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To meet the increasing demands of the energy storage market, it is imperative to explore and design high-

performance anode materials for lithium-ion batteries (LIBs). In this study, we present six types of

heterostructures that

integrate graphene with BC,N-II

and BCyN-Ill sheets to explore the

electrochemical properties of BC,N/graphene systems as potential anode materials for LIBs. Notably,

unlike the original BC,N-II and BC,N-lIl sheets, which are incapable of adsorbing Li, our findings

demonstrate that Li atoms

can

indeed be effectively adsorbed onto the BC,N/graphene

heterostructures. Furthermore, the IlI-HN and Ill-HH types of heterostructures exhibit significantly
enhanced capacity of 414 mAh g~ along with a minimal energy barrier of 0.13 eV. All the evaluated

systems exhibit voltages that completely adhere to the current standards for battery anode material
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applications. This work offers a theoretical framework for designing viable anode materials featuring

heterostructures tailored for LIB applications, offering a practical approach to enhance the performance
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1. Introduction

Technologies that use renewable and zero-pollution energy and
intermittent electric energy devices have alleviated the pressure
brought by the aggravation of environmental pollution and
global energy demands.’ Among these various intermittent
energy storage systems, rechargeable lithium-ion batteries
(LIBs) are deemed to be promising and attractive due to their
high energy density, safety, performance and long cycle life.**
With the rapid development of commercial portable energy
storage devices, the demand for high-performance LIBs has
been increasing.*” As an important component of LIBs, the
anode material plays a key role in influencing their perfor-
mance.®* Graphite is widely used as the anode material in
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of pristine materials as anodes. This positions BC,N-Il/graphene and BC,N-lll/graphene as promising
candidates for the future developments of lithium-ion battery technology.

conventional LIBs. Currently, the central, critical issue that
restricts the further development of LIBs is the low specific
capacity and poor charging/discharging rate of the graphitic
anode.”'’ Thus, to meet the increasing demands of the energy
storage market, searching and designing new anode materials
for high-performance LIBs is urgent.

One effective way to enhance the performance of LIBs is to
explore new materials with large surface-area-to-mass ratios to
simultaneously achieve high energy density and ultrahigh
charging/discharging rate. Graphene, a two-dimensional (2D)
honeycomb carbon monolayer, is considered a potential anode
material for LIBs owing to its high surface-area-to-mass ratio
(2600 m* g~ 1), superior electronic mobility (10 000 cm* V' s
and excellent mechanical strength.'** Compared with the
graphitic anode, graphene monolayer, as an anode, has
a stronger ability to absorb Li, affording LIBs with higher
capacities. However, one of the major drawbacks of graphene is
the weak m—7 interaction between its layers,">*® which leads to
a decrease in the absorptive capacity of Li, resulting in a loss of
capacity in the LIBs. Hence, graphene-like 2D materials, such as
hexagonal boron nitride (h-BN), silicene, and C;N, have grabbed
the attention of the scientific community.”** Among the family
of graphene-like materials, B-C-N materials are heteroatom-
substituted carbon systems that are expected to exhibit the
hybrid properties of graphene and h-BN monolayers. BC,N, as
one of the most stable stoichiometric structures of the B-C-N
compounds, including BCN, BC,N, and BC¢N, is predicted to
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have greater potential in exhibiting various physical and
chemical properties resulting from their multiple atomic
arrangements.” >’ Recent studies reveal that the lithium storage
capacity of single-layer graphene is diminished compared to
that of few-layer graphene. This limitation arises from the
enhanced interlayer repulsion forces on both sides of the single
sheet, which restrict its Li-ion adsorption capability.>*>°
Subsequently, few-layer graphene can improve its capacity as an
anode material, like the double-layer configuration of graphene
(740 mAh g "). However, the experimental capacity of multiple
layers has not yet reached the theoretical value of double-layer
graphene.*® Hence, various heterostructures and bilayer 2D
materials have been studied to improve their properties as
anode materials for LIBs. Graphene, with its high surface-area-
to-mass ratio, is widely used as one substrate of heterostructural
frameworks that are combined with other 2D materials to serve
as electrode materials. Significantly, it has been shown in
extensive theoretical and experimental studies that hetero-
structure modification is actually an effective way to achieve
better performance. Mikhaleva et al. found that compared to the
VS, monolayer, VS,/graphene has higher Li adsorption capac-
ities and can be used as a desirable anode material for LIBs.*?
This approach has also been applied to MoS,/graphene,*
MoSe,/graphene,* C;N/graphene,*® WS,/graphene,*® GeS/gra-
phene®” and others.

We selected three possible monolayer geometries of BC,N
(BC,N-1, BC,N-II, and BC,N-III), which Liu et al.*® predicted, to
investigate the lithium adsorption in three different structures
of monolayer BC,N in our previous research work.* The theo-
retical calculations indicate that the adsorption of lithium
atoms on the BC,N-I monolayer is thermodynamically favor-
able, whereas the corresponding adsorption processes on the
BC,N-II and BC,N-III monolayers are energetically unfavorable.
Furthermore, the BC,N-I/G heterostructure system has a larger
capacity and a reduced energy barrier compared to BC,N-I
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sheet. Inspired by the remarkable research achievements
mentioned above, in this article, we designed six types of
heterostructures that integrate graphene with BC,N-II and
BC,N-III to explore the potential of the electrochemical prop-
erties of BC,N/graphene systems as anode materials for Li-ion
batteries with the aim of enhancing the electrochemical prop-
erties of monolayer BC,N through the construction of
heterostructures.

2. Computational methods

We performed all density-functional theory calculations using
the Vienna ab initio Simulation Package (VASP), adopting the
projector augmented wave (PAW) approach and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional with
the generalized gradient approximation (GGA).***' The semi-
empirical correction scheme of Grimme (DFT-D2) was adopted
to describe the van der Waals energy correction throughout the
calculations.”»*® For the plane-wave basis cut-off energy, we
chose a cut-off energy of 500 eV. The Monkhorst-Pack k-point
grids of 3 x 3 x 1 and 9 x 9 x 1 were set for the structure
relaxation and the electronic structure analysis, respectively.
The atomic forces were less than 0.01 eV A™%, and a vacuum
space of ~30 A was built up to reduce interlayer interactions. In
order to calculate the diffusion barrier, we used the nudged
elastic band** method. The Bader charge*® was chosen to
analyze the charge transfer between Li and the sheet.

3. Results and discussions

3.1. Geometric structures and stability of six possible BC,N/
graphene heterostructures

Previous studies® revealed that Li adsorption on the BC,N-1I
and BC,N-III sheets is difficult. Thus, we constructed three
types of BC,N-II/graphene and another three types of BC,N-III/

Fig. 1 Top views of the (a) II-HN, (b) II-HB, (c) II-HH, (d) IlI-HB, (e) llI-HN, and (f) lll-HH heterostructures.
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graphene heterostructures to investigate the Li adsorption
performance. Each type of BC,N/graphene heterostructure was
constructed using a supercell 2 x 2 of BC,N and a 4 x 4 gra-
phene unit cell, along with a negligible lattice mismatch of
0.4%. The heterostructures can be divided into two categories
according to the stacking configuration (AA or AB), as presented
in Fig. 1. The models defined as II-HN, II-HB, III-HN, and III-HB
belong to AB stacking, in which the B or N atoms of the BC,N
layers and the C atoms of the graphene are right above the
center of the graphene and BC,N hexagon, respectively. For the
models named II-HH and III-HH (AA stacking), the B or N atoms
of the BC,N sheets are right above the C atoms of the graphene.
The stability of the BC,N/graphene heterostructures was esti-
mated by calculating the interface formation energy according
to the formula:

Egack = Esc,nvig — Eg — Egeyns (1)

where EgcnjG, Eg, and Epcn denote the total energy of the
BC,N/graphene heterostructures, graphene, and BC,N mono-
layer, respectively. The stacking energies per carbon atom listed
in Table S1 ranged from —20 meV to —50 meV, which is
comparable to that of other heterostructures, such as MoS,/G*
and Blue P/G.” The negative formation energies suggested that
the formation of the BC,N/graphene heterostructures is an
exothermic process, and the heterostructures are stable enough
to serve as the anode materials for LIBs.

3.2. Li adsorption on the six BC,N/graphene
heterostructures

Initially, for investigating the Li adsorption behavior on the six
possible BC,N/graphene systems, we considered three adsorp-
tion sites: on top of the BC,N surface, in the interlayer of the

(a)
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BC,N/graphene, and on top of the graphene. The adsorption
energy (E.q) was calculated as follows:

Elolal - Esubstrale - nELi
E’dd = n ) (2)

where Eioy and Egypserate denote the total energies of BC,N/
graphene with or without the absorbed Li, respectively, and
Ep; represents the energy per atom in metal. Here, n corre-
sponds to the number of intercalated Li atoms. According to
eqn (2), the adsorption energy was calculated to identify the
stable sites of Li adsorption. The preferential adsorption sites
and the corresponding adsorption energies for III-HN, III-HH,
II-HN, II-HB, II-HH, and III-HB are displayed in Fig. 2, Table
1, Fig. S1, and Table S2. It is exciting to note that in contrast to
the original BC,N-II and BC,N-III sheets, which are unable to

Table 1 Calculated adsorption energies (E,q), Bader charge transfer
(g), and the distance (height) between the Li atom and monolayer at
the stable adsorption sites for Li adsorbed on the IlI-HN and IlI-HH
heterostructures

System Li site Eaq (eV) q (lel) Height (A)
III-HN (BC,N/Li/G) L —0.64 0.85 1.57
L —0.51 0.85 1.52
Ive ~0.76 0.84 1.64
Iyn —0.56 0.85 1.65
III-HN (Li/BC,N/G) B —0.21 0.88 1.72
B ~0.13 0.89 1.72
III-HN (BC,N/G/Li) Cu —0.10 0.89 4.91
III-HH (BC,N/Li/G) Lt ~1.03 0.85 1.54
L —0.91 0.85 1.55
III-HH (Li/BC,N/G) B —0.23 0.88 1.7
B —0.12 0.89 1.74
MI-HH (BC,N/G/Li) Cu -0.11 0.89 4.82

Fig.2 Stable adsorption configurations for Li, including Li/G/BC,N (CX), G/Li/BC,N (IX), and G/BC,N/Li (BX), illustrated in the top and side views

of the (a) IlI-HN and (b) lll-HH systems.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorb Li, Li atoms can indeed be adsorbed onto the BC,N/
graphene heterostructures. More specifically, for all six hetero-
structures, Li embedded in the interlayer of the BC,N/graphene
(BC,N/Li/graphene) shows the largest adsorption energy, fol-
lowed by Li adsorbed on the top of the BC,N surfaces (Li/BC,N/
graphene) and graphene (BC,N/graphene/Li). Hence, Li atoms
prefer to be embedded in the interlayers of the systems.

To gain further insight into the interactions between Li and
BC,N/graphene systems, we performed total and projected
density of states analyses for lithiated heterostructures, in
which the Li atom is embedded in the interlayer with the most
stable sites (Fig. 3 and S2). Significant overlaps are observed
between the Li 2s/2p orbitals and the 2p orbitals of B, C, and N
across the Fermi level, which suggests a strong adsorption
relationship between Li and the BC,N/graphene system.
Meanwhile, the conduction bands shift down, making the
systems metallic, which promotes electron transport between Li
and substrate systems.

Fig. 4 depicts the differential charge density Ap of Li located
on the most stable sites in the interlayer of the BC,N/graphene
systems (BC,N/Li/graphene). As shown in Fig. 4, a net loss of
electronic charge is found around the Li atoms, and an accu-
mulation of electronic charge is found around the interlayer of
the systems, which indicates a certain amount of electron
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transfer from the Li atom to both the BC,N and graphene layers.
Large-scale electronic transfer leads to strong ionic bonding
between the embedded Li and the BC,N/graphene layers. Bader
charge analysis reveals a significant electron transfer of
approximately 0.84-0.90 e from Li to the BC,N/graphene (Tables
1 and S2), corresponding to the formation of positively ionized
Li species. This charge-transfer-induced compensation is a key
factor stabilizing the adsorption. Both this quantification and
the differential charge density (Ap) results collectively confirm
the strong ionic character of the interaction between Li and the
substrate.

3.3. Li diffusion on the six possible BC,N/graphene
heterostructures

The diffusion behavior of Li on the six possible BC,N/graphene
heterostructures was also investigated. Since the most favorable
sites of Li insertion in the six systems are all in the middle layer,
we only present the diffusion pathways of lithium atoms
embedded in the heterostructures. The mobility (diffusion
pathway) of Li from one stable site to the adjacent next equiv-
alent stable site is depicted in Fig. 5. The lowest diffusion
barrier is 0.07 eV, which is higher than that at the interface of
graphene and blueP in the graphene/blueP/MoS, system (0.066
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(a) 1-HB

Fig. 4 (a)—(f) figures correspond to the charge density difference of the II-HB, II-HN, II-HH, IlI-HB, [lI-HN, and IlI-HH monolayers. Yellow and
blue colors indicate charge-accumulated and charge-deficient regions, respectively (the isosurface value is 0.002 e A7)
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Fig. 5 (a)—(f) figures correspond to the considered diffusion pathways and the corresponding energy barriers for six possible BC;N/graphene
heterostructures.
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eV),* but lower than those of BC,N-I sheet (0.24-0.68 eV), I-BN
(0.073-0.435 eV), and I-HH (0.470.73 eV) and the defective BC,N
systems (0.252.0 eV) presented in our previous research work.*
Among the heterostructures, II-HN, which has three diffusion
pathways, possesses the most preferable diffusion pathway
(Ig1-Iyc-lu1) with the lowest barrier of 0.07 eV in all of the
systems. This diffusion barrier of Li in the interlayer is lower
than that of most reported heterostructure materials, such as
C;N/graphene (0.28 eV)* and blueP/graphene (0.15 eV).”
Similarly, II-HN also has two other diffusion paths with ultra-
low energy barriers (no more than 0.20 eV). For III-HB, the
diffusion barriers are 0.27 and 0.30 eV, which are lower than
those on SiC/graphene (0.63 eV),” MoB, (0.54 eV),*® or CrB,
(0.52 eV),* or the pristine graphene monolayer (0.32 eV),** MoS,
(0.22 eV),” or SnC(0.33 eV).>* II-HH and III-HH have two diffu-
sion pathways with higher barriers of 0.55-0.57 eV and 0.43-
0.44 eV, respectively.

3.4. Theoretical storage capacity and average voltage

Beyond electronic structures and ionic diffusivity, the storage
capacity and open-circuit voltage constitute two further critical
evaluation parameters for LIB anode materials. To this end, the
maximum lithium storage capacity (C) is estimated as follows:

xnkF
C= —— (3)
Msubslrate
Here, x represents the concentration of Li atoms within
the substrate, and n is the associated electronic charge
number. The Faraday constant F is taken as 26 800 mAh mol *,

and Mgupsirate denotes the molecular molar mass of the

Theoritical capacity (mAh/g)

Theoritical capacity (mAh/g)
1
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substrate per formula unit. In addition, the open-circuit voltage
(OCV) is estimated by using the following equation:

E, — E\ — (x2 — x1)ELi/na

(x2 — x1)

OCV = — (4)

In this expression, E, and Ey, refer to the total energies at
adjacent Li concentrations (x, and x;), respectively, and Eyns, is
the energy per atom in the corresponding bcc lattice. To
determine the maximum Li adsorption capacity, Li atoms were
iteratively added to the system's most stable site. The loading
process was continued until the system's Gibbs free energy
turned positive or a significant structural distortion indicated
instability, marking the saturation point. The corresponding
open-circuit voltages and storage capacities are presented in
Fig. 6. The average voltage is determined by the overall change
in Gibbs free energy (AGg) for the adsorption process; it is
calculated according to the relation V., = —AG¢/Axe, where Ax
is the change in Li content and e is the elementary charge, and
AGs = AE¢ + PAV — TAS. With volume and entropy effects both
neglected,” V,,, = —AE¢/Axe.** When the systems reach the
maximum adsorption capacity, we can find the maximum
lithium intercalation concentration and the AE¢value before the
substrates adsorb Li and after the substrates reach the
maximum lithium intercalation concentration. Therefore, the
average voltages of six BC,N/graphene heterostructures were
calculated. Remarkably, the BC,N/graphene heterostructures
exhibit significantly enhanced Li storage capacities. This stands
in marked contrast to the pristine BC,N-II and BC,N-III
monolayers, which themselves demonstrate negligible Li
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Fig. 6 Open-circuit voltages and the calculated storage capacities of six types of BC,N/graphene heterostructures: [I-HN, 11-HB, II-HH, IlI-HB,

III-HN and IlI-HH.
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adsorption capability. Especially, in the BC,N/graphene
heterostructures, III-HN and III-HH have higher storage
capacity (414 mAh g '), with average voltages of 0.32 and
0.36 eV, respectively. The average voltages of II-HN, II-HB, 1I-
HH, and III-HB were calculated to be 0.53, 0.57, 0.59, and
0.46 eV, respectively, with the same theoretical capacities of 276
mAh g~ . The calculated voltages for all systems fall within the
target ranges of 0.1-0.0 eV for high-performance LIB anodes. It
should be noted that the theoretical capacities of the BC,N-II/
graphene and BC,N-I/graphene heterostructures are greatly
improved compared to those of pristine BC,N-II and BC,N-III
monolayers, lower than those of BC,N-I (547 mAh g~ '** and I-
BN (690 mAh g '),* the same as that of 'HH (414 mAh g™ !),*
but higher than those of stanene (226 mAh g™ '),>* Mo,C (146
mAh g 1).%¢

4. Conclusion

In this study, we have performed a comprehensive theoretical
investigation into the performance of six types of hetero-
structures that combine graphene with BC,N-II and BC,N-III
sheets as anode materials for lithium-ion batteries, utilizing
first-principles calculations. The adsorption and diffusion
behavior of lithium atoms on BC,N/graphene heterostructures
has been thoroughly investigated. For the BC,N monolayer,
which is unable to adsorb Li atoms, the BC,N/graphene
heterostructures demonstrate a stable capacity for Li atom
adsorption. Moreover, we found that the III-HN and II-HH
heterostructures have greatly improved capacities of 414 mAh
g~', with the lowest energy barrier of 0.13 eV. The calculated
voltages for all the systems satisfy the key performance criteria
for LIB anodes, falling within reported desirable ranges. This is
enabled by the heterostructure design, which, as electronic
structure analysis reveals, provides an effective mechanism to
tailor the electronic properties and enhance the performance of
pristine BC,N-II and BC,N-III monolayers. Our findings present
a practical route to overcome a key limitation of pristine
materials, advancing their development as high-performance
anodes for LIB applications.
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