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Abstract

Lithium-rich and Al-doped spinel materials with good capacity retention when cycled at high temperature have been synthesized. These
materials have been studied in comparison with oxygen-deficient spinel using X-ray diffraction at room temperature (RT, 25◦C) and low
t against
o re (HT,
5 inst oxygen
l
P

K

1

e
b
i
p
a
t
m
o
s
A
c
v
d
t

-one-
situ
-
model
h
ut
-
on-

three-
et al.
por-
ing,
high

mate-
e

pacity
or-
s, we
tural

0
d

emperature (LT,−30◦C). The XRD spectra at LT and RT showed that Al-doped spinel materials have superior structural stability
xygen loss during heat treatment at 660◦C under Ar atmosphere. The in situ XRD spectra collected during cycling at high temperatu
5◦C) showed that Al-doped spinel materials had better cycle performances and it was closely related to the structural stability aga

oss during charge–discharge cycling.
ublished by Elsevier B.V.
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. Introduction

Recently, using lithium ion batteries as power source for
lectric vehicles (EV) or hybrid electric vehicles (HEV) has
een discussed and studied widely both in academic and in

ndustrial communities. One of the major barriers of this ap-
lication is the high cost of lithium ion batteries. The low cost
nd environmental friendly nature makes the LiMn2O4 spinel

ype materials a good candidate to replace the LiCoO2 type
aterials which is widely used in small batteries. Three types
f phase diagrams have been proposed for LiMn2O4 type
pinel materials charging through the 4.0 and 4.2 V plateaus.
ccording to Ohzuku[1], the stoichiometric spinel has two
ubic phases and one two-phase coexistence region in this
oltage range (two-phase model). Xia and Yoshio[2] had
emonstrated that by making the sample lithium rich, the

wo-phase coexistence regions are suppressed and the struc-
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ture change takes place in a continuous fashion (pseudo
phase model). Derived from the synchrotron based in
X-ray diffraction studies, Yang et al.[3] reported a new two
phase coexistence region and proposed a three-phase
(cubic I, II, and III) in this voltage range for lithium-ric
spinel materials. Xia et al.[4] also published their work abo
the effects of oxygen deficiency in LiMn2O4 type spinel ma
terials. In that paper, by altering the lithium and oxygen c
tents, the results for the one-phase, two-phase, and
phase models were all reproduced. Recently, Yoshio
[5] reported that the oxygen stoichiometry is the most im
tant factor controlling the capacity retention during cycl
especially at high temperature. The capacity fading at
temperature is the main obstacle preventing the LiMn2O4
type materials from mass commercial use as a cathode
rial in lithium ion batteries[6–9]. Therefore, investigating th
relationship between the structural changes and the ca
retention during cycling for spinel materials is very imp
tant. In this paper, as a part of a series of on going studie
report our findings on the relationship between the struc
378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2005.03.033
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changes and the capacity retention by comparing the struc-
tural stabilities between oxygen content varied LiMn2O4 and
Al-doped LiMn2O4.

2. Experimental

The lithium-rich spinel materials and Al-doped spinel ma-
terials were prepared by Saga University and TOSOH Cor-
poration. The details of sample preparation have been de-
scribed elsewhere[10,11]. The oxygen-deficient spinel ma-
terials were prepared through heat treatment of commercial
available compound Li1.07Mn1.93O4 as a starting material
[12]. The samples were annealed at 660◦C under Ar atmo-
sphere with various time durations in order to obtain different
concentrations of oxygen vacancies. The samples are labeled
according to the starting material and annealing time, i.e.
Fxh for commercial spinel sample, TLixh for TOSOH Li-rich
sample, and TAlxh for TOSOH Al-doped sample, annealed
for x hours. Cathodes were prepared by slurring the active
material powder with 10% poly-vinylidene fluoride (PVDF,
KynarFlex 2801, Atochem), and 10% acetylene black (w/w)
in ann-methyl pyrrolidone (NMP) solvent, then coating the
mixture onto Al foil. The cathodes were incorporated into
cells with a Li foil negative electrode, a Celgard separator
and a 1 M LiPF electrolyte in a 1:1 ethyl carbonate (EC):
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Fig. 1. XRD patterns of stoichiometric, oxygen-deficient, lithium-excess,
and Al-doped spinel materials at room temperature (25◦C) and low temper-
ature (−30◦C).

Corporation have successfully prepared Li-rich spinel
Li1.11Mn1.89O4 and Al-doped spinel, Li1.07Al0.15Mn1.78O4
with significantly improved cycling characteristics. The XRD
spectra for commercial spinel, Li-rich spinel, and Al-doped
spinel samples annealed for different time durations at 660◦C
under Ar atmosphere are plotted inFig. 1. Since the cubic
structure of the spinel materials is the well-known space
group Fd3m, only three Bragg peaks (5 1 1), (4 4 0), and
(5 3 1) were recorded for each 2θ scan. F2h sample shows
typical cubicFd3mphases at room temperature (RT, 25◦C).
Peaks representing low-temperature phase flanking the orig-
inal cubic structure peaks were observed at low tempera-
ture. This low temperature structure formation is believed to
be a result of oxygen vacancies created in the spinel struc-
ture during annealing under Ar atmosphere[12]. This was
further confirmed by the spectrum collected on F0h sam-
ple. This spectrum does not show any peaks representing
low-temperature phase at low temperature. Because F0h had
not undergone the annealing under Ar atmosphere, no addi-
tional oxygen vacancies had been introduced into the struc-
ture. Therefore, no low-temperature structure was observed.
TLi3h samples show similar behavior with F2h samples. It
shows typicalFd3mphase peaks at RT but low-temperature
phase peaks flank the original peaks at LT. Again, when no
annealing was done on the Li rich sample, i.e. TLi0h, it did not
show any low-temperature phase peaks at LT. Li enrichment
6
imethyl carbonate (DMC) solvent (LP 30 from EM Ind

ries Inc.). For in situ XRD spectra collected on beam
nd X18A at National Synchrotron Light Source (NSL
radiation wavelength ofλ = 1.195Å was chosen, while
avelength ofλ = 0.7048Å was used for additional spec
ollected on X7A, where a position sensitive detector (P
as used. All the XRD spectra collected are recalculated
resented withλ = 1.54Å, which is the wavelength of conve

ional lab XRD with Cu K� radiation, for easy comparis
ith other data.

. Results and discussion

In the previous report[12], the XRD spectra of var
us oxygen-content spinel materials at low temperature
30◦C) were reported. The XRD peaks originating from

ow-temperature phase were observed, and it became
ronounced as the population of oxygen vacancies incre
rom these results it could be summarized that the lo

he heat treatments time at 660◦C under Ar atmosphere, t
igher the concentration of the oxygen vacancies. This
oncentration of oxygen vacancies is one of the major so
or the deterioration of the structural stability of spinel m
erials. Therefore, we can say that the oxygen deficien
ne of the key factors that may contribute to the struc

nstability and in turn capacity fading.
To improve the structural stability of the spinel mat

ls, various attempts have been made and among tho
l-doping and Li enrichment. Saga University and TOS
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Fig. 2. In situ XRD patterns for F2h sample during first charging up to 5.0 V
at 55◦C cycled at C/9 rate.

does not seem to be effective in improving structural stabil-
ity related to oxygen vacancies. TAl0h sample does not show
any low-temperature phase peaks at LT, which can be pre-
dicted easily, because it had not undergone annealing under
Ar atmosphere and no oxygen vacancies was introduced into
the spinel structure. However, Al-doped spinel samples show
totally different behavior with commercial spinel or Li-rich
spinel samples after annealing under Ar atmosphere. TAl6h
at both RT and LT does not show any low-temperature phase
peaks although it has undergone the longest annealing time
among the samples shown inFig. 1. If this long annealing
time were applied to the conventional spinel, it would have
created the highest concentration of oxygen vacancies. How-
ever, for the Al-doped sample prepared by Saga University
and TOSOH, the concentration of oxygen vacancies is even
much lower than those conventional spinel heat treated for
shorter time. From these results, we would like to point out
that Al-doped spinel materials provided by Saga University
and TOSOH show superior structural stability against oxygen
loss during annealing in Ar atmosphere.

In order to understand the evaluation of structural changes
during cycling at high temperature (55◦C), comparative stud-
ies among F0h, F2h, and TAl0h were carried out.Fig. 2shows
in situ XRD patterns of F2h sample during first charging up
to 5.0 V at C/9 rate. From the spectra, two two-phase co-
existence regions on both the 4.0 and 4.2 V plateaus can be
c del

Fig. 3. In situ XRD patterns for F0h sample during first discharging down
to 0.5 V at 55◦C cycled at C/9 rate.

proposed by Yang et al.[3], which indicates that this sample is
an oxygen-deficient spinel material[4]. In situ XRD patterns
of F0h sample during first discharging down to 0.5 V at C/9
are shown inFig. 3. It is observed that the structure under-
went a series of phase transitions from cubic III to cubic I via
cubic II similar to those of F2h inFig. 2. This indicates that
F0h sample itself is also somewhat oxygen-deficient[4] even
without the heat treatment. It is very likely that the structural
change during electrochemical cycling is far more sensitive to
the oxygen vacancies than those during temperature change.
One should also notice that the peaks originating from the
tetragonal phase is clearly observed at the potential around
0.5 V.

On the other hand, Al-doped sample show much stabilized
structural change.Fig. 4shows in situ XRD spectra of TAl0h
during charging up to 4.8 V and discharging down to 0.3 V at
C/9 rate. It is clearly observed fromFig. 4(a) and (b) that all
three peaks move to higher and lower angles in a continuous
fashion during charging and discharging, respectively. Fur-
ther, even though the sample was discharged to lower depth
of the potential than F0h was, i.e. to 0.3 V, the formation of
the tetragonal phases was significantly suppressed. At scan
21 and 22 ofFig. 4(b), it seems that there is a little hump
(marked with arrow) originating from tetragonal phase, but it
is very small compared to that of F0h and is not clear enough
to distinguish.
learly identified, in agreement with the three-cubic mo
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Fig. 4. In situ XRD patterns for TAl0h sample during first (a) charging up to 4.8 V and (b) discharging down to 0.3 V at 55◦C cycled at C/9 rate.

In the previous report[4], the relationship between capac-
ity fading and structural changes had been reported. In that
report, the samples which underwent a three-cubic model
structure change showed the poorest cycle performance with
big capacity fading at both 4.0 and 4.2 V plateau, while the
samples experiencing the pseudo one-phase model showing
the best cycling performance. Therefore, it can be predicted
that TAl0h would show better cycling performance than F0h
or F2h do, which had been demonstrated by Okada et al.
[11]. Figs. 5 and 6show in situ XRD spectra of F2h and
TAl0h collected during 31st charging up to 4.8 V at C/9 rate,
respectively. It is clearly shown that most of the peaks for F2h
in Fig. 5do not move as the charging goes on, which indicates
that the majority part of the active materials have become in-
active. Also, significant intensities of the peaks arising from
the tetragonal phase are observed, the formation of which is
one of the well-known causes for the capacity fading in spinel
materials. On the other hand, the XRD spectra of TAl0h in
Fig. 6 show peak shifting during charging. Although some
residues of the cubic I and cubic II phases are observed at
the end of charge, the peaks originating from the tetragonal
phase are hardly observable. From these results, it is believed
that Al-doping significantly improves the high-temperature
cycle performance of spinel materials. This is in big part
due to the improved stability against oxygen loss, which is
confirmed by the in situ XRD spectra shown inFig. 7. The
s te at
5

Fig. 5. In situ XRD patterns for F2h samples during 31st charging up to
4.8 V at 55◦C cycled at C/9 rate.
ample TAl6h was discharged down to 0.3 V at C/9 ra
5◦C. Even though the sample was annealed at 660◦C under
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Fig. 6. In situ XRD patterns for TAl0h samples during 31st charging up to
4.8 V at 55◦C cycled at C/9 rate.

Fig. 7. In situ XRD patterns for TAl6h samples during first discharging down
to 0.3 V at 55◦C cycled at C/9 rate.

Ar atmosphere for 6 h, the XRD spectra is closer to two-phase
model and do not show the peaks originating from tetragonal
phase at the end of discharge. This is an interesting result
compared to that of F0h. This again confirms the superior re-
sistance to oxygen loss in consistency with the results shown
in Fig. 1. From the result shown in the present study, we can
conclude that Al-doping improves the structural stability of
spinel materials against oxygen loss, and also improves the
cycle performance at high temperature.

4. Conclusions

In this paper, we made comparative studies between
oxygen-content-varied spinel materials and Al-doped spinel
materials. Oxygen-deficient spinel materials prepared by heat
treatment at 660◦C under Ar atmosphere showed tetrago-
nal phase peaks flanking the original cubic peaks at−30◦C
in the XRD spectra, while Al-doped spinel materials which
were heat treated under Ar atmosphere did not. Further, the in
situ XRD spectra at 55◦C revealed the reasons that why Al-
doped spinel materials have better cycle performances than
the conventional spinel materials. Another in situ XRD spec-
tra collected during discharge of Al-doped spinel material
heat treated under Ar atmosphere for 6 h showed the behav-
i hio-
m oped
s dicat-
i lts, it
i tural
s tural
c
c

A

tant
S , Of-
fi .S.
D 02-
9 sup-
p hina
( l sup-
p nal
S by
U

R

90)

oux,
or of two-phase model resembling those of oxygen stoic
etric spinel materials. On the other hand, those of und

amples showed three-cubic model structure changes in
ng oxygen deficiency in their structure. From these resu
s concluded that Al-doped sample showed better struc
tability against oxygen loss and less distinctive struc
hanges during cycling at high temperature (55◦C), which
ontributed to the cycle performances.
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