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As global energy demand rises and fossil fuel resources dwindle, the exploration of sustainable energy
alternatives has become imperative. Rechargeable metal-ion batteries, particularly potassium-ion
batteries (KIBs), are a key focus in this effort. Graphene, a leading two-dimensional carbon material, has
limitations as an anode due to low ion mobility and dendrite formation. Doping graphene with boron
and nitrogen can enhance its performance by leveraging the distinct electronegativities of these
elements. In this study, we propose a BC,N monolayer with a honeycomb configuration to assess its
potential as an anode for KIBs. The BC,N monolayer demonstrates a low K-ion migration barrier of
0.13 eV, a theoretical capacity of 1094.10 mA h g~%, and an average open circuit voltage of 0.31 V. The
strong hybridization between K s orbitals and B/C/N p, orbitals facilitates K ion adsorption, boosting
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storage capacity. The configurations show inherent metallicity, ensuring high electron conductivity. Our
findings highlight the BC,N monolayer as a breakthrough anode material for high performance KiBs,
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1. Introduction

Technological advancements and societal progress have driven
an increasing demand for energy in recent years. As fossil fuel
resources continue to deplete, the quest for sustainable energy
alternatives has become paramount. Renewable energy sources
such as wind, solar, tidal, biomass, and geothermal sources
offer promising solutions, but their intermittent nature neces-
sitates the development of efficient energy storage systems to
fully capitalize on these resources.' In this context, recharge-
able metal-ion batteries have emerged as a central focus within
the scientific community. Among metal-ion batteries, lithium-
ion batteries (LIBs) stand out due to their long cycle life,
portability, compact size, high energy density, and substantial
storage capacity. These characteristics have led to their wide-
spread use in a range of applications, from smartphones to
electric vehicles.>” Nonetheless, LIBs are not devoid of challenges.
The geographic concentration of lithium and cobalt—key ele-
ments in LIBs—renders the supply chain vulnerable to disruptions
and price volatility.® Moreover, LIBs carry inherent safety risks,
such as thermal runaway and explosions, which can occur due to
dendrite formation at the electrode-electrolyte interface.’
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offering valuable insights for future battery development.

To overcome these limitations, researchers are exploring
alternative metal-ion batteries that can replace or complement
LIBs."® In recent years, potassium-ion batteries (KIBs) have
garnered significant attention as a viable alternative. Potassium
is abundantly available on Earth, and K-ions can reversibly
intercalate into graphite electrodes, similar to lithium ions.***?
Additionally, KIBs offer the advantage of high power density
due to the rapid diffusion of K-ions, a result of weaker inter-
action with solvents and anions.® These unique features make
KIBs promising candidates for replacing LIBs, particularly in
terms of cost-effectiveness and resource availability.

The pursuit of high-performance anode materials is essen-
tial to enhancing the efficiency of KIBs. Two-dimensional
materials, including graphene," transition metal dichalcogen-
ides (e.g., MoS,),"* transition metal oxides (e.g., MnO," and
TiO,'°),"” MXenes (e.g., TizCs,"® Ti,C," and TiC;*°), and phos-
phides (e.g., PC¢>"), have demonstrated considerable promise
as electrode materials in metal-ion batteries. Due to their high
specific surface area and unique geometric structures, these
materials exhibit enhanced reversible capacities and improved
charge/discharge rates.”> Among them, graphene, a two-
dimensional carbon-based material, stands out for its high
theoretical capacity. However, it also faces significant chal-
lenges, such as low-rate capabilities,”® voltage hysteresis,>*
and dendrite formation,>® which can lead to short circuits.
To overcome these issues, researchers have explored doping
graphene with boron and nitrogen atoms. This doping
enhances graphene’s chemical properties, offering improved
physical and chemical characteristics.>*>” For example, boron
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doping increases lithium adsorption energy, while nitrogen
doping accelerates charge transfer.”**° In this context, co-doping
graphene with equal proportions of boron (B) and nitrogen (N) not
only maintains its isoelectronic nature but also induces charge
redistribution. This feature opens up new possibilities for optimiz-
ing the performance of graphene-based anode materials.

On the other hand, the BC,N material family with a graphene-
like layered structure has been successfully synthesized through
chemical vapor deposition (CVD).*"*** Due to the varying distribu-
tions of B and N, the BC,N monolayers exhibit a range of possible
structures, each displaying distinct electronic properties.**>* The
BC,N monolayer with a large bandgap (2.0 eV) has been predicted
to exhibit high carrier mobility,® along with strong in-plane
thermal transport anisotropy, where in-plane phonon modes
dominate the thermal transport process.*®?” Additionally,
Chen et al. investigated the optical properties of BC,N and
proposed its potential as an infrared window material,*® while
Shi et al. predicted that the BC,N monolayer could serve as
a promising anchoring material for lithium-sulfur batteries,
with defects and doping further enhancing its performance.*®
Our work focuses on the graphene-like BC,N monolayer with
inversion symmetry, which features a mirror-symmetric B-N
distribution and an ultra-narrow bandgap of 0.04 eV. Using
first-principles calculations, we systematically studied the adsorp-
tion behavior of K-ions on its surface, and calculated the migra-
tion barriers for K-ions. Additionally, the thermal stability of the
BC,N monolayer was confirmed through ab initio molecular
dynamics (AIMD) simulations. Our results indicate that the
BC,N monolayer possesses excellent electrical conductivity, high
theoretical capacity, low K-ion migration barrier, and a favorable
open-circuit voltage, making it a highly promising candidate for
KIB anodes.

2. Computational methods

In this work, we conduct structural relaxation and property
calculations utilizing the Vienna Ab initio Simulation Package
(VASP),">*' which is based on density functional theory
(DFT).** The electron-ion interactions are described using the
projector augmented wave (PAW) pseudopotential,*** while
the exchange-correlation potentials are represented by the
generalized gradient approximation (GGA) of the Perdew-
Burke-Ernzerhof (PBE).*"** To account for van der Waals
(vdW) interactions, we incorporate the semi-empirical DFT-D2
method with a vdW correction for damping. The cut-off energy
of the plane wave basis function is set to 600 eV. To prevent
interactions between neighboring layers, a vacuum layer with a
thickness of 30 A is introduced in the perpendicular direction of
each model. Additionally, we employ Monkhorst-Pack k-meshes
with a density of 2 x 0.03 A~ for our calculations.

To explore the adsorption and diffusion of potassium on
the BC,N monolayer, we expand the original unit cell to the
2 x 2 x 1 supercell for structural relaxation. We optimize both
the lattice constants and atomic coordinates until the force
convergence reaches 0.03 eV A" and energy convergence
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attains 10" eV. The density of states (DOS) and band structure
are computed using the PBE functional. For the calculation of
phonon dispersion, we employ the Phonopy codeona2 x 2 x 1
supercell of BC,N.** The thermal stability at 300 K within the
NVT ensemble is assessed”’ using the Nosé-Hoover thermostat
method with a simulation duration of 5 ps and a time step of
1.0 fs.*® The formation energy (Ef) of the BC,N monolayer is
determined using the following equation:*’

E¢=Epc,n — B — 2Uc — Hn )

where Egc  is the energy of the BC,N monolayer, and ug, uc,
and py are the total energies of the B atom in a-borophene, the
C atom in graphene, and the N atom in N,. The exfoliation
energy (Eey) is computed as:*®

Egab — Ebuik
Eexr = A (2)
where Eg,p and Epy represent the total energy of the relaxed
2D material and the bulk, respectively, and A represents the in-
plane surface area of the relaxed bulk unit cell. The adsorption
energy (E,q) of the BC,N monolayer is determined using the
following equation:*°

Eaa = Ex+Bc,n — Ere,n — Ex (3)

where Exipc,n and Epc,n represent the energy of the BC,N
monolayers with and without the K atoms, respectively, and
Ex denotes the energy of a K atom in its elemental solid.
Generally, a negative value indicates spontaneous and favor-
able adsorption, with more negative values implying stronger
adsorption. Conversely, positive values suggest repulsive beha-
vior and thus no adsorption. The formation energy of each
configuration at different adsorption concentrations is calcu-
lated using the following equation:*°

_ Ex.Bc,N — Epc,n — XEx ()

E
f x+1

where x denotes the concentration of adsorbed K atoms. The
Young’s modulus and Poisson’s ratio in an arbitrary angular
plane are calculated using the following equation:>!

Y(0) = C11Can — C1? 5)
4 s, (CiiCn—CiY 20
C1S8* + CpC* + CifZClz S2C
44
and
C11Cy — Ci?
(Cll FCp -2 2 )SZC2 - Cpp($?+C?)
V() = Caa
4 s, (CiiCn—CiY 20
C11S8* + CpC* + C772C12 S2C
44
(6)

where C;4, C15, Css, C44 and 0 are independent elastic constants
and angles, respectively. The theoretical capacity is determined
using the following formula:>

xF
T m

C 7)
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where x, F, and m denote the maximum number of adsorbed
metal atoms per molecular formula, Faraday’s constant, and
the molar mass of BC,N, respectively. The open circuit voltage
(OCV) is calculated using the following equation:>*~>°

_ —AE _ EBCZN +nEx — EKYBCZN
xzF xzF

v 8

Here, F, and z denote Faraday’s constant, and the charge of the
K ions in the electrolyte (z = 1), respectively. Furthermore,
the diffusion barrier and the optimal diffusion path of K on
the BC,N surface are determined using the climbing image

nudging elastic band (CI-NEB)*® method as implemented in the
VASP software package.

3. Results and discussion

3.1. Structure, stability, and electronic properties of the BC,N
monolayer

The BC,N monolayer, upon relaxation, exhibits a planar hon-
eycomb configuration possessing Cmmm symmetry (Fig. 1a),
which aligns with previous findings.*® The bond lengths within
this structure, specifically 1.53 A for B-C, 1.46 A for B-N, and
1.41 A for C-C, are comparable to those observed in BC,,*” h-
BN,”® and graphene,* respectively. The strong covalent nature
of all the bonds in the BC,N monolayer is evident from the
electronic localization function, as shown in Fig. 1b. Addition-
ally, we calculated the formation energy for the BC,N mono-
layer (—2.02 eV f.u.”") and the exfoliation energies of graphene
and the BC,N monolayer (20 mevV A™2 and 15 mevV A2
respectively) on graphite substrate. The calculated exfoliation
energy of graphene aligns with the findings of Rico Friedrich
et al.*® The acceptable formation/exfoliation energy of the BC,N
monolayer indicates its potential preparation under appropri-
ate conditions.*’**> To evaluate the structural stability of the
BC,N monolayer, we started by computing its phonon disper-
sion curve. The absence of significant imaginary frequencies in
the phonon spectra, as illustrated in Fig. 2a, verifies the
dynamic stability of the BC,N monolayer. Additionally, ab initio
molecular dynamics (AIMD) simulations were conducted at
300 K and 350 K for a duration of 5 ps. The results, presented
in Fig. 2b and Fig. S1 (ESIt), demonstrate minimal structural
changes alterations without any changes in bonding patterns or

(b)

K; ;I 0.5

Fig. 1 (a) Top view of the crystal structure of the BC,N monolayer. The
unit cell is marked with dotted lines. Green, brown, and grey balls

represent boron, carbon, and nitrogen atoms, respectively. (b) Top view
of the ELF map.
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Fig. 2 (a) The phonon dispersion curves, (b) ab initio molecular dynamics
simulations at 300 K and 5 ps with the free-energy evolution and final
structure, (c) Young's modulus, and (d) Poisson’s ratio of the BC,N
monolayer.

significant geometric reconfigurations, thereby confirming the
thermal stability of the BC,N monolayer at room temperature.

The BC,N monolayer, when considered as an anode material
for metal-ion batteries, exhibits strong resistance to deforma-
tion, which is advantageous for battery recycling. Our calcula-
tions of its mechanical properties revealed that elastic
constants satisfy Born’s criterion:®® Cy;C5,~C1,> > 0, Cge > 0,
confirming its mechanical stability. The Young’s modulus and
Poisson’s ratio in any angular plane can be determined using
independent elastic constants Cy;, Cy, Css, C44 and 0. Notably,
the Young’s modulus of the BC,N monolayer ranges from
274.45 to 291.68 N m ™', while the Poisson’s ratio varies from
0.19 to 0.22, indicating obvious anisotropy. These values are
comparable to those of h-BN (Y = 279.20 N m ', v = 0.22),%
showing the high stiffness of BC,N. Overall, the BC,N mono-
layer exhibits excellent mechanical properties, rendering it
resilient to deformation and damage during the charging and
discharging cycles of batteries.

The calculated electronic band structure and the projected
density of states (PDOS) of the BC,N monolayer (Fig. 3a and b),
determined using generalized PBE functionals, reveal that this
material is a direct bandgap semiconductor with a narrow
bandgap of 0.04 eV. The valence band maximum primarily
originates from the p, orbital contributions of B, C, and N
atoms. Furthermore, strong hybridization between the p, and
p, orbitals of these atoms contributes to the enhanced struc-
tural stability of the BC,N monolayer.

3.2. Metal ion adsorption and diffusion on the BC,N
monolayer

The adsorption capability of an anode material for K ions is
crucial for the stable operation and storage capacity of KIBs.
To assess the suitability of the BC,N monolayer as an anode in
KIBs, we constructed a 2 x 2 x 1 supercell and identified
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Fig. 3 (a) The electronic band structure and (b) PDOS of the BC,N
monolayer. The Fermi level is set to zero. (c) Top view of the representative
adsorption sites on the BC,N monolayer. (d) Top view and side view of the
charge density difference when K is adsorbed on the BC,N monolayer.
Yellow and cyan represent charge accumulation and consumption,
respectively.

10 highly symmetric potential adsorption sites based on the
material’s geometric symmetry (Fig. 3c). These sites encompass
positions above B, C, and N atoms (labeled as Ty, T,, and Ts),
vacancies within B,C,N,, B,C,4, and C,N, six-membered rings
(denoted as Hy, Hy, and Hj3), and the bridging sites between BC,
BN, CN, and CC (marked as By, B,, B3, and B,). Upon structural
relaxation, the K ions originally adsorbed at the By, B,, B3, and
B, sites shift to the H,, H;, Hz, and H; positions, respectively.
This migration can be attributed to the larger radius of the K
atom, which experiences minimal repulsion in the hollow
positions of the six-membered rings composed of the B, C,
and N atoms in the BC,N monolayer. Consequently, six stable
adsorption sites on the BC,N monolayer were identified, with
their corresponding adsorption energies listed in Table S2
(ESIt). Notably, the H, site exhibited the most stable adsorption
for K ions on the BC,N monolayer, with an adsorption energy of
—0.61 eV, which surpassed that of other sites.

To explore the adsorption mechanism of the K atom on the
BC,N monolayer, we performed differential charge density
calculations and Bader charge analysis. As shown in Fig. 3d,
two electron depletion regions (blue area) are observed near the
K ions and in the in-plane bonding direction of BC,N, while
electron accumulation (yellow area) is seen in the out-of-plane
n bonds of BC,N, especially on both sides of the B,C, six-
membered rings. This observation suggests that B, C, and N
atoms transfer a small amount of in-plane ¢ electrons to the p,
orbitals of BC,N. Additionally, by Bader charge analysis, it is
found that each K atom transfers 0.854e to the BC,N surface.

Charge and discharge rates are another critical factor influ-
encing the performance of rechargeable batteries, with higher
rate capacities enabling faster charge and discharge processes.
These rates largely depend on the migration rate of adsorbed
metal ions and the conductivity of the anode material.
To evaluate the BC,N monolayer as a potential anode material
for KIBs, we employed the CI-NEB method to calculate the
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diffusion barrier of K ions on the BC,N monolayer, a parameter
directly linked to rate performance. Two possible migration
paths between the most stable adsorption sites, labeled as path
I and path II (Fig. 4a), were analyzed. Path I proceeds along
the H,-H, direction, while path II follows the H,-H;-H;-H,
direction. These pathways were selected based on the observa-
tion that K adsorption is most stable at the hollow positions
within the six-membered rings, which facilitates efficient K-ion
transport. Our calculations reveal that the migration barriers
for K ions along both path I and path II are 0.13 eV (Fig. 4a),
indicating stable K-ion migration on the BC,N monolayer.
Furthermore, we observed that the polar bond strength within
the BC,N monolayer during K-ion migration significantly
impacts the migration barriers, with higher barriers across
BC bonds compared to CN bonds. Notably, the predicted migra-
tion barriers for BC,N are comparable to or even lower than
those reported for other 2D materials, such as Ti;C, (0.103 eV),*
PCq (0.260 eV),** MoN, (0.490 €V),** SnSe (0.160 eV),*> BP mono-
layer (0.155 €V),*® and TiS, (0.440 €V).%” Additionally, we deter-
mined the migration barriers of Li and Na ions on the BC,N
monolayer (Fig. 4b and c) to be 0.66 eV and 0.33 eV, respectively.
Interestingly, the actual migration path of Li ions differs from the
initially labeled paths (Fig. 4b). Specifically, in path I, Li ions
exhibited a deviation from the B atom upon crossing the B-C
bond, rather than migrating in a straight line. Similarly, in path II,
Li ions shifted towards the C and N atoms when crossing the B-C
and C-N bonds, respectively. In contrast, K and Na ions did not
display such deviations, potentially due to their larger atomic
radius and higher atomic mass compared to Li. The stronger
electronegativity of C and N, relative to B, led to a stronger
attraction of Li ions towards these atoms when crossing the polar
B-C and C-N bonds, accounting for the observed deviations.
Overall, among the ions studied, K ions exhibited the lowest
migration barriers on the BC,N monolayer, rendering it a favor-
able material for enhancing the rate capacity of KIBs.

3.3. Capacity and open-circuit voltage of the BC,N monolayer
as the anode

For rechargeable metal-ion batteries, key performance charac-
teristics of anode materials encompass high storage capacity,
low average open-circuit voltage, and stable voltage distribution.
The storage capacity of these batteries is primarily governed by
the number of ions adsorbed onto the anode material—a higher
number of adsorbed ions translates to a higher theoretical
capacity. Herein, we investigated the K adsorption behavior
using a 2 x 2 x 1 supercell and observed that as the number
of adsorbed K atoms increases, the adsorption energy decreases,
ultimately reaching a maximum adsorption concentration
when the adsorption energy approaches zero. We calculated
the formation energies at different adsorption concentrations
(ie., K,BCN, x = 0.5, 1, 1.25, 1.5, and 2) and plotted the convex
hull. From Fig. S2 (ESIt), it can be observed that the configura-
tions obtained at K concentrations of 0.5, 1, and 2 are thermo-
dynamically stable (i.e., K,BC,;N, x = 0.5, 1, 2), with their structure
as illustrated in Fig. 4d-f. In particular, the theoretical storage
capacity (TSC) increases with K-ion content (Fig. 4g), peaking
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Fig. 4 The diffusion path and diffusion barrier for K (a), Li (b), and Na (c) atoms on the BC,N monolayer. (d)—(f) The structures of K atoms adsorbed on the
BC,N monolayer (x is the concentration of K ion: x = 0.5, 1, 2). (g) The average open circuit voltage (OCV) and theoretical storage capacity (TSC) of the
K atom of the BC,N monolayer. (h) The electron local function, and (i) the band structures and PDOS of K,BC,N.

at 1094.10 mA h g ', which significantly surpasses that of
other 2D materials such as Ti;C, (191.80 mA h g "),°* Ti,N
(242.00 mA h g™ 1),°® and PCq (781.00 mA h g~ *).%* Subsequently,
the BC,N monolayer in the saturated adsorption state (K,BC,N)
was subjected to AIMD simulations at 300 K for a duration of
5 ps. The results, as shown in Fig. S3 (ESI), revealed minor
structural changes with no significant geometric reconstruction,
thereby confirming the thermal stability of the BC,N monolayer
in the saturated adsorption state at room temperature.

During charging and discharging, the half-cell reaction of
the BC,N monolayer as the anode for KIBs can be expressed as:

BC,N + xK" + xe~ — K,BC,N
Using eqn (8), we estimated the OCV of the BC,N monolayer
in KIBs and calculated the corresponding voltage profile.

As shown in Fig. 4g, the calculated OCV decreases gradually
with an increase in the concentration of K ions. The average

10496 | Phys. Chem. Chem. Phys., 2025, 27,10492-10498

OVC of the BC,N monolayer is 0.31 V, which falls well within
the standard range (0-1 V)* for anode materials in metal-ion
batteries. This low OCV reduces the risk of dendrite growth in
the cell,”® highlighting the BC,N monolayer as a promising
anode material for KIBs.

3.4. Absorption mechanism and electronic properties of
K,BC,N

To delve into the origin of the high TSC, we analyzed the
interlayer distances of the K-ion adsorbed layers on the BC,N
substrate and the electron localization function (ELF) of
K,BC,N (x = 0.5, 1, and 2), as depicted in Fig. S4, S5 (ESIT)
and Fig. 4h. It can be observed that as multilayer adsorption
proceeds, the distance from the substrate gradually increases,
with the distances for one-layer and two-layer K adsorption
being 2.86 A and 5.79 A, respectively, similar to the MB,
results.”" After adsorption in the first layer, the valence elec-
trons from the K atoms migrate to the surface of the K;BC,N
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monolayer, accumulating around the K atoms to form an electron
cloud. This negative electron cloud is crucial for stabilizing the
multilayer adsorption process,” as it helps to alleviate Coulomb
repulsion between K ions. When the maximum K-atom adsorp-
tion is achieved, the negative electron cloud becomes uniformly
distributed around the K ions, enhancing the overall stability of
the adsorption layer by fostering static attractive interactions
between the ions and minimizing the Coulomb repulsion.

The electronic energy bands and DOS of K,BC,N (x = 0.5, 1,
and 2) are shown in Fig. S6 (ESI{) and Fig. 4i. The metallic
characteristics of K,BC,N, evident from multiple bands crossing
the Fermi level, stands in stark contrast to the semiconducting
behavior of the pristine BC,N monolayer, which features a
narrow direct band gap. The metallic nature of K,BC,N (x =
0.5, 1, and 2) facilitates rapid electron transfer, thereby enhan-
cing cycling stability. In addition, the PDOS diagrams reveal
significant overlap below the Fermi energy level between the
p. orbitals of B, C, and N atoms, as well as the s orbital of K.
This prominent s-p hybridization implies stronger interactions
between the K atoms and the BC,N monolayer.

4. Conclusions

In this work, we propose the BC,N monolayer as a highly
promising anode material for KIBs based on first-principles
calculations. The monolayer demonstrates excellent dynamic,
thermal, and mechanical stability. The stable adsorption of
K atoms on the BC,N surface is enhanced by boron’s electron-
deficient nature, which boosts surface reactivity. The strong
electronegativity of nitrogen efficiently modulates charge dis-
tribution within the six-membered rings of boron and carbon,
resulting in highly stable adsorption sites. Furthermore, the
polar covalent C-N bonds reduce the migration barrier for K
ions, facilitating faster ion migration compared to C-C bonds.
Consequently, the BC,N monolayer outperforms current anode
materials for KIBs in terms of storage capacity, diffusion
barrier, and open-circuit voltage, underscoring its potential
for superior battery performance.
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