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Abstract

The cyching performance of a hithium—manganese oxide spinel (prepared from MnO; and
11,C05) has been mvestigated as a function of preparation temperature mn a hthiem
polymer electrolyte cell Excellent reversibility and high rate performance have been
observed from a spmnel phase prepared at 450 °C and of general formula LiMn;_ O,
(O<x<133, 0<z<033) This phase has a charactenistic cubic lattice parameter of
~819 A less than that found m the stmclrometric spmel matenal LiMn,0,

Introduction

Lithium msertion reactions with manganese oxides are of both scientific
and techmecal mterest. Manganese dioxade 15 now used worldwide as a sohd
cathode matenal for Iithium pnmary batteries Durning the last few years,
however, remarkable progress has been made 1n the development of re-
chargeable Li/MnQ, cells [1] Reversible insertion of lLa* 1ons has been
reporied in both spinel-type A-MnQ. [2] and spinel-type y»MnO; [3] and m
heat treated LaOH-MnO, [4, 5] Of particular nterest 1s the system L1; . . Mn,0,
in whach the [Mn,0O,] framework possesses a 3D interstitial space via face-
sharmg octahedra and tetrahedra This provides a conducting pathway for
11* 10pns which remamns mtact for both Iithmum msertion and extraction over
the range —1<x<1 [4] The cubic spinel structure (Fd3m) 15 shown m
Fig 1 The muxed B-site valency results mn good electrome conductivity [6],
an essential property for a hugh rate, sohd-state cathode material Lithuum
msertion mto LiMn,0, mduces a Jahn-Teller distortion which reduces the
erystal symmetry from cubic in LiMn,0, to tetragonal in L1, . Mn,O,, resultimg
1n a two-phase electrode, which produces a desirable, flat, open-circut voltage
of ~29V, Ing 2

Although relatively hugh polarisation was reported i early Li/la; , . Mn,0,
cells and was attnbuted to low ILi* 1on mobility 1n the manganese spinel
[4}, both Sony [7, 8] and Moh Energy [9], have recently announced secondary
Ithium battertes based on a hthium—manganese oxide, In addition, a number
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Fig t The spinel structure (Fd3m)
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Fig 2 Open-circwt voltage of L1, ,Mn,0, vs composttion %

of recent patent applications from leading battery manufacturers [10-12]
suggest further commercial development m this area

The discovery of polymeric sohd electrolytes based on complexes of
poly(ethylene oxide) (PEQO) and lthmum salts (e g, LiClQ,, LiCF,80,) by
Armand and co-workers [13]) has led to the development of high energy
density thrum polymer batteries [14-~16] In previous work [17] we reported
results on the rechargeability of MnO, in the hthium polymer cell and
demonstrated the #n s#u conversion of MnO; to the spinel Li,Mn,0, The
excellent reversibility of the resultant L1i,Mn,0, has led us 1o mvestigate the
performance of this material n a hthium polymer electrolyte cell and, mn
particular, to consider the effect of sample preparation conditions on per-
formance
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Experimental

Lathium—manganese oxide samples were prepared at four different sm-
termg temperatures: 450 °C, 500 °C, 600 °C and 800 °C. Manganese dioxide
(electrolytic) and Li,CO; (Aldrich 99.999%) were thoroughly ground and
then smtered m air i an alumina crucible for 16 h at the desired temperature.
Repeated grinding and smtering followed until no change was observed m
the X-ray diffraction pattern These patterns were obtamed using a Phihips
PW 1050 gomometer employmmg Cu Ko radiation and mcorporating pulse
height discrimination and a curved graphite secondary monochromator. Data
collection and processing over the range 4°<268<70° was controlled by a
PDP11/23 plus computer

Composite cathodes contamning hthium—manganese oxide sample, ket-
Jenblack carbon, PEQ (Umon Carbide MW 4000000) and LiCl0, (Aldnch)
were prepared via doctor blade casting from the appropnate solvent slurry
onto aruckel current collector [18] The resulting cathodes had the composition
456 vol.% hthium-manganese oxide, 5 vol % carbon and 50 vol.% PEO-LiClO,
([EO umts}/[La] = 12) with a capacity of ~0 5 mA h cm™2 based on a value
of 151 mA h g~ ! for LiMn,O,, corresponding to the msertion of one lithium
mto LaMn,0O, and an energy density of ~440 W h kg~!. Sheets of the
electrolyte PEO-LICI0, ([EQO unuts)/[Li]=12) were cast from acetomtnle
solution onto sihcone release paper This electrolyte composition had been
found previously to have the highest ionic conductivity at 120 °C., Sohd-
state cells meorporatng a hithum foil anode (Lithco 150 um) with an active
area of 40 em® were constructed m a dry room (T=20 °C, dew pomt
temperature —30 °C) using a combination of heat and pressure The cell
configuration 1s shown m Fig. 3. The cells were packaged and placed m an
oven at 120 °C for testing.
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The ac mmpedance measurements were carried cut with a Solartron
1254 frequency response analyser over the frequency range 65 kHz—0 1 Hz
i combination with a Solartron 1286 electrochemical interface Cell cycling
was performed on a computer-controlled charge/discharge ng at constant
current between preset voitage himits

Chemical analysis of hthium—manganese oxide samples was carned out
by Inductvely Coupled Plasma/Optical Emission Spectroscopy using an ARL
3560 Spectrometer

Results and discussion

X-ray diffraction analysis indicated that the major phase m all four
samples was a cubtc spinel [198], Fig 4(a)-(d) The measured lattice parameter
of 8 245 A for the 800 °C sample 1s mn good agreement with that reported
for the stoichiometric spinel LiMn,O, [20] In the samples prepared at lower
temperatures a second manganese oxide phase, Mn, 0, (bixbyite) was detected,
the proportion of which mcereased with decreasing simtering temperature A
detaited 1nspection of the X-ray diffraction patterns for the four different
samples, Fig b, reveals several other umportant differences

First, there 1s an observed decrease n the cubie lattice parameter, a,
for the spinel phase with lower sintering temperatures, see Table 1 Lithium
extraction from LiMn,O, ultimately yields cubic Mn,;O,4, commonly referred
to as A-MnO; [21], with a reported cubic lattice parameter of 8 029 A 120]
Lithium-defect spmnel phases Li,_,Mn.0O,, (0<x<1) have miermediate a
values between 8 029 A (x=1) and 8 245 A (x=0) [22] On this basis, the
measured lattice parameter of ~8 19 A for the 450 °C and 500 °C samples
corresponds to a hthium-deficient spinel phase of approximate composition
Li, ;Mn,0, However, chemucal analysis of all four samples gave a lithium
to manganese ratio of 1 01 2 00, and smce X-ray diffraction analysis suggests
an absence of additional hithium-contaming phases, the existence of Lig :Mng O,
15 unlikely An alternative explanation involves the formation of a defect
spinel phase in which manganese vacancles exist on the octahedral sites of
the spinel structure As the preparation temperature mcreases, the amount
of the mionty phase, Mn,0,, 1s reduced, consistent with a decrease m the
number of manganese vacancies, such that at 800 °C the composttion
approaches that of the storchiometric spinel LiMn,0Oy

A recent neutron diffraction study [23] obtammed data on the reaction
product of a 1 T mixture of Mn,O4; and Li1,CO, sintered at a range of different
temperatures The neutron diffraction patterns showed that the product was
characterised by a spmel phase, Li; ,Mn, O, (where O0<xr<133 and
0<z<033), LiMn0O,;, and a nunor concentration of unreacted Mnz0; They
reported cubic lattice parameters of 8 159 A and 8 196 A for samples prepared
at 500 °C and 600 °C, respectively

A second difference min the X-ray diffraction patterns 1s the mcrease 1n
peak widths wath decreasing temperature of preparation In Table 1 the peak
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Tig 4 Powder X-ray diffraction patterns of the product of the reaction 11;,C0;+MnO, at (a)
450 °C, (b) 500 °C, (c) 600 °C, (d) 800 °C

width at half maximum height (FWHM) 1s given for the (311) reflection
observed at 26~ 36° for each of the lthium—-manganese oxide samples A
siumilar trend m hine broademng with temperature has previously been observed
mm both X-ray diffraction [10] and neutron diffraction [23] data on the
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Fig 5 Detaled X-ray diflraction patterns of the product of the reaction Li,CO3+MnO, at (a)
460 °C, (k) 500 °C, (c) 600 °C, (d} 800 °C, over the range 32°<20<46°

TABLE 1
Peak width at maximum height data

Temperature Lattice parameter FWHM (311) reilection
(8] (&) (°28)
450 8190 (5) 053
500 8193 (B) 030
600 8231 3 024
800 8 245 (3) 022

formation of the spinel phase One possible cause of the observed line
broademing mn the diffraction pattern 1s a scatter of mterplanar spacing mn
the diffracting volume [24], usually descnibed as stramn In this case we may
attribute the observed stramn to growth defects and mhomogeneities m the
stoichiometry of the spinel phases generated at the lower sintering tem-
peratures

The a ¢ mmpedance data obtamned after 2 h at 120 °C, Fig. 8, indicate
the very low overall mmpedance of the Li/PEQ,;; Li1CIO,/ithium—manganese
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Fig 6 The ac¢ impedance plot of an LWVPEQ; LaClO,/Mithium—manganese oxide cell
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Fig 7 The percentage theoretical capacity obtamned vs cycle number for cells contamnng
Ithmmm—manganese oxide samples prepared at ddfferent temperatures

oxide cells The low series resistance reflects both the high conductivity of
the electrolyte (~ 1072 § em™1) and the adequate electronte conductivity of
the composite cathode There was no observable difference between the
mmpedance plots of the cells contammung the different LiMn,O, samples
Cells contamng ihe four different hthium—manganese oxide samples
were cycled at the €/10 rate between voltage himits of 3 25 and 20 V The
percentage of theoretical capacity obtaned 18 plotted agamst cycle number
for the first thirty cycles mn Fig 7 We observe a large capacity dechne from
the 600 °C and 800 °C samples within the first ten cycles, wath further
cycling at only ~ 309 theoretical capacity While the 500 °C sample cycled
reversibly at 65% theoretical capacity after fifteen cycles, the 450 °C sample
demonstrated far superior capacity retention Figure 8 shows the 2™, 10™,
and 20" discharge curves for each type of cell On analysis of the voltage—time
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data, 1t 18 clear that the capacity dechine 1s associated with a shorteming of
the plateau at ~2 9 V, corresponding to the two-phase region of cubic and
tetragonal forms of Li;, ,Mn,0O; In the case of the 450 °C materal, although
there 1s only a mimor loss of capacity, a structural change is mdicated by
the loss of the well-defined end to the plateau with mcreasing cycle number.

The cycling performance reported above mdicates that lithram 1on msertion
reversibiity 1s clearly related to the temperature of preparation of the spmel
maternial The significantly greater reversibility of the 450 °C sample may be
associated with a lugher 11" 1on mobility i the defect Li,Mn,_,0, spmel
than that found in the stoichiometric 1aMn,0, phase, and resembles that
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previously observed from the spmel phase generated im situ from MnO,
[17] In the case of the latter matenal the extensive line broadening in the
X-ray diffraction pattern prevented the determunation of an accurate cubic
lattice parameter and, hence, the stoichiometry Analogous behaviour has
recently been reported for CuO [25], where the thermal pretreatment of
CuO samples mfluenced their electrochemical activity as a cathode matenal
m a hthium cell The defects observed i the macrostructure of the CuQ
samples annealed at lower temperatures (up to 400 °C) were considered
favourable for the diffusion of L1 1ons mnto the CuO lattice, and resulted in
significantly better cell performance
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Fig 8 The 2nd, 10th, and 20th discharge curves for a lithiurm polymer electrolyte cell contaimng
a hthium-—-manganese oxide sample prepared at (a) 450 °C, (b) 500 °C, (c) 600 °C, (d) 800
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g 0 Cycling data at 1 2 ¢ and €/1 8 rates for a ithiur polymer electrolyte cell containung
hthiom—manganese oxide prepared al 450 °"C

The excellent cyciability of the 450 °C material m a Iithum polymer
electrolyte cell has also been demonstrated at hugh rates (up to 1 2 C), Fig
9 This would be advantageous 1n traction applications, where the ability of
a battery to sustamn fast (0 5—1 h) charging would help solve the problem
of the hmited range in electric vehicles, and make the need for battery
mterchange superfluous

Conclusions

The spinel phase resulting from the reaction of MnQ,; and 11;CO5 at
temperatures of ~450 °C exhibits excellent reversibility and good rate
performance 1 the hthium polymer electrolyte cell Although the theoretical
spectfic energy density of Li; . Mn,_.0,, 0<xz<1 (~440 W h kg™ 1), 15 less
than that of some other cathode matenals currently under mvestigation for
hithium secondary batteries such as Vz0;5 (~880 W h kg™"), it may prove
to be a superior cathode material both m terms of cost and for extended
cycling performance
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