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Abstract 

The 3 V spinel, LiMn,O,, , , has been prepared by a low temperature solution route which includes the addition of a small amount of carbon 
to the solution. As a result a significant enhancement of the capacity retention is obtained on cycling, reaching 50% after 300 cycles at 
discharge and charge rates of C/2 and C/4, respectively. X-ray diffraction of the composite cathode on cycling shows that the improved 
capacity retention is related to a more complete conversion of the entire electrode between the cubic (charged) and tetragonal (discharged) 
structures. Layered and anhydrous LiMnO, with a structure analogous to LiCoOz is reported. The structure, refined using neutron diffraction 
data, as well as some preliminary results concerning the electrochemical performance are presented. A capacity of 270 mAh g ’ is obtained 
on the first charge. Capacity fade on cycling is significant for these early materials. 0 1997 Elsevier Science S.A. 
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1. Introduction 

The commercial success of rechargeable lithium-ion bat- 
teries, which are composed of a carbon anode, liquid electro- 
lyte, and lithium transition metal cathode has finally laid to 
rest the belief in some quarters that rechargeable lithiumcells, 
while potentially attractive, would not succeed in practice. 
Indeed, they are now competing successfully in the market 
place. In view of the realisation by manufacturers of portable 
electronic devices, such as mobile telephones and lap-top 
computers, that the development of these products depends 
at least as much on the electrochemistry as it does on the 
electronics, lithium-ion batteries are assured a bright future. 
However, the cost per cell must be reduced if lithium-ion 
technology is to penetrate the mass market [ I]. This, in turn, 
means that the LiCoO, cathode used in the first generation 
cells must be replaced by a cheaper alternative. LiNiO, offers 
some improvement, however, it may be argued that lithium 
manganese oxide intercalation compounds offer the most 
attractive solution [ l-3 1. The arguments in favour of lithium 
manganese oxide cathodes have been well rehearsed, in sum- 
mary they are the much lower cost of manganese compared 
with nickel or cobalt, lower toxicity, non-strategic nature of 
the materials, and familiarity within the battery industry. If 
rechargeable lithium batteries are to impact in a major way 
on the electric vehicle market, where cost per mile and tox- 
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icity are crucial factors, then lithium manganese oxide cath- 
odes are an imperative. For such applications there is 
considerable interest in both 3 V and 4 V lithium manganese 
oxides, the former to be combined with a lithium metal anode. 
The advantage of lithium metal is its high gravimetric energy 
density compared with carbon, provided cycle life can be 
improved. Furthermore, safety concerns with high capacity 
carbons forces reconsideration of lithium anodes and hence 
3 V cathodes. Cathodes based on lithium manganese oxide 
spinels are of course already at an advanced stage [ 1 ,&I I]. 

In this paper results are presented concerning two lithium 
manganese oxide cathodes. We have described previously an 
attractive, low temperature solution-based synthesis of a lith- 
ium manganese oxide spine1 operating at 3 V, in which the 
addition of a small amount of carbon to the solution results 
in a cathode with a capacity retention on cycling some 50% 
better than the comparable material prepared without carbon 
[4,6,12]. The origin of this remarkable enhancement in per- 
formance, obtained at a nominal cost, is described for the first 
time. There is a great deal of interest in developing new Li- 
Mn-0 phases which have the potential to combine low cost 
and low toxicity with high performance as a cathode in a 
rechargeable lithium battery. In this regard the synthesis of 
layered LiMnO, has been a long-standing goal. Several 
groups have prepared layered lithium manganese oxides; 
these interesting materials are, however, in general hydrated, 
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contain protons or are non-stoichiometric [ 8,13,14]. In a 
recent review, Thackeray et al. [8] states that a manganese 
analogue of LiCoO, has not been prepared. Here we report 
the synthesis of anhydrous and stoichiometric LiMnO, with 
the LiCo02 structure. 

2. Experimental 

2.1. 3 Vspinel 

This material is synthesised by the following solution- 
based route [ 4,6,12]. 

LhCOdaq) + 4Mn(CH3C0&(@ + 

C (less than 1% by weight 
of the other reagents) - Powder 

mixed then rotary 
evaporated at 80 ‘C 

I 
A 200 “C for 
96 hours in air 

t 
LiMn204 1 

X-ray powder diffraction (XRD) was carried out using a 
Philips PW 1050 diffractometer operating in Bragg-Brentano 
geometry with Cu Ka radiation and an analysing monochro- 
mator to reduce fluorescence. Electrochemical studies were 
carried out using three-electrode cells composed of lithium 
metal counter and reference electrodes along with a compos- 
ite working electrode all of which were immersed in 1 M 
LiAsF, (Lithco, battery grade) in rigorously distilled pro- 
pylene carbonate (Aldrich, 99 + %). The composite elec- 
trode consisted of a mixture of spinel:carbon black:poly- 
tetrafluoroethylene (PTFE) ( 80: 13:7) by weight. The elec- 
trochemical experiments were controlled by a Biologic Mac- 
pile multichannel instrument. All electrochemical studies 
were carried out in an M Braun high integrity argon-filled 
glove-box. 

2.2. Layered LiMnOz 

NaMnO, was synthesised by high temperature solid-state 
reaction between Na,CO, and M&O3 at 700 “C under flowing 
argon. The resulting solid was then refluxed in a solution of 
LiBr in n-hexanol ( IO-fold lithium excess) in order to effect 
the exchange of sodium by lithium. XRD and electrochemical 
studies were carried out as described above for the spine1 
except that in the case of the layered compound 1 M LiClO, 
(Aldrich, 99.9%) in propylene carbonate (PC) was 
employed. The composite electrode was constructed in a sim- 
ilar manner to the spinel. Neutron diffraction was carried out 
using a time of flight instrument, POLARIS, at the Ruther- 
ford-Appleton Laboratory, Oxford. 

3. Results and discussion 

3.1. Enhanced capacity retention of 3 V lithium manganese 
oxide spinels 

The performance of rechargeable lithium battery cathodes 
based on lithium manganese oxide spinels depends critically 
on the composition, defect structure, morphology, and par- 
ticle size of the spine1 which in turn is sensitive to the con- 
ditions used in its preparation. In particular, the temperature 
and oxygen partial pressure used in firing such spinels during 
the latter stages of synthesis influences the oxygen content. 
High temperatures and/or low oxygen partial pressures can 
lead to a 6 < 0 in LiMn,04 + g, whereas low temperature firing 
and/or high oxygen partial pressures can yield more highly 
oxidised spinels with 6 > 0. 

Our solution-based synthesis described in the experimental 
section has the advantage that it can be carried out in air. 
Furthermore, the particularly low firing temperature of 200 
“C yields a single-phase product with a high surface area 
while retaining the spine1 structure but with the composition 
LiMn,O,, as we have shown previously [4,6,12]. As a result, 
the average Mn oxidation state is 3.6 yielding a theoretical 
capacity for lithium intercalation of 178 mAh g- ’ (compared 
with 148 mAh gg ’ for the stoichiometric LiMn,O, spinel) 
based on the complete reduction of all Mn4+, which occurs 
at a potential of 3 V versus the Li + /Li couple. This corre- 
sponds to a capacity 20% greater than the stoichiometric 
spinel. Writing the formula for this compound in terms of a 
cation deficient spine1 structure, Li0.98 [ Mn,.,,O,.,,,] octOl( or 
Li0.g3 [ Mn, .95Li0.05] oct04, indicates that, in order to reach the 
rock-salt stoichiometry, these defect spinels can support an 
increased capacity of only 7%. Low current discharge of 
three-electrode cells indicates that we can obtain a capacity 
very close to the theoretical value of 178 mAh g-’ based on 
the manganese valency. This suggests that lithium ions can 
be accommodated simultaneously in the face sharing 16c and 
8a sites of the Fd3m spine1 space group. 

The variation of specific capacity with cycle number for 
composite cathodes fabricated from LiMn,O,,, is shown in 
Fig. 1. Results are presented for two cathodes differing only 
in that in one case carbon ( < 1% by weight of the reagents 
used in the solution step) was added to the solution. The 
remarkable enhancement in capacity (50% higher after 300 
cycles) due to the addition of carbon is evident. The specific 
capacity of 90 mAh g- ’ at 300 cycles exhibited by the mate- 
rial prepared with carbon represents excellent capacity for 
such a 3 V lithium manganese oxide spine]. 

The question arises as to the origin of the enhanced capacity 
retention with carbon. Our previous studies have established 
that the composition of the spine1 is not altered by the addition 
of carbon, furthermore the powder XRD patterns of the spi- 
nels prepared with and without carbon are identical indicating 
that neither structure nor particle size are modified. Scanning 
electron micrographs (SEM) confirm the identical particle 
size distribution and morphology. Dissolution of the spine1 
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Fig. I. Variation of the specific discharge capacity (based on mass of active 
material) with the number of cycles for the 3 V lithium manganese oxide 
material. Cycling was carried out galvanostatically at discharge and charge 
current densities of 1 and 0.5 mA cmm2, respectively, and between 3.7 and 
2.0 V. The discharge rate was C/2: (a) lithium manganese oxide synthes- 
ised with carbon, and ( q ) the same material but synthesised without carbon. 

in a solution of FeSOJ and sulfuric acid after the firing step, 
has revealed that the carbon is still present. Measurement of 
the electronic conductivity carried out on pellets of the spine1 
prepared with and without carbon yielded identical results 
suggesting that the added carbon does not enhance electronic 
contact between the particles. None of the above factors is, 
therefore, responsible for the improved performance on 
cycling [ 4,6,12] _ It has been known since the first report of 
lithium insertion into LiMn,O, that this is a two-phase reac- 
tion involving the formation of tetragonal Li,Mn,O,. As the 
degree of lithium intercalation increases, a greater proportion 
of the cubic, LiMn,O?, phase is converted to the tetragonal 
structure. Several authors have suggested that the 6.5% 
increase in volume on converting from the cubic to the tetrag- 
onal spine1 is likely to result in a loss of particle contact on 
cycling and that this may be the origin of the greater capacity 
fade noted for cycling the 3 V spine1 compared with cycling 
spinels over the 4 V plateau. The latter process is associated 
with the removal of lithium from LiMn,O, and its reinsertion; 
although this also involves a two-phase process, at least in 
part, the differences between the phases are more minor than 
are the differences between cubic and tetragonal spinel. 
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In order to examine conversion of the cathode between the 
cubic and tetragonal structures on cycling and to identify any 
differences with and without carbon, we have collected pow- 
der XRD data on the cathodes at different stages of cycling. 
Several cathodes were investigated each was subjected to 
cycling under identical conditions. The cathodes differed 
only in that half were fabricated using LiMn,04., prepared 
with carbon and half were fabricated from the spine1 without 
carbon. Results from one cathode of each type are presented 
and discussed. XRD patterns were collected for both cathodes 
prior to cycling and indicated the presence of single-phase 
cubic material. The cathodes were then inserted into their 
respective cells and subjected to 50 cycles at a charge and 
discharge current of 0.75 mA cm-’ between potential limits 
of 3.7 and 2.0 V. The 50th cycle was carried out at a somewhat 
lower current density of 0.25 mA cm-’ between the same 
voltage limits. The cathodes were then removed from the 
cells at the end of discharge on the 50th cycle, powder XRD 
patterns were collected and the cathodes then returned to their 
respective cells. Cycling was continued at 0.75 mA cm-’ 
and XRD patterns collected at the end of discharge on the 
100th cycle. In this case a cycle at lower current was not 
employed. The critical XRD data are presented in Fig. 2. The 
broad and high background at low angles is due to the Mylar 
film used to seal the cathodes from the atmosphere during 
data collection. As a result of the low synthesis temperature, 
the peaks from the spine1 are broad and somewhat low in 
intensity. Nevertheless, it is evident after 50 cycles that the 
powder XRD patterns for cathodes with and without carbon 
are identical, both displaying peaks associated with the tetrag- 
onal, lithium intercalated, spinel. In contrast, XRD patterns 
collected after discharge on the 100th cycle reveal a signifi- 
cant difference between the two cathode materials. The cath- 
ode fabricated without carbon consists of a mixture of cubic 
and tetragonal spine1 phases whereas the materials synthesi- 
sed with carbon added during the solution step is a single- 
phase, tetragonal, product. In a separate experiment carried 
out under identical conditions the cathodes with and without 
carbon were examined at the end of charge after 50 and 100 
cycles and only cubic material was observed in all cases. 
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Fig. 2. Powder XRD patterns for the electrodes synthesised: (a) without; (b) with carbon after 50 cycles; (c) without, and (d) with carbon after 100 cycles. 
High background at low angles is due to material used to seal samples from air. 
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These results confirm that the capacity fade on cycling is 
due to the inability of the composite cathodes to transform 
completely between the cubic structure of the fully charged 
material and the tetragonal, fully discharged state. This prob- 
ably results from the loss of contact between particles accom- 
panying their contraction upon recharge from the tetragonal 
to the cubic phase. However, it is evident that recharging is 
always possible since no tetragonal material is observed in 
the fully charged electrodes. The loss of capacity must there- 
fore arise from isolation occurring at or near the state of full 
charge, at which point, of course, the degree of particle con- 
traction is at a maximum. Subsequent discharge can then 
occur only for those particles which are in simultaneous con- 
tact with the electrolyte and the rest of the electrode (the latter 
to maintain an electronic pathway to the current collector). 
Previous studies by Nohma et al. [ 151 examined only the 
phases present at the end of charge and as a result such studies 
did not reveal the important structural origin of the capacity 
fade. The second and more important conclusion to be drawn 
from the XRD results is that the small amount of carbon added 
to the solution during synthesis enables a more complete 
conversion of the entire powdered cathode from the cubic to 
the tetragonal phase thus enhancing the capacity retention 
compared with materials prepared without carbon. The 
detailed mechanism by which carbon achieves this is not yet 
fully understood. It may be that finely divided carbon between 
the particles ensures a more flexible composite cathode better 
able to accommodate the volume changes on cycling. 

3.2. Layered LiMnOz 

Lithium manganese oxides do not, in general, favour the 
formation of low dimensional structures, instead they readily 
form three-dimensional close packed solids. In solid-state 
chemistry layered structures form in response to incompatible 
size or bonding requirements, the layered compounds can 
avoid otherwise intolerable stresses in the structure. Such a 
situation pertains with the ternary oxides composed of the 
larger alkali cations and the first row transition metal ions. 
The relative size of sodium in an octahedral oxygen site ( 1.02 
A) compared with manganese in the same environment (0.58 
A) and the more ionic nature of the Na-0 bond helps to 
stabilise the layered structure [ 161. By first forming sodium 
manganese oxide phases then ion exchanging lithium for 
sodium, kinetically stable but thermodynamically metastable 

Table 1 
Structural parameters for layered LiMnOz a 

lithium manganese oxides with a layered structure may be 
prepared. Many inorganic solids with desirable ionic and 
electronic properties belong to the class of thermodynami- 
cally metastable compounds. 

We have demonstrated the efficacy of this approach by 
syntbesising NaMnO, and then replacing sodium with lith- 
ium forming LiMnO, with the structure of LiCoOl. The lay- 
ered structure has been verified by refinement using powder 
neutron diffraction data. The Rietveld method was employed 
as implemented in the program TF12LS based on the Cam- 
bridge Crystallographic Subroutine Library [ 171. A final 
weighted profile R factor, Rwpr of 2.06% for the layered struc- 
ture was obtained ( RexFted = 0.60%). Attempts to fit a model 
based on tetragonal spinel, Li,Mn,O,, yielded a significantly 
inferior fit, R,, =4.79%. The final atomic parameters and 
other crystallographic data are given in Table 1. Further 
details concerning the structure refinement may be found in 
Ref. [ 181. The LiMnO, stoichiometry was confirmed by 
atomic absorption analysis. The presence of the Jahn-Teller 
active Mn3+ necessarily distorts the structure from the ideal 
rhombohedral space group R3m of LiCoO, to the monoclinic 
space group C2/m in order to accommodate a tetragonally 
distorted Mn06 octahedron. XRD data collected on de-inter- 
calated Li, -,MnOz suggests that around ( 1 -x) = 0.5, the 
structure is rhombohedral, consistent with reduction in the 
proportion of the Jahn-Teller active Mn’+ ion to 50%. 

Only preliminary electrochemical studies have been car- 
ried out to date. We have established that the composite 
cathodes are stable up to at least 4.4 V in 1 M LiClO, in 
rigorously distilled propylene carbonate. A charging curve 
for a three-electrode cell utilising this electrolyte is shown in 
Fig. 3. Charging was carried out at 10 FA cm - ’ and a total 
capacity of 270 mAb g- ’ was obtained corresponding to the 
removal of 0.95 Li per formula unit. Charging at a higher 
current density of 0.5 mA cme2 still delivers a capacity of 
200 mAh g-’ up to the 4.3 V limit. Results of cycling the 
composite cathode at 0.5 mA cm-’ between potential limits 
of 3.4 and 4.3 V are shown in Fig. 4. There is a significant 
reduction in capacity even on the discharge immediately fol- 
lowing the first charge, thereafter the capacity fade is more 
modest. While the initial capacity is encouraging, the cycling 
results are not so at this stage. Further work is in progress to 
understand how the structural changes accompanying the 
Jahn-Teller distortion occur and what influence this might 
have on the cycleability. It is important to recall that the early 

Atom Wyckoff x Y Z 3-3 Site 

symbol occupancy 

Lil/Mnl 2d 0 0.5 0.5 2.4(2) 0.91/0.09(4) 
Li2/Mn2 2a 0 0 0.0 0.72(6) 0.10/0.90(3) 
01 4i 0.2723 (3 ) 0 0.7706( 2) 0.68(4) 1 

“Monoclinic, space group Calm (no. 12); a=5.4387(7) A; b =2.80857(4) A; c =5.3878(6) A, p = 116.006(3)“. x2 = 11.83;R,,=0.60%; R,= 1.86%; 

R,,=2.06%; R,=3.98%. 
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Fig. 3. Variation of electrode potential with capacity on charging at a current 
density of JO pA cm-*. 
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Fig. 4. Cycling of the LiMnOz electrode at a current density of 0.5 mA cm-s 
and between voltage limits of 3.4 to 4.3 V vs. Li+ /Li. 

LiMn,O, spine1 materials exhibited an unacceptably large 
capacity fade on cycling. However, later optimisation has 
yielded materials with excellent cycleability. Whether ulti- 
mately commercially attractive or not the synthesis of lay- 
ered, anhydrous and stoichiometric LiMnO, with a structure 
analogous to LiCoO, should lead to scientifically fertile stud- 
ies in the future. 
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