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a b s t r a c t

Single atom catalysts (SACs) have been in the forefront of catalysts research because of their high effi-

ciency and low cost and provide new ideas for development of renewable energy conversion and storage

technologies. However, the relationship between the intrinsic properties of materials such as lattice ther-

mal conductivity and catalysis remains to be explored. In this work, the lattice thermal conductivity of

BN and graphene was calculated by ShengBTE. In addition, the adsorption properties of 3d-TM (TM=V,

Cr, Mn, Fe, Co, Ni) on BN and graphene were investigated using first-principles methods, and it was found

that Ni atom can form relatively stable SACs compared to other TMs. The molecular dynamics (MD) sim-

ulation and migration barrier of Ni loaded on BN and graphene were calculated. Our study found that

graphene has higher thermal conductivity and is easier to form SACs than BN, but the SACs formed on

BN surface have higher thermodynamic stability.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Single atom catalysts (SACs) with metal atoms dispersed on the

support have been at the forefront of electrocatalytic reaction re-

search because of their high selectivity and high utilization rate

[1–5]. SACs can not only reduce the utilization cost of noble metal

catalysts, but also interact with substrate, and then the interaction

effect may lead to more favorable catalytic activity. So far, a large

number of SACs have been synthesized experimentally [6–10] and

widely used in many fields, such as CO2 reduction reaction [11–

13], CO oxidation reaction [14], water splitting [15,16], nitrogen re-

duction reaction (NRR) [17–19] and nitrogen oxide reduction re-

action [20]. Zhao et al. synthesized Fe single atom supported on

lignocellulose-derived carbon using Fe-(O-C2)4 as the active site

of NRR [7]. Liu and his collaborators reported that the single Ag

site of Ag-N4 coordination and the single Fe site of Fe-N4 coordi-

nation performed excellently in NRR, which were verified exper-

imentally and theoretically [8,9]. Based on density functional the-

ory (DFT), Fu et al. investigated that different single transition met-
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als (TMs) (including Ti, V, Cr and Mn) embedded in the graphyne

system for the highly selective reduction reaction of CO2 to CH4,

and explored the relationship between the CO2 reduction efficiency

of each TM and corresponding reaction intermediates. The results

show that Cr atom embedded in graphyne is not only the most

effective choice for CO2 reduction, but also can effectively inhibit

hydrogen evolution reaction (HER) [11]. By means of DFT, Wu et al.

found that graphyne is an excellent substrate for preparing single

Fe atom catalysts, the adsorption properties of CO and O2 on Fe-

graphyne single atom catalyst was studied and simulated the CO

oxide mechanism. The result show that the single Fe atom loaded

on the graphyne has excellent catalytic activity for CO oxidation.

It has potential application value to solve the increasingly serious

environmental problems caused by CO emission and CO pollution

[14]. Zhao and his co-workers systematically studied the capacity

of NRR supported by a single TM atoms (Sc-Zn, Mo, Ru, Rh, Pd,

Ag) on the defective monolayer BN, and the results show that de-

fective BN supported single Mo atom performed the highest cat-

alytic activity for nitrogen fixation through enzymatic mechanism,

with an extremely low overpotential of 0.19 V [17]. Wu and his

team systematically investigated the NO electrocatalytic reduction

(NOER) performance for a series of TM atoms loaded on g-C3N4

using first principles calculation methods, and ascertained that the
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single Cu modified g-C3N4 (Cu@g-C3N4) was the most potential

candidate material for NOER with excellent catalytic activity. It has

a low limit potential with 0.371 V and high stability [20].

It can be seen from the above description that there are many

studies on the synthesis of SACs on two-dimensional (2D) mate-

rials due to the unique optical, electronic, and mechanical prop-

erties of 2D materials compared to the bulk materials [21]. Since

the emerge of graphene in 2004, 2D materials have gradually en-

ter people’s field of vision. More 2D materials have been synthe-

sized experimentally and studied theoretically [22–29], such as h-

BN [22,23], BC3 [24,25], NC3 [26,27]. Graphene is considered as

one of the promising materials that can greatly improve the perfor-

mance of many products due to its excellent properties and is cur-

rently one of the most widely studied materials [30–34]. H. Johll

and H. C. Kang explored the adsorption properties of Fe, Co, Ni

atoms on graphene [30]. Kim et al. used DFT to study the opti-

cal properties of graphene quantum dot systems with sizes of 0.4–

1.1 nm and five TMs (Cr, Mo, Pd, Pt, and W), including the energy

level of the highest occupied molecular orbital (HOMO) and low-

est unoccupied molecular orbital (LUMO), adsorption spectra, zero-

field splitting and intersystem-crossing gaps [31]. The electronic

and magnetic properties of graphene and graphene nanoribbons

have been studied theoretically by S. Ciraci et al. [32]. They also

studied the binding energy, and electronic and magnetic proper-

ties of TM atoms adsorbed on one and both sides of graphene. In

addition, BN has attracted much attention because of its chemi-

cal inertness, large indirect band gap and simple atomic structure.

Moreover, monolayer BN has high chemical and thermal stability.

Ma et al. conducted a detailed study that single Fe atom adsorbed

on the monolayer BN performed the CO catalytic oxidation at room

temperature, and the results showed that the catalytic activity of

BN on CO oxidation was enhanced after adsorption of Fe atom [35].

Zheng and his co-worker system systematically studied the adsorp-

tion of TM atoms on monolayer BN by first principles calculation,

and analyzed adsorption energy, charge density, magnetic moment

and so on. This provides ideas for the application of spintronics

and the development of magnetic nanostructures [36]. Smith et

al. used first-principles calculation to study the electrocatalytic re-

duction of CO2 to methane by a single TM loaded with defective

monolayer BN, and the results showed that Fe and Co atom loaded

on the BN not only have excellent catalytic activity for the elec-

trocatalytic reduction of CO2, but also was the most cost-effective

electrocatalyst [37].

In addition, the importance of thermal properties of materials is

gradually increasing in recent years. Heat dissipation is crucial for

the performance, reliability, life and safety of electronic and opto-

electronic devices, lithium-ion batteries, micro machines and other

products. Due to the decrease of the size of electronic devices and

the increase of dissipated power density in reduce circuits, heat

dissipation is becoming a critical issue for the sustainable develop-

ment of electronic industry. The diamond is the best bulk thermal

conductor by previous studies, while Balandin et al. mentioned in

study on the thermal performance of graphene and nanostructured

carbon materials that carbon materials occupy the unique position

on thermal performance through form a variety of allotropes, and

the thermal conductivity of carbon nanotubes exceed diamond at

room temperature [38]. Furthermore, the extremely high thermal

conductivity of graphene indicates that its thermal conductivity is

better than nanotubes [39]. Cai et al. also reported that the thermal

conductivity of monolayer BN is 751 W m−1 K−1 at room temper-

ature and found that the value of thermal conductivity of BN with

thinner atomic thickness decrease with increasing thickness [40].

At present, research on SACs has been very common, but the re-

lationship between catalysis and thermal conductivity of materials

still need to explore. Both BN and graphene have similar structures

due to their six-membered ring structure, and BN has thermal con-

ductivity and mechanical strength comparable to graphene. There-

fore, we systematically studied the relationship between the lat-

tice thermal conductivity of BN and graphene and the formation of

SACs in this work. We first calculated the lattice thermal conduc-

tivity of BN and graphene at different temperature through Sheng-

BTE code, and found the lattice thermal conductivity of graphene

is much large than of BN and the trend of decrease is larger

with increase of temperature. Based on DFT, the adsorption prop-

erties of 3d-TM on the two surfaces were explored, respectively,

and the molecular dynamic (MD) and migration barrier calcula-

tion were carried out with Ni atom loaded as an example. The re-

sults show that graphene with larger lattice thermal conductivity

is more likely to form SACs than BN with smaller lattice thermal

conductivity, but SACs on BN surface has higher thermodynamic

stability. These results provide a strategy for designing SACs with

low cost, high selectivity, and high catalytic activity.

In this work, the spin density functional theory is implemented

by using the Vienna Ab initio Simulation Package (VASP) [41]. Pro-

jection enhanced wave (PAW) method is used to describe the in-

teraction between ions and electrons [42]. The generalized gradient

approximation (GGA) of Perdew-Burke Enzerhor (PBE) functional is

used to describe the exchange correlation [43]. A 4×4×1 BN su-

percell (containing 16 B atoms and 16 N atoms) and graphene su-

percell (containing 32 C atoms) was used for calculation. The cut-

off energy was set at 500 eV. The vacuum layer was set at 20 Å

to avoid periodic repetition effects. The Brillouin zone was sam-

pled using a 5×5×1 k-point grid mesh centered for geometry

optimization. All structures were relaxed by using energy conver-

gence criteria of 1.0×10−6 eV/atom and force convergence criteria

of 0.01 eV/Å.

The adsorption energy (Eads) [34–47] was calculated according

to Eq. 1:

Eads = Etotal − Esurface – ETM (1)

where Etotal, Esurface and ETM are energy of graphene or BN and ad-

sorbates, pristine graphene or BN, TM atoms, respectively.

The cohesive energy (Ecoh) [48] was calculated according to Eq.

2:

Ecoh = Ebulk/n− Eatom (2)

where Ebulk is the energy of the unit cell of a metal crystal and n

is the number of metal crystal. Eatom is the energy of an atom in a

cell.

Quantum ESPRESSO (QE) code was used to calculate the

second-order and third-order force constants, and ShengBTE code

was used to solve the phonon and electron Boltzmann transport

equation (BTE), so as to obtain the lattice thermal conductivity

of BN and graphene [49–51]. The second-order force constants

are calculated using density functional perturbation theory (DFPT)

by VASP and Phonopy package [52–54]. To accurately calculate

phonon frequencies, BN and graphene use 4×4×1 and 5×5×1

grids, respectively. The Third-order force constant is calculated by

VASP and Thirdorder software package.

As shown in Figs. 1a and b, we constructed 4×4×1 BN and

5×5×1 graphene optimized supercell geometric structure, and la-

beled the adsorption sites of TMs on their surfaces. In Fig. 1a, TB
and TN represent the top position of B atom and the top position of

N atom on BN, Bri represents the top position of B-N bond, and H

represents the hole of a hexatomic ring consisting of three B atoms

and three N atoms. In Fig. 1c, TC represents the top position of C

atom on graphene, Bri represents the top of C-C bond, and H rep-

resents the hole of a hexatomic ring consisting of 6 C atoms. The

optimized lattice parameter of BN is 10.05 Å, and that of graphene

is 9.84 Å. Phonon dispersion effects of BN and graphene were cal-
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Fig. 1. Optimized geometrical structures of BN (a) and graphene (b), respectively. (c, d) Phonon dispersion of BN and graphene, respectively.

Fig. 2. The lattice thermal conductivity of BN and graphene.

culated by using DFPT as shown in Figs. 1c and d. It can be seen

that phonon frequencies of BN and graphene have no negative and

virtual frequency in the whole of Brillouin zone, indicating dynam-

ical stability of both the structures.

The lattice thermal conductivity is calculated by solving phonon

and electron BTE using VASP in conjunction with the ShengBTE

package. In this work, we calculated the lattice thermal conduc-

tivity of BN and graphene at 300–800 K and shown in Fig. 2, the

specific thermal conductivity is shown in Table S1 (Supporting in-

formation). At 300 K, the lattice thermal conductivity of graphene

is 3550 W m−1 K−1, while that of BN is only 950 W m−1 K−1. It

is clear that the lattice thermal conductivity of graphene is much

larger than that of BN. The calculation results in Fig. 2 and Table S1

show that the lattice thermal conductivity decrease gradually with

the increase of temperature, and the decrease trend of graphene is

more obvious.

The adsorption of 3d-TMs (V, Cr, Mn, Fe, Co, and Ni) on BN and

graphene surfaces was calculated. TM atoms on SACs can not only

provide unoccupied d orbitals to accept lone pair electrons from

gas molecular, but also feedback electrons to antibonding orbitals

of gas molecular. The initial TM elements of 3d-TM, such as Sc and

Ti, contribute most of the electrons in the d orbital to the sub-

strate in order to exist stably on the substrate. On the other hand,

the late TMs (Cu and Zn) of 3d-TM have no unoccupied d orbital

to accept the lone pair electrons of the gas molecules. All these

cases may lead to weak binding strength between TM atom and

gas molecular, and weak binding will lead to lower activity in the

subsequent catalytic reactions. Therefore, 3d-TMs Sc, Ti, Cu and Zn

are not studied here. Figs. 3a and b show the adsorption energy

(Eads) and charge transfer (�Q) of TMs at different sites on BN and

graphene surface, and the specific values are shown in Tables S2

and S3 (Supporting information), respectively. The histogram cor-

responds to the Eads on the left ordinate, while the line graph cor-

responds to the �Q on the right ordinate. The negative values of

Eads for all structures indicate that all TM atoms can spontaneously

and stably anchor to BN and graphene surfaces. The Eads of a sin-

gle TM atom on the graphene surface is slightly larger than that

on the BN surface. Combined with the above thermal conductivity

calculation, we speculate that graphene with higher thermal con-

ductivity has stronger interaction with 3d-TM than BN and is more

likely to form SACs. Taking Ni loaded on BN and graphene, respec-

tively, as an example, Figs. 3c and d show the optimized structure.

The cohesive energy (Ecoh) of metal is widely defined as the

energy required for metal crystal cells to decompose into isolated

single atoms, and some researchers have found a relationship be-

tween the growth form of TM on surface and the ratio of adsorp-

tion energy and cohesive (Eads/Ecoh) [55–58]. In order to under-

stand whether TM atoms are more likely to form monatomic cata-

lysts on BN and graphene surfaces or more likely to aggregate into

metal clusters, we compared the adsorption energy and cohesive

energy (Eads/Ecoh). Generally, if the ratio is small, it indicates that

TM is easier to aggregate and grow into three-dimensional (3D)

clusters, on the contrary, a large ratio indicates that 2D growth is

easier to achieve and SACs is easier to form. We calculated the val-

ues of Eads/Ecoh for all structures on BN and graphene and listed

them in Tables S2 and S3. In addition, the ratio of TM loads on

the graphene surface is generally slightly larger than that on BN.

Therefore, we believe that TM atoms can be stably anchored on

BN and graphene surfaces, and TM is more likely to form SACs on

graphene surfaces than BN. Combined with the previous calcula-

tion results of thermal conductivity, we think that 2D materials
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Fig. 3. (a, b) The adsorption energy of single TM atom at different sites on BN and graphene surface and the corresponding number of TM atom charge transfer, respectively.

(c, d) The optimized structures of Ni atom loaded at the N-atom top of BN and the hollow on graphene surface, respectively.

Fig. 4. The migration barrier for the adsorbed Ni atom from the anchored site to a neighboring site. (a) Ni loaded the BN surface. (b) Ni loaded the graphene surface.

with high thermal conductivity may be more likely to form SACs

for a series of reactions.

It can be seen from Tables S2 and S3 that the maximum ratio

in our calculation results is 0.181 on BN and 0.306 on graphene

when Ni atoms are loaded on the surface. Therefore, we take the

example of Ni atoms anchoring on BN and graphene surfaces in

the following work to study their thermodynamic stability through

MD and calculate the migration barrier of Ni atoms on the surfaces

by searching transition states.

In addition, we simulated the thermal stability of Ni atom

loaded BN and graphene surface at 800 K by first-principles MD,

in which the time step was set at 2.0 fs for a total period of 10

ps. In the MD simulation of BN, there is no obvious geometric de-

formation and no Ni atom migration on the surface, as shown in

Fig. S1 (Supporting information). The large adsorption energy and

good thermal stability indicate that the top position of N atom on

BN can be used as a good anchor site for single Ni atom and has

high stability. In MD simulation of graphene, although there is no

obvious geometric deformation, Ni atoms are not stable at the ac-

tive site, indicating that Ni atoms are easy to migrate at the sur-

face. Combined with the above calculation of the thermal conduc-

tivity of BN and graphene, it can be seen that the stability of the

SACs formed by graphene with higher thermal conductivity as a

substrate is not as good as that formed by BN. For this reason, we

calculated the migration barrier of Ni atom adsorbing from the top

of N atom to the adjacent top of N atom on BN surface and the

migration barrier of Ni atom adsorbing from vacancy to adjacent

vacancy on graphene surface. As can be seen from Fig. 4, the mi-

gration barrier of Ni atom on BN surface is 0.139 eV, while that

on graphene surface is 0.099 eV. Although the migration barrier is

small, the Ni atom is still larger on BN surface than on graphene

surface. In a word, combined with the MD simulation, we can con-

clude that the Ni atom is more stable on BN surface anchoring than

on graphene surface.

To summarize, by means of first-principles calculation, we first

studied the phonon dispersion of monolayer BN and graphene us-

ing density functional perturbation theory, and found that both

have good dynamic stability. Secondly, the ShengBTE program was

used to calculated the lattice thermal conductivity of BN and

graphene. The results show that graphene has a larger lattice ther-

mal conductivity than BN, and the lattice thermal conductivity

decreases with the increase of temperature. Then, the adsorption

properties of 3d-TM atoms on BN and graphene surfaces were

studied, and by combining thermal conductivity, we guessed that

2D materials with higher thermal conductivity were more likely to

form monatomic catalysts. Finally, the MD simulation was carried

out and the migration barrier was calculated by taking Ni atom

loaded on the surface as an example. The above results show that
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graphene has high thermal conductivity and is easier to form sin-

gle atom catalysts, but the monatomic catalyst formed on BN sur-

face has better thermodynamic stability.
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