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Anchoring of 2D layered materials
of Ge:Si:O,, for (Li/Na/K)-(Rb/Cs) batteries
towards Eco-friendly energy storage

Fatemeh Mollaamin'

Abstract

In this investigation, alkali metals including lithium (Li), sodium (Na), potassium (K), rubidium (Rb) and cesium

(Cs) have been served as hybrid materials for batteries cells. A vast study on H-capture by “LiRb (GesSisO,),
LiCs(GesSisO,q), NaRb(GesSisO,p), NaCs(GesSisO,,), KRb(GesSisO,), KCs(GesSisO,q)" was probed using computational
approaches due to density state analysis of charge density differences, total density of states, projected density
of states, overlap projected density of states, and localized orbital locator for hydrogenated hybrid clusters of
"LiRb(GesSis0,p)—2H,, LiCs(GesSisO,0)-2H,, NaRb(GeSisO,q)-2H,, NaCs(GesSisO,0)—-2H,, KRb(GeSi:O,5)-2H,,
KCs(GesSisO,0)-2H," As the benefits of “lithium, sodium or potassium” over “Ge/Si” possess its higher electron

and "hole motion’, permitting “Li, Na, K" devices to operate at higher frequencies than "Ge/Si" devices. Regarding
optimized energy, KRb(GesSisO,p), KRb(GesSisO,0)-2H,, KCs(GesSisO,y), and KCs(GesSisO,y)-2H, heteroclusters
have shown more stability than LiRb(Ge;SisO,), LiRb(GesSisO,p)-2H,, LiCs(GesSisO,p), LiCs(GesSisO,p)-2H,,
NaRb(GesSis0,), NaRb(GesSisO,) —2H,, NaCs(GesSisO,y), NaCs(GesSisO,0)-2H, heteroclusters. In this research,
hydrogen energy sources on functionalized 2D materials by metals have been shown as promising alternatives
for clean energy systems. In a particular way, we have demonstrated here that (GesSisO,,) weakly adsorbs H,. At
the same time, the Li/Na/K decoration significantly enhances the H, interaction, accommodating to H, molecules
by a stronger physisorption. Doping Rb or Sc on GesSisO,, can increase battery capacity through LiRb (GesSisO,),
LiCs(GesSis0,0), NaRb(GesSisO,p), NaCs(GesSisO,,), KRb(GesSisO,), KCs(GesSisO,,) nanoclusters for hydrogen
adsorption process and could improve the rate performances by enhancing electrical conductivity. A small
portion of "Rb or Cs” entered the “Ge-Si" layer to replace the Li, Na or K sites might improve the structural stability
of the electrode material at high multiplicity, thereby improving the capacity retention rate. Among these, LiRb
(GesSisO,0), NaRb(GesSis0,) and KRb(GesSisO,,) pretend to show the most hope in terms of “Rb” doping which can
augment the capacity owing to higher surface capacitive impacts.To be specific, a scalable method is developed
to fabricate the nanocomposite which acts as a simulated anode for Li-ion intercalation and subsequent Li alkali
metal (Na, K/Rb, Cs) alloys owing to enhanced lithiophilicity and sufficient ion-conducting pathways.
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Introduction

Sodium/potassium-ion can be the prominent chemistry
substitution applicant for LIBs [1-6]. The potassium-
ion has certain privileges over analogous Li-ion like the
battery cell architecture is plain, and both the construc-
tion approaches and the material are not expensive. The
major benefit is the high amount and light price of K in
evaluation with Li, which makes potassium batteries an
engaged replacement for big size battery cells like indoor
energy-saving and electric devices. Further privilege of a
K-ion battery cell over a Li-ion one is efficiently charging
in a short time [7-13].

Lately, the carbide hybrid nanomaterils of “Si-, Ge-,
Sn " have been proposed as occupied “H,-capture” sub-
stances [14—16]. 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 hybrid to
the pure C-nanostructures [17—-19]. The previous inves-
tigations of energy-saving devices through H-adsorption
have been tailored owing to “DFT calculations” with a
semiconductor group of “Si/Ge/Sn/Pb nano-carbides”
[20], “Mg-Al nanoalloy” [21] and “Al/C/ Si doping of BN
nanocomposite” [22].

Nanomaterials with notable structures detect under-
taking demands in the field of electrocatalysis, fuel cells,
and energy-saving [23]. The ressarches have evaluated
the performance of MB, (M =Cr, Mo, and W) monolayer
MBenes as an anode material for calcium ion batter-
ies which can be a suitable alternative to Li-ion batteries
(LIBs) using density functional theory method [24].

Furthermore, it was examined the viability of 2D CrB,
and MoB, monolayers as optimal anode-materials for
Li/Na/K ion batteries using first-principles DFT cal-
culations. Preliminary investigations showed that both
materials exhibited thermodynamic, structural, and
mechanical stability. We found that a strongly negative
adsorption energy can help in stabilizing the adsorption
of metal-ions on materials surface instead of clustering,
that ensures metal-ion-batteries stability [25].

The apparent effect of germanium coverage on silicon
monohydride desorption kinetics was evaluated based
on their ability to fit temperature-programmed desorp-
tion data. Then, an evaluation of the physical consistency
of the estimated kinetic constants, and a comparison
with the effects of other atomic impurities on hydrogen
desorption from silicon (100) were accomplished [26].

Although Ge may modify the energetics of the interac-
tion of hydrogen and silicon, it is concluded that such an
effect alone is insufficient to describe the shift and broad-
ening of the feature, while the GeH intermediate model
succeeds, even in the absence of any such effect [26].

Moreover, the influence of germanium atoms upon
molecular hydrogen desorption energetics using den-
sity functional cluster calculations was studied. A

Page 2 of 13

three-dimer cluster is used to hybrid model. The rela-
tive stabilities of the various monohydride and clean sur-
face configurations are computed. It was also computed
the energy barriers for desorption from silicon, germa-
nium, and mixed dimers with various neighboring con-
figurations of silicon and germanium atoms. Their results
indicated that there are two desorption channels from
mixed dimers, one with an energy barrier close to that
for desorption from germanium dimers and one with an
energy barrier close to that for desorption from silicon
dimers [20, 27].

This investigation wants to delve into the feasibility of
“LiRb (Ge;Sis0,), LiCs(Ge;Sis0,), NaRb(Ge;SizO,),
NaCs(Ge;SizO,), KRb(GesSiz0,y), KCs(GesSizO,)”
nanoclusters for H-storage. Therefore, it was analyzed the
physico-chemical properties of mentioned heteroclusters
and hydrogenated nanoclusters of “LiRb(GezSi;O,)—
2H,, LiCs(Ge;SizOyp)—2H,, NaRb(Ge;Siz0,0)—
2H,,  NaCs(GesSisO,3)-2H,,  KRb(Ge;Si:O,,)—2H,,
KCs(GegSizO,0)-2H,"

This article aims to systematically investigate the key
applications of theoretical calculations in energy storage
devices, with a particular focus on the research progress
of cathode materials and anode materials and analyse
how these heteroclusters can better elucidate the actual
performance of materials and anticipate the challenges
and opportunities that may arise in future development.
Subsequently, the recent research progress on the appli-
cation of Na, K/Rb, Cs in each component of the LB is
summarized, aiming to understand the hybrid forms of
alkali metals 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.
Due to the unique structural advantages of 2D materials,
these versatile 2D electrode materials have shown stable
potential for hydrogen adsorption and energy storage.

Materials and methods

Theoretical calculations have become essential tools for a
comprehensive understanding of the microscopic mecha-
nisms in energy storage materials, particularly in charge
density variations and electron transport characteristics
behaviors in electrode materials. In our research, the cal-
culations have been done by CAM-B3LYP-D3 level of
theory. A new hybrid exchange—correlation functional
named Coulomb-attenuating method- (Becke, 3-param-
eter, Lee-Yang-Parr) (CAM-B3LYP) is proposed. It com-
bines the hybrid qualities of B3LYP and the long-range
correction. Dispersion forces were considered under
the DFT-D3 method of Grimme with Becke-Johnson
damping [28]. Calculations with spin polarization were
performed within the density functional theory (DFT).
The exchange correlation potentials were treated using
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the Perdew—Burke—Ernzerhof (PBE) parameterization
within the general gradient approximation (GGA) [28].

Figurel has shown alkali metals-based nanoclusters of
“LiRb (Ge;SizO,), LiCs(GesSis0,), NaRb(GesSisO,),
NaCs(Ge;SizO,), KRb(GesSizO,), KCs(GezSizOyp) "
which can enhance the H-storage in battery cells, tran-
sistors or other semiconducting devices. In this inves-
tigation, the computations have been launched by
Coulomb-attenuating method—(Becke, 3-parameter, Lee-
Yang-Parr) [CAM-B3LYP-D3] level of theory. Figure 1
indicates the status of “H,-capture” by “LiRb (Ge;Si;O,),
LiCs(Ge;SizO,), NaRb(GesSizO,), NaCs(GeszSizOy),
KRb(GesSiz0,,), KCs(GezSiz;O,5)” nanoclusters and
hydrogen-adsorbed nanoclusters of “LiRb(Ge;SizOq)—
2H,, LiCs(Ge5SizOy0)—2H,, NaRb(Ge;SisO,0)—
2H,,  NaCs(GesSisO,3)—2H,,  KRb(Ge;Siz0,,)—2H,,
KCs(Ge;SizOyp)—2H,"

The analysis of “Bader charge” parameter [29-
33] has been illustrated pending H,-capture by
“LiRb(Ge;SizOy0)—2H,, LiCs(Ge5SizOyp)—2H,,
NaRb(Ge;SisO,5)—2H,, NaCs(Ge;SizOy0)—2H,,
KRb(Ge;SizO,0)-2H,, KCs(GesSisO,5)—2H,”  hybrid
clusters (Fig. 1) due to “Gaussian 16 revision C.01”
computational software [34] and “GaussView 6.1”
graphical program [35]. The applied basis sets for theo-
retical calculations of H,-capture by “LiRb (GezSizO,),
LiCs(GesSizO,,), NaRb(Ge;SizO,), NaCs(GezSisO,),
KRb(GesSiz0,), KCs(GesSiz0,,)” has been supported by
“LANL2DZ and 6-311+G (d, p)” The electronegativity,
local dipole, and charge transfer are proposed to reveal
the doping sites. Li, Na, K bond chemistry further deep-
ens the understanding to exhibit the best charge transfer
among single-doped and co-doped atoms, respectively.
The excellent charge transfer achieved by Rb, Cs-doping

)
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Ge;Siz0,, is further validated by Li, Na, K nucleation
overpotential measurement. This work uncovers the
charge transfer of heteroatom-doped Ge;Si;O,, and
affords mechanistic guidance to Li, Na, K metal anode
frameworks for safe rechargeable batteries.

Results and discussion
Charge density differences analysis
In Fig. 2a—f, “charge density differences (CDD)” [36]
has been shown for “LiRb (Ge;SizO,), LiCs(Ge;SizO,),
NaRb(Ge;Sis0,), NaCs(GesSizOy), KRb(Ge;Siz0,),
KCs(GesSiz0,,)” nanoclusters with the vibration in
the district about “~12 to +6” Bohr and for the hybrid
cluster of “LiRb(Ge;SisO,9)-2H,, LiCs(GezSisO4)—
2H,, NaRb(Ge;Si;O,0)-2H,, NaCs(Ge;Si;0,,)—2H,,
KRb(Ge;Siz0,0)-2H,, KCs(GesSi;O,y)—-2H,” (Fig. 2a’—f")
in the district about “~12 to + 6” Bohr. Moreover, the ele-
ments of “O(2), O(3), O(7)-0(12), O(14), O(15), O(17),
0(18), 0(22)-0(27), 0(29), O(30)” from alkali metal
hybrid (Li, Na, K,Rb, Cs)—( Ge;Si;O,,) oxide (Fig. 2a—f)
have displayed the vibration about “-12 to +6” Bohr
toward construction of hydrogenated alkali metal hybrid
(Li, Na, K,Rb, Cs)-( Ge;SizO,5)—2H, through hydrogen
adsorption (Fig. 2a’— f").

The charge distribution has been illustrated dur-
ing H-capture by “LiRb (GesSizO,,), LiCs(Ge;SizO,),

NaRb(Ge;Sis0,), NaCs(GesSizO,), KRb(Ge;Siz0,),
KCs(Ge;SizO,0)”  nanoclusters  towards  forma-
tion of “LiRb(Ge;SizOy0)-2H,,  LiCs(GezSisO4)—

2H,, NaRb(Ge;SizO,y)-2H,, NaCs(Ge;Si;0,,)—2H,,
KRb(Ge;Si50,5)—2H,, KCs(Ge;Sis0,y)—2H,; respectively
(Supplementary Table S1, S2, S3).

Functionalizing of Li, Na, K atoms can augment the
negative atomic charge of “O(2), O(3), O(7)-0(12),

A0

Fig. 1 Adding“Li, Na, K"to (Ge;SisO,,) nanoclusters accompanying Rb or Cs doping and formation of LiRb (GesSisO,), LiCs(GesSisO,), NaRb(Ge;SisO,),
NaCs(GesSis0,g), KRb(GesSisO,), KCs(GesSisO,e) nanoclusters towards energy storage through hydrogen adsorption as LiRb(GesSisO,p)-2H,,
LiCs(GesSisO,0)-2H,, NaRb(GesSisO,0)-2H,, NaCs(GesSisO,0)-2H,, KRb(GesSisO,0)-2H,, KCs(GesSisO,0)-2H, in novel batteries
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7 axis (Bobr)

7—axis (BOhY')

7 axis (Bo‘ﬂf)

\ 3
Fig.2 "CDDgraphs'for (a) LiRb (Ge;SisO,p), (@’) LIRb(GesSisO,0)-2H,, (b) LiCs(GesSisO,), (b”) LiCs(GesSisO,0)-2H,, () NaRb(Ge;SisO,), (€/) NaRb(GesSisO,0)-
2H,, (d) NaCs(GesSisO,), (d’) NaRb(GesSisO,,)-2H., (€) KRb(GesSisO,), (€) KRb(GesSisO,)-2H,, (f) KCs(GesSisO,p), (f') KCs(GesSisO,,)-2H, nanoclusters
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7—axis (Bohf)

Fig. 2 (continued)

0O(14), O(15), O(17), O(18), O(22)-0(27), O(29), O(30)”
in “LiRb (Ge;SizO,), LiCs(GesSis0,5), NaRb(GesSizOy),
NaCs(GesSizO,), KRb(GesSizO,), KCs(GesSizOy)”
nanoclusters. In fact, “LiRb (Ge;Si;0,), LiCs(GezSizO,),
NaRb(Ge;SizO,), NaCs(GesSizO,y), KRb(GezSis0,),
KCs(Ge;sSizOy)” hybrid clusters have displayed more
output than (Ge;Si;O,) for electron acceptance from
electron donor of “H(33), H(34), H(35) and H(36)” (Sup-
plementary Table S1, S2, S3).

LiRb (Ge;SizO,,) and LiCs(GesSizO,,) has shown the
“Bader charge” of “~1.589 and —1.552” coulomb before
hydrogen adsorption and “~1.591 and -1.557” coulomb
after H,-capture. Moreover, the flauctuation of charge
density values for NaRb(Ge;SizO,,), NaCs(GesSi;Oy)
has shown the “Bader charge” of —1.580 and -1.546 C
before hydrogen adsorption and -1.581 and -1.550 C
after hydrogen adsorption. “KRb(Ge;Si;O,,) and
KCs(GesSizO,)” have shown the “Bader charge” of
“~1.555 and -1.518” coulomb before hydrogen adsorp-
tion and “~1.556 and - 1.525” coulomb after H,-capture.

The differences of charge density value for these
hybrid clusters are estimated as: AQqryGessisozn) =
-0.002, AQLiCs(GeBSiSOZO) = -0.005, AQNaRb(GeSSi5020)

= —0.001, AQyucsGessiso2o) = ~0-004;, AQuy(Gessiso20)
= -0.001, AQgcs(Gessisozo) = —0.007 C. Therefore, the

results have shown that the cluster of KCs(Ge;Si;O,),
LiCs(GesSizO,,) and NaCs(Ge;SizO,,) might have the
most gravity for electron receiving owing to H,-capture.
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“Total density of States and overlap projected density of
States”

In isolated system (such as molecule), the energy lev-
els are discrete, the concept of “density of state (DOS)”
is supposed to be completely valueless in this situation.
Therefore, the “original total DOS (TDOS)” of isolated
system can be written as [37]:

TDOS (E)= Y 6 (E—&) (1)

The normalized Gaussian function is defined as:

1 o2 FWHM
G(z)= o e 22 where c = Qym (2)

“FWHM (full width at half maximum)” is an adjustable
parameter in “Multiwfn” [38, 39]. Furthermore, the curve
map of “broadened partial DOS (PDOS)” and “over-
lap DOS (OPDOS)” are valuable for visualizing orbital
composition analysis, “PDOS function of fragment A” is
defined as:

PDOS4 (E)=)  :EiaF(E—¢) (3)

where” = ; 4 is the composition of fragment A in orbital
i”. The “OPDOS between fragment A and B “is defined as:
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Fig. 3 “TDOS/PDOS/OPDOS graphs” of (a) LIRb (GesSisO5), (@’) LIRb(GesSis0)-2H,, (b) LICs(GesSisOsy), (b') LICs(GesSis050—2Hs, (€) NaRb(GesSisOy), (€)
NaRb(Ge;Sis050-2Hs, (d) NaCs(GesSisO5o), (d) NaRb(GesSisOs0)-2H,, (8) KRD(GesSisOs0), (€7) KRD(GesSis050-2H,, () KCs(GesSisOy), (F) KCs(GesSisOs0)-

2H, nanoclusters

OPDOSap (B)=)Y XypF(E-e) ()

where” Xj 5 is the composition of total cross term

between fragment A and B in orbital i “

In the “TDOS map’, each discrete vertical line cor-
responds to a “molecular orbital (MO)’, the dashed line
highlights the position of “HOMO” The curve is the
“TDOS” simulated based on the distribution of “MO”
energy levels.

Regarding adsorption behavior of hydrogen by
“LiRb (Ge;SizO,), LiCs(GesSis0,), NaRb(GesSisO,),
NaCs(Ge;SizO,), KRb(GesSizO,), KCs(GezSizOyp) "
nanoclusters, “TDOS” has been evaluated. This factor
can demonstrate the existence of important chemical
interactions often on the “convex side” (Fig. 3a—f &,a’—f").

During  formation  of  “LiRb (GesSiz0y),
LiCs(GesSizO,y), NaRb(GezSizO,), NaCs(GeszSizO,),
KRb(GesSizO,,)” (Fig. 3a, b,c, de) and hydroge-
nated nanoclusters containing “LiRb(Ge;SizO,4)—
2H,,  LiCs(Ge;SizO,)-2H,,  NaRb(Ge;Si;0,,)—2H,,
NaCs(Ge;SizOy0)—2H, KRb(Ge;Si;0,,) -2H,
(Fig. 3a’,b’,c’,d’,e’) have shown the steepest maximums
surrounding “-0.3, -0.45 and -0.60 a.u” owing to

covalent bond between two elements of “Li/Rb, Li/Cs,
Na/Rb, Na/Cs” with (Ge;Si;O,,) nanocluster.

However, the “TDOS” curve for KCs (Ge;Si;O,,) and
KCs (GesSizO,5)—2H, nanoclusters have shown four
pointed peaks around “-0.3, -0.45, -0.60, —0.75 a.u”
owing to covalent bond between elements of K and Cs
with (Ge;Si;O,y) nanocluster through hydrogen storage
with maximum density of state of =~ 24 surrounding - 0.30
a.u. (Fig. 3f, f').

Fragment 1 has been defined for O9 to 012, Si13, 024
to 027 and Ge28, X31(X =Li, Na, K)/Y32 (Y=Rb, Cs) in
Fig. 3a—f and H36 to H36 in Fig. 3a’—f". Fragment 2 has
indicated the fluctuation of Sil, Si4 to Si6 beside the simi-
lar involved atoms of Fragment 1 in Fig. 3a, b, ¢, d and
a’—f". Finally, it was considered the fluctuation of Gel6,
Gel9 to Ge21, 017, 018, 022, 023, 029, O30 in Fig. 3a—
f, a’—f’ through Fragment 3.

Localized orbital locator analysis

Trapping of hydrogens by “LiRb
LiCs(GesSizO,0), NaRb(Ge;Sis0,),
KRb(Ge;Si;0,), KCs(GesSiz0,)”
b,c, d,e, f).nanoclusters towards

(GesSis0y),
NaCs(Ge;SizO,),

(Fig. 4a,
formation of
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Fig. 3 (continued)

“LiRb(Ge;SizO,0)—2H,, LiCs(Ge5SizOyp)—2H,,
NaRb(Ge;SisO4y)—-2H,, NaCs(GesSizOy0)—2H,,
KRb(GesSiz0,5)-2H,, KCs(Ge;Si;O,5)-2H,” might be
described by Localized orbital locator (LOL) [40] graphs
using “Multiwfn” [38, 39] due to achieving their “delocal-
ization/localization” characterizations [41] of electrons
and chemical bonds (Fig. 4a’,b’,c’,d",e’,f").

“LiRb (GesSizO,,) (Fig. 4a), LiRb(GesSisO,;)—-2H,
(Fig. 4a’), LiCs (Ge;SisO,) (Fig. 4b), LiCs(Ge;SizO,4)—

2H, (Fig. 4b’), NaRb (Ge;Si;O,,) (Fig. 4o,
NaRb(Ge;SizO49)-2H, (Fig. 4c’), NaCs (GesSizOy)
(Fig. 4d), NaCs(GesSizO,)-2H, (Fig. 4d’), KRb

(Ge5Siz0,) (Fig. 4e), KRb(Ge;Si;O,y)—2H, (Fig. 4€’), KCs
(GesSiz0,) (Fig. 4f), and KCs(Ge;SisO4y)-2H,” (Fig. 4£")
have demonstarted the electron delocalization through
an isosurface map with labeling atoms of “O(10), O(12),
Si(13), O(24), O(26), Ge(28), X(31)(X =Li, Na or K), Y(32)
(Y=Rb or Cs) and H(33), H(34), H(35), H(36)”. In fact, the
“counter map of LOL” can confirm that LiRb (Ge;Si;O,),
LiCs(GesSizO,y), NaRb(GezSizO,), NaCs(GeszSizO,),
KRb(GesSiz0,,), KCs(GesSizO,) nanoclusters may
augment the efficiency during H,-capture towards for-
mation of LiRb(Ge;SizOy0)-2H,, LiCs(Ge;Siz;O,4)—
2H,, NaRb(Ge;Si;0,y)-2H,, NaCs(Ge;Si;0,5)—2H,,
KRb(Ge;Siz0,,)-2H,, KCs(GesSizO40)—2H,.

Besides, “intermolecular orbital overlap integral” is
important in illustration of intermolecular charge trans-
fer which can compute “HOMO-HOMO” and “LUMO-
LUMO” overlap integrals between the H, molecules and
heteroclusters of LiRb(Ge;Si;0,), LiRb(GezSizsO4)—

2H,, LiCs(Ge5SizOyy), LiCs(GesSiz0,)—2H,,
NaRb(Ge;Siz0,), NaRb(Ge;SizOy) -2H,,
NaCs(Ge;SizOy), NaCs(Ge;SizO,0)-2H,,

KRb(Ge;Siz0,), KRb(Ge;Sis0,)—2H,, KCs(GesSisO,),
and KCs(Ge;Si;0,y)-2H, nanoclusters. The layered ger-
manium-silicon oxide improved by alkali metal lithium
doping have indicated the structural stability of Li-, Na-,
K-ion batteries through the reported stability energy in
Supplementary Table S4.

A small portion of Rb or Cs entered the Ge-Si layer
to replace the Li, Na or K sites might improve the struc-
tural stability of the electrode material at high multi-
plicity, thereby improving the capacity retention rate of
58.5209, 55.6390, 57.5131, 54.7273, 56.5360, 53.8418 for
LiRb(Ge;sSisO4), LiCs(GesSisO,), NaRb(Ge;Siz0,),
NaCs(Ge;SizO,), KRb(GezSis0,), KCs(GesSizO,,) mAh
g !, respectively (Table S4). Furthermore, the binding
energies of hydrogen adsorption by LiRb(Ge;SizO,),
LiCs(GesSizO,0), NaRb(Ge;Sis0,), NaCs(Ge;SizO,),
KRb(Ge;Siz0,), KCs(Ge;Sis0,) have been achieved as
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Fig. 3 (continued)
-1.4284, -1.4042, -1.4234, -1.4008, -1.4107, -1.3898 kcal/  Conclusions
mol, respectively. The results of cell capacity and binding  H,-capture by the nanoclusters of “LiRb (Ge;SizOy),
energy in Table S4 have indicated that LiRb(Ge;SizO,,), LiCs(GezSiz;O,,), NaRb(GesSizO,y), NaCs(Ge;SizOy),

NaRb(Ge;SizO,) KRb(Ge;Siz:O,,) nanoclusters have
more intension for hydrogen adsorption.

As it is seen in Supplementary Table S4,
KRb(Ge;Siz0,4), KRb(Ge;SisO,)—2H,, KCs(GesSisOy),
and KCs(Ge;SisO,y)-2H, heteroclusters have shown
more stability than LiRb(Ge;SizO,,), LiRb(Ge;SizO,4)—
2H,, LiCs(GesSizO,), LiCs(GesSizOy0)—2H,,
NaRb(Ge;SizOy), NaRb(Ge;Si;Oy) -2H,,
NaCs(GesSizO,), NaCs(GezSisO,y)—2H, heteroclusters
through the evaluation of stability energy (Es) (Fig. 5).

In this research, hydrogen energy sources on function-
alized 2D materials by metals have been shown as prom-
ising alternatives for clean energy systems. In a particular
way, we have demonstrated here that (Ge;Si;O,,) weakly
adsorbs H,. At the same time, the Li/Na/K decoration sig-
nificantly enhances the H, interaction, accommodating
to H, molecules by a stronger physisorption. Also, scan-
ning bond orders confirm a great interaction between
the LiRb (GesSizO,), LiCs(GesSizO,), NaRb(Ge;SisO,),
NaCs(GesSizO,), KRb(GesSiz0,,), KCs(GezSisO,) sys-
tems and the hydrogen, a distinct scenario for the pris-
tine (GezSizOy).

KRb(GesSiz0,,), KCs(GesSiz0,,)” was studied by com-
putational method” The changes of charge density
defined a notable charge transfer in “LiRb (Ge;SizO,),
LiCs(GesSizO,0), NaRb(GezSis0,), NaCs(Ge;SizO,),
KRb(GesSiz0,,), KCs(GesSizO,)" Besides, thermody-
namic parameters describing H,-capture by alkali met-
als hybrid clusters of “LiRb (Ge;SizO,), LiCs(Ge;SizO,),
NaRb(Ge;Sis0,), NaCs(GesSizO,), KRb(Ge;Siz0,),
KCs(GesSiz0,,)” have been studied consisting of inter-
nal process of the “adsorbent—adsorbate” process. It is
well established that enhancing of Li, Na or K to cell bat-
teries might augment the energy-saving in cell batteries.
Therefore, it has been discovered the influence of “Rb- or
Cs-doped Li-, Na-, K-ion” batteries. Moreover, “hydro-
gen bond (H-bond)” accepting sites by “LiRb (Ge;SizO,),
LiCs(GesSizO,0), NaRb(GezSis0,), NaCs(Ge;SizO,),
KRb(GesSiz0,,), KCs(GesSizO,,)” can alleviate “para-
sitic hydrogen evolution” in H,O-electrolytes in Li-, Na-,
K-ion batteries. The results of this research article rep-
resent that the architectural design of “XY(Ge;SizO,)
(X=Li, Na, K/Y=Rb, Cs)” can augment the capacity of
battery cell. This research article is useful for designing
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Fig. 4 The"counter map of LOL graphs’for (@) LiRb (Ge;SisO,), (@’) LiIRb(GesSisO,,)-2H,, (b) LICs(GesSisO,y), (b’) LiCs(GesSisO,)-2H,, (€) NaRb(Ge;SisO,p),
(c’) NaRb(GesSis0,0)-2H,, (d) NaCs(Ge;SisO,0), (d’) NaRb(Ge; SisO,0)-2H,, (€) KRb(GesSis0,y), (€') KRb(GesSisO40)-2H,, (f) KCs(GesSisO,p), (') KCs(GesSisO,0)-
2H, nanoclusters

and constructing of alkali metals hybrid batteries (Li/
Na/K, Rb/Cs)with high power density/energy with excel-
lent cycle stability, and will represent a perspective for
the industrial application of alkali metals hybrid batter-
ies. Recent study have shown that two-dimensional (2D)
SiGe-based materials as electrode in alkali metals batter-
ies can lead to excellent enery storage.
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