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Solar synthesized tin oxide nanoparticles dispersed
on graphene wrapped carbon nanotubes as a Li ion
battery anode material with improved stabilityt

Madhumita Sahoo and S. Ramaprabhu™

Employing high theoretical capacity SnO, as an anode material for Li ion batteries (LIBs) is still a challenge
because of its huge volume change upon lithiation/de-lithiation, leading to instability and a low cycle life of
the cell. Herein we report graphene wrapped carbon nanotubes (gC), a one-dimensional monohybrid of
multiwalled carbon nanotubes and graphene sheets, which support SnO, nanoparticles to act as a stable
LIB anode. An eco-friendly, solar energy mediated reduction process, instead of hazardous wet chemical
methods, was used to decorate SnO, over the gC support material. The wrinkled surface of gC, with
a higher available surface area and favorable Li transfer channels, is explored as a functional preventive
measure against the volume change of the metal oxide nanoparticles. This well-connected gC structure
with high conductivity also accounts for the semiconducting nature of SnO,, and exhibits less resistance
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Introduction

The present ecological concerns of civilization demand
sustainable, pollution-free, clean and cost-effective renew-
able energy technologies. Solar, tidal and wind energies are
natural energies that need storage systems associated with
them for uninterrupted usage. The Li ion battery (LIB) has
emerged as an important rechargeable electrochemical
conversion and storage device because of its many advan-
tages, such as high energy density, capacity, and cycle life,
over the past two decades.' The commercially used graphite
anode in LIBs limits the battery performance owing to its low
specific capacity of 372 mA h g~ '.2 The high abundance of
SnO, in nature has projected itself as a low cost and favorable
material for biosensors,* capacitors* and many more appli-
cations,” including as an anode material in LIBs.® The
problem of the huge (~300%) volume change” of SnO, during
lithiation/de-lithiation cycles, leading to unavoidable
pulverization still demands further structural engineering
for it to be to be an efficient and stable anode material. Even
after much research over the last few decades, the volume
variation of SnO, still leads to a poor life-cycle and rate
performance. The capacity fading is also a result of pulveri-
zation of tin oxide, leading to mechanical disintegration and
fresh surface exposures of the active material which results in
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with a highly stable performance, thereby presenting SnO,/gC as a potential anode material for LIBs.

the continuous formation of solid electrolyte interface (SEI)
layer. 3 nm SnO, nanoparticles have been reported to show
enhanced performance owing to less aggregation into clus-
ters.®* To prevent the active material loss over mechanical
degradation, the design of hollow® and core-shell® metal
oxide nanostructures, as well as the use of an accommo-
dating and conducting support structure, has been imple-
mented by the research community. 1D carbon nanotubes
(CNT)," 2D graphene'>** and their hybrid'**® structures have
been well investigated as supports for SnO, nanoparticles.
1D-2D composite structures of a MWNT-graphene support in
anano-3D aerogel form for SnO, support,*® polypyrrole based
carbon nanowire-graphene supported SnO,,"” a one-pot
microwave synthesized SnO,/G-CNT composite,’®* and
a hydrazine reduced hybrid SnO,/G-CNT"* are a few examples
of the many investigated anode materials.
a commercially available, stable and high performance tin
oxide composite has not been reported until now, as the re-
ported composites have flaws such as complicated synthesis
processes, hazardous chemical usage, a demand for wet
production processes or uniformity in the structure.>*>*

The present report investigates protruded surface 1D
monohybrid-graphene wrapped carbon nanotubes (gC) as the
support for the tin oxide nanoparticles and the application of
the composite as an anode material in a Li ion battery. The
unique structural and morphological features of gC have
already proved that it is a better anode material than commer-
cial graphite.”® A simple, inexpensive and environmentally
benign solar reduction synthesis process has been used for the
uniform dispersion of tin oxide nanoparticles over the graphene
wrapped carbon nanotubes. The tin oxide nanoparticles, which

However
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enable better Li diffusion, and the conducting structure of gC
facilitating electron transfer, are expected to raise the minimum
stress in the lithiation/delithiation process because of the
wrinkled surface and the porous nature of the support, giving
sufficient void space for accommodation of the volume
variation.

Experimental
Material synthesis

The decoration of tin oxide nanoparticles over gC was per-
formed using a green solar reduction technique, and the
material was employed as an anode in a Li ion battery. Pure
graphene wrapped carbon nanotubes were synthesized using
a modified catalyst assisted chemical vapor deposition (CCVD)
technique (S.1.) as reported by us previously.'*** A tin chloride
di-hydrate (SnCl,-2H,0; =99.995%; Aldrich) precursor was
mechanically mixed in a ratio of 1 : 3 with graphene wrapped
carbon nanotubes. Solar energy was focused using a convex lens
(90 mm diameter) to act as the energy source for the reduction.?®
The previously prepared mixture was uniformly spread on
a glass Petri dish and exposed to the focused solar energy using
the lens for a few minutes during peak hours of scorching heat
on a clear summer day. The exposure was scanned throughout
the spread sample in an identical method for uniformity. The
temperature of the focused portion increased rapidly to 150-
450 °C within a few seconds, resulting in decomposition of the
precursor salt and the simultaneous deposition of tin nano-
particles over the support surface.>**® The release of gaseous by-
products was clearly visible during the short time of the
synthesis. Tin nanoparticles reacted with atmospheric oxygen
and oxygen that was decomposing from the salt, resulting in tin
oxide nanoparticles, owing to the chemical reactivity of tin at
high temperatures. Finally, the black powder was collected and
labeled as SnO,/gC without any further modifications. For
comparison, SnO, nanoparticles were also decorated over the
surfaces of purified multiwalled carbon nanotubes* (MWNT)
using a similar process. Without any further treatment, the
SnO,/MWNT and SnO,/gC materials were tested as anode
materials for LIBs.

Physical characterization

A PANalytical X'Pert Pro X-ray diffractometer, with nickel
filtered Cu-K, radiation as the X-ray source, was used to record
the X-ray diffraction (XRD) measurements over a 26 range of 5-
90° with a step size of 0.016°. The loading of metal oxide on the
¢C and MWNT support was calculated using the results from
a thermogravimetric analysis plot, which was recorded using an
SDTQ600 (TA instruments) analyzer in a zero-air atmosphere
from room temperature (30 °C) to 1000 °C. A LabRAM HP 800
UV Raman spectrometer was used to study the vibrational
modes of the samples, with a 632 nm He-Ne laser used as the
excitation source, over the range of 1000-2000 cm ™. An X-ray
photoelectron spectroscopy (XPS) study was performed to
check the phases of the synthesized materials, using a SPECS
instrument with Mg-K, as the X-ray source and PHOIBOS
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100MCD as the analyzer under ultrahigh vacuum (10~ '° mbar).
CasaXPS software with Shirley background correction was used
to deconvolute the data. A field emission scanning electron
microscope (FESEM, FEI QUANTA3D) and a transmission elec-
tron microscope (FEI Technai G* 20 STWIN, 200 keV) were used
to characterize the morphologies of the samples. Elemental
mapping analysis measurements were carried out using a FEI
Quanta FEG 200 instrument. For the XPS and SEM analysis, the
powder sample was uniformly coated on one side of some
adhesive carbon tape, while for the TEM analysis, samples were
prepared by drop-casting a few drops of the ethanol-dispersed
material over a 200-mesh gold coated copper grid.

Electrochemical characterization

The electrode slurry was prepared by mixing the active material
(SnO,/gC or SnO,/MWNT) with a polyvinylidene fluoride (PVDF)
binder and conductive graphite in a ratio of 75 : 15 : 10 in an N-
methyl-2-pyrrolidinone solvent. A doctor blade technique was
used to uniformly coat the slurry onto the copper foil which was
then dried in a vacuum oven at 120 °C for 6 h. 12 mm diameter
anode coins were cut from the dried active-material slurry
mixture on the copper foil. CR 2032 type coin cells with lithium
metal as the counter electrode, Celgard 2400 as the membrane
separator, and LiPFs (1 M) dissolved in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (EC/DMC, 1 : 1 v/
v) as the electrolyte, were employed for testing. The cells were
fabricated in a high pure argon (>99.999%) filled glove box
(mBRAUN, Unilab) for the electrochemical measurements. A
Solartron electrochemical workstation was used to study the
galvanostatic charge-discharge measurements between 3 V and
0.01 V at room temperature for the assembled coin cells. An
Autolab PGSTAT302 instrument with NOVA software was used
to obtain the cyclic voltammograms (CVs) and impedance
spectra for the employed materials. CV was recorded at a scan
rate of 0.5 mV s~ !, while a sine wave with an amplitude of 5 mV
over a frequency range from 100 kHz to 0.01 Hz was applied to
record the electrochemical ac impedance spectra.

Result and discussion

Fig. 1 shows a schematic of the SnO,/gC synthesis process and
the Li interaction pathways on the composite material. Gra-
phene wrapped carbon nanotubes with wrinkled surface and
comparative less length than MWNT was synthesized using
CCVD technique as discussed earlier. 35 mg of tin precursor
was mixed with 105 mg of gC and sprinkled over a Petri-dish.
Solar energy was concentrated through the lens, and focused
uniformly over the sprinkled precursor mixture. The focused
solar energy raises the local temperature to ~450° within a few
seconds, thus decomposing the metal salt. As a result, tin
nanoparticles attach to the gC support structure with the release
of gaseous by-products. The non-noble metal nanoparticles
react with atmospheric oxygen in those conditions, thus form-
ing the tin oxide decorated graphene wrapped carbon nanotube
structure.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic representation of the synthesis of SnO,/gC with the lithium interaction sites on gC.

X-ray diffraction patterns were recorded to confirm the
formation of the support as well as the composite structure, and
are shown in Fig. 2A for (a) MWNT, (b) gC, (c) SnO,/MWNT and
(d) SnO,/gC. The characteristic C (002) peak at around 26° in
Fig. 2A(a) for MWNT shows the long-range order of the
synthesized multiwalled carbon nanotubes. Broadening in the
base of C (002) peak in Fig. 2A(b) for gC emphasizes its disorder
nature. There is no evidence of any remaining catalyst or
graphite oxide in this diffraction pattern, thus highlighting the
phase pure gC. Fig. 2A(c and d) shows the presence of a crys-
talline SnO, tetragonal phase, with (110), (101), (211) and (301)
peaks at around 27°, 34°, 52° and 65.5°, respectively. C (002) of
the support MWNT or gC structures is merged with the SnO,
(110) phase. There was no sign of the presence of any other
states of Sn in both the solar-synthesized SnO,/MWNT and
SnO,/gC. The average crystallite sizes of the SnO, nanoparticles
for SnO,/MWNT and SnO,/gC, calculated using Scherrer’s
formula,”® are 3.1 nm and 2.8 nm, respectively. The thermal

60 70 80 90

10 20 30 40 50

(A)

110) -

C(002)
(
(101)
211)
301)
=

Intensity (a.u.)

5l &=
L == (@)
10 20 30 40 50 60 70 80 90
20 (degrees)
Fig. 2
gC.

This journal is © The Royal Society of Chemistry 2017

stability and metal oxide loading of the composite powder
samples were assessed using thermo-gravimetric analysis (TGA)
which is presented in Fig. 2B. A ~26% loading of SnO,, in
contrast to the desired 30% loading, was observed over the gC
support material using the solar reduction method (Fig. 2B(b)).
The metal oxide loading was found to be ~27% for SnO,/MWNT
(Fig. 2B(a)). A Raman spectroscopy study was carried out on the
materials to further confirm the formation of the desired phases
of the materials. Fig. 3A shows the Raman spectra for (a)
MWNT, (b) gC, (c¢) SnO,/MWNT and (d) SnO,/gC. All four
samples showed characteristic D and G bands at around 1350
em~ ' and 1582 ecm™ ', which represent the carbon backbone.
The high Ip/Ig value (Table 1) for gC (Fig. 3A(b)) compared to
MWNT (Fig. 3A(a)) is due to the surface defects in terms of
wrinkles and protrusions. The decoration of tin oxide nano-
particles over the support increases the I/Ig ratio for SnO,/
MWNT (Fig. 3A(c)) while the ratio decreases for SnO,/gC
(Fig. 3A(d)). The peaks within the 400 to 700 cm ™" range for
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and (d) SnO,/gC.

Table 1 /p/lg ratios of the synthesized materials
Material MWNT gC SnO,/MWNT Sn0,/gC
Ip/Ig value 0.36 1.48 1.62 1.23

Fig. 3A(c and d) show the Raman modes of the tin oxide
nanoparticles which are absent in bare MWNT and gC. Fig. 3B
presents a zoomed view of these Raman bands within the dotted
area of Fig. 3A(c and d). The peaks at around 467 cm ' and 622
cm™ ! are attributed to the E, and A;, modes of the SnO, phase.”
The broadened peak at around 565 cm ™' represents the surface
defectiveness due to the smaller sizes of the dispersed tin oxide
nanoparticles,* as already confirmed from the crystallite sizes.
XPS measurements were performed to obtain information
about the Sn phases obtained using the solar reduction tech-
nique. Fig. 4 shows (a) a survey spectrum, and deconvoluted (b)
C 1s and (c) Sn 3d spectra for the synthesized SnO,/gC material.
The survey spectrum of Fig. 4a shows the desired presence of
Sn, C and O, and a negligible amount of Cl residue from the
reactant. The C 1s spectrum of the gC support exhibits four
different contributions, arising from the C=C (284.5 eV), C-OH
(286.4 eV), C=0 (288.5 €V), and O-C=0 (290.7 eV) groups
(Fig. 4b). The Sn 3d spectrum (Fig. 4c) shows two symmetric
peaks at around 487.5 eV and 495.8 eV, which are characteristic
of Sn 3ds,, and Sn 3d;,, respectively. The presence of Sn in the
(+4) state confirms the formation of only the SnO, phase in the
solar reduced SnO,/gC composite. Fig. 4d shows the Sn 3d
peaks for SnO,/MWNT, with similar features to SnO,/gC, thus
confirming the formation of the tin(iv) oxide phase. 40-60 nm
average diameter multiwalled carbon nanotubes with lengths of
a few pm (Fig. 5a) were synthesized using the CCVD technique.
The TEM image in Fig. 5b shows the inner hollowness of the
synthesized MWNT. The average number of layers of nanotubes
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(A) Raman spectra for (a) MWNT, (b) gC, (c) SNnOo/MWNT and (d) SnO,/gC. The Raman modes of SnO, are shown in (B) for (c) SnO,/MWNT

was found to be ~25-30. Tin oxide nanoparticles decorated over
the smooth MWNT surface make the surface rough (Fig. 5c),
which correlates with the higher Ip/I; value. Distinct particles
decorated over the smooth MWNT surface can be seen in the
TEM image of SnO,/MWNT (Fig. 5d). The TEM image of the gC
structure shows 10-20 nm uniform graphene wrapping over
a 50-70 nm diameter nanotube structure (Fig. 6a). The SnO,
nanoparticles that are uniformly dispersed over this composite
are visible in the TEM image of SnO,/gC (Fig. 6b). The HRTEM
image (Fig. 6¢) of the same composite shows spherical nano-
particles with average sizes of 2.9 nm. The EDAX spectrum
shown in Fig. 6d shows the desired presence of Sn, oxygen and
carbon in the synthesized structure. The homogeneous distri-
bution of a Sn and O lattice over the carbon surface has also
been confirmed by the elemental mapping of SnO,/gC
(Fig. S17).

Electrochemical characterization was carried out on the
fabricated CR 2032 cells, after confirmation of the phase
formation of the desired material, and the results are presented
in Fig. 7 and 8. Fig. 7a shows the Li" insertion and extraction
process in the form of cyclic voltammograms (CV) for SnO,/gC
over the range of 3-0.01 V (vs. Li/Li*) at a scan rate of 0.5 mV s~ .
The material shows two main sets of anodic and cathodic peaks
at similar potential positions to those of tin oxide. The slightly
shifted oxidation and reduction peaks might be due to the
separate polarization as a result of hybridization of the carbon
support and tin oxide nanoparticles. The CV for the first cycle is
clearly distinct compared to those of the other cycles for the
peak at around 0.7-1.3 V. This represents both the well-known
solid electrolyte interphase (SEI) formation® and the reduction
of tin oxide to tin, resulting in the formation of Li,0** (eqn (1)).
The lower intensity of this peak in the consequent cycles
confirms the low reversibility of SEI layer formation. The broad
peak from 0.5 V to 0.01 V represents the alloying of tin (eqn (2)).

This journal is © The Royal Society of Chemistry 2017
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The cathodic peak at 0.25 V represents the interaction of Li"
with the carbon layers (eqn (3)). The peaks at around 0.7 V and
1.4 V represent the de-alloying and oxidation into SnO,,
respectively (backward reactions of eqn (1) and (2)). Though the
conventional method of theoretical capacity calculation for
SnO, considers the backward reaction of eqn (1) to be
completely irreversible, the present voltammogram shows
a prominent and stable peak at 1.42 V, even after 10 cycles,
suggesting the enhanced capacity of the investigated material
as a Li ion battery anode. The uniform dispersion of SnO,
nanoparticles over the protruding graphene wrapped multi-
walled carbon nanotubes, as seen in the TEM image of Fig. 6b
and c, can also be confirmed from the consistency of the anodic
peak at 0.7 V (backward reaction of eqn (2)). This peak also
proves the involvement of Li interaction in the composite from
the very first cycle without any activation.*® The repeatability of
the voltammogram also suggests high cyclability by possibly
confining the formed Li,Sn and Li,O into the accommodating
structure of SnO,/gC.

SnO, + 4Li* + 4e~ < Sn + 2Li,0 (1)
(2)

Sn + xLi* + xe” « Li,Sn (0 = x = 4.4)

RSC Adv., 2017, 7, 13789-13797 | 13793
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Fig. 6

xLi* + C + xe~ © Li,C (3)

Fig. 7b shows galvanostatic charge discharge studies of
SnO,/gC as a LIB anode material at different current densities.
The first discharging capacity for SnO,/gC at a current density of
50 mA g ' was 1675 mA h g', with 920 mA h g™' as the
charging capacity and a 55% initial coulombic efficiency. SnO,/
MWNT shows a 907 mA h g~ ' discharge capacity in the first
cycle with a 53% coulombic efficiency at the same current
density (Fig. 8a). The discharge capacity value goes down to
1025 mA h g7 for Sn0,/gC and 533 mA h g~ for SnO,/MWNT
in the next cycle. This irreversible loss is attributed to the
electrolyte decomposition, and SEI layer and Li,O formation®?
(Fig. 7c). The coulombic efficiency increases to 87% and 86% in
the next cycle for SnO,/gC and SnO,/MWNT, respectively. The
rate capability test for SnO,/gC shown in Fig. 7c shows the
capacity restoration when the current density is varied, thus
confirming the reversibility of the anode. At higher current
densities of 100 mA g%, 250 mA g~ " and 500 mA g, the ach-
ieved discharge/charge capacities were 543/497 mA h g™ %, 325/
324 mA h ¢ ' and 163/161 mA h g™, respectively for SnO,/gC

13794 | RSC Adv., 2017, 7, 13789-13797
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(a) SEM image of the employed gC; (b) TEM and (c) HRTEM images and (d) the EDAX spectrum of SnO,/gC.

(Fig. 7c). A constant discharge capacity of 333 mA h g~ with
a 99% coulombic efficiency was achieved after 65 cycles at
a current density of 250 mA g~ ', emphasizing the superior rate
capability. The cyclic stability test at a current density of 50 mA
g ! for Sn0,/gC in comparison to SnO,/MWNT is shown in
Fig. 8b. For SnO,/MWNT as an anode material, the discharge
capacity reduces to 231 mA h g~' after 50 cycles with a 57%
declining capacity, thus suggesting poor cyclability (Fig. 8b(i)).
Sn0,/gC shows a 592 mA h g~ ! capacity at the end of 100 cycles,
with only a 16% capacity fading with respect to the second cycle
(Fig. 8b(ii)). The electrochemical specific capacity of SnO,/gC is
higher than those of the reported microwave reduced SnO,/G-
CNT composite'® and flexible SnO,/G-CNT paper.** Other SnO,
decorated 1D-2D composite materials (Table 2) showed higher
performances compared to the present tin oxide decorated
graphene wrapped carbon nanotubes. The lower capacity of
Sn0,/gC can be countered by consideration of the higher
loading of metal oxide on the 1D-2D hybrid support and the
complicated synthesis processes of the composite materials.
The employed SnO,/gC exhibits comparable performance to the
reported 649 mA h g~' for a 2D SnO,/G anode with higher
loading of tin oxide.** Evidently, the 1D SnO,/gC structure

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27515j

Open Access Article. Published on 28 February 2017. Downloaded on 11/10/2025 11:40:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
0.002
(a) .
0.000-
<
k=
g
5 -0.002- T
o // sie w 9™
/ 3¢
1 I 10m
-0.004
r‘\:l
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Potential vs. Li/Li" (V)

View Article Online

RSC Advances
(b) o ~ T s T s T !
> & ¢ o
304 TS ¥
2.5+ .
<«———Charging
E 2.0
1.5
=<
)
S 1.0
———— Discharging
0.5
0.0
0 325 650 975 1300 1625

Specific capacity (mAh g'1)

1650 coldoa.ad 100
Cc = RIS

<1000 (2
=] N o
5 L___* 80%
£ 7504 -@- Charge 3
- -@- Discharge L 60 =2
2 -@- Coul. eff. o
: g
2 5004 =
L (1)
3 250 a0 &
8 250 L 20 =
2 E

0 1 | ! L 0

0 20 40 60 80 100

Cycle number

Fig. 7 Electrochemical studies of SnO,/gC: (a) cyclic voltammograms at a scan rate of 0.5 mV s

capability tests at various current densities.

shows higher capacity and stability compared to the investi-
gated wrinkle-free 1D SnO,/MWNT. The high conductivity of the
inner core of gC leads to a high rate of electron transfer. Wrinkly
defects in the gC surface enhance the anchoring sites for SnO,
together with the higher Li storage and interaction probability.
The synergistic effect of these two factors suggests that SnO,/gC
is a high rate capable and stable anode material for Li ion
batteries with a higher specific discharge capacity of 592 mA h
g

Electrochemical impedance spectroscopy (EIS) measure-
ments for SnO,/gC in comparison with SnO,/MWNT are repre-
sented in Fig. 8c as Nyquist plots for further investigation. The
measurements were carried out by employing a sine wave with
an amplitude of 5 mV over a frequency range of 100 kHz to
0.01 Hz. The spectra were recorded after 100 cycles of charge-
discharge at a 500 mA g~ ' current density, to obtain detailed
information about the SEI layer, resistances and diffusion of Li
within the cell. An equivalent circuit was modeled to analyze the
spectra (Fig. 8d). Z-view software was used to simulate the plot
using the equivalent circuit. The simulation shows a depressed
semicircle with two partially overlapping contributions and
a sloping line. The intercept at the real axis (Z') at high
frequencies is attributed to the overall ohmic resistance,
including contributions from the separator, electrolyte and all
electrical connections (R.). The high frequency semicircle arises
due to Li" ion migration through the SEI layer and is

This journal is © The Royal Society of Chemistry 2017

~1, (b) charge—discharge profiles and (c) rate

represented by Rgg; and charge phase elements. The low
frequency semicircle takes into account the charge transfer
resistance (R.;) and the corresponding constant phase element
of the electrode/electrolyte. The straight line represents the
Warburg impedance (W) of the diffusion of Li ions into the
electrode. The perfect fitting of the simulated curve with the
experimental spectra is in agreement with the perfectly selected
equivalent circuit and parameters. The lower R, values of SnO,/
MWNT compared to those of SnO,/gC can be attributed to the
higher conductivity of the crystalline and smoother surface
backbone of MWNT. The lower Rgg; value for SnO,/gC compared
to that of SnO,/MWNT points to the probability of restricting
the SEI layer thickness and the improved ion pathways for the
unique structure of the graphene wrapped carbon nanotubes
support (Table 3). Charge transfer resistance, R, is also lower
for tin oxide nanoparticles supported graphene wrapped carbon
nanotubes over SnO,/MWNT resulting improved exchange
current density (i, = RT/nFR.). The lower total cell resistance of
Sn0,/gC results in enhanced reaction kinetics, thus ensuring
a higher rate capability and improved cyclability as an anode
material compared to only MWNT, gC"* and SnO,/MWNT for Li
ion batteries.

Solar reduction results in optimized 3 nm particles of SnO,
over the graphene wrapped carbon nanotubes. The probability
of agglomeration is also less for the gC support due to wrinkled

surface defects in comparison with MWNT. This
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Fig. 8 (a) Charge—discharge profiles at a 50 mA g~ current density for SnO,/MWNT, (b) stability tests and (c) electrochemical impedance study
for (i) SNnO,/MWNT, and (i) SnO,/gC; (d) equivalent circuit model fitted to the Nyquist plots.

interconnected-porous structure of gC also provides breathing
space for the volume expansion of the nanoparticles during
lithiation/delithiation (Fig. 1). By compensating for the semi-
conducting nature of SnO, and accommodating the strain
released due to volume change in the lithiation/delithiation
process, the interconnected nano-3D conducting composite
structure, SnO,/gC, proved to be a prospective anode material
for LIBs with higher stability. Carbon coating over tin oxide
nanoparticles to balance the semiconducting nature and
heteroatom doping in the gC support for enhanced electrical

Table 3 Impedance parameters for the investigated anode materials,
calculated from the equivalent model

Material R Rser Ree
SnO,/MWNT 17.24 36.55 86.92
Sn0,/gC 29.31 11.91 63.9

conductivity can still be employed, and an improved, higher
performance for SnO,/carbon composite structures as an anode
for Li ion batteries is anticipated.

Table 2 Performance comparisons of SnO,/gC as an anode material for Li ion batteries”

Dimension of employed

Current density

Specific capacity (mA h g ")

Reversible [cycle

Anode material employed support nanostructure (mAg™) Initial discharge/charge no.]

80% Sn0,-G** 2D 2140/1080 649 [30]
60% SnO,/G-CNT"® 1D-2D 100 ~1050/* 502 [50]
83.5% SnO,/G-CNT"® 3D aerogel 200 ~1806/1200 842 [40]
45% SnO,-PG/CNW"’ 1D-2D 200 ~950/* 943 [50]
63% SnO,/G-CNT" 1D-2D 250 ~1600/820 635 [80]
Flexible SnO,/G-CNT paper"’ 1D-2D 100 ~990/400 387 [50]
SnO,/MWNT 1D 907/480 231 [50]
Sn0,/gC (present work) 1D 1675/920 592 [100]

“ *Denotes data not available.
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Conclusions

Tin oxide decorated graphene wrapped carbon nanotube
structure was synthesized using a one pot, simple and green
solar reduction technique. Graphene wrapping in the form of
protrusions acts as an easy and strong anchoring site for
nanoparticle decoration, thus preventing the agglomeration of
nanoparticles over cycles. The conducting monohybrid struc-
ture of the gC support improves the electron transfer, thus
compensating for the semiconducting tin oxide. Protruding
surface tubes, as individuals as well as bunches, provide better
Li" pathways. The nano-architecture of the SnO,/gC composite
with improved reaction kinetics thus shows an improved, stable
capacity of 592 mA h g~" at 50 mA g~ ' after 100 cycles by
accommodating the volume change in its porous structure.
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