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Abstract

Open circuitvoltage (OCV) profiles of spinel type lithium manganese oxigddh3O,4 (x < 1) have beenrecorded at several temperatures
(243K < T < 323K) using a single three-electrode glass cell. Deintercalation of Li ions frgMrjO4 has been carried out at low
temperature (243 K), and then OCV profile has been measured at both the processes of raising and descending temperatures on each s
of lithium content ).

Quasi-equilibrium potential profiles above room temperature (298K), which are results of continuous measurements by first charge,
overlap with OCV profiles in the process of raising temperature well. However, aroun@.5, quasi-equilibrium potential profiles and
OCV profiles do not overlap at low temperatufe£ 278 K). This result indicates that the low-temperature phase=a0.5 in Li,Mn,0y4
is very sensitive to temperature change.

Temperature dependence of OCV profiles in the process of descending temperature corresponds to a simulation based on assumpti
that distribution of Li ions is disordered in {Mn,04 (0.5 < x < 1).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Especially as a result, drastic change at 278K in the profile
has been found; the slopexat= 0.5 in Li,Mn,0O4 becomes
Spinel type lithium manganese oxide LiMBDy has re- far steeper, and a new voltage step appears=a0.7 in the

ceived much attention for a cathode material of lithium ion profile [17,18].
battery[1-5], and its characteristic potential profile has been  Until now, the characteristic potential profile ofMn204,
attracted very much from a viewpoint of structural study in a gentle slope around= 0.5 is often assumed appearance
deintercalation/intercalation of Li ions. In order to under- of Li-ordering phase, because the host diamond-type lattice
stand in detail, there have been several in situ or ex situ struc-has a commensurate ZnS arrangement &t 0.5. Most of
tural reports with XRD or neutron diffraction measurements above-mentioned theoretical calculations have been carried
[6-9]. In addition, realization of the characteristic potential out based on an assumption that Li-ordering phase exists in
profile of LiyMn,0O4 by a simulation based on theoretical the region around 298 KLO-15}
calculations has been studied frequefll9§—16] In contrast to this, we have proposed a different opinion
Accurate measurements of potential-compositigax{ that the Li-ordering phase at= 0.5 appears at lower tem-
Li,Mn204) profiles are very important for realization and perature more than that was expected, as is shown in the
precision of the calculations. Of course the measurementsresult of quasi-equilibrium potential measurements. That is,
are also extremely useful for structural study ofMn,O4. distribution of Li ions in LysMn20;4 is disordered above
We have measured quasi-equilibrium potential profiles of room temperature (298 K T). This interpretation reaches
Li,Mn,04 at several temperatures, and clarified their tem- that the gentle slope in potential profiles ofMin,O4 does
perature dependence around room temperat298 K). not originate from ordering of Li ions in 8a sites of spinel
type structure (Fd3m).
Further, Kudo and Hibin¢16] have shown comparative
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a real potential profile data at room temperature. In recent over potential, a very small value of the current density, i.e.,
years, some structural and thermal reports abou¢lhpOy 0.428 mA per 1g of each specimen (LiMDy) has been

in charge/discharge process have indicated that Li-orderingused in first charge. Thé—x profiles are recorded by con-
phase att = 0.5 is not found around 298 K8,19]. They tinuous charge with a very weak electric current, thus in the
support our opinion concerning ordering of Li ions and po- strict sense, these profiles are different from OCV profiles.
tential profiles of LiMrpOg4. OCV profiles in this research are recorded in a manner

In this research, we have measured quasi-equilibrium as follows. Li ions are deintercalated from,Mn,O4 (x <
potential profiles above 298K at first, and compare the 1) to the appointed lithium contenk)(at 243 K with the
slopes att = 0.5. Assuming that Li-ordering phase exists same electric condition as measurements ofthecurves.
at 298K, the slope is expected to become more gentle atAnd then OCV has been measured at both processes of rais-
higher temperature. And then we have recorded open circuiting (243K — 253K — 263K — 273K — 278K —
voltage (OCV) profiles at several temperatures (243K  283K— 285K — 288K — 298K — 303K — 313K —

T < 323K) using a single cell, which is the same type used 323K) and descending (323k> 313K — 303K —
in the measurements of quasi-equilibrium potential profiles. 298 K — 288 K — 285K — 283K — 278K —» 273K —

Charge/discharge process of Mn,O4 have temperature 263K — 253K — 243K) temperatures on each state
dependencél?] and temperature hystereg®0]. That is, of lithium content k). Rest time for about 1h has been
behavior of Li-deintercalation/intercalation is considerably kept before measurement of voltage at each temperature,
and complicatedly affected by temperature change. Tak-and the circuit of the cell is completely opened in the rest
ing into account of this point, we have measured OCV at time. We have repeated a sequence of operations and gained
both processes of raising (243K 323 K) and descend- OCV profiles at several temperatures in the regidh 8
ing (323 K— 243 K) temperatures on each state of lithium x < 1, in which LiMn20O4 is single spinel phase around
content §; 0.5 < x < 1). In this paper, we will report con- 298K [7].
sideration concerning order/disorder phase transition, which
is expected ak = 0.5, from a standpoint of potential pro-
files on the function of state of charge based on the results3. Results and discussion
of above-mentioned measurements.

It is very important to improve effectiveness of LilyQ,
in a cathode material in order to record accurate relation be-
2. Experimental tween potential and lithium contend (n Li ,Mn,Oy4, besides
suppression of polarization over potential. That is, conduc-

Both measurements for quasi-equilibrium potential- tivity of LiMn 2Oy is not sufficient for function as a cathode
composition $—X) profiles and OCV profiles are performed electrode at all, so conductive additive (mainly carbon) is
using gas-tight three-electrode glass cells, with almost stoi- indispensable indeed. Further, insulator as binder in cathode
chiometric LiMnpO4 as a cathode material in this research. material, for example PTFE (polytetrafluoroethylene) can
The cells are filled with argon gas, and sealed up tightly. The be a factor that reduces effectiveness of L@, so net
cell temperature has been controlled withi®.1°C using weight of binder is desirable to be small as possible. Taking
a Peltier thermostatic bath (DW621-A/DR62B, Komatsu account of these points, cathode electrode in the cell used in
Electronics). All these profiles are gained as a process ofthis research has been prepared for better contact between
Li-deintercalation from LiMRO; (first charge). cathode material and electrolyfte7].

Powder specimen of LiMiO4 has been prepared from Fig. 1 shows thep—x profile in this research and some
LioCO3 and MnCQ (both the products of Soekawa Chemi- OCV profiles in the foregoing reports at room tempera-
cal) by conventional solid-state reactifiv,18] The speci- ture (' = 298K) [7,21]. The ¢—x profile in this research
men is confirmed by powder X-ray diffraction (XRD, using corresponds with other OCV data by other researches ap-
Rigaku RINT2000 system) that it is in a single cubic phase proximately, and shows a feature which undergoes in lower
(Fd3m) at room temperature. We have also confirmed its voltage region compared with the OCV data. This indicates

chemical composition by redox titratiqa8]. that the ¢—x profile by our measurements is suppressed
Preparation of the cathode electrode and construction ofpolarization over potential and reveals more accurate

the cells are according to the previous regb]. The elec- potential-composition profile in LMn2,O4 at 298 K.

trolyte is 1M LiClO4/propylene carbonate (PC) solution In contrast, recently Thomas et §22] have reported a

(supplied by Kishida Chemical or Mitsubishi Chemical), and potential profile of LiMn204 (x < 1), which is different
lithium foil (Soekawa Chemical) pressed onto a nickel mesh from ones reported in the previous reports. They asserted
(Nilaco) is used as the anode and the reference electrodes.that the profile was mitigated experimental error (side reac-
Manner of recording the—x profiles in the research is tions or self-discharge) and corrected by their calculations.
also according to the previous repfit¥]. The ¢—x profiles Their study is attractive, but we take notice in preparation of
are recorded using HJ-101SM6 system (Hokuto Denko) un- cells in the report. In the cathode electrode, compared with
der a constant current condition. To suppress polarizationthe previous reports of OCV profiles and our research, rate
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Fig. 1. Theg—x profile in this research and some OCV profiles in the
foregoing reportg7,21] at room temperature7(= 298 K).

of conductive additive (carbon) was extremely low (7 wt.%;
30wt.% by Kanamura et al., 20wt.% by Guohua et al.,
29.9wt.% by ours), and on the other hand, rate of binder
was comparatively high (10.6 wt.%; non-fixed rate (very
small quantity) by Kanamura et al., 5wt.% by Guohua et al.,
0.5wt.% by ours). Actually, the profile in their report seems
to shift to higher lithium content region. Similar indication
can be applied to an early study about Li)Dy [6].

The ¢—x profiles in this research also contain small
amount of uncertainty. They are quasi-equilibrium potential,
so polarization over potential is not completely excluded
especially in the regiom = 0 andx = 1 more than OCV
after all. They are gained by continuous charge process,
though it is carried out with a very weak electric current.
However, we have confirmed that an experimental error
caused by using many cells in measurements is not so
large in this research. And then we have continued to apply

the method, because it can record charge (or discharge)

process, which reflects structure of,Mn,O4 on each
state minutely, much better than OCV profiles. Moreover,
around 298 K thep—x profile overlaps with OCV, which is
measured by intermittent mode very well.

At first, Fig. 2a) shows the¢—x profile at 288K.
Potential-composition profile of LiMiD4 has tempera-
ture dependence especially below room temperatfire (
298K), and low-temperature phase appearst at 0.5
andx = 0.7 certainly. In thep—x profile at 288 K, a weak
plateau (or kink) atc = 0.7 is observed and the slope at
x = 0.5 seems to slightly change from gentle state at 298 K.
In Fig. 2(b), the step akt = 0.5 andx = 0.7 become clear
in the ¢p—x profile at 283 K. This confirms that occurrence
of the low-temperature phase.at= 0.5 andx = 0.7 cause
at 278K < T < 288K in detail. Next,Fig. 3 shows sev-
eral ¢—x profiles at 298 K< T; 298, 303 and 313K. The
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Fig. 2. Phase transition observed in thex profile at: (a) 288K; (b)
283K; (c) 283K< T < 298K.

In Fig. 3, the slope at = 0.5 seems to be almost constant
at 298 K< T < 313 K. On the other hand, potential profile
at x < 0.45 or 06 < x have dependence on temperature
obviously. Thus, weakening of the slopexat= 0.5 is not
brought about at 298K< 7 < 313K. The result raises
doubts about assumption that Li-ordering phase exists-at
0.5 andT = 298K, which has been often expected so far.

three-electrode glass cell in the research cannot be used in Further, we have recorded OCV profiles at several tem-

measurements for thg—x profile at 323 K< T, because it
is able to keep air-tightness for less than about 2 days in
the temperature region.

peratures (243 k< T < 323K) in order to exclude effect
of polarization over potential more carefully. The measure-
ments have been carried out with the same type cell used in
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Fig. 3. Quasi-equilibrium potential-composition profiles at 298, 303 and
313K.
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by the appearance of low-temperature phase, but in cooling
process, the effect is lost completdljg. 5shows only OCV
profiles in cooling process at several temperatures (243 K

T < 323K). In the profiles, order of potential which de-
pends on temperature reversex at 0.7 as boundary, and
OCV potentials seem to come to convergence &t 0.5.
Kudo et al. had once shown a simulation, which realizes
comparative good accordance with real data. This is based
on disordered distribution of Li ions and the configuration
entropy such as the form analogous to the exact entropy
of the one-dimensional latticdd 6]. There have been some
studies of simulation concerning the characteristic potential
profile of Li,Mn2O4. They are based on assumption that
Li-ordering phase exists at = 0.5 in Li,Mn,04 around
298K, and mainly focused on realization of the slope &at

0.5 in calculated profiles. On the other hand, they did not
confirm correspondence between simulation and real data
of potential curves, or showed a calculated profile, which

the measurements of quasi-equilibrium potential profiles, for was quite different from real profile in the whole region of

sufficient removal of an experimental error originates from
using many cells. Charge/discharge process of LiGIn

lithium content[10-15]
The profile calculated by Kudo et al. is worthy of mention

have not only drastic temperature dependence around roonthat it can realize the characteristic shape of potential profile

temperature, but also temperature hysterg} Behavior
of potential profiles in LiMn,Oy4 is considerably and com-

of Li,Mn20Oy in the region 6 < x < 1, in which LiyMn2Oy
is a single spinel phase around 298 K, and corresponds with

plicatedly affected by temperature change. From these re-a real profile data very wellRig. 6). Furthermore, it also

sults, it is easily expected that OCV on each state of lithium
content K) at process of heating is different from one at

has made reference to temperature dependence of potential
profiles of Li,Mn,04 (Fig. 7) [23,24] To the best of our

process of cooling. OCV profiles in this research have beenknowledge, there is no parallel to the study until now. Of

recorded at both processes of raising (243K253K —
263K — 273K — 278 K— 283K — 285K — 288K —
298K — 303K — 313K — 323K) and descending
(323K — 313K — 303K — 298K — 288K —
285K — 283K — 278K — 273K — 263K — 253K —
243 K) temperatures on each state of lithium content.

Fig. 4 is the results of a series of OCV measurements.
Each figure shows OCV profile in both heating and cool-
ing processes, and some figures also show contingiexs

course, the results of calculations by Kudo et al. contradict
to real ¢—x profiles atT < 278K, which are affected by
appearance of low-temperature phase ifMri>0g4, because
there are no considerations about ordering of Li ions in the
spinel type structure, charge ordering in Mn-lattice and so
on in the simulations.

However, temperature dependence of OCV profiles
in cooling process, in which expected that effect of
low-temperature phase is lost completely, corresponds with

profile measured with another cell at an aimed temperature.calculation by Kudo et al. very much. It is hard to take this
These figures reveal that there is difference between twoas only an accidental correspondence. This experimental

processes in OCV at low temperature certaifily 278 K).

result indicates appropriation of simulation based on the-

These differences correspond to temperature hysteresis iroretical calculation by Kudo et al., except for anomaly in

deintercalation/intercalation of Li ions in {¥nyO4. In
addition, the slope at = 0.5 in OCV profiles contradicts
the steep slope in the—x profiles at low temperature.

potential-composition profile of LiMfO4 at low tempera-
ture (T < 278K).
Recently, Liu et al.[8] have reported that Li-ordering

This phenomenon means that the low-temperature phasephase is not confirmed in §.5Mn204 by in situ study with

atx = 0.5 is very sensitive to temperature change, and it
is different from the low-temperature phasexat= 0.7,
which appears also in OCV profiles of heating process.
On the other hand, OCV profiles of both heating and
cooling processes overlap at 298K 7. Moreover, both
OCV profiles overlap with thep—x profile especially at
298 K. So thep—x profile in this research is extremely al-
most equilibrium potential-composition profile near around
298K.

Making a comparison between two processes in OCV
profiles in the region ® < x, heating process is reflected

neutron diffraction experiments. Also, Kobayashi ef 48]

have reported that complete site preference (thus complete
Li-ordering phase) at = 0.5 does not agree with entropy
change in thermal experiments, using coin type cells. These
reports support that our opinion concerning Li-ordering
phase akr = 0.5 (Li,Mn20Oy).

Further, the result suggests the characteristic shape of
potential profiles of LiMn,O4 does not originates from
Li-ordering phase at = 0.5. The shape of potential curves
may be hold in disordered distribution of Li ions, at com-
paratively high temperature.
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Structure and distribution of Li or Mn ions in LMn,Oy4 sity of Tokyo for helpful and kind assistance in a series of

in Li-deintercalation (or intercalation) is not solved enough researches.

in detail yet. However, these structural changes MO,

are fully in detail reflected in the—x profiles or OCV pro-

files in each process, which have been measured in the reReferences
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