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A macroporous Sn0,/C composite anode material was synthesized using an organic template-assisted
method. Polystyrene spheres were synthesized and used as template and lead to macroporous morphol-
ogy with pores of 300-500 nm in diameter and a surface area of 54.7 m? g-1. X-ray diffraction showed
that the SnO; nanoparticles are crystallized in a rutile P42/mnm lattice with the presence of Sn metal
traces. The synthesized macroporous SnO,/C composite provided promising performance in lithium half
cells showing a discharge capacity of 607 mAhg-! after 55 cycles. It was found that the macroporous
Sn0,/C composite is stable and resistant to pulverization upon cycling.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Carbon graphite has been the most popular anode material in
use for Li-ion batteries due to its moderate cost, long cycle life
and negligible volume change during battery cycling [1]. How-
ever, due to its limited theoretical capacity to 372mAhg-! or
833 mAhmL-!, other materials are being sought out; among them
are metals that can reversibly alloy with lithium such as silicon
(SiLig4, 4200 mAh g=1), tin (SnLig 4, 993 mAh g~ 1), antimony (SbLis,
660 mAh g~1), and aluminium (LiAl, 994 mAh g~1) [1]. These metal
alloys are promising anode materials due to their lithium uptake at
low potential and three to ten fold higher theoretical capacities
than graphite. However, the major problem with these materi-
als is the extremely large volume change (250-400%) upon the
alloying/dealloying reaction with lithium [1]. It causes mechani-
cal cracks, pulverization and loss of electronic conductivity among
the particles and the current collector. It results in an extremely
poor battery cycle life [1-3].

One approach to prevent pulverization during the battery
cycling is to minimize the particle size in multiphase alloy matrices
[4] along with the use of binders that can accommodate volume
changes, such as sodium carboxymethylcellulose (NaCMC) [5] or
styrene butadiene rubber (SBR) [6]. Another approach would be to
use an inert matrix such as Li;O as in the case of SnO,. It reacts
with lithium in a two-step process, first via an irreversible reac-
tion where SnO, is reduced into Sn that then further reacts with
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lithium by forming a tin-lithium alloy [7]. As a result, the Li,O
matrix prevents severe volume change and keeps the Sn in nano-
sized form. As reported by Brousse et al. [8], the size of the particles
plays a crucial role in the case of tin oxide, as smaller (nano) par-
ticles are able to better accommodate the absolute volume change
than larger (micro) ones. Pristine SnO, nanoparticles or composites
usually show a medium capacity around 350-450 mAhg~! atarate
of C/5 [9-13]. By making 3D flower-shaped SnO, nanostructures,
a capacity of 670 mAh g~! was obtained at a rate of C/8. However,
building up the Li; O network could not prevent complete volume
changes of Sn, leading to pulverization. Other alternatives have
been introduced, such as coating Ni-Sn onto Cu nano-rods [14], and
spherically porous multi-deck cage SnO, [15]. Other approaches
include dispersion of SnO, particles onto a carbon material [13,16],
or carbon coating of SnO, particles [17]. Using a layer-by-layer
technique to obtain carbon nanotubes as a substrate for SnO,
nanotubes (50wt%), Yang et al. [18] obtained a specific capac-
ity of 450 mAh g~!. Recently, research groups started working on
graphene/Sn0O, composites as a way to better accommodate the
volume change; SnO, nanoparticles would be trapped between
layers of graphene, as shown in the following Refs. [19-24].
Three-dimensionally ordered macroporous (3DOM) materials
have been used for a variety of applications in chemical and bio-
chemical sensors [26-28], photonic band gap materials [29-31]
and nanofabrication [32]. The synthesis of this type of materials
involves the use of a colloidal template [25]. 3DOM material syn-
thesis was adapted in this work to obtain an ordered carbon-coated
porous SnO, that would prevent the significant volume change and
Sn pulverization during battery cycling. In a battery, the highly
ordered macroporous material should have greater surface in con-
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tact with the electrolyte and lead to better lithium diffusion into the
electrode material, and thus faster charge/discharge rate. Porous
Sn0, templated-structures have improved a lot of the reversible
capacity and also the rate capability of SnO, electrodes, as shown
by Kim and Cho [33]; they obtained capacities of 775 mAhg-! at
C, which is almost the theoretical reversible capacity of SnO,. At
higher rates, a capacity up to 730mAhg-! was obtained at 10C,
which is 93% of the theoretical reversible capacity. The use of
polystyrene (PS) as an organic colloidal template not only made
it possible to make a carbon coated macroporous SnO,/C compos-
ite but also to obtain a high carbon content due to the nature of the
thermal decomposition of PS. High carbon content will improve the
electronic conductivity of the electrode and thus compensate for
the insulating nature of Li,O. Poly(methyl methacrylate) (PMMA)
colloids are another common template to synthesize 3DOM crys-
tals. However, depolymerisation of PMMA during sintering steps
reduces the amount of carbon spread over SnO,/C [34]. Therefore
the PS colloids can be considered better candidate to disperse SnO,
particles into the carbon macroporous material.

In general, 3DOM materials are synthesized by infiltration of
precursor solution onto a template [35-37]. In this work, we used
a different approach by making a SnO,/PS composite by means of
a hydrothermal reaction. This was followed by a calcination step
at 600°C in argon in order to decompose the PS colloids and form
a porous carbon matrix surrounding the SnO, nanoparticles. The
performance of the macroporous SnO,/C composite and pristine
Sn0O, nanoparticles was compared in lithium half cell battery using
sodium carboxymethylcellulose (NaCMC) as binder.

2. Materials and methods
2.1. Syntheses

PS colloids were synthesized by emulsion polymerization, as
described by Holland et al. [25]. The styrene monomer was obtained
from Sigma-Aldrich (>99% Reagentplus) and was purged with
nitrogen prior to use. Then, 50 mL of styrene was added to 425 mL
of de-ionized water, which was also purged with nitrogen. The mix-
ture was heated to 70 °C. To initialize the polymerization, 25 mL of
nitrogen purged 0.1 M K;S,0g (Sigma-Aldrich, 99%) aqueous solu-
tion was added to the mixture. The solution was kept at 70°C for
24 h under nitrogen. The PS colloids were washed with ethanol
(Commercial Alcohols Inc., 95%) and centrifuged at 10,000 rpm for
1 h to obtain the ordered organic template. This step was repeated
three times to remove the inorganic impurities.

Tin oxide was synthesized by means of a hydrothermal reaction.
First, 0.356 gof SnCl,-2H, O (Fisher, 98.4%) was dissolved in 50 mL of
de-ionized water and 50 mL of ethanol. Then, 0.240 g of PS colloids
were added to the solution and mixed for 24 h using magnetic stir-
ring to homogenize and disperse the PS colloids in the solution. The
beaker containing the solution was covered with a parafilm to pre-
vent water/ethanol evaporation. The resultant milky solution was
putinto an autoclave reactor (Parr, Bomb No.4744) for6 hat 120°C.
After the synthesis, the autoclave reactor containing the solution
was left to cool to room temperature. The resulting solution was
centrifuged to order the PS colloids and build the SnO,/PS compos-
ite. The obtained powder was washed three times with ethanol,
and then calcinated under argon. The first sintering step was con-
ducted at 260°C for 3 h, while the second sintering was conducted
at 600 °C for another 3 h. Since the melting point of PS is 240 °C, the
first sintering at 260 °C ensured that PS melted down from the crys-
tallized SnO, phase. A slow heating rate of 2°Cmin~! was used. The
calcination was performed under argon in order to obtain a carbon
coating onto the SnO, nanocomposite (Sn0O,/C). The same synthetic

procedure was followed but without the addition of the PS template
to prepare the non-templated pristine SnO, nanoparticles.

2.2. Characterization of composite materials

Powder X-ray diffraction was carried out between 15° and 85°
(20 angles) using a Bruker AXS D8 diffractometer with a Co Ka
source with 35kV and 45 mA of power, a divergence angle of 0.3°,
a step size of 0.027°, and an acquisition time of 1s per step. The
patterns were analyzed by the Rietveld refinement method [38]
using the software TOPAS v4.2 from Bruker AXS [39]. The crystallite
sizes were determined using the fundamental parameter approach
method developed by Cheary and Coelho [40]. The morphology of
the material was characterized by scanning electron microscopy
(SEM) using a JEOL 840A. Thermal gravimetric analysis (TGA) was
performed to quantify the amount of carbon present in the SnO,/C
composite. ATGA 2950 TA instrument was used. The composite was
heated at 10°Cmin~! up to 110°C for 30 min to remove moisture
contained in the material and then heated continuously up to 800 °C
in air in order to oxidize the carbon from the composite.

Further electrochemical characterization was performed using
a 2325-type coin cell. Because of the interest in SnO,/C com-
posite, only half cells with lithium as a counter electrode were
used. The electrode was prepared from a slurry made of 75 wt%
active material, 5wt% carbon Super S (Timcal graphite and Car-
bon, Switzerland), 5wt% carbon graphite E-KS4 (KG, Lonza G+T,
Switzerland) and 15 wt% sodium carboxymethylcellulose (NaCMC,
Calbiochem) as a binder. NaCMC was used as a 5 wt% solution dis-
solved in double distilled H,0. The slurry was cast onto a copper
foil current collector that was cleaned using a 2.5% HCI solution
in water. The cast was prepared using an automated doctor blade
spreader and dried overnight in a convection oven at 85°C, and
then in a vacuum oven overnight at 80°C. Individual electrodes
(@=12.5mm) were punched out, dried at 80°C under vacuum
overnight, pressed under a pressure of 0.5 metric ton, and were
used as positive electrodes. A lithium disk (@ =16.5 mm) was used
as anegative electrode (counter electrode and reference electrode).
70 wL of 1M LiPFg in EC:DMC (1:1 by vol.) was used as electrolyte
and spread over a double layer of the polypropylene separators.
The batteries were assembled in an argon-filled dry box. The cells
were cycled galvanostatically at C/12 using an Arbin battery cycler
and tested using cyclic voltammetry techniques. Cyclic voltamme-
try was carried out using a Biologic VMP3 potentiostat and swept
at 0.1 mVs~! between 5mV and 1.5V for five cycles.

3. Results and discussion

A two-step synthesis was necessary to achieve a macroscopic
porous structure of carbon-coated SnO, and the carbon network in
which the SnO, nanoparticles are dispersed. PS colloids were used
to obtain the porous morphology. The challenge here was to syn-
thesize SnO, without destroying the PS colloids. To achieve this, a
hydrothermal reaction was used. First, the tin precursor (SnCl;)
had to undergo oxidation reaction at a temperature lower than
240°C to prevent the melting of PS. Moreover, the organic tem-
plate had to be calcined under oxygen-free atmosphere to obtain a
carbon coating. Thus, the hydrothermal reaction followed by calci-
nation under argon was totally adequate. During the centrifugation
step, the PS colloids were ordered and the voids among the col-
loids were filled with the SnO;, nanoparticles. Fig. 1 shows the SEM
micrograph of the prepared and dried SnO,/PS composite. The PS
colloids are ordered and their integrity is preserved. Fig. 2 shows
the Rietveld refinement of the XRD pattern of the SnO,/PS com-
posite. The first broad peak around 23° 26 corresponds to the PS
reflection. The other peaks correspond to the SnO; rutile P42/mnm
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Fig. 1. SEM micrographs of the centrifuged and dried SnO,/PS composite synthe-
sized via a hydrothermal reaction. Inset: SEM micrograph of the PS colloids used for
the synthesis.
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Fig. 2. Rietveld refinement of the X-ray diffraction pattern of the centrifuged and
dried SnO;/PS composite synthesized via a hydrothermal reaction.

Table 1
Lattice parameters of SnO, before and after removal of organic template.
a(A) c(A)
Sn0,/PS
Synthesized 4753 (8) 3.249 (6)
Ref. [44] 473 3.18
Crystal size (nm) 3.2(2)
Sn0,/C
Synthesized 4.7424 (8) 3.1873 (6)
Ref. [44] 473 3.18
Crystal size (nm) 6.37 (4)
Sn
Synthesized 5.831(9) 3.13(1)
Ref. [45] 5.83 3.18
Crystal size (nm) N/A

structure: 31°(110),40°(101)and 61° (21 1). The lattice parame-
ters and crystallite size are shown in Table 1. The lattice parameter
values slightly deviate from the reference values due to the amor-
phous nature for the obtained material. Crystallite size below 5 nm
has been calculated. It is important to note that no other phases
were observed on the XRD patterns.

Fig. 3. SEM micrograph of the macroporous SnO,/C composite after the calcination
of the template under argon at 260 °C for 3 h, and 600°C for 3 h.
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Fig. 4. Rietveld refinement of the X-ray diffraction pattern of the macroporous
Sn0,/C composite after calcination of the template under argon at 260°C for 3 h,
and 600°C for 3 h.

The resulting SnO,/PS composites were calcined under argon
in order to obtain porous and carbon-coated SnO,. The porous
morphology was achieved by a slow heating rate at 2°Cmin~!
and sintering at two different temperatures in order to control the
decomposition of PS. Fig. 3 shows the SEM micrograph after the cal-
cination of the PS template. The fingerprint of the PS colloids can
be observed as a spherical porous morphology. A randomly ordered
but interconnected macroporous open structure was obtained, very
different than a 3DOM. Most of the pores’ diameter ranges from 300
to 500 nm, which corresponds to the size of the PS colloids. How-
ever, some voids are bigger than the size of the PS colloids that could
be due to the volatile decomposition of PS colloids or the absence
of Sn0O, nanoparticles between some PS colloids before the calcina-
tion step. The dark areas of the image are due to the uneven surface
of the Sn0O,/C composite, where the SnO, is absent prior to the cal-
cinations. Also due to the fact that SnO, is less conductive, SnO,
comes out as brighter area in the SEM image.

Fig. 4 shows the Rietveld refinement of the pattern of the
final macroporous Sn0,/C composite. Two crystalline phases are
observed: SnO, and Sn. The appearance of Sn after calcination is
believed to be the result of the reducing atmosphere. This orig-
inates from the calcination at elevated temperature of PS under
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Fig. 5. Thermogravimetric analysis of the macroporous SnO,/C composite after
calcination of the template under argon at 260°C for 3 h, and 600°C for 3 h. The
measurement was done under air at 10°Cmin~"'.
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Fig. 6. Cyclic voltammograms of a half-cell measured between 0.005V and 1.5V
at 0.1mVs~! of the macroporous SnO,/C composite after the calcination steps. Li
metal was used as counter and reference electrode.

argon, which provides reducing conditions, leading to the reduc-
tion of some Sn** of Sn0O; to Sn°. As a result, 1.1 wt% of crystalline
Sn was estimated via a computing analysis (Topas v4.2). Table 1
shows the lattice parameters and the crystallite size obtained from
the XRD pattern of the sintered SnO,/C composite. Lattice param-
eters are in agreement with the referenced values (Table 1). Due
to the high calcination temperature, growth in the crystallite size
was observed from less than 5nm up to 6.37(4) nm. The BET sur-
face area of the composite was 54.7m2? g~!, which is very similar
to what is reported by Lytle et al. (55 m% g~1) [35].

To estimate the amount of carbon in the synthesized SnO,/C
composite, TGA was conducted on the resulting material. As shown
in Fig. 5, continuous weight loss was observed when the tem-
perature was raised up to 110°C; it corresponds to the loss of
water. The temperature was maintained at 110°C for 30 min in
order to remove any moisture. The temperature was then increased
to 800°C at 10°Cmin~!. The second weight loss (8.3%) observed
between 350 and 450°C was the result of the decomposition of
carbon from the SnO,/C composite. When considering that there
is 1.1 wt% of Sn, 0.2% weight gain occurred due to the oxidation of

1.75

0.75 4

0.50

Potential (V vs Li/Li")

0.25 4

0.00

T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Specific Capacity (mAh g”)

Fig. 7. Voltage profile of the first five cycles of the macroporous SnO,/C composite.
A rate of C/12 was used.
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Fig. 8. Discharge capacity of the macroporous SnO;/C composite and the pristine
Sn0; nanoparticles. The columbic efficiency of the macroporous SnO,/C composite
is also represented.

Sn. As a result, 0.2 wt% should be added to the 8.3% weight loss to
more accurately estimate the amount of carbon in the synthesized
Sn0,/C composite. The total amount of carbon residue in SnO,/C
composite is then can be estimated as 8.5 wt%.

Fig. 6 shows the cyclic voltammograms (CVs) of the macrop-
orous Sn0,/C composite. The irreversible reduction of SnO; to Sn
(black line) is observed on the first cycle. The small cathodic peak
around 1.25V (peak A) and the peak at 0.65V (peak B) vs. Li/Li* are
due to the partial reduction of SnO, to element Sn and the solid
electrolyte interface (SEI) formation during the first discharge [41].
SEI formation is caused by the decomposition of the electrolyte and
the lithium salt at the surface of the electrode, and both peaks dis-
appear after the first cycle. The cathodic peaks below 0.3V (peak b)
are due to the formation of the LixSn alloy (0 <Xx <4.4). The noise
in these peaks is due to the multi-stage lithium intercalation of
LixSn alloys [42]. The anodic peak at 0.6 V (peak b’) corresponds to
the de-alloying reaction of LixSn (0 <x <4.4). These two reactions
are fully reversible. An additional reversible process is observed at
1.25V (peak a’) and 1.0V (peak a). This process is believed to be
associated with the recovery, to some extent, of some tin oxides
(Sn0O; or Sn0O) [42,43].
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Using the composition determined via TGA and XRD, the the-
oretical capacity value of the macroporous SnO,/C composite was
estimated at 732 mAh g~'. Areversible capacity of 150 mAh g~ ! was
used for the carbon coating, assuming it is a black carbon. In the-
ory, Sn0, exhibit a first discharge capacity of 1494 mAhg-! and
a reversible discharge capacity of 782 mAhg~1. There were many
attempts to synthesize 3DOM SnO,, however, only Lytle et al. [35]
and Wang et al. [36] performed electrochemical characterizations.
Fig. 7 shows the voltage profile of the first five cycles of a half
cell made using the macroporous SnO,/C composite; the cell was
cycled at C/12. The first cycle shows a first discharge capacity of
1705 mAh g~1. This value corresponds to the irreversible reduction
of SnO, to Sn, the formation of Li;O, and the partial lithiation of
the carbon coating. Sn then further reacted with lithium to form
a tin-lithium alloy. These reactions are shown in the following
equations:

SnO, +-4Li* +4e~ — Sn + 2Li,0 (1)
Sn+xLit +xe” < SnLix(0 <x< 4.4) (2)
6C +xLiT +xe~ < CgLix(0 <x< 1) 3)

The first discharge curve contains several fluctuations due to
noise originated from the equipment. The charge is represented
by a sloping plateau around 0.5V vs. Li/Li*. The irreversible capac-
ity observed in the first cycle is 800mAhg-!, or 47% of the first
discharge capacity [13]. Afterwards, cycles four and five are rather
stable, suggesting good capacity retention.

Fig. 8 shows the discharge capacities of the macroporous Sn0,/C
composite and the pristine SnO, nanoparticles prepared without
PS template as well as the columbic efficiency of the macrop-
orous Sn0,/C composite electrode. As previously discussed, a large
irreversible capacity is observed for the first cycle due to the irre-
versible reduction of SnO, to Sn and the formation of the SEI. The
macroporous SnO,/C composite showed a first discharge capac-
ity of 1705mAhg-1 with 47% of irreversible capacity whereas
the SnO, nanoparticles shows a lower first discharge capacity of
1150 mAh g~! with an irreversibility of 37%. The larger irreversible
capacity observed for the macroporous SnO,/C composite is due to
the carbon coating and also due to the larger surface area that leads
to more SEI formation. For the first seven cycles, a stable capac-
ity of 900 mAh g~ was observed. After a 12-h rest, the capacity
started fading. A reversible capacity of 607 mAhg-! is observed
after 55 cycles. The columbic efficiency is quite stable around 98%
starting at cycle 8. The macroporous SnO, /C composite showed bet-
ter capacity retention than the pristine SnO, nanoparticles which
exhibits a capacity of only 300 mAh g~! after 55 cycles. Wang et al.
reported first discharge capacities around 1500-1600 mAh g~! and
reversible capacities of 150mAhg-! and 330mAhg-! after 55
cycles at current rates of 50 and 100mAg-!, respectively [36].
These values are much lower than the ones obtained in the present
study which we believe is due to the difference in the amount of
carbon present in the composite. Moreover, Wang et al. reported
a carbon content of 62 wt% whereas it is only 8.5 wt% in our case
[36]. It is important to have carbon in the composite to provide
electronic conductivity, but the black carbon obtained does not
provide high capacity storage, so it is important to keep its con-
tent low in order to obtain better performance. 3DOM SnO, from
Wang et al. had less capacity fade due to the highly ordered struc-
ture, but lower capacity due to the high carbon content compared
to our material.

4. Conclusions

In the present work, a macroporous SnO,/C composite anode
material was synthesized using an organic template-assisted

hydrothermal synthesis. A content of 8.5 wt% of carbon was deter-
mined in the composite. As verified by SEM, after calcinations, pores
0of 300-500 nm in diameter were observed. A rutile SnO, crystalline
phase was obtained by XRD with traces of Sn metal. The material
performance, characterized in half cells, suggests that nano-sized
porous SnO, matrix material is stable and resistant to pulveriza-
tion during cycling. After 55 cycles, the macroporous composite
had a capacity of 607 mAhg-!, whereas the SnO, nanoparti-
cle without PS template showed only half the capacity reaching
300mAhg-1.
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