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CO,, is a representative prototype model in energy and environmental fields. Many factors for CO, capture
and activation have been investigated extensively but the research on the influence of thermal conductiv-
ity is still absence. We herein have calculated many properties, including dipole moment, electric struc-
ture, and adsorption energies, on Pt doped graphene and 2D BC3N, substrates and served the thermal
conductivity as the bridge. Our results have demonstrated that the lower (higher) thermal conductivity
for 2D BC3N, (graphene) corresponds to larger (lower) dipole moment, which is beneficial for CO, acti-
vation (capture) process. Our research have not only revealed the dominant role of heat conductivity for
CO, capture and activation, but also paved the way for further catalyst design of various areas.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The adsorption of CO, has attracted great interests in pioneer-
ing works, because it is a sort of prototype model in energy and
environmental fields. The subjects that widely investigated include
CO, separation from mixed gases [1-9], CO, reduction [10-12] and
fuels synthesis via CO, [13-17]. Among these areas, the common
issues that should be solved exist in the capture and activation
process of CO,, which can be reflected from the adsorption en-
ergy between CO, and substrate and strength of C-O bond in CO,.
Among numerous substrates, two-dimensional (2D) materials have
drawn great attention due to their unique structural properties:
ultrahigh surface-volume ratio [18-24]. In our previous study, we
have successfully predicted a two-dimensional BC3N, (2D BC3B;)
substrate. This structure is like graphene with B, C and N atoms
bonded together upon sp? hybridization. Compared with graphene,
boron nitride and other graphene materials, each hexagonal prim-
itive unit cell of the BC3N, has one more electron than them [25].
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CO, is an inert gas that can only exhibit physical adsorption
on 2D materials, hindering the capture and activation process of
CO,. Doping heterogeneous atoms into the substrates is a promis-
ing way to regulate the adsorption behavior [26-29]. Li et al. have
realized the transformation of CO, interaction with substrate from
physical adsorption to chemical adsorption via N doping [30]. Ma
et al. have demonstrated that high O content can enhance the ef-
fect of N doping for CO, adsorption on porous carbon. This com-
plex also has high selectivity for CO, in CO,/N, mixture [31]. Yin
et al. have performed similar work of CO, capture on N, S dual-
doping graphene and ascribed the enhanced adsorption to the
unique channel along the S - N — CO, path, leading to extra
charge transfer from graphene to CO, [32]. He et al. proved that
the process of CO, capture/release on Fe/Co doped graphynes oc-
curs spontaneously once one extra electron is introduced/removed
[33]. Yang et al. have attempted to enhance the CO, adsorption via
electric field and fond that CO, experienced a transition from ph-
ysisorption to chemisorption in the electric field range of 0.0060-
0.0065 a.u. [34]. Besides capture, the activation process of CO, is
also an essential process that we cannot ignore. CO, reduction
with H is an attractive way to produce fuels or chemicals [35].
Thus, a weakened C-O bond in CO, is necessary to achieve low
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reaction barrier for CO, protonation. Wang et al. have designed a
Cr-doped graphyne catalyst, which is able to capture CO, directly
via chemisorption under mild conditions. This character can fully
activate CO, and eventually lead to an exothermal step for CO,
protonation to COOH [36]. Cao et al. have interpreted the activa-
tion of CO, from aspect of local bonding environment on Si doped
BN. They demonstrate that the Si-p, dangling bond dominates the
Si-CO, bonding interaction in CO, adsorption [37]. Zeng et al. have
proposed that Mn doping enabled the harmonic overlaps between
the p orbitals of O atoms and d orbitals of Mn atoms near the con-
duction band edge of Mn-doped In,S; nanosheets during the acti-
vation of CO, [38]. Jiang et al. have demonstrated that the electric
dipole moment can serve as a descriptor for establishing structure-
property relationships for molecule adsorption and activation
[39].

As we know, there also exists some relationship between dipole
moment and thermal conductivity. Recently, the compound of car-
bon, nitride and boron attracted considerable interests due to
their semiconducting properties with tunable bandgap and excel-
lent thermal properties, for example both single-layer C3N and
C3B sheets behaves as semiconductor with indirect bandgaps of
about 1.78 eV and 1.15 eV, respectively [40]. An et al. investigated
the thermal conductivity of single-layer C3N sheet and graphene
using nonequilibrium molecular dynamics simulations and found
that the thermal conductivity of single-layer C3N sheet is much
smaller than that of graphene due to the anharmonicity from the
polarized covalent bonding between carbon and nitride atoms, and
mass difference [41]. The first-principle calculation based on den-
sity functional theory (DFT) found that the lattice thermal conduc-
tivity of single-layer C3B and C3N sheet are 301 W m~! K-! and
380 W m~! K-1 at 300 K [42]. According to the kinetic theory de-
rived from the Boltzmann transport equation, the thermal conduc-
tivity is associated with spectral volumetric specific heat, phonon
group velocity and phonon relaxation time. Except for phonon re-
laxation time, the other two quantities are of phonon harmonic
properties, proportional to the strength of chemical bond. In other
word, the stronger chemical bonds in inorganic compounds usu-
ally lead to the larger phonon group velocity. One the one hand,
previous study found that one of thermal conductivity difference
mechanisms between single-layer C3N and C3B sheet originates
from the higher phonon group velocity of harmonic properties in-
duced by the stronger chemical bond of C-N in C3N compared
with that of C-B in C3B [43]. Moreover, the thermal conductiv-
ity of monolayer C3ByN;_, alloy shows a U-shaped trend when
the random doping ratio (x) increases, and the lowest thermal
conductivity is found for the case of x = 0.5, where the largest
(54757 W m~! K1) and lowest thermal conductivity (346.73 W
m~! K1) correspond to single-layer C3N and C3B sheet [44]. On
the other hand, the phonon relaxation time is determined by the
phonon anharmonicity. Graphene has very limited phase space
due to the selection rule protected by the crystalline symmetry,
where the mirror symmetry perpendicular to the basal planes of
graphene forbids three-phonon scattering events involving an odd
number of out-of-plane flexural acoustic (ZA) phonons. The crys-
tal structural and the strength of chemical bonds in the hexago-
nal carbon-nitride-boron compounds, intrinsically depends on the
electron density distribution of each atoms. The electron localiza-
tion function (ELF) is used to bridge a connection between the
electronic structure and the resulting thermal conductivity. First-
principle calculation found that the high electron localization ex-
ists at the center of carbon-carbon, indicating the electrons are
shared between two carbon atoms while the high electron localiza-
tion is closer to carbon atoms compared with the nitride atom in
the carbon-nitride bonds [45]. From the electron analysis, it is well
known that in the C—C bonds, one s orbital is hybridized with py
and py orbitals to form three planar o bonds, and py orbitals form
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Fig. 1. (a) The schematic configuration of the NEMD simulation setup. (b) The
steady-state temperature profile of single-layer BC3N, sheet is obtained from the
NEMD method for the system length of 30 nm. The red line is the fitted line, whose
slope is the temperature gradient used for calculating thermal conductivity. (c) The
energy tally through the cross-section area during the last 5 ns.

7 bonding between two C atoms to maintain the planarity. In con-
trast, three valence electrons of each N atom form planar o bonds
and the other two “spare” electrons fully occupy the p, orbitals.
In other word, each C atom has one extra p, electron for the C-N
bonds due to the fully occupied p, orbitals of N atoms. The ab-
sence of out-of-plane m bonds induces the large lattice vibration
along the z direction and break down the symmetry of selection
rule. The decreased phonon lifetime of ZA in C3N is due to anhar-
monicity of polarized chemical bonds in C3N. It is speculated that
the chemical bond is not only affected by the phonon group veloc-
ity of phonon harmonic properties, but the phonon relaxation time
of anharmonicity [46]. These lattice vibrational properties rely on
the chemical bonding. Compared to the graphene, the lower ther-
mal conductivity of C3N is attributed to the localized phonon vi-
brations along z direction from the chemical bonding of C—N.

Inspired by pioneering studies, we can speculate that there
may exist some coupling effects between electronic properties, ad-
sorption energy, dipole moment, activation barrier for CO, ad-
sorption, which remains elusive for studies so far. Thermal con-
ductivity can be treated as a bridge for these properties. Herein,
we have calculated these properties on Pt doped 2D BC3N; and
graphene surfaces based on density functional theory (DFT) to il-
lustrate the determinant role of thermal conductivity. The results
have shown that the lower (higher) thermal conductivity for 2D
BC3N, (graphene) corresponds to larger (lower) dipole moment,
which is beneficial for CO, activation (capture) process. Our re-
search have not only revealed the dominant role of heat conduc-
tivity for CO, capture and activation, but also paved the way for
further catalyst design of various areas.

In this study, the thermal conductivity is obtained through
non-equilibrium molecular dynamic (NEMD) simulations. All
molecular dynamics simulations are performed using large-scale
atomic/molecular massively parallel simulator (LAMMPS) [47]. The
optimized Tersoff potential [48] is adopted to describe the in-
teratomic interactions between C, B and N atoms of single-layer
graphene and BC3N, sheet, which has been successfully repro-
duced the thermal transport properties of these compounds con-
sisting of carbon, nitride and boron atoms. The schematic config-
uration of the NEMD simulation is shown in Fig. 1a. The system
length is set to 30 nm, which is divided into 104 slabs along the
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direction of heat energy transported. To prevent translational mo-
tion of atoms during the MD simulation, these atoms in the gray
region at two ends are fixed. The periodic boundary condition is
applied along the y direction. To build a linear temperature dis-
tribution in the system, these atoms in red and blue regions are
imposed by two Langevin thermostats, and their temperatures are
To + AT and Ty - AT, respectively. And Tp and AT are set as 300
K and 20 K, respectively in the simulations.

In NEMD simulations, the time step of 0.5 fs is chosen. Firstly,
the energy minimization is performed to relax the residual stress
in the system. Then, the isothermal-isobaric ensemble (NPT) is ap-
plied to equilibrate the system at 300 K and 1 atm for 100 ps. After
that, the canonical ensemble (NVT) is performed to obtain the de-
sirable temperature 300 K for 100 ps. And the two heat baths of
Langevin thermostats are imposed at the two ends of the red and
blue regions. Then, the microcanonical ensemble (NVE) is carried
out for 100 ps to equilibrate the system for obtaining the stable
heat flux and linear temperature profile. At last, the temperature
profile and energy are recorded for the last 5 ns shown in Figs. 1b
and c. To avoid the computational error in MD simulations, all the
presented MD results are averaged over three independent simula-
tions with different initial conditions. The standard deviations are
calculated to evaluate computational error. The thermal conductiv-
ities of single-layer BC3N, sheet with different temperatures are
calculated based on Fourier’s Law of heat conduction as

Q
“A-VT (M)
where A is the cross-sectional area that the heat flux passes
through and is calculated by the product of van der Waals diam-
eter and the width of BC3N, or graphene systems. The van der
Waals diameters of single-layer BC3N, and graphene sheet are 3.24
A and 3.35 A, respectively. VT denotes the temperature gradient
and Q is heat flux obtained by

|AEin - AEout|
Q=—5x (2)
where AE is the energy tally from heat source and heat sink every
step At shown in Fig. 1c.

The calculation of the adsorption and electric properties were
performed by using the Vienna ab initio simulation package (VASP)
based on the first-principles theory [49,50]. The ion-electron inter-
actions were described by the projector augmented wave method
[51]. The generalized gradient approximation (GGA) is described in
the Perdew Burke Ernzerhofform and the cutoff energy for plane-
wave basis is set as 400 eV. The convergence criterion for the
residual force and energy was set to 0.05 eV/A and 10-5 eV, re-
spectively during the structure relaxation. And for all calculations,
we considered the Van der Waals force correction by using MBD
approach in the Grimme scheme [52]. Supercells consisting of
3 x 3 x 1 2D BC3N; unit cells were used and the Brillouin zones
were sampled by a Monkhorst-Pack k-point mesh with a2 x 2 x 1
k-point grid for structure relaxation, while denser k-points mesh
of 7 x 7 x 1 were used for electronic property evaluations. The
Bader charge analysis was employed for the charge transfer. A vac-
uum space of 15 A was employed to avoid the interaction between
two periodic units.

We have successfully predicted a two-dimensional BC3N, sub-
strate (2D BC3N;), which exhibits a hexagonal network structure
like graphene. In order to figure out the unique character of 2D
BC3N,, various properties are calculated and make a comparison
with graphene. At first, the configurations of Pt loaded 2D BC3N,
and graphene substrates (denoted as Pt@2DBC3N, and Pt@gra) are
discussed. The optimized structures are displayed in Figs. 2a and
b with atoms fully relaxed. The Pt atom can bond with BC3N,
(graphene) substract with two N atoms and one B atom (four
C atoms). The CO, exhibits similar adsorption configurations on
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Fig. 2. The top views of (a) Pt@BC3N, and (b) Pt@gra. The side views of the
configurations are displayed in the insets. The configurations of CO, adsorbed (c)
Pt@BC3N, and (d) Pt@gra with O labeled with O1 and 02 in CO,. The adsorption
energies of CO, are displayed under the figure.

Pt@2DBC3N, and Pt@gra with different orientations as shown in
Figs. 2c and d with O atoms defined as O1 and 02. About the co-
ordination number, CO, tends to bind the substrates bidentately
with both C and O atom.

It is worthy noted that lattice deformation as one of important
conditions affecting the absorption performance of 2D materials is
ubiquitous because of thermal activation. The thermal conductivity
of materials can quantitatively describe their compatibility of heat
conduction, determining the lattice deformation induced by tem-
perature. To explore the temperature stability of monolayer BC3N,
for adsorption application, the thermal conductivity of monolayer
BC3N, material is calculated using non-equilibrium molecular dy-
namics simulations. In order to make a comparison, the thermal
conductivity calculations of graphene are performed at the temper-
ature ranging from 200 K to 600 K and their simulated length of
system is kept as L = 30 nm as shown in Fig. 3a. It is observed
that both thermal conductivity of graphene and BC3N, decrease
with the increasing temperature. Such analogous trends are ob-
served in other 2D materials, such as graphene, and MoS, [53-55].
Moreover, the size effect of thermal conductivity in both graphene
and BC3N, sheets is also discussed in Fig. S1 (Supporting informa-
tion). At temperatures higher than Debye temperature, the Umk-
lapp phonon scattering dominates the thermal transport of solid
dielectric materials, and the thermal conductivity decreases as «
~ T-1 [56], which can be further demonstrated by the calculated
vibrational density of states (VDOS) of monolayer graphene and
BC3N, under different temperatures in Fig. S2 (Supporting infor-
mation). As the temperature increases, the phonon peaks in VDOS
are broadened, indicating a smaller relaxation time due to the en-
hanced phonon-phonon scatterings. The dependence of thermal
conductivity on temperature is fitted based on « ~ T-% and the
fitted values of o equal to 0.782 and 0.815 for BC3N; (red line)
and graphene (blue line), respectively. According to the slack re-
lation, both the two values of o lower than 1 for graphene can
BC5N, may be attributed to the phonon boundary scattering from
the finite length L = 30 nm of simulation.

To understand the underlying physical mechanism for the
thermal conductivity difference between monolayer BC3N, and
graphene, their phonon spectral transmission coefficient T(w)
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Fig. 3. (a) Thermal conductivity of single-layer BN,C; and graphene sheet with
temperature ranging from 200 K to 600 K, the solid lines is fitted by the intrinsic
relationship between x ~T~* thermal conductivity and temperature. The red sym-
bols represent the graphene structure; the blue symbols represent the BN,C3 struc-
ture, respectively. (b) The phonon transmission in graphene (red line) and BN,C;
(blue line). (c) VDOS for boron, nitrogen and carbon atoms in the BN,C; structure,
respectively. (d) The charge density of BN,C; and graphene. The yellow and cyan
region represent losing and gaining electrons, respectively.

[57] including all the orders of anharmonicity are calculated by

q(w)

3
AT - kg (3)
where kg and AT are the Boltzmann parameter and tempera-
ture difference between the two heat baths, respectively. q(w) is
the frequency-dependent heat current across the imaginary cross-
section and is defined as

4(©) = ZReY 3 (Fy(@) -Vi(@)')
s iel ieR

where t; is the simulation time, and F; is the inter-atomic force

between atom i and atom j. “L” and “R” represent the left and right

segment, respectively, which are located at the two sides of the

imaginary cross-section. The details of NEMD set up can be found

in Fig. S3 (Supporting information).

In Fig. 3b, it is clearly observed that both the phonon trans-
mission coefficients for monolayer BC3N, (blue line) and graphene
(red line) share the similar frequency range from O to 50 THz.
Moreover, the transmission coefficient of phonon in low frequency
range smaller than 10 THz is much larger than that in other
frequency range, indicating the low-frequency phonons dominate
phonon transport of the two systems. Interestingly, compared
with graphene, the phonon spectral transmission of monolayer
BC3N, were significantly suppressed, especially in these phonon
frequency ranges of 0~2 THz, 10~15 THz and 22~50 THz. In other
word, the suppressed phonons transport leads to the lower ther-
mal conductivity of BC3N,. It is recalled that the monolayer BC5N,
can be regarded as the doped graphene with B and N atoms, where
it can be speculated that the introduction of B and N atoms would
add the phonon-impurity scattering originating from the mass and
interaction difference [58], and degrade the capability of phonon
thermal transport. To reveal the change of phonon spectral infor-
mation from doped atoms, the VDOS of BC3N, and graphene are
calculated by performing the Fourier transform of the velocity au-
tocorrelation function (VACF)

1 [ (WO0)-v(0) i
= | 1o v

T(w) =

(4)

D(w) = (5)
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Fig. 4. (a) The DOS of Pt d-states in Pt@gra and Pt@BC3N,. The dotted lines de-
note the position of d-band centers with values labeled near the lines. The COHP
between C and O atoms in CO, adsorbed on (b) BC3N, and (c) graphene.

where D(w) is the phonon VDOS at w THz, v is atomic velocity,
and <v(0)-v(t)> is the velocity auto-correlation function. In Fig. 3c,
it is well noted that the VDOS amplitude of C atoms is different
from these of B and N atoms in the phonon frequency range of
0~15 Hz, which suggests a larger thermal resistance in monolayer
BC3N; due to the larger phonon mismatch of VODS among differ-
ent atoms of BC3N, shown in Fig. S2 (Supporting information).

Considering that the lattice vibration property is fundamentally
determined by the electrons behavior, we further calculated the
difference electronic density of BC3N, and graphene as shown in
Fig. 3d (more details in Supporting information). The dipole mo-
ment is an essential physical quantity describing the charge trans-
fer between the bonded atoms. The larger dipole moment is, the
stronger polarization of covalent bonding is. Our calculations in
Table S1 (Supporting information) found that the dipole moment
2.01 of 2D BC3N, sheet is much larger than that dipole moment
0.82 of graphene. Therefore, it is concluded that the polarization
bond enhances the mismatch of phonon spectral density and an-
harmonicity of system, leading to a lower thermal conductivity of
monolayer BC3N,.

From the distribution of bader charge, the Pt atom on 2D BC3N,
is negatively charged with -0.37 e while it is only 0.01 e for
graphene system, leading to a higher d-band centra (g4) (—0.42
eV) and larger adsorption energy of CO, (E,4q[CO,] = —1.16 eV) on
Pt@gra (Fig. 2). Thus, the CO, capture process is more beneficial on
graphene system with higher thermal conductivity.

Besides capture ability, the activation of CO, is also an essen-
tial process that we cannot ignore especially for the research on
CO, dissociation and hybridization. The ICOHP value between C
and O atoms in CO, in 2D BC3N, system exhibits a more posi-
tive value (—7.65) compared to graphene system (—8.14) (Fig. 4),
indicating that the antibonding orbitals of CO, are significantly oc-
cupied compared to that in graphene system. Thus, the CO, acti-
vation process is more beneficial on 2D BC3N, system with lower
heat conductivity. This can also be reflected from the bond lengths
and angles (Tables S2 and S3 in Supporting information), which
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has experienced dramatic change compared to pristine CO, espe-
cially on Pt@BC3N,.

Above all, The larger dipole moment of Pt@2DBC3N, can pro-
mote the transfer of electrons to CO,. However, the binding ability
of CO, on Pt@2DBC3N, is lower due to the lower energy level of
electron distribution. Thus, the transfer of electrons can eventually
lead to the occupation of antibonding states on 2D BC3N, system.
In addition, there exists some coupling effect between dipole mo-
ment, d-band center, and occupation of antibonding orbitals. Thus,
d-band center can also be treated as a descriptor of activation pro-
cess, which is beneficial at lower g4 value.

In conclusion, the bridge between CO, activation and thermal
conductivity based on bond polarization is built based on the cal-
culation of the dipole moment, electric structure, and adsorption
energies, on Pt doped graphene and 2D BC3N, substrates. Our cal-
culated results have demonstrated that the lower (higher) ther-
mal conductivity for 2D BC3N, (graphene) corresponds to larger
(lower) dipole moment, which is beneficial for CO, activation (cap-
ture) process. Our study have not only revealed the dominant role
of heat conductivity for CO, capture and activation, but also paved
the way for further catalyst design of various areas.
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