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Hollow spheres consisting of porous CNT/CuO nanocomposite networks were prepared by aerosol
process and their enhanced anodic properties for lithium-ion battery were investigated. Hollow
spheres of CNT/CuO nanocomposites showed a 3D network wherein the length of the electron
path was quite short compared with the agglomerated CNT/CuO nanocomposites. From electro-
chemical measurements, CuO itself shows poor discharge capacity and cycling performance due to
its low electronic conductivity. In the CNT/CuO nanocomposite, enhanced discharge capacity was
observed and showed similar values regardless of the morphology. With the addition of CNTs to
CuO, CNTs can form a network that acts as an electron path-way in the insulating CuO matrix, lead-
ing to increased electrical conductivity. The morphology of hanocomposite affected cycle stability.
Hollow spheres of CNT/CuO nanocomposite showed better cycle stability than that of agglomer-
ated CNT/CuO nanocomposite. The hollow sphere of a CNT/CuO nanocomposite comprising a 3D
network of CNTs can be applied as a high capacity anode material in Li-ion batteries.
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1. INTRODUCTION

Lithium-ion batteries have become the dominant power
sources for portable electronic devices.! These batteries
are also expected to be widely used for the power supply
in hybrid electric vehicles (HEVs) and electric vehicles
(EVs). Due to demand for higher energy storage for new
applications, huge efforts have been made to develop new
electrode materials for lithium-ion batteries with improved
electrochemical properties.

Recently, transition metal oxides have been studied as
anode materials of lithium-ion batteries. The use of transi-
tion metal oxides as electrode materials for next generation
rechargeable lithium-ion batteries with both high energy
and high power densities have been widely studied owing
to their high theoretical capacity, high safety, environ-
mental benignity, low cost, etc.? Transition metal oxides
operate by a mechanism based on a process termed the
conversion reaction. The reaction leads to the formation
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of nanosized metal particles and amorphous Li,O, via
a reversible process, and the associated lithium storage
capacity can be maintained for hundreds of cycles. Among
these transition metal oxides, CuO could be an attractive
anode material because it is inexpensive, non-toxic, easily
produced, readily stored and has a high theoretic capacity
(670 mA h g~'). However, the conversion reactions suf-
fer from poor kinetics, leading to low cycle performance.
One of the challenging issues related to their use for high
performance lithium-ion batteries is tackling their poor
electronic conductivities. Research has focused on enhanc-
ing electronic conduction by using carbon-coatings®* or
other electronically conductive additives.>® Carbon nano-
tubes (CNTs) are attractive materials for energy stor-
age applications such as supercapacitors, fuel cells, and
lithium-ion batteries due to their high chemical stabil-
ity, high aspect ratio, and excellent mechanical, electri-
cal, and thermal properties.” In particular, it has been
reported that the specific capacity of Li-ion battery can
be improved by the superior electric conductivity of
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CNT/metal oxide nanocomposites.® Guo et al. synthe-
sized CuO-CNT composites by self-assembly, and CuO-
CNT composite spheres exhibited remarkably enhanced
cycling performance and rate performance compared with
CuO spheres when used as anode materials in lithium-
ion batteries.> Wang et al. fabricated CNT/Co oxide core-
shell one-dimensional nanostructures by a hydrothermal
synthesis method, wherein nanosize cobalt oxide crys-
tals were homogeneously coated on the surface of carbon
nanotubes and showed initial lithium storage capacity of
1250 mA h g=! and a stable capacity of 530 mA h g~!
over 100 cycles.” Grugeon et al. reported on the electro-
chemical reactivity of tailor-made Cu,O or CuO powders
prepared by a polyol process and showed that the abil-
ity of copper oxide-based Li cells to retain their capacity
upon numerous cycles was strongly dependent on the par-
ticle size.!® However, the proper design for a CNT/metal
oxide system in order to obtain promising electrochemical
performance has not been reported.

In this paper, we report on a hollow sphere of porous
CNT/CuO nanocomposite, prepared by spray drying pro-
cess, as an anode material for lithium-ion batteries. For
comparison, agglomerated CNT/CuO nanocomposite par-
ticles and hollow spheres of CuO nanoparticles were pre-
pared by a solvent evaporation process and a spray dry
method and their electrochemical properties were system-
atically tested. The improved electrochemical performance
of hollow sphere of CNT/CuO nanocomposite networks
as anode materials in lithium-ion cells are ascribed to the
enhanced electrical conductivity due to the addition of
carbon nanotubes and higher exposed surface area to the
electrolyte.

2. EXPERIMENTAL DETAILS

CuO and CNT/CuO nanocomposites were fabricated by
two different methods. Agglomerated CNT/CuO nanocom-
posite particles were prepared by a solvent evaporation
process, and hollow spheres of a CNT/CuO nanocomposite
were obtained by an aerosol approach. CuO and CNT/CuO
nanocomposite was synthesized by calcinations of Cop-
per(Il) acetate monohydrate (CuAc, Cu(CO,CHj;), > 98%,
Aldrich) and CNT/CuAc nanocomposite which fabricated
by both solvent evaporation process and spray drying.
In solvent evaporation process, CuO was synthessized by
calcinations of CuAc which used as the Cu source. CNTs
(CM95, Hanwha Nanotech) were purified and functional-
ized by acid treatment using H,SO, and HNO;. The CNTs
were ultrasonicated in mixed solution of H,SO,/HNO; in a
3:1 ratio and washed with D.I. water. Functionalized CNTs
and Cu salts were each dispersed in ethanol and mixed
up by ultrasonication. CNT/CuAc nanocomposite was syn-
thesized by heating mixtures over 80 °C for all solvents
evaporated. In spray dry process, CuAc and mixture of
functionalized CNT and CuAc solution was spray dried
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by using spray dryer (SD-1000, EYELA). The spray dry-
ing conditions in the preparation of CuO and CNT/CuO
nanocomposite particles were as follows: the sample feed-
ing rate was 25 mL min~!, highly pressurized air was
150 kPa, and the hot airflow rate was 0.15 m® min~!; the
inlet and outlet temperatures of the drying chamber were
at 120 °C and 68 °C, respectively. CuAc and CNT/CuAc
nanocomposite fabricated by solvent evaporation process
and spray drying both converted to CNT/CuO nanocom-
posite by calcinations at 400 °C, 1 hr in air. The prepared
CuO and CNT/CuO was characterized by X-ray diffraction
(D/MAX-IIIC, RIGAKU) and morphology was examined
by scanning electron microscopy (S-4800, HITACHI).
Electrochemical measurement was performed by auto-
matic battery cycler system (WBCS 3000, WonATech),
using 2014 coin type cell. The CuO and CNT/CuO
nanocomposite powders were mixed with 20 wt.% acety-
lene black and 10 wt.% poly-vinylidenedifiuoride (PVDF)
binder in N-methylpyrrolidone (NMP) solvent. The elec-
trode mixture was spread on Copper foil. The electrolyte
was 1 M LiPF; in a mixture (1:1 vol. ratio) of ethylene car-
bonate (EC) and dimethyl carbonate (DMC). The cycling
was performed at rate of 0.1 C, over a voltage range of
0.01-3.0 V versus a Li/Lit counter electrode. All specific
capacities were calculated by mass of composite material.

3. RESULTS AND DISCUSSION

Initially, we designed two types of CNT/CuO nanocom-
posites, agglomerated CuO nanoparticles and a 3D net-
work of CNTs and CuO nanoparticles, as indicated
in Figure 1. The agglomerated CuO nanoparticles are
expected to have low electrical conductivity due to having
a long electron path. The conductivity can be improved
by using CNTs to provide electron paths in the CNT/CuO
nanocomposite. However, the electron path might also be
long if the CNT/CuO nanoparticles have an agglomerated
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Figure 1. Schematic illustration for fabrication of CNT/CuO nanocom-
posite particles and hollow sphere of CNT/CuO nanocomposite.

J. Nanosci. Nanotechnol. 14, 9143-9147, 2014



Kim et al.

Aerosol Approach for Hollow Spheres of a Porous 3D CNT/CuO Network and Their Anodic Properties

form. In the 3D network of the CNT/CuO nanocompos-
ite, electrons easily access to CNTs due to the homoge-
neous dispersion of CNTs as well as the reduced distance
between CNTs and CuO nanoparticles. Therefore, the
3D networked CNT/CuO nanocomposites are expected to
show superior electrochemical performance.

CuO and CNT/CuO nanocomposites were fabricated by
two different methods. Agglomerated CNT/CuO nanocom-
posite particles were prepared by a solvent evaporation
process, and hollow spheres of a CNT/CuO nanocom-
posite were obtained by an aerosol approach. Their
microstructures are shown in Figure 2. For the agglomer-
ated CNT/CuO nanocomposite, the particle size of CuO
was found to be approximately 20 nm was quite similar
between CuO and the CNT/CuO nanocomposite. CNTs
were well dispersed and homogeneously implanted in
the CuO particles. However, serious agglomeration of
CuO nanoparticles was observed in pure CuO and the
CNT/CuO nanocomposites. Hollow spheres of CuO and
CNT/CuO nanocomposite showed a porous surface and the
average size of the CuO spheres was 2 um. In particular,
the CNT/CuO nanocomposites showed a network formed
by CNTs, which were covered with CuO nanoparticles, as
seen in the SEM images of Figure 2(f).

The phase of the cupper oxide was confirmed by the
X-ray diffraction analysis. When the precursor was cal-
cined above 400 °C, 1 hr in air, the black CuO powders
were obtained. Figure 3 shows the XRD patterns of the
nanoparticles synthesized in this study and all the three
types of the samples were exhibited same XRD patterns.

Figure 2. SEM images of pure CuO and CNT/CuO nanocomposites:
(a) pure CuO prepared by solvent evaporation process, (b) solvent-
evaporated CNT/CuO nanocomposite, (c), (d) spray dried CuO and (e),
(f) spray dried CNT/CuO nanocomposite.
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Figure 3. XRD patterns of pure CuO and CNT/CuO nanocomposites.

As seen in Figure 3, all the peaks were indexed to CuO
phase and any other peak was not detected.

Thus, it could be said that CuO was well-synthesized at
all the three types of pure CuO and CNT/CuO nanocom-
posites. Therefore, we could conclude that the designed
nanostructures were well-synthesized and superior elec-
trochemical performance might be observed in hollow
spheres of CNT/CuO nanocomposite.

Electrochemical properties of CuO and CNT/CuO
nanocomposite as anode materials in Li-ion cells were
evaluated by charge—discharge cycling tests. The cycling
was performed at rate of 0.1 C, over a voltage range
of 0.01-3.0 V versus a Li/Li* counter electrode. For
all four types of material, the potential falls rapidly to
reach a large plateau at 1.3 V, and then slowly drops to
0.01 V in the first discharge, as shown in Figure 4. For
CuO fabricated by a solvent evaporation process, the dis-
charge capacity of lithium ions upon the first discharge
reached 480 mA h g~! and the subsequent charge capac-
ity amounted to 162 mA h g~!, which is similar to the
value of the second discharge capacity, 167 mA h g='.
In the case of spray dried CuO, the discharge capac-
ity was 727 mA h g~! on the first discharge and the
charge capacity was 203.8 mA h g~'. Both CNT/CuO
nanocomposite materials, that is, agglomerated CNT/CuO
nanocomposite and hollow sphere of CNT/CuO nanocom-
posite, showed enhanced capacity. For the agglomerated
CNT/CuO nanocomposite, the first discharge capacity
reached 733 mA h g~! and the charge capacity reached
264 mA h g='. Spherical CNT/CuO nanocomposite fab-
ricated by the aerosol approach showed 947 mA h g™!
for the first discharge capacity and 289 mA h g=!' for
the charge capacity. The charge capacity of the CNT/CuO
nanocomposite was enhanced 1.7 times relative to that of
CuO, and showed similar values regardless of the fab-
rication process. This is evidence that the capacity was
enhanced due to the incorporation of the CNTs. With the
addition of CNTs to CuO, CNTs form a network and pro-
vide effective pathways for electrons in the insulating CuO
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Figure 4. Charge/discharge curves of (a) CuO particle, CNT/CuO
nanocomposite prepared by solvent evaporation and (b) CuO particle,
CNT/CuO nanocomposite fabricated by spray dry method.

matrix, leading to increased electrical conductivity. There-
fore, the enhanced discharge capacity can be explained
by the higher electrical conductivity of the CNT/CuO
nanocomposite.

For characterization of cycle performance, charge—
discharge tests of cells were performed for 50 cycles.
After 50 cycles, the capacity remains at around 71 mA
h g7!, which is 42.5 % of the initial second discharge
capacity for CuO synthesized by the solvent evaporation
process, and 147 mA h g‘l, which is 72% of the initial
second discharge capacity for hollow sphere of CuO. In
the case of the agglomerated CNT/CuO nanocomposite,
the capacity remains at 124 mA h g~! after 50 cycles, 47%
of the initial second discharge capacity. For the hollow
sphere of CNT/CuO nanocomposite, the capacity remains
at 243 mA h g=! after 50 cycles, 84% of the initial sec-
ond discharge capacity. As shown in Figure 5, the cycle
performance of CuO and the CNT/CuO nanocomposite
show difference by their preparation method. Capacity
retention of CuO hollow sphere was similar to that of
the CNT/CuO nanocomposite fabricated by the aerosol
approach, showing good stability. This could be explained
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Figure 5. Cycle retention of (a) pure CuO and (b) CNT/CuO
nanocomposites.

by the formation of a SEI layer on the active material dur-
ing charge—discharge cycling. The growth of an organic
layer resulting from the reaction of the solvent electrolyte
molecules at the surface of metallic nanograins is a well-
known phenomenon.® This coated polymer layers ensure
better mechanical contact between highly divided grains;
however, in nanosized active materials, it could cause
detachment of the conductive agent and negatively affect
the electrode capacity retention upon cycling.

4. CONCLUSIONS

In summary, CuO and CNT/CuO nanocomposites were
fabricated by a solvent evaporation process and aerosol
approach. By using functionalized CNTs, CNTs were well
dispersed and homogeneously implanted in CuO parti-
cles. CuO and CNT/CuO nanocomposites have shown dif-
ferent size and morphology according to the fabrication
process. The CNT/CuO nanocomposite prepared by an
aerosol approach showed porous hollow spherical CuO
and CNTs formed a 3D network with CuO nanoparticles.
From electrochemical measurement, pure CuO displayed
poor discharge capacity and cycling performance, which
are attributed to its low electronic conductivity. In the
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CNT/CuO nanocomposite, the second discharge capacity
was enhanced 1.7 times relative to that of CuQO, and simi-
lar values were obtained regardless of the fabrication pro-
cess. Enhanced discharge capacity was observed with the
addition of CNTs to CuO, and is ascribed to increased
electrical conductivity. With the addition of CNTs to CuO,
CNTs can form a network that acts as an electron path-
way in the insulating CuO matrix, leading to increased
electrical conductivity. The morphology and size of CuO
affected the cycle stability of the electrode. Hollow spheres
of CuO and the CNT/CuO nanocomposite showed better
cycle stability than the agglomerated CuO and CNT/CuO
nanocomposite. This could be explained by a particle size
effect due to the formation of a SEI layer on the active
material during charge—discharge cycling. The amorphous
SEI layer coating negatively affects the electrode capacity
retention upon cycling. The results here provide clear evi-
dence of the utility of dual functional CNTs to improve the
electrochemical performance of transition metal oxides as
electrode materials for lithium-ion batteries. The strategy
is simple, yet very effective, and on the basis of its ver-
satility it could also be extended to other anode materials
used in lithium-ion batteries.
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