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Abstract The electrochemical properties of bare and
Co3(POy),-coated LiNig gCoq 16Alg 04O, electrodes after
high current damage testing were characterized. Damage
was induced by cycling with a high current density
of 600 m Ag_l. Co3(POy),-coated LiNig gCoq 16Alg 0402
electrodes exhibit lower capacity loss and better charge
retention than bare LiNiygCog 16Alg040, electrodes after
damage testing. The discharge capacity reduction of bare
and Co3(PO,),-coated electrodes after damage testing were
~27 and 15%, respectively. The impedance of cells con-
taining bare electrodes remarkably increased after high
current cycling, which may be induced by damage to the
electrode surface. However, damage was successfully
suppressed by the Cos3(PO,4), coating. Bare LiNiygCoq 16
Al 040, electrodes developed large amounts of cracks and
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other extended defects after high current cycling. In
contrast, Coz(PO,),-coated electrodes maintained stable
features after high current cycling, indicating the coating
layer effectively protected the surface of the LiNipg
Cog.16Alp.040, powder.

Keywords Chemical synthesis - Electrochemical
measurement - Electrochemical properties

1 Introduction

Since the emergence of lithium ion batteries, many efforts
have been made to develop good electrode materials with
improved electrochemical performance and low material
cost. Research has shown that the surface of electrode
materials is of great importance to the electrochemical
properties of lithium ion batteries. As a result, many groups
have focused attention on surface coating the cathode
material with metal oxide nanoparticles [1-9]. Coating
metal oxides, such as TiO,, Al,O3, SiO, and AIPOy, on the
surface improve capacity retention, rate capability, and,
in some cases, thermal stability, without sacrificing the
specific capacity of the cathode. Recently, Co3(PQOy),
nanoparticle coatings were introduced for modifying
LiCoO, [10]. Co3(PO,4), nanoparticles completely reacted
with Li in LiCoO,, resulting in the formation of a LiCoPQO,4
phase and a partially lithium-deficient Li,CoO, phase. The
olivine LiCoPO, phase is very electrochemically and
thermally stable, even after full delithiation [11]. Also, a
Co3(POy,), coating on the surface of LiNiggCoq 16Alg.040>
has been reported [12]. In fact, LiNiO,-based materials,
such as LiNig gCoq 16Alg.040,, are very promising cathode
materials with higher capacity and lower cost than com-
mercial LiCoO, for lithium ion batteries [13-18].
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However, LiNiO,-based materials rapidly take up moisture
and easily form surface film impurities, such as Li,CO; or
LiOH [19-21]. The Co3(POy), coating reacts with such
impurities during annealing to form an olivine LiCoPO,
phase on the surface, which improves storage at high
temperature [12].

In the present work, the effects of a Co3(PO,), nano-
particle coating on Li[Cog ;Nig 15Lig,Mngs5]O, cathode
material are characterized for surface damage caused by
high current cycling. Currently, cathode materials with
high rate capabilities have attracted attention for their
potential application in hybrid electric vehicles (HEV) or
electric vehicles (EV) [22, 23]. However, the rapid elec-
trochemical reaction due to high current can induce
mechanical stress and strain to the oxide particle, which
lead to damage to the structural and electrochemical
properties. This damage may concentrate on the surface of
the particle, thus the Co3(POy), coating on the surface of
the cathode material is expected to effectively depress high
current damage to the cathode material itself.

2 Experimental
LiNig gCoq.16Al0.040, used as starting material and refer-

ence samples were purchased from Sumitomo Chemical.
(NH4),HPO, (0.45 g) and Co(NOs), - 6H,O (1.5 g) were

dissolved in distilled water for the coating solution.
Ammonium hydroxide was added to the solution to
increase the pH to 8.5. LiNijgCoq 16Alg 040, powder
(50 g) was then slowly added to the coating solution and
mixed to create a uniform slurry. The mixture was dried at
130 °C for 5 h. The dried powder was ground and heat-
treated at 700 °C for 5 h. X-ray diffraction (XRD) patterns
were obtained on the cathode electrode using a Philips
X-ray diffractometer in the 20 ranges from 15 to 70° with
monochromatized Cu-Ko radiation (1 = 1.5406 A). Bare
and coated samples were tested with transmission electron
microscopy (TEM) (CM 20, Philips, 200 KV) before and
after high current damage.

For preparation of a positive electrode, 0.15 g (3% by
wt.) polyvinyl difluoride (Aldrich) was dissolved in about
12 mL of N-methyl-2-pyrrolidone for one hour, and then
4.75 g (94% by wt.) of sample powder and 0.15 g (3% by
wt.) of Super P black (MMM Carbon Co.) were added.
After 24 h of ball mill processing, the viscous slurry was
coated on aluminum foil using a scalpel and dried at 90 °C
in an oven. The obtained cathode film was hot-pressed at
100 °C. The thickness of the cathode film was about
30 um. Electrochemical cells were assembled in a dry
room using the positive electrode, lithium, porous poly-
ethylene film and 1 M LiPFg solution in 1:1:1 weight ratio
of ethylene carbonate:dimethyl carbonate:diethyl carbon-
ate. Cells were subjected to galvanostatic cycling using a
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Toyo (TOSCAT 3000) charge—discharge system. The
impedance measurement was carried out by a impedance/
grain phase analyzer (Solartron SI 1260) used in conjunc-
tion with a potentiostat (Solartron SI 1287) equipped with
Z-view software, where an AC voltage with an amplitude
of 5 mV was applied over the frequency range from 0.1 Hz
to 100 KHz.

3 Results and discussion

A damage testing was carried out by high current cycling.
The cells were initially charged and discharged at a low
current rate (40 mA g~ ') and then cycled 100 times at a
current rate of 600 mA g~ ' for high current cycling. The
voltage range was 4.3-3.0 or 4.5-3.0 V. Figure 1 shows
the charge—discharge profiles of the cells containing bare
and Coz(POy),-coated LiNigygCoq 16Alg 040, electrodes
during high current cycling damage testing. Considering
that the electrode was made with only 3% of carbon (Super
P), a current density of 600 mA g~ ' seemed to be sufficient
to produce damage on the surface of the LiNigg.
Cop.16Alp.040, powder. In the initial charge—discharge
profile before high current cycling, the bare LiNigg
Coy.16Al0.040, electrode displays larger polarization than
that of the Cos(POy,),-coated electrode. This indicates that
the coating treatment is beneficial for intercalation/dein-
tercalation of lithium ions during cycling and decreases the
internal resistance of the cells. During high current cycling,
the voltage profile steeply increased and decreased.
Although the voltage range was set on the cycler to be
between 4.3-3.0 or 4.5-3.0 V, the voltage profile of the
bare electrode dropped below O V and went above 5 V.
However, the Co3(PO,),-coated electrode showed a rela-
tively narrower out-of-range profile with voltages between
2 and 4.5 V. The charge and discharge capacity of the bare
electrode during high current cycling was almost zero, but
the Co3(PO,4),-coated electrode delivered capacity, even
though it was very small, when high current cycling was
in the voltage range of 4.5-3.0 V, which indicates that
the Co;3(PO,), coating increased the rate capability of
the LiNipgCog 16Alg040, electrode. The effect of the
Co3(PO,), coating on rate capability was reported in detail
in previous work [24].

After high current cycling, the voltage profiles of
the cells containing the bare and the Co3(PO,),-coated
electrodes were observed, as shown in Fig. 2. Initially five
cycles were tested at a current density of 20 mA g~ (rate
of ~0.1 C), and then the current density was increased to
40, 100, 200, 400, and 600 mA g_1 for subsequent cycles.
The profile of the bare electrode showed high polarization
even though a relatively low current density (20 mA g~ ")
was supplied, and the profile rapidly became steeper with
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Fig. 2 Voltage profiles of cells containing LiNiggCoq 16Al0.0402
electrodes after high current cycling (damage test) at different current
densities. Current density of 20 mA g~' for cycles 1-5, 40 mA g™
for cycles 6-10, 100 mA g~' for cycles 11-15, 200 mA g~ for
cycles 1620, 400 mA g=' for cycles 21-25, and 600 mA g~
for cycles 26-30. (a) Bare electrode, measuring voltage range is
4.3-3.0 V; (b) bare electrode, measuring voltage range is 4.5-3.0 V;
(¢) Co3(POy),-coated electrode, measuring voltage range is
4.3-3.0 V; (d) Co3(POy),-coated electrode, measuring voltage range
is 4.5-3.0 V

increasing current density. When the current density was
increased over 100 mA g~ ', capacity dropped to almost
zero. The degradation of the charge—discharge profile
shows that the bare electrode was seriously damaged by
high current cycling. In contrast, the polarization of the
voltage profile for the Coz(PO,),-coated electrode was
much smaller, and the change of the profile with increasing
current density was more gradual. Even though it was
relatively weak, capacity was detected up to the higher
current density level of 400 mA g~ . Figure 3 displays the
discharge capacity and cyclic performance of the cells
containing bare and Co3(PO,),-coated electrodes at dif-
ferent current densities after high current cycling (after
damage testing as shown in Fig. 1). Before the high current
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Fig. 3 The cyclic performance of cells containing bare and
Co3(POy),-coated electrodes after high current cycling (damage test)
at different current densities

cycling, the bare and Co;(POy),-coated electrodes exhib-
ited a discharge capacity of ~190 and ~200 mAh g~ ',
respectively, at a current density of 20 mA g~ ' in the
voltage range of 4.5-3.0 (not included in Fig. 3) [24].
However, after high current cycling, the capacities were

decreased to ~140 and ~170 mAh g~ ' under the same

conditions, indicating both samples were damaged. How-
ever, the coated sample showed less of a capacity loss
during high current cycling. With increasing current den-
sity (from 20 to 400 mA gfl), the Co3(PO,),-coated
electrode showed higher discharge capacity and better rate
capability than the bare electrode. Considering Figs. 2 and
3, it is obvious that the Co;(PO,4), coating can decrease
damage caused by high current cycling.

AC impedance analysis has been known as a powerful
technique to determine the kinetic parameters of the elec-
trode process [25-27]. To confirm the effects of Co3(PO,4),
coatings on LiNijgCoq 16Alg040, electrodes, impedace
spectra of the cells containing bare and coated electrodes
were obtained. Figure 4 shows the Nyquist plot of the cells
before and after the high current damage testing. The
measurement was carried out at a charged state to 4.3 or
4.5 V. The semicircle of the Nyquist plot of the bare
electrode was dramatically increased after the damage
test. It is presumed that structural changes of the electrode,
including chemical dissolution of the transition metal ion
and/or surface film formation, may result in a remarkable
increase of impedance during the damage test. In contrast,
it is interesting that the size of the semicircle for the
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Co3(POy),-coated electrode did not increase; instead,
another small semicircle appeared during the damage test.
The electrochemical reaction of the positive electrode
proceeds as an insertion/extraction reaction of lithium
ions, which leads to changes in the molar volume of the
materials. Thus, the reaction induces mechanical stress
and strain to the oxide particles [28]. As the current
density is increased during cycling, the stress and strain
will increase due to rapid diffusion of lithium ions
between the cathode electrode and the electrolyte, which
can lead to damage of the electrode, such as structural
changes or chemical decomposition/dissolution of the
metal oxide. Specifically, the damage will focus on the
surface of the powder because it is contacting and reacting
with the electrolyte. The vulnerable surface of the elec-
trode could be protected by a nanoparticle Coz(POy),
coating. Co3(POy4), nanoparticles were reported to have
completely diffused into the surface of the cathode
material and reacted with lithium of the cathode material
or a surface impurity, such as Li,CO5 [10]. As such, it is
expected that the surface of Cos;(POy4),-coated LiNigg.
Coy.15Al9,050, powder would be covered with Li,CoPO,
phase [12, 24]. It is obvious that the LiCoPO, phase can
effectively prevent structural changes or chemical
decomposition/dissolution of the metal oxide [12], thus
maintaining low impedance during high current damage
testing. Moreover, the covalent-bond nature of (PO,)*~
with its cation contributed to a strong resistance toward
reaction with the electroltyte [8]. However, a new small
semicircle was formed in the very low frequency range
after the damage test, which may be associated with a new
impedance factor originating from a surface reaction
between the surface coating layer and the electrolyte
during the high current cycling process. As shown in
Figs. 2 and 3, the capacity and charge retention of the
Cosz(POy),-coated electrode was deteriorated after the
damage test, although it was less serious than the deteri-
oration of the bare electrode. The new semicircle can
explain the degradation of the electrochemical properties
of the Co3(POy,),-coated electrode after the damage test.
The phases of bare and Coz(POy),-coated LiNijgCoyg 16
Aly 040, powders were investigated by XRD analysis, as
shown in Fig. 5. The XRD patterns of both samples after
damage testing are identical to those of samples before
damage testing. Even though, specifically in the case of
bare LiNig gCoq 16Alg.040, powder, it is possible that there
could be formation of a surface layer, structural phase
transformation, or dissolution of cation ions, they were not
detected by XRD analysis. The damage of LiNigg
Cop.16Al0.040, powder during high current cycling must
occur only on the surface of the electrode, such that it is not
enough to detect by XRD analysis. Herein, a TEM analysis
was introduced to investigate the surface morphology of
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Fig. 5 XRD patterns of LiNiygCog 16Alp04O, powder. (a) Bare
powder, before the damage test; (b) Co3(PO,4),-coated powder, before
the damage test; (c) bare powder, after the damage test; (d)
Co3(POy),-coated powder, after the damage test

LiNi gCoq.16Alp.040, powder in detail after the damage
test. Figure 6 displays the bright field TEM images of
LiNij gCoq.16Alg.040, primary particles after the high cur-
rent damage test. Some bare particles showed unstable
features containing microcracks and other extended defects
on the surface. Figure 6a shows highly strained particles in
which microcracks are clearly visible (indicated by
arrows). Approximately 20-30% of particles appeared to
have some sign of damage, which must have originated
due to strain from rapid lattice expansion/extraction
during high current cycling. In contrast, most of the
Co3(POy4),-coated particles displayed clear surfaces and
unchanged features during high current cycling. Even
though some particles had extended defects on their sur-
face, it was a much smaller amount when compared
with that of bare particles. The TEM analysis indicates that
the Co3(POy4), treatment is a very effective method
to decrease surface damage developed during damage
testing, thus it can reduce capacity loss during high current
cycling.
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Fig. 6 Bright field TEM

images of LiNi0'8COO'16A10.0402 (a)
powder after damage testing. (a)

Bare powder, arrows show

microcracks; (b) bare powder,

arrow shows extended defects;

(¢ and d) Cos(PO,),-coated

powder

(c)

4 Conclusions

Co3(POy), coating on LiNiggCoq 15Alg 050, powder suc-
cessfully suppressed damage due to high current cycling.
Damage to electrodes, including degradation of capacity
and rate performance, following high current cycling were
improved by a Co3(PO,), coating. Based on impedance and
TEM analysis, it can be concluded that Co3(PO,), coatings
effectively prevent an increase in impedance and reduce the
generation of cracks and other extended defects during high
current damage testing, thereby resulting in less degradation
of the electrochemical properties of Coz(PO,),-coated
electrodes.
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