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Abstract
Potassium-ion batteries (KIBs), with their abundance of resources, lower cost, high ion conductivity,
and comparable redox potential, hold potential as an alternative to lithium-ion batteries (LIBs) for
large-scale energy storage. Nonetheless, the scarcity of high-performance electrodematerials remains
amajor obstacle in the advancement of KIBs.Here, the viability of bismuthene as an anodematerial
for KIBswas systematically investigated usingfirst-principles calculations.We found that bismuthene
exhibits amaximumadsorption capacity of two layers of K atoms, offering amoderate theoretical
capacity of 256.5mAh g−1. Additionally, the adsorption of K atoms on bismuthene leads to a notable
enhancement in the electronic conductivity.Moreover, the ultralow average open circuit voltage
(0.17 V) and diffusion barrier (0.02 eV) of K on bismuthenemonolayer along the zigzag direction,
suggesting a high energy density and outstanding rate performance of batteries. Hence, bismuthene
demonstrates remarkable potential as a high-performance KIBs anodematerial, making it a hopeful
contender in thefield of energy storage.

1. Introduction

With thewidespread use of batteries in consumer electronics, new energy electric vehicles and energy storage
devices, the research and advancement of high-performance ion batteries have emerged as a significant focus
within thefield ofmaterials [1–4]. Currently, lithium-ion batteries (LIBs) arewidely used and highly prevalent in
the batterymarket. However, the high price and the shortage of Li resourcesmake LIBs cannotmeet the growing
demand of energy storage applications [5–7]. Therefore, other alternative energy storage batteries need to be
developed. Researchers found that the amount of potassium (K) in the earth’s crust (25,900 mg kg−1) is
significantly higher than that of Li (20 mg kg−1) [8], and the cost of potassium-ion batteries (KIBs) is lower than
that of LIBs. Furthermore, the ion conductivity of K ions is relatively high, and the standard redox potential of K
(−2.94 V) is close to that of Li (−3.04 V) [9], so that KIBs have an opportunity to replace LIBs in the field of
large-scale energy storage.However, since the atomic radius of K is greater compared to Li, the anodematerials
suitable for LIBsmay not be suitable for KIBs [8, 10]. Thus,finding new anodematerials is extremely critical to
the development of KIBs.

Generally speaking, excellent anodematerials for KIBs should possess significant storage capability, low
average electrode potential, fast charge/discharge rate and good cycling stability [11, 12]. Several different anode
materials were explored including graphite, non-graphite carbon,metals/alloys,metal oxides,metal sulfides/
selenides, and various compositematerials [13–19]. Among them two-dimensionalmaterials have attracted
increased interest as the anodematerials for KIBs because of their large specific surface area, which can provide
more adsorption sites for K resulting a relatively high specific capacity. In addition, the lattice changes of the
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two-dimensionalmaterials are small in the process of potassiation and depotassiation, leading to an excellent
cycling performance.Moreover, the diffusion barrier of K ion in the two-dimensionalmaterials is low, which
makes the charging and discharging rate of the battery very fast. Given the aforementioned advantages, 2D
materials are considered as prospective anode contenders for KIBs [20–23].

Bismuth is a layered rhombohedral crystal, which hasmany advantages such as longmean free path, high
volumetric capacity (3800 mAhL−1), non-toxicity and environmental friendliness, showing a certain prospect
in the field of battery anodematerials [24–26]. Unfortunately, the volume of bismuth changes greatly during the
ion intercalation process, and the capacity decays rapidly [27, 28]. Comparedwith bismuth, the two-
dimensionalmaterial bismuthene has a larger specific surface area andmay not limit its expansion along a
direction orthogonal to the surface during the ion intercalation process, thereby obtaining a better cyclic stability
[27]. Shen et al [24] have studied few layered bismuthene nanosheets as anodematerials for KIBs through
experiments, and found that the few layered bismuthene nanosheets exhibits a potential in the domain of KIBs
anodematerials. However, themechanisms underlying their novel performance are still not systematically
explored. Therefore, this work studied theK atoms adsorption properties, storage capacity, diffusion energy
barrier and average open circuit voltage usingfirst-principles calculations to provide a theoretical reference for
further experimental exploration.

2. Computationalmethods

First-principles calculations were performed through theVienna ab initio simulation package (VASP) [29–31].
The interaction between ion cores and valance electronswas described using the projected augmentedwave
(PAW)method [32, 33]. The generalized gradient approximation (GGA) of Perdew–Burke–Ernzerhof (PBE)
functional was employed to depict the exchange correlation potential [34]. During the calculation process, a
4× 4× 1 supercell (32 Bi atoms) of bismuthenewas employed, and the optimized lattice constant of bismuthene
was 4.34Å, corresponding to the previous studies. The k-points of the Brillouin-zonewere set to 3× 3× 1 and
5× 5× 1Monkhorst–Pack grid points during the process of optimizing the structure and calculating the
electronic properties, respectively. A plane-wave cutoff energy of 500 eVwas selected for this study.
Convergence criterionwas adjusted to 10–5 eV for energy and 0.02 eVÅ−1 for force calculations. To prevent
interlayer interactions, a vacuum layerwith a thickness of 20Åwas introduced orthogonal to the surface of
bismuthene, and the van derWaals interactionwas characterized usingGrimme’sDFT-D3method [35]. The
diffusion barrier of K atoms on bismuthenewas calculated using the climbing image nudged elastic band
(CI-NEB)method [36, 37], and the charge transfer betweenK atoms and bismuthenewas analyzed using Bader
charge [38] and the charge density difference (CDD).Ab initiomolecular dynamics (AIMD) simulationswere
performedwithin theNVE ensemble with a time step of 2 fs, and a total time of 5 ps to evaluate the thermal
stability.

3. Results and discussion

3.1. Adsorption of Kon bismuthene
To explore the adsorption behavior of K atoms on bismuthene, four typical adsorption sites of K atoms on
bismuthene are considered (figure 1), which are (a) above the center of the hexagonal rings (Hsite), (b) above the
center of Bi-Bi bonds (B site), (c) above the lower Bi atoms (V site), (d) above the upper Bi atoms (T site).
Moreover, the stability of K atoms adsorption at these sites was evaluated by analyzing the adsorption energy
(Ead), whichwas defined as follows:

= - -+( ) ( )E E E nE n 1ad K sub sub K /

WhereEK+sub andEsub denote the energy of the bismuthenewith andwithout K adsorption, respectively, EK
represents the energy of a K atom in its bulkmetal, and n refers to the number of adsorbedK atoms. By
definition, when the adsorption energy is negative, itmeans that the systemwill release heat during the
adsorption process, and amore negative adsorption energy value corresponds to amore stable structure after
adsorption. The studies of a single K atom at different adsorption sites show that the B andT site are not stable as
theywould shift to theV site after structural optimization. The adsorption energies of K atH (−0.29 eV) andV
(−0.30 eV) sites are negative and similar, soH andV sites are the possible adsorption sites of K atoms on
bismuthene.

Figures 2 (a)and (b) depict the adsorption structure of K atomon theV andH sites of bismuthene.
Observably, the interaction between theK atomand bismuthene induces a slight deformation in the structure of
bismuthene. To intuitively observe the charge transfer of K atoms and bismuthene, the charge density difference
(CDD) calculation is performed, defined as:
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r r r r= - -+∆ ( )2K sub sub k

Where rsub and r +K sub represent the charge density of pristine bismuthene andK atomon bismuthene,
respectively. rk is the charge density of K. From theCDD result shown infigures 2(c) and (d), wefind that the
charge depletion occurs at K atomwhile the charge accumulation appears around the three nearby Bi atoms.
This observation alignswith the result of Bader charge analysis, which indicates a transfer of 0.79 e and 0.78 e
from theK atom to bismuthene at V andH sites, respectively. In addition, the large amount of charge transfer
betweenK atomand bismuthenemakes the interaction betweenK atomand bismuthene stronger.

The total density of states (DOS) for pristine and a single K atom adsorbed bismuthene are shown infigure 3.
It is noted that pristine bismuthene possesses semiconductor characteristics, exhibiting a band gap of 0.55 eV.
When a single K atom is adsorbed on bismuthene at V orH site, the Fermi level shifts towards the conduction
band, resulting in enhanced electrical conductivity of bismuthene, which is crucial for the application of
bismuthene in the anodematerial of KIBs. In addition, the partial density of states (PDOS) of bismuthene
adsorbing aK atom atV andH sites reveal that the p orbital of Bi atomoverlapswith both the s and p orbitals of
K atom in the energy range of 0∼2.5 eV. This observation indicates a pronounced interaction betweenK atom
and bismuthene, whichmakes the structures of the single K atomadsorbed bismuthene at V andH sites are
stable.

The potential energy of a single K atom at different perpendicular heights (h) from the surface of bismuthene
monolayer was obtained and presented infigure 4. It is clear that the potential energy of K atomat bothV andH
sites decreases first and then increases with the perpendicular height, and finally approaches zero.When the
perpendicular height reaches approximately 2.5Å, the lowest potential energy for theK atom is observed. As the

Figure 1.The top and side views of bismuthene and the typical adsorption sites of K atoms, where the fuchsia and blue spheres
represent Bi atoms in the upper and lower layers, respectively.

Figure 2. (a) and (b) present the adsorption structure of K atom atV andH sites, showing both top and side views, with purple spheres
representing the potassium atoms. (c) and (d) are the corresponding CDDplots at V andH sites (the isosurface value is 0.0008 e/
bohr3). The yellow and blue shading represent charge gathering and charge loss respectively.
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perpendicular height surpasses 8Å, the potential energy gradually rises until it reaches zero. In this case, there is
no interaction betweenK atom and bismuthene, andK atom can be regarded as an isolated atom.When the
perpendicular height is less than 6Å, the potential energy is significantly enhanced, indicating an intense
interaction betweenK atoms and bismuthene. Therefore, K atoms exhibit stable adsorption on bismuthene
monolayer when their perpendicular height is less than 6Å.

3.2. Average adsorption energy and theoretical capacity
To investigate the storage capacity of bismuthene as an anodematerial for KIBs, the optimized adsorption
configurations ofmultiple K atoms on bismuthene are studied shown infigure 5. The structures with
chemometrics of K0.03Bi, K0.125Bi, K0.5Bi, KBi, K1.5Bi andK2Bi correspond to the configurations of bismuthene
with 1, 4, 16, 32, 48 and 64 K atoms adsorption, respectively. For the first and second layer of K atoms
adsorption, themost robust adsorption sites are calculated to beV sites and the top of T site, respectively. As
illustrated infigure 5, bismuthene exhibits the ability to adsorbK atoms on both of its surfaces, with amaximum

Figure 3.DOSof pristine bismuthene (pristine b-Bi), DOS and PDOSof bismuthene adsorbing aK atomatV site (b-Bi+KV) andH
site (b-Bi+KH). The Fermi level is represented by black dotted line and set to zero.

Figure 4.The change of potential energywith respect to the perpendicular height (h) of K atomonV andH sites from the bismuthene
monolayer surface.
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capacity of 32 K atoms on each side. Additionally, with an increasing quantity of K atoms, the bismuthene
structure has no obvious distortion, and theK atoms exhibit regular adsorption patterns on each side of
bismuthene.

To investigate the stability ofmultilayer K atoms adsorption system, the average adsorption energy for each
layer is calculated, which is specifically defined as follows:

= - --[ ] ( )( )E E E E32 32 3ave K Bi K Bi Kn n32 32 1 /

where EK Bin32
and -( )EK Bin32 1

are the energy of bismuthenewithn andn−1 layers ofK adsorption, respectively, and
EK is the energy of aK atom in its bulkmetal. The calculated average adsorption energies forK atoms on thefirst
and second layers are negativewith the value of−0.30 and−0.06 eV, respectively. Although the average adsorption
energy ofK atoms on the second layer is relativelyweak, it is still stronger than that of Li atomsonMo2C
(−0.01 eV) [39] andK atoms onGeSe (−0.032 eV) [23], andNa atomsonMoN2 (−0.02 eV) [40]. In addition, the
perpendicular height ofK atoms on the second layer is 6.13Å, indicating the adsorbedK atoms on the second layer
are stable andwill not formmetal clusters.WhenKatoms form three adsorption layers onboth sides of
bismuthene, the perpendicular height of the third layer forK atoms is higher than 8Å, suggesting that the
interaction between the third layerK atoms andbismuthene is veryweak and theK atoms tend to formmetal
clusters. Therefore, bismuthene can adsorb amaximumof two layers ofK atoms,with a total count of 64 Katoms.

Figure 6 depicts the electron localization functions (ELF)of bismuthenewith the adsorptionof one (KBi) and
two (K2Bi) layers ofK atoms.When a single layer ofK atoms is adsorbed, the valence electrons ofK atoms
accumulate in the outer layer, creating anegative electron cloud. This cloud effectively shields the repulsion from
positivemetal ions andmake the adsorption layermore stable.When two layers ofK atoms are adsorbed, the
negative electron cloud isweaker than that of one layer ofK atoms adsorption system.While the electron
localization is still observedbetween theK atoms in the second layer and theELF value is less than 0.5,which
confirms that nometal bond is formed in the second adsorption layer.Moreover,we carried out theAIMD
simulation forK2Bi at temperatures of 300 and500 K, as depicted infigure 7. It is apparent that there isno significant
structural damageobserved and the total energy exhibitsminorfluctuations at 300 K.Althoughhigher temperatures
may inducemorenoticeable distortions, the structural integrity ofK2Bi remains preserved,withno evidence of
clustering at 500 K.Thesefinding suggest that the adsorptionofK atomson the second layer remains stable.

Based on the aforementioned discussion, we can evaluate the theoretical capacity of bismuthene using the
subsequent definition:

= ( )X F MC 4max /

Xmax is themaximumnumber of K atoms on bismthene, F is the Faraday constant (26.8 Ah/mol),M is the
molarmass of bismuthene.Due to the largemolarmass of bismuthene, the calculated theoretical capacity is
256.5mAh g−1, which surpasses that ofNb2C (136mAh g−1) [41], YN2 (229mAh g−1) [42], T-NiSe2
(247mAhg−1) [20], GSNS (256mAhg−1) [11],but lower than the theoretical capacity ofMoS2 (335mAhg−1) [43],
β-Sb (440mAhg−1) [44], C6BN(553mAhg−1) [45] andPC5 (835mAhg−1) [46].

The conductivity is an important factor to determine the efficacy of anodematerials. Therefore, the
electronic structures for bismuthenewith different concentrations of K atoms are explored. As depicted in

Figure 5.Top and side views of K-adsorbed bismuthenewith different K concentrations.
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figure 8, the density of states of bismuthenewith 4 (K0.125Bi), 32 (KBi) and 64 (K2Bi)K atoms adsorbed show that
with the increase of K atoms, the Fermi level shifts further towards the conduction band, and eventually the band
gap disappears and the systembecomesmetallic, similar to the phenomenon observedwhenK atoms are
adsorbed onBP [8] andB7N5 [47].What’smore, the PDOS demonstrates that the electron states near the Fermi
level primarily originate from the p orbitals of Bi atoms and the s and p orbitals of K atoms. In addition, the p
orbitals of Bi atoms around the Fermi level are generated by the electrons transferred from the adsorbedK
atoms, which improve the electrical conductivity of the system.

Figure 6.Electron localization function (ELF) of (100) section of (a)KBi and (b)K2Bi. The lager ELF value indicates a higher electrons
localization.

Figure 7.AIMD simulations forK2Bi under (a) 300 K and (b) 500 K.
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3.3. Average open circuit voltage
The average open circuit voltage (OCV) of the anodematerial is also an important parameter tomeasure its
performance, which can be expressed in the following formula:

= + - +[ ] ( )V E X E E X e 5ave sub max K K sub max/

where Esub and +EK sub are the energy of bismuthene before and after K atoms adsorption, Xmax is themaximum
number of adsorbedK atoms, andEK is the energy of a K atom in its bulkmetal, respectively. The calculated
OCVvalue is 0.17 V,which is within the favorable potential ranges (0.1–1.0 V) for anodematerial [48–50], and
lower than theOCV value of VN2 (0.77 V) [51], NiB6 (0.69 V) [52] andC3NS (0.36 V) [53], C3N (0.26 V) [54] for
K. Therefore, bismuthene can provide a higher energy density as an anodematerial for KIBs.

3.4. Volume expansion
The volume expansion of anodematerials during the charge/discharge process has a detrimental impact on the
long-term stability of batteries. Thus, the large volume expansion of bulk bismuth during the cycle process limits
its application in electrodematerials. In order to analyze the cyclic stability of bismuthene, the change of lattice
constant of bismuthene after K atoms adsorptionwas calculated using (l-l0)/l0, where l and l0 are the lattice
constants of pristine bismuthene and bismuthene adsorbedwithK atoms, respectively. Themaximum change in
lattice constants is 13.0%, corresponding to a volume expansion of 27.7%.Comparedwith the large volume
expansion (250%)[55] of bulk bismuth as the anodematerial for sodium-ion batteries, the volume expansion of
bismuthene is small. Therefore, the structural stability of bismuthene in the charge/discharge process is
significantly enhanced in comparison to bulk bismuth, which is beneficial for prolong the service life of KIBs.

3.5.Diffusion properties of K onbismuthene
Themobility of K is a crucial factor influencing the charge–discharge rate of KIBs.Hence, the diffusion energy
barriers of the K on bismuthene are studied. Since theV site is the strongest binding site for K atoms on the
surface of bismuthenemonolayer, our research focuses primarily on examining the diffusion of K atoms
between two adjacent V sites. Figure 9(a)presents the diffusion pathways of K atoms along the zigzag direction
(Path 1: V→H→V) and the armchair direction (Path 2: V→T→V). From the diffusion energy barriers
diagram infigure 9(b), it is evident thatwhenK atoms diffuse along Path 1, they pass through two saddle points
with similar barriers and there exists a localminimumbetween these two saddle points, which corresponds to
theH site on the bismuthene surface. The obtained diffusion energy barrier for Path 1 ismerely 0.02 eV,which is
lower than the diffusion energy barriers of K on the surfaces of other two-dimensionalmaterials such as C3NS
(0.24 eV) [53], PC5 (0.18 eV) [46], C6S (0.11 eV) [56], B7N5 (0.10 eV) [47], C6BN (0.09 eV) [45], BeN4 (0.062 eV)
[21] andTNRs (0.029 eV) [57]. This suggests that K can rapidly diffuse on the bismuthene surface,making
bismuthene an excellent anodematerial for KIBswith exceptional rate performance. The diffusion energy
barrier of K along Path 2 is 0.13 eV,which ismuch higher than that along Path 1. This is because the diffusion of
K along Path 2 passes through the T site, and the stability of T site on the surface of bismuthene is lower than that
ofH site, so the diffusion energy barrier for K along Path 2 is higher compared to that along Path 1.

Figure 8.DOS and PDOSofK0.125Bi, KBi andK2Bi.
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According to the Arrhenius equation, the diffusion coefficient can be calculated as follows:

= - ( )veD a 6
E

k T2
a

B

Where a is the diffusion distance, ν is the frequency factor and can be approximated as 1013HZ,Ea represents the
diffusion energy barrier, and kB corresponds to the Boltzmann constant.When the temperature T is 300 K, the
calculated diffusion coefficients of Path 1 and Path 2 are 1.54× 10−2 and 5.73× 10−4 cm2 s−1, respectively. This
demonstrates that the diffusion coefficient for K along the zigzag direction is about 26 times greater than that
along the armchair direction, implying the anisotropic diffusion for K on the bismuthene.

In addition, the diffusion energy barrier of K acrossmonolayer bismuthene (Path 3) is also calculated. As
shown infigure 10, there is only one saddle point in the diffusion path of K from anH site on the upper surface to
anH site on the lower surface of bismuthene, which corresponds to theK atoms being in themiddle of the upper
and lower layers of bismuth atoms. Due to the poor stability of the system at this saddle point, the energy barrier
for K diffusion along Path 3 is very high (2.63 eV), indicating that K cannot diffuse through the bismuthene
monolayer.

3.6. Comparisonwith bismuthene bilayer
To explore the impact of dimensionality on bismuthene’s performance, we computed the adsorption behavior
of K on bismuthene bilayer. Figure 11 depicts the potential adsorption sites for K atoms on bismuthene bilayer.
T1, V1,H1 andB1 are the sites of K adsorbed on the outside surface of bismuthene bilayer, which are similar to
site T, V,H andBon bismuthenemonolayer. V2 andB2 are the sites of K embedded in the interlayer of
bismuthene bilayer, which are similar to site V andBon bismuthenemonolayer. Among them, the B1 site is an
unstable adsorption site, with theK atoms automaticallymoving to theV1 site after structural optimization.
This behavior is similar to the adsorption observed on the B site of bismuthenemonolayer. The adsorption
energies of K atoms onT1, V1,H1, V2, andB2 sites are calculated to be−0.27,−0.61,−0.62, 0.57 and 0.52 eV,
respectively. Obviously, theH1 site exhibits the strongest adsorption energy, while theV2 andB2 positions
display relatively weaker adsorption energies. Therefore, K atoms aremore likely to be adsorbed atH1 sites on
the surface of bismuthene than at interlayer sites of bismuthene. Consequently, we explored the potential energy
of K atom atH1 site with different perpendicular height between the bismuthene bilayer surface (figure 12). It is
clear that when the height exceeds 8Å, the potential energy approaches zero, and theK has no interactionswith
bismuthene bilayer.Within 6Å, however, the potential energy experiences a significant decrease, suggesting a
robust interaction betweenK and the bismuthene bilayer.

To evaluate the storage capacity of bismuthene bilayer as an anodematerial for KIBs, we investigated the
optimized adsorption configurations ofmultiple K atoms on bismuthene bilayer, as depicted infigure 13. The
structures with chemometrics of KBi2 andK2Bi2 represent bismuthene bilayer with 32 and 64 adsorbedK atoms,

Figure 9. (a)Diffusion pathways and (b) corresponding energy barriers for K through Path 1 and Path 2 on bismuthenemonolayer.
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Figure 10. (a)Diffusion pathway of K across bismuthenemonolayer from top and side views and (b) corresponding energy barrier.

Figure 11.Potential adsorption sites for K atoms on bismuthene bilayer include top and side views.

Figure 12.The change of potential energywith respect to the perpendicular height (h) of K atom from the bismuthene bilayer surface.
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respectively. Bismuthene bilayer demonstrates an ability to adsorbK atoms on both surfaces, with amaximum
capacity of 32 K atoms on each side. The average adsorption energies for K atoms on the first and second layers
are−0.45 eV and−0.04 eV, respectively. Furthermore, the perpendicular height of K atoms on the second layer
is 5.97Å, suggesting their stability without formingmetal clusters. However, when three layers of K atoms are
adsorbed on both sides of bismuthene bilayer, the perpendicular height of the third layer (9.83Å) exceeds 8Å,
indicatingweak interaction and a tendency for K atoms to form clusters. Therefore, bismuthene bilayer can
adsorb up to two layers of K atomswith a theoretical capacity of 128.3mAh g−1, which ismuch lower than that
of bismuthenemonolayer.We also calculated theOCVandVolume expansion of the bismuthene bilayer. The
OCV is 0.25 V, and themaximum change in lattice constants is 8.98%, corresponding to a volume expansion of
18.8%.Obviously, the bismuthene bilayer exhibits lower energy density and higher cyclic stability compared to
bismuthenemonolayer.

Moreover, we explored the diffusion barriers between adjacentH1 sites on the bilayer bismuthene surface.
Figure 14 shows the diffusion paths of K on the bilayer bismuthene surface along the zigzag direction (Path 4:H1
→V1→H1) and the armchair direction (Path 5:H1→V1→T1→H1). The diffusion energy barrier along the
H1→V1→H1path for K onbismuthene bilayer is similar to that on bismuthenemonolayer along theV→H

Figure 13.Top and side views of K-adsorbed bismuthene bilayer with different K concentrations.

Figure 14. (a)Diffusion pathways and (b) corresponding energy barriers of K through Path 4 andPath 5 on bismuthene bilayer.

10

Phys. Scr. 99 (2024) 015930 WPan et al



→Vpath, both exhibiting two saddle points and one localminimum.However, the diffusion energy barrier for
K on the bismuthene bilayer (0.05 eV) is greater than that on the bismuthenemonolayer (0.02 eV), and the
diffusion coefficient of K on the bilayer bismuthene is 3.92× 10−3 cm2 s−1, which is about one quarter of the
diffusion coefficient on themonolayer bismuthene. Furthermore, the diffusion energy barrier of K on
bismuthene bilayer along theH1→V1→T1→H1pathway exhibits a similar profile to that on the bismuthene
monolayer along theV→T→Vpathway. The diffusion energy barrier along theH1→V1→T1→H1
pathway on the bismuthene bilayer is 0.34 eV, resulting in a diffusion coefficient of 1.31× 10−7 cm2 s−1, which
is significantly slower than the diffusion rate of K on the bismuthenemonolayer along theV→T→Vpathway.
In addition, the diffusion anisotropy of K on the bismuthene bilayer ismore pronounced, with the diffusion rate
along the zigzag direction being 3× 104 times higher compared to that along the armchair direction. Thismakes
it impossible for K to diffuse along Path 5 on the bismuthene bilayer surface. In summary, the diffusion rate of K
on the bismuthenemonolayer is significantly higher compared to that on the bismuthene bilayer. Therefore,
reducing the dimensionality of bismuthene anodematerial is expected to improve the rate performance of
bismuthene during charge and discharge.

4. Conclusions

In summary, we have employed first-principlesmethods to explore the prospective utilization of bismuthene as
anodematerial in KIBs. Our study reveals that with the adsorption of K atoms, the Fermi level shifts towards the
conduction band, providing considerable electrical conductivity of bismuthene.With the increase of K atoms
adsorbed on bismuthene, the average adsorption energy decreases from−0.30 eV (single layer) to−0.06 eV
(double layer), and themaximumadsorption capacity of K on bismuthenemonolayer surface is two layers,
corresponding to a theoretical capacity of 256.5mAh g−1. Despite itsmodest theoretical capacity, bismuthene
monolayer exhibits a low average open circuit voltage (0.17 V), relatively small lattice constant variation and very
lowdiffusion barrier (0.02 eV), providing a high energy density, good cycling stability and outstanding rate
performance for KIBs. In addition, by comparing the performance ofmonolayer and bilayer bismuthene, it is
found that the dimensionality reduction is conducive to the storage capability, charge/discharge rate and energy
density, but not benefit to the cycling stability of bismuthene as anodematerial for KIBs.
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