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HIGHLIGHTS GRAPHICAL ABSTRACT

e A method of preparing 3D structured
graphene-siloxene (SiG) composites is

reported.
o Intercalation of siloxene in the graphene \/_
layers is revealed using FE-SEM and \/ ‘

TEM. " ﬁ o Graphene-Siloxene
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ity of 3016 mAhg~! at 205 mAg~! cur-

rent rate.
o At 4.1 Ag, SiG anode delivers revers-

ible capacity of 1040 mAhg~! for 1000

cycles.
ARTICLE INFO ABSTRACT
Keywords: Owing to its high theoretical storage capacity, two dimensional (2D) silicon nanosheets is the one among the
Topochemical reaction most exciting anode material for the next generation lithium ion (Li-ion) batteries. However, deprived electro-
Hydrosilylation reaction chemical properties due to the huge volume expansion resulting in rapid capacity decay, thereby hindering its

Silicon nano sheets
Silicon-graphene
Specific capacity
Li-ion battery

commercial application aspect of silicon nanosheet based materials. The present work proposes a novel concept
of synthesizing graphene-siloxene (SiG) based multi-layered structures by tuning the interface chemistries of
graphene oxide and siloxene sheets derived from topochemical transformation of calcium silicide (CaSip).
Morphological characterization using Field emission scanning electron microscopic and transmission electron
microscopy reveal the successful formation of few- to multi-layered SiG composite materials with intercalated/
surface grafted siloxene nanosheets on the graphene layers. Owing to its hierarchical composite structure, SiG as
anode delivers the first discharge and charge capacity values as high as 3880 mAhg~! and 3016 mAhg™!
respectively measured at the current rate of 205 mAg™~'. Even at high current rate (4.1 Ag™), SiG composite
materials delivers first charge capacity of 1480 mAhg ™! with good cycling performance (1040 mAhg™?) after
1000 cycles. Due to its enhanced lithium storage, cycling stability and rate capability, synthesized SiG composites
could be a potential anode candidate for Li-ion batteries.
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1. Introduction

Innovative energy storage technologies are essentially important for
the operation of electric vehicles and for the exploration on practical
usage of many types of renewable energy sources [1-4]. Though the
commercially available lithium battery technologies are favourable
energy storage devices for portable electronics, they cannot meet re-
quirements of advanced energy storage applications due to their
confined energy storage capacity restricting its stable operation.
Therefore, it is essentially important to develop alternative anode ma-
terials meeting the demands for energy storage requirements [5,6].

In recent eras, nanostructured silicon materials have received wide
attention, not only for the many technological applications presently in
use and envisioned for the future, but also from the research perspective
on fundamental principles [6,7]. Owing to its overwhelming theoretical
storage capacity (4200 mAhg’l) in comparison to conventional carbo-
naceous materials (372 mAhg~!) and reasonably low working potential
(~0.5 V versus Li/Li"), silicon is expected to be outstanding anode
material for next generation lithium batteries for advanced energy
storage applications [8-14]. Also, the elongated voltage plateau upon
discharging enables a stable voltage during electrochemical cycling
[15]. Extensive research work has been carried out on the synthesis and
application aspects of several various nanostructured silicon based
materials, such as nanoparticles [8,9], nanowires [10,11], nanotubes [1,
12] and thin films [13,14]. However, the silicon anode undergoes a huge
volume change (upto 400%) during galvanostatic charge—discharge
cycle, leading to the pulverization of the silicon particles, which in turn
results in drastic capacity fade [16,17]. One of the plausible solutions to
circumvent this problem is to prepare a carbon coated silicon composite
materials that minimizes dimensional changes and thereby overcoming
the pulverization issues of Li alloy electrodes during cycling [18-21].

Though extensive research has been reported on the synthesis and
application aspects of various nanostructured silicon’s, very little work
has been done on the two dimensional (2D) silicon nanomaterial with
sheet morphologies having nanometer level thickness and submicro- to
micrometer level lateral dimensions [22-25]. These nanomaterials have
been receiving undue attention in recent years, since they show unusual
physical properties, which are the results of a quantum size effect
associated to their ultrathin structure [22,23]. Theoretical modelling
studies on monolayer silicon nanosheet with (111) honeycomb
arrangement, revealed that these sheets preferably exists in a
low-buckled morphology [26,27]. Several experimental studies have
also revealed that chemical functionalization of the single-layered Si
nanosheet yields stable structures with unique properties [23-25].
Owing to the large volume expansion and thereby rapid capacity decay,
the use of silicon nanosheets in next generation Li-ion batteries still
remains a challenging task, though, it showed better lithium storage
properties, when compared to silicon nanoparticles [28,29]. One of the
remedial measures to overcome this issue is to encapsulate silicon sheets
between the graphene sheets.

Ever since its discovery, two dimensional graphene nanosheets has
been broadly explored in various application areas such as electronics,
catalysis, sensing and energy storage [30-37] Alternatively, these
nanosheets have become promising nanoscale building blocks for the
development of new composite materials, thanks to its unique nano-
structure with excellent properties [38,39]. Due to good electronic and
mechanical properties with tunable surface chemistry, these nano-
materials can be used as an ideal template in controlling the properties
of the nanocomposite materials. Significant research has been done in
recent years on the development of graphene based nanostructured
electrode materials for lithium-ion batteries [40-42]. Recently, Kim
et al. [43], reported the bulk synthesis of silicon nanosheets by mag-
nesiothermic reduction of sand and its graphene based composites with
significantly improved lithium storage properties.

Alternatively, in the present research, we introduced a novel concept
where the siloxene nanosheets prepared via. Topochemical reaction

Journal of Power Sources 450 (2020) 227618

from calcium silicide (CaSiy) is effectively intercalated between the
graphene sheets by tuning its surface chemistry leading to few- to multi-
layered graphene-siloxene composites (SiG). Synthesized graphene-
siloxene nanostructures have been extensively characterized using
various tools and examined for its electrochemical characteristics by
fabricating lithium-ion half-cell using lithium metal as counter and
reference electrode.

2. Experimental section
2.1. Synthesis of siloxene nanosheets

Synthesis of layered siloxene (SigHgO3) was done by following the
method described by Yamanaka et al. [44], 10 g of CaSiy (Sigma Aldrich
Inc., South Korea) was added to 37% HCI (Sigma Aldrich Inc., South
Korea) at —10 °C in the ice-cold bath and stirring was continued for 5
days. The obtained product was filtered and washed with 10% hydro-
fluoric acid (HF; Sigma Aldrich Inc., South Korea) followed by acetone
and then dried under vacuum at 110 °C yielding approximately 7 g of
yellow coloured siloxene nanosheets [25].

2.2. Hydrosilylation reaction of siloxene sheets

Hydrosilylation reaction on the surface of siloxene nanosheets was
carried out using allylamine under inert atmosphere [45]. Typically,
siloxene nanosheets (0.87 g, 0.5 mmol) was dispersed in toluene (100
mL) into which a solution of HyPtClg-6H0 (0.68 g, 0.1 mmol) was
added dropwise, followed by allylamine (1.45 g, 25 mmol). The het-
erogeneous mixture was left under stirring condition for one day in inert
medium and the solvent was removed by rotary evaporation to yield
pale yellow coloured powder (1.2 g).

2.3. Synthesis of graphene oxide (GO)

Modified Hummer’s method was employed for synthesizing GO from
purified natural graphite (Sigma-Aldrich) [46,47]. Briefly, Natural
graphite flakes (1 g) was mixed with 100 mL of concentrated sulfuric
acid and subjected to sonication using a Branson digital sonicator
(S450D, 500 W, 30% amplitude) for 30 min followed by the addition of
sodium nitrate (1 g) in an ice cold condition. To this mixture, potassium
permanganate (6 g) was slowly added under stirring condition for 2 h,
and subsequently the temperature was raised to 35 °C in a water bath for
another 30 min. To this mixture, 46 mL of hot water (~70 °C) was added
dropwise and successively the temperature of the system was increased
to 98 °C. Lastly, 140 mL of hot water (~70 °C) was added, followed by
20 mL of 30 wt% hydrogen peroxide (H205) solution to terminate the
reaction [48].The obtained graphite oxide was suspended in water and
subsequently purified by dialysis to remove residual salts and acids. The
resulting GO was dried under vacuum (40 mmHg) overnight at 55 °C to
produce GO powder.

2.4. Preparation of graphene-siloxene composite materials

In typical procedure, graphene oxide (0.5 g in 1 L of acetone)
dispersant was mixed with amine functionalized siloxene nanosheets
dispersant (0.5 g in 1 L of acetone) and the resulting mixture was sub-
jected to sonication for 2 h at 40 °C. Then the suspended particles was
separated by filtration and dried under vacuum at 60 °C to generate
graphene-siloxene (SiG) composite materials. The prepared materials
were calcined at 800 °C under inert argon atmosphere for 12 h to yield
black coloured powder. For comparison purpose, reduce graphene oxide
(RGO) without a siloxene nanosheet was prepared by calcining the GO at
800 °C under inert atmosphere for 12 h. Physically blended RGO-
siloxene nanosheets (SiG blend) were also prepared by mixing the
RGO and topochemically synthesized silicon nanosheets at a specific
weight ratio.
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2.5. Characterization of the layered composite materials

The spectroscopic characterization silicon and graphene-siloxene
composites were done using a Fourier Transform Infrared spectrom-
eter (Spectrum one, Perkin Elmer, USA) in transmission mode in the
wavenumber range of 4000-400 cm ™! at a resolution of 0.4 ecm ™.
Samples for FT-IR characterization were prepared by making potassium
bromide (KBr) pellets using 0.1 mg of finely dispersed samples in 100 mg
of KBr powder. X-ray photoelectron spectroscopy (XPS, K-Alpha, Ther-
moelectron, Thermofischer Inc., USA) was employed to corroborate the
surface chemical composition and functional groups present on the
synthesized graphene-siloxene composites. Structural characterization
of the synthesized materials was also performed using Raman spec-
troscopy (RFS/100s, Bruker, Germany). Morphological characterization
of the prepared samples was carried out on a JEOL JEM-2100F trans-
mission electron microscope (TEM) and a LEO SUPRA 55 field-emission
scanning electron microscope (FE-SEM) equipped with an energy
dispersive X-ray analysis (Carl Zeiss EDAX, GENESIS 2000). The XRD
analysis was carried out on a Mac Science X-ray diffractometer
(M18XHF-SRA) using Cu K, radiation (A = 1.5412 10\). Thermogravi-
metric analysis (TGA) was performed using a thermogravimetric
analyzer (TGA Q5000 IR, TA instruments, USA) operated at a heating
rate of 10 °C/min at nitrogen atmosphere kept at the nitrogen flow rate
of 50 mL/min.

2.6. Electrochemical characterization

The electrochemical performances of calcium silicide (CaSiy) and
graphene-siloxene composites (SiG) were determined by fabricating
coin Li-ion (2032 type) half cells. Electrodes were prepared by slurry
coating technique using the composition of 80 wt % active material, 10
wt % of super P (TIMCAL) as additional conductive agent and 10 wt % of
poly (vinylidene difluoride) (PVDF) (Kureha KF100) as binder onto
copper foil, which acts as the current collector. The slurry was made by
grinding the above composition in the presence of N-methyl pyrrolidone
(NMP) solvent using mortar for 15 min and subsequently coated onto the
copper foil and dried in oven for 10 h at 120 °C. About 16 mm diameter
electrodes were punched out from the dried electrodes after pressing the
samples under a 7T load. The punched electrode was assembled into
coin cell (2032 type) using 1 M solution of lithium hexaflouro phosphate
(LiPFg) (in ethylene carbonate (EC) and diethyl carbonate (DEC) sol-
vent) electrolyte and metallic lithium foil as the counter and reference
electrode. Galvanostatic charge and discharge measurements of the
fabricated coin cells were done in the voltage range of 0.1-1.5 V vs. Li/
Lit using Wonatech battery analyzer. Electrochemical impedance
spectroscopic characterization of the fabricated Li-ion coin cells were
carried out by applying sine wave with amplitude of 5.0 mV in the
frequency range of 100 kHz to 0.01 Hz.in VersaSTAT 3 electrochemical
work station.

3. Results and discussion

Fig. 1 (a) illustrates the synthesis scheme of the graphene-siloxene
(SiG) few- to multi-layered composites using calcium silicide. Initially,
amine functionalized siloxene nanosheet is synthesized in two steps. In
the first step, H terminated siloxene with Si (111) layers have been
synthesized using calcium silicide by the synthetic route suggested by
Yamanaka et al., [44]. These Si (111) layers consists of two dimensional
(2D) silicon nanosheets stacked in the form a graphite like crystal with
the in-plane hexagonal sublattice constant coinciding Si (111) plane (a
= 0.385 nm) in the diamond structure [49]. In the second step, the
synthesized siloxene nanosheets is functionalized with propylamine
using a platinum catalysed hydrosilylation reaction using allylamine
producing stable colloidal dispersion of propylamine functionalized
siloxene sheets (Si-NH,). The obtained amine functionalized siloxene
nanosheets is easily dispersible in solvents such as chloroform, acetone

Journal of Power Sources 450 (2020) 227618

(a) >

® @
& Deintercalationy Allylamine ®
: . o®e
== _—
el ’*’/ Karstedt's w v
Calcium silicide catalyst Propylamine grafted
(CaSi2) ® @ siloxene nanosheets
Siloxene nanosheets
(SigHgO
e8] Nucleophilic
substitution
charial reaction Q
- Exfoliation Calcination ‘
Graphite 3D assembly of graphene-
Graphene oxide siloxene nanosheets
(RGO)
“\\\~J”"-L~__J“_._AL R
— a SiG
. 3|d=0.34~0.42
= E nm
© Z
>
= = SiG
2 T 22 24 26
9 Angle (26) (°)
c GO
A h A
Si-NH )
CaSi
A Ah o | 2
v T v

10 20 30 40 50 60 70
Angle (26) (o)

Fig. 1. (a) Schematic representation of silicon-graphene nanosheet based
layered materials (b) X-ray diffraction results of calcium silicide (CaSi,), Amine
grafted silicon nanosheets (Si—-NHy), graphene oxide (GO) and silicon-graphene
layered materials (SiG) (Inset: diffraction pattern of SiG in the selected
20 range).

and ether, and insoluble in water and ethanol. The stable colloidal
dispersion of siloxene nanosheets and graphene oxide (0.5 mg/mL) in
acetone are mixed together and subjected to sonication for about 2 h at
40 °C. The resulting suspension is filtered, washed with acetone for
several times and subsequently dried under vacuum to get black pre-
cipitate (SiG). Chemically prepared graphene oxide (GO) with epoxide
groups on the basal plane undergoes nucleophilic substitution reactions
with the grafted amine groups of siloxene sheets, resulting in the for-
mation of graphene-siloxene composite materials (Fig. 1 (a)). Alterna-
tively, -OH groups present on the GO surface reacts with the Si-OH
groups of siloxene sheets leading to the surface grafted
graphene-siloxene composites (Fig. 1 (a)).

To get more information on the crystallinity of SiG layered materials,
XRD characterization were performed in the 20 range of 5°~75° and the
results are displayed in Fig. 1 (b). Pristine CaSiy showed several crys-
talline peaks at 20 values of 17.2°, 28.7°, 37.7°, 47.4°, 48.9°, 53.5°,
56.1°, 69° and at 75°, which are attributed to the (003), (101), (104),
(110), (311), (400) and (331) planes respectively (ICDD-JCPDS Card No.
75-2192) [50-52]. Alternatively, silicon nanosheets (SiH) produced by
calcium de-intercalation process has the peaks at 20 of 17.2°, 28.4°,
37.7°, 47.4°, 56.2° and at 69.3° along with a small peak at 12° that are
corroborated to (110), (111), (104), (220), (311), (400), (331) and (001)
crystal planes (ICDD-JCPDS Card No. 27-1402) (Fig. S1 (a & b), sup-
porting information). The average d-spacing calculated using Bragg’s
equation for (001) crystal plane is observed to be 0.74 nm for SiH
samples. Grafting of allylamine onto the siloxene sheets (Si-NHj)
doesn’t lead to significant variations in the crystalline planes (110),
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(111), (104), (220), (311), (400), (331) though there is a slight shift in
(001) crystal plane to lower angle (20 = 10.9°, Fig. S1 (c), supporting
information) that correspond to the interlayer spacing of 0.81 nm. The
crystalline domain sizes of the silicon nanosheets (SiH and Si-NHj) were
calculated using the well-known Scherrer’s formula.

Lc=KA1/pcosd (€D)
where L is crystalline domain size in the C direction.

K is Scherrer’s constant (0.89)
A is X-ray wavelength (1.5412 A)
p is angular width of diffracted peak at the half maximum (FWHM-
Full Width Half Maximum) in radians for diffraction angle.
0 is the diffraction angle

The crystalline domain sizes are observed to be 11.3 nm (SiH) and
26.5 nm (Si-NHj), which reveals the slight enhancement of L¢ on
grafting allylamine on its surface. As expected, pristine GO showed a
strong peak at 20 of 12.7° corresponding to the (001) interlayer d-
spacing of 0.7 nm [48]. Alternatively, SiG layered materials showed the
crystalline peaks corresponding to siloxene nanosheets along with two
small peaks in the 20 range of 21-24.5° (d-spacing, 0.36-0.42 nm) and
at 26° (d-spacing, 0.34 nm) revealing the fact that GO exists in reduced
state in this system. Broad peak with reduced peak intensity corre-
sponding to (002) peak of graphitic carbon in SiG composite materials
implies the existence of both exfoliated and few stacked layers of gra-
phene sheets. For comparison purpose, XRD characterization of the
thermally annealed graphene oxide (RGO) has also been done and the
result is included in Fig. S1 (d). Complete disappearance of the (001)
peak of GO with the appearance of broad peak in the 26 range of 20-25°
reveals the existence of both exfoliated and partially stacked layers of
graphene sheets in RGO samples. There is no significant variation be-
tween RGO and SiG layered composite materials with respect to the
(002) diffraction peak revealing the fact that the intercalation of silox-
ene nanosheets can expected to be present between the exfoliated gra-
phene sheets in SiG materials. Since the thickness of single siloxene
nanosheet is 0.28 nm [27], It is expected 1-2 layers of siloxene sheets are
intercalated between the stacked graphene layers (with d spacing of
034-0.42 nm) in the multi-layered stacked arrangement of SiG layered
materials. We didn’t observe any distinct (001) crystalline diffraction
peak of siloxene nanosheets in the synthesized SiG based layered ma-
terials and this fact may be attributed to the absence of multi-layered
stacked arrangement of siloxene nanosheets as they are being interca-
lated within exfoliated/few layer stacked graphene sheets alongwith the
presence of surface grafted siloxene nanosheets on graphene surface.

Fourier transform Infrared Spectroscopy (FT-IR) is used to identify
and characterize the surface chemical interaction between graphene
oxide and amine functionalized siloxene nanosheets (Fig. 2 (a)). Pristine
CaSiy showed major peaks at 3451 (O-H stretching), 1629 (O-H
bending), 1060 (Si-O-Si stretching), 800 cm ! (Si—O-Si bending) apart
from peak corresponding to 475 cm ™! (TO bands due to Si-Si crystal
lattice vibration) revealing its oxidized nature [44,53]. Deintercalation
of calcium ions resulted in the formation of layered siloxene (SigHeO3)
and this fact is corroborated by the appearance of peaks at 2140 (Si-H
stretching) and at 890 cm ! (SiH, vibrations) along with the peaks at
3440 (OH stretching) and at 1080 em™! (Si-O stretching) (Fig. S1 (e),
supporting information). Successful grafting of allylamine on siloxene
nanosheets (SigHgO3) through hydrosilylation reaction is corroborated
by the disappearance of Si-H peaks (2140 & 890 cm™!) with the
appearance of new peaks at 3400 (N-H stretching), 2920 (C-H
stretching), 1621 (N-H bending), 1421 (C-H bending), 1250 (C-N
stretching), 915 (C-N wagging) and 766 cm™! (Si-C stretching) along
with the peaks at 3480 (-OH stretching) and 1060 (Si-O-C stretching)
(Fig. 2 (a)). Pristine GO synthesized by chemical exfoliation of graphite
showed characteristic IR peaks at 1720 (C=O0 stretching), 1600 (skeletal
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Fig. 2. (a) FT-IR spectra of CaSi,, Si-NH,, GO and SiG layered materials (b)
Reaction mechanism between silicon nanosheets (SiH) and graphene
oxide (GO).

vibrations of graphitic -C—=C- domains), 1222 (C-OH stretching), 1045
(C-O stretching of epoxide group) [48,54,55]. Layered structure
graphene-siloxene (SiG) composites showed characteristics IR absorp-
tion peaks at 2925 (C-H asymmetric stretching), 1602 (skeletal vibra-
tions of graphitic -C—=C- domains), 1421 (C-H bending vibrations), 1250
(C-N stretching), 915 (C-N wagging) and 766 (Si-C stretching) along
with the broad peak at around 1080 em™! (C-O and Si-O stretching
vibrations) corroborating successful formation of graphene-siloxene
(SiG) layered materials. The possible mechanism of interaction be-
tween the graphene oxide and siloxene nanosheets before and after
calcination is included in Fig. 2 (b).

To get more insights on the functional groups present in the SiG
layered composite materials, XPS characterization was done and the
results are displayed in Fig. 3 and Figs. S2 and S3 (supporting infor-
mation). Survey scan results of the CaSiy showed strong peaks at 346 eV,
100.9 eV, and 531 eV representing Ca2p, Si2p and O1ls peaks on this
samples (Fig. S2 (a)). Deintercalation of calcium ions (Ca2+) resulted in
slight variation of peak intensities corresponding to Si2p (100 eV) and
0O1s (530.5 eV) peaks in siloxene nanosheets (SiH) (Fig. S2 (a)). Grafting
of allylamine via hydrosilylation reaction resulted in the appearance of
new peaks at 285 eV (Cls) and N1s (400 eV) along with the presence of
Si2p (100 eV) and O1ls (530.5 eV) peaks revealing the successful for-
mation of propylamine grafted siloxene nanosheets (Si-NH) (Fig. S2
(a)). Survey scan results of GO showed peaks at 285 eV and 530 eV that
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Fig. 3. High resolution Si2p (a, b), Cls (c, d) and N1s (e, f) results of Si-NH,
and SiG layered materials.

are attributed to C1s and O1s peaks [54,55]. Alternatively, the presence
of peaks corresponding to C1s (285 eV), O1s (530 eV) and Si2p (100 eV)
clearly corroborates the formation of SiG composites (Fig. S2 (a)). To
reveal the functional groups and nature of interaction between graphene
and siloxene sheets in the synthesized SiG materials, deconvolution of
high resolution spectra of C1s (285 eV), N1s (400 eV), Si2p (100 eV) and
O1ls (530 eV) were done and the results are displayed in Fig. 3 and
Figs. S2 and S3 (supporting information).

Deconvolution of Si2p peaks of CaSi, showed two peaks, which
corresponds to Si-Si (100.5 eV) and Si-O (102.6 eV) groups (Fig. S2 (b),
supporting information). There is no significant variation in peak posi-
tions on deconvoluting Si2p peak of siloxene nanosheets (Si-Si, 101 eV;
Si-0, 102.7 eV) (Fig. S2 (c), supporting information). However, drastic
increase in peak intensity corresponding to Si-O (102.6 eV) group for
SiH samples in comparison to CaSi, samples corroborates the intro-
duction of oxygen functionalities during calcium deintercalation pro-
cess. This fact is further confirmed by the rise in peak absorbance ratio of
Si-O and Si-Si groups (Asi-o/Asi-si, 0.07; Asi-o/Asi-si, 0.36). The above
interpretation is further supported by the appearance of single peak that
corresponds to Si-O group (532.2 eV) in O1s high resolution spectra of
CaSiy and SiH samples (Fig. S2 (c & d), supporting information). For-
mation of new peak at 99.9 eV (Si-C) along with the Si-Si (101.2) and
Si-O (102.9 eV) peaks as evidenced from deconvoluted spectra of Si2p
clearly corroborates the formation mechanism proposed in Fig. 2 (b).
There is no significant variation in the Si2p deconvoluted peaks of SiG
materials (Fig. 3 (b)), when compared to Si-NH; further supports our
proposed mechanism as shown in Fig. 2 (b). To reveal the functional
groups present between the siloxene and graphene interface, deconvo-
lution of C1s spectra of Si—-NHj, GO and SiG materials was done and the
results are displayed in Fig. 3 (b & c) and Fig. S3 (a), supporting infor-
mation. Deconvolution of Cls spectra of Si-NH; showed three peaks
corresponding to Si-C (283.5 eV; ~56.1%), C-C/C-H (284.8 eV; 16.6%)
and C-N (286.8 eV; 27.4%). Similarly, deconvolution of Cls spectra of
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SiG also showed peaks at 283.3 (~34.1%), 284.6 (~43.3%) and 286.9
eV (~22.6%), which are attributed to Si-C, C-C/C-H and C-O/C-N
groups. Significant rise in peak absorbance area ratio of C-C/C-H group
of SiG (~43.3%) in comparison to Si-NHj (~16.6%) reveals the suc-
cessful formation of graphene-siloxene layered materials. For compari-
son purpose, deconvolution of Cls spectra of GO was done and the
results are displayed in Fig. S3 (a), supporting information. Deconvo-
luted C1s spectra of GO materials showed five peaks at 284.5, 285.6,
286.4, 287, 288 eV that are attributed to C-C/C-H, C-OH, C-O-C, C=0
and —-COO- groups [54,55]. In contrast to GO, significant reduction in
oxygen functionalities is observed in SiG layered materials supporting
our proposed mechanism (Fig. 2 (b)). The functional groups formed
between the graphene and siloxene interface was further determined by
deconvoluting N1s spectra of Si-NH; and SiG and the results are
included in Fig. 3 (e & f). Deconvolution of N1s spectra of Si-NHj dis-
played one peak, which is correspond to C-N (399.7 eV) group (Fig. 3
(e)). In contrast, deconvoluted N1s spectra of SiG layered materials
showed two peaks that are corroborated to C-N (399.2 eV) and C=N
(400.3 eV) groups respectively (Fig. 3 (f)), further supporting our pro-
posed mechanism as shown in Fig. 2 (b). Finally, deconvolution of Ols
spectra was also done for Si-NHjy, GO and SiG to understand the oxygen
functionalities in these materials and the results are included in Fig. S3
(b-d). While, the deconvoluted O1s spectra of GO showed peaks corre-
sponding to O—C-OH (530.2 eV), C=0 (531.5 eV) and C-O-C (532.4
eV) groups [54,55], O1s spectra of Si—-NH; and SiG exhibit a single peak
centered at 532.2 eV revealing the existence of C-O and Si-O groups in
these materials.

The morphological features and elemental composition of synthe-
sized SiG materials were characterized using Field emission scanning
electron microscopy (FE-SEM) and the results are displayed in Fig. 4 and
Fig. S4, supporting information. Pristine calcium silicide (CaSiy) consists
of several stacked layers of silicon sheets. Deintercalation of calcium
ions followed by amine grafting resulted in sponge like with partially
exfoliated siloxene nanosheets for Si-NH, samples (Fig. 4). As expected,
graphene oxide (GO) nanosheets obtained from chemical exfoliated
graphite consist of wrinkled morphologies (Fig. 4). Alternatively,
intercalation and surface grafting of siloxene nanosheets on the gra-
phene sheets is clearly corroborated using FE-SEM images, which form
few- to multi-layered arrangement of nanosheets (Fig. 4 and Fig. S4).
From the figure, it is clearly visible that few stacked sheets of siloxene
present on the graphene sheets (yellow encircled regions) (Fig. S4 (a-c),
supporting information). In contrast to few layered graphene-siloxene
materials (Fig. S4 (a-d)), multi-layered SiG composite materials form
bubbled structure on its surface due to the mismatch in the thermal
expansion coefficient and trapped hydrocarbons between the siloxene
and graphene sheets during calcination (Fig. 4 & Fig. S4 (d), supporting
information) [56,57]. The size of bubbles formed on the SiG
multi-layered materials are observed to be in the range of 50-200 nm.

To corroborate the presence of siloxene nanosheets in the graphene
sheets, transmission electron microscopic characterization was done and
the results are included in Fig. 4 and Fig. S5, supporting information.
Pristine calcium silicide (CaSiy) consists of several stacked layers of
crystalline siloxene nanosheets with buckled morphology (Fig. S5 (a)
supporting information). Deintercalation of calcium ions followed by
amine grafting via hydrosilylation reaction results in the formation of
amorphous few layered siloxene nanosheets (Fig. 4). Alternatively,
grafting of graphene sheets via nucleophilic substitution reaction be-
tween amine grafted siloxene nanosheets and graphene oxide followed
by calcination at 800 °C for desired time forms SiG composite materials
with crystalline siloxene sheets intercalated between the graphene
sheets (Fig. 4 and Fig. S5, supporting information, encircled regions).
Earlier reports reveal that epoxide groups preferentially forms on the
basal plane of graphene oxide (GO) during chemical exfoliation of
graphite and hence, the intercalation of siloxene nanosheets within the
graphene sheets is more feasible by our synthesis route. Appearance of
carbon, silicon and oxygen peaks in energy dispersive analysis (EDX) as
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Fig. 4. FE-SEM results of CaSi,, Si-NH,, GO, SiG layered materials and TEM
images of Si—-NHj, SiG layered materials.

well as X-ray mapping results showed the presence of siloxene in the
graphene surface of the prepared SiG composite materials (Fig. S5,
supporting information).

To obtain further understanding on the structural changes happened
during the chemical processing from siloxene nanosheets (SiH) (derived
from CaSiy) to graphene-siloxene layered materials (SiG), Raman
spectra were obtained and the results are included in Fig. S6 (a-d). The
Raman spectrum of siloxene nanosheets (SiH) derived from top-
ochemical reaction of CaSiy displays a small broad peak at around 508
cm™! with a small hump at 450 cm™! that are corroborated to Eog
vibrational mode (sp® hybridized state) of honeycomb structure of
siloxene nanosheets and surface defect induced structural complexities
in the siloxene nanosheets (Fig. S6 (a)) [58]. Grafting of allylamine on
siloxene nanosheets (Si-NHy) results in significant rise of peak intensity
corresponding to the Epg vibrational mode with a blue shift to higher
wavenumber (~518 ¢cm™!) revealing its crystalline nature. Alterna-
tively, two broad peaks centered at around 570 cm ™! and 475 cm ™! are
observed for SiG nanosheet based layered materials. Significant blue
shift of Raman peak to higher wavenumber (~570 c¢m ™)) corroborates
that these siloxene nanosheets are under compressive stress (with sp?
bond length) due to intercalation within the graphene sheets [58].
Another interesting observation that has been made in the present
investigation is the formation of bubbled structures (50-200 nm) on the
multi-layered graphene-siloxene nanosheet materials (SiG) due to the
mismatch in thermal coefficient as well as degradation of trapped hy-
drocarbons during calcination (Fig. 4) [56,59].This fact is further
confirmed from the Raman spectroscopic characterization of the syn-
thesized SiG composite materials. Zabel et al., reported that biaxially
strained graphene consisting of balloon or bubbled structures on its
surface deposited on Si/SiOx substrate results in the significant red shift
of the peak corresponding to 2D’ (~2700 cm ) and G (~1600 cm ™)
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without drastic variation in D peak (~1350 cm ™) [60]. Alternatively,
Pan et al. [56], characterized the graphene/boron nitride hetero-
structures using Raman spectroscopy in which they observed shift in
Raman peaks (G and 2D) on the bubbled surface. In the present work, we
observed two G peaks at 1620 cm ™! (unstrained graphene) and at 1525
cm™! (bubbled graphene) along with the appearance of broad D peak at
1350 cm ™! corroborating the presence of both unstrained and bubbled
graphene structures in the synthesized SiG materials (Fig. S6 (b)). This
fact is further revealed by the appearance of two 2D’ peaks (unstrained
graphene, 2715 cm™L; bubbled graphene, 2650 cm™ D (Fig. S6 ().

To corroborate the nitrogen (N2) surface area, pore size distribution
and pore volume of the prepared SiG materials, Brunauer-Emmett—
Teller (BET) adsorption-desorption studies were done and the results are
included in Fig. 5 and Table 1. For comparison purpose, BET surface area
measurements for RGO and physically blended graphene-siloxene ma-
terials were also done and the results are displayed in Fig. 5 and Table 1.
While all the characterized samples showed Type II adsorption-
desorption patterns [61], the presence of hysteresis loop in these sam-
ples revealed the typical H3 type confirming the presence of non-rigid
aggregates of plate like particles giving rise to slit shaped pores in
these materials (Fig. 5). The nitrogen (N3) surface area calculated using
BET Nitrogen adsorption isotherm is significantly higher for SiG com-
posite materials (Fig. 5), when compared to the GO (48.5 m%g’, Fig. S8
(a)) or CaSi, (1.81 ng'l) (Table 1). For comparison purpose, surface
area of reduced graphene oxide (RGO and its blend with topochemically
synthesized siloxene nanosheets (SiG-blend) were also done and the
results are included in Table 1. It is noteworthy to mention that the
surface area of SiG is observed to be 99%, 26% and 4.7% higher in
comparison to CaSiy, RGO and SiG-blend samples. Significantly higher
surface area of SiG composite materials ensures fast lithium storage and
also advantageous over volume change during lithium
insertion-extraction process [61,62].The average pore volume deter-
mined using Barrett-Joyner-Halenda (BJH) method are observed to be
0.0067 cm®g? (CaSiy), 0.021 cm3g? (GO), 0.136 cm>g! (SiG-blend),
0.22 cm3g'1 (RGO), 0.42 c1‘n3g'1 (SiG) respectively (Table 1). The
remarkable improvement in pore volume for SiG materials relative to
other materials implies that these layered materials will be more effec-
tive in accommodating the large volume variations during
discharge-charge cycles. Also, significant variation in pore size distri-
bution is noted for SiG materials, when compared to CaSis, RGO or SiG
blend (Fig. 6). It is worthwhile to notice that CaSi, has intense pore
volume (0.07 cm3g™?) with pore size ~2 nm revealing its microporous
nature. However, relatively less intense pore volume peaks (0.02-0.03
em3g1) in the pore size range of 2-5 nm and a broad hump (pore
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Fig. 5. BET results of (a) CaSi,, (b) SiG, (c), RGO and (d) SiG-Blend materials.
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Table 1
BET N, surface area results of CaSi, and SiG materials.

Samples BET Nj, surface area (m?/g) Pore volume (cm®g 1)
CaSiy 1.81 0.0067

GO 48.5 0.021

SiG 168.5 0.42

RGO 117.5 0.22

SiG-blend 160.5 0.136

volume, 0.01 cm3g)) in the range of 7-10 nm are corroborated to the
mesoporous and macroporous structures present in the pristine CaSis.
Similarly, the synthesized SiG materials also display sharp intense pore
volume peak (0.7 cm3g) at ~2 nm and relatively less intense pore
volume peaks (~0.4 cm®g) in the range 2-5 nm revealing its meso-
porous structures. On contrary to CaSip, appearance of multiple pore
volume peaks (0.05-0.1 cm®g™!) in the pore size range 5-12 nm revealed
the formation of mesopores of varying sizes in SiG materials. Chemical
grafting of siloxene on the graphene sheets induces macroporous
structures due to the factors such as void formation (due to the degra-
dation of hydrocarbons) and bubbling effect (due to mismatch in the
thermal coefficient) as noticed in Raman spectroscopic results. To
further elucidate the proposed theory, pore size distribution on GO, RGO
and SiG blends were also done and the results are included in Fig. 6 and
Fig. S7 (b). Interestingly, while GO exhibited higher pore population
(pore volume, 0.01-0.02 cm®g) in the pore size ranging 1-50 nm
corroborating its mesoporous and macroporous size (Fig. S7(b)), ther-
mal reduction (RGO) resulted significant reduction in macroporous
structures with the appearance of intense peaks (pore volume, 0.05-0.22
em3g?) in the pore size range of 1-5 nm revealing the existence of
mesoporous structures (Fig. 6). Also, similar trend is noted for physical
blended RGO and siloxene nanosheets (SiG-blend), which implies that
the physical blending doesn’t have substantial impact on the pore size
distribution corroborating the fact that tuning the interface chemistry
has considerable influence on the pore population.

Thermogravimetric analysis (TGA) was employed to determine the
weight composition of the calcium silicide (CaSiy), Si-NH3, GO, RGO
and SiG materials and the results are displayed in Fig. 7(a) and Fig. S8.
Though 2 wt % loss is observed upto 285 °C for CaSip samples,
approximately 6 wt % gain has been noted in the temperature range of
285-800 °C due to the formation of Wollstanite (CaSiO3) and siloxene
dioxide (SiO5) as shown in the reaction scheme 2 [63].

CaSi, +2.50,—CaSiO; + SiO, 2)

In contrast to CaSiy, siloxene nanosheets (SiH) showed initial weight
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Fig. 6. Pore size distribution on (a) CaSiy, (b) SiG, (c), RGO and (d) SiG-
Blend materials.
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loss (~9 wt %) in the temperature range of 25-150 °C. However, 6%
weight gain has been observed in this material on increasing the tem-
perature range to 800 °C and this fact may be attributed to the oxidation
of siloxene nanosheets (SiH) to SiOp (Fig. not shown). Alternatively,
amine grafted siloxene nanosheets (Si-NHj) exhibit a weight loss (~7 wt
%) in the temperature range of 40-580 °C, which may be corroborated
to the degradation of grafted propylamine formed on the siloxene
nanosheets due to hydrosilylation reaction between siloxene nanosheets
(SiH) and allylamine (Fig. 7(a)). In contrast to Si-NHj, graphene-
siloxene (SiG) nanosheet based layered materials showed approxi-
mately 3 wt % loss upto 300 °C with a major weight loss in the tem-
perature range of 300-800 °C, which could be attributed to the
degradation of graphene. For comparison, reduced graphene oxide
(RGO) produced by calcination of GO was also done and the result is
included in Fig. 7(a). In contrast to GO, which showed two degradation
steps in the selected temperature range, reduced graphene oxide (RGO)
showed a single degradation step and this fact may be attributed to the
degradation of graphene in air environment (Fig. 7(a) and Fig. S8,
supporting information). The residual weight of 59% in SiG composites
materials is corroborated to the relative content of siloxene nanosheets
in this system (Fig. 7(a)).

The electrochemical properties of the CaSiy and SiG as anodes in
lithium-ion cells were evaluated via constant current charge/discharge
cycling in the potential range of 0.01-2.0 V at the current rates of 205
mAg !, 410 mAg~! and at 4100 mAg ! (4.1 Agh). The charge-discharge
results at first five cycles of CaSiy and SiG based electrode measured at
the current rate of 205 mAg ! are included in Fig. S9 and Table S1. CaSi,
based electrode showed two plateau’s (~0.7 V and 0.15 V) delivering a
first discharge capacity of 3372 mAhg~! (Fig. S10(a), Table S1).
Appearance of two distinct plateaus is attributed to the alloy formation
of lithium alloy with siloxene (LixSi) and calcium (Ca-Li). However,
drastic drop in specific charge capacity (1319 mAhg™!) is observed
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during charging with the capacity retention of only 39%. In contrast,
graphene-siloxene composite materials (SiG) exhibit a first discharge
and charge capacities of 3880 mAhg ™! and 3016 mAhg ™! with the ca-
pacity retention of 78% (Fig. S9; Table S1). Higher Li storage capacity
for the SiG nanosheet based layered materials in comparison to CaSij is
attributed to the synergistic contribution of graphene and siloxene in the
lithium storage process. While the two dimensional siloxene nanosheets
renders higher lithium storage capacity, the effective encapsulation of
siloxene between the graphene sheets buffers the volume expansion and
thereby maintains good capacity retention revealing the synergistic
contribution of siloxene and graphene in the electrochemical perfor-
mance. As indicated by the theoretical study, if all graphene nanosheets
are strictly monolayer, the maximum lithium storage capacity of gra-
phene is 744 mAh g™, corresponding to the formation of the LixC.
Synthesized SiG contain 59 wt% of siloxene and therefore the theoretical
capacity of SiG can be calculated as Total capacity = Cgraphene X 41% +
Csig x 59%Where Cgraphene is the storage capacity of graphene and CSiG
is the storage capacity of siloxene nanosheets (4200 mAh g’l) [47].

Total capacity = 744 x 0.41 + 4200 x 0.59 = 2783 mAhg_1

The higher values of initial storage capacity of SiG layered materials
are attributed to the additional storage of Li-ion in the nano-voids pre-
sent in the graphene surface or micropores generated in the graphene
surface during the oxidation-reduction process or nano-cavities gener-
ated due to the intercalated siloxene nanosheets in the graphene layers.
To further validate our discussion, we have also carried out charge-
discharge cycling behaviour of reduced graphene oxide (RGO) and
physically blended graphene-siloxene (SiG blend) based electrodes at
the current rate of 205 mAg~! and the results are included in Fig. S9 (a).
The first discharge and charge capacities of RGO and SiG-blend are
noted to be 1250 (RGO), 920 (RGO), 2100 (SiG-blend) and 1510
mAhg ™! (SiG-blend), respectively with the capacity retention values of
74% (RGO) and 72% (SiG-blend) revealing the fact that tuning the
interface chemistry between siloxene and graphene has significant
impact on the lithium-ion storage performance.

To evaluate the electrochemical reactions of the SiG nanosheet based
layered materials during electrochemical cycling, the dQ/dV profiles
were made by differentiating the first ten charge-discharge profiles and
the results are displayed in Fig. S10. The main peak observed at around
0.07 V with an onset potential of ~0.12 V during the first discharge
corresponding to the long flat plateau zone in the first discharge voltage
profile is attributed to the phase transition of crystalline Si nanosheets to
amorphous lithium silicide (LixSi). The strong peak at 0.47 V with a
small peak at 0.38 V during the first charge could be ascribed to deal-
loying of the LixSi phase. Appearance of two peaks at 0.04 V, 0.09 V
along with the broad hump at 0.21 V in the subsequent discharge cycles
are corroborated to the phase transitions between amorphous Li,Si, i.e.,
the phase transition from the P-I (LiSi) phase to the P-II (Li;Si3) phase
and the subsequent transition to the P-III (Li;5Si4) phase (0.09 V; broad
hump at 0.21 V) and lithium intercalation in the graphene (0.04 V; LiCyx)
[64].

Though, significant research reports has been published on one
dimensional silicon nanowire based electrodes that showed excellent
discharge and charge capacities, very little work has been done on the
two dimensional (2D) silicon nanosheets as anode materials for lithium-
ion batteries (Table S2). For instance, Yu et al. [29], reported first
discharge and charge capacity values of 2553 mAhg™' and 1242
mAhg ™! measured at the current rate 100 mAg~! for siloxene nano-
sheets prepared by DC arc discharge (Table S2). Recently, Kim et al,®
reported first discharge and charge capacity of silicon nanosheet anode
(discharge capacity, 3563 mAhg™!; charge capacity, 2431 mAhg™!)
prepared by magnesium reduction of sand and its RGO based composites
(discharge capacity, 3563 mAhg™'; charge capacity, 2431 mAhg™')
measured at the current rate of 200 mAg~l. Alternatively,
graphene-siloxene nanosheet based layered materials synthesized by
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tuning the interface chemistry has showed relatively better discharge
(~9% increment) and charge capacities (~24% increment) at first cycle
measured at the current rate of 205 mAg ™!, when compared to the RGO
based silicon composites prepared from sand (Table S2). The relative
decrement of the second discharge (~17%) and charge capacity
(~15.6%) is observed to be lower for SiG composite materials in com-
parison to CaSiy based electrodes (discharge capacity, 54%; charge ca-
pacity, 25.4%). Both discharge and charge capacities remain nearly
constant for subsequent cycles of SiG layered materials measured at the
current rate of 205 mAg ™", with little fading upto 5 cycles and these
values are significantly higher when compared to CaSi, based electrodes
(Table S1).

The charge-discharge profiles of CaSiy, SiG, RGO and SiG-blend
based anodes in the 1st, 3rd, 5th and 10th cycle measured at the cur-
rent rate of 410 mAg ™! rate are shown in Fig. 7(b and c¢) and Fig. S9
(b&c). The first discharge and charge capacities of CaSiy are observed to
be 2295 and 878 mAhg !, respectively with a first columbic efficiency of
61.7% (Fig. 7 (b)). Alternatively, the first discharge and charge capac-
ities of SiG nanosheet based composite materials are observed to be
2618 and 1975 mAhg™!, respectively with a coloumbic efficiency of
75.4% (Fig. 7 (c)). Contrastingly, the first discharge and charge capac-
ities of RGO are observed 1210 mAhg ™! and 790 mAhg™! with the ca-
pacity retention of 65.3% (Fig. S9). Similarly, the first discharge and
charge capacities of SiG-blend are noted to be 2475 and 1050 mAhg !
with the capacity retention of only 42% (Fig. S9). After 3rd cycle, the
discharge and charge capacities of SiG nanosheet based composite ma-
terials decreases to 1905 mAhg™' (discharge capacity) and 1590
mAhg ! (charge capacity) with the columbic efficiency of 83.5% (Fig. 7
(c)) and these values are significantly higher when compared to CaSi;
(discharge capacity, 1245 mAhg™'; charge capacity, 988 mAhg™};
Coloumbic efficiency, 79.4%), RGO (discharge capacity, 600 mAhg™!;
charge capacity, 500 mAhg™'; Coloumbic efficiency, 83%) and SiG-
blend (discharge capacity, 875 mAhg™!; charge capacity, 750
mAhg_l; Coloumbic efficiency, 86%) based electrodes (Fig. S9). Similar
trend is noticed at higher cycle number viz., 5th and 10th cycle revealing
the enhanced electrochemical characteristics of the SiG material pre-
pared by tuning the interface chemistry between the graphene and
siloxene nanosheets. The galvanostatic charge-discharge studies of
CaSis, SiG, RGO and SiG-blend based electrodes were done for 1000
cycles at the current rate of 4100 mAhg ! (4.1 Ahg™1) and the results are
included in Fig. 7(a and b). The initial charge capacities of SiG nanosheet
based layered material at first cycle at the current rate 4.1 Ahg™! is
noted to be 1480 mAhg ™! and this value is significantly higher, when
compared to CaSiy (~380 mAhg’l), RGO (300 mAhg’l) and SiG-blend
(450 mAhg™!) based electrodes. The cyclability of all these electrodes
were examined under long-term cycling over 1000 cycles at the current
rates of 4100 mAhg ! (4.1 Ahg™!), which demonstrated a good cyclic
performance and reversibility (Fig. 7 (b)). After 1000 cycles, the SiG
based electrodes still maintained a specific charge capacity as high as
1040 mAh g’l, which represents a much enhanced performance than
that of CaSiy (specific capacity, 100 mAh g~1), RGO (specific capacity,
175 mAhg™!) and SiG-blend (specific capacity, 250 mAhg™!) based
electrodes [34, 50].

Significantly higher reversible capacity of SiG nanosheet based
layered materials in comparision to graphene or CaSi, is ascribed to the
effective encapsulation of siloxene nanosheets between the graphene
layers. The structural stress imposed during the Li" alloying/dealloying
processes is effectively endured by the encapsulated siloxene nano-
sheets, preventing the volume change and thereby maintaining the
relatively constant charge/discharge profiles, whereas the presence of
siloxene nanosheets between the graphene layers prevents the aggre-
gation of graphene layers leading to the enhanced lithium storage per-
formance. In addition, the voids existing in graphene nanosheets can
effectively buffer the volume expansion of 2D siloxene nanosheets, when
reacting with lithium. Consequently, cracking and pulverization of the
electrode can be avoided, resulting in an enhanced cycling stability. To
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validate the enhanced electrochemical performances of SiG based anode
materials, FE-SEM characterization of the SiG electrode surface was
done and the results are included in Fig. S11. Relatively rough surface
with packed arrangement of multi-layered SiG composite materials is
corroborated from the morphological results of the before cycled SiG
electrode (Fig. S11 (a-c)). After 1000 cycles, electrode surface retains its
morphological features with the appearance of minor cracks on the
surface corroborating the formation of solid electrolyte interface (SEI)
layer with controlled volume expansion of SiG materials (Fig. S11 (d-f)).

The specific charge capacities of CaSiy and SiG based anode materials
at various current rates were also determined and the results are shown
in Fig. 7 (e). As expected the specific capacity decreases with increasing
current rates in all samples. However, the decrement in specific capacity
with increasing current rates is less for SiG based composite materials in
comparison to CaSip, RGO and SiG-blend based electrodes (Fig. 7 (e)).
For instance, the first specific charge capacity of SiG electrode decreased
to 1975 mAhg™! (410 mAg™'), 1738 mAhg™' (820 mAg™!), 1291
mAhg~! (2.05 Ag)), 975 mAhg~! (4.1 Agl), 720 mAhg ! (8.2 Agh)
from 3016 mAhg ™! (205 mAg ™). Alternatively, the first specific charge
capacity of CaSip based electrodes decreased to 865 mAhg™! (410
mAg~1), 640 mAhg™! (820 mAg™!), 320 mAhg~! (2.05 Ag™l), 201
mAhg™! (4.1 AgY), 63 mAhg™! (8.2 Ag!) from 1318 mAhg™! (205
mAg 1) (Fig. 7 (e)). Similarly, the first specific charge capacity of RGO
based electrodes decreased to 650 mAhg ! (410 mAhg 1), 460 mAhg !
(820 mAhg™), 286 mAhg™! (2.05 Agl), 195 mAhg ™! (4.1 Ag), 135
mAhg ™! (8.2 Ag™) from 847 mAhg™! (205 mAg ™). Likewise, the first
specific charge capacity of SiG-blend based electrodes decreased to 970
mAhg ™! (410 mAhg™!), 745 mAhg~! (820 mAhg™1), 399 mAhg~! (2.05
Agh), 256 mAhg! (4.1 Agl), 185 mAhg~! (8.2 Agl) from 1570
mAhg™! (205 mAg™1). Significantly higher capacity values of SiG based
electrodes corroborating its enhanced electrochemical performance in
comparison to CaSiz, RGO and SiG-blend based electrodes. Moreover,
when the current rate returns to 410 mAg ! after 35th cycle, SiG based
electrodes recovers its 61% (1570 mAhg 1) of its initial specific capacity
values, whereas, only 43% (CaSis), 39% (RGO) and 36% (SiG-blend)
recovered in other electrode systems. Furthermore, on returning the
current rate to 205 mAg~ ', SiG based electrodes recovered to 2275
mAhg~! (76% of its initial specific capacity) after 50th cycle and this
value is significantly higher, when compared to CaSiy, RGO and SiG-
blend based electrodes that have recovered only 560 mAhg ™' (42% of
its initial specific capacity), 590 mAhg ™! (70% of its initial specific ca-
pacity) and 970 mAhg ™! (62% of its initial specific capacity) after 50th
cycle corroborating good reversibility and excellent cyclability of SiG
based electrodes.

To get more understandings on the outstanding electrochemical
properties, electrochemical impedance spectroscopy (EIS) of CaSiy,
RGO, SiG-blend and SiG nanosheet based composite materials was car-
ried in the frequency range of 100 kHz—0.01 Hz to confirm the interfacial
electrochemistry and reaction mechanism. The typical Nyquist plots of
AC impedance measured before and after cycling of all electrode systems
are shown in Fig. 8 (a & b). Generally, the impedance spectrum consists
of depressed arc followed by the straight line inclined at 45° angle and
the equivalent circuit adopted for EIS calculation is shown in Fig. S12.
While, the internal ohmic resistance, involving the resistance of the
electrolyte and other resistive components, corresponding to the inter-
cept of the plots with the real axis (Z) at high frequency is represented
as R, the R¢ and Cgqp; values corresponding to the semicircle at high
frequency region is demonstrated as resistance (Rf) and capacitance
(Can) of solid electrolyte-interface (SEI) films. On the contrary, R and
Cqiz values related to the semicircle at medium-to-low frequency are
correlated to the charge transfer resistance (R¢) and capacitance (Cgj2)
and the Warburg impedance noted as Zy referring the sloping region at
low frequency is directly correlated to the lithium-ion diffusion process
in the electrode. The values of Re, R, Ret and Ryotar are listed in Table 2.

Re, which represents the internal resistance of the fabricated cell, is
slightly lower before and after cycling for SiG based electrodes in
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Fig. 8. (a, b) EIS results of CaSi2, SiG, RGO and SiG-Blend before and after
cycling, (c) Expanded view at high frequency range.

comparison to the other electrode systems. Rg¢, which corresponds to the
SEI film resistance is significantly lower for SiG based electrodes (51.2
Q), when compared to the CaSiy (293.4 Q), RGO (169.3 Q) and SiG-
blend based electrodes (296.1 Q). This result corroborates the fact that
the effective encapsulation of siloxene nanosheets between the graphene
sheets by tuning the interface chemistry (SiG) can buffer the volume
effect of siloxene nanosheets and also inhibits the growth of passive
layer on siloxene nanosheets. Significant reduction in Ry value after
50th electrochemical cycling for all electrode systems reveals the ease of
Li* ion diffusion (Table 2). R values that provide information on
charge-transfer resistance decreased significantly for SiG electrode
(78.3 Q) corroborating its lower charge transfer resistance in compari-
son to CaSiy (713.8 Q), RGO (634.4 Q) and SiG-blend (1097.2 Q) based
electrodes. As expected, significant reduction in charge-transfer resis-
tance is observed after 50th electrochemical cycling for all electrode
systems revealing the enhanced electrical conductivity in these systems.
Similar trend is observed in Riya values before and after cycling
revealing faster electrode kinetics in SiG electrodes, when compared to
pristine CaSip, RGO and SiG-blend based electrodes (Table 2). This fact is
further confirmed from the exchange current density (ip) that has been
calculated using the equation iy = RT/nFR., where R is the gas constant,
T is the absolute temperature, n is the number of electrons, F is the
Faraday constant and R is the charge-transfer resistance [33,40,59].
Relatively, higher value of exchange current density (i) for SiG
(33x107° A) based electrodes in comparison to other electrode systems
(CaSiz, 3.6x107° A; RGO, 4.1x107> A and SiG-blend, 2.4x107° A),
implying enhanced electrochemical activity in the former (SiG elec-
trodes). Interestingly, exchange current density (ip) increases signifi-
cantly for all electrode systems (CaSiz ~300%; RGO, ~235%;
SiG-blend, ~550% and SiG, ~84%) corroborating significant rise in
electrochemical activity after 50th cycles.

4. Conclusions

In summary, graphene-siloxene (SiG) nanosheet based few- to multi-
layered composite materials have been successfully synthesized by
tuning the interface chemistry of graphene oxide and siloxene nano-
sheets followed by calcination at 800 °C. Successful formation of layered
SiG materials is revealed using FE-SEM results. Effective encapsulation
of crystalline siloxene nanosheets within graphene sheets is corrobo-
rated using TEM. Crystalline characteristics of encapsulated siloxene
nanosheets are further confirmed using X-ray diffraction patterns. Sig-
nificant rise in surface area for SiG layered materials in comparison to
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Table 2
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EIS results of calcium silicide (CaSi») and silicon-graphene (SiG) based electrodes before and after cycling.

Resistances Before cycling After cycling

CaSiy SiG RGO SiG-blend CaSiy SiG RGO SiG-blend
Rs () 10.7 8.2 24.3 26.6 30.3 9.35 32.6 26.4
R¢ (Q) 293.4 51.2 169.3 296.1 72.4 13.0 24.4 39.4
Ree () 713.8 78.3 634.4 1097.2 179.6 42.5 189.6 169.2
Riotal () 1017.9 137.7 828.0 1130.0 282.3 64.8 246.7 235.0
In (107° &) 3.6 33.0 41 2.36 14.4 60.8 13.6 15.3

calcium silicide (CaSiy) is further elucidated using the BET nitrogen
adsorption-desorption studies. Galvanostatic charge-discharge studies
of SiG based anode materials, when measured at the current rate of 205
mAg !, displayed the first discharge and charge capacities of 3880
mAhg ! and 3030 mAhg ! respectively. Similarly, at the current rate of
410 mAg~?, the SiG based anode materials exhibit first discharge and
charge capacities of 2618 mAhg ' and 1975 mAhg . Even at very high
current rate (4.1 Ag')), the prepared SiG based anode materials showed
excellent reversible capacity of 1040 mAhg™! after 1000 electro-
chemical cycles. The overwhelming electrochemical properties of the
prepared SiG is attributed to the synergistic effects of the unique com-
bination of properties, which include outstanding electric conductivity
due to the graphene, effective lithium-ion transport and controlled
volume change due to encapsulation of siloxene nanosheets within the
graphene sheets. These results demonstrate that SiG based layered ma-
terials could be promising anode materials for practical lithium ion
battery applications. We strongly believe that our synthetic route could
be extended to the development of high-performance anode materials
for rechargeable batteries.
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