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ABSTRACT: The development of efficient and stable catalysts for the electrocatalytic CO,
and CO reduction reactions (CORR) is under active investigation, but the problems of poor
selectivity and low efficiency for C, products still exist. We design a two-dimensional carbon
nitride material (C;N,H,) that contains an eight N-atom structure capable of coordinating
four-metal atom clusters and supporting simultaneously two carbon oxide molecules needed
for the C, coupling. The designed material has excellent electrical conductivity and stability.
After high-throughput screening of catalytic performance of multiple four-metal clusters
embedded into the framework, we systematically investigate the CORR process of 11
candidates. We find that Cu,-CsN,H, has superior selectivity and low limiting potential for
generating ethylene, while Cu,Zn,-C;N,H, is selective and efficient to synthesize ethanol.
Further, we discover a novel type of descriptor related to 2D material flexibility to evaluate the
potential-determining step for generating ethylene. Our report both broadens the possibilities
for few-atom CO reduction and demonstrates a novel substrate flexibility-related descriptor to
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predict the catalytic performance of materials.

B INTRODUCTION

Fossil fuels are still widely used as the main energy source,
while clean energy such as wind energy, water energy, and solar
energy are being actively developed. The fossil energy is a
double-edged sword for human beings. Excessive use of energy
promotes economic development and improvement of
people’s living standards, but it is followed by excessive
emissions of greenhouse gases such as carbon dioxide. Overuse
of resources has brought about an imbalance in the carbon
cycle, and the sharp increase in the concentration of CO, has
caused problems such as global warming. In recent years, some
new framework materials have emerged for multiple
applications;' ¢ the electrocatalytic reduction of CO, or CO
to more valuable hydrocarbons is considered to be an
environmentally friendly and effective method and has become
a significant topic in the energy field.”~” It not only solves the
problem of carbon imbalance but also generates high value-
added products such as C,H, and C,H;OH, killing two birds
with one stone. C,, products play a vital role in current energy
and chemical supplies, such as fuel additives, plastics,
disinfectants, and pharmaceuticals.'’ As the key intermediate
of CO,RR, the reduction conversion of CO is completely
consistent with the reaction mechanism after CO adsorption in
CO,RR, and it is an ideal alternative reaction.'' ~'*
Therefore, it is particularly significant to find electrocatalysts
with high activity, excellent stability, and eminent selectivity.
Unlike other metals, Cu is the only one that can achieve
multistep H transfer in the process of CO, or CO reduction to
obtain C,, products such as ethylene or ethanol.” Although the
Cu bulk exhibits good catalytic performance, the internal
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utilization of the catalyst is not sufficient. In recent years, the
emerging atomically dispersed catalysts show excellent catalytic
performance due to their extremely high specific surface area
and high atomic utilization. It will be of great significance to
shift the focus from Cu bulk to atomic-scale Cu. Two-
dimensional materials have great advantages due to their
multiple active sites and excellent electron transfer ability.
Loading single or several atoms onto 2D nanomaterials
provides a clear catalytic active center and maximizes the
efficiency of atom utilization, such as single-atom cata-
lysts,”~'® dual-atom catalysts,'”~>* and nanocluster cata-
lysts.”>™*> Previously, we designed a two-metal cluster
supported 2D graphene carbon nitride catalyst for CO,RR to
achieve a lower limiting potential.'” We also designed trimetal
clusters supported by C,N materials and performed high
throughput screening for an efficient system for the nitrogen
reduction reaction.”” Four-atom cluster catalysts provide more
active sites and a larger reaction area, which is conducive to the
occurrence of C—C coupling and the generation of C,
products.

In this work, we design a 2D material for CO reduction,
aiming to provide well-defined active centers for selective
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Figure 1. Optimized structures (a) and electronic properties (b) of C;N,H,. The structural unit is marked with a dashed line. The elemental

projected DOS is illustrated. The Fermi level (E) is set to zero.

catalysis of specific products. Through four pyrroles and four
—C—N—-C- linkages, a structure with eight bare N atoms was
constructed, and the stability of the 2D substrate was
confirmed by ab initio molecular dynamics (AIMD) and
phonon spectroscopy calculations. According to the HSE06
energy band calculation, this semiconductor has a narrow band
gap of only 0.16 eV with superior conductivity. Subsequently,
four-metal cluster catalysts were designed based on the
developed carbon nitride material, in which the eight N
atomic sites can support four metal atoms. Compared with
single-atom and dual-atom catalytic reactions, we propose a
four-metal atom CORR catalysis mode that provides more
possibilities for catalyst tuning. Involvement of multiple metals
leads to synergistic effects enhancing the catalytic perform-
ance.'”?"**?¢ Tetrametal sites enable simultaneous adsorption
of two CO molecules and provide the chemical environment
for the subsequent coupling reaction and protonation process.
In the CORR path calculation, we found that Cu,-CsN,H, has
high selectivity for ethylene synthesis, with a low limiting
potential of —0.50 V. Alternatively, Cu,Zn,-C;N,H, is an
excellent catalyst to produce ethanol (—0.46 V). Further, we
obtained a flexibility-related descriptor D¢, - ¢,y X (Diy - n) —
2 X Ry) based on the LASSO regression. The descriptor
establishes the connection between the changes in the
substrate due to loading of different metals and the limiting
potential for CO reduction to ethylene.

B METHODS

Spin-polarized density functional theory (DFT) was used as
implemented in the Vienna ab initio simulation package (VASP).”
The exchange—correlation energy was described by the Perdew—
Burke—Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA),*® and the projector augmented wave (PAW)
method was used to describe the electron—ion interactions.”” The van
der Waals interaction between atoms was treated using the DFT-D3
method with Becke-Jonson damping.’® A 450 eV energy cutoff was
adopted for the plane-wave basis. The Brillouin zone was sampled by
2 X 2 X 1 k points using the Monkhorst—Pack scheme for structural
optimizations. The energy and force convergence thresholds on each
atom were set to 1075 eV and 0.05 eV/A, respectively. The vacuum
space was fixed as 29 A to avoid the interaction between adjacent
layers.
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The phonon dispersion analysis was performed for the 2 X 2
supercell using the Phonopy code with the density functional
perturbation theory (DFPT).>' The ab initio molecular dynamic
(AIMD) simulations were carried out to evaluate the thermodynamic
stability using the NVT ensemble at 300, 500, 800, and 1000 K for 10
ps with a 1 fs time step. Solvation effects were taken into account with
the VASPsol model®” using the dielectric constant of water at 78.5.
The climbing-image nudged elastic band (CI-NEB) method®® was
utilized to obtain the kinetic barriers. The Heyd—Scuseria—Ernzerhof
(HSE06)* hybrid functional was used to compute the band structure
and density of states (DOS).

To obtain the electron chemical potential by adjusting the number
of charges, grand canonical DFT calculations were performed using
the JDETx*> code with explicit constant electrochemical potential
(ue). The cutoff energy was set to 17 Hartree, and the CANDEL*
implicit solvation model was also used. The cohesive energy (E,) was
calculated by the following equation

E = E.p — ZnE
= = 1)

where E, is the total energy of CsN,H, in this work, ni and E; are the
number of atoms of type i = C, N, and H in the unit cell and the
corresponding energies, and n is total number of atoms. The
formation energy (Ef) was defined as

E = (E — Egp — 4E,)/4 (2)
where Eg, _ , is the total energy of M,-C;N,H,, E, is the energy of
the metal atom in its most stable bulk structure, and E, is the energy
of the substrate. The adsorption energies (AE,) of the CO molecule
and the H atom on the substrate were obtained by

sub—m

AE,(*CO) = E(*CO) - E,,, — E(CO) (3)

1
AE,(*H) = E("H) - E, — — X E(H
a( ) ( ) sub 9 ( 2) ( 4)
where E(C*O) and E(H*) are the total energy of the CO molecule
and the H atom adsorbed on the substrate and E(CO) and E(H,) are
the energies of the CO and H, molecules in the gas phase. The Gibbs
free energy (AG) was defined as

AG = AE — TAS + AZPE + AGy + AG,y (5)
where AE is the change of the total energy of each state. The entropy
corrections (TAS) and the zero-point energy (AZPE) were calculated
based on vibration analysis. All free energies are at 298.15 K, and the
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Figure 2. (a) Computed formation energies of M,-CsN,H, separated by the stability screening criterion. (b) Schematic diagram of the screening
criteria for obtaining the most promising candidates. (c) The adsorption energy of the CO molecule (AG*CQO) compared with the hydrogen
evolution reaction (AG*H) based on the selectivity screening criteria.

AS of CO, H,, H,0, C,H,, and CH;CH,OH were obtained from the
NIST database. AGy = — neU is the free energy contributed by the
electrode potential, where 7 is the number of electrons transferred, e is
the amount of charge, and U is the applied potential. AG,y = 2.303 X
kgT X pH represents the influence of the pH value. The
computational hydrogen electrode (CHE) method was used.>” The
limiting potential (U,) in full reaction path was based on

AGPDS

e

U =-
t (6)

where AGyppg is the free energy of the potential-determining step
(PDS). The charge density difference (Ap) was calculated as

Ap = p(sub — CO) — p(sub) — p(CO) (7)

where p(sub — CO) and p(sub) represent the charge density of the
substrates with and without CO absorbed, respectively, and p(CO)
represents the charge density of two CO molecules as absorbed.
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B RESULTS AND DISCUSSION

Structure. Conjugated macrocyclic complexes such as
porphyrin structures are undoubtedly excellent catalysts for
electrocatalytic reactions, and many studies on M-Pc have been
reported.”® Nevertheless, the pore in the middle of porphyrin
can only fix one metal atom, which limits their capability to
perform C, reduction. We innovatively replace the connecting
N atom between pyrrole and pyrrole with a —C—N—-C—
connection to make the pore size larger to fix more metal
atoms for electrocatalytic reaction. This new structure
including 8 N atoms in the pore has not been explored. The
previous reports were limited to My-N3,*” My-N,,*** and My-
Ng.'”** Our proposal of M,-Nj allows more active metal atoms
to participate in the reaction. The bonding strength of the
metal to the substrate affects the coordination environment of
the metal, which in turn affects its catalytic performance. In
addition, the presence of H atoms can saturate the C atoms
connected to it and maintain structural stability. The structure
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Figure 3. pDOS for (a) Cu,-CsN,H, and (b) Cu,Zn,-C;N,H, without (top) and with (bottom) adsorbed CO molecules. The C and N atoms in
the top panels are from the substate, and the C atoms in the bottom panel are either from the slab or CO, as labeled. ICOHP analysis for CO
adsorption on (c) Cu,-CsN,H, and (d) Cu,Zn,-CsN,H,. Eg is set to zero. The blue and green shaded regions indicate bonding and antibonding
contributions, respectively. The ICOHP value is marked in the lower left corner.

shown in Figure la contains 20 C atoms, 8 N atoms, and 8 H
atoms in the monomer. The 8 nitrogen atoms include four
pyrrole N and four linker N. The space group of the optimized
monomer structure is P4/MMM, the unit cell is orthorhombic,
a=0b=1181 A, ¢ =29.30 A, and the pore size is 7.71 A.
Additional crystal information can be found in Table S2. A
possible route to synthesize the structure is suggested in Figure
S1, perhaps through two —CN or —CH,NH, groups in a
suitable chemical environment to get the key —C—N—-C—
linkage."'

Dynamic Stabilities. The thermodynamic stability of
CsN,H, was verified by AIMD calculations at 300, 500, 800,
and 1000 K for 10 ps with a time step of 1 fs. Figure S2 shows
the top and side views of the geometry at the end of the 10 ps.
The structure at 300 K has hardly changed, and up to 1000 K,
the structure remains stable. In addition, we performed the
phonon spectrum calculation, as shown in Figure S3. The
absence of imaginary frequencies means that the structure is
dynamically stable. Furthermore, the cohesive energy of
CsN,H, is —4.90 eV/atom, calculated by formula 1. All
these facts demonstrate that C;N,H, is a strongly bonded
network with sound stability.

Electronic Properties. The electronic properties of
CsN,H, are a crucial aspect affecting its catalytic performance.
We have fully investigated the band structure and partial
density of states (pDOS) of C;N,H, by the HSE06 method, as
shown in Figure 1b. We found that the maximum of the
valence band and the minimum of the conduction band are
located at the I' point. The direct band gap is only 0.16 eV.
The pDOS calculations show that both C and N atoms
contribute to the conductivity. The presence of a lone pair of
electrons in —C—N—C— in pyrrole to form a giant electron
ring is the reason for the enhanced conductivity. In addition,
we calculated the electron localization function (ELF).** The
ELF map ranges from 0 to 1. The region close to 1 represents
strongly covalent electrons, the region close to 0 represents the
region with low electron density, and the region close to 0.5 is
the area of the uniform electron gas. The ELF value of the
atom-to-atom connection indicates that all atoms are
connected by covalent bonds (Figure S4). Both N and C
atoms have sp® hybridization. The charge transfer is
quantitatively characterized by the Bader charge analysis
(Table S3). The two C atoms adjacent to the pyrrole N and
the two C atoms around the linker N lose electrons with an
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average of 0.55¢ and 0.54¢, while the pyrrole N and the linker
N gain electrons with an average of 1.05e and 1.18e. This is
also demonstrated in the ELF by the high electron density in
N. The electron transfer is small for the other C atoms and H
atoms outside the ring. The charge transfer across this huge 24-
atom ring enhances the catalytic performance, and similarly,
the abundance of electrons on the N atom provides ample
possibilities for metal loading and subsequent CORR.

First Screening Step: Stability. Four-atom clusters are
supported on the carbon nitride framework, and it is significant
to test the stability of the clusters. Taking Cu as an example,
we have fully explored the adsorption of one to six Cu metal
atoms in C;N,H, (Figure S5). The results show that the eight
N atoms in the pore can be evenly distributed to coordinate
the four Cu atoms, and a Cu atom connected to its
surrounding two N atoms is the most stable structure. The
four-atom Cu system has the lowest formation energy of 0.05
eV. Thus, Cu, is the most stable system among the six
candidates. Further, we calculated the transition state
migration barriers for Cu,-CsN,H, to form Cu;-CsN,H, and
Cus-CsN,H,. As shown in Figure S6, the huge energy barrier
(3.98 eV) shows that the migration of a Cu atom is extremely
difficult, which proves that Cu,-C;N,H, is stable and that it is
not easy for a Cu atom to migrate to form Cu;-CsN,H, and
Cu;-CsN,H,. We explored 28 homonuclear atom catalysts and
27 heteronuclear atom catalysts. As shown in Figure 2a, three
screening criteria were applied to screen high-performance
catalysts for CORR. The interaction between the metal and the
substrate serves as the first-tier criterion for the screening of
catalysts. We used the formation energy to evaluate the
thermodynamic stability of the structure. By definition of
formula 2, we set a criterion that E; < 0.2 eV for judging the
stability of a candidate.””** By screening 28 systems of
homonuclear metal clusters, Figure 2a, we obtained two
candidates with high thermodynamic stability, namely, the
Cuy-CsN,H, and Au,-C{N,H, systems.

Cu becomes our first choice as a significant metal in CO,
reduction. Moreover, the Cu,-C;N,H, cluster is one of the few
systems with a high thermodynamic stability and a negative
formation energy, Figure 2a. Other 27 metals were selected to
replace two of the diagonal Cu atoms in Cu,-CsN,H, to keep
the overall system centrally symmetric.

Therefore, we obtained 27 Cu-based heteronuclear catalysts
and also carried out the formation energy screening according
to the screening criterion (E; < 0.2), resulting in 12 stable
heteronuclear systems, Cu,Ag,-CsN,H,, Cu,Au,-C;N,H,,
Cu,Ga,-CN,H,, Cu,Hf,-C,N,H,, Cu,Pd,-C;N,H,, Cu,Pt,-
CsN,H,, Cu,Sc,-CsN,H,, Cu,Sn,-C;N,H,, Cu,Ti,-C;N,H,,
Cu,Y,-CsN,H,, Cu,Zn,-CsN,H,, and Cu,Zr,-C;N,H,.

Here, we considered the possibility of heteronuclear AABB
type catalysts, as shown in Figure S7. Among the 12
heteronuclear catalysts screened by formation energy, the
formation energy of the diagonal-ABAB arrangement is always
lower than that of the ortho-arrangement, and the diagonal
catalyst is more stable than the ortho catalyst. Since each Cu
atom in the diagonal position connects to two other metal
atoms at the same time, the regulation of the catalytic center
can be more effective. Therefore, we consider diagonal ABAB
catalysts rather than AABB catalysts.

We also studied the thermodynamic stability of Cu,-CsN,H,
and Cu,Zn,-CsN,H, through AIMD at 300, 500, 800, and
1000 K for 10 ps with a 1 fs time step. As shown in Figures S8
and S9, the temperature and energy are oscillating regularly
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near the average value, demonstrating that the Cu, and Cu,Zn,
clusters are stably embedded into the C;N,H, framework.

Second Screening Step: Selectivity. Gas adsorption is
crucial to the reaction, affecting the selectivity of the reaction
in which there are two competitive pathways: CORR and
hydrogen evolution reaction (HER). As shown in Figure 2c,
the Faraday efficiency for the CO reduction process will be
suppressed by the competing HER if the adsorption energy for
HER is more negative than that of CO. If the adsorption
energy of CO is more negative than that for HER, then CO
reduction reaction is favored over HER. We screened 14
candidates based on CORR vs HER selectivity, Au,-CsN,H,,
Cu,Ag,-C;N,H,, and Cu,Au,-CsN,H, are excluded since HER
is favored, and the other 11 candidates are left for the next
screening step, since CORR is favored.

Electronic Properties of M,-CsN,H,. As shown in Figure
3a, we calculated pDOS of Cu,-CsN,H, and Cu,Zn,-C;N,H,.
In the Cu,—CN,H, system, the 3d orbital of Cu overlaps with
the 2p orbital of C and the 2p orbital of N. The N atom
undergoes sp” hybridization and exchanges electrons with the
3d orbital of Cu forming a bond, which is also the reason why
the metal is supported on the substrate. In comparison, in
Cu,Zn,-CsN,H,, there is no Zn peak around the Fermi level
since Zn has a 3d orbital full of electrons. Through Bader
charge analysis (Table S3), we observe that Cu loses an
average of 0.34 e in Cuy-CsN,H, if compared with free Cu
atoms. In Cu,Zn,-CsN,H,, Zn loses an average of 0.73 e and
Cu loses an average of 0.43 ¢ if compared with free atoms.

CO Adsorption. The C;N,H, structure has eight N atomic
sites and an inner pore of about 7.7 A for the immobilization of
metal atoms. As shown in Figure S10, we counted the distances
of the four pairs of diagonal N atoms of the 11 candidates
before and after CO adsorption. Taking CsN,H, as an
example, the distances between the N atoms in the diagonal
connection —C—N—C— are 7.7 A, line 1 and line 3. The
diagonal distances of the pyrrole N atoms are 7.4 A, line 2 and
line 4. When the metal is embedded into C;N,H,, the four
pairs of the distances of the 11 candidates change to varying
degrees, which means that C;N,H, has a certain flexibility, and
its pore size can fluctuate to some extent. The maximum
fluctuation is Cu,Y,-CsN,H,, line 1 = 9.3 A, line 3 = 6.3 A,
while line 2 and line 4 are 7.6 A. We found that the distance
change of line 1 and line 3 is significantly higher than that of
line 2 and line 4 after metal cluster embedding. We
hypothesize that this is because the —C—N—C— linker is
more flexible than pyrrole. Notably, due to the abundant four-
metal active sites, there is sufficient space and activity to
simultaneously adsorb two CO molecules. Taking Cu,-CsN,H,
as an example, Figure S11, we tested three possible adsorption
configurations through geometric optimization. The first
scheme is that two CO molecules are adsorbed on two
adjacent Cu atoms. The second scheme is that both CO
molecules are adsorbed on the bridge position of two Cu
atoms. The third scheme is that two CO are adsorbed on two
diagonal Cu atoms. The adsorption environments of CO in the
three adsorption patterns are all symmetrical. Among the three
adsorption modes, the first and third schemes both use only
two Cu atoms and ignore the effect of the other two Cu metal
atoms. The second bridge—bridge adsorption makes full use of
four Cu atoms and is the most stable configuration for the Cu,-
CsN,H, system. The CO co-adsorption energy is used as an
important index to evaluate the CO capture ability of the
substrate. As shown in Figure S12, compared with the
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homonuclear Cu system, the introduction of Y, Zn, and Sn
significantly weakens the influence of the substrate on CO,
while the introduction of Ga, Pt, Sc, Pd, Hf, Zr, and Ti further
increases the adsorption energy. Taking Cu,-CsN,H, and
Cu,Zn,-CsN,H, as examples, the co-adsorption energies of the
two CO molecules are calculated to be —0.94 and —0.16 eV,
respectively. The C—O bond length in Cu,-CsN,H, is
extended from 1.14 A for isolated CO to 1.20 A in the
adsorbed state. This is attributed to the bonding of C atoms
with two Cu atoms on the substrate with the C—Cu bond
length of1.89 A. The C—Cu bonding weakens the interaction
between the C and O atoms. The C—O bond length in
Cu,Zn,-CsN,H, is 1.16 A, a bit longer than 1.14 A in free CO,
which means that the adsorption of CO on the Cu,Zn, system
is weak.

The same situation is viewed in charge density difference. It
can be clearly seen from Figure S13 that the interaction
between Cu,-CsN,H, and CO is stronger than between
Cu,Zn,-CsN,H, and CO. The charge is increased on the CO
molecule, and the charge-deficient area is between the two CO
molecules, while in Cu,Zn,-C;N,H,, the interaction between
Zn atoms and CO is weak. In this regard, we performed pDOS
and integrated-crystal orbital Hamilton population (ICOHP)
analyses on the two candidates. The upper and lower panels of
Figure 3a show pDOS of the substrate and CO adsorbed on
the substrate, respectively. It can be concluded that the orbital
overlap between the C atom and the N atom in the substrate
promotes the transfer of electrons in C;N,H,. In addition, it
can be seen that in the process of CO adsorption, the 3d
orbital of Cu and the 2p orbital of C in CO hybridize, which
weakens bonding in CO and completes the adsorption process.
Furthermore, due to the adsorption of CO, the d-band center
of Cu is farther away from the Fermi level. In comparison in
Figure 3b, the involvement of the Zn atom greatly reduces the
CO adsorption. The 3d orbitals of Zn are completely occupied
in Cu,Zn,-CsN,H,, so that Zn will not undergo significant
electron transfer activities with CO. Similarly, comparing the
upper panels of Figure 3a and Figure 3b, the introduction of
Zn causes the d-band center of Cu to move away from the
Fermi level, which weakens the adsorption of CO. The results
of ICOHP also confirm this conclusion. The more negative
ICOHP, the stronger the adsorption. We tested the bonding
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effect with the C atom in CO and the two metal atoms
connected to it, the ICOHP of the two Cu and C atoms in
Cuy-CsN,H, are —3.76 and —3.54, respectively. These values
are not much different, and the bonding effect is significant. In
Cu,Zn,-CsN,H,, the ICOHPs between the Cu or Zn and C
atoms are —4.55 and —0.59, respectively. Compared with the
homonuclear system, the effect of Cu is further amplified in the
Cu,Zn, system, while the interaction between Zn and C is
weaker.

The ICOHPs between metal atoms and between metal and
substrate N atoms also change in Cu,-CsN,H, and Cu,Zn,-
CsN,H, before and after CO adsorption, as shown in Figure
S14. Take the Cul atom in the Cu,-CsN,H, as an example.
We investigated the bonding of Cul to the nearest (N1 and
N2) and next closest (N3 and N8) substrate N atoms. The
bond between Cul and the next nearest N atom (Cul-N3 and
Cul-N8) is very weak, and the bond between Cul and the
nearest N atom is significant. The bond between C1 and the
pyrrole N atom (Cul-N1) is stronger than that between Cul
and the linker N atom (Cul-N2). The same conclusion can
also be obtained for the Zn atom in Cu,Zn,-C;N,H,;
moreover, the bond of Zn and substrate N atoms is stronger
than Cu and substrate N atoms. As shown in Figure Sl4a,
except for the slight weakening of the bonding strength of
Cu2-N3 and Cu4-N7 after adsorption, the bonding strength of
Cu and the substrate N atoms is mostly enhanced, and the
bonding between Cu and Cu atoms is weakened, which means
that the Cu cluster has split from the cluster into monoatomic
trends after the CO adsorption. In addition, we found that
after adsorption, the pore size of line 1 to line 4 increased
slightly (average ~ 0.1 A), which also confirms the conclusion
above. In Cu,Zn,-CsN,H,, Figure S14b, there is little
difference in the bonding between the metal and the substrate
N atoms after the adsorption. The bonding between adjacent
metal atoms is generally weakened.

C—C Coupling. Following the CO adsorption, successful
coupling of two C atoms is a vital step for CO to generate C,
products.”> Our designed structure both provides sufficient
active sites for simultaneous adsorption of two CO molecules,
and positions the CO molecules close to each other. Thus, the
system is fully prepared for the subsequent coupling. We
performed C—C coupling transition state calculations for the
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eight systems mentioned above. As shown in Figure 4, the
reaction energy barrier of Cu,-CsN,H, is about 1.12 eV. The
introduction of heteronuclear metals further lowers the
transition state energy barrier. Taking Cu,Zn,-CsN,H, as an
example, the energy barrier of the transition state is 0.40 eV,
which means that Cu,Zn,-C;N,H, is more prone to *CO +
*CO — *CO*CO than Cu,-C¢N,H,. The distance between
the two C atoms also changes from 3.31 to 2.29 A in the
transition state, and in the final state structure, the distance is
1.5S A, which marks the end of this step of the reaction.

Full Path Calculations. Regarding the formation of the C,
products, we considered ethylene or ethanol as the final
product and calculated the energies of the intermediates in
each step. We calculated the whole pathways of 11 candidates.
The reaction paths of nine of these catalysts can be viewed in
Figure S15. Cu,-CsN,H, and Cu,Zn,-CsN,H, catalyze CO to
the C, product, the reactions are as follows:

2CO + 8H' + 8¢~ — C,H, + 2H,0 (8)

2CO + 8H' + 8¢~ » C,H,OH + H,0 )

Both reactions are 8-electron processes. As shown in Figures
S and 6, we have fully explained the significant role of C—C
coupling in the whole reaction. The subsequent four-step H
addition process of *CO*CO in the Cu,-CsN,H, system is
exothermic phenomenon (O*C*CO + H* — *COH*CO,
*COH*CO + H" —» *COH*COH, *COH*COH + H" —
*C*COH + H,0, *C*COH + H"* — *CH*COH), which
means that the entire reaction will proceed spontaneously
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without the need for an applied voltage. We previously
demonstrated that the intermediate *CH*COH is the key step
in determining whether the product is ethanol or ethylene in
this process.'” If the ethylene path is followed, *CH*COH +
H" — *CH*C + H,0 will occur. If the system follows the
ethanol route, there will be two possibilities due to the
difference of the H site, namely, *CH*COH + H' —
*CH*CHOH and *CH*COH + H' — *CH,*COH. The
same situation occurs in the protonation process of
*CH,*CHOH. It is also worth discussing whether it is
*CH,*CHOH+H* —» *CH;*CHOH or *CH,*CHOH+H"
— *CH,*CH,OH.

Taking Cu,-CsN,H, as an example (Figure S), the
protonation of *CH*COH is more inclined to generate
*CH*C (—0.78 €V), and the potential-determining step of
generating ethylene is the step of *CO + *CO — *CO*CO,
which is only 0.50 eV. In the route of generating ethanol, the
potential-determining step is *CH,*COH + H' —
*CH,*CHOH (0.60 eV), which means that Cu,-CsN,H, has
excellent selectivity for ethylene. Therefore, ethylene is
expected in the product. As shown in Table S4, we counted
some of the reported PDS in CORR or CO,RR and their
corresponding U;. Our work provides a relatively low energy
barrier strategy for the generation of ethylene with C,, as the
target product.

As for Cu,Zn,-CsN,H, (Figure 6), *CH*COH + H' —
*CH*CHOH is the reaction with the lowest energy and the
highest possibility, and this step is the potential-determining
step on the route to ethanol, which is only 0.46 eV. The
subsequent protonation process of *CH*CHOH does not rule
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out dehydration of the hydroxyl group. Similarly, we can find
that in the same electronic reaction process, the energy of the
alkene-generating pathway is lower than that of the ethanol-
generating pathway. For example, the subsequent formation of
*CH*CH from *CH*CHOH is significantly more likely than
that of *CH,*CHOH, and *CH,*CH is also easier to obtain
than CH,CH,OH. The potential-determining step for the
formation of ethylene is *CH*CH + H* — *CH,*CH, which
is 0.62 eV. In addition, we consider the effect of pH in Cuy-
CsN,H, and Cu,Zn,-C{N,H,, Figures S16 and S17. We have
considered the cases of pH = 0, 1, 7 and 13. The energy barrier
of the potential determining step increases with the increase of
pH, while the potential-determining-step itself does not
change.

Universal Descriptor of Catalytic Performance. To
better understand the catalytic performance exhibited by the
catalysts, we performed Least Absolute Shrinkage and
Selection Operator (LASSO)*® analysis to find a novel
descriptor, the LASSO regression generates a huge date set
and then filters out the descriptors with the best linear
relationship. We entered the number of valence electrons in
the d orbital (Ny), electronegativity (E,), and atomic radius
(R) of the metal atom as input variables in LASSO. In
addition, we also collected structural parameters as input
variables, including D(c, - cy), which is the distance between
diagonal Cu metals, and Dy _ 5y — 2 X Ry (where Dy - is
the distance between diagonal nitrogen atoms, Ry, is the radius
of N atoms), and ICOHP based on metal atoms and C atoms
in adsorbed CO. After LASSO regression, we obtained an
integrated descriptor as following:

% = Dc,—ciy X (Dy-ny = 2 X Ry) (10)

We use Dy _ ny — 2 * Ry as the input variable, in order to
express the actual vacuum distance between the two N atoms.

It can be seen from Figure 7a that the descriptor we discover
has a great linear relationship with potential determining step
(PDS) free energy change of ethylene, R> = 0.81. When
different metal atoms are introduced, the M,-CsN,H, skeleton
has a certain flexibility, resulting in a certain degree of change
in the distance between the two diagonally positioned Cu
atoms and the diagonally positioned N atoms. When D(c, _ ¢,
and Dy _ ) are smaller, and the descriptor (x) is smaller, the

7037

potential-determining step for CORR to ethylene is also
smaller, so that the candidate has extremely high catalytic
activity, and the introduction of atoms leads to changes in
some characteristic values of the material. Thus, establishing a
connection between the flexibility and the potential-determin-
ing step energy barrier is the highlight, and to our knowledge,
no relevant reports have appeared before this.

In addition, as shown in Figure 7b, we find that there is a
good linear relationship between the adsorption energy before
and after the C-C coupling, R? = 0.83, which means that the
adsorption energy in the *CO + *CO state corelates to the
corresponding energy in the *CO*CO state. It is worth
mentioning that the difference between y and x, which means
the energy difference of the C—C coupling step, z =y — x = —
0.25x — 0.17, can be used to represent the energy difference of
C—C coupling. We found that when «x is more positive and z is
more negative, the C—C coupling is easier.

Grand Canonical DFT Calculations for Cu,-C;N,H..
The traditional density functional theory usually assumes that
the catalyst has a constant number of electrons. Such
calculation is called the charge-neutral method (cnm).
However, in the electrochemical system, extensive electron
transfer occurs between the catalyst and electrode to complete
the reaction, and the potential is constant. This corresponds to
the constant potential model (cpm). The grand canonical DFT
(GC-DFT) calculations are considered as a powerful theory to
model the actual electrochemical system."’

As shown in Figure S18, we calculated the whole process of
CO reduction to C,H, in Cu,-C;N,H,. It can be found that
the PDS in cnm is the same as that in cpm, and both are *CO
+ *CO — OCCO, with the energy change in the cnm being
0.50 eV and 0.59 eV for cpm. During the reaction process, the
trend of energy change is similar between cnm and cpm. In
addition, as shown in Figure S19, we simulated the possibility
of C—C coupling of Cu,-CsN,H, at different applied potentials
by the cpm method. We changed the applied potential from 0
to —0.5 V and found that the more negative the applied
potential, the lower the energy barrier between the transition
state (TS) and the initial state (IS), and the easier the reaction
to occur. This is consistent with the actual electrochemical
reaction.
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B CONCLUSIONS

In summary, we have designed a 2D carbon nitride material
with a centrosymmetric N8 site, as a new type of narrow-gap
semiconductor (E, = 0.16 eV) with sound electrical
conductivity and stability. After screening 28 homonuclear
and 27 heteronuclear catalysts and analyzing the catalytic
performance of the candidates, we have identified Cu,-CsN,H,
and Cu,Zn,-C;N,H, as the best systems for CO reduction.
Cu,-CsN,H, has high activity for producing ethylene. The
energy barrier of the potential-determining step is 0.50 V.
Cu,Zn,-CsN,H, is an excellent catalyst for ethanol synthesis.
The corresponding potential-limiting step is even lower, only
0.46 V. Through LASSO regression, we have demonstrated the
flexibility-related descriptor D¢, - c,) X (Dv—n) — 2 X Ry)
that relates the properties of the substrate, the supported
metal, and U;. The four-atom catalysis strategy demonstrated
in our study provides more options for tuning the catalytic
performance, compared with single-atom catalysis, since it
allows for more active sites and pathways for CORR. The
strategy offers a novel scheme for exploring polyatomic
catalytic CO reduction reactions.
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