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Abstract 

A series of ‘lithium-rich’ or ‘oxygen-rich’ spine1 compounds are prepared from the reaction of LiN03 with elzctrochemically prepamd 
manganese dioxide (EMD) via the melt-impregnation method. ‘Ihe capacity and rechargeability of these compou& are semiqua&tatiely 
discussed in terms of an Lihln,O~-~Mn,O,rLi~M~~ phase diagram. The capacity decreases as the lithium or oxygen content im 
in the spine1 matrix. By contrast, the rechargeability is impwed. 
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1. Introduction 

In previous work [ 1.21, we have reported the synthesis 
and electrochemical behaviour of optimum spine1 electrodes 
obtained fram LiNO,, LiOH and various manganese dioxides 
by the melt-impregnation method. Although the capacity and 
rechargeability have been improved greatly, capacity fading 
on cycling has been observed for stoichiometric spine1 com- 
pounds of LiinsO,,. By contrast, ‘lithium-rich’ or ‘oxygen- 
rich’ compounds exhibit good rechargeability. The problem 
is that these non-stoichiometric spinels always deliver 
slightly lower capacity [ 2-51. Consequently. this raises the 
issue of how to optimize both the capacity and rechargeability 
of the spine1 compound for use as a practical 4 V positive 
electrode for lithium-ion batteries. The aim of the present 
study is to demonstrate the relationship between the capacity, 
the rechargeability and the method of preparation, as indi- 
cated by the Li-Mn-0 phase diagram. 

2. Expebntal 

Each sample was prepared by the melt-impregnation 
method, as reported previously 11.61. The syntt?;sis of each 
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compound is given in Section 3.1 below. All compoundswete 
prepared by the reaction of electrochemically prepared man- 
ganese dioxide (EMD) with LiNOs. 

The composition of each sample was characterized by 
atomic adsorption spectroscopy and chemical analysis. The 
manganese valency was calculated by analysis of the total 
manganese and oxidation powers of the manganese ions 
according to Koxawa’s method [7 1. Ihe oxygen content 
was evaluated from the lithium ion and manganese ion 
contents. The X-ray powder diffraction technique was 
used to determine the crystal structure. The X-ray 
diffraction data were collected on a Rigaku RINT loo0 
X-ray diffractometer (Rigaku. Japan) with Fe Ka 
radiation. 

The electrochemical ccl1 was the same as that de&bed 
previously [ 11. The cathode consisted of 25 mg active mate- 
rial and 15 mg conducting binder (acetylene black-poly- 
tetrafluoroethylene composite). The electrolyte solution 
was 1 M LiPF&C/DMC (I:2 in volume) (note, EC 
ethylene carbonate and DMC: dimethyl carbona&). Tbe 
cycling tests for each ‘Li/L&&O~ cell were wormed on a 
CR2032-type button cell. The typical current rate was C/3 
(40 mA g- ‘), except where otherwise specified. All 
cell assemblies were carried out in a dry box filled with 
argon gas. Other sets of experimental conditions are given 
below. 
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3. Results and discussion 

3. I. Syntheses ofti, + J&O, +Y (x 2 0, y 2 0) compounds 

An isothermal cross section of the Li-Mn-0 phase dia- 
gram was first reported by Thackeray et al. [ 81. The spine1 
structure Li-Mn-0 system is defined by Mn30,-Li,Mn50,2- 
A-MnO, [S] . The compounds apphed in 4 V Li cell positive 
electrodes lie in the LiMnzOd-LioMnSOr2-A-Mn02 plane 
191. In fact, A-MnOlcannot be obtained directly from lithium 
salt and manganese oxides by a solid-solid reaction, which 
is the limitation of LiMn,O, with all Li+ ions extracted from 
the 8a tetrahedral sites by an electrochemical [ 101 or a chem- 
ical method [ 111. The occupation of manganese in 16d octa- 
hedral sites and 0 in the 32e octahedral sites is the same as 
for LiMn204. Therefore, it may be preferable to refer to a 
practical 4 V electrode as one that is located on the LiMnzO,- 
Li,Mn,O,,-Li,Mn,O, plane. We found that each compound 
can be synthesized directly by a solid-solid reaction in which 

Table 1 
Synthesis conditions for oxygen-rich compounds 

Sample no. 

A 
B 
C 
D 
E 
F 
G 

Synthesis conditions 

260 “C. 5 h; 425 “C. 5 h; 750 “C. 30 h 
260 ‘C. 5 h; 425 ‘C. 5 h; 750 “C. 20 h 
260=‘C.5h;42S°C.Sh:7000C.20h 
260°C.Sh;42S0C.5h;650”C.1Sh 
260 ‘C. 5 h: 425 ‘C. 5 h; 600 ‘C. 10 h 
260”C.5h;425°C.5h;5S00C. IOh 
260 “C. 5 h: 425 “C. 5 h; 500 “C. 5 h 

Table 2 
Synthesis conditions for lithium-rich spine1 compounds 

Sample no. Synthesis conditions 

Ii 
I 
J 
K 
L 
M 
N 

LilMn=O.S2; 260°C. 5 h. 425 “C, 5 h; 750 “C. 10 h 
Li/Mn=0.55;260”C,5h;425”C,5h,725”C,10h 
Li/Mn=0.60:260”C.Sh:42S°C.Sh;700~C,10h 
LilMn = 0.65; 260 “C. 5 h; 425 “C. 5 h; 600 “C. 10 h 
LilMn-0.70; 260 “C, 5 h: 4 L5 “C, 5 h; 550 “C, 10 h 
LilMnxO.75; 260 ‘C, 5 h, 425 “C, 5 h; 500 ‘C, 10 !I 
Li/Mn= 0.80; 260 “C. 5 h; 425 “C, 5 h; 450 ‘C, IO h 

Table 3 
Chemical composition of oxygen-rich end lithium-rich compounds 

the Li/Mn molar ratio, reaction temperature and time are all 
controlled. 

The reaction mechanism for the spine1 compound obtained 
from LiNOs and Mng, has been discussed in a previous 
report [ 121. Disordered spine1 was formed at 420 “C. This 
disordered spine1 transforms to a well-ordered spine1 via loss 
of oxygen when the temperature is raised. The optimum syn- 
thesis condition for the spine1 compound is preheating the 
mixture of LiNOJ and EMD to 260 “C. This process allows 
the melted LiN03 to impregnate into the MnO, pores. On 
further heating at 425 Y! the disordered spine1 is formed. The 
final heating temperature depends on the required composi- 
tion. Here. the stoichiometric spine1 is defined as LiMn204, 
and the non-stoichiometric spine1 as the compounds that are 
‘lithium-rich’ Li, +mn, -,.O., (x > 0. y > 0) or ‘oxygen-rich’ 
Li, _Jvln,_,O, (x> 0, y>O). Apparently, Li.,MnsO,s is the 
limiting compound of the lithium-rich variety, and Li,Mn.,Og 
is the limiting compound of the oxygen-rich variety for 
a 4 V cathode. The detailed conditions for the preparation 
of the compounds, i.e. stoichiometric LiMn,O,, lithium- 
rich Li,+,Mnl_,O, (O< X <0.33) and oxygen-rich 
Li,_J&_~O, (O< X <O.ll), are given in Tables I and 
2. The chemical composition for each compound was deter- 
mined by chemical analysis. The results are shown in Table 3 
and Fig. 1. In the latter, the length of the straight line (b) 
represents the Li/Mn molar ratio and average Mn valency, 
line (a) the average Mn valency, and line (c) the Li/Mn 
molar ratio. It is evident that the stoichiometric spine1 
LiMnaO., and non-stoichiometric spinels Li,Mn,O, and 
Li.,MnsOts are located on the equal length triangle. 

The oxygen-rich compounds are located on the tie-line in 
the Li-Mn-0 phase diagram between LiMnsO* and 
Li,Mn,Og (line (a) in Fig. 1). The oxygen content in the 
spine1 matrix increases with decrease in the heating temper- 
ature, and thus causes the average Mn valency to increase 
from 3.5 to 4.0. It was intended to prepare a lithium-rich 
compound with the common formula Lit+~nz-~O~. as 
described by Thackeray et al. [4] and Gao and Dalm [ 131. 
but ir is very difficult to obtain such a composition in which 
the total number of Mn and Li atoms is just equal to 3 per 
unit. In the fact, the number of Li and Mn atoms per unit 

Sample nu. LiI_,Mn2_.0,0r LiMn20,+Y 

I ?r 

A 0.002 0.009 
B 0.003 0.012 
C 0.007 0.030 
D 0.012 0.048 
E 0.016 0.065 
F 0.018 0.072 
G 0.026 0.107 

’ Samples M and N were slightly deficient in oxygen. 

Sumpte no. 

H 
I 
J 
K 
L 
M’ 
N’ 

_. 

Li, +1Mn2-,0, (Li, +,Mn2-,0.,) 

x Y 

0.020 0.03 1 
0.05 I 0.088 
0.120 0.133 
0.171 0.198 
0.230 0.243 
0.294 0.275 
0.361 0.299 
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Fig. 1. Chemical composition of compounds located on tha LiMn,O.- 
LiiMnsO12-Li2Mn& plane: (A) LiMn,O,,; (B ) LiMnzO,,& (C) 
LiMn,O,.,; (D) LiMnz04.0rs; (I?) LiMnS04.w; (F) LiMn204mz; (E) 
LiMn20..,m; (H) Li,.0&WW90& (I) Li,.W,Mn,.,,,O.; (1) 
J&,&W.&X W) J-i~.,7,Mn,,~ 4. 0 . (L) Li~.d+bd% CM*) 
Li I.2prMnt.ns04; (N*) tiMnsO12-a.ac5. 

depends not only on the Li/Mn molar ratio in the starting 
materials but also on the oxygen content, as the compounds 
are located on line (a) and have the same Li/Mn molar ratio 
(Li/Mn = 0.50). but different composition by virtue of the 
different heating temperature. The lithium-rich compounds 
are located on line (b) in Fig. 1. It should be noted that the 
compounds with much higher lithium contents, such as sam- 
ples M and N, are slightly deficient in oxygen under the 
current synthesis conditions. As these compounds are usually 
employed for 3 V positive electrodes, they are considered in 
detail in this work. The compounds located on line (c) are 
lithium-rich and oxygen-rich compounds, in which the aver- 
aged valency of Mn in the compound is 4. The composition 
of each compound located on the LiMn,0~-Li,Mn50iz- 
LizMn.,09 triangle plane is written as 

Li8,1c,+n,J Mnslc,+,JO,, (OS~n~O.8,3.5~;m54.0) 

(1) 
where n is the Li/Mn molar ratio, m is the average Mn 
valency. All compounds located on the LiMneO*- 
Li,,Mn,O,,-L&M&O9 plane can be divided into two groups: 
(i) the compounds on the LiMn&-Li,Mn,O,,-Li,Mn70t6 
plane are lithium-rich compounds, in which lithium ions are 
present at 8a tetrahedral and 16d octahedral sites, and (ii) 
the compounds on the LiMn10~-Li2M~09-Li&ln70,6 
plane are oxygen-rich compounds, in which vacancies are 
present at both tetrahedral and octahedral sites. 

3.2. Initial capacity 

It is common knowledge that the charge and discharge 
capacity for spine1 structure electrodes are dependent on the 
inserted/extracted amount of Li+. Removal and insertion of 
the lithium ions from the spine1 framework is accompanied 

by a redox process between Mn3’ and Mn4+. The total 
amount of extracted lithium ions should be directly related to 
the Mn’+ content in the compound. The initial charge capac- 
ity can be evaluated through a knowledge of the Li/Mn molar 
ratio and the average Mn valency, m. It is assumed that the 

Avvngewbvahace 

Fig. 2. Initial capacity vs. average Mn vakncy of oxygen-rich compmds. 

theoretical capacity for LiMn,O., is 148 mAh g-i for 1 mole 
of lithium ions extracted from the spine1 framework. which 
corresponds to 1 mole of Mn3’ oxidized to Mn*+ , i.e. 

Li[Mn”‘Mn*+]O,-Li+ +2A-MnC& (2) 
The relationship between the average Mn valence and the 

calculated initial capacity for the oxygen-rich compound, 
Li,_&lnz-ti04risdisp1ayedinFig.2(A) (curve(a)).The 
initial capacity decreases with increase in the average ?dn 
valency. The calculated initial capacitiesof thopmparedcom- 
pounds should be located on the upper post of curve (a). To 
see this more clearly, the calculated capacities of the com- 
pounds are given in Fig. 2( B ) (curve (b) ) together with the 
measured values. The latter were obtained for a low curreut- 
density of 0.1 mA cm-*. It is evident that the compound 
synthesized at low temperature delivers an initial capacity 
close to the theoretical value, this is due in part to the larger 
surface area. On the other hand. a low heating tempzmture 
usually causes a higher oxygen content and thus reduces the 
capacity. Therefore, it is suggested that a suitable heating 
temperature for an optimum spine1 struchne is between 600 
and 800 T. As reported by Tarascon et al. [ 141 and Manev 
etaI. [ 15],ahighheatingtemperaturealsoreducwthe~- 
ity. It should be noted that the effect on oxygen content is not 
only determined by the heating temperahue, but is also influ- 
enced by the starting material (lithium salt and MnO, 
source), the heating time and, in particular, theheating atmos- 
phere. As described previously [ 11, a nitrogen rather than au 
air atmosphere is conducive to the loss of oxygen at a given 
temperature. 

The relationship between the calculated initial capacity and 
the Li/Mn molar ratio for Li, +Jh2_xO4 (OZ;~zS0.33) is 
given in Fig. 3. ‘Ihe initial capacity demases with increase 
in the Li/Mn molar ratio. The calculated and measuredcapae- 
ities for the prepared compounds are also displayed in Fig. 3. 
Even though the chemical formulae of the compounds did 
not fit well with Lit +Jh*_,O4, the initial capacity reduces 
with increas;ng lithium content in the spine1 matrix. 

In summary, it is possible to obtain each compound on 
LiMn204-Li,Mn,O,,-Li2Mn40s, plane by controlling the 
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I.JMnmolarratio 
Fig. 3. Initial capacity vs. Li/Mn molar ratio of lithium-lich compounds. 

3.2 I I I 
-160 -100 -So 0 

Fig. 4. Typical charge and discharge ewes of LilLiMn,O,+, cells with 
various oxygen-rich spine1 cathodes: (A) sample A. LiMn,O,,,: (B ) sam- 
ple D. LiMn20..w, and (C) sample F, LiMnZO~.072. 

synthesis conditions, i.e. Li/Mn molar ratio, temperature, 
time, etc. The initial capacity decreases with increase in the 
Li/Mn molar ratio or oxygen content. A given cc;mpound has 
aninitialcapacityofi184(4-m)/(m+n)mtrhg-’,where 
the definition of n and m is that given in Section 3.1. 

3.3. Charge a1~2 Archarge profile 

It is easily anticipated that any difference in chemical com- 
position may cause a different crystal structure. This, in turn, 
will affect the charge and discharge behaviour of an Li/ 
Li.$&O~ cell. To confirm this, tests have been made on 
oxygen-rich compounds (samples A, D. F) and lithium-rich 
compounds (samples H. I. J). Typical charge and discharge 
curves of an Li/LiNn20, cell containing various lithium- 
rich or oxygen-rich compounds are given in Figs. 4 and 5, 
respectively. A stoichiometric spine1 LiMn,O, (sample A, 
Fig. 4) displays a two-step voltage profile, with plateaus at 

around 4 V and at about 100 mV apart. As the oxygen content 
is increased, the shape of the charge and discharge curve 
gradually transforms to a quasi one-plateau (sample F. 
LiMn204&; in particular, it occurs in the high-voltage 
region, where the ‘L-shape’ curve for sample A changes to a 
‘S-shape’ curve for the oxygen-rich compound, sample F. 
The same phenomena were also observed for the lithium-rich 
compounds. As shown in Fig. 5, the high-voltage plateau 
becomes less visible with increase in lithium content, and the 
two-step character of the voltage profile totally disappears 
when the Li/Mn molar ratio reaches 0.60. This can be seen 
more clearly in differential chronopotentiometric curves 
(DCC). The data in Figs. 4 and 5 are represented as DCC 
curves In Figs. 6 and 7, respectively. The peak in the high- 

4.8 

4.4 
4.0 
3.6 
33 
4.8 

Fig. 5. Typical charge and discharge curves of Li/Li, +.Mnz_,U~cells with 
various lithium-rich spine1 @h&es: (A) sample H. Li,,&n,.,O,; (8) 
sample I, Li, c;rrMn,.PlzOr. and (C) LampIe J. Lil.l&n1,W70.. 

Fig. 6. Differential capacity curves for Liin20,,; (A) sample A; (B) 
sample D, and (c) sample F. The data were taken from the results given in 
Fig. 4. 
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Fig. 7. Differential capacity curves for Li,+.Mn2_,0.: (A) sample ti; (B) 
sample I, and (C) sample J. The da!a were t&en from the rudts given in 
Fig. 5. 

Fig. 8. Cycling behaviour of Li/LiMn,O,+, cells with various oxygen-rich 
ekctrodesz (a) sampk A, (b) sampk D. and (c) sample F. 

potential region becomes weaker with increasing oxygen or 
lithium content in the spine1 matrix, eventually it virtually 
disappears (sample J, Fig. 7). The reason why oxygen or 
lithium content affects the electrochemical behaviour of spi- 
nel electrodes is not fully understood, it may be due to the 
establishment of different environments for lithium-ion inser- 
tion/extraction. This is because the insertion/extraction 
potential depends on the energy of the lithium ions in the 
tetrahedral sites which, in turn, depends on the energy of the 
bond between each Li+ ion and its neighbours. 

3.4. Cycling behaviour 

The rechargeability of each sample was examined in 
CR2032 button-type cells. Each cell was cycled at a current 
rate of C/3 between 3.5 and 4.5 V. The specific capacity for 
each sample is plotted as a function of cycle number in Figs. 8 
and 9. As expected, the rechargeability is improved with 
increase in either oxygen or lithium content in the spine1 
matrix. The capacity loss over the first 100 cycies varies from 
about 15% of the initial capacity for sample A to 7% for 
sample F. Similar behaviour was exhibited by the lithium- 

Fig. 9. cycrig hehavlour of LilLi, +&lo*_Yo* c&s with variotls oxygen- 
rich ekctrodes: (a) sampk H; (b) sampk I. s& ( c) sampk J. 

rich compounds: the capacity loss was about 10% of the initial 
capacity for sample II, compared with 5% for sampk J. All 
results rcveaithat the rechargeability is improved by increase 
in either the oxygen ar lit&i~l content in the spine1 matrix. 

4. concllrsions 

The capacity and rechargeability of a spine1 electrode 
as a 4 V posttive electrode for lithium-ion batteries has been 
semi-quantitatively discussed in terms of an LiMnsOc 
Li4Mn50t2-Li&fn& phase diagram, as iWtrated in 
Fig. 10. It is concluded that: 

(i) each compound located on the Lii~O~Li&n~Ot~ 
LisMntOg triangle plane can be prepared by the melt-impreg- 
nation method by controHing the conditions of synthesis; 

(ii) the initial capacity, c, decreases with increasing Lil 
Mn molar ratio or oxygen content in the spine1 matrix, as 
expressed by J3q. (3). on the other hand, the rechargeability 
is improved 

c/84(4-n) 
m+n 

(3.5~m54.O,O.Ssn;i;0.8) (3) 

(iii) the optimum synthesis cot&ions for the spine1 are a 
low heating temperature (600 to 800 “C) and a slightly high 
Li/Mn ratio ( > 0.50). 
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