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A continuous gas-phase approach has been developed to prepare
tin oxide (SnO,)-reduced graphene oxide (rGO) hybrid nanoflakes
via a single-pass process. According to the TEM analysis, the SnO,
particles are only distributed on the rGO particles from the gas-
phase process. The hybrid particles obtained have a theoretical
capacity of 774 mA h g~', and after 50 cycles the charge capacity
of the hybrid particles still remained at 671 mA h g™, that is, with
86.7% retention of the reversible capacity. The dimensional
confinement of the SnO, particles by the surrounding rGO limits
the volume expansion upon lithium insertion, and the pores
between the SnO, and rGO could be used as buffered spaces
during charge-discharge, resulting in superior cyclic perfor-
mances.

Graphene oxide (GO) or graphene [ie. reduced GO (rGO)] has
attracted much interest for its unique physical and chemical
properties and wide-ranging technological —applications.'™
Moreover, interest in nanocomposites or hybrid nanomaterials
has been ever-growing, which is ascribed to their peculiarities in
combining desirable properties of building blocks for a given
application.” Besides the applications of GO and rGO, there is a
great desire to fabricate composites or hybrid materials which
integrate GO or rGO with nanoparticles, polymers, or even
nanotubes and fullerenes.’

It is of great importance to bind metal oxide nanoparticles onto
GO or rGO because the combination and interaction between the
nanoparticles and GO or rGO will lead to multifunctional or even
completely new properties in such a nanocomposite.® Transition
metal oxides have been studied as alternative active materials for
lithium ion batteries (LIBs) because of their high specific capacity.
Among them, tin oxide could be a good substitute for the carbon
electrode in LIBs because its high theoretical lithium storage
capacity of 782 mA h g~ is much larger than that of graphite (372
mA h g~"). However, similar to other lithium reactive electrode
materials, tin oxide shows a very large volume change of about
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300% during the charge-discharge process, which causes
crumbling and cracking of the electrode. Therefore, the fabrication
of tin oxide-graphene hybrid nanomaterials has recently been
proved to be an effective method to improve the cyclability due to
the cushion effect of the carbon component.®® Graphene layers
incorporated with the nanoparticles can provide a buffer for the
volume change and prevent the aggregation of the particles.'®**
Tin oxide-graphene hybrid nanomaterials have been fabricated by
mechanical mixing® and in situ chemical synthesis,>”>'*™*
however, the metal oxide hybridization on graphene also requires
additional chemical steps and controls for the preparation of
metal oxide nanoparticles,” and thus it is still a challenge to
prepare hybrid/functional nanomaterials under simple and
continuous conditions.'”'""

The present work introduces a gas-phase continuous fabrica-
tion method for tin oxide (SnO,) decorated rGO hybrid nanoflakes
and their application for lithium storage. A serial reactor
consisting of a plasma discharge coupled to a gas-phase assembly
device was used to fabricate the hybrid nanoflakes. The use of
plasma discharges for nanoscale materials synthesis is a rapidly
developing field. In particular, non-thermal plasmas at atmo-
spheric pressure are attractive because of several factors conducive
to efficiency.'®'” Moreover, morphological functionalization of GO
through a gas-phase process was recently employed.'® As shown in
Scheme 1, freshly spark generated graphite nanoparticles (step 1)*°
were first immersed in an ultrasound-impinging device (step 2,
refer to Fig. S1, ESIf) containing a simplified Hummers’ solution
(step 1)*° to form GO (refer to Fig. S1, ESIt). The reacted solution
containing the GO was injected into the reservoir of a Collison
atomizer, and then atomized as droplets (step 3). The droplets
were passed through a denuder (step 4), and were then immersed
in the other ultrasound-impinging device to be photoreduced as
rGO. The immersed GO particles as a dispersion were treated with
UV (306 nm) irradiation (step 5). During this treatment, the
hydrated electrons act as reducing agents to reduce GO to rGO
(also refer to Scheme 1). This is because water exhibits a high
absorption cross section for UV irradiation and homolyzes upon
excitation into hydrogen atoms, hydroperoxyl radicals, and
hydrated electrons.” Another spark discharge generated SnOj
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Scheme 1 Gas-phase continuous synthesis of SnO,~rGO using a serial reactor consisting of spark discharges, Collison atomizers, and ultrasound probe inserted impingers.

nanoparticles (step 6'), and the particle laden flow passed over the
other Collison atomizer orifice where they mixed with the
atomized rGO solution to form hybrid droplets (step 6). The
droplets then passed through a heated tubular reactor to drive
water from the droplets (step 7), resulting in SnO,rGO hybrid
nanoparticles. The collected hybrid particles were finally employed
as the active material of a LIB.

SnOx—rGO hybrid particles were formed by incorporating SnOx
with GO during atomization of the rGO solution. We verified a
merge between SnO, and rGO by measuring the size distributions
of SnOy, rGO, and SnO,rGO aerosol particles. The size distribu-
tion was measured using a scanning mobility particle sizer (SMPS,
3936, TSI, US). Fig. 1a summarizes the size distribution measure-
ments of the SnO,, rGO, and SnO,-rGO particles. The total
number concentration (TNC), geometric mean diameter (GMD),
and geometric standard deviation (GSD) of SnO,-rGO were 3.03 x
10° cm?, 31.8 nm, and 1.47, respectively. Analogous data for
individual SnO, particles were 5.81 x 10° em >, 33.8 nm, and
1.47, respectively, and for individual rGO particles were 2.35 x 10°

3, 34.5 nm, and 1.52, respectively. The size distribution of
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Fig. 1 Size distributions of aerosol SnOy, rGO and SnO,—rGO particles.
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SnO,~rGO was more similar to that of the rGO particles than that
of the SnOy particles, and there was no bimodal distribution
character, implying that the SnOy particles were nearly quantita-
tively incorporated with the rGO, to form SnO,—rGO hybrid
nanoparticles.

Low and high magnification transmission electron microscope
(TEM, JEM-3010, JEOL, Japan) images show the morphology of
SnO,, rGO, and SnO,-rGO. The TEM images (Fig. 2a) reveal that the
SnOy particles were agglomerates of several primary particles (each
~4 nm in diameter). In the inset of Fig. 2a, a lattice fringe size of
about 0.33 nm was observed for SnO,, which can be indexed as the
(110) plane of the tetragonal structure (can also be seen in Fig. S2,
ESIf). From energy dispersive X-ray (JED-2200, JEOL, Japan)
analyses, the chemical formula of the SnOy particles can be
defined as SnO,.s. Fig. 2b shows the rGO particles after
photoreduction in the presence of water under UV irradiation.
There are no significant differences in the morphology before (GO,
refer to Fig. S1, ESIf) and after the reduction, however, the mean
mode diameter of GO decreased from ~37 nm to ~33 nm and it
became brighter than before the reduction. According to a report
by Stankovich et al.,*' the new graphitic domains created during
the reduction of GO to rGO are smaller in size (i.e. smaller in-plane
sp” domains are formed) than the size of GO before reduction. The
structural differences between GO and rGO were also verified using
a Fourier transform infrared spectrometer (Nicolet 6700, Thermo
Electron, US, refer to Fig. S3, ESIt). When the SnOy particles passed
over the orifice of the Collison atomizer, most SnOy particles were
attached on the rGO particles, resulting in SnO-rGO hybrid
particles (Fig. 2c). The production yield of SnO,~rGO from the gas-
phase synthesis is approximately 94%. The yield was determined
by the area fraction of SnO,-rGO-to-all particles in the TEM image.
Moreover, the SnOy particles were redistributed on the rGO
particles due to deagglomeration (by setting the force acting on
an agglomerate of size D,, due to the sudden pressure change
across the orifice in the Collison atomizer), which is given by**

Dy.H
Dy =oq | —22 1
P orare? W
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Fig. 2 TEM images of aerosol particles of (a) SnOy, (b) rGO, and (c) SNO4-rGO.

where Dy, is the size of a restructured agglomerate, o is the
proportionality constant, H is the Hamaker constant, AP is the
pressure difference between the front and the rear of the orifice,
and @ is the parameter controlling the maximum cohesive
strength between constituting particles in an agglomerate. SnOy
agglomerates passed through the orifice, and the rapid changes in
pressure, density, and velocity across the orifice produced an
impulse capable of shattering the agglomerates. This induced a
decrease in the fractal dimension of the SnOy particles on rGO, and
thus the number N of agglomerates after passing though the orifice
was smaller than it would be for spark generated SnO, particles (see
eqn (2), where £, is the fractal prefactor, Dy, is the size of primary
SnOy particles, and d; is the fractal dimension).

Dy \
N—k, (Dﬁo) @

Therefore, the actual number N, of SnO, particles to be
incorporated on rGO increased by decreasing N (see eqn (3), where
N, is the number of primary SnOy particles), and subsequently,
their surface area S increased (see eqn (4), where mg,0y is the unit
mass of the SnO, particles).

N,
a
N,nD?
52 o @

It seems that the incorporation of SnO, on rGO inhibited the
dislocation of SnO, from rGO during aerosol delivery. This is due
to the capillary (Fe,p, = 4nrycos0, where ryp, 7, and 0 are the particle
radius, surface tension, and contact angle, respectively, between

This journal is © The Royal Society of Chemistry 2013

LU
4mey d?
where ¢, is the permittivity constant, d is the distance between
SnOy and rGO, and ¢, and g, are the surface charges of SnO, and
GO, respectively) forces between SnO, and rGO. Spark generated
particles normally have positive charges owing to a photon- and/or
electron-induced ionization of their surface during spark particle
formation.”® In addition, rGO has negative charges from the
remaining carboxylates on its structure.>*

In order to examine the applicability of the fabricated hybrids
to the electrochemical performance as active materials, we
investigated the lithium insertion-extraction properties of the
fabricated SnO,-rGO hybrid nanoparticles (the mass ratio between
SnO, and rGO was approximately 7.46). The electrodes were
fabricated by mixing the hybrid particles with a binder,
poly(vinylidene fluoride) [PVDF], and they were then tested in
lithium battery coin cells at a constant current density of 50 mA
g~ ', The voltage range was fixed from 0 to 2 V. Fig. 3a shows the
charge-discharge profiles of a SnO,—rGO electrode in the 2nd, 5th,
15th, 30th, and 50th cycles. In the first cycle (inset in Fig. 3a), the
SnOrGO electrode exhibited a lithium insertion capacity of 1 866
mA h ¢~ and a reversible capacity of 912 mA h g~'. After 50
cycles, the charge capacity of the hybrid electrode still remained at
671 mA h g '. This value is higher than those from the
hybridization between tin oxide and graphene in previous
reports.>'*'"'® For further comparison, the theoretical capacity
of SnO,—rGO was estimated by calculating the capacity of the
physical mixture of individual materials (SnOx and graphene).
Based on the weight content determined by SMPS measurements
and the theoretical capacity of the two components (a Cspo, value
of 782 mA h g " and a Cguaphene value of 744 mA h g™ ), the
theoretical capacity of SnO,—rGO was calculated to be 774 mA h
g™, Despite the considerable drop, the charge capacity of SnOy-
rGO maintained after 50 cycles still remained at 86.7% of the
theoretical value, highlighting the synergetic effect for enhanced

SnO, and rGO) and the electrostatic attraction (Fe, =
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Fig. 3 (a) Charge—discharge profiles of SnO,~rGO. (b) Cyclic performances of SnO,, rGO, and SnO,-rGO.
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Fig. 4 (a) Size distributions and (b) TEM images of SnO,~rGO hybrid particles from different spark powers, and MoO,~rGO and NbO,~rGO hybrid particles from different spark

configurations. (c) Cyclic performances for 3 W, 9 W, MoO,~rGO, and NbO,~rGO.
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cyclic performance. Fig. 3b shows the cyclic performances of
SnO,~rGO, rGO, and SnOy particles. The individual SnO, particle
electrode exhibited a poor cyclability, fading rapidly to 76 mA h
g " only after 15 cycles. The rGO electrode also displayed bad
electrochemical performance, and showed a low reversible
capacity of 288 mA h g~ '. Compared to individual SnO, particles,
the reversibility of the hybrid electrode had been significantly
enhanced, revealing the influence of rGO incorporations. The
main reason for the poor cyclic life of individual SnOy electrodes
may be due to a huge volume expansion produced by the alloying
reaction between lithium and tin, leading to the pulverization and
subsequent electrical disconnection of the electrodes.” In the case
of our SnO, GO particles, the SnO; nanoparticles are homo-
geneously attached to the rGO. This structural feature of the
hybrid nanoparticles leads to a good connection between SnOy
and rGO, which favors good electron transfer properties and
effectively prevents the electrical disconnection of the electrode.
The void space developed by the hybrid nanoparticles is measured
to be about 0.6 cm® g~' based on a nitrogen adsorption
measurement (refer to Fig. S4, ESIf), which offers buffer space to
relieve the tension formed during the process of lithium insertion.

Fig. 4a and 4b show the size distributions and morphologies of
SnOx—rGO hybrid particles from different spark powers, 3 and 9 W
(denoted as 3 W and 9 W vs. SnO,-rGO from a 6 W spark), and
also shows those of MoO,~ and NbO,-rGO hybrid particles. These
characteristics depend on their electrical and material conditions,
and the details are noted in Table S1 (ESIf). According to the TEM
images (Fig. 4b), the SnO, deposition density was changed when
the different spark powers were applied. Moreover, the morphol-
ogy of MoO,~ and NbO,-rGO hybrid particles did not show
significant differences among the hybridization cases, and this
implies that the aerosol incorporation between the metal oxide
and rGO was stable, although the material was changed. The
reversible capacities (Fig. 4c) of 3 W and 9 W are 767 and 519 mA
h g™, respectively. After 50 cycles, as shown in Fig. 3, the capacity
of SnO,~rGO remained at 671 mA h ¢, which indicates about an
87% retention of the reversible capacity, and the 3 W and 9 W
results exhibited about 81% and 64% retention of the reversible
capacity, respectively. It is well known that the main reason for the
rapid fading of individual tin oxide electrodes is that a large
volume expansion of tin oxide occurs during the charge-discharge
cycle, leading to the pulverization of the electrode. On this
account, a larger ratio between SnOyx and rGO from a higher power
of the spark could show a faster fading character than those from
smaller powers. In addition, the application of different spark
configurations [molybdenum (Mo)-Mo or niobium (Nb)-Nb] can
also induce different cyclic performances, and this may have
originated from different theoretical charge capacities of their
oxide structures.”**® In other words, the difference among these
samples demonstrated that the cycle performance was related to
the different morphology and composition of the samples. This
implies that the lithium storage performance can be tuned or
enhanced by controlling the ratio of the metal oxide to rGO and
applying different materials of spark electrodes during the
fabrication.
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Conclusions

A continuous gas-phase synthesis was developed to fabricate
SnOxrGO hybrid nanoflakes in a simple and green process. The
prepared hybrid particles were employed as the active material of a
LIB to verify their potential application in the energy technology
field. When considering the plentiful properties for both metal
oxides and rGO, the hybrid nanoflakes might have other potential
applications in biosensors, gas sensors, and in electrochemical
analysis in the future. Furthermore, the proposed strategy
described in this work opens up a new way to obtain metal
oxide-rGO hybrid nanoflakes with an on-demand configuration.
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