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Due to favorable future use of electrochemical energy storage systems in portable electronic devices, these
systems have received much attention. Employing these systems in "smart" clothes equipped with piezoelectric
pieces to gain energy from body movement and roll-up displays is promising. Nevertheless, further development
of these technologies is a significant challenge due to lack of appropriate battery electrodes that supply desirable
electrochemical performance. 2D flexible and light materials with remarkable chemical and physical attributes
such as acceptable conductivity, high surface metal diffusivity, hydrophilic surfaces, and mechanical strengths
were introduced as potential options for battery electrodes. In present research, 2D orthorhombic di-boron di-
nitride monolayer (0-BaN3) as a novel 2D boron nitride allotrope has been investigated. Systematically, various
impacting factors like their electrochemical and electronic features (theoretical capacity, equilibrium voltage,
binding strength, etc.) were investigated. It is noteworthy that specific capacity of K-ion batteries (KIBs) reaches
2347 mAh.g-!. In addition, the existence of 0-BoNj ring accelerates the diffusion of K-ions, and diffusion barriers
are 0.14 eV. Mean open circuit voltage (OCV) and low diffusion barrier of 0-BoN2 monolayer guarantee long
service life and fast charging/discharging for practical purposes. Based on results, monolayer 0-B;Nj is proper as
a high-performance negative electrode material in KIBs.

1. Introduction

From electric vehicles and portable devices to various electronic
devices and large power grids, energy storage systems have a great effect
on human life in recent years [1-3]. Because of lightweight, long
cyclability, and high energy storage efficiency of rechargeable
lithium-ion batteries (LIBs), they are market leaders in energy storage
[4-7]. Despite its potential for sustainable development and commer-
cialization, this energy storage technology faces some challenges,
including limited lithium resources, low safety, and low theoretical
specific capacity [8]. Therefore, finding alternate battery systems,
particularly non-lithium-ion anode materials that have high energy
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storage abilities, is a crucial requirement. Potassium-ion batteries (KIBs)
have attracted much attention because potassium ions (K) have similar
properties to lithium (Li) since their group is the same in periodic table.
Replacing lithium with potassium because of its natural abundance can
reduce dependence on lithium sources [9-11]. Moreover, K is softer than
lithium and can significantly prevent dendrite formation in LIBs.
Meanwhile, KIBs offer an ultra-high rate of charging and discharging
[12].

Currently, design of appropriate anode materials for KIBs is a
fundamental challenge. Various high performance anode materials that
are well developed for LIBs may not be proper for KIBs. Because of larger
atomic radius of potassium compared to lithium, K atoms can barely fit
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into these anode materials [13]. Since atomic radius between graphite
layers is large, it is tough to insert K ions between these layers, so
graphite, which is commonly employed for embedding Li ions, is not a
favorable electrode material for KIBs [14-17]. It is also possible to form
2D heterostructures by combining other 2D layer materials with gra-
phene. Despite tight filling between layers of heterostructure electrodes
which restricts ion transport, they possess electrochemical stability, high
capacity, and high conductivity [18].

Whereas hexagonal boron nitride (h-BN) is considered most
comprehensive studied two-dimensional material because of its
considerable potential in nano-electronics due to its indirect broad band
gap of 6 eV [19], weak function of this material is also most likely due to
its wide band gap, given that negative electrodes require superior
electronic conductivity [20], inadequate interaction between hexagonal
boron nitride surface and alkali-metals merged with poor lithium
adsorption for conversion of its indirect wide band gap to metalized
structure, as well as hampering its additional applicability in energy
storage purposes [21-24]. Novel two-dimensional polymorph of
graphene-like BN with orthorhombic system (o-B2N2) that has been
introduced recently by Demirci et al. [25], was anticipated via DFT
framework. According to in-depth studies of mechanical and dynamic
stability, 0-BoN5 monolayer has stability from both points of view. A
further study indicated that 0-BoN» maintained integrity of geometrical
structure to 1000 K for 10 ps employing Ab-initio molecular dynamics
calculations [26]. Novel 0-BoN», which is a semiconductor with a direct
narrowing band gap of 0.64 eV, offers various potential applications in
storage and conversion of energy, such as hydrogen storage, recharge-
able batteries, and photovoltaic [25,27,28]. Most importantly,
regarding both N and B are light elements with molecular weights of
14.00 and 10.8 a.u., it is anticipated that 0-BoN2 can potentially lead to a
superior theoretical specific capacity for rechargeable batteries [26].

In present research, applicability of two-dimensional 0-B2N2 for KIB
electrodes has been investigated systematically for the first time via DFT
computations. Investigations were started by electronic features and
structural geometry optimization of 0-B2N2 monolayer. Thereafter,
binding strength of K at feasible appropriate binding sites on 0-B2N2
surface was computed employing DFT and DFT-D3. Based on DFT-D3
calculations, theoretical capacity and equilibrium voltage have been
studied with a global optimization method. In 0-B2N2 monolayer, ionic
diffusion during polarization, deformation charge density after single K-
atom adsorption, and charge transfer (CT) have been computed. A
comprehensive comparison with other 2D materials recently promising
for battery applications reveals that novel two-dimensional o0-B2N2
monolayers present KIB anode materials with remarkably low ionic
mobility and extremely high theoretical specific capacities. It has been
shown that it can be introduced as an attractive complementary
material.

2. Computational methods

Electronic analysis, geometry optimization, and energy calculations
were performed using the B3LYP functionality and the 6-31G (d) base
set. Grimme’s variance term ‘D3’ was used to accurately predict weak
interactions [29]. A literature survey shows that B3LYP is a suitable
function to calculate the structural and electronic properties of several
nanomaterials [30-34]. In present work, GAMESS software has been
employed to carry out all of computations [35]. By Bader charge
approach, CT between 0-B;Ng substrates and K ions has been analyzed
[36]. Also, by applying nudged elastic band (NEB) approach, energy of
diffusion barrier has been obtained and diffusion paths of K ions have
been computed [37,38]. Moreover, adsorption energy (Ead) of K atom
on 0-ByNy substrates is obtainable by Ref. [39]:

ao-B,N;, — (Bo—Bon,
(Exao-g,n (Eo—g,n, + XEx))
X

Eu= + Egsse (@]

According to following half-cell reactions, charge/discharge
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processes of 0-BoNy monolayer have been simplified:
XK +xe” + 0 — B,N, < K,Qo — B,N, (2)

In order to compute open-circuit voltage (VOCV), following equation
can be achieved based on aforementioned reaction [39]:

— (EO*BzNz + XEK))
Xe

(Exao—s,n,

VOCV = 3

where number of K atoms, energy of a K atom in the bulk system, energy
of pristine monolayer, and total energy of K adsorbed on o-B2N2
monolayer are represented by x, Ex, Eo-pan2, and Ex@o-s2n2, respectively.
Adsorption of K metal atom on pristine monolayer is confirmed by
negative values of E;q. Maximum storage capacity C can be determined
as below [40]:

_ Xmax F
M

c @

where Faraday constant, number of adsorbed potassium at maximum
adsorption concentration, and atomic mass are represented by F (26.81
Ahmol™), Xmax, and M, respectively.

3. Results and discussion
3.1. Electronic and structural attributes

Despite significant progress achieved, efforts to identify improved
two-dimensional materials and further designs that supply outstanding
battery function are at early phases of development. Although electronic
conductivity of anode materials has been considered a critical screening
aspect in investigation of charging/discharging performance, it has not
been well studied so far [41]. In anode materials, favorable conductivity
is demanded for electron transfer. In this regard, highly conductive
metallic conductors or semiconductors are the most appropriate anode
materials. However, as discovery of materials with high-insulation
feature as battery electrodes enhances, more focus must be dedicated
to this facet via computational and theoretical methods. Because of fu-
turistic applicability of h-BN, which has graphene-like structure, it is the
most broadly investigated two-dimensional material with numerous
universal applications (Fig. 1a, b) [42]. Nonetheless, its final utilization
anode material in rechargeable batteries is restricted by its limited
electrochemical attributes and vast band gap [22].

Therefore, a different stable structure for BN has been proposed. This
new structure is created by rearranging the positions of nitrogen and
boron atoms in a geometrical manner, resulting in a structure that has
high electrical conductivity and works well as an electrode in KIBs.
Recently reported by Dimiciri et al. [25] via DFT calculation, 0-ByN3 is a
novel two-dimensional material polymorph of BN group, which is
similar to graphene and h-BN in its honeycomb crystalline structure.
Upside view of completely optimized structure o-BoN; and h-BN
monolayers is shown in Fig. 1b the ring of 0-BoNy was constructed with 4
atoms, which include alternating nitrogen-nitrogen, boron-nitrogen,
and boron-boron bonds. Optimized Bravais vectors of 0-BoNy are 4.57 A
2.46 A for a and b, respectively, and nitrogen—nitrogen, boron-nitrogen,
and boron-boron bond distances are 1.44 A, 1.44 Io\, and 1.73 A
respectively, which match with former investigations [25].

For more comprehension nature of 0-BoNy chemical bonds and for
characterization the of electron localization in interstitial spaces,
valence electron localization function have been calculated, electron
distributions are mainly placed in boron-boron, boron-nitrogen, and
nitrogen—nitrogen bonds in comparison to hollow areas that electron
localization is close to 0. These findings reveal covalent bonding features
in 0-BoNy surface. Furthermore, the researchers conducted a Bader
charge analysis to determine the net charge on the nitrogen and boron
atoms, which was found to be approximately +0.92 |e| and —0.92 |e|,
respectively. They also calculated the electronic band structure and
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Fig. 1. Top view of a free-standing (a) hexagonal boron nitride and (b) o-B;N, monolayers.

density of states (DOS) for the o0-B,N; monolayers based on the opti-
mized structure parameters. Results indicated that 0-BoNj is a semi-
conductor with 0.75 eV electronic band gap (see Figs. 1S and 2S), which
is much smaller than hexagonal boron nitride.

3.2. Single K atom adsorption on 0-B2N3 surface

In most cases, a futuristic anode material for K based batteries needs
arelatively considerable binding strength of K as a basic requirement. As
a result, we used the DFT-D3 approach to calculate the binding energy
between a single potassium atom and different possible binding sites on
the 0-ByNj structure. During K intercalation, large monolayer with
10*15 A has been selected to prevent interactions between adjacent K-
ions on surface of 0-ByoNj. Because of Dy symmetry of 0-BoN; mono-
layer, 7 potential binding units have been supposed at start of calcula-
tions, which can be classified in three types represented by T (top), B
(Bridge), H (hollow) as indicated in Fig. 2a. First group includes H1 and
H2 placed top of hollow site for B4N,- and BoN4-Hexagon, respectively.
Second one includes TN and TB locating above any nitrogen- and boron-
atom based on crystal symmetry. Also, third type has B1, B2, B3 that
locate between boron-boron and nitrogen-nitrogen, boron-nitrogen
bonds, respectively.

A negative binding strength suggests a more stable binding config-
uration, which reveals scattering rather than clustering of adsorbed K-
atoms. Hence, during charging/discharging process, formation of metal-
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clusters or metal-dendrites should be considered and prevented. In
studied binding areas, H1 and H2 indicate lowest binding strength for K
atom and residual adsorption areas have shifted to H1 or H2 sites. For
two most stable binding sites, work function, CT, binding height, and
calculated binding strength are listed in Table 1. H1 exhibits a binding
strength for K atoms of —0.398 eV, which is the lowest of all the atoms
(Full geometry optimization of K atom at H1 is shown in Fig. 2b). In
comparison to recently reported two-dimensional materials, these
binding strengths are considerably large [43]. The binding energy for
other sites was provided in Table 1. This indicates a faster charge pro-
cedure with a wider binding interaction happening between K atom and
orthorhombic ByNy against weak binding to metal ions in h-BN mono-
layer [21]. More important, a uniform distribution of K atoms on surface

Table 1
Eaq employing density functional theory and DFT-D3, binding height, CT, and
barrier energy of adsorbed K over the most desirable binding sites.

Site Ead.prr (€V) Ead-prr-p3 (V) Q(e) Ep (eV)
H1 —0.397 —0.478 0.889 0.14
H2 —0.143 —0.254 0.653 0.29
B1 —0.083 —0.115 0.237 -

B2 —0.057 —0.090 0.165 -

T1 0.120 0.102 0.088 -

T2 0.167 0.134 0.821 -

N &A & NN
W [ ) ) w w

Fig. 2. (a) Appropriate binding sites for K on free-standing 0-B,N; monolayer (T2/T1 represent binding sites above of nitrogen/boron atoms; H1 and H2 refer to
hollow-sites of hexagonal B4N»-ring and BoNy4-ring, respectively; binding sites at boron-boron, nitrogen-nitrogen, and boron-nitrogen bridges are represented by B1,
B2, and B3, respectively). (b) Upside vision of the most stable optimized configuration of single adsorbed K atom on 0-B,N, monolayer.
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of 0-BoNy via intercalation mechanism instead of accumulating for
metal-dendrites formation is indicated by results. These findings guar-
antee safety, stability, and better reversibility of KIBs. In addition, after
K adsorption on the 0-ByN> sheet, this surface showed metallic behavior
based on DOS analysis as shown in Fig. 3S.

3.3. Average OCV and theoretical storage capacity

By step-wise inserting K-ion over both sides of 0-ByNj surface, OCV
and high-record theoretical specific capacity of this monolayer have
been studied. As we know, H1 and H2 had more energetic stability
among all binding areas. First, K atoms are evenly inserted into H1 on
both sides of the 0-ByN» surface to form the first K layer until it is fully
restored. Subsequently, K atoms were localized to H2 by formation of a
second K layer, and a series of intermediates between Ky@B3N» (x = 0.5,
1.0, 1.5, 2.0, 2.5, 3, 0) were considered (Fig. 4S). Dendrite formation is
prevented by keeping all binding energies of all configurations negative
via charging mechanism. Therefore, 0-BoNy can store a maximum of
K2@BsNs for KIBs. Based on these results, 0-BoNy anode material has a
theoretical specific K storage capacity of approximately 2347 mAh g~ 1.
Moreover, it is valuable to highlight extraordinary K storage capacity in
this new monolayer. It can be clearly seen that this material has a
considerably larger K storage capacity than other two-dimensional
materials [44-47].

Potential voltage is another factor in assessing high efficiency of
KIBs. OCV is indicated by dark line in Fig. 3, which is a function of K
concentration. All average OCVs are positive, affirming applicability of
0-BoNy monolayer as anode for KIBs. Furthermore, by increasing the K
ion concentration, the OCV shows a decreasing trend across the three (K)
insertion potential plateaus, with an average voltage of ~0.292 V. With
average voltages, maximum power density can be achieved via the
charging/discharging processes, and K-dendrites can be effectively
prevented, improving electrode stability. Therefore, 0-BoN2 monolayer
can be employed as a high-performance negative electrode for KIBs.

3.4. Diffusion kinetics and charge transfer

Improvement of high-performance KIBs crucially relies on ability of
anode materials particularly charging/discharging processes, which are
generally driven by kinetic attributes of CT. Therefore, we investigated
the charge density differences of the adsorbed K atoms at the most
desirable sites on the 0-BoN; monolayer. For both systems, charge
accumulation and depletion are indicated in Fig. 4 as three-dimensional

O
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0 5 10 15 20 25
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Fig. 3. Voltage profiles (V) with mean binding strength (eV) as a function of K
concentration (x).
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Fig. 4. Side vision of difference charge density (Ap) for adsorbed K-atom at the
most stable binding site (H1) on 0-B,N, surface.

iso-surface distributed charge density diagrams. It can be seen that
charge depletion shown by light-blue surrounds K atom, which shows
that K atom contributes charge donation to the 0-BoN» monolayer, as a
result, the electronegativities of the B and N atoms are higher compared
to the potassium atom. In addition, the charge storage regions marked in
yellow are located on the 0-BoNjy surface and within the K atoms.
Additionally, the CT method was performed using the Bader loading
algorithm and the results are shown in Table 1. It is worth noting that
each K has an electronic charge of about 0.889 |e|, lose on average.

In anode materials, the diffusion of K ions is another important factor
that greatly affects the electrochemical performance of KIB, especially in
the charge/discharge process. Therefore, it is employed to additional
investigate of rate performance of 0-ByNg [48]. Therefore, the diffusion
path of dilute K ions was evaluated by the minimum energy profile
(MEP) using the NEB method. In the present study, the up sites of fully
optimized scattering paths (A, B and C) were studied and their relative
energy profiles are shown in Fig. 5. A typical path considered involves
the migration of K ions along the a-direction (zigzag). Directions A and B
(chair) are associated with pathways B and C on the H2 site of the 0-BoNy
monolayer. In path A, we find that the K ions diffuse along chairs
perpendicular to the boron-boron and nitrogen-nitrogen bonds, with a
calculated minimum Ej, of about 0.14 eV. On the other hand, in pathway
B, the K ion diffuses from the more stable site (H1) along the a-direction
parallel to the boron-boron and the nitrogen-nitrogen bond binds to the
nearest H1. It is worth noting that the K ion must dominate Ep, of 0.29 eV.
In addition, pathway C indicates that K ion scatter over H2 with a
calculated 0.33 eV MEP. Anticipated values of energy barrier match with
binding energy values in Table 1, and diffusion barrier of K ion in path A
deliver lowest energy profile among all paths. According to results,
0-B,N3 monolayer can hopefully introduced as anode in new generation
of batteries.

4. Conclusion

In summary, for the first time promising electrochemical attributes of
two-dimensional 0-ByN» as a flexible anode for KIBs were investigated
via various affecting agents based on DFT computations. Ionic-mobility,
kinetics, and binding strength of K intercalation have been completely
assessed. With a binding strength of —0.478 eV, K atoms are found to be
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Fig. 5. (a) Upside vision of full optimized 3 different K-ion diffusion paths (A, B, and C). (b) Minimum energy barriers for K-ion along all paths.

stably inserted in BNy surface with no clustering and to preferentially
have adsorption at hollow site of BoNy. In both sides of 0-BoNj surface,
high K storage capacity can achieve a high value pf approximately 2347
mAh g! for theoretical specific capacity, which is remarkably higher in
comparison to other 2D-materials for K-storage. In addition, a consid-
erable benefit in high-performance KIBs was supplied by relatively low
OCV of about 0.292 eV. According to mentioned outstanding electro-
chemical attributes, it can be anticipated that two-dimensional o0-BaNy
delivers a promising potential to be employed as a novel battery elec-
trode for KIBs. We therefore have a belief and hope that this work will
serve as a guide for experimental and computational discussions on two-
dimensional electrode materials.
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