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A Li[Nig3C004Mng 3]0, cathode is modified by applying a Li-La-Ti-O coating using the hydrothermal
method. The coated Li[Nip3C0.4Mng3]0; is characterized by X-ray diffraction analysis, scanning elec-
tron microscopy, energy-dispersive spectrometry, transmission electron microscopy, and differential
scanning calorimetry. The Li-La-Ti-O coating layer is formed as crystalline (perovskite structure) or
amorphous phase depending on the heating temperature. The Li-La-Ti-O coated Li[Nip3C094Mng3]0>
electrode has better rate capability than the pristine electrode. In particular, the rate capability is sig-
nificantly associated with heating temperature; this is probably due to the phase of the coating layer.
It appears that the Li-La-Ti-O coating of amorphous phase is superior to that of crystalline phase for
obtaining enhanced rate capability of the coated samples. The thermal stability and cyclic performance
of the Li[Nip3C004Mng3]O, electrode are also improved by Li-La-Ti-O coating. These improvements
indicate that the Li-La-Ti-O coating is effective in suppressing the chemical and structural instabilities
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of Li[Nip.3C00.4Mng3]0>.
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1. Introduction

Since Sony announced the commercial availability of recharge-
able lithium batteries, they have been widely used as power sources
for cellular phones, PDAs, and notebook computers. Nowadays, the
lithium battery industry has branched out new applications such
as electric vehicles (EVs), hybrid electric vehicles (HEVs), plug-in
hybrid electric vehicles (PHEVs) and electric power tools [1-4].
These new products are expected to open a huge lithium battery
market and lead to the setting up of related industries. In order to
meet the challenging requirements of these new applications, the
cathode material, a core constituent of lithium batteries, needs to
be significantly improved in terms of cost, safety, power, energy
density, and cycle life. One approach to improve these properties
is coating treatment of the surface of cathode powder with stable
coating materials. There have been several reports that physical
and chemical properties are significantly improved by coating with
oxides [5-11], phosphates [12-17], and fluorides [18,19]. Coat-
ings result in reduced cation dissolution during cycling, lower
impedance resistance of the interface between cathode and elec-
trolyte, and enhanced structural stability at high voltage. One of the
most interesting results is the fact that the rate capability can be
enhanced by surface coating. Basically, the coating materials are
non-conductive materials of lithium ions and electrons, so they
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may act as an obstacle to the diffusion of lithium ions and elec-
trons. However, the surface coating suppresses the formation of an
unwanted surface layer originating from the dissolution of cations
(e.g., Co, Ni, and Mn...) and/or the attack of HF in the electrolyte
[11-14]. The unwanted surface layer is a major obstacle to lithium
and electron diffusion, so suppression of the unwanted layer facil-
itates the movement of lithium ions and electrons. However, it is
possible that the surface coating layer itself is a hindrance to the
diffusion of lithium ions and electrons.

Herein, we introduce a solid electrolyte (Li-La-Ti-O type) as
a coating material to enhance the conductivity of the coating
layer and increase the rate capability. Li-La-Ti-O is a good solid
electrolyte owing to its high ion conductivity of ~10-3Scm~!
at room temperature [20-25]. Moreover, it has higher electronic
conductivity than other solid electrolytes. The high electronic
conductivity is a major problem in using Li-La-Ti-O as a solid
electrolyte, but it is a great advantage for a coating material. It
is expected that a positive electrode coated with Li-La-Ti-O will
have a greater rate capability owing to the coating with high ionic
and electronic conductivity, as well as good cyclic performances
and thermal stability owing to the protection effect from reactive
electrolyte.

Commercial Li[Nig3Cog4Mng3]05, which is a promising cath-
ode material owing to its high discharge capacity and stable cycle
life, was used as a pristine powder. The hydrothermal method for
coating was adopted to achieve a more uniform coating. Gener-
ally, coating is applied by mixing cathode powders and coating
solution followed by drying and heat-treatment (i.e., a typical wet
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Fig. 1. SEM images of Li[Nig3C094Mng 3]0, powder. (a) Pristine; (b) 700A; (c) 700B; (d) 400A; (e) 400B.
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process). However, the hydrothermal method employing temper-
ature and pressure to react the cathode and coating solution, can
achieve a more uniform coating on the surface of a pristine cath-
ode. In this study, Li-La-Ti-O was coated on the surface of a

Table 1
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Li[Nig3Cog4Mng 3]0, cathode using the hydrothermal method and
the electrochemical and structural properties of the coated elec-
trode were examined. Thermal stability was also investigated to

determine the coating effect.

Discharge capacities and capacity retentions of pristine and coated Li[Nip3C004Mng3]0, samples at various C rates (values of the initial cycle at respective C rates). (The
percentages refer to capacity retention compared with the discharge capacity at the 0.5 C rate).

Pristine (mAhg=1) (%) 700A (mAhg!) (%) 700B (mAhg1) (%) 400A (mAhg!) (%) 400B (mAhg!) (%)
0.5C 179.25 100.0 175.8 100.0 175.23 100.0 173.9 100.0 177.02 100.0
1C 157.71 88.0 159.19 90.6 158.44 90.4 158.70 91.3 160.15 90.5
2C 128.81 71.9 143.71 81.8 144.07 82.2 143.25 82.4 143.19 80.9
3C 105.73 59.0 129.72 73.8 123.32 70.4 131.27 75.5 130.26 73.6
6C 55.72 311 92.06 524 89.55 51.1 103.74 59.7 99.62 56.3
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100 nm

Fig. 2. TEM images of Li[Nip 3Co04Mng 3]0, powder. (a) Pristine; (b) 700A; (c) 700B; (d) 400A; (e) 400B. The images on the right are spot patterns of the area marked in the

white circle in the TEM images.

2. Experimental

Pristine Li[Nip3C094Mng3]O, powder was supplied by Dae-
jung Chemicals & Metals. To prepare Li-La-Ti-O coating solution,
lithium nitrate [LiNO3] (Aldrich), lanthanum(Ill) nitrate hex-
ahydrate [La(NOs3)3-6H,0] (99.99%, Aldrich), and titanium(IV)
isopropoxide [Ti(OCH(CH3)3)4] (97%, Aldrich) were dissolved in
isopropanol and ammonium solution was added while the mixture
was continuously stirred at 50-60 °C on a hot plate. The molar ratio
of Li:La:Ti sources was 0.5:0.5:1. (Coating material was assumed as

Lig5Lag5TiO3). The solution was clear before the addition of ammo-
nium, but as more ammonium was added, the solution turned into
acolloid-type solution. We tested two types of solution for the coat-
ing treatment, one was a clear coating solution, for which 0.2 g of
3wt.% ammonium solution was added to 12 g of source solution
(containing 0.002 mol organic sources), and the other was a colloid-
type coating solution, for which 0.4 g of 3 wt.% ammonium solution
was added to 12 g of source solution. Pristine Li[Nig3Cog4Mng3]0;
powder was added to the coating solution and well mixed. The mix-
ture was introduced into a Parr bomb and heated to 120°C for 15 h



HJ. Lee et al. / Journal of Power Sources 195 (2010) 6122-6129

6125

CoLa i Lata | 0L NiLI
- TiKa

p— Lalb2
— WhKa
— MuKb
— CoKa

e OKa ill

= 'S
1

0 200 3.00 400 5.00 600 7.00 200 9.00 10,00

Fig. 3. EDS peaks of coated Li[Ni 3C004Mng 3]0, powder. (a) 700A; (b) 400A.

to produce a hydrothermal reaction. Afterward, the slurry was dried
and heat-treated in a furnace at 400 and 700°C for 6 h to obtain
Li-La-Ti-0 coated Li[Nig 3Cog 4Mng 3]0, powder. X-ray diffraction
(XRD) patterns of powders were obtained using a Rigaku X-ray
diffractometer in the 2( range of 10-70° with monochromatized
Cu-K radiation (A =1.5406A). The microstructure of the powder
was observed by field-emission scanning electron microscopy (FE-
SEM, JEOL-JSM 6500F). Transmission electron microscopy (FE-TEM,
JEOL-JEM 2100F) was also carried out with an electron microscope,
operating at 200 kV.

The cathodes for electrochemical studies were prepared using
a doctor-blade coating method with a slurry of 80 wt.% coated
active material, 12wt.% conductive carbon(Super-P) and 8 wt.%
poly vinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP),
as the solvent for the mixture. It was then applied to an alu-
minum foil current collector and dried at 90°C in an oven. The
coated cathode foil was cut into circular discs 12 mm in diame-
ter. The electrochemical performances of the discs were evaluated
with coin-type cells of the 2032 configuration and the discs were
assembled in an argon-filled glove box. Lithium metal was used
as the anode. The electrolyte was 1 M LiPFg with ethylene carbon-
ate/dimethyl carbonate (EC/DMC) (1:1, vol.%). Cells were subjected
to galvanostatic cycling using a WonAtech system in the voltage
range of 4.6-3.0V at rates of 1-6 C.

Differential scanning calorimetry (DSC) samples for the cath-
ode were prepared by the following treatment before testing. Cells
containing sample electrodes were charged to 4.6 V with a current
density of 36 mAg~!, and the potential was held until the current
density reached 4 mAg~1. The cells were then disassembled in a dry

room to remove the charged positive electrode. 5 mg of the positive
electrode including electrolyte was sealed in a high-pressure DSC
pan. The heating rate and temperature range in the DSC tests were
5°Cmin~! and 25-350°C, respectively.

3. Results and discussion

Li[Nig3Cop4Mng 3]0, was coated with the two types of coat-
ing solution. The coated samples were named 700A (coated with
colloid-type solution and heat-treated at 700°C), 700B (coated
with clear solution and heat-treated at 700°C), 400A (coated
with colloid-type solution and heat-treated at 400°C), and 400B
(coated with clear solution and heat-treated at 400°C). Fig. 1
presents scanning electron microscopy (SEM) images of pristine
and Li-La-Ti-O coated samples. The pristine powder appears as
5-8 wm spheres composed of smooth-edged 0.2-0.5 wm polyhe-
dral primary particles. The crystal faces and edges on the surface
of the pristine Li[Nig3Cog4Mng3]0, are very clear. In compar-
ison, the surfaces of the coated samples were covered by fine
nano-particles 10-50 nm in size. It seems that the coating par-
ticles of 700B and 400B were more uniformly distributed than
those of 700A and 400A, which indicates the clear coating solution
is better than the colloid-type coating solution in forming a uni-
form coating layer. The surfaces of the powders were not perfectly
encapsulated by the coating layers. However, coating particles eas-
ily migrated into the lattice of the parent powder during heating
treatment and cycling because the surface free energy of these
nano-particles is very high owing to their size [26]. Thus, portions
of the surfaces of coated powders, those are not directly in con-
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Table 2
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Discharge capacities (1st and 50th cycles) and capacity retentions (during 50 cycles) of Li[Nig 3C04Mng 3]0, samples in the voltage range of 4.8-3.0V at the 1 C rate.

Pristine (mAhg=') (%) 700A (mAhg1) (%)

700B (mAhg')

(%) 400A (mAhg1) (%) 400B (mAhg!) (%)

72.5 193.11

137.54

187.92
128.84

68.6 193.45

140.17

Ist
50th

71.2 69.1 187.24

139.06

193.54 74.3

133.68

tact with coating particles, may also be affected by the coating
elements.

Transition electron microscopy (TEM) images of the pristine
and Li-La-Ti-O coated samples are shown in Fig. 2. The right TEM
images show spot patterns of the coating layers. The coating layers
of 700A and 700B samples, which were heat-treated at 700 °C, were
crystalline or quasi-crystalline containing amorphous phase a lit-
tle. In particular, the spot pattern of the coating layer of 700B was
clear, indicating good crystallinity. In contrast, the coating layers of
400A and 400B, which were heat-treated at 400 °C, seem to have an
amorphous phase. This difference may be attributed to the heating
temperature after coating treatment. Generally, Li-La-Ti-O solid
electrolyte with high ionic conductivity is a crystalline phase (per-
ovskite). However, most solid electrolytes are amorphous phases
because the flexible structure of an amorphous phase can facilitate
the diffusion of ions. The phase of the coating layer may be asso-
ciated with electrochemical properties such as the rate capability.
The elements of the coating layer were confirmed by TEM-EDS anal-
ysis, as shown in Fig. 3. The detection of clear peaks corresponding
to La and Ti confirm that the Li-La-Ti-O coating layer successfully
formed on the surface of pristine Li[Nig 3Cog 4Mng 3]0, powder.

Fig. 4 shows XRD patterns of the pristine and Li-La-Ti-O coated
Li[Nig3Cog4Mng 3]0, powders. All the observed peaks for pristine
powder can be indexed to a hexagonal a-NaFeO, structure (space
group: R-3m). The diffraction patterns of 400A and 400B powders

003) (104) (a)
\ (101) (110)
012) 5 a8y (113
©12) (105) (107) (113)
z ' ' ' [ )
=] fm;
.E ] * | A M_ A
% : T ' ‘ ) g
2 | |
w |
= \ |
;g *_. A M A
; Jt o | @
} L\_L A M A
T T T T T T T T T T T T T
J (e
| A_/\_,J‘L_J\ A M__a
T T T J T .
20 40 60 80

2Theta(deg.)

E
.

LB )
000X

60

40 80

Fig. 4. XRD patterns of Li[Nip3C004Mng3]0, samples. (a) Pristine; (b) 700A; (c)
700B; (d) 400A; (e) 400B.

are identical to those of the pristine sample, even though a coat-
ing layer has formed on the surface. This also indicates that the
coating layer of the samples heat-treated at 400°C is an amor-
phous phase. However, the crystalline phase of the coating layer
was clearly detected in the diffraction patterns of 700A and 700B.
The small peak at 260 =32.2° corresponds to the (110) reflection of
the typical Li-La-Ti-O perovskite structure, which indicates that
the coating layer of samples heat-treated at 700°C is a crystalline
phase with perovskite structure. This is consistent with the result
of TEM analysis in Fig. 2. Apart from a small peak associated with
the coating material, a structural change in the pristine powder due
to surface coating and heat-treatment was not observed in the XRD
patterns.

The electrochemical properties of the pristine and coated
Li[Nig3Cop4Mng 3]0, electrodes were characterized to examine
the coating effect on capacity, cyclic performance, and rate capa-
bility. Fig. 5 shows the discharge capacity and cyclic property of
the pristine and coated Li[Nig 3C094Mng 3]0, electrodes at differ-
ent C rates. The cells were cycled at 0.5, 1-3, and 6C rates in the
voltage range of 4.6-3.0V at a constant temperature of 30°C. All
samples had a similar discharge capacity for several initial cycles at
rates of 0.5 and 1 C. However, the Li-La-Ti-O coated samples had
obviously higher capacity at rates of 2, 3 and 6 C. It is clear that the
Li-La-Ti-O coating was effective in achieving higher rate capabil-
ity with respect to the delivered capacity. Table 1 summarizes the
discharge capacity and capacity retention at various C rates (the
values of initial cycles at respective C rates). From the table, it is
apparent that the ratio of the discharge capacity at a high C rate
to that at a 0.5 C rate was increased by the coating treatment. The
capacity retention for the pristine electrode at the 6 C rate was only
~31%, compared with that at 0.5 C rate. However, coated samples
had more than 50% capacity retention under the same measure-
ment condition. Fig. 6 shows the voltage profiles of pristine and
Li-La-Ti-O coated samples at 3 and 6 C rates as functions of the
capacity. The coated samples had higher discharge capacity at both
Crates. The ability of a surface coating to enhance the rate capabil-
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Fig. 5. Discharge capacities and cyclic performances of pristine and coated
Li[Nig3C004Mng 3]0, electrodes in the voltage range of 4.6-3.0V at 0.5, 1, 2, 3, and
6 C rates.
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Li[Nip3C004Mng3]0, electrodes in the voltage range of 4.6-3.0V at (a) 3C
and (b) 6C rates.

ity has been previously reported [12-19]. LiPFg salt in electrolyte
produces HF via reaction with moisture in the air. The HF attacks
the surface of the cathode, and thus the cations (Co, Ni,and Mn ions)
in the structure of the cathode dissolve into the electrolyte, and an
interface layer, which interrupts the diffusion of lithium ions and
electrons, forms on the surface of the cathode [11]. However, the
coating material can act as a HF scavenger and reduce the unwanted
reaction between the electrode and electrolyte. The enhanced rate
capability of the coated samples may be attributed to the reduc-
tion of cation dissolution and suppression of the formation of a
surface interface layer. Moreover, the high ionic conductivity of
the coating material (Li-La-Ti-O) may increase the rate capabil-
ity. It is interesting that the samples heat-treated at 400 °C (400A
and 400B) have slightly higher rate capabilities than those of the
samples heat-treated at 700 °C. In contrast, the effect of the type of
coating solution (clear solution or colloid-type solution) on capac-
ity was negligible at all C rates, as shown in Figs. 5 and 6. The
ionic and electronic conductivities of Li-La-Ti-O layer are depen-
dent on the composition, structure, and phase [20-25]. Moreover,
they are affected by the cathode material coming into contact with
the Li-La-Ti-O electrolyte [27]. The phase of the coated layer was
confirmed as being crystalline with perovskite structure (700A and
700B) or amorphous phase (400A and 400B). Considering the pris-
tine powder and coating material to be the same, it is likely that the
better rate capability of 400A and 400B compared with that of 700A
and 700B is highly due to the phase of the coating layer. The amor-
phous phase can offer vacant space for the diffusion of lithium ions
and promote lithium ion transfer through the interfaces between
the electrode and electrolyte. Another possibility is that different
heating temperatures lead to different surface reactions between
coating particles and elements on the surface of the pristine pow-
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Fig. 7. Cyclic performance of Li[Nig3C094Mng 3]0, electrodes in the voltage range
of 4.8-3.0V at the 1 C rate.

der. A higher temperature facilitates a reaction between coating
materials (Li-La-Ti-O) and elements of the pristine powder such
as Li, Co, Ni, and Mn, and thus the compositions of the coating lay-
ers of 700A and 700B change more than that of 400A and 400B
do. Thus, the electrochemical property of a coated sample could
be associated with the final composition of the coating layer after
heat-treatment.

The cyclic properties of pristine and coated electrode were mea-
sured in the voltage range of 4.8-3.0V at the 1 Crate. Both pristine
and coated Li[Nig3Cog4Mng 3]0, had stable cyclic performance in
the voltage range of4.6-3.0V, as presented in Fig. 5. However, when
the cut-off charge voltage was 4.8 V, significant capacity fading was
observed during cycling. It is known that chemical or structural
instability begins in the high voltage range above 4.6 V for the Li[Ni,
Co, Mn]O, cathode, because of oxygen loss from the lattice in a
highly charged state [28]. To examine the effect of the Li-La-Ti-O
coating on the cycling behavior under a chemically and structurally
unstable condition, the cut-off charge voltage was increased to
4.8V in this work. As shown in Fig. 7, the coated samples had
improved cyclic performance in the voltage range of 4.8-2.0V,
which indicates that the Li-La-Ti-O coating is effective in increas-
ing the chemical and structural stability of Li[Nig3Cog4Mng 3]0,
in a highly charged state (above 4.6V). Table 2 summarizes the
discharge capacity and capacity retention in the voltage range of
4.8-3.0V. For a pristine electrode, the capacity retention during
50 cycles was 68.6%. In contrast, the capacity retention increased
to 72.5, 71.2, 69.1, and 74.3% for samples 700A, 700B, 400A, and
400B, respectively. Although the Li-La-Ti-O coating did not per-
fectly suppress the instability, the rapid loss of discharge capacity
in the high cut-off voltage range was enhanced by the coating treat-
ment. 400B had better capacity retention than the other samples
had.

Thermal stability of the Li[Nig3Cog4Mng 3]0, electrode before
and after Li-La-Ti-O coating was investigated using DSC analysis
in the following test. The electrodes were charged to 4.6V before
the test and sealed in a high-pressure DSC pan. Fig. 8 presents the
DSC profiles of pristine and coated Li[Nig 3C0g.4Mng 3 |0, electrodes.
For the pristine sample, thermal reaction with the electrolyte com-
menced at roughly ~170°C and heat was generated until ~270°C.
There were three exothermic peaks including a large peak at
~262°C. The DSC profile of the coated sample had a slightly dif-
ferent shape. The exothermic peaks of 700A and 700B were clearly
distinguished as two small peaks, located at 180-250°C, and a large
peak, located at 180-310°C. Even though the large peaks of 700A
and 700B were sharper than that of the pristine sample, the onset
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Fig. 8. DSC scans of pristine and surface modified Li[Nig3C004Mng 3]0, electrodes in a fully charged state (cut-off voltage of 4.6 V). (a) Pristine sample; (b) 700A; (c) 700B;

(d) 400A; (e) 400B.

temperature was higher and the heat generation was less, which
indicated that the thermal stability was enhanced by the coating
treatment. The three exothermic peaks of 400A and 400B were
also well separated. The large exothermic peaks of 400A and 400B
shifted to a higher temperature of ~280°C compared with that of
the pristine sample. In particular, heat generation for the 400A sam-
ple was significantly decreased. Although there was little difference
in coating conditions, the exothermic peaks were clearly at higher
temperature and heat generation was decreased as well, which
indicates that the thermal stability of the Li[Nig3Cog4Mng 3]0,
electrode was improved by Li-La-Ti-O surface coating, owing to
the successful suppression of the surface reaction between elec-
trode and electrolyte by the stable coating.

4. Conclusions

Li-La-Ti-O was introduced as a coating material to improve the
electrochemical properties of a Li[Nig3Cog4Mng 3]0, cathode. The
hydrothermal method was used to obtain uniformly coated sam-
ples. The formation of a compact coating layer on the surface of
pristine particles was observed by SEM and TEM. XRD and TEM
analyses confirmed that the coating layer of the samples heat-
treated at 700 °C was a crystalline phase with perovskite structure,
but the coating layer of the samples heat-treated at 400°C was an
amorphous phase. The Li[Nig 3Cog 4Mng 3]0, electrode coated with

Li-La-Ti-O had an enhanced rate capability compared with the
pristine electrode. There is a change in the rate capability according
to heat-treatment temperature. The coated samples heat-treated
at 400°C had higher rate capability than those heat-treated at
700°C. It is expected that the phase (amorphous or crystalline) of
the Li-La-Ti-O coating layer may affect the electrochemical char-
acteristics of the coated sample. The cyclic performance of the
Li[Nig3Cog4Mng 3]0, electrode was improved by Li-La-Ti-O coat-
ing under the condition of a high cut-off voltage (4.8 V). DSC showed
that the Li-La-Ti-O coating also enhanced the thermal stability of
the Li[Nig3Cog4Mng 3]0, electrode. Such enhancements are due to
the presence of the stable Li-La-Ti-O coating layer, which effec-
tively suppresses reactions between electrode and electrolyte on
the surface of the electrode.
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