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Abstract

Three types of spinel-based cathode powders, namely, LiMn2O4, Li1.07Mn1.93O4, and Li1.06Al 0.2Mn1.74O4, are examined with rotating ring-
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isc collection experiments to measure manganese dissolution and capacity losses in lithium-ion cells. The cyclic voltammograms
t high scan rates for all three electrodes. Initially, all electrodes rapidly lose capacity during cycling. After about 25 cycles, the
tart to exhibit capacity retention, and the performance matches that of the best spinels. The cation-substituted spinel electrodes
oderate capacity loss of 0.2% per cycle over 200 cycles, which is half that suffered by a typical spinel electrode (LiMnO4). Manganese (Mn
issolution from all the spinel-based samples is monitored in situ under various conditions. The ring cathodic currents for the cation-
pinel electrodes are similar to those for LiMn2O4, which shows that the Mn dissolution behaviour is the same for all spinel-based c
owders. The ring currents reach maximum values at the end-of charge (EOC) and end-of discharge (EOD), with the largest peak a
esults suggest that the dissolution of Mn from all spinel-based samples occurs during charge–discharge cycling, especially in a c
t >4.0 V and in a discharged state at <3.1 V. In addition, lower ring cathodic currents are observed in the cation-substituted spin
nd this indicates that the rate of dissolution of Mn has decreased in these materials.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, spinel LiMn2O4 has been studied exten-
ively for lithium-ion (Li-ion) batteries as a cathode material
ecause of its high voltage, low cost, and environmentally
enign nature. These attractive characteristics make spinel
iMn2O4 a good candidate for use in large scale Li-ion bat-

eries for electric vehicle (EV) and hybrid electric vehicle
HEV) applications[1]. Nevertheless, capacity fading during
harge–discharge cycling is a problem for the spinel, particu-
arly at elevated temperatures. It has been proposed that sev-
ral factors contribute to capacity fading, namely: (i) electro-

∗ Corresponding author. Tel.: +886 7 591 9463; fax: +886 7 591 9348.
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chemical reaction with, the electrolyte at high voltage[2,3];
(ii) manganese dissolution into the electrolyte due to aci
tack and a disproportionation reaction at the particle su
[4–7]: 2Mn3+

solid → Mn4+
solid + Mn2+

solution; (iii) instability of
the two-phase structure in the charged state leading to th
of MnO and dissolution of Mn to a more stable single-ph
structure[4,8,9]; (iv) formation of tetragonal Li2Mn2O4 on
the surface of spinel and the associated Jahn–Teller d
tion at the end of discharge, especially under high cu
density, nonequilibrium conditions[5,10,11]; (v) formation
of oxygen-deficient spinels[12]; (vi) cation mixing betwee
the lithium and manganese sites in the spinel lattice[13]; (vii)
loss of crystallinity during cycling[14,15].

Although many possible factors have been proposed
contribute to capacity fading of the spinel LiMn2O4 elec-
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trode, most of the evidence reported so far points to man-
ganese dissolution at the top of charge as the major cause.
Thus, it is essential to investigate the dissolution behaviour
of the spinel electrode in order to reduce the level of capac-
ity fading. In our earlier paper[16], Mn dissolution from a
thin porous spinel LiMn2O4 electrode was measured using
rotating ring-disc collection experiments. The in situ moni-
toring of Mn dissolution from the spinel LiMn2O4 electrode
was examined in terms of cycle number, temperature, over-
charge and overdischarge. The finding, provided a clear un-
derstanding of the Mn dissolution behaviour and the variation
in manganese concentration in the electrolyte during cycling.

In order to minimize the solubility of the spinel electrode,
several strategies have been followed over the years through
substituting other cations for manganese in LiMn2−xMxO4
(M: Li, Al, Ni, Mg or Cr) [17–19] or using an electrolyte
with a salt other than LiPF6 and eliminating water contam-
ination [19,20]. The present study examines further the Mn
dissolution behaviour of substituted manganese spinels using
the rotating ring-disc electrode (RRDE) technique.

2. Experimental

Composite disc cathodes were prepared by wet coating,
and were made from spinel-based cathode powders with
a uo-
r ht
r cety-
l n of
p
( in at
r rbine
f riate
v less-
s
T
a a-
t
T
b cell
a

nts)
w trode
a ated
w this
g s op-
e 705
B ter-
f e was
c for
b atic of
a iven
i
1 thyl
c rp.).

Fig. 1. Cyclic voltammograms for representative groups of spinel-based
electrodes cycled between 3.0 and 4.5 V at 10 mV s−1 and 500 rpm with 1 M
LiPF6 + EC/DMC (1:1) at 1, 50, 100, 150 and 200 cycles at 30◦C.
cetylene black, SFG-6 (Timcal), and polyvinylidene fl
ide (PVDF) binder (MKB-212C, Elf Atochem) in a weig
atio of 86:2:4:6. The spinel-based active materials, a
ene black and SFG-6 were first added to a solutio
oly (vinylidene fluoride) (PVDF) inn-methyl-2-pyrrolidone
NMP, Riedel-deHaen). The mixture was stirred for 20 m
oom temperature with a magnetic bar, and then with a tu
or 5 min at 2000 rpm to form a slurry that had the approp
iscosity. The resulting slurry was coated on to a stain
teel disc (diameter: 6 mm) and dried at 120◦C for 40 min.
he resulting coating had a thickness of∼100�m and an
ctive material mass of∼2.4 mg. The quantity of active m

erials on the disc electrodes was kept constant (±0.2 mg)
he electrodes were dried overnight at 100◦C under vacuum
efore being transferred to an argon-filled glove box for
ssembly.

The RRDE system (AFMT134DCPTT, Pine Instrume
ith interchangeable discs consisted of the above elec
nd a Pt ring electrode (width: 1 mm ) that were separ
ith a 0.5 mm gap. The collection efficiency when using
eometry was 0.24. The rotating ring-disk assembly wa
rated by means of a Pine AFMSRX rotator and a CH
ipotentiostat (CH Instruments) with a computerized in

ace. The manganese dissolved from the disc electrod
ollected at the Pt ring. Lithium foil (Aldrich) was used
oth the reference and the counter electrodes. A schem
glass-beaker cell containing the RRDE system was g

n our earlier paper[16]. A solution of LiPF6 (1.0 M) in a
:1 (v/v) mixture of ethylene carbonate (EC) and dime
arbonate (DMC) was used as the electrolyte (Ferro Co
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Fig. 2. Variation of discharge capacity as function of cycle number for representative groups of spinel-based electrodes cycled between 3.0 and 4.5 Vat
10 mV s−1 and 500 rpm with 1 M LiPF6 + EC/DMC (1:1) at 1, 50, 100, 150 and 200 cycles at 30◦C. Capacity calculated from cyclic voltammograms.

During cyclic voltammograms, the potential of the spinel-
based disc electrode potential was scanned between 3.0 and
4.5 V versus Li/Li+ at 10 mV s−1. The Li anode was isolated
from the cathode by two layers of Celgard 3401 separator, and
the Li reference electrode by a vycor tip to avoid dissolved
Mn ions being deposited on the Li anode and reference elec-
trode. For the in situ cell test, the spinel-based disc was cycled
at 100 mV s−1 between 3.0 and 4.5 V or an extended voltage
range at various conditions while the ring was held at 1.0 V
to collect the Mn2+ ions generated from the disc electrode.
Three tests were carried out for each condition and the aver-
age performance was recorded. The cell fabrication and all
measurements were carried out in a glove-box filled with dry
argon.

3. Results and discussion

The performance of three groups, A, B, and C, which
represent the spinel-based cathode powders LiMn2O4,
Li1.07Mn1.93O4, and Li1.06Al0.2Mn1.74O4, respectively, was
investigated. Cyclic voltammograms (CVs) were obtained at
room temperature (∼30◦C) between 4.5 and 3.0 V versus
Li/Li + at 10 mV s−1 and 500 rpm. The resulting data for sam-
ples A, B, and C at 1, 50, 100, 150, and 200 cycles,are shown
in Fig. 1. The shapes of these curves are similar at a very
h ak

decreases during consecutive cycling. In general, the CV of
the spinel electrode exhibits two peaks located at 4.03 and
4.17 V on charge and at 3.99 and 4.10 V on discharge. The
peaks correspond to the two-step reversible (de) intercalation
of lithium between LiMn2O4 andλ-MnO. At a high scan rate,
however, the reaction zone is limited to a small thickness on
the surface of the electrode and the two peaks are not well
separated. The disc current is only observed after 4 V on the
anodic scan (during charge) and decreases continuously un-
til 3.3 V on the cathodic scan (during discharge). Both the
anodic and cathodic peak currents for all samples decrease
significantly during the first 25 cycles, especially for sam-
ple A. This suggests that the spinel-based disc electrodes,
which initially rapidly lose capacity with cycling, begin to
exhibit capacity retention after 25 cycles cycling. This be-
haviour matches that of the best spinels. A plot of high-rate
discharge capacity versus cycle number for all samples is
shown inFig. 2. The discharge capacity is calculated from
the CVs inFig. 1. The discharge capacity declined to less
than 10 mAh g−1 for sample A and to 15 mAh g−1 for sam-
ples B and C by the end of 200 high-rate cycles. As has been
commonly reported in the literature, the cation-substituted
samples (B and C) clearly show much better cycling per-
formance than typical spinel, LiMn2O4 (A) [5,15,18,22–26].
Among these samples, sample C shows the best retention of
capacity in spite of its slightly lower initial capacity. Substi-
t l for

T
R odes cy
(

S Ah−1 g) (%)

A
B
C

igh scan rate (10 mV s−1), although the height of the pe

able 1
ate of capacity loss for representative groups of spinel-based electr

1:1) at 30◦C.

ample group Cycle number Initial capacity (m

(LiMn 2O4) 200 25.6041
(Li1.07Mn1.93O4) 200 24.7672
(Li1.06Al0.2Mn1.74O4) 200 23.9733
ution of Mn by cations reduces the capacity of the spine

cled between 3.0 and 4.5 V at 10 mV s−1 and 500 rpm with 1 M LiPF6 + EC/DMC

Capacity loss per cycle (%) Capacity loss after 200 cycles

0.4412 58.7
0.2414 38.33
0.2246 36.22
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lithium in the 4-V region since these ions are not oxidized or
reduced over this potential range[26]. In our previous paper
[16], we demonstrated that the rapid initial capacity fading of
the spinel electrodes is not caused by the simple dissolution
of Mn, because the Mn dissolution rate is almost constant
prior to 150 cycles. Other possibilities for capacity fading
are structural change and electrolyte decomposition[8]. Am-
atucci et al.[27] proposed that spinel electrodes with small
spinel lattic parameters or higher manganese average oxi-
dation states exhibit good capacity retention during cycling.
The performance of samples B and C with cation-substituted
spinel cycles is significantly better due to their higher aver-
age oxidation state and smaller lattic parameter. The smaller

ionic radii of Li+ and Al+3 ions that replace the Mn+3 with
larger ionic radii at their crystal sites causes the shrinkage of
the lattice in samples B and C. In addition, Yoshio et al.[24]
reported that replacing the Mn+3 ion by Al+3 increases the
average oxidation state of the Mn ion, and helps to retain an
average Mn valence higher than 3.5 in the LiAlxMn2−xO4
powder. It also works to maintain a single phase throughout
the charge–discharge process. Calculations of the rate of loss
of capacity and the capacity per cycle are listed inTable 1;
both are based on the electrode performance on the continu-
ous cycles at a high scan rate shown inFig. 1. The capacity
loss rate, expressed as percentage per cycle, is based on the
initial discharge capacity[21]. The capacities of all the sam-

F
a

ig. 3. RRDE profiles for Mn2+ collection experiments conducted at room temp
nd 4.5 V at 100 mV s−1 and a ring electrode held at 1.0 V in 1 M LiPF6 + EC/DMC
erature and 1000 rpm at spinel A (LiMn2O4) disc electrode cycled between 3.0
(1:1) electrolyte, (I) cycles 1–10 (II) cycles 5–7.
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ples are calculated from the CVs and exhibit an initial value
of about 25 mAh g−1 on the first discharge. Only a fraction of
the actual capacity is accessible at this high sweep rate. Sam-
ples B and C with cation-substituted spinel exhibit a moderate
capacity loss of 0.2% per cycle over 200 cycles, i.e., half of
the 0.4% per cycle experienced by sample A. Also, com-
pared with the 58% loss in capacity for sample A, both B and
C samples suffer about 37% capacity loss after 200 cycles.
It has been demonstrated that the cation-substituted spinel
cathodes have a good cycle-life in spite of some decreases in
initial capacity.

The in situ monitoring of Mn dissolution from the
spinel-based electrodes of samples A, B, and C was car-

ried out during cycling voltammetry or galvanostatic charge
and discharge by means of RRDE collection experiments.
Figs. 3(I), 4(I) and 5(I)show both the disc voltage and ring
current profiles for the first 10 cycles of the samples A, B
and C, respectively, between 3.0 and 4.5 V with a sweep rate
of 100 mV s−1 at room temperature. The ring electrode was
held at 1.0 V with a rotation speed of 1000 rpm. In conjunc-
tion with the disc electrode, a regular shape of the ring current
is observed after the first cycle for all samples, as shown in
Figs. 3(I), 4(I) and 5(I). The cathodic peak current at the ring
indicates that some Mn atoms are dissolved from the disc
electrode into the electrolyte solution, to form soluble oxi-
dized Mn+2 ion species that are reduced on the ring electrode.

F
3

ig. 4. RRDE profiles for Mn2+ collection experiments conducted at room temp
.0 and 4.5 V at 100 mV s−1 and a ring electrode held at 1.0 V in 1 M LiPF6 + EC/D
erature and 1000 rpm at spinel B (Li1.07Mn1.93O4) disc electrode cycled between
MC (1:1) electrolyte, (I) cycles 1–10 (II) cycles 5–7.
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In all of the in situ studies, the first cycle exhibits a larger ring
cathodic current due to the fresh Pt ring being more active
for Mn+2 deposition. Expanded RRDE profiles for cycles 5,
6 and 7 are shown inFigs. 3(II), 4(II) and 5(II)for samples
A, B, and C, respectively. Similar shaped ring cathodic cur-
rents are obtained for all samples, which exhibit the same
Mn dissolution behaviour as the spinel-based cathode pow-
ders. The ring cathodic current increases from about 3.8 V
(disc potential) and reaches a maximum when the disc po-
tential is taken to 4.5 V during the charged process. On the
cathodic sweep, the ring cathodic current becomes notice-
able at a potential below 3.2 V (disc potential) and reaches
a maximum when the disc potential drops to 3.0 V. The ring

currents exhibit maxima corresponding to the end-of-charge
(EOC) and end-of-discharge (EOD), with the largest peak at
the EOC. These results indicate that dissolution of Mn from
all the spinel electrodes is highest at the voltage end-points,
with most of the Mn dissolution occurring at the EOC. This
is in good agreement with most of the evidence reported thus
far that points to solubility at the top of charge as the major
reason for the capacity fading in Li/LiMn2O4-based cells.

Although similar maximum ring currents appear in the
same region of the disc potential for all the spinel-based sam-
ples, there is a noticeable difference in the values of the ring
cathodic currents. The ring cathodic currents inFig. 3(II)
are larger than those inFigs. 4(II) and 5(II), as expected for

F
b

ig. 5. RRDE profiles for Mn2+ collection experiments conducted at room tem
etween 3.0 and 4.5 V at 100 mV s−1 and a ring electrode held at 1.0 V in 1 M L
perature and 1000 rpm at spinel C (Li1.06Al0.2Mn1.74O4) disc electrode cycled
iPF6 + EC/DMC (1:1) electrolyte, (I) cycles 1–10 (II) cycles 5,6 and 7.
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the cation-substituted samples (B and C). Obviously, this
indicates that the dissolution of Mn rate is lower for the
cation-substituted spinel materials. Moreover, the first few
cycles experience a larger decay in the ring cathodic current
(Fig. 3(I)), which suggests that the ring positioned at sample
A is more active in Mn collection. This is in good agreement
with most of the evidence reported thus far, which points to
a decrease in solubility in cation-substituted spinel cathode
powders[5,15,18,25–27]. Furthermore, Huang et al.[25] re-
cently proposed that formation of a solid surface solution in

cation-substituted spinel materials changed the surface prop-
erties of the spinel LiMn2O4 and suppressed the dissolution
of the Mn+3 ions from the spinel into the electrolyte and the
corresponding phase transitions.

In order to study the in situ monitoring of Mn dissolu-
tion during overcharge and overdischarge, the RRDE profile
was examined between 2.0 and 5.0 V.Figs. 6(I), 7(I) and 8(I)
show both the disc voltage and ring current profiles for the
first 10 cycles of samples A, B and C, respectively, between
2.0 and 5.0 V with a sweep rate of 100 mV s−1 and room tem-

F
a

ig. 6. RRDE profiles for Mn2+ collection experiments conducted at room temp
nd 5.0 V at 100 mV s−1 and a ring electrode held at 1.0 V in 1 M LiPF6 + EC/DMC
erature and 1000 rpm at spinel A (LiMn2O4) disc electrode cycled between 2.0
(1:1) electrolyte, (I) cycles 1–10 (II) cycles 5,6 and 7.
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Fig. 7. RRDE profiles for Mn2+ collection experiments conducted at room temperature and 1000 rpm at spinel B (Li1.07Mn1.93O4) disc electrode cycled between
2.0 and 5.0 V at 100 mV s−1 and a ring electrode held at 1.0 V in 1 M LiPF6 + EC/DMC (1:1) electrolyte, (I) cycles 1–10 (II) cycles 5–7.

perature. Although a wide voltage window has been swept,
similar results are obtained to those in the normal voltage
sweep. In conjunction with the disc electrode, a regular shape
of the ring current is observed after the first cycle for all sam-
ples, as shown inFigs. 6(I), 7(I) and 8(I). The corresponding
expanded RRDE profiles for cycles 7, 8 and 9 are given in
Figs. 6(II), 7(II) and 8(II). It is obvious that seven ring current
maxima are observed for all samples over this voltage range.
Those exhibiting Mn dissolution behaviour are similar for

all samples during the cycling process. The first three peaks
occur at disc potentials of 2.3, 3.9, and 5.0 V on the anodic
sweep and the other four peaks at 4.5, 3.5, 2.9, and 2.3 V on
the cathodic sweep. These observations suggest that the dis-
solution of Mn from all spinel-based electrodes takes place
during the charging process, followed by the discharging pro-
cess. From the experimental results, Mn dissolution from the
spinel-based electrodes occurs at the end of the charging and
discharging step. In particular, Mn dissolution is accelerated
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Fig. 8. RRDE profiles for Mn2+ collection experiments conducted at room temperature and 1000 rpm at spinel C (Li1.06Al0.2Mn1.74O4) disc electrode cycled
between 2.0 and 5.0 V at 100 mV s−1 and a ring electrode held at 1.0 V in 1 M LiPF6 + EC/DMC (1:1) electrolyte, (I) cycles 1–10 (II) cycles 5–7.

at the top of the charging stage and causes capacity fading. A
similar dissolution tendency has been reported in many other
papers[4,7–11].

4. Conclusion

The dissolution of Mn from a thin porous substituted
spinel electrode is studied by rotating ring-disc collection ex-
periments. Three types of spinel-based cathode powders, in-

cluding the typical spinel LiMn2O4 and the cation-substituted
spinel Li1.07Mn1.93O4 and Li1.06Al0.2Mn1.74O4, have been
investigated to measure Mn dissolution and capacity losses
in lithium-ion cells. The capacities of all of the spinel-based
samples are calculated from the CVs at a high sweep rate
(10 mV s−1) and exhibit an initial capacity of only about
25 mAh g−1 during the first discharge. The cation-substituted
spinel experiences a moderate capacity loss of 0.2% per cy-
cle over 200 cycles, i.e., were half of 0.4% per cycle for the
typical spinel, LiMn2O4. It is clear that the cation-substituted



10 L.-F. Wang et al. / Journal of Power Sources 150 (2005) 1–10

spinel cathodes have a good cycle-life despite some decrease
in their initial capacity.

Manganese dissolution from all the spinel-based samples
has been monitored in situ out under various conditions. Sim-
ilar shaped ring cathodic currents are obtained for all sam-
ples, which exhibit the same Mn dissolution behaviour in
the spinel-based cathode powders. The ring currents reach
maxima at the EOC and EOD, with the largest peak at the
former. The results suggest that the dissolution of Mn from
all spinel-based samples occurs during charge–discharge cy-
cling, especially in the charged state (at >4.0 V) and dis-
charged state (at <3.1 V). The larger peak at the EOC demon-
strates that Mn dissolution takes place mainly at the top of
charge. Also, lower ring cathodic currents are observed in
the cation-substituted spinel cathodes due to a decrease in
the rate of Mn dissolution.
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