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The search for materials with high intrinsic carbon monoxide oxi-
dation reaction (COOR) catalytic activity is critical for enhancing
the efficiency of reducing CO contamination. COOR catalysts,
however, have long relied heavily on noble metals and CeO,.
Herein, in order to search for non-noble COOR catalysts that are
more active than CeO,, 18 oxygen-functionalized MBenes with
orthorhombic and hexagonal crystal structures, denoted as orth-
M,B,0, and hex-M,B,0, (M = Ti, V, Cr, Zr, Nb, Mo, Hf, Ta and W),
were investigated in terms of their COOR catalytic activity by high-
throughput first-principles calculations. Hex-Mo,B,0,, orth-
Mo,B,0,, hex-V,B,0, and hex-Cr,B,0, were found to be more
active than CeO, and possess structural stability below 1000 K,
showing the potential to replace CeO, as the substrates of COOR
catalysts. Moreover, orth-Mo,B,0,, hex-V,B,0, and hex-Cr,B,0,
exhibit even higher COOR catalytic activity than Pt—CeO, and Au-
CeO,, and are expected to be applied as COOR catalysts directly.
Further investigations showed that the formation energy of oxygen
vacancies could be used as the descriptor of COOR catalytic
activity, which would help to reduce the amount of calculations
significantly during the catalyst screening process. This work not
only reports a series of 2D materials with high COOR catalytic
activity and opens up a new application area for MBenes, but also
provides a reliable strategy for highly efficient screening for COOR
catalysts.

Introduction

Carbon monoxide (CO) is one of the major air pollutants and
is not only toxic to human beings, but also results in the poi-
soning of Pt-based catalysts in proton-exchange membrane
fuel cells (PEMFC)."> CO originates mostly from the exhaust
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gas of internal combustion engines,’ and one of the most
common methods for CO treatment is the carbon monoxide
oxidation reaction (COOR), in which CO is oxidized to carbon
dioxide (CO,) at low temperature in an O, atmosphere without
combustion.”” There exist three typical mechanisms for
COOR catalysis: the Langmuir-Hinshelwood (L-H) mecha-
nism, the Eley-Rideal (E-R) mechanism and the Mars-van
Krevelen (M-vK) mechanism.> In the L-H and E-R mecha-
nisms, all the CO molecules are oxidized by O, molecules and
the lattices of catalysts remain intact during the whole catalytic
process. As illustrated in Scheme 1, in the L-H mechanism,
the catalysts adsorb both CO and O, molecules, while in the
E-R mechanism, the catalysts only adsorb O, molecules.
However, in the M-vK mechanism, the CO molecules are oxi-
dized by both O, molecules and the lattice oxygen atoms on
the surfaces of the catalysts, which means that the catalysts are
involved in the elementary reactions directly. During the cata-
Iytic process, oxygen vacancies (Vap) are generated when the
lattice oxygen atoms are used to oxidize CO molecules, and
they will be filled with O, molecules in the next elementary
step.>® In general, on catalysts with metal active sites (includ-
ing single atoms, clusters and nanoparticles) and inert sub-
strates (such as graphene’), the COOR occurs via the L-H and
E-R mechanisms, while only on catalysts containing accessible
lattice oxygen atoms could the COOR occur via the M-vK
mechanism.
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Scheme 1 Three different mechanisms of COOR catalysis.
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So far, noble metals, such as Pt, Pd, and Au, are indispens-
able for most COOR catalysts. To reduce the use of noble
metals and control the cost, one popular strategy is to load
single atoms or nanoparticles of noble metals or their oxides
on non-noble substrates, such as Pt/CeO,, Pd/CeO, and Au/
Ce0,,>*?* which have been universally adopted in three-way
catalytic converters (TWCs) in the exhaust systems of vehicles
to remove CO, which is one of the major harmful gases. The
most commonly used COOR catalysts is CeO,-supported noble
metals because the lattice oxygen atoms in CeO, could be
easily utilized, making the COOR occur via the M-vK mecha-
nism with high activity.®'"'1>192426 The intrinsic catalytic
activity of substrates contributes a lot to the overall perform-
ance of COOR catalysts since the substrates are involved in the
oxidation of CO directly via the M-vK mechanism. However,
the intrinsic catalytic activity of CeQ, is relatively poor.?
Therefore, the search for materials with higher intrinsic COOR
catalytic activity to replace CeO, will be beneficial for enhan-
cing the COOR catalytic performance of combined catalysts.

Lattice oxygen atoms are indispensable to the intrinsic
COOR catalytic activity of non-noble catalysts.’*” In the past
decade, two-dimensional transition metal carbides/nitrides/
carbonitrides, MXenes, have been widely studied as catalysts
for various reactions. The exposed transition metal atoms on
the surfaces of MXenes are easily functionalized by oxygen
atoms which can tune their properties.>®**° According to the
previous research by Tahini et al,”” the interaction between
the transition metal atoms and the surface oxygen atoms in
Cr;C,0,, V3C,0, and Sc;C,0, MXenes is relatively weak, and
thus the surface oxygen atoms could be easily utilized to
oxidize CO molecules. By studying the COOR catalytic activity,
it was found that these O-functionalized MXenes are more
active than CeO, via the M-vK mechanism. In 2017, MBenes, a
family of two-dimensional transition metal borides, were
reported,®" and they possess similar structures to MXenes.*?
MBenes are widely studied as catalysts or substrates of various
reactions, including the hydrogen evolution reaction
(HER),>'*373¢ the oxygen evolution reaction (OER)/oxygen
reduction reaction (ORR),>**” the nitrogen reduction reaction
(NRR)***° and the CO, reduction reaction (CO,RR).*"*?
Similar to the situation for MXenes, the exposed transition
metal surfaces of pristine MBenes can be easily functionalized
by O atoms.?*?7**** Therefore, it is anticipated that the
surface oxygen atoms on O-functionalized MBenes could also
be utilized to oxidize CO molecules leading to high COOR cata-
lytic activity via the M—vK mechanism.

In this work, 18 O-functionalized MBenes, denoted as orth-
M,B,0, and hex-M,B,0,, where M represents Ti, V, Cr, Zr, Nb,
Mo, Hf, Ta, and W, and “orth/hex” indicates orthorhombic/
hexagonal crystal systems, were investigated to explore their
intrinsic COOR catalytic activity and mechanism by means of
the first-principles method. Our calculated results show that
five M,B,0, compounds demonstrate higher COOR catalytic
activity than CeO, at room temperature and good thermal
stability at a high temperature of 1000 K, among which, orth-
Mo,B,0,, orth-W,B,0,, hex-V,B,0, and hex-Cr,B,0, are eli-
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gible to serve as independent COOR catalysts. Moreover, it has
been found that oxygen vacancy formation energy could reflect
the maximum reaction energy for the COOR directly.
Therefore, by taking oxygen vacancy formation energy as the
descriptor for COOR catalytic activity, the screening efficiency
for COOR catalysts could be highly improved.

Computational methods

All first-principles calculations were performed based on
density functional theory (DFT) using the Vienna ab initio
Simulation Package (VASP)***® with the projector-augmented
wave (PAW) method.”” The interaction between ion cores and
valence electrons was described using the Perdew-Burke-
Ernzerhof (PBE) functional.*®*? All the atomic structures were
fully relaxed under the energy and force convergence criteria
of 107 eV per atom and 0.02 eV per angstrom, respectively.
For the calculation of energy, 3 x 3 x 1 supercells were used,
while for ab initio molecular dynamics (AIMD) simulation, 4 x
4 x 1 supercells were applied, during which a canonical NVT
ensemble was used, and the temperature was controlled with
the algorithm of Nosé.>

In this work, COOR catalysis on 18 orth/hex-M,B,0, via the
M-vK mechanism was studied, which involves three phases:
the adsorption of O, (I:* + O, — *0O0), the formation of the
first CO, (II: *OO + CO — *OOCO and III: *XOOCO — CO, + *O)
and the formation of the second CO, (IV: *O + CO — *CO,
and V: *CO, — * + CO,). Here * represents M,B,0, with O
vacancies. The Gibbs free energy of steps I~V is denoted as
AG; ~ AGs. The computational details of the energy terms are
included in the ESL.}

Results and discussion

The 18 orth/hex-M,B, compounds studied in this work have
been proved to be stable dynamically according to the previous
research studies.>'*%37317%% Experimentally, oxygen functional
groups have been detected on the surface of hex-Moy,;B,
MBenes.’® Meanwhile, theoretical studies of O-functionalized
MBenes have been carried out in many studies.?!:3%36:13:54,57,58
First of all, we studied the atomic structures of 18 M,B,0, and
the corresponding formation energy of oxygen functional
groups. There exist four and two sites with different chemical
environments for O atoms binding on the surfaces of orth-
M,B, and hex-M,B,, respectively (Fig. Si(a) and S2(a)f).
Considering the symmetry of orth-M,B, and hex-M,B,, we
investigated four types of atomic structures for orth-M,B,,
including types I-1II shown in Fig. 1(a-c) and type IV shown in
Fig. S1(b),t and three types of atomic structures for hex-M,B,,
including types A and B shown in Fig. 1(d and e) and type C
shown in Fig. S2(b).T After studying the total energy of all the
structures of the 18 M,B,0,, the most stable structures for
each are shown in Fig. 1. There are three types of atomic struc-
tures for orth-M,B,0,: type-I for M = Ti, Zr, Hf, Mo; type-II for

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The optimized atomic structures of (a) type-I, (b) type-Il, (c) type-lIl for orth-M,B,0, and (d) type-A, (e) type-B for hex-M,B,0, in side (up)
and top (down) views. Green and red balls represent B and O atoms, respectively, and the balls with other colors represent transition metal atoms.

M =V, Nb, Ta, W; and type-III for M = Cr, while there are two
different atomic structures for hex-M,B,0,: type-A for M = Ti,
Zr, Hf, Mo, W and type-B for M = V, Nb, Ta, Cr. For the most
stable structure for each M,B,0,, the formation energy of the
oxygen functional group (AGP) was calculated with eqn (S4),}
and the results are listed in Table S2.7 For all 18 M,B,0,, the
values of AGP are negative, indicating the spontaneity of the
formation of oxygen functional groups under an O, atmo-
sphere thermodynamically. These surface oxygen atoms could
serve as the oxidants of CO molecules in COOR catalysis.

In general, the surface vacancies on O-functionalized
MXenes are inevitable.?®>° Therefore, we considered the exist-
ence of oxygen vacancies on the surface of M,B,0, in this
work. Here the concentration of O vacancies is considered to
be 5.56%, corresponding to one O vacancy in a 3 x 3 x 1 super-
cell of M,B,0,. The formation energy of oxygen vacancies,
AGY?, was calculated with eqn (S5)f and the results are listed
in Table S2.1 The results show that the values of AG}? for the
18 M,B,0, range from 2.55 eV to 5.59 eV. In addition, the
values of AG}® for two O-functionalized MXenes, Ti,CO, and
Ti3C,0,, were calculated to be 4.5 eV and 5.0 eV (the concen-
tration of O vacancies = 5.56%), respectively, which are higher
than those of most of the M,B,0,, as displayed in Fig. 2. Since
O vacancies on Ti,CO, and Ti;C,0, are very common in
experiments,”®®® the M,B,0, studied here can also easily
become defective with O vacancies, which could capture CO
molecules.

From Fig. 2, it is found that for orth/hex-M,B,0, with M in
the same group, the AG}® values increase with increasing
atomic number (Z), while for M,B,0, with M in the same
period, the AGY? values decrease with increasing electron layer
number (n). Therefore, orth/hex-Cr,B,0, has the lowest AG}?

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The formation energy of oxygen vacancies of 18 M;,B,0,, in

comparison with those of Ti,CO, and TizC,0,.

value, while orth/hex-Hf,B,0, has the highest AG}* value.
Apparently, the variation of AG}® is in accordance with the per-
iodic law of elements: the larger Z and the lower n M has, the
lower AG}? value M,B,0, has.

The electrons on the surfaces of defective M,B,0, are not
evenly distributed due to the existence of O vacancies, which
are easy to fill with gaseous molecules. According to the
results of Bader charge calculations, the transition metal
atoms nearest to the O vacancies have lower coordination
number than the other transition metal atoms, and thus they
possess more electrons. The extra electrons could transfer to
the 2p orbitals of the O atoms in O, or CO molecules to drive
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the electron distribution of the transition metal layers equally.
Theoretically, both O, and CO molecules could adsorb at the O
vacancy sites. However, if CO molecules fill the O vacancies,
the C atoms would be left on the surface, which could not be
removed by combining with O, to form CO,. This would result
in the blockage of O, adsorption sites and deactivation of the
catalysts. Therefore, we investigated the adsorption selectivity
of O vacancies by calculating the adsorption energy of O, and
CO, as shown in Fig. 3(a). Apparently, the adsorption of O, on
all 18 defective M,B,0, is highly spontaneous with the O,
adsorption energy being lower than —1 eV, while the values of
CO adsorption energy are all higher than 0. Taking orth-
Cr,B,0, and hex-Cr,B,0, as examples, after adsorbing CO, the
O atoms of CO could not fill the O vacancies and the CO mole-
cules would stay above the surfaces, as displayed in Fig. S3(a
and b).t Therefore, all 18 defective M,B,0, compounds have
higher adsorption selectivity towards O, than towards CO,
avoiding the deactivation of catalysts.

As shown in Fig. 3(b), an O, molecule adsorbs on the O
vacancy site perpendicularly to the surfaces of most M,B,0,.
However, for orth-Ta,B,0, and hex-Zr,B,0,, O, molecules are
parallel with the surfaces (Fig. S3(c and d)f), while for hex-
Hf,B,0,, after the vacancy is filled with one O atom of O,, the
other O atom adsorbs on the top of the Hf atom (Fig. S3(e)T). To
study the mechanism, we further calculated the change in the
0-0 bond length (Ad) and the number of electrons that the O,
molecules obtain from the substrates (N.), which are listed in
Table S3.f The O-O bond length of O, increases on all 18
M,B,0, after adsorption, indicating that the O, molecules are
activated by M,B,0, and the O-O bonds become weaker. By
analyzing the relationship between Ad and N, it is found from
Fig. 3(c) that Ad is approximately proportional to N., implying
that the more electrons the O, molecules obtain, the stronger
the O, activation degree is, contributing to a longer O-O bond.

After the adsorption of O,, the outer O atom combines with
the gaseous CO molecule, thus forming the OOCO intermedi-
ates (step II). This step is highly spontaneous for all 18 M,B,0,

Group III

Group IV Group V

Adsorption Energy (eV)

I co (Orth)
-6} - CO (Hex) -
0, (Orth)
B o (Hex)
=8

Ti Zr Hf V Nb Ta Cr Mo W

(a) b)
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compounds, with AG, ranging from —4 eV to —6 eV. It is
notable that the OOCO intermediates exist as separate
adsorbed O and isolated OCO from the M,B,0, substrates, as
illustrated in Fig. 4(a). The isolated OCO is located at a dis-
tance of over 2.8 A above the surfaces of M,B,0,, which
suggests that the binding strength between the M,B,0, sub-
strates and the outer O atom is extremely weak. Consequently,
it is very easy for the outer O atoms to detach from the sub-
strates and combine with the CO molecules, which is attribu-
ted to the O, activation by substrates. Further study of Bader
charge indicated that there is barely electron transfer between
the substrates and OCO. In other words, no chemisorption
exists between the two moieties and the binding strength is
relatively low. Therefore, step III is also exothermic, generating
gaseous CO, molecules with AG; ranging from 0 to —0.5 eV.
The values of Gibbs free energy change for the formation of
the first CO, (AG, + AG,) are listed in Table S4.}

After desorption of the first CO,, the surfaces of substrates
become complete and flat, and all the O atoms could serve as
the adsorption sites for CO molecules. During this process,
the values of AG, are negative for orth-V,B,0, (—0.59 eV), orth-
Cr,B,0, (-0.56 eV), orth-Mo,B,0, (—0.60 eV) and hex-Cr,B,0,
(—0.87 eV). For these materials, the subsequent CO, desorp-
tion process requires more energy input with AGs ranging
from —0.28 eV to 0.1 eV, and thus AG5; is the maximum Gibbs
free energy change (AG,x) for the whole COOR. For the other
M,B,0, compounds, the adsorption of the second CO mole-
cules is endothermic and the most energy-consuming step,
among which orth-Nb,B,0,, orth-w,B,0,, hex-V,B,0, and
hex-Mo,B,0, have AG., lower than 1 eV. The values of AG,
and AG; for all 18 M,B,0, are listed in Table S5.1 Besides, the
COOR catalytic activity of CeO, was also studied. The supercell
of CeO, contains 18 surface O atoms, which is the same as for
the M,B,0, studied in this work, and the AG.x for CeO, is
calculated to be 0.93 eV. It was found that the features in
terms of reaction energy are similar for CeO, and M,B,0,: easy
adsorption of O,, easy formation of the first CO,, but hard for-

1.40F B Orth-MBenes ™
: ® Hex-MBenes PY
1.38F
| N
1.36 me
o’i‘ °
; 1.34 -
< |
1.32F ue
1.30 ®
®
1.28F
0.5 0.7 0.9 1.1
Ne
()

Fig. 3 (a) The adsorption energy of O, and CO on 18 defective M;B,0,. (b)The structures after O, adsorption on hex-Cr,B,0, (up) and orth-
Cr,B,0, (down). Blue, green and red balls represent transition metal, B and O atoms, respectively. (c) The relationship between the O-O bond
length (Ad) and the numbers of electrons that the O, molecules obtains from the substrates (N,).
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Fig. 4 (a) Gibbs free energy profile for steps Il and lll. (b) AGax for
COOR of Orth-VZBzoz, Ol’th-crszoz, Orth-szBzoz, Orth-MOZBzoz,
orth-W,B,0,, hex-V,B,0,, hex-Cr,B,0,, hex-Mo,B,0, compared with
CeOZ, Pt—CeOz and AU—CeOZ.

mation of the second CO,. As shown in Fig. 4(b), the eight
M,B,0, mentioned above are more active than CeO, for COOR
catalysis. Moreover, except hex-Mo,B,0,, these M,B,0, com-
pounds possess COOR catalytic activities even higher than
those of CeO,-based single atom catalysts, Pt-CeO, and
Au-CeO, (AGmax = 0.60 eV and 0.45 eV, respectively), which
have been considered as highly active COOR catalysts experi-
mentally according to the previous studies.'™® Since the
COOR is widely used for CO removal in exhaust gas, the cata-
lysts should maintain the stability of their structures at high
temperature. By ab initio molecular dynamics (AIMD) simu-
lation at 1000 K for 10 ps, hex-Mo0,B,0,, orth-Mo,B,0,,
hex-V,B,0, and hex-Cr,B,0, were found to be stable with tiny
energy fluctuation and structural distortion, as seen in
Fig. S4.f Therefore, we conclude that hex-Mo,B,0,, orth-
Mo,B,0,, hex-V,B,0, and hex-Cr,B,0, could all serve as the
substitutes for CeO, as the substrates of COOR catalysts.

This journal is © The Royal Society of Chemistry 2023
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Furthermore, orth-Mo,B,0,, hex-V,B,0, and hex-Cr,B,0, are
expected to be used as COOR catalysts directly.

As the COOR catalysis involves five elementary steps, it is
very time-consuming to calculate the Gibbs free energy
changes for all the elementary steps to screen the desired
COOR catalysts from many candidates. Therefore, to simplify
the screening process and reduce the amount of calculations,
here we tried to find out a general descriptor for the COOR
catalytic activity by investigating the relationship between
AGmax of M,;B,0, and species of M. In Fig. 5(a and b) the
AGax values of orth-M,B,0, and hex-M,B,0, are shown in
the form of a three-dimensional bar graph. It can be seen that
the values of AGn.x vary with the species of transition metal
elements, in line with the periodic law of elements: for M in
the same period, AGnyax of M,B,0, decreases with increasing
atomic number (Z), while for M in the same group, AGpax of
M,B,0, becomes higher with increasing electron layer number
(n). Therefore, orth/hex-Cr,B,0, has the smallest AGy,,, while
orth/hex-Hf,B,0, has the largest AGax.

As discussed above, the periodic law of elements was also
found in the variation of AGY® with species of M. Therefore,
we correlate AGp.x with AG}’a, and the results are demon-
strated in Fig. 5(c). The data dots in the figure indicate that
there exists close correlation between AGp,.x and AG}?. By line-
arly fitting the dot data, it is found that the determination
coefficient, i.e., R*, reached 0.94, indicating the high degree of
linear relationship between the two parameters. Meanwhile,
the AG}® value of CeO, with an O vacancy density of 5.56%
was calculated to be 3.94 eV. The coordinates (AGY?, AGmax)
for CeO, are indicated with the blue star in Fig. 5(c), which is
clearly very close to the fitted line. Therefore, the oxygen
vacancy formation energy can directly reflect the COOR cata-
lytic activity of materials. Generally, the lower the AG}?, the
lower the AG,ax, which implies higher COOR catalytic activity.

By using AG}?® as the descriptor for the COOR catalytic
activity, the screening of COOR catalysts with high activity will
become much easier because only the values of AG}® need to
be calculated while the time-consuming calculations of AG for
all the elementary steps are unnecessary. Subsequently, the
investigation of the COOR catalytic activity of 9 M,CO, MXenes
was conducted, where M represents the same transition metal
atoms as those of M,B,0, in this work. Here, we calculated the
AG}"“ of the 9 M,CO, first, which shows the periodic variation
with M, the same as in the case of M,B,0,. Among the 9
M,CO,, only Cr,CO, and V,CO, have lower AGy? than CeOs,.
Then, by calculating AGpay, it was found that Cr,CO, and
V,CO, are the two most active catalysts with the values of
AGpax being —0.2 eV (step II) and 0.26 eV (step I), respectively,
as illustrated in Fig. S5.1 Except Cr,CO, and V,CO,, the other
M,CO, compounds have relatively low intrinsic COOR catalytic
activity via the M-vK mechanism. For example, when used as a
substrate of COOR catalysts, the surface oxygen atoms of
Ti,CO, © are not involved in the elementary reactions and thus
the COOR occurs on Ti,CO,-based catalysts via the L-H or E-R
mechanism rather than the M-vK mechanism. Therefore, our
findings are applicable to the case for M,CO,, which once
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Fig. 5 AGmax for COOR of (a) orth-M,B,0, and (b) hex-M,B,0, with M in different groups and periods. (c) Relationship between AGmax and AGY?

of orth/hex-M,B,0,.

again supports the conclusion that AG}® can serve as the
descriptor for COOR catalytic activity.

Conclusions

By investigating the COOR catalytic activity of 18 M,B,0, with
first-principles methods, hex-Mo,B,0,, orth-Mo,B,0,, hex-
V,B,0,, and hex-Cr,B,0, were found to possess high COOR
catalytic activity via the M-vK mechanism and high thermal
stability under 1000 K. Hex-Mo,B,0, is expected to serve as the
substrate of COOR catalysts as an alternative to CeO,, and
orth-Mo,B,0,, hex-V,B,0,, and hex-Cr,B,0, are expected to be
used as direct COOR catalysts with higher activity.
Furthermore, it was found that the formation energy of O
vacancies (AGy?) can reflect the value of maximum Gibbs free
energy change (AGpa.x) for COOR catalysis and serve as the
descriptor for COOR catalytic activity. In general, materials
with lower AGY? have lower AG .. Thus, during the process of
COOR catalyst screening, only AG,x needs to be calculated,
thereby saving large amounts of calculation cost and contribut-
ing to high screening efficiency.
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