinguished choice for CV (Figure
2c). In each constrained MD run, the trajectories of the initial
5 ps are used to equilibrate the systems, followed by another 5
ps remainder of production periods to converge into one mean
force for data collection.
Description of the Electrode Potential. The essential

part of this communication is simulating the electrochemical
reaction energetics infinitely close to the practical environ-
ment, which requires us to introduce the electrode potential
properly. In the past few decades, many studies have reported
that the surface charge density, σ, is one of the most suitable
approaches of electric double layers (EDLs) on reaction
kinetics,26,52 since it models the electrochemical interface
properly and it does not rely on simulation cell size or
predicted interfacial capacitance. Here, we involve the
electrode potential-dependent reaction kinetics with σ-depend-
ent kinetics through the following equation

= +
C
1

pzc

where for pristine graphene, experimental interfacial capaci-
tance, C, of 21 μF·cm−253 and potential of zero charge, ϕpzc, of
−0.07 V54 are adopted. We note that we have assumed that the
capacitance of the graphene remains unchanged under
different potentials, which may result in a systematic shift in
the estimated potentials, while the major methodologies and
conclusions presented in this work should still quantitatively
maintain reliability.

We employ the average value of the potentials at the initial
state (UIS) and final state (UFS) as the potential (Ur) of the
reaction. (i.e., Ur = (UIS + UFS)/2).

55 The detailed electrode
potentials, surface charges, and corresponding correction terms
for each free energy profile are provided in Table S3. In our
simulation models, the EDLs at the electrode/electrolyte
interfaces are varied by introducing different numbers of alkali
Na cations at ∼3 Å (Stern layer) away from the graphene
surface (Figure 1e). Because the global system is charge-
neutral, the presence of Na+ would induce excess electrons to
aggregate at the graphene surface concurrently and form the
EDLs. σ is determined by the number of Na+ immersed in the
model. In fact, it should be noted that the electrode potential
of the system changed evidently during the reduction process,
which can be ascribed to the charge deviations of the electrode
surface within the small cell size of the simulation model.56,57

However, the influence of such a variation on the reaction free
energy is found to be minimal (Table S3); to streamline the
calculation, we ignored the electrode potential shift during the
process, even though it is contradictory to the practical
electrocatalytic environment under constant potentials. It has
remained a challenging task to obtain an accurate free energy
profile at a constant potential, i.e., performing sufficiently
sampling for both the configurational entropy and electronic
contributions within the grand canonical ensemble (of
electrons). In this work, each constrained MD simulation is

Figure 2. Schematic illustration of collective variables (CVs) used as
reaction coordinates in the constrained MD approach, for the reaction
of (a) CO2 adsorption, (b) *COOH formation, and (c) *CO
formation.
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performed within the canonical ensemble with a constant
charge, which inevitably comes with a shift in the workfunction
along the reaction coordinate. However, the influence of such a
shift on the reaction free energy has been tested to be minimal
and does not affect any of the major conclusions for the
current study.
Kinetic Model of the CO2RR. In this section, we propose

a kinetic model to explore the potential-dependent kinetics of
the CO2RR on the single-nickel atom catalysts. In general,
many previous calculations have shown that the rate-
determining step for the CO2RR to CO is the first
hydrogenation step.11,21,22,58 Therefore, we herein only
calculate the reaction rate based on the first hydrogenation
step, which is decoupled to be two elementary steps, CO2
adsorption (i.e., the electron transfer step) and the proton
transfer step in our study. The adsorption step can be
expressed as CO2 + * ↔ *CO2

δ−, and the proton transfer step
can be expressed as *CO2

δ− + H+ → *COOH under acidic
conditions or *CO2

δ− + H2O → *COOH + OH− under basic
conditions, where * denotes the active site (i.e., the single-
atom site) and *CO2

δ− denotes the adsorbed CO2 species with
an electron.

We assume that CO2 adsorption should experience an
adsorption/desorption equilibrium prior to the following
hydrogenation steps, and the coverage of *CO2

δ− on the
active site is significant to the actual current density, since it is
the main electron transfer step. The coverage of the adsorbed
CO2 is determined by the applied potential and can be
obtained by the equilibrium constant. For the adsorption step,
CO2 + * ↔ *CO2

δ−, the equilibrium equation is expressed as

=
×

=
×

*

*

*

*
K

a f (1 )
P

CO

CO (aq) ( )

CO
P

CO

2

2

2

CO2

2 (1)

where K is the adsorption equilibrium constant; θ*COd2
is the

equilibrated coverage of *CO2 species; θ* is the coverage of
the unoccupied active site; and aCOd2(aq) is defined as the activity
of gas CO2 in the aqueous phase. In the gas phase, the activity
of gaseous CO2 is usually considered to be its pressure;
however, it is hard to decide the accurate value of aCOd2(aq) in
the aqueous phase. We therefore introduce a constant f as the
activity coefficient for CO2 in the aqueous phase in our model.
This constant can be considered as the contribution of the
solvent effect on the gas-phase CO2. This value is assumed to
be the same for the catalysts reported in this study. We also
note that K is potential-dependent and can be calculated
according to the potential-dependent adsorption free energy
change ΔGads(U)

=K U
G U

RT
( ) exp(

( )
)ads

(2)

From eq 1, we could obtain the equilibrated coverage of
*CO2 species

=
+

*
Kf

Kf1

P

P
P

P

CO2

CO2

CO2
(3)

From eq 3, one could conclude that in our model, we in fact
assume the adsorption of CO2 as a Langmuir adsorption model
and the equilibrated coverage obeys a revised equation for the
Langmuir Isotherm.

With the equilibrated coverage being obtained, the reaction
rate under the basic conditions can be simply calculated as

i

k
jjjjjj

y

{
zzzzzz= × = ×*

#

*r k
k T

h

G U

k T
exp

( )
p CO

B p

B
CO2 2

(4)

where kp and ΔGp
#(U) are the rate constant and the free energy

barrier for the proton transfer step, respectively. We note that
the activity of the proton (either in the form of a hydronium
ion or water) in the rate equation is set to 1 by assuming that
water can always directly approach the active site in the
aqueous phase under basic conditions or the concentration of
the hydronium ion as 1 mol/L. Based on eq 3, we could arrive
at an expression for the total current calculation23

i

k
jjjjjj

y

{
zzzzzz= = × ×

#

*I nq r nq
k T

h

G U

k T
exp

( )
e Ni e Ni

B p

B
CO2

(5)

in which I is the current density, n is the number of transferred
electrons (n = 2 is adopted for the CO2RR to CO), and qe, kB,
h, and ρNi are the charge of an electron, Boltzmann constant,
Planck’s constant, and the density of the single-atom site,
respectively.

We note that the quasi-equilibrium approximation is
basically reasonable under basic conditions (usually the
experimental condition) as the free barrier of the protonation
step is at least 0.3 eV higher than that in the CO2 step for U <
−0.6V based on our calculations. For acidic conditions, the
proton originates from the hydronium ion and protonation
becomes much easier; it is still a rough approximation for
estimating the onset potentials, since the desorption barrier of
CO2 is relatively lower than that of protonation under low
potentials. We also neglect the coverage of COOH and CO by
assuming that CO is quickly formed by the conversion of
COOH and desorbs from the active site due to the low
product pressure of CO. HER is also not considered in our
kinetic model, considering that hydrogen adsorption is found
less favorbale than CO2 adsorption under the applied
potentials on single Ni catalysts. Therefore, the current LPD-
K method is a very simple kinetic model that only considers
the first hydrogenation step. More accurate kinetic simulations
could be achieved by performing microkinetic simulations with
all the elementary steps taken into consideration, which need a
high computational cost for the potential-dependent free
energy estimations using constrained MD simulations.

■ RESULTS AND DISCUSSION
Potential-Dependent Free Energy Profile. We first

studied the free energy profiles of the CO2RR on a single-
nickel atom catalyst under basic and acidic conditions to
explore the potential dependence of the activity, since recent
experimental studies have shown that the reaction can take
place not only in basic solutions20−24 but also in weakly acidic
electrolytes and displays high electrocatalytic CO2RR perform-
ance and CO formation selectivity10,12 (with a FE of over
90%). The generally accepted reaction mechanism for the
CO2RR to CO on single-nickel atom catalyst (NiNnC4−n@
Gra) electrodes consists of the three following steps: (i)
adsorption of CO2, (ii) protonation of the adsorbed CO2 to
form the COOH intermediate, and (iii) splitting of COOH to
produce CO; the latter two are considered to be proton-
coupled electron transfer (PCET) steps.10−12 Figure 3 presents
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the free energy paths with error estimates on the NiN4@Gra
site under different applied potentials. The reaction energy
profiles for the other three sites, NiN1C3@Gra, NiN2C2@Gra,
and NiN3C1@Gra, are attached in Figures S1−S3. Here, we
consider that the active center is Ni over the catalyst surface
throughout this article.20,21,23 These processes are initiated by
CO2 adsorption for all studied sites. As one can see, the free
energy profile for the NiN4@Gra site rises continually without
reaching a free energy minimum when CO2 approaches the
surface at U = −0.44 V (vs RHE) applied potential (Figure 3a),
strongly indicating that the direct activation of CO2 is rather
unfeasible. However, as the electrode potential drops to −0.71
V, the conversion of linear CO2 to the partially anionic *CO2
intermediate (Figures 3a and 4a,b),59−61 stabilized by the
interfacial electric field,26,62 is more kinetically and thermody-
namically favorable, in which the activation barrier is 0.32 eV.
The insets in Figure 3a illustrate the geometric change of the
TS where the C−Ni distances increased from 2.2 to 2.6 Å as
URHE = −0.71 V changes to −0.92 V; meanwhile, the O-C-O
angle, averaged over the last 5 ps from the constrained MD
calculation trajectories, stretched from 142.2 to 157.7°. Our
results demonstrate that the location of the TS along the
reaction coordinate shifted closer to the FS as the applied

potential shifts to a more negative value.55 At the potential of
−1.11 V vs RHE, the free energy barrier dropped as low as 0.13
± 0.02 eV, making the path of CO2 activation be more inclined
to convert the IS into the FS with an exothermic reaction
energy of −0.25 ± 0.04 eV. The depicted error margins
correspond to a 95% confidence interval based on standard
errors determined using the method of block averaging and the
statistical inefficiency test. Additionally, propagation of
uncertainty within the thermodynamic integration has been
properly accounted for.63

In addition, we find that the TS barrier (ΔG⧧) and free
energy (ΔG) approximately correlate with U in a linear
relationship, which will be discussed in a more detailed way in
terms of kinetics later. Compared with CO2 activation, the
conversion of *CO2 to *COOH under basic conditions
(Figure 3b) goes through hard processes with all barriers over
0.45 eV, while in the acidic electrolyte, this step apparently
involves facile TSs and lower free energy barriers (Figure 3c)
at the corresponding applied potential. We further performed
constrained MD and thermodynamic integration simulations
to explore the conversion of *COOH to *CO on the NiN4@
Gra site. It is shown that the splitting of COOH step is
concomitant with CO desorption and formation of H2O

Figure 3. Reaction free energy profiles with error bars for (a) CO2 adsorption and (b, c) *COOH formation under basic and acidic environment
NiN4@Gra sites under different electrode potentials (vs RHE). The shaded regions indicate 95% confidence intervals based on standard errors
obtained using the method of block averaging. Propagation of uncertainty within the thermodynamic integration has been accounted for. The insets
depict the representative snapshots of the structural evolution during electrochemical steps, such as IS and FS. The corresponding bond distances
and barriers of the transition state (TS) change with the applied potential are labeled.
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molecules barrierlessly. Consequently, we concluded that CO2
activation is the RDS on the NiN4@Gra electrode in the acidic
electrolyte, and while in a basic environment, the protonation
of the adsorbed CO2 to form the *COOH intermediate step is
the RDS.

For the other three sites NiN1C3@Gra, NiN2C2@Gra, and
NiN3C1@Gra (Figures S1−S3), when it comes to CO2
adsorption, one might see that NiN2C2@Gra has a similar
reactivity as NiN1C3@Gra at the relevant potentials when it
comes to the reaction barrier. NiN3C1@Gra and NiN4@Gra
are found to have higher barriers for electrochemical steps than
NiN1C3@Gra and NiN2C2@Gra sites. Specifically, the NiN4@
Gra site is difficult to activate CO2 at URHE = −0.44 V (Figure
3a) with the free energy blowing up. Afterward, the following
protonation of *CO2−*COOH in both basic and acidic
solutions of the other three sites mainly holds the same
conclusions, i.e., CO2 adsorption is the RDS in the acidic
environment for all active sites we studied, while it is *CO2
protonation under basic conditions.

To better probe the CO2 adsorption mechanistic behaviors
and the active site structures, charge transfer between CO2 and
the catalyst substrate NiN4@Gra under different applied

potentials, using the trajectory-averaged Bader charge from
the last 5 ps of constrained MD simulation of each constrained
point, is further analyzed (Figure 4a,b). As expected in Figure
4a, when CO2 approaches the NiN4@Gra surface, the net
Bader charge shifts negatively to ∼−0.6 |e| when U = −0.71 V
vs RHE. When U continually drops to −1.11 V, one could see
that CO2 gains more electrons. The remarkable charge transfer
manifests the partial reduction nature of the CO2 chem-
isorption, which requires a more negative applied potential to
take place. We also compared the partial charge transfer nature
of CO2 in all three elementary steps of CO2 adsorption and
*CO2 hydrogenation in both basic and acidic solutions (Figure
4b).

It is worth noting that the hydrogenation step under acidic
condition shows a much smaller surface charge variation
compared with the CO2 activation step (Figure 4b), together
with the barrierless property (Figure 3c). On the contrary,
under basic conditions, the comparatively small partial Bader
charge transfer in the hydrogenation step, together with the
almost unchanged high barriers (over 0.45 eV, Figure 3b),
even when the applied potential decreases evidently, further
indicates that the proton uptake from the adjacent water

Figure 4. Charge analysis. (a) Bader charge evolution of CO2, Ni and N4@Gra during the CO2 activation process under different applied
potentials, averaged from the last 5 ps of total 10 ps constrained MD calculations of Bader charge from each constrained point. (b) Bader charge
variation of CO2 part for three different processes of CO2 activation, *COOH formation under basic and acidic environment, respectively. (c)
Bader charge of Ni center for all studied sites under PZC. (d) Projected density of states (pDOS) of 3dx2‑y2 orbitals for Ni center in all sites and
C2σ* orbitals of CO2.
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molecules keeps relatively harder compared to CO2
adsorption, evidencing that the magnitude of electrode
potential has less impact on the protonation step under
alkaline conditions.

In Figure 4a, the net Bader charge of the Ni active center is
almost constant at ∼0.75 |e| at −0.71 V and same as that when
U changed negatively to −0.92 and −1.11 V, suggesting that
the active center, Ni, remains almost constant in the reduction
process and is just an electron relay during the CO2 activation,
and instead, the graphene matrix is the electron donor when
the N4@Gra charge increased over 0.6 |e| under three different
potentials (Figure 4a). A similar phenomenon is reported on
the FeN4@Gra substrate erewhile.55 This implies that it is the
effective surface charge density20 that drives the charge transfer
to CO2. The “charge capacity” difference for the single Ni site
can be ascribed to the charge redistribution between Ni and its
coordination sphere, in which enhancing the d−p orbital
interaction between the active center and adsorbate is one of
the main ideas. As a matter of fact, many previous experimental
investigations had evidenced that the adjustment of the active
center, such as, the axial ligand effect and coordination
environment tuning, would give rise to stability variations of
electrocatalysts, inducing catalytic performance improve-
ment.64−66

To understand the reactivity difference of the NiNnC4−n@
Gra catalyst toward the electrocatalytic CO2RR, static density
functional theory (DFT) calculations are carried out to reveal
the Bader charge of Ni under PZC (Figure 4c) and projected
density of states (pDOS) of 3dx2‑y2 (Ni) orbitals and C2σ*
orbitals of CO2 at URHE = −0.92 V in different Ni-N structures
(Figure 4d). As shown in Figure 4c, the oxidation state of Ni is
increasingly higher, as the coordinated N number increases,
indicating the occupation of the 3dx2‑y2 orbital (HOMO) of the
center,24 which is more inclined to overlap with the C2σ*
(LUMO) orbital of CO2, decreasing. In addition, Figure 4d
displays that some hybridized electronic states occur above the
Fermi level when CO2 approaches the electrode, leading to
that the antibonding states of the Ni−C bond are relatively less
occupied, as the number of dopant N increases, so that the
Ni−C bonding is weakened, which is consistent with earlier
observations of the reactivity variation trend of the

CuNnC4−n@Gra-catalyzed oxygen reduction reaction
(ORR).39 For these reasons, CO2 activation over the NiN4@
Gra surface undergoes the hardest process compared with
other sites at the respective applied potential.
Potential-Dependent Kinetics of the CO2RR. To

investigate the effect of potential on the aforementioned
CO2 activation behaviors from the aspects of kinetics, we
further plot the correlation between the reaction barrier of
CO2 activation (ΔG⧧) and free energy (ΔG) with the
electrode potential in Figure 5, and linear relationships could
be approximately obtained for all the studied sites. The slope
denotes the magnitude of the potential dependence of CO2
activation. The different values of the slope correspond to the
effects from several factors such as the amount of the
transferred electrons upon the adsorption and the solvation
from the solvent water molecules at the electrochemical
interface and the catalyst electronic structure,67 while the
intercept corresponds to the energetics at zero potential. Due
to the deviations in the slope, a crossover point, labeled in light
purple, occurs at potential U1 = −0.87 V (Figure 5a). As the
figure demonstrates, the fitting solid lines of NiN1C3@Gra (in
black) and NiN2C2@Gra (in cyan) almost overlapped one
another, indicating that they characterized approximate
reactivity. In the lower electrode potential regime (URHE >
U1), NiN1C3@Gra and NiN2C2@Gra are more active than
NiN3C1@Gra (in orange) and NiN4@Gra (in yellow). Then,
as the electrode continuously drops to the range of −1.2 V <
URHE < U1, NiN3C1@Gra begins to enter the stage of catalysis
and govern CO2 activation, whereas at URHE < −1.2 V, the
catalytic performance of NiN4@Gra would overwhelm that of
NiN1C3@Gra and NiN2C2@Gra sites. However, as Figure 5a
demonstrates, when URHE < −1.2 V, CO2 adsorption on all the
studied sites is almost barrierless (less than 0.1 eV). We further
identified linear scaling relationships between the reaction free
energy (ΔG) of CO2 adsorption and the applied potential
(Figure 5b), of which the slope is not as simple as 1 eV per
volt, as suggested by the traditional CHE model. For
NiN1C3@Gra, NiN2C2@Gra, and NiN3C1@Gra, the slope is
less than 1 eV per volt, which is consistent with the small
charge transfer from the substrate to CO2 upon adsorption, as
shown in Table S3. For NiN4@Gra, the slop is significantly

Figure 5. Potential-dependent energetics of CO2RR. (a) Linear correlation of the CO2 activation barrier, ΔG⧧, vs applied potential, URHE, (b) free
energy, ΔG, vs URHE for NiN1C3@Gra (black line), NiN2C2@Gra (cyan line), NiN3C1@Gra (yellow line), and NiN4@Gra (orange line). The lines
represent the fitting relationship, while the light purple circle represents the crossover potential.
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larger than 1 eV per volt owing to the higher charge transfer for
CO2 adsorption and the solvation effect on the free
energetics.55

Next, we analyzed the kinetics of CO production by
applying the LPD-K model and linear fitting equations of ΔG⧧

and ΔG vs URHE (Figure 5), together with ΔGp
#(U) vs URHE

(Table S4) for NiN1C3@Gra, NiN2C2@Gra, NiN3C1@Gra,
and NiN4@Gra sites. By adopting an empirical parameter of
0.1 for the activity coefficient, f, we obtain the current density
changed as a function of the applied potential shown in Figure
6 for the CO evolution under basic and acidic conditions.
Details of calculating the I−U curves are attached in
Supporting Note 1. Experimentally, the onset potential is
typically defined to be the applied voltage achieving 10 mA·
cm−2 for the catalyst. As shown in Figure 6a, the NiN1C3@Gra
site shows the best activity of the CO2RR and the predicted
onset potential is −0.75 V under basic conditions. NiN3C1@
Gra shows a Uonset of −0.85 V, agreeing very well with the
experimental reports, −0.89 V.9 For the NiN4@Gra site and
NiN2C2@Gra, Uonset is estimated to be −0.90 and −0.85 V,
respectively. Overall, the predicted Uonset for all sites lies in the
reasonably minimal range form −0.75 to −0.93 V to realize 10
mA·cm−2 current density, agreeing very well with the
experimental observations, in which the coordinatively
unsaturated Ni SAC maintains a broad catalysis potential
window from −0.53 to −1.03 V.8,24,30 In contrast, we notice in
Figure 6b that the corresponding Uonset under acidic conditions
for all four sites also exhibits good performance in the the
CO2RR in regard to activity and durability, echoing the earlier
experimental research that suggests the current density of Ni-
CNT-CC under acidic conditions, which was obviously higher
than that under basic conditions,11 although the low CO2RR
activity usually arises from the undesired competing side
reactions, i.e., hydrogen evolution reaction (HER). What is
more is that we noted that such a predicted Uonset result on
NiN3C1@Gra agrees best with the experiment,9 while the
other three Uonset values are acceptable in contrast with the
reported MNC@Gra catalyst in catalyzing the CO2RR in the
previous literature,12 in which the CO faradaic efficiencies on
the NiNC@Gra electrode rival those of FeNC@Gra, even
showing higher efficiency than Au- and Ag-based catalysts.

We have also performed sensitivity analysis to testify the
impact of f on the potential-dependent kinetics. By adopting
0.01 and 0.5 values for f, the corresponding I−U plots can be
obtained in Figure S4. It is shown that with the f decreasing
from 0.1 to 0.01, the predicted Uonset only slightly shifts to less
than 0.05 V for all the sites. Also, increasing f 5 times, the
predicted Uonset variations remain virtually unchanged. These
results suggested that the observed potential-dependent
kinetics are not significantly affected by the value of f and
the decided onset potentials are mainly determined by the free
energetics of both the adsorption and protonation steps, which
are significantly potential-dependent. In fact, it has to be noted
that experimental determination of the actual active site
playing the critical role in the CO2RR is difficult, in which the
coordination number (CN) of Ni is controversial.8,9,40 By the
implementation of the constructed LPD-K model, we predict
all the four studied sites to be indispensable to construct the
practical observed broad potential window8 and to achieve the
overall observed CO current increases one after another, to
maintain the high level but maybe in different proportions.
What is more is that by precisely manipulating the CN
portions, we believe that it is possible to maximize CO
production of the desired site.

■ CONCLUSIONS
In summary, we have investigated the potential-dependent free
energetics of the CO2RR on single-nickel atom catalysts on a
nitrogen-doped graphene support using ab initio molecular
dynamics simulations with fully explicit solvation. We have
split the first proton-coupled electron transfer step into CO2
adsorption and protonation steps, where the former mainly
accounts for the electron transfer. We have found that the rate-
determining step under acidic conditions is CO2 adsorption
and under basic conditions, it is the first protonation step. We
have further shown that the Langmuir adsorption model-
derived potential-dependent kinetics in regard to thermody-
namics provided a fundamental insight into understanding
electrochemical processes. Our formulation provides the
prediction of the potential-dependent kinetics of the CO2RR
on NiNnC4−n@Gra substrates in an explicit solvation model.
By the adoption of the proposed kinetic model, we predict the

Figure 6. Calculated partial current densities for CO evolution during CO2 reduction under (a) basic and (b) acidic conditions on NiN1C3@Gra
(black line), NiN2C2@Gra (cyan line), NiN3C1@Gra (yellow line), and NiN4@Gra (orange line). The assumed activity coefficient f is set to 0.1 for
all systems.
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onset potentials of the CO2RR, which are comparable with
experimental observations. Our findings reveal that a relatively
low N content in the proximity of Ni active centers can lead to
higher CO2RR activity and selectivity as compared to the
original NiN4 site.

The present methodology based on the potential-dependent
Langmuir adsorption model to understand the kinetics is
distinctly different from the traditional free energy descriptions
of electrochemistry, in which the potential surface proceeds
keeping a constant number of electrons. Our formulation arises
naturally from equilibrated adsorbate coverage obeying the
Langmuir isotherm and can be determined by the applied
potential. This methodology can be relevant not only for other
SACs or materials with evident adsorbate−field interactions
but also for other electrochemical processes in which the
adsorbate coverage is decisive. We believe that our findings
and the methodology presented here will inspire rational
design of the active sites and the optimization of catalytic
conditions for CO2RR catalysts at the atomic scale and more
importantly guide the identification of the actual sites playing
the critical role in CO evolution in experimentally synthesized
SACs in the future.
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