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Identification of Active Sites for CO, Reduction on
Graphene-Supported Single-Atom Catalysts

Youngho Kang,*™ Sungwoo Kang,” and Seungwu Han™

Transition metal- and nitrogen-codoped graphene (referred to
as M-N—G, where M is a transition metal) has emerged as an
important type of single-atom catalysts with high selectivities
and activities for electrochemical CO, reduction (CO,R) to CO.
However, despite extensive previous studies on the catalytic
origin, the active site in M—N—G catalysts remains puzzling. In
this study, density functional theory calculations and computa-
tional hydrogen electrode model is used to investigate CO,R
reaction energies on Zn—N—G, which exhibits outstanding
catalytic performance, and to examine kinetic barriers of
reduction reactions by using the climbing image nudged elastic
band method. We find that single Zn atoms binding to N and C
atoms in divacancy sites of graphene cannot serve as active

Introduction

Converting CO, into valuable fuels and chemicals helps mitigate
the ever-increasing energy crisis as well as global warming.
Unfortunately, CO, is a fully oxidized chemical species and so
thermodynamically stable. As a result, the CO, reduction (CO,R)
process is significantly sluggish. To overcome the slow kinetics,
diverse transition metals such as Cu, Zn, Au, and Pd have been
extensively investigated as heterogeneous electrochemical
catalysts for CO,R, demonstrating meaningful chemical
activities."® For example, CO, is converted into various species
such as CO, HCOOH, and CH, on Cu, whereas CO is primarily
produced on Au. However, these catalysts require substantial
overpotentials [<—0.8V vs. reversible hydrogen electrode
(RHE)] to drive CO,R reactions at appreciable rates.

Besides transition metals, a variety of materials such as
transition metal dichalcogenides,®™ nickel sulfides” and
single-atom-doped carbons'**" are attracting recent attentions
as potential heterogeneous catalysts, especially for CO,R. In
particular, transition metal- and nitrogen-codoped graphene
(referred to as M—N—G, where M is a transition metal) has
emerged as an important type of single-atom CO,R catalysts
that produce CO with a remarkable activity and efficiency. For
example, Ju et al. discovered that M—N—G catalysts (M=Mn, Fe,
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sites to enable CO production, owing to *OCHO formation (*
denotes an adsorbate) at an initial protonation process. This
contradicts the widely accepted CO,R mechanism whereby
single metal atoms are considered catalytic sites. In contrast,
the C atom that is the nearest neighbor of the single Zn atom
(Cyn) is found to be highly active and the Zn atom plays a role
as an enhancer of the catalytic activity of the Cyy. Detailed
analysis of the CO,R pathway to CO on the Cy, site reveals that
*COOH is favorably formed at an initial electrochemical step,
and every reaction step becomes downhill in energy at small
applied potentials of about —0.3 V with respect to reversible
hydrogen electrode. Electronic structure analysis is also used to
elucidate the origin of the CO,R activity of the Cyy site.

Co, Ni, and Cu) selectively converts CO, into CO with small
onset potentials (>—0.3V vs. RHE) and high faradaic efficien-
cies (FEs; >60% in the case of M=Fe and Ni).”” Yang et al."
and Chen et al."® independently explored CO,R reactions on
Zn—N—-G catalysts and achieved small external potentials in
reducing CO, to CO; CO starts to be produced above —0.2 V vs.
RHE. In addition, Zn—N—G catalysts were found to be exception-
ally efficient, showing FEs over 90 % for CO production at about
—0.4 V vs. RHE. High durability is another advantage of M—N—-G
catalysts as shown in experimental finding that initial FEs of
M—N-G catalysts are maintained after tens of hours of
continuous operations.!'s?"

Despite the promising results on M—N—G catalysts, the
active site for CO,R remains elusive, which hampers further
optimization of the catalysts. Several groups carried out
computational analysis to reveal the catalytic mechanism of
M-N-G catalysts."*'%*2 These studies assumed a single metal
atom that is embedded at a divacancy site of graphene serves
as catalytic sites. However, it turned out that the initial
reduction of CO, to *COOH (* indicates a pure active site or an
adsorbate), which is a key intermediate in the CO production, is
energetically unfavorable; the reaction free energy of *+CO,+
H* +e —*COOH was computed to be 1.6eV and 1.2eV in
Ni-N-G and Zn—N-G catalysts, respectively.'**® Furthermore,
although most of previous studies assumed *COOH as an initial
intermediate, *OCHO may compete with or be more stable than
*COOH. Indeed, Han et al. investigated CO,R on the Zn atom
site in the Zn—N—G catalyst and showed that *OCHO, which
would lead to the pathway to CH, rather than CO, is much
lower in energy than *COOH.'™ All these previous results
challenge the widely accepted CO,R mechanism wherein CO,R
reactions proceed on single-metal-atom sites.
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In this work, to identify the active site for CO,R to CO in
M—-N—G catalysts, we investigate the electrochemical reaction
pathways using density functional theory (DFT) calculations and
computational hydrogen electrode (CHE) model. We focus on
the Zn—N—G catalyst that outperforms other M—N—G catalysts
and assume that single Zn atoms are embedded at divacancy
sites of graphene, binding to four neighboring N or C atoms, as
suggested by previous experiments (Figure 1).'%18202628 Oy
calculations predict that *OCHO is a favorable initial intermedi-
ate of CO,R on the Zn site, indicating that CO cannot be
produced on this site. Instead, we find that the C atom that is a
chemically-bonded nearest neighbor of the Zn atom (Cy,) is
highly active for CO, reduction to CO, and Zn plays a role as an
enhancer of the catalytic activity of the Cy,. Detailed analysis on
the CO,R pathways to CO on the Cy, site reveals that *COOH is
favorably formed at the initial reduction step, and every
reaction step becomes downhill in energy at small biases of
about —0.3V vs. RHE. To enlighten the origin of the CO,R
activity of the Cy, site, we also analyze electronic structures of
the catalysts with and without adsorbates.

Results and Discussion

Figure 1 shows the coordination structures of a single Zn atom
adopted for investigating CO,R reactions. In experiments, N-rich
environments around single metal atoms have been reported
more frequently in M—N-G catalysts. Indeed, N-decorated
divacancies significantly stabilize the single Zn atom, as
evidenced by the large binding energies (see the Supporting
Information, Figure S1). Nonetheless, the number of M—C and
M-N bonds can fluctuate at each M-atom site.'"*'®? To consider
this, we take into account two different configurations: ZnN,
(Figure 1a) and ZnN,C (Figure 1b).

The initial reduction of CO, can yield either *COOH or
*OCHO. The former binds to an active site through C while the
latter binds through O. Between these adsorbates, *COOH can
lead to CO production via a reaction of *COOH+H™ 4+ e —* +
CO+H,0. In contrast, *OCHO may open CO,R pathways to
other products like CH,, but not CO." Because the type of the
final reduction product depends on the initial adsorbate, it is

Figure 1. Coordination structures of a single Zn atom in (a) ZnN, and (b)
ZnN;C. The Cyy atom in ZnN,C is marked with a red dashed circle.
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important to identify the most stable initial adsorbate. To this
end, we compare the reaction free energies (AG) of the *COOH
and *OCHO formation.

We first examine the possibility that the Zn atom is the
active site. The optimized atomic structures of *OCHO and
*¥COOH in a ZnN, moiety are shown in Figures 2a and 2b,
respectively. In a ZnN;C moiety, the atomic configurations of
the adsorbates are almost the same as those in the ZnN,
moiety. As shown in Figure 2c, *OCHO is 0.74 eV lower in
energy than *COOH in the ZnN, moiety, consistent with a
previous work."? The higher stability of *OCHO is also found in
the ZnN;C moiety; the free-energy difference between *OCHO
and *COOH slightly increases to 0.89 eV (Figure 2d). These
results manifest that the Zn site cannot be active centers
enabling CO production, regardless of the coordination environ-
ments.

Next, we calculate AG for the electrochemical reduction of
CO, to *COOH and *OCHO on the Cy site in a ZnN;C moiety
(the Cyy atom is marked with a red dashed circle in Figure 1b).
Figures 3a and 3b show the optimized atomic structures of
*COOH. We find that the formation of *COOH is exergonic at
0V vs. RHE, giving rise to AG of —0.16 eV. Thus, the formation
of *COOH is thermodynamically favorable. At variance with
*COOH, we find no stable configurations for *OCHO, implying
*OCHO cannot be formed on the Cy, site.

With *COOH as an initial intermediate, we construct the
free-energy diagram of the CO,R pathway to CO (Figure 3c). In
this diagram, we consider gaseous CO to be a final product
because CO adsorption is energetically undesirable at small
negative potentials; AG of *COOH+H' +e —*CO+H,0 is

(a) *OCHO (b) *COOH
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Figure 2. Atomic structures of (a) *OCHO and (b) *COOH on the Zn site in a
ZnN, moiety. (c) and (d) are the reaction free energies of the reduction of
CO, to *OCHO and *COOH on the Zn site in a ZnN, and ZnN,C moiety at
zero bias, respectively.
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Figure 3. (a) Top and (b) side views of the atomic structure of *COOH on the
Cyn Site. (c) Free-energy diagram for the CO,R pathway to CO on the Cyy site.

calculated to be 0.91 eV at zero bias. The weak binding of CO to
the active site indicates facile production of CO as a gaseous
species. However, the formation of *CO can become exergonic
at negatively large potentials, opening the pathway to CH,
another CO,R product that was found below —1V vs. RHE in
experiments'"® (we present a possible electrochemical route to
CH, in Figure S2). We find that applying a small negative
potential of —0.34V vs. RHE is enough to obtain the zero-
reaction energy for *COOH+H* + e —*+CO+H,0. As a result,
every successive reaction step in the pathway to CO becomes
downhill in energy at this potential. This benign free-energy
path to CO illustrates that the Cyy site can constitute crucial
active sites for CO production. Moreover, from kinetic analysis
using the climbing image nudged elastic band method,”>" we
further confirm that the kinetic barriers for the reaction path in
Figure 3c are small enough for CO production to occur fast at
room temperature;*? the kinetic barriers of the first and second
protonation steps are less than 0.8 eV at potentials below
—0.4V vs. RHE (see details about kinetic analysis and Figur-
es S3-S5 in the Supporting Information).

The similar reaction free energies between the *OCHO
formation on the Zn site and the *COOH formation on the Cyy
site imply that CO,R reactions may proceed simultaneously on
the Zn and C sites of a single ZnN,;C moiety. To see effects of
such concurrent CO,R reactions on the catalytic activity of the
Cyn atom, we examine the free-energy diagram of the CO,R
pathway to CO on the Cyy site, when a certain intermediate
exists on the neighboring Zn site. According to the previous
calculations™ as well as the present results (Figure S6), the
CO,R reaction on the Zn site is difficult to proceed beyond the
second protonation step at small negative potentials because
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of unfavorable energetics. Thus, we consider *OCHO and
*OCHOH to be the possible intermediate on the neighboring Zn
site during the concurrent CO,R reactions. The presence of
*OCHO on the neighboring Zn site is found to slightly modify
the free-energy diagram in comparison to that without the
*OCHO (Figure 4a); the potential limiting step that yields the
largest reaction free energy is changed from the formation of
CO to that of *COOH. However, we notice that the reaction
energy to form *COOH is still only 0.29 eV. Accordingly, all the
reaction steps become downhill in energy at —0.29 V vs. RHE.
Meanwhile, *OCHOH on the neighboring Zn site rarely changes
the free-energy diagram comparing to that without the
*¥OCHOH, and we only observe a slight decrease in the reaction
energy of the protonation of *COOH by 0.08 eV (Figure 4b). As
a result, a downhill electrochemical route occurs at —0.26 V vs.
RHE. Overall, we confirm that the simultaneous CO,R reactions
do not deteriorate the excellent catalytic activity of the Cyy site.

As demonstrated above, an important feature of the Cyy
atom that enables CO production is that, unlike the single Zn
atom, it allows to form *COOH rather than *OCHO. To gain
insights into the favorable formation of *COOH on the Cy, site,
we analyze a change in the electronic structure of a ZnN,C
moiety upon *COOH adsorption. In Figure 5a, we present
orbital-resolved partial density of states (DOSs) of bulk carbon
atoms and Cy before *COOH adsorption. We pay attention to
2p, states that are crucial in forming a chemical bond with the
adsorbate (all of C atoms except for the Cyy are considered bulk
atoms). For the bulk carbon atoms, we see a uniform
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Figure 4. Free-energy diagrams for the pathways to CO on the Cyy site when
(a) *OCHO and (b) *OCHOH are present on the neighboring Zn site.
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(a) ’g Before adsorption Zn site (Figure 5d). Thus, conside.zring tha.t the O atoms in a
=02 . < OCHO radical have large negative partial charges, we can

% 0.1+ gt i understand the reason why *OCHO is stable on the Zn site.
20 %Wm Lastly, to assess the effect of Zn doping on the CO,R activity
g_m L BukC | of the Cyy atom, we reexamine the free-energy diagram of the
o 02 e I R S CO,R route to CO on the Cyy site when the Zn atom is missing
8 -0-8 6 4 -2 0 2 4 (i.e., N;C moiety), as shown in Figure 6. We find that the
BB (V) reaction free energy of the *COOH formation is significantly
(b) g After *COOH adsorption negative (—1.08eV). Namely, *COOH is excessively stable.
© L ' ‘ ' Accordingly, the Cyy site is no longer active for CO,R at small
?13 0.1 applied potentials; the bias required to make every reaction
E 0 step exergonic increases from —0.34V vs. RHE in a ZnN;C
ﬁ 0.1 b moiety to —1.29 V vs. RHE in a N;C moiety. This result is in line
8 '0-_210 _é _é _A _é 0 2 4 with experiments where N doping alone does not enhance the
a E-E. (eV) CO,R activity of graphene." The undesirably strong binding of

(d)

Figure 5. (a) DOSs of bulk carbon atoms and Cyy, for 2p, states in a pure
ZnN;C model. (b) DOSs of bulk carbon atoms, Cy, and C of *COOH for 2p,
states after *COOH adsorption. Up- and down-spin DOSs are presented as +
and — values, respectively, and the x-axis is the electron energy (E) with
respect to the Fermi level E.. (c) and (d) are charge density isosurfaces of
*COOH adsorbed on the Cyy and Zn sites in a ZnN;C moiety, respectively.
Isovalues are set to 1.05 e A% in both (c) and (d).

distribution of the DOS over a wide energy range. This is
because the 2p, states form continuous m bonds, giving rise to
dispersive bands. Compared to the bulk carbon atoms, DOS of
the Cyy atom is pronounced near the Fermi level. This implies
that the 2p, state of the Cy, atom is somewhat localized near
the Cyy site. Moreover, the Cyy atom is almost electrically
neutral (40.24e from Bader analysis).”® Owing to the localized
2p, orbital and the neutral charge state, the Cyy atom can form
a C—C covalent bond with C in the COOH radical that has an
unsaturated dangling bond, thus lowering the electronic
energies (Figure 5b). The covalent nature of the chemical bond
between the Cyy and *COOH is also confirmed by the charge
density distribution in Figure 5c. It should be noted that
formation of *COOH on a bulk site is unfavorable because it
disrupts the m connections extended over bulk carbon atoms.
We indeed find that the reaction energy of the *COOH
formation is around 2 eV larger on a bulk C site than that on
the Cyy site. Moreover, the Zn atom in a ZnN;C (as well as ZnN,)
moiety is positively charged due to the electron transfer from
Zn to neighboring atoms (+1.2e from Bader analysis). As a
result, the Zn atom is expected to form an ionic bond with
adsorbates. This speculation is confirmed by the charge density
analysis of the ZnN;C moiety where *COOH is adsorbed on the
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COOH to the Cyy atom in a N;C moiety is associated with the
presence of a non-bonding state of the Cyy atom; besides the
2p, state, the in-plane component of 2p states of the Cy, atom
towards the divacancy site are coupled with the states of
*COOH, being a source of the further reduction of the electronic
energies (Figure S7). As a result of this coupling, *COOH is
inclined to the divacancy site to some extent (Figure 6).

Conclusion

In summary, we investigated CO,R pathways on Zn—N-G
catalyst by using DFT calculations and the CHE model. In
contrast to the widely accepted scenario that single metal
atoms serve as catalytic sites, we demonstrated that the Zn
atoms cannot be the active sites yielding CO as a CO,R product
because of the formation of *OCHO at the initial protonation
step. As an alternative, we suggested the Cy site in a ZnN;C
moiety, and the CO,R route to CO on the Gy, site was found to
be energetically benign. In addition, we revealed that Zn
doping is critical for the Cy atom to exhibit high CO,R activity.
By identifying the active site for CO,R in the Zn—N—G catalyst,
we believe that this work will help design advanced graphene-
based single-atom catalysts.
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Figure 6. Free-energy diagram of the pathway to CO on the Cy, site in a N;C
moiety.
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Experimental Section

Our DFT calculations are performed by using the Vienna ab initio
simulation package (VASP) with the PAW pseudopotentials.****! We
employ the revised PBE (RPBE) exchange-correlation functional that
is known to accurately describe molecular adsorption energies.>**"!
An atomic model of the Zn—N—G catalyst is constructed using a 6 X
6 graphene supercell. To avoid the interaction between periodic
images along the vertical direction, we insert a vacuum with
thickness of around 10 A into the supercell. The energy cutoff for
the plane-wave basis is set to 400 eV and a 3x3x1 I'-centered k-
point mesh is used for the Brillouin-zone sampling. The van der
Waals interactions are considered by using DFT-D3 Grimme
method.®® Solvation effects are taken into account by the implicit
solvation model that treats the water environment as the
continuum dielectric medium. This method is computationally
efficient and fast, and was successfully applied to investigating
electrochemical reactions in previous works.***” We confirmed that
the implicit model yields a solvation energy of an adsorbate
comparable to the one obtained using the explicit model in which
the water environment is modelled by including a few water
molecules in a supercell; we calculated the solvation energy of
*COOH to be 0.25 €V (i.e., *COOH is further stabilized in the water
environment) which is consistent with 0.25 eV for *R-OH in previous
studies using the explicit solvation model.**" Throughout our
calculations, spin-polarization is included. All atomic configurations
are relaxed until atomic forces become less than 0.05 eV A",

The reaction free energy associated with the proton-coupled
electron transfer reduction is calculated based on the widely-used
computational hydrogen electrode model.? In the CHE model, the
free energy of a proton-electron pair at 0V vs. RHE is set to half of
the free energy of gaseous hydrogen at 1atm, namely G(H")+
G(e)="/,G(H, at 1atm), by definition of RHE. The effect of the
external potential (U) with respect to RHE on the reaction free
energy is considered by shifting the free energy of the electron by
—eU, where e is the magnitude of the electron charge. Herein, to
obtain free energies of adsorbates, we add the zero-point energy
(ZPE) and vibrational entropy at the room temperature, which are
computed within the harmonic approximation, to the DFT energy
of adsorbates. For calculating free energies of gas species, we
evaluate ZPEs based on calculated vibrational frequencies, whereas
experimental entropies are taken from the NIST webbook."*? The
free energy of a H,O molecule in aqueous medium is obtained as
that of gaseous H,0 assuming that water is in equilibrium with its
vapor at a partial pressure of 0.035atm, following a previous
work.? RPBE energies of gas-phase molecules with the OCO
backbone are known to include a systematic error. To correct this,
we add 0.45 eV to the DFT energy of the CO, molecule.” All the
free-energy components (i.e, ZPE, entropy, and DFT energy)
considered in the present work are provided in the Supporting
Information.
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