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0.6Li2MnO3–0.4Li(Ni1/3Co1/3Mn1/3)O2 composite microspheres with dense structures are prepared by a
two-step spray-drying process. Precursor powders with hollow and porous structures prepared by the
spray-drying process are post-treated at a low temperature of 4006C and then wet-milled to obtain a slurry
with high stability. The slurry of the mixture of metal oxides is spray-dried to prepare precursor aggregate
powders several microns in size. Post-treatment of these powders at high temperatures (.7006C) produces
0.6Li2MnO3–0.4Li(Ni1/3Co1/3Mn1/3)O2 composite microspheres with dense structures and high
crystallinity. The mean size and geometric standard deviation of the composite microspheres post-treated at
9006C are 4 mm and 1.38, respectively. Further, the initial charge capacities of the aggregated microspheres
post-treated at 700, 800, 900, and 10006C are 336, 349, 383, and 128 mA h g21, respectively, and the
corresponding discharge capacities are 286, 280, 302, and 77 mA h g21, respectively. The discharge capacity
of the composite microspheres post-treated at an optimum temperature of 9006C after 100 cycles is 242 mA
h g21, and the corresponding capacity retention is 80%.

M
icron-sized spherical powders are mainly used as cathode materials for lithium ion batteries (LIBs)
because of their high tap density and volumetric energy density1–5. Spherical precursor powders several
microns in size obtained mainly by co-precipitation methods are reacted with lithium components to

form lithium metal oxides of various compositions4,5. The spherical shape of the precursor powders is maintained
even after the lithiation process. However, co-precipitation methods have a drawback in terms of precise control
of the composition of the precursor powders because the precipitation conditions of metal ions are strongly
affected by the types of metal components. Lithiation of a co-precipitated product is inevitable because the lithium
component cannot be co-precipitated with other metal components. The spray-drying process is also used for the
commercial production of cathode materials6–8. The mixture of metal oxides or nonsoluble metal salts of each
component are milled in a high-energy milling machine to form a slurry for spray drying. Therefore, the uniform
mixing of each component comprising the cathode material cannot be achieved in conventional co-precipitation
and spray-drying processes.

Spray pyrolysis is advantageous for the preparation of multicomponent oxide powders because microscale
reactions occur within droplets that are several microns in size9–12. Therefore, spray pyrolysis has been widely
employed for the preparation of cathode powders for LIBs. Ultrasonic nebulizers are mainly used for the
preparation of spherical cathode powders around one micron in size with a dense structure. However, cathode
powders several microns in size cannot be prepared by spray pyrolysis from the droplets generated by an
ultrasonic nebulizer. Pneumatic atomizers could be used for the generation of droplets several tens of micro-
meters in size. However, the morphology of cathode powders obtained by the spray pyrolysis of these droplets
cannot be controlled appropriately. Taniguchi et al. prepared micron-sized LiMn2O4 powders by applying a two-
step process13. They synthesized LiMn2O4 powders with a hollow structure by ultrasonic spray pyrolysis at a high
temperature of 800uC. The as-prepared LiMn2O4 powders were then ground using mortar and dispersed into
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distilled water. Spherical LiMn2O4 microparticles were finally pre-
pared from the slurry solution by a spray-drying process.

Li-rich Li–Ni–Mn–Co oxide compounds have mixed-layered
crystal structures of the form Li2MnO3–LiMO2 (M 5 Ni, Co, or
Mn)14–16. Li2MnO3 stabilizes the electrode structure and enhances
the discharge capacity of the electrode by allowing Li to be extracted
concomitant with the release of O (a net loss of Li2O), typically at
voltages in the range 4.6–4.8 V, forming a layered MnO2 compon-
ent17–19. In particular, Li2MnO3–Li(Ni1/3Co1/3Mn1/3)O2 materials
have been reported to be very promising because of their high capa-
cities19–22. The morphology and composition of Li-rich Li–Ni–Mn–
Co composite powders need to be precisely controlled for their suc-
cessful application as cathode materials for LIBs. To improve the
electrochemical properties of composite cathode materials, the dis-
persion of the layered Li2MnO3 phase in the layered LiMO2 matrix
must be uniform and fine.

In this study, micron-sized 0.6Li2MnO3–0.4Li(Ni1/3Co1/3Mn1/3)O2

composite cathode microspheres were prepared by a two-step spray-
drying process. The precursor powders for multicomponent cathode
powders were prepared from an aqueous spray solution by a spray-
drying process. The hollow and thin-walled precursor powders, in
which each component was mixed on a molecular level, were pre-
pared by a large-scale spray-drying process. Post-treatment of the
precursor powders at a low temperature of 400uC and a subsequent
wet-milling process produced a highly stable slurry for the second
spray-drying process. The second spray drying of the slurry and the
subsequent post-treatment at a high temperature produced cathode
microspheres with a dense structure. The physical and electrochem-
ical properties, as well as the formation mechanism of the
0.6Li2MnO3–0.4Li(Ni1/3Co1/3Mn1/3)O2 composite microspheres
were investigated.

Results
The formation mechanism of the 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2

composite microspheres prepared by the two-step spray-drying pro-
cess is shown in Figure 1. Part I of Figure 1 shows the formation
mechanism of the dried metal salt powders with hollow and thin-
walled structures in the spray-drying process. Droplets containing
metal salts came into contact with hot gases in the drying chamber,
resulting in the evaporation of the moisture in the droplets. Gas
evolution by rapid drying of the droplets resulted in the formation
of dried precursor powders with hollow and porous structures. The
dried precursor powders were post-treated at a low temperature of

400uC; the post-treated powders were then wet-milled, as shown in
Part II of Figure 1. The slurry of the mixture of metal oxides was
spray-dried to prepare precursor aggregate powders several microns
in size. Post-treatment at high temperatures (.700uC) produced
0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 microspheres with a dense
structure.

The morphology of the precursor powders containing Li, Ni, Co,
and Mn components prepared from the aqueous spray solution by
the spray-drying process is shown in Figure 2a. The precursor pow-
ders had spherical, porous, and hollow structures. Decomposition of
metal salts did not occur in the spray-drying process. Therefore, the
precursor powders directly prepared by the spray-drying process
were a uniform mixture of metal salts of Li, Ni, Co, and Mn compo-
nents. Further, these precursor powders were completely soluble in
water. The metal salts of Mn, Co, Ni, and Li components could not be
dried in the spray-drying process because of their high hygroscopi-
city. Therefore, the precursor powders of the metal salts could not be
recovered by a cyclone system without the use of citric acid. However,
in this study, citric acid used as a chelating agent enabled the recovery
of spray-dried powders by lowering the hygroscopicity of the pow-
ders23. Figure S1 shows the TG curve of the precursor powders
directly obtained by the spray-drying process. The TG curve shows
several weight loss steps at temperatures below 700uC. The first
weight loss below 200uC was attributed to evaporation of adsorbed
water molecules. Several weight loss steps resulting from the decom-
position of the metal salts were observed at temperatures between
200 and 450uC. The total weight loss of the precursor powders below
700uC was 65 wt%. The precursor powders obtained by the spray-
drying process were post-treated at a low temperature of 400uC in
order to change the precursor powders into insoluble metal oxide
composite powders. Figure 2b shows the morphology of the post-

Figure 1 | Formation mechanism of the 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite microspheres prepared by the two-step spray-drying
process.

Figure 2 | Morphologies of the Li-Ni-Co-Mn-O precursor powders
prepared by spray-drying process.
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treated metal oxide composite powders. The spherical shape of the
precursor powders was maintained even after the post-treatment.
The decomposition of metal salts produced easily crushable powders.
Figure S2 shows the TEM and dot-mapping images of the post-
treated metal oxide composite powders. The powders were slightly
milled by hand using an agate mortar for the TEM sample. The post-
treated powders had aggregated nanostructures of primary nanopar-
ticles several tens of nanometers in size. The dot-mapping images
revealed that the Ni, Co, and Mn components were uniformly dis-
tributed throughout the powders. Citric acid used as a chelating
agent produced precursor powders with uniform composition. The
hollow and thin-walled post-treated powders were wet-milled using
a planetary mill at 550 rpm for 4 h, resulting in the formation of
nanosized powders. The SEM image of the wet-milled powders
shown in Figure 2c revealed an ultrafine size and nonaggregation
characteristics.

The nanosized primary powders were aggregated into particles
several microns in size by using a facile spray-drying method.
Figure 3 shows the morphologies of the aggregated microspheres.
The highly stable slurry of mixed metal oxides resulted in the forma-
tion of spray-dried microspheres with completely spherical shapes,
smooth surfaces, dense structures, and nonaggregation characteris-
tics. The high-resolution FE-SEM image shown in Figure 3c shows
the aggregated structure of the nanosized precursor powders. The
mean size and geometric standard deviation of the aggregated micro-
spheres were 4 mm and 1.38, respectively. The aggregated precursor
microspheres obtained by the two-step spray-drying process were
post-treated at temperatures between 700 and 1000uC to obtain
well-crystallized cathode microspheres. The morphologies of the
post-treated 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite
microspheres are shown in Figures 4 and S3. The spherical shape
of the microspheres was maintained regardless of the post-treatment
temperature. In addition, aggregation between the microspheres did
not occur even at a high post-treatment temperature of 1000uC.
The distinct crystal growth of the microspheres did not occur at
post-treatment temperatures of 700 and 800uC, as shown by the
high-resolution SEM images in Figure S3. However, well-grown crys-
tals were observed in the high-resolution SEM images of the micro-
spheres post-treated at 900 and 1000uC. The mean grain sizes of
the microspheres post-treated at 900 and 1000uC measured from
the SEM images shown in Figure 4b and Figure S3c were 500
and 800 nm, respectively. Figure 4c shows the SEM image of the
cross-sections of the aggregated microspheres post-treated at
900uC; the cross-sections were cut by applying a cross-section
polisher. This SEM image shows that the aggregated micros-
pheres had filled inner structures. The XRD patterns of the

0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite microspheres
post-treated at various temperatures are shown in Figure S4.
The microspheres had similar crystal structures irrespective of
the post-treatment temperature. The XRD peak near 21u, which
can be attributed to the superlattice structure of Li2MnO3, was
observed at all post-treatment temperatures. Both Li2MnO3 and
Li(Ni1/3Co1/3Mn1/3)O2 had a layered crystal structure; thus, the pre-
pared composite microspheres had mixed-layered crystal structures
irrespective of post-treatment temperature. The high I(003)/I(104)

peak intensity ratios (.1.3) and the clear splits of the (018)/(110)
peaks in the XRD patterns indicate a low amount of cation mixing in
the 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite microspheres
irrespective of the post-treatment temperature23–26. The mean crys-
tallite sizes of the composite microspheres, measured using
Scherrer’s equation and the peak widths of the XRD patterns, were
92, 105, 192, and 110 nm at post-treatment temperatures of 700, 800,
900, and 1000uC, respectively. Partial destruction of the structure
reduced the mean crystallite size of the composite microspheres
post-treated at a high temperature of 1000uC. The N2 adsorption–
desorption isotherms and Barrett–Joyner–Halenda (BJH) pore-size
distributions of the layered–layered composite microspheres post-
treated at various temperatures are shown in Figure S5. The com-
posite microspheres post-treated at 700uC had well-developed
meso- and macropores. However, the composite microspheres post-
treated at 900 and 1000uC had dense structures without pores less
than 80 nm in size. The Brunauer–Emmett–Teller (BET) surface areas

Figure 3 | Morphologies of the aggregated microspheres prepared by
second spray-drying process.

Figure 4 | Morphologies of the aggregated microspheres post-treated at
9006C.
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of the aggregated layered–layered composite microspheres post-
treated at 700, 800, 900, and 1000uC were 9.1, 7.4, 3.0, and 1.0 m2

g21, respectively, and their pore volumes were 0.11, 0.06, 0.02, and
0.008 cm3 g21, respectively. The increase in the post-treatment tem-
peratures decreased the BET surface areas and pore volumes of the
microspheres by a densification process. The apparent densities of
the aggregated layered–layered composite microspheres post-treated
at 700, 800, 900, and 1000uC as measured by mercury porosimetry
were 4.2, 3.9, 3.8, and 4.8 g mL21, respectively. The compositions
of the composite microspheres determined by ICP-OES analysis
are shown in Table 1. The composite microspheres post-treated at
700, 800, and 900uC had similar compositions. However, the
composite microspheres post-treated at 1000uC were slightly
lithium-deficient. The compositions of the composite microspheres
post-treated at 900 and 1000uC were Li1.21Ni0.10Co0.10Mn0.58O2 and
Li1.19Ni0.10Co0.10Mn0.60O2, respectively.

The electrochemical properties of the 0.6Li2MnO3–
0.4Li(Ni1/3Mn1/3Co1/3)O2 composite microspheres are shown in
Figure 5. A cell test was carried out in the voltage range 2.0–4.8 V
at a constant current density of 100 mA g21. Figure 5a shows the
initial cycle profile of the layered–layered composite microspheres
post-treated at various temperatures. Irrespective of the post-treat-
ment temperature of the composite microspheres, there were two
distinct electrochemical reactions as shown by the initial charge
curves. It is well known that the smoothly sloping voltage
profile below 4.5 V is the result of Li removal from the
Li(Ni1/3Co1/3Mn1/3)O2 component. The plateau appearing above
4.5 V is attributed to the removal of Li2O from the Li2MnO3 com-
ponent14,27,28. The initial charge capacities of the aggregated micro-
spheres post-treated at 700, 800, 900, and 1000uC were 336, 349, 383,
and 128 mA h g21, respectively, and the corresponding discharge
capacities were 286, 280, 302, and 77 mA h g21, respectively. The
initial Coulombic efficiencies of the aggregated microspheres post-
treated at 700, 800, 900, and 1000uC were 85, 80, 79, and 60%,
respectively. Figure 5b shows the cycling performances of the com-
posite microspheres at a current density of 100 mA g21. The dis-
charge capacities of the composite microspheres post-treated at
700uC suddenly decreased from 286 to 146 mA h g21 after 100 cycles,
and the corresponding capacity retention was 51%. The discharge
capacity of the powders post-treated at 1000uC after 100 cycles was
low as 52 mA h g21. However, the composite microspheres post-
treated at appropriate temperatures of 800 and 900uC maintained
their high discharge capacities. The discharge capacities of the com-
posite microspheres post-treated at high temperatures of 800 and
900uC were 225 and 242 mA h g21, respectively, and their capacity
retentions were each 80%.

The initial differential capacities versus voltage (dQ/dV) curves of
the layered–layered composite powders post-treated at various tem-
peratures are shown in Figure 6. The initial dQ/dV curves of the
composite powders showed two distinct oxidation peaks at approxi-
mately 4.1 and 4.6 V. The peak at approximately 4.1 V is due to the
oxidation of Ni21 to Ni41. Further, the peak at approximately 4.6 V is
due to the irreversible reaction involving the removal of Li and O as
Li2O from Li2MnO3

27,29,30. In the case of the powders post-treated at
1000uC, the oxidation peak resulting from the removal of Li2O from
Li2MnO3 shifted toward a higher voltage. The removal of Li2O from

the large-size or large-grain-size Li2MnO3 component occurred at
high voltages14,27,31. Therefore, the peak shifted toward high voltage
because the grain sizes of the composite microspheres post-treated at
1000uC were too large. In addition, the large grain size decreased the
oxidation peak intensity at approximately 4.6 V. A slight irreversible
reaction involving the removal of Li and O as Li2O from Li2MnO3

occurred for the composite microspheres post-treated at 1000uC.
Therefore, the composite microspheres post-treated at 1000uC had
low initial charge and discharge capacities, as shown in Figure 5. A
high amount of the Li2MnO3 phase could be formed at high post-
treatment temperatures. However, the partial oxidation of the
Li2MnO3 phase of the composite microspheres with large grain sizes
post-treated at a high temperature of 900uC decreased the oxidation
peak intensity at approximately 4.6 V in the initial charge process.
Therefore, the oxidation peak intensities at around 4.6 V of the
composite microspheres post-treated at 700, 800, and 900uC were
similar in Figure 6. Because Mn has been shown to exist as Mn41 ions
in Li(Ni1/3Co1/3Mn1/3)O2, the Mn component did not take part in the
redox processes. The MnO2 formed from Li2MnO3 by the elimina-
tion of Li2O in the initial charge process was activated to form
LiMnO2 in the subsequent discharge process14,27,32. Small reduction
peaks ascribed to the reduction of Mn41 to Mn31 were observed
below 3.5 V in the initial dQ/dV curves shown in the inset of
Figure 625,27.

Figure 7 shows the subsequent differential capacities versus volt-
age (dQ/dV) curves of the composite microspheres post-treated at

Table 1 | Compositions of the composite microspheres determined
by ICP-OES analysis

Temperature Compositions

700uC Li1.21Ni0.10Co0.10Mn0.58O2
800uC Li1.21Ni0.10Co0.10Mn0.58O2
900uC Li1.21Ni0.10Co0.10Mn0.58O2
1000uC Li1.19Ni0.10Co0.10Mn0.60O2

Figure 5 | (a) Initial cycle profiles and (b) cycle performances of the

0.6Li2MnO3-0.4Li(Ni1/3Co1/3Mn1/3)O2 microspheres post-treated at

various temperatures.
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various temperatures. The reduction peaks below 3.0 V increased
and moved toward low voltages because MnO2 formed from
Li2MnO3 by eliminating Li2O was gradually transformed into spinel
LiMn2O4 through a layered LiMnO2 intermediate as the cycle pro-
gressed, as shown in Figures 7a and 7b. The peak below 3.0 V is
characteristic of spinel LiMn2O4

14,22,27. However, the microspheres
post-treated at 900uC maintained their peak intensities at 3.1 V with
a slight peak shift and phase transformation during the first 50 cycles.
Thus, the microspheres post-treated at 900uC showed stable and
good cycling performance. The SEM images and XRD patterns of
the powders post-treated at various temperatures after the first cyc-
ling are shown in Figures S6 and S7. The powders maintained their
spherical morphologies even after cycling regardless of the post-
treatment temperatures. The XRD patterns of the powders also
showed similar crystal structures even after cycling regardless of
the post-treatment temperatures. However, the XRD pattern of the
powders post-treated at 1000uC showed a peak near 21u, which can
be attributed to the superlattice structure of Li2MnO3, even after
cycling. The Li2MnO3 phase formed at a high post-treatment tem-
perature existed even after cycling. Most of the decrease in the intens-
ity of the superlattice peak (020) during the first charging process was
attributed to the irreversible loss of the Li/Mn ordering in Li2MnO3

component in the first charging process33. The structural stability
and high content of the Li2MnO3 phase of the powders post-treated
at 900uC improved their electrochemical properties.

Discussion
The 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite micro-
spheres with a large surface area and fine crystallite size post-treated

at a low temperature of 700uC had high initial charge/discharge
capacities and poor cycling performance. Generally, an increase in
the surface area leads to an increase in undesirable side reactions
between the electrode and electrolyte and hence to increased capacity
fading with cycling. In addition, fast transformation of the Li2MnO3

phase into an unstable spinel LiMn2O4 phase at high operating
voltages during the first several cycles resulted in poor cycling per-
formance of the composite microspheres post-treated at a low tem-
perature of 700uC. The 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2

composite microspheres with a low surface area and optimum grain
size post-treated at 900uC had high initial charge/discharge capacit-
ies and good cycling performance. However, the large grain size of
the composite microspheres post-treated at a high temperature of
1000uC resulted in low charge/discharge capacities during cycling.

In this study, hollow and thin-walled precursor powders, in which
each component was mixed on a molecular level, were prepared by
a large-scale spray-drying process in order to synthesize multicom-
ponent cathode powders. The post-treatment of the precursor
powders at a low temperature of 400uC and the subsequent wet-
milling process produced a slurry with high stability for the second
spray-drying step. The second spray drying of the slurry and
the subsequent post-treatment at high temperatures produced
0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite microspheres
with a dense structure. The post-treatment temperature affected
the morphology, grain size, and electrochemical properties of the
composite microspheres. The optimum post-treatment temperature
needed to obtain 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2 composite
microspheres with good electrochemical properties was 900uC.
The evaluated composition of the composite microspheres was
Li1.21Ni0.10Co0.10Mn0.58O2. The process introduced in this study
could be widely applied for the large-scale production of multicom-
ponent cathode powders with spherical shapes, dense structures, and
superior electrochemical properties.

Methods
Material fabrication. A commercial spray-drying process (Figure S8) was applied to
prepare the precursor powders with a hollow structure. A spray solution containing a
high concentration of lithium, nickel, cobalt, and manganese components was
pumped into an atomizing device, where it was transformed into a spray of small
droplets. These droplets were then brought into contact with a stream of hot air,
which resulted in rapid evaporation of the moisture while the droplets were still
suspended in the drying air. The dry powder was separated from the humid air by
centrifugal forces in a cyclone system. The centrifugal separation was caused by the
marked increase in air speed when the mixture of particles and air entered the cyclone
system. The temperatures at the inlet and outlet of the spray dryer were 350uC and
150uC, respectively. A two-fluid nozzle was used as an atomizer, and the atomization
pressure was 0.3 bar. The spray solution was prepared by dissolving LiNO3 (Junsei,
98%), Ni(NO3)2?6H2O (Junsei, 98%), Mn(NO3)2?6H2O (Junsei, 97%), and
Co(NO3)2?6H2O (Junsei, 98%) in distilled water. Citric acid was used as both a
chelating agent and a drying additive. The total concentration of metal components in
the spray solution was fixed at 0.5 M. The concentration of citric acid was fixed at
0.3 M. The precursor powders obtained by the first spray-drying process were post-
treated at a temperature of 400uC for 3 h in air atmosphere. The post-treated powders
were milled using a high-speed planetary ball mill for 4 h in deionized water to form a
slurry that was spray-dried at 200uC to produce microspheres. In the spry-drying
setup, the feeding slurry was pumped to the atomizing device and then sprayed into
aerosol droplets. With the hot air flowing, the moisture evaporated in a very short
time and spherical powders were produced. Finally, the spray-dried products were
annealed at temperatures between 700 and 1000uC for 3 h.

Characterization. The crystal structures of the 0.6Li2MnO3–
0.4Li(Ni1/3Co1/3Mn1/3)O2 microspheres were investigated using X-ray diffractometry
(XRD, DMAX-33, Rigaku) at the Korea Basic Science Institute (Daegu). The
morphological characteristics of the samples were investigated using a scanning
electron microscope (SEM, JSM-6060, JEOL), field emission SEM (FE-SEM, Hitachi
S-4800), and high-resolution transmission electron microscopy (TEM, JEOL JEM-
2010). The thermal behavior of the precursor powder obtained by the first spray-
drying process was studied by thermal gravimetric analysis (TGA, SDTA851). The
samples were heated at a rate of 10uC min21 in the temperature range of 30–700uC.
The elemental compositions of the 0.6Li2MnO3–0.4Li(Ni1/3Co1/3Mn1/3)O2

microspheres were investigated using an inductively coupled plasma–optical
emission spectrometer (ICP-OES, ICAP 6000, Thermo Elemental). The Brunauer–
Emmett–Teller (BET) surface areas of the powders were measured using N2 gas as an

Figure 6 | Initial differential capacities vs. voltage (dQ/dV) curves of the
0.6Li2MnO3-0.4Li(Ni1/3Co1/3Mn1/3)O2 microspheres post-treated at
various temperatures.
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adsorbate. The porosities of the powders were measured by mercury porosimeter
(Auto Pore IV 9500).

Electrochemical measurements. The capacities and cycling properties of the
0.6Li2MnO3–0.4Li(Ni1/3Co1/3Mn1/3)O2 microspheres as a function of the post-
treatment temperatures were measured by 2032-type coin cells. The cathode
electrode was made of 80 wt% of the 0.6Li2MnO3–0.4Li(Ni1/3Mn1/3Co1/3)O2

microspheres, 10 wt% of teflonized acetylene black as a conductive material, and
10 wt% of binder with a few drops of distilled water. All the cathode electrodes were
dried at 120uC for 24 h under vacuum. Lithium metal and a polypropylene film were
used as the counter electrode and separator, respectively. LiPF6 (1 M) in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) in a 151 volume was used as
the electrolyte. The entire cell was assembled in a glove box under an argon
atmosphere. The charge/discharge characteristics of the samples were measured by
cycling in the potential range of 2.0–4.8 V at a high current density of 100 mA g21.
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