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atalytic reduction of carbon
dioxide by metal-doped b12-borophene
monolayers†

Jin-Hang Liu,a Li-Ming Yang *a and Eric Ganz b

Electrochemical reduction of CO2 to value-added chemicals and fuels shows great promise in

contributing to reducing the energy crisis and environment problems. This progress has been slowed

by a lack of stable, efficient and selective catalysts. In this paper, density functional theory (DFT) was

used to study the catalytic performance of the first transition metal series anchored TM–Bb12

monolayers as catalysts for electrochemical reduction of CO2. The results show that the TM–Bb12

monolayer structure has excellent catalytic stability and electrocatalytic selectivity. The primary

reduction product of Sc–Bb12 is CO and the overpotential is 0.45 V. The primary reduction product of

the remaining metals (Ti–Zn) is CH4, where Fe–Bb12 has the minimum overpotential of 0.45 V.

Therefore, these new catalytic materials are exciting. Furthermore, the underlying reaction

mechanisms of CO2 reduction via the TM–Bb12 monolayers have been revealed. This work will shed

insights on both experimental and theoretical studies of electroreduction of CO2.
1. Introduction

With the development of society and the economy, the energy
crisis and the greenhouse effect have received more and more
attention because of the serious impact on the environment.1

The conversion of CO2 into fuels and various chemicals would
not only effectively alleviate the dependence on fossil fuels, but
also potentially reduce the harm caused by the greenhouse
effect.2–6 Carbon dioxide as a non-polar molecule is oen
considered an inert material with a unique linear structure.
This determines the chemical reaction of CO2 under special
conditions (such as high temperature, high pressure with
a catalyst). Based on factors such as energy requirements,
process speed, and cost, electrochemistry is a promising
method for these reactions due to its advantages such as mild
reaction conditions.7–12

Due to their high specic surface area, reduced dimen-
sionality and exotic properties, two-dimensional (2D) nano-
sheets have become an ideal platform for the design of novel
electrocatalysts for CO2 reduction.13–16 Borophene is a novel 2D
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material under active investigation with fascinating and
diverse properties and potential.17 Recently, honeycomb bor-
ophene has been experimentally fabricated on an Al(111)
substrate.18 This experimental work then triggered the theo-
retical discovery of a new 2D anti-van't Hoff/Le Bel ptAl array
AlB6 which is predicted to have rare triple Dirac cone elec-
tronic structure as well as superconductivity.19 This is an
example of how the properties of borophene can be enhanced
and extended by alloying with other elements. This may
provide new opportunities to design functional materials or
catalysts.

To the best of our knowledge, the application of TM–Bb12

monolayers as new single-atom catalysts for electrocatalytic CO2

reduction reaction (CRR) has not been achieved. Therefore, we
performed a systematic study on the catalytic performance of
TM–Bb12 (TM ¼ Sc–Zn) monolayers for CRR using density
functional theory (DFT). The results show that for the 10
materials studied, all have good stability and CRR selectivity.
For Sc, the primary reduction product is CO. For the other
materials, the primary product is CH4, with the overpotential as
low as 0.45 V. We predict that these monolayers will be prom-
ising CRR catalysts.
2. Computational methods

Structural optimization, total energy and electronic properties
(density of states, charge analysis) were calculated using spin
polarized density functional theory. All of the calculations were
carried out using the DMol3 module of Materials Studio 2016.20

Exchange correlation used the generalized gradient
This journal is © The Royal Society of Chemistry 2019
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View Article Online
approximation (GGA).21 Exchange correlation functions used
Perdew, Burke and Ernzerhof (PBE), and basis sets used double
numerical polarization (DNP) basis sets and all-electronic
methods to process the electrons in the system.22 In order to
better describe the adsorption of molecules on the catalyst
surface, the van der Waals Correction (DFT-D2) was added to
the calculation.23 Since electrochemical catalysis is carried out
in aqueous solution, the conductor-like screening model
(COSMO) was used as the solvation model for better agreement
with the experiment, and the dielectric constant of water (3) is
set to 78.54.24 In order to eliminate the interactions between
adjacent images, the vacuum layer thickness was selected to be
15 Å. In order to improve the accuracy of the calculations, the
energy convergence criterion was 10�6 eV, and smearing of
0.005 Ha was added to accelerate the energy convergence. In
structural optimization and electronic structure calculations,
Monkhorst-Pack k-point grids of 5� 5� 1 and 12� 12� 1 were
used respectively.

The adsorption energy is a measure of the interaction
between intermediates and the TM–Bb monolayer. Formula (1)
denes the adsorption energy (for example, for CH4):

Eads ¼ ETM–Bb12–CH4
� ETM–Bb12

� ECH4
(1)

where ETM–Bb12–CH4
, ETM–Bb12

and ECH4
represent the total energy

of CH4 adsorbed on the TM–Bb12 surface, the energy of the TM–

Bb12 monolayer, and the energy of a single CH4 molecule,
respectively. The concept of Gibbs free energy is introduced in
order to determine the optimal reaction paths of CRR. Formula
(2) denes the Gibbs free energy:

DG ¼ DE + DEZPE � TDS + DGpH + DGU (2)

The electrocatalytic reduction of CO2 involves electron
transfer, so the energy of this reaction can be calculated by the
Fig. 1 Optimized geometric structure of the TM–Bb12 monolayers in the
pastel pink, orange and purple balls represent B, TM (TM ¼ Sc, Cu and Z
metal atom and the plane of the Bb12 sheet.

This journal is © The Royal Society of Chemistry 2019
reference standard hydrogen electrode method proposed by
Nørskov and co-workers.25 In the formula DE is the reaction
energy of each protonation step, DEZPE and DS are the change of
zero point energy and entropy value, and T is the thermody-
namic temperature of the reaction (298.15 K).DGpH is due to the
effect of different pH values of the solution on the Gibbs free
energy of reaction (DGpH ¼ 2.303kBTpH). The pH value in acidic
solution is assumed to be 0. DGU is due to the inuence of
different electrode potentials on the free energy of reaction.DGU

can be produced by the formula

DGU ¼ � neU (3)

In this formula, n is the number of transfer electrons, and e is
the electron charge, and U is the electrode potential. The cata-
lytic performance of the TM–Bb12 monolayers can be evaluated
using the limit potential (UL) and the overpotential (h). The limit
potential is calculated by the formula

UL ¼ �DGmax/ne (4)

where DGmax is the change of free energy of the decisive step.
The overpotential is calculated by the difference between the
equilibrium potential and the limit potential. The formula is

h ¼ Uequilibrium � UL (5)

The higher the overpotential, the more difficult the reaction.
Therefore, a good CRR catalyst must have a small overpotential.
3. Results and discussion
3.1 Structural features of the TM–Bb12 monolayer

Fig. 1 shows top and side views of the TM–Bb12 monolayers in
the 3 � 3 computational supercell. In this paper, we studied
3 � 3 computational supercell. (a) Top view, (b) and (c) side views. The
n) and TM (TM ¼ Ti–Ni), respectively. Rout is the distance between the

RSC Adv., 2019, 9, 27710–27719 | 27711
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Table 1 Calculated Hirshfeld charge on the metal atoms (QTM), and
the boron atoms (QB), Hirshfeld spin of the metal atoms (spin-TM), the
height of themetal atom protruding from the surface of themonolayer
(Rout), and the TM–B bond length (RTM–B) of the metal atoms with the
boron atoms

TM–Bb12 QTM/e Spin-TM QB/e Rout/Å RTM–B/Å

Sc 0.933 0.000 �0.081 1.748 2.399
Ti 0.676 0.000 �0.069 1.818 2.138
V 0.485 0.000 �0.048 1.717 2.022
Cr 0.465 0.000 �0.059 1.564 1.949
Mn 0.138 3.910 �0.013 1.487 1.917
Fe 0.047 2.743 �0.002 1.370 1.897
Co 0.059 1.801 �0.005 1.353 1.895
Ni 0.038 0.000 �0.004 1.461 1.934
Cu 0.422 0.000 �0.061 1.424 2.214
Zn 0.521 0.000 �0.057 1.541 2.262

Fig. 3 DGCOOH* and DGOCHO* are the Gibbs free energy change of the
first protonation step in CRR and DGH* is for HER. Catalysts below the
dotted line are CRR selective.
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View Article Online
the 10 metals of the rst transition metal series. The results
show that all 10 metal atoms protrude from the surface of the
monolayer (as shown in Fig. 1b and c). This may be due to the
fact that the B–B bond lengths are quite small, so that the
space in the six-membered ring is limited, and so the TM
atoms must protrude from the plane. It can be seen from
Table 1 that the bond lengths of the metal atoms with the
boron atoms (RTM–B) are in the range of 2.399 to 1.895 Å, and
from Sc to Zn the overall trend is decreasing. In addition, the
height of the metal atoms up from the surface of the boron
monolayer (Rout) is also decreasing from 1.818 to 1.353 Å. In
order to study the charge transfer in these materials, Hirsh-
feld charge analysis was carried out.26 From the data in Table
1, all metal atoms have a partial positive charge, while the
adjacent six B atoms have a partial negative charge. This
shows that the metal atoms transfer electrons to the B atoms,
which causes the metal atoms to have partial ionic bonds
with their neighbors. In addition, the calculation results
show that except for Mn, Fe, and Co the remaining seven
Fig. 2 ESAC3b and ESAC4b are the binding energies of embedded three and f
energies of metal clusters (comprised of three and four metal atoms) w

27712 | RSC Adv., 2019, 9, 27710–27719
metals have zero spin. The maximum magnetic moment is
for Mn with 3.91 mB.
3.2 Stability of single TM atoms embedded in Bb12

For the catalyst to be durable in practical applications, its
structure must have excellent stability. Therefore, to evaluate
the stability and viability of these monolayers as potential
electrocatalysts for CO2 reduction, we calculated the binding
energies of single atoms, three and four dispersed atoms, and
clusters (composed of three and four metal atoms) onto the Bb12

monolayer. We also calculated the cohesive energy of the bulk
metals. For ease of discussion, we label the relevant energy
values as ESAC1b , ESAC3b , ESAC4b , ECL3b , ECL4b and Ec. The detailed
results are shown in Table S1.† A typical example comparing
ESAC3b vs. ECL3b and ESAC4b vs. ECL4b for Fe–Bb12 can be found in
Fig. S2.†
our metal atoms with the Bb12 monolayer. ECL3b and ECL4b are the binding
ith the Bb12 monolayer.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Most likely reaction pathways for the electroreduction of CO2 on TM–Bb12.
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If the absolute value of the binding energy (ESAC1b ) is larger
than the absolute value of the cohesive energy (Ec) of the
corresponding bulk metal, this means that the metal atom is
more likely to bind with the Bb12 monolayer, thus indicating
that the TM–Bb12 monolayer has excellent stability. It can be
seen from Table S1† that the absolute value of ESAC1b (except
Sc and Ti) are smaller than the absolute value of Ec.
Considering the binding energies of the clusters of 3 and 4
metal atoms with Bb12 monolayer (ECL3b and ECL4b ), the abso-
lute values of ECL3b and ECL4b (except Zn) are smaller than the
absolute value of ESAC3b and ESAC4b of the corresponding 3 and
4 dispersed metal atoms with Bb12 monolayer (as shown from
Fig. 2 and Table S2†), which indicates that the dispersed
metal atoms have stronger binding ability to the Bb12

monolayer than the metal clusters (except for Zn). Therefore,
the metal atoms are more likely to bind to the Bb12 mono-
layer. Furthermore, the binding energy for individual atoms
is relatively large and ranges from 3 to 6 eV (other than Zn) so
the TM–Bb12 monolayers (other than Zn) have strong
stability.
3.3 First hydrogenation: selectivity for CRR vs. HER

Since CO2 reduction occurs in aqueous solution, the proton–
electron pair (H+ + e�) required for CRR is mainly derived
from water. The metal atom directly accepts a proton–elec-
tron pair to produce H* (* + H+ + e� / H*). If the reaction
continues, H2 will be desorbed from the surface of the
catalyst. This is called the hydrogen evolution reaction
(HER). HER as a side reaction of CRR could potentially
reduce the efficiency of the catalysts, so the selectivity of
these new materials for CRR versus HER must be considered.
The rst step of the protonation of CRR is based on the path
CO2 + H+ + e� / C*OOH or O*CHO to produce two inter-
mediates, C*OOH or O*CHO. The Gibbs free energy change
for the rst hydrogenation step can be used to determine
whether the monolayer binding with C*OOH or O*CHO (or
with H*) is stable. The more negative the Gibbs free energy
change, the more stable the binding. Because the metal
This journal is © The Royal Society of Chemistry 2019
active sites of the TM–Bb12 monolayer surface are limited, if
the monolayer binds to C*OOH or O*CHO stably, the active
site will be occupied, which will make H* difficult to form.
Thus, the catalyst has a good CRR selectivity. It can be seen
from Fig. 3, that for the monolayers considered, all metals
are below the dotted line, indicating strong CRR selectivity
(see Table S2†).
3.4 Reaction pathway analysis of CRR

The optimal reaction paths and catalytic products of these
materials during CRR will now be discussed. Scheme 1 shows
the most favorable reaction pathways of CRR. Fig. 4 shows the
important intermediates for the whole 8e� reaction process.
Each step in the protonation of CRR has two different H-adding
positions (onto the C atom, or onto the O atom). Therefore CRR
has many possible reaction paths. In addition, it is possible for
CO2 to produce different reduction products by accepting
different numbers of proton–electron pairs. The most likely
reaction paths and reaction products for CRR on these mate-
rials, will be determined by the reaction Gibbs free energy
change, the overpotential, the adsorption energy, and other
factors.

The intermediates C*OOH and O*CHO can continue to
protonate and then follow the path C*OOH + H+ + e� / C*O
and O*CHO + H+ + e� / O*CHOH to produce C*O and
O*CHOH, respectively. If the adsorption energy of CO and
HCOOH are small enough, they will become products and
desorb from the surface (C*O + H2O/ * + CO or O*CHOH/

* + HCOOH). Conversely, if the adsorption energy of CO and
HCOOH are large, it makes them difficult to desorb, but then
they can continue to be reduced as reaction intermediates.
Table S3† shows that the adsorption energy of Sc–Bb12 for CO
and HCOOH are �0.40 and �1.02 eV, respectively, which
indicates that the adsorption energy of CO is smaller than
that of HCOOH, and it is therefore easier to desorb from the
surface to become a reduction product. Therefore, the
reduction product of CRR for Sc is mainly CO (as shown in
Fig. 5a). In addition, for Ti through Zn, the adsorption energy
RSC Adv., 2019, 9, 27710–27719 | 27713
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Fig. 4 Optimized geometric structures of key reaction intermediates of CRR.
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of CO and HCOOH are in the range of �0.92 to �2.24 eV and
�0.78 to �1.35 eV, respectively, indicating that it is difficult
to get 2e� products from these materials, for both CO and
HCOOH. Therefore, CO and HCOOH can continue to partic-
ipate in the reaction as reaction intermediates.

CO and HCOOH can continue to be protonated to produce
three intermediates: C*HO, C*HO and O*CH. Compared to
C*OH and O*CH, the Gibbs free energy change for C*HO is
smaller, so it is easier to form C*HO. It can be seen from Fig. 5b,
c, d, g, i and j that Ti, V, Cr, Co, Cu and Zn are more likely to
follow the path C*OOH/ C*O/ C*HO to produce C*HO. On
the other hand Mn, Fe, Ni are more likely to produce C*HO
27714 | RSC Adv., 2019, 9, 27710–27719
according to the path O*CHO / O*CHOH / C*HO + H2O (as
shown in Fig. 5e, f and h). Scheme 1 shows that C*HO can
continue to hydrogenate to give the products HCHO (4e�),
CH3OH (6e�) and CH4 (8e�). Table S3† shows the adsorption
energies of HCHO and CH3OH for Ti through Zn are in the
range of �0.73 to �2.24 eV and �0.78 to �1.35 eV, respectively.
The adsorption energy of CH4 is in the range of �0.12 to
�0.52 eV, which indicates that the products of these 9 catalysts
from Ti to Zn are mostly CH4. As can be seen from Scheme 1,
creating CH4 from the intermediate C*HO has four main
pathways:
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Gibbs free energy profiles for CRR along the most favorable pathways for (a) Sc–Bb12, (b) Ti–Bb12, (c) V–Bb12, (d) Cr–Bb12, (e) Mn–Bb12, (f)
Fe–Bb12, (g) Co–Bb12, (h) Ni–Bb12, (i) Cu–Bb12 and (j) Zn–Bb12 at zero potential. A CO2 molecule in the gas phase with a clean catalyst surface sets
the free energy zero point.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 27710–27719 | 27715
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Table 2 Calculated potential determining steps (PDS), limiting
potentials (UL/V), equilibrium potential of different reduction products
(Ueq/V, vs. SHE, pH ¼ 0) and overpotentials (h/V) for the CRR

TM–Bb12 PDS UL Ueq (product) h

Sc–Bb12 C*OOH / C*O + H2O �0.552 �0.106 (CO) 0.446
Ti–Bb12 C*HO/ C*HOH �1.232 0.169 (CH4) 1.401
V–Bb12 C*HOH / C*H + H2O �0.681 0.169 (CH4) 0.850
Cr–Bb12 C*O / C*HO �0.547 0.169 (CH4) 0.716
Mn–Bb12 O*CHOH / C*HO + H2O �0.520 0.169 (CH4) 0.689
Fe–Bb12 O*CHOH / C*HO + H2O �0.281 0.169 (CH4) 0.450
Co–Bb12 O*H / * + H2O �0.329 0.169 (CH4) 0.498
Ni–Bb12 O*CHOH / C*HO + H2O �0.387 0.169 (CH4) 0.556
Cu–Bb12 C*O / C*HO �1.149 0.169 (CH4) 1.318
Zn–Bb12 O*H / * + H2O �0.513 0.169 (CH4) 0.682
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(1) C*HO / C*HOH / C*H + H2O / C*H2 / C*H3

/ * + CH4

(2) C*HO / C*HOH / C*H2OH / C*H2 + H2O
/ C*H3 / * + CH4

(3) C*HO / O*CH2 / O*CH3 / O* + CH4 / O*H
/ * + H2O

(4) C*HO / O*CH2 / O*HCH2 / O*HCH3

/ O*H + CH4 / * + H2O
According to the principle that the lower the energy barrier,

the more likely the reaction, V will primarily follow path (1), Ti,
Cr andMn will primarily follow path (2), Fe will primarily follow
path (3), and Co, Ni, Cu and Zn will primarily follow path (4).

The overpotential determines how efficient these catalysts
will be in practical application. The smaller the over-
potential, the smaller the applied voltage required for CRR,
and the easier the reaction. Therefore, in order to have
a strong catalytic effect, these new materials must have
a small overpotential. Table 2 summarizes the potential
determining steps, limit potential, and overpotential of these
materials. The results show that the primary catalytic product
of Sc is CO and its corresponding overpotential is 0.45 V. The
remaining 9 materials primarily produce CH4, with over-
potentials from 0.45 to 1.40 V. Only the overpotentials for Ti
and Cu are greater than 1 V, while the other overpotentials
are all less than 0.85 V. This is comparable to or even lower
than the 1 V overpotential of CRR by polycrystalline copper
that has been studied extensively in the past.27–29 The
performance of the new TM–Bb12 monolayers is comparable
to that of Cu atomic chain decorated boron nanosheets.30 In
addition, the overpotential of the CRR catalyst designed in
this paper is comparable to or even smaller than that of other
promising experimentally known catalysts in the literature.
Examples include: monodisperse Au nanoparticles (h ¼ 0.26
V),31 the modied Cu electrode from the reduction of thick
Cu2O lms (h ¼ 0.50 V),32 N-doped carbon nanotubes (h ¼
0.54 V),33 and nanoporous Ag (h < 0.50 V).34 Therefore, we
predict that the TM–Bb12 monolayer will have excellent
catalytic activity for CRR.
27716 | RSC Adv., 2019, 9, 27710–27719
3.5 Electronic structure analysis

For these new catalysts, the interaction between the transition
metal atoms and the b-type B monolayer will greatly affect the
CRR catalytic performance. From the PDOS diagram of Fig. S1,†
it can be seen that the 3d orbitals of the metal atoms in the
monolayer overlap with the 2p orbitals of the B atoms, which
indicates that there is a strong interaction between the metal
atoms and the B monolayer. For the 9 monolayers with primary
reduction product CH4, the 3d orbitals of Cr, Mn, Fe, Co and Ni
overlap better with the B-2p orbitals. This indicates that their
interaction with the B monolayer is stronger than for the other
metals. Moreover, it can be seen from Table 2 that the over-
potentials are also smaller than for the other metals (except for
Zn). Thus, we can conclude that the stronger the interaction of
the metal atoms with the B monolayer, the lower the over-
potential for catalytic CO2 reduction. In addition, it can be seen
from Table 2 that the overpotentials of Fe, Co and Ni are rela-
tively close and lower than for the other metals. Table 1 shows
that Fe, Co and Ni carry much less charge than the other metals.
We see that the amount of electrons transferred when the metal
atom interacts with the Bmonolayer correlates with the catalytic
ability of these materials.

In addition, the strength of the interaction between the
reaction intermediates and the monolayers has a great
inuence on whether CRR can proceed smoothly. If the
monolayer binds the intermediates too strongly, the catalyst
can lose its activity and the so-called poisoning phenomenon
can appear. Conversely, if the binding is too weak, the
intermediate will easily fall off the surface of the catalyst,
which will make the reduction reaction not likely to continue.
Therefore, it is necessary to have a suitable adsorption energy
for the intermediates on the catalysts. In addition, the
interaction between the reaction intermediates and the TM–

Bb12 monolayers have a great inuence on the magnitude of
the overpotential of CRR. If the interaction is too strong, the
Gibbs free energy of the protonation reaction at the potential
determining step will increase, and the energy barrier of the
reaction will also increase. The higher the energy barrier of
the potential determining step, the bigger the overpotential
of the reaction. According to the organometallic catalyst
metal coordination theory, the intermediate and TM–Bb12

mainly interact through the s-bond and the p-bond. Fig. 6
show the PDOS diagrams of the reaction intermediates in the
potential determining step of different TM–Bb12 monolayers
catalyzed CO2 reduction reactions. The 3d orbitals of the
metal atoms in the TM–Bb monolayers and the carbon or
oxygen in the intermediates overlap with different degrees.
For Ti, V, and Cu (Fig. 6b, c and i), the metal atom states
overlap with the 2p orbitals of carbon or oxygen in the
intermediates more than the other metals. This indicates
that Ti, V, and Cu monolayers interact more strongly with the
intermediates of the potential determining step. Table 2 also
shows that their corresponding overpotentials are higher
than the other metals. This can explain that why Ti, V, and Cu
monolayers have relatively high energy barriers for CRR.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Projected partial density of states (PDOS) of (a) C*OOH adsorbed on Sc–Bb12, (b) C*HO on Ti–Bb12, (c) C*HOH on V–Bb12, (d) C*Oon Cr–
Bb12, (e) O*CHOH on Mn–Bb12, (f) O*CHOH on Fe–Bb12, (g) O*H on Co–Bb12, (h) O*CHOH on Ni–Bb12, (i) C*O on Cu–Bb12 (j) O*H on Zn–Bb12.
The dotted line denotes the Fermi level. The red, blue and green lines represent the 3d orbital of the metal atom, and the 2p orbital of the oxygen
and carbon atom, respectively.
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4. Conclusions

In summary, this paper used density functional theory to study
the catalytic properties of TM–Bb12 monolayers. The results
show that the metal atoms can be stably combined with the b-
type boron monolayer. The catalysts show excellent CRR selec-
tivity. The primary reduction product for Sc is CO, with 0.45 V
overpotential. The primary product for the other metals (Ti–Zn)
is CH4 and the overpotentials are all lower than 0.90 V (except
for Ti and Cu which are greater than 1.30 V). Remarkably, the
overpotential for Fe is only 0.45 V. Therefore, these new TM–

Bb12 materials are predicted to be remarkable CRR catalysts.
Our results also provide theoretical support for future experi-
mental study of these materials.
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