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A B S T R A C T   

Within the current piece of research, we propose a porous model of hexagonal boron nitride (h-BN) monolayer 
(h-BNML) through DFT calculations in order develop an anode material for KIBs. We in particular focused on the 
impact of the pore on the diffusion of K ions and upon the storage process. We created the porous model of the h- 
BNML by using a pure h-BNML structure via the removal of B atoms which mimics the formation of the pore. 
Based on the DFT calculations, there was no change in the original planar structure of the h-BNML after the 
formation of the pore. There was a dramatic change in the electronic and structural attributes of the h-BNML 
indie the poor based on the introduced vacancies, which allowed the K-ion to adhere effectively within the pore. 
Based calculations demonstrated the interaction between the K ions and the pores through electrostatic attrac
tion. The model exhibited the ability to keep a high number of K ions at its surface without any change in the 
initial planar structure of h-BN, which was closely associated with an increased theoretical specific capacity, 
which increased with porosity. Hence, the pore formation increased the diffusion of K ions in comparison with 
the pure h-BNML. This can be insightful to designing enhanced anode materials for KIBs. Finally, the current 
work can provide insights into tailoring porous BN materials for application in KIBs.   

1. Introduction 

Recent years have witnessed the application of electrochemical de
vices, including rechargeable batteries, in energy storage devices, elec
tric vehicles, transportable power devices as well as electronic 
accessories [1–5]. Metal-ion batteries (MIBs) in particular have enjoyed 
considerable global interest thanks to their long cycle life, superior 
power as well as high specific energy [6–10] . As an instance, recent 
years have witnessed an increase in the application of KIBs, SIBs, and 
LIBs [11–14] . However, one of the main drawbacks to KIBs is to find 
electrodes with high energy density [15–19]. Researchers have inves
tigated numerous materials to overcome the drawback mentioned above 
and to understand the performance of current electrodes at the atomic 

level [20]. 
Recently carried out studies into two-dimensional (2D) carbon 

nanostructures (CNSs) have found that they have unique characteristics, 
which can be utilized as an anode material in the future KIBs, SIBs and 
LIBs [21–30]. CNSs can be conducive to designing new 2D systems that 
could be utilized as an anode material in MIBs. As an example, in a study 
by Xu et al. [31], a porous carbon material was synthesized to be used as 
an anode material in KIBs using inter-connected pores and edged-doped 
atoms around the pores. After 200 cycles at 0.1 Ag− 1, the battery ca
pacity reached 409 mAhg− 1. The DFT computations demonstrated that 
the edge-doped atoms led to an increase in the sorption of K ions, 
thereby enhancing the capacity. Furthermore, the electric field respon
sive switch was employed to anchor polysulfides on porous carbon 
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aerogels in Li/S batteries to improve their capacity, which increased at 
0.2C to 1307 mAhg− 1 and kept eighty-four percent of the initial capacity 
following hundred cycles [32]. A theoretical/experimental study was 
carried out by Chen et al. [33] into P-doped porous C for zinc-air bat
teries. The density functional theory computations were undertaken to 
investigate the separate flakes of graphene (Gr) layers, where C atoms 
were replaced with the P atoms at the edge and inner sides of Gr. The 
results demonstrated the doping the P atoms at the edge of the pores 
were conducive to improving the bi-functional catalytic activity that 
affected the performance of Zn-air batteries. Zhao et al. [34] theoreti
cally and experimentally investigated the application of N-doped porous 
C as an anode material in KIBs [35–37]. By retaining its stability after 
hindered cycles at 0.74 Ag− 1, battery discharge specific capacity 
reached 113 mAhg− 1. DFT calculations were done on the formation of at 
a periodic Gr model where K ions were adhered. 

By reviewing the studies mentioned above, we can conclude that 
introducing heteroatoms and the presence of pores lead to a rise in the 
interaction between the surface of cathodes and metal ions, which can 
raise the capacity of batteries. Similarly, introducing defected vacancies 
such boron nitride (BN) in a structure with various atoms can be a b =
vial method to design high-performance electrodes. The hexagonal 
boron nitride (h-BN) monolayer (h-BNML) is a thin material which has 
nitrogen (N) and boron (B) atoms and its stoichiometry is 1:1. These B 
and N atoms have been arranged in a sp2-bonded honeycomb lattice. 
The monolayer is isoelectronic and isostructural to Gr [38], where N and 
B frame the C atoms in periodic table, which feature 8 valence electrons 
for every BN which involve in a weaker π bonds and robust in-plane σ 
bonds. In comparison with C-based relatives, 2D h-BN monolayers 
consist of bulk-like h-BN, which has a layered structure similar to Gr 
[39–43]. 

The results obtained based on theoretical computations have been 
tested experimentally, where porous h-BN models have been used as an 
anode material. However, no studies have investigated the key role of 
pores in mechanisms that result in an increased energy storage. In 
addition, no previous study has investigated parameters like open circuit 
voltage (OCV) and specific capacity (SC) at the DFT level for porous h- 
BNMLs. The current study aims at investigating the role of pore size in 
retaining and diffusing K ions over the interface of porous h-BNMLs. 
Also, the current study intends to achieve robust parameters for easily 
fabricating porous h-BNs with improved structural and electronic 
characteristics. The methodological procedures used in this study could 
pave the way for designing h-BNMLs for usage as an anode material in 
KIBs. 

2. Methodological details 

We utilized the basis set 6-31G (d) and the functional B3LYP for 
performing the electronic analyses, structural optimizations and energy 
computations. To accurately predict the weak interactions, the “D3” 
term was included [44]. B3LYP can be used to investigate the structural 
and electronic characteristics of many nano-materials [45–49]. The 
computations were all done using the GAMESS software [50]. The Bader 
charge analysis was performed to investigate the amount of charge 
transport between the h-BNML and the K ions [51]. Also, we investi
gated the paths for diffusion of K ions, and the NEB method [52] was 
used to calculate diffusion barrier energy [52]. Furthermore, the
adhesion energy of the K atoms onto the h-BNML was computed as 
follows [53]: 

Ead =
(EK@h− BN - (Eh− BN + xEK))

x
+EBSSE (1)  

where we simplify the charge/discharge processes of h-BNMLs as the 
half-cell reactions as follows: 

xK+ + xe− + h − BN⇌Kx@h − BN (2)  

Based on the reaction model above, the open-circuit voltage (VOCV) was 
estimated as below [53]: 

VOCV =
(EK@h− BN - (Eh− BN + xEK))

xe
(3)  

where x is the number of K ions, EK represents energy of a K atom in the 
bulk systems, Eh-BN represents the energy of the pure h-BNML and EK@h- 

BN represents the total energy of K atoms adhered on the h-BNML. A 
negative value of adhesion energy shows the adhesion of K atoms onto 
the pure h-BNML. The maximum storage capacity (C) was computed 
using Eq. (4) [54–56]: 

C =
xmaxF

M
(4)  

here, F represents the Faraday’s constant (26.801 A h mol− 1), xmax de
signates the number of K atoms adsorbed at the maximum adhesion 
concentrations and M represents the atomic mass. The charge transport 
analysis of the K ions to modified BNMLs was performed to characterize 
the electronic density distributions through the 3D isosurfaces of charge 
density difference Δρ. 

Fig. 1. The relaxed configurations of the two types of BN monolayers examined, namely, the (a) unmodified h-BN (pristine) and (b) h-BN with a pore (pore h-BN).  
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3. Results and discussions 

3.1. Geometrical descriptions and electronic/structural attributes of 
porous h-BNMls 

Fig. 1 (a) illustrates the geometrical structure of the pure h-BnML. 
After geometrical relaxation, the original 6-ring structure in the h-BNMl 
was disrupted. The computations demonstrated that the lattice param
eter of the h-BNMl was 6.89 Å, similar to the value obtained in the 
literature [57]. The bandgap of the pure h-BNML was approximately 
5.23 eV, similar to the value obtained in the literature [58]. This shows 
the reliability and accuracy of the method employed within the current 
work, so it can accurately describe the electronic structure of h-BNMl. 
Single B (VB) or N (VN) vacancies must be created in the h-BNML first for 

creating a porous h-BNML. We considered several possible configura
tions for this type of defect. The calculated defect formation energy 
(Edef) for this configuration was found to be the most stable compared to 
other configurations. The geometries of the defected h-BNML with most 
stability is shown in Fig. 1 (b). In both defects, the BNMl retailed its 
planarity. Based on the results, the VB in the h-BNML was more favorable 
than the VN in terms of energy, which could be ascribed to the to the 
presence of repulsion between the dangling N atoms, which prevented 
the unstable N-N bonds to be formed. We should mention that, in spite of 
the presence of di-vacancies defect (di-DV) found in previous DFT 
studies [59], there was no di-vacancy (VBN) in the current study. 
Furthermore, the configurations achieved for the vacancies were 
consistent with the lower energy formation geometries derived from 
previous DFT investigations [60]. In addition, a distinct spin-splitting 

Fig. 2. The density of states plots for both types of BN monolayers examined, namely, (a) pristine h-BN and (b) pore h-BN. Additionally, contour plots of the ELF map 
are presented for these systems, where the values range from 0.0 to 1.0. A value of 1 (in red) indicates complete electron localization, while a value of 0 (in blue) 
signifies the absence of electron distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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with distinct defect levels was detected in the bandgap region (4.57 eV) 
through the analysis of the density of states (DOS) for the VD. In the VB, 
the existence of a B vacancy defect led to a magnetic moment of around 

3 μB. Also, right after the formation of the B vacancy in h-BNML, 1 spin- 
up and 2 spin-down occupied states appeared above the Fermi level (see 
the DOS plot in Fig. 2a-b). These donor states mainly consisted of of N-2p 
states and they were localized onto the dangling N atoms near the defect 
region. There was a great electronic de-localization at the B and N atoms 
near the pore due to the pore size, which was evident based on the 
electron localization function (ELF) in two-dimensional diagrams (Fig. 2 
(a-b)). It should be noted that the ELF value of 1.0 indicated perfect 
localization and the value of 0.0 indicated the lack of electron density, 
whereas the value of 0.5 indicated the presence of a metallic bond [61]. 
Based on the the Ecohesive value (-10.39 eV/atoms), the defected h-BNML 
exhibited a negative value in the h-BNML. 

3.2. The adhesion of K ions and the electronic/structural attributes of 
porous h-BNML 

According to the geometrical configuration due to the pore, identi
fying 3 various symmetry points was possible, namely T, B and C, which 
represent the top site over B or N atoms, a bridge site between B-N atoms 

Table 1 
Partial Bader charges (Q), and adhesion energies (Eads) of the K ions adhered on 
the h-BNMLs.  

Monolayers Site Eads (eV) Q (e) 

h-BN C1 − 1.23  0.726 
T1 − 0.94  0.403 
B1 − 1.05  0.551 
C2 –  
T2 –  
B2 –  

Pore h-BN C1 − 2.27  0.672 
T1 − 1.87  0.599 
B1 − 1.94  0.523 
C2 − 3.69  0.864 
T2 − 3.62  0.812 
B2 − 3.64  0.855  

Fig. 3. Most stable configuration of the K-ion adsorption on the BNMLs: (a) h-BN-K, (b) pore h-BN-K.  

Fig. 4. Illustrates the interactions between k ions and bnmls through isosurfaces of charge density differences and 2d slices. Specifically, we can observe these 
interactions in the systems (a) h-bn-k and (b) pore h-bn-k. 
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for B and a hollow site at the centre of the pore ring for C respectively. As 
shown in Fig. 1b, we set up some groups of such symmetry sites shown 
by pink labels. These sites were employed for allowing the interaction of 
K ions of the pore h-BN matrices. The K atom was repositioned at the 
symmetry sites shown in Fig. 1b to perform the interactions of the K ions 
with the BN matrix of the pore. As revealed by the charge analysis 
mentioned below, the K atom was finally changed to an ion, Table 1 lists 
the adhesion energy for each site. The adhesion energy of the pure h- 
BNML was similar and the highest energy was found at C1, which could 
be sue to the electron de-localization near C1 (see Fig. 1(c)). The K ion 
was more likely to be adhered because of its behaviour because the 
electron de-localization reduced at site T1 and site B1. 

The adhesion energy of the porous h-BNML with 1B atom vacancy 
was − 3.69 eV, which was probably because of the fact that the formed 
pore was symmetric, and because of the fact that the electron de- 
localization enlarged (see Fig. 2(d)). The symmetric breaking of the 
ELF surrounding B1 due to the rise in the electron delocalization at this 
site (Fig. 2(d)) could also be the reason for such a behaviour. There was 
almost no change in the ELF values at C1 and T1 and there was no 
strengthening in the adhesion (see Table 1). The results of Bader charge 
analysis can be d = found Table 1 for each o K ion that had an interaction 
with the pure h-BNML. The values were in the range of ＋0.726 to ＋ 
0.864, which demonstrated that a K cation was formed in each system. 
In addition, the geometries of the sites are shown in Fig. 3, where the K- 
ion was introduced with the ultimate configurations with most stability. 

Fig. 4 (a–b) shows the adhesion of K-ion on the pure h-BNML with 
interaction energy which is probably a van der Waals interaction. It may 
be due to the magnitude of the attraction and separation to the mono
layer plane, and it could be related to an alloying-conversion interaction 
that would rule the energy storage mechanism in a porous BN anode of a 
K-ion battery. 

We also map the density difference isosurfaces in 3D arrangements to 
further investigate the interaction between the K ions and BNML (see 
Fig. 4(a-b)). For each item, the insets displayed 2D sections of the charge 
density difference (Δρ) at a perpendicular of h-BNML. The red-colored 
areas demonstrated areas where there was an excess of electron for
mation due to the charge transport between the h-BNML and the K ions. 
The formation of excess electrons was located mainly at the interfaces 
between the K ions and the h-BNML matrix for the and porous and pure 
models (see Fig. 4 (a-b)). However, as illustrated in Fig. 4(b), the pore 
model had a different behaviour, i.e., the electron excess was almost 
around the pore, which was shown by the slices at the plane of the h- 
BNML matrix. 

3.3. K Ion diffusion 

The diffusion paths through which the K ions were allowed to travel 
on the BNML were investigated to further understand the performance 
of the h-BNML. The CI-NEB method, which is an accurate method to 
calculate the activation barrier, was used to investigate the paths. The 

Fig. 5. Two possible diffusion paths (green and blue lines) of the K ions on the BNMLs: (a) h-BN-K, (b) pore h-BN-K. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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NEB method can be used to accurately compute the saddle points [62]. 
The main criterion for selecting the pathway for energy penetration is 
the energy barrier along that pathway. Given the symmetry of the per
fect and defective structures, other pathways for penetration can also be 
considered. We also considered all of them. However, only the two 
pathways with the lowest energy barriers are reported. Two potential 
paths were identified to allow the K ions to migrate on the h-BNML 
matrix (see Fig. 5a). For the modified h-BNMLs, the configuration with 
the lowest energy was considered the ultimate step for the diffusion of K- 
ions. The diffusion path 1 for h-BNML exhibited an easy path through 
which the K ions migrated easily because of the fact the energy barrier 
was small (0.35 eV). However, diffusion path 2 exhibited a large value, 
which showed that the activation energy remained the same despite the 
fact the path seemed to need larger energy because of the trajectory 
bending. As shown in Fig. 5, we also tested the diffusion paths for the 
pore model. The energy barriers for penetration in the defected structure 
in pathways 1 and 2 are respectively 0.23 and 0.26 eV, which are both 
lower than the energy barrier for penetration in the perfect structure. 
Both paths exhibited an energy barrier which was smaller than that of 
other 2D materials [63–65]. The ELF contribution near the pore could be 
the reason for the reduction in the values. The de-localization of elec
trons might facilitate the transportation of ions at its interface. In the 
porous h-BNML, the suggested trajectories and the pore size revealed a 

greater quantity of transition states along the pathways, which was 
probably because of the migration of K ions that crossed the pore with 
less possibility compared to that in the pure h-BNML. As a result, the 
pore obviously improved the diffusion of K ions in comparison with the 
pure h-BNML. 

3.4. OCV and storage capacity (SC) 

The DFT calculations were performed to compute the OCV and SC, 
which are important parameters in developing anode materials for 
alkaline metal batteries. Equation (4) was used to the compute the 
adhesion energy of K ions to evaluate OCV and SC (see Fig. 6). i.e., the 
step graph compares the adhesion energy assessed after the adhesion of 
different number of K ions, namely 5, 10, 15, 20, and 25. The h-BNML in 
particular tended to keep Eads (Fig. 6). This indicated that the pure h- 
BNML retained the K ions at constant adhesion energy lower than −
1.30 eV, which was probably due to the weak electrostatic interaction. 
The porous h-BNML exhibited Eads below − 2.53 eV for the number 
equal 5, which reduced to − 1.49 eV when the concentration of K ions 
was higher. However, the interaction strength increased after many K 
ions was added (Fig. 6). This indicated the impact of the pore size upon 
the K ion retention ability of BN. The ELF method can be used to further 
understand this. The slices of the ELF plot at the interface of h-BNMLs 
and K ions are shown in Fig. 7, which showed the ionic nature of the 

Fig. 6. Average adsorption energy (eavg) values and (b) computed OCV for all 
adhered K ions. 

Fig. 7. Electronic localization function (ELF) for the K-ions adhered on the 
BNMls: (a) h-BN-K, (b) pore h-BN-K. 

Table 2 
TSC and OCV of the h-BNMLs that act as a two-dimensional anode.  

Monolayers n Capacity (mAhg− 1) OCV (V) 

h-BN 5 187.11  0.25 
10 349.35  0.18 
15 577.95  0.15 
20 895.91  0.12 
25 1167.41  0.10 

Pore h-BN 5 193.77  0.31 
10 363.39  0.20 
15 6.11.47  0.15 
20 916.51  0.14 
25 1218.79  0.07  
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interaction. As shown in Fig. 2d, the ELF distribution can explain the 
adhesion mechanism. As shown in Fig. 2(d), a stronger adhesion energy 
can be expected because of the de-localization of electrons after the 
formation of the pore. 

The relationship between the adhesion of K ions and the resulting 
OCV is depicted in Table 2 and Fig. 6b. There is a direct relationship 
between the OCV of materials and their collective capacity for producing 
a potential, which is due to the electron density upon the surface of BN. 
Also, there was an increase due to the existence of many K ions adhered 
on the surface, and not just due to a single ion, which changes potential 
energy, and causes the given potential. So, an average energy is required 
due to the presence of many K on the surfaces based on equation (3). We 
should mention that this definition was also expressed since volume and 
entropy were slight because of their unsubstantial amount [66]. The step 
plot revealed that h-BNML and the porous h-BNML showed OCV in the 
range of around 0.17 to 0.31 V, and pore model exhibited the largest 
value of 0.31 V, which was probably because of the amount of adhesion 
energy. After an increase in the number of adhered K ions (n > 5), the 
OCV values converged to a voltage interval of 0.31 to 0.07 V. Moreover, 
we calculated the OCV for the adhesion of K-ion from n = 1 to 25. These 
values can be considered enough for battery usage because they 
remained at a voltage required for portable devices, especially, bv values 
less than 0.1 V are related to high concentration of K ions [67]. 

Also, Equation (4) was used to compute the theoretical specific ca
pacity (TSC). For comparing, we simulate the porous h-BNML the h- 
BNML with vacancies, and we subject the h-BNMLs to the adhesion of K 
ions onto their surface. The analysis was done with n = 5, 10, 15, 20, and 
25 K ions. When the number of adhered K ions increased on the surface 
of the monolayer, its TSC increased (see Table 2). The TSC of the for 
porous h-BNML was higher compared to that of the pure h-BNML. When 
the number of K ions reached its maximum, the TSC increased by 4.02 % 
in comparison with the pure h-BNML. Additionally, the OCV values 
converged to similar values when larger TSCs were assessed. 

4. Conclusions 

The electronic and structural attributes related to the adhesion of K 
ions onto the porous h-BNML monolayers were investigated systemati
cally through the DFT-D3 level of theory. Other experimented research 
studies can be performed and enlightened using the procedures within 
the current study. Also, new two-dimensional materials can be tailored 
for energy storage purposes. Based on the results, there was no change in 
the planar structure of the porous h-BNML after the BN vacancies were 
formed. There was a dramatic changed in the electronic structure of 
porous h-BNML after the formation of the pores, which resulted in an 
increased electron delocalization, which was evident based on the 
calculation of the ELF parameters at these sites. We also assessed the 
adhesion of K ions in the pore regions and symmetry regions near the 
pore. Obviously, the existence of pore affected the redistribution of the 
electron density following the adhesion of K ions, which also facilitated 
its maintenance at the pore region. There was a tremendous adhesion of 
K ions on the porous h-BNML, which demonstrated the impact of the 
pore on the adsorption of many K on the pore structure. The possible 
pathways which K ions could follow were evaluated to investigated the 
diffusion of the K ions. There was an increase in the diffusion of K ions in 
the reverse direction of mobility because of the pore in the porous h- 
BNML, which was probably due to the particular range where the pore 
distribution has a direct effect on the energy storage attributes. We can 
address this to improve the properties of porous h-BNML, which facili
tates ion mobility. 
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