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Suppression of Structural Fatigue by Doping in Spinel
Electrode Probed by In Situ Bending Beam Method
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The onset of a Jahn-Teller effect at the surface of LiMn2O4 particles during cycling in the 4 V range was previously reported to
be one of the causes for the capacity fading. Furthermore, it has been reported that the Jahn-Teller effect in the 4 V range may be
suppressed by the substitution of the Mn ions by either Li or other transition metal ions. However, no direct evidence has yet been
reported. This study provides evidence for the onset of a Jahn-Teller effect in thin film 4 V LiMn2O4 and its suppression caused
by substituting the Mn ions with Co31 and Ni21 ions usingin situ bending beam method~BBM!. The deflectograms are measured
simultaneously with galvanostatic charge/discharge or cyclic voltammograms, and the onset of the Jahn-Teller effect is investi-
gated by means of the differential strain peak which is observed at around 3.90-3.95 V during cyclic voltammetry, and the slope
variation observed in the strain curves during galvanostatic charge/discharge. The suppression of the Jahn-Teller effect in the
doped spinel leads to the magnitude of the differential strain peak resulting from the Jahn-Teller effect being reduced in compari-
son with the other two pairs of peaks, which correspond to the current peaks of the cyclic voltammogram.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1646146# All rights reserved.
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There has been rapid progress in the portable electronics i
try, and this has led to an enormous increase in the deman
portable, lightweight power sources, and it is lithium secondary
teries that have satisfied this demand. The possible candidat
the cathode material for lithium secondary batteries are LiCoO2 ,1-4

LiNiO2 ,5-8 and LiMn2O4 ,9 and there have been extensive stu
performed on these materials. At present, LiCoO2 is widely used
but LiMn2O4 is an excellent alternative material in view of its
vantages, such as low cost, environmental benignity, and the
availability of its associated raw materials. However, LiMn2O4 has a
disadvantage which involves capacity fading during cycling. M
explanations have been given as to why the capacity might fa
the 4 V range, such as Mn dissolution into electrolyte,10 structura
instability in the high voltage region,11 etc. One of these explan
tions is the onset of a Jahn-Teller effect at the end of disch
Thackerayet al. reported the onset of a Jahn-Teller effect at the
of discharge in the 4 V range in their study using transmission
tron microscopy~TEM!, which is anex situtechnique.12-16Also, we
previously reported evidence of the onset of a Jahn-Teller effe
the 4 V range during cyclic voltammetry, using thein situ bending
beam method~BBM!.17 Under dynamic, nonequilibrium conditio
during discharging, some crystallites are more lithiated than ot
thereby driving the composition of the electrode surface in
Mn31-rich region. This induces a Jahn-Teller effect and transfo
the surface of the LiMn2O4 particles from cubic to tetragonal pha
As the lattice parameter of the tetragonal phase differs from th
the cubic phase, there is a misfit between the phases and some
tetragonal phase may dissociate from the bulk electrode. In the
vious report by Limet al., cracks at the surface of the spinel p
ticles after cycling were observed by scanning electron micros
~SEM!, and this may be attributed to the above effect.18 This leads
to the loss of electroactive species and of electronic contact,
turning this part into electrochemically dead volume, and this
tributes to the capacity fading.13,14,17

There has been an earlier report by other authors suggestin
the capacity fading due to a Jahn-Teller effect in the 4 V range
be suppressed by the substitution of the Mn ions with lithium ion
other transition metal ions.12,13,15The authors of this report prepar
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doped spinel oxides of several compositions, and compared th
cleability characteristics with stoichiometric spinel oxide~i.e.,
LiMn2O4). The doped spinel oxide showed better cycleability
the stoichiometric spinel oxide. The authors attributed this impr
ment to the suppression of the Jahn-Teller effect in the spinel
trode at the end of discharge in the 4 V range. However, they
not able to produce any direct evidence that this improvement
really be attributed to the suppression of the Jahn-Teller effect
4 V range, and they also mentioned that these doped spinel o
suppress the dissolution of the Mn ions into the electrolyte. Th
fore, to evaluate whether the doping of these spinel oxides co
utes to the suppression of the Jahn-Teller effect and their cycl
ity, more detailed studies need to be done in order to produce
evidence of this effect.

In this study, direct evidence of the onset of a Jahn-Teller e
at the end of discharge during galvanostatic charge/discharg
cathodic scan during cyclic voltammetry in the 4 V range and
suppression of a Jahn-Teller effect by substitution of the Mn
with other transition metal ions (Co31,Ni21) is obtained by mean
of the in situ BBM. By substituting the Mn ions with other me
ions which have a lower valence than the Mn ions, the ave
oxidation state of the Mn ions is increased and this increased
dation state acts as a cubic buffer zone that suppresses the o
the Jahn-Teller effect.12,13,15Therefore, the Jahn-Teller effect is s
pressed, and the cycleability of the spinel oxide is enhanced
expense of initial capacity. The improvement in the cycleability
sulting from doping can be attributed for the most part to the
pression of the Jahn-Teller effect. However, we cannot exclud
possibility of other factors being involved in the observed impr
ment resulting from doping.

Experimental

The synthesis of the LiMdMn22dO4 (M 5 Co and Ni;d 5 0,
0.05, and 0.1! thin film electrodes was carried out by means of
electrostatic spraying deposition~ESD! technique.17,19-26 The pre
cursor solution consisted of very dilute ethanolic solution
CH3CO2Li•2H2O, Mn(NO3)2•4H2O, Co(NO3)2•6H2O, and
(CH3CO2)Ni • 4H2O in a stoichiometric molar ratio. In this stud
a thin glass plate coated with platinum on one side was used
substrate. The platinum-coated side works as a current collecto
the opposite side works as a mirror, by means of which the
beam is reflected. The needle to substrate distance was se
; 4 cm. The applied voltage between the needle and the sub
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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was 12 kV, and the surface temperature was set at 200-300°C d
deposition. The flow rate of the precursor solution was fixed
mL/h, and a total of 2 mL was sprayed. The dimension of the
posited area was 23 10 mm. After deposition, the samples w
annealed at 300 to 800°C for 2 h and left to cool in the furnace.

To measure the strain, we used the BBM, which was origin
invented by Stoney.27 After Stoney invented this technique, vario
modifications and improvements in the experimental setup and
lytical methods have been made by many researchers.28-30 These
researchers overcame the problems associated with the
modulus in the multilayer structure by using a modified form
involving the use of theEs ~elastic modulus of substrate! and Ec
~elastic modulus of coating! in their analysis. In the present stu
we adopted the use of an improved experimental setup bas
improvement made to Stoney’s setup by Rosolenet al.28 and mea
sured the strain generated during the electrochemical reaction
schematic diagram of our experimental setup is shown and
plained in detail in our previous report.17 In the BBM system,
He-Ne laser beam is reflected from the glass side of the elec
Since the glass substrate is coated with platinum, the plati
coated side works as a current collector and the reverse side
as a mirror. The position detector was used to detect the deflect
the reflected laser beam caused by the bending of the working
trode. Thein situ strain measurements of the electrodes in this s
were carried out during cyclic voltammetry. The dimensions of
substrate were 60 mm (length)3 2 mm (width) 3 0.13 mm
(thickness). Because the substrate used was very thin, the defl
of the laser beam, which is caused by the bending of the substr
very sensitive to the strain of the cathode materials, and this
be measured simultaneously with the measurement of the el
chemical signals.

The electrochemical cell used in this study was a beaker
made of Teflon with three electrodes fixed on the plastic cap
hermetically closed the cell. The cell has an optical glass win

Figure 1. XRD pattern of thin film LiMdMn22dO4 deposited at 300°C an
annealed at 400°C for 2 h.~a! LiMn2O4 , ~b! LiCo0.05Mn1.95O4 , ~c!
LiCo0.1Mn1.9O4 , ~d! LiNi 0.05Mn1.95O4 , and~e! LiNi 0.1Mn1.9O4

Figure 2. Two modes of strain observed in an electrode coated with
strain-volume contraction.
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behind the working electrode to allow the laser beam to
through. The counter and reference electrodes were lithium
foil, and the electrolyte used was 1 M LiClO4 /PC. The assemblin
and sealing of the cell were carried out in a glove box under a
argon atmosphere.

Results and Discussion

The XRD patterns of LiMdMn22dO4 (M 5 Co and Ni;d 5 0,
0.05, and 0.1! synthesized by the ESD technique are shown in
1. The peaks marked S are from the substrate. All the XRD pa
could be indexed to the cubic spinel of space groupFd3m. No sign
of the tetragonal phase was observed. Using the ESD techniqu
were able to obtain single-phase LiMdMn22dO4 thin film electrode
without any additives, and this means that the measured str
electrochemical response is exclusively due to the cathode m
itself.

There are two modes involved in the strain observed in an
trode coated with electroactive materials, tensile strain and com
sive strain, as represented in Fig. 2. There are several causes
strain inherent in electrodes, and these are explained in our pre
report.17 In the present study, the measured strain is due to
major factors, which are the volume variation of the electroa
material due to lattice parameter change, and the phase trans
tion during lithium insertion/extraction. The effect of other fac
can be disregarded on the basis of electrochemical quartz c
microbalance~EQCM! data obtained in our laboratory and the r
son for this is explained elsewhere.17 When the lithium ions ar
inserted/extracted into/out of the spinel matrix, an accompan
lattice parameter change takes place,i.e., volume change. Also
phase transformation between the cubic and tetragonal phas
volves change in the lattice parameters, but this is a rather a
change compared with the gradual change caused by the lithiu
insertion/extraction.31 There is compressive strain when the volu
of the electroactive material increases and tensile strain wh
decreases.

In the strain measurement, the morphology and the adhere
the electroactive material to the substrate is very important. I
morphology of the cathode material film were porous and the a
sion of the film to the substrate were poor, the strain of the
would not be totally exerted on the substrate, and the precise
surement of the strain would not be possible. Therefore, in inv
gating the strain of the cathode material, the preparation of a
film with good adhesion is an essential factor. Figure 3 shows
images of the thin-film spinel oxide before electrochemical cyc
with both surface and cross-sectional views. From Fig. 3a, it ca
seen that a dense film of spinel oxide is present on the substrat
cross-sectional image in Fig. 3b shows that the adhesion of thi
to the substrate is very good.

To demonstrate the validity of the strain measurement durin
experiment, we investigated the change in the morphology an
adhesion of the spinel oxide to the substrate after cycling. Fig
shows the surface and cross-sectional SEM images of the thi
spinel oxide after cycling twice with cyclic voltammetry. The cu
voltages were 3.5 and 4.35 V, and the scan rate was 0.1 mV/s.
after cycling twice, the morphology of the thin film LiMn2O4 elec-
trode in Fig. 4a does not appear to show any difference from th
Fig. 3a. Also, the cross-sectional image in Fig. 4b still shows
adherence of the spinel oxide film to the substrate. Based on

film LiMdMn22dO4 : ~a! compressive strain-volume expansion and~b! tensile
thin
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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images, the validity of the strain measured using BBM can be
firmed.

It has been previously reported that a Jahn-Teller effect
place when the average oxidation state of the Mn ions become
than 3.5.32 The initial average oxidation state of stoichiome
LiMn2O4 is 3.5 and that of Li12xMn2O4 increases as thex value
increases, and theoretically the average oxidation state of th
ions in the fully charged state of spinel oxide should be 41. When
the stoichiometric spinel oxide is fully discharged, the average
dation state of the Mn ions should be 3.5, and there should no
Jahn-Teller effect. However, according to Thackerayet al. at non-
equilibrium dynamic conditions, due to the accumulation of lith
ions at the surface of the spinel oxide, the average oxidation st
the Mn ions at the surface of the spinel particles falls below 3.5
a Jahn-Teller distortion takes place.12-16 They observed the form
tion of a tetragonal phase in the spinel electrodes, which are
charged to 3.0, 3.3, and 3.5 V, respectively. This reveals tha
onset of the Jahn-Teller effect takes place at above 3.5 V. How
if the average oxidation state of the Mn ions of the spinel oxid
the fully discharged state could become slightly greater than
even for the lithium ions accumulated at the surface of the s
oxide particles, the onset of the Jahn-Teller effect would be

Figure 3. SEM images of thin-film LiMn2O4 electrode before electrochem
cal cycling: ~a! film surface,~b! cross section of the film.
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pressed, and this would lead to an improvement in the cyclea
This hypothesis was previously reported by Thackerayet al., who
suggested that by substituting the Mn ions with lithium ion or o
transition metal ions, the Jahn-Teller effect might
suppressed.12,14,15However, to the best of our knowledge, no dir
evidence for the suppression of the Jahn-Teller effect in the
range has yet been reported. In the present study, we provide
evidence for the onset and suppression of the Jahn-Teller eff
the 4 V range of a LiMdMn22dO4 (M 5 Co and Ni;d 5 0, 0.05
and 0.1! electrode, which was obtained using thein situ BBM.

Figure 5 shows the strain and differential strain curves o
second cycle, superimposed on the galvanostatic charge/dis
curves of the thin film LiMn2O4 electrode. The strain curve in F
5a can be divided into three regions, which are designated as8,
B-B8, and C-C8. Region B-B8 shows the gentlest slope, and reg
A-A 8 shows the steepest slope. In a similar manner to the gal
static charge/discharge curve, the strain curve shows a slight h
esis between the strain curves of charge and discharge. Thes
variations can be observed more clearly in the differential s
curve. In Fig. 5b, the differential strain curve is shown, and it ca

Figure 4. SEM images of thin-film LiMn2O4 electrode cycled twice wit
cyclic voltammetry. Cutoff voltage: 3.5-4.35 V, scan rate: 0.1 mV/s.~a! Film
surface,~b! cross section of the film.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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divided into three regions as in the case of the strain curve, and
regions are designated as D-D8, E-E8, and F-F8. The differentia
strain curve shows a large peak in the D-D8 region and a consta
value in the E-E8 region. A small hump is observed in region F8.

According to a previous report by Ohzukuet al.,31 the lattice
parameter of LiMn2O4 changes linearly with charge/discharge in
4 V range, and there is sudden jump due to a Jahn-Teller effect
it is charged/discharged out of/into the 3 V range. Therefore, i
spinel electrode is cycled within the 4 V range, the strain varia
should be proportional to the amount of lithium ions inserte
extracted, and the differential strain curve should show a con
value. However, the strain and differential strain curves in Fi
deviate from the expectation of the previous report. As menti
previously, there is the onset of a Jahn-Teller effect at the en
discharge to consider even in the 4 V range,12-16 and we can predic
from this that a drastic strain variation should occur above 3
during discharge.

The differential strain curve shown in Fig. 5b follows the pre
tion very well. The large compressive peak in the D8 region of the
differential strain curve during discharge indicates that a drastic
ume expansion occurs that is larger than that in the B8 region. The
counterpart peak in region D8, which occurs during charge, is due
the relaxation of the tetragonal phase, which is formed during
prior period of discharge, into the cubic phase. Due to the repe
onset and relaxation of the Jahn-Teller effect, some of the a
mass may lose its electrical contact with the bulk electrode, an

Figure 5. ~a! Strain curves~thick line! and ~b! differential strain curve
~thick line! superimposed on the galvanostatic charge/discharge curv
thin film LiMn2O4 . Applied current: 20mA, cutoff voltage: 3.5-4.35 V. Th
dashed lines in~b! are the reference lines.
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contributes to the capacity loss. The origin of the small hum
region F of the differential strain curve is not known, and ne
further study.

To investigate the onset and relaxation of the Jahn-Teller e
during cyclic voltammetry, we measured the strain variation du
cyclic voltammetry. Figure 6a shows the strain curve of the se
cycle superimposed on the cyclic voltammogram of thin-
LiMn2O4 measured at a scan rate of 1 mV/s. As in the case o
galvanostatic charge/discharge, tensile strain is experienced
lithium extraction, and compressive strain during lithium inser
However, the strain curve shown in Fig. 6a shows little hyster
As stated above, the strain variation in the 4 V range shou
proportional to the amount of lithium ions inserted/extracted, th
the differential strain (de/dQ) curve should have a constant val
which is the same situation as in the case of galvanostatic ch
discharge. Figure 6b shows the differential strain (de/dQ) curve of
the second cycle, which is calculated from the data of Fig. 6
should be noted that the differential strain (de/dQ) curve is very
similar to that of the galvanostatic charge/discharge. The differe
strain (de/dQ) curve in Fig. 6b can also be divided into three
gions, which are designated as I-I8, II-II 8, and III-III8. During the
anodic scan, the differential strain (de/dQ) curve shows a positiv
value, which corresponds to tensile strain, and during the cat
scan it shows a negative value, which corresponds to compre
strain. In region II-II8, the curve shows a constant value and i
agreement with the postulation that is derived from the resu
Ohzukuet al.’s report.31 However, region I-I8, in a similar manne
to region D-D8 in Fig. 5b, shows much higher strain than reg
II-II 8. These higher strain values in regions I8 and I can also b
attributed to the onset and relaxation of the Jahn-Teller effec
spectively. Furthermore, the potentials where the differential s
value in regions I8 and D8 deviate from the constant value of regio
II 8 and E8 areca. 3.97 and 3.99 V, respectively.

From the above results, we can conclude that even in the c
voltammetry, a Jahn-Teller effect takes place at the end of th
thodic scan. The onset and relaxation of the Jahn-Teller effect s
up as additional peaks in the differential strain (de/dt) curves a
potentials around 3.9 V. Figure 6c shows the differential s
(de/dt) curve superimposed on the cyclic voltammogram. Bec
the lattice parameter change is proportional to the amount of lit
ions inserted/extracted, the strain should be proportional to
charge, and the differential strain (de/dt) should be proportional
the current, which is the rate of lithium ion insertion/extract
Therefore, the differential strain (de/dt) curve should have th
same shape as the cyclic voltammogram. The differential s
(de/dt) curve shows three pairs of peaks which are design
a-a8, b-b8, andg-g8. The peaksb-b8 are almost buried und
the feet of the large peaksa-a8. The two pairs of peaksb-b8 and
g-g8 can be attributed to the two pairs of current peaks in the c
voltammogram. However, the peaksa-a8 cannot be explained b
the current peaks in the cyclic voltammogram. From the prev
analysis, we can interpret these peaks as corresponding to the
and relaxation of a Jahn-Teller effect.

If the insertion rate of the lithium ions during discharge or
thodic scan is greater than the diffusion rate of the lithium ions
the surface into the bulk matrix of the LiMn2O4 , there will be an
accumulation of lithium ions at the surface of the LiMn2O4 par-
ticles, making the average manganese valence at the surface
particles fall below 3.5. Therefore, a Jahn-Teller effect is indu
and the cubic phase at the surface of the LiMn2O4 particles will be
transformed into a tetragonal phase. When the cubic phase is
formed into a tetragonal phase, there is a 5.6% expansion in vo
which is a rather abrupt change compared with the volume e
sion due to the lattice parameter change within the cubic pha31

Therefore, this expansion is observed as an additional peak w
large magnitude in the differential strain curves. When the tetrag
phase is formed on the surface of the LiMnO particles due to th
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Jahn-Teller effect, there is a misfit between the cubic phase o
bulk and the tetragonal phase at the surface, thus some of the
onal phase may dissociate itself from the bulk electrode, and t
what causes the capacity fading.

The substitution of Mn ions with other transition metal io
which have lower valence than Mn ions, will increase the ave
valence of the Mn ions. This gap between the average oxid
states of the Mn ions in the substituted spinel oxide and those
stoichiometric spinel oxide-LiMn2O4 acts as a cubic buffer zone th
suppresses the onset of the Jahn-Teller effect at the end of dis
or cathodic scan at the surface of the spinel particles. To evalua
influence of doping on the Jahn-Teller effect, we prepared four
of transition-metal-ions-substituted spinel oxide, which
LiCo0.05Mn1.95O4 , LiCo0.1Mn1.9O4 , LiNi 0.05Mn1.95O4 , and
LiNi 0.1Mn1.95O4 . It has previously been reported by several aut
that Co ions resides in the oxidation state of 31 and Ni ions in the
oxidation state of 21 in spinel oxide.33-35 Therefore, when some
the Mn ions are replaced by other transition metal ions, which a
the oxidation state of 31 or 21, the average valence of the Mn io
is increased. As the valence of the doping ions decreases
amount of doping increases, the extent of the cubic buffer
increases, and the suppression effect becomes more effective

Figure 7a and b show the strain curves of the second cycl
perimposed on the cyclic voltammograms of the LiCo0.05Mn1.95O4

and LiNi0.05Mn1.95O4 thin films, respectively. The cyclic voltamm
grams and the strain curves in Fig. 7a and b show similar beh
to those in Fig. 6a. However, close examination shows notice
differences between the cyclic voltammograms and strain curv
Fig. 6a and Fig. 7a and b. The peak shape of the cyclic voltam
grams of the doped spinel is broader than that of the stoichiom
spinel, and the peak height decreases as the valence of the
Downloaded 21 Jul 2009 to 147.46.182.184. Redistribution subject to E
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decreases. However, a more important factor to observe is th
slopes of the strain curves at around 3.9; 3.95 V are different from
one another. The slope of the strain curve in Fig. 6a is the ste
among the three, and it becomes less and less steep as one co
from Fig. 7a to Fig. 7b. This can be seen more clearly when
strain curves are differentiated with respect to time.

Figure 8 shows the differential strain curves of the second
superimposed on the cyclic voltammetry of LiMdMn22dO4 . (M
5 Co, Ni; d 5 0.05, 0.1; for detailed composition of each figu
see the figure captions.! These differential strain curves are cal
lated from the strain curves of Fig. 7.~The strain curves o
LiCo0.1Mn1.9O4 and LiNi0.1Mn1.9O4 are not shown in Fig. 7.! As the
doping content increases, the peak shape in the cyclic volta
grams becomes broader and the peak height decreases. In p
work, it was reported that the initial capacity of the cathode ma
als is reduced by doping.33-35 When transition metal ions other th
Mn are substituted into the spinel oxide, they reside at the octah
16d site designated for Mn ions in the undoped spinel oxide. H
ever, the oxidation state of transition metal ions differs from th
Mn ions. When Mn ions are substituted with other transition m
ions which have lower valence than Mn ions, the average oxid
state of the Mn ions increases, and the amount of M31

decreases.33,35 Because only the Mn31 ions contribute to the char
capacity in the 4 V range in the case of spinel oxide, the in
charge capacity decreases as the amount of dopant increases33 The
cyclic voltammograms in Fig. 8 are in accordance with this po
late, i.e., that the peak height decreases as the content of d
increases.

In Fig. 8a, it is observed that the peak,a-a8, is much reduce
compared to that of Fig. 6c, with the reduction in the magnitud

Figure 6. ~a! Strain curves~thick line! and differential strain curves,~b!
d«/dQ, ~c! d«/dt ~thick line!, superimposed on the cyclic voltammogram
thin film LiMn2O4 . Scan rate: 1 mV/s. Cutoff voltage, 3.5-4.35 V. T
dashed lines in~b! are the reference lines.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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peak,a8, being particularly pronounced. Because Mn ions, w
have an average oxidation state of 3.5 in the stoichiom
LiMn2O4 , are substituted with lower valence Co31 ions, the averag
oxidation state of the Mn ions increases. In the case
LiCo0.05Mn1.95O4 , the average oxidation state of the Mn ions isca.
3.513. As the average oxidation state of the Mn ions at the end
cathodic scan in cyclic voltammetry is greater than 3.5, there
cubic buffer zone, which prevents the oxidation state of the Mn
at the surface from falling below 3.5 at the end of the cathodic s
Therefore, the onset of the Jahn-Teller effect at the end of th
thodic scan in cyclic voltammetry is suppressed. This phenom
seems to become more distinct when the average oxidation st
the Mn ions is increased by increasing the doping content of C31.
Figure 8b shows the differential strain curve and cyclic voltam
gram of LiCo0.1Mn1.9O4 . The average oxidation state of Mn
LiCo0.1Mn1.9O4 is 3.526. This value is somewhat larger than tha
Fig. 8a, which means that the extent of the cubic buffer zon
increases more and that the Jahn-Teller effect is more effec
suppressed.

The suppression of the Jahn-Teller effect in the 4 V range is
more pronounced when the valence of the dopant ions is decr
Figure 8c and d show the differential strain curves and cyclic v
mmograms of LiNi0.05Mn1.95O4 and LiNi0.1Mn1.9O4 , respectively. I
is observed that the magnitude of peaka8 is substantially decreas
compared to that of the Co31 doped spinels. This is due to t

Figure 7. Strain curves~thick line! of superimposed on the cyclic volta
mograms ~thin line! of thin-film LiM dMn22dO4 electrode. ~a!
LiCo0.05Mn1.95O4 and~b! LiNi 0.05Mn1.95O4 . Cutoff voltage: 3.5-4.35 V, sca
rate: 1 mV/s.
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valence of the Ni ions being lower than that of the Co ions.
oxidation state of the Ni ions is 21, and when the same amount
dopant is substituted into the spinel oxide, the Ni ions increas
average oxidation state of the Mn ions more effectively than th
ions do. The average oxidation states of the Mn ions
LiNi 0.05Mn1.95O4 and LiNi0.1Mn1.9O4 are 3.538 and 3.579, resp
tively. These values are greater than those of the Co-doped
oxides described in this study. Therefore, there is a larger
buffer zone in the Ni-doped spinel oxide than in the Co31-doped
spinel oxide, and so the magnitude of the Jahn-Teller effect in
V range is lower in the Ni21-doped spinel oxide. This is observed
Fig. 8c and d. The magnitude of peaka8 is much less than that
the peaks in Fig. 8a and b. The differential strain curve in Fig
closely resembles its cyclic voltammogram.

Figure 9 shows the discharge capacity retention of the LiMn2O4 ,
LiCo0.05Mn1.95O4 , and LiNi0.05Mn1.95O4 thin-film electrodes. Th
capacity retention is calculated by integrating the cyclic voltam
grams against time. It can be seen from Fig. 9 that all three thin
electrodes prepared by means of the ESD technique show
stable cycling characteristics. From the capacity retention cur
Fig. 9, it can be observed that LiNi0.05Mn1.95O4 shows the best c
pacity retention, followed by LiCo0.05Mn1.95O4 and LiMn2O4 . The
capacity retentions after 50 cycles are 90.85 and 95.64%
LiMn2O4 and LiCo0.05Mn1.95O4 , respectively. LiNi0.05Mn1.95O4
showed almost no capacity loss up to 50 cycles. From the re
depicted in Fig. 8a-d, this improvement in cycleability caused
doping is thought to be in large part due to the suppression o
Jahn-Teller effect at around 3.90; 3.95 V.

The suppression of the Jahn-Teller effect at the end of th
thodic scan can also be observed from the same data manipu
as in Fig. 5b. Figure 10a and b show the chargevs.differential strain
(de/dQ) curves of the LiCo0.05Mn1.95O4 and LiNi0.05Mn1.95O4 thin
film electrodes, respectively. The differential strain value is ca
lated against charge with its sign being changed from a positiv
negative value for the cathodic scan, because the direction
potential scan is reversed at the potential limit of the anodic
The large scattering of the differential strain value at the left sid
region I-I8 and at the right side of region III-III8 is due to the ver
small value and small variation of the charge. At both ends o
cyclic voltammogram,i.e., near 3.5 and 4.35 V, the current is v
small, and the amount of charge does not change significantly
pared to that in the middle region of the cyclic voltammogram,
eventually small scattering in strain will result in a very large s
tering in differential strain value calculated with respect to cha

As for the previous graphs in Fig. 6b and Fig. 8, the differe
strain (de/dQ) curves in Fig. 10a and b can be divided into th
regions, which are designated as I-I8, II-II 8, and III-III8. The region
II-II 8 shows a constant value of differential strain, which indic
that the strain is linearly proportional to the charge. However
gions I-I8 and III-III8 show some differences from region II-II8. As
stated earlier, the larger value of the differential strain (de/dQ) in
region I-I8 is due to the onset and relaxation of the Jahn-T
effect. The magnitude of the differential strain (de/dQ) value in
region I8 decreases as the valence of the dopant decreases
leads to the same conclusion as that explained in Fig. 8. Whe
spinel is doped with Ni ions, it shows almost no deviation f
region II-II8. A small hump is observed in region III of the ano
scan. It should be noted that greater compressive differential st
observed in region III8 than in region II8 in the cathodic scan. Als
it is observed that the magnitudes of the hump in region III and
of the compressive differential strain in region III8 do not chang
significantly, regardless of the valence of the dopants. The orig
the hump in region III is not yet clear. However, this hump ma
related to the dissolution of Mn ions into the electrolyte, since
potential range of the hump lies approximately in the potential r
where the appreciable dissolution of Mn ions into electrolyte is
served, i.e., 4.0; 4.5 V.10 The larger compressive different
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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strain in region III8 may be attributed to the reversal of the s
directions. Similar phenomena have previously been reported
case of galvanostatic charge/discharge in LiMn2O4 thin film
electrodes,17 and are also to be found in the galvanostatic cycle
electrochromic materials, such as WO3 and NiOx .36 This phenom
enon might be related to scan direction reversal. To check the
ence of scan direction reversal on the strain curve, we measur
strain over a potential window of 3.96 and 4.185 V, in which reg
the linearity of the strain against charge is observed in Fig. 5b

Figure 11a shows the strain curve superimposed on the
voltammogram, and Fig. 11b shows the differential strain (de/dQ)
curve of the thin film LiMn2O4 electrode calculated by differenti
ing the strain curve shown in Fig. 11a with respect to charg
should be noted that potential cycling was performed between
and 4.185 V, in which voltage region the strain varies linearly
respect to charge over the entire potential range. The scan ra
set to 1 mV/s. During the anodic scan, tensile strain is develop
the electrode, and during the cathodic scan compressive str
developed. From Fig. 11b, it can be observed that there is a g
compressive differential strain at the beginning of the cathodic
and a greater tensile differential strain at the beginning of the a
scan, compared to the middle region where there is a consta
ferential strain. Therefore, the greater compressive differential
at the beginning of the cathodic scan in Fig. 10, region III8, may be
ascribed to scan direction reversal. The greater tensile differ
strain at the beginning of the anodic scan in Fig. 10, region I, c

tammograms~thin line! of thin film LiM dMn22dO4 : ~a! LiCo0.05Mn1.95O4 (M
(M 5 Ni, d 5 0.05); and~d! LiNi 0.1Mn1.9O4 (M 5 Ni, d 5 0.1). Cutoff
Figure 8. Differential strain curves~thick line! superimposed on the cyclic vol
5 Co, d 5 0.05); ~b! LiCo0.1Mn1.9O4 (M 5 Co, d 5 0.1); ~c! LiNi 0.05Mn1.95O4

voltage: 3.5-4.35 V, Scan rate: 1 mV/s.
Figure 9. Capacity retention~x in Li xMyMn22yO4 vs.cycle number! calcu-
lated from the cyclic voltammogram of LiMn2O4 , LiCo0.05Mn1.95O4 , and
LiNi Mn O thin-film electrode.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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pared to the end of the cathodic scan-region I may also be in
part ascribed to scan direction reversal.

Conclusions

Evidence of the onset of the Jahn-Teller effect in thin-
LiMn2O4 and for the suppression of the Jahn-Teller effect cause
the substitution of Mn ions with other transition metal ions (C31

and Ni21) during cyclic voltammetry in the 4 V range was obtain
by means of in situ BBM. The thin-film LiMdMn22dO4 (M
5 Co31 and Ni21; d 5 0, 0.05, and 0.1! electrodes were prepar
by the ESD technique. The strain data were obtained simultane
during cyclic voltammetry, and the differential strain curves w
analyzed in conjunction with electrochemical data to examine
onset and suppression of the Jahn-Teller effect in thin
LiM dMn22dO4 electrodes in the 4 V range.

The onset of the Jahn-Teller effect is detected at around
3.95 V by the occurrence of additional peaks which are not re
to the current peaks in the cyclic voltammograms. This is due t
accumulation of lithium ions at the surface of the LiMn2O4 particles
during the cathodic scan in nonequilibrium, dynamic condition

The suppression of the Jahn-Teller effect caused by substi
the Mn ions with other transition metal ions is observed by mea
the variation in the magnitude of the additional peaks. The m
tude of this additional peak decreased when the spinel oxide

Figure 10. Charge vs. differential strain (de/dQ) curve of ~a!
LiCo0.05Mn1.95O4 and ~b! LiNi 0.05Mn1.95O4 thin film electrode. The dashe
lines are reference lines.
Downloaded 21 Jul 2009 to 147.46.182.184. Redistribution subject to E
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doped with metal ions having a lower valence than Mn ions
expected from the differential strain curves, the Ni21 substituted
spinel showed the best cycleability with little capacity fading u
the 50th cycle.

From the differential (de/dQ) strain curves, we were able
obtain clearer evidence for the existence of a Jahn-Teller e
along with some other important information. The onset and
pression of the Jahn-Teller effect was probed by means of th
crease in the differential strain value (de/dQ) near the lower end o
the potential window. The onset of this effect is a rather progre
process compared to its subsequent relaxation, and this is re
by the width and magnitude of the region responsible for the J
Teller effect in the differential strain (de/dQ) strain curves.

In situ BBM proved to be a very powerful technique for mea
ing very small variations in strain during electrochemical exp
ments, thus providing information about phase transformatio
the surface of the spinel thin film electrode.
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