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0.6Li,Mn03-0.4Li(Niy3Mn;3C04/3)O, composite cathode powders are prepared by spray pyrolysis.
The spherical shape of the precursor powders are maintained after post-treatment at temperatures
between 600 and 900°C. The grain growth in the powders increases with increasing post-treatment
temperatures. The BET surface area of the composite cathode powders post-treated at 800°C is 7
m? gt The discharge capacity of the cathode powders post-treated at 800°C decreases from 274
mAh g * to 242 mAh g by the 50" cycle, the capacity retention being 88.3%. However, the discharge
capacity of the powders post-treated at 700°C decreases from 247 mAh g * to 201 mAh g by the 9™
cycle. A high amount of Li,MnO3 in composite powders post-treated at high temperatures improves
their cycle properties even at a high cutoff voltage of 4.8 V.
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1. INTRODUCTION

Layered Li(Niy3sMny3C013)O2 (NMC) has attracted considerable attention as a cathode
material because of the merits of Mn-containing electrode materials [1-6]. Li(Niy3Mny3Co01/3)O, and
related compounds constitute a class of promising cathode materials because of their high specific
capacities, low cost, and environmental friendliness [7,8]. In spite of these advantages, only about 50—
60% of the theoretical capacity of these compounds can be utilized in practical cells because of
structural and chemical instabilities.

Li-rich Li-Ni-Mn-Co oxide compounds have mixed-layered crystal structures of the form
Li,MnO3-LiMO; (M = Ni, Co, or Mn) [7-13]. Li,MnOjs stabilizes the electrode structure and enhances
the discharge capacity of an electrode by allowing Li to be extracted concomitant with a release of O
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(a net loss of Li,0), typically at voltages in the range 4.6-4.8 V, forming a layered MnO, component
[11,14]. In particular, Li-rich NMC materials have been reported to be very promising because of their
high capacities [11-13]. Electrodes containing these Li-rich NMC compositions can operate at high
anodic potentials of 4.9 V vs. Li/Li* and provide capacities higher than 250 mAh g * [11].

To improve the electrochemical properties of composite cathode materials, the dispersion of the
layered Li;MnO; phase in the layered LiMO; matrix is required to be uniform and fine [15,16].
Furthermore, the characteristics of the composite cathode materials are strongly affected by the
methods used to prepare the cathode powders [15-21]. The solid-state reaction method has a drawback
in the preparation of the composite powders with uniform composition. Zheng et al. prepared Li-rich
NMC cathode powders by using the coprecipitation (CP), sol-gel (SG), and sucrose combustion (SC)
methods and showed that preparation methods strongly affected the morphological and
electrochemical properties of the prepared powders [11].

Spray pyrolysis is a useful simple method for preparing highly pure cathode powders with fine-
size and spherical shape [22-29]. Therefore, spray pyrolysis will has the advantages in the preparation
of multicomponent composite cathode powders with uniform dispersion of the layered Li,MnQO3 phase
in the layered LiMO, matrix. However, spray pyrolysis has not been well applied in the preparation of
the layered-layered composite cathode powders. In this study, precursor powders for 0.6Li,MnOs-
0.4Li(Niy3Mny3C013)O, were prepared by spray pyrolysis. The electrochemical properties of the
composite powders post-treated at temperatures between 600°C and 900°C were investigated.

2. EXPERIMENTAL

0.6Li,Mn0O3-0.4Li(Niy;3Mn13C01/3)O, composite cathode powders were prepared by ultrasonic
spray pyrolysis. A 1.7-MHz ultrasonic spray generator with six vibrators was used to generate a large
amount of droplets. The inner diameter and length of the quartz reactor in this generator were 55 mm
and 1.2 m, respectively. The reactor temperature was maintained at 900°C. The flow rate of the air
used as the carrier gas was fixed at 20 L min*. Precursor powders prepared by spray pyrolysis were
post-treated in air atmosphere at temperatures between 600 and 900°C for 5 h. The precursor solution
was prepared by dissolving LiINO3 (Junsei, 98%), Ni(NOz3),:6H,0 (Junsei, 98%), Mn(NO3),:6H,0
(Junsei, 97%), and Co(NO3),-6H,0 (Junsei, 98%) in distilled water. The lithium component in excess
of 3% weight of the stoichiometric amount was added to a spray solution. The overall concentration of
Li, Ni, Mn, and Co components in the spray solution was 0.5 M.

The crystal structures of the precursor and post-treated cathode powders were investigated by
X-ray diffractometry (XRD, X’pert PRO MPD) using Cu Ko radiation (A = 1.5418 A) at the Korea
Basic Science Institute (Daegu). Moreover, the morphological characteristics of the powders were
investigated by scanning electron microscopy (SEM, JEOL JSM-6060). Furthermore, the elemental
compositions of the powders were investigated using an inductively coupled plasma—optical emission
spectrometer (ICP-OES, Thermo elemental, ICAP 6000). A cathode electrode was prepared using a
mixture of 80 wt% composite cathode powders, 10 wt% carbon black, and 10 wt%
polytetrafluoroethylene (PTFE) binder. Li metal and a microporous polypropylene film were used as
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the anode electrode and the separator, respectively. The electrolyte used was 1 M LiPFg in a 1:1
mixture by volume of ethylene carbonate (EC) and dimethyl carbonate (DMC). The charge/discharge
characteristics of the samples were measured by cycling them in the 2.0-4.8 V potential range at a
constant current density of 25 mA g by using a coin cell (2032 type).

3. RESUTLS AND DISCUSSION

Figure 1. SEM image of precursor powders prepared by spray pyrolysis.
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Figure 2. XRD patterns of precursor and composite powders post-treated at various temperatures.
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The morphology of the precursor powders prepared by spray pyrolysis is shown in Fig. 1. The
precursor powders contained micrometer-sized spherical grains. The precursor powders were post-
treated at temperatures between 600°C and 900°C to obtain layered-layered composite powders. Fig. 2
shows the XRD patterns of the precursor and post-treated cathode powders. The precursor powders
showed a layered crystal structure similar to that of LiMO,. However, the precursor powders and the
powders post-treated at low temperatures (below 700°C) showed low intensity ratios for the (003) and
(104) peaks. The intensity ratios for the (003) and (104) peaks corresponding to the layered cathode
materials indicate the degree of the anti-site mixing of Ni and Li [30-32]. The intensity ratios for the
(003) and (104) peaks in the XRD patterns increased with increasing post-treatment temperatures up to
900°C. The intensity ratios for the (003) and (104) peaks corresponding to the cathode powders post-
treated at 700°C, 800°C, and 900°C were 1.26, 1.45, and 1.62, respectively.
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Figure 3. SEM images of composite cathode powders post-treated at various temperatures.

A clear split between the (018) and (110) peaks was also observed at high post-treatment
temperatures (above 800°C). The XRD patterns of the cathode powders post-treated at temperatures
above 700°C showed a peak near 21°, which can be attributed to the superlattice structure of Li,MnOs
[33-35]. The post-treated powders had a mixed-layered crystal structure of Li,MnOs; and
Li(Niy3Mny3C043)O, phases and formed a composite compound. The mean crystallite sizes of the
powders as measured using Scherrer’s equation and the (003) peak widths of the XRD patterns were
18, 34, and 40 nm at the post-treatment temperatures of 700°C, 800°C, and 900°C, respectively. The
mole ratio of Li/(Ni + Mn + Co) in the composite powders post-treated at 800°C, as determined by ICP
analysis, was 1.4. Fig. 3 shows the morphologies of the 0.6Li,MnO3-0.4Li(Niy3Mn13C01/3)0;
composite cathode powders post-treated at various temperatures. The post-treated cathode powders
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maintained the spherical shape of the precursor powders, irrespective of the post-treatment temperature.
However, the grain growth in the powders increased with increasing post-treatment temperatures. The
BET surface areas of the cathode powders decreased with post-treatment temperatures (see Table 1).

Table 1. Properties of the composite cathode powders post-treated at various temperatures.

600°C 35 234 81.4
700°C 15 247 79.0
800°C 7 274 83.9
900°C 4 254 79.6
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Figure 4. Initial charge/discharge curves for composite cathode powders post-treated at various
temperatures at a constant current density of 25 mA g between 2.0 and 4.8 V.

Fig. 4 shows the initial charge/discharge curves for the 0.6Li,MnO3-0.4Li(Niy3sMny3C04/3)0,
composite cathode powders post-treated at various temperatures at a constant current density of 25
mA g ' between 2.0 and 4.8 V. The initial charge curves showed two distinct electrochemical reactions,
irrespective of the post-treatment temperature of the cathode powders. The removal of Li from the
Li(Niy3sMny/3C01/3)O, component is indicated by the smoothly sloping voltage profile below 4.5 V in
Fig. 4 [7,11]. The voltage plateau above 4.5 V is attributed to the removal of Li,O from the Li,MnO3
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component [11-13,17]. The initial discharge capacities and the Coulombic efficiencies of the first
cycles were affected by the post-treatment temperatures of the composite cathode powders (see Table
1). The optimum post-treatment temperature was 800°C to obtain the composite cathode powders with
high initial discharge capacity and the high Coulombic efficiency of the first cycle. The differential
capacity vs. voltage (dQ/dV) curves for the first cycles are shown in Fig. 5.
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Figure 5. Initial differential capacity vs. voltage curves for composite cathode powders post-treated at
various temperatures.

The initial dQ/dV curves showed two distinct oxidation peaks at around 3.8 and 4.6 V. The
peak at around 3.8 V is due to the oxidation of Ni** to Ni*". The peak at around 4.6 V is due to the
irreversible reaction involving the removal of Li and O as Li,O from Li,MnO3 [17]. The peak intensity
of the oxidation peak at around 4.6 V increased with increasing post-treatment temperatures. A high
amount of layered Li,MnO3 material was formed at the high post-treatment temperatures of 800°C and
900°C. Mn has been shown to exist as Mn** ions in the Li(Niy;3sMny3Co4/3)O, component, and the Mn
in this component does not take part in the redox processes [36]. MnO, formed from Li,MnO3; by
elimination of Li,O in the initial charge process is activated to form LiMnO, [41]. Small reduction
peaks ascribed to the reduction of Mn** to Mn** were observed below 3.5 V in the initial dQ/dV curves.
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The reduction peak intensities are similar regardless of the post-treatment temperature of the composite
cathode powder. When the MnO, formed from Li,MnO3 had a large grain size or a large crystallite
size, Mn*" transformed gradually into Mn®* from the surface of the grain or crystallite and participated
in the electrochemical reaction, according to the cycle numbers. Therefore, the composite powders
post-treated at low temperatures with low amounts of the Li,MnO3 phase showed peak intensities of
the Mn**/Mn®* redox reactions similar to those of powders post-treated at high temperatures with high
Li,MnO3 contents in the first cycles. The decomposition of the composite powders started at a high
temperature of 900°C. Therefore, the composite powders post-treated at 800°C had larger initial
discharge capacity than that of the powders post-treated at 900°C.

5.0 4 04Li[Ni_ ,Co, Mn_]O, 0.6Li,MnO, ‘
105 mAhg’ 198 mAhg’
4.5 4 e g Electrolyte|
i oxidation
24 mAhg'

Voltage(V)

. — e —r == RIS

0 50 100 150 200 250 300 350
. -1

Capacity(mAhg )

Figure 6. Cycle properties of composite cathode powders post-treated at 800°C at a constant current
density of 25 mA g between 2.0 and 4.8 V.

Fig. 6 shows the cycle properties of the 0.6Li,MnQO3-0.4Li(NiyzsMny3C01/3)0, composite
cathode powders post-treated at 800°C at a constant current density of 25 mA g* between 2.0 and 4.8
V. The initial charge capacity of the composite cathode powders was 327 mAh g *. The discharge
capacity of the composite cathode powders decreased from 274 mAh g * to 242 mAh g* by the 50"
cycle, the capacity retention being 88.3%. The Li(Niy3sMny3Co43)O, cathode material showed poor
cycle properties at operating voltages above 4.5 V [37,38]. However, the prepared composite powders
showed good cycle properties even at high operating voltages because of their improved structural
stability provided by the formation of Li,MnOg3 [7-13]. The differential capacity vs. voltage (dQ/dV)
curves after the second cycle for the cathode material post-treated at 800°C are shown in Fig. 7. The
dQ/dV curves have two broad oxidation peaks between 3.5 V and 4.8 V. The peak at around 3.8 V is
due to the oxidation of Ni** to Ni** [39,40]. As mentioned above, Mn has been shown to exist as Mn**
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ions in the layered Li(Niy3Mny3C01/3)O, cathode material [36].
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Figure 7. Differential capacity vs. voltage curves after the second cycle for composite cathode
powders post-treated at 800°C.

Therefore, no oxidation and reduction peaks of the Mn ions were observed in the first and
second dQ/dV curves in Figs. 5 and 7. The distinct oxidation (Mn** to Mn**) and reduction (Mn** to
Mn®") peaks of the Mn ions were observed beginning in the 5 charging and discharging curves below
3.5 V. The inactive MnO, formed by leaching of Li,O from the Li,MnO3; component in the first
charging process was activated to form layered LiMnO, cathode material in the following discharge
processes [41]. The layered LiMnO, gradually transformed into spinel LiMn,O, as the cycle number
increased to 10 cycles [42]. Therefore, the reduction and oxidation peaks of the Mn ions shift to low-
voltage regions in the charging and discharging curves as the cycle number increases. However, the
shapes of the dQ/dV curves slightly changed after 10 cycles, as shown in Fig. 7. Therefore, the
prepared composite cathode powders had high capacity retention after cycling at a high cutoff voltage
of 4.8 V.

Fig. 8 shows the cycle properties of the 0.6Li,MnQO3-0.4Li(NiyzsMny3C01/3)O0, composite
cathode powders post-treated at 700°C at a constant current density of 25 mA g * between 2.0 and 4.8
V. The initial charge capacity of the composite cathode powders was 312 mAh g*. The discharge
capacity of the cell decreased from 247 mAh g* to 201 mAh g by the 9" cycle, the capacity retention
being 81.4%. The differential capacity vs. voltage (dQ/dV) curves for the cathode material post-treated
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at 700°C are shown in Fig. 9.

5.0 Layered + Spinel 0.6Li,MnO,
120 mAhg' 166 mAhg" .
4.5 ———— T wF,lectmI_\'lc
oxidation
N = 26 mAhg'
S 404 N
Z ;
]
w i
S 354
=
>
3.0 /7
2.9
1 9(h “ \ 2’“‘ lnt
20 i ——p———— 77—
0 50 100 150 200 250 300

Capacity(mAhg")

Figure 8. Cycle properties of composite cathode powders post-treated at 700°C at a constant current
density of 25 mA g between 2.0 and 4.8 V.
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Figure 9. Differential capacity vs. voltage curves after the second cycle for composite cathode
powders post-treated at 700°C.
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Figure 10. Cycling performance of composite cathode powders post-treated at various temperatures at
a constant current density of 25 mA g between 2.0 and 4.8 V.

The reduction peaks of the Mn ions clearly shift to the low-voltage regions in the dQ/dV curves
as the cycle number increases. Rapid transformation of the layered LiMnO, to spinel LiMn,0,
occurred. The stabilization effect of the Li,MnO3; phase was poor in the composite powders post-
treated at 700°C. The poor cycle property was also due to the high surface area and low crystallinity of
the composite powders post-treated at 700°C.

Fig. 10 shows the cycle properties of the 0.6Li,MnO3-0.4Li(Niy3Mny3C01/3)0, cathode
powders post-treated at various temperatures. The charge and discharge capacities of the cathode
powders post-treated at 600°C and 700°C abruptly decreased within several cycles. On the other hand,
the cathode powders post-treated at 800°C and 900°C had good cycle properties even after 50 cycles.
The high amount of the Li,MnOj3 phase in the composite powders post-treated at high temperatures
improved the cycle properties even at a high cutoff voltage of 4.8 V.

4. CONCLUSIONS

In this study, 0.6Li,MnOs3-0.4Li(Ni1sMn13C01/3)O2 composite cathode powders were prepared
by spray pyrolysis. The powders post-treated at temperatures between 600°C and 900°C had high
initial charge/discharge capacities, regardless of the post-treatment temperature. However, the post-
treatment temperature strongly affected the cycle properties of the composite cathode powders. The
composite cathode powders post-treated at high temperatures with high amounts of the Li,MnOj3 phase
had good cycle properties as well as the high initial charge/discharge capacities.
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