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Abstract

Nano-crystalline metal oxides (Co3O4, CuO, and NiO) are synthesized as anode materials for lithium-ion batteries by an ultrasonic spray
pyrolysis method. The effects of calcination temperature on the morphology, crystallite size and electrochemical properties of the metal oxides
are investigated. X-ray diffraction (XRD) studies show that the crystallite size varies with the final calcination temperature. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) observations reveal that the calcination temperature strongly influences the
morphology of the prepared metal oxides and this results in different electrochemical performance. The existence of a nano-scale microstructure
for the prepared metal oxides has a strong relationship with irreversible capacity and capacity retention.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, intensive research efforts have been devoted
to the development of alternative anode materials with improved
specific energy for replacing the graphite used in commercial Li-
ion batteries. Metal-based composite oxides such as SnO; [1]
and tin-based amorphous oxide [2] have been widely studied
because of their high theoretical specific energy. Unfortunately,
the reduction reaction of SnO with Li to yield metallic Sn and
LiyO causes a severe volume change of the electrode during the
first cycling. Consequently, an irreversible conversion reaction
occurs with significant loss of capacity.

The lithium reaction mechanism relies on the formation of
Li—Sn alloy. Poizot et al. [3] reported that nano-sized transi-
tion metal oxides are be promising alternative anode materials
with excellent electrochemical performance for lithium batter-
ies. They also proposed a new mechanism for the Li reaction in
which the reversible formation and de-formation of Li» O occurs
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and is accompanied by the reduction and oxidation of metal
nanosized particles, instead of a Li-metal alloying/de-alloying
process. They suggested that the reactivity of the metal oxide
particles is markedly determined by their particle size because
Li;O formed in reduction is electrochemically inactive and
the reverse removal of lithium is thermodynamically difficult.
Therefore, nanosized particles of metal oxide play an impor-
tant role and enhance the electrochemical reactivity towards the
formation/decomposition of Li,O [3]. In fact, nanostructured
materials have emerged as attractive alternatives to conventional
materials by virtue of their prominent electronic and chemical
properties [4].

Transition metal oxides can be prepared through various
methods, such as liquid-control-precipitation [5], electron-beam
evaporation [6], electrodeposition [7], chemical vapour deposi-
tion [8], the sol-gel route [9], and pulsed laser ablation [10].
These preparation methods are, however, very complicated and
difficult to control.

The ultrasonic spray pyrolysis technique, by comparison, has
several advantages such as simplicity and a low-cost alternative
for the deposition of high-quality thin films of novel complex
oxides [11]. Also, the method is applicable for the drying of
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colloids, direct control of microstructure and size of particles,
and control of particle composition. When the precursor solution
is atomized to form droplets and then pyrolyzed, the colloidal
particles serve as seeds for nucleation. Thus, dense particles are
easily formed.

In this study, nano-crystalline transition metal oxides (Co3 04,
CuO, and NiO) powders are prepared via ultrasonic spray pyrol-
ysis. Metal oxide particles with different crystallite sizes and
morphologies are obtained at various calcination temperatures.
The electrochemical performance of the nanosized transition
metal oxides as anode materials for lithium ion batteries is
investigated.

2. Experimental

Nano-crystalline metal oxide (Co304, CuO, and NiO) pow-
ders were synthesized by a spray pyrolysis method. Cobalt
nitrate hexahydrate (Co(NO3),-6H,0, Adrich), copper nitrate
trihydrate (Cu(NO3),-3H>0O, Adrich) and nickel nitrate hex-
ahydrate (Ni(NOs3)-6H,O, Adrich) were used as the starting
materials. Each metal salt was dissolved in distilled water. In
each case, a solution containing the metal ions was added to
a continuously agitated aqueous solution of citric acid. Citric
acid (CgHgO7-H» 0, Duksan) was used as a polymeric agent for
the reaction. The molar concentration of citric acid was fixed at
0.2 mol dm~3

Ammonium hydroxide was used to adjust and control the
pH of the solution. The starting solution was atomized using
an ultrasonic nebulizer with a resonant frequency of 1.7 MHz.
The produced aerosol stream was carried into a vertical quartz
reactor heated at 500 °C. The flow rate of air used as a carrier
gas was 10 L min~!. The resulting powders were heated at var-
ious temperatures between 300 and 900 °C at a heating rate of
1°Cmin~!.

Powder X-ray diffraction (XRD, Rint-2000, Rigaku) mea-
surements using Cu Ko radiation were employed to identify the
crystalline phase of the synthesized material. The particle mor-
phology of the as-prepared and calcined powders was observed
by means of scanning electron microscopy (SEM, JSM 6400,
JEOL, Japan) and transmission electron microscopy (TEM,
JEOL, 2010). Galvanostatic charge—discharge cycling was per-
formed on a 2032-type coin type cell (Hohsen Co. Ltd., Japan).
For fabrication of the working electrode, the selected transition
metal oxide (Co304, CuO, and NiO) powder was mixed with
Super-P carbon black as a conductive agent and poly vinylidene
fluoride (PVDF) as a binder in a mass ratio of 80:10:10. The
transition metal oxide (Co304, CuO, and NiO) and Super-P car-
bon black were first added to a solution of poly(vinyl difluoride)
(PVDF) in N-methyl-2-pyrrolidone (NMP) to make a slurry of
appropriate viscosity. The slurry was then casted on copper foil
and dried at 110°C overnight in a vacuum oven. Discs were
then punched out of the foil. Li metal foil was used for the
counter and reference electrodes. The electrolyte solution was
1M LiPFg¢ in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) in a 1:1 volume ratio (CHEIL Industries Inc.,
Korea). The cell was assembled in an argon-filled dry box and
tested at room temperature (30 °C). The cell was charged and dis-

charged at a current density of 1 mA cm™2 with cut-off voltages
of 0.01-3.0 V (versus Li/Li").

3. Results and discussion

The XRD patterns of the Co3O4, CuO, and NiO powders pre-
pared by heating the respective precursor at different sintering
temperatures are shown in Fig. 1. As the sintering temperature is
increased, a sharpening of the peaks is observed, which indicates
anincrease in the degree of crystallization. The crystallite growth
during the sintering process results from an increase in the aver-
age crystallite size because of a tendency for minimization of
the interfacial surface energy [12]. The XRD patterns of CozO4
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Fig. 1. X-ray diffraction (XRD) patterns of transition metal oxides powders
sintered at different temperatures: (a) Co3zO4, (b) CuO, (c) NiO.
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in Fig. 1(a) can be indexed to a spinel-type cubic structure with
a Fd3m space group according to the JCPDS (No. 43-1003) and
without detectable impurities. The XRD pattern of CuO calcined
at 300 °C exhibits weak and broad peaks, see Fig. 1(b). As men-
tioned above, the peaks became more defined and shaper with
increase in the calcination temperature. All peaks can be well
indexed to the monoclinic lattice of CuO (JCPDS No. 05-0661).
No significant impurities nor a second phase were observed,
which indicates that high-purity CuO is obtained. The diffrac-
tion peaks of NiO powder can be indexed as the (11 1), (200),
(220), (311) and (22 2) crystal planes of the crystalline cubic
structure (JPDS No. 04-0835), see Fig. 1(c).

In order to investigate the effects of calcination temperature
on the growth of crystallite size, the crystallite sizes of the pre-
pared metal oxides were calculated from the major diffraction
peaks of the corresponding Co3zO4 (3 1 1), CuO (002), and NiO
(200) using the Scherrer formula (Eq. (1)), i.e.,

K*A
01,2

D, = cos Op (D

where K* is a constant (ca. 0.9); A the X-ray wavelength
(1.5418 A); 6 the Bragg angle; 61, is the pure diffraction broad-
ening of a peak at half-height, that is, broadening due to the

(T =300 °C

—m—

L)

x10, 000

.

T WL 15emm

SEM SEL 19.8kV  x18, 000

Tom WD 16mn

—T — T I
°r /. o
60 |- g

£ sl " .

8 ° . ®

240 ) -

£ 0 . -

S 30 / —

5 20— ./ / ——(a) C°304 —

i A —o—()Cu0 | |
10} —A— (N0 | |
GL 4 w [ o [ 5 0 ¢ [ & 3§ s [ |

300 400 500 600 700 800 900
Temperature / °C

Fig. 2. Evolution of crystallite size of (a) Co3O4, (b) CuO and (c) NiO powders
sintered at different temperatures.

crystallite dimensions. The evolution of the crystal size (D) of
the metal oxides prepared at different calcination temperatures
is shown in Fig. 2. The data show that the growth in crystallite
size of each metal oxide has a strong relationship with the sinter-
ing temperature. The crystallite size of CozO4 and NiO increase
linearly until the calcination temperature reaches 700 °C. The
variation in size for Co30y is from 20 to 62 nm over the temper-
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Fig. 3. Scanning electron microscopy (SEM) images of (a) CozO4, (b) CuO and (c) NiO powders sintered at different calcination temperatures.
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ature range 300—700 °C. The size of NiO also increases linearly
from 14 nm (400 °C) to 54 nm (700 °C). After 700 °C, the crys-
tallite size of both metal oxides slightly increases to 69 nm
(Co0304) and 60 nm (NiO) at 900 °C. In case of CuO, the crys-
tallite size increases until the calcination temperature reaches
to 500 °C. At higher calcination temperatures (>500 °C), Cuo
shows no significant change in crystallite size, which is 45 nm.

Scanning electron micrographs of the metal oxides obtained
at different sintering temperatures also show a morphologi-
cal changes. The micrograph of Co304 sintered at 300 °C in
Fig. 3(a) shows that the oxide has a spherical particle shape
with a 0.5-2 pm size distribution. Between 300 and 500 °C, no
significant morphology change is observed and also the parti-
cle size remains at 0.5-2 wm. By contrast, the morphology of
Co304 prepared at 700 °C starts to change in that the spherical
particle consists of primary particles of sub-micrometer size that
become scattered into small crystals. This morphological change
becomes clearer for Co304 prepared at 900 °C. The spherical
morphology of Co304 disappears and a new shape with a larger
particle size is observed, as shown in Fig. 3(a). The CuO prepared
at sintering temperatures of 300 and 400 °C exhibit similar mor-
phological features (e.g., size and shape) to the CozO4 powders,
cf., Fig. 3(a and b). CuO prepared at 500 °C, however, shows
a different morphological change, compared with Co304 pre-
pared at the same temperature. The particles are fragmented into
nano-crystalline particles. On increasing the calcination tem-
perature to 700 °C, re-crystallization and agglomeration of the
primary particles occurs. It is noteworthy to mention that the
crystallite size of the CuO does increase after 500 °C. The NiO
powders prepared at 400-900 °C have spherical shape with a
mean diameter of 0.5-2 pm, see Fig. 3(c). It is interesting that
as the sintering temperature is increased from 400 to 900 °C, the
particle and agglomerate sizes remain unaltered. Between 400
and 700 °C, most of the particles have a smooth spherical shape.
On the other hand, NiO prepared at 900 °C consists of particles
with relatively coarse surfaces. These particles are composed of
submicron-sized (approximately 200 nm) primary particles that
form secondary agglomerates, as shown in Fig. 3(c).

In order to observe the detailed morphological difference of
the metal oxides that exhibit drastic changes at specific cal-
cination temperatures, TEM images of the metal oxides were
taken. The TEM image of Co30O4 sintered at 700 °C is pre-
sented in Fig. 4(a). The nano-sized primary particles are well
dispersed and formed agglomerates with a size of 300-500 nm.
Based on the SEM image in Fig. 3(a), the agglomerate size of
Co304 (T'=700°C) is 300-600 nm, which is consistent with the
observation from TEM results in Fig. 4(a). It is important to
notice from the TEM image in Fig. 4(a) that Co304 prepared at
700 °C reveals the existence of empty inner spaces and that the
nano-sized spherical particle consists of fine primary particles
with a size ranging from 50 to 70 nm. Since CuO sintered at
500 °C exhibits a marched change in morphology (Fig. 3(b)), it
was chosen for TEM analysis, which is presented in Fig. 4(b).
The nano-sized CuO crystal has irregular morphology with a
particle size of about 40-100nm and the agglomerates grow
in a random direction. It can be observed from Fig. 4(c) that
NiO (T'=500 °C) forms hollow spherical particles with well dis-
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Fig. 4. Transmission electron microscopy (TEM) images of transition metal
oxides: (a) Co30y4 sintered at 700 °C, (b) CuO sintered at 500 °C, (¢) NiO sintered
at 500°C.
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Fig. 5. Charge—discharge voltage profiles of electrodes made of Co3zO4 prepared at calcination temperatures of (a) 300 °C, (b) 400 °C, (c) 500°C, (d) 700°C, (e)

900°C.

persed nano-crystalline primary particles. The primary particles
are fairly uniform with a mean diameter of ~20 nm scale, which
is close to the estimated crystallite size by XRD analysis.

The electrochemical performances of the prepared metal
oxides were evaluated by galvanostatic charge—discharge in
the voltage range of 0.01-3 V versus Li/Li* at a constant cur-
rent density of 1mAcm~!. The voltage profiles of MO/Li
(MO =C0304, CuO, and NiO) cells at 1st, 30th and 50th cycles
are given in Figs. 5-7, respectively. During the first discharge

process, the potential profiles of all the CozO4 electrodes have
a long voltage plateau around 1.2V and then showed a slop-
ing voltage profile from 1.2V to the cut-off voltage of 0.01V,
as shown in Fig. 5. The Co304 electrodes (T=300, 400 and
500°C) prepared at temperatures below 500 °C display fast
capacity fading with a large irreversible capacity loss, whereas
the Co304 prepared at 700 °C delivers the highest reversible
capacity (925 mAh g~!) with good capacity retention. The irre-
versible capacity occurring during the first cycle is probably
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Fig. 6. Charge—discharge voltage profiles of electrodes made of CuO prepared at calcination temperatures of: (a) 300 °C, (b) 400 °C, (c) 500 °C, (d) 700 °C, (e)

900°C.
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Fig. 7. Charge—discharge voltage profiles of electrodes made of NiO prepared at calcination temperature of (a) 400 °C, (b) 500 °C, (c) 700 °C, (d) 900 °C.

related to the formation/deformation of Li>O as well as typical
solid electrolyte interface (SEI) film formation [3,13]. Lithium
reacts with Co304 during the first discharge and forms Li,O
and metal (Co), as mentioned earlier. Lio,O is known to be
electrochemically inactive and the incomplete decomposition
of LirO is responsible for the large irreversible capacity loss
during cycling. Poizot et al. [3] proposed that reducing the par-
ticle size of the metal oxide to the nano-level would affect the
electrochemical reactivity since the chemical and physical prop-
erties of nano-sized materials can be different from their bulk
(intrinsic) properties. The Co304 electrode (900 °C), however,
shows a decrease of reversible capacity.

The charge—discharge curves of the CuO electrodes at pre-
pared at different calcination temperatures are presented in
Fig. 6. The overall voltage profiles are similar to those of the
Co304 electrode. During the first discharge process, the CuO
electrode also exhibits a similar long voltage plateau around
1.25V followed by a sloping voltage profile to 0.01 V that is
due to lithium uptake by the metal oxide structure. All CuO
electrodes in Fig. 6 (except that prepared at 500 °C) deliver
700-800 mAh g~ ! of discharge capacity on the first cycle with
more than 400 mAh g~ ! of irreversible capacity. By contrast, the
CuO electrode prepared at 500 °C yields 1630 mAh g~! on the
first discharge capacity, as shown in Fig. 6(c). The amount of
lithium that is reacted on the first discharge is estimated to be
2.47 of Li per Cu for CuO prepared at 500 °C. For the first charge
process, 600 mAh g~! is obtained, which implies that only 0.89
Li is reversibly extracted from lithiated CuO structure. During
subsequent cycles, a large irreversible capacity is not observed
and the discharge capacities of the 30th and 50th cycles are about
596 and 592 mAh g~!, respectively.

Charge—discharge curves of the NiO electrodes are given in
Fig. 7. In the first discharge process, the potential of all elec-
trodes rapidly falls and reaches a long voltage plateau around

0.65V followed by a sloping voltage profile similar to that of
the CuO electrodes. The first discharge capacity of NiO elec-
trodes prepared at different temperatures varies from 960 to
1150mAh g™, i.e., much higher than the theoretical capacity
(718 mAh g~ 1) for reduction from NiO to Ni. The first charge
process exhibits a higher and sloping voltage profile with large
irreversible capacity. The explanation for the irreversible capac-
ity of the all NiO electrode could be analogous to that for Co3O4.
The irreversible capacity loss between the first discharge and
charge is attributed to the incomplete decomposition of both of
the SEI and Li> O [3,13,14]. In the 30th, 50th discharge process,
the voltage plateau appears at higher voltage of 1.25V, which is
higher than that of the first discharge (about 0.66 V). The first
discharge capacity of the NiO (7=500°C) electrode reaches
1031 mAhg~!.

Discharge capacity versus cycle number plots for MO/Li
(C0304, CuO, and NiO) electrodes prepared at different calcina-
tion temperatures are given in Fig. 8. It can be clearly observed
from Fig. 8(a) that Co3O4 electrodes prepared at low temperature
(300°C <T<500°C) display a fast capacity fading, whereas
the Co304 electrodes prepared at higher temperature (7'=700
and 900 °C) show relatively good capacity retention. In particu-
lar, the Co304 (T'=700 °C) electrode exhibits excellent capacity
retention, indeed there is a slight increase in capacity as cycling
proceeds. It is proposed that the electrochemical properties of
metal oxides, such as capacity retention and rate capability, are
strongly influenced by particle size, grains and the particle size
of the precursor [2,3,13,15]. In addition, the formation of the
SEI layer may affect capacity retention. If the SEI layer is too
thick, it will hinder the Co304 particle reactivity towards lithium
and result in capacity fading [16]. It is important to recall from
Fig. 3(a) that Co3O4 (T=700 °C) particles consist of nano-sized
primary particles with a different morphology, compared with
the other electrodes. As shown in Fig. 8(a), Co304 (T=700°C)
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gives a capacity retention of 900 mAh g~ ! at 100 cycles, which

suggests that there is an optimum sintering temperature and
particle size for Co304 anode material that produces excellent
capacity retention.

The discharge capacity versus cycle number for CuO elec-
trodes prepared at different sintering temperatures is presented in
Fig. 8(b). Among the electrodes, the CuO (7'=500 °C) electrode
provides much higher reversible capacities and better cycling
performance than the other electrodes. There is no appreciable
change in the discharge capacity even after 100 cycles. This
result suggests that no observable structural degradation of the
nano-sized CuO takes place during repeated cycling. As shown
in Fig. 8(c), all NiO electrodes commonly experience a grad-

ual decrease of discharge capacity with cycling. The capacity of
NiO prepared at 400 and 500 °C initially gave higher capacity
than NiO prepared at 700 and 900 °C. The capacity fade of NiO
(T'=400 and 500 °C) is faster than of NiO (7'=700 and 900 °C).

4. Conclusions

Nano-crystalline metal oxides (Co304, CuO, and NiO) have
been synthesized via an ultrasonic spray pyrolysis method. The
effect of the final calcination temperature on the morphology,
crystallinity size and electrochemical properties of the metal
oxides (Co304, CuO, and NiO) has been investigated. From
XRD analysis, it is found that the crystallite size of the metal
oxides varies with the calcination temperature, namely, the crys-
tallite size increases linearly with increase in temperature until
a constant size is achieved. The morphology of metal oxides
is also strongly influenced by the final calcination temperature.
The morphological difference induced by the final calcination
temperature also affects the electrochemical performance of the
metal oxides. Evaluation of the electrochemical performance in
combination with observation of the morphology of metal oxides
by SEM and TEM analysis suggests that there is an optimum
calcination temperature for each metal oxide. It is found that
the optimum calcination temperature is 700, 500 and 500 °C for
C0304, CuO and NiO, respectively.
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