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ABSTRACT Facile hydrothermal methods have been developed to synthesize large Co3O4 nanocubes, �-Co(OH)2 hexagonal nanodiscs
and nanoflowers. Samples are thoroughly characterized by field-emission scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, Brunauer-Emmett-Teller method, and thermogravimetric analysis. The Co3O4 nanocubes have an
average size of about 350 nm with a perfect cubic shape, and the �-Co(OH)2 nanodiscs are uniform hexagonal platelets, whereas the
�-Co(OH)2 nanoflowers are assembled from large sheetlike subunits. After thermal annealing in air at a moderate temperature, the
as-prepared �-Co(OH)2 samples can be converted into spinel Co3O4 without significant alterations in morphology. We have also
investigated the comparative lithium storage properties of these three Co3O4 samples with distinct morphologies. The nanoflower
sample shows highly reversible lithium storage capability after 100 charge-discharge cycles.
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INTRODUCTION

As an important p-type semiconductor, cobalt oxide
(Co3O4 in particular) has gained increasing attention
because of its applications in many fields, such as

gas sensing, catalysis, and lithium-ion batteries (1-13). With
a well-known spinel crystal structure, Co3O4 has a cubic close
packing array of O atoms, where the tetrahedral 8a sites and
the octahedral 16d sites are occupied by Co(II) and Co(III)
ions, respectively (14). One of the widely practiced methods
to obtain nanostructured Co3O4 is via thermal decomposition
of the precursor crystals such as cobalt hydroxide (Co(OH)2)
and carbonate (CoCO3) because morphology control of these
precursor crystals is less challenging (15, 16). �-Co(OH)2,
which has an anisotropic layered hexagonal crystal struc-
ture, can be synthesized in the shapes of one-dimensional
(1D) nanorods and two-dimensional (2D) nanodiscs. For
example, we recently synthesized �-Co(OH)2 nanoneedles
and observed an interesting topotactic transformation to
Co3O4 nanotubes by slow oxidation in solution (3). These
�-Co(OH)2 nanoneedles can also be converted to single-
crystalline mesoporous Co3O4 nanoneedles by thermal de-
composition in air at 200-400 °C (17). Both these two
materials have found promising applications in different

fields: �-Co(OH)2 is quite electrochemically active to serve
as a good electrode material for supercapacitor (18, 19),
whereas Co3O4 is widely studied in lithium-ion batteries
(8, 17, 20, 21) as well as catalysis (4, 13). As summarized in
a recent review article (13), Co3O4 has been engineered into
zero-dimensional (0D) nanoparticles (22), 1D structures such
as nanowires (2, 11, 12, 23-26), nanorods (4, 17, 27),
nanotubes (10, 17, 28, 29), 2D nanodiscs, nanosheets, or
nanoplatelets (30-34), three-dimensional (3D) nanocubes
(5, 35-37), and even hierarchical nanoflowers or more
complex structures (6, 38-43).

Among all the Co3O4 nanostructures, nanocubes have
attracted remarkable research interests, because they are
perfect representation of the cubic crystal strcuture of Co3O4

with dominantly exposed (001) crystal planes, which is of
importance for studying of crystal facet dependent proper-
ties, e.g., activity and selectivity in catalysis (4, 5). Until now,
there are several reported methods for synthesis of Co3O4

nanocubes (5, 22, 35, 36, 44, 45). However, the size of those
nanocubes obtained is generally in the range of 5-50 nm.
Even though it is claimed that the nanocubes can be syn-
thesized with controllable sizes ranging from 10 to 100 nm
by varying experimental parameters like reaction temper-
ature or time (35), synthesis of well-defined Co3O4 nanocubes
larger than 100 nm still remains challenging. Herein, we
report a poly(vinylpyrrolidone)(PVP)-mediated hydrothermal
method to synthesize perfect Co3O4 nanocubes (designated
as sample I) with an average edge length of about 350 nm.
Such large Co3O4 nanocubes have not been synthesized
before, and they may be promising candidates for different
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applications, such as serving as model systems to study the
crystal growth of Co3O4 with exposed (001) planes and their
shape-dependent properties. The versatility of our system
is further demonstrated by producing uniform �-Co(OH)2

hexagonal nanodiscs (designated as sample II) and nanof-
lowers (designated as sample III) through variation of ex-
perimental parameters. All the as-synthesized samples can
be easily converted to pure Co3O4 samples by thermal
annealing without significant alterations in morphology.

As a transition metal oxide, Co3O4, together with other
spinel materials (46), has been intensively studied as
potential high-capacity anode materials for lithium-ion bat-
teries (1, 8, 9, 20, 21, 43, 47-53). This category of anode
materials assumes a distinct lithium storage mechanism
based on conversion reactions: MO + 2Li+ + 2e-T Li2O +
M (M ) Fe, Co, Ni, etc.) (54). The uptake and removal of
lithium are realized through the formation and decomposi-
tion of a Li2O matrix (55). Co3O4 is particularly attractive in
this area because Co3O4 can uptake more than 8 lithium per
formula unit with a reversible capacity as high as 1000 mA
h g-1 (9), which is more than three times of that of com-
mercial graphitic anodes (<370 mA h g-1). However, the
major drawbacks of quick capacity fading upon extended
cycling and/or poor rate capability (28) hinder the practical
use of Co3O4. These problems could in part originate from
the large volume change during lithium insertion/deinser-
tion, which leads to disintegration of the material and loss
of electrical contact, eventually causes failure of the elec-
trode. Another contributing factor could be the formation
of a solid-electrolyte interface (SEI), which usually results
from side reactions such as reductive decomposition of the
electrolyte (20). Thus, generating Co3O4-based anode ma-
terials with long-term stable cycle life is of great challenge.
Furthermore, most reports in this area study only the lithium
storage properties of one type of Co3O4 nanostructure

(2, 10-12, 17, 28), and there has been very few reports
studying the comparative lithium storage properties of dif-
ferent Co3O4 nanostructures. To this end, we further inves-
tigate the electrochemical properties of three as-obtained
Co3O4 samples with distinct structures as potential anode
materials for lithium-ion batteries. In particular, the Co3O4

nanoflower sample with a 3D hierarchical structure dem-
onstrates best performance with enhanced capacity reten-
tion after prolonged charge-discharge cycling up to 100
cycles.

RESULTS AND DISCUSSION
The morphologies of the uncalcined samples are first

examined by FESEM, with the results shown in Figure 1. As
depicted in Figure 1A, sample I consists mainly of nanocubes
with an average size of about 350 nm and bounded by
relatively smooth surfaces. The nanocubes are observed to
have a perfect cubic shape with sharp corners and edges. It
has been proposed that the formation of such Co3O4

nanocubes with the presence of nonionic surfactant (PVP in
this case) might follow an “oriented attachment” mechanism
(44). In such a process, nanocubes with smaller dimensions
are first formed under the current hydrothermal conditions.
The polymer surfactant will then adsorb on the surface of
these nanocubes to prevent them from irregular agglomera-
tion. After prolonged reaction, these small nanocubes will
attach to neighboring ones on which the surface is less
covered by the surfactant (44), thus giving rise to much
larger nanocubes.

The nanodiscs in sample II are shown in Figure 1B. These
nanodiscs are well-defined hexagonal platelets with smooth
surface reflecting the hexagonal crystal structure of
�-Co(OH)2. These nanodiscs are about 50 nm in size and
10-20 nm in thickness. It was suggested that the presence
of PVP is crucial to the formation of such platelet-like

FIGURE 1. Field-emission scanning electron microscopy (FESEM) images of (A) sample I, (B) sample II, and (C, D) sample III before calcination.
The inset in D shows the magnified image of the region marked by the black square.
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structure (30). The addition of a relatively large amount of
PVP (1.2 g, see experimental section) into the reaction
system creates a quite viscous environment which allows
slow nucleation of the precursor. Soon after the platelet-like
structure is formed, the PVP quickly adsorb on its surface,
preventing it from stacking along the [001] direction to
produce one-dimensional structure (28). As a result, the
subsequent crystal growth is only allowed in the lateral
directions, leading to the final structure of hexagonal
nanodiscs.

Images C and D in Figure 1 illustrate the morphology of
sample III, which is observed to consist of interesting flower-
like structures. The high-magnification image (Figure 1D)
reveals that these nanoflowers, about 6 µm in diameter, are
composed of sheet-like subunits with a thickness of about
100 nm (Figure 1D, inset). The cosolvent PEG400 plays a
pivotal role in the formation of these flower-like �-Co(OH)2

microstructures. Specifically, it is known that PEG400 will
form complexes with Co2+ in the solution (56) and thus
retarding the movement of the cations, resulting in a slow
generation of �-Co(OH)2. Such a process is probably facili-
tated by the PVP micelles formed in the reaction medium.
At the same time, this interaction may probably favor the
intergrowth of �-Co(OH)2 platelets, leading to the hierarchical
3D architecture of the product (38). It is also discussed that
the concentration of Co(NO3)2 precursor is crucial in deter-
mining the final structure of the nanoflower. With a particu-
lar concentration (25 mM in this case), there is just suitable
amount of nuclei in the reaction solution, which allows fast
anisotropic growth of crystals, leading to the formation of a

curved structure (6). The subsequent layer-by-layer stacking
of these curved structures gives rise to the hierarchical
flower-like structure.

The samples are further examined using TEM, as shown
in Figure 2. Figure 2A shows a few free-standing nanocubes
on their (001) faces. Consistent with the above FESEM
observation, these cube-like crystals are well faceted. The
(001) plane is then viewed at a higher magnification (Figure
2B), which shows a perfect square. The selected-area elec-
tron diffraction (SAED; Figure 2B, inset) pattern of this single-
crystal cube exhibits a 4-fold symmetry confirming the [001]
zone axis. Figure 2C shows many nanodiscs with a relatively
narrow size distribution. A single nanodisc is displayed at a
higher magnification in Figure 2D, which gives a well-defined
hexagonal shape. The surface roughness observed could be
caused by the irritation of the high-energy electron beam
because metal hydroxides especially in the form of nano-
platelet are quite unstable. The electron beam with very high
energy can easily cause the material to decompose, thus
leaving defects or holes in the structure. The SAED pattern
(Figure 2D, inset) proves that these �-Co(OH)2 nanodiscs are
single-crystalline and have a hexagonal structure lying on
the (001) planes.

The crystal phases of the as-prepared samples are con-
firmed by XRD (Figure 3). Sample I has mixed phases of both
spinel Co3O4 (JCPDS card no. 42-1467, S.G.: Fd3m, ao )
8.0837 Å), and hexagonal �-Co(OH)2 (JCPDS card no.
30-0443, S.G.: P3̄ m1, ao ) 3.1830 Å, co ) 4.6520 Å),
whereas the other two samples contain almost pure hex-
agonal �-Co(OH)2. The peak intensities of the nanocubes are

FIGURE 2. Transmission electron microscopy (TEM) images of (A, B) sample I and (C, D) sample II. The insets in B and D are the selected-area
electron diffraction (SAED) patterns of the corresponding sample before calcination.
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generally higher than that of the other two samples, indicat-
ing larger crystallites in sample I, which is consistent with
above morphological observations.

�-Co(OH)2 can be readily converted into pure Co3O4 by
thermal treatment based on the following reaction:
6Co(OH)2 (s) + O2 (g) f 2Co3O4 (s) + 6H2O (g) (34). For
example, Liu et al. (31) have shown that if the calcination
temperature is increased to 600 °C, holes will be created at
the center of these �-Co(OH)2 nanodiscs, giving rise to
ringlike Co3O4. To find the appropriate annealing tempera-
ture for the thermal treatment, we performed thermogravi-
metric analysis (TGA) for all samples, with the results given
in Figure 4. In agreement with the above XRD data, sample
I exhibits a weight loss of about 11%, suggesting that there
is still a small fraction of �-Co(OH)2 and possible organic
species present in the product. The weight loss of sample II
is about 21%, which is higher than the calculated value of
13.6% corresponding to �-Co(OH)2 f Co3O4 (17). This is
likely due to the combustion of adsorbed organic species,
considering that relatively large amount of organic capping
agent PVP is used in the synthetic system (see Experimental
Section). Sample III gives the highest weight loss of 47%,
which is conceivable as PEG400 is used as the cosolvent with
50 vol % in the reaction medium (see Experimental Section).

On the basis of the above TGA data, the weight loss
mainly takes place at about 280 °C. Thus, all three samples
were calcined at 300 °C in air to obtain pure Co3O4. Figure

5A shows XRD patterns of the samples after calcination.
Obviously, the samples have been completely transformed
into pure spinel Co3O4 (JCPDS card no. 42-1467). The
morphologies of the heat-treated samples were then exam-
ined by FESEM and TEM. No apparent alterations can be
observed for sample I, which still shows a perfect cube-like
shape (Figure 5B). Sample II also demonstrates good thermal
stability as the hexagonal platelet structure can be retained
(Figure 5C). There are, however, some noticeable changes
after calcination, as the surface of the nanodiscs becomes
substantially rougher. From the TEM image (Figure 5D),
these surface defects can be more clearly identified as a
porous structure resulting from the thermal decomposition
(17). The formation of such defects can be probably at-
tributed to the recrystallization process during calcination,
where the small nanocrystals grow into an interconnected
porous structure with large pores (17). The SAED pattern
(Figure 5D, inset) reveals that a hexagonal spot pattern is
still visible. This indicates the relatively poor single-crystal-
linity of these nanodiscs and confirms the topotactic trans-
formation from (001) planes of �-Co(OH)2 to (111) planes
of Co3O4 (3). Sample III is also shown to be quite thermally
stable, as no apparent collapse of flowerlike structure can
be observed (Figure 5E). It is interesting to observe that the
nanosheets that form the nanoflowers become much thinner
after calcination (Figure 5F, inset). This can be understood
from the above TGA result that sample III contains large
amount of organic contents.

The surface area of the calcined samples was measured
using the Brunauer-Emmett-Teller (BET) method. The N2

adsorption-desorption isotherms at 77 K are shown in
Figure 6, with the insets showing the pore size distribution
by the Barrett-Joyner-Halenda (BJH) method. The isotherm
of sample I (Figure 6A) can be classified to be a type IV
isotherm with a type H3 hysteresis loop at the relative
pressure of 0.4 - 0.7, which indicates a mesoporous struc-
ture and gives rise to a relatively high BET specific surface
area of 91.4 m2 g-1, and a total pore volume of 0.149 cm3

g-1 (57). Sample II shows a type III isotherm without a
distinct hysteresis loop (Figure 6B), which suggests the
absence of a mesoporous structure and leads to a slightly
lower BET specific surface area of 76.8 m2 g-1. Interestingly,
sample II gives a much higher total pore volume of 0.312
cm3 g-1. Sample III exhibits a type III isotherm with a type
H3 hysteresis (Figure 6C), which reveals its mesoporous
characteristics and leads to a BET specific surface area of
66.5 m2 g-1 and a total pore volume of 0.147 cm3 g-1.
Moreover, a striking peak around 4-4.5 nm can be observed
in the pore size distribution calculated from the desorption
branch of all three samples (the insets in Figure 6). Such a
peak could be an artifact corresponding to capillary evapora-
tion at the lower end of the hysteresis loop with a relative
pressure of about 0.4 - 0.5 (55, 58).

Figure 7A shows the first cycle charge-discharge voltage
profiles of the three samples after calcination. The voltage
profiles are generally consistent with previous studies
(2, 11, 12). During the first discharge, there is a distinct

FIGURE 3. X-ray diffraction (XRD) patterns of sample I, II, and III.
�, �-Co(OH)2; s, spinel Co3O4.

FIGURE 4. Thermogravimetric analysis (TGA) curves of sample I, II,
and III.
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voltage plateau at about 1.0 V, followed by a gradual decay.
As a result, a high discharge capacity of 1250 mA h g-1 to
1350 mA h g-1 is observed. These discharge capacities are
much higher than the theoretical capacity of Co3O4, and this
could be attributed to irreversible reactions, such as decom-
position of electrolyte (28). The first charge capacity is about
900 mA h g-1, leading to an irreversible capacity loss of
about 30% in all three samples. This large initial loss could
be considered as the nature of the conversion reaction based
mechanism (11), and it is also believed to be caused by the
formation of the SEI on the surface of the electrode material
(59).

Figure 7B depicts the cycling performance of the three
samples up to 100 cycles. It is apparent that sample II shows
the highest capacity of more than 1200 mA h g-1 in the
course of first few cycles, which is higher than that of 1D
Co3O4 nanoneedles and mesoporous nanotubes previously
reported (17, 28). This is probably because of its highly rough
surface and porosity which provide more active sites during
charging-discharging processes, and its small thickness
granting a short diffusion path for more efficient lithium
diffusion. However, sample II suffers from rapid capacity
fading thereafter. This could be caused by aggregation of
nanodiscs during prolonged cycling in view of its relatively

small particle size, leading to quick diminishment of active
surface area. Sample III delivers a lower capacity of about
1000 mA h g-1. Both these two samples demonstrate a
general trend of increase in capacity during the first 10 cycles
of the measurement, which has also been observed in other
literatures (11, 12, 20). One possible reason for the observa-
tion of a capacity which is higher than the theoretical value
(890 mA h-1) is that there exist many other side reactions,
e.g., decomposition of electrolyte, during the charge-
discharge process. Apparently, sample III shows a much
better cyclic retention compared to sample II. A reversible
capacity of as high as 694 mA h g-1 can still be retained after
100 cycles, which should be considered advantageous com-
pared to other reported Co-based anodes tested under
similar conditions (21, 52, 53). This is conceivable as the
unique 3D hierarchical structure of the nanoflowers provides
long-term structural stability against the volume change
during the charge-discharge process (60). Surprisingly, even
though sample I has the highest specific area of 91.4 m2 g-1,
it gives the lowest capacity of 700 mA h g-1. This might be
attributed to its relatively large effective particle size that
leads to more severe local volume alterations during the
charge-discharge process. Nevertheless, at the end of 100

FIGURE 5. (A) XRD patterns of sample I, II and III after calcination at 300 °C in air. The standard pattern is shown at the bottom of the figure.
(B) FESEM of sample I, (C) FESEM and (D) TEM images image of sample II, and (E, F) FESEM images of sample III after calcinations at 300 °C
in air. The inset in D shows the SAED pattern of sample II, and the inset in F shows the magnified image of the region marked by the black
square.
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cycles, all three samples are still able to deliver a capacity
that is higher than that of commercialized graphite.

CONCLUSIONS
In summary, a PVP-mediated hydrothermal method has

been developed to synthesize Co3O4 nanocrystals with a
perfect cubic shape. These as-prepared nanocubes have an
average length of about 350 nm. To the best of our knowl-
edge, Co3O4 nanocubes above 100 nm in size have not been
synthesized before. By varying the experimental param-
eters, �-Co(OH)2 hexagonal nanodiscs, as well as hierarchical
nanoflowers built from �-Co(OH)2 nanosheets, can be readily
synthesized. After calcinations in air at a moderate temper-
ature (300 °C), all three as-synthesized samples can be
converted to spinel Co3O4 without significant alterations in
shape. The three as-obtained Co3O4 samples with different
shapes have been characterized for their potential use as
anode materials in lithium-ion batteries. The electrochemical
measurements show that the nanoflower sample exhibits
the best performance with quite reversible capacities (649

mA h g-1 after 100 cycles). This study should provide more
insights about the effect of structures on the electrochemical
lithium storage properties of metal oxide nanomaterials.
Study of the structural effect on magnetic properties of these
Co3O4 nanostructured materials should also be interesting.

EXPERIMENTAL SECTION
Material Preparation. Synthesis of Nanocubes. In a typical

synthesis, 25 mL of ammonia solution (28-30%, Reagent
Chemicals) was first mixed with ultra pure water (1/1, v/v).
Then, 0.05 g of poly(vinylpyrrolidone) (PVP; M.W. ) 58,000,
Reagent Chemicals) was dissolved in the solution. After
shaking for a few minutes, 0.364 g of cobalt nitrate hexahy-
drate (Co(NO3)2 · 6H2O, 98+%, Sigma Aldrich) was added
into the reaction medium to reach a concentration of 25 mM.
After sonication, a browny transparent solution was obtained,
which was then transferred into a 60 mL Teflon-lined stain-
less steel autoclave. The autoclave was kept in an electric
oven at 180 °C for 6 h, after which the autoclave was taken
out and cooled naturally to room temperature. After that, the
black precipitate was harvested and washed with ultra pure
water several times via centrifugation. The product was then
dried at 60 °C overnight, before being calcined at 300 °C
for 2 h in air to be converted into Co3O4.

Synthesis of Hexagonal Nanodiscs. In a typical syn-
thesis, 1.5 mL of 1.0 M cobalt acetate tetrahydrate
((CH3COO)2Co · 4H2O, reagent grade, Sigma Aldrich) was
added into 55.5 mL of ultra pure water under vigorous
stirring. 1.2 g of PVP (M.W. ) 10,000, Sigma Aldrich) was
then added into the solution. After the PVP is fully dissolved,
3 mL of 1.0 M NaOH solution was added into the medium.
Part of the mixture was transferred into a 60 mL Teflon-lined

FIGURE 6. N2 adsorption-desorption isotherms of the samples after
calcinations at 300 °C: (A) sample I, (B) sample II, and (C) sample
III. The inset shows the pore size distribution of the corresponding
sample.

FIGURE 7. (A) First-cycle charge-discharge voltage profiles of the
three calcined samples at a current rate of 50 mA g-1 between 10
mV and 3 V. (B) Cycling performance of the samples at 100 mA g-1

with the same voltage window.
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stainless steel autoclave with only 80% of volume filled,
which was then kept in an electric oven at 180 °C for 24 h.
After the autoclave was cooled down to room temperature,
the precipitate was collected and washed with ultra pure
water several times via centrifugation, before the product was
dried at 60 °C overnight. The product was then calcined at
300 °C for 2 h in air.

Synthesis of Nanoflowers. In a typical synthesis, 25 mL of
poly(ethylene glycol)-400 (PEG400, Reagent Chemicals) was
mixed with ammonia (28-30%) (1/1; v/v). Then, 0.05 g of PVP
(M.W. ) 58 000, Reagent Chemicals) was dissolved in the
solution. After shaking for a few minutes, 0.364 g of
Co(NO3)2 · 6H2O was added into the reaction medium to reach
a concentration of 25 mM. After sonication, a pink transparent
solution was obtained, which was then transferred into a 60 mL
Teflon-lined stainless autoclave. The autoclave was kept in an
electric oven at 180 °C for 3 h, after which it was taken out and
cooled down to room temperature. After that, the pink precipi-
tate was harvested and washed with ultra pure water several
times via centrifugation. The product was then dried at 60 °C
overnight, before being calcined at 300 °C for 2 h in air.

Material Characterizations. The structure and morphology
of products were examined with transmission electron micros-
copy (TEM; JEOL, JEM-2010, 200 kV), and field-emission scan-
ning electron microscopy (FESEM; JEOL, JSM-6700F, 5 kV). The
powder X-ray diffraction (XRD) analysis was carried out with a
Bruker D8 - Advance X-ray Diffractometer (Cu KR radiation, λ
) 1.5406 Å), from 10 to 70° at a scan rate of 0.01 o/s. The N2

adsorption and desorption isotherm was obtained at 77 K using
Quantachrome Instruments, Autosorb AS-6B. The BET surface
area was estimated using adsorption data in a relative pressure
ranging from 0.05 to 0.3. The thermogravimetric analysis (TGA)
was performed from room temperature to 600 °C at a ramp
rate of 10 °C/min with an air flow rate of 20 mL/min using
Shimadzu DRG-60.

Electrochemical Measurements. The electrochemical mea-
surements were performed using two-electrode Swagelok-type
cells (X2 Labwares, Singapore) with lithium serving as both the
counter and reference electrodes under ambient temperature.
The working electrode was composed of 70 wt % of active
material (e.g., Co3O4 with different morphologies), 20 wt % of
conductivity agent (carbon black, Super-P-Li), and 10 wt % of
binder (polyvinylidenedifluoride, PVDF, Aldrich). The electrolyte
used was 1.0 M LiPF6 in a 50:50 (w/w) mixture of ethylene
carbonate and diethyl carbonate. Cell assembly was carried out
in an argon-filled glovebox with both moisture and oxygen
contents below 1.0 ppm. Galvanostatic charging/discharging
was performed using a battery tester (NEWAER) between 10
mV to 3 V at current rates of 50 and 100 mA g-1.
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