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Abstract

The high temperature cyclic voltammetric performances of various Li-Mn-O spinel materials were investigated. A split of the second
reduction peak at > 0.5, in Li,MnyOq4, during insertion was found at temperatures higher thatC7Qvhich is a characteristic of
Li-stoichiometric Li-Mn—O spinel. The disproportionation dissolution of stoichiometric spinel intensified by the elevated temperature
in slightly acidic electrolyte is considered responsible for the occurrence of the phenomenon. The electrochemical characteristics ant
dependence of the peak split on material natures, preparation temperatures, scan rates, electrolyte solvents and salts species are
presented.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction state[5,6] and the transformation of unstable two-phase to
more stable one-phase structure via the dissolution with the
Spinel structure Li-Mn—-O compounds are the most loss of MnO and/or MpOs [7,8].
promising lithium ion insertion electrode materials for In order to overcome the capacity fading at elevated
rechargeable lithium batteries because of a number of ad-temperature, the comprehensive investigations on the high
vantages over their alternatives, e.g., a lower cost comparedemperature electrochemical performance of the spinel
with LiCoO or LiNiO», a high cell voltage, and a high envi- cathode are necessary. In this paper, we report on a new
ronmental tolerance, etc. A problem, which prevented thesephenomenon found in the cyclic voltammetric (CV) study
compounds from being commercialized, is their capacity of Li-stoichiometric spinel electrode at temperatures higher
fading during extended cycling at room temperature and than 70°C, in which the second reduction peak at the lat-
elevated temperaturés,2]. In view of the commonness of ter half intercalation stage; > 0.5 in Li;Mn204014, has
extended cycling, and both storage and cycling at elevatedsplit, whereas this phenomenon is not observed for nonstoi-
temperature for the consumer applications of lithium ion chiometric spinel. The split is presumably considered relat-
battery, a lot of research works have been conducted for theing to the disproportionation dissolution of stoichiometric
ascertainment of fading mechanism and the improvementspinel intensified by the elevated temperature in slightly
of rechargeability. The capacity loss, thus far, is mainly acidic electrolyte, which brought on the degradation of
attributed to the following several possible factors: the ox- Li-stoichiometric spinel phase into some oxygen-deficient
idative decomposition of electrolyte on positive electrode spinels and soluble MnO.
catalytically or at high voltag¢3], the instability of spinel
in electrolyte solution at elevated temperatures according to
the disproportionation reaction, 2NMh — Mn*t 4+ Mn2+ 2. Experimental
[4], the onset of the Jahn—Teller effect in deeply discharged

2.1. Sample, preparation and characterization
* Corresponding author._ Present addres_s: Research & Development Nine samples were examined in this study. Three of them,
Group, PEM Project, Asahi KASEI Corporation, 1-3-1, Yakoh, Kawasaki- NS (Li toichi tri inel). SS (Li-stoichi tri .
Ku, Kawasaki-City 210-0863, Kanagawa, Japan. TeB1-44-271-3260; (Li-nonstoichiometric spinel), SS (Li-stoichiometric spi-
fax: +81-44-271-2355. nel) and Li 04Crp.1Mn1.904 obtained from Tosoh Co. Ltd.,
E-mail address: ma.sh@om.asahi-kasei.co.jp (S. Ma). and other Li-stoichiometric spinel samples, Lip®y. .,
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and Cr-doped Li-stoichiometric spinel, LigfMn190O4, [ e e e rrrerreee Trrrerrrer rrereeees
were prepared by the melt-impregnation method devel- T
oped in this laboratory9,10]. The stoichiometric mixture, i nonstoichiometric spine! i
molar ratio Li/Mn = 0.5, of y-MnOOH (Tosoh Co. Ltd.) ) )\A }l A AN
and LIOHH,O (Katayama Chemical) was ground well 3 ) VR N G G
in a mortar. After mixing, the mixture was preheated at S . A A ’i - zggz
450°C for 12h in air. During this process, LIOH was @ : ‘ : I\ ; p—s
melted and impregnated into the pore of manganese oxide, @ | | . _700°C
which were formed by the thermal decomposition of the = | N 650°C
~v-MnOOH. The mixture was cooled, ground, and reheated J p___A_LiCTaMn, 0,
at different temperatures of 650-90D, and then held J A N TS
for 24 h in air following a slow cooling of 20h to room L L Licoostisabiisoontislisiissiiil

20 30 40 50 60 70 80

temperature (RT). The structures of all the samples were
determined by X-ray diffraction (XRD) analysis. Induc- Two theta / deg. (Cu Ka)
tively coupled plasma atomic emission spectrometry (ICP; fig. 1. powder X-ray diffraction patterns of various Li-Mn-O and
SPS7800 plasma spectrometer from Seiko Instruments Inc.)cr-doped Li-Mn—O spinel samples.
and chemical analysis were used to determine the chemical
compositions.
dexed toFd3m space group with cubic symmetry. Lattice
2.2. Electrochemical measurements constants, surface areas and chemical compositions of the
various samples are given fable 1 SS and the samples
A three-electrode glass cell, consisting of a working elec- prepared at 650, 700 and 75D are typical oxygen-rich
trode, a reference electrode (lithium foil pressed onto a Li-Mn-O spinel, whereas the samples prepared at 850 and
stainless steel gauze) and a counter electrode (made th@00°C are oxygen-deficient Li-Mn—O spinel. With an in-
same way as the reference electrode), was used for cycliccrease of the preparation temperature, the lattice constant
voltammetric measurements. The working electrode is a pel-increases, and the samples loose more oxygen. The sam-
let, consisting of 8 mg of tested material and 4 mg of con- ples prepared at 850 and 90D are oxygen-deficient ones,
ducting binder TAB-2 (Teflonized Acetylene Black), com- with an increased extent along with the increase of the
pacted onto a stainless steel gauze disk. The CV measureheating temperatures. NS is a lithium-rich Li-Mn—O spinel
ments were performed with an Arbin Instruments model with a smaller cell constant, due to the increased*Mn
MSTAT4 battery test system at 0.2mV’sscan rate be-  content and the substitution of Li with smaller radius for
tween the voltage limits of 3-4.5V, except where otherwise Mn in 16d sites. Similarly, the Cr-doped Li-stoichiometric
specified. spinel, LiCp1Mn; 904, also showed a larger lattice pa-
rameter compared to Li-nonstoichiometric Cr-doping spinel,
Li1.04Cr0.1Mn1.904.

3. Results The surface area showed a large difference, which
extremely depends on the preparation temperatures for

3.1. Sructural and chemical characterization of the Li-stoichiometric spinels. For example, it decreased

samples rapidly from 7.38mMg~! at 650°C to 0.84nfg! at

900°C as an increase in heating temperature. Mean-
Fig. 1shows the powder X-ray diffraction patterns of the while, Li-stoichiometric and Li-nonstoichiometric Cr-doped
nine samples used in this study. The patterns could be in-spinels gave contact surface areas of ca. 2.0§Th.

Table 1

Chemical composition, lattice parameter and surface area for the samples used

Sample Compositich Cell constant &, A) Surface area (Aqg~1)
NS (nonstoichiometric spinel, Tosoh Co. Ltd.) 1bb3Mn204 8.2320 1.35
SS (stoichiometric spinel, Tosoh Co. Ltd.) LiMB4.014 8.2346 5.26
650°C LiMN 204069 8.2355 7.38
700°C LiMN204,063 8.2384 5.30
750°C LiMN 204,040 8.2417 3.18
850°C LiMn203.9s8 8.2435 1.03
900°C LiMNn 203986 8.2472 0.84
LiCro.1Mn1.904 - 8.2435 2.00
Li 1.04Crp.1Mn1.904 (TOSOh Co. Ltd.) - 8.2370 2.32

2The composition data were determined by chemical titration and ICP measurements.
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Fig. 2. Cyclic voltammograms of SS and NS electrodes in electrolyte T
of 1M LiPFg EC/DMC 1:2 (v/v) with numbers referring to cycles: (a VOItage IV vs. LilLi

and c) the first three cycles at 85; (b) the first three cycles at room g 3 cyclic voltammograms of SS electrode in the electrolyte of
temperature after being moved out from hot box and cooled. Scan rate: 1M LiPFs EC/DMC 1:2 (viv) at 85C with different scan rates: (a)

1. - _
0.2mVs!; scan range: 3-4.5V vs. Li/lti. 0.01mVsZ: (b) 0.05mVsL: (c) 0.1mVs™.

3.2. Cyclic voltammetric performance at high temperature from the insertion reaction of ttiin solid substrate just like
the normal intercalation of L in spinel as a process con-

Fig. 2 shows the first three CV cycles of Li/IM LiBF trolled by solid state diffusion of Li ions. Moreover, in a

EC/DMC 1:2 (v/v)/SS and NS cells at 88. A clear split  short time domain the rate of the split-peak-relating reaction

of the second reduction peak at the latter half intercalation is inferior to that of the insertion of ti in normal spinel.

stage,x > 0.5 in Li,Mn204014, can be observed from the  The result illuminated that the split maybe originates from

high temperature cyclic voltammogram of SS. After three a dissolution-relating process, which was characterized by a

scans, the cell was moved out from the hot box, cooled to limiting reactant substrate quantity.

room temperature, and re-scanned in the same conditions.

No peak split was observed except the separation betweers 4. Effect of operating temperature on split

anodic and cathodic potentialBpa— Eppc, became large and

the peak currentdp, andipc, became small. For nonstoi- Fig. 5 shows cyclic voltammetric performances of NS

chiometric NS electrode, however, no split was found even gnd SS electrodes at different temperatures. It can be

at 85°C. To our knowledge, there have been no reports on found that the split of the second reduction peak oc-

the split of the second reduction peak at high temperature cyrred only at the experimental temperatures of more than
so far. From the above results, the split is a characteristic

feature of Li-stoichiometric spinel at high temperature, and

at room temperature and for Li-nonstoichiometric spinel no T T T T T ]
peak split was found. 2[ i
In order to clarify what dependence and properties the |
split has, and what is the source of the split, we carried out 16l |
some experimental studies on it. ’
<
) £ 1.2 .
3.3. Effect of scan rates on split .y |
o
Fig. 3 displays the effect of scan rates on the split. As 0.8
shown inFig. 3 for SS electrode, at a lower scan rate, 1
0.01mV sl awell-defined split, with a higher low-voltage 04r 1
peak, was found. With an increase of scan rate, the peak
at low voltage increased, but became lower than the peak o2 4 & 8 10 12
at high voltage, and finally the split disappeared at more
than 0.1mVs! of scan rate. Relationship between peak v'"x10% v .1

currents|lp, of various redox peaks ifig. 3and the square ) ) . ) .
t of scan rate is shown iRia. 4 The peak currents of Fig. 4. Relationship between peak currelpt, of various redox peaks in
roo g. 4 p Fig. 3 and square root of scan rate/?. Oxidation branch: solid circle,

all the five peaks increased linearly as an increase"ifi 4.00V; solid square, 4.16V. Reduction branch: empty circle, 3.97V;
The above results suggested that the split peak also stemmedouble circle, 4.03V; empty square, 4.10V.
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the symbol shapes referring to sample name and preparation temperature.
Galvanostatic current density: 0.4 mActh cycling range: 3.0-4.5V.

Fig. 5. First three cycles of cyclic voltammograms of nonstoichiometric
(NS) and stoichiometric (SS) spinel electrodes in the electrolyte of 1M
LiPFs EC/DMC 1:2 (v/v) at different experimental temperatures with the
numbers referring to cycles. Scan rate: 0.2 m¥ sscan range: 3-4.5V
vs. Li/LiT.

3.5. Cyclic voltammetric responses of spinels prepared at
different temperatures

The cyclic voltammetric performances of spinel samples
prepared at various temperatures, with different contents of
70°C for Li-stoichiometric sample; meanwhile, no split oxygen and surface areas, are giverFigs. 7 and 8 As
peak was found at any other lower temperatures and for shown inFig. 7, oxygen-rich Li-stoichiometric spinel phase
Li-nonstoichiometric spinel material electrode. With an in- prepared at 650C showed the split phenomenon. With the
crease of operation temperature, the peak at low voltageincrease of the cycle number, the split peak has relatively
increased relative to normal reduction peak at about 4.03 V. gone up compared with ifinormal insertion peak in spinel
It indicated that the split-peak-producing reaction was in- substrate at about 4.03 V. At the third cycle, the new split
tensified by temperature. A distinguishable split can be peak has even gone beyond the first reduction peak,
detected only beyond 7@&. Charge/discharge cycling tests 0.5 in Li,Mn204069. The result suggested that the origi-
(Fig. 6andTable 2 evidenced that the Li-nonstoichiometric nal spinel phase had been heavily destroyed and substan-
spinel gave a good cycleability with 25.2% of fading rate tially transformed to the new phase that caused the split.
for 35th cycle at 85C, whereas the fading rate for stoi- FromFig. 8 an obvious split was found also for spinel sam-
chiometric spinel is up to 43.3%. The results indicated that ples prepared at 700, 75C (oxygen-rich spinel), and 850,
the peak split is bound up with the deterioration of the cell 900°C (oxygen-deficient spinel). Moreover, the split peak
especially at elevated temperatures more thatCz0 becomes smaller than the normal reduction peak at about

Table 2
Discharge capacity and fade rate of some samples used at a certain specific cycle in room temperatut€ and 85
Sample First discharge 16th discharge Fade rate (%, 35th discharge Fade rate (%, Temperature
(C1, mAhg™h (C16, mAhg) (C1 — C1g)ICy) (Css, mAhg™h) (C1— C35)ICy) (°C)
SS 131.1 128.9 1.67 127.1 3.05 RT
NS 122.6 1171 4.53 113.8 7.20 RT
700°C 132.7 126.9 441 123.4 7.05 RT
750°C 136.4 130.2 4.54 126.0 7.63 RT
850°C 1145 91.88 19.7 83.17 27.3 RT
900°C 101.3 79.92 21.1 70.17 30.7 RT
SS 122.6 85.06 30.6 69.49 43.3 85
NS 114.3 91.45 20.0 85.56 25.2 85
700°C 128.6 84.00 34.7 49.48 61.5 85
750°C 126.8 81.67 35.6 - - 85
850°C 96.40 64.44 33.2 50.65 475 85
900°C 103.4 62.62 39.4 56.21 45.6 85
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Fig. 7. First three cycles of cyclic voltammograms of oxygen-rich
Li-stoichiometric spinel prepared at 650 in the electrolyte of 1M LiP§
EC/DMC 1:2 (v/v) at 85C with the numbers referring to cycles. Scan
rate: 0.2mVs?1; scan range: 3-5.2V vs. Li/ti

Fig. 9. First two cycles of cyclic voltammograms of Cr-doped Li-
stoichiometric and Li-nonstoichiometric spinels in the electrolyte of 1M
LiPFs EC/DMC 1:2 (v/v) at 83C. Scan rate: 0.1 mV'$; scan range:
3-4.5 or 5.2V vs. Li/Lt.

4.03V. As the surface area and oxygen content decreased®t 900°C exhibited improved stability in electrolyte at high

i.e., the preparation temperature increased, the split peakl€Mperature in comparison with Li-stoichiometric Li-Mn-O

at low voltage decreased relative to normal second inser-SPinels, SS, although the Li-stoichiometric oxygen-deficient

tion peak of spinel. The results demonstrated that the split SPiN€l prepared at 90€ gave a smaller capacity.

is enhanced by the higher surface area, which indicated its o )

nature from a dissolution process. It should be noted that 3:6- CV responses of Li-stoichiometric and

the split also could be found even for the sample treated Li-nonstoichiometric Cr-doped Li-Mn-O spinels

at 900°C with a smaller surface area of 0.84gr?. Here, o _ _ o

no heavy dissolution can be expected in view of the small CV responses of Li-stoichiometric and Li-nonstoichio-

surface area. The result suggests that oxygen-deficiency it-metric Cr-doped Li-Mn-O spinels at elevated temperature

self played an important role in the peak split. It has been Were also investigated. Froffig. 9, the split phenomenon

shown inFig. 6 that both the Li-nonstoichiometric spinel, occu'rred f_or both Fhe L|—st0|ch|ometrlc_ and Li-nonstoichio-

NS, and Li-stoichiometric oxygen-deficient spinel prepared Metric spinels, LiC§1Mn1.904 and Li.04Cro1Mn1.904;
moreover, distinct oxidation peak splits can be detected.
But the splits have been suppressed by the doping of Cr to

T SRR [ ' Mn in 16d sites. A small peak split for LigiMn1 904 was
700°C 750°C obtained, compared with the case of $8g( 2). Further-
2r 1 more, from the indistinct peak split for Li-nonstoichiometric
oF - s Li1.04Cr0.1Mn1.904, the suppression effect of Li nonstoi-
< I 1 1 chiometry on peak splitting was affirmed. The result demon-
E -2 strated Li stoichiometry of spinel is related with the peak
=i { S TN T S split. Due to the doping of Li, Cr to Mn in octahedral 16d
o 47 850°C 900°C sites, the splits were considerably attenuated in comparison
S5 ot . with the normal Li insertion peak. It has been reported that
O the doping of Li and Cr to Mn improved stability of spinel
o T ] structure and its cell cycleabilityl 1,12]
-2+ + B
—4L o] 3.7. Effects of electrolyte solvents and salts on split
3236 4 44 3236 4 44

Various salts and solvents were used to understand the ef-
fects of electrolyte components on peak splig. 10showed
the influence of electrolytes on high temperature CV behav-
ior of stoichiometric spinel electrode, SS. Clear splits of the
second reduction peak were observed for all the three elec-
trolytes. No special effect from the electrolyte components

Voltage / V vs. Li/Li"

Fig. 8. Cyclic voltammograms of various Li-stoichiometric Li-Mn-O
spinel samples prepared at 700, 750, 850 and°@0lh the electrolyte
of 1M LiPFs EC/DMC 1:2 (v/v) at 85C. Scan rate: 0.2mV¥; scan
range: 3-4.5V vs. Li/LT.
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Fig. 10. Cyclic voltammograms of SS electrode in electrolytes of 1M
LiPFs EC/MEC 1:2 (v/v), 1M LiBR ECH-butyrolactone 1:1 (v/v) and
1M LiBF4 EC/IMEC 1:2 (v/v) at 85C. Scan rate: 0.1 mV'g; scan range:
3-4.5V vs. LilLit.

could be found for the reduction peak split. Further, in 1M
LiBF4 EC/MEC 1:2 (v/v) electrolyte, a new oxidation peak
near 4.35V arose at third cycles along with the split of the

second reduction peak at the same time, which exhibits the

split's relevance to dissolution process in electrolyte. The

233
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Fig. 12. First cycle of cyclic voltammogram of LiM@3g12 prepared
at 950°C following a slow cooling of 10h to room temperature in 1M
LiPFs EC/DMC 1:2 (v/v) at 85C. Scan rate: 0.02 mV'$; voltage range:
3.4-45V.

4 42 44 46

chiometry and the doping of foreign metal ions, e.g?, &nd
Cr3t, in Li-Mn—O spinel structure. Meanwhile, the surface
area played an important role, which would be expected to
take effect through a dissolution process. Furthermore, the
oxygen-deficient spinel was considered as a direct source
causing the split of the reduction peak.

4.1. On dissolution of Li-Mn—O spinel in electrolyte

In view of stability of Li-stoichiometric and Li-nonstoi-

concurrence of the split peak and the new oxidation peak chiometric spinels in electrolyte, the dissolution reaction

near 4.35V confirmed their pairing, although the oxidation
peak has been held up to 4.35V.

4. Discussion

All above data showed that the split phenomenon is re-
lating to the stability of the Li-Mn—O spinel, i.e., Li stoi-

2 No soaked
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~ —2 r

€ b .

o —+ —+—+
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3 [ ]
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28 32 36 4 44 438
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Fig. 11. Cyclic voltammograms at 8C€ of LiMn204 014 before and after
soaking for 24 h in 80C in electrolyte of 1M LiP EC/DMC 1:2 (v/v).
Scan rate: 0.1 mVvg; scan range: 3-5.0V vs. Li/tti

could be considered as an origin of the peak split. The soak-
ing experiment of various Li—-Mn—O spinel samples in 1M
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Fig. 13. Cyclic voltammograms of LiMiD4,014 electrode in the electrolyte

of 1M LiPFg EC/DMC 1:2 (v/v) at room temperature and 85. Scan
rate: 0.2mVs?; scan range: 3-4.5V vs. Li/ti The Roman numbers
refer to the specific insertion/extraction states indicated in X-ray diffraction
patterns ofFigs. 14 and 15
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Fig. 14. X-ray diffraction patterns at different charge/discharge states of stoichiometriccQiMiy spinel electrode at room temperature. The Roman
numbers refer to the specific insertion/extraction states indicat&iigin13

LiPFs EC/DMC 1:2 (v/v) electrolyte showed that dissolution were raised and the normal two pairs of redox peaks became

of Li-Mn-0O spinel sample is related with the surface area poorly separated after the soaking. The results suggest that

and is suppressed by the substitutions of foreign metal ionsthe sample has become oxygen and lithium deficient after

into Mn in octahedral sites. When soaked the sample pow- the soaking.

ders in 1M LiPks EC/DMC 1:2 (v/v) electrolyte at 85C,

the characteristic red purple color of MnO, a soluble disso- 4.2. On origin of the split

lution product, was found after 2 h for the sample prepared

at 650°C, whereas, a weak color after soaking 10 h for that  In order to further clarify the real origin of the peak split,

prepared at 900C. Meanwhile, the electrolyte became red we prepared the Li-Mn—O sample at 10@ following a

purple after 4 h for SS and 15h for NS. slow cooling of 10 h down to RT. A highly oxygen-deficient
Fig. 11showed the cyclic voltammograms at 8D of SS Li-Mn-0O spinel, LiMrpO3.912, Was obtained. The first CV

before and after soaking for 24 h in 80 in electrolyte of curve at 85C is shown inFig. 12 peak splits of both the

1M LiPFg EC/DMC 1:2 (v/v). It can be found that both two pairs of redox peaks can be found. The result showed

the oxidation and reduction parts at about 4.5V, which is that oxygen-deficient spinel in high temperature resulted in

related to oxygen and lithium deficiencies in spinel structure, the split. Some phase separation may be responsible for

T —————————
| A A
= .'~- .
° o DA
(7] ~u!'~- vii -
£ -‘HM' ]
a v v~
%M.b"‘mt ...... m...o..o.....n ....... ]
10 20 30 40 50 60 70 80 90 100

Two theta / deg. (Cu Ka)

Fig. 15. X-ray diffraction patterns at different charge/discharge states of stoichiometricoQidiu spinel electrode at 88C. The Roman numbers refer
to the specific insertion/extraction states indicatedrig. 13
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the split phenomenofil3,14] We have carried out XRD  Acknowledgements
measurements for the sample electrodes cycled in both RT
and 85°C to identify these phases. The results are shown in  The authors are grateful to the grants-in-aid for Scien-
Figs. 13—-15Unfortunately, no discernible new phase can be tific Research from the Japanese Ministry of Education for
detected. From the data Fig. 2, the split is characteristic ~ financial support of this research.
of high temperature. High temperature in situ XRD would
be an effective means to isolate these new phases.
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