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ABSTRACT Metal oxide—carbon nanotube (CNT) composite microspheres with a novel structure
were fabricated using a one-step spray pyrolysis process. Metal oxide—CNT composite microspheres
with a uniform distribution of void nanospheres were prepared from a colloidal spray solution
containing (NTs, metal salts, and polystyrene (PS) nanobeads. Perforated Sn0,—CNT composite
microspheres with a uniform distribution of void nanospheres showed excellent lithium storage
properties as anode materials for lithium-ion batteries. Bare Sn0, microspheres and Sn0,—CNT
composite microspheres with perforated and filled structures had a discharge capacity of 450, 1108,
and 590 mA h g~ for the 250th cycle at a current density of 1.5 A g, and the corresponding capacity

retention compared to the second cycle was 41, 98, and 55%, respectively. The synergetic combination

Perforated metal oxide
-CNT microsphere

of void nanospheres and flexible CNTs improved the electrochemical properties of Sn0,. This effective and innovative strategy could be used for the

preparation of perforated metal oxide—CNT composites with complex elemental compositions for many applications.
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structured materials have attracted much

research interest for energy storage, in-
cluding applications in lithium-ion batteries
(LIBs).”~ "2 In LIBs, the introduction of macro-
pores in nanostructured materials has led
to excellent electrochemical properties of
the active material."”>~*?> Macropores pro-
vide good channels for the penetration
of the electrolyte into the nanostructured
active material, thereby improving the
electrochemical properties at high charge/
discharge rates.'* 22 In addition, macro-
pores supply voids to accommodate the
huge volume change of the transition metal
oxide during repeated lithium insertion
and desertion.’>'°~2* However, the relatively
low electrical conductivity of the macropor-
ous metal oxide host limits the rate signifi-
cantly. In general, only modest improve-
ments in rate have been observed because
macroporous structures primarily address
ion transport and not electron transport.'®
Therefore, carbonaceous materials with
high electrical conductivity and structural
flexibility can improve the electrochemical

I nnovative design and synthesis of nano-
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properties of transition metal oxide materi-
als with low electrical conductivities.?>~3*
Carbon nanotubes (CNTs) have high elec-
trical conductivity and structural flexibility
and have been used in composites with
transition metal oxides.>*~3” Many studies
have focused on the manufacture of irregu-
larly shaped metal oxide—CNT composites
by mechanical mixing or coating processes
such as atomic layer deposition, chemical
vapor deposition, and hydrothermal and pre-
cipitation processes34~>> CNT fiber-grafted
metal oxide nanoparticles can not only serve
as the backbone for the volume expansion
of the electroactive materials during cycling
but also facilitate electron/charge transfer in
metal oxides.>* > Recently, metal oxide—CNT
composite microspheres for LIBs have been
prepared by spray pyrolysis using metal
oxide nanoparticles and CNT fibers.3® Micro-
spheres with sizes of several microns could
be used as anode materials in LIBs due to
the formation of high-density electrode
layers. However, to the best of our knowl-
edge, the preparation of macroporous
metal oxide—CNT composite microspheres
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Scheme 1. Schematic diagram of the formation of microspheres by one-step spray pyrolysis: (a) perforated SnO,—CNT
composite, (b) bare SnO, microspheres with a uniform distribution of void nanospheres, and (c) filled SnO,—CNT composite

microsphere.

with a uniform distribution of void nanospheres and
their application as anode materials for LIBs have not
been reported.

Herein, a new design for metal oxide—CNT compo-
site microspheres was successfully achieved in a
one-step spray pyrolysis process (Figure S1). Metal
oxide—CNT composite microspheres with a uniform
distribution of void nanospheres were prepared from a
colloidal spray solution containing CNTs, metal salts,
and polystyrene (PS) nanobeads. PS nanobeads were
applied as an organic template for the formation of
void nanospheres within the metal oxide—CNT compo-
site microspheres. In this study, SnO,—CNT, NiO—CNT,
WO3—CNT, and GeO,—CNT systems were successfully
applied as the newly designed nanostructured materi-
als. Metal oxide—CNT composite microspheres with a
uniform distribution of void nanospheres showed ex-
cellent lithium storage properties as anode materials for
LIBs. The synergetic combination of void nanospheres
and flexible CNTs improved the electrochemical proper-
ties of the transition metal oxide. Our approach to
fabricating macroporous metal oxide—CNT composite
microspheres with a perforated structure may be
valuable for widespread applications including energy
storage.

RESULTS AND DISCUSSION

The formation of metal oxide—CNT composite mi-
crospheres with a uniform distribution of void nano-
spheres by one-step spray pyrolysis is described in
Scheme 1. Droplets several microns in size containing
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CNTs, PS nanobeads, and metal salt were formed by
the ultrasonic nebulizer (Scheme 1, @). Oxygen func-
tional groups, which formed on the surface of the CNTs
by acid treatment, improved the dispersion stability
of the spraying solution with CNTs.>® Therefore, flexible
CNTs were uniformly distributed within droplets.
Tangled CNTs aggregated with a uniform distribu-
tion of PS nanobeads due to the network formed by
flexible CNTs with a high aspect ratio as the droplets
dried. Then, metal salt was deposited onto the three-
dimensional CNT—PS network to form metal salt
—CNT—PS composite microspheres with a filled struc-
ture (Scheme 1, ®). Thermal decomposition of the
metal salt occurred completely at the rear part of the
reactor that was maintained at 700 °C. At the same
time, the PS nanobeads decomposed into CO, and
water vapor in an argon atmosphere to produce void
nanospheres uniformly dispersed in the metal oxide—
CNT composite microspheres (Scheme 1, ®). The uni-
form exposure of PS nanobeads on the surface of
the metal salt—CNT—PS composite microspheres, as
shown in Scheme 1,®, resulted in opened macropores
in the metal oxide—CNT composite microspheres. In
addition, the high volume fraction of PS nanobeads
within the droplets resulted in connections between
the nanobeads after the droplet dried. Therefore,
burning the interconnected PS nanobeads led to the
formation of nanoholes connecting the void nano-
spheres.>”>8 Thus, the metal oxide—CNT composite micro-
spheres with a uniform distribution of void nanospheres
had an ideal structure for electrolyte penetration into
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Figure 1. Morphologies and elemental mapping images of the perforated SnO,—CNT composite microspheres. (a—c) FE-SEM
images, (d,e) TEM images, (f,g) HR-TEM images, (h,i) cross section TEM images obtained by a FIB, and (j) elemental mapping

images of tin, oxygen, and carbon components.

the microsphere. Scheme 1 shows the process of for-
mation for bare metal oxide microspheres with a uni-
form distribution of void nanospheres and for filled
metal oxide—CNT composite microspheres. Bare metal
oxide microspheres with a uniform distribution of void
nanospheres were prepared directly by spray pyrolysis
from a spray solution containing PS nanobeads and
metal salt as described in Scheme 1b. Metal oxide—
CNT composite microspheres with a filled structure
were prepared from a spray solution containing CNTs
and metal salt as described in Scheme 1c.

Several types of metal oxide—CNT composite micro-
spheres with a uniform distribution of void nano-
spheres were prepared by the one-step spray pyrolysis
process. The morphologies of the tin oxide—CNT com-
posite prepared from the spray solution with PS nano-
beads and CNT fibers, which was studied as the main
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example, are shown in Figure 1. The composite micro-
spheres had a uniformly spherical shape and did
not aggregate, as shown in the low-resolution field-
emission scanning electron microscopy (FE-SEM) im-
age in Figure 1a. The size distribution of the perforated
SnO,—CNT composite microspheres measured from
FE-SEM images is shown in Figure S2. The composite
microspheres had an average size of 0.6 um. The size of
each composite microsphere was dependent on the
size of the droplet from which it formed because one
microsphere was formed by drying and decomposing
one droplet. Therefore, the SnO,—CNT composite
microspheres prepared from the droplets formed by
an ultrasonic nebulizer had broad size distribution, as
shown in Figure S2. The SnO,—CNT composite micro-
spheres whose sizes were uniformly distributed could
be prepared using spray pyrolysis with a well-established
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atomizer or by introducing a droplet classifier between
the droplet generator and the tubular furnace reactor
to increase the sharpness of the size distribution of the
prepared microspheres. The high-resolution FE-SEM
images shown in Figure 1b,c show 70 nm macropores
on the composite surface. A stretchable SnO,—CNT
composite structure surrounding the macropores
appeared. Transmission electron microscopy (TEM)
images in Figure 1d,e clearly show the porous structure
of the composite microspheres. High-resolution (HR)
TEM images in Figure 1f,g show 5 nm SnO, nano-
particles grafted uniformly on CNT backbones. The
HR-TEM image (Figure 1g) exhibits clear lattice fringes
separated by 0.33 and 0.34 nm, which correspond to
the (110) crystal plane of the tetragonal SnO, phase
and the (002) plane of the CNT layers, respectively.*>¢
The selected area electron diffraction (SAED) pattern of
the SnO,—CNT composite microspheres shows poly-
crystalline SnO, nanoparticles (Figure S3). To identify
the inner structure of the composite microspheres,
TEM images of the sample were obtained by a focus
ion beam (FIB) instrument, as shown in Figure 1h,i.
Figure 1h shows uniform void nanospheres dispersed
within the composite microsphere. The HR-TEM image
(Figure 1i) shows a uniform distribution of SnO, nano-
particles on a perforated structure. The elemental
mapping images shown in Figure 1j show that the
tin, oxygen, and carbon components are uniformly
distributed over the entire composite microsphere.
The uniform morphologies and uniform distributions
of all components of the composite demonstrate the
homogeneity of the SnO,—CNT composite micro-
spheres with a uniform distribution of void nano-
spheres prepared by one-step spray pyrolysis. The
morphologies of perforated CNT microspheres pre-
pared by the same process using a spray solution
with PS nanobeads and oxidized CNTs are shown
in Figure S4. FE-SEM and TEM images showed spher-
ical CNT microspheres with macropores. The high-
resolution TEM images shown in Figure S4ef show
cotton-ball-like CNTs with macropores. The morphol-
ogies of the bare SnO, and SnO,—CNT composite
microspheres prepared by one-step spray pyrolysis
are shown in Figure 2. Bare SnO, microspheres pre-
pared from the spray solution with PS nanobeads are
spherical in shape with a perforated structure accord-
ing to FE-SEM and TEM images in Figure 2a—e. The
ultrafine SnO, nanospheres were connected to form
a macroporous network, as shown in Figure 2f. The
Sn0O,—CNT composite microspheres prepared from
the spray solution without PS nanobeads were spher-
ical with a filled structure, as shown by the FE-SEM and
TEM images in Figure 2g—I.

The X-ray diffraction (XRD) patterns of the three
types of tin oxide samples can be indexed to tetrag-
onal SnO, phase (JCPDS Card No. 41-1445) without
impurity phases,>® as shown in Figure 3a. According to

CHOI ET AL.

Scherrer's formula, the average crystallite sizes of
bare SnO,, filled SnO,—CNT composite, and perforated
SnO,—CNT composite microspheres were 5.4, 4.7, and
4.0 nm, respectively, which are consistent with TEM
observations. X-ray photoelectron spectroscopy (XPS)
measurements were carried out to study the chemical
state of the elements in the perforated SnO,—CNT
composite microspheres. Similar to previous reports,
the C 1s peak of the oxidized CNT fibers could be fitted
to line shapes with binding energies at 284.6, 285.0,
286.3, 289.3, and 291.4 eV, which are assigned to C=C
(sp?), C—C (sp?),C—0, =0, and O—C=0, respectively.**¢'
The perforated SnO,—CNT composite microspheres
had C 1s XPS peaks of oxidized CNT fibers, as shown
in Figure 3b. The XPS results proved that the surface of
the MWCNTs is grafted with oxygen-containing groups
after acid treatment. Figure S5 presents the Sn 3d
peaks of the perforated SnO,—CNT composite micro-
spheres. The binding energies of Sn 3ds,, and 3ds/,
were 495.9 and 487.4 eV, respectively, which corre-
spond to the pure SnO, nanoparticles.’’ Figure S6
presents the XPS O 1s spectrum of the perforated
SnO,—CNT composite microspheres. The XPS O 1s
spectrum of the perforated SnO,—CNT composite
microspheres showed a broad peak at 531.5 eV, which
may be attributed to the SnO, nanoparticle and func-
tional groups on the CNT surface.®° %2 Thus, tin oxalate
was completely converted into the tetragonal SnO,
phase inside the reactor that was maintained at 700 °C.
Oxygen-deficient SnO and metallic Sn phases were
not formed. The thermal gravimetric (TG) curve of the
SnO,—CNT composite microspheres with void nano-
spheres showed two-step weight loss below 600 °C,
as shown in Figure 3c. The first slight weight loss
observed at around 300 °C was due to the combustion
of carbonaceous material remaining after the incom-
plete decomposition of PS nanobeads.®® The second
weight loss observed at around 450 °C was attributed
to the combustion of CNTs. The weight losses in the
SnO,—CNT composite microspheres prepared at a
preparation temperature of 700 °C by combustion of
amorphous carbons and CNTs were 4 and 9 wt %,
respectively. The weight losses in the SnO,—CNT com-
posite microspheres with perforated and filled struc-
tures due to the combustion of CNTs were both 9 wt %.
To identify the amorphous carbon formed from in-
complete decomposition of PS nanobeads, the XPS C
1s spectrum of the bare SnO, microspheres is shown in
Figure S7. The binding energy of 284.6 eV for the XPS C
1s spectrum corresponds to the carbon atoms of
amorphous carbon.®®> The Brunauer—Emmett—Teller
(BET) surface areas of the bare SnO, and SnO,—CNT
composite microspheres with perforated and filled
structures were 19.6, 83.1, and 53.7 m? g, respec-
tively. The filled SnO,—CNT composite microspheres
had mesopores without macropores, as shown in
Figure 3d. However, the bare SnO, and perforated
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Figure 2. Morphologies of the bare SnO, and filled SnO,—CNT composite microspheres. (a—c) FE-SEM and (d—f) TEM images
of the bare SnO, microspheres with a uniform distribution of void nanospheres, and (g—i) FE-SEM and (j—I) TEM images of the

filled SnO,—CNT composite microspheres.

SnO,—CNT composite microspheres had well-defined
macropores due to the thermal decomposition of the
PS nanobeads.®*

The electrochemical properties of the three types of
tin oxide microspheres were investigated by cyclic
voltammetry (CV) and galvanostatic charge/discharge
measurements to determine the effect of the void
nanospheres and CNTs on the Li-ion storage properties
of SnO,. Figure 4a shows the CV curves of the tin
oxide—CNT composite microspheres with a uniform
distribution of void nanospheres from the first cycle to
the fifth cycle at a scan rate of 0.1 mV s~ in a potential
range from 0.001 to 3.0 V. In the first cathodic sweep,
the peak at 0.8 V can be ascribed to the electrochemical
conversion of SnO, to Sn metal and Li,O matrix and the

CHOI ET AL.

formation of the solid electrolyte interphase (SEIl)
layer.*>~#865=67 The peak below 0.5 V corresponds to
the alloying reaction between 1 mol of Sn and 4.4 mol
of Li. In the first anodic sweep, the peak centered at
0.5 V corresponds to the dealloying reaction of Lis4Sn
alloys.*>=*855=67 Other broad peaks with weak inten-
sities at 1.4 and 1.9 V may be related to the continuous
dealloying of the Li,Sn phase and the conversion
reaction of Sn into the SnO, phase.**~*86>=%7 After
the first cycle, all the CV curves are almost identical,
which demonstrates that charge/discharge processes
in the composite microspheres are highly reversible.
Galvanostatic charge/discharge measurements were
performed at a current density of 1.5 A g~ ' in a po-
tential window of 0.001—3.0 V vs Li*/Li. The represented
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densities, and (e) long-term cycling performance of the perforated SnO,—CNT composite microspheres.

CHOI ET AL.

voL.9 = No.10 = 10173-10185 = 2015 ACINJAN(C)

WWww.acshano.org

10178



specific capacity was calculated based on the total
mass of the SnO,—CNT composite. Figure 4b shows
the initial discharge and charge curves of the three
samples. The three samples had similar discharge
and charge profiles regardless of the CNT additive.
The initial discharge capacities of the bare SnO, and
SnO,—CNT composite microspheres with perforated and
filled structures were 1604, 1559, and 1459 mA h g~ ',
respectively, and their corresponding initial Coulombic
efficiencies were 65,71, and 73%. The initial irreversible
capacities of all samples could be caused by the forma-
tion of a SEl layer, as indicated in the CV curve of the first
cycle and the partial structural damage during the first
cycle. The initial discharge and charge capacities of the
perforated CNTs, at a current density of 1.5A g™, were
1200 and 400 mA h g™, respectively (Figure S8a), and
its corresponding initial Coulombic efficiency was 33%.
The low initial Coulombic efficiency was mainly attrib-
uted to the electrolyte decomposition and SEI forma-
tion on the perforated CNT surfaces.*> %’ After 100
cycles, the perforated CNT microspheres delivered a
discharge capacity of 305 mA h g ' at a high current
density of 1.5 A g~ . Detailed cycle profiles of the per-
forated CNT microspheres are shown in Figure S8b. The
cycling performances of the three samples at a con-
stant current density of 1.5 A g~ are shown in Figure 4c.
Detailed cycle profiles of all samples are given in Figure S9.
The discharge capacities of the bare SnO, and SnO,—CNT
composite microspheres with a filled structure decreased
continuously over 250 cycles. The discharge capacities
of the perforated SnO,—CNT composite microspheres
also decreased over the first 20 cycles. The capacity
fading during cycling was due to the transformation
of the crystalline structure to a stable, amorphous
structure, the mechanical degradation of metal oxide,
and the formation of an unstable SEl layer during
cycling.%8%° The bare SnO, and SnO,—CNT composite
microspheres with perforated and filled structures
delivered discharge capacities of 450, 1108, and
590 mA h g~ ! for the 250th cycle, and the correspond-
ing capacity retentions measured from the second
cycle were 41,98, and 55%, respectively. To understand
the excellent reversible capacities of the perforated
Sn0O,—CNT composite microspheres, the morpholo-
gies of the perforated SnO,—CNT composite micro-
spheres obtained after 1, 50, 150, and 250 cycles were
investigated by SEM and TEM images, as shown in
Figures S10—S13. The overall morphologies of the
Sn0O,—CNT microspheres were maintained even after
250 cycles. However, the TEM and elemental mapping
images of the microspheres revealed the transforma-
tion of the metallic Sn nanocrystals formed during the
first cycle into amorphous-like material. The high me-
chanical degradation of the bare SnO; and SnO,—CNT
composite microspheres with filled structure de-
creased continuously with the discharge capacities
during cycling. However, the reversible capacities of
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the perforated SnO,—CNT composite microspheres
increased gradually during the subsequent 230 cycles.
This phenomenon was due to the formation of a poly-
meric, gel-like film on the perforated SnO,—CNT com-
posite microspheres.”

The rate capabilities of the bare SnO, and SnO,—CNT
composite microspheres with perforated and filled
structures were evaluated by applying high current
densities from 1.0 to 13.0 Ag™" (Figure 4d). Ten cycles
were measured during each increment to evaluate the
rate performance. The perforated SnO,—CNT compo-
site microspheres exhibited high 10th cycle reversible
capacities of 1060, 901, 806, 738, and 671 mAh g ' at
current densities of 1.0, 4.0, 7.0, 10.0, and 13.0 A g™,
respectively. However, the filled SnO,—CNT composite
microspheres exhibited high 10th cycle reversible
capacities of 1062, 862, 698, 539, and 437 mA h g’1
at current densities of 1.0, 4.0,7.0,10.0,and 13.0Ag ™",
respectively. The bare SnO, exhibited high 10th
cycle reversible capacities of 932, 738, 620, 453, and
246 mA h g~ ! at current densities of 1.0, 4.0, 7.0, 10.0,
and 13.0 A g ', respectively. Detailed cycle profiles of
the all samples used to determine the rate perfor-
mances are given in Figure S14. The rate retentions
of the bare SnO, and SnO,—CNT composite micro-
spheres with perforated and filled structures were 26,
63, and 41%, respectively, when the current density
increased from 1.0 to 13.0 A g . The reversible dis-
charge capacities of the SnO,—CNT composite micro-
spheres with perforated and filled structures recovered
well when the current density was restoredto 1 Ag ™.
However, the discharge capacities of the bare SnO,
microspheres did not recover when the current density
was restored to 1 A g~ . The long-term cycling perfor-
mance of the perforated SnO,—CNT composite micro-
spheres at a high current density of 4 A g~ is shown
in Figure 4e. The initial discharge and charge capac-
ities of the composite microspheres were 1432 and
1016 mA h g, respectively. In the initial cycling range
of 2—100 cycles, the reversible discharge capacities
deceased from 1068 to 729 mA h g~ '. After the 100th
cycle, the perforated SnO,—CNT composite micro-
spheres showed stable Li-ion storage properties. The
reversible capacity and Coulombic efficiency of the
1000th cycle were 796 mA h g~ ' and 99.6%, respec-
tively. The electrochemical properties of the perfo-
rated SnO,—CNT composite microspheres prepared
by one-step spray pyrolysis are compared to those of
Sn0O,—CNT composite powders with various mor-
phologies reported previously in the literature, and
the results are summarized in Table 1. The perforated
SnO,—CNT composite microspheres obtained in the
present study seem to show markedly superior cy-
cling and rate performances compared to values
previously reported for various SnO,—CNT compo-
sites. The perforated structure of the SnO,—CNT
composite microspheres with a uniform distribution
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TABLE 1. Comparison of the Li-lon Storage Properties of Perforated SnO,—CNT Composite Microspheres to Those of

Reported SnO,—CNT Composite Materials

typical examples voltage range (V) current density (mA g~ ") cycle number reversible capacity (mA h g~") ref
cross-stacked CNT loaded with Sn0, 0.01-3.0 88 65 850 44
Sn0,-coated CNT 0.05—2.0 100 100 473 45
core—shell Sn0,@CNT 0.01-25 0.2 (mA cm*Z) 50 627 46
Sn0,—CNT composite 0.001—2.5 500 250 420 47
Sn0,@MWCNT@Sn0,@PPy coaxial nanocables 0.01-25 100 30 600 48
Sn0,—CNT composite 0.01—-15 0.1 (mA cm*Z) 50 473 49
nano-Sn0, in (NTs 0.01-15 100 300 370 50
Sn0, nanoparticles on CNT 0.5-3.0 800 100 754 51
Sn0,—CNT nanocomposites 0.005—2.0 200 30 400 52
CNT anchored with Sn0, nanosheets 0-3.0 100 40 579 53
perforated Sn0,—CNT composite microspheres 0.001—3.0 1500 250 1108 this work
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Figure 5. (a) Gravimetric and (b) areal capacities of the per-
forated SnO,—CNT composite microspheres at the different
SnO, mass loadings on the electrode.

of void nanospheres not only enabled electrolyte
penetration within composite microspheres to de-
crease the Li-ion diffusion path but also provided
void space for the volume expansion during charge/
discharge cycles. In addition, the CNT-based flexi-
ble backbone of the composite microspheres im-
proved the electrical conductivity within the micro-
sphere and improved the structural stability during
cycling.

The areal and volumetric capacity is an important
factor for practical electrode materials.”’ The gravi-
metric and areal capacities of the perforated SnO,—CNT
composite microspheres at the SnO, mass loadings of
0.8, 2.1, and 3.1 mg cm~2 are shown in Figure 5. The
electrode was prepared from a mixture containing
80 wt % of the active material, 10 wt % of Super P,
and 10 wt % of sodium carboxymethyl cellulose
binder. The current density of all electrodes was fixed
at 1 A g . The initial gravimetric discharge capacities
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of the perforated SnO,—CNT composite microspheres
at the loading amounts of 0.8, 2.1, and 3.1 mg cm ™2
were 1570, 1459, and 1401 mA h g™, respectively, and
their initial gravimetric charge capacities were 1067,
1025, and 963 mA h g~ ', respectively. After 50 cycles,
the perforated SnO,—CNT composite microspheres
at the loading amounts of 0.8, 2.1, and 3.1 mg cm 2
delivered the gravimetric discharge capacities of 807,
752, and 681 mA h g’1, respectively. The initial areal
discharge capacities of the perforated SnO,—CNT com-
posite microspheres at the loading amounts of 0.8, 2.1,
and 3.1 mg cm 2 were 1.25,3.03,and 433 mAhcm 2,
respectively, and their initial areal charge capacities
were 0.85, 2.13, and 2.98 mA h cm 2. After 50 cycles,
the perforated SnO,—CNT composite microspheres at
the loading amounts of 0.8, 2.1, and 3.1 mg cm 2
delivered areal discharge capacities of 0.65, 1.56,
and 2.11 mA h cm ™2, respectively. In this study, the
thickness of the perforated SnO,—CNT electrodes at a
2.1 mg cm ™2 of mass loading was about 17 um, as
shown in Figure S15. Furthermore, the initial volumetric
discharge and charge capacities of the perforated
SnO,—CNT composite microspheres at the loading
amount of 2.1 mg cm~2 were high as 1782 and
1253 mA h cm™3, respectively. The 50th volumetric
discharge capacity at a high current density of
2.1 mA cm 2 was 917 mA h cm 3, and its volumetric
capacity was higher than 400—500 mA h cm > of the
commercial graphite electrode.”>”® Figure 516 shows
the TEM images of the perforated SnO,—CNT compo-
site microspheres prepared from the spray solution
with small-sized PS nanobeads (30 nm). The TEM
images revealed that the composite microspheres
possessed more filled structure than the sample pre-
pared from the spray solution with large-sized PS
nanobeads. The elemental mapping images shown
in Figure S16 revealed the uniform distribution of
Sn and C components in the entirety of the perforated
SnO,—CNT composite microspheres. The perforated
SnO,—CNT composite microspheres prepared by
spray pyrolysis exhibited high initial gravimetric
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Figure 6. Electrochemical impedance spectroscopy (EIS) and relationship between Z and o~ "2 in the low-frequency region

of Sn0,—CNT composite microspheres with perforated and filled structures. (a,b) EIS spectra before cycling and after 250th
cycle. (c,d) Linear fits in the low-frequency region before cycling and after the 250th cycle.

capacities and good cycling performance, as shown in
Figure S17.

To investigate the effect of void nanospheres on
the structural stability of SnO,—CNT composite micro-
spheres, impedance measurements were carried
out before cycling and after 250 cycles at a constant
current density of 1.5 A g™, as shown Figure 6. The
medium-frequency semicircle is attributed to the
charge-transfer resistance (R.) between the active
material and the electrolyte.”*~”® The low-frequency
region corresponds to Li-ion diffusion within the active
materials. The charge-transfer resistance of the elec-
trode materials before cycling was critically affected
by the BET surface area, crystallinity, and contact area
with the liquid electrolyte.”*” Before cycling, the
charge-transfer resistances of SnO,—CNT composite
microspheres with perforated and filled structures were
78 and 58 Q, respectively. The perforated SnO,—CNT
composite microspheres had a large contact area with
electrolyte, and thus their charge-transfer resistance
was larger than that of the filled microspheres. How-
ever, the charge-transfer resistances of the micro-
spheres with perforated and filled structures were 32
and 88 Q after the 250th cycle, respectively, as shown
in Figure 6b. The relationship between Z,, and o~/
in the low-frequency region, where w is the angular
frequency in the low-frequency region (w = 27f), is
shown in Figure 6¢,d.*®”5778 The low slope of the fitted
curve at low frequency indicates good Li-ion kinetics
in the electrode materials. The perforated SnO,—CNT
composite microspheres led to a slope lower than that
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of the filled composite microspheres before and after
cycling. Especially, the perforated SnO,—CNT compo-
site microspheres showed good Li-ion kinetics after
250 cycles. The low charge-transfer resistance and
excellent Li-ion diffusion properties of the perforated
SnO,—CNT composite microspheres during long-term
cycling were due to synergetic combination of highly
conductive CNTs and the morphological advantage of
void nanospheres.

Furthermore, the strategy described in this study
has generally applied to various metal oxide—CNT
composites with perforated structures. We successfully
synthesized many other metal oxide—CNT composites,
such as NiO, WO3, and GeO,. Figure 7 shows typical
SEM and TEM images of NiO—CNT (Figure 7a—d),
WO;—CNT (Figure 7e—h), and GeO,—CNT (Figure 7i—I)
composite microspheres with perforated structures.
Similar perforated structures formed in these three
samples, which were synthesized using continuous,
one-step, and high-yield spray pyrolysis with a spray-
ing solution of metal salts, PS nanobeads, and oxidized
CNTs. There were some slight differences in surface
roughness between the structures due to the unique
physical characteristics of each material. TEM images
of the perforated NiO—CNT composite showed that
the NiO nanoparticles were spherical, as shown in
Figure 7c,d. However, TEM images of perforated
WO;—CNT and GeO,—CNT composites showed nano-
rod and amorphous structures, respectively. Differences
in morphology could originate from the different crys-
tallization and crystal growth behavior of metal oxides
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Figure 7. Morphologies of perforated metal oxide—CNT composite microspheres. (a) FE-SEM and (b—d) TEM images of the
NiO—CNT composite; (e) FE-SEM and (f—h) TEM images of the WO;—CNT composite; and (i) FE-SEM and (j—I) TEM images of

the GeO,—CNT composite.

in a hot-wall reactor maintained at 700 °C. In addition,
low-resolution FE-SEM images and elemental mapping
images of the three samples shown in Figures S18—520
showed that one-step synthesis produced overall
uniform composite microspheres. The contents of
carbonaceous materials in the perforated NiO—CNT,
WO;—CNT, and GeO,—CNT composite microspheres
measured by energy-dispersive spectroscopy analysis
were 20, 20, and 23%, as shown in Figure S21. There-
fore, this effective and innovative strategy could be
applied to the preparation of perforated metal oxi-
de—CNT composites with complex elemental compo-
sitions using water-soluble metal salts, PS nanobeads,
and oxidized CNTs for many applications.

CONCLUSIONS

Perforated metal oxide—CNT composite micro-
spheres with a uniform distribution of void nano-
spheres were prepared by a simple, one-pot, spray

EXPERIMENTAL DETAILS

Synthesis Method. Oxidized multiwalled CNTs (MWCNTSs) were
modified using a HNOs/H,50, (1:3 vol %) solution at 70 °C.>> The
acid-treated MWCNTs were washed using distilled water and
ethanol solution five times and redispersed in distilled water.
Metal salts were added to 500 mL of 100 nm PS nanobeads
(3.0 g) and acid-treated MWCNTSs (1 mg mL™") to prepare the
perforated metal oxide—CNT composite microspheres through
the one-step spray pyrolysis at 700 °C. The metal salts were tin
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pyrolysis process. PS nanobeads added as an organic
template formed void nanospheres within the metal
oxide—CNT composite microsphere. The synergetic
combination of highly conductive CNTs and the
morphological advantage of void nanospheres re-
sulted in the excellent lithium-ion storage properties
of SnO,—CNT composite microspheres, which were
selected as the first target material. The void volume
and CNT content of the metal oxide—CNT composite
microspheres could be easily controlled by changing
the amounts of PS nanobeads and oxidized CNTs in the
spray solution. The type of metal oxide could be also
varied from single to multicomponent by changing the
water-soluble metal salts. Therefore, the simple, one-
step process developed in this study can be applied to
the preparation of perforated metal oxide—CNT com-
posite microspheres with various compositions and
controlled morphologies for widespread applications,
including energy storage.

oxalate (Aldrich), nickel nitrate hexahydrate (Junsei), ammonium
metatungstate (Aldrich), and germanium oxide (Samchun).
A quartz reactor, 1200 mm in length and 50 mm in diameter,
was used with an Ar gas flow rate (carrier gas) of 10 L min™".
A colloidal spray solution containing CNTs, without PS nano-
beads, was used to prepare filled metal oxide—CNT composite
microspheres directly.

Characterizations. The crystal structures of the samples pre-
pared through the one-step spray pyrolysis process were
investigated using X-ray diffractometry (X'pert PRO MPD) with
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Cu Kot radiation (1 = 1.5418 A). The morphological features were
investigated using FE-SEM (Hitachi S-4800) and high-resolution
transmission electron microscopy (JEM-2100F) at a working
voltage of 200 kV. The specific surface areas of the microspheres
were calculated from a BET analysis of nitrogen adsorption
measurements (TriStar 3000). The microspheres were also
investigated using XPS (ESCALAB-210) with Al Ka radiation
(1486.6 eV). A thermal gravimetric analysis (TGA; SDT Q600)
was performed in air at a heating rate of 20 °C min™' to
determine the amount of CNTs in the composite microspheres.

Electrochemical Measurements. The capacities and cycling
properties of the samples were determined using a 2032-type
coin cell battery. The electrode was prepared from a mixture
containing 70 wt % of the active material, 20 wt % of Super P,
and 10 wt % of sodium carboxymethyl cellulose binder. Li metal
and microporous polypropylene film were used as the counter
electrode and separator, respectively. The electrolyte was
a solution of 1 M LiPFs in a 1:1 volume mixture of ethylene
carbonate/dimethyl carbonate to which 5 wt % fluoroethylene
carbonate was added. The charge—discharge characteristics of
the samples were determined by cycling in a potential range
of 0.001—3.0 V at fixed current densities. CV was carried out at
a scan rate of 0.1 mV s~'. The dimensions of the negative
electrode were 1 cm x 1 cm, and the active mass loading of the
active materials was approximately 1.0 mg cm™2. Electroche-
mical impedance analysis was performed using electrochemical
impedance spectroscopy over a frequency range of 100 kHz
to0 0.01 Hz.
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