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As the energy density of commercial lithium (Li) ion batteries with graph-
ite anode is low, a hybrid alloy of [Li-ion/boron (B), aluminium (Al), gal-
lium (Ga)] battery is figured out by a simulated anode of germanium-—
silicon oxide (GeOSiO) and tin—silicon oxide (SnOSiO) nanoclusters. To be
specific, a scalable simulated method is developed to fabricate the hybrid
alloy of (GeOSiO) and (SnOSiO) nanoclusters, which acts as a smart anode
nanocomposite for Li-ion intercalation and subsequent metalloid/metal of
boron, aluminium and gallium due to the elevated lithiophilicity and effi-
cient ion-conducting path. (GeOSiO) and (SnOSiO) nanoclusters have been
designed and characterized as the electrodes for hybrid Li-ion batteries
(LIBs) due to forming [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(Sn0Si0)], [LiAl(SnOSiO)], and [LiGa(Sn0OSiO)] nanoclusters. In this
work, the metalloid/metal elements of third group have been studied in
hybrid LiB-, LiAl-, LiGa-ion batteries through using computational ap-
proaches due to density-state analysis of charge-density differences
(CDD), total density of state (TDOS), electron-localization function (ELF).
Higher Ge/Sn to Si content can increase battery capacity for energy stor-
age compared to net Li-ion batteries and might improve the rate perfor-
mances by enhancing electrical conductivity. Besides, (GeOSiO) and
(Sn0SiO) anode materials may advance cycling consistency by excluding
electrode decline and augments the capacity owing to higher surface ca-
pacitive impacts. To be specific, a scalable method is developed to fabri-
cate the nanocomposite, which acts as a simulated anode for Li-ion inter-
calation and subsequent Li—metal/metalloid alloys owing to the enhanced
lithiophilicity and sufficient ion-conducting pathways.

OcKinbKM TycTHHA eHeprii komepiitinux JliTifi-tionaux akymyaaropisB (Li) 3

rpadiToBOI0 aHOMOIO € HM3bKOI0, Tibpuammit cron [Jliriti+Bop (B), Amatomi-
it (Al), Tauiit (Ga)]-fiorHoro akymyJAaTopa 6yJj0 po3paxoBaHO 3a JOIIOMO-
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roi0 MOJEJIOBaHHS aHOAYW 3 HAHOKJACTEPiB OKCH[ I‘epMaHiIO—OKCI/UI Cunri-
mito (GeO—SiO) ta oxcug Cramymy—okcun Cumimnito (SnOSiO). 3okpema, po-
3po0JIeHO MacIITabOBaHWiT MeTOJ MOJEJIOBAaHHS IJisI BUTOTOBJIEHHSA TiGpui-
Horo cromy HauokJacTepiB (GeOSiO) ta (SnOSiO), axuii gie AK PO3yMHUIHI
AHOOHWIM HAHOKOMIIOSUT AJIA iHTepKasaii ioHiB JliTiro Ta y momajbiiomy
MeranoiniB/merani (Bopy, Amominito ta I'amio) saBmsky migBuireHii Jii-
TioinbHOCTI I edekTUBHOMY HLIAXY MoHHOI mpoBimmHocTu. Hamokisacrepu
(Ge0OSiO) Ta (Sn0OSiO) 6ynm0 po3pobaeHo i oxapaKTepu30BaHO K €JEeKTPOAU
nnsa riopupuux Jlirif-tionaux akymysisaTopiB (LIB) saBasaKku yTBOpPeHHIO Ha-
HOKJIACTEepiB [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(Sn0Si0)], [LiAl(Sn0OSiO)], [LiAl(Sn0OSiO)] ta [LiGa(SnOSiO)]. ¥V niit
Po0OTi mOCHimKyIOTBCA MeETAJIOiAHi/MeTaliuHi ejleMeHTH TpPeThoi Ipymu B
riopugaux LiB-, LiAl-, LiGa-fioHHUX aKyMyJATOpax 3a JOIOMOTOI0 O0UmC-
JIOBAJbHUX IIiAXOMiB, IO I'PYHTYIOTHCA Ha aHANiI3i PisKHUIL I'YCTHUH 3apany
(CDD), moBuux ryctun cramy (TDOS), ¢pyurmiii jgoxamiszamii erekxTpoHiB
(ELF). Binwsm Bucorkwuii BmicT Ge/Sn mopiBHAHO 3 Si MoiKe 30iJIbIINTH €M-
HiCTh aKyMyJIdTOpa A HaKONWUYEHHS eHeprii mopiBHAHO 3 unuctumu JIiTiii-
HOHHUMH aKyMyJATOPAMHU Ta IOJIIIIUTUA MIBUAKICTH 3apAny 3a PaxyHOK
OigBUINIeHHS ejJeKTpompoBigzHocTtu. KpiMm Toro, anmomui marepianu (GeOSiO)
ra (SnOSiO0) MOXKYTh MOJMINIIUTY MUKJIIUYHY CTAGiIbHICTH, BUKJIOUAIOUYN BU-
CHaKeHHS eJIeKTPOAU Ta 30iJbINyI0OUM €MHICTh 3aBAAKKM BUIIUM HOBEPXHE-
BUM €MHiCHUM BILIMBaM. Po3po0isieHOo MacinTaboBaHUII MeTOJI BUTOTOBJICHHS
HAHOKOMIIOBUTY, IKUU i€ AK imiToBaHa aHoma aJjA iHTepKassaiil #oriB JIi-
Tif0 ¥ y mOmaJbIIOMY CTOIIB JIiTifo+MeTasoin/mMeran 3aBAAKW MHiJBUIIIEHiN
JitiodinbHOCTI ¥ JOCTAaTHIN KiJIBKOCTI IIJISAXiB HPOBiAHOCTU HOHIB.

Key words: nanocomposites, hybrid lithium/third-group ions’ batteries,
energy-saving, density of states, electrical conductivity.
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Tpymu, eHeprosbepekeHHs, T'yCTUHA CTAHiB, eJIeKTPOIPOBIAHICTE.
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1. INTRODUCTION

It is relevant to remark that Si-based inorganic compounds have
been extensively examined for lithium-ion batteries (LIBs) [1]. Simi-
larly, although Si-based polymer-derived ceramics (PDCs) have al-
ready been investigated as electrodes in rechargeable LIBs [2], there
are no results to discover their potential for magnesium-ion batter-
ies (MIBs). One hopping anode material for LIBs is silicon (Si), with
a theoretical capacity nearly ten times that of graphite [3]. Howev-
er, the usage of Si-anodes remains moderate because of magnificent
volume expansion and pulverization during battery cycling, con-
ducting to structural deterioration and poor performance stability
[1]. The extracted polymers from ceramics, especially with silicon
backbone, might be a supreme candidate to modify the mentioned
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concerns [2]. Therefore, SiIOC with Si tetrahedrally co-ordinated to
O and C has already been studied as electrodes in rechargeable lith-
ium-ion batteries [4—7]. Moreover, Sn-containing SiOC/Sn nano-
beads are synthesized with various C/Sn elements and examined as
electrodes for Mg-ion batteries [8].

Owing to low electrical conductivity, additives such as tin (Sn)
are provided to ameliorate the cycling consistency, rate performance
of SiOC electrodes and reversible capacity [9, 10]. It should also be
underlined that, like silicon electrodes, metallic tin electrodes en-
dure severe volume expansion and particle association, conducting
to poor cycling consistency [11]. Therefore, SiOC ceramics are ap-
propriate active matrices to buffer volume alteration and density of
tin during battery cycling [12-15].

Lately, the carbide hybrid nanomaterials of Si-, Ge-, and Sn have
been proposed as occupied H,-capture substances [16—18]. Whereas
the polarizability of Si is more than C atom, it is assumed that Si—
C/Si nanosurface may append to compositions more intensely in hy-
brid to the pure C-nanostructures [19—21]. The previous investiga-
tions of energy-saving devices through H-adsorption have been tai-
lored owing to DFT calculations with a semiconductor group of
Si/Ge/Sn/Pb nanocarbides [22], Mg—Al nanoalloy [23] and Al/C/Si
doping of BN nanocomposite [24]. Nanomaterials with notable
structures detect undertaking demands in the field of electrocataly-
sis, fuel cells, and energy-saving [25].

Recently, due to their unique electronic structures and hybrid
forms, boron-based materials have been widely used in different
lithium battery (LB) components, such as electrodes, electrolytes,
separators, additives, and binders, to resolve these problems. Final-
ly, some new strategies and perspectives on the application of boron
in LB materials are proposed. Here, the aim is to provide a clear
insight on the study of boron in energy storage materials and con-
tribute to the promotion of further research in this area [26].

Because of the high capacity, natural abundance, and safety of
aluminium (Al), the Al-Li alloy formed by combining it with lithi-
um (Li) is an attractive anode material. So, the scientists proposed a
new type of lithium battery that works in an open system and does
not require sealing, the ‘Lithium—-Aluminium’ soft pack battery
(LAB). Compared to traditional lithium metal batteries (LMBs),
their work demonstrated superior cycle stability, a safer operational
environment, increased versatility in application scenarios, and re-
duced costs [27]. In addition, in a recent review, the developments
on Ga-based LMs applied in LIBs have been discussed, including
from the aspects of anodes, cathodes, and electrolytes [28].

The present investigation wants to delve into the feasibility of
germanium-silicon oxide (GeOSiO) or tin-silicon oxide (SnOSiO)
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nanocluster for B, Al, Ga-substitution with Li atom in
[LiLi(GeOSiO)] or [LiLi(SnOSiO)] heterocluster and formation of
[LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)], [LiB(Sn0SiO)],
[LiAl(SnOSiO)], and [LiGa(Sn0OSiO)] nanoclusters.

Therefore, it was analysed the physicochemical properties of
mentioned heteroclusters of [LiLi(GeOSiO)], [LiB(GeOSiO)],
[LiAl(GeOSiO)], [LiGa(Ge0SiO)], [LiLi(Sn0SiO)], [LiB(Sn0SiO)],
[LiAl(SnOSiO)], and [LiGa(Sn0OSiO)] nanoclusters. Regarding this
context, (GeOSiO) or (SnOSiO) nanocluster was modelled with hy-
brid alkali metal of Li and third-group metalloid/metal of B/Al/Ga
as cathode materials for comparison.

Following in-depth characterization, samples were measured for
their performance correlated with chemical composition variations
to legislate their potency for the first time in hybrid Li-batteries.
Subsequently, the recent research progress on the application of B,
Al, Ga in each component of the LB is summarized, aiming to un-
derstand the hybrid forms of B, Al, Ga and their potential for use
in LB materials. Here, the aim is to provide a clear insight on the
study of hybrid battery cells in energy storage materials and con-
tribute to the promotion of further research in this area.

2. THEORY, MATERIALS AND COMPUTATION

Figure 1, a—f has shown hybrid lithium-(boron, aluminium, gallium)
nanoclusters including [LiB(GeOSiO)], [LiAl(GeOSiO)], [Li-
Ga(GeOSiO)], [LiB(SnOSiO)], [LiAl(SnOSiO)], and [LiGa(SnOSiO)]
nanoclusters which can enhance energy-saving in [LiLi(GeOSiO)] or
[LiLi(SnOSiO)] battery cells, transistors or other semiconducting
devices.

In this investigation, the computations have been launched by
Coulomb-attenuating method—(Becke, 3-parameter, Lee—Yang—Parr)
[CAM—-B3LYP-D3] level of theory. Figure 1, a—f indicates the sta-
tus of producing [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(SnOSiO)], [LiAl(SnOSiO)], and [LiGa(SnOSiO)] nanoclusters
from [LiLi(GeOSiO)] or [LiLi(SnOSiO)] after Li-replacement with B,
Al, Ga elements.

The analysis of Bader charge parameter [29] has been illustrated
for [LiLi(GeOSiO)], [LiB(GeOSiO)], [LiAl(Ge0OSiO)], [LiGa(GeOSiO)],
[LiB(Sn0OSiO)], [LiLi(Sn0Si0O)], [LiAl(Sn0SiO)], and [LiGa(Sn0SiO)]
nanoclusters (Fig. 1, a—f) due to Gaussian 16 revision C.01 compu-
tational software [30] and GaussView 6.1 graphical program [31].
The applied Dbasis sets for theoretical optimization of
[LiLi(GeOSiO)], [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(Sn0OSiO)], [LiLi(Sn0Si0O)], [LiAl(Sn0SiO)], and [LiGa(Sn0SiO)]
nanoclusters have been supported by LANL2DZ and 6—-311+G (d, p).
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e f

Fig. 1. Substituting of B, Al, Ga elements with Li element in
[LiLi(GeOSiO)] or [LiLi(SnOSiO)] nanocluster and formation of (a)
[LiB(GeO0Si0)], (b) [LiAl(Ge0Si0)], (¢) [LiGa(GeOSiO)], (d).

One of the most significant advantages of applying (Ge/Sn)-
containing SiO nanocluster as anodes/cathodes in lithium batteries
is they provide several potential B/Al/Ga ion storage ways in a sta-
ble (GeOSiO) or (GeOSiO) anode material, increased electrical con-
ductivity from Ge/Sn and surface area from the nanocluster mor-
phology. In this investigation, homogenously distributed germani-
um or tin elements can be immobilized in the SiO matrix, which
prevents their tendency to form agglomeration under battery cy-
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cling. The B/Al/Ga insertion might also result in the cleavage of
some Si—0, Ge—0 or Sn—O0 bonds in the (GeOSiO) or (GeOSiO) anode
material and the expansion, providing favourable sites for the sub-
sequent ion insertion in the network. At the same time, B/Al/Ga
atoms could react rapidly with a metalloid germanium or metal tin,
and possibly oxide of (GeOSiO) or (GeOSiO) to produce different hy-
brid LiB-, LiAl-, LiGa-based alloys of [LiB(GeOSiO)] (Fig. 1, a),
[LiAl(GeOSiO)] (Fig. 1, b), [LiGa(GeOSiO)] (Fig. 1, ¢), [LiB(Sn0OSiO)]
(Fig. 1, d), [LiAl(SnOSiO)] (Fig. 1, e), and [LiGa(Sn0OSiO)] nanoclus-
ters (Fig. 1, f).

3. RESULTS AND DISCUSSION
3.1. Charge Density Differences Analysis

In Figure 2, a—c, charge density differences (CDD) [32] have been
shown for [LiB(GeOSiO)], [LiAl(GeOSi0O)], and [LiGa(GeOSiO)] with
the vibration in the range about —12 to +7 Bohr.

Moreover, the elements of O,, O;, O;—0;5, Oy, Oy5, Oy, Oy Oz~
057, Oy, Oy from LiX-based (X =B, Al, Ga) alloys have displayed
the vibration about -12 to +8 Bohr for [LiB(SnOSiO)],
[LiAl(SnOSiO)], and [LiGa(Sn0OSiO)] nanoclusters (Fig. 2, d—f).

The charge difference has been illustrated during substitution of
Li atoms with B, Al or Ga in (GeOSiO) or (SnOSiO) nanocluster. Li-
replacement by B, Al or Ga in [LiLi(GeOSiO)] with —1.631 coulomb
produces [LiB(GeOSiO)], [LiAl(GeOSiO)], and [LiGa(GeOSiO)] with
-1.601, -1.559, and -1.595 coulomb (Table 1). Moreover, Li-
replacement by B, Al or Ga in [LiLi(SnOSiO)] with —1.785 coulomb
builds [LiB(SnOSiO)], [LiAl(SnOSiO)], and [LiGa(SnOSiO)] with
-1.729, -1.713, and -1.716 coulomb (Table 2).

Regarding the amounts of charge distribution, functionalizing of
B, Al, Ga atoms can augment the negative atomic charge of O,, O,,
07=013, O145 O15, O175 Oy 0257047, Oy, O34 in [LiX(SnOSiO)] (X =B,
Al, Ga) more than [LiX(GaOSiO)] (X =B, Al, Ga) complex.

In fact, [LiB(SnOSiO)], [LiAl(Sn0OSiO)], and [LiGa(Sn0OSiO)] hy-
brid nanoclusters have displayed more output than [LiB(GeOSiO)],
[LiAl(GeOSiO)] and [LiGa(GeOSiO)] [32] for electron acceptance dur-
ing Li-replacement (Tables 1 and 2).

3.2. Total Density of State

In isolated system (such as molecule), the energy levels are discrete,
the concept of ‘density of state (DOS)’ is supposed to be completely
valueless in this situation. Therefore, the ‘original total DOS
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Fig. 2. CDD graphs for (a) [LiB(GeOSiO)], (b) [LiAl(GeOSiO)], (c) [LiGa(GeOSiO)],
(d) [LiB(Sn0Si0)], (e) [LiAl(Sn0SiO)], and (f) [LiGa(Sn0OSiO)] nanoclusters.

(TDOS)’ of isolated system can be written as [33]:
TDOS(E) =) 5(E-¥¢,). (1)

The normalized Gaussian function is defined as follows:

2
o FWHM
e 2, where ¢c = ——

1 @)
c\/ﬁ 221n x '

G(x) =
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‘FWHM (full width at half maximum)’ is an adjustable parame-
ter in ‘Multiwfn’ [34, 35]. Furthermore, the curve maps of ‘broad-
ened partial DOS (PDOS)’ and ‘overlap DOS (OPDOS)’ are valuable
for visualizing orbital composition analysis, ‘PDOS function of

TABLE 1. The atomic charge [@/coulomb] for [LiLi(GeOSiO)], [LiB(Ge0SiO)],

Fatemeh MOLLAAMIN

[LiAl(GeOSiO)] and [LiGa(GeOSiO)] nanoclusters.

[LiLi(GeOSiO)] | [LiB(GeOSiO)] | [LiAl(GeOSiO)] | [LiGa(GeOSiO)]

Atom

Sil
02
03
Si4
Si5
Si6
o7
08
09
010
011
012
Sil3
014
015
Gel6
017
018
Gel9
Ge20
Ge2l
022
023
024
025
026
027
Ge28
029
030
Li31
Li32

Q
1.46

—-0.68
-0.83
1.43
1.46
1.46
-0.65
-0.83
—-0.80
-1.01
—-0.80
-0.94
1.63
-0.70
-0.76
1.39
-0.67
-0.78
1.38
1.39
1.39
-0.62
-0.78
-0.94
-0.80
-0.92
-0.77
1.24
-0.69
-0.73
0.73
0.74

Atom

Sil
02
03
Si4
Sib
Si6
o7
08
09
010
011
012
Sil3
014
015
Gel6
017
018
Gel9
Ge20
Ge21l
022
023
024
025
026
027
Ge28
029
030
Li31
B32

Q
1.47

-0.62
-0.83
1.44
1.45
1.51
-0.71
-0.84
-0.78
-0.90
-0.82
-0.95
1.60
-0.75
—-0.69
1.43
-0.61
-0.78
1.39
1.38
1.41
—-0.69
-0.80
-0.85
-0.77
-0.91
-0.81
1.22
-0.73
—0.66
0.76
0.48

Atom

Sil
02
03
Si4
Sib
Si6
o7
08
09
010
011
012
Sil3
014
015
Gel6
017
018
Gel9
Ge20
Ge21
022
023
024
025
026
027
Ge28
029
030
Li31
Al32

Q
1.46

—-0.66
-0.83
1.43
1.44
1.45
-0.68
-0.85
-0.80
-1.10
—-0.82
-0.94
1.56
-0.75
-0.72
1.39
—-0.65
-0.78
1.38
1.38
1.40
—-0.66
-0.79
-1.03
-0.80
-0.91
-0.81
1.21
-0.73
-0.69
0.74
1.19

Atom

Sil
02
03
Si4
Si5
Si6
o7
08
09
010
011
012
Sil3
014
015
Gel6
017
018
Gel9
Ge20
Ge2l
022
023
024
025
026
027
Ge28
029
030
Li31
Ga32

Q
1.46

-0.64
-0.83
1.43
1.44
1.48
-0.70
-0.84
-0.79
-1.06
—-0.82
-0.95
1.59
-0.77
-0.70
1.41
-0.62
-0.78
1.38
1.38
1.40
-0.70
-0.79
-0.99
-0.79
-0.91
-0.81
1.22
-0.76
-0.67
0.75
0.98
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TABLE 2. The atomic charge [@/coulomb] for [LiLi(SnOSiO)], [LiB(Sn0SiO)],
[LiAl(SnOSiO)] and [LiGa(SnOSiO)] nanoclusters.

[LiLi(Sn08i0)] | [LiB(SnOSi0)] | [LiAl(SnOSi0)] | [LiGa(SnOSiO)]

Atom Q Atom Q Atom QR Atom Q
Sil 1.45 Sil 1.46 Sil 1.45 Sil 1.45
02 -0.63 02 -0.63 02 -0.69 02 -0.69
03 -0.83 03 -0.83 03 -0.83 03 -0.83
Si4 1.41 Si4 1.42 Si4 1.42 Si4 1.42
Sib 1.43 Sib 1.44 Sib 1.44 Sib 1.44
Si6 1.47 Si6 1.50 Si6 1.46 Si6 1.47
o7 -0.72 o7 -0.72 o7 -0.67 o7 -0.67
08 -0.83 08 -0.84 08 -0.84 08 -0.83
09 -0.78 09 -0.78 09 -0.81 09 -0.80
010 -1.00 010 -0.90 010 -1.10 010 -1.05
011 -0.81 011 -0.82 011 -0.83 0o11 -0.83
012 -0.95 012 -0.94 012 -0.93 012 -0.93

Sil3 1.41 Sil3 1.37 Sil3 1.37 Sil3 1.37
014 -0.76 014 -0.75 014 -0.73 014 -0.72
015 -0.69 015 -0.69 015 -0.77 015 -0.77

Sn16 1.69 Sn16 1.73 Sn16 1.71 Snl6 1.71
017 -0.81 017 -0.81 017 -0.81 o17 -0.81
018 -0.88 018 -0.88 018 -0.88 018 -0.88

Snl9 1.69 Snl9 1.71 Sn19 1.70 Snl9 1.70
Sn20 1.66 Sn20 1.70 Sn20 1.68 Sn20 1.70
Sn21 1.69 Sn21 1.71 Sn21 1.71 Sn21 1.71

022 -0.84 022 -0.84 022 -0.84 022 -0.84
023 -0.89 023 -0.89 023 -0.89 023 -0.89
024 -1.04 024 -0.94 024 -1.11 024 -1.07
025 -0.90 025 -0.90 025 -0.92 025 -0.92
026 -1.00 026 -1.00 026 -1.00 026 -1.00
027 -0.94 027 -0.95 027 -0.95 027 -0.95
Sn28 1.78 Sn28 1.71 Sn28 1.69 Sn28 1.71
029 -0.88 029 -0.87 029 -0.89 029 -0.89
030 -0.86 030 -0.86 030 —-0.86 030 -0.86

Li31 0.70 Li31 0.72 Li31 0.71 Li31 0.71
Li32 0.68 B32 0.40 Al32 1.03 Ga32 0.85

fragment A’ is defined as

PDOS,(E) =) &, ,F(E-¢), (3)
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¢

where ‘=, , is the composition of fragment A in orbital i’.
The ‘OPDOS between fragment A and B’ is defined as

OPDOS, ,(E) = > X, ,F(E-¢,), (4)
where ‘X, ; is the composition of total cross term between frag-
ment A and B in orbital I’.

In the ‘TDOS map’, each discrete vertical line corresponds to a
‘molecular orbital (MO)’, the dashed line highlights the position of
‘HOMO’. The curve is the ‘TDOS’ simulated based on the distribu-
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Fig. 3. TDOS graphs of (a) [LiB(GeOSi0)], (b) [LiAl(GeOSi0)], (¢) [LiGa(Ge0SiO)],
(d) [LiB(SnOSi0)], (¢) [LiAl(Sn0SiO)], and (f) [LiGa(SnOSiO)] nanoclusters.
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tion of ‘MO’ energy levels.

Regarding Li-replacement and producing [LiB(GeOSiO)],
[LiAl(GeOSiO)], [LiGa(Ge0SiO)], [LiB(Sn0SiO)], [LiAl(Sn0SiO)], and
[LiGa(Sn0OSi0O)] nanoclusters, TDOS has been evaluated. This factor
can demonstrate the existence of important chemical interactions
often on the ‘convex side’ (Fig. 3, a—f).

LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)] (Fig. 3, a—c) have
shown the steepest maximums TDOS surrounding —0.30, —-0.40 and
—-0.60 a.u. owing to covalent bond between Li/B, Li/Al and Li/Ga
with (GeOSiO) nanocluster with maximum density of state of ~ 22.
However, LiB(SnOSiO)], [LiAl(Sn0OSiO)], [LiGa(Sn0SiO)] (Fig. 3, d—
) have shown the steepest maximums TDOS surrounding -0.30,
-0.40, -0.45 and -0.60 a.u. owing to covalent bond between Li/B,
Li/Al and Li/Ga with (GeOSiO) nanocluster.

3.3. Electron-Localization Function Analysis

A type of scalar fields called ELF may demonstrate a broad span of
bonding samples. Nevertheless, the distinction between de-
duced/raised electron delocalization/localization into cyclic n-
conjugated sets stays encouraging for ELF [36].

The grosser the electron localization is in an area, the more likely
the electron movement is restricted within it. Therefore, they might
be discerned from the ones away if electrons are totally centralized.
As Bader investigated, the zones with large electron localization
possess extensive magnitudes of Fermi hole integration [37].

However, with having a six-dimension function for the Fermi
hole, it seems hard to be studied directly. Then, Becke and
Edgecombe remarked that spherically averaged-like spin conditional
pair probability possesses a direct correlation with the Fermi hole
and proposed the parameter of ELF in ‘Multiwfn’ program [34, 35]
and popularized for spin-polarized procedure [38]. Regarding kinet-
ic energy, ELF was rechecked to be more punctual for both Kohn—
Sham DFT and post-HF wave functions [39].

Li-replacement in [LiLi(GeOSiO)] and [LiLi(SnOSiO)] towards
formation of [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(SnOSiO)], [LiAl(SnOSiO)], and [LiGa(SnOSiO)] nanoclusters
might be described by ELF graphs using ‘Multiwfn’ [34, 35] due to
achieving their delocalization/localization characterizations [36] of
electrons and chemical bonds (Fig. 4, a—f). [LiB(GeOSiO)] (Fig. 4, a),
[LiAl(GeOSiO)] (Fig. 4, b), [LiGa(GeOSiO)] (Fig. 4, c¢), [LiB(Sn0OSiO)]
(Fig. 4, d), [LiAl(Sn0OSiO)] (Fig. 4, ¢), and [LiGa(SnOSiO)] nanoclus-
ters (Fig.4,f) have demonstrated the electron delocalization
through an isosurface map with labelling atoms of Oy, Oy, Si;3, Oy,
Og6, Geygg Or Snyg, X3 (X =Li), and Y3, (Y =B, Al or Ga).
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In fact, the counter map of ELF can confirm that (GeOSiO) and

9.56 1147 1333 i 82 74 765 956 1147 1338
Length unit: Bohr Length unit: Bohr

Fig. 4. The shaded map of ELF graphs for (a) [LiB(GeOSiO)], (b)
[LiAl(Ge0SiO)], (¢) [LiGa(GeOSiO)], (d) [LiB(Sn0SiO)], (e) [LiAl(Sn0SiO)],
and (f) [LiGa(Sn0OSiO)] nanoclusters.
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TABLE 3. Stability energy (kcal/mole), dipole moment (Debye), LUMO (eV),
HOMO (eV), and energy gap (AE) (eV) for [LiLi(GeOSiO)], [LiB(GeOSiO)],
[LiAl(GeOSi0)], [LiGa(GeOSiO)], [LiLi(Sn0OSiO)], [LiB(Sn0Si0)], [LiAl(Sn0SiO)],
and [LiGa(SnOSiO)] heteroclusters.

= .
0] [=) +~
3 : 5
E 7 | Ee| B | B
— >> -~ -
2 = =2 & | AE = Eiomo~ Euovor €V
5 - | ea| & :
E o 2 K K
S a
[LiLi(GeOSiO)] -976.6396 1.9540 -6.08 -5.17 0.90
[LiB(GeOSiO)] -987.3651 5.1019 -6.2684 —5.4033 0.8651
[LiAl(GeOSiO)] —973.1316 2.7896 —5.9808 —5.4486 0.5322
[LiGa(GeOSi0)] -973.1647 3.5806 —6.0128 -5.3555 0.6573
[LiLi(SnOSi0)] -975.0148 5.18 -5.36 —4.70 0.6512
[LiB(SnOSiO)] -985.7417 7.2925 -5.5745 —4.9322 0.6422
[LiAl(SnOSiO)] -971.5038 6.9703 -5.5441 —4.8167 0.7274
[LiGa(Sn0OSi0)] -971.5367 6.8634 —5.5671 —4.8268 0.7436

(Sn0OSiO) heteroclusters may augment the efficiency during for-
mation of [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(SnOSiO)], [LiAl(SnOSiO)], and [LiGa(SnOSiO)] nanoclusters
(Tables 1, 2). Besides, intermolecular orbital overlap integral is im-
portant in illustration of intermolecular charge transfer, which can
compute the HOMO-HOMO and LUMO-LUMO overlap integrals be-
tween the lithium and third-group elements of boron, aluminium,
gallium in [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(Sn0OSi0)], [LiAl(Sn0Si0)], and [LiGa(SnOSiO)] nanoclusters.

The layered germanium/tin-silicon oxide improved by hybrid liti-
um and third group metalloid/metal elements of boron, aluminium,
gallium have indicated the structural stability of LiB-, LiAl-, LiGa-
ion batteries through the reported stability energy in Table 3 and
Fig. 5. In fact, a small portion of B, Al or Ga entered the Si—Ge or
Si—Sn layer of [LiLi(GeOSiO)] or [LiLi(SnOSiO)] to replace lithium
site with third-group metalloid/metal elements might improve the
structural stability of the electrode material at high multiplicity,
thereby, improving the capacity retention rate.

4. CONCLUSIONS

Li-replacement in [LiLi(GeOSiO)] and [LiLi(SnOSiO)] towards for-
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Heterocluster

b

965 : : : : ‘ : - :
[LiLi{(GeOSi0}] HB[G@ [LiAl(GeOSiO)]ILiGa(GeOSiO]][L'lLi(SnOSiO)](@‘nOSiO [LiAl{SnOS8i0)]|[LiGa(Sn05i0)]
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Fig. 5. The graph of stability energy (E,, kcal/mole) for (a) [LiB(GeOSiO)], (b)
[LiAl(Ge0SiO)], (¢) [LiGa(GeOSiO)], (d) [LiB(Sn0SiO)], (e) [LiAl(Sn0SiO)],
and (f) [LiGa(SnOSiO)] nanoclusters.

mation of [LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)],
[LiB(SnOSiO)], [LiAl(Sn0SiO)] and [LiGa(SnOSiO)] nanoclusters was
studied by computational method. The changes of charge density
defined a notable charge transfer in nanoclusters of [LiB(Sn0OSiO)],
[LiAl(SnOSiO)], [LiGa(Sn0SiO)] than [LiB(GeOSiO)], [LiAl(GeOSiO)],
[LiGa(GeOSiO)]. It is well established that adding of B, Al or Ga to
Li-cell batteries might augment the energy-saving in cell batteries.
Moreover, lithium replacing sites with B, Al or Ga in
[LiB(GeOSiO)], [LiAl(GeOSiO)], [LiGa(GeOSiO)], [LiB(Sn0SiO)],
[LiAl(SnOSiO)], [LiGa(Sn0OSiO)] nanoclusters can alleviate parasitic
saving of energy in hybrid LiB-, LiAl-, LiGa-ion batteries. The re-
sults of this research article represent that the architectural design
of hybrid oxide nanoalloy of XY(GeOSiO) or XY(SnOSiO)
(X =Li/Y =B, Al, Ga) can augment the capacity of battery cell.

The author is grateful to Kastamonu University for completing
this paper and her research.
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