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a b s t r a c t

The surface of a commercial Li[Ni0.4Co0.3Mn0.3]O2 cathode is modified using Li3PO4-based coating mate-
rials. The electrochemical properties of the coated materials are investigated as a function of the pH
value of the coating solution and the composition of coating materials. The Li3PO4 coating solution
with pH 2 is found to be favorable for the formation of stable coating layers having enhanced elec-
trochemical properties. The Li3PO4, Li1.5PO4, and PO4 coating layers are formed as amorphous phases.
However, the Li3−xNix/2PO4 coating layers are composed of small particles with a crystalline phase cov-
eywords:
urface coating
lectrochemical property
athode
ithium battery

ered with an amorphous phase. Li3PO4 and Li1.5PO4 coatings considerably enhance the rate capability of
the Li[Ni0.4Co0.3Mn0.3]O2 electrode. In contrast, the Li3−xNix/2PO4 coating material, which contained Ni,
has an inferior rate capability compared to the LixPO4 series (x = 1.5 and 3), although the LiNiPO4-coated
electrode shows a better rate capability than a pristine one. Li3PO4-based coating materials are effective
at enhancing the cyclic performance of the electrode in the voltage range of 3.0–4.8 V. DSC analysis also
confirms the improved thermal stability attained by coating the cathode with Li3PO4-based materials.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

A cathode is one of the key components of lithium secondary
atteries that can affect the discharge capacity, cyclic perfor-
ance, rate capability, thermal stability, and safety of the batteries.

herefore, extensive research has been carried out to develop an
ptimum cathode material that offers high discharge capacity, a
ong cycle life, good rate capability, and excellent thermal stability.
nfortunately, such a perfect cathode material has not yet been

ound. However, several cathode materials such as spinel LiMn2O4,
livine LiFePO4, and layered Li(Ni, Co, Mn)O2 have been commer-
ialized; among these materials, although layered LiCoO2 is still the
ost widely used cathode material. Moreover, several treatment
ethods have been developed to enhance the electrochemical

roperties of cathode materials. One approach to improve the prop-
rties of cathodes is the surface modification of cathodes by coating
hem with stable materials. Several studies have reported that the

hysical and chemical properties of cathodes can be improved by
oating them with oxides [1–7] and phosphates [8–16]. However,
he effect of coating on cathodes is highly dependent on the specific
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E-mail addresses: yjpark2006@kyonggi.ac.kr, yjparketri@yahoo.co.kr (Y.J. Park).
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coating material [17–19], coating content, and heat treatment con-
ditions [20,21]. Phosphate is often used as a coating material. The
strong P O bond of phosphate may lead to good chemical resis-
tance of the cathode to acidic electrolytes [11]. In addition, the
strong covalency of the PO4 polyanions with the metal ions may
improve the thermal stability of the coated cathode [11]. Therefore,
several metal phosphates such as AlPO4 and Co3(PO4)2 have been
used as coating materials. These metal phosphates were effective at
preventing unwanted reactions between cathodes and electrolytes,
and this resulted in an improved cycle life and thermal stability.
However, these coating materials do not conduct lithium ions and
electrons; therefore, they may prevent the diffusion of lithium ions
and electrons.

Our study was motivated by the notion that if the coating
material could have good ionic conductivity, the surface coat-
ing, in addition to its protective effect, could facilitate ionic
diffusion of Li in the interface between the cathode and elec-
trolyte. In principle, Li3PO4 (or a Li3PO4-based structure) is a
stable lithium-ion-conducting solid electrolyte with a stable P O
bond. In this work, Li3PO4 and Li3PO4-based materials were intro-
duced as coating materials for a Li[Ni0.4Co0.3Mn0.3]O2 cathode.
Li[Ni0.4Co0.3Mn0.3]O2, a series of Li[Ni, Co, Mn]O2, is one of the most

promising cathode materials because its electrochemical property
is comparable or superior to the properties of other alternative
cathode materials [22–28]. However, Li[Ni0.4Co0.3Mn0.3]O2 still
requires an enhanced rate capability, stable cyclic performance at

dx.doi.org/10.1016/j.jpowsour.2010.09.027
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yjpark2006@kyonggi.ac.kr
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Fig. 1. SEM images and XRD data of Li[Ni0.4Co0.3Mn0.3]O2 powder. (a) Pristine pow-
der and Li3PO4-coated powders prepared by (b) pH 2, (c) pH 7.5, and (d) pH 10
848 H.G. Song et al. / Journal of Po

high voltage range, and high thermal stability to satisfy industrial
eeds. In this study, a Li[Ni0.4Co0.3Mn0.3]O2 cathode was coated
ith Li3PO4 and Li3PO4-based materials, and the electrochemical

nd structural properties of the coated electrode were investigated.
n particular, the effect of the composition of the coating material
nd the pH of coating solution was carefully examined.

. Experimental

The pristine Li[Ni0.4Co0.3Mn0.3]O2 powder was a commercial
roduct of ECOPRO. To prepare the coating solution, lithium nitrate
LiNO3] (Aldrich), nickel nitrate [Ni(NO3)2] (Aldrich), and diammo-
ium hydrogen phosphate [(NH4)2HPO4] (JUNSEI) were dissolved

n isopropanol with continuous stirring for 24 h at 21 ◦C. Ammo-
ium was diluted and added drop by drop into the coating solution
o adjust pH value. Subsequently, Li[Ni0.4Co0.3Mn0.3]O2 powder
as added to the coating solution and mixed thoroughly for 24 h at

1 ◦C. The slurry was dried in an oven at 100 ◦C for 12 h and heat-
reated in a furnace at 400 ◦C for 4 h. The estimated concentration of
ixPO4 in the Li[Ni0.4Co0.3Mn0.3]O2 powders was varied by using the
ollowing values of x: 0, 1.5, and 3. The pristine sample was also heat
reated at 400 ◦C for 4 h before the electrochemical tests to prevent
ffects caused by heating on the electrochemical property of the
athode powder. X-ray diffraction (XRD) patterns of powders were
btained using a Rigaku X-ray diffractometer in the 2� range of 10◦

o 70◦ with monochromatized Cu K� radiation (� = 1.5406 Å). The
icrostructure of the powder was observed using a field-emission

canning electron microscopy (FESEM, JEOL-JSM 6500F). A trans-
ission electron microscopy (TEM, JEOL-JEM 2100F) study was also

arried out using an electron microscope, operating at 200 kV.
The electrochemical performance of the coated

i[Ni0.4Co0.3Mn0.3]O2 cathodes was examined using two-electrode
est cells (of 2032 configuration) consisting of a cathode, metallic
ithium anode, polypropylene separator, and an electrolyte of
M LiPF6 in EC/DMC (1:1, vol%). The cathode contained 80 wt%
ctive materials, 12 wt% carbon black, and 8 wt% PVDF binder.
he components were ball-milled for homogeneous mixing and
hen coated on aluminum foils and dried at 90 ◦C for 2 h. The cells
ere assembled in an Ar-filled glove box. Cells were subjected

o galvanostatic cycling using a WonAtech system in the voltage
ange of 3.0–4.6 V or 3.0–4.8 V at various rates between 0.5 and 6 C.
he impedance measurement was carried out by electrochemical
orkstation (CH instrument, CHI 660A), where an AC voltage of
mV amplitude was applied over the frequency range of 0.1 Hz

o 100 kHz. To prepare samples of the cathodes for differential
canning calorimetry (DSC, Mettler Toledo), the coin cells were
harged to 4.6 V at 0.2 C. The cells were then disassembled in

dry room to remove the charged positive electrode. Next,
mg of the positive electrode containing the electrolyte was

ealed in a high pressure DSC pan. The heating rate and tem-
erature range in the DSC tests were 5 ◦C min−1 and 100–300 ◦C,
espectively.

. Results and discussion

The surface potential of the oxide powder is dependent upon the
H value of the solution. At low pH values (acidic solution), oxides
ave a positive surface charge, whereas, they have a negative sur-

ace charge at high pH values [7]. As a result, their charge could
ffect the formation of the coating layer. To determine the optimal
H value, the surface coating of the pristine powder was carried

ut at various pH values of the coating solution. The surface mor-
hology of the pristine and Li3PO4-coated Li[Ni0.4Co0.3Mn0.3]O2
owder was investigated using FE-SEM. As shown in Fig. 1, a smooth
nd clean surface was observed for the pristine powder. How-
coating solutions.

ever, numerous nanosized particles appeared on the surface of the
coated powder. The coating layer was formed on the surface of the
pristine powder for every coated sample. However, it is notice-
able that the size of coating particles decreased as the pH value
of the coating solution increased. In addition, it seemed that the
coated area of the surface of the parent powder decreased as the
pH value of the coating solution increased. This may suggest that
an alkalic coating solution is not favorable for the formation of a
stable coating layer. The XRD patterns of the pristine and Li3PO4-
coated Li[Ni0.4Co0.3Mn0.3]O2 powder were obtained to investigate
the structural change after coating (Fig. 1). However, the diffraction
patterns of coated powders were identical to those of the pristine
sample, even though a coating layer was formed on the surface by
different coating solutions. It appears that the surface coating layer
is an amorphous phase because the heating temperature of 400 ◦C
is not high enough to form a crystalline coating phase. Moreover,
it is likely that the coating process does not affect the crystalline
phase of the pristine powder.

The coating effect on the electrochemical properties of the pris-

tine and coated electrode was characterized. Fig. 2a shows the
discharge capacities and the cyclic performances of the pristine and
Li3PO4-coated electrode at 0.5, 1, 2, 3, and 6 C rates in the voltage
range of 3.0–4.6 V. The coated sample prepared using a pH 2 coat-
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Fig. 2. Rate capability of pristine and Li3PO4-coated Li[Ni0.4Co0.3Mn0.3]O2 electrodes
in the voltage range of 3.0–4.6 V at 0.5, 1, 2, 3, and 6 C rates. (a) Comparison of
discharge capacities and cyclic performances during cycling at various C rates. (b)
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nitial discharge capacity at various C rates normalized to the discharge capacity at
.5 C rate.

ng solution showed higher discharge capacity at all C rates than
hose of pristine powder. Specially, at high C rates, it had a remark-
bly superior discharge capacity compared with the capacity of the
ristine sample. However, the other coated electrodes showed infe-
ior discharge capacities and rate capabilities as compared to the
ristine powder. It is clear that Li3PO4 coating could be effective

n achieving a higher rate capability. However, the pH value of the
oating solution is a very sensitive condition that is necessary to
btain a desirable coating layer. To illustrate the rate capability
ore directly, the discharge capacity values at various C rates are

ormalized to the discharge capacity value at a rate of 0.5 C and
lotted in Fig. 2b. As shown in Fig. 2b, the capacity retention for the

ristine electrode at the 6 C rate was only 29% of the capacity at a
ate of 0.5 C. In contrast, the coated samples prepared using a pH 2
oating solution retained more than 43% of their original capacity

able 1
ischarge capacities and capacity retentions of pristine and Li3PO4-coated Li[Ni0.4Co0.3M
ercentages indicate the capacity retention during 50 cycles.

Cycle Pristine (mAh g−1) % Li3PO4 pH 2 (mAh g−1) %

1st 196 100 196.7 100
50th 125.8 64.1 145.4 73.9
Fig. 3. Cyclic performance of pristine and Li3PO4-coated Li[Ni0.4Co0.3Mn0.3]O2 elec-
trodes in the voltage range of 3.0–4.8 V at 1 C rate.

under the same conditions. However, the coated samples prepared
using high pH (7.5 and 10) coating solutions showed a rapid drop
of discharge capacity at high C rates.

To identify the effect of coating on the discharge capacity and
cycling behavior at high voltage, the upper cut-off voltage was
increased to 4.8 V. Chemical or structural instability begins in the
high voltage range above 4.6 V for the Li[Ni, Co, Mn]O2 cathode [7].
Fig. 3 shows the discharge capacity and cyclic performances in the
voltage range of 3.0–4.8 V at 1 C rate. As shown in Fig. 3, the cyclic
performance of the Li[Ni0.4Co0.3Mn0.3]O2 electrode at the high cut-
off voltage was improved by surface coating. During cycling, the
coated samples prepared using pH 2 and 7.5 coating solutions sus-
tained superior discharge capacities than that of pristine samples.
However, the capacity of a coated sample prepared using a pH
10 coating solution decreased. Table 1 summarizes the discharge
capacity and capacity retention in the voltage range of 3.0–4.8 V.
With regard to the discharge capacity and rate capability, a coating
solution with pH 2 is desirable for effective surface modification.
However, as shown in Figs. 2 and 3, when the pH was increased to
higher values, the performance of the surface coating layer became
unsatisfactory. Therefore, the pH value of the coating solution was
determined from this work.

Another important factor for determining coating effects is the
exact composition of the coating material. The coating material
is likely to easily diffuse into the surface and react with the ele-
ments of the bare material such as Li, Co, Ni, and Mn because of
the high surface free energy of nanoparticles, which is attributed
to their size. Therefore, it is difficult to analyze the exact compo-
sition of the coating layer. In addition, it has been reported that
a small amount of lithium constituents such as Li2O, which are
formed during the storage of powder, can easily react with coating
materials [16]. Herein, the lithium content of the coating mate-
3 4 1.5 4 0 4 4
addition, Li3−xNix/2PO4, a series of Li3PO4-based material contain-
ing Ni, were introduced for surface coating of Li[Ni0.4Co0.3Mn0.3]O2
because they could act as stable lithium-ion-conducting solid elec-

n0.3]O2 electrodes during 50 cycles in the voltage range of 3.0–4.8 V at 1 C rate.

Li3PO4 pH 7.5 (mAh g−1) % Li3PO4 pH 10 (mAh g−1) %

190.1 100 179.7 100
141.4 74.3 120.7 67.1
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ig. 4. SEM images of (a) pristine Li[Ni0.4Co0.3Mn0.3]O2 powder and Li[Ni0.4Co0.3Mn0

rolytes [15]. Fig. 4 shows SEM images of pristine and coated

i[Ni0.4Co0.3Mn0.3]O2 powders. Five Li3PO4-based materials were
sed as coating materials. Morphological changes to the surfaces
f the coated samples were observed. The surfaces of the Li1.5PO4
oated samples were covered by fine nanoparticles approximately
owder coated with (b) Li3PO4, (c) Li1.5PO4, (d) PO4, (e) LiNiPO4, and (f) Li0.5Ni1.25PO4.

100 nm in size. The changes were very similar in shape to the sur-

face morphology of the Li3PO4 coated samples. In contrast, the
coating layer of the PO4-coated sample consisted of smaller par-
ticles and (or) kinds of film. It is clear that the surface morphology
of PO4-coated samples was distinctly different with the Li3PO4-
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Fig. 5. TEM images of (a) pristine Li[Ni0.4Co0.3Mn0.3]O2 powder and
Li[Ni0.4Co0.3Mn0.3]O2 powder coated with (b) Li3PO4, (c) Li1.5PO4, (d) PO4, (e)
H.G. Song et al. / Journal of Po

nd Li1.5PO4-coated samples. The PO4 coating layer was expected
o react with several elements (Li, Co, Ni, and Mn) in the surface
f pristine powder. However, if the reaction between PO4 polyan-
ons and the metal ions in the surface was insufficient, a suitable
oating layer will not form on the surface. In some cases, the reac-
ion between PO4 polyanions and the metal of pristine powder can
eteriorate the structural stability of the parent phase, which may
egrade the electrochemical property of the electrode. The Li3PO4-
ased coating layer containing Ni also contained nanoparticles. The
iNiPO4-coated sample showed similar surface morphology as the
i3PO4- and Li1.5PO4-coated samples. The size of the nanoparti-
les in the coating layer was approximately 100 nm. However, the
i0.5Ni1.25PO4 coating layer consisted of much smaller nanoparti-
les.

To investigate the shape and crystallinity of the coating layer
n detail, TEM images and spot patterns of coating layers were
btained. As shown in Fig. 5a, the pristine particles had a smooth
urface, whereas the surfaces of coated Li[Ni0.4Co0.3Mn0.3]O2 par-
icles contained a coating layer. Li3PO4, Li1.5PO4, and PO4 coating
ayers were an amorphous phase, which was confirmed by the spot
atterns shown in the panels on the right in Fig. 5b–d. However, it is
oticeable that the Li3−xNix/2PO4 coating layer seemed to be com-
osed of small particles with a crystalline phase covered with an
morphous phase, as shown in Fig. 5e and f. The spot pattern of the
ight side also shows the coating layer is a mixture of crystalline
or quasi-crystalline) and an amorphous phase. It is clear that the
ddition of Ni facilitates the formation of the crystalline phase of
he Li3PO4-based coating material. In this work, all samples were
reated at 400 ◦C after coating, which is not hot enough to form a
erfect oxide crystalline phase. Moreover, many solid electrolytes
re amorphous phases because the flexible structure of an amor-
hous phase can facilitate the diffusion of ions. The phase of the
oating layer may affect the electrochemical properties such as the
ate capability.

The effect of Li3PO4-based coating on the rate capability was
nvestigated. The discharge capacities of the pristine and coated
lectrodes are shown in Fig. 6. The five coating materials, Li3PO4,
i1.5PO4, PO4, LiNiPO4, and Li0.5Ni1.25PO4, were tested in the volt-
ge range of 3.0–4.6 V at 0.5, 1, 2, 3, and 6 C rates. To compare
he discharge capacity, the initial discharge profile of pristine and
oated electrodes at 0.5 C, 3 C, and 6 C rates are shown in Fig. 7.
he PO4-coated sample showed inferior discharge capacity to the
ristine sample at all C rates. It is speculated that PO4 coating with-
ut metal ions may consume positive elements, such as the Li, Co,
n, and Ni of the pristine electrode, which leads to deterioration

f the electrochemical properties of the PO4-coated sample. How-
ver, a slightly Li-deficient coating material, Li1.5PO4, was a very
ffective coating material that enhanced the rate capability of the
i[Ni0.4Co0.3Mn0.3]O2 electrode. Li1.5PO4-coated samples had simi-
ar discharge capacities to that of the pristine sample at a 0.5 C rate.
ompared with the Li3PO4-coated samples, the Li1.5PO4-coated
ample showed a slightly smaller discharge capacity, which may
ue to the consumption of positive elements on the surface of
i[Ni0.4Co0.3Mn0.3]O2 particles. However, the Li1.5PO4-coated sam-
le had a superior discharge capacity as compared to the pristine
ample at high C rates. With the increase of C rate, the capacity
ifference between the pristine and Li1.5PO4-coated samples was
ore prominent, indicating that Li1.5PO4 coating enhanced the rate

apability of the Li[Ni0.4Co0.3Mn0.3]O2 electrode. Moreover, it is
emarkable that the Li1.5PO4-coated sample had a superior rate
apability to the Li3PO4-coated samples. Theoretically, the sur-
ace coated sample should have a lower discharge capacity and

ate capability because of the coating material, which does not
articipate in the lithium intercalation–deintercalation process.
owever, the stable surface coating layer can “protect” the elec-

rode from unwanted reactions with the electrolyte, so it may
LiNiPO4, and (f) Li0.5Ni1.25PO4. Right-side images of (b)–(f) are spot patterns of the
coating layer.

facilitate lithium diffusion or electron movement. This can explain
the enhancement in rate capability through surface modification
by coating. However, as shown in Figs. 4 and 5, the morphol-
ogy of the Li1.5PO4 coating layer was very similar to the Li3PO4
coating layer, which may imply that the coated area of the par-
ent particles were also similar. If the protection effect prevents
direct contact between electrode and electrolyte, the enhanced rate

capability of the Li1.5PO4-coated sample compared to the Li3PO4-
coated samples may not be clearly explained by only the protection
effect. The other possible explanation for the improved rate capa-
bility is that the coating layer acts as a lithium ion conductor.
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Fig. 6. Comparison of discharge capacities and rate capabilities of pristine electrode
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nd Li[Ni0.4Co0.3Mn0.3]O2 electrodes coated with Li3PO4, Li1.5PO4, PO4, LiNiPO4, and
i0.5Ni1.25PO4 in the voltage range of 3.0–4.6 V.

pecially, Li3PO4-based materials are a series of solid electrolytes
ith high lithium ion conductivity. Moreover, it is speculated that

he Li1.5PO4 coating materials could form a Li-deficient solid elec-
rolyte having numerous defects and vacancies. This is likely lead
o enhancement of lithium diffusivity of the interface between
he electrode and electrolyte. In contrast, the Li3−xNix/2PO4-coated
ample showed an inferior rate capability to the Li3PO4-coated
ample. Considering that the morphology of the LiNiPO4 coating
ayer is very similar to that of the Li3PO4 and Li1.5PO4 coating layers,
t is also suspected that LiNiPO4 coating layer have lower lithium
iffusivity than other coating layers. In Fig. 5e, the LiNiPO4 coat-

ng layer was a mixed phase that contained a crystalline phase.
enerally, the amorphous phases would favor lithium diffusion
ue to their flexible structures. The crystalline phase could dis-
urb the fast lithium ion diffusion through the coating layer. The
i0.5Ni1.25PO4-coated sample had an inferior rate capability com-
ared to the LiNiPO4-coated sample, which supports fact that the
i0.5Ni1.25PO4 coating layer showed a more distinct spot pattern,
ndicating superior crystallinity than LiNiPO4 coating layer. In addi-
ion, considering the differences in the surface morphologies of
iNiPO4 and Li0.5Ni1.25PO4 coating layers, as shown in Fig. 4e and f,
urface protection might also affect the difference in the rate prop-
rties of the samples. Table 2 summarizes the discharge capacity
nd capacity retention of pristine and coated electrodes at various
rates (the values of initial cycles at respective C rates). The capac-

ty retention for the pristine electrode at the 6 C rate was only ∼29%
f the capacity at a 0.5 C rate. However, the Li3PO4- and Li1.5PO4-
oated samples had ∼44% and ∼53% capacity retention under the

ame conditions, respectively. Although the LiNiPO4-coated sample
howed a slightly lower capacity retention of ∼43%, it was greater
han the capacity of the pristine sample. However, the capacity
etention of Li0.5Ni1.25PO4 dropped to ∼19%.

Fig. 7. Initial discharge profiles of pristine electrode and Li[Ni0.4Co0.3Mn0.3]O2 elec-
trodes coated with Li3PO4, Li1.5PO4, LiNiPO4, or Li0.5Ni1.25PO4 in the voltage range of
3.0–4.6 V at (a) 0.5 C, (b) 3 C, and (c) 6 C rates.

able 2
ischarge capacity and capacity retention of Li[Ni0.4Co0.3Mn0.3]O2 electrode at various C rates (values of the first cycle). Percentages indicate the capacity retention compared
ith the discharge capacity at a 0.5 C rate.

Pristine
(mAh g−1)

% Li3PO4

(mAh g−1)
% Li1.5PO4

(mAh g−1)
% PO4

(mAh g−1)
% LiNiPO4

(mAh g−1)
% Li0.5Ni0.125PO4

(mAh g−1)
%

0.5C 179.2 100 181.8 100 176.7 100 167 100 176.8 100 187.8 100
1C 157.7 88 164.9 90.7 158.3 89.5 138.6 82.9 158.8 89.8 163.3 86.9
2C 127.7 71.2 144.6 79.5 140.1 79.2 110.9 66.4 138 78 136 72.4
3C 104.6 58 129.2 71 125.7 71.1 85.7 51.3 120.7 68.2 113.3 60.3
6C 51.4 28.6 79.4 43.6 93.8 53 15.2 9.1 75.6 42.7 36.3 19.3
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Fig. 8. Impedance spectra of Li[Ni0.4Co0.3Mn0.3]O2 electrode coated with (a) Li3PO4, (b) Li1.5PO4, (c) LiNiPO4, and (d) Li0.5Ni1.25PO4 before electrochemical test. (All spectra
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ere compared with that of pristine one.)

To obtain more information about electrodes, impedance anal-
sis was introduced. Fig. 8 compares the impedance spectra of
ristine and coated electrode before electrochemical test. The

mpedance plot shows two overlapped semicircles and a straight
loping line. The high frequency semicircle presents the impedance
ue to a solid electrolyte interface formed on the surface of the
lectrode, and the intermediate frequency semicircle is related to
he charge-transfer resistance in the electrode/electrolyte inter-
ace [29]. A straight line in the low frequency region is related
o a Warburg impedance arising from the semi-infinite diffu-
ion of Li ions. As shown in Fig. 8, it was clear that all coated
amples had significantly smaller semicircles in impedance spec-
ra, compared with that of pristine samples. This indicates that
oth impedance values related with solid electrolyte interface
nd charge-transfer resistance are decreased by surface coat-
ng, which is correlated with enhanced rate capability of coated

lectrodes. To compare the impedance of the electrode after
torage at charged state, pristine and coated electrode was
harged to 4.6 V and stored 3 days at 50 ◦C. Fig. 9 shows the
mpedance spectra of the pristine and coated electrode after
storage. Except Li0.5Ni1.25PO4-coated electrode, Li3PO4, Li1.5PO4,
and LiNiPO4 coated electrodes showed lower impedance value
than that of the pristine one, which confirmed the coating treat-
ment was effective on surface protection from acidic electrolyte
at charge state. The relatively high impedance of Li0.5Ni1.25PO4-
coated electrode at charged state may explain its inferior rate
capability.

The cyclic performance of pristine and Li3PO4, Li1.5PO4, PO4,
LiNiPO4, and Li0.5Ni1.25PO4 electrodes were compared in the volt-
age range of 3.0–4.8 V at 1 C rate. As shown in Fig. 10, except
for the PO4-coated electrode, all coated electrode showed simi-
lar or slightly higher discharge capacities during the initial cycle.
Furthermore, all coated electrode showed better cyclic perfor-
mance than the pristine sample. This result indicates that structural
stability could be enhanced by coating electrodes with Li3PO4-
based materials. It is interesting that the LiNiPO4-coated sample

showed a slightly higher discharge capacity than other samples
in the voltage range of 3.0–4.8 V. As shown in Figs. 6 and 7,
Li1.5PO4 was optimum coating material for enhancing the rate
capability. In contrast, LiNiPO4 was not so good coating material
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Fig. 9. Impedance spectra of Li[Ni0.4Co0.3Mn0.3]O2 electrode coated with (a) Li3PO4, (b)
electrodes were charged to 4.6 V before storage. All spectra were compared with that of p

Fig. 10. Discharge capacity and cyclic performance of pristine electrode and
Li[Ni0.4Co0.3Mn0.3]O2 electrodes coated with Li3PO4, Li1.5PO4, PO4, LiNiPO4, or
Li0.5Ni1.25PO4 in the voltage range of 3.0–4.8 V at 1 C rate.
Li1.5PO4, (c) LiNiPO4, and (d) Li0.5Ni1.25PO4 after storage at 50oC for 3 days. (The
ristine one.)

for rate capability. However, to obtain a higher discharge capac-
ity in the high cut-off voltage range, LiNiPO4 coating was more
effective.

In the following test, the thermal stability of the
Li[Ni0.4Co0.3Mn0.3]O2 electrode before and after coating was
compared using DSC analysis. The electrodes were charged to 4.6
before the test and sealed in a high-pressure DSC pan. The DSC pro-
files of the pristine and Li1.5PO4- and LiNiPO4-coated samples are
shown in Fig. 11. The pristine sample showed a thermal reaction
with the electrolyte at 220 ◦C and heat was generated until 270 ◦C.
The Li1.5PO4-coated sample showed a thermal reaction with the
electrolyte at 240 ◦C and heat generation decreased. Moreover,
the heat generation was more prominently decreased by LiNiPO4
coating. This improvement in thermal stability may be due to the
suppression of the surface reaction between the electrode and
electrolyte by the stable coating material. Considering that coated
area of the parent particles of both coated samples are similar,

LiNiPO4 coating is more favorable for improving thermal stability
than Li1.5PO4 coating.
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. Conclusions

Li3PO4, which is a type of solid electrolyte, was introduced as a

oating material for a Li[Ni0.4Co0.3Mn0.3]O2 cathode. Three Li3PO4
oating solutions with pH 2, 7.5, and 10 were used to modify the
urface of Li[Ni0.4Co0.3Mn0.3]O2 powder. The surface morphology
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of the coated powder was dependent upon the pH value of the coat-
ing solution. The coated sample prepared using a coating solution
with pH 2 showed enhanced discharge capacity, rate capability,
and cyclic performance. However, if the pH value was high, the
performance of the surface coating layer was not satisfactory. Five
coating materials, Li3PO4, Li1.5PO4, PO4, LiNiPO4, and Li0.5Ni1.25PO4,
at pH 2, were used to modify Li[Ni0.4Co0.3Mn0.3]O2 powder. Li3PO4,
Li1.5PO4, and PO4 coating layers exhibited amorphous phases,
whereas the Li3−xNix/2PO4 coating layers were composed of small
particles with crystalline phases covered with amorphous phases.
Li1.5PO4, a slightly Li-deficient coating material, was a very effec-
tive coating material that enhanced the rate capability of the
Li[Ni0.4Co0.3Mn0.3]O2 electrode. This may be due to the formation
of a Li-deficient solid electrolyte layer having numerous defects
and vacancies, as well as the protection effect of a stable coat-
ing layer. In contrast, the Li3−xNix/2PO4-coated sample showed a
relatively inferior rate capability compared to the Li1.5PO4- and
Li3PO4-coated samples. The surface modified electrode coated with
Li3PO4-based materials showed enhanced cyclic performance in
the voltage range of 3.0–4.8 V, which indicates that the structural
stability was improved by surface coating. Although it was not so
good for rate capability, LiNiPO4 coating was effective for obtaining
higher discharge capacities in the high cut-off voltage range. More-
over, considering DSC analysis result, LiNiPO4 coating was more
favorable for improving thermal stability than Li1.5PO4 coating.
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