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Layered-spinel 0.7Li,Mn0O3-0.3Li;MnsO;, composite cathode powders are prepared by spray
pyrolysis. Composite powders post-treated at temperatures below 800°C have spherical shapes and
porous nanostructures. The BET surface areas of the composite powders decrease from 18.8 to 1.8 m?
g ! when the post-treatment temperature is increased from 550°C to 850°C. The composite powders
post-treated at temperatures below 700°C have similar charge capacities due to the Mn**"** redox
reaction of the spinel component when they are initially charged to 4.5 V (about 41 mAh g 7).
However, the initial charge capacities of the composite powders post-treated at 550°C, 600°C, 650°C,
and 700°C are 203, 197, 166, and 105 mAh g, respectively, when they are charged to 4.95 V. The
elimination of Li,O from the layered Li,MnO3; component is affected by the crystallite size of the
Li,MnO3 phase as well as the grain size in the composite powders. The discharge capacities of the
composite powders post-treated at 600°C increase from 220 to 263 mAh g * after 3 cycles. Then, the
discharge capacities monotonically decrease to 201 mAh g * after 30 cycles.
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1. INTRODUCTION

It is well known that Li-Mn spinel is one of the most promising candidates for the cathode
material of lithium secondary batteries [1,2]. Li-Mn spinel has significant advantages, such as low
cost, abundance, safety, ease of preparation, and nontoxicity. However, since its capacity fades during
cycling, particularly at elevated temperatures and high voltages, its application has been limited.
However, the upper cutoff voltage limit has been gradually increased in an attempt to increase the
reversible capacity of this cathode material.
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Lithium-rich layered-layered composite materials have high charge/discharge capacities when
they are electrochemically activated at approximately 4.6 V [3-21]. Johnson et al. prepared layered-
spinel composite cathode powders using the solid-state reaction method [22]. When these layered-
spinel composite cathode powders were cycled between 5 and 2 V, a rechargeable capacity >250 mAh
g ! was achieved [22]. The characteristics of the layered-layered composite cathode materials are
strongly affected by the process adopted for preparing the powders [12-17]. The solid-state reaction
method does not produce composite powders with a uniform composition. Liquid solution methods,
including the coprecipitation, sol-gel, and sucrose combustion methods, have been applied to prepare
layered-layered composite cathode powders [17-21]. However, layered-spinel composite cathode
materials have scarcely been studied in the field of advanced ceramic manufacturing processes.

In this study, layered-spinel 0.7Li,MnO3-0.3LisMns0O;, composite cathode powders were
prepared by spray pyrolysis. Spinel LisMnsO;, has previously been proposed and studied as a
promising positive electrode material for lithium secondary batteries [23-25]. LisMnsO;, cathode
material prepared by conventional methods had an initial discharge capacity of about 140 mAh g* in
the range of cell voltages from 2.5 to 3.6 V [23]. Spray pyrolysis, a gas-phase reaction method, is
advantageous for the preparation of multicomponent, nonaggregated cathode powders [26-31]. The
morphological and electrochemical properties of the 0.7Li,MnO3-0.3Li4MnsO;, composite powders
post-treated at various temperatures were investigated.

2. EXPERIMENTAL

The spray pyrolysis equipment consists of three parts: a six-pack ultrasonic spray generator
operated at 1.7 MHz, a 1000-mm-long tubular quartz reactor of 50-mm ID, and a bag filter for
collecting particles. The precursor solution was prepared by dissolving stoichiometric amounts of
lithium nitrate (98%, Junsei) and manganese nitrate hexahydrate (97%, Junsei) in distilled water. The
overall concentration of the Li and Mn components in the solution was 0.5 M. The powders were
obtained by spray pyrolysis at 900°C. The flow rate of air used as the carrier gas was fixed at 20 L
min. The as-prepared powders were post-treated in a box furnace at various temperatures ranging
from 550°C to 850°C for 3 h in air atmosphere.

The crystal structures of the prepared cathode powders were investigated using X-ray
diffractometry (XRD; RIGAKU DMAX-33) with Cu Kalradiation (A= 15418 A). The
morphological characteristics of the powders were investigated using scanning electron microscopy
(SEM; JEOL, JSM-6060) and transmission electron microscopy (TEM, JEOL, JEM-2100F). The
specific surface areas of the composite cathode powders were measured using the Brunauer-Emmett-
Teller (BET) method. The capacities and cycle properties of the powders were determined by using a
2032-type coin cell. The cathode electrode was prepared from a mixture containing 20 mg of
0.7Li,Mn03-0.3LisMns0;, and 12 mg of TAB (TAB is a mixture of 9.6 mg of teflonized acetylene
black and 2.4 mg of a binder). Lithium metal and microporous polypropylene film were used as the
counter electrode and separator, respectively. The electrolyte was 1 M LiPFg in a 1:1 mixture by
volume of ethylene carbonate (EC)/dimethyl carbonate (DMC). The cell was assembled in a glove box
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in an argon atmosphere. The charge/discharge characteristics of the samples were measured by cycling
in the potential range of 2-4.95 V at 23 mA g *. Cyclic voltammetry (CV) was performed for the
potential interval of 2.0-4.95 V vs. Li*/Li.

3. RESULTS AND DISCUSSION
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Figure 1. SEM and TEM images of the 0.7Li,MnQO3-0.3Li;MnsO;, precursor powders prepared by
spray pyrolysis.

The morphology of the precursor powders obtained by spray pyrolysis is shown in Fig. 1. The
precursor powders had aggregated structures of primary particles, spherical shapes, and submicron
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sizes. The sizes of the primary particles in the TEM image were as fine as several nanometers because
of the short residence time, 4 s, of the powders inside the hot wall reactor. The precursor powders were
post-treated to improve the physical and electrochemical properties of the cathode powders. The XRD
patterns of the precursor powders and the powders post-treated at various temperatures are shown in
Fig. 2.
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Figure 2. XRD patterns of the 0.7Li,Mn0O3-0.3Li;Mns01, composite powders post-treated at various
temperatures.

The XRD pattern of the precursor powders indicated a crystal structure similar to those of the
post-treated powders, even for such a short residence time of the powders inside the hot wall reactor.
However, the precursor powders had highly disordered structures, judging from the broadened peaks.
The peaks of the XRD patterns sharpened when the post-treatment temperature increased from 550°C
to 750°C. The post-treated powders had a superlattice peak near 21° that can be attributed to the
superlattice structure of the layered Li,MnQOj3 [3-5]. Therefore, the post-treated powders had a layered-
spinel composite structure. The intensity of the layered Li,MnO; peak appearing near 21° increased
with increasing post-treatment temperature up to 800°C. The layered Li,MnOj3 phase in composite
powders has previously been reported to be stable at post-treatment temperatures below 750°C [22]. In
this study, the decomposition of the layered Li,MnO3 phase occurred at 850°C, beyond which the peak
intensity of the layered Li,MnOj3 phase strictly decreased. The intensity of the spinel peak appearing
near 45° increased with increasing post-treatment temperature up to 750°C. The decomposition of the
spinel phase occurred at 800°C. Therefore, the intensities of the XRD peaks of the composite powders
decreased at temperatures above 800°C. Clear separation of the XRD peaks of the spinel and the
layered phases near 45° was observed at high post-treatment temperatures above 700°C.
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Figure 3. SEM images of the 0.7Li,Mn03-0.3Li;Mns0;, composite powders post-treated at various
temperatures.

Fig. 3 shows the morphologies of the post-treated 0.7Li,MnO3-0.3Li4Mns01, composite
powders. The composite powders post-treated at temperatures below 750°C had spherically shaped
particles and aggregated nanostructures. However, grain growth in the composite powders above
800°C destroyed the spherical shapes of the precursor powder particles. The BET surface areas of the
precursor powder and the composite powder post-treated at 600°C were 20.7 and 16.7 m?® g,
respectively. The post-treatment of the composite powders at 600°C slightly decreased the BET
surface area through crystal growth. When the two solid phases are mixed, each phase prevents the
crystal growth of the other phase. Therefore, the composite powders had fine grain sizes and high
surface areas even after post-treatment at 600°C for 3 h. However, the BET surface areas of the
composite powders post-treated at 750°C, 800°C, and 850°C were 6.2, 3.4, and 1.8 m? g,
respectively.

299 5313
—]



Int. J. Electrochem. Sci., Vol. 8, 2013 4857

(b)

Figure 4. TEM images of the 0.7Li,MnOs-0.3LisMns01, composite powders post-treated at 600°C.

Abrupt grain growth of the composite powders occurred at a post-treatment temperature of
800°C. Fig. 4 shows low- and high-resolution TEM images of the 0.7Li,MnO3-0.3LisMnsO;,
composite powders post-treated 600°C. The mean size of the primary particles measured from the

TEM image was 17 nm.
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Figure 5. Initial charge-discharge curves of 0.7Li,MnO3-0.3Li;MnsO1, composite powders post-
treated at various temperatures.
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Figure 6. dQ/dV versus V curves of the initial cycles for 0.7Li,Mn0O3-0.3Li;MnsO;, composite
powders post-treated at various temperatures.

Figs. 5 and 6 show the initial charge-discharge curves and the differential capacity vs. voltage
(dQ/dV) curves of Li/0.7Li,Mn03-0.3Li4Mns0;, electrodes post-treated at various temperatures. The
initial charge and discharge curves showed the characteristics of the layered and spinel composite
powders irrespective of the post-treatment temperature. However, the initial charge and discharge
capacities due to the layered and spinel phases of the composite powders were different for different
post-treatment temperatures. The composite powders post-treated at temperatures below 700°C had
similar charge capacities due to the Mn®*"** redox reaction of the spinel component when they were
initially charged to 4.5 V (about 41 mAh g%). The small charge capacities of the composite powders
below 4.5 V for all post-treatment temperatures indicate that a small amount of Mn** exists in the
composite powders. However, the initial charge capacities of the composite powders decreased from
203 to 105 mAh g * when the post-treatment temperature increased from 550 to 700°C (see table 1).
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Table 1. Initial charge and discharge capacities, and first cycle efficiencies of the composite powders
post-treated at various temperatures.

Charge capacity Discharge capacity First cycle efficiency

(MAh g™) (mAh g~) (%)
550°C 203 244 120
600°C 197 228 116
650°C 166 220 132
700°C 105 201 191
750°C 106 176 166
800°C 54 133 246
850°C 64 99 155

The voltage plateau in the initial charge curves near 4.7 V was attributed to the removal of
Li,O from the layered Li,MnO3; component [7,8]. The intensity of the oxidation peak near 4.7 V due to
the removal of Li,O from the layered Li,MnO3; component of the composite powders decreased with
increasing the post-treatment temperature, as shown in the dQ/dV curves in Fig. 6. The charge
capacities of the composite powders post-treated at 550°C, 600°C, 650°C, and 700°C delivered by the
layered Li,MnOs; component were 107, 79, 57, and 22 mAh g, respectively. The sharpness of the
XRD peaks of the layered Li,MnO3; component of the composite powders increased with increasing
post-treatment temperature up to 750°C, as shown in the XRD patterns. In addition, the spinel
LisMnsO;, component can gradually decompose to the spinel LiMn,O,4 and the layered LiMnO, and
Li,MnO3; components at high post-treatment temperatures above 600°C [24,32]. Therefore, the relative
abundance of the layered Li,MnO3z component in the composite powders will increase with increasing
post-treatment temperature. However, the charge capacities of the composite powders delivered by the
layered Li,MnO3; component decreased with increasing post-treatment temperature. The elimination of
Li,O from the layered Li,MnO3; component was affected by the crystallite size of the Li,MnO3 phase
as well as the grain size in the composite powders. The crystal growth in the composite powders at
higher post-treatment temperatures inhibited the formation of the MnO, component from Li,MnQOj3 by
elimination of Li,O in the first charging process. The composite powders post-treated at temperatures
of 750°C and 800°C had larger initial charge capacities (>70 mAh g ) due to the Mn*"** redox
reaction than did the composite powders post-treated at temperatures below 700°C when they were
initially charged to 4.5 V. The formation of electrochemically active spinel LiMn,O4 and layered
LiMnO, components increased the initial charge capacities in the low-voltage region. On the other
hand, the voltage plateau above 4.5 V, which was attributed to the removal of Li,O from the layered
Li,MnO3; component, was not observed in the initial charge curves of the composite powders post-
treated at temperatures of 750 and 800°C. The abrupt growth of the Li,MnQOj3 crystals and the grains of
the composite powders post-treated at 750°C and 800°C, as shown in the XRD patterns and the SEM
images, reduced the amount of elimination of Li,O from the layered Li,MnO3 component. The low
initial charge capacity of the composite powders post-treated at 850°C when they were charged to 4.95
V is due to the decomposition of the layered and the spinel Li-Mn-O components. The peak intensities
in the XRD pattern abruptly decreased at a post-treatment temperature of 850°C. The initial discharge
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capacities of the composite powders decreased from 244 to 99 mAh g when the post-treatment
temperature increased from 550 to 850°C.
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Figure 7. Cycling performances of 0.7Li,Mn0O3-0.3Li;Mns0;, composite powders post-treated at
various temperatures.
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Figure 8. The charge-discharge curve profiles of 1%, 2" 5" 10™ 20™ and 30™ cycles for 0.7Li,MnOs-
0.3LisMns04, composite powders post-treated at 600°C.
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Fig. 7 shows the cycle properties of the layered-spinel composite cathode powders. The
discharge capacity of the composite powders post-treated at 550°C abruptly decreased from 245 to 202
mAh g ! after 7 cycles. The composite powders post-treated at 550°C had a large amount of the
layered Li,MnO3; component, as shown in the initial charge and dQ/dV curves in Figs. 5 and 6.
However, the Li,MnO; component of the composite powders post-treated at 550°C was easily
electrochemically activated because of fine crystallites dispersed in the nanostructured composite
powders with a high surface area.
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Figure 9. dQ/dV versus V curves of 1%, 2" 5" 10™ 20" and 30" cycles for 0.7Li,MnO;-
0.3Li;Mns01, composite powders post-treated at 600°C.

A high percentage of the Li,MnO3; component was changed into a spinel component through
the MnO, component in the initial charging and discharging processes. Therefore, the structural
stability provided by the Li,MnO3; component was not observed in the cycle properties of the
composite powders post-treated at 550°C. The discharge capacities of the composite powders post-
treated at 750°C were initially low, 176 mAh g . However, the composite powders post-treated at a
high temperature of 750°C had good cycle properties because of the structural stability provided by the
Li,MnO3; component, even at a high operation voltage [22]. The discharge capacities of the composite
powders post-treated at 600°C increased from 221 to 264 mAh g * after 3 cycles. Then, the discharge
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capacities monotonically decreased to 201 mAh g* after 30 cycles. Figs. 8 and 9 show the
charge/discharge and dQ/dV curves of the composite powders post-treated at 600°C after various
numbers of cycles. The clear voltage plateau near 4.7 VV was also observed in the charge curve of the
second cycle, as shown in Fig. 8. MnO, material was formed from Li,MnO3 by elimination of Li,O in
the first several charging processes. The oxidation peak near 4.7 VV was also observed in the dQ/dV
curve of the second cycle in Fig. 9. On the other hand, the oxidation peak near 4.7 V was not observed
in the dQ/dV curve of the fifth cycle. Activation of the inactive MnO, component formed from
Li,MnOsinto an active layered or spinel component increased the discharge capacities of the cathode
powders within 3 cycles. The voltage plateaus near 4.0 V in the discharge curves become increasingly
flatter with increasing cycle number in Fig. 8. The layered structure formed from the inactive MnO,
slowly transformed into a spinel structure. The dQ/dV curves of the composite powders after the 30"
cycle had the same shapes as that of pure spinel LiMn,0, [33].

4. CONCLUSIONS

The physical and electrochemical properties of layered-spinel 0.7Li,MnQO3-0.3LisMns01;
composite cathode powders prepared by spray pyrolysis were investigated. The prepared and post-
treated composite powders had spherically shaped particles and porous nanostructures. Decomposition
of the layered LioMnQO3 and spinel phases occurred at 850°C and 800°C, respectively. The initial
charge capacities of the composite powders post-treated at 550°C, 600°C, 650°C, and 700°C were 203,
197, 166, and 105 mAh g%, respectively, when they were charged to 4.95 V. The relative abundance
of the layered Li,MnO3; component in the composite powders increased with increasing post-treatment
temperature up to 800°C. However, the initial charge capacities of the composite powders delivered by
the layered Li,MnO3z component decreased with increasing post-treatment temperature. The crystal
growth in the composite powders at higher post-treatment temperatures inhibited the formation of the
MnO, component from Li,MnQOj3 by elimination of Li,O in the first charging process. The discharge
capacities of the composite powders post-treated at 600°C changed from 264 to 201 mAh g after 30
cycles. The structural stability provided by the Li,MnO3 component improved the cycle properties of
the composite cathode powders even at high operation voltage.
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