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Abstract In this work, the potential of using coconut shell,
which is very cheap and readily available, for the
production of graphitic nanocarbon three-dimensional net-
works is investigated. The three-dimensional carbon has
been produced via the wet-impregnation of coconut shell
powder with a transition metal catalyst. The novel process
employed offers low costs and environmental advantages,
with biological waste used in place of carbonaceous
precursor as the feedstock. Nanocarbon/tin oxide compo-
sites were prepared via wet-impregnation and the solvo-
thermal method, using tin chloride solution with the
activated nanocarbon. The electrochemical performances
of the three-dimensional nanocarbon doped with tin oxide
and of activated nanocarbon alone as anode materials were
investigated in rechargeable lithium ion batteries. One
composite made by using the solvothermal method shows
stable cyclic retention up to 100 cycles and delivers a high
reversible capacity of about 405 mAh g .
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Introduction

Rechargeable lithium ion batteries are currently regarded as
the power source of choice for portable electric devices and
hybrid electric vehicles [1, 2]. Tin-based oxides have been
proposed as potential substitutes for the graphite anode
material currently used in rechargeable lithium batteries,
due to their higher theoretical reversible specific capacity
(782 mAh g ! for SnO,), which is more than twice that of
graphite (372 mAh g ') [3]. To date, the main challenge for
the commercial use of tin oxide is its poor cycling
performance, which is caused by the huge volume variation
during the Li" insertion/extraction cycle, which results in
pulverization of the electrode and rapid capacity decay.
Many methods have been investigated to resolve the above
so-called “volume change” problem [4-6]. Tin oxide
materials fabricated into special nanostructures, such as
nanorods [7, 8], nanowires [9, 10], and hollow spheres [11—
13], can effectively enhance the electrochemical perfor-
mance. However, the high cost of preparing such nano-
structured materials restricts their wide commercial
application. Other strategies for coating/adding active/
inactive materials (such as carbon) inside or outside the
particles have been investigated and have been found to
give better electrochemical performance than the bare
materials [14, 15]. Carbon has been considered as the best
choice for the coating/additive material, not only because it
is light, but also because it can increase the electronic
conductivity of the nanocomposite electrode and buffer the
stress induced by volume expansion/contraction [16-21]. It
is highly important to find economical methods for
synthesizing SnO,/C composite.
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Current methods adopted for the preparation of nano-
carbon materials are commonly characterized by high cost
and the need for high quality carbonaceous precursor gases
[22]. There is a high demand to seck renewable and cheap
sources, which would be helpful for enabling the sustain-
able development of our society. In general, plants have
their natural hierarchal structure. Mesoporous materials
made from hierarchical biological structures as templates
have attracted considerable interest. Coconut shell is a
common lignocellulosic carbonaceous material consisting
mainly of hemicellulose, cellulose, and lignin, with traces
of other elemental species, usually present as oxides.
Structurally, coconut shell is composed of numerous
interconnected cells, which link together to form cylindrical
tubes approximately 10 um in diameter. After carboniza-
tion, the hierarchal pore structure is retained, which can
provide an ideal hierarchal porous carbon framework
supporting various functional nanoparticles for many
different applications. For example, high-surface-area acti-
vated carbon was prepared from coconut shell fibers [23,
24]. The carbon made from coconut shell has been
investigated as an adsorbent, catalyst (iron-embedded
activated carbon), additive material in lithium ion batteries,
etc. [24-30]. As an additive material, the electrical
conductivity of carbon is very important to the electro-
chemical performance of anode materials. The electrical
conductivity of the hierarchal carbon could be improved by
introducing a graphite network on the carbon surface.

In the present work, hierarchal carbon networks were
synthesized from coconut shell and then decorated with
nano-SnO, particles. The three-dimensional (3-D) nano-
carbon can be prepared on a large scale and at a low price
compared to carbon nanotubes (CNTs), and can replace
CNTs as the conducting matrix and volume buffering agent
in the C/SnO, composites, which are promising anode
materials for lithium ion batteries. The electrochemical
performances of the as-prepared C/SnO, composites for
lithium ion batteries were investigated and compared with
that of bare SnO,.

Experimental
Preparation of samples

All chemicals were purchased from Sigma-Aldrich Co. Ltd.
Coconut shells purchased from the supermarket were
broken into pieces of less than 2 cm along their largest
dimension and then dried in an oven in air at 105 °C for
24 h, which was followed by grinding for 30 s. The powder
was sized using a sieve with a mesh size of <106 um. One
gram of ground coconut shell powder was impregnated
with ferric nitrate solution, which was prepared by
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combining 2.2 ml of distilled water and 0.55 g of Fe
(NO3)3'9H,0 under vacuum. The resultant samples were
heated from ambient temperature to 800 °C at a heating rate
of 10 °C/min while maintaining the vacuum. The samples
were held at this temperature for 90 min and then furnace
cooled. The samples were activated by impregnation of
potassium hydroxide prior to the heat treatment process.
Activated samples were washed to remove the iron using
16% hydrochloric acid, and then filtered and washed
numerous times with distilled water to remove any residual
HCI solution, followed by drying in air at 80 °C for 24 h.

The activated samples were decorated with tin oxide
using the two following processes. In the impregnation
process, 0.27 g of the prepared nanocarbon was dispersed
in distilled water, and 1.0 g SnCl,-2H,0 was dissolved in
ethanol and then mixed with the carbon dispersion. The
mixture was further dispersed by ultrasonication for 5 h and
then was dried in an oven in air at 80 °C for 2 days. The
obtained sample was heat-treated for 6 h at 500 °C in
vacuum in a tube furnace, with a heating rate of 10 °C/min,
and then furnace cooled to room temperature. The sample
thus obtained was designated as Imp-SnO,/C. A bare SnO,
sample was prepared in the same way, but in the absence of
any nanocarbon.

The solvothermal samples designated SI-SnO,/C and
Sh-SnO,/C were prepared by the following method [31].
The nanocarbon was added into a solution of SnCl,-2H,O
dissolved in ethanol with molar ratios of C:Sn of 1:0.1
(S1-Sn0,/C) and 1:0.3 (Sh-SnO,/C), respectively. The
suspensions were further dispersed by ultrasonication for
90 min, and then were transferred into autoclaves and kept
at 150 °C for 10 h. The products were washed with distilled
water, dried, and heat-treated in a tube furnace at 350 °C for
10 min with natural cooling.

Sample characterization

The microstructure and morphology of the as-prepared
nanocarbon and SnO,/C composites were characterized by
X-ray diffraction (XRD; GBC MMA 017), the Brunauer—
Emmett—Teller technique (BET; Quanta Chrome Nova
1,000), scanning electron microscopy (SEM; JEOL JSM
6460A, with JEOL energy-dispersive X-ray (EDX) spec-
troscopy and an EDX mapping system), and transmission
electron microscopy (TEM; JEOL 2011, 200 KV). The
thermal properties of the as-prepared SnO,/C composites
were characterized by thermogravimetric analysis (TGA;
TA Instruments 2,000).

Electrochemical measurements

The working electrodes were prepared by mixing 70 wt.%
as-prepared SnO,/C active material with 15 wt.% carbon
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Fig. 1 a Raman spectrum and b
XRD pattern of nanocarbon
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black and 15 wt.% polyvinylidene difluoride binder in N-
methyl-2-pyrrolidinone to form a homogeneous slurry,
which was uniformly pasted onto nickel foam. The
prepared working electrodes were dried in a vacuum oven
at 100 °C for over 12 h and were pressed; they then were
ready to be assembled into a testing cell. Electrochemical
cells (CR2032 coin type) using the C/SnO, composite as
working electrode, Li foil as the counter electrode and
reference electrode, a microporous polypropylene film as
the separator, and 1 M LiPF4 in a 1:1 (v/v) mixture of
ethylene carbonate and diethyl carbonate as the electrolyte
were assembled in an Ar-filled glove box (H,O, O,<
0.1 ppm, Mbraun, Unilab, USA). The cells were galvanos-
tatically charged and discharged over a voltage range of
0.01-3 V versus Li/Li" at a constant current density of
156 mA g ', based on the weight of the composite on a
Land CT2001A cycler.

Results and discussions

The nanocarbon was characterized by Raman spectroscopy
and XRD (Fig. 1). Peaks appear in the XRD pattern of the
nanocarbon at about 26° and 43°, which correspond to the
(002) and (101) reflections of carbon, respectively. From
the Raman spectrum, it can be seen that the main broad
bands appear at about 1,335 cm™' (D band) and 1,587 cm "
(G band), which are ascribed to the carbon inactive A, and
active E», modes, respectively. The D/G intensity ratio is
~2.5, which indicates that the majority of the nanocarbon is
amorphous [32-34]. 121.8 m?/g of measured BET surface
area and 0.9995 for the BET function coefficient were
obtained when the material was carbonized at 800 °C for
90 min.
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Fig. 2 a XRD patterns of SnO,/C composites, and b TGA curves
showing the weight losses of the three SnO,/C samples
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The structural features of the nanocarbon/tin oxide
composites were also characterized by XRD and are shown
in Fig. 2a, which demonstrates that the tin oxide in the bare
Sn0,, Imp-SnO,/C, SI-SnO,/C, and Sh-SnO,/C samples
has the same crystal structure as tetragonal rutile SnO,
(JCPDS card No. 41-1,445, space group: P4,/ mnm, a=b=
4.738 A, ¢=3.187 A). For the Imp-SnO,/C, SI-SnO,/C, and
Sh-SnO,/C samples, peaks at 26.5°, 34.0°, and 52.0°
correspond to the (110), (101), and (211) reflections of
Sn0O,, respectively. As can be seen, no carbon peaks can be
found in the XRD patterns of the SnO,/C composites,
indicating the amorphous nature of the carbon in these
samples and the highly crystalline structure of the SnO,.

TGA was used to quantitatively evaluate the amount of
carbon present in the as-prepared SnO,/C products. Figure 2
(b) shows that the weight loss mainly occurred between 300
and 700 °C. The ratio of carbon to tin oxide can be

Fig. 3 SEM (a, b) and TEM (c)
images of nanocarbon networks
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determined to be about 20:80, 42:58, and 22:78 by weight
for Imp-SnO,/C, S1-SnO,/C and Sh-SnO,/C, respectively.
The results basically agree with the nominal ratios of
precursors, nanocarbon, and SnCl,.

SEM and TEM images of the nanocarbon are shown in
Fig. 3. A hierarchical pore structure with a network of
continually interconnected pores of progressively smaller
volume was observed. Detection of the catalyst was in trace
amounts only, and is not discernible in the EDX spectra
(not displayed here). From Fig. 3b, it can be seen that there
are numerous carbon sheet structures around the nano-
carbon. Figure 3¢ shows a high magnification image of the
nanocarbon, which gives the typical lattice fringes of
carbon.

After the tin oxide decoration using the impregnation
method, the morphology is not same as that of the initial
sample. Figure 4a and b present TEM images of Imp-SnO,/

50 nm

| p—————
20 nm



J Solid State Electrochem (2011) 15:2645-2652

2649

Fig. 4 a and b TEM and
HRTEM (lower left inset of
(b)) images of Imp-SnO,/C
nanocomposite, with the upper
right inset in (b) showing the
corresponding SAED pattern of
the tin oxide; ¢ and d TEM and
HRTEM images of SI-SnO,/C;
with the inset (d) showing the
corresponding SAED pattern of
the tin oxide; e and f TEM and
HRTEM images of Sh-SnO,/C,
with the inset (f) showing the
corresponding SAED pattern of
the tin oxide

¢« Tin oxide o

C. A dispersion of tin-rich particles, typically 5-10 nm in
diameter, throughout a nanocarbon matrix constituted the
majority of the Imp-SnO,/C sample from TEM observa-
tions and analysis. Figure 4a shows the typical fine
dispersion of particles, as well as a region of larger tin-
rich particles. Figure 4b shows a high-resolution TEM
(HRTEM) image of the lattice fringes of crystalline SnO,
particles. The selected area electron diffraction (SAED)
patterns of large numbers of tin oxide particles can be
indexed as SnO,, which is consistent with the results of the
XRD analysis. The corresponding SAED pattern in the
inset of Fig. 4b verifies the crystalline nature of the tin-rich
particles. The plane spacing is 0.32 nm, which is the
d-spacing of (110) planes of SnO,.

Figure 4c and e show images of SI-SnO,/C, and
Sh-SnO,/C composites synthesized by using the solvo-
thermal method. The composites consist of large lumps of

20 nm

20 nm 10 it

20 nm 10 nm

amorphous carbon with SnO, particles on their surface.
Since the SnO, particles are poor electrical conductors,
they appear bright in secondary electron images due to
charging effects. It can be seen that the surface of the
amorphous carbon is decorated with nanocarbon and a
large number of tin oxide particles a few nanometers in
diameter. Numerous such particles were observed with
diameters of less than 10 nm. As expected, the tin oxide
coated composites have the morphology where the tin
oxide covers the nanocarbon. The distribution and mor-
phology of the two samples were further analyzed by
HRTEM. Both samples show that the crystal size of SnO,
is around 5 nm. With an increasing ratio of SnCl, in the
precursors, the content of tin oxide in the final composite
also increases, as seen from Fig. 4c and e, and the
crystallinity of the tin oxide is higher, as can be inferred
from the insets of Fig. 4d and f.
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Fig. 5 Discharge—charge curves 35 35
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Figure 5 shows the discharge—charge curves of nano-
carbon, bare tin oxide, Imp-SnO,/C, SI-SnO,/C, and
Sh-SnO,/C electrodes cycled between 0.01 and 3.0 V vs.
Li/Li* at 0.2 C (156 mA g ). The first discharge delivered
specific capacities of 640, 1,485, 1,299, 1,170, and
893 mAh g ', respectively. From Fig. 5a, it can be seen
that the voltage profile is composed of two parts: one is
the slope region at high voltage (V>0.5 V), which is
ascribed to the formation of the solid electrolyte interphase
(SEI) layer and the filling of the micropores with lithium
[35], while the other is the lower potential (V'<0.5 V)
region, which is due to lithium in the carbon sheets and
edges [3, 36].

After decorating with tin oxide, the curves are similar
to what has been previously reported [14, 31]. The
anode materials have irreversible capacities, as can be
seen from Fig. 5c—e. The reasons for the phenomenon of
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initial irreversible capacity are the formation of the SEI
layer at around 0.8 V (vs. Li"/Li) and the irreversible
reaction from SnO, to Sn in the first cycle (Eq. 1). SnO,
reacts with lithium in a two-step process, given by Egs. 1
and 2:

Sn0O, +4Li* +4e” — Sn+2Li,0(707mAhg™") (1)

Sn+aLi +xe” < LixSn(0 < x < 4.4, 993 mAhg ) (2)

Figure 5b shows that the 100th discharge capacity of
bare SnO, is about 23 mAh gfl. However, the 100th cycle
discharge capacity of Sh-SnO,/C is around 405 mAh g ',
which is can be seen from Fig. Se. Comparing Fig. 5S¢ with
Fig. 5b, it can be inferred that the 100th discharge capacity
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Fig. 6 Electrochemical performance a and coulombic efficiency b of
nanocarbon, bare SnO,, Imp-SnO,/C, SI-SnO,/C, and Sh-SnO,/C

of bare SnO, is about 6% of that of Sh-SnO,/C. The initial
coulombic efficiencies of nanocarbon, bare SnO,, Imp-
Sn0O,/C, SI-SnO,/C, and Sh-SnO,/C are 43%, 63%, 58%,
53%, and 70%, respectively (Fig. 6a). For the as-prepared
three-dimensional nanocarbon, the discharge capacity
drops in the first 10 cycles and then remains at around
237 mAh g ' until the 100th cycle. The discharge capacity
of bare SnO, powder decreases gradually to 23 mAh g~
in the 100th cycle. The capacities of Imp-SnO,/C,
S1-SnO,/C, and Sh-SnO,/C remain at 208, 306, and
405 mAh g ', respectively, even up to 100 cycles (Fig. 6
(a)). The sheet-like structure of three-dimensional nano-
carbon not only can improve the electrical conductivity,
but also can buffer the volume change. With decreasing
particle size of SnO,, the absolute volume change drops.
The decrease in the absolute volume change is beneficial
to the retention of discharge capacity. From the TEM and
XRD results, it can be inferred that the particle size
decreases in the order from Imp-SnO, to SI-SnO, to Sh-
SnO, [31, 37, 38]. Both of these characteristics enhance
the electrochemical performance during lithium insertion
and extraction. Both S1-SnO,/C and Sh-SnO,/C anode
materials show stable capacity retention, with Sh-SnO,
giving higher capacity. Figure 6a shows that the samples
made by the solvothermal method have better capacity

retention than the sample produced by using the impreg-
nation method. The main reason is that the higher pressure
created in the solvothermal process can pin SnO, to the
nanocarbon, which could efficiently prevent the agglomera-
tion of SnO,. However, the SnO, is only loaded on the
nanocarbon in the impregnation process. Compared with
other SnO,/C composites used for lithium ion batteries [31,
39-41], the 3-D nanocarbon/SnO, composites have some
advantages, such as that the 3-D nanocarbon can be easily
fabricated on a large scale via the wet-impregnation of
coconut shell powder with a transition metal catalyst,
followed by sintering. Therefore, the 3-D nanocarbon we
used here is much cheaper than CNTs, which have been
widely used in SnO,/C composites as anode materials for
lithium ion batteries. The SnO,/C is able to deliver a capacity
of 405 mAh g ', even after 100 charge—discharge cycles,
which is comparable to or even better than the performance
of the SnO,/CNTs reported so far [31, 39—41].

Conclusions

In this study, a wet-impregnation method for producing
three-dimensional nanocarbon materials from coconut
shell is reported. The composites contain both 3-D
nanocarbon as a carrier and tin oxide incorporated by
two different methods, wet-impregnation and the solvo-
thermal method. Their electrochemical performances
were investigated for lithium ion batteries. The compos-
ite with the higher tin oxide content that was made by
using the solvothermal method shows stable cyclic
retention up to 100 cycles and delivers a high reversible
capacity of about 405 mAh g '. The three-dimensional
nanocarbon material made from cheap coconut can be
suggested as a promising material to replace the nano-
carbon materials prepared by using chemical vapor
deposition and other high cost methods.
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