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The CO oxidation mechanisms over three different MnN,-doped graphene (MnN,C,: MnN,C,-hex,
MnN,C,-opp, MnN,C,-pen) structures were investigated through first-principles calculations. The
vacancy in graphene can strongly stabilize Mn atoms and make them positively charged, which
promotes O, activation and weakens CO adsorption. Hence, CO oxidation activity is enhanced and the
catalyst is prevented from being poisoned. CO oxidation reaction (COOR) on MnN,C, along the Eley—
Rideal (ER) mechanism and the Langmuir—Hinshelwood (LH) mechanism will leave one O atom on the
Mn atom, which is difficult to react with isolated CO. COOR on MnN,C,-opp along the ER mechanism
and termolecular Eley—Rideal (TER) mechanism need overcome low energy barriers in the rate limiting
step (RLS), which are 0.544 and 0.342 eV, respectively. The oxidation of CO along TER mechanism on
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1. Introduction

CO is a common toxic gas that is water-insoluble, which comes
from automobile exhaust and insufficient combustion of fossil
fuels. CO oxidation at low-temperature has attracted much
attention because of its importance in solving environmental
pollution and protecting human health.*” How to quickly detect
and effectively eliminate CO has become one of the most
challenging topics today. Converting CO into non-toxic
substances has received considerable attention and catalytic
oxidation of CO is an effective method. CO oxidation was suit-
able to reveal the inherent heterogeneous catalytic reaction
mechanism.** In previous studies, noble metals such as Pd,>®
Ag,” Pt* and Au®'* were often used as catalysts for CO oxidation
due to chemical stability and excellent catalytic activity.
However, their scarcity, high prices and high reaction temper-
atures have limited application. Therefore, it is valuable to
develop low-cost and high-efficiency catalysts to promote CO
oxidation at low temperatures.

Single-atom catalysts (SACs) with a high level of dispersed
atoms and graphene films with high thermal stability have
received widespread attention on catalysts.'*> When size of the
transition metal from nanometer to the atomic level, the
amount of active site will be dramatically increased and the
catalytic ability of transition metal maximize. In 2011, the first
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efficient catalysis and this study has a guiding role in designing effective catalyst for CO oxidation.

single-atom catalyst Pt,/FeO, was prepared for CO oxidation."
Since then, there have been endless researches and experiments
on SACs, which offer an opportunity to efficiently catalyze
oxidation of CO. Graphene is a favorable support for SACs due
to its high surface area, high stability, low manufacturing cost
and excellent electronic properties. The carbon atoms of the
original graphene are combined with strong sp?, so the original
graphene is chemically inert and has weak catalytic activity.
Besides, single-layer graphene was prone to structural defects
during the manufacturing process,** which is an ideal site for
anchoring single atoms.” The catalyst for the experimental
synthesis of graphene supported SAC has excellent catalytic
performance and does not cause the agglomeration of doped
atoms.'®"” A large number of studies have shown that doping
transition metal atoms on the original graphene has efficient
catalytic performance for CO oxidation at low temperature. Fe,*®
Co," Ni-doped?® graphene with single vacancy defective (Gra-
SV) catalyzed CO showed high activity. The previous research
mainly focused on Gra-SV and the double vacancy theory has
received less attention. The pentagon in graphene defects can
effectively reduce the total energy, and the graphene with
double vacancy defect (Gra-DV) is more stable than the single
vacancy defect graphene.”* Therefore, the probability of doped
atoms being fixed in double vacancy defects is greater in prac-
tice. Mn is multi-electron structure and large atomic radius, and
Mn-doped Gra-SV will cause significant changes in the structure
and make the structure more unstable. In summary, Mn-doped
Gra-DV is more advantageous than Gra-SV.

Previous experiments have shown that the FeN, moieties
shows better catalytic activity than the FeN, moieties due to its

This journal is © The Royal Society of Chemistry 2020
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better electron transport ability.”*** Mn and Fe atoms have
similar electronic structures and MnN,-doped graphene
(MnN,C,) may have high catalytic activity. Orellana* find that
the catalytic activity of the phthalocyanine metal center
following the order: Mn > Fe > Co, which indicates that MnN,
moieties doped graphene may show higher catalytic activity for
CO oxidation than FeN, moieties. Previously few studies about
CO catalytic on Mn-doped substrate with double vacancy
defects,” CO oxidation along TER mechanism on MnN,
porphyrin-like carbon nanotubes was the most ideal reaction
pathway and the energy barrier of RLS was only 0.69 eV.*® MnC,
catalyzes CO along the LH mechanism was the best reaction
path and the energy barrier of RLS was 0.41 eV,” Mn-doped
substrate shows good catalytic effect on CO oxidation.”® The
experimental results confirm that Mn impurities in graphene
have been successfully doped into a single atom form, Mn
and N co-doping graphene can effectively improve the catalytic
performance of ORR.” Understanding the intrinsic mechanism
of COOR activity of Mn and N co-doped graphene can guide
experimenters to design the most effective catalyst.

Inspired by the above research, we carried out DFT calcula-
tions to explore the catalytic performance of MnN,C, for CO
oxidation. To the best of our knowledge, there is no research on
the mechanism of CO catalyzed by MnN,C,. In this work, the
various oxidation mechanisms of CO catalyzed by MnN,C, were
revealed and the optimal reaction pathway of CO oxidation was
determined by discussing the reaction energy barrier.

2. Computational methodologies

All calculation results are executed using DMol® code.*® The
exchange correlation functional use the PBE (Perdew-Burke-
Ernzerhof) function of GGA (Generalized Gradient Approxima-
tion),*"** The Grimme's dispersion correction has higher accu-
racy for van der Waals corrections.*® We selected DFT semi-core
pseudopotential and a double numerical plus polarization basis
set to ensure highly accurate results.** Synchronization method
using conjugate gradient refinement to determine the
minimum energy path and transition state,® all transition
states are determined to have only one virtual frequency.
Sampling k-point grid using Monkhorst-Pack method** and
Mulliken charge population method to express charge
transfer.*”

We delete atoms in a pure graphene model with periodic
boundary conditions to create vacancies, where two under-
coordinated carbons are replaced by N atoms (N,C,-vac), the Mn
atom bound by the undercoordinated atoms protrudes from the
surface after structural optimization. Finally, the three target
configurations of MnN,C, (Fig. 1) were considered: (1) two N
atoms on a pentatomic ring (MnN,C,-pen); (2) two N atoms at
the opposite sides of Mn atom (MnN,C,-opp); (3) two N atoms
on a hexatomic ring (MnN,C,-hex). Previous studies using
similar models have shown that it has high catalytic activity for
oxygen reduction.?*3°

The formation energy (AEf) can be used to evaluate the
stability of the substrate structure by the following equation

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Views of the optimized three configurations and deformation
density: (@) MNN,C,-hex, (b) MnN,C,-opp, (c) MNN,C,-pen. AE; and
AEy, represent formation energy and binding energy. Where gray, blue
and purple represent C, N and Mn atom, respectively. PDOS of
MnN,C,, Fermi levels are indicated by dotted lines.

AE; = Evinge, + 4tc — (EGra + 2uN + Unn) (1)

where Eynn,c, and Eg, are the total energies of MnN,C, and
graphene. The uc and uy are the chemical potential of a single
carbon atom defined as the total energy per C atom in perfect
graphene and a nitrogen atom defined as one-half energy of the
N, molecule in the gas phase. uy, is the chemical potential of
an isolated Mn atom configuration.

The binding energy (AEp) can be used to characterize the
bonding strength of doped atoms and atoms around vacancies,
AE, is defined as follows:

AE, = Evnnge, — Exycyvac — Ewn (2)

where Enmn,c,» En,c,vac» and Eny are the total energy of the
MnN,C,, N,C,-vac and isolated doped Mn atom.

The adsorption energy can evaluate the interaction between
gas molecules and MnN,C, and be calculated by the following
method:

AFE,4s = adsorbate/MnN,C, — (EMnN2C2 + Eadsorbate) (3)

where Egagsorbatermnn,c, and Eymn,c, are the total energy of gas
adsorption on MnN,C, and MnN,C,. E,gsorbate 1S the total
energy of the free adsorbate.
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Fig. 2 Molecular dynamics trajectory of MnN,C, at 1000 K with
snapshots of intermediates at different times.

3. Results and discussion
3.1 Stability of the MnN,C,

Transition metal atoms easily self-aggregate to clusters due to
its high cohesive energy, which decreased the catalytic perfor-
mance and atom utilization rate. Therefore, the bonding
strength of the doping atom Mn and surrounding atoms should
be analyzed first. The formation energy and binding energy of
MnN,C, are calculated according to formula (1) and (2) as
shown in Fig. 1, and negative energy values illustrate the
stability of MnN,C,. The binding energy is much stronger (more

Co, Cco
e
: i 1.167
2.479 1.775
i 1.167
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negative) than the cohesive energy of Mn atom.*® The strong
combination of Mn atoms and coordination atoms can effec-
tively prevent the agglomeration and diffusion of Mn atoms.
The partial state density (PDOS) can clearly see the orbital
overlap between Mn, N and C atoms to further analyze the
internal mechanism of interatomic bonding (Fig. 1). The
hybridization of d orbits of Mn atoms and p orbits of C and N
atoms makes Mn atoms to bind firmly in the substrate, espe-
cially there are obvious peaks near the Fermi level, which has an
important influence on the catalytic activity and to a certain
extent shows that MnN,C, has high activity. The deformation
density is used to evaluate charge transfer within MnN,C,, the
consumption and accumulation of electron density are repre-
sented by yellow and blue (Fig. 1). Demonstrated that there was
a significant electronic overlap between Mn atom and its adja-
cent four atoms, which further illustrated that there was
a strong interaction between Mn atom and adjacent atom. The
doping of atoms breaks the local electrical neutrality of the
original graphene, and the apparent charge transfer brings
favorable conditions for the high activity of the substrate. From
the electron display of Fukui function (Fig. S11), it can be seen
more directly that the electrophilic and nucleophilic regions are
mainly Mn atoms and N atoms, which is the main reaction
region and MnN,C, may have high activity for free gas mole-
cules. Molecular dynamics simulation from the perspective of
thermodynamics to analyze the substrate stability over a period
of 2 ps at 1000 K (Fig. 2). The energy of MnN,C, fluctuates
around a fixed value and the energy fluctuation is less than
0.1 eV. There is no chemical bond breakage and formation
during the simulation. The slight deformation of MnN,C,
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Fig. 3 Structure of single molecule adsorption (O,, CO, CO,) and bimolecular co-adsorption (CO + O,, 2CO) on MnN,C,.
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Fig. 4 The adsorption energy of gas on MnN,C,.

makes the Mn, N and C atoms are almost on the same plane.
Above results showed that MnN,C, were structurally stable and
had high activity.

3.2 The adsorption properties of MnN,C,

The catalytic mechanism of COOR was revealed based on gas
adsorption properties of Mn,N,C,, which include single mole-
cule adsorption (O,, CO, CO,) and bimolecular co-adsorption
(CO + 0,, 2CO). The most stable adsorption configuration and
bond length are shown in Fig. 3, the detailed adsorption energy
data are shown in Fig. 4 and Table S1.7 Three similar structures
have little difference in gas adsorption performance. O,
adsorption is critical for subsequent COOR,*** the most stable
adsorption configuration of O, is parallel to the substrate, and
its adsorption energy is stronger than that of CO to ensure that
the active site is not poisoned by CO when CO and O, are mixed

View Article Online
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in equal proportions. After adsorption, activated O, gains elec-
trons and causes the bond length extension, which is beneficial
to CO oxidation. It was found that the adsorbed CO and N atoms
would repel each other, and the angle of CO adsorption on
MnN,C,-hex and MnN,C,-pen would be inclined. The adsorp-
tion energy of CO + O, is stronger than the adsorption energy of
single molecule, but greater than the sum of the two adsorption
energies, indicated that when the substrate adsorbs one gas
molecule, the activity will decrease, which will lead to weaker
adsorption of the second gas. The distance between Mn and
CO, is much larger than the sum of the covalent radii of O and
Mn atoms, CO, is physically adsorbed on MnN,C, and the
catalyst can be recycled. Preliminarily judge that MnN,C, can be
used as catalysts for CO oxidation based on gas adsorption
energy.

The pre-adsorption gas determines the type of reaction
mechanism for subsequent COOR. When O, and CO are mixed
in equal proportion, O, can be adsorbed on the substrate in
advance, indicating that COOR can proceed along the ER
mechanism. O, and CO co-adsorption reaction mechanism
corresponding to COOR is LH mechanism. The adsorption
energy of 2CO is stronger than that of O,, the corresponding
reaction mechanism (TER) needs to be considered under high
CO concentration. The following content will analyze the reac-
tion mechanism of COOR on MnN,C,.

3.3 Reaction mechanism of CO oxidation on MnN,C,

Pre-adsorbed O, obtains electrons from the substrate to occupy
the antibonding 7* orbit and subsequently lead to the elonga-
tion of the bond length, which may cause O, to be easily
decomposed directly (the relative energy in Fig. 5a, the atomic
structure of MnN,C,-opp in Fig. 1c, the atomic structure of
MnN,C,-hex and MnN,C,-pen in Fig. S21). The lowest activation
energy of O, decomposition is 0.854 eV (MnN,C,-opp) among
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dissociation and (d) CO + *O, — *CO + *O, reaction on MnN,C,-opp.
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(a) Relative energy of O, molecule dissociation and (b) the CO + *O, — *CO + *O, reaction on MnN,C,. (c) Structure of O, molecule
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the three structures, the CO oxidation process is difficult to
perform at room temperature when the energy barrier is greater
than 0.8 eV,* this means that the kinetics are not conducive to
O, dissociation and O, adsorbed on MnN,C, can be effectively
activated without decomposition at room temperature.

After adsorbing O,, there will be three cases of CO adsorp-
tion. (1) CO and two O atoms are bonded to form silicate-like
structure (COj;), the TS search cannot get the CO; with only
a virtual frequency and positive energy barrier on MnN,C,-hex
and MnN,C,-pen, which has also appeared in Mn-doped single
vacancy graphene.** (2) CO and an O atom directly generate CO,
and the remaining O atom occupies the Mn site. In both cases,
COOR follows the ER mechanism, and its energy barrier and
reaction energy are shown in Table S2.f CO reacts with O, in
MnN,C,-opp to form CO, has a low energy barrier (0.544 eV),
but other energy barrier data are not ideal, indicating that the
CO oxidation in MnN,C,-hex and MnN,C,-pen is difficult to
proceed along the ER mechanism. (3) Isolated CO and O, co-
adsorbed on Mn atom, the energy barrier of the CO adsorp-
tion process is shown in Fig. 5b and the atomic structure is
shown in Fig. 5d and S3.1 Compared with the reaction between
isolated CO and pre-adsorbed O,, CO is more likely to form a co-
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adsorption structure with O,. CO only needs to overcome the
low activation energy to adsorb on Mn atoms and the largest
energy barrier was as low as 0.434 eV (MnN,C,-pen). In
summary, COOR is more powerful along the LH mechanism
than the ER mechanism. We also consider that when the active
site is occupied by CO, the energy barrier of the process of
forming two CO co-adsorption structures (Fig. S41). The co-
adsorption of 2CO on MnN,C, is accompanied by large
exothermic reaction energy and the maximum energy barrier is
as low as 0.238 eV (MnN,C,-pen), which is smaller than the
energy barrier for the formation of O, + CO co-adsorption on
MnN,C,. The above shows that it is very easy and beneficial to
form 2CO co-adsorption configuration on MnN,C,.

Two CO molecules co-adsorbed as initial state of COOR
along TER reaction mechanism, which was first study COOR on
Au-doped h-BN monolayers by Keke Mao.** The relative energy
of COOR on MnN,C, along the LH and TER mechanisms are
shown in Fig. 6a and b, the corresponding structure are shown
in Fig. 6¢c, d, S5 and S6.f The formed intermediate product
OCOO spontaneously decomposes into O and CO, on MnN,C,-
hex at low temperature (350 K), and CO, can diffuse sponta-
neously, the energy and structure changes during spontaneous
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(a) COOR via the LH mechanisms on MnN,C,, (b) COOR via the TER mechanisms on MnN,C. (c) Structure of the COOR on MnN,C,-opp
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Table 1 The activation energy of RLS for CO oxidation via optimal
reaction mechanism on various precious metal systems

Models AEpa(RLS) Models AE}p,.(RLS)
MnN,C,-0pp 0.34 Au nanoclusters®’ 0.50

AuC; *® 0.31 Pd-Au alloys*® 0.69-1.04
PtC; °° 0.59 Ag;5-GDY’ 0.26

PdC, ! 0.29 Ir-GDY>? 0.37
Au-h-BN** 0.47 MnC; *° 0.76
MnN,-CNT?® 0.69 MnC, *® 0.57

Alc; 0.32 Nic, ** 0.34

decomposition are shown in the Fig. S7.+ COOR on MnN,C, has
similar structural changes, the CO oxidation on MnN,C,-opp
along the LH and TER mechanisms will be taken as an example
to analyze the reaction mechanism in detail.

CO and O, co-adsorption as the initial state of the LH
mechanism (Fig. 6¢), close to each other can form an experi-
mentally proven intermediate product OCOO.*® The elongation
of the O, bond from 1.336 to 1.458 A and the Mn-C bond from
1.892 to 1.973 A, which is conducive to the formation and
desorption of CO,. The formation of OCOO needs to overcome
the activation energy of 0.747 eV and endothermic reaction
energy of 0.038 eV, OCOO only needs to via the activation energy
of 0.092 eV to generate CO, and CO, can spontaneously release
at room temperature.

In the TER mechanism (Fig. 6d), the pre-adsorbed 2CO and
free O, bond to form a five-membered ring intermediate
(0COO0CO), the bond length of O, is stretched to 1.496 A, which
needs to overcome the activation energy of 0.342 eV. The O-O
bond of 1.483 A and the Mn-C bond of 2.089 A are easily broken
to form two physically adsorbed CO,, the OCOOCO decompo-
sition process only requires 0.315 eV of activation energy to
prove the above speculation. The energy barriers of the two step
reactions of the whole process are small, and emit 4.353 eV
heat, which indicates that the oxidation of CO along TER
mechanism on MnN,C,-opp is favorable. Table 1 summarizes
the energy barriers of RLS for CO oxidation in various precious
metal systems. The energy barrier of CO oxidation catalyzing by
MnN,C,-opp along the TER mechanism is lower or comparable
to that catalyzing by noble metal systems. Moreover, MnN,C,-
opp catalyzed CO has lower activation energy than other Mn
atoms and N co-doped graphene (MnCs;, MnC, and MnN,-
CNT). Therefore, MnN,C,-opp can be used to replace the
precious metal as a highly efficient catalyst for CO oxidation.

The CO oxidation on MnN,C, via the ER and LH mecha-
nisms to form the first CO,, and the remaining O atoms have
strong interactions with Mn atoms. For the strong bond formed
by Mn and O atom, CO and O may need to overcome higher
energy barrier to complete the reaction. The relative energy of
the CO and O reaction and the corresponding structure are
shown in Fig. 7. The formation of the second CO, requires
a large activation energy, and the minimum energy barrier on
MnN,C,-hen is 0.900 eV, indicating that the last remaining O
may remain on the active site, which hinders the next cycle of
COOR.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

Comprehensive and specific research on the oxidation mecha-
nism of CO catalyzed by MnN,C, and the oxidation mechanism
mainly considers three common mechanisms: ER, LH, TER.
The CO oxidation on MnN,C, prefers to occur via the LH
mechanism compared to the ER mechanism. For MnN,C,-hex,
the energy barriers of RLS for CO oxidation along the LH and
TER mechanisms are 0.850 eV and 0.856 eV, respectively. For
MnN,C,-pen, the energy barriers of RLS for CO oxidation along
the LH and TER mechanisms are 0.773 eV and 0.900 eV,
respectively. MnN,C,-opp has better catalytic performance for
CO oxidation, the energy barriers of RLS corresponding to the
ER, LH and TER mechanisms are 0.544 eV, 0.747 eV and
0.342 eV, respectively. When CO oxidized on MnN,C, along the
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ER and LH mechanism, the remaining O atom is difficult to
form a second CO,. In summary, CO oxidation on MnN,C,-opp
along the TER mechanism will be the best catalytic pathway.
Increasing the proportion of MnN,C,-opp by controlling
specific reaction conditions in the catalyst design process may
help improve the catalyst's activity in CO oxidation.
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