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In this study, the possibility of using TM atom anchored monolayer TAP as a class of electrocatalysts
(TM@TAP, TM = 3d and 4d transition metal) toward carbon dioxide reduction reaction (CO,RR) was
systematically investigated using first-principles calculations. During screening potential catalysts, the
possibility that H and OH block the active site was considered. Then, the reaction mechanisms of
screened catalysts were explored in detail. Interestingly, the different catalysts demonstrated different
selectivities. Our results demonstrate that Cr@TAP, Zn@TAP, Mo@TAP, and Cd@TAP are selective toward
the HCOOH product with a limiting potential in the range of —0.33 to —0.71 V. Mn@TAP and Rh@TAP
promote CO production. The reduction products of Fe@TAP and Co@TAP were CHzOH and HCHO,
respectively. Tc@QTAP and Ru@TAP can catalyze CO, to yield the deep reduction product, i.e. CHy.
Among these catalysts, Cr@TAP and Rh@TAP are highly active due to their lower limiting potentials of
—0.33 V and —0.28 V, respectively, and Fe@TAP can promote the production of the desired CHzOH with
a limiting potential of —0.51 V, which allow them to be promising electrocatalysts for the CO,RR. We
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1. Introduction

The greenhouse effect caused by the burning of fossil fuels is
a great threat to mankind."* The utilization of carbon dioxide
resources is one of the most challenging and effective ways to
solve the problem.** Among the many methods for CO,
resource utilization, the electrocatalytic carbon dioxide reduc-
tion reaction (CO,RR) has been identified as one of the most
promising methods and has gained considerable interest due to
mild reaction conditions (operated at room temperature and
ambient pressure) and the reaction products of the reduction
process readily controlled by the applied potential.>®* However,
poor selectivity, low efficiency, and large overpotential limit the
development of CO,RR.*™ Therefore, it is quite crucial to
discover highly efficient electrocatalysts for CO,RR.

In recent years, single-atom catalysts (SACs) have exhibited
outstanding activity, high stability, exceptional selectivity,
maximum atom utilization, and excellent catalytic perfor-
mance in many catalytic reactions owing to their unique
electronic and structural properties and have, therefore,
become a hot spot in the field of catalyst research.*** The
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selection of substrate plays an important role in determining
the activity, selectivity, and stability of SACs. Compared with
three-dimensional materials, two-dimensional (2D) materials
possess high surface areas and more low-coordinated active
sites,?*** which make them very attractive substrate materials.
According to the current reports on SACs for the CO,RR,
catalysts with outstanding selectivity, high catalytic efficiency,
and good stability are still scarce.>** Hence, developing and
designing highly efficient and stable SACs based on 2D mate-
rials is urgently desired for CO,RR.

In 2004, Kobayashi et al. synthesized tetraazaporphyrins,
phthalocyanines, naphthalocyanines, and anthracocyanines
and studied their spectroscopic properties, electrochemical
properties, and molecular orbitals, and the results showed that
the stability of the compound decreases as the molecular size
increases.*® In 2011, Abel et al. successfully prepared the
polymeric Fe-phthalocyanine monolayer, implying that it is
feasible to create a wide range of organometallic polymer films
with adjustable composition, structure, and performance.*' In
2014, Wiengarten et al. reported a covalent dehydrogenative
coupling mechanism yielding covalent porphine aggregates
directly on Ag(111) support, which showed prospects for the
exploration of extended oligomers with tailored chemical and
physical properties.* Considering that the stability determines
whether the catalyst can actually be applied in practical
applications, we aimed to design a class of catalysts with high
stability. Inspired by the above experimental methods and
conclusions, we chose the core structure of tetraazaporphyrins

RSC Adv, 2023, 13, 35231-35239 | 35231


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06989c&domain=pdf&date_stamp=2023-12-02
http://orcid.org/0000-0003-2724-4518
http://orcid.org/0000-0002-2101-3260
https://doi.org/10.1039/d3ra06989c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06989c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013050

Open Access Article. Published on 04 December 2023. Downloaded on 6/11/2026 3:41:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

as the substrate, i.e., the chelation skeleton was composed of
8 N atoms and 8 C atoms, and the transition metal (including
3d and 4d series) atoms were embedded in the substrate to
construct the catalysts (as shown in Fig. 1). For convenience,
the substrate and catalysts were named TAP and TM@TAP,
respectively.

Herein, based on first-principles calculations, the potential
of TM@TAP as electrocatalysts for the CO,RR is systematically
investigated. In addition to the binding energy (Ep) and cohe-
sive energy (E.), the results of ab initio molecular dynamics
(AIMD) simulations were employed to evaluate the stability of
the catalyst. The selectivity of the catalyst was investigated in
order to screen more promising candidates. The possible
reaction pathways of screened candidates have been compre-
hensively explored. The results indicate that Cr@TAP,
Rh@TAP, and Fe@TAP are potential catalysts for promoting
HCOOH, CO, and CH3;OH production, respectively, in the
electrochemical CO,RR.
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2. Computational methods

The spin-polarized density functional theory (DFT), imple-
mented in the Vienna Ab initio Simulation Package (VASP),* was
used for all computations. In order to treat the interactions
between electrons, the revised Perdew-Burke-Ernzerhof
(RPBE)**** exchange-correlation functional within the general-
ized gradient approximation (GGA) was employed. The
projector augmented wave (PAW) pseudopotential®**” was
adopted to describe the core-valence interactions. The van der
Waals (vdW) interactions were considered by the DFT-D3
method.*® The kinetic energy cutoff for the plane wave basis
was set to 500 eV. The Brillouin zones were sampled by a I-
centered Monkhorst-Pack mesh.* The k-points were set to 7 x
7 x 1 for geometry optimization and 25 x 25 x 1 for electronic
structure computations. The convergence threshold was
107° eV and 0.01 eV A~" for the total energy and force on each
atom, respectively. A Gaussian smearing with a width of kg7 =
0.05 eV was used during all computations. To avoid the inter-
actions between periodic images, the thickness of the vacuum
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(a) A single TM@TAP molecule. The pink, grey, white, and blue balls represent TM, C, H, and N atoms, respectively. (b) The top (up) and side

(down) views of the optimized structure of the TM@TAP monolayer in a (2 x 2) supercell. (c) The isosurface of the charge density difference of
Sc@TAP with 0.004 e bohr~3 of isosurface level. The yellow isosurface stands for electron accumulation, while the cyan isosurface represents
electron depletion. (d) The Bader charges of metal atoms for all materials. (e) Magnetic moments for all the TM@TAP. (f) Lattice parameter (a = b)
and TM—-N bond length.
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layer along the z direction was set to 15 A. The energy of gas-
phase molecules was calculated in a 15 x 15 x 15 A unit cell
with I' point sampling.

Based on the computational hydrogen electrode (CHE)
model,* the Gibbs free energy change (AG) for each elementary
step in the overall reaction is denoted as follows:

AG = AE + AZPE + A[C,dT — TAS + AGy + AGpn

where AE is the calculated electronic energy difference between
the initial state and final state of the elementary reaction; AZPE
is the change of zero-point energy correction; TAS and [CpdT
are the changes in entropy and enthalpy correction at room
temperature (7 = 298.15 K), respectively. AGy = neU, where U is
the applied electrode potential, n is the number of transferred
electrons, and e is the charge of an electron. AGpy is defined as
AGpy = kgT x In 10 x pH, and the pH was set to 0 for the strong
acidic medium in this work. AZPE, TAS, and [C,dT can be
acquired from the vibrational frequency calculation, in which
the catalyst itself is fixed and only the frequency of adsorbed
species is calculated. However, AZPE, TAS, and [C,dT of the
gas-phase molecules were taken from the NIST database.** The
elementary step involving proton-electron pair transfer with the
maximum free energy change (AG.,) is defined as the
potential-determining step (PDS), and the limiting potential
(Up) is calculated as Uy, = —AGpax/e. The thermal stabilities of
the catalysts for practical applications were evaluated by ab
initio molecular dynamics (AIMD) simulations with NVT
ensembles under 500 K for 10 ps with a time step of 2 fs. The
temperature was controlled using the Nosé-Hoover thermostat
method.*> A 3 x 3 x 1 supercell containing 153 atoms was used
for the simulations without any symmetry constraints. More
details are shown in the ESL}

3. Results and discussion
3.1 Structures of TM@TAP

Fig. 1a and b show a single TM@TAP molecule and the opti-
mized structure of the TM@TAP monolayer in a (2 x 2) super-
cell, respectively. The two-dimensional TM@TAP monolayer
(Fig. 1b) is expected to be prepared by the dehydrogenative
coupling reaction of a single TM@TAP molecule (Fig. 1a). As
shown in the picture, the unit cell of TM@TAP contains 8
carbon atoms, 8 nitrogen atoms and 1 transition metal atom
bound to four nitrogen atoms. In this work, the transition
metals refer to the first and second series of transition metals,
thus corresponding to a total of 20 TM@TAP. To visually
understand the bonding mechanism of the transition metal
atom on the substrate, the charge density differences of
Sc@TAP are mapped out in Fig. 1c, showing that the electrons
of the metal atom decrease and the electrons of atoms of TAP
accumulate. The Bader charge analysis* was also performed to
gain further information regarding the charge distribution and
charge transfer between the metal atom and substrate, and the
corresponding data are depicted in Fig. 1d. All center metal
atoms present a positive charge, indicating that electrons were
transferred from the metal atom to the substrate, resulting in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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good bonding between the metal atom and substrate. The
magnetic moments, lattice parameters, and TM-N bond lengths
of TM@TAP are shown in Fig. 1e and f. As shown in Fig. 1e, all
materials (except TM = Zn, Y, Rh, Pd, Cd) have magnetic
properties. Among these materials with magnetic properties,
the magnetic moment of the Mn@TAP monolayer is the largest
with 4.59 ug, while the magnetic moment of Ag@TAP is the
smallest featuring 0.02 ug. For 20 TM@TAP, the lattice param-
eters and TM-N bond lengths are in the range from 7.164 to
7.455 A, and 2.046 to 2.304 A, respectively. Interestingly, one can
see from Fig. 1f that the lattice parameters increase with the
increase in TM-N bond length, indicating that the changes in
lattice parameters are consistent with the changes in the TM-N
bond length.

3.2 Stability of catalysts

Stability plays an important role in evaluating the performance
of catalysts in practical applications. To assess the stability of
the material, the binding energy (E;,) between the metal atom
and substrate and the cohesive energy (E.) of metal atoms were
calculated, and the results are shown in Fig. 2 and Table S2.7
The more negative the Ey, the stronger the binding between the
metal atom and substrate. If E. is more negative than Ey, the
metal atom in the catalyst is likely to aggregate into large
particles, implying that the catalyst is unstable. As shown in
Fig. 2, Ey, is below E. for all the catalysts, indicating that these
catalysts are stable.

AIMD simulations were performed to verify the thermal
stabilities of the catalysts with NVT ensembles at 500 K for 10 ps
with a time step of 2 fs. The variation in the temperature and
total energy over time and the geometry structures before and
after simulations are shown in Fig. 3. Although there were some
slight oscillations in the temperature and total energy, and
some distortion in the final geometry, the structural integrity of
the catalysts was maintained well. Moreover, the transition
metal atoms were firmly anchored on the substrate without
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Fig. 2 The binding energy and cohesive energy of TM@TAP.
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Fig. 3 The variations in the total energy and temperature during AIMD simulations of Cr@TAP (a) and Rh@TAP (b) at 500 K for 10 ps with a time
step of 2 fs.

migration and aggregation into particles during the simulated and *H were calculated, and the related data are shown in
annealing. All these results demonstrate their good thermal Fig. 4a. The reaction with the lower free energy change is

stabilities and allow their long-term utilization. considered to be more favorable and selective.*»*> Above the
dashed line in Fig. 4a, the AG of *H is more negative than that of
3.3 Selectivity of catalysts *COOH or *OCHO, demonstrating that the HER is more

favorable, while below the dashed line, the CO,RR is more
selective. As can be seen in the picture, only *COOH for Tc and
Cd and *OCHO for Fe, Co, Tc, Ru, and Rh are located above the
dashed line, which is unfavorable for the CO,RR. Most of the
catalysts are located below the dashed line, indicating their
good suppressing effect on the HER. For a catalyst with AG of
both *OCHO and *COOH below the line, the AG of *OCHO is
more negative than that of *COOH, suggesting that the forma-
tion of *OCHO is more preferred than *COOH. Given that our
goal is to find potential catalysts with low overpotential, Ni, Cu,

Selectivity plays a critical role in the practical application of
TM@TAP as electrocatalysts for the CO,RR. The hydrogen
evolution reaction (HER) and water oxidation reaction are major
competing reactions for the CO,RR and will be discussed in the
following sections.

The intermediate of the first protonation step for CO,RR is
either *COOH or *OCHO, and the first step of the HER gives the
*H intermediate. If another proton-electron pair approaches
*H, H, will be produced, which is undesired and unfavorable
for the CO,RR. The free energy changes for *COOH, *OCHO,
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Fig. 4 (a) The Gibbs free energy changes for the first protonation step for the CO,RR and HER. (b) Gibbs free energy change corresponding to
OH elimination becoming H,O on TM@TAP.
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Pd, and Ag were excluded in the following study due to their
high free energy barriers for the first protonation step for the
CO,RR. Accordingly, the remaining 16 materials entered the
subsequent study.

In addition to H possibly blocking the active site, the
possibility of OH poisoning of the active site was also consid-
ered. Brief excursions to positive potential may result in H,O
dissociation, followed by subsequent OH poisoning of the active
site, which might compete with the CO,RR and remarkably
influence the Faradaic efficiency.****** Therefore, the free
energy changes of OH elimination for 16 materials were calcu-
lated to estimate whether the active site would be poisoned, and
the results are shown in Fig. 4b. AG of OH elimination for Sc,
Ti, V, Y, Zr, and Nb are greater than 1 eV, which means that OH
will poison the active sites of these catalysts because they
require the more negative applied potential to remove OH from
the active sites. According to the above analysis, the six above-
mentioned materials were ruled out. We will focus on the other

()
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ten catalysts (TM = Cr, Mn, Fe, Co, Zn, Mo, Tc, Ru, Rh, and Cd)
in the following study.

3.4 Reaction mechanism

Next, the possible reaction pathways of the screened ten cata-
lysts are considered and calculated. In this work, only the C,
product is considered because it is less possible to form the C,
product by the coupling of C; intermediates for the single active
site. The possible reaction pathways for the CO,RR are illus-
trated in Fig. 5, from which one can observe that those C;
products include two-electron reduction products (CO and
HCOOH), a four-electron reduction product (HCHO), a six-
electron reduction product (CH;OH) and an eight-electron
reduction product (CH,). The adsorption energy of the key
product (such as CO, or HCHO) plays an important role in
determining whether the key product will desorb or continue to
be reduced to other species. The adsorption energies of the key

*C —> *CH —> *CH, —> *CH, —> *+CH,
A
*COH —> *CHOH —> *CH,OH —> *CH,0H
A
*COOH > *CO0 —» *CHO —> *OCH;
v
*+C0, —> *QCHO —> *HCOOH *0+CH,

(b) 0 1 2 3 4 5 6 ] 8
*+CO, *CO0 *CO *CHO *OQCH *QCHj; *O+C *OH *+H,0
eoce 5 2 AP 3

&) > O O

*CHOH

%i

o]

B
¥

Fig.5

*CH

T

(a) The possible reaction pathways for the CO,RR on TM@TAP catalysts. The H,O productand (H* + ™) reactant are left out for brevity. (b)

Key reaction intermediates for the CO,RR on TM@TAP catalysts. The values on top of every column indicate the numbers of proton—electron
pairs transferred to CO,. The H,O product in the middle of the reaction process is left out for clarity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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products for the ten selected catalysts are listed in Table S3.f
The projected crystal orbital Hamilton population (pCOHP)*-**
between the TM atom and the key atom of the product was
calculated to analyze and confirm whether the product is
capable of desorption, and the corresponding data are shown in
Fig. S2.f When the antibonding orbitals are below the Fermi
level or the bonding states are above the Fermi level, the
adsorption strength will be weakened. The integrated-crystal
orbital Hamilton population (ICOHP) analysis was performed
and is shown in Fig. S2.7 The more positive the ICOHP, the
weaker the binding strength.

The reaction mechanisms for the CO,RR on the screened
SACs were calculated, and the corresponding free energy
profiles are shown in Fig. 6. The thermal corrections of the
reaction intermediates on the ten catalysts TM@TAP are listed
in Table S5.1 Fig. 6a shows that the CO, is hydrogenated to
generate *OCHO or *COOH on Cr@TAP, and then *OCHO will
be reduced to *HCOOH, or *COOH will be protonated into *CO
and H,O0. If the adsorption energies of HCOOH and CO on the
catalyst are strong, *HCOOH or *CO will be further reduced to
the other intermediates. For Cr@TAP, the adsorption energies
of CO and HCOOH are —0.28 and —0.49 eV, indicating that the
adsorption energies are weak and will cause CO and HCOOH to
detach from the surface as the products. The free energy change
for *OCHO formation is smaller than that for *COOH formation
on Cr@TAP, suggesting that in the first protonation step, CO,
prefers to be reduced to the *OCHO intermediate. The genera-
tion of *OCHO is uphill in free energy by 0.33 eV, and subse-
quent conversion to HCOOH is exothermic. For the whole
process, the formation of *OCHO is the potential-determining
step with the AGpax of 0.33 eV, and the main product is
HCOOH. As shown in Fig. S2,f the spin-up and spin-down
ICOHP values for HCOOH on Cr@TAP are —0.06 and —0.26,
indicating that the bonding strength between HCOOH and
Cr@TAP is weak and HCOOH will desorb from the catalyst. The
mechanisms of Zn@TAP, Mo@TAP and CA@TAP are similar to
that of Cr@TAP, ie., the formation of *OCHO is more favorable
than that of *COOH. Moreover, *OCHO continues to be reduced
to HCOOH, which will detach from the surface as the final
product due to weak adsorption energy and bonding strength
(Table S3 and Fig. S27). Given that the free energy changes for
*COOH formation for Zn@TAP and Cd@TAP are larger than
1 eV, the subsequent hydrogenation step of *COOH is not
considered. The generation of *OCHO is the PDS for Zn@TAP
and Cd@TAP, with free energy changes of 0.57 and 0.71 eV,
respectively. For Mo@TAP, the formation of *COOH and
*OCHO have downhill free energies of —0.18 and —0.27 eV,
respectively. If the reaction continues along the *OCHO
pathway, *OCHO will be reduced to HCOOH with the free
energy change of 0.50 eV. Along the pathway with the *COOH
intermediate, *COOH is protonated to yield *CO and H,O. The
adsorption energies of HCOOH and CO are —0.39 and —1.72 eV,
respectively, implying that HCOOH will desorb from the catalyst
as the product and CO will continue to react as the interme-
diate. *CO is then protonated to *CHO with the uphill free
energy of 0.96 eV, which is larger than the free energy input of
0.50 eV required for HCOOH formation, rendering HCOOH the
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Fig. 6 Gibbs free energy profiles for CO,RR on (a) Cr@TAP, (b)
Mn@TAP, (c) Fe@TAP, (d) Co@TAP, (e) Zn@TAP, (f) Mo@TAP, (g)
Tc@TAP, (h) Ru@TAP, (i) Rh@TAP, and (j) Cd@TAP at O V.

most likely final product. Fig. 6b shows that the *COOH and
*OCHO formation for Mn@TAP have the uphill free energies of
0.73 and 0.18 eV, respectively. Subsequently, the *COOH
reduction to *CO and *OCHO hydrogenation into *HCOOH are
both exothermic. CO possesses a weak adsorption energy of
—0.36 eV, implying that CO detaches from the surface as the
product. However, the adsorption energy of HCOOH is
moderate, and thus *HCOOH continues to be hydrogenated
into *CHO with an energy demand of 0.81 eV. Then, *CHO is
protonated to generate HCHO, which will desorb as the product

© 2023 The Author(s). Published by the Royal Society of Chemistry
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due to its weak adsorption energy. The above discussion
demonstrates that the primary path on Mn@TAP is the forma-
tion of CO with AGp,,x of 0.73 €V, and the minor pathway is the
formation of HCHO with AG,,,.x of 0.81 eV. Next, we will discuss
the reaction mechanisms of the five remaining catalysts (TM =
Fe, Co, Tc, Ru, Rh). In the discussion of selectivity, the free
energy changes of *H are all more negative than those of
*OCHO for the five catalysts, which means that the HER is more
favorable. Consequently, only the paths of further reaction
along *COOH are considered. The protonation of *COOH can
lead to the formation of *CO and H,0. CO is the final product of
the CO,RR for Rh@TAP due to its weak adsorption energy,
whereas *CO will be further reduced to other intermediates for
the four remaining catalysts (TM = Fe, Co, Tc, Ru) because of
the strong adsorption energy between CO and the catalysts.
Compared to the formation of *COH, *CO on the four catalysts
is favorably hydrogenated to form *CHO due to the smaller
uphill free energy. In the subsequent step, the *CHO will be
protonated to form either *CHOH or *OCH,. The *CHO on
Co@TAP prefers to be reduced to OCH,, i.e., HCHO, which will
desorb from the surface due to the weak adsorption energy of
—0.37 eV. For Fe@TAP, Tc@TAP, and Ru@TAP, *CHOH is more
favorable than *OCH, because of its smaller required free
energy input. The further reduction of *CHOH gives either *CH
and H,0, or *CH,OH, and *CH,OH is the preferred interme-
diate. Subsequently, *CH,OH will be hydrogenated into either
*CH;3;OH or *CH, and H,O0. The free energy change for *CH;OH
formation on Fe@TAP is downhill, and CH;OH is the final
product of the CO,RR due to its weak adsorption energy. For
Tc@TAP and Ru@TAP, the free energy change for *CH, and
H,O formation is smaller than that for *CH;OH generation,
implying that the formation of *CH, is more favorable. The two
proton-electron pairs will then continuously attack *CH, to
yield *CH; and *CH,, and finally CH, will detach from the
catalysts as the product. The picture shows that the formation of
CO and HCHO is the PDS for Rh@TAP and Co@TAP with the
AGnax of 0.28 and 0.36 eV, respectively, and the generation of
*CHO is the PDS for Fe@TAP, Tc@TAP and Ru@TAP, with the
AGmax 0f 0.51, 1.04, and 0.65 eV, respectively.

3.5 Analysis of the underlying mechanism of catalytic
performance

It is crucial to find a descriptor to understand the origin of
catalytic activity. From previous reported work in literature,>->¢
the adsorption energy of a key reaction intermediate or
magnetic moment can be used as a descriptor to reflect the
catalytic performance. The binding energies of key intermedi-
ates and magnetic moments of the ten catalysts are listed in
Table S6.7 Unfortunately, there is no obvious correlation
between magnetic moment and catalytic activity. After much
effort, these adsorption energies could not be used as descrip-
tors to characterize the activities of ten catalysts. This may be
because the products and the PDS of the ten catalysts are
different. However, it was found that the adsorption energy of
a key intermediate can characterize the activity of the catalysts
with the same PDS. For example, the catalytic product of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cr@TAP, Zn@TAP, and Cd@TAP is HCOOH, and the PDS for
the three catalysts is the formation of *OCHO. The adsorption
energy of *OCHO decreases in the order of CA@TAP (0.35 eV) >
Zn@TAP (0.18 eV) > Cr@TAP (—0.17 eV), and the AGmax
decreases in the order of CA@TAP (0.71 eV) > Zn@TAP (0.57 eV)
> Cr@TAP (0.33 eV). Therefore, the adsorption energy of *OCHO
can be used as a descriptor to characterize the activity of
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Fig. 7 Projected density of states (DOS) of *OCHO adsorbed on (a)
Cr@TAP, (e) Zn@TAP, (f) Mo@TAP, and (j) Cd@TAP; *CHO adsorbed on
(c) Fe@TAP, (d) Co@TAP, (g) Tc@TAP, and (h) Ru@TAP; *COOH
adsorbed on (b) MN@TAP, and (i) Rn@TAP. The dashed line refers to the
Fermi level.
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TM@TAP (TM = Cr, Zn, Cd). For Fe@TAP, Tc@TAP, and
Ru@TAP, the product of Fe@TAP is CH;0H, and the products
of Tc@TAP and Ru@TAP are CH,. Although their products are
different, their PDS is *CO — *CHO. The adsorption energy of
*CO is ranked as follows: Tc@TAP (—2.16 eV) < Ru@TAP (—2.08
eV) < Fe@TAP (—1.12 eV). If the binding energy of *CO is
stronger, the generation of *CHO from *CO will need a higher
free energy input. The AG,.x increases in the order of Fe@TAP
(0.51 eV) < Ru@TAP (0.65 eV) < Tc@TAP (1.04 eV). Hence, the
strength of the *CO adsorption energy can be used to reflect the
activity of TM@TAP (TM = Fe, Ru, Tc).

As mentioned above, the strength of the interaction between
the intermediate and catalyst can affect the free energy change
for the protonation step, thereby affecting the performance of
the catalyst. To understand the electronic properties of the
catalysts, the projected density of states (PDOS) for the key
intermediates were plotted as shown in Fig. 7. The four catalysts
(TM = Cr, Zn, Mo, Cd) can reduce CO, to HCOOH, and thus the
PDOS of *OCHO were calculated and mapped out. The d states
of the Cr atom and p states of the O atoms of *OCHO have
significant hybridizations, implying strong interactions
between the catalyst and adsorbed species, whereas the overlap
between the d states of the Cd atom and p states of the O atom
for *OCHO is small. This could be why Cr@TAP and Cd@TAP
respectively have the highest and lowest catalytic activities
among the four catalysts. Similarly, the PDOS of *COOH for
Mn@TAP and Rh@TAP were computed since the two catalysts
can catalyze CO, into CO. The overlap between the d states of
the TM atom and p states of the C atom of *COOH for Rh@TAP
is more obvious than that for Mn@TAP, indicating stronger
binding between Rh@TAP and COOH, which may be respon-
sible for its higher catalytic activity.

4. Conclusion

In this work, we systematically investigated the possibility of the
TM@TAP monolayer (TM = 3d and 4d transition metal atoms)
as an electrocatalyst for the conversion of CO, into valuable
fuels by applying first-principles calculations. The binding
energy is more negative than the cohesive energy for all mate-
rials, implying that these materials are stable. The AIMD
simulation results further verified the thermal stabilities of the
catalysts, which pave the way towards practical applications.
The side reactions of the HER and water oxidation were
considered for selecting the more promising catalyst candi-
dates. The CO,RR mechanisms of the screened catalyst candi-
dates were then explored. The results show that the different
catalysts had different selectivities. The product of Cr@TAP,
Zn@TAP, Mo@TAP, and Cd@TAP is HCOOH, where the
limiting potential of Cr@TAP is —0.33 V and the limiting
potentials of the other materials were in the range of —0.50 to
—0.71 V. Mn@TAP and Rh@TAP can catalyze CO, to produce
CO with a limiting potential of —0.73 and —0.28 V, respectively.
The reduction products of Fe@TAP and Co@TAP were CH;OH
and HCHO with the limiting potentials of —0.51 and —0.36 V,
respectively. Tc@TAP and Ru@TAP can reduce CO, to CH, with
limiting potentials of —1.04 and —0.65 V, respectively. Among
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these catalysts, Cr@TAP and Rh@TAP may possess promising
application prospects in effective CO, electrocatalysis due to
their lower limiting potentials. We hope that our work will
provide some insights into the rational design of electro-
catalysts and inspire follow-up experimental activities.
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