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ABSTRACT: A single nickel atom embedded in graphene is one of the most representative single-atom
catalysts, and it has a high activity and selectivity for electrochemical CO, reduction (CO,R) to CO.
However, the catalytic origin, especially the coordination structure of Ni, remains highly puzzling, as previous
density functional theory (DFT) calculations showed that all the possible structures should be inactive and/or
nonselective. Here, using ab initio molecular dynamics (AIMD) and a “slow-growth” sampling approach to
evaluate the reaction kinetic barriers, we show that the charge capacity (of the site) and hydrogen bonding
(with the intermediates), which were neglected/oversimplified in previous DFT calculations, play crucial
roles, and including their effects can resolve the catalytic origin. Particularly, a high charge capacity allows the
catalytic site to carry more charges than required for the electrochemical step, lowering the electrochemical barrier, and hydrogen
bonding promotes the reaction that produces polar intermediates by stabilizing the intermediates and facilitating the H transfer from
water, explaining the high selectivity for CO,R over the hydrogen evolution reaction. Consequently, we find that a hybrid
coordination environment (with one nitrogen and three carbon atoms) for the Ni-atom is most active and selective for CO,R. Our
work not only explains a long-standing puzzle for an important catalyst but also highlights the crucial roles of charge capacity and
hydrogen bonding, which can help elucidate the mechanisms of other heterogeneous electrocatalysts in aqueous solution and enable
more effective catalyst design.

(g) Sideview

B INTRODUCTION

Single-atom catalysis' is an important type of catalysis and has
demonstrated promising performance for many reactions,”™°
such as the electrochemical carbon dioxide reduction (CO,R)
reaction, which converts exhaust carbon source into valuable
fuels and chemicals and is considered as a promising technique
for a carbon-neutral economy.” A representative single-atom
catalyst is the single nickel atom embedded in nitrogen-doped
graphene, which has hi%h activity and selectivity for carbon
dioxide reduction to CO"~"? in aqueous solution. However, its
catalytic mechanism remains elusive; particularly, there is
much debate over the coordination structure of the Ni-atom.
Figure 1 shows the commonly studied structures, where the

Figure 1. (a—f) Possible coordination structures of a single Ni-atom
anchored in graphene, which have been commonly considered in the

Ni—atom can .be .bonded with three or fo.ur atoms., with literature. (g, h) Side and top views of a chemisorbed CO, stabilized
different combinations of C and N. The reaction energies and by H,0 molecules and surface charge. The nickel, nitrogen, carbon,
the intermediates of these structures have been studied in hydrogen, and oxygen atoms are denoted as green, blue, gray, white,

many publications””'*'® using density functional theory and red spheres, respectively.

(DFT) calculations based on the widely used “Computational
Hydrogen Electrode” (CHE) model.* However, a careful
examination of the calculation results finds that none of the
proposed structures is active and/or selective. For example,
Yang et al.'” proposed that four-N-atom-coordinated Ni
(referred to as the “4N” site in this article) is responsible for
the high activity and selectivity; however, their DFT results
showed a rather high formation energy (>1.7 eV) for the
*COOH (a critical intermediate of CO,R), indicating that this
site should not be active. Moreover, their DFT calculations
failed to reproduce the chemisorbed CO, (*CO,), while their
own experiments found the *CO, during the CO,R. The 4N

site is also suggested in other reports,””'® despite the high
formation energy of *COOH on this site; furthermore, the
DFT calculations in those works show that the hydrogen
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Figure 2. Reaction pathway for the *COOH formation and *CO formation on the IN site. The Ni, N, and the species directly involved in the
reaction are shown by spheres (Ni, green; C, black; O, red; H, cyan). Hydrogen bonds are represented by thin dashed lines.

evolution reaction (HER) is more favorable than the CO,R,
contradicting the experimental observation of high selectivity
for CO,R*”" Jiang et al."*'® proposed that three-C-atom-
coordinated Ni (which can also be thought of as Ni being
embedded in a single vacancy of graphene, and therefore is
referred to as the “SV” site in this report) is responsible for
CO,R, as it has a lower formation energy of *COOH.
However, the DFT calculations show that this site still prefers
HER over CO,R and does not adsorb CO, chemically, both of
which are in contradiction to experimental results. Overall, the
DFT calculations suggest that none of the proposed structures
is active and/or selective.

B METHODS

These DFT calculations are based on the CHE model. Although this
model is simple and has been widely used for a variety of
electrochemical reactions, it neglects/oversimplifies several factors
that can be important: (1) The CHE model assumes zero charge on
the catalyst surface before the reaction; however, in reality, the
catalyst often has nonzero surface charge, which can affect the
chemical reactivity.'” (2) Moreover, the chemical interactions
between the reaction intermediate adsorbed on the catalyst and the
surrounding solvent molecules are often neglected; these interactions
can be strong, particularly for reactions in aqueous solution when the
intermediate contains a highly charged atom that can form hydrogen
bond(s) with water.'® (3) The CHE considers only thermodynamics,
while the information on kinetics (e.g., transition-state barrier) is also
important.'”*° Note that an important feature of water solvent is that
the hydrogen-bonding network can dynamically change during the
reaction, which cannot be captured by the commonly used barrier
evaluation method—nudged elastic band—as it relies on “static”
configurations.

To overcome these issues of the CHE model, here we explicitly
include the surface charge (determined by the applied electrode
potential) and several layers of water in the simulation. To evaluate
the kinetic barriers, we use ab initio molecular dynamics (AIMD) with
a “slow-growth” method®' ™** to sample the free energy profile. This
approach also allows us to capture the varying H-bonding network
during the reaction. We consider six possible active sites that are
commonly studied in literature, as shown in Figure 1, which are
referred as xN (where x = 0, 1, 2, 3, 4 is the number of N-atoms
coordinated with the Ni-atom embedded in a divacancy) and SV. The
computation details can be found in the Supporting Information (SI).
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B RESULTS AND DISCUSSIONS

First, we find that the surface charge and hydrogen bonding
together can lead to chemisorption of CO,, while without
either of them, the CO, is weakly physisorbed (see Table S2
and the related text in the SI). This finding explains why
previous DFT calculations failed to reproduce the exper-
imentally observed chemisorbed CO,—due to the neglect of
the surface charge and hydrogen bonding. Taking the 1N site
as an example, with one negative surface charge (produced by
adding one extra electron into the system) and the presence of
four water molecules, the CO, is bent and adsorbed on Ni (the
C—Ni distance is <2 A), meanwhile forming four hydrogen
bonds with the surrounding H,O molecules (the H-O
distance ranges from 1.76 to 1.86 A), as shown in Figure
1g,h. When the surface charge or H,O molecules are removed,
the CO, will detach from the Ni (C—N distance becomes >3
A) and restore the linear configuration. The chemisorbed CO,
is also found to be stable, and multiple H-bonds are always
present throughout our AIMD simulations with more H,0O
molecules (72 in total). These results suggest the crucial effects
of surface charge and H-bonding, which should be included
when studying aqueous electrocatalysis.

With the confirmation of the chemisorbed CO, as an
intermediate in the CO,R on a single Ni-atom, we next
explored the energy and structural evolution of a sequential
reaction path. We considered the following three steps that can
take place in a neutral or alkaline environment (where most
experiments are performed): (1) *COO + H,0 + e~ —
*COOH + OH™(aq), referred to as the *COOH formation
step; (2) *COOH + H,0 + e~ - *CO + H,0 + OH (aq),
referred to as the *CO formation step; and (3) *CO —
CO(aq), referred to as the CO desorption step. The first two
steps are electrochemical steps, while the last one is a thermal
step (no electrons involved explicitly). Note that the 4N site
cannot chemically adsorb CO, and thus the last two steps on
the 4N site combine into a single step: *COOH + H,0 + e~
— CO(aq) + H,0 + OH (aq). Representative snapshots of
the structural evolution during electrochemical steps on the 1IN
site are shown in Figure 2. Again, we find multiple hydrogen
bonds between the intermediates (*COO and *COOH) and
the solvent H,O molecules in all the snapshots. The OH~
generated in the electrochemical steps forms a complex
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Figure 3. Kinetic barriers for conditions (a) Ugyg = —0.65 V and (b) charge = 2e~
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. (c) Charge capacity at Ugyg = —0.65 V for different sites with

different adsorbates. (d) Charge capacity dependence on the potential for *COOH at different sites.

(typically H;0,”) with neighboring H,0 molecule(s) and
diffuses away from the site through a hydrogen-bonding
network. Note that the *CO formation step involves
simultaneous decomposition and formation of H,O molecules:
one H,0O donates its H to OH in *COOH, to form OH™ and a
new H,0.

Figure 3a shows the kinetic barriers for different steps on
different sites under a potential of —0.65 V vs RHE (Upyy =
—0.65 V, at which a significant amount of CO is produced
experimentally). The ON and 1N sites are found to have lower
barriers for electrochemical steps than 4N and SV sites.
Specifically, the SV site has a high barrier for the *CO
formation step (1.07 eV), and the 4N site has a high barrier for
the *COOH formation step (1.16 eV), indicating that these
sites are inactive for the CO,R at Ugyy = —0.65 V. In contrast,
the ON and 1IN sites have much lower barriers for the
electrochemical steps (0.61 and 0.62 eV for *COOH
formation; 0.54 and 0.5 eV for *CO formation). Interestingly,
both sites have similar barriers for the electrochemical steps
(which will be explained later). The activity difference between
the ON and 1IN sites is determined by the CO desorption
barrier: 0.77 eV for ON and 0.47 eV for 1N; thus, the 1IN site
has a higher activity for CO,R. Although here we did not
explicitly calculate the barriers for the 2N and 3N sites, our
later analyses suggest that these sites should have high barriers
for electrochemical steps. Therefore, we conclude that the 1IN
site is the most active for CO,R. Note that previous DFT
calculations based on the CHE model showed that the 1N site
is inactive, with an onset overpotential magnitude >1 V,"* due
to the oversimplifications in the CHE model, as discussed in
the Methods section.
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What determines the difference in electrochemical barriers
across different sites? Why do ON and 1IN sites have lower
barriers for electrochemical steps than 4N and SV sites? Why
do ON and 1IN sites have similar electrochemical barriers? All
these can be explained by the number of charges that the site
can carry, ie., the charge capacity. As shown in Figure 3c, at
Upye = —0.65 V, the ON, 1N, and SV sites with *CO, have ~2
negative charges (2e”), while the 4N site has only less than
le™. Since the excessive negative charges accumulated at the
site can facilitate the charge transfer for the sequential
electrochemical step, the ON, 1N, and SV sites with *COO
thus have lower barriers for the sequential *COOH formation
step than 4N. Note that ON, IN, and SV have similar barriers
for *COOH formation, which is consistent with their similar
charge capacity (with *COO). After the *COOH is formed,
the ON and 1IN sites can still have ~2 e”, while the charge
capacity of the SV site drops to ~1.2 e, giving rise to its large
barrier for the sequential step—*CO formation. Although high
charge capacity can benefit the electrochemical step, it may
impede the desorption step. This can be seen from the
difference in CO desorption barriers between the ON and 1IN
sites. Even though they have similar barriers in the charge-
neutral state, under Upyg = —0.65 V, the ON site has more
charges than the 1N site (ON vs 1N: 1.8 vs 1.2 e7), giving rise
to a stronger binding with CO (1.03 vs 0.76 €V) and thus a
higher desorption barrier (Figure 3a: 0.77 vs 0.47 eV). These
results suggest that the charge capacity plays a key role in
determining the activity of the site/catalyst—a large charge
capacity will lower the barrier for the electrochemical step,
while too large a capacity may impede the desorption, and thus
an optimal charge capacity is desired for high catalytic activity.

https://dx.doi.org/10.1021/jacs.9b13872
J. Am. Chem. Soc. 2020, 142, 5773-5777
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To further confirm the role of the charge capacity, we
calculate the electrochemical barriers for different sites with the
same number of surface charge. As shown in Figure 3b, we find
that the barriers of *COOH formation (or (*)CO formation)
become similar for different sites. For example, when the 4N
site is charged with 2e™ for the *COOH formation step, its
barrier is lowered to 0.61 eV, similar to that on the ON/1N site.
These results also suggest that when the potential is sufficiently
high that the 4N site has enough surface charge, it will become
active. Our calculations show that, in order to activate the 4N
site, the Ugyg needs to be < —1.2 V. Similarly, when the SV site
is charged with 2e™ for the *CO formation step, its barrier is
also lowered to 0.60 eV, comparable with that on the ON/IN
site. Note that under these potentials, the ON and 1IN sites
would have more surface charges, and thus they are still more
active (toward *CO) than 4N and SV.

Why do ON and 1IN have a higher charge capacity than 4N
and SV? Figure 3d shows the number of surface charges as a
function of the applied electrode potential for the sites, with
*COOH as an example. When the potential becomes more
negative, the number of surface charges increases, and the
derivative of this charge—potential curve defines the (differ-
ential) capacitance. Although the 4N site has a capacitance
similar to those of ON and 1IN, it has a higher Fermi level
(lower work function) at the charge-neutral state; therefore,
when it is charged to the same final Fermi level (defined by the
applied electrode potential) as the ON and 1N, it has fewer
surface charges, i.e., lower capacity. Similarly, the SV site also
has a higher Fermi level than ON and 1N at the charge-neutral
state; moreover, its differential capacitance decreases during
charging; therefore, it also has a lower capacity than ON and
IN. Besides the work function at the charge-neutral state, the
density of states can also affect the charge capacity, although its
role is not as clear as that of the work function (see Figure S4
and the related text in the SI). Figure 3d also shows the charge
capacities of the 2N and 3N sites at Ugyp = —0.65 V: the 2N
site has the same capacity as the SV site, and the 3N site has
the same capacity as the 4N site. Since they both have lower
charge capacity than the ON and 1IN sites, they should have
higher electrochemical barriers and thus be less active.

Our calculations also show that the ON and 1IN sites prefer
CO,R over HER (Figure 3), explaining the origin of the
experimentally observed selectivity. For example, on the 1IN, at
Urug = —0.65 V, the first step of the HER—Volmer
reaction—H,0 + e~ — *H + OH™(aq)—already requires a
barrier of 1.38 eV, while the first step of the CO,R reaction—
CO, chemisorption—is barrierless, and the sequential steps
have barriers <0.65 eV. Compared with CO, chemisorption,
whose product (*COO) is stabilized by multiple hydrogen
bonds, the Volmer step creates a H adsorbed on Ni, which is
nearly charge neutral and thus cannot form H bonds with
water. (Using the Bader partition method,”* we find that the H
adsorbed on Ni has only +0.07 e charge, much less than the H
in water: +1 e.) The H bonding not only helps stabilize the
*COO but also facilitates the sequential CO,R electrochemical
steps that involve H donation by bringing the H,O close to the
intermediates (*COO and *COOH). In contrast, for HER,
the distance between H in H,O and the Niis >2.5 A due to the
lack of H bonding. In addition to the H-bonding effects, the
charge capacity may also play a role: the Volmer step starts
from a bare site (without any adsorbate), while the
electrochemical steps of the CO,R start from a site with
adsorbates; as shown in Figure 3c, the adsorbates can increase
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the charge capacity, which helps lower the electrochemical
steps and may be one of the reasons for the lower
electrochemical barriers of CO,R compared with the Volmer
step. Thanks to the above reasons, the kinetic barrier for HER
is significantly higher than for CO,R, and consequently CO,R
selectivity can reach as high as 99% in experiments.”"'

Although this work focuses on single-Ni-atom catalysts, it is
interesting to compare with other single-metal-atom catalysts
such as Fe, Co, and Cu. To do so, ideally we should calculate
the kinetic barrier for each step on all the possible sites of
different metal atoms, M-xN (where M = Fe, Co, Cu; x = 0, 1,
2, 3, 4), similar to what we have done for Ni-xN. However, the
high computational cost of our method prevents us from
obtaining the full set of barriers in this work. Nevertheless, we
can use the charge capacities and the CO binding energies to
qualitatively compare other M-xN with the Ni-1N site. We first
consider the electrochemical steps using the CO formation
step as an example. As shown in Table S1 in the SI, compared
with the Ni-1N (with COOH) that carries ~2 e~, only Fe/Co-
0/1/2N and Cu-ON can carry similar charges, while the others
have lower charges and thus are likely to have higher barriers
for electrochemical steps. Then, for Fe/Co-0/1/2N and Cu-
ON sites, we consider the thermal step, i.e,, CO desorption, by
comparing the CO binding energies with that of Ni-IN. It is
found that the CO are strongly bound on Fe/Co-0/1/2N
(>1.5 eV; for comparison, the CO binding energy on Ni-1N is
only ~0.7 eV), hindering the CO desorption, while the CO
binding energy on Cu-ON is ~0.2 eV. Our results suggest that
the single Fe- and Co-atoms are not as active as Ni, which
agrees with the experimental observations."> They also suggest
that the low performance of single Cu-atoms may be due to a
low density of active sites.

B CONCLUSION

In summary, we unveiled the catalytic origin of the single Ni-
atom in N-doped graphene for electrochemical CO, reduction
to CO in water, which was puzzling, as all previous DFT
calculations suggested that it should not be active and/or
selective. We found that the excessive charge on the catalyst,
quantified by charge capacity, can significantly facilitate the
electrochemical steps, and the hydrogen bonding promotes the
reaction that produces polar intermediates by stabilizing the
intermediates and facilitating the H transfer from water. As a
result, the 1N site has the highest activity and selectivity for
CO,R. Our work reveals/highlights the critical roles of the
charge capacity and hydrogen bonding in aqueous electro-
chemical reactions and paves a way toward improved
understanding and effective design of catalysts.
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