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Carbon dioxide (CO,) electroreduction by metal—-nitrogen-doped carbon (MNC) catalysts is a promising
and efficient method to mitigate global warming by converting CO, molecules to value-added
chemicals. In this research, we systematically studied the behaviours of single and dual-atom Cu
catalysts during the CO, electroreduction process using density functional theory (DFT) calculations.
Two structures, i.e., CuNC-4-pyridine and CuCuNC-4a, were found to be beneficial for C, chemical
generation with relatively high stabilities. Subsequently, we explored the detailed pathways of key
products (CO, HCOOH, CHzOH, CHy4, C,HgO, CoH4 and CyHg) during CO, electroreduction on CuNC-
4-pyridine and CuCuNC-4a. This research reveals the mechanisms of key product formation during CO,
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electroreduction on CuNC-4-pyridine and CuCuNC-4a, which would provide important insights to
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1. Introduction

Due to increasing fossil fuel consumption, CO, levels have
increased in the atmosphere causing global warming."?
Electrochemical CO, reduction using clean renewable energy
(sun, wind, etc.) is an effective approach to controlling CO,
emissions. In this process, CO, from fossil fuels is converted to
value-added chemicals and fuels achieving the carbon neural
energy cycle,®> where O, is produced at the anode and CO, is
reduced to organic matters at the cathode. At the same time,
the hydrogen evolution reaction (HER) occurs at the cathode,
which is a side reaction during the CO, reduction process and
affects the reduction efficiency of CO,. The main C; and C,
products for CO, electroreduction are carbon monoxide (CO),
methane (CH,), formic acid (HCOOH), ethanol (C,H¢O), ethylene
(C,H,) and ethane (C,Hg).* Among them, C, products are more
desirable due to their higher energy density and commercial
values.”” Therefore, increasing the selectivity of C, product
formation is of great interest.

Regarding catalysts, metal-nitrogen-doped carbon (MNC)
materials are advanced and widely used catalysts for CO, electro-
reduction because of 100% atomic utilization, low coordination
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guide the design of MNC catalysts with low limiting potentials and high product selectivity.

environment of centre atoms, relatively uniform active sites,
and adjustable and well-defined structures of active sites.®
Usually, the MNC structure consists of single metal atoms
bonded with coordination atoms. Metal atoms are transition
metals, and coordination atoms are non-metal elements.
MNC materials with one and two atoms in the centre are called
single-atom catalysts (SACs) and dual-atom catalysts (DACs),
respectively. Among the many metallic elements, Cu-based
catalysts are the only ones that can reduce CO, to C, products.®
Consequently, in this study, Cu based SACs and DACs were
chosen as the target catalysts, and we explored their performance
in product formation (especially C, products) during the CO,
electroreduction process.

The investigation into CO, electroreduction facilitated by
SACs and DACs has attracted a lot of interest in terms of both
experiments and simulations over the last few years. For
instance, Guan and co-workers studied the product distribution
of Cu-SACs during the CO, electroreduction and the effects of
the coordination environments of Cu atoms on CO, electro-
reduction performance through experiments and density func-
tional theory (DFT) calculations.” They found that two adjacent
CuNC-2 sites and CuNC-4 coordination environments were
favourable to generate C,H, and CH,, respectively.” Karapinar
and co-workers carried out a series of experiments and synthe-
sised a CuNC material in a CuN, coordination environment
to achieve aqueous CO, electroreduction with the highest
faradaic yield among other Cu-based catalysts under optimized
conditions."® Ouyang and co-workers investigated the beha-
viours of DACs during the CO, electroreduction process and

Phys. Chem. Chem. Phys., 2023, 25, 23717-23727 | 23717


https://orcid.org/0000-0003-4023-7259
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp02403b&domain=pdf&date_stamp=2023-08-23
https://doi.org/10.1039/d3cp02403b
https://doi.org/10.1039/d3cp02403b
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp02403b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025035

Open Access Article. Published on 10 August 2023. Downloaded on 4/3/2026 12:38:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

observed that CO, can be efficiently reduced to CH, on CuCrNC-2
and CuMnNC-2 at low limiting potentials of —0.37 V and —0.32V,
respectively.'’ The energetically favourable formation of the C,
product, acetone (CH3;COCHj;), during CO, electroreduction on
CuNC-4-pyridine was found and proved by Zhao and co-workers
through experiments and DFT calculations."> Wei and co-workers
demonstrated that CuFeNC-3 is a high-performance CO, electro-
reduction catalyst for achieving multi-electro products like
HCOOH, CH;OH, and CH,."* Previous studies proved that
Cu-based SACs and DACs show excellent performance in the
CO, reduction process. However, their studies were mainly
focused on C; products, with a lack of attention on higher
value C, products. Besides, there has been a lack of systematic
studies on the performance and stability of the structures of
SACs and DACs, which are essential to the development of
catalysts for efficient production of C, products during CO,
electroreduction.

The aim of the current work is to systematically explore the
behaviours of Cu-SACs and Cu-DACs during CO, electroreduc-
tion using density functional theory (DFT) calculations. First,
we tested the stability of possible SAC and DAC structures.
Second, the performance of C, products with stable structures
was investigated and compared. Electron localization function
(ELF) and charge density difference analyses were also carried
out to reveal the stability mechanism and bonding nature of
optimised structures with good C, chemical generation abilities.
After that, the mechanisms of C; and C, products, such as CO,
CH,, HCOOH, C,H¢O, C,H, and C,Hg, on selected catalysts
(CuNC-4-pyridine and CuCuNC-4a) were illustrated. Finally, the
electronic structures of selected catalysts were also analysed to
further explain the effects of the coordination environments on
the CO, reduction process.

2. Methods
2.1 DFT calculations

Spin-polarized DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP)'“'> with general-
ized gradient approximation (GGA) and revised Perdew-Bruke-
Ernzerhof (RPBE), which is optimised for adsorption energetic
calculations." Plane wave energy cutoff and k-point grids were
set to 500 eV and 3 x 3 x 1, respectively. van der Waals
interaction was considered by adding the DFT-D3 method with
Becke-Johnson damping.'”*® The convergence criteria for elec-
tronic energy and forces were 1.0 x 10 > eV and 0.02 eV A",
respectively. A vacuum slab of 20 A was placed in the Z-axis
direction to reduce periodic structure interaction. The compu-
tational hydrogen electrode (CHE) model***° was used to deter-
mine the change in Gibbs free energy (AG) of intermediates
during the CO, electroreduction process. Electrolyte influence
on the structure and energy of intermediates was considered
using continuum solvation models by VASPsol code*'?* with
relative permittivity ¢, = 78.4, corresponding to that of water.>*
The cell size, lattice parameter and k-point mesh set in our
work were selected based on previous work,** which were
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demonstrated to provide reliable results in DFT calculations.
The calculations were assisted by the VASPKIT*> and QVASP*®
code. Crystal orbital Hamilton population (COHP) is calculated
using Local Orbital Basis Suite Towards Electronic-Structure
Reconstruction (LOBSTER).>” For ab initio molecular dynamics
(AIMD) calculations, all simulations were carried out below
300 K within 10 ps using the Noése-Hoover thermostat. The
timestep was chosen as 1 fs. Other parameters were kept
constant in DFT static computations.

2.2 Computational contents

The adsorption energy (E.qs) was calculated as shown in eqn (1).

Eaas = Emyc — ECatalyst — Em (1)

where, Eyyc, Ec, and Ey represent the total energy of the
adsorbed molecule and catalyst, the energy of the catalyst,
and the energy of adsorbates, respectively.

The Gibbs free energy (AG) change was calculated as
follows:**

AG = AE + AEyp; — TAS (2)

AE is calculated directly from DFT calculations, and AEzpg
and AS are the difference between the zero-point energy and
entropy at temperature 7. T is the room temperature (298.15 K)
in the current study.

The limiting potential (Uy) is the minimal applied potential
that ensures every step of an electrochemical process is exer-
gonic, which is calculated by eqn (3):>°7!

Up = —AGpax/e (3)

where AGn. denotes the free energy change of the potential
limiting step (PLS) during the CO, reduction process at 0 V
compared to the reversible hydrogen electrode (RHE).

Formation energy (Ef) is adopted to reveal the thermo-
dynamic stabilities of all catalysts, which was calculated as
follows:*?

AEf = ECatalyst + apc — (Egra + b;uN + ZMCU) (4)

where Ecaayst and Egr, are the total energies of optimised
catalysts and pristine graphene with 72 atoms. uc and uy are
the energies of a single carbon atom and a nitrogen atom,
respectively, which were calculated from graphene and isolated
N, molecules. uc, is the energy of a single Cu metal atom in a
vacuum. a is the number difference between the C atom in
catalysts and pristine graphene. b is the number of N atoms in
the catalysts.

Binding energy (Epin) and cohesive energy (E.on) were calcu-
lated to evaluate the binding behaviours between the N-doped
graphene substrate and Cu atom, as shown in eqn (5) and (6),>*
respectively.

Ebin = (EM/C - Esub - n,uCu)/n (5)
Ecoh = Ebulk(Cu) — Mcyu (6)

where n and m are the number of Cu atoms in the catalysts and
bulk Cu, respectively.

This journal is © the Owner Societies 2023
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3. Results

3.1 Structures and stabilities of SACs and DACs

According to previous studies,***® there are two types of N

atoms (pyridine nitrogen atom and pyrrole nitrogen atom) and
the coordination numbers of central metal atoms can be either
three or four. Thus, four types of SACs structures are consi-
dered, i.e., CuNC-3-pyridine, CuNC-4-pyridine, CuNC-3-pyrrole
and CuNC-4-pyrrole. For DACs, there are three coordination
numbers for central metal atoms, which are two, three
and four."*?*?® They have three (CuCuNC-2a, CuCuNC-2b
and CuCuNC-2c), one (CuCuNC-3) and three (CuCuNC-4a,
CuCuNC-4b and CuCuNC-4c) possible configurations, respec-
tively. The total of eleven optimized configurations for SACs
and DACs are displayed in the ESI,f Fig. S1.

The stability of SACs and DACs mentioned above is assessed
through the formation energies Er and differences between the
binding and cohesive energies Ey_c (Ep—c = Epin — Econ)- The
negative values of E; and E, . indicate that catalysts are
thermodynamically stable and metal atoms prefer to spread
atomically on the graphene rather than aggregate into nano-
particles due to the coordination effect.’” The calculated results
of Ef and Ej,_. by eqn (4)-(6) are shown in Fig. 1. For SACs,
coordination configurations of four-N and pyridine-N are more
stable than those of three-N and pyrrole-N, respectively, which
is in agreement with previous studies.®?> All DACs structures
are thermodynamically stable and enhance stability except for
the structure with two-N coordination.

Among all tested structures, five have both negative E;
and Ey_. values, ie., CuNC-4-pyridine, CuCuNC-3, CuCuNC-
4a, CuCuNC-4b and CuCuNC-4c. Additionally, 10 ps AIMD
simulations at 300 K are carried out to examine the kinetic
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stability of those configurations. As shown in the ESL, Fig. S2,
the structures of CuNC-4-pyridine, CuCuNC-3, CuCuNC-4a,
CuCuNC-4b and CuCuNC-4c almost remain the same, though
there are slight deformation, after AIMD simulations. This
indicates these configurations have high kinetic stabilities.

3.2 C-C coupling energy barriers of catalysts

According to previous studies,”*” C-C bond formation is the

key step for C, chemical formation, which includes CO*-CO¥*,
CO*-CHO* and CO*-COH* coupling pathways. C-C coupling is
a non-electrochemical process and cannot be accelerated by the
applied potential. The energy barriers of C-C bond formation
play a vital role in C, product formation. The free energy
barriers of C-C coupling as well as pathways CO* — CHO*
and CO* — COH* for CuNC-4-pyridine, CuCuNC-3, CuCuNC-4a,
CuCuNC-4b and CuCuNC-4c are presented in Fig. 2a and b,
respectively. Due to the poor stability of the COH* intermediate
on CuNC-4-pyridine, we did not consider CO-COH* coupling and
the CO — COH* pathway for CuNC-4-pyridine configuration.

As described in Fig. 2a, pathways with negative free energy
changes are observed in structures of CuNC-4-pyridine,
CuCuNC-3, CuCuNC-4a and CuCuNC-4b during the C-C
coupling process, which are CO-CHO*, CO-COH*, CO-
CO*&CO-COH* and CO-COH*. For the CO* hydrogenation
step, the energy barrier of COH* formation is significantly
higher than that of CHO* (Fig. 2b), which means CHO* is
more favourable than COH* during CO* hydrogenation.
Therefore, in the current work, we chose configurations of
CuNC-4-pyridine and CuCu-NC-4a for further study, which
are more desirable for C, chemical formation during the CO,
electroreduction process.

Energy (eV)

Fig. 1 Formation energies (E¢) and differences between the binding and cohesive energies of SACs and DACs (Epin — Econ)-
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Fig. 2 Free energy changes for (a) CO*-CO*, CO*-CHO* and CO*-COH?* coupling pathways, and (b) the hydrogenation step of CO* to CHO* and
COH* during the CO, electroreduction process (symbol * presents adsorbed state of intermediates). The X symbols in (a) and (b) mean the free energies
of CO - CO-COH* and CO —» COH* which are unavailable due to the instability of the COH* intermediate on CuNC-4-pyridine.

3.3 The electronic properties of CuNC-4-pyridine and CuCu-
NC-4a

The electron localization function (ELF) is a tool in quantum
chemistry used to analyze electron distribution and bonding
properties. It identifies electron localization and delocalization,
helps in understanding chemical reactivity, and characterizes
bonding regions. On the other hand, the charge density differ-
ence study compares charge distributions between different
systems, highlighting charge transfer, bonding changes, and
intermolecular interactions, which aids in studying chemical
reactions, material properties, and electronic stability. To
explore the bonding nature of CuNC-4-pyridine and CuCu-NC-
4a, the electron local functions (ELFs) were calculated as shown
in Fig. 3a and b. In general, a higher ELF value indicates greater
local electronic distribution.*® CuNC-4-pyridine and CuCuNC-

23720 | Phys. Chem. Chem. Phys., 2023, 25, 23717-23727

4a have ELF values between 0.7 and 1.0, indicating that Cu is
fixed in the surrounding N atomic centres by chemisorption.
These findings are consistent with the stability analysis
through E¢ and E},_. in Section 3.1. Charge density differences
in Fig. 3c and d, as well as Bader charge analysis in the ESI,7
Table S1, reveal that in CuNC-4-pyridine and CuCu-NC-4a,
electrons will transfer from Cu to N to generate stable covalent
bonds. These findings also explain the strong coordination
interaction at the electronic level between Cu and the stable
structures of CuNC-4-pyridine and CuCuNC-4a configurations.
This information is helpful for understanding electronic struc-
tures, bonding, and reactivity, providing valuable insights for
materials design, reaction mechanisms, determination of the
stability of catalysts and selection of the adsorption sites for
intermediates.

This journal is © the Owner Societies 2023
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Fig. 3 Electron localization function (ELF) of (a) CuNC-4-pyridine and (b) CuCu-NC-4a. Charge density difference of (c) CuNC-4-pyridine and
(d) CuCu-NC-4a. The isosurface value is 0.004 e bohr . Yellow and blue regions represent increasing and decreasing electron densities, respectively.

3.4 CO, electroreduction to C; and C, products through
CuNC-4-pyridine

Due to the wide range of CO, electrolysis products, detailed
transfer pathways for CO, electroreduction are of great impor-
tance to efficiently control the electrocatalytic process of
CO, into specific products. The possible pathways used in the
present work refer to previous studies,**™** as shown in the
ESI,T Fig. S4. Due to the poor stability of COH* intermediates
on CuNC-4-pyridine, pathways related to COH* are not consi-
dered. For C, product generation, only the route linked to
CO-CHO is considered. The free energies of these possible
steps are listed in the ESI,{ Table S2.

After calculating all possible pathways, we obtained the
most favourable reaction pathways with the lowest limiting
potential of CO, electroreduction on CuNC-4-pyridine, as illu-
strated in Fig. 4. The optimized intermediates for CO, electro-
reduction on the CuNC-4-pyridine site are presented in the
ESI,f Fig. S5. Overall, the high adsorption energy of CO,
molecules (E,q5(CO,), CO, — CO,*) inhibits CO, electroreduc-
tion to C; and C, chemicals. As shown in Fig. 4a, the pathways
for CO, HCOOH, CH;OH, and CH, are via CO, — CO,* —
COOH* —» CO* —» CO, CO, —» CO* - OCHO* - HCOOH* —
HCOOH, CO, — COy* —» OCHO* —» HCOOH* — CHO* —
CH,0* —» CH,0* - CH,OH* — CH,OH, and CO, — CO,* —
OCHO* - HCOOH* —» CHO* — CH,0* —» CH3;0* - CH;OH*
— OH* + CH; —» H,0* — H,0, respectively. The step CO,* —
COOH* limits the CO formation with U; of —1.07 eV. The
critical step for HCOOH is CO,* - OCHO* with Uy, of —0.44 eV.
The conversion from HCOOH* to CHO* with U;, of —0.68 eV

This journal is © the Owner Societies 2023

limits the formation of CH;OH and CH,. The conversions from
CH;OH* to CH3;OH and to CH, + OH* are downhill and
uphill processes, respectively. CH;OH is a more favourable
product than CH,. Thus, the difficulty of C; product generation
on CuNC-4-pyridine is HCOOH, CH3;O0OH, CH, and CO in
increasing order.

As shown in Fig. 4b, step CO, — COOH* is the limiting step
for all C, products (CH;CH,OH, C,H, and C,Hg). The route
CO, —» CO* - COOH* —» CO* —» CHO* — CHO-CO* —
CHO-CHO* - CHO-CHOH* — CH-CHO* — CH-CHOH* is the
common route for all C, product formation. The unique pathways
for CH;CH,OH, C,H, and C,Hs generation are CH-CHOH* —
CH,~-CHOH* — CH,~CH,0H* — CH,-CH,0H* — CH,-CH,OH,
CH-CHOH* —» CH-CH* —» CH,-CH* — CH,-CH,* — C,H,, and
CH-CHOH* — CH-CH* — CH,-CH* — CH;-CH* — CH3;-CH,*
— CH3;-CH3* — C,Hs, respectively. The AG for CH;-CH,OH* —
CH;-CH,0H and CH3;-CH3* — C,Hj are positive, indicating that
CH;3;CH,OH and C,Hg are not easy to desorb from the CuNC-4-
pyridine catalyst, and the desorption process is also a non-
electrochemical process that will hinder the formation of
CH3CH,OH and C,Hg. Thus, the difficulty of C, chemicals for-
mation is C,H,, C,HsO and C,Hs in a descending order. Moreover,
CO* is an important precursor for the formation of C, products.
Compared to the formation of CO (CO* — CO), a free energy drop
process, CO* has to undergo a free energy rise to produce CHO*
for C, chemical formation at the initial stage. Thus, the formation
of C, is more difficult than that of CO (and other C, products).

H, formation on the cathode is an important competitive
reaction during the CO, electroreduction process. U;, of the

Phys. Chem. Chem. Phys., 2023, 25, 23717-23727 | 23721
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Fig. 4 Most favourable reaction pathways of CO, electroreduction to C; and C, chemicals on CuNC-4-pyridine at O applied voltage (symbol * presents

the adsorbed state of intermediates).

HER on CuNC-4-pyridine is —0.80 eV, which is higher than
those of HCOOH, CH;OH and CH,. The high energy suggests
that CuNC-4-pyridine can inhibit the H, formation for the
generation of HCOOH, CH;OH and CH,, which contributes to
the CO, reduction.

3.5 CO, electroreduction to C; and C, products through
CuCu-NC-4a

The possible pathways of C; and C, products during CO,
electroreduction can be inferred from previous studies®**!
(Fig. S4, ESIT). Among the possible pathways of C, chemicals,
the most likely C-C coupling route of CO-CO is considered. The
free energies of possible elementary steps are listed in the ESL, ¥
Table S2. The most favourable pathways of CO, electroreduc-
tion to C; and C, chemicals on CuCuNC-4a are shown in Fig. 5a
and b, respectively. The optimized intermediates on the
CuCuNC-4a site are presented in the ESI,{ Fig. S6.

For C; product formation, the channels for CO, HCOOH,
CH;0H and CH, formation are CO, — CO,* —» COOH* —
HCOOH* — HCOOH, CO, — CO,* - COOH* — CO* — CO,

23722 | Phys. Chem. Chem. Phys., 2023, 25, 23717-23727

CO, —» CO,* - COOH* - HCOOH* — HCOOH, CO, — CO,*
— COOH* —» HCOOH* — CHO* — CHOH* — CH,OH* —
CH,OH* — CH,0H and CO, —» CO,* - COOH* — HCOOH*
- CHO* —» CHOH* —» CH,0H* — CH;OH* — CH, + OH* —
H,0* — H,0, respectively. COOH* — CO* is the limiting step
for CO formation with U;, of —0.22 eV. The critical step of
HCOOH formation is the conversion from COOH* to HCOOH*
(Ur = —0.10 eV). U, for CH;0H and CH, remains the same,
which is —0.51 eV via pathway CHO* — CHOH*. Considering
the energy barrier of CH;OH* — CH, + OH* is significantly
higher than that of CH;0H* — CH3;O0H, the CH;0H formation
is more likely to happen than CH,. Thus, the difficulty in C,;
product generation is HCOOH, CO, CH;OH and CH, in
descending order.

According to Fig. 5b, conversion from CO, to CH,~-CHOH* is
the common route for C,-product (C,H¢O, C,H; and C,Hs)
generation, which is CO, - CO,* - COOH* —» CO* — CO-
CO* —» CO-CHO* —» CHO-COH* — CHOH-COH* — CH-
COH* — CH,-COH* — CH,-CHOH*. The pathways for
CH;CH,0H, C,H, and C,Hy formation are CH,~-CHOH* —

This journal is © the Owner Societies 2023
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adsorbed state of intermediates).

CH,-CH,0H* — CH,;-CH,OH* — C,H.0, CH,~CHOH* —
CH,-CH* — CH,-CH,* — C,H, and CH,~CHOH* — CH,~CH*
— CH3;-CH* — CH;-CH,* — CH;-CH3* — C,Hg, respectively.
The limiting step for C, product formation is CO-CO* — CO-
CHO* with an Uy, of —0.36 €V. The CO-CO* coupling energy barrier
is lower than that of CO* — CO, indicating that C, chemical
formation is more likely than that of CO molecules. However, E,qs
values for C,H,O, C,H, and C,Hg are —0.19 eV, —0.45 eV and
—0.47 eV, respectively. This limits the formation of C, products
during the CO, electroreduction process. And the difficulties in C,
chemical formation is C,HO, C,H, and C,H; in descending order.
Finally, Uy, for H, formation is —0.10 eV, which is the same as that
for HCOOH formation and lower than that for other products. To
increase the conversion rate of C; and C, chemicals, the production
of H, during the CO, electrolysis process should be prohibited.

3.6 Origin of catalytic activity of CuNC-4-pyridine and
CuCuNC-4a

Based on the above analysis, in general, the intermediate
has lower adsorption energy on CuCuNC-4a compared to

This journal is © the Owner Societies 2023

CuNC-4-pyridine. To further explain the difference in the CO,
reduction characteristics of CuNC-4-pyridine and CuCuNC-4a,
we selected the intermediate COOH as a representative for
electronic analysis. Fig. 6 shows the charge density difference
of adsorbed COOH on CuNC-4-pyridine and CuCu-NC-4a,
respectively. The Bader charges are listed in the ESI,{ Table S1,
and position numbers of C, N, Cu, O and H atoms on CuNC-4-
pyridine and CuCuNC-4a and COOH are presented in the ESI,}
Fig. S7. According to Fig. 6, COOH adsorbs to CuNC-4-pyridine
by generating the Cu-C bond with the Cu atom and electrons are
transferred from the Cu atom to C atom. However, COOH forms
a C-N bond with the N5 atom on CuCuNC-4a with electrons
transferring from the C atom to N atom. And the bond length of
Cu-C (1.93 A) is longer than that of N-C (1.39 A), indicating
CuCuNC-4a adsorbs COOH more strongly than CuNC-4-pyridine.

Fig. 7a and b display partial density of states (PDOS) of Cu
and N atoms on CuNC-4-pyridine and CuCu-NC-4a without
COOH adsorbed. Bond centers of Cu, N and C atoms are shown
in the ESI,{ Table S3. PDOS values of N1 to N4 are the same
and the 2p bond center is —3.8 eV. The Cu-3d bond center is
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Fig. 6 Charge density difference of adsorbed COOH on (a) CuNC-4-pyridine and (b) CuCu-NC-4a. The isosurface value is 0.004 e bohr~>. Yellow and
blue regions represent increasing and decreasing electron densities, respectively.

—3.2 eV, which is closer to the Fermi energy level (0 eV) than
that of N. That means Cu has a stronger interaction with
intermediates, which is consistent with the result in Fig. 6a
that COOH adsorbed on the Cu atom of CuNC-4-pyridine.
For CuCuNC-4a, the PDOS values of N1&N3&N4&N6 remain
the same, which are different from N2&N5 with 2p band
centers of —3.9 eV and —2.8 eV, respectively. Cul and Cu2
share the same PDOS value with a 3d bond center of —3.1 eV.
Among them, the bond center of N2&N5 is the closest to the
Fermi energy level, agreeing well with the adsorption site for
COOH on CuCuNC-4a. Fig. 7c and d partial density of states
(PDOS) of adsorbed COOH on CuNC-4-pyridine with Cu and C
atoms and CuCu-NC-4a with N and C atoms. The C-2p center
in CuCuNC-4a (—2.2 eV) is closer to the Fermi energy level
than that of CuNC-4-pyridine (—2.5 eV). And the hybridization
between C-2p and N-2p is more apparent than that between
Cu-3d. This indicates the N-C interaction is stronger than that
of Cu-C.

To better illustrate the interaction of COOH with catalysts,
we calculated the COHP between the Cu atom on CuNC-4-
pyridine as well as the N atom on CuCuNC-4a and C atoms
(COOH) on catalysts, respectively. The curve on the right side is
the bonding side and the antibonding side is on the left. The
orbital interactions between Cu and C are weaker than those
between N and C as more antibonding states occur below the
Fermi level in CuNC-4-pyridine. Then, the integrated-COHP is
calculated as shown in the ESI,{ Table S4. CuCuNC-4a has more
negative ICOHP and correspondingly lower COOH adsorp-
tion energy, again demonstrating the stronger adsorption of
CuCuNC-4a to COOH. In summary, CuCuNC-4a presents strong
adsorption to intermediates because of its shorter bond length,
higher bond center and stronger orbital interactions between N
and C atoms.
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4. Discussion

In the present study, we explored the behaviours for the
product formation of CuNC-4-pyridine and CuCuNC-4a, which
have the abilities to benefit C, product formation among Cu-
SACs and Cu-DACs. The novelty of the present study manifests
in two aspects: first, to our best knowledge, the performance of
the CuCu-NC-4a catalyst is investigated, for the first time;
second, the formation of C, products on CuNC-4-pyridine and
CuCu-NC-4a is systematically investigated in the present study,
while previous studies only focused on the formation of C;
products on CuNC-4-pyridine. Our simulations agree well with
a previous study on free energy changes and intermediate
adsorption sites,'* although there are some differences in the
specific values of free energy variations. The differences mainly
come from the discrepancies in the simulated parameters.
In our simulations, we adopted higher values of the plane wave
cutoff energy and k-point sampling, took van der Waals inter-
action and solvation effects into consideration, and used a
revised Perdew-Bruke-Ernzerhof function that is specific for
adsorption energy calculations.

To select a better catalyst for C, products during the CO,
electroreduction process, we compare the free energy of key
products generated on CuNC-4-pyridine and CuCuNC-4a.
Table 1 shows U, and E,qs of the main products generated
on CuNC-1-pyridine and CuCuNC-4a catalysts. Overall, the
limiting potential and E,qs values of CuCuNC-4a are lower
than those of CuNC-4-pyridine, which means that CuCuNC-4a
is a preferable catalyst featuring higher energy utilisation
by applying a lower voltage. However, a lower U;, of H, on
CuCuNC-4a means that the competitive reaction, H, produc-
tion, is intense and needs to be inhibited to enhance the
efficiency of CO, reduction. CuCuNC-4a also decreases E,qs

This journal is © the Owner Societies 2023
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Fig. 7 Partial density of states (PDOS) of N and Cu atoms on (a) CuNC-4-

pyridine and (b) CuCu-NC-4a. Partial density of states (PDOS) of adsorbed

COOH on (c) CuNC-4-pyridine with Cu and C atoms and (d) CuCu-NC-4a with N and C atoms. Crystal orbital Hamilton population (COHP) between
Cu-C on (e) CuNC-4-pyridine and (f) CuCu-NC-4a with the adsorption of *COOH.

of the products, resulting in more difficult detachment of the
products, especially for C, chemicals. For product selectivity,
based on the aforementioned analysis, CuCuNC-4a shows
better performance in C, product formation than CuNC-4-
pyridine. To sum up, CuCuNC-4a catalysts have high selectiv-
ity for C, products and a low limiting potential (high power
utilisation), but the competitive H, formation reactions are

This journal is © the Owner Societies 2023

aggressive and the products are difficult to desorb from the
catalyst.

Regarding the improvement of catalyst performance, it can
be achieved by changing the central atom as well as the
coordination environment, and incorporating alternative axial
ligands or double-centre metal active sites.® H, formation can
also be inhibited by adjusting the pH values of the electrolyte,
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Table 1 Summary of U_ and E,qs of the main products during the CO,
electroreduction process on CuNC-1-pyridine and CuCuNC-4a

CuNC-4- Eods CuNC-4-
Uy (evV)  pyridine CuCuNC-4a (eV) pyridine CuCuNC-4a
H, —-0.8 -0.1 CO, 0.32 0.18
CcO —-1.07 —0.22 CcO 0.3 0.29
HCOOH —-0.44 —0.1 HCOOH 0.2 0.03
CH;0H —0.68 —-0.51 CH;0H 0.13 —0.05
CH,4 —0.68 —-0.51 CH,4 0.41 0.23
C,HO  —1.07 —0.36 CHO  —0.1 —0.19
C,H, -1.07 —0.36 C,H, 1.44 —0.45
C,He ~1.07 —~0.36 C,He —0.26 —0.47

the pressure and temperature of gas phase CO,, or adopting
non-aqueous solution.*>** MNC materials can be synthesized
by the following methods: pyrolysis, liquid phase exfoliation,
electrochemical deposition, thermal synthesis and wet chemistry.®
Nitrogen doping of graphene may have different structures in the
manufacturing process. And careful selection of the appropriate
method and parameters is required when manufacturing target
catalysts.

5. Conclusions

In the present study, we systematically explored the behaviours
of Cu-SACs and Cu-DACs during the CO, electroreduction
process using DFT calculations. Five robust structures are
determined after testing the thermal and kinetic stabilities
of eleven possible configurations. The performance of C-C
coupling reactions on the selected catalysts was investigated.
Results show that CuNC-4-pyridine and CuCuNC-4a can benefit
C, chemical generation with negative energy changes in the
C-C coupling process. Subsequently, the detailed mechanisms
of C; and C, chemical formation (CO, HCOOH, CH;OH, CH,,
C,H¢0, C,H, and C,H) during CO, electroreduction on CuNC-
4-pyridine and CuCuNC-4a are studied. CuCuNC-4a presents a
high selectivity for C, products and a low limiting potential
(high power utilisation), but competitive H, formation reac-
tions are vigorous and the products are hard to desorb from the
catalyst. The current research provides important insights for a
thorough understanding and for potential design of MNC
catalysts.
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