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a b s t r a c t

The distribution of Fe3+ and Ni3+ impurities and the electrochemical performance of LiCoO2 electrodes
were examined. Commercial LiCoO2 powders supplied by Aldrich were used. The electrochemical per-
formance of LiCoO2 was modified by rotor blade grinding of LiCoO2 followed by thermal treatment.
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Structural information on Fe and Ni impurities was obtained using both conventional X-band and
high-frequency electron paramagnetic resonance spectroscopy (EPR). It was found that Fe3+ occupies a
Co-site having a higher extent of rhombic distortion, while Ni3+ is in a trigonally distorted site. After rotor
blade grinding of LiCoO2, isolated Fe3+ ions display a tendency to form clusters, while isolated Ni3+ ions
remain intact. Re-annealing of ground LiCoO2 at 850 ◦C leads to disappearance of iron clusters; isolated
Fe3+ ions are recovered. The electrochemical performance of LiCoO was discussed on the basis of isolated
ayered oxides

PR spectroscopy and clustered ions.

. Introduction

As a commercial cathode material for lithium ion batteries,
iCoO2 has been the most widely studied lithium-transition metal
xide during the past decades [1]. The crystal structure of LiCoO2
space group R-3m, �-NaFeO2-type) is composed of a consecutive
rrangement of Li+ and Co3+ ions in the close-packed oxygen arrays
eading to the formation of discrete lithium and cobalt layers [2].
he electrochemical reaction includes a reversible lithium interca-
ation concomitantly with reversible oxidation of Co3+ to Co4+ ions
3–6].

The control on the electrochemical performance of LiCoO2 can
e achieved by rational manipulation of their structure, morphol-
gy and surface. The replacement of Co3+ by both electrochemically
ctive and inactive ions (such as Ni3+, Fe3+, Mn4+ [7–12] and Al3+,
a3+, Mg2+, Ti4+ [13–18], respectively) is a way to increase the
apacity, to improve the oxide stability in delithiated state and to
hange the potential of the Li extraction and insertion. LiCoO2 is

apable to accommodate a small amount of excess of Li in the Co-
ayers by creation of oxygen vacancies thus leading to Li1+tCo1−tO2−t

ith t ∼ 0.04 [19,20]. The stoichiometric and over-stoichiometric
xides display different reaction mechanism just of in the ini-
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tial stage of Li extraction. The surface modification of LiCoO2 by
coating with oxides, fluorides and phosphates (such as MgO, ZnO,
Al2O3, AlF3, AlPO4, etc.) represents an effective way of controlling
the electrochemical performance of commercially available LiCoO2
electrodes by improving the structural integrity and by keeping
down the electrode–electrolyte reaction [21–28]. Another approach
to the improvement of the electrochemical performance of LiCoO2
is simple re-annealing at temperatures up to 550 ◦C [29]. Recently,
Tirado et al. demonstrated that rotor blade grinding followed by
re-annealing affected strongly the microstructure, surface and mor-
phology of LiCoO2. As a result, a significant improvement in the
electrochemical performance of LiCoO2 was achieved [30,31]. Irre-
spective of the fact that many experimental techniques have been
applied to understanding the physical meaning of the modified
properties of LiCoO2, they still remain unclear [32].

The electrochemical performance of LiCoO2 is a complex pro-
cess. One of the factors that is usually not taken into account, is
the appearance of impurity ions in low concentration. Cobalt salts
used for the production of LiCoO2 contain usually impurities such
as nickel and iron in concentrations less than 0.2%. In LiCoO2, both
Ni3+ and Fe3+ ions substitute for Co3+ ions [7–10]. While Ni3+ ions
adopt low-spin configuration with S = 1/2, Fe3+ ions are in high
spin configuration with S = 5/2. One of the experimental methods

especially suitable for studying transition metal ions at a low con-
centration level is the EPR spectroscopy working at 9.2 GHz (X-band
EPR) [33–35]. Recently, enormous extending of the EPR capability
as a local spectroscopic tool was achieved due to the application
of a higher microwave frequency and a stronger magnetic field

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:radstoy@svr.igic.bas.bg
dx.doi.org/10.1016/j.jpowsour.2009.05.026
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Fig. 1. SPES results corresponding to the first charge–discharge curve of bare

36]. This technique is now recognized as high-frequency EPR work-
ng at frequencies and magnetic fields higher than 95 GHz and
T, respectively. For systems with S = 1/2, HF-EPR allows resolv-

ng small g-tensor anisotropy, while for systems with an integer
pin or S > 1/2, the higher field used permits precise determina-
ion of the axial and rhombic zero field splitting (ZFS) parameters
36,37]. Concerning cathode materials for lithium ion batteries, the

ulti-frequency EPR spectroscopy provides an unique information
n the local structure of Ni3+ and Fe3+ spin probes in LiCoO2 and
l/Ga-substituted LiCoO2, due to diamagnetic character of Co3+ and
l3+/Ga3+ ions [38–40].

This study is aimed at analyzing the contribution of Fe3+ and Ni3+

mpurities to the electrochemical performance of LiCoO2 electrode
aterials. Commercial LiCoO2 powders supplied by Aldrich were

sed for this study. The electrochemical performance of LiCoO2
as modified by rotor blade grinding of LiCoO2 followed by ther-
al treatment. Structural information on Fe3+ and Ni3+ impurities
as obtained using both conventional X-band and high-frequency

PR spectroscopy. The assignment of the EPR signals was based on
pplication of EPR standards such as Ni3+ and Fe3+ doped LiCoO2.

. Experimental

Commercial LiCoO2 (Aldrich, Lot #20804PR) was used as starting
aterial. According to specification sheet, the maximum metallic

mpurities determined from ICP trace metal analysis are 3000 ppm.
he lithium cobalt oxide powder was dispersed in N-methyl pyrroli-
one (NMP) and the resulting slurry was ground in an Ultra
ur-rax-T18 apparatus working at 10,000 rpm in air atmosphere.
he high-speed rotating movement of the blades favoured the exfo-
iation process. NMP was removed by heating to 120 ◦C in air for
everal hours. Ground samples were obtained after milling for 20,
5, 60, 80, and 180 min periods. In addition, the starting LiCoO2
aterial and selected ground samples were re-annealed at 500 and

50 ◦C in static air atmosphere for 48 h inside an alumina crucible.
eating and cooling rates were ca. 2 min−1. Selected samples were
ashed with acetone under magnetic stirring for 5 and 10 h and an

dditional heat treatment at 850 ◦C was carried out.
EPR measurements at 9.23 GHz were carried out in a ERS 220/Q

pectrometer within the temperature range 85–410 K. The g-factors
ere established with respect to a Mn2+/ZnS standard. The high-

requency EPR spectra were recorded on a single-pass transmission

PR spectrometer built in the High-Magnetic Filed Laboratory,
renoble, France. The frequencies were changed from 95 to 345 GHz
sing Gunn diodes and their multipliers. The detection of absorp-
ion was performed with an bolometer. The recording temperatures
ere varied from 5 to 300 K using a variable temperature insert
2 in Li cells: (a) intensity vs. voltage curve and (b) voltage vs. capacity curve.

(Oxford Instruments). Simulation software SIM written by Weihe
was used to extract numerical values of spin Hamiltonian parame-
ters from experimental EPR spectra [41,42]. The program was based
on a full-matrix diagonalization procedure and allowed generating
powder pattern EPR spectra of spin systems with any values of zero-
filed splitting parameters relative to the operating frequencies. This
program also took into account the Boltzman population factor in
calculating the EPR intensities.

Due to the lower sensitivity of the HF-EPR technique (single-pass
technique) as compared to the conventional X-band EPR spectrom-
eter, a higher spin concentration was needed. That is why the LiCoO2
oxides were additionally doped with Ni and Fe in a concentra-
tion of Ni(Fe)/[Co + Ni(Fe)] = 0.005. In this case, the signal in the
X-band EPR spectrum was broadened, but the EPR profile were pre-
served (not shown). Moreover, the crystal structure parameters of
Ni- and Fe-doped LiCoO2 oxides remained the same. The synthe-
sis procedure was based on the co-precipitated hydroxide method,
which is described in details elsewhere [43]. The solid-state reac-
tion between Fe/Ni-doped cobalt hydroxide precursor with LiOH
proceeds at 900 ◦C for 12 h in air. Both Ni- and Fe-doped LiCoO2
were used as EPR standards for Ni3+ and Fe3+ ions.

In order to obtain the electrodes for the electrochemical exper-
iments, the LiCoO2 active material (77%) was mixed with PVDF
(8%) and graphite (15%), and dispersed in NMP. After heating to
150 ◦C in vacuum for several hours, the resulting composite elec-
trodes were supported on Al-foil and used as positive electrodes in
lithium cells. The electrochemical behaviour of LiCoO2-based pos-
itive electrodes was studied in lithium cells. In the Swageloke-type
cells, the negative electrode consisted of a clean 9 mm diameter
lithium metal disk. The commercial (Merck LP40) electrolyte solu-
tion was 1 M LiPF6 in a 1:1 mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC), which was supported in WhatmanTM glass
microfibers as separators. Step Potential Electrochemical Spec-
troscopy (SPES) experiments were carried out with a MacPile-II
instrument, by applying potential steps of 10 mV every 0.1 h in the
range between 4.3 and 3.2 V.

3. Results and discussion

3.1. Electrochemistry and EPR spectrum of bare LiCoO2

Fig. 1 gives the SPES curves of commercial LiCoO2. The SPES

curves show the typical electrochemical behavior of well-known
LiCoO2: the main oxidation peak is observed at ca. 4.1 V, and
the main reduction peak at ca. 3.82 V. These effects correspond
to the redox couple Co3+/Co4+ and are accompanied by a sig-
nificant expansion of the c parameter during lithium extraction
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ig. 2. X-band EPR spectra at 233 K (a) and 103 K (b) of bare LiCoO2. For the signal
ssignment, the EPR spectra at 103 K of LiCoO2 doped with Fe (c) and Ni (d) are also
hown. The simulated EPR spectrum at 9.2 GHz (sim(103 K)) for Fe3+ with g1 = 1.9908,
2 = 1.9922, g3 = 2.0033 and D = 0.0545 cm−1, E/D = 0.262 is also given.

44]. However, the two small peaks commonly observed at higher
oltage ascribable to an order–disorder transition of Li+ ions in
he interlayer are not clearly observable [45]. Previous studies
n this material showed that the two low-intensity peaks were
nly observable in highly crystalline LiCoO2 samples [30]. The
oltage–capacity curve shows that the reversible capacity mea-
ured in the first cycle is 144 mAh g−1 (Fig. 1b).

Co3+ ions, which adopt the low-spin configuration in LiCoO2,
re diamagnetic. This means that LiCoO2 is not active in EPR exper-
ments. However, well-resolved EPR spectrum in the X-region is
bserved for bare LiCoO2 (Fig. 2). To facilitate the assignment of EPR
ignals, the same figure gives the EPR spectra of low-spin Ni3+ and
e3+ ions stabilized in LiCoO2 in concentration level of 0.5%. Com-
arison of the EPR spectra of bare LiCoO2 and EPR standards allows
ifferentiating between two types of signals. At 233 K, the single

ine with Lorentzian shape and g-factor of 2.142 dominates in the
PR spectrum of bare LiCoO2. This signal is attributed to low-spin

3+
i ions. On cooling, the second type of signal becomes visible.
his EPR signal consists of multiple lines that are spanned over
wide field range. Based on our previous EPR studies of Fe3+ in

iAlyCo1−yO2 oxides [40], the structured EPR patterns come from
e3+ ions, for which the magnitude of the ZFS parameter is compa-

ig. 3. EPR spectra at 95 and 285 GHz of bare LiCoO2. The operating temperature is 5 K, 3
he signal assignment, the EPR spectra at 285 GHz of LiCoO2 doped with Fe3+ and Ni3+ ar
nd 285 GHz (5 K operating temperature) for Fe3+ with g1 = 1.9908, g2 = 1.9922, g3 = 2.0033
Sources 194 (2009) 494–501

rable with the energy of the microwave frequency (hv ≈ 0.3 cm−1,
low field approximation).

EPR spectroscopy at high frequencies provides further informa-
tion on the local coordination of Ni3+ and Fe3+ impurity ions in
LiCoO2. Fig. 3 gives the HF-EPR spectra of bare LiCoO2 and EPR stan-
dards for Fe3+ and low-spin Ni3+ ions. Between 100 and 30 K, two
well separated signals due to low-spin Ni3+ and Fe3+ ions give rise
to the EPR spectrum of bare LiCoO2 registered at 285 GHz: a single
Lorentzian line with g = 2.142 and a signal with tetragonal symmetry
with g⊥ = 1.9921 and g|| = 2.0027, respectively. In this temperature
range the tetragonal signal dominates. As Ni3+ is an ion with S = 1/2,
the g-value remains the same when is determined at lower and
higher frequencies. As Fe3+ is an ion with S = 5/2, the EPR spectrum
is more complex due to the splitting of the six magnetic sublevels
of the ground spin state in zero-magnetic field. In addition to the
central anisotropic signal, several weaker signals symmetrically
shifted to down- and upper-field become visible. Their intensities
increase on cooling. At 5 K, two intensive outermost signals at 10.0
and 10.4 T dominate the EPR spectrum. The temperature depen-
dence of the line position and line intensity permit determination
of the axial and rhombic ZFS parameters for Fe3+ ions in LiCoO2.
The details of this procedure have been described elsewhere [40].
Thus, the values of axial and rhombic ZFS parameters are as fol-
lows: D = 0.0545 cm−1 and E/D = 0.262. To check the correctness of
ZFS determination, Figs. 2 and 3 give also the simulated EPR spec-
trum at 9.2 and 95 GHz. The same values of ZFS parameters have
been determined for Fe3+ in Fe-doped LiCoO2 [40]. This means that
the magnitude of ZFS parameters does not depend on the amount
of Fe3+ ions.

By modeling of the magnitude of ZFS parameters in the frame-
work of the Newman superposition model [40], it has been found
that Fe3+ ions occupy sites in the Co-layers characterized by a lower
extent of trigonal distortion, but by an increased rhombic deforma-
tion. However, for the host matrices, trigonally distorted sites are
only available. The appearance of local rhombic distortion around
Fe3+ ions does not affect the massive trigonal distortion of CoO2-
layers. The appearance of Fe3+ in distorted crystal field has also
been detected by 57Fe Mössbauer spectroscopy [46–49]. After par-

tial replacement of Co by Fe (0 < x < 0.2), Fe ions having a
smaller isomer shift (0.24–0.19 mm s−1) appear. These ions have
been assigned to Fe3+ ions located in pseudotetrahedral sites in
LiO2-layers or in square-pyramidal sites (in CoO2-layers) formed
with the participation of an oxygen vacancy [48,49].

0 K and 100 K for 95 GHz experiments and 5 and 30 K for 285 GHz, respectively. For
e shown (Ni3+–LiCoO2 and Fe3+–LiCoO2, respectively). Simulated EPR spectra at 95
and D = 0.0545 cm−1, E/D = 0.262 are also given (sim(5 K)).
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ig. 4. SPES results corresponding to the seven first charge–discharge cycles of LiCo
oltage curve and (b) voltage vs. capacity curve.

At 5 K, the isotropic signal due to Ni3+ is split into anisotropic
oublet and a nearly symmetric single line in the central part
Fig. 3). According to our previous EPR studies on Ni3+ doped
iAlyCo1−yO2 [50,51,38,39], the anisotropic doublets originate from
he ground vibronic doublet state, while the single line can be
ssigned to an excited vibronic singlet and/or relaxation averaged
inglet. This means, that contrary to Fe3+ ions, Ni3+ ions occupy
he trigonally distorted sites in the Co-layers, where the orbitally
egenerate state for Ni3+ is preserved.

For a concentration of 0.5%, the insertion of Fe3+ ions in LiCoO2
oes not significantly affect the value of reversible capacity in the
rst cycle: 155 mAh g−1 (Fig. 4). Close inspection of SPES curves
hows that Fe3+ impurities suppress the order–disorder transition
f Li+ ions. The effect of impurity ions on this process has been
eported by Dahn et al. [45].

.2. Effect of grinding on the EPR spectrum and electrochemical
erformance of LiCoO2

Detection of Fe3+ and Ni3+ impurities allows us to use these two
ons as EPR probes in order to follow the local structural changes
aused by grinding of LiCoO2. According to our previous stud-
es, three features of the grinding process can be outlined [30]:
i) short grinding times (20 min) lead to the formation of exfo-

iated layers inside larger particles; (ii) medium grinding times
60–120 min) give rise to ultrafine layered particles, and (iii) on
rolonged grinding (80–180 min), lithium cobalt oxide reacts with
he atmosphere resulting in the formation of a thick lithium car-
onate surface film. Based on X-ray absorption spectroscopic study

ig. 5. SPES results corresponding to the first charge–discharge curve of LiCoO2 ground 18
ntensity vs. voltage curve and (b) voltage vs. capacity curve.
0.005O2 synthesised by co-precipitated method at 850 ◦C in Li cells: (a) intensity vs.

[31], it has been found that the layered structure (in terms of
Co–Co and Co–O distances) is basically preserved after mechanical
and thermal treatment. However, after grinding the electrochemi-
cal performance of LiCoO2 undergoes a significant change: a poor
electrochemical behaviour was observed after short and prolonged
grinding times (up to 20 min and above 80 min, respectively), while,
with an intermediate grinding time (about 60 min), there is a net
improvement in the reversible specific capacity and capacity reten-
tion [30]. To eliminate the effect of Li2CO3 deposition on the surface
of LiCoO2 particles ground for 180 min, the sample was addition-
ally washed with acetone for 5 and 10 h. SPES curves of ground
and ground-washed LiCoO2 samples are compared in Fig. 5. As one
can see, after washing there are two important remarkable differ-
ences in the electrochemical behaviour: (i) the cathodic and anodic
peaks are less broadened and more intense as compared with the
un-washed sample (Fig. 5a) and (ii) there is an improvement of the
reversible capacity in the first cycle. The capacity value is increased
from 63 to 115 mAh g−1 (Fig. 5b), but this behavior is still worse
as compared to untreated LiCoO2 (Fig. 1). However, the capacity
retention is enhanced on cycling as can be discussed later in terms
of cycling stability.

To get insight into the effect of the grinding process, EPR as a
local spectroscopic technique is invoked. Fig. 6 gives the EPR spec-
tra of bare and treated LiCoO2. After grinding, the EPR spectrum
of LiCoO2 undergoes a strong change. A short grinding time (up to

20 min) leads to a decrease in intensity of the signal due to Fe3+

ions. In the same sequence, it appears that the signal due to Ni3+

remains unchanged. In addition, a new signal grows in intensity.
This signal is significantly broadened as compared to the signal due
to isolated Ni3+ and Fe3+ impurity ions. In addition, the resonance

0 min and LiCoO2 ground 180 min and washed with acetone for 10 h, in Li cells. (a)
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Fig. 6. X-band EPR spectra of: bare LiCoO2 (a); LiCoO2 after grinding for 20 min; (b)
60 min (c); and 180 min (d), and ground LiCoO2 for 180 min followed by washing with
a
2
a

a
2
n
f
o
e
g

F
o

cetone for 10 h (e). Dotted and full lines correspond to the EPR spectra registered at
93 K and 103 K, respectively. The intensity scale of bare LiCoO2 is magnified 4 times
s compared to that of other samples.

bsorption depends on the operating temperature. On cooling from
93 to 103 K, the magnetic resonance is shifted to a lower mag-
etic field, which corresponds to the change in the effective g-factor
rom 3.8 to 4.0. After further grinding, there is a continuous shift
f the resonance absorption towards the lower magnetic fields: the
ffective g-value increases from about 4.0 to about 5.0 for samples
round for 20 and 180 min. For oxide treated for 180 min, the signal

ig. 8. (A) EPR spectra at 285 GHz of bare LiCoO2 (a) and LiCoO2 ground for 60 min (b) and
f Ni3+ and Fe3+ ions in Ni and Fe-doped LiCoO2 are also shown. (B) Simulated EPR spectr
Fig. 7. HF-EPR spectra of LiCoO2 ground for 60 min.

due to Fe3+ ions is poorly visible at the expense of the broad signal
(Fig. 6). It is worth mentioning that the broader signal is affected
after the washing of ground LiCoO2. There are a line broadening and
a shift of magnetic resonance to a higher field (Fig. 6d and e). In the
same sequence, the effective g-factor decreases from 5.0 to 3.3.

The EPR parameters permit assigning the broad signal to metal
clusters rather than to isolated paramagnetic centers. To support
this suggestion, Fig. 7 gives the HF-EPR spectra of LiCoO2 ground
for 60 min. At 100 K, the HF-EPR spectra consist of a broad signal
with a g-value decreasing with increasing microwave frequency
and reaching the g-value of free electron at 285 GHz: g-values of
4.68, 2.22 and 2.10 for the microwave frequency of 9.2, 95 and
285 GHz, respectively. The line width determined at 95 and 285 GHz
remains constant: 0.55 T. This signal is broadened on cooling and

disappears below 30 K. The observed EPR parameters can be related
to the formation of metal clusters, where metal ions are coupled
by weak antiferromagnetic interactions. The approach of the effec-
tive g-values to the g-factor of the free electron indicates that Fe3+

re-annealed at 500 ◦C (c) and 850 ◦C (d). For the signal assignment, the EPR spectra
a (sim(5 K)) including D-strain broadening are also given.
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broad signal due to iron clusters disappears. In the same sequence,
there is a recovering of the EPR signals due to isolated Fe3+ ions. This
feature does not depend on the grinding time. Fig. 11 compares the
EPR spectra of LiCoO2 ground for a short- and a prolonged time fol-
ig. 9. SPES results corresponding to the first charge–discharge curve of LiCoO2 gro
50 ◦C, in Li cells (a) intensity vs. voltage curve and (b) voltage vs. capacity curve.

ons are mainly involved in the cluster formation. The formation of
e(III)–O clusters with predominate antiferromagnetic interactions
as been established by Scholz et al. after ball milling of nanostruc-
ured Al2O3 [52]. It is noticeable that iron clusters start to form after
hort milling time of Al2O3 (about 5 min.).

Another feature of the HF-EPR spectra of treated LiCoO2 is the
ignal due to isolated Fe3+ ions. Fig. 8 compares the HF-EPR spectra
f bare LiCoO2, treated LiCoO2 and Fe-doped LiCoO2 in the region
here the Fe3+ signal is well resolved. At 5 K, all samples studied
isplays two intensive outermost signals at 10.0 and 10.4 T due to

±5/2 > −|±3/2> multiplet transition. By increasing the operating
emperature, the central asymmetric signal due to |−1/2 > −|+1/2>
ransition grows in intensity. The identical line positions and close
emperature dependence of the line intensities indicate clearly the
ame magnitude of ZFS parameters for bare and treated LiCoO2, as
ell as for Fe3+-doped LiCoO2.

Contrary to the Fe3+ signal, the signal due to low-spin Ni3+

ons remains unaffected after grinding. This means that grinding
f LiCoO2 affects the cationic distribution of Fe3+ impurity ions
nly. This finding is consistent with local distortion of the Fe3+ and
i3+ site in LiCoO2. The short-time grinding provokes an extrac-

ion of Fe3+ ions from Co-position, this leading to their segregation
nto Fe3+-clusters. After further grinding, there is a continuous
edistribution of Fe3+, as a result of which the axial stresses are
ccommodated in the layers. The formation of Fe clusters has a neg-
tive effect on the electrochemical performance of LiCoO2, while
solated Fe3+ impurities act beneficially.

.3. Effect of re-annealing on the EPR spectrum and
lectrochemical performance of LiCoO2

The re-annealing of ground LiCoO2 has been shown to promote
ts electrochemical behaviour [30]. Based on XPS studies, the perfor-

ance improvement is a result of the elimination of surface lithium
arbonate by thermal treatment due to lithium and oxygen reincor-
oration into LiCoO2. This process proceeds only after re-annealing
f LiCoO2 at 850 ◦C, while the particle surface remains unchanged
fter re-annealing at 500 ◦C. The re-annealing is an effective pro-
ess even in the case when ground LiCoO2 is washed (Fig. 9). For
his oxide, the SPES curves display well-resolved peaks due to oxi-
ation/reduction of Co ions and to the order/disorder of Li+ ions.

n comparison with unwashed oxide, the capacity remains slightly

ower (Fig. 9b). This is related to partial dissolving of surface lithium
arbonate deposed after prolonged grinding.

A cycling life study of the electrodes was carried out (Fig. 10).
ron doped samples LiCo0.995Fe0.005O2 containing isolated Fe3+ ions
xhibit a high reversible capacity. The maximum reversible capac-
80 min, and LiCoO2 ground 180 min followed of washing 10 h and then reheated at

ity was 155 mAh g−1 and after 50 cycles 135 mAh g−1 leading to
an efficiency of 87%. A similar capacity value during the first few
cycles was observed for the sample which was previously ground
(180 min), washed and afterwards re-annealed at 850 ◦C, being the
only difference in a lower efficiency (82%). An improvement in the
reversible capacity value of ground and washed LiCoO2 sample as
compared with an un-washed sample [30] was observed, but the
capacity faded drastically after 12 cycles. It is demonstrated by elec-
trochemical means that all these re-annealed samples recover their
characteristic reversible capacity not only in the first cycles but also
on prolonged cycling.

The temperature where samples are re-annealed has a direct
effect on Fe re-distribution. Fig. 11 gives the EPR spectra of LiCoO2
ground for 60 min and re-annealed at 500 and 850 ◦C. When sam-
ples are re-annealed at 500 ◦C, the broad signal still remains.
However, the EPR parameters are changed: the line width decreases
and the resonance absorption is shifted to higher magnetic field.
The line shape depends on the operating temperature: the sym-
metric narrow line is strongly broadened on cooling. The observed
changes in the EPR parameters of the broad signal reveal a reorga-
nization of the Fe-clusters after re-annealing of LiCoO2 at 500 ◦C.
By increasing the re-annealing temperature from 500 to 850 ◦C, a
Fig. 10. Cycling performance of the electrodes: (a) LiCo0.995Fe0.005O2; (b) LiCoO2

ground for 180 min, washed with acetone and re-annealed at 850 ◦C; (c) LiCoO2

ground for 180 min.
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Fig. 11. X-band EPR spectra of: bare LiCoO2 (a); LiCoO2 ground for 60 min (b); LiCoO2

ground for 60 min and re-annealed at 500 ◦C (c); LiCoO2 ground for 60 min and re-
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[2] H.J. Orman, P.J. Wiseman, Acta Cryst. C 40 (1984) 12–14.
nnealed at 850 ◦C (d); LiCoO2 ground for 180 min and re-annealing at 850 ◦C (e);
iCoO2 ground for 180 min, washed with acetone for 10 h and re-annealing at 850 ◦C
f).

owed by re-annealing at 850 ◦C. Irrespective of the grinding time,
he broad signal disappears after re-annealing. The disappearance
f the broad signal is concomitant with recovering of the signal due
o isolated Fe3+ ions.

The re-annealing process affects also the isolated Fe3+ ions. Close
nspection of the HF-EPR spectra of ground and re-annealed oxides
Fig. 8) shows that the intensities of two outermost signals at 10.0
nd 10.4 T are different. The ground LiCoO2 displays an increased
ntensity ratio of the two multiplet signals, while there is a smooth
ecrease after re-annealing of LiCoO2 at 500 and 850 ◦C. This fea-
ure can be related to the contribution of D-strain broadening to
he EPR profile. The higher is the D-strain broadening, the higher
s the difference between the intensities of two signals. Fig. 8 gives
he simulated EPR spectra of bare LiCoO2, ground LiCoO2 and re-
nnealed LiCoO2 at 500 and 850 ◦C by using D-strain broadening as
ollows: 0.0015, 0.0020, 0.0011 and 0.0004, respectively. The impor-
ant finding is that the grinding of LiCoO2 induces strains around
solated Fe3+ ions, which are cured after re-annealing of LiCoO2 at
50 ◦C.

The EPR studies demonstrate that iron distribution in LiCoO2 is
sensitive towards both mechanical and thermal treatments, while
i3+ remains intact. This allows associating the iron re-distribution
rocess with observed changes in the electrochemical performance
f LiCoO2 (Figs. 5 and 10). The improvement of the electrochemical
erformance of LiCoO2 is associated with the disappearance of iron
lusters, as well as with the annihilation of strains around isolated
e3+ ions. This means that the iron clusters displays a tendency to
lock lithium diffusion, resulting in a worse electrochemical behav-

or of LiCoO2. It should be noted that the ionic radius of the Fe3+ ion
s significantly larger than that of the Co3+ ions, thus resulting in a

inning of the interlayers by the iron clustering process (Scheme 1).
ontrary to iron clustering, the ionic mismatch causes a local rhom-
ic distortion around isolated Fe3+ ions in trigonal layers, which
oes not disturb the lithium diffusion.
Scheme 1. Schematic blocking mechanism of iron clusters on lithium diffusion.

4. Conclusion

Commercial LiCoO2 powders supplied by Aldrich contain iso-
lated Fe3+ and Ni3+ impurity ions, which occupy the Co3+-sites in
CoO2-layers. The accommodation of Fe3+ in CoO2-layers creates a
local rhombic distortion, while trigonal distorted site is preserved
after appearance of Ni3+. This feature is not unique for commer-
cial LiCoO2. It is a consequence of impurities contamination of the
initial cobalt salts used for production of LiCoO2. The appearance
of Fe3+ and Ni3+ impurities contribute also to the electrochemical
properties of LiCoO2.

Iron-bearing LiCoO2 was modified by rotor blade grinding,
which led to three main effects: (i) particle comminution by exfo-
liation, (ii) surface deposition of a lithium carbonate layer, and (iii)
iron clustering. These effects resulted in the poorer electrochemical
behavior of lithium test cells. The particle surface can be cleaned by
acetone washing, which yields partial improvement in the electrode
performance. Re-annealing improves crystallinity and destroys the
iron clusters, which leads to a net improvement in the electrochem-
ical properties. The results can be interpreted in terms of a blocking
effect in lithium diffusion caused by the iron clusters. This effect
is also evidenced by the difficulty in lithium ordering, as revealed
by the high-voltage order–disorder transition effects in the electro-
chemical spectroscopy curves.
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