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ABSTRACT: Atomically dispersed M—N—C has been considered an
effective catalyst for various electrochemical reactions such as oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER), which
faces the challenge of increasing metal load while simultaneously
maintaining catalytic performance. Herein, we put forward a strategy for
boosting catalytic performances of a single Cu atom coordinated with three
N atoms (CuNj,) for both ORR and OER by increasing the density of
connected CuN; moieties. Our calculations first show that a single CuN;
moiety exhibiting no catalytic performance for ORR and OER can be
activated by increasing the density of metal centers, which weakens the
binding affinity to *OH due to the lowered d-band center of the metal
atoms. These findings stimulate the further theoretical design of a two-
dimensional compound of C;N;Cu with a high concentration of
homogeneously distributed CuN; moieties serving as bifunctional active sites, which demonstrates efficient catalytic performance
for both ORR and OER as reflected by the overpotentials of 0.71 and 0.43 V, respectively. This work opens a new avenue for
designing effective single-atom catalysts with potential applications as energy storage and conversion devices possessing high density
of metal centers independent of the doping strategy and defect engineering, which deserves experimental investigation in the future.
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1. INTRODUCTION

Severe energy and environmental problems have prompted
research efforts into develoging electrochemical energy storage
and conversion devices.' ' Rechargeable aqueous metal—air T
batteries,” represented by rechargeable Zn—air batteries,”’ metal—air batteries.

ideal. Pt-based catalysts are considered to be the best ORR
catalysts, but their OER performance is low."” In this case, the
reasonable construction of a low-cost and highly efficient
bifunctional catalyst is the research hotspot of secondary

possess the advantages of high theoretical energy density, low
cost originating from the high-abundance anode material, and
inherent safety using aqueous electrolytes.”'" Generally, a
conventional rechargeable aqueous metal—air battery is made
up of a metal foil anode and a cathode using oxygen as the
cathode active material. In the air cathode, the vital catalytic
processes of the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) are involved during the discharge
and charge processes, respectively.''~"* However, the kinetics
of the cathodic oxygen redox reaction is sluggish, which
restricts the conversion efficiency between O, and H,0."* So
far, precious metals, their alloys, and their oxides are the main
commercial catalysts, but the large-scale application of noble-
metal-based catalysts is seriously restricted by their scarcity,
stability and cost.'* In particular, their catalytic performance is
closely related to the types of noble metals, and the
corresponding oxygen catalytic activities of different metals
are quite disparate.’® For example, RuO,/IrO, shows excellent
OER activity; unfortunately, its catalytic ORR activity is not
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Single-atom catalysts (SACs) containing atomically dis-
persed metal centers immobilized on heteroatom-doped
substrates have recently sparked tremendous interest due to
their high material utilization efficiency and enhanced catalytic
performances.'”~*' Among them, the most reported SACs are
limited to transition-metal atoms (Fe, Co, Ni, Cu, etc.)
supported by heteroatom N-doped carbonaceous materials,
which can be applied to the catalysis of a wide range of
electrochemical reactions of ORR,*>™** nitrogen reduction
reaction (NRR),”™** carbon dioxide reduction reaction
(CO,RR),*™* hydrogen reduction reaction (HER),”™**
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OER,S’45’46 etc. The single metal atom and its coordination
environment are usually modeled by a MN, moiety having a
metal center coordinated with four N atoms.””*” Nevertheless,
their catalytic performances toward ORR lag still behind the
apex of state-of-the-art Pt. Recent studies have demonstrated
that the catalytic performance of MN, containing non-noble
metals can be further enhanced by rationally tailoring the local
structures of central metal atoms by introducing functional
groups,45 the second metal center,” and other heteroatoms
beyond N.**’ However, the low density of single-atomic sites
is still one of the big challenges for SACs because high load
and the aggregation of metal atoms have to be balanced.
Recently, a metal load of up to 12.1 wt % is achieved based on
a general cascade anchoring strategy for fabricating MN,, (M =
Fe, Mn, Co, Ni, Cu, Mo, Pt, etc.) toward ORR.*® However, an
ultrahigh load of metal atoms cannot be obtained without
weakening the ORR performance. For example, when the
distance between two neighboring Fe atoms is lower than 0.70
nm, the strengthened interaction between two adjacent FeN,
moieties will worsen the catalytic performance for ORR.”” This
indicates as well that designing high-performance FeN, for
ORR with a high concentration of active sites will be highly
restricted based on the conventional heteroatom doping
strategy.

The appearance of the MN; moiety cannot be excluded
based on both the complex preparation concept™’ and dynamic
evolution of the active sites during the reactions,” which have
recently attracted significant research efforts. Using operando
XANES, Yang et al. identified that it is CuNj; instead of CuN,
that is responsible for ORR under working conditions,
although ex situ characterizations show that MN, remains
before and after the reaction.”’ FeNj; possesses mediocre
catalytic performance toward ORR compared to FeN,,** which
could be enhanced when FeN; was deposited over Pd particles
embedded in N-doped carbons.*® Although enhanced ORR
performance could be realized by increasing the concentration
of the FeN; moiety, it requires preadsorption of functional
groups onto the metal atoms adjacent to the active sites.””
Such a complex strategy of introducing functional groups and/
or interfaces for achieving MNj active sites toward ORR**™>*
highlights the urgency of identifying new rationality for
designing high-performance SACs, which can balance the
high density of active sites and facile strategy of fabricating
catalysts. In this regard, two-dimensional (2D) materials
containing high concentrations of homogeneously distributed
metal centers will be potential candidate catalysts.>*>*
Therefore, a novel designing rationality is highly required,
which is in turn dependent on the knowledge of appropriate
arrangements of MN,, leading to competitive catalytic perform-
ance.

Herein, we propose a novel strategy of designing bifunc-
tional catalysts for ORR and OER, which contains a high
density of MNj; serving as active sites without involving
additional strategies to tailor the local environment of metal
atoms. Using density functional theory (DFT) calculations, we
reported the first demonstration of the density effect of CuNj;
on the catalytic performances for ORR and OER. Our
calculations demonstrated that the systems containing three
connected CuNj; moieties could give rise to significantly
decreased overpotentials of 0.91 and 0.48 V for ORR and
OER, respectively, compared to those larger than 1.23 V with
single CuNj;. These findings triggered the theoretical design of
the 2D crystalline phase of C;N;Cu containing an even higher

concentration of CuNj;, which was then predicted to be a
bifunctional catalyst for ORR and OER with lowered
overpotentials of 0.71 and 0.43 V, respectively. The catalytic
performances of C;N;Ni and C;N;Zn for ORR and OER were
also explored. Of the two, C;N;Ni possesses good OER
activity, while it shows no catalytic performance for ORR. In
contrast, the performances of C;N;Zn for both ORR and OER
are low.

2. COMPUTATIONAL DETAILS

Geometry optimizations and total energy calculations were
performed based on DFT*® implemented in the Vienna ab
initio simulation package (VASP).***” To describe the
nucleus—electron interactions, the projector augmented wave
(PAW)>**” potentials were adopted. The analysis of the
exchange—correlation energy was carried out by the Perdew—
Burke—Ernzerhof (PBE)®”®" functional within the generalized
gradient approximation (GGA).®*®* The van der Waals
interactions were described by the DFT-D3°* approach. The
plane wave basis set’” with a cutoff energy of 520 eV was
utilized throughout this work to expand the wave functions of
valence electrons. To avoid interaction of periodic images
along the z-direction, a vacuum layer region was set, which was
larger than 15 A. A 6 X 6 X 1 supercell of graphene was built to
model these SACs with various concentrations of the CuNj
moiety. For the structural optimization, self-consistent field
(SCF) calculations, and non-SCF calculations (NSCF), the
corresponding T-centered k-mesh grids®® for sampling the
Brillouin zone were settobe 2 X2 X 1,3 X3 X 1,and 6 X 6
X 1, respectively. For C;N;M (M = Cu, Zn, and Ni), a 6 X 6 X
1 k-mesh grid was used to optimize the original geometry, and
a9 X 9 X 1 k-mesh grid was set for electronic structure
computations. We set up a series of 2 X 2 X 1 supercells of
pristine C;N;M (containing 56 atoms) for exploring the
adsorption properties of reaction intermediates of ORR and
OER. A k-mesh grid of 2 X 2 X 1 was used for geometry
optimization, while meshes of 3 X 3 X 1 and 6 X 6 X 1 were
used for SCF calculation and NSCF calculation, respectively.
All of the structure configurations were optimized until the
energy and the force on each atom were less than 1 X 107 eV
and 0.02 eV/A, respectively. Additionally, the bonding
behaviors were analyzed based on the electron localization
function (ELF).°® The phonon spectra were calculated using
the Phonopy code.”” The thermodynamic stabilities of a
C;N;Cu monolayer and a C;N;Cu nanoflake were evaluated
by ab initio molecular dynamics (AIMD) simulations in an
NVT ensemble at 300 K. Note that the AIMD simulations for
a C3N;Cu monolayer were carried out using a 3 X 3 X 1
supercell, which contains 126 atoms. While regarding the
C,;N;Cu nanoflake with 96 atoms, a simulation box with a = b
=32.00 A, c=21.29 A, and a = § = y = 90° was set up, giving
rise to a vacuum layer region in %, y, and z directions of about
15, 15, and 20 A, respectively. For the C;N;Cu monolayer and
C;N;Cu nanoflake, the durations of AIMD simulations are
greater than 3 ps, the time step is 3 fs, and the SMASS is set to
be 2. The k-mesh grids used for both systems were set to be 1
X 1 X 1. More computational details on cohesive energies,
adsorption energies, charge density difference, and Gibbs free
energies”” for electrochemical reactions and surface models are
given in the Supporting Information.
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Figure 1. Structural configurations, PDOS, and catalytic performances of CuN; moieties with various concentrations. (a—c) SACs containing one,
two, and three CuN; moieties in the simulation box are labeled as 1-CuNj, 2-CuNj, and 3-CuNj, respectively. The bond lengths (A) of C—N are
listed as well. (d—f) PDOSs of 1-CuNj, 2-CuNj, and 3-CuNj. (g—i) Free energy profiles of ORR proceeding on 1-CuNj, 2-CuNj, and 3-CuNj,
respectively. (j—1) Free energy profiles of OER proceeding on 1-CuNj, 2-CuNj, and 3-CuNj, respectively. In (g—1), the green arrow refers to the
rate-determining step (RDS) and the numbers in green are the values of overpotentials (V).

3. RESULTS AND DISCUSSION

3.1. Effect of Concentrations of CuN; Moiety on
Performances of ORR and OER. We initially set up three
models of SACs by introducing different numbers of CuNj;
moiety in the simulation box to describe the systems
containing various concentrations of active sites. As shown in
Figure la—c, 1-CuNj3, 2-CuNj3, and 3-CuNj refer to the model
of SACs containing one, two, and three CuNj; moieties,
respectively. Note that the reason why we utilized such
arrangements of CuN; moieties in 2-CuN; and 3-CuNj is
claimed at the end of this section. The average bond lengths of
Cu—N are 1.71, 1.89, and 1.89 A in these three systems. Bader
charge analysis shows that Cu losses 0.69, 0.69, and 0.71 lel to
its neighboring N atoms in 1-CuNj, 2-CuNj;, and 3-CuNj,
respectively. Calculated projected density of states (PDOSs)
demonstrate that the increased density of CuNj; leads to
enhanced electron conductivity as verified by the decreased
band gaps following the order 1-CuN; > 3-CuNj > 2-CuNj.
Moreover, deep analysis of PDOS demonstrates that 3d,, and
3d,_y contribute mainly to those occupied states near the
Fermi level in 1-CuNj;, while the highest occupied orbitals
become 3d,, and 3d,_,> when it turns to the cases of 2-CuN,
and 3-CuNj; (see Figure S1). Although these properties of
bond length, charge transfer, and band gap exhibit no positive
correlation with the concentration of CuN; moieties, their
significant distinctions between 1-CuNj; and 3-CuNj still might
be a hint toward tuned catalytic performances.

We next systematically investigated the effect of CuNj;
density on the activity toward ORR and OER based on the
calculated free energies of reaction intermediates of *OOH,
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*OH, and *O involved in both reactions based on the
equations listed in the Supporting Information. As is well
known, neither too strong nor too weak interaction strength
between the substrates and adsorbates is required for achieving
an efficient catalytic performance of catalysts. Ideally, the free
energy change for each reaction step should be 1.23 eV (when
U = 0). In reality, however, the free energy steps are not
distanced equally so that the reactions will be determined by
the rate-determining step (RDS). As shown in Figure 1g—1, on
the basis of these free energies, one can clearly see the distinct
RDSs of (*OH + e~ —» OH™) and (*OH + OH™ — *O +
H,O (1) + e7) for ORR and OER, respectively, which were
considered for obtaining the overpotentials of both reactions.
Fully relaxed reaction intermediates adsorbed on the substrates
are illustrated in Figures S2—S4. Using eq S9, we achieved the
overpotentials (7°%*) of 2.30, 1.11, and 091 V for ORR
catalyzed by 1-CuNj, 2-CuNj, and 3-CuNj, respectively. It
demonstrates clearly that a single CuN; moiety is not active for
ORR, while upon increasing the number of CuN; moieties
from 1 to 3, the overpotential of ORR is gradually decreased.
With order of 3-CuN; < 2-CuNj; < 1-CuNj, the free energy
change of RDS for three systems can provide us with insights
into understanding the enhanced ORR performance. As shown
in Figure 1g—i, when increasing the number of CuNj there is a
shift of the free energy change of RDS to a smaller value,
leading to the lowest overpotential for 3-CuNj. Therefore, the
enhanced ORR performance in 3-CuNj could be attributed to
the weakened interaction between reaction intermediates and
substrates, especially between *OH and CuN; moieties. The
underlying mechanism will be discussed later.
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Figure 2. Predicated C;N;Cu monolayer and corresponding properties. (a) Structural configuration, (b) phonon dispersion curves, (c) AIMD
simulations at 300 K with energy and temperature variations with respect to the simulation time as well as the snapshot of the last step of AIMD

simulation, and (d) band structure and PDOS.

DFT calculations also demonstrate the critical role of the
high density of the CuN; moiety in boosting OER activity. As
described in the Supporting Information, the OER proceeds by
also involving the adsorption of three reaction intermediates of
*OH, *O, and *OOH. On the basis of free energy profiles of
OER shown in Figure 1j—1, we obtained the corresponding
overpotentials of OER (°F®), which were 1.52, 0.52, and 0.48
V for 1-CuNj, 2-CuNj, and 3-CuNj, respectively. This implies
that with an increase in the density of the CulN; moiety, the
OER performance will decrease the free energy change of the
second step of OER (*OH + OH™ — *O + H,0(l) + e7)),
which is determined mainly by the binding strength of *OH
and substrates. Therefore, similar to the case of ORR, we
believed that the enhanced OER performance can also be
attributed to the weakened interaction of *OH and substrates.
Overall, 3-CuNj can serve as the best bifunctional catalyst for
ORR and OER, outperforming the other two systems as
reflected by the overpotentials of 7°** = 0.91 V and #°* =
0.48 V, respectively. Note that the OER performance of 3-
CuN; is even comparable to that of RuO,.” Additional
calculations for exploring the trapping capabilities for O, and
H,O were also carried out, which show that 1-CuNj;, 2-CuNj,
and 3-CuN; possess strong binding strength to these two
molecules as reflected by the adsorption energies and
configurations (see Figure S5).

We tried four possible arrangements of a CuN; dimer, which
are shown in Figure S6 in the Supporting Information as well
as their total energies and overpotentials of ORR over them,
indicating their mediocre catalytic performance. Although the
configuration of 2-CuNj illustrated in Figure S6c does not
outperform the other three candidates, as shown in Figure
S6a,b,d, based on the overpotentials and total energies, it was
still selected (see Figure 1b) due to its shortest metal distances
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benefiting the rational designing of 2D catalysts. Also, the
corresponding adsorption configurations of reaction inter-
mediates are shown in Figure S7. Since the selected
configuration of 2-CuNj; has two connected CuNj; moieties,
the model of 3-CuN; was constructed via three connected
CuN; moieties shown in Figure Ic. Generally, increasing the
concentration of CuN; will enhance the ORR performance,
which further inspired us to explore the possibilities of
predicting SACs with higher loadings of metal atoms.

3.2. Structures, Stabilities and Catalytic Perform-
ances of C;N;M (M = Cu, Ni, and Zn) Monolayer.
Although 3-CuNj is proved to be active for both ORR and
OER, it is rather complex to precisely control such specific
distribution of CuN; moieties during the synthesis process
given the most widely accepted strategy of synthesizing SACs
via one-pot pyrolysis for transition-metal precursors with N,C-
containing organic precursors.69 To address such an issue, an
alternative method is to rationally design two-dimensional
(2D) crystalline phase compounds containing homogeneously
distributed active sites, which is not dependent on the doping
strategy anymore.

We theoretically designed a 2D C;N;Cu, as shown in Figure
2a, which contains not only the structural features of CuN,
connecting to each other but also possesses homogeneously
distributed metal atom sites. It was found to be dynamically
stable as verified by the phonon dispersion curves along high
symmetry directions in the Brillouin zone, as shown in Figure
2b. Fully relaxed C3N;Cu crystallizes in space groups of P3
with lattice vectors of a = b = 6.51 A. Also, more structural
details are given in Table S1. Close examination of the fully
relaxed geometries of C;N3;Cu structures shows that the 2D
compound is composed of small hexagon patches of sp’
carbons surrounded by six connected CuN; moieties. The
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average Cu—N bond length is around 1.87 A, which is slightly
shorter than 1.90 A in 3-CuNj, as shown in Figure lc. ELF can
be utilized to map the localization of electrons in the
neighborhood space. As shown in Figure S8, the ELF maps
imply that in C;N;Cu the interaction of N—C and C—C is
characterized as covalent bonds (ELF > 0.5), while that of
Cu—N is characterized as ionic bonds (ELF < 0.5).

As shown in Figure 2¢, C3N;Cu should be thermodynami-
cally stable at room temperature as demonstrated by regular
oscillations of instant temperature and kinetic energy near the
equilibrium values and negligible structure distortion. Further,
the stability of the C;N;Cu nanoflake was also evaluated by
AIMD simulations, which indicate that nanoscale C;N;Cu
should be stable at room temperature (see Figure S9). Note
that in the C;N;Cu monolayer, there exists a N—N bond, as
shown in Figure 2a, which has been confirmed to be stable in
the graphene lattice by both experimental”® and theoretical”""*
means. Aiming to further verify the stability of the N—N bond,
we calculated the free energy diagram of N, formation by
decomposition of the graphene in two different ways, which
are illustrated in Figures S10 and S11. The free energy change
values for the migration of the N dimer from the carbon lattice
into the vacuum are around 4.62 and 1.00 eV, respectively,
indicating that the N—N bond in the graphene lattice is
significantly stable.

In addition, we also calculated the cohesive energies of
C;N;Cu of —5.58 eV/atom, which is lower than those for
Cu,Si (—3.46 eV/atom),”” FeB4 (from —5.56 to —5.79 eV/
atom),”* and Be,C (—4.86 eV/atom),”> which demonstrates
its thermodynamic stability as well. The band structures and
density of states were also calculated, which possess a zero
band gap, indicating their high conductivities, as shown in
Figure 2d. More interestingly, C;N;Cu has a Dirac point
located exactly at the Fermi level, which is similar to that of
graphene.

ORR and OER processes in acidic solutions initialize with
adsorption of O, and H,O, and therefore, we next explored the
trapping capabilities of C;N;Cu, which can be evaluated by the
adsorption energies and other adsorption-induced changes of
structural and electronic properties as well as charge transfer
(see Figure 3). The fully relaxed geometry of O, on the
substrate is shown in Figure 3, which has an adsorption energy
of —0.93 eV. As shown in Figure 3a, upon the deposition of
O,, 0.43 lel charge is transferred from C;N;Cu to an adsorbed
O, molecule, which activates the O—O bond due to the
occupation of the antibonding state of the O, molecule. This
enhanced activation could be also reflected by the adsorption-
induced O—O bond length change (dy_¢) of 0.06 A as well as
the magnetism of the O, molecule from 2 py of the gas phase
to 1.39 g of the adsorbed phase. In addition, as shown in
Figure 3¢, upon deposition of the O, molecule, C;N;Cu
becomes spin-polarized with spin density localized mainly in
the vicinity of both adsorbed O, and CuNj; moieties.
Regarding H,O adsorption, one can see also the chemisorption
of H,O with a bond length of 2.13 A between Cu and O and
an adsorption energy of —0.57 eV. In contrast to the case of O,
adsorption, inverse charge transfer from the adsorbed H,O to
the substrates was observed but with a smaller amount of
charge of 0.06 lel. Overall, the chemisorption of O, and H,O is
strong enough for C;N;Cu to catalyze both ORR and OER. In
addition, O, adsorption is not too strong, which guarantees the
desorption of O, involved in the OER process.

(a) Qi eotve (b)

g

0.06 le] i'

@ s
o

PDOS (a. u.)

Figure 3. Charge redistribution induced by the adsorption of (a) H,0
and (b) O, on C;N,;Cu, where the arrow refers to the direction of
charge transfer and cyan and yellow denote charge depletion and
accumulation, respectively. (c) Spin density distribution and local
magnetism moments (y) of O, Cu, and N atoms and (d) PDOS of
0,-adsorbed C;N;Cu. In the maps of spin density distribution, the
yellow and cyan surfaces describe the densities of spin-up and spin-
down states, respectively.

We next explored the catalytic performance of C;N;Cu for
ORR and OER by calculating Gibbs free energies of all of the
related oxygen-containing reaction intermediates adsorbed on
the active sites (see Figure 4a—c). As expected, the active sites
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Figure 4. ORR and OER performance of C;N;Cu. (a—c) Adsorption
configurations of reaction intermediates of *OOH, *O, and *OH
where the bond length of O—O and Cu—O are also listed. (d—e) Free
energy profiles of ORR and OER over C;N;Cu. The RDSs of ORR
and OER are marked with green arrows as well as the values of
overpotential.

are still Cu atoms bonded with three N atoms, which exhibit an
enhanced catalytic performance for ORR and OER as reflected
by overpotentials of 0.71 and 0.43 V, respectively. These
findings indicate again that increasing the density of CuN; will
enhance simultaneously the catalytic performance for both
ORR and OER. In particular, 7°°* = 0.43 V is almost equal to
that of 0.42 V for calculated RuOQ, catalysts.”® Although the
ORR performance of C;N;Cu (7°%* = 0.71 V) is not as good
as Pt/C with 7°%% = 0.45 V,”7 it is still comparable to some
SACs reported previously, such as AgN,/C (n°%* = 0.75 V)*
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CuNj;, and C;N;Cu, respectively.

and FeN,/C (n°®® = 0.74 V). Compared to previously
reported CuNj active sites for ORR, our proposal for designing
catalysts with CuNj as active sites is more advantageous due to
the fact that it requires no additional functionalization during
the reaction process.”’ Overall, we have shown that it is
possible to achieve bifunctional catalysts for both ORR and
OER with high concentrations of the CuN; moiety.

As far as we know, we report for the first time that the Cu
atomic center coordinated with three N atoms are active
toward both ORR and OER. In particular, it is realized in a 2D
crystalline phase compound containing active sites featuring
high concentration and homogeneous distribution compared
to SACs achieved by the doping strategy. Note that the
distance between the two nearest active centers is around 0.34
nm. This is in contrast to previous work that the ORR
performance of FeN, could be enhanced when increasing the
concentration of metal centers until the distance of dimmer
FeN, is less than 0.7 nm.”” It indicates that one can obtain
higher concentrations of active sites by introducing MNj;
instead of MN, moieties.

Generally, our DFT calculations demonstrate the ordering of
catalyst activities of 1-CuNj; < 2-CuNj; < 3-CuN; < C;N;Cu as
reflected by the overpotentials of 7°%* = 2.30 V/#°™ = 1.52 V,
nORR = 111 /iR = 0.52 V, 1R = 0.91 V/i°R = 048 V,
and 7°™® = 071 V/p°™® = 043 V, respectively. This is
consistent with the trend of the density of the CuN; moiety in
these systems. The unambiguous structure—property correla-
tion inspired us to dig deeper into the mechanism of the
enhanced ORR/OER performance. As mentioned in Section
3.1, the improved catalytic performance for both ORR and
OER can be attributed to the weakened interaction of *OH
and substrates involved in the RDS. Accordingly, it is easy to
speculate that increasing the CuN; concentration weakens the
interaction strength of *OH and active sites.

The d-band center theory has been widely accepted as an
effective tool for analyzing the bond strength of metal centers
and adsorbates. A lowered d-band center location of the metal
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sites downshifts the antibonding states and accordingly
increases the occupancy, leading to weakened bonding
strength of catalysts and reaction intermediates and vice
versa.”® Accordingly, we calculated the projected density of
states (PDOSs) onto Cu elements in 1-CuNj, 2-CuN;, 3-
CuNj, and C;N;Cu, as shown in Figures 1d—f, 3d, and S1,
which confirm the main contribution of Cu 3d orbitals to the
states near the Fermi level. Based on eq S13, d-band centers of
1-CuNj, 2-CuNj; 3-CuNj;, and C;N;Cu were calculated to be
—0.05, —0.15, —0.22, and —0.39 eV, respectively. Interestingly,
there is a positive correlation between the d-band centers and
overpotentials of ORR in these four systems, implying that the
weakened interaction of *OH and substrates is attributed to
the lowered d-band center of metal centers caused by the
increased density of the CuN; moiety (see Figure Sa).

To unravel the underlying mechanism of the weakened
binding affinity of substrates to *OH, it is straightforward to
measure the intensity of Cu—O upon the adsorption of OH.
To this end, we next performed crystal orbital Hamilton
population (COHP) analysis’’ and then integrated values of
COHP (ICOHP) below the Fermi level, which enabled us to
quantitatively investigate the bonding strength of Cu—*OH. A
smaller value of ICOHP implies stronger binding strength and
vice versa. We depicted in Figure Sb—e the COHP as well as
the PDOS of the systems with *OH on 1-CuNj, 2-CuNj, 3-
CuNj, and C;N;Cu with the values of ICOHP of —2.58,
—2.53, —2.44, and —2.38, respectively. This demonstrates that
with an increase in the concentration of CuNj, the ICOHP of
Cu and *OH is increased, implying weakened interaction of
the Cu site and *OH and accordingly a decrease in the free
energy change of RDS, which resulted in lowered over-
potentials, indicating enhanced catalytic performance. The nice
correlation between AGioy and ICOHP is shown in Figure Sf.

Inspired by the results of C;N;Cu, we next predicted 2D
materials of C;N;M (M = Ni and Zn) and explored their
catalytic performances as well. Interestingly, these two
compounds are also thermodynamically and dynamically
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Figure 6. (3, b) Correlation of free energies of reaction intermediates of AGsop, AGsxo, and AGgepx, which are involved in ORR and OER.
Volcano plots reflecting the relationship of overpotentials and AG:qy for (c) ORR and (d) OER.

stable, which could be confirmed by the AIMD simulations
and phonon dispersion curves, as shown in Figure S12. Good
electron conductivity is also found in these compounds as
demonstrated by their gapless band structures, which are
illustrated in Figure S13. The trapping capabilities of C;N;M
(M = Ni and Zn) for O, and H,0 molecules were investigated
as well. O, could be strongly adsorbed on C;N3;Ni and C3N3;Zn
with adsorption energies of —1.57 to —1.48 eV, respectively.
The chemical bonds of O, and substrates are also reflected by
the charge transfers of 0.54 and 0.63 lel from the substrates to
adsorbed O, molecules. This leads to the Ady_g values of 0.07
and 0.11 A for M = Ni and Zn, respectively. Similarly, H,O can
also be chemically adsorbed on C;N;Ni and C;N;Zn with
adsorption energies of —0.71 and —0.81 eV, respectively,
which involves the charge transfer from H,O to the substrates
by 0.07 and 0.06 lel for C;N3;Ni and C;N;Zn, respectively.
Regarding the catalytic performance, the calculated over-
potentials are 7% = 1.29 V/#°*® = 0.57 V for C;N;Ni and
7™ = 2.05 V/n°™ = 1.52 V for C;N;Zn, respectively. It
shows that C;N;Ni can work as an efficient catalyst toward
OER, which is illustrated in Figure S14.

The relationship between the free energies of reaction
intermediates (when U = 0) was examined as well, aiming to
explore the possible descriptor of activity. As shown in Figure
6a,b, one can see the fitted lines of AG:oy vs AGio and
AGsoy vs AGigoy with the linear relationships of AGsg =
0.77 X AG*OH + 1.74 and AG*OOH =095 X AG*OH + 328,
respectively. These linear relationships reflect the similar
feature of chemical bonds formed between reaction inter-
mediates (*OOH, *OH, and *O) and substrates, which
characterizes as a single Cu—*0O bond. The RDS for ORR is
the desorption of *OH to OH™, while the RDS for OER is the
formation of *O from *OH. Accordingly, we prepared the
activity volcano plots by considering the relationship of
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overpotentials vs AG:gy for both ORR and OER, as shown
in Figure 6¢,d. The volcano plots indicate that the catalytic
performances for ORR and OER of these systems containing
MN; moieties share a unique descriptor of AGxgy. Combined
with Figure 6¢,d, when AG:gy is less than 0.80 eV, both
overpotentials for the ORR and OER are in the left leg of the
volcano plot, demonstrating that the performance of both
reactions could be enhanced with weaker *OH adsorption
intensity. The verification of this assumption requires addi-
tional calculations about the catalytic performances of C;N;M
with M representing other metals.

4. CONCLUSIONS

The critical effect of the density of active sites on the
electrocatalytic activity of CuN; moiety toward both ORR and
OER has been determined based on extensive DFT
calculations. Our calculations demonstrate that the catalytic
performance of CuNj; moiety can be gradually enhanced when
increasing the concentration of it. We found that three
connected CuN; moieties become active for both ORR and
OER as verified by the corresponding overpotentials of 0.91
and 0.48 V, respectively, much better than the performance of
the single CuN; moiety giving rise to overpotentials larger than
1.23 V. Given the fact that the conventional way of designing
SACs is usually highly dependent on the doping strategy facing
the challenge of precise control of high concentration and
homogeneous distribution of active sites, the findings of
enhanced ORR performance induced by high-density CuN,
inspired us to predict a 2D crystalline phase of C;N;Cu serving
as a bifunctional catalyst for both ORR and OER exhibiting
overpotentials of 0.71 and 0.43 V, respectively, which possesses
superior electron conductivity and dynamical and thermody-
namically stability. Furthermore, the enhanced catalytic
performance is found to be attributed to the weakened
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interaction of OH* and substrates confirmed by the ICOHP
calculations, characterizing the bonding strength. In addition,
C;N;M with M = Ni and Zn has also been explored for their
potential applications as catalysts for ORR and/or OER, where
only C;N;Ni exhibits OER performance. The identification of
bifunctional catalysts of C;N;Cu for ORR and OER containing
high concentration and homogeneous distribution of CuNj
moiety without involving doping strategy and functional
groups will guide the rational design of high-efficiency and
low-cost electrocatalysts for other electrochemical reactions.
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