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K-ion batteries (KIBs) are of potential importance in the future energy industries. Recent efforts were
committed to increasing the energy storage density in KIBs. Here, we search for anode materials with
high energy density that are compatible with KIBs, by a combination of the swarm-intelligence structure
search method and first-principles calculations. We predict the Be2C5 monolayer to be a kind of material
that showcases ultrahigh energy density (∼5455 mWh/g, referenced to the standard hydrogen electrode
potential), thanks to an exceptional specific capacity of 2060 mAh/g and low average open-circuit voltage
of 0.28 V. This energy density value is much larger than that of most currently known 2D KIB-based anode
materials. Furthermore, the Be2C5 anode presents other intriguing behavior, such as (i) the fast diffusion of
K ions, as suggested by an ultralow barrier energy of about 0.074 eV; (ii) excellent mechanical strength,
with a Young’s modulus of about 243 N/m; (iii) robust compatibility with electrolytes; (iv) small-scale
volume expansion of 0.68% during the process of potassiation; and (v) a unique “self-doping” effect,
which is beneficial for high electronic conductivity.
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I. INTRODUCTION

Over the last decades, the exploitation and utilization
of renewable and green energy sources has become one
of the most urgent research directions [1]. Rechargeable
Li-ion batteries (LIBs) with a high specific capacity and
long cycle life [2] are energy storage materials that are
important and promising for portable and wearable elec-
tronic devices, electronic and hybrid vehicle systems, etc.
[3]. Nonetheless, the application scope for LIBs in large-
format storage systems is limited by the scarcity and
uneven distribution of lithium resources [1]. A possi-
ble avenue to overcome the aforementioned shortcomings
of LIBs is the development of novel battery materials
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(i.e., replacing LIBs) that are based on K, Na, or Mg
ions due to their abundance and potential cost-effectiveness
[4–7]. Among them, K-ion batteries (KIBs) are competi-
tive and attract enormous attention [8]. The K ion has a
smaller Stokes radius than Li, yielding higher ion mobil-
ity and conductivity when transferring across liquid-solid
interfaces (i.e., the solvation shell effects [9]). To appreci-
ate high-performance KIB-based devices, advanced anode
materials are critical [10], as anode materials are typi-
cally not interchangeable between LIBs and other types of
batteries [11].

The family of standard KIB anode materials can basi-
cally be categorized into three distinct types [12]: (i)
intercalation type, including graphite, other carbon-based
materials, and layered transition metal chalcogenides [13];
(ii) conversion type, as represented by, e.g., transition
metal oxides and sulfides [14,15]; and (iii) alloy type, con-
taining Bi, Sn, and their derivatives [16–18]. Typically, the
intercalation-type and alloy-type anodes have low capacity
(<385 mAh/g), and the conversion-type anodes showcase
a high discharge platform (>0.8 V), which is detrimental
to achieving a high energy density for KIB anodes [19,20].
Therefore, efforts should be made toward the exploration
of new types of anode materials and new strategies [21]
for improving the energy density of KIBs. In this regard,
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two-dimensional (2D) materials are potential candidates
for anode materials towards KIBs; such materials are
not only abundant raw materials but also have suitable
mechanical strength, chemical stability, and high specific
surface area [22]. This family of 2D materials contains
transition metal carbides or nitrides (MXenes) [23–25],
transition metal dichalcogenides [7,26,27], carbon-based
materials [28–45] (e.g., C4S [28], BC3 [31], BC6P [33],
C36H8 [35], and C3N [43]), and 2D Dirac materials [46–
56] (e.g., B2S [46], BH [47], Be2P3N [48], B3F [49], B2P2
[50], and BeN4 [51]). Of particular interest is 2D mate-
rials with a Dirac cone, demonstrating inherently high
electrical conductivity and robust surface states, which
have charge-discharge channels for enhanced rate capabil-
ity [46,57]. Overall, the energy density in these 2D Dirac
materials is moderate (e.g., 3325 mWh/g in Be2P3N [48],
3059 mWh/g in BH [47], 1167 mWh/g in B2S [46]), much
smaller than that of 4787 mWh/g in borophene [48,58] and
5383 mWh/g in C4S [28].

Here, we designed an anode material for KIBs with
ultrahigh energy density by considering a class of com-
pounds with a Dirac cone in band structures. Using
a swarm-intelligence structure search method and first-
principles calculations, we focused on Be–C monolayers
with a high carbon content and carried out an extensive
computational study. We found a desired Dirac anode
material, Be2C5, for KIBs with an energy density up to
5455 mWh/g, a product with a high specific capacity
of 2060 mAh/g, and a low average open-circuit voltage
(OCV) of 0.28 V. Additionally, the Be2C5 anode presents
(i) a diffusion energy barrier (for K-ion migration on the
Be2C5 surface) as low as 0.074 eV; (ii) a Young’s mod-
ulus of about 243 N/m; (iii) a robust compatibility with
electrolytes; (iv) a volume expansion as small as about
0.68% during the process of potassiation; and (v) a unique
“self-doping” effect arising from the emergence of the Be
vacancy in Be2C5, enhancing the electronic conductivity.

II. COMPUTATIONAL METHODS

Crystal structures of BexCy (x = 1, y = 1–5; x:y = 2:3,
2:5; x = 2–5, y = 1; x:y = 3:2, 5:2) monolayers (involving
four formula units at most) were predicted by CALYPSO
[59–63]; this is a method and software extensively used for
structural predictions [64–69]. First-principles calculations
were conducted by using the Vienna ab initio simulation
package [70], with (i) the exchange-correlation functional
being specified as the generalized gradient approxima-
tion parameterized by Perdew, Burke, and Ernzerhof [71];
and (ii) the electron-ion interactions being described by
the projector augmented plane wave approximation (2s2

for Be and 2s22p2 for C) [72]. The plane wave cutoff
energy was set to 550 eV, and the Monkhorst-Pack k-point
grid was selected as 5 × 7 × 1 (with respect to the cell
containing two formula units) during the self-consistent

calculation. Such settings give well-converged total ener-
gies and forces. During the calculation of the den-
sity of states, the k-point grid was further increased to
35 × 49 × 1. The monolayers were mimicked by the peri-
odic cell with a large vacuum thickness of 30 Å along the
out-of-plane direction. The dynamic stability was investi-
gated by phonon calculations via the finite displacement
method, as implemented in PHONOPY code [73]. Ther-
mal stability was further confirmed by ab initio molecular
dynamics (MD) simulations based on a 2 × 3 × 1 super-
cell. Temperatures of 300, 800, and 1500 K were examined
using a Nosé-Hoover chain thermostat with a total sim-
ulation time of 10 ps (time step of 1 fs). The van der
Waals effects were considered by the DFT-D3 method
[74] during the calculations of adsorption energy. The
climbing image nudged elastic band method [75,76] was
employed to locate the minimum-energy pathway between
the given initial and final configurations; this also allowed
the estimation of energy barriers for K-ion diffusion.
Finally, computational details regarding the Young’s mod-
ulus, Poisson’s ratio, Fermi velocity, adsorption energy,
temperature-dependent molecular diffusion constant, OCV,
formation energy, specific capacity, and lattice change rate
are provided in the Supplemental Material [77].

III. RESULTS AND DISCUSSION

A. Structure and stability of the Be2C5 monolayer

Our structure search indicates the P2/c phase as the low-
est energy structure of the Be2C5 monolayer. As shown in
Fig. 1(a) and Table SI within the Supplemental Material
[77], the lattice constants of this phase are a = 7.33 Å and
b = 4.99 Å. The basic building block of the Be2C5 mono-
layer is the 1,5-dimethylnaphthalene unit and armchair-
type Be–Be chain [Fig. 1(b)]. Within this building block,
all C atoms are in the same plane, while Be atoms are
situated on either side of the partial C atoms. Each Be
atom connects three neighboring C atoms, with an aver-
age Be–C bond length of 1.78 Å; the C atoms in the
methyl group position bind with four Be atoms and another
C atom in almost the same plane, forming a quasipla-
nar pentacoordinate carbon moiety. The average length of
the C–C bond is 1.44 Å, which is comparable to that of
1.42 Å in graphene [103]. Figure 1(c) is the electron local-
ization function [104] of Be2C5, which is linked to the
bonding nature. The obvious electron localization between
the nearest-neighbor C atoms and that between Be and C
atoms imply a strong covalent interaction. Bader charges
analysis [105] further shows that each Be atom trans-
fers 1.60 |e| (e is the elementary charge) to the C atom.
Therefore, the Be2C5 monolayer simultaneously exhibits
covalent, ionic, and metallic bonds.

To address the stability of the P2/c phase, we performed
phonon calculations and MD simulations. As shown in
Fig. S1(a) within the Supplemental Material [77], the
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(a) (b)

(c)

FIG. 1. (a) Top and side views of the geometric structure of the Be2C5 monolayer with a unit cell marked by black solid lines. Green
and black spheres are Be and C atoms, respectively. (b) 1,5-Dimethylnaphthalene unit and armchair-type Be–Be chain in the Be2C5
monolayer. (c) Electron localization function map of the Be2C5 monolayer with an isovalue of 0.85 e/bohr3.

phonon spectrum confirms the dynamic stability of the
Be2C5 monolayer, as evidenced by the absence of imag-
inary frequencies in the entire Brillouin zone. In the MD
simulations, the Be2C5 monolayer still can retain its struc-
tural integrity (without relevant distortions) after being
heated at a maximum of 1500 K for 10 ps; this is further
confirmed by the small energy fluctuation [Figs. S1(b) and
S2 within the Supplemental Material [77] ]. In addition,
the calculated elastic constants of the Be2C5 monolayer
(Table SII within the Supplemental Material [77]) meet the
Born criteria [106] for 2D systems, implying mechanical
stability. The direction-dependent Young’s modulus and
Poisson’s ratio along an arbitrary direction θ (θ is the angle
relative to the positive x direction in the sheet) are then
obtained based on the elastic constants [Figs. S1(c) and
S1(d) within the Supplemental Material [77] ]. The degree
of anisotropy of the Young’s modulus of the Be2C5 mono-
layer is relatively small. The maximum Young’s modulus
is 243 N/m, which is less than that (342 N/m) of graphene
[107] and h-BN (275.8 N/m) [108]. On the other hand,
our calculated value is much larger than that of silicene
(62 N/m) [109] and the MoS2 monolayer (129 N/m) [110].
This basically can be interpreted by the presence of strong
C–C covalent bonds in the Be2C5 monolayer.

B. Electronic properties of the Be2C5 monolayer

Figure 2(a) shows the electronic band structure and pro-
jected density of states (PDOS) for the Be2C5 monolayer.
The band gap is closed at the Fermi level with a band-
crossing point (i.e., the 2D Dirac point) located along the
X -S high-symmetric line in the Brillouin zone. This is dif-
ferent from the case in graphene, the Dirac point of which
is at the K and K ′ points. Indeed, the lattice structure of
the Be2C5 monolayer is not a honeycomb. The existence

of the Dirac point in the nonhoneycomb lattice can also
be found in 1H ′-MoS2 [111], B2Se [112], B2S [113], and
borophosphene [114]. As shown in Fig. 2(c), the Dirac
points are mainly contributed to by the pz orbitals of C
atoms. The band structure calculated with the HSE06 func-
tional [115] still showcases such a Dirac point [Fig. 2(a)].
Involving the spin-orbit coupling (SOC) effect does not
obviously change the band structure [Fig. 2(b)], revealing
the weak SOC nature in the Be2C5 monolayer. Therefore,
our calculations are based on the PBE functional, ignoring
the SOC effect. Our calculated Fermi velocity of the Be2C5
monolayer (around the Dirac points) is about 5.15 × 105

and 4.98 × 105 m/s along the kx and ky directions, respec-
tively, implying the anisotropy of the Fermi velocities.
Such Fermi velocities are of the same order of magnitude
as that (8.2 × 105 m/s) in graphene [116]. The existence of
the Dirac cone at the Fermi level in the Be2C5 monolayer
could facilitate charge transport and, in turn, improve the
charging-discharging rate.

C. K-ion adsorption and migration

We move on to discuss the adsorption and migration
of K ions in the Be2C5 monolayer, since these proper-
ties are related to the performance of the anode material
in alkali-metal-ion batteries. To this end, eight possible
adsorption sites with high geometric symmetry are consid-
ered (Fig. S3 within the Supplemental Material [77]). Our
simulations are carried out within the 2 × 2 × 1 supercell
(Be16C40), to avoid interactions between adjacent metal
atoms (the distances are 9.97 and 14.68 Å along the a
and b directions, respectively). After full structural relax-
ation, it was observed that there were only four adsorption
sites. The results of the adsorption tests are summarized in
Fig. 3(a) and Table SIII within the Supplemental Material
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FIG. 2. (a) Electronic band structure and projected density of states of the Be2C5 monolayer at the PBE level. Band structure is also
calculated by using the HSE06 functional. (b) Comparison of the band structure of the Be2C5 monolayer with and without the SOC
effect. (c) Projected band structure of the Be2C5 monolayer. (d) Three-dimensional band structure and projection showing a Dirac
point. Fermi level is set to zero.

[77]. A positive adsorption energy implies that the metal
atoms prefer to form metallic dendrites or clusters rather
than staying separately on the Be2C5 monolayer. Such an
aspect excludes the Be2C5 monolayer from being an anode
material for Li- and Na-ion batteries [see Fig. 3(a)]. Strik-
ingly, the adsorption energies of the K atoms on these sites
are negative, ranging from −0.47 to −0.39 eV. Such val-
ues are large enough to prevent the formation of metallic
dendrites. The adsorption of a K atom preserves the Dirac
point and shifts it toward deeper energy levels [Fig. 3(b)].
This is understandable from the Bader charge analysis,
which shows that the K atom transfers 0.87 |e| to the Be2C5
monolayer. This is also supported by the charge density
difference plot [Fig. 3(c)]. Figure 3(d) illustrates the PDOS,
indicating a significant overlap between the C-2p and K-3p
orbitals below the Fermi level (i.e., a strong interaction).
This suggests that both orbital hybridization and electron
transfer are crucial factors in the adsorption of K.

Another vital index to assess the suitability of anode
materials is the rate performance, which positively cor-
relates to the mobility of the K ion. To appreciate the
mobility of K ions, diffusion pathways for metal-ion migra-
tion are chosen for linking the most energetically favorable
site of K to its equivalent nearest site. Here, we select
three paths [marked as path I, path II, and path III in Figs.
4(a)–4(c)]. For path III, the metastable adsorption position
(H1) is considered as a possible middle state. Using the

climbing image nudged elastic band method, we calculate
the diffusion energy barrier for K-ion migration. Path III
suggests the lowest energy barrier (0.074 eV) for K-ion
migration, which is much lower than those of most 2D
materials [see Fig. 5(a) and Table SIV within the Sup-
plemental Material [77] ], such as BP (0.155 eV) [91],
Si3C (0.18 eV) [36], C6S (0.11 eV) [28], BC6P (0.13 eV)
[33], BC3 (0.12 eV) [31], PC5 (0.18 eV) [56], and C5N
(0.11 eV) [29]. The temperature-dependent molecular dif-
fusion constant based on transition state theory can be used
to evaluate the charge-discharge rate. At room temperature
(300 K), the diffusion constant of K ions along path III is
approximately 5.7 × 10−2, which is larger than that in C6S
(1.4 × 10−2) [28] and BC6P (6.5 × 10−3) [33].

D. Specific capacity, average OCV, energy density, and
durability

Theoretically, the number of adsorbed atoms determines
the specific capacity of anode materials. In such a sense,
the relationship between the adsorption concentration and
behavior of metallic K on the Be2C5 monolayer can be
studied by adsorbing multiple metal K atoms on both sides
of Be2C5. In the present work, six different concentrations
of K atoms (i.e., Be2C5Kx, x = 1–6) are considered by
gradually loading on both sides of the 2 × 2 × 1 supercell
(Be16C40) layer by layer.
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FIG. 3. (a) Adsorption energies (Ead) of Li, Na, and K ions at different stable adsorption sites of the Be2C5 monolayer. (b) Band
structure, (c) charge density difference, and (d) PDOS of K ion adsorbed at the most favorable site of the Be2C5 monolayer. Fermi
level is set to zero and indicated by dashed lines. Blue and yellow areas indicate electron depletion and accumulation, respectively.
Isosurface value is considered to be 0.001 e/bohr3.

The average adsorption energy (Eav) and the layer-by-
layer average adsorption energy (Eav−layer) were calculated
to examine the storage performance of K metal of the
Be2C5 monolayer. When the adsorption energy becomes
positive or convergent with the increased metal K concen-
trations, the maximum specific capacity can be determined.
As shown in Figs. 4(d) and 4(e), the adsorption energy
decreases with the increase of K adatoms, owing to the
repulsion forces of neighboring K adatoms. The calcu-
lated results indicate that a maximum of 48 atoms can
be accommodated on both sides of the Be2C5 mono-
layer. In other words, a total of three layers with eight
atoms per layer on one side can be formed with the
corresponding stoichiometric ratio of Be2C5K6. Accord-
ingly, the theoretical specific capacity is calculated to
be as high as 2060 mAh/g. Such a value is the high-
est among the reported 2D materials [Fig. 5(b) and Table
SIV within the Supplemental Material [77] ]. This implies
that the Be2C5 anode is capable of storing plenty of
energy.

To evaluate the relative stability of Be2C5Kx, we con-
struct the convex hull diagram of formation energy con-
cerning the Be2C5 and Be2C5K6 phases. Together with

the reference Be2C5K6 phase, we find two thermodynam-
ically stable intermediate phases (Be2C5K2 and Be2C5K4)
lying on the convex hull [Fig. 4(f)]. After multiple K
atoms are adsorbed, the three stable structures remain
metallic (Fig. S4 within the Supplemental Material [77])
with appropriate electronic conductivity in the charging-
discharging process. The fully metallized phases must
possess sufficient thermal stability without metal ion des-
orption, clustering, and irreversible electrode deformation.
Our MD simulations at 300 K for 8 ps demonstrate that
the Be2C5 monolayer is slightly distorted when multiple K
atoms are adsorbed. This is attributed to good mechanical
strength (Fig. S5 within the Supplemental Material [77]).
Furthermore, the K atoms in Be2C5Kx (x = 2, 4, and 6)
are not pushed out of the anode or clustered, indicating
the thermally stable nature of these materials. The maxi-
mum K adsorption concentration corresponds to Be2C5K6,
in which the Be2C5 monolayer adsorbs three-layer K atoms
on both sides. After the removal of all K atoms from
the Be2C5 surface, we rerun the MD simulations and find
that the slightly deformed Be2C5 monolayer can quickly
recover its initial configuration (Fig. S5 within the Supple-
mental Material [77]). These aforementioned calculations

033012-5



WANG et al. PRX ENERGY 2, 033012 (2023)

(a) (d)

(e)

(f)

(b)

(c)

FIG. 4. (a)–(c) Optimized potassium diffusion pathway and the corresponding energy barrier on the Be2C5 monolayer. (d) Calculated
OCVs and average adsorption energy (Eav) of K ions on the Be2C5 monolayer as the number of adsorbed metal atoms (x) increases.
(e) Calculated layer-by-layer average adsorption energy (Eav−layer) of K ions on the Be2C5 monolayer as the number of adsorbed layers
(n) increases. For instance, n = 1 represents a total of 16 K atoms being adsorbed on both sides of Be2C5 (eight K atoms on one side),
corresponding to the stoichiometry of Be2C5K2. (f) Convex hull diagram of the formation energies of Be2C5Kx (x = 1–6) concerning
Be2C5 and Be2C5K6. Solid and hollow squares represent thermodynamically stable and unstable structures, respectively.

reveal the good phase stability of the Be2C5 monolayer
during the K-ion insertion-extraction processes.

Considering Be2C5Kx (x = 2, 4, and 6), we then com-
puted their average OCVs. The average OCV value of
Be2C5 for K storage versus the metal electrode is 0.28 V,
which is comparable to that of commercial graphite for
LIBs [117] and smaller than those in BC2P (0.44 V) [33]
and BC6P (0.35 V) [33]. We also calculated the average
OCV for K, regarding other Be2C5Kx structures (x = 1,
3, and 5). The average OCV is estimated to be 0.288 V
(Fig. S6 within the Supplemental Material [77]), which
is quite close to that for Be2C5Kx (x = 2, 4, and 6).
Additionally, the decreasing trend of OCVs (when increas-
ing the K concentration) is a fantastic advantage [Figs.
4(d) and 4(e)]. This is evidenced by a small OCV value

providing a higher working voltage and energy density for
rechargeable batteries when it is coupled with a cathode
material.

The energy density, which is a crucial parameter to
assess the electrochemical performance of anode materi-
als, can be calculated as the product of specific capacity
and average OCV. For such a calculation, the standard
hydrogen electrode potential (SHE) is used as the uni-
versal cathode reference potential in these evaluations
[118]. Typically, a combination of high specific capac-
ity and low average OCV yields high energy density.
Here, the energy density, D, is estimated from the aver-
age OCV (Vav), the specific capacity (C), and the rela-
tive potential of −2.928 V versus SHE for K as D =
|−2.928 V versus SHE + Vav| × C. Our calculated energy
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(a) (b)

(c) (d)

FIG. 5. Summaries of the
(a) diffusion barrier, (b) the-
oretical specific capacity, (c)
average OCV, and (d) energy
density of the Be2C5 mono-
layer and other 2D materials
for KIBs. Please see Table
SIV within the Supplemental
Material [77] for an exhaus-
tive comparison with other
2D materials.

density in the Be2C5 anode is 5455 mWh/g. Such a value is
quite high among all previously reported 2D anode mate-
rials [as shown in Fig. 5(d) and Table SIV within the
Supplemental Material [77] ]. This impressive value indi-
cates that Be2C5 has great potential for storing a substantial
amount of energy in KIBs.

We also computed the volume change rate for Be2C5K2,
Be2C5K4, and Be2C5K6, which were 0.45%, 0.55%, and
0.68%, respectively. These values are much smaller than
that of commercialized graphite anode material interca-
lated with Li (12%) [119] and lower than those of most
2D materials, such as Si3C (0.97%) [36], B2S (2%) [46],
and BH electrode (1.85%) [47]. The small volume vari-
ation can prevent electrode fracture and specific capacity
fading of the materials [120,121].

E. Compatibility between typical electrolytes and the
Be2C5 anode

Now, we discuss the compatibility between typical elec-
trolytes and the Be2C5 anode, a crucial factor for the
assessment of the overall performance and stability of the
battery system [122]. For this purpose, we selected several
commonly used electrolytes [123–125] in K-ion batteries
and assessed the compatibility between the Be2C5 anode
and these electrolytes. The chosen electrolytes encom-
pass solvent molecules, such as diethyl carbonate (DEC),
dimethyl carbonate (DMC), ethylene carbonate (EC), and
propylene carbonate (PC), and metal salts (e.g., KPF6,
KFSI, and KTFSI). Notably, the compatibility between
electrolytes and the Be2C5 surface can be evaluated from
the adsorption energy (Ead) of the electrolytes to the

Be2C5 surface. In particular, we examined several dif-
ferent adsorption configurations and determined the most
energetically favorable one (see Figs. S7 and S8 within
the Supplemental Material [77]), for identifying the most
stable adsorption site for the electrolytes on the Be2C5
surface. The results are tabulated in Table I. Overall, the
calculated adsorption energies (Ead) of all the consid-
ered solvent molecules exhibit negative values, ranging
from −1.17 to −1.41 eV, implying the strong interaction
between the solvent molecules and the Be2C5 surface. In
contrast to the solvent molecules, the binding between the
metal salt and the Be2C5 surface is considerably stronger,
as evidenced by their higher adsorption energies (Ead),
ranging from −1.66 to −2.36 eV [Table I]. Remarkably,
the adsorption energies of DMC, EC, and PC molecules on
Be2C5 are approximately twice those of graphene and B2S
[46]. This suggests the superior wettability of Be2C5 and a

TABLE I. Comparison of the adsorption energies of the solvent
molecules DEC, DMC, EC, and PC, as well as metal salts KPF6,
KFSI, and KTFSI, on Be2C5, graphene, and B2S anodes.

Ead (eV)

Electrolytes Be2C5 Graphene B2S

Solvent molecule DEC −1.41 −0.87 −0.69
DMC −1.18 −0.54 −0.44
EC −1.17 −0.56 −0.51
PC −1.30 −0.69 −0.63

Metal salt KPF6 −1.66 −1.39 −0.92
KFSI −2.23 −1.61 −1.10
KTFSI −2.36 −1.56 −0.92
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 6. Relaxed structures of the 2 × 3 Be2C5 supercell with various vacancies, including (a) Be vacancy, (b) CI vacancy, (c) CII
vacancy, and (d) CIII vacancy. Corresponding electronic band structures are presented in (e)–(h) for each vacancy configuration.

more favorable wetting process, even without the addition
of metal salts.

F. The mechanical performance of graphene-Be2C5
composite anodes

In this section, we show the mechanical properties of the
graphene-Be2C5 composite anodes. We select graphene as
a supplementary anode for pure Be2C5; note that graphene
is a frequently used supportive matrix for other functional
materials or as a vital constituent in composite materi-
als. The lattice mismatches for the Be2C5-(4 × 1)/rectangle
graphene-(7 × 2) composite are 1.7% and 1.4% along the
x and y directions, respectively (Fig. S9 within the Supple-
mental Material [77] ). The calculated elastic constants of
the pure monolayer Be2C5, bilayer Be2C5, and graphene-
Be2C5 composite are shown in Table SII within the Sup-
plemental Material [77]. The elastic constants of bilayer
Be2C5 and graphene-Be2C5 composite meet the Born
criteria for 2D systems, implying mechanical stability.
The graphene-Be2C5 composite exhibits greater in-plane
stiffness (Ex = 567.06 N/m and Ey = 574.91 N/m) when
compared to the pure monolayer (Ex = 243.13 N/m and
Ey = 237.61 N/m), and bilayer Be2C5 (Ex = 483.63 N/m
and Ey = 471.34 N/m). The stress-strain curves for both
pure monolayer Be2C5 and the graphene-Be2C5 composite
were computed along the x and y directions to facilitate a
comparison of their elastic limits. As shown in Fig. S10
within the Supplemental Material [77], the graphene-
Be2C5 composite exhibits an impressive ultimate tensile
strength of 45 N/m along the y direction and 40 N/m along
the x direction. These values surpass the corresponding
ultimate tensile strengths of pure monolayer Be2C5, which
are 28 and 21 N/m along the y and x directions, respec-
tively. We also investigated the effect of potassiation on

the mechanical properties of the Be2C5 anode. The in-
plane stiffness of Be2C5 gradually decreases as the number
of K adatoms increases. For example, the Young’s mod-
ulus along the x direction decreases to 223.09 N/m for
Be2C5K4. Such a value is still higher than that of many
other 2D materials, such as MoS2 (123 N/m) and phospho-
rene (91.3 N/m). In other words, both the graphene-Be2C5
composite anode and the pure Be2C5 anode (even after
potassiation) exhibit favorable mechanical strength.

G. Possibility for synthesizing the Be2C5 monolayer

We now assess the possibility of synthesizing the Be2C5
monolayer by calculating its cohesive energy, Ecoh =
(2EBe + 5EC − EBe2C5)/7, where EBe2C5 is the total energy
of the Be2C5 monolayer and EC and EBe are the ener-
gies of isolated C and Be atoms, respectively. Here, a
more positive Ecoh value indicates higher thermodynamic
stability. The calculated Ecoh of the Be2C5 monolayer is
7.26 eV/atom, which is comparable to or higher than those
of Be–C (4.82−4.58 eV) [68,126], B2S (5.3 eV) [113],
C4S (7.26 eV) [28], and borophosphene [114] (4.82 eV)
monolayers. The relatively high cohesive energy suggests
the strongly bonded network in the Be2C5 monolayer.
Notably, well-synthesized graphene has a cohesive energy
of 0.69 eV/atom. Our calculated results thus imply the fea-
sibility of synthesizing the Be2C5 monolayer. Since there
is no natural parent structure for Be2C5 in a layered form, a
promising approach to obtain this material may be through
growth of the Be2C5 monolayer on a suitable substrate
via chemical vapor deposition or molecular beam epi-
taxy methods with an accurately controlled Be : C ratio.
As Be element is highly toxic and the synthesis of the
Be2C5 monolayer may require high temperature, special
safety precautions must be taken (e.g., without exposure to
Be) during the synthesis process. We recall that the solid
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forms of Be-based materials (such as BeC, BeO, BeCu,
and BeAl) are generally considered to be nontoxic materi-
als. In such a sense, the development of effective recycling
methods for batteries that use Be-containing compounds as
electrode materials remains promising.

H. The effect of lattice defects on the properties of the
Be2C5 monolayer

For the completeness of our discussion, we investigated
the influence of lattice vacancies on the properties of the
Be2C5 monolayer. To create the vacancies, we removed a
Be or a C atom from a 2 × 3 supercell (initially containing
24 Be and 60 C atoms), resulting in a vacancy concen-
tration of 1.2%. Upon structural optimization, we found
that the presence of a Be vacancy defect did not lead to
significant local atomic reconstruction [see Fig. 6(a)]. In
contrast, the C vacancies exhibit a relatively substantial
impact on the local atomic reconstruction, as illustrated in
Figs. 6(b)–6(d). The formation energy of a defect, deter-
mining the possibility of its existence in Be2C5, can be
calculated by

EF = Edefect + EBe/C − EBe2C5 ,

where Edefect and EBe2C5 are the total energies of the defec-
tive and intrinsic Be2C5 monolayer, respectively. Also,
EBe(C) represents the energy of an isolated Be (C) atom.
Our calculated formation energy for the Be vacancy is
4.86 eV, which is smaller than that (12.17–15.16 eV) of
C vacancies, indicating that the Be vacancy defect forms
more easily. The difficulty of creating a C vacancy in the
honeycomb C framework implies that the π -electron net-
work along the [010] direction cannot be easily destroyed.
Therefore, the Dirac state in the pure Be2C5 monolayer
can likely be preserved, even in the presence of vacan-
cies. Additionally, the creation of a Be vacancy does not
induce magnetism, different from graphene with vacancy
defects. Electronic band structures show that p-type dop-
ing could be obtained by forming a Be vacancy, leading to
a unique self-doping effect, as illustrated in Fig. 6(e). This
self-doping effect is also observed in the B2S Dirac anode
material with lattice vacancies [46]. Such an effect is con-
ducive to achieving high electronic conductivity without
the aid of extra conductive additives.

To further explore the potential of defective Be2C5
monolayers as an anode material, we conducted investiga-
tions into the formation energies on the Be2C5 monolayer,
adsorbed with 1 and 48 K atoms. The adsorption energies
associated with the adsorption of 1 and 48 K atoms are
−1.51 and −0.19 eV, respectively. These values indicate
that K atoms exhibit favorable adsorption on the defec-
tive Be2C5 anode. This implies that the presence of defects
in the Be2C5 monolayer has a negligible influence on its
performance as an anode material.

IV. CONCLUSIONS

We predicted, via a combination of the CALYPSO method
and first-principles calculations, a new thermodynami-
cally stable Be2C5 monolayer as a promising anode mate-
rial for KIBs. The Be2C5 monolayer exhibited a dis-
tinctive structure consisting of two components: a 1,5-
dimethylnaphthalene unit and an armchair-type Be–Be
chain. Within this structure, a C atom positioned on the
methyl groups was quasiplanar pentacoordinated. Elec-
tronic properties calculations revealed the occurrence of
an anisotropic Dirac cone originating from C-pz orbitals.
Strikingly, the Be2C5 monolayer had an ultrahigh specific
capacity of 2060 mAh/g and a low average OCV of 0.28 V,
yielding an energy density of 5455 mWh/g. Furthermore,
the Be2C5 monolayer exhibited a low energy barrier of
0.074 eV for K-ion migration, a small-scale volume expan-
sion of 0.68% during the process of potassiation, a Young’s
modulus up to 243 N/m, and high thermal stability. Mean-
while, the Be2C5 anode possessed excellent compatibility
with the contacted electrolytes. Also, both the graphene-
Be2C5 composite anode and pure Be2C5 anode upon potas-
siation possessed good mechanical strength. Not only that,
the inevitable defects in the Be2C5 monolayer did not hin-
der its viability as a high-performance anode. As such,
the Be2C5 monolayer is a potential candidate as an anode
material for KIBs, with superior performance compared to
existing 2D materials.
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