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a b s t r a c t

We predicted two stable two-dimensional materials of carbon and bismuth elements, namely BiC and

Bi2C monolayers. The stabilities of two monolayers were examined by cohesive energy, Born criteria, first-

principle MD simulations and phonon spectra, respectively. By including the spin-orbit coupling effects,

the BiC monolayer is a metal and the Bi2C monolayer possesses a narrow direct (indirect) band gap of

0.403 (0.126) eV under the HSE06 (GGA-PBE) functional. For the adsorption of CO2 molecules, the BiC and

Bi2C monolayers have three stable adsorption sites C2, T3 and T4 with the adsorption energies as -0.57,

-0.51 and -0.81 eV, and the activation ability on the adsorption as T4 > T3 > C2. These consequences

make the BiC and Bi2C monolayers to be promising adsorbents to capture CO2 gas, the Bi2C monolayer

to be well photovoltaics and optoelectronics material, and the BiC monolayer to be ideal battery and

electronics materials, respectively.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since the discovery of graphene, two-dimensional (2D) layered

materials have exhibited excellent electrical, optical and mechani-

cal properties due to their unique electrical structure and quantum

confinement effect, and they are widely applied in optoelectronic

semiconductor devices, flexible electronic devices, energy storage,

and photoelectrocatalysis [1–5]. In particular, single-layer 2D ma-

terials with atomic thickness, namely monolayers, are attractive

for applications in next-generation nanoelectronic devices which

may causes low energy consumption [2,3,6-13]. Therefore, search-

ing novel, efficient and feasible monolayers manifests important

theoretical and practical values.

Bismuth based 2D materials have gradually become a hot re-

search due to a larger number of advantages, such as, very kinds of

species, abilities to adsorb visible light for most of materials, nar-

row band gap energy, low cost and non-toxicity [12–20]. Some el-

emental monolayers of bismuth, such as β-phase bismuthene with

buckled hexagonal honeycomb structure and direct band gap of
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0.32 eV and α-phase bismuthene with puckered black-phosphorus

style structure, have also theoretically found and experimentally

synthesized [15–17]. For the binary compounds of group-VA in-

cluding the bismuth element, BiN [21], BiP [22], BiAs [23], BiSi

[24] semiconducting monolayers are all found or experimentally

synthesized. On the other hand, for the binary compounds be-

tween bismuth and group-IVA family elements, two hexagonal SiBi

monolayers with direct/indirect band gap of 0.674/0.4 eV [25,26], a

tetragonal SiBi monolayer with indirect band gap of 0.554 eV [27],

a metallic α-phase CBi monolayer [28,29] and a Bi2C3 monolayer

with 12-atoms honeycomb lattices and direct bandgap of 1.23 eV

[30] also have been predicted and studied respectively.

It is useful for developing new monolayers as CO2 capture or

storage materials in the practical applications. Recently, Kumar

et al. studied the adsorption of NH3, NO and NO2 gas molecules on

the surface of a Bi2C3 monolayer which can be used as a promising

and sensitive sensor for above gasses [31]. On that account, by per-

forming structure searching between carbon and bismuth elements

using

Crystal structure analysis by particle swarm optimization (CA-

LYPSO) package [32,33], we acquired two new stable monolayers,

namely BiC and Bi2C monolayers, and discussed the applications
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Fig. 1. Top and side views of (a) BiC and (b) Bi2C monolayer. Black and purple balls

represent carbon and bismuth atoms, and their unit cells are shown in the top

views.

of these monolayers in optoelectronics devices and electrocatalysis

on CO2 gas capture.

We used the Vienna Ab-initio simulation package (VASP) pack-

age and NANODCAL software with the generalized-gradient ap-

proximation (GGA)-Perdew-Burke-Ernzerh (PBE) functional to cal-

culate the electronic, mechanical, optical properties, and to per-

form structure optimization in the predicting course using the

CALYPSO package [34]. We set the energy cutoff as 600 eV

and Monkhorst-Pack scheme as sample Brillouin zone with 0.02

Å−1 spacing. The convergent energy per atom was set up to

1.0 × 10−6 eV, and force of atom as no more than 0.001 eV/Å. On

account of the large atomic number of bismuth element, spin-orbit

coupling (SOC) should be considered when calculating the elec-

tronic properties of monolayers, and the HSE06 functional was also

adopted to get more exact band gap [18,28,35]. Additionally, us-

ing the VASP package we implemented the first-principle molec-

ular dynamics (MD) simulations in the NVT with a supercell of

3 × 3 × 1 or 3 × 4 × 1 at different temperatures from 100 K to

1400 K and at the 300 K equilibrium state, respectively. Finally, we

employed the PHONOPY package to acquire the phonon spectrum

with a supercell size as 4 × 4 × 1 [36].

Prediction were executed using the CALYPSO 6.0 package based

on the method of global particle swarm optimization [32,33]. In

the input.dat file, we opened the option of predicting 2D materi-

als as 2D = T and set the parameters Area = 22, MultiLayer = 1,

DeltaZ = 0.3 and VacuumGap = 14 Å to searh BimCn monolayers.

For a composition case, the numbers of generation and population

size were 40 and 40 to acquire 1600 structures. The essential pa-

rameters in three INCAR_i (i = 1, 2, 3) files were set as NSW = 60,

150, 300, EDIFF = 1e−2, 1e−3, 1e−5 and PSTRESS = 0.001, respec-

tively.

In the course of calculating CO2 capture, Dmol3 program pack-

age [37] was used in the whole structure optimization with the

basis set as double numeric with polarization (DNP) [38]. The

basis-set cutoff was set to 4.8 Å, and the K-point grid for Bril-

louin zones was 3 × 3 × 1 during geometry optimization. The

Tkatchenko-Scheffler (TS) method of DFT-D correction [39] was

used, and the vacuum layer was 20 Å [40]. All electrons in the sys-

tem use core treatment in the entire structural optimization pro-

cess and the charge distribution was determined by Hirshfeld anal-

ysis [41]. Additionally, a gas adsorption simulation was performed

on a 2 × 3 × 1 supercell for the BiC structure, and a 2 × 2 × 1

supercell used for the Bi2C structure. In the course of calculating

density of states (DOS), charge density difference and Crystal Or-

bital Hamiltonian Population (COHP) [42] properties, the K-point

was set as 6 × 6 × 1.

Geometry structures of the BiC and Bi2C monolayers are shown

in Fig. 1, and correspondingly their lattice parameters, bond

lengths and cohesive energies are also presented in Table S1 (Sup-

porting information). The space group of two monolayers are P1,

and unit cells of the BiC and Bi2C monolayers are taken as Bi2C2

and Bi4C2. From Fig. 1a, the BiC monolayer has honeycomb hexag-

onal and buckled structures, and its structure in which C and Bi

atoms are sp2 hybridization, is extremely similar to that of β-phase

bismuthene [12,18]. From Fig. 1b, the Bi2C monolayer, which looks

like the structure of a buckled α-Bi monolayer [43], is composed

of 5-membered rings including C-Bi single and Bi-Bi double bonds.

In the structure, each C and Bi atoms form four bonds and three

bonds respectively, all exhibiting sp3 hybridization.

In Table S1, lengths of C-Bi bonds are 2.316 Å for the BiC mono-

layer, 2.317 Å and 2.319 Å for the Bi2C monolayer respectively,

and there do not show relatively large differences to the lengths

of Bi2C3 monolayer (2.31 Å) and CBi monolayer (2.38 Å) [27,28].

Lengths of Bi-Bi bonds are 3.153 Å for the Bi2C monolayer, which

are the same as that of 3.13 Å in the bismuthene or much smaller

than that of 4.92 Å in the SiBi monolayer [18,44]. The bond lengths

in two Bi-C monolayers are normal indicating they should be sta-

ble 2D materials.

Furthermore, we calculated their cohesive energy Ecoh from the

following formula:

Ecoh = EBimCn − mEBi − nEC

m + n
(1)

where EBimCn, EBi and EC are the energy of monolayer, one free

Bi and one free C atom, respectively. As shown in Table S1, Ecoh
for the BiC and Bi2C monolayers are 4.304 and 4.29 eV/atom re-

spectively, which are slightly samller than that of 4.66 eV/atom

for the Bi2C3 monolayer [30], larger than that of 4.13 eV/atom for

the CBi monolayer [28], 3.227 eV/atom for the SiBi monolayer [24],

2.896 eV/atom for the GeBi monolayer [27] and 2.697 eV/atom for

the SnBi monolayer [27] respectively, further implying the stability

of two Bi–C monolayers.

In order to show formation of bonds and charge transfer of

two Bi–C monolayers, we calculated electron localization functions

(ELFs) shown in Fig. S1 (Supporting information), and performed

bader analysis presented in Table S2 (Supporting information) [45].

From Figs. S1a and b, two Bi–C monolayers exhibit electron collec-

tions between C and Bi, C and C, Bi and Bi atoms, indicating the

formation of C–Bi, C–C, Bi–Bi bonds. In addition from the top and

side views, there exist a mass of electrons around the Bi atoms,

which leads to their metallic or semiconducting features. From

Table S2, one can find that in the BiC monolayer about −0.802

charges and in the Bi2C monolayer −0.516 and −0.503 charges

transfer from the Bi to the C atoms respectively, manifesting the

formation of C-Bi bonds in two Bi-C monolayers.

Firstly, to study dynamic stability of two Bi–C monolayers, we

calculated their phonon dispersion displayed in Figs. S2a and b

(Supporting information). One can see that for the BiC and Bi2C

monolayers no negative phonon frequencies exist which manifests

two Bi–C monolayers are kinetically steady. Moreover, the slopes of

acoustic branches for the BiC monolayer are identical along differ-

ent orientations, such as G-M, G-K, showing it is isotropic related

to the in-plane stiffness, and for the Bi2C monolayer its different

slopes of acoustic branches indicate anisotropic property accord-

ingly.

Secondly, we examined mechanical stability of two Bi–C mono-

layers by calculating their elastic constants (Cij). A mechanically

stable 2D material should be conform to the Born criteria: C11 >

0, C11C22 > (C12)
2, C66 > 0 [46]. By fitting the energy curves rel-

evant to in-plane stresses, Cij were inferred as C11 = 54.75 N/m,

C22 = 54.52 N/m, C12 = C21 = 16.38 N/m, C66 = 4.814 N/m

for the BiC monolayer, and C11 = 13.21 N/m, C22 = 33.56 N/m,

C12 = C21 = 5.06 N/m, C66 = 0.95 N/m for the Bi2C monolayer,

respectively. These elastic constants are in accord with the Born

criteria indicating their mechanical stability. Based on above elastic

constants, in-plane Young’s modules Yx and Yy can be deduced as
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Fig. 2. Band structures and DOS of (a) BiC and (b) Bi2C monolayer with the GGA-PBE/HSE06 functional and the SOC effect. Green and red/black and blue rounds represent

the weight of Bi and C atoms for the GGA-PBE/HSE06 functional, respectively.

49.83 and 49.62 N/m for the BiC monolayer, 12.44 and 31.62 N/m

for the Bi2C monolayer, respectively. These values are smaller than

those of MoS2 monolayer (< 128 N/m), silicene (61 N/m) while the

same as those of BiN monolayer [19,47], indicating two monolayers

are relatively soft.

Finally, we performed first-principles MD simulations with a

relatively large supercell 4 × 3 × 1 for the BiC monolayer,

3 × 3 × 1 for the Bi2C monolayer, respectively. After executing

10 ps simulations from 100 K to 1400 K, the structures of two

monolayers maintain very well. We also executed 50 ps equilib-

rium simulations for two monolayers at the temperature 300 K

which are shown in Fig. S3 (Supporting information). From Figs.

S3a and b, the energy is oscillating near the equilibrium state and

the structures of two monolayers are preserved well, displaying the

thermal stability of two Bi-C monolayers which are anticipated to

be experimentally practicable.

We calculated band structures and DOS of two Bi-C monolay-

ers using the GGA-PBE and HSE06 functional, and the SOC ef-

fect was also considered to obtain more accurate band gap. Figs.

S4a and b (Supporting information) show their band structures

with/without SOC using the GGA-PBE functional and correspond-

ingly high points are presented. When the SOC effect included, en-

ergy bands of two Bi-C monolayers all appear Rashba-type splits

from the top of valence band. Additionally, this splitting will af-

fect the positions of conduction band maximum (CBM) and valence

band maximum (VBM) of two Bi-C monolayers and certainly de-

duce the changes of band gap [18,48]. Rashba coupling is one type

of intrinsic SOC effects for possible control of spin states without a

magnetic field, and can lead to spin degeneracy owing to structural

inversion asymmetry [18].

Furthermore, in order to obtain precise band gap close to exper-

imental possibilities, we also calculated band structures and DOS

of two Bi-C monolayers including the SOC effect, which are dis-

played in Fig. 2. The BiC monolayer is metallic under the GGA-PBE

(HSE06) functional. Its DOS strengths smaller than 0.5 eV mainly

come from C atoms, and DOS strengths larger than 0.5 eV mainly

come from Bi atoms. Moreover its DOS strengths for the p-orbital

of all atoms are bigger than those of the s- and d-orbitals. The Bi2C

monolayer is an indirect (direct) semiconductor with the band gap

as 0.126 (0.403) eV under the GGA-PBE (HSE06) functional. More-

over, the DOS of Bi2C monolayer mainly comes from p-orbital of

Bi atoms, and DOS strengths of Bi atoms are larger than that of C

atoms. These results on the DOS verify that the carriers in two Bi-

C monolayers mainly originate from Bi atoms or Bi p orbital once

again. Liking the bismuthenes [18,49], the Bi2C monolayer is a nar-

row direct semiconductor, which makes it as an ideal 2D material

in the applications of optoelectronics and photocatalysis. On the

other hand, in view of metallic speciality and honeycomb hexago-

nal structures liking graphene of the BiC monolayer, it can be as a

potentially ideal battery or electrocatalysis material.

Base on band structures, we further calculated carrier mobil-

ities of the Bi2C monolayer in consideration of its semiconduct-

ing, as shown in Table S3 (Supporting information) under the

GGA-PBE functional. From the table, only the effective mass af-

fects their carrier mobilities, then the mobilities were calculated

as μx = 194.67, μy = 139.05 cm2 V−1 s−1 for the electrons, and

μx = 69.22, μy = 6.38 cm2 V−1 s−1 for the holes respectively. The

electron mobility along x direction is similar to the values of MoS2
(200 cm2 V−1 s−1) and Bi2C3 monolayer (186 cm2 V−1 s−1) [28,50],

displaying the Bi2C monolayer is still a good semiconducting 2D

material potentially applied in nanoelectronics.

It is great need to develop an efficient CO2 removal system,

and two-dimensional materials are considered as efficient CO2 ad-

sorbents [51,52]. To describe the interaction between CO2 and

BiC/Bi2C monolayer, we defined the adsorption energy Ead as:

Ead = Eall − Esub − Egas (2)

where Eall, Esub and Egas represent total energy of adsorbed mono-

layer, pritine BiC/Bi2C monolayer and the CO2 molecule, respec-

tively. The charge density difference �ρ for the complexes was

calculated by following equation:

�ρ = ρall − (ρsub + ρgas) (3)

where ρall, ρsub and ρgas are charge density of adsorption system,

BiC/Bi2C monolayer and the CO2 molecule, respectively.

The adsorption of a single CO2 gas molecule on the BiC mono-

layer was computed. In order to explore the most stable adsorp-

tion structure, several traditional adsorption sites were selected on

the six-membered ring of BiC monolayer, namely top position of

Bi atom (T1 site), hollow position (H1 site) and bridge position (Br

site) of Bi–C bond, top position (C1 site) and back position (C2 site)

of C atom, as shown in Figs. 3a and d. After calculations, the corre-

sponding adsorption energies of five adsorption sites (T1, H1, Br, C1,

C2) are −0.41, −0.21, −0.44, −0.25, −0.57 eV, respectively. Smaller

the negative Ead is, accordingly stronger the interaction and the

exothermic reaction, which proves that the adsorption is reason-

able and easy to occur.

According to the above data, it is easy to see that the C2 site

is the most stable position for the adsorbed CO2 gas molecule on

the BiC monolayer, and corresponding most favorable adsorption

structure was shown in Figs. 3b and e. From the figures it can be

concluded that compared with free state CO2 molecule, after being

adsorbed the molecular configuration has been significantly bent,

in which the �O–C–O bond angle is reduced from 180° to 124.3°
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Fig. 3. (a, d) Top and side views of tested adsorption sites on the BiC monolayer.

(b, e) The structure of BiC monolayer with the CO2 adsorbed on the C2 site. (c, f)

Corresponding difference charge density of BiC monolayer, and yellow/cyan area is

the part where the charge density increases/decreases with the isosurface value as

0.008 e−/Bohr3.

Fig. 4. (a, d) Top and side views of tested adsorption sites on the Bi2C monolayer.

(b, e) The structure of Bi2C monolayer adsorbed CO2 molecule at the T4 site. (c, f)

Corresponding difference charge density of Bi2C monolayer.

and the C–O bond lengths are stretched from 1.177 Å to the max-

imum of 1.338 Å by 14%. The adsorption distance Da between the

monolayer and the substrate is 1.150 Å, which shows that the CO2

gas has been violently activated on the BiC monolayer, and the BiC

monolayer may have potential applications for CO2 catalytic reduc-

tion.

When the Ead is greater than −0.50 eV, gas molecules can be

effectively captured by the adsorbent [53]. Because the Ead of CO2

molecule at the C2 site is −0.57 eV which corresponding to sig-

nificant changes of the configuration for the CO2 molecule, and

by the Hirshfeld charge analysis it is easy to figure that the CO2

molecule obtains 0.38 e− from the substrate during the adsorption

process. Compared with the charge of C atom in the free state CO2

molecule, the charge of C atom decreased from 0.30 e− to 0.11 e−,
and the charge of O atoms increased from −0.15 e− to −0.25 e−,
which is also consistent with the information reflected by charge

density difference in Figs. 3c and f. In Figs. 3c and f, the electron

density at the position of C atom in the CO2 molecule decreases,

while more electrons concentrate between the gas molecule and

the monolayer, which indicates that C–O bond became weaken and

a strong interaction between CO2 molecules and BiC monolayer.

Using the same adsorption test method, for the Bi2C monolayer

we chose the adsorption sites of CO2 molecule as H1 and H2 (hol-

low sites), T1 (top site of raised Bi atoms), T2 (top site of sunken Bi

atom), T3 (top site of C atoms in the lower layer), and T4 (top site

of C atoms in the upper layer) respectively. Figs. 4a and d show

six selected adsorption sites, and corresponding adsorption energy

Ead is 0.62, 0.67, −0.10, 1.22, −0.51, −0.81 eV. From Figs. 4b and e

the configuration of CO2 molecular at the T4 site has significantly

changed due to strong adsorption interaction of the Bi2C mono-

layer, in which the �O–C–O bond angle is reduced from 180° to

126.6° and the C–O bond lengths are stretched from 1.177 Å to the

maximum of 1.298 Å by 16%. The adsorption distance Da between

the CO2 molecular and the Bi2C monolayer is 1.539 Å, which is

larger than that of BiC monolayer. Figs. 4c and f show that the CO2

molecule gets 0.54 e− from the Bi2C monolayer with the charge

of C atoms changed from 0.30 e− to 0.08 e− and the charge of

O atoms increased to −0.30 e−. Corresponding charge density dis-

tribution diagram also indicates that there have distinct electrons

flowing from C atoms to O atoms in the CO2 molecule.

Similarly in Fig. S5 (Supporting information), the C atom at the

T3 site can also effectively captures a CO2 gas molecule with the

Ead as −0.51 eV. From Figs. S5b and e, the bond length and bond

angle of CO2 molecule also changed obviously under the action of

C atom at the T3 site, in which �O–C–O bond angle is reduced

from 180° to 126.2°, and the C–O bond lengths are stretched from

1.177 Å to the maximum of 1.280 Å by 15%. The results on the Hir-

shfeld charge analysis show that the CO2 molecule obtains 0.49 e−

charge from the Bi2C monolayer after adsorption, and the map on

the electron density difference presents that the electron popula-

tion in the CO2 molecule is transferred from the C atom to two

O atoms. According to the analysis of above consequences on the

degree of activation to C–O bonds (16% > 15% > 10%), the rank of

activation ability for three sites on the adsorption of CO2 molecule

is T4 (Bi2C) > T3 (Bi2C) >C2 (BiC) .

It is well known that the activation of C–O bonds in the CO2

catalysis process is a prerequisite for the reduction process [54].

In order to figure out the activation of C–O bonds in the CO2

molecule, we use molecular orbital theory [55] to study why the

CO2 molecule can be activated on the BiC/Bi2C monolayer. Fig. S5d

shows the molecular orbital of free CO2 molecule, and the smaller

the difference in the energy level of atomic orbital, the stronger

the performance ability of composed molecular orbital. Combining

the DOS and COHP in Fig. S6a (Supporting information), it can be

known that the bonding orbitals 1σ2σ1π2π of C–O bonds in free

CO2 molecule are mixed contributed by C pz, O pz, O py, C py, C px,

O px atomic orbitals, and the non-bonded states are mainly com-

posed of O px, O py and C pz whose energy levels are around Fermi

level. The anti-bond state is mainly contributed by the combination

of C px, C py, C pz and O py, respectively. From Fig. S6b (Support-

ing information) it can be seen that due to the activation at the

T3 site of Bi2C monolayer, the bonded and non-bonded states of

CO2 molecule have undergone significant changes. Moreover, the

corresponding bonded state has shifted to a deeper energy level

from −4.2 eV to −6.3 eV, and the non-bonded state has shifted

from −4.5 eV to 0 eV which corresponding to a wider range. The

bonding state of C–O bonds at this time is mainly composed of the

contributions of O px, O pz and C py atomic orbitals. The contribu-

tion of O py atomic orbital to the non-bonded state and the area

of anti-bonding state increase, indicating that due to more anti-

bonding orbitals the C–O bonds are weakened after the linearly

mixing of atomic orbitals again.

Similarly, by comparing Fig. S6c (Supporting information) at the

T4 site of Bi2C monolayer with Fig. S6b, one can conclude that the

bonded states are mostly composed of O p and C p atomic orbitals

which localized around −6.2 eV, and the range of non-bonded

states from −4.1 eV to 0 eV mainly composed of O p orbitals which

is not as wide as that of the T3 site. Compared to the area of anti-

bonding state shown in Fig. S6a, the area of anti-bonding state in

Fig. S6c is increased, indicating that the C–O bonds are also weak-

ened atomic orbitals. As for the C2 site of BiC monolayer to ac-

tivate the CO2 molecule in Fig. S6d (Supporting information), we

find that the non-bonded orbitals are mainly composed of C px, C

py and C pz atomic orbitals, and the range of bonded states (mainly

concentrated at −5.5 to −6.1 eV) are mainly composed of C px, C

py and C pz contribution composition.
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The Intergral Crystal Orbital Hamiltonian Population (ICOHP) of

C–O bonds at the T3, T4 and C2 sites are −12.52, −12.10 and −11.14

respectively, which are reduced by 31.9%, 34.2% and 39.4% com-

pared with free CO2 molecule case, and further proved the activa-

tion of C–O bonds. In summary, the reason why BiC/Bi2C mono-

layer is more capable of activating the C–O bonds in the CO2

molecular is that the C atom (bonded with Bi atom) regulating the

electronic structure of CO2 molecular, which resulting the changes

of CO2 molecular orbital distribution. The BiC and Bi2C monolayers

can be used as promising adsorbents to capture CO2 gas aiming to

mitigate the greenhouse effect.

In conclusion, we used the CALYPSO methodology obtaining

two bismuth carbide monolayers. By including the SOC effect, the

BiC monolayer is a metal and the Bi2C monolayer is a direct semi-

conductor with the band gap as 0.403 eV. For the adsorption of

CO2 molecules on two monolayers, the BiC monolayer has one sta-

ble site C2, and the Bi2C monolayer has two stable sites T3 and

T4. Based on the molecular orbital theory and ICOHP analysis, the

rank of activation ability for three sites on the adsorption of CO2

molecules is T4 > T3 > C2. Therefore, one can concluded that the

BiC and Bi2C monolayers are promising adsorbents to capture CO2

gas being expected to mitigate the greenhouse effect. The Bi2C

monolayer also has a wide scope of applications in the optoelec-

tronics and photocatalysis for its narrow direct band gap and good

carrier mobility. As to the Bi2C monolayer, it is metallic and may

be applied in the energy storage battery.
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