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Abstract: Co3(PO,), or AIPO, coating layers were formed on the surface of LiNigsCoy 15419950, cathode material by in situ chemical
method and calcination at 700°C to improve the electrochemical cyclability and structural stability during charge-discharge process of the
cathode. The structure and electrochemical properties of the pristine LiNigsCoy 15419050, cathode materials and the metal phosphate
coated-cathode materials were investigated by X-ray powder diffraction, scanning electron microscopy, particle size analysis, Brunauer-
Emmett-Teller method, cyclic voltammetry, and galvanostatic charge-discharge test. Co3;(PO,),-LiNipsCog 154190502 and AIPO4
LiNig3Coy 15419050, cathode showed the improved reversibility compared with the pristine cathode material. It is attributed to the struc-
tural stability of metal phosphate coated LiNigsCo¢ 54190502 In particular, Co3;(POy),-LiNiysCoy 1541050, showed a more stable rate
capability than the pristine LiNiysCoy 15419950, and AIPOLiNigsCog 15419050, at high C-rate.
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1. INTRODUCTION

Lithium-nickel-cobalt mixed oxides have attracted much re-
search interest in the region of lithium ion battery due to their posi-
tive effects on electrochemical property and cost [1,2]. The nickel
rich alloys, LiNipgCo,0,, with high capacity and medium cost are
a positive cathode material for lithium ion battery but there are still
hurdles to overcome before application for market [3,4]. The
nickel rich LiNiggCo0(,0, has rapid H,O and CO, uptake in air.
Consequently, the impurities such as LiOH and Li,COj; are formed
on the surface of LiNigsCo0¢,0, particles [5-7]. The bonding of Ni-
O becomes weaker by the oxidation of Li,CO,” adjoining to nickel
oxides. LiOH exposed in LiPF¢ electrolyte can lead to acidic by-
product (HF), which dissolves metal ions from cathode materials.
These side reactions result in thermal instability and gas genera-
tion at high storage temperature (90°C) [8].

Various doping ions, such as Co®", Mg®*, Ti*', AI*’, and F", were
introduced to LiNigCo0(,0, structure in order to improve cathode
performance [9-11]. Al-doping is believed to be considerably
useful because of strong Al-O bonding and electrochemically
inactive property of Al ions for Li insertion and desertion reactions
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[12]. LiNiggCoq15Alp0s0, has an improved thermal stability and
electrochemical performance during Li insertion and desertion
reactions but the problems observed in nickel rich alloys should be
overcome [13].

In order to minimize the thermal instability of nickel rich alloys,
metal oxide (TiO,) and metal phosphate coating (Al, Ce, SrH, and
Fe) have been used for surface coating [14-16]. The improved
thermal stability of coated cathode materials is mainly attributed to
the property of coating material. Among the metal phosphate
coating materials, cathode materials coated with AIPO, exhibited
the enhanced thermal stability and reversible capacity due to their
structural stability caused by strong covalent P-O bonding in PO,
anion with Al ion. AIPO, coating has contributed to the superior
initial discharge capacity compared with that of uncoated cathode
material. It has been confirmed that the very small amount of
Li;PO, is formed throughout the reaction between AIPO, and
excess Li on the surface of cathode material during heat treatment
at 700 °C but AIPO, coating is not effective to reduce the side
reactions of lithium impurities (LiOH and Li,COs) on the cathode
material and electrolyte. Meanwhile, it has been reported that
Co3(POy4); can minimize a side reactions with electrolyte by the
reactions with lithium impurities. Cho et al. firstly introduced
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Figure 1. XRD patterns of (a) Co;(PO4), and (b) AIPO,.

cobalt phosphate coating on LiNiysCoq16Alp 040, [8]. They reported
that the formation of an olivine LiyCoPO,4 phase with below 20nm
thickness on the surface of LiNiggCoyg 16Alp 04O, throughout the
mixing of lithium-active Cos(PO,), nanoparticles pre-synthesized
and LiNijgCoy.16Alp040, powders in aqueous solution, separation
of coated powders, and consecutive calcination in air.

In this study, Cos(PO,4), coating was directly formed on the
surface of pristine cathode materials using in sifu chemical method
compared with traditional coating method using mechanical mixing
process. Cos(POy), nanoparticles prepared from the reaction of
cobalt nitrate, Co(NOs),"6H,O, and diammonium phosphate,
(NH4),HPO,, were coated on the pristine materials in one step.
Agglomeration of Co3(PO4), nanoparticles on the surface of
pristine materials gave rise to coating layer ranging several
nanometer to submicrometer size during calcination. We expected
that the increased reaction area of Li-active Co;(POy), coating layer
by in situ chemical coating method would generate a positive
effects on performance of Li ion batteries. The electrochemical
performance of Co3(PO4),-LiNigsCoq15Alg 050, was compared with
that of the pristine and AIPO4-LiNij5Cog15Al0.050;.

2. EXPERIMENTAL

2.1. Reagents and Synthesis

The LiNiggCop15Alp0s0, (LNCAO) was used as a starting
cathode material (Ecopro Co., Ltd., Korea). Co(NO;),'6H,0,
(NH4),HPO,4, and AI(NOs);9H,O were purchased from Sigma-
Aldrich. In order to identify the formation of Co(PO,), and AIPO,,
7.1g Co(NO;),'6H,O and 9.2g AI(NO3);-9H,0 were dissolved in
individual 50ml distilled water and 2~3g (NH,),HPO, was added to
the solution of metal nitrates to produce the precipitate. The
precipitate  was collected and heated at 700°C. The 3wt%
Co3(POy), coating on the LNCAO, Co;3(PO,4),-LNCAO, was
obtained by following process. 1.43g Co(NO;),"6H,O and 20g
LNCAO were previously mixed in 10ml distilled water (DW). The
0.6g (NH,),HPO, was added to cobalt nitrate solution and
sonicated in an ultrasonic bath. After filtration of the precipitate
with pink color, the precipitate was dried at 120°C, calcinated at
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Figure 2. Rietveld refinement plots of (a) the pristine LNCAO, (b)
Co3(P0O,4),-LNCAO, and (c) AIPO,-LNCAO.

700°C, and naturally cooled to room temperature. The AIPO,
(3wt%) coating on the pristine LNCAO, AIPO4-LNCAO, was
carried out by a similar method. The precipitate was produced by
addition of the 0.65g (NH4),HPO, into the mixture containing
1.85g AI(NO;);'9H,0, 20g LNCAO, and 10ml distilled water. The
precipitate was dried at 120°C and calcinated at 700°C.

2.2. Cell Assembly

The coin type half cells (2016R size) were prepared in an argon-
filled glove box. The half cells were composed of a cathode, a Li
metal anode, a microporous polyethylene separator, and an
electrolyte solution. To prepare the cathode electrode 92wt% active
material, 4wt% carbon black (super P), and 4wt% binder (PVDF)
were used. The pristine LNCAO, Co3(PO4)-LNCAO and AIPO4-
LNCAO were used as active material for the cathode, respectively.
1.3M LiPFs dissolved in a 3:3:4 mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC), and ethylene methyl carbonate
(EMC) by volume ratio was used as the electrolyte.

2.3. Physical and Electrochemical properties

The X-ray diffraction patterns were measured with a Rigaku
ultra-X (CuKa radiation, 40kV, 120mA) at a step scan rate of
0.02°/sec in the 20 range (10~70°) to identify the crystalline phase
of the pristine LNCAO, Co3(PO4),-LNCAO, and AIPO,-LNCAO.
The morphologies and size of the samples were analyzed using
scanning electron microscopy (SEM, Supra 40 - Carl Zeiss Co.,
Ltd.). The particle size and particle size distribution of the samples
were examined by particle size analyzer (PSA, LS 13 320- BECK-
MAN COULTER). The surface properties including specific sur-
face area, BJH-pore volume, pore area, and pore diameter of the
samples were characterized by BET analysis (BELSORP-II). Cy-
clic voltammetry(CV, Macpile biology) data of the cells were ob-
tained at 2.8~4.8V and a 0.05mV sec™' scan rate. The cells were
galvanostatically charged and discharged with a current density of
0.05~3C in the range of 2.8~4.3V to determine the electrochemical
behavior of the cathode materials.
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Figure 3. SEM images of (a, b) the pristine LNCAO, (c, d)
Co3(P0O4),-LNCAO, and (e, f) AIPO4,-LNCAO.

3. RESULTS AND DISCUSSION

3.1. X-ray Powder Diffraction

The crystal phase of Cos;(PO,), and AIPO, as coating material
was measured in the range of 26=20~45° in order to compare XRD
patterns of the materials before and after coating. The Co3(PO,),
and AIPO, were obtained by the reaction of metal nitrate solutions
and (NH4),HPO, and calcination of the precipitate containing the
metal ions at 700°C for 7hrs. XRD patterns are well matched with
standard values (JCPDS card no.=48-0652) for Co;(POy), (Fig.
1(a)) and (JCPDS card no.=48-0652) for AIPO, (Fig. 1(b)).

Fig. 2 shows Rietveld refinement patterns of the pristine and the
coated particles. The experimental diffraction peaks of the pristine
and the coated particles indicate the formation of a-NaFeO, type
layered structure belonging to a hexagonal-type R3m space group.
The spectra also show clear split (006)/(012) and (018)/(110)
peaks, indicating a well layered structure. The experimental diffrac-

Table 1. Lattice parameters for the pristine LNCAO, Cos(POy),-
LNCAO, and AIPO4-LNCAO.

Unit cell
a(A) c(A) c/a volume (A%
Pristine
LNCAO 2.8661 14.1874 4.9501 100.93
Co3(POy),-
LNCAO 2.8706 14.1995 4.9465 101.33
AIPO,- 2.8742 14.2079 4.9432 101.65

LNCAO

(a) pristine LNCAO
(b) Co,(PO,),-LNCAO
(c) AIPO,-LNCAO
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Figure 4. Particle size distributions of (a) the pristine LNCAO, (b)
Co3(P0O,4),-LNCAO, and (c) AIPO,-LNCAO.

tion peaks of Co3(PO4),-LNCAO and AIPO,-LNCAO showed an
identical peak patterns without showing any changes in site disor-
dering. No impurity peaks of Li,CO; and LiOH were observed
from the diffraction patterns. However, the peaks assigned to
Co3(POy4), and AIPO4s were not detected because the amount
(~3wt%) of coating materials is relatively low compared with the
pristine. Diffraction data was analyzed using Rietveld refinement
programs (e.g. FullProf Suite Program, version 2007). Table 1
shows the lattice parameters and c/a value of the pristine LNCAO,
Co03(PO4),-LNCAO, and AIPO4,-LNCAO. The hexagonal lattice
parameters (a=2.8661 and c=14.1874) of the pristine LNCAO were
varied with the effect of coating material. The lattice parameters (a
and c) of the coated LNCAO increased than those of the pristine
LNCAO. That indicates the formation of solid solution on the sur-
face of LNCAO as well as the coating layer forming. The lattice
parameters (a=2.8742 and c¢=14.2079) of AIPO4,-LNCAO were
larger than those of Co3(PO4),-LNCAO (a=2.8706 and c=14.1995).

3.2. Electron Microscopy

Fig. 3 shows scanning electron microscopy images of the pristine
LNCAO and the coated samples after calcination at 700°C. The
morphology of the pristine LNCAO shows a spherical bulk parti-
cles comprised of small particles less than 300nm (Fig. 3(a, b)).
The formation of coating layer on LNCAO was clearly observed in
Fig. 3(c-f). As shown in Fig. 3(c, d), LNCAO surface was irregu-
larly covered by Cos;(POy), particles with a slit-shaped structure
with below 1 pm thickness. In Fig. 3(e, f), LNCAO particles were
partially covered by AIPO, coating layers and the thickness of Al-
PO, coating was thicker than those of Co;(PO,),. The different
shapes (Fig. 3(c-f)) of coating layer are believed to be dependent on
the tendency of crystal growth of Co3;(PO4), and AIPO, during
calcination.

3.3. Particle Size Analysis

Fig. 4 shows the particle size distribution of the samples. The
particle size distribution of the coated sample shifted to larger parti-
cle size when compared with the pristine LNCAO (see Table 2).
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The average particle size of the samples increased in order of the
pristine LNCAO (8.48um) < Co3(PO4),-LNCAO (12.28um) < Al-
PO,-LNCAO (17.13pm).

3.4. BET Analysis

The pore characteristics of the samples were obtained by the N,
adsorption-desorption isotherms at 77K. The BET surface areas of
the pristine LNCAO, Co3(PO4),-LNCAO, and AIPO,-LNCAO
were 0.37, 1.19, and 0.92m* g, respectively. The low surface area
of the pristine LNCAO means that the inner structure of the pristine
LNCAO is dense. The increase of BET surface area observed in
Co03(P0O4),-LNCAO and AIPO4-LNCAO is due to metal phosphates
coating on LNCAO. The BJH mean pore diameter calculated from
BJH desorption isotherms decreased in order of the pristine
LNCAO (23.66nm), AIPO,-LNCAO (8.31nm), and Cos(POy),-
LNCAO (5.13nm) (See Table 3). These results indicate that the
spaces between small particles of LNCAO were covered by coating
layer.

3.5. Cyclic Votammetry

The cyclic voltammograms for the pristine LNCAO, Co3(POy)-
LNCAO, and AIPO4-LNCAO were taken at room temperature in
the range 2.8~4.8V with a scan rate of 0.05mV s '. Fig. 5 shows the
CV curves during 2~4 cycles after the first cycle. The location of
anodic and cathodic peaks remained at the same position. Four
anodic peaks (3.7, 3.9, 4.1, and 4.3V) and four cathodic peaks (3.5,
3.9, 4.1, and 4.4V) were observed in broad CV peaks of the pristine
LNCAO, as shown in Fig. 5(a). The pristine LNCAO has a mono-
clinic phase (M) and a three hexagonal phases (H1, H2, and H3)
such as LiNiO,[17]. Four peaks correspond to phase transforma-
tions of the pristine LNCAO to Hl&»MeH2—H3. The CV curves
of AIPO4,-LNCAO were similar to that of the pristine LNCAO but
the areas of CV curves of AIPO,-LNCAO were slightly decreased
compared with the pristine LNCAO. The AV between the major
anodic and cathodic peaks decreased from 0.27V of the pristine
LNCAO to 0.21V of AIPO4,-LNCAO. The improved reversibility
was observed in AIPO4,-LNCAO with the slight decrease of CV
peaks. Three anodic/cathodic peaks, which are different from the
pristine LNCAO and the AIPO4-LNCAO, of Co;(PO,4),-LNCAO
were observed in Fig. 5(c). The CV peaks of Cos;(PO,),-LNCAO
show one pair of sharp anodic/cathodic peaks at 3.73/3.67V and

Table 2. The particle size analysis of pristine LNCAO, Co;(PO4),-
LNCAO, and AIPO4,-LNCAO.

Pristine LNCAO  Co3(PO4),-LNCAO  AIPO4,-LNCAO

Mean(pm) 8.48 12.28 17.13
Median(pm) 7.46 9.99 10.00
Mean/Median 1.14 1.24 1.71
Mode(um) 7.78 10.29 8.54
Djo(pm) 4.71 5.14 4.96
Dso(um) 7.46 9.91 10.00
Doo(pm) 12.63 22.75 38.47

*Mean: average Median: middle grain size Mode: the most granularities
Dy, Dso, and Dy are the particle size when the percentage less than of the particle size
distribution curve is 90, 50, and 10%, respectively.
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Figure 5. Cyclic voltammograms of (a) the pristine LNCAO, (b)
Co3(P0O4),-LNCAO, and (c) AIPO4-LNCAO.

two pair of low and broad peaks located at about 4.0V and 4.3V.
The relative low peaks at the range of 3.8 to 4.5V are originated
from the suppression of phase transformation during charge-
discharge reactions. In Cos;(PO,),-LNCAO, the difference between
the major anodic and cathodic peaks was reduced to 0.06V.

3.6. Charge-Discharge Profiles

Rate capability is one of the important electrochemical character-
istics of a lithium secondary battery, and the improved rate capabil-
ity is required for power storage applications. The charge/discharge
process of the half cells was repeated five times for measuring the
discharge capacity at 0.05, 0.1, 0.2, 0.5, 1, 2, and 3C in the range
2.8~4.3V. Fig. 6 shows the discharge capacity and cyclic property
of the pristine LNCAO and the coated LNCAO cathodes. The ini-
tial discharge capacities of the pristine LNCAO, AIPO4,-LNCAO,
and Co3(PO4),-LNCAO cells were 209, 208, and 197 mAh g'l,
respectively. AIPO, and Co;(POy), coating did not lead to any no-
ticeable changes in discharge capacity profiles at 0.05~0.2C rate.
The relatively low discharge capacity of Co3(PO4),-LNCAO may
be due to the reduced rate of electron transfer caused by irregular
distribution of Co;(POy), particles with a slit-shaped structure. As

Table 3. The BET analysis of the pristine LNCAO, Co3(PO,),-
LNCAO, and AIPO,-LNCAO.

Pristine Co3(POy),- AIPO,-
LNCAO LNCAO LNCAO
The specific BzETl surface area 03783 11987 0.9134
(m“g™)
BJH total pore volume 0.00304 000669  0.01256
(V,em’g™)
BJH total pore area
(A, m’gh) 0.129 1.300 1.511
BJH mean pore diameter 23 66 513 831

(4V/A, nm)
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Figure 6. Cycling performances of the pristine LNCAO,
Co03(P0O4),-LNCAO, and AIPO4-LNCAO at 2.8~4.3V.

the C-rate increased from 0.5 to 3C, the increased fading rate of
discharge capacity was observed at the pristine LNCAO cell, while
the relatively lower capacity fading was observed at the coated
LNCAO. In particular, the Cos3(PO4),-LNCAO cell showed a more
stable rate capability than pristine LNCAO and AIPO,-LNCAO.
The better rate capability of the Co;(PO4),-LNCAO is consistent
with the result from Fig. 5. It is estimated that lithium diffusivity
within the cathode increased during charge-discharge cycles at high
C-rate because of a stable surface structure of Co;(PO,4),-LNCAO.
A side reactions between lithium impurities and electrolyte could
be minimized by lithium active Cos(POy), coating.

4. CONCLUSION

To improve the structural stability and rate capability of nickel
rich LiNiggCog15Alg0sO2, (LNCAO) as cathode material, the
Co3(POy), or AIPO,4 coating layer were formed on the surface of
the pristine LNCAO by in situ chemical method. It was observed
that the physical and the electrochemical properties of the coated
material depend on the nature of coating material. At high C-rate,
the better rate capability of the Co3(PO4),-LNCAO is attributed to
its structural stability during lithium insertion and desertion
reactions. It is believed that a side reactions with electrolyte could
be minimized by lithium active Cos;(PO,), coating.
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