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Introduction

Molecular modification of planar four-coordinated
cobalt active site for the electrochemical
reduction of carbon dioxide: a density functional
theory study+

Xu Ding, Yucheng Jin, Hailong Wang "= * and Dongdong Qi*

Single atomic catalysts (SACs) with planar metal-N,4 sites are promising electrocatalysts for CO, reduction
reaction (CO,RR) in which the coordination environment plays a crucial role in intrinsic catalytic activity.
Cobalt porphyrin is one of the most intensely studied model compound towards CO, reduction photoca-
talysts and electrocatalysts because of the central metal located in a well-defined planar four-coordinated
(Co—Ny4) environment. Appropriate structural adjustment of tetraaza-macrocyclic ligands has been
demonstrated to improve their thermodynamic reactivity towards CO, reduction. Herein, we theoretically
reveal that such approach enables to tune the electronic structure around active metallic sites due to the
changed Co—Ny4 local structures with broken Dy, symmetry and different conjugated ligands from density
functional theory (DFT) calculations upon a series of model compounds. They contain cobalt corrole
(Co2), cobalt octahydroporphyrin (Co3), and cobalt 1,5,9,13-tetraazacyclohexadecane (Co4), referring to
the cobalt porphyrin (Col) as the benchmark. In addition, the replacement of N atom(s) in Co—Ny sites in
Col using O and S heteroatoms to form cobalt 21-oxaporphyrin (Co5), cobalt 21,23-dioxaporphyrin
(Co6), 21,22-dioxaporphyrin (Co7), cobalt 21-thiaporphyrin (Co8), cobalt 21,23-dithiaporphyrin (Co9), and
cobalt 21,22-dithiaporphyrin (Col0) has been evaluated for the rational design and synthesis of high
efficiency Co—N-C (cobalt-based) catalysts made up of single metallic atoms coordinated by nonmetallic
ligands. In particular, Co3 and Co8 show the lower limiting potentials for CO product as —0.61 and —0.58
eV, respectively, compared with that of Col. Co2 and Co5 have promising activity for the CHsOH product
with the limiting potentials of —1.30 and —1.04 eV and for CH,4 product with the limiting potentials of
—1.37 and —1.04 eV. This study not only provides a comprehensive view of Co-porphyrinoids for CO,RR
but also presents a theoretical screening path for designing and searching efficient molecular catalysts
toward electrochemical reactions.

thetic fuels and industrial feedstocks using sustainable
power.*”” Because the electricity is capable of being substan-

The lasting emissions of carbon dioxide from the combustion
of fossil fuels have resulted in serious energy and environ-
mental issues since industrial revolution."” Among various
CO, conversion technologies, photocatalytic and electro-
catalytic CO, reduction reaction (CO,RR) are one of the most
promising strategies as they can convert CO, exhaust into syn-

Beijing Advanced Innovation Center for Materials Genome Engineering, Beijing
KeyLaboratory for Science and Application of Functional Molecular and Crystalline
Materials, Department of Chemistry and Chemical Engineering, School of Chemistry
and Biological Engineering, University of Science and Technology Beijing, Beijing
100083, China. E-mail: hlwang@ustb.edu.cn, qdd@ustb.edu.cn,
Jianzhuang@ustb.edu.cn

tElectronic supplementary information (ESI) available: Computational detail
and additional figures and tables. See DOI: https://doi.org/10.1039/d3qi01643a

7054 | inorg. Chem. Front, 2023, 10, 7054-7063

tially obtained from solar, wind, hydropower, and other
sources, the electrochemical reduction of carbon dioxide
becomes an important paradigm to close the carbon cycle.*™*
However, the practical implementation of this technology is
prevented by the high activation CO,RR barrier and low cata-
lyst stability. Thus, it is important to develop robust electroca-
talysts with high performance."

Single atomic catalysts (SACs) with well-dispersed metal
sites coordinated by non-metallic ligand possess excellent cata-
lytic activity and atom utilization towards CO,RR.'**® In par-
ticular, metal-coordinated N-doped carbon-supported SACs
(M-N-C, M = transition metals) have emerged as promising
CO,RR electrocatalysts, featuring long-term stability, reprodu-
cible performance, and potential for large-scale synthesis."” '
Prior to these catalysts, metallic tetraazamacrocycles, including
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porphyrins, phthalocyanines, and biphenanthrolinic hexaaza-
cyclophanes, with similar M-N, coordination structures have
attracted attention towards catalysis for the CO,RR in the
1970s.>* As early as 1974, Meshitsuka first observed that graph-
ite-supported cobalt or nickel phthalocyanine electrodes
showed the polarization curves in aqueous electrolytes with
CO,; the reduction product, however, was not identified.>® In
1984, cobalt phthalocyanine on carbon was proven to reduce
CO, into CO with a current density of 0.98 mA cm™2 at 0.5 V
and a faradaic efficiency of 50%.> In 1979, Takahashi et al.
first disclosed that the cobalt porphyrin was active, and the
reduction product was confirmed to be formic acid by the
resorcinol test.?” In even recent 2019, CoPPCI has been demon-
strated to achieve a high CO selectivity of 98.3% at 0.49 V with
an overall current density of 25.1 mA cm™>.%® Aside from the
metal active centers with tetraazamacrocycles, the coordinated
heteroatoms show a crucial effect on the catalytic activity of
SACs. The introduction of O atom into N coordination environ-
ment improved the catalytic activity. Kim et al. observed that
the O atom coordinated in Ni(-Cl)-N;O-TPP led to an
improved catalytic activity in CO,RR than Ny-coordinated Ni-
N,-TPP.>” They also demonstrated the important role of O
heteroatom in subordinating the reaction barriers for CO,RR
compared with Ni-N,-TPP. Obviously, the change of tetraaza-
macrocycles and introduction of heteroatoms around the
metal improves the CO,RR performances for SACs catalysts.
However, thus far, it is still very challenging for the reduction
of carbon dioxide into high value-added products including
C1 and C2 products (such as CH;OH, CH,, and C,H,) with
multi-electron mechanisms. The introduction of copper cata-
lysts upon molecular catalysts and enhancement of the
binding with CO intermediate are useful methods in this
regard.”®

In this work, we comprehensively investigated CO,
reduction to CO, CH30H, and CH, upon a series of Co-por-
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phyrinoids (Co1-Co3 and Co5-Co10) and 1,5,9,13-tetraazacy-
clohexadecane (Co4), revealing the regulatory mechanism of
the core-modification and ring-modification about its catalytic
behaviors as well as the potential-determining step (PDS) by
DFT calculations.>™? First, the structure stability and elec-
tronic structure of all models were calculated. Second, the
binding configurations and energies of CO, intermediates on
catalysts were determined, and the charge density difference
and density of states were analyzed. Finally, the CO,RR mecha-
nisms to possible C1 products via two-, six-, and eight-electron
pathways were elucidated in turn. This work not only indicates
the ring- and core-modification effect on SACs in the CO,RR
mechanism but also shows a bright avenue to design excellent
atomically-dispersed electrocatalysts at the molecular level
based on theoretical simulations.**~°

Results and discussion
Chemical and electronic structures

In the present work, we tried to correlate the relationship
between molecular structures and catalytic properties from the
thermodynamic perspective to explore effective molecular
catalysts.’” > As a result, a series of molecular catalytic models
containing Co-N, and corresponding heteroatom-doped
coordination environment have been selected to illustrate the
two kinds of molecular catalyst design approaches, namely,
ring-modification =~ and  core-modification = approaches
(Scheme 1). Herein, it is worth noting that the ring-modifi-
cation approach is defined as removing or hydrogenating peri-
pheral carbon atoms from the porphyrin ring of model com-
pound Col, generating Co2-Co4 with the similar Co-N, core
(Scheme 1). Typically, the resultant cobalt porphyrinoids and
1,5,9,13-tetraazacyclohexadecane derivatives possess different
physicochemical properties in comparison to that of tra-

core modification ) Co7

H O H
LW / Co8
N/CO\N> ~—
HI_JH Cod Co10 gad

Scheme 1 Geometric structure of cobalt complexes upon ring and core modification.
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ditional porphyrin derivatives. On the other hand, core-modifi-
cation approach is denoted as replacing one or two pyrrole N
atoms with other heteroatoms such as O and S, leading to
core-modificated porphyrins (Co5-Co10) with changed Co-
N,X,_y (X =0, S; y = 2, 3) core (Scheme 1). The stable configur-
ations of Co1-10 are shown in Fig. 1a-j. The optimized mole-
cular size of Col is 12.10 A x 12.10 A x 4.00 A with all the
atoms in the same plane. After the ring-modification of the
skeleton, the removal of one C atom at the meso-position of
Col to generate Co2, the molecular size is slightly decreased to
11.42 A x 11.49 A x 4.00 A, which still has a coplanar structure.
As a consequence, the Co-N distance is shortened to 1.88 A
from 2.05 A in Co1. The hydrogenation of the peripheral eight
carbon atoms in Co1 gave rise to Co3; its optimized molecular
size is 12.12 A x 12.12 A x 4.16 A. The Co-N distance is almost
not affected relative to that of Col. For Co4, it is derived from
the removal of peripheral pyrrole eight carbon atoms of Co1
and hydrogenation of residual unsaturated non-hydrogen
atoms, possessing a much smaller molecule size of 10.08 A x
10.17 A x 6.42 A. The configuration of Co4 is the distorted non-
coplanar molecule, and the average Co-N distances are
elongated to 2.17 A from 2.05 A in Co1. For core-modification
species (Co5-Co10), the one or two pyrrole N atoms in Co1 are
substituted by one/two S or O atoms to generate Co5-10. The
detailed structural informations of Co-porphyrinoids are
shown in Fig. 1e-j. The Co-N distances of Co5-Co8 are shor-
tened as a result of the compression exerted on the cobalt
atom by the heteroatoms. However, the S substitution of the
two pyrrole N atoms (Co9 and 10) leads to an increased Co-N
distance due to the deviation of cobalt atoms from the mole-
cular N,S, plane.

Meanwhile, the formation energy (Esormation) Was calculated
to evaluate the thermodynamic stability of Co-porphyrinoids
and 1,5,9,13-tetraazacyclohexadecane (Table S27). Eformation < 0
eV indicates that the cobalt compounds have good thermo-

a)

Co1
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dynamic stability.** Herein, the Eformation values of all cobalt
complexes are calculated to be negative in the range between
—0.44 and -11.2 eV, indicating that they are thermo-
dynamically stable for the center cobalt ion during catalysis.
Among these compounds, the Efymation Values of Co4, Co6,
Co7, and Co10 are much closer to zero than Col. In addition,
various Co1 derivatives have been reported and performed well
in electrocatalysis;** thus, Co2, Co3, Co5, Co8, and Co9 deriva-
tives are expected to be available at the experimental level.

To understand the ring- and core-modification effect on
this series of model complexes, the electronic structures of
Col to Co10 were investigated by the electronic densities of
states (DOS) and charge density differences.*> Co1 shows four
distinct electron distribution peaks at —18.13, —13.55, —10.14,
and —7.28 eV in Fig. 2a and Fig. S1,7 and the band gap is 5.93
eV. The removal of a meso-positional C in Col to form Co2
induces four electron distribution peaks of Co2 at —16.95,
—12.87, =9.39, and —6.25 eV, which slightly decreases the
band gap to 5.61 eV. The peripheral hydrogenated Co3 has the
four electron distribution peaks shifted to large energy values
of —18.31, —15.59, —12.22, and —7.26 eV, and its band gap is
further decreased to 4.95 eV. In contrast to these three com-
pounds, the band gap of Co4 is suddenly increased to 9.22
eV.*>*” As shown in Fig. 2b and Fig. S2,} the replacement of N
atom of Co1 with O atom to generate Co5 results in six electron
distribution peaks at —18.26, —16.52, —13.74, —9.75, —6.99,
and —1.12 eV with the smaller band gap of 5.40 eV. The re-
placement of two nitrogen atoms at either diagonal or adjacent
position of N, core with O atoms gives rise to six similar elec-
tron distribution peaks of Co6 and Co7 and the decreased
band gaps of 5.57 eV. When one N atom in Col is replaced by
S atom, there are six electron distribution peaks for Co8
observed at —18.19, —17.00, —13.71, —9.07, —4.98, and —1.19
eV, substantially decreasing the band gap to 3.40 eV.
Consequently, the substitution of two N atoms in Col with S

d) A~ e)
5

Co2 Co3 Co4
Dy = 4.51 A Dy = 4.42 A Dy = 451 A Dy = 4.33 A Dy = 4.44 A
Dyy=2.05A Duniz = 1.88 A D =2.10A Dy =2.17A Duntrz = 1.95/1.94 A
Duo=2.15A

i

Co10

Co8 Co9
Dyy = 4.53 A Dy = 4.54 A Dyy = 4.38 A Dy = 4.85A Dy-y = 4.64 A
Dy = 2.02A Dy = 2.00 A Duntiz = 2.02/1.89 A Dun=2.73A Duniiz = 2.07/2.04 A
Dmo=2.12A Duo12 = 2.18/2.16 A

Fig. 1 Optimized structures of (a—j) Col-Col0 with average Co-X (X = N, O, S) bond lengths. All Co-X (X = N, O, S) bond lengths are listed in

Table S1.4
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Fig. 2 Electronic densities of states (DOS) of (a) Col-Co4 and (b) Co5-Co10. The values in figures refer to the position of highest occupied mole-
cular orbitals. Electronic projected densities of states (PDOS) of (c) Col-Co4 and (d) Co5-Co10. Charge density difference of (e—n) Col-Col10.
Before and after cobalt atom anchored into ligand molecule, respectively. Yellow and blue regions represent increasing and decreasing electron

densities, respectively. The isosurface values were 0.009.

atoms shows five similar electron distribution peaks of Co9
and Co10 with S atoms at diagonal and neighboring positions,
and the decreased band gaps are 5.55 and 5.53 eV, respect-
ively.*® In the present case, both ring- and core-modification
approach can decrease their band gaps, improving the intra-
molecular electron transfer of cobalt catalysts during the
CO,RR process. Meanwhile, the LOL-n (localized orbital
locator) analysis was calculated to evaluate the molecular con-
ductivity of cobalt complexes in Fig. S3.f From the figure, it
can be seen that the LOL-t map successfully reveals the deloca-
lization of the = electrons around macrocycles with the excep-
tion of Co4.

As shown in Fig. 2c and d, the projected DOS shows that
the orbitals in Co1-Co10 compounds are in the range from
—20 to —5 eV, consisting of Co 3d and N 2p or/and S/O 2p orbi-
tals. For these compounds, the Co 3d orbital displays an
obvious overlapping with N 2p and/or S, O 2p orbitals, imply-
ing the strongest interaction between the Co atom and the sur-
rounding N atoms and other heteroatoms in all cobalt com-
plexes. As displayed in Fig. 2e-n, the charge density differences
show increased electron density on the metal surface in Col
after the complexation with porphyrin, indicating the for-
mation of stable coordination bonds. Simultaneously, the
injection of electron occurred on the Co atom, which is ben-
eficial for the enhancement of the reduction capability of the
active metal site. The similar phenomena are observed in Co2
and Co3, albeit with a greater injection of electron than that of
Col. In Co4, electrons are distributed to C atoms and N atoms
rather than transferring between Co atom and N atoms, indi-
cating that a weak coordinate bond is formed in Co-N bonds
in this compound. Following the core-modification, the
majority of electrons are accumulated in the Co-O and Co-S

This journal is © the Partner Organisations 2023

bonds instead of Co-N bonds for Co5 and Co8, suggesting the
presence of the stronger interactions between Co and O or S
atoms rather than N atoms. The electron density on the upper
surface of the Co atom increases in Co6, Co7, Co9, and Co10,
while it decreases on the lower surface, Fig. 2j, k, m, and n.
This phenomenon can be attributed to the different atomic
radius of O and S atom compared with N atom, which induces
a deviation of the cobalt atom from the molecular plane. The
NPA charge in Table S3t1 and electrostatic potential (ESP) in
Fig. S41 show that less electrons are transferred from divalent
Co atom to macrocycles observed for C than that in Co1l
(1.240), revealing the more electron density around the cobalt
atom for Co2, Co3, Co5, and Co8. This evidence indirectly
reflects the improved adsorption capability of active cobalt ion
toward small substrate such as O, and CO,. The high NPA
charge of cobalt atom on Co4, Co6, Co7, Co9, and Co10 are
1.424, 1.530, 1.507, 1.757, and 1.750, respectively, lead to the
more difficult electron transferred from the cobalt atom to the
substrate. In a word, the systematic study on formation energy,
DOS, charge density difference, NPA charge, and ESP of ten
models preliminarily screens the stable and favorable elec-
tronic structure with potential to capture small molecule, cer-
tainly including CO,, for the next activation on metal sites
with similar Co-N,X,_, coordination environment.

Screening adsorption capability

The possible CO,RR intermediates from CO, to CO, CH3;0H,
and CH, products along with corresponding reaction pathways
are summarized in Fig. 3a. Adsorption thermodynamic energy
of CO, and important product/intermediate CO along various
CO,RR pathways upon these compounds were elucidated to
evaluate the core-modification and ring-modification strategy.

Inorg. Chem. Front,, 2023, 10, 7054-7063 | 7057
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(a) Schematic of elementary reaction steps of CO,RR to CO, CH3OH, and CHy. (b) Relationship between the d-band center of Co1-Co10 and

the adsorption energy of CO, molecules. (c) NPA charge difference between C and O atoms of CO molecule and Co atom before and after CO
binding on Col-Co10 (The positive values represent increasing electron density). (d—m) Charge density difference (5p = pars — pa — ps) of CO
binding on Col-Col0 before and after CO binding, respectively. Red and green regions represent increasing and decreasing electron densities,

respectively.

It is well established that CO, physical adsorption is the initial
and crucial step for CO,RR.*® Therefore, a thermodynamics
favorable CO, adsorption configuration is significant for the
CO, activation and further reduction. For the Col compound
(Fig. S51), CO, prefers to binding with Co atom via
O-termination configuration with a £OCO of 178.45° and a
Co-O distance of 3.42 A, having the binding energy of —0.03
eV. The change of porphyrin with corrole (Co2) provides a Co-
C distance of 2.05 A and «0OCO is 130.86° for the CO,
adsorbed on the cobalt site in Co2. In contrast to Col, the
larger binding energy of Co2 toward CO, suggests the
improved adsorption capacity for the latter one. On hydrogen-
ated Co3, the C-termination configuration of CO, adsorbed by
cobalt site is also observed with a smaller distance of 2.18 A
and the £OCO of 135.75°, indicating the stronger interactions
between the Co atom and CO, molecule compared with that of
Col. This point is further confirmed by the relatively small
value for CO, adsorption energy of 0.17 eV. On the
C-termination configuration of CO, in Co4, Co-C distance of
3.28 A and £OCO of 179.36° are detected. The positive adsorp-
tion energy of CO, (0.14 eV) suggests a much weaker CO,
capture ability of this compound.

In the core modification strategy, the C-termination con-
figuration of CO, is captured with a short Co-C distance of
1.94 A for Co5. The adsorption energy of CO, is —0.16 €V,
much lower than that on Col. This suggests an effective
improvement of the CO, capture ability on Co5. The substi-
tution of two nitrogen atoms at either adjacent or diagonal
position of N, core with O atoms causes the relatively short dis-
tance of Co-C or Co-O of about 3.27 and 3.01 A of CO, adsorp-
tion configurations for Co6 and Co7, and the adsorption
energy of CO, is 0.15 and 0.11 eV, respectively. The replace-

7058 | Inorg. Chem. Front, 2023, 10, 7054-7063

ment of O atom with S atom causes the long distance of Co-C
of about 2.15 A for C-termination configuration adsorbed on
cobalt atom in Co8. The much larger positive adsorption
energy of CO, is 0.58 eV due to the S coordination weakening
the CO, capture ability. On Co9 and Col0 surface, in the
adsorbed CO, in C- and O-termination configuration, the dis-
tances of Co-C and Co-O are 3.29 and 2.96 A, respectively. As a
result, their values of adsorption energy of CO, are further
increased to 0.62 and 0.59 eV, respectively, hinting at the
much weaker interaction between the CO, molecule and diva-
lent cobalt atom.

The changed CO, adsorption energy on the same metal pri-
marily relies on the occupancy weight of bonding and anti-
bonding states formed by the hybridization of the wave func-
tions of adsorbate and metallic d orbital electrons.’® The posi-
tive adsorption energies of a series of models (except Co1, Co2,
and Co5) are due to the lower d-band of metal compared to
the Fermi level (E¢) accompanied by the higher occupancy of
the antibonding state, leading to a certain repulsive interaction
between the CO, and cobalt atom and thereby a weak chemi-
sorption. This hypothesis is overall correspondent with the cal-
culation results about the position of the d-band center of the
metal (Fig. 3b). The much closer position of the d-band toward
Femi level (Eg) seems to be helpful in the activity enhancement
of the metallic d orbital electron, preferring to the formation
of a strong chemisorption, as indicated by Co1, Co2, and Co5.

Since CO is one of the important intermediates during
CO,RR, the binding configuration of CO on cobalt atom in
Co1-Co10 were comparatively explored (Fig. S671). In all the Co
complexes, CO prefers to locate on the Co site in the form of
C-termination configuration, and the calculated binding
energy is 0.27, —1.36, —0.61, 0.32, —1.11, —0.36, —0.06, —0.53,

This journal is © the Partner Organisations 2023


https://doi.org/10.1039/d3qi01643a

Published on 17 ijna 2023. Downloaded on 15.02.2026 12:47:19.

Inorganic Chemistry Frontiers

0.72, and 0.21 eV, respectively. Therefore, ring-modified Col-
Co3 together with core-modified Co5-Co8 could effectively
improve the CO binding energy, making it favorable for CO,RR
to C1 products (such as CH, and CH;OH) with multi-electron
mechanism, while Co4, Co9, and Co10 seem to favor the for-
mation of only the CO product due to the small binding
energy.

To further gain an insight into the effect of core and ring-
modification on the important step of CO binding, the charge
distribution in CO and Co on Col-10 were analyzed in the
unbinding and binding states (Fig. 3c and Table S47). The elec-
tron density at the C atom of CO adsorbed by the Co site is
increased obviously from Co1l (0.149 |e|) to Co2 (0.338 |e|),
then decreased to the similar Co1 value of Co3-Co5, Co8, and
Co10 (—0.046 |e| —0.182 |e|), implying the possibility of elec-
tron transfer from Co atom to binding CO. A similar phenom-
ena is observed for the charge density of O atoms when CO is
bound on Co compounds. For the change in the charge
density in Co atom, there is 0.107 |e| electron transfer from Co
to the adsorbed CO molecule, indicating the presence of inter-
action between Co and CO in Col. On Co2, 0.013 |e| less elec-
trons are transferred from the Co atom in Co2 after CO
binding relative to that on Co1l, suggesting the presence of a
weaker interaction between Co atom and carbon monooxygen
molecule for the former compound. After other model com-
pounds, 0.135, 0.192, 0.404, 0.371, 0.315, 0.390, 0.549, and
0.285 |e| more electrons are shifted in compared with that on
Co1 after CO attack, suggesting a stronger interaction between
Co and CO on Co3-Co010 than Co1. The obvious electron trans-
fer is indicated by the charge difference, showing either
reduced or enhanced electron density for cobalt macrocyclic
ligand and CO (Fig. 3d-m). This is in good agreement with the
above mentioned NPA charge analytical result.

Screening CO,RR to CO via two-electron pathway

In CO,RR, the products involving C1 and C2 products have
been obtained. Nevertheless, the generation of C2 products is
difficult using porphyrin-based electrocatalysts owing to the
absence of the binding center for C-C coupling to C2
intermediates.”">> Two-electron, six-electron, and eight-elec-
tron pathways to C1 products are presented in Fig. 3a. In this
paper, all the possible reaction pathways together with the
involved intermediates on Co model compounds are provided
in Fig. S7-S16 and Tables S6, S7.}

CO is the main CO,RR product obtained via the two-elec-
tron pathway. As shown in Fig. 4 and Fig. S17,7 CO,RR to form
CO proceeds along the pathway CO, — *COOH — *CO —
CO0.>*% On Co1, CO, adsorption is thermodynamically favor-
able due to the AG value of —0.03 eV, followed by a crucial pro-
tonation step from *CO, to *COOH with a high AG value of
1.27 eV. Subsequently, the pathway contains the *COOH —
*CO and CO desorption processes, having a AG value of —0.61
and —0.27 eV, respectively. On Co2, the spontaneous CO,
adsorption, *COOH formation, and *CO generation processes
are supported from thermodynamics perspective by means of
a AG value of —0.24, —0.38, and —0.38 eV, respectively. In con-

This journal is © the Partner Organisations 2023
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Fig. 4 Free energy diagrams of CO,RR to CO and corresponding inter-
mediates on Col-Col0 complexes. The values in figures refer to the
free energy change for the PDS. The asterisks mean intermediates bind
at the active site.

trast to the generation of *COOH upon Col as the potential
determining step (PDS), Co2 has the PDS of CO desorption for
CO,RR, as indicated by the high AG value of 1.36 eV. This high
AG value for CO desorption seems to be helpful in the conver-
sion into CH;OH and CH, from the *CO intermediate. On
Co3, the PDS for CO generation is still estimated as the desorp-
tion of CO (0.61 eV), significantly lower than that of Co1 (1.27
eV), indicating the much better activity to generate CO for the
former compound. On Co4, the PDS is *COOH formation due
to the highest AG value of 1.74 eV among these ten com-
pounds, indicating the difficult protonation of CO, to produce
the *COOH intermediate. For the core-modification com-
pounds, the PDS of Co5 is CO desorption due to the high AG
value of 1.11 eV, indicating the promising catalyst for the
further hydrogenation reactions of CO into others valuable
products. For Co6 and Co7, high AG values of 2.12 and 1.89
eV, respectively, are seen for the production of *COOH. On
Co8, the PDS for CO production is CO, adsorption (0.58 eV),
which is significantly lower than that of Co1 (1.27 eV), indicat-
ing the easy production of CO. This is consistent with the pre-
viously mentioned analytical result of the smallest band gaps
(3.40 eV), implying the strongest reduction capability of Co8.
For double sulfur-doped Co9 and Co10, the high AG, 1.17 and
1.41 eV, respectively, are seen for the production of *COOH.
Notably, it is still challenging to rationally construct a highly
efficient catalyst for special valuable products. Therefore,
theoretical simulations were conducted on these compounds
to screen promising catalysts for CH;OH and CH, products
from the *CO intermediate.

Screening CO,RR to CH;0H via the six-electron pathway

It is worth noting that both *COH and *CHO are the inter-
mediates of CO,RR to generate CH, and CH3;OH. In com-
parison with the free energy of CO desorption, the much
higher free energy of *COH and *CHO on Co1, Co3, Co4, and
Co6-Co10 are averse to corresponding intermediate formation
(Table S5t). In great contrast, on Co2 and Co5, the *CHO for-
mation by *CO protonation has a free energy barrier of 0.34
and 1.04 eV, respectively, smaller than the CO desorption
barrier of 1.36 and 1.11 eV. Therefore, the formed *CO inter-
mediate is expected to be further protonated to form the
CH;0H and CH, on Co2 and Co5. Fig. 5 introduces the pre-
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Fig. 5 Free energy diagrams of CO, reduction pathway to CHsOH on
Co2 and Co5. The values in figure refers to the free energy change for
the PDS. The asterisks mean that intermediates bind at the active site.

ferred reaction pathways of CO,RR to CH3;0H by means of the
six-electron pathway on Co2 and Co5. On Co2, reactions
proceed along the path CO, - *COOH — *CO — *CHO —
*OCH, — *CH,0OH — *CH3;OH — CH;OH. After *CO formation
through the first two steps with successive protonation, the
third proton prefers to interacting with the C atom of *CO to
form *CHO with the AG value of 0.34 eV, precluding the other
pathway from *CO to *COH because of the high energy barrier
of 3.62 eV. In the following step, *CHO — *OCH, requires a
negative AG value of —0.54 €V, representing a spontaneous
reaction. In the next step, *OCH, — *CH,OH needs a smaller
AG of 0.40 eV than that for *OCH, — *OCHj; (0.45 €V), identi-
fying that CO,RR proceeds via the first pathway. It is followed
by *CH,OH — *CH;OH with a very negative AG value of —1.09
eV. Then, the desorption of CH;0H requires a AG of 1.30 eV,
being the PDS in the CH;0H generation pathway.

On Co5, the proceeding *CO — *CHO reaction suffers a AG
value of 1.04 eV, being assigned as the PDS in the CH;OH
generation pathway. Then, the proton tends to attack the C
atom instead of the O atom of *CHO to form *OCH,, with a AG
value of —0.46 eV; the subsequent hydrogenation at the O
atom of *OCH, produces *CH,OH with a AG of —0.27 eV. The
*CH,OH — *CH3;0H step presents a spontaneous trend
suggested by a AG value of —0.47 eV. After these steps, the
CH;OH needs a small AG value of 0.32 eV for desorption,
implying the easy escape of CH;0H from Co5. As a result, Co2
and Co5 may be promising catalytic candidates for CO,RR to
CH,;0H, although they encounter different PDS in the same
six-electron pathway.

Screening CO,RR to CH, via the eight-electron pathway

The conversion CO, to CH, has been achieved via the eight-
electron reaction pathway with the necessary *COH or
*CHO.>>®**” The reaction free energy profiles of CH, pro-
duction for the above selected Co2 and Co5 due to the easy for-
mation of *CHO are calculated and shown in Fig. 6. In combi-
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nation with the calculation results on CH;OH production,
there are only two possible pathways for CO,RR, including CO,
- *CO, = *COOH — *CO — *CHO — *OCH, — *CH,OH —
*CH, — *CH; — *CH, — CH,(1) and CO,—~*CO, — *COOH —
*CO — *CHO — *OCH, — *CH,0H — *CH,OH — *CH; —
*CH, — CHy(u). For Co2, the six reaction steps to form
*CH,OH in CH, generation are the same pathways as that in
CH3;0H generation. For the following step, *CH,OH suffers
from the two possible pathways to form either *CH;OH or
*CH,. The negative AG value of —1.09 eV allows the spon-
taneous protonation of *CH,OH to form *CH;OH. The
*CH3;OH — *CH; pathway, rather than CH;OH desorption with
a small AG of 0.06 eV, provides an opportunity to proceed
*CH;3 — *CH,4 (AG = —1.40 eV) and produce CH, (AG = 1.37 eV)
(Fig. S87). Therefore, methane desorption for CH, generation
is the PDS. The AG of CO,RR to prepare CH, is similar to that
for the CH3;0H product (1.30 eV), predicting the presence of
an intense competition between CH, and CH;OH in CO,RR on
Co2. For Co5, the calculation results reveal that it has the same
CO,RR pathways as Co2. The *CHO — *OCH,, *OCH, —
*CH,OH, *CH,OH — *CHj3, and *CH; — *CH, steps are spon-
taneous due to AG values in the range from —1.02 to —0.25 eV.
In contrast, the energy barrier of CH, desorption is still con-
sistent with that of CH;OH desorption with small energy bar-
riers (0.31 eV vs. 0.32 eV), indicating the potential of obtaining
CH;0H and CH, in CO,RR. As a result, its PDS is determined
as *CO — *CHO (1.04 eV). The present results illustrate the
CO,RR pathway to valuable CH;OH and CH, and the possi-
bility of achieving high efficiency catalysts.

In order to apply the electronic regulation strategy of the
metal site to innovate molecular catalysts, substituent effects
have also been introduced to regulate the electronic structure
of cobalt porphyrin Co1.%® Inspired by the asymmetric oxygen
and sulfur doping strategy, we introduce two electron-donating
and electron-withdrawing substituents (-F, -CN and -NH,) on
the pyrrole of porphyrin, and two electron-withdrawing substi-
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Fig. 7 Geometric structure of cobalt complexes upon substituent
effects.

tuents (-F) on the meso-site of porphyrin, such as the structure
Co11-Col16, as displayed in Fig. 7. The NPA charge of the cobalt
atom in all compounds was carried out (Table S31). The find-
ings indicate that the charge on the Co atom is minimally
affected by asymmetric substitution. In the next step, eight sub-
stituents (-F and -OCHj3;) were introduced at the periphery of
the porphyrin molecule, and the corresponding NPA charge was
calculated; however, the observed impact remains negligible. As
a result, the substitution effect has a little effect on the CO,
reduction properties. To verify our point, we calculate the
energy barrier diagram, as shown in Fig. S20.1 As expected, the
formation of a step in *COOH still has a higher energy barrier.

Conclusions

In summary, we have performed a comprehensive and sys-
tematic theoretical investigation about CO,RR thermo-
dynamics behaviors over a series of cobalt porphyrin bench-
mark-derived model compounds based on the ring- and core-
modification strategies as well as the substitution effect. The
electronic densities of states (DOS), charge density difference,
NPA charge, ESP mapping, d-band center, and adsorption
capability toward CO, and CO molecules of all the cobalt com-
plexes were analyzed. Their different thermodynamics beha-
viors are mainly associated with the molecular structures
rather than the substituent effect. In the present case, four
cobalt complexes (Co3, Co5, Co8, and Co9) were identified as
potential CO,RR catalysts with a high activity for the CO
product. Co2 and Co5 have the opportunity to generate
CH;0H and CH, through more than two electron pathways. At
the end of this section, it is worth noting that the molecular
electrocatalysts have poor conductivity and thus require
necessary immobilization with conductive supports for hetero-
geneous electrocatalytic CO,RR. Although some model com-
pounds have been screened to exhibit a promising good per-
formance on the basis of the thermodynamic calculations,
however, the regulation of kinetics of electrocatalysts also plays
a crucial role. For example, the good dispersion of molecular
catalysts on the suitable conductive substrates is a determi-
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nant to improve the electron conductivity between interfaces
toward high performance electrocatalysts. In addition, the new
technology of electrolyzer is another important factor to
enhance the efficiency of catalysts through the enhancement
of the mass transport of the reactant gases to touch the electro-
des.”® In the present case, this work is still surely helpful to
guide the design and synthesis of new Co porphyrin catalysts
for electrochemical CO, reduction with good reactivity.
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