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Abstract  

The effects of both the initial Li:Mn ratio and the Mn valency on the electrochemical and the magnetic properties and on the structural 
changes were investigated using stoichiometric and nonstoichiometric LiMnzO4 samples prepared by a solid-state reaction between 673 and 
1173 K. A small but known additional plateau near 3.0-3.2 V was observed on discharging the Li /LiMn204 cell using samples wath an Mn 
valency < 3.60 + .  However, no plateau at ~ 3.2 V was observed for the cell using samples with an Mn valency of 3.61 + .  Below 280 K the 
structure of the former samples changed from a cubic spinel structure into two phases with a cubic and a tetragonal structure, whereas the 
structure of the latter, i.e. an Mn 4 ÷ -rich sample, remained cubic down to 20 K. Therefore, the additional plateau could be correlated with the 
instability of the cubic spinel structure of the sample. © 1997 Elsevier Science S.A. 
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1. Introduction 

LiMnzO4 with a normal spinel structure (Fd3m) has 
recently received much attention as the cathode materials for 
Li rechargeable batteries, because of their low cost and non- 
toxicity of magnanese, compared with both cobalt and nickel 
in LiCoO2 and LiNiO2 with the a-NaFeOz-type structure 
(R3m) [ i-11 ]. The charge/discharge behavior of the cells 
using LiMn204 as the cathode material depends strongly on 
the preparation conditions such as starting material, firing 
temperature, initial Li:Mn ratio and cooling rate [5,7,9-11 ]. 
For a good understanding of the electrochemical properties 
as a function of the preparation conditions, it is particularly 
important to characterize the oxidation state of Mn, which, 
depending on the preparation conditions, can easily vary 
between an average value of 3.5+ and 4 +  [9-12]. 
Li2Mn409,  corresponding to nonstoichiometric LiMn204 ,  

was prepared by firing the mixture of Li and Mn carbonates 
at about 673 K. Kock et al. [13] have found the crystal 
structure of LizMn409  to be expressed as Lio89Mn 17804 
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( 6 = 0.11, in Li~ _ ~Vln 2 _ 2 8 0 4 ,  6: amount of cation defects) 
analyzed by powder neutron diffraction pattern. The concen- 
tration of the cation defects decreases irreversibly with 
increasing firing temperature. Therefore, Li2Mn409 has been 
considered as an intermediate phase such as y-Fe203 [ 12]. 
The large amount of cation defects could be also incorporated 
into the spinel by means of the initial Li:Mn ratio which is 
more than 0.5. Gummow et al. [3] reported that the excess 
Li can substitute the Mn ion on the 16d site in the spinel 
structure. Xia et al. [9] found excellent cycling behavior for 
nonstoichiometric Lil oMnl.9304 (Li:Mn> 1:2), compared 
with stoichiometric LiMn204. We examined the effect of the 
Mn valency on the phase transition and the magnetic prop- 
erties of various Li-Mn-O samples [ 14], however, the elec- 
trochemical behavior of these samples has still not been 
examined. By measuring the electrochemical properties, we 
expect to establish a relation between the physical properties 
or the phase transition behavior and the electrochemical prop- 
erties. This work will support the development of Li recharge- 
able batteries using LiMn2Oa-based cathode material. In this 
work, we prepared both stoichiometric and nonstoichiometric 
spinels (Li~ ~ _ ~Mn2_2804, x = 1.00, 1.04, and 6: amount of 
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cation defects) by solid-state reactions of  mixtures of  
Mn compounds (MnCO 3, MnO z, MnOOH) and Li galts 
(L iOH.  H20, Li2CO3) fired between 673 and 1173 K. We 
report on the effect of the amounts of  defects, and, hence, of  
the Mn valency, on the structural, magnetic, and electro- 
chemical behavior of  selected samples. 

2. Experimental 

We prepared stoichiometric and nonstoichiometric 
LiMn-,O4 spinels (Li,~n_~)Mn2_2~O4, x =  1.00, 1.04) by a 
solid-state reaction at 673-1173 K in air, from starting 
mixtures of either MnCO3, MnOOH or MnO2 and either 
Li2CO3 or L iOH-H20 ,  as shown in Table 1. The resulting 
compositions were determined by chemical analysis based 
on chemical titration reported by Wickham and Whipple [ 15 ] 
and atomic absorption spectra in order to obtain the exact Mn 
valence state and Li content, respectively. X-ray diffraction 
(XRD)  measurement were performed by a Rotaf lex/RINT 
(Rigaku) ,  with Si powder used as the internal standard mate- 
rials. Differential scanning calorimetry (DSC)  was measured 
by a TAS-200 (Rigaku)  between 170 and 380 K at a heating 
and cooling rate of  10 K/min .  The magnetic susceptibility of 
each sample was measured by a Faraday balance (MB-3, 
Shimadzu) between 83 and 480 K in the field range of 
1.8-12.5 kOe. Manganese Tutton's  salt ( (NH~)2Mn- 
( 8 0 4 ) 2 "  6HzO, reagent grade) was used as the standard cal- 
ibration material for the magnetic susceptibility measure- 
ments. 7Li MAS (magic angle spinning) NMR spectra were 
measured at room temperature by a CMX200 (Chemagnet-  
ics, Bo = 4.7 T, ~'o = 77.828 MHz)  at a spinning rate of  5 kHz. 
Spectra were obtained by Fourier-transform of the single 
pulse signal (pulse width: 2 ~s and dead time: 4 ~s) .  LiCI 

powder was used as the standard calibration material for 
determining the zero chemical ~hift. 

The electrochemical intercalation/de-intercalation reac- 
tions were carried out using coin-type cells. The cathode 
consisted of  a mixture of active materials:acetylene 
black:Teflon powder in 50:10: (0 .1-3)  mass ratio ( rag) ,  
pressed into a tablet of 13 mm diameter under a pressure of 
9 MPa. The cells used for the electrochemical tests were 
constructed in a stainless-steel 2016 coin-type configuration. 
The counter electrode was a disk of  Li metal foil (diameter: 
15 mm, and thickness 0.24 mm).  The separator employed 
was a microporous polypropylene sheet. The electrolyte used 
in these cells was a 1 M solution of  LiClO4 in a 50:50 mixture 
of propylene carbonate: 1,2-dimethoxymethane (Mitsubishi 
Petrochemical, battery grade) by volume. The cells were 
constructed in an argon-filled glove box. The current density 
(0.5 mA cm 2) was calculated based on the cathode area. 
The electrochemical measurements were carried out at room 
temperature between 2.0 and 4.5 V after standing overnight 
under a zero current flow. The cell properties were measured 
galvanostatically starting with charging the cell to the 4 V 
plateau. 

3. Results and discussion 

We selected seven spinel materials named as S1-$5  for 
the stoichiometric initial Li:Mn ratio (1.00:2),  NI and N2 
for nonstoichiometric Li:Mn ratio (1.04:2),  as shown in 
Table I. The Mn valency in the sample is higher than 3.53 + ,  
when the firing temperatures are below 973 K or when ratios 
of Li:Mn > 0.5 were used as the starting mixtures. The crys- 
talline phases at about 290 K is also included in Table 1. The 
samples are single-phased with a cubic spinel structure, 
except for S 1 and $3 which are prepared from the M n O O H -  

Table 1 
Preparatnon condition, chemical composition, crystal structure and magnetic data for Lt,~. ,~Mn, ~604 

Sample Starting materials Ftring condition ~ n " Chemical formula Structure at 296 K l0 t ~ 0 

(cm ~ g ~) (K) 

SI 2MnOOH+LiOH-H20 6 7 3 K + I I 7 3 K ,  24h 1 . 0 0  3.505 Llo,~,~,~Mn~,~,~sO4 Mlxtureofcubnc, 449(3) -277(5)  
a=8.24587(16) A, and 
tetragonal, a = 5 8128 ( 6 ) ]~, 
c=  8.2870(12) 

$2 4MnCO~ + Li2COx 1073 K, 5 h 100 3517 LI,, 996Mn199204 Cubic, a = 8 23920(12) A 4.53(3) -404(4 )  
$3 2MnOOH+LiOH.HeO 673K+973K.  24h 100 3.526 Llog,,4Mnl,,~O4 Mixture of cubic, 4.36(4) -297(4)  

a =8.2248{3) Aand 
tetragonal, a = 5.8032 ( 4 ) A, 

=8.2912{61 ,& 
$4 4MnCO~+LieCO~ 973 K, 5 h 1.00 3 559 Lh~,~ssMn~ 97q~O4 Cubic, a =  8.24098(14) A 4 44(3) - 219( 1 ) 
$5 4MnOOH+LieCO3 673 K+723 K, 24 h 1.00 3 695 Li~,,~4Mn~ ,,,~xO~, Cubtc, a=8.204(3) A 5.22( 1 ) - 7 8 ( 2 )  
NI 4MnCO~+Li2COa b 673 K +  I I73 K, 24h 1 .04  3557 LI~c,2~Mn~,,~,204 Cubuc, a=8.23328(6) A 4.48{3) -253(5 )  
N2 4MnCO~+LJeCO~ h 673 K+973 K, 24 h 1.04 3 609 Lh ~,~Mnt,~3sO4 Cubic, a=8.2293(2) A 4.58(2) -212(3 )  

J n Is the average valency of Mn non determined by chemical mration. 
h Initial Ln:Mn ratio was not equal to 1:2, because MnCO~ was ~lightly hydrated 

Magneuc susceptibdmes measured at 300 K. 
Space group symmetries of cubic and tetragonal phases are Fd3m and 14~/amd, respectnvely. 
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LiOH. H~O mixtures above 973 K, and reveal a co-existence 
of a tetragonal phase (14~/amd) with this cubic spinel 
( Fd3m ). However, above 323 K, the structure of  both S 1 and 
$3 changes to the cubic structure only. Yamada and Yanaka 
[ 16] have firstly reported the formation of the mixture below 
282 K. While the lattice parameters of tetragonal phases 
(a = 5.7960 A and c =  8.2824 A) are very close to our results 
for the S 1 and $3 samples, the phase transition temperatures 
for the S l and $3 samples are slightly higher than in 
Yamada's sample. The difference may be attributed to the 
different preparation conditions such as starting materials and 
firing conditions. In fact, a cubic structure for the $2 sample 
was obtained, in spite of the similarity in the Mn valency 
observed for the S l, $2 and $3 samples. Precise structural 
analysis will be needed for explaining the difference. 

Charge/discharge characteristics of the Li/Li,t~ ~)- 
Mn2~ 1_~)O 4 cells during the first cycle are shown in Fig. 1. 
On charging, the plateau near 3.1 V of SI is longer than of 
the other samples. As mentioned earlier. XRD at 296 K reveal 
the S1 sample to consist of a mixed phase, i.e. a cubic 
(Fd3m) and a tetragonal (14j/amd) phase [ 14], see Table 
1. This explains that the occurrence of the plateau is associ- 
ated with the co-existence of the tetragonal phase and the 
cubic phase. On discharging, all the cells show discharge 
plateaus near 2.8 and 4 V. However, a difference in discharge 
behavior near 3 V was observed: all samples show a plateau 
near 3 V except for N2 and $5 which have an Mn valency of 
> 3.61 + .  The presence of this plateau has been reported 
previously [ 2,7,10] and, Gao and Dahn [ 10 ] pointed out that 
the fraction of  this region tends to enlarge with a decrease in 
the excess amount of Li in Lij + ~Mn2_ , 0  4 and the Mn valency 
[10].  The initial composition and structure of LiMn204 
spinels can affect the charge/discharge characteristics. 

The change in charge/discharge curves including subse- 
quent cycles is shown in Fig. 2 for Li /N2 and Li/S5 cells. 
The capacity of  the Li /N2 cell decreased with increasing 

"2 

>_. 

0 100 200 
Capacity/mAhg-1 

Fig. 1 Charge/discharge characteristics ofLl/Li,~l ,~)Mn2 2~O4 cells dur- 
ing the first cycle. Initial charge behawor is emphasized In the Inserted figure. 

cycle number on both the charge and the discharge. This 
decrease in capacity is observed for all other samples except 
for $5. The capacity loss at both 4 and 2.8 V was quite small 
for Li/S5 cell on increasing the cycle number, despite its 
smallest capacity during the first cycle. The $5 sample, pre- 
pared by firing a stoichiometric mixture of MnOOH-Li~CO3 
at 723 K, has the highest M n  4+ content ( n = 3 . 7 )  of our 
samples, see Table 1. The difference in cycling behavior 
between Li/S5 cell and the others was similar with the 
result of Xia et al. [9] whose nonstioichiometric sample 
( Li~ o4Mn2 (×)0414, n = 3.62 ) with the Li anode cell has a quite 
lower capacity loss than an Li/Lil  oMn~ 9904 (n = 3.517) 
cell. In conclusion, electrochemical measurement showed 
that the preparation of M n  4 + -rich LiMn204 by selecting non- 
stoichiometric starting mixture (Li:Mn > 1:2 ) and low firing 
temperature is an important strategy for optimizing LiMn204 
cathode materials. 

Fig. 3 shows the DSC curves recorded for seven samples 
between 170 and 380 K on cooling. For S1-$4 and NI sam- 
ples, both exothermic and endothermic (not shown in this 
figure) peaks were observed at ~280  K on cooling and at 
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o 3  

(..P 

2 
o 1 oo 200 

Capacity/mAhg -1 

Fig 2 Charge/discharge characteristics of Li/Li,,i ~,Mn~ :~,O4 (N2 and 
$5 samples ) cells for cycle nos. 1-7. For example, lc and ld are charge and 
discharge curves during the first cycle, respectively 

On coohng 
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t.lJ 

N2 

' 260 ' 250 ' 300 ' 3gO 

T /K 
Fig. 3. DSC curves on cooling recorded between 170 and 380 K for 
Li,, j .~Mn2 ~zO~ spmels; coohng rate= 10 K/rain 
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Fig. 4. XRD patterns for Li~, i_alMn2_:~O4 spmels at 200 K. Additional 
peaks attributed to the tetragonal distortton are marked by asterisks. 

~ 303 K on beating, respectively. However, no peaks were 
observed down to 170 K for $5 and N2 samples with a high 
Mn valency > 3.60 + .  The transition observed was attributed 
to a reversible cubic to cubic+tetragonal transition as 
reported by Yamada and Tanaka [ 16]. Splitting of the XRD 
peaks (especially the (400) peak) except for (1117 and 
(222) peaks was observed for the XRD profile for S1, $2, 
$4 and N1 samples measured at 200 K (Fig. 4), These split- 
tings were analyzed by a two-phase mixture of  the tetra- 
gonally distorted ( ( c /~ /2a  > 1 ) spinel phase (14j/amd, a = 

5.7951 (6) ~,, c = 8.279 (14) ,~ for $4 sample at 200 K) and 
the cubic spinel phase (Fd3m,  a = 8.2434(77 A).  However, 
no peak splitting was observed for the N2 and $5 sample 
down to 103 K. The DSC exothermic peak, observed for S 1, 
$2, $4 and N 1, corresponds to the structural change from the 
cubic to a two-phase mixture of the cubic and the tetragonal 
phases. The difference in the phase transition might depend 
on the amount of  Jahn-Teller Mn 3+ ions (t3ge~). The addi- 
tional plateau at ~ 3.1 V in the discharge curve might also 
be related to the instability of  the cubic structure depending 
on the cooperative Jahn-Teller effect in the spinel structure. 
The transition temperature seems to be constant regardless of  
the different valence states of Mn in DSC curves. The reason 
is still not clarified. Rogers et al. [ 17] observed the anomaly 
of  lattice parameters as a function of Mn contents in 
Lio 5Fez_ ~Mn~O4 and Lio 5Ga2-xMn~O4 spinels at x < 0.3, 
and attributed such phenomena to the clustering Jahn-Teller 
Mn 3 + ions in order to reduce the elastic energies concerning 
Jahn-Teller stabilization. This suggests that Mn 3 ÷ and Mn 4 + 
ions in LiMn204 could not distribute randomly on the octa- 
hedral 16d site, thus the cubic and tetragonal domains are 
appear < 300 K. The difference in Mn valency between 
nearly stoichiometric samples (S 1, $2, $3, $4 and N1) may 
reflect only the ratio of  a tetragonal phase with a fixed com- 
position to a cubic one. 

Small XRD peaks marked with asterisks were observed 
for S1, $2, $4 and N1 samples. Therefore, we tried to index 
these peaks, in a super-structure of  the tetragonal unit cell. 

A,O,m:x=1.00 ~ ~  
300 U1,/~:x=1,04 

/ /  °j/" 0 : S 3  
I1 :$5 ~ [B: N1 
~ :  N2 

100 - /  

16o 260 36o 460 s0o 
T / K  

Fig. 5. Temperature dependence of inverse molar susceptibility for 
Li,~ _ ~,Mn2 2~O4 ~pinels between 83 and 490 K The discontinuous pomt 
for each curve Js not essentml, as ~t was caused by combining two sets of 
data, i.e. below and above 300 K. 

These peaks could be indexed by a cell with a = 3an, c = co 

(an and co are original tetragonal cell (14~/amd7 ). Further 
study on the low temperature structures is now in progress. 

Fig. 5 shows the temperature dependence of the inverse 
molar susceptibility (Xm ~) for L i ~ _  a~Mn2~-a~O4. No 
spontaneous magnetization for each sample was observed 
even at 83 K, based on the field dependence of magnetization, 
indicating the absence of  ferromagnetic impurities in all sam- 
ples. Each Xm l versus T plot above 200 K could be fitted 
to a straight line derived from the Curie-Weiss law 
(Xm ~ = ( T -  O)/Cm, where 0 and C,n are the Weiss temper- 
ature and Curie constant, respectively ). Although no anomaly 
by phase transition around 290 K could be detected by our 
measurements, we used each Xm ~ versus T plot above 320 K 
to calculate two magnetic parameters such as the effective 
magnetic moment (/zeff) which is calculated from the Curie 
constant ( / ze ,=  ( 3 k C m / N ) t / 2  where k and N represent the 
Boltzmann constant and Avogadro number, respectively), 
and the Weiss temperature (0).  The values of/zerf and 0 
obtained for nearly stoichiometric LiMn204 sample (S1) 
were 4.28(2) I-tB and - 2 7 7  K, respectively. These values 
were close to the previous data which were 4.37 ix B for/z~ft- 
and - 2 6 0  K for 0 [18].  The/xeff value is also close to the 
expected value 4.42 ix B for mixed valence state consisting of  

3 I 50% Mn 3 + in high spin state (t2geg, expected/zeft value is 
4.90/XB7 and 50% Mn 4+ ( t3ge °, expected #elf value is 3.87 
IxB 7. We evaluated the validity of these magnetic parameters 
by plotting them versus the Mn valency obtained by the wet 
chemical titration method [15] (Fig. 6). Although these 
plots were rather scattered, the effective magnetic moment 
decreased with increasing Mn valency, reflecting the pro- 
gressive substitution of Mn 4+ for high-spin Mn 3+. The 
increase in Weiss temperature was also observed with 
increasing Mn 4+ content, indicating the progressive change 
in magnetic interaction from antiferromagnetic to ferromang- 
netic between Mn ions. This tendency allowed us to explain 
the increase in contribution of  Mn4+-O2 -Mn 4+ ferromag- 
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Fig. 6. The Mn ,Jalence dependency of the effective magnetic moment ( ,u,~. ) 
and Wels,~ temperature (0) for Li,( ~ ~,Mn2 2~O4 spmels. The two magnetic 
parameters for each sample were calculated by fitting X,. t vs. T plots above 
320 K to a straight hne derived from the Curie-Weiss law tXm ~ = ( T -  0) / 
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F~g. 7 7LI MAS NMR spectra of L] . ]  ~,Mn: 2~O4 spmels at room tem- 
perature; spinning speed = 5 0 kHz 

netic interaction proposed by Blasse [ 18] to a overall mag- 
netic interaction between Mn ions on the 16d sites. The values 
of/zc,f and 0 reflect the valence state of Mn ions and magnetic 
interaction between Mn ions in these spinels, respectively. 
Thus we can obtain the information about the valence state 
of  Mn in LiMn204 spinels without dissolving the samples for 
chemical titration. 

VLi MAS NMR spectra for three samples named as S 1, N 1 
and N2 were shown in Fig. 7. These spectra for each sample 
were considered as a single spinning side band manifold 
centered on 530 ppm and resembled to each other. These 
spectra are characteristic for paramagnetic solids (LiNiO2 
[ 19], LiCo,Nil ,O_~ [20] ) with large isotropic shifts of  the 
resonance, about + 500-1000 ppm, which agreed with par- 
amagnetic behavior of these samples. This large positive shift 
have been attributed as the influence of the interaction 
between Li and the paramagnetic Ni 2+ and/or  Ni 3+ ions 
[20].  These data were quite similar with that of  LiMn~_O4 
measured by Morgan et al. [21 ]. They assigned the spectra 

of LiMn204 as originating from the Li ions at the tetrahedral 
8a sites. We observed the line broadening with increasing 
Mn valency. No such sharp NMR band was obtained for $5. 
Magnetic susceptibility broadening has been considered as a 
reason of  line broadening for paramagnetic solids [22].  
Indeed, magnetic susceptibility for $5 at 300 K is quite larger 
than those of  S I, N 1 and N2, see Table i. Thus, the difference 
in magnetic susceptibility might govern the sharpness M A S -  
NMR spectra. Marichal et al. [20] pointed out the strong 
dependence of  the line width and the position on the number 
and magnetic interaction of  the 3d magnetic ions neighboring 
Li + ion by measuring 6Li and 7Li NMR for samples of 
LiNi] _,.Co,O> They obtained a broad NMR spectrum in an 
Ni-rich sample ( y < 0 . 5 ) ,  in spite of the sharp spectra of 
LiCoO2 which is a diamagnetic compound of low spin Co 3 + 
( t~ge °). In our case, the component of  the ferromagnetic inter- 
action, i.e. Mn 4 + 02 - Mn 4 + increases with increasing Mn 4 + 
content ( see 0 values in Table 1 and Fig. 6). The line broad- 
ening with increasing Mn 4+ content may be affected by the 
change in magnetic interaction between the Mn ions. More 
precise and systematic work would be needed for understand- 
ing these data. 

4. Conclusions 

We prepared nearly stoichiometric and nonstoichiometric 
LiMn204 by a solid-state reaction for investigating different 
characterization methods of  cathode materials, and relating 
them to the electrochemical properties for rechargeable Li 
batteries. Understanding the difference in structural change 
and magnetic property occurring from the catton non- 
stoichiometry (the amount of cation defects, initial Li:Mn 
ratio I is a most effective way to screen samples before fab- 
ricating the cells using LiMn204 as the cathode material. 
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