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Effect of AlPO4-coating on cathodic behaviour of Li(Ni0.8Co0.2)O2
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Abstract

The cathodic behaviour and thermal stability in the charged state of bare and 1–8 wt.% AlPO4-coated layered oxide Li(Ni0.8Co0.2)O2 are
investigated. The synthesized compounds are characterized by a wide variety of techniques. X-ray diffraction analysis (XRD) shows that the
hexagonala andc lattice parameters of Li(Ni0.8Co0.2)O2 are not affected by the AlPO4-coating, but there are indications of an increasing
number of Ni-ions occupying the Li-sites in the Li-layer with increasing amounts of the coated AlPO4. The O 1s X-ray photoelectron spectra
clearly indicate two different oxygens that correspond to the coated-AlPO4 and the bare compounds. Cyclic voltammetry (2.5–4.3 V) shows
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hat the characteristic structural phase transitions exhibited by the bare compound are suppressed by≥5 wt.% AlPO4-coating. Galvanostat
harge–discharge cycling has been carried out at a current density of 30 mA g−1 in the range of 2.5–4.3 V up to 70 cycles and 2.5–4.5 V
o 40 cycles. Capacity-fading of the 3 and 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 is much less than that shown by the bare compound, w
s 21% between 10 and 70 cycles with a 4.3 V cut-off and 48% between 10 and 40 cycles with a 4.5 V cut-off. The coulombic effi
98% in all cases after a few initial cycles. Impedance spectra of cells with 1 and 5 wt.% AlPO4-coated compounds and ex situ XRD of th
nd 5 wt.% AlPO4-coated charged cathodes are examined and the results interpreted. Differential scanning calorimetry curves of t
athodes (4.3 V) reveals that the decomposition temperature of 220◦C for the bare compound is increased by∼10◦C after 3 and 5 wt.%
lPO4-coating, and more significantly the heat evolution decreases by a factor of 5, which indicates better thermal stability. Nev

his benefit comes at the expense of reversible capacities, which decrease from 202 mAh g−1 (fifth cycle, 4.3 V) for the bare compound,
56 and 100 mAh g−1 for the 3 and 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2, respectively.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The ever-increasing demand for portable telecommunica-
ion devices, computers and eventually, hybrid vehicles has
iven rise to the increased production of Li-ion rechargeable
atteries to provide the required power sources[1–3]. Since
i-ion batteries (LIBs) surpass all the rechargeable batteries
vailable in the market by having the highest energy density
er weight or volume, they are considered to be the most
uitable dc power sources. At present, LiCoO2 is commonly
sed as the cathode (positive) material in LIBs because of

ts high volumetric energy density, excellent cycleability and

∗ Corresponding author. Tel.: +65 6874 2956; fax: +65 6777 6126.
E-mail address:phychowd@nus.edu.sg (B.V.R. Chowdari).

the ease at which it is synthesized from raw materials. O
other hand, LiCoO2 does have three major disadvanta
namely, the high material cost, toxicity and only 50%
lization of the theoretical capacity. This has resulted in
search for alternative cathode materials with better ele
chemical performance and lower cost. Nickel (Ni) and m
ganese (Mn) containing compounds of the type, LiNiO2 [4,5],
Li(Ni 1/2Mn1/2)O2 [6–8] and LiMn2O4 [9] and their dope
derivatives have been studied extensively.

Over the years, the composition Li(Ni0.8Co0.2)O2 (along
with minor variations in the Ni:Co ratio) has attracted m
attention as a 4 V cathode due to its many advantages
pared with LiCoO2 [10–30], viz., (i) It contains only 20 at.%
of toxic cobalt and is cheaper than LiCoO2; (ii) it can
be synthesized from raw materials at a lower tempera

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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(700–800◦C) than LiCoO2, but heating in an oxygen atmo-
sphere is preferred; (iii) it can give a higher reversible capacity
in the voltage range 2.5–4.3 V versus Li/Li+ compared with
LiCoO2, since the electroactive species involved are Ni3+

ions. Studies have shown, however, that Li(Ni0.8Co0.2)O2
possesses some disadvantages and needs to be optimized be-
fore it can be employed in practical LIBs.

The compound exhibits crystal structure phase transitions,
similar to LiNiO2, during the charging process due to the de-
insertion of Li-ions (increase ofx in Li1−x(Ni0.8Co0.2)O2).
These are reversible and hence during charge–discharge cy-
cling, minor changes in the unit-cell volume produces ‘elec-
trochemical grinding’ that results in capacity-fading. This
can be reduced to some extent by optimizing the synthe-
sis procedure, by doping with other elements at the Co-
sites, or by coating the surface of the particles with other
oxides/compounds. In the charged state, i.e., atx> 0.5 in
Li1−x(Ni0.8Co0.2)O2, the compound is a strong oxidizing
agent due to the presence of Ni4+ ions and can slowly cause
the decomposition of the liquid electrolyte that results in the
evolution of gases. In addition, forx> 0.5, the compound is
structurally unstable when heated above 200◦C and evolves
oxygen and decomposition products. Thus, there is every
likelihood of a violent reaction and explosion in case of acci-
dental heating and/or short-circuiting of a charged LIB using
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For the nominal 3 wt.% coating of AlPO4 on to the
particles of the cathode material, the procedure of Cho et
al. [37–39] was followed, namely, 0.162 g of (NH4)2HPO4
(Merck) and 0.461 g of Al(NO3)3·9H2O (Merck) were
weighed and separately dissolved in distilled water to form
colourless solutions of 1:1 mol concentration. The two solu-
tions were then mixed and stirred to produce a white suspen-
sion into which 5 g of Li(Ni0.8Co0.2)O2 powder was added.
The mixture was stirred for 3 h and transferred to a Petridish
and heated on a hot plate at 60◦C to drive off most of the
water. When the mixture had became a thick slurry, it was
transferred to an oven for drying at 100◦C for 24 h. The dried
compound was recovered and ground to ensure proper mix-
ing, packed into an alumina boat and sintered in the tubular
furnace in an oxygen atmosphere at 700

◦
C for 5 h. The prod-

uct was allowed to cool to room temperature in an oxygen
flow and reground. This process was repeated for the 5, 8 and
10 wt.% of AlPO4-coating with appropriate weights of the
starting materials.

Characterization of the bare and AlPO4-coated com-
pounds was carried out by powder X-ray diffraction (XRD)
(Philips PW1820/00 Vertical Goniometer; Cu K� radiation)
to identify the crystal structure. The unit-cell lattice param-
eters were obtained by the least-squares fitting of all the
peak positions (2θ range, 10–70◦) in the XRD patterns. The
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his material. Doping at the Co-sites[28] as well as surface
oating of Li(Ni0.8Co0.2)O2 by MgO [31], TiO2 [32–34],
iOx [35] are some of the strategies employed to reduc
ompletely suppress the above effects.

Recently, Cho and co-workers[36–40] reported tha
urface-coating of LiCoO2 particles with a layer of aluminu
hosphate (AlPO4) dramatically reduces the heat evolut
f the electrode in the charged state. They have also s

hat an LIB fabricated with AlPO4-coated LiCoO2 as the
athode and a graphite anode exhibits excellent therma
ility in the over-charged (12 V) state, and also passes m
ther safety tests. In the study reported here, bare and A4-
oated Li(Ni0.8Co0.2)O2, have been prepared and their e
rochemical properties and thermal stability have been e
ned in the charged state.

. Experimental

Bare Li(Ni0.8Co0.2)O2 was prepared by the solid-state
ction method. High purity LiOH (Merck) and commercia
vailable (Ni0.8Co0.2)(OH)2 powder were weighed in sto
hiometric ratio to give 20 g product and then mixed in
uto-grinder. The mixture was packed tightly in an alum
oat and heated in a programmable tubular furnace (C

ite, UK) fitted with oxygen gas flow. The furnace was hea
t a rate of 3◦C min−1 until the temperature reached 725◦C.
he heating was continued for 20 h at this temperature

he furnace was then shut off but the O2 flow was continued
fter cooling to room temperature, the product was gro

o fine powder.
orphology of the powders was examined by means
canning electron microscope (SEM) (JEOL JSM-670
igh resolution transmission electron microscopy was

ied out with a JEOL 3010 instrument. Back-scattered e
ron images were obtained with a JEOL JSM-5310LV
trument. The Brunauer, Emmett and Teller (BET) sur
rea of the powder was measured with Micromeritics Tr
000 (USA) equipment and density determination was
ertaken with an AccuPyc 1330 pycnometer (Micromeri
SA). X-ray photoelectron spectra of the compounds w
btained using a VG Scientific ESCA MK II spectrome
ith monochromatic Mg K� radiation (1253.6 eV). The su
ey spectra were obtained in the range 0–1099 eV (con
ass energy = 50 eV), and the high resolution spectra
ecorded with a constant pass energy mode of 20 eV. C
eferencing was carried out against adventitious carbon
s binding energy = 284.6 eV). Analysis of the XPS spe
as performed with XPS Peak-fit software. A Shirley-t
ackground was subtracted from the recorded spectr
urve-fitting was carried out with a Gaussian–Lorentzian
io 60:40) curve. The derived binding energies (BE) w
ccurate to±0.1 eV.

The cathodes for electrochemical studies were fabric
rom a mixture of the following composition: active mater
uper P carbon black (electronically conducting additive)
olymer binder (Kynar 2801) in the weight ratio 70:15:15
escribed elsewhere[8,32,41].N-Methyl-pyrrolidone (NMP
as used as the solvent for the mixture, which was stirr

orm a homogeneous and viscous slurry. The slurry was
ast on to an etched Al-foil (15�m thick, Alpha Industrie
o. Ltd., Japan) to form a thick layer (22–23�m) by the
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doctor-blade method. The film was dried at 80◦C for 12 h
in an air oven, smoothed by pressing through stainless-steel
twinrollers and then cut into circular discs (16 mm diame-
ter). The discs were vacuum dried at 70◦C for 12 h, cooled
and transferred into an argon-filled glove-box (MBraun, Ger-
many) for cell assembly. The atmosphere in the glove-box
was maintained at <1 ppm of H2O and O2. The weight of the
active material was deduced from the total weight of the disc
(Al foil, sample powder, carbon black and binder).

For coin-cell (size 2016) assembly, a Celgard 2502 mem-
brane was used as the separator and the electrolyte was 1 M
LiPF6 in ethylene carbonate (EC) + diethyl carbonate (DEC)
in the ratio of 1:1 by volume (Merck, Selectipur LP40). The
Li-metal anode was obtained from Kyokuto Metal Co., Japan,
and was cut into circular discs (16 mm diameter). Cyclic
voltammetry and galvanostatic cycling tests were conducted
at room temperature (25◦C) using a potentiostat/galvanostat
system (Mac-pile II, Bio-logic, France) and a Bitrode multi-
ple battery tester (Model SCN, Bitrode, USA). The cells were
aged for 24 h before testing.

Differential scanning calorimetry (DSC; TA Instruments,
Model 2920, USA) was used to study the thermal stability of
charged cathodes. For this purpose, the respective cell was
charged to 4.3 V at 30 mA g−1 after selected cycles and held
at that voltage for 2 h. The cell was then dismantled in the
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Fig. 1. XRD patterns of bare and AlPO4-coated Li(Ni0.8Co0.2)O2: (a) bare;
(b)–(e) 1, 3, 5, 8 wt.% AlPO4-coated compounds. Cu K� radiation. Miller
indices (h k l) are shown.

and this indicates the presence of a small numbers of Ni-ions
at the Li-sites in the Li-layer.

The XRD patterns of AlPO4-coated Li(Ni0.8Co0.2)O2 dis-
play a slight broadening of the major peaks but there is es-
sentially no change in thea andc lattice parameters (Fig. 1
and Table 1). This indicates that, as a stable compound,
AlPO4 not being doped into Li(Ni0.8Co0.2)O2 and only forms
a surface-layer after heat-treatment at 700◦C. The 8 wt.%
AlPO4-coated compound shows small-intensity lines due to
AlPO4 in the 2θ range, 20–25◦ and near to 34◦ (Fig. 1(e)).
Indeed, the 10% AlPO4-coated compound displays clearly
the peaks due to AlPO4 in the XRD pattern (not shown
in Fig. 1). It is noted however, that the (0 0 6, 1 0 2) and
(1 0 8, 1 1 0) doublet-peaks have merged and the other ma-
jor lines in the XRD pattern have further broadened in the
8 wt.% AlPO4-coated compound. Also, while thec:a ratio
remains almost unchanged (4.93± 0.02), theR value shows
a decreasing trend with an increase in the AlPO4-content
and reaches 0.73 in the 8 wt.% AlPO4-coated compound
(Table 1). This shows significant amounts of Ni-ions in the
Li-layer compared with bare Li(Ni0.8Co0.2)O2. It must be
mentioned, however, that a small number of Al-ions from
AlPO4 may become doped into the surface layers of the bare
compound during heat treatment. Since the ionic radii of
Co3+ (0.545Å, low spin) and Al3+ (0.535Å) are almost the
s s
i
o

O
c
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love-box to recover the charged cathode, which was
ashed with DEC, dried and packed into an Al-cup.
athodes were also subjected to ex situ XRD phase ana
computer-controlled Solatron impedance/gain-phase

yzer (model SI 1255) coupled with a battery test unit (mo
470) was used for impedance measurements on the c
oom temperature. The frequency range was from 0.35
o 3 mHz with an ac signal amplitude of 5 mV. The resul
ata were analyzed by using Zplot and Z view software (
ion 2.2, Scribner associates Inc., USA) to obtain the Ny
lots.

. Results and discussion

.1. Structure and morphology

Bare (uncoated) and AlPO4-coated Li(Ni0.8
3+Co0.2

3+)O2
ompounds are black crystalline powders. The XRD pat
f these compounds, which are indexed on the basis of h
nal O3-structure of LiCoO2 with the space groupR3̄m, are
resented inFig. 1. The least-squares fitted lattice para

ers, calculated fromd-spacings and Miller indices are giv
n Table 1. For the bare-compound, the XRD pattern and
exagonala andc parameters agree well with those repo

n the literature[11,14,15,21,27]. Thec:a ratio of 4.94 and
he well-defined splitting of the peaks assigned to the pa
iller indices (0 0 6, 1 0 2) and (1 0 8, 1 1 0) are both a g

ndication of a well-ordered layer structure (Fig. 1). On the
ther hand, the relative intensity ratio (R) of the (0 0 3) and
1 0 4) lines in the XRD pattern is 1.02 for the bare compo
ame for octahedral oxygen coordination[42], minor change
n the a andc values are not observed for AlPO4-coatings
f 1–8 wt.%.

Electron micrographs (SEM) for the bare and the AlP4-
oated Li(Ni0.8Co0.2)O2 are presented inFig. 2. An ag-
lomeration of sub-micron particles of Li(Ni0.8Co0.2)O2 with
latelet morphology are clearly seen in all the samples.
resence of crystalline nano-sized AlPO4 particles on the su

ace of the host material is evident inFig. 2(c) and (d). The
lectron micrographs and the corresponding back-sca
lectron (BSE) image of the 8 wt.% coated compound
iven inFig. 3at a lower magnification (10�m). The white
pheres in the BSE image (Fig. 3(b)) represent the host oxi
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Table 1
Hexagonal lattice parameters and relative intensity ratio (R) of (0 0 3) and (1 0 4) reflections for bare and AlPO4-coated Li(Ni0.8Co0.2)O2

x wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 a (Å, ±0.008) c (Å, ±0.02) c:a R = I0 0 3/I1 0 4

x= 0 (bare) 2.867 14.17 4.94 1.02
x= 1 2.868 14.17 4.94 0.97
x= 3 2.871 14.16 4.93 0.80
x= 5 2.875 14.20 4.94 0.85
x= 8 2.879 14.19 4.95 0.73
x= 3, after 25 cycles, 2.5–4.3 V; discharged state 2.872 14.18 4.93 1.2
x= 3, after 70 cycles, 2.5–4.3 V; charged state 2.853 14.25 4.99 0.60
x= 5, after 70 cycles, 2.5–4.3 V; charged state 2.839 14.39 4.99 0.62
x= 8, after 40 cycles, 2.5–4.3 V; charged state 2.832 14.44 5.09 0.67

Fig. 2. Scanning electron micrograph of (a) bare, (b) 3 wt.%, (c) 5 wt.% and (d) 8 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2. Bar scale, 1�m.

Fig. 3. (a) Scanning electron micrographs and (b) back scattered electron (BSE) image of 8 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2. Bar scale, 10�m.
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particles whereas the dark patches are the AlPO4 particles.
Using energy dispersive spectroscopy (EDS), the elemental
composition (Al, P, Ni, Co, O) was found to be consistent with
the expected distribution. From the data inFigs. 2 and 3, it is
clear that AlPO4 is not coated uniformly on Li(Ni0.8Co0.2)O2
for concentrations≥5 wt.%.

Fig. 4shows the HRTEM photographs of bare and 5 wt.%
AlPO4-coated Li(Ni0.8Co0.2)O2. The crystal edges of the
coated particle appear wavy and translucent in comparison
with those of the bare compound. The interface between the
coating and the cathode substrate is indicated by an arrow
in Fig. 4(b). The AlPO4 nano particles that have crystal-
lized on the surface of the coating are indicated as A1 and
A2. The BET surface areas are 0.14 and 1.32± 0.02 m2g−1

for the bare and 3 wt.% AlPO4-coated compound, respec-
tively. This shows that coating results in a 10-fold increase
in the surface area of the particle. The measured den-
sity of the bare Li(Ni0.8Co0.2)O2 powder was 4.74 g cm−3

and compares well with the calculated X-ray density
of 4.82 g cm−3.

3.2. XPS spectra

X-ray photoelectron spectroscopy (XPS) is a well-
adapted, non-destructive technique for the evaluation of va-
l
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AlPO4-coated compounds and indicate that the assignment is
correctFig. 5(a).The O 1s BEs of 529.2 and 530.0 eV for the 3
and 5 wt.% AlPO4-coated compounds (Table 2) are, however,
smaller than the value of 531.44 eV reported for bulk AlPO4
[51].

The Li 1s peak in the bare and AlPO4-coated com-
pounds (Fig. 5(b)) shows a BE in the range 54.8–55.2 eV,
which is in good agreement with values reported for sim-
ilar oxide cathodes[8,41,44,48]. The XPS spectra of Ni,
Al, and P for the 3 and 5 wt.% AlPO4-coated compounds,
are presented inFig. 6. The BE values of Ni, Co, Al and
P are given inTable 2. The Ni 2p3/2 shows BEs in the
range of 855.3± 0.2 eV and these values are well matched
with the BE of Ni3+ in LiNiO2 [41,47,48]. The multiple
splitting of the energy levels of Ni-ion gives rise to satel-
lite peaks around 862 eV and these are observed inFig. 6
[41]. The Co 2p3/2 spectra show a single peak with a BE
in the range 780–781 eV for the bare and coated com-
pounds (Table 2). These values agree well with those re-
ported for Co3+ in LiCoO2 [45] and Li(Ni1/3Co1/3Mn1/3)O2
[41].

The Al 2p spectrum shows a characteristic BE of 73.3 eV
and the relative peak intensity increases for the 3 and 5 wt.%
coated compound (Fig. 6(b) andTable 2). This BE value is
lower by 1.2 eV compared with Al (2p) in AlPO4 [51]. The P
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w
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c
X es of
N g
B O
w the
c lPO
i and
P rted
f the
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t

, 50 nm
ence states of the metal/non-metal ions in solids[43], and is
xtensively used in the characterization of cathode mate
8,41,44–50]. The core level spectra for Li 1s and O 1s
he bare and 3 and 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2
re shown inFig. 5. The binding energies (BE) are giv

n Table 2. The bare compound shows a single peak fo
s with a BE of 531.8 eV that can be assigned to the
en that is predominantly bonded to Ni-ions in the lat

41,44,47,48]. The AlPO4-coated Li(Ni0.8Co0.2)O2 show un-
ymmetrical spectra in the 526–534 eV region and ar
ed into two peaks that clearly indicate two different ty
f oxygen. The high-intensity peak at 531.4± 0.2 eV cor-
esponds to that of the host compound, whereas that i
egion 529–530 eV is O 1s due to AlPO4. The relative inten
ity of this peak increases, as expected, in the 3 and 5

Fig. 4. HRTEM images of (a) bare Li(Ni0.8Co0.2)O2; bar scale
p peak has a BE of 133.4± 0.1 eV in the coated compoun
hich is characteristic of the tetrahedral (PO4)-group. The
alue is smaller than the 135.03 eV reported for P 2p in Al4
51]. Considerable increase in the peak area with increa
oating concentration occurs, as shown inFig. 6(c). Thus, the
PS results indicate that the predominant oxidation stat
i and Co are +3 in Li(Ni0.8Co0.2)O2. The correspondin
Es of Ni, Co and O are little affected by coating with AlP4
hich suggests that Al or P are not incorporated into
rystal lattice during the coating process. The coated A4
s clearly identified by XPS. The observed BEs of O, Al

are smaller, by 1–2 eV, in comparison with those repo
or bulk AlPO4. This shows that the BEs are modified by
ano-particle nature and/or are due to the effect of coatin

o another host oxide.

. (b) 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2. Bar scale, 20 nm.
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Table 2
Binding energies (±0.1 eV) of elements in bare and AlPO4-coated Li(Ni0.8Co0.2)O2

Li(Ni 0.8Co0.2)O2 Li (1s) O (1s) Ni2+ (2p3/2) Co3+ (2p3/2) Al (2p) P (2p)

Bare 55.2 –; 531.8 855.5 781.1 – –
3 wt.% coated 54.8 529.2; 531.2 855.4 780.2 73.3 133.4
5 wt.% coated 55.1 530.0; 531.6 855.2 781.1 73.3 133.5

3.3. Electrochemical properties

3.3.1. Cyclic voltammetry
Cyclic voltammetry is a complementary and well-suited

technique to evaluate the cathodic performance and elec-
trode kinetics of oxide materials[8,18,24,47,49]. The
cyclic voltammograms (CV) of bare and AlPO4-coated
Li(Ni 0.8Co0.2)O2 cathodes were recorded for the cells at room
temperature with metallic lithium as the counter and refer-
ence electrodes in the range 2.5–4.3 V (or 4.5 V) at various
scan rates. The CV at a scan rate of 0.058 mV s−1 up to 30
cycles are presented inFig. 7. For clarity, only select cycles
are shown. In the case of bare Li(Ni0.8Co0.2)O2, the first cy-
cle anodic peak (extraction of Li ions from the lattice) occurs
at 4.20 V (versus Li), whereas the main cathodic (insertion
of Li) peak is at 3.68 V. A minor (shoulder) cathodic peak at

3.9 V is also seen inFig. 7(a) and (e). In the second cycle,
the anodic peak shifts to a lower voltage (3.76 V), but the
corresponding cathodic peak shifts only slightly, by 0.02 V,
to a higher voltage. The shift in the anodic peak voltage is
an indication of the ‘formation’ of the electrode in the first
cycle, whereby the active material makes good electrical con-
tact with the conducting carbon particles in the composite
electrode, liquid electrolyte and current-collector. The hys-
teresis (�V= the difference between the 10th anodic and ca-
thodic peak voltages) is 0.02–0.03 V which indicates good
reversibility of the charge–discharge reaction. Subsequent
CVs show that�V remains almost constant, but the rela-
tive peak-intensities (and area under the peak) decrease with
cycle number. This is due to capacity-fading. The major an-
odic/cathodic peaks at∼3.7 V are assigned to the Ni3+/4+

redox couple. In this voltage region, the anodic peak also

F
S

ig. 5. XPS core level spectra of bare and AlPO4-coated Li(Ni0.8Co0.2)O2: (a) O
hirley-type background and thick line over raw data is the summation over
(1s); (b) Li (1s). Curve fitting of the peaks is shown. Dotted line represents
fitted contributions.
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Fig. 6. XPS core level spectra of bare and AlPO4-coated Li(Ni0.8Co0.2)O2: (a) Ni (2p3/2); (b) Al (2p); (c) P (2p). Curve fitting of peaks is shown. Dotted line
represents Shirley-type background and thick line over raw data is summation over fitted contributions.

has a shoulder during 5–10 cycles and this develops into a
clear peak at∼3.75 V during 20–25 cyclesFig. 7(a). This
is characteristic of the two-phase region corresponding to
the hexagonal (H1) to monoclinic (M) phase transition in
Li(Ni 0.8Co0.2)O2 [18]. This peak is not, however, clearly de-
lineated in the cathodic peak. The anodic/cathodic peaks in
the CV at 4.01/3.95 and 4.2/4.15 V are assigned to the M-
to-hexagonal (H2) and H2-to-hexagonal (H3) phase transi-
tions, respectively[18,20,24,28,34]. It is known that these
reversible phase transitions in LiNiO2 [52] persist also in
Li(Ni 0.8Co0.2)O2 with a reduced intensity and are completely
suppressed by Co-doping only at concentrations≥30 at.%
[18,53]. Thus, in our case, the CV data for the bare compound
in the ranges 2.5–4.3 and 2.5–4.5 V show that these transi-
tions occur at the relevant voltages with a reduced-intensity
and are responsible for the observed capacity-fading.

The effect of AlPO4-coating is clearly revealed in the CVs
presented inFig. 7(b–d) (2.5–4.3 V) and (f) (2.5–4.5 V). The
‘formation’ of the electrode in the first cycle is similar to
that of the bare compound in all cases. The CV of 1 wt.%
AlPO4-coated Li(Ni0.8Co0.2)O2 is almost identical to that
of the bare compound. For the 3 wt.% AlPO4-coated com-

pound, the main anodic/cathodic peaks in the CV that cor-
respond to Li extraction/insertion (5–30 cycles) still occur
in the voltage region, 3.6–3.8 V, but the H1↔M transition
peak at∼3.75 V is suppressed and the relative intensities
of the peaks due to H1↔ H2, and notably of the H2↔ H3
phase transitions, have decreased considerably, which indi-
cates a suppression effect (Fig. 7(b)). Though the�V is de-
creased (e.g., to 0.07 V at the 10th cycle), the intensity of
the main redox peaks also decreases during 10–30 cycles,
which is indicative of some capacity-fading for this com-
position. For 5 and 8 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2,
the CVs (2.5–4.3 V, 2–20 cycles) show that the H1↔ H2
and H2↔ H3 phase transitions have been completely sup-
pressed, in addition to the H1↔ M transition, because there
are no peaks in the corresponding voltage region. On the
other hand, the�V values are increased considerably (e.g.,
0.23 and 0.49 V, respectively for 5 and 8 wt.% coating at the
10th cycle; 2.5–4.3 V) and are due to electrode polarization.
Also, there is some capacity-fading, as reflected in a decrease
in the relative intensities of the main redox peaks (Fig. 7(c)
and (d)). The CV of 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2
in the voltage range 2.5–4.5 V (Fig. 7(f)), however, resem-
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Fig. 7. Cyclic voltammograms of (a) bare and (b)–(d) 3, 5 and 8 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 between 2.5 and 4.3 V; (e) bare and (f) 5 wt.%
AlPO4-coated Li(Ni0.8Co0.2)O2 between 2.5 and 4.5 V. Scan rate 0.058 mV s−1. Numbers refer to cycle numbers.

bles that of the 3 wt.% coated-compound (range 2.5–4.3 V)
rather than that ofFig. 7(c). The only difference is that
�V= 0.16 V, i.e., a value in between those shown by 3 and
5 wt.% coated-compounds. This indicates that the H1↔ H2
and H2↔ H3 transitions are not completely suppressed in
the 5 wt.% AlPO4-coated compound when the upper cut-off
voltage is increased from 4.3 to 4.5 V.

The CVs were also recorded at various scan rates, from
0.058 to 0.40 mV s−1 for the bare and 5 wt.% AlPO4-coated
compound in the range 2.5–4.3 V. The data are given inFig. 8.
As expected, the�V values and the peak-current (i) increase
with increase in the scan-rate, which is typical of intercala-
tion electrodes such as LiMn2O4 [54,55] and LiCoO2 [56]
and is an indication of transition from a finite to a semi-
infinite diffusion process of Li-ions within the crystal lattice.
In the present case, however, the peak current,i, does not
vary as the square root of the scan-rate, but appears to vary
linearly and 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 shows a
marginal increase in both anodic and cathodic peak currents
(Fig. 8(c)). The linear variation could be due to the smaller
scan-rates that have been used. The�Vvalues (hysteresis be-
tween the anodic/cathodic peak voltages) exhibit a significant

increase with scan-rate, more so for the 5 wt.% AlPO4-coated
compound (Fig. 8(d)). Thus, the CV results demonstrate that
≥5 wt.% AlPO4-coating is able to suppress completely the re-
versible crystal structure transitions in Li(Ni0.8Co0.2)O2 that
occur when cycled to >4 V, but causes an increase in the elec-
trode polarization. The mechanism by which the H1↔ M,
M ↔ H2 and H2↔ H3 crystal transitions are suppressed by
the AlPO4-coating is not clear at present. Possibly, the Al
ions doped into the surface layers of the host compound are
responsible for the suppression.

3.3.2. Galvanostatic cycling
Charge–discharge cycling of the cells containing bare, 1,

3, 5 and 8 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 cathodes was
continued up to 70 cycles at room temperature and a current
density of 30 mA g−1 in the voltage range 2.5–4.3 V versus
Li. The voltage versus capacity profiles are shown inFig. 9.
On starting the charging process the open-circuit voltage
(OCV = 3.1 V) suddenly increases to 3.5 V and then gradually
to 4.3 V. The first-charge capacity is 216 mAh g−1, which al-
most corresponds to the theoretical value of 219 mAh g−1

assuming that all the Ni3+ ions present in the compound
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Fig. 8. Cyclic voltammograms of (a) bare and (b) 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2. Number refers to scan rate, mV s−1. (c) �Q (i × time) vs. scan rate
for bare and 5 wt.% AlPO4-coated compound. Anodic and cathodic�Q values are indicated. (d)�V, difference between anodic and cathodic peak voltages
vs. scan rate for bare and 5 wt.% AlPO4-coated compound.

Fig. 9. Voltage vs. capacity profiles at room temperature for (a) bare, (b)
3 wt.% AlPO4-coated and (c) 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 be-
tween 2.5 and 4.3 V vs. Li-metal at constant current 30 m Ag−1. The numbers
refer to cycle numbers.

are oxidized to Ni4+ following the extraction of Li from the
lattice of Li(Ni0.8Co0.2)O2. The first discharge capacity is
194 mAh g−1 and hence the irreversible capacity loss (ICL) in
the first cycle is 22 mAh g−1. As observed in the CV data, the
first cycle is the ‘formation’ cycle and the ICL arises due to the
oxidation of the Ni2+ ions present in the Li-layer in the com-
pound during synthesis. In the second and subsequent cycles,
these Ni3+ions do not participate in the charge–discharge pro-
cess, because they get trapped in the Li-layer in accordance
with the arguments reported in the literature[16]. After the
first few cycles, the observed charge and discharge capacities
agree very well and the coulombic efficiency is >98%. The ca-
pacity versus number of cycle plots are shown inFig. 10. It is
clear fromFigs. 9(a) and 10(a)that the bare compound suffers
capacity-fading between 10 and 70 cycles. The 10th cycle ca-
pacity of 201(±3) mAh g−1 decreases to 159(±3) mAh g−1

at the 70th cycle, which corresponds to a capacity-fade of
21%. Similar observations have been made in the litera-
ture, and the capacity-fading is attributed to reversible struc-
tural transitions in Li(Ni0.8Co0.2)O2 [18,20,24,28,34]. Minor
changes in the unit-cell volumes that occur during cycling
produce ‘electrochemical grinding’ of the cathode particles
and this leads to gradual loss of electrical contact with the
other particles and the current-collector.

Galvanostatic curves for 3 and 5 wt.% AlPO4-coated
L -
p wt.%
A -
t d
i(Ni 0.8Co0.2)O2 are presented inFig. 9(b) and (c). The ca
acity versus cycle number plots for these and 1 and 8
lPO4-coated compounds are given inFig. 10(a). The ca

hodic performance of the 1 wt.% AlPO4-coated compoun
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Fig. 10. Capacity vs. cycle number of bare and AlPO4-coated
Li(Ni 0.8Co0.2)O2 at current rate of 30 mA g−1: (a) range 2.5–4.3 V; (b) range
2.5–4.5 V. Filled symbols are for charge, while open symbols are for dis-
charge capacities.

is almost identical to that of bare Li(Ni0.8Co0.2)O2 and it is
concluded that such a low amount of AlPO4 does not have
any influence. A clear influence of coating is experienced
for concentrations≥ 3 wt.% AlPO4. The first charge capac-
ity decreases and the ICL increases with increasing amounts
of coated AlPO4. The respective values are—3 wt.% AlPO4:
201 and 43 mAh g−1; 5 wt.%: 167 and 55 mAh g−1; 8 wt.%:
150 and 75 mAh g−1. The reversible capacities, which sta-
bilize after a few initial cycles, exhibit good coulombic ef-
ficiency. Nevertheless, the absolute values decrease with in-
crease in the amount of coated AlPO4. The 10th cycle dis-
charge capacities are—3 wt.% AlPO4: 152 mAh g−1; 5 wt.%:
101 mAh g−1; 8 wt.%: 32(±3 mAh g−1). Capacity-fading in
3 and 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 is much less
than that shown by the bare compound. In the range 10–70
cycles, the capacity-fade for the 3 wt.%-coated compound
is ∼9%. In the case of the 5 wt.%-coated compound, the
reversible capacity of 101 mAh g−1 remains stable in the
range 10–40 cycles, after which it degrades by∼20% at
the 70th cycle. The cathodic performance of the 8 wt.%-
coated compound is very poor; the reversible capacity is only
20 mAh g−1 after 30 cycles, seeFig. 10(a). It is concluded that
3 wt.% AlPO4-coating is most effective in giving reasonably
high capacities and reduced capacity-fading in comparison
with bare Li(Ni0.8Co0.2)O2 when cycled in the voltage range
2

a g
u s are

given inFig. 10(b). The higher cut-off voltage causes severe
capacity-fading in the bare compound from the second cycle
onwards; the 5th cycle charge capacity of 181 mAh g−1 falls
to 94 mAh g−1 at the end of the 40th cycle, which corresponds
to 48% fading. This is more than twice the value observed
with the 4.3 V cut-off. By contrast, the 5 wt.% AlPO4-coated
Li(Ni 0.8Co0.2)O2 performs well, and is similar to that with
a 4.3 V cut-off. The first charge and discharge capacities are
198 and 134 mAh g−1, respectively. These values decrease
during 2–10 cycles but stabilize at 110(±5) mAh g−1 during
10–40 cycles. As can be seen fromFig. 10(b), the coulombic
efficiencies are also good.

The XRD patterns of selected cycled electrodes, in the
charged and discharged states, have been recorded after dis-
mantling the cells in a glove-box and recovering the com-
posite electrodes (along with the Al-foil). These ex situ XRD
patterns are similar to the virgin (bare or coated) compounds.
But a slight broadening of the peaks is observed. The lattice
parameters are given inTable 1and indicate that the crystal
structure is stable to cycling. As can be expected, thea pa-
rameter decreases andc and thec/a parameters increase in
the charged state for both the bare and AlPO4-coated com-
pounds. Similar behaviour has been observed[14] for charged
Li(Ni 0.8Co0.2)O2 electrodes, as well as for other cathodes
such as LiNixMgyO2[57], Li(Ni 0.70Co1.5Al0.15)O2[58], and
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.5–4.3 V up to 70 cycles.
Bare and 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 have

lso been cycled in the voltage range 2.5–4.5 V at 30 mA−1

p to 40 cycles. The capacity versus cycle number plot
i(Ni 1/3Co1/3Mn1/3)O2 [59]. The expansion of thec parame
er up to 14.44̊A is due to electrostatic repulsion of the ox
on layers that is caused by the removal of Li ions from
ayer and the formation of Ni4+ (or Co4+) ions in the (NiCo)
ayer. The decrease inRvalue from 0.82± 0.03 in the virgin
tate to 0.61± 0.01 in the charged state for the 3 and 5 w
lPO4-coated Li(Ni0.8Co0.2)O2 (Table 1) shows that som
f the Ni-ions have migrated to the Li-layer during cycl
nd may have contributed to the observed capacity-fa
eyond 40 cycles (Fig. 10).

.3.3. Impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a

dapted technique to reveal the surface film formation
ng charge–discharge cycling of the cathodes, the proc
hat occur in the active material of the composite electr
nd the Li ion diffusional processes in the surface film

n the bulk of the oxide. EIS studies have been repo
or bare Li(Ni0.8Co0.2)O2 [25,34,60], a TiO2-coated com
ound [34] and other cathodes such as LiCoO2 [61,62],
iNiO2 [62], Li(Ni 1/2Mn1/2)O2 [63] and LiMn2O4 [54,64].

n this work, preliminary measurements have been ma
oom temperature on cells with 1 and 5 wt.% AlPO4-coated
i(Ni 0.8Co0.2)O2. The cells were aged for 24 h and w
canned between 2.5 and 4.3 V at 0.058 mV s−1 using CV
et-up. After the desired number of cycles, the cells wer
axed for 3 h in the charged state and impedance resp
ere measured, together with those for uncycled cells.
yquist plotsZ′ versus−Z′′ for the 1 and 5 wt.% AlPO4-
oated samples are shown inFig. 11. A fresh cell with 1 wt.%
lPO4-coated Li(Ni0.8Co0.2)O2 as cathode and with an OC
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Fig. 11. Nyquist plots (Z′ vs. −Z′′) of the fresh cells and cells in charged
state: (a) 1 wt.%; (b) 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2. Cells were
cycled at scan rate of 0.058 mV s−1 between 2.5 and 4.3 V and then charged
to 4.3 V. Cycle numbers and select frequency values are shown. (c) and (d):
same as (b) in expanded scale.

of 3.1 V gives a single semicircle in the high-frequency re-
gion (>220 Hz) that intersects the Z′ axis, after curve-fitting,
at 157± 3�, followed by Warburg-type behaviour (straight
line with 45◦ angle to theZ′ axis) in the low-frequency re-
gion (4.4–0.07 Hz). The depressed semicircle is due to the
non-homogeneity of the composite electrode. A qualitative
change occurs in the impedance spectrum of the cell in the
charged state (4.3 V) after five cycles, namely, a well-defined
semicircle in the high-frequency region (>0.5 kHz) that, on
closer inspection, reveals two overlapping semicircles. A de-
pressed semicircle is shown in the intermediate frequency
region (>2 Hz) and a Warburg-region in the low-frequency
region (<0.17 Hz). The shape of the spectra remain almost
unchanged for the cells after 15 and 20 cycles (Fig. 11(a)).

Similar behaviour is shown by the cells with 5 wt.%
AlPO4-coated Li(Ni0.8Co0.2)O2. Fresh cell (OCV = 3.1 V)
shows a single semicircle with an impedance, after curve-
fitting, of 210± 3� (frequency of 158 Hz at theZ′′ maxi-
mum), but the Warburg-type sloping region below 4 Hz is

absent (Fig. 11(b)). A qualitative change in the impedance
spectrum is seen, in the charged state, after five cycles, viz.,
two overlapping semicircles in the high-to-intermediate fre-
quency range (4.4–0.55 kHz), clearly seen in the expanded
scale in Fig. 11(c), and an incomplete semicircle in the
low-frequency region (<11 Hz). The Warburg region is ab-
sent. The spectra remain mostly unaffected after 10, 15 and
20 cycles (Fig. 11(b–d)). Nobili et al.[25] and Levi et al.
[60] have studied the impedance behaviour of cells with
Lix(Ni0.8Co0.2)O2 as the cathode and Li-metal as the anode
at various voltages (xvarying from 1.0 to 0.5). They analyzed
the observed data by fitting to equivalent electrical circuits
representingR (resistance), capacitanceC (or constant phase
element, CPE in the case of depressed semicircle), and the
Warburg element. In fresh cells, the impedance correspond-
ing to the high-frequency semicircle is generally attributed to
the passivating surface-film (solid electrolyte interface, SEI)
that forms on the cathode (Rsf). In charged or cycled cells, the
Rsf becomes very much reduced due to the ‘formation’ cycle,
and remains unchanged in subsequent cycles. The impedance
of semicircles in the intermediate-frequency (4.0–0.5 kHz)
and low-frequency (<11 Hz) ranges is attributed to the bulk
resistance (Rb) and charge-transfer (electrolyte–electrode) re-
sistance (Rct) of the cathode, respectively[60]. Nobili et al.
[25] have however, argued that the low-frequency impedance
c n
i i-
a ten,
t tion
i y the
c

L e
r e
o pre-
s
C
p sso-
c
r s.
A l,
i
A
c f-
t
c
I
i of
m of the
m r.
T an
i viz.,
f s
c rind-
i ible
p e ob-
orresponds to the bulk resistance (Rb). The Warburg-regio
s exhibited at very low frequencies (�1 Hz) and is assoc
ted with the Li-ion diffusion process in the cathode. Of

he Warburg-region can be missed either due to the limita
n the measured frequency range or due to masking b
harge-transfer/bulk resistance contributions.

The impedance spectra of 1 and 5 wt.% AlPO4-coated
i(Ni 0.8Co0.2)O2 in Fig. 11are qualitatively similar to thos
eported for Li(Ni0.8Co0.2)O2 [25,34,60]. We have fitted th
bserved spectra to the equivalent electrical circuits re
entingRsf, Rct andRb and the respective CPEs (Csf, Cdl and
b) with or without the Warburg element[25,60,63,64]. The
arameterCdl represents the double-layer capacitance a
iated withRct. Fresh cells show anRsf of 157 and 210�,
espectively, for the 1 and 5 wt.% AlPO4-coated compound
fter five cycles, in the charged state, theRsf become smal

.e., 1.5± 0.5 and 3± 1� respectively, for 1 and 5 wt.%
lPO4-coated compounds, and remain constant for≥10 cy-
les. TheRb values for 1 wt.% AlPO4-coated compound a
er≥5 cycles are 8± 2�, whereas those for 5 wt.% AlPO4-
oated compound are larger, by a factor of three (24± 2�).
t is well-known that the bulk resistivity of Lix(Ni0.8Co0.2)O2
n the charged state (x∼ 0.5) is smaller by two–three orders

agnitude compared with the fresh or discharged state
aterial[14,25]. Hence, the observedRb values are in orde
heRct values for 1 wt.% AlPO4-coated compound show

ncreasing trend with increase in the number of cycles,
rom 48± 2� after 5 cycles to 64± 2� after 20 cycles. Thi
an be understood from the fact that ‘electrochemical g
ng’ occurs in the compound on cycling due to revers
hase transitions, and must be one of the reasons for th
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Fig. 12. DSC curves of charged cathodes from cells charged to 4.3 V after
six galvanostatic cycles for the bare and AlPO4-coated Li(Ni0.8Co0.2)O2.
Heating rate, 5◦C min−1.

served capacity-fading (Fig. 10(a)). On the other hand, theRct
values for the 5 wt.% AlPO4-coated compound are very large,
i.e., 2390± 5� after 5 cycles, and decrease with increase
in cycle number, finally reaching 860± 5� after 20 cycles.
Since AlPO4 is an electronic insulator, it is expected that
≥5 wt.% coating must give rise to an increase in the charge-
transfer resistance. The reasons for the continuous decrease
of Rct with the increase in number of cycles with the 5 wt.%
AlPO4-coated compound is not clear at present, although it
is known that the phase transitions are more or less com-
pletely suppressed. TheCsf,Cb andCdl values are in the range
130± 10�F, 60–160�F and 25± 5 mF, respectively, and do
not show much variation in the 1 and 5 wt.% AlPO4-coated
compounds for≥5 cycles. These values are in the range ob-
served by others on oxide cathodes. Since the cathodic perfor-
mance of 1 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 is almost
the same as that of bare compound, it can be assumed tha
the impedance response of the former reflects that of the bare
compound. Thus, the variation in the impedance parameters
for the bare and 5 wt.% AlPO4-coated compounds correlate
well with the galvanostatic data. The higher values ofRb and
Rct in 5 wt.% AlPO4-coated Li(Ni0.8Co0.2)O2 are responsi-
ble for the lower reversible capacities in comparison with the
bare compound. Nevertheless, the constancy ofRb (24± 2�)
and the decreasing value ofRct for >5 cycles ensures a stable
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Ni4+ (and Co4+) ions in the lattice at high temperature. Both
the 3 and 5 wt.% AlPO4-coated compounds show a shift to-
wards higher temperature, by∼10◦C, with Td = 230± 2◦C.
Significantly, the integrated relative peak areas for the coated
compounds are smaller by a factor of 5 in comparison with
the bare Li1−x(Ni0.8Co0.2)O2 (Fig. 12). A similar decrease in
the heat evolution, by a factor of 10, and enhancement ofTd
(by ∼50◦C) have been observed for AlPO4-coated LiCoO2
cathodes when charged to 4.3 V[38]. Hence, it is concluded
that AlPO4-coating of Li(Ni0.8Co0.2)O2 provides better ther-
mal stability in the charged state.

4. Conclusions

The surface of the particles of the layered oxide,
Li(Ni 0.8Co0.2)O2 have been coated with AlPO4 and their ca-
thodic behaviour has been examined in cells with Li metal as
the anode.

The bare (uncoated) compound is synthesized as a crys-
talline powder by the mixed-hydroxide method at 725◦C in
an oxygen atmosphere. It is then coated with AlPO4, from 1
to 8 wt.%, by the solution method and heat-treated at 700◦C
in oxygen. All the compounds are characterized by powder
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.3.4. Thermal stability of the charged cathodes
The thermal stability of the cathodes in the charged

cells charged to 4.3 V after six cycles) was evaluate
ifferential scanning calorimetry (DSC). The DSC trace
are and 3 and 5 wt.% AlPO4-coated Li1−x(Ni0.8Co0.2)O2,
≥ 0.5 are shown inFig. 12. The heat flow values in th
-axis have been normalized with respect to the cath
ctive mass in the composite electrode. As can be seen
i1−x(Ni0.8Co0.2)O2 displays a characteristic exotherm
eak with a decomposition temperature (Td) of 220± 2◦C, in
ery good agreement with the reported values (210–22◦C)
18,22,28]. The heat evolution is due to the decomposi
nd destruction of the layer structure with the liberatio
xygen. This occurs mainly because of the instability of
t

RD, XPS, SEM, EDAX, TEM, BET-surface area and d
ity methods. The XRD analysis shows that the hexag
and c lattice parameters of Li(Ni0.8Co0.2)O2 are not af

ected by the AlPO4-coating, but there are indications
n increasing number of Ni-ions occupying the Li-site

he Li-layer with increasing amounts of coated AlPO4. The
PS data show that Ni, Co and Al ions are trivalent
xpected. The O 1s spectra clearly indicate two diffe
xygens that correspond to the coated-AlPO4 and the bar
ompounds. Micrographs from SEM and TEM studies
eal that AlPO4 is not uniformly coated on Li(Ni0.8Co0.2)O2
or compositions≥5 wt.%. Cyclic voltammetry (CV) of th
are compound shows redox processes at 3.65–3.8 V (v
i) that correspond to the Ni3+/4+ couple and characteris
tructural phase transitions at higher voltages. These
itions are suppressed by a≥5 wt.% AlPO4-coating. Gal
anostatic charge–discharge cycling performed at a cu
ensity of 30 mA g−1 in the range 2.5–4.3 V up to 70 c
les demonstrates that the first cycle capacity loss incre
nd the reversible capacities decrease, with an incre
mount of coated AlPO4. After 10 cycles, for example the d
harge capacities are—bare Li(Ni0.8Co0.2)O2: 201 mAh g−1;
wt.% AlPO4: 152 mAh g−1; 5 wt.%: 101 mAh g−1; 8 wt.%:
2(±3 mAh g−1). Capacity-fading in the 3 and 5 wt.
lPO4-coated Li(Ni0.8Co0.2)O2 is much less than that show
y the bare compound. In the range 10 to 70 cycles, cap

ade for the bare and 3 wt.% coated compounds is 21
5% respectively. In the case of the 5 wt.% coated c
ound, the reversible capacity of 101 mAh g−1 remained
table in the range 10–40 cycles, after which it degra
y ∼20% at the 70th cycle. The coulombic efficiency
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>98% in all cases. The cathodic performance of the 8 wt.%
coated compound is very poor. Bare and 5 wt.% AlPO4-
coated compounds have also been cycled between 2.5 and
4.5 V at 30 mA g−1 up to 40 cycles. The fifth cycle charge
capacity of 181 mAh g−1 for the bare compound decreased
to 94 mAh g−1 after 40 cycles, which corresponds to 48%
capacity-fading. The 5 wt.% AlPO4-coated compound dis-
plays a stable capacity of 110± 5 mAh g−1 between 10 and
40 cycles. Ex situ XRD of 3 and 5 wt.% AlPO4-coated,
charged cathodes (to 4.3 V after 70 cycles) reveals that the
crystal structure is stable to cycling but indicates that increas-
ing amounts of Ni-ions occupy the Li-layer. Impedance stud-
ies of uncycled and cycled cells (charged state, to 4.3 V)
exhibit the beneficial effect of 5 wt.% AlPO4-coating of
Li(Ni 0.8Co0.2)O2 in that the deduced values ofRb andRct
are larger than those of 1 wt.% AlPO4-coated compound,
but help to suppress capacity-fading in the range 10–40 cy-
cles. The DSC curves of the charged cathodes, 4.3 V after
six cycles, reveal that the decomposition temperature (Td)
of 220◦C for the bare compound increased by∼10◦C af-
ter 3 and 5 wt.% AlPO4-coating, and more significantly, the
heat evolution decreases by a factor of 5. This concluded
that a≥3 wt.% AlPO4-coating of Li(Ni0.8Co0.2)O2 is effec-
tive in reducing capacity-fading and increasing its thermal
stability in the charged state. These benefits come, however
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