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 A B S T R A C T

Despite the promise of sodium-ion batteries (SIBs) for large-scale energy storage, the development of high-
performance anode materials remains a critical challenge. Here, we report that the two-dimensional 𝛽-phase 
carbon selenide (𝛽-CSe) monolayer exhibits remarkable Na-ion storage properties identified through compre-
hensive first-principles calculations. The buckled honeycomb structure demonstrates exceptional stability with 
positive phonon frequencies and preserved C-Se bonds during molecular dynamics at both room temperature 
(300 K) and elevated temperature (400 K). Na adsorption occurs preferentially at hollow sites with strong 
binding energies (−2.95 eV on C-side) and substantial charge transfer (0.82|𝑒|), thermodynamically favoring 
uniform Na distribution which may help suppress dendrite formation. Strikingly, the material exhibits ultra-
facile Na diffusion with maximum energy barriers of only 0.019-0.021 eV, among the lowest reported for SIB 
anodes, suggesting exceptional rate performance. Basin-hopping Monte Carlo simulations reveal a theoretical 
capacity of 589 mAh/g with an average insertion potential of 1.11 V, while the material advantageously 
transitions from semiconductor to metallic behavior upon Na insertion. The anisotropic Poisson’s ratio (as low 
as 0.05) further minimizes volume changes during cycling. These findings establish 𝛽-CSe as a promising 
candidate for high-performance SIB anodes and provide valuable insights for designing advanced battery 
materials.
1. Introduction

The rapid growth of renewable energy technologies has intensified 
the demand for efficient and sustainable energy storage systems. Ow-
ing to their superior thermodynamic and kinetic properties, including 
high energy density, favorable insertion potential, and excellent cy-
cling performance, lithium-ion batteries (LIBs) have been extensively 
integrated into various electronic devices and electric vehicles [1–4]. 
Despite their continuous performance improvements, which have ex-
panded their applications to both small and large-scale technologies [5–
7], widespread implementation of LIBs has been constrained by con-
cerns regarding lithium resource scarcity, geographical concentration 
of reserves, and associated high costs [8]. Consequently, sodium-ion 
batteries (SIBs) have emerged as a promising alternative for large-scale 
energy storage applications, offering significant advantages including 
abundant sodium resources, cost-effectiveness, high ionic conductivity, 
and electrochemical properties similar to lithium-based systems [9–13].
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Computational materials design, particularly density functional the-
ory (DFT)-based first-principles calculations, has become an indispens-
able tool for accelerating the discovery and optimization of advanced 
battery materials. DFT methods enable accurate prediction of key per-
formance metrics including adsorption energetics, diffusion barriers, 
electronic properties, and structural stability at substantially lower cost 
and time compared to experimental synthesis and characterization. This 
computational screening approach has successfully identified numerous 
promising electrode materials and provided mechanistic insights that 
guide experimental efforts, making it essential for the rational design 
of next-generation energy storage systems [14].

While SIBs benefit from similar chemistry to LIBs and can lever-
age technological advancements in materials and cell design already 
established for lithium systems [15], their commercialization faces 
significant challenges, particularly regarding suitable anode materials. 
Conventional graphite anodes used in LIBs show limited sodium storage 
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capacity due to the larger ionic radius of Na+ (1.02 Å) compared to 
Li+ (0.76 Å), which restricts sodium intercalation [16,17]. Extensive 
research efforts have been directed towards identifying alternative 
anode materials specifically designed for SIBs [12,18–21]; however, 
critical issues such as limited specific capacity and poor cycling sta-
bility remain unresolved, hampering their practical implementation. 
To advance SIB anode development, new materials with enhanced 
physical and chemical properties must be conceptualized and system-
atically investigated, with density functional theory and basin-hopping 
Monte Carlo computations offering powerful approaches for predicting 
and understanding the thermodynamic and kinetic characteristics of 
potential candidates [4,22–26].

Two-dimensional (2D) materials present particularly promising
characteristics as negative electrodes for energy storage applications, 
offering distinct advantages over their bulk counterparts [27–29]. 
Recent research has focused on layered group-IV and VI compounds 
with structures analogous to black phosphorene (𝛼-P) and blue phos-
phorene (𝛽-P), which have been both theoretically predicted and ex-
perimentally synthesized, demonstrating significant potential for op-
toelectronic, photovoltaic, sensing, and battery applications [30,31]. 
The buckled configuration of these materials, resembling blue phospho-
rene, typically generates intrinsic dipoles arising from electronegativity 
differences between constituent atoms in the top and bottom layers. 
Computational studies of Si, Ge, and Sn monochalcogenides (SiS, SiSe, 
GeS, GeSe, SnS, and SnSe) have revealed their exceptional capacity 
for handling rapid charge/discharge processes in both lithium and 
non-lithium ion batteries [32–35].

Inspired by these findings and motivated by the remarkable struc-
tural integrity, mechanical strength, and physicochemical properties 
of carbon selenide, we have systematically investigated the potential 
of 2D 𝛽-CSe as an anode material for sodium-ion batteries. Through 
comprehensive computational techniques including density functional 
theory (DFT), ab initio molecular dynamics (AIMD), nudged elastic 
band (NEB) method, and basin-hopping Monte Carlo (BHMC) algo-
rithm, we first establish the structural, dynamical, and thermal stability 
of the 𝛽-CSe monolayer. We then evaluate Na-binding strengths at 
various adsorption sites on the 𝛽-CSe surface using both standard DFT 
and DFT-D2 approaches. The insertion potential and theoretical specific 
capacity are determined through BHMC simulations examining Na-
concentration effects on both sides of the 𝛽-CSe surface. Additionally, 
we investigate dilute Na-diffusion pathways along different directions 
and analyze the structural and electronic properties of the material 
under mechanical strain and applied transverse electric fields. Com-
pared to other reported 2D materials proposed as battery electrodes, 
our findings indicate that the 𝛽-CSe monolayer represents a highly 
promising candidate for next-generation sodium-ion battery anodes, 
offering an exciting addition to the class of materials being considered 
for advanced energy storage applications.

2. Computational frameworks

2.1. Density functional theory

All structural optimizations and electronic, thermodynamic, and 
kinetic property calculations were performed within the density func-
tional theory (DFT) framework using the Vienna Ab Initio Simulation 
Package (VASP) [36]. The Perdew–Burke–Ernzerhof (PBE) formulation 
of the generalized gradient approximation (GGA) [37] was employed 
self-consistently with the projector augmented wave (PAW) method. 
Calculations were performed using a plane-wave basis set with a kinetic 
energy cutoff of 500 eV. Electronic self-consistent energy and force 
convergence criteria during geometry relaxations were set to 10−6 eV
and 10−3 eV/Å, respectively, using the conjugate-gradient algorithm. 
To accurately account for van der Waals interactions during Na ad-
sorption, Grimme’s semi-empirical dispersion correction (DFT-D2) was 
applied. We employed the Grimme D2 dispersion correction to account 
2 
for van der Waals interactions, which has been widely validated for 
similar 2D materials including phosphorene and chalcogenides. The 
choice of DFT-D2/D3 over alternative vdW methods (such as optB88-
vdW or SCAN+rVV10) was motivated by: (i) computational efficiency 
enabling the extensive configurational sampling required for BHMC, (ii) 
established validation for alkali metal adsorption on 2D materials with 
good agreement to higher-level methods for relative energetics, and 
(iii) consistency with methodology used in literature studies of com-
parable materials, facilitating direct comparison of results. To verify 
the robustness of our results, we performed comparative calculations 
using DFT-D3(BJ) correction for selected configurations. The compari-
son confirms that while DFT-D2 produces slightly stronger binding (as 
expected from its known overbinding tendency), the relative energetic 
trends including site preferences and diffusion pathway ordering are 
preserved between both methods, validating our conclusions (Table 
S1). Quantitative comparison of DFT-D2 and DFT-D3(BJ) results for 
the fully sodiated Na2CSe structure is provided in Table S1 of the Sup-
plementary Information. For more precise determination of electronic 
properties and bandgap values, the Heyd–Scuseria–Ernzerhof (HSE06) 
hybrid functional with a standard mixing parameter of 25% [38] was 
used for band structure calculations.

The 𝛽-CSe monolayer was modeled using a (3 × 3 × 1) supercell with 
periodic boundary conditions in the 𝑥- and 𝑦-directions, and a vacuum 
space of 20 Å along the 𝑧-direction to prevent interactions between 
periodic images. This supercell size provides Na–Na separations exceed-
ing 9 Å in the dilute limit, sufficient to minimize artificial periodic 
image interactions for single-atom adsorption and diffusion barrier 
calculations. This supercell dimension is consistent with numerous 
published studies on 2D anode materials, enabling direct comparison 
with literature values. Brillouin zone sampling was performed using 
a Monkhorst–Pack 𝑘-point grid of 9 × 9 × 1 for both pristine 𝛽-CSe 
and Na-adsorbed systems [39]. Charge transfer between Na atoms and 
the 𝛽-CSe surface was evaluated using Bader charge analysis [40]. 
All reported adsorption energies, diffusion barriers, adsorption heights, 
and charge transfer values were obtained using DFT-D2, as van der 
Waals corrections are essential for accurate Na adsorption energetics.

To verify the thermal stability of the free-standing 𝛽-CSe monolayer 
after optimization and the reversibility of the electrode after Na-ion 
removal, we performed ab initio molecular dynamics (AIMD) simula-
tions in the NVT ensemble with a time step of 2 fs for 10 ps at room 
temperature [41,42]. Additional AIMD simulations were performed at 
400 K to verify thermal stability at elevated temperatures relevant 
to battery operating conditions. Phonon dispersion calculations were 
carried out using the Phonopy code with the PBE-GGA functional to 
confirm dynamical stability.

The anisotropic mechanical properties of 𝛽-CSe were characterized 
through the directional dependence of Young’s modulus and Poisson’s 
ratio. For an anisotropic 2D material, these properties as functions of 
direction 𝜃 relative to the positive 𝑥-axis can be expressed as: 

𝐸(𝜃) =
𝐶11𝐶22 − 𝐶2

12

𝐶11 sin
4 𝜃 + 𝐶22 cos4 𝜃 + (

𝐶11𝐶22−𝐶2
12

𝐶44
− 2𝐶12) cos2 𝜃 sin

2 𝜃
(1)

𝜈(𝜃) =
(𝐶11 + 𝐶22 −

𝐶11𝐶22−𝐶2
12

𝐶44
) cos2 𝜃 sin2 𝜃 − 𝐶12(cos4 𝜃 + sin4 𝜃)

𝐶11 sin
4 𝜃 + 𝐶22 cos4 𝜃 + (

𝐶11𝐶22−𝐶2
12

𝐶44
− 2𝐶12) cos2 𝜃 sin

2 𝜃
(2)

The Na-ion diffusion pathways and associated energy barriers were 
investigated using the climbing image nudged elastic band (CI-NEB) 
method [43], which generates a series of intermediate configurations 
between specified initial and final positions through linear interpola-
tion and minimizes the energy along the diffusion pathway.
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Fig. 1. (a,b) The top and side view of the fully optimized structure of 2D 𝛽-phase CSe monolayer, respectively. The unit-cell are marked with black dotted line. 
The available binding site are marked by red star. (c) The electronic projected band structure and corresponding decomposed density of states of pristine 2D CSe 
monolayer. The indirect bandgap of 1.544 eV (PBE) is indicated by red and green dots; HSE06 calculations yield a bandgap of 2.1 eV.
Fig. 2. (a) Phonon dispersion profile of 2D 𝛽-phase CSe monolayer, (b) Ab-initio molecular dynamics simulations at room temperature for 10 ps of 𝛽-CSe structure, 
(c) Young’s modulus and Poisson’s ratio of pristine 𝛽-CSe monolayer.
2.2. Basin-hopping Monte Carlo algorithm

3. Results and discussion

3.1. Structural, stability and electronic properties of 𝛽-CSe

Firstly, it is quite interesting to get a clear overview of structural, 
stability and electronic properties of the material before exploring 
further its possible applications for SIBs. The 𝛽-CSe monolayer belongs 
to the P3m1 space group and is characterized by a unit-cell of one C-
atom and Se-atom generating a honeycomb like buckled phase structure 
3 
as depicted in Fig.  1(a and b). The optimized lattice constant of 𝛽-CSe 
is about a = b = 3.065 Å, which is in good accordance with previous 
reported studies [44–46].

The bond length (2.055 Å) and buckling thickness (1.045 Å) of the 
𝛽-CSe monolayer are notably smaller than those of blue phosphorus 
(𝛽-P), which exhibits a P–P bond length of 2.27 Å and buckling height 
of 1.24 Å [47]. These shorter bond lengths in 𝛽-CSe indicate stronger 
covalent interactions between C and Se atoms compared to the P–P 
bonds in 𝛽-P. Blue phosphorene (𝛽-P), which shares the buckled honey-
comb structure, has been synthesized via molecular beam epitaxy [48]. 
Buckled silicene has been achieved via epitaxial growth [49]. Given 
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that 𝛽-P has been extensively investigated theoretically and successfully 
synthesized experimentally through liquid exfoliation and chemical va-
por deposition methods, we anticipate that the 𝛽-CSe monolayer, with 
its comparable buckled honeycomb structure but stronger bonding, 
can be synthesized using similar experimental setups and cell designs, 
potentially with even better structural stability.

The projected band-structure and total/projected density of states 
for 2D 𝛽-CSe monolayer were computed as given in Fig.  1(c). The band 
structure were studied along the K-𝛤 -M-K directions. As shown in Fig. 
1(c), the 𝛽-CSe monolayer exhibits an indirect bandgap semiconductor 
characteristic with a bandgap of approximately 1.544 eV (PBE-GGA). 
HSE06 hybrid functional calculations yield a larger bandgap of 2.1 
eV, which is more reliable for comparison with experimental mea-
surements. The valence band maximum (VBM) is located between 
the 𝛤  and 𝑀 points, while the conduction band minimum (CBM) is 
situated between the 𝐾 and 𝛤  points in the Brillouin zone. The indirect 
nature of the bandgap is beneficial for battery applications as it ensures 
semiconducting behavior in the pristine state while allowing metallic 
conductivity upon Na adsorption, as will be discussed later. In PDOS, 
major peaks are occurred in the valence-band owing to the 5p-orbital of 
the Se. The partial density of states show that the DOS in the VBM/CBM 
are mainly contributed by p-orbitals, with a great contribution near 
Fermi-level from the p-orbital of C-atoms.

To evaluate the dynamical stability of our structure, the phonon 
spectrum were calculated through the density functional perturbation 
theory (DFPT), which reflects the collective vibrational mode of all 
atoms, wherein an acoustic branch denotes the vibration of the original 
cell, and the optical branch describes the relative vibration of the atoms 
in the unit-cell. Fig.  2(a) shows the phonon dispersion curves with 
positive values of frequency, confirming the dynamic stability of 𝛽-
CSe monolayer. In addition, owing to the buckling of the structure, 
out-of-plane (ZA) acoustic modes of 𝛽-CSe monolayer are coupled with 
in-plane longitudinal acoustic (LA) and transverse acoustic (TA) modes. 
The phonon spectrum curves illustrate that the optical branches are 
well separated from the acoustical branches, as obtained in the case 
of 𝛽-P [47]. In addition, AIMD simulations at room temperature and a 
time step of 10 ps were carried out to check the thermal stability of 
the 𝛽-CSe monolayer. As illustrated in Fig.  2(b), the chemical bonds 
of C-Se remain intact without deformation with a small variation in 
energy and force during the molecular simulation, which confirms the 
great thermal stability of the structure. Additional AIMD simulations 
at 400 K (Figure S4) further confirm the thermal stability at elevated 
temperatures, with no bond breaking observed throughout the 10 ps 
simulation. Radial distribution functions at 400 K (Figure S5) show 
sharp C-Se peaks at 2.02 Å, confirming framework integrity, while the 
evolution of Na–C and Na–Se distances (Figure S6) demonstrates that 
Na atoms remain at their adsorption sites throughout the simulation.

Moreover, to confirm the mechanical stability of our structure it is 
worth to mention the values of linear elastic constants, Young modulus 
and Poisson’s ratio of the 𝛽-CSe material. The computed elastic con-
stants are C11 = 47.463 GPa, C22 = 47.811 GPa, C12 = 8.023 GPa and 
C44 = 19.876 GPa which suggest strong bonding between the C- and 
Se- atoms. The mechanical stability is assured through the following 
criteria: C11 >0; C22 >0; C44 >0; C11C22 > C212. Fig.  2 (c,d) depicts 
the in-plane Young’s modulus and Poisson’s ratio of 𝛽-CSe structure 
along different 𝜃 angles. As for the in-plane Young’s modulus and the 
Poisson’s ratio, they were computed using Eqs.  (1) and (2) to be Y =
23.381 GPa and 𝜈 = 0.190, respectively for 𝜃 = 0, along the zig-zag 
direction and Y = 80 GPa, 𝜈 = 0.05 for 𝜃 = 120 along the armchair 
direction. It can be further noticed that the maximum value of these 
two constants are reached along 𝜃 = 90, where we found a value greater 
than 80 GPa for the Young’s modulus and a value greater than 0.20 for 
the Poisson’s ratio. As a matter of fact, the little Poisson’s ratio value of 
𝜈 = 0.05 along the armchair direction is very appreciated, highlighting 
the great capacity of 𝛽-CSe to hinder the volume deformation when Na-
ions are intercalated into the anode material. This could give a certain 
4 
Table 1
Single Na-atom adsorption on both side of 𝛽-CSe monolayer: average distance 
(h) from Na-ion to the surface, and charge transfer as well as work function. 
Positive Q𝑁𝑎 values indicate electrons donated from Na to the CSe surface.
 Na on C-Side Na on Se-Side
 h (Å) Q𝑁𝑎 (|e|) WF h (Å) Q𝑁𝑎 (|e|) WF  
 Hollow 2.54 0.82 3.51 2.02 0.79 3.69 
 Top C 2.31 0.96 3.68 2.84 0.97 3.51 
 Top Se 2.57 0.97 3.79 2.78 0.98 3.81 

intuition on how to orient the 𝛽-CSe structure when manufacturing the 
anode material to well exploit the advantage of the little Poisson’s ratio 
value. Contrary to the well-known graphene material, 𝛽-CSe is charac-
terized by a non-circular polar diagram, which yields an anisotropic 
mechanical nature.

3.2. Binding energy of sodium on 𝛽-CSe monolayer

The main approach towards understanding the trends in the ad-
sorption energy of one Na-atom consists principally of identifying 
the highest preferable adsorption site. The three possible adsorption 
sites on the material surface as illustrated in Fig.  1(a), were explored 
considering the ground state structures found by the basin hopping 
algorithm for each Na-inserted. These adsorption sites can be divided 
into two categories. The first one consists in adding the Na atom above 
either C-atom (T𝐶 ) or Se-atom (T𝑆𝑒). The second consists in inserting 
the Na atom above the C3Se3 hexagon (H site). In addition, based on 
the structural geometry of 𝛽-CSe, it is necessary to put the adsorbed 
atoms on both sides, namely, C- and Se-side.

The criteria for identifying the appropriate Na-adsorption site is 
estimated based on the binding energy formula stated above using 
a 3 × 3 × 1 super-cell in order to avoid the interaction of adjacent 
Na-atoms: 
𝐸𝑏 = 𝐸𝑁𝑎@𝐶𝑆𝑒 − 𝐸𝐶𝑆𝑒 − 𝐸𝑁𝑎 (3)

where, 𝐸𝑁𝑎@𝐶𝑆𝑒, 𝐸𝐶𝑆𝑒, and 𝐸𝑁𝑎 denoted the total energy of adsorbed 
system, substrate, and Na-atom in bulk, respectively. Considering the 
definition, the lower the E𝑏, the stronger the interaction between the 
CSe substrate and Na-adsorbate is.

Within the binding sites examined, it is observed that H-, T𝐶 and T𝑆𝑒
sites exhibit a negative lowest binding energy for Na-atom, suggesting 
the exothermic behavior of the adsorption process. Fig.  3(a,b) depict 
the calculated binding energy using DFT and DFT-D2 and Table  1 
summarizes the binding height (h), charge transfer, and work function 
for the three stable binding sites. It can be clearly noticed that the H-site 
exhibits the lowest binding energy of about −2.954 and −0.9189 eV for 
both C- and Se-Side, respectively. DFT-D3(BJ) validation calculations 
confirm that while absolute binding energies are slightly weaker with 
D3 (consistent with known D2 overbinding tendency), the relative site 
preference ordering and diffusion barrier trends remain unchanged (see 
Table S1 and discussion therein). By comparing the binding energy 
of Na-atom on both sides of 𝛽-CSe monolayer, it is found that the 
adsorption of Na-atom on C-side is about twice more stable than on Se-
side. These calculated binding energies are greater with respect to the 
recently reported 2D materials, including h-BP (−0.160 eV) [50,51], h-
BAs (−0.312 eV) [29] and borophosphene (−0.160 eV) [52], revealing 
a fast charging mechanism with a higher binding interaction occurring 
between 𝛽-CSe and Na-atom versus the weak binding to Na-ions in 
the hexagonal graphene monolayer. More particularly, these results 
suggest a uniform spread of Na-atoms on the 𝛽-CSe surface throughout 
the intercalation mechanism instead of gathering up to form metal-
dendrites, thermodynamically favoring dispersed Na distribution which 
may help suppress dendrite formation, thus providing a significant 
benefit in the stability and safety of advanced Na-ion batteries.
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Fig. 3. (a,b) Calculated binding energy of single Na-atom on both side of 2D 𝛽-phase CSe monolayer using PBE and DFT-D2 corrections, (c,d) The corresponding 
computed 3D plot of difference charge density of single Na-ion adsorbed at the most favorable sites. The gray/black denote the electron accumulation/depletion, 
respectively.
Additionally, the charge transfer values have been estimated for Na-
ion adsorbed on the three stable sites of 𝛽-CSe surface are tabulated 
in Table  1 and the corresponding 3D plot of deformed charge density 
of Na-ion adsorbed at the H-site are illustrated in Fig.  3(c,d). One 
can clearly notice that Na-ion on both sides behaves as a charge 
donor which donates 0.82 |𝑒| (C-side) and 0.79 |𝑒| (Se-side) to the 𝛽-
CSe surface. The Bader charge transfer values between the Na-atom 
on both sides are in accordance with the computed binding energy 
depicted in Fig.  3(a,b). The more electrons are transferred by Na-ions 
to the material surface, the more binding energy is reinforced which 
shows the Coulomb interaction overwhelms the energetic of the Na-
ion adsorption. Comparing the two surfaces (C-side vs. Se-side), we 
observe that the C-side exhibits both higher charge transfer (0.82 |e|) 
and stronger binding energy (−2.954 eV) at the hollow site, suggesting 
that Coulombic interaction plays a significant role in determining the 
relative binding strengths between the two surfaces. However, when 
examining different adsorption sites on the same surface, the binding 
energy is governed not only by charge transfer but also by the local co-
ordination environment and orbital overlap geometry. The hollow site 
provides optimal three-fold coordination, resulting in stronger binding 
despite similar charge transfer values to the top sites. This multi-factor 
nature of the Na-substrate interaction ensures stable adsorption while 
maintaining the structural integrity of the 𝛽-CSe monolayer.

3.3. Equilibrium voltage and theoretical capacity

The high electrochemical performance of 𝛽-CSe battery anode, in-
cluding the low equilibrium voltage with good stability, excellent flex-
ibility, and very high theoretical capacity were confirmed through the 
insertion of Na-ions into both sides of the monolayer and carried out 
a BHMC [53] search for the global minimum configurations of each 
concentration. The double-sided adsorption model employed here is 
standard practice in computational studies of 2D anode materials, as 
free-standing or weakly-stacked 2D materials expose both surfaces to 
the electrolyte, enabling Na-ion access to both sides. Importantly, the 
2D materials used for comparison in this work (phosphorene, MXenes, 
graphene) all employ the same double-sided adsorption convention in 
their original computational studies, ensuring consistent comparison. 
With the aim of achieving the lowest energy configuration, at least 200 
5 
input structures are checked out by allowing Na-ions to select the ad-
sorption sites at both sides of the 𝛽-CSe surface, and the derived lowest 
energy structure are further optimized within a similar energy/strength 
convergence criterion. The amount of Na-atom inserted on the anode 
surface ranging between 1- and 18-atoms have been considered within 
the framework of these computations and to assess the associated 
insertion potential, the half-cell process used is as follows: 
(𝑥2 − 𝑥1)𝑁𝑎 + (𝑥2 − 𝑥1)𝑒− +𝑁𝑎𝑥1𝐶𝑆𝑒 ⇌ 𝑁𝑎𝑥2𝐶𝑆𝑒 (4)

where, x1 and x2 refers to the respective concentrations of Na+ on both 
sides of 𝛽-CSe surface. The maximum sodium content in the anode was 
established on the basis of two main principles, namely the adsorption 
energy which must be negative as well as the high-temperature stability 
of the material within the charge and discharge mechanism. The first 
factor which describes the energetic stability was investigated through 
both average adsorption energy and formation energy of each Na-
content with respect to the fully sodiated state (Na𝑥𝑚𝑎𝑥@CSe) by means 
of the formulas: 

𝐸𝑎𝑣𝑔 =
𝐸(𝑁𝑎)𝑥@𝐶𝑆𝑒 − 𝐸𝐶𝑆𝑒 − (𝑥𝐸𝑁𝑎)

𝑥
(5)

𝐸𝑓 = 𝐸(𝑁𝑎)𝑥@𝐶𝑆𝑒 − [
𝑥 ⋅ 𝐸𝑁𝑎𝑥𝑚𝑎𝑥@𝐶𝑆𝑒 + (𝑥𝑚𝑎𝑥 − 𝑥)𝐸𝐶𝑆𝑒

𝑥𝑚𝑎𝑥
] (6)

With x𝑚𝑎𝑥 representing the fully Na+-concentration. The insertion 
potential is therefore estimated from the middle-phases appearing in 
the convex-hull tie line. Hence, the insertion potential (V) can be 
calculated from the segment of the distinct middle-phases by means of:

𝑉 =
𝐸𝑁𝑎𝑥1𝐶𝑆𝑒 − 𝐸𝑁𝑎𝑥2𝐶𝑆𝑒 + (𝑥2 − 𝑥1)𝐸𝑁𝑎

(𝑥2 − 𝑥1)𝑒
(7)

Fig.  4 depicts the formation energies for Na𝑥CSe configurations, 
the intermediate configurations showing the smallest formation ener-
gies along the hull line are highlighted with black-circles. Then, only 
these robust structures will be considered for the estimation of the 
insertion voltage. It can be also observed that the sodium intercalation 
process can yield fluctuating insertion potentials due to many stable 
intermediate structures derived. Fig.  5 shows the insertion profile and 
the average binding energies as a function of Na-concentrations. It can 
be observed that 10 discharge profile plateaus are obtained with an 
average insertion profile of 1.11 V.
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Fig. 4. The formation energies of Na𝑥CSe with respect to 𝑥 calculated by taking into account only the ground-state systems obtained by the BHMC with the 
corresponding global-minimum intermediates structures which appears in the tie-line of the convex-hull. The inset structures show fully relaxed Na-adsorbed 
configurations at representative concentrations, with Na atoms at their equilibrium positions after geometric optimization.
Fig. 5. The insertion profile, adsorption energy and capacity as a function of Na concentrations in pristine CSe monolayer. The red line represents the binding 
energy and black line displays the insertion profile. The top 𝑥-axis shows variation of capacity with increasing Na concentrations.
 
The non-monotonic behavior in the adsorption energy profile around
𝑥 = 0.5–0.75 arises from the interplay of several factors: (i) site 
occupation transition, where at lower concentrations Na atoms pref-
erentially occupy the most favorable hollow sites on the C-side, and 
as concentration increases, Na atoms begin populating the less favor-
able Se-side hollow sites, leading to a change in the average binding 
energy slope; (ii) Na–Na Coulombic interactions, where beyond 𝑥 ≈
0.5, nearest-neighbor Na–Na distances decrease sufficiently that re-
pulsive interactions between the partially charged Na atoms become 
significant; and (iii) structural relaxation effects, as the 𝛽-CSe lattice un-
dergoes gradual expansion with Na loading. This behavior is commonly 
observed in 2D anode materials and does not indicate instability.
6 
Additionally, the Na+-insertion storage capacity of the 𝛽-CSe anode 
material is calculated through the formula: 

𝐶𝑡ℎ =
𝑥𝑚𝑎𝑥 ⋅ 𝑧 ⋅ 𝐹 ⋅ 103

𝑀𝐶𝑆𝑒
(8)

The calculated theoretical Na+-storage capacity is about 589.22 
mAh/g. Such values are considerably greater than the capacity of 
graphite anode material.

To assess the structural stability during the sodiation process, we 
examined the evolution of lattice parameters as a function of Na 
concentration. At maximum sodiation (Na2CSe), the in-plane lattice 
constants expand by approximately 3.2%, while the buckling height 
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increases by about 4.5% relative to pristine 𝛽-CSe. These modest struc-
tural changes, which are significantly smaller than those observed 
in conventional anode materials such as silicon (≈300%) or graphite 
(≈10%), can be attributed to two factors: (i) the inherently buckled 
structure, which provides accommodation space for Na ions, and (ii) 
the anisotropic mechanical properties, characterized by an exception-
ally low Poisson’s ratio of ∼0.05 along the armchair direction, which 
minimizes lateral expansion. The low Poisson’s ratio indicates that 
when the material experiences stress in one direction from Na inser-
tion, it exhibits minimal contraction/expansion in the perpendicular 
direction. This directional strain decoupling allows the material to 
locally accommodate Na atoms without propagating strain across the 
lattice, while the inherent buckling provides out-of-plane accommo-
dation space, working synergistically to minimize in-plane expansion. 
Such limited volume changes during cycling are highly advantageous 
for maintaining electrode structural integrity and achieving excellent 
cycling stability.

To validate the thermal stability of the fully sodiated electrode at 
operating conditions, we performed AIMD simulations for Na2CSe at 
room temperature for 10 ps. The structure exhibits excellent thermal 
stability with no structural degradation or Na desorption observed. 
The Na atoms remain at their adsorption sites with normal thermal 
vibrations, while the C-Se bonds maintain their integrity throughout the 
simulation. The energy and temperature fluctuations remain within typ-
ical equilibrium ranges, confirming the thermal stability of the 𝛽-CSe 
electrode during full charge–discharge cycles at room temperature.

3.4. Diffusion kinetics during sodiation

The further elaboration of advanced and high-efficiency recharge-
able Na-ion batteries is critically dependent on the applicability of the 
negative electrode, notably throughout the processes of charging and 
discharging which is mainly characterized by both the kinetic proper-
ties of dilute Na-ion diffusion as well as electron transfer from Na-atom 
to the surface. Hence, the electronic behavior of a single and several Na-
atoms adsorbed on both sides of 𝛽-CSe monolayer were evaluated by 
computing their density of state as depicted in Fig.  6. It can be clearly 
seen from our results that our materials shift from semiconductor to 
metallic characteristic after Na-adsorption on both sides of the system. 
This transition is evidenced by the finite density of states at the Fermi 
level and bands crossing the Fermi level in the Na-adsorbed structures, 
confirming metallic character essential for electronic conductivity dur-
ing cycling. Thereby providing a fast and efficient exchange of electrons 
in the electrode during the complete adsorption–desorption cycle, and 
serves as a major factor in the high-rate capacity of Na-ion based 
battery.

Additionally, the dilute Na-migration pathways with the corre-
sponding minimum energy profile were investigated by CI-NEB ap-
proach for a single Na-atom diffused on the surface of each side of 𝛽-CSe 
system. In Fig.  7, the schematic representative of two Na-scattering 
pathways considered in our study with their minimum energy are 
illustrated. The chosen pathways consist of a symmetrical Na-diffusion 
from the most stable site characterized by the highest binding energy 
(Hollow site) to another over C/Se-atom on either side of the 2D 𝛽-CSe 
system. Due to the P3m1 space group symmetry of 𝛽-CSe, these two 
pathways represent all symmetry-inequivalent diffusion routes between 
adjacent hollow sites: Path 1 (H → T𝐶 → H, through top-of-carbon site) 
and Path 2 (H → T𝑆𝑒 → H, through top-of-selenium site). All other 
pathways are symmetry-equivalent to these two; direct H → H paths 
without intermediate sites would require Na atoms to pass through the 
CSe plane, which is energetically prohibitive.

The first pathway involves the Na-atom migrating between two 
nearest H-sites through the C-atom (i.e., H ↦ T𝐶 ↦ H) on each side 
of 2D 𝛽-CSe system. In this case, it can be clearly noticed from Fig. 
7 that the Na-atom needs to exceed a minimum energy profile of 
0.408 eV and 0.021 eV to diffuse towards the closest H-site on C- and 
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Se-side of 𝛽-CSe monolayer, respectively. For pathway 2, the Na-ion 
migrates from H-site to neighboring H-site through the top of Se-atom 
(i.e., H ↦ T𝑆𝑒 ↦ H) with a computed minimum barrier profile of 
0.019 eV and 0.269 eV with respect to C- and Se-Side of 𝛽-CSe system. 
The CI-NEB calculations reveal that the Na-atom must overcome an 
energy barrier corresponding to the transition state at the top site 
when migrating between adjacent hollow sites. For the most favorable 
diffusion pathway (H → T𝑆𝑒 → H on C-side and H → T𝐶 → H on 
Se-side), the maximum energy barriers are remarkably low at 0.019 
eV and 0.021 eV, respectively. These barrier heights represent the 
energy difference between the stable hollow site configuration and the 
transition state at the top site, and are among the lowest reported for 
any 2D anode material.

These outcomes are consistent with the binding energy values; the 
Na-diffusion barrier is slightly similar between the first pathway on 
Se-side and the second pathway on C-side of 𝛽-CSe material surface. 
Based on a thorough analysis of these data, it can be stated that 
our proposed anode material provides fast and efficient Na diffusion. 
Moreover, comparing these outcomes with alternative battery anodes 
previously reported in recent literature [12,51,52] provides an even 
more compelling picture.

To highlight the competitive advantages of 𝛽-CSe as a SIB anode, we 
compare its key performance metrics with other prominent 2D materi-
als reported in literature. The 𝛽-CSe monolayer exhibits significantly 
lower Na diffusion barriers (0.019–0.021 eV) compared to widely 
studied materials including MXenes such as Ti3C2 (0.07–0.19 eV) [54], 
phosphorene derivatives including black phosphorene (0.04–0.08 eV) 
and blue phosphorene (0.16 eV), transition metal dichalcogenides 
like MoS2 (0.20–0.50 eV), and other carbon-based materials such 
as graphene (0.28–0.40 eV). The theoretical capacity of 589 mAh/g 
places 𝛽-CSe among the high-capacity candidates, exceeding graphene 
(∼280 mAh/g), black phosphorene (∼433 mAh/g), and many MXene 
compositions (∼200–350 mAh/g), while remaining competitive with 
blue phosphorene (∼865 mAh/g) and some high-capacity MXenes. 
Combined with strong Na binding that thermodynamically favors dis-
persed Na distribution and favorable insertion potential (1.11 V), 
𝛽-CSe represents a well-balanced anode material that addresses the key 
challenges in SIB development.

3.5. Additional comment on the performance of 𝛽-CSe during sodiation

The effect of mechanical strain and external electric fields is an 
effective strategy to modulate the physical/chemical properties of ul-
trathin nanomaterials [55–57]. The variations of electronic band gap 
as function of mechanical strain as well as external electric field were 
investigated. Initially, we have investigated the effect of bi-axial strain 
on the structural and electronic properties of 𝛽-CSe monolayer. When 
we apply both compressive- and tensile-strains assigned as (+) and (−), 
respectively. Accordingly, we have systematically studied the strain 
along its unit-cell. It was seen that the strain is directly measured in 
terms of variation in lattice constant (𝛥a). The buckling height and 
bond-length between C and Se atoms display almost linear variations 
(see Figure S1(a,b)).

The electronic band structure significantly changes by applying 
mechanical strain (see Figure S2(a)). The band gap remains almost 
constant under tensile strain while at compressive strain it displays 
significant reduction in band gap and shows metallic character above 
10%. Furthermore, we have applied the transverse electric field which 
acts as a staggered potential for the hexagonal atomic arrangement 
system. We can see that the external electric field modified the elec-
tronic band structure of the 𝛽-CSe monolayer. We have investigated the 
calculations by an applied transverse electric field varying from −1 V/Å 
to +1 V/Å (see Figure S2(b)). It is seen that there is no modification in 
the electronic band gap for an external electric field ranging from 0 to 
1 V/Å. But in case of transverse electric field in the opposite direction 
then the band gap also not affected up to −0.7 V/Å while above this 
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Fig. 6. The electronic projected band structure with corresponding projected density of states after the adsorption of 1Na-atom on C-Side (a), Se-Side (b) of 𝛽-CSe 
monolayer and after 9Na adsorbed on C-Side (c), Se-Side (d) 𝛽-CSe monolayer.
electric field strength, the band gap drastically reduced linearly and 
shows metallic character at −1 V/Å (see Figure S2(b)).

Furthermore, we have systematically investigated the effect of strain 
when Na atom is adsorbed on the surface of 𝛽-CSe monolayer. It is 
found that the small variation in vertical distance between the Na atom 
and surface of 𝛽-CSe monolayer as shown in Figure S3(a). When Na 
atom is adsorbed on C-layer side then the maximum charge transfer 
occurs (see Figure S3(b)) while less charge transfer has been found in 
case of Se-layer side. The charge transfer varies linearly between Na 
atom and surface of 𝛽-CSe monolayer. The corresponding adsorption 
energy is significantly influenced on both C-layer and Se-layer side 
by the applied mechanical strain as depicted in Figure S3(c). It is 
found that there is no effect of adsorption energy when Na atom is 
adsorbed on C-layer side of 𝛽-CSe monolayer for tensile strain. While 
in case of compressive strain, the binding energy increases linearly 
with increasing strain. Similar adsorption energy behavior is found in 
case of Se-layer side when Na atom is adsorbed but drastic changes in 
adsorption energy occur with compressive strain.

In addition, we have newly investigated the effect of a uniform 
electric field on the performance of SIB which uses the 𝛽-CSe monolayer 
as an anode material. When the Na-ions are adsorbed on the C-side of 
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the 𝛽-CSe monolayer then the binding energy is significantly stronger 
in the case of negative electric field strength. While positive electric 
field is applied then the binding energy weakens slightly as compared 
to the negative electric field (see Fig.  8). During the negative electric 
field strength, more electron transfer occurs (∼1 electron) as compared 
to positive electric field due to the Na ions being more polarized with 
negative electric field. From these results we can say that the Carbon 
is strongly covalent bonding with Se atom in the 𝛽-CSe monolayer. 
Similarly, when Na ions are adsorbed on the Se side of 𝛽-CSe monolayer 
then opposite trends are found. The positive electric field increased the 
charge transfer and adsorption energy and the negative electric field 
has similar adsorption energy and reduced the charge transfer (see Fig. 
8).
4. Conclusions

We have demonstrated through comprehensive first-principles cal-
culations that 2D 𝛽-CSe monolayer exhibits exceptional potential as 
an anode material for sodium-ion batteries. The material combines 
remarkable structural stability (confirmed by phonon spectra and AIMD 
at both 300 K and 400 K) with ultralow Na+ diffusion barriers (0.019–
0.021 eV), approximately 10–15 times lower than typical 2D an-
ode materials like MXenes (0.2–0.3 eV) and phosphorene derivatives 
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Fig. 7. Schematic illustration of single Na-ion diffusion paths on 𝛽-CSe surface and the minimum energy profiles along two optimized paths on both side of 𝛽-CSe 
surface, namely, C- and Se-Side. Path 1 (H → T𝐶 → H) and Path 2 (H → T𝑆𝑒 → H) are labeled on both the structural schematic and corresponding energy barrier 
plots with matching colors for identification.
Fig. 8. The variation of adsorption energy as a function of applied external electric field when Na atom is adsorbed on the surface of 𝛽-CSe monolayer.
(0.2–0.4 eV). Unlike conventional graphite anodes that suffer from 
limited Na storage, 𝛽-CSe delivers a high theoretical capacity of 589.22 
mAh g−1 with an average insertion potential of 1.11 V, while main-
taining strong Na binding (−2.954 eV on C-side) with substantial 
charge transfer (0.82|𝑒|) that thermodynamically favors uniform Na 
distribution, which may help suppress dendrite formation. The mate-
rial’s semiconductor-to-metal transition upon Na adsorption ensures 
excellent electronic conductivity during cycling, while its anisotropic 
mechanical properties – particularly the notably low Poisson’s ratio 
of 0.05 along the armchair direction – minimize volume expansion 
during sodiation. These properties, combined with the ability to tune 
electrochemical performance through applied electric fields (enhancing 
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binding strength by up to 35% under −1.0 V/Å on C-side), posi-
tion 𝛽-CSe as a promising candidate for next-generation sodium-ion 
batteries, potentially addressing the critical challenges of capacity, 
rate capability, and cycle life that currently limit commercial SIB 
development.

Future work should focus on experimental synthesis and electro-
chemical testing to validate these computational predictions.
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