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A B S T R A C T   

Revealing ideal electrode materials with required functionalities is a crucial step to develop high-performance alkali-ion batteries. In this study, we investigate the 
potential of single- (SL) and multi-layer (ML) arsenene phases (buckled and symmetric washboard) to be used as an anode material by means of ab initio calculations. 
The interaction of alkali metal atoms (M: Li, Na, and K) with arsenene is examined to reveal strong adatom-electrode binding and low diffusion barriers. Provided that 
the initial crystalline patterns are maintained, the possible M orderings (MxAs) are investigated for varying ion concentrations (x). The structural deformations and 
the decrease in formation energy with increasing x indicate probable structural transformations. The ab initio molecular dynamics simulations confirm that the 
ordered patterns are prone to instability and crystalline to amorphous transition is induced at ambient temperature. The calculated (average) open-circuit voltages 
are between 0.65–0.98 V with the specific capacity range of 358–715 mAhg−1 for SL- and ML-MxAs. Strong metal-electrode interaction, fast diffusion, and desired 
voltage range suggest arsenene as a promising anode material for alkali-ion batteries to be utilized in low charging voltage applications.  

1. Introduction 

Following the synthesis of ultrathin black phosphorus (phos-
phorene) [1,2] and fabrication of high-performance few-layer phos-
phorene field effect transistors [3], the class of two-dimensional (2D), 
monoelemental pnictogens has attracted significant interest [4]. In 
addition to phosphorene, single- and/or multi-layer structures of ni-
trogen [5], arsenic [6], antimony [7], and bismuth [8] have been rea-
lized and investigated extensively [8–14]. Their novel and diverse 
properties [4] suggest pnictogens as suitable materials for various 
technological applications including but not limited to electrochemical 
batteries [15–19], thermoelectric devices [20], and thin film solar cells  
[21]. 

One of the emerging areas where pnictogens can find their potential 
applications is the field of rechargeable alkali-ion batteries, which are 
crucial for portable electronics and electric vehicle industry. Therefore, 
the interaction of alkali metals with 2D pnictogens has been a subject of 
various studies [4,22–34]. In general, 2D structures supply much more 
accessible area than bulk materials for ion storage and diffusion, thus 
they are very attractive for battery applications. In this context, Li 
doped phosphorene has been studied and reported to have fast and 
directional diffusion, high average potential, and good electrical con-
ductivity [19]. Similar characteristics have been also predicted for Na 
intercalated phosphoorene [18]. Sun et al. have shown that a hybrid 
system composed of few-layer phosphorene sandwiched between 

graphene layers exhibits a high and reversible capacity of 
2440 mAhg−1 as a Na-ion battery electrode [35]. Accordingly, phos-
phorene can offer higher capacities [18,19] than graphene [36], MoS2  

[37], and Mo2C [38], but without suitable dielectric capping. On the 
other hand, phosphorene has instability issues and is subject to de-
gradation in ambient conditions [39]. Recently, antimonene has been 
revealed as an appealing anode material for Na-ion batteries as it en-
ables recyclability, large-capacity (620 mAhg−1), and fast electro-
chemical redox kinetics [16,32]. Herein, 2D pnictogen sheets [35] 
provide rapid ion (de)intercalation and higher power densities when 
compared to graphene-based electrodes, which also suffer from clus-
tering of alkali atoms [40]. 

However, arsenic has been less often investigated among pnictogens  
[41,42], recently, Lim et al. [43] have synthesized arsenic and carbon 
nanocomposites and reported that this complex exhibits high reversible 
capacity in Li-ion (1306 mAhg−1) and Na-ion batteries (750 mAhg−1). 
Additionally, the interaction of alkali metals with SL buckled arsenene 
(SL-hb-As) phase has been investigated by ab initio methods and high 
storage capacities have been predicted [44]. The diffusion and voltage 
characteristics for Li-doped SL symmetric-washboard arsenene (SL-sw- 
As) have been also examined but for only at low concentration levels 
(below 20%) [45]. However, arsenene seems to be a potential anode 
material for alkali-ion batteries, wider concentration ranges and pos-
sible structural transformations should be explored including ML con-
figurations of all the stable phases to reveal its full potential. 
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With this motivation, in this study, we investigate the interaction of 
alkali metals (M: Li, Na, and K) with SL and ML of arsenene phases (hb- 
As and sw-As). After obtaining the ground state structures, favorable 
adsorption sites of M adatoms and corresponding adsorption energies 
are determined. Next, the lateral diffusion and vertical intercalation 
barriers are calculated. Revealing the adatom adsorption, we examine 
alkali doped systems with varying concentrations (MxAs, for < <x0 2). 
Ab initio molecular dynamics calculations are performed to check the 
stability of the doped structures and also to take into account the 
crystal-to-amorphous structural transformation at ambient conditions. 
Finally, average open-circuit potentials and specific capacities are cal-
culated for ground-state configurations and their potential to be used in 
alkali-ion batteries is interpreted. 

2. Method 

We performed first-principles calculations based density functional 
theory (DFT) by using Vienna ab initio simulation package (VASP)  
[46–49] with projector augmented wave (PAW) potentials [50,51]. The 
exchange-correlation interaction was described within the Perdew–-
Burke–Ernzerhof (PBE) form of generalized gradient approximation 
(GGA) [52]. The van der Waals (vdW) correction was included by using 
the DFT-D3 method with Becke–Johnson damping [53,54]. A kinetic 
energy cutoff of 300 eV was taken for a plane-wave basis set. The nu-
merical integrations over the Brillouin zone were calculated by using 
-centered 24 × 24 × 1 and 16 × 12 × 1 k-points meshes [55] for SL-hb- 

As and SL-sw-As unit cells, respectively and then scaled accordingly for 
larger cells and/or ML configurations. The convergence criteria were 
10−5 eV for electronic self-consistent field iteration and 10−4 eV for 
ionic relaxation. For monolayers, vacuum space was taken as ~20 Å to 
prevent interactions between periodic images. The ab initio molecular 
dynamics (AIMD) calculations were performed at 300 K implying scaled 
velocity approach with 1 fs time steps up to 10 ps total simulation time. 
Lateral and vertical diffusion barriers were obtained with nudged 
elastic band (NEB) technique [56,57]. 

The average open-circuit voltage between two different concentra-
tions can be calculated according to the following equation [31]; 

=V
G M G M x x G M

q x x
( As) ( As) ( ) ( )

( )M
x x 2 1

2 1

2 1
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where G M As( )x1 and G M As( )x2 are the Gibbs free energies of M-doped 
arsenene with successive x1 and x2 alkali concentrations, G M( ) is the 
Gibbs free energy of bulk alkali metal, and q is the charge state of M 
(q = 1). Gibbs free energy is approximated as the ground state energy 
since the contributions of pressure and entropy terms are not significant  
[58]. 

The specific (gravimetric) capacity is defined as; 

=C nF
Z3.6 (2) 

where n is the amount of the charge transfer between alkali and arsenic 
atoms (per mole), F is the Faraday constant, and Z is the atomic mass of 
arsenic (in g mol−1). For theoretical capacity, the highest alkali con-
centration with stable configuration is considered. 

The average binding energy is calculated as; 
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x
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where E M( As)x and E (As) are the ground state energies of alkali doped 
and pristine SL/ML arsenene phases, respectively. E M( ) is the energy of 
a single alkali metal atom, and x is the alkali concentration. The binding 
energy is also calculated with respect to total energy of bulk alkali 
metal and labeled as Eb. 

3. Results and discussion 

3.1. Adatom adsorption and diffusion 

We start with structural relaxation of SL-hb-As and SL-sw-As which 
are reported to be the stable phases of arsenene [6,12,13]. The opti-
mized structures are shown in Fig. 1(a)–(b). The SL-hb-As has a hex-
agonal lattice similar to the layers of gray arsenic. The lattice constant 
( =a b) and As-As bond length (dAs As) are calculated as 3.60 Åand 2.50 
Å, respectively. On the other hand, the structure of SL-sw-As is similar 
to the layers black arsenic and has a rectangular lattice. a b, , and dAs As
are calculated as 3.69 Å, 4.76 Å, and 2.50 Å, respectively. The obtained 
structural parameters are consistent with the literature [13,59]. It 
should be noted that while a transition from a symmetric to asymmetric 
phase is predicted for the washboard antimonene and bismuthene 
structures, such a transition is not noticed for arsenene [59]. 

Following the geometry optimization, we study the interaction of 
alkali metal adatoms with arsenene. The possible high-symmetry ad-
sorption sites, namely, hollow (H), top (T), valley (V), and bridge (Br), 
are shown in Fig. 1(a)–(b). Herein, 4 × 4 and 4 × 3 supercells are used 
for SL-hb-As and SL-sw-As, respectively, to minimize the M M inter-
actions (dM M is ~15 Å). The corresponding adsorption energies (Ea) 
and bond lengths (dAs M) for each adsorption site are given in Table 1. 
For SL-hb-As, the most favorable adsorption site is the V-site with Ea of 
1.62, 1.23, and 1.49 eV for Li, Na, and K, respectively. While H- and T- 
sites are also found to be local minima, M adatoms do not stay at Br-site 
and shift to V-site. On the other hand, for SL-sw-As, H-site is found to be 
the most stable adsorption site with Ea of 1.81, 1.31, and 1.58 eV for Li, 
Na, and K, respectively. Except Li atom, Br- and H-sites are also stable 
adsorption spots, however adatoms initially on T-site move to H-site. 
When results are compared, Ea of SL-sw-As are slightly larger than those 
of SL-hb-As but being within the same range points out similar chemi-
sorption characteristics. Positive Ea for all cases indicates that the ad-
sorption is exothermic and M atoms favor the sites with maximum 
coordination number [18]. Considering the most favorable adsorption 
sites, Li has the strongest binding among Na and K. However, dAs M
follows the expected variation with the size of M E, a does not regularly 
decrease down in alkali-group. This trend is correlated with the ioni-
zation energies of the M adatoms and their interactions with the sub-
strate [30] clarifying Li > K > Na order. Bond strength of adatom over a 
substrate is an important parameter for battery applications  
[44,45,60–63]. Strong binding suggests that the migration of Li from 
the cathode to the anode should be more favorable than Na and K. This 
implies that the arsenene surfaces are more effective in attracting Li 
when compared to Na and K. Additionally, except Li, Ea is positive for 
the most favorable sites indicating that alkali atom prefers to bind to 

Fig. 1. Structures of (a) SL-hb-As and (b) SL-sw-As. The high symmetry ad-
sorption sites (Bridge (Br), Valley (V), Top (T), Hollow (H)) of alkali metal 
atoms are shown with red dots. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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arsenene instead of forming a cluster. 
While calculated Ea (1.23–1.62 eV for SL-hb-As and 1.31–1.81 eV 

for SL-sw-As) are higher than those for graphene [29] (0.46–1.10 eV), 
they are within the same range but smaller than those for phosphorene  
[18,19] (1.59–1.97 eV) and antimonene [15,22,32] (1.41–1.95 eV). 
Strong alkali-arsenene interaction can assure reversible battery opera-
tion and prevent alkali metal precipitation [60]. High adsorption ability 
of arsenene (especially for Li) can provide enhancement of cycling 
stability of battery and improve the performance of cathode. 

The ion diffusion in the anode is one of the significant parameters 
during the charging and discharging process as it considerably influ-
ences the battery performance. Therefore, we calculate the energy 
barriers ( E) of M along possible diffusion pathways by using NEB 
technique and the results are shown in Fig. 2. Our results show that V – 
H – V and H – V – H are the fastest diffusion pathways for all M adatoms 
on SL-hb-As and SL-sw-As, respectively and E(hb-As) is slightly smaller 
than E(sw-As). For Li, E are calculated as 0.11 eV and 0.12 eV, they 
are lower than that of black phosphorene (0.68 eV) along armchair 
direction [64], silicene (1.2 eV) [65], MoS2 (0.25 eV) [66], VS2 

(0.22 eV) [66], graphene (0.33 eV) [67], germanene (0.5 eV) [65] and 
close to that of stanene (0.1 eV) [65]. On the other hand, they are 

higher than that of black phosphorene (0.08 eV) along zigzag direction  
[64]. For Na, E are equal to 0.04 eV and 0.07 eV and are much smaller 
than that of silicene (3.56 eV), germanene (2.19 eV) and stanene 
(0.8 eV) [65]. Lastly, for K, E are obtained as 0.03 eV and 0.05 eV, and 
are smaller than that of C3N monolayer (0.07 eV) [68] and blue 
phosphorene (0.05 eV) [69]. In general, E decrease from Li to K, and 
they are smaller than the reported diffusion barriers for various 2D 
systems, indicating fast diffusivity, which is a notable feature to be 
considered as an anode material for alkali-ion batteries. 

3.2. Alkali metal doping: single-layer 

In this section, we investigate M doping of SL-hb-As and SL-sw-As for 
varying concentrations (MxAs). For each case, various doping sites are 
tested and the lowest energy configurations are determined. The opti-
mized structures are represented in Fig. 3(a)–(b). It is revealed that the 
crystalline structures are preserved up to M2As and M0.5As for SL-hb-As 
and SL-sw-As, respectively. It should be noted that the highest con-
centration for Li/Na is smaller than the theoretical expectation [43] as 
only the ordered patterns are taken into consideration. 

The average binding energies of alkali metals, E M( )b for varying x 

Table 1 
The adsorption energy with respect to a single alkali atom (Ea) or bulk alkali metal (Ea) and corresponding bonding distance 
between alkali atom (M) and arsenene (d MAs ) for high symmetry adsorption sites of SL-hb-As and SL-sw-As.   

Fig. 2. Lateral diffusion pathways and the energy variation for (a),(b) SL-hb-As and (c),(d) SL-sw-As.  
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are summarized in Table 2. E Li Na K( , , )b are calculated to be in the 
range of 1.57–1.76 eV, 1.10–1.27 eV, and 1.05–1.20 eV for SL-hb-As. 
Similar to Ea, they are smaller than those for SL-sw-As, which are cal-
culated as 1.90–1.98 eV, 1.40–1.52 eV, and 1.42–1.66 eV. For SL-hb-As, 
however, E Li Na( , )b are smaller than the corresponding E Li Na( , )a up 
to x = 0.5, they surpass it above this concentration. On the other hand, 
E K( )b is smaller than E K( )a for all concentrations. For SL-sw-As, E M( )b
is (in general) larger than E M( )a . However, there seems like an increase 
in average binding energy, this actually can be attributed to the energy 
lowering due to structural deformations (see below). Positive Eb for all 
cases confirms that alkali atoms favor bonding to arsenene instead of 
cluster formation. Together with E M( )b , the formation energy of MxAs 
(E M( )f ) is calculated. For both phases, E M( )f are smaller than those of 
bare arsenene (3.13 eV) [59] for all MxAs and they also decrease with 
increasing x. The decrease in E M( )f is due to the weakened electrostatic 
interaction between arsenene and M atoms and enhanced M M re-
pulsion in ordered configurations. It should also be noted that while 
pristine arsenene phases are semiconducting, alkali-doped systems are 
metallic [44,45]. The corresponding electronic band structures for 

=x 0.5 are available as Supplemental Material [70]. 
Open-circuit voltage (VM) with respect to M is an important para-

meter which characterizes the performance of the alkali-ion battery and 
shows the capacity of an anode. Assuming a standard half-cell reaction, 
a theoretical VM profile can be estimated as an average voltage by using 
Eq. (1). VM has been reported for alkali doped arsenene phases pre-
suming that the crystalline structure is maintained at ambient condi-
tions [44,45]. Although we also start with ordered configurations, de-
formations are noticed with increasing x, indicating a probable 
crystalline to amorphous transition. To reveal this issue, we perform 
AIMD calculations at 300 K up to 10 ps for SL-hb-As. This phase is 
considered as a prototype since its storage capacity is higher than that 
of SL-sw-As. Following the AIMD steps, the total energy of the system is 
significantly lowered, the crystallinity is altered, and an amorphous-like 
(unordered) structure is obtained. The revised VM with respect to the 
total energy of amorphous structures for varying x and also for specific 
capacity (C) is shown in Fig. 4. However, the calculated VM values are 
lower than the estimated data for crystalline phases, they are compar-
able with the experimental results [43]. The V M( ) reach up to a 
maximum of 0.88, 0.68, and 0.72 V for Li, Na, and K, respectively, and 
follow a sequence of > >V V VLi Na K . The variation of voltage depends 
not only on the M type but also on the anode material. For instance, the 
trends in graphite and boron doped graphite (BC3) are >V VK Li (Na 

does not even intercalate graphite) [71] and > >V V VK Na Li [72], re-
spectively. Moreover, the experimental voltage order of bulk arsenic  
[43] is measured as >V VLi Na, which agrees with our results. Different 
from crystalline phases, VM rise up to =x 1 for Li, and =x 0.5 for Na 
and K and then starts to decrease for increasing cation content. This 
could be due to the fact that amorphous phase becomes more stable 
with doping up to a certain concentration. The VNa K, reduces almost to 

Fig. 3. The optimized structures of M-doped (a) SL-hb-As and (b) SL-sw-As, for 
varying M concentrations (MxAs). 

Table 2 
The average binding energies calculated with respect to single alkali atom (Eb) 
or bulk alkali metal (Eb) and the average bonding distance between alkali atom 
and arsenene (d MAs ) for SL-hb-As and SL-sw-As with varying M concentrations 
(MxAs).   
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0 V for >x 1, indicating that the suggested configuration cannot occupy 
that amount of alkali metals. The obtained VM are lower than Li (and 
Na) doped antimonene (1.22 V) [32], phosphorene (2.9 V) [19], gra-
phite (~1.5 V) [66], TiO2 (~1.5 V) [73], 2H-MoS2 (1.25 V) [74] and 1H- 
VS2 (1.30 V). It should be noted that the desired potential range is 
between 0.1–1 V for anode materials [75]. Additionally, the corre-
sponding (maximum) theoretical specific capacity (C) is 715 mAhg−1 

and 358 mAhg−1 for Li and Na/K, respectively. Thus, MxAs with a high 
C can be a promising candidate for low charging voltage applications. 

3.3. Alkali metal doping: multi-layer 

Next, we study the M-doped multilayer (periodic) arsenene phases 
(ML-hb-As and ML-sw-As) for varying concentrations (MxAs). We start 
by analyzing Li intercalation through arsenene layers. Li has been 
chosen as an exemplary, since it has the smallest radius and the cal-
culated energy barriers ( E) can set the lowest limit. The intercalation 
paths and the energy variation are shown in Fig. 5. E are calculated as 

1.50 and 0.87 eV for ML-hb-As and ML-sw-As, respectively. Even E for 
ML-sw-As is significantly smaller than that of ML-hb-As, it is still very 
high for room temperature diffusion, indicating the difficulty of inter-
calating M atoms. Accordingly, the intercalation (also leakage) can only 
occur through the vacancies or edges of the material. 

The optimized structures of MxAs for both phases are shown in  
Fig. 6. The ordered configurations are obtained up to =x 1 for ML-hb- 
As, and =x 0.25 for sw-As. M atoms are initially placed on V- and H- 
sites, which are found to be the most favorable adsorption sites for SL 
cases. The corresponding E M( )b and Ef energies are given in Table 3. 
E M( )b are higher than those for SL cases and also Ea, but follow a si-
milar trend. The increase in E M( )b is partly due to the structural de-
formation as discussed above. Similar to SL case, Ef decrease with in-
creasing x and they are smaller than those of pristine arsenene phases 
(3.29 eV) for all the concentrations. Variation of Ef implies that ML- 
MxAs is becoming less stable with increasing cation content. It should 
be noted that, once the ordered pattern constraint is imposed, C de-
creases in ML-MxAs when compared to SL configurations. 

Prior to estimation of VM , AIMD calculations are performed for ML- 
hb-As to obtain lower energy configurations. Similar to SL cases, crys-
talline to amorphous phase transition is noticed at ambient tempera-
ture. VM , which are calculated with respect to the lower energy con-
figurations, are shown in Fig. 7. The maximum of VM is calculated as 
0.92, 0.65, and 0.98 V for Li, Na, and K, respectively, reaching 
C = 358 mAhg−1 and the obtained results are comparable with the 

Fig. 4. Average open-circuit voltages for SL-hb-As coated with alkali metals (Li, 
Na, and K) with varying concentration (MxAs). The optimized (amorphous) 
structures are obtained with ab initio molecular dynamics calculations per-
formed at ambient temperature. 

Fig. 5. Vertical diffusion pathways and the energy variation for intercalation of 
Li in (a)-(b) ML-hb-As and (c)-(d) ML-sw-As. 

Fig. 6. The optimized structures of M-doped (a) ML-hb-As and (b) ML-sw-As, for 
varying M concentrations (MxAs). 
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experimental data [43]. The VM increase up to x = 0.5 and then start to 
decrease and follow a similar trend to the SL cases. For ML-MxAs, while 
VM is higher than that of SL-MxAs, C falls by half but still suitable for 
low charging voltage applications. 

4. Conclusion 

In summary, we performed first-principles calculations to reveal the 
interaction of alkali metal atoms (M: Li, Na, and K) with SL and ML 
(periodic) structures of hb-As and sw-As phases. Adatom adsorption 
analyses imply that M-atoms strongly bind to arsenene surface with 
adsorption energy range of 1.3–1.8 eV. The strong adatom-electrode 
binding suggests that the migration of ions from the cathode to the 
anode should be more favorable, thus it helps to alleviate the shuttle 
effect and enhance the cycling stability of the battery. The lateral dif-
fusion energy barriers on arsenene are calculated to be low with the 
order of Li > Na > K and indicate fast diffusion for all ions. The 
structures are doped with varying M-concentration (MxAs) and ordered 
patterns are obtained up to =x 2 for SL and =x 1 for ML systems. The 
theoretical storage capacity of hb-As is found to be higher than that of 
sw-As. On the other hand, deviations in ordered patterns and the de-
crease in formation energy with increasing doping level point out a 
possible structural transformation. The AIMD calculations indeed reveal 
that crystalline to amorphous phase transition occurs even for low 
concentrations level at ambient temperature. The corresponding 
(average) open-circuit voltages are found to be 0.68–0.88 V 
(0.65–0.98 V) with specific capacity up to 715 mAhg−1 (358 mAhg−1) 
for SL (ML) configurations. Overall, non-crystalline phases are en-
ergetically more favorable than crystalline configurations and they 
provide more coherent results when compared with experimental data. 
The obtained voltage profile together with low diffusion barriers and 
strong metal-electrode binding suggests arsenene as a promising anode 
material to be used in for alkali-ion battery applications. 
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Table 3 
The average binding energies calculated with respect to single alkali atom (Eb) 
or bulk alkali metal (Eb) and the average bonding distance between alkali atom 
(M) and arsenene (d MAs ) for ML-hb-As and ML-sw-As with varying M con-
centrations (MxAs).   

Fig. 7. Average open circuit voltages for ML-hb-As coated with alkali metals (Li, 
Na, and K) for varying concentration (MxAs). The optimized (amorphous) 
structures are obtained with ab initio molecular dynamics calculations per-
formed at ambient temperature. 
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