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Abstract—Anodic materials with fast kinetics and high capacity are prerequisites for improvement of calcium-ion bat-
teries (CIBs). According to first-principles computations, unique calcium capacity was discovered for B;O, monolayer.
Based on findings, Ca atoms can be adsorbed on B,O; surface, and the most stable location is the top of the pore cen-
ter of B;O, monolayer. Binding energy of B,O; monolayer is relatively high for Ca atoms. In addition, Ca atoms have
been shown to more simple diffuse on B;O, surface, and lowest diffusion barrier was 65 meV. A more significant find-
ing is that B;O, monolayer-based nanostructures possess a relatively large capacity of 616.05mAh/g (as Ca;BO).
These results are expected to support illumination mechanism of Ca storage in boron oxide materials with low-dimen-
sional structures and pave the way for design of CIBs. Therefore, we can utilize the B;O; anode-based CIBs as alterna-

tives to normal Ca-ion batteries.
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INTRODUCTION

As technology and science continue to advance, there is an in-
creasing need for a large-scale energy storage systems [1-7]. Simul-
taneously; due to the needs of climate change and resource scarcity,
portable and durable batteries have become excellent alternatives
for energy storage [8-15]. By employing ionic conductive electro-
lytes, electrodes of batteries have been separated. An electrochemi-
cal process whereby electrode material absorbs energy and releases
it through intercalation/deintercalation of alkali metal ions with elec-
trodes is defined as the charging/discharging process of an ion bat-
tery [16-25]. Conversion, alloying, and intercalation reactions are
the principal mechanisms of frequently inserted and extracted alka-
line ions from electroactive materials. Intercalation as basis for early
evolution of lithium-ion batteries (LIBs) is the most complete un-
derstanding and research to date [26-35]. Since LIBs were first com-
mercialized In 1991, they have been extensively employed in peo-
plé’s daily lives [36]. So far, development of novel LIBs is still an
exciting topic. Recent investigations reveal that In,;O, [37], B,P, [38],
MoG, [39], and NP [40] monolayers as anode materials of LIBs pos-
sess outstanding performance. Nevertheless, Li-ion batteries suffer
more demanding electrodes, low security; and lack of resources [41-
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45]. To overcome these limitations, research groups are investigat-
ing non-lithium-ion batteries (NLIBs). Hence, rechargeable NLIBs
with operational safety, natural abundance, and proper negative
redox potential have attracted significant interest and are believed
as desirable alternatives to conventional Li-ion batteries [46-53].
Meanwhile, the electrochemical performance of NLIB depends to
a large extent on specificity of lithium-ion batteries. However, the
quality and relatively larger radii of AI'/Mg"*/Ca™/K'/Na" ions lead
to poor rate capability and capacity retention [54-59]. Therefore,
finding appropriate anodes for high-performance NLIBs is criti-
cal. Another technology that has proven to be a usable alternative
is CIB [60]. In addition to advantages such as safety, abundance
and cheapness compared to lithium, calcium has a double charge
rating due to its divalent property. In next-generation energy stor-
age systems, CIBs have been demonstrated to deliver more pleasing
balance of benefits for usage [61]. Anodic materials with fast kinet-
ics and high capacity are prerequisites for improvement of CIBs.
The search for high energy density electrode materials for CIB prepa-
ration has become a key issue [62]. With the synthesis of graphene
[63,64], which is a two-dimensional material [65-70], a promising
energy storage substrate has been provided that allows the free trans-
fer of metal ions between layers due to its high surface-to-mass ratio.
To produce 2D cathode materials for LIBs applications, considerable
endeavors have been made. For instance, nanostructured MoO,
(434 mAh/g) [71], MoN, (432 mAh/g) [72], ScO, (348 mAh/g) (73],
and V,0;s (274 mAh/g) [74] anode materials were favorably devel-
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oped to offer a very high specific capacity.

Synthesis of a new two-dimensional material based on RB(OH),
condensation has recently been reported by Stredansky et al. [75].
Employing H,B,0,, a six-membered boroxine ring has been formed
along with 3 H,O molecules. In spite of the fact that boroxine lay-
ers could readily be characterized in STM analyses, authors rec-
ommended that further advancements in synthetic process should
be made to decrease the happening of non-six-fold symmetry motifs.
Concomitantly, Lin et al. [76] offered a porous boron oxide mono-
layer with a robust band gap, which is alike to one synthesized by
Stredansky et al. [75]. The authors demonstrated that boroxine is
perfectly planar with uniform pores of 627 A in diameter and exhib-
its an indirect wide band gap, which could be used for optoelec-
tronics. From experimental and theoretical points of view, various
forms of boron oxide nanomaterials are offered like boron triox-
ide (B;0,), boron suboxide (B,O), and boron monoxide (B,O) [76].
In recent years, Stredansky et al. [75] synthesized a new two-dimen-
sional boroxine framework and its stability (porous-hexagonal boron-
oxide (ph-BOL)) has been investigated by Lin et al. [76] employ-
ing density functional theory (DFT) computations. According to
their findings, this is a wide-band gap semiconductor with high
dynamic and thermodynamic stability, which is also energetically
more stable than other boron-monoxide compounds.

In present work, the feasibility of the B,O, monolayer for Ca stor-
age was evaluated by employing first-principles computations. In
addition, it has been concentrated on diffusion and adsorption of
Ca atoms on B,O; monolayer where Ca atoms are adsorbed on

()

different sites. Also, principal electrochemical attributes like specific
capacity, open-circuit voltage (OCV), diffusion properties, metal
adsorption, electronic structures, and geometrical structures have
been investigated based on DFT computations.

COMPUTATIONAL DETAILS

All computations were done within DFT formalism employing
Perdew-Burke-Emzerhof function [77] in combination with all elec-
tron Pople basis set (6-311+G(d)) as implemented in Gaussian 09
software [78]. By applying empirical dispersion correction in Grimme
scheme (DFT-D3), long range interactions have been defined [79,
80]. DFT-D3 dispersion correction has been applied to consider
van der Waals interaction between layered system and adatoms.
According to the following equation, adsorption stability has been
determined by computing Eads of Ca atom on substrate:

Ead: (EMg+sub_ Esub_ NXEMg)/N (1)

Herein, the number of Ca, energy of an isolated Ca atom, total
energy values of pristine substrate (B;O, monolayer) or with ad-
sorbed Ca are represented by N, E¢,, E,;, and Ec,.,,,, [81].

RESULTS AND DISCUSSION
1. Electronic Attributes and Geometrical Investigation of B;O;

Monolayer
At first, hexagonal boron oxide monolayer was optimized as indi-

Fig. 1. Optimized geometry (a) Molecular electrostatic potential map, (b) MEP, (c) HOMO and (d) LUMO of B,O; monolayer.
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cated in Fig. 1(a). B;O; monolayer includes planar geometry with
bond distance of 1.73 A for B-B, 1.39 A for B-O, and pore size of
6.28 A, which are well-consistent with former investigation [76].
According to Fig. 1(b), molecular electrostatic potential (MEP) map
indicates surface reactivity of B,O, monolayer in different colors.
Herein, neutral area, lower electron density area, electron-rich sites
that are covered O atoms because they contain lone pairs of elec-
trons, and electron-deficient sites that are mainly distributed over
B atoms are represented by green, yellow, red, and blue, respec-
tively. Lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) diagrams are illustrated in
Fig. 1(c), (d), indicating LUMO has been mostly distributed over
B atoms with —3.36 eV energy. In comparison, HOMO has been
mostly localized over O atoms with —7.20 eV energy. According to
Hirshfeld charge density analysis, boron carries 0.187 || charge and
oxygen carries —0.187 |e| charge, which shows stronger bonding
nature of B-O (partial ionic character) [76].
2. Adsorbed Atom Diffusion and Adsorption on B;O; Mono-
layer

The ability to bind Ca within a certain range is a key feature of
materials employed as electrodes for Ca storage. Initially, Ca ad-
sorption on B;O, monolayers has been investigated, for which three
different feasible adsorption units for Ca were identified. As shown
in Fig. 2, seven probable adsorption units have been deemed based
on symmetry of structure that are labeled I-VIL. At the end of
optimizing the full geometry, Ca atoms on site 2 were discovered
to move automatically to site 1, which is top of B-B bond in B;0;,
monolayer pore. Ca atoms on 3, 4 and 5 sites move to site 6, which
is in a location in pore center of B;O; monolayer with no energy
barriers. This reveals that Ca adsorption at 1, 6 and 7 sites is a sponta-
neous reaction. Simultaneously, adsorbed Ca atoms on 1, 6, and 7
sites can stay there, excluding for alterations in vertical height in com-
parison to where they are originated. All of 1, 6 and 7 adsorption
sites are stable and can be employed for Ca adsorption that matches
with former investigation [82]. Table 1 lists computed findings of

Fig. 2. Top view of the B;O; monolayer and the numbered adsorp-
tion sites.

Table 1. E,;, vertical height of Ca top of B;O; monolayer surface
(h), distance between an Ca atom and its 3 closest adja-
cent atoms (dc,), and total CT from Ca (Q) for 3 stable

adsorption sites
Sites E, (V) h (A) de, (A) Q (e)
1 -0.017 2.76 3912 0.36
6 -0.644 231 3.604 0.238
7 —0.354 2.54 3.623 0.339

E,; for systems, height of adsorption (h), distances between Ca and
its three closest-adjacent atoms (d,), and CT (Qg,) of these sites.
Also, it indicates that obtained E,; values were negative, which
shows Ca adsorption is exothermic in 6 and 7 sites and affirms
they are both stable. The most stable adsorption site for a single
Ca atom is site 6. Computed E,; of site 6 was —0.644 eV, which is
feasible from thermodynamic standpoint. In comparison to site 7,
6 was desirable more energetically, with 0.29 eV higher E ;. E_;, of
Ca on B,0, surface is lower than that of sodium and lithium, as
with adsorption of metals on surface of borophene, arsenene, etc
[83-85]. Moreover, h value at the end of relaxation had low value
in site 6, which guaranteed strength of Ca and O atoms bonding.
Furthermore, there is relatively great CT for both 6 and 7 sites, as
summarized in Table 1, which indicates both sites were prevailing
and may provide more conductivity to configurations. However, site
6 is more desirable due to considerable CT, low absorption height,
and relatively high E_,. Therefore, site 6 has been considered for
the rest of the present research.
3. Charge Transfer and Diffusion Energy

Charge density difference at the time of adsorption has been com-
puted to visualize CT of Ca on B;O; monolayer. Aggregation and
dissipation of electrons are represented by yellow and blue areas,
respectively. Electrons are inclined to gather around more electro-
negative O atoms, as shown in Fig. 3. Based on Mulligan charge
investigation, 0.352 electrons have been transferred during adsorp-
tion of Ca at site 6, indicating Ca has been adsorbed on surface of
B;0; via chemisorption.

The calculated diffusion energy profiles reveal that Ca ion tends
to diffuse from site 7 to 6 via an above of B atom (path A) and B-
O bond (path B), which are indicated in Fig. 4(a), (b). A local mini-
mum exists between two saddle points with nearly identical energy
barriers. Diffusion energy barrier has been computed about 65
meV, which is significantly lower than other two-dimensional materi-
als, like 0.25 eV for C,N [86], and 0.29 eV for TiS, [87], and also
alike to Ca ions diffusion characteristic on surface of arsenene [88].
On condition that Ca ion carried from one adsorption site 7 to 6
from B-O bond, ie., the B path, there is an energy barrier of 0.37
V. In every transition state, there is no imaginary frequency accord-
ing to frequency computation results. Based on the Arrhenius for-
mula [44], diffusion coefficient (D) is in proportion to exp(—E,/
k,T), where E,, k;, and T are diffusion barrier, Boltzmann constant,
and ambient temperature, respectively. It can be concluded that Ca
diffusion mobility along A path was approximately more rapid than
along B path at ambient temperature. Deformation charge density
of O has been computed to better comprehend migration mecha-
nism of Ca on oxygen surface. Oxygen has a sp3 hybrid, and each
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Fig. 3. Difference in charge density betwegn single Ca atoms adsorbed on a monolayer of B;O; at site 4 ((a) top, and (b) side views). Isosur-
face level has been selected 0.003 e/A’. Electron accumulation and depletion are represented by yellow and blue areas, respectively.
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Fig. 4. (a) diffusion paths and (b) energy barriers for Ca diffuse on B;O; monolayer.

O atom has a single pair of electrons that cluster above O atoms.
Ca ion must dominate a relatively high electrostatic repulsion force
if it diffuses through path B. There is more rapid diffusion mobil-
ity and relatively low potential for transition of Ca through path A.
Hence, Ca ion diffusion through path A is favorable.
4. The Voltage Profile and Theoretical Specific Capacity

To assess feasibility of electrode materials, ion-specific capacity
is another fundamental factor. It was determined whether more
than one Ca atom could adsorb on a monolayer of B;O,. With a
number of adsorbed Ca atoms, average E,;, has gradually been en-
hanced. Adsorption of Ca ions on B,O; monolayer was strongest
on the same side, leading to a maximum of 15 adsorbed Ca ions
with an average E,;, of 1.57 eV. Adsorption of Ca ions can be sta-
ble on the surface of B,O; monolayer because E,; is greater than
the cohesive energy in the bulk Ca.

According to aforementioned findings, theoretical specific capac-
ity has been determined as below [88]:

xF

max

- @

sub
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Herein, Faraday constant, adsorption concentration, number of
valence electron (z=2 for Ca), and relative atomic mass of substrate
are represented by E x,,,,, z, and M, respectively. The B;O, mono-
layer can saturate at Ca,5;BO and configurations. Therefore, spe-
cific capacities were 616.05 mA h/g (Ca, 5, BO) for the B,O, mon-
olayer. In this study, specific capacity of graphene-based hetero-
structures was noted to be significantly higher than that of com-
mercial batteries and to be comparable with specific capacity of a
few other anode materials, in which some previously investigated
like V,CO,/G, Sc,C(OH),/G [89], Arsenene/G [88], ZrS,/G [90],
Ti,C(OH),/G, Ti,CO,/G, and Ti,CE,/G [91]. The AG value of Ca
adsorption on the B,O; surface was calculated. The AG value was
decreased by increasing the number adsorption of Ca, when the
My number was increased from 1 to 4 the AG value was decreased
from —8.21 to —3.47kJ mol ", respectively. However, the system
interaction is favorable for the Gibbs free energy change, and the
stronger interaction causes a more negative Gibbs free energy change.

For rechargeable batteries, open-circuit voltage (OCV) is the other
main factor. By computation of average voltage (U), OCV can be
assessed as below [92]:
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_ (Esub + XEMg_ EMg+sub)

U =
ave 2Xe

©)

where, energy per atom in bulk Ca crystal, total energy of substrate
adsorbed with x Ca atoms, and total energy of substrate are repre-
sented by Ec,, Ec,..p and E,;. The average electrode potentials of
B,0O; monolayer were 0.142 V. These electrode potentials are gen-
erally comparable with commercial anodes for LIBs, like 1.5V for
TiO, [93] and 0.11'V for graphite [94]. Both lower OCV and desir-
able theoretical specific capacity reveal that B,O, monolayer can be
an appropriate electrode material. To the best of our knowledge,
considerable increase in volume of Ca ion adsorption usually dis-
rupts the useful life of electrode material. Hence, alteration of lattice
constant has a critical effect on evaluation of structural integrity for
electrode material. Lattice change rate was 7.22% for B,O; mono-
layer. This shows B;O, monolayer is favorably stable as anode mate-
rial of CIBs.

CONCLUSIONS

The potential of B;O; monolayer to employ as an anode mate-
rial for CIBs was investigated based on first-principles computa-
tions. The B,O, monolayer was investigated for the first time as an
anode material for Ca-ion batteries in this work. According to results,
adsorbed Ca on a monolayer of B;O, has stability with 65 meV
diffusion barrier, which reveals charge-discharge rate is relatively
rapid. In comparison to various commercial batteries, B;O; includes
higher theoretical specific capacity (616.05 mA h/g), superior elec-
trical conductivity, and more stability. The full adsorption of Ca
onto the B;O, monolayer results in a very low OCV of ~0.142V,
which shows that the operating voltage for full-cells is high. These
results are expected to help comprehend the mechanism of two-
dimensional B;O; monolayer energy storage, and supply a practi-
cal guide to logical design of promising anodes. Finally; a feasible and
efficient strategy was developed to design light two-dimensional
anode materials in batteries.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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