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The spine1 LiMn,O, and layered LiMOr (M = Co, Ni) compounds, which are of potential interest for 
Li intercalation applications, have been synthesized at low temperatures from aqueous solutions of 
hydroxides, nitrate, and acetate salts. These phases can be prepared in bulk or thick-film form with 
their crystallization temperature being strongly dependent on oxygen pressure, annealing time, and 
Li/transition-metal (M) ratio. For instance, we succeeded in preparing the spine1 Li,MnzO, (X = 1) at 
temperatures as low as 3OO”C, whereas a temperature of 500°C was needed to obtain the LiCoO, phase. 
Rechargeable Li batteries using the LiMnrO, powders, synthesized at low temperatures, show good 
capacity and good cycling behavior. Larger amounts of Li (X > 1) cannot be directly introduced into 
the spine1 phase by heat treatment under less oxidizing atmospheres obtained by use of mixtures of 
argon and oxygen. 0 1991 Academic Press, Inc. 

Introduction 

It is unlikely that room-temperature sec- 
ondary Li batteries will reach the market- 
place because of safety and rechargeability 
problems associated with the use of Li metal 
as the negative electrode. To alleviate these 
problems several authors have proposed the 
concept of a “rocking-chair” battery (1-4) 
(i.e., a battery that uses, instead of free Li 
metal, an intercalation compound as the 
negative electrode). Recently, two battery 
companies (5-6) have demonstrated that 
this concept could work by announcing the 
commercialization of rocking-chair cells 
based on LiCoO,/electrolyte/C and LiNi02/ 
electrolyte/C, respectively. Since it appears 
that the next generation of Li-based second- 
ary batteries will be based on the rocking- 
chair concept, the chemistry of the Li-based 

intercalation compounds LiMn,O, and 
LiMO, (M = Co, Ni) has stimulated a great 
deal of interest. 
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For application considerations it is im- 
portant to determine the lowest temperature 
at which a phase can be synthesized without 
affecting its electrochemical properties. 
These properties are usually very sensitive 
to their preparation route as well as to the 
morphology and grain size of the resulting 
powders. As an example, secondary Li cells 
containing electrochemically deposited y- 
MnO, (EMD) as the positive electrode cycle 
poorly, whereas cells using a cathode pre- 
pared by heating the EMD in the presence 
of LiOH at 400°C cycle better (7, 8). Con- 
cerning grain size, it has been shown in re- 
cent electrochemical studies of cells using 
LiMn,O, as the positive electrode (9) that 
cell reversibility, polarization, and capacity 
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were greatly improved when cathode pow- 
ders having the smallest particle size were 
used. 

Solution techniques (because of homoge- 
neous mixing of the starting components) 
have always been used, rather than solid 
state reactions, to lower the synthesis tem- 
perature of a compound and to obtain pow- 
ders with smaller grain size. Furthermore, 
lowering the synthesis temperature could be 
a way to improve the morphology of the 
powders. We report herein the low tempera- 
ture (<4OO”C) synthesis of LiMn,O, and 
Li(Co/Ni)O, phases by means of a new solu- 
tion process. 

The solution technique known as sol-gel 
processing consists of the condensation of 
metal oxide networks from solution precur- 
sors. In the case of Mn, this can be achieved 
through hydrolysis of Mn(I1) salts in aque- 
ous solution in the presence of a stabilizing 
agent such as gelatin (20) or through the 
reduction of Mn(VI1) salts (II, 12). We have 
used the first method by investigating the 
hydrolysis of acetate and nitrate solutions 
of Mn, Ni, and Co. This hydrolysis was pro- 
moted by the addition of solutions of Li and 
ammonium hydroxides. We found that this 
method could produce a gel-like solid that 
could be used to prepare both bulk and 
thick-film samples whose electrochemical 
behavior will also be presented in this paper. 

Experimental 

Manganous nitrate (0.8 i!4) or acetates of 
Mn (0.8 M), Ni (0.5 M), and Co (0.3 M) 
were used for preparing the starting aqueous 
solutions. LiOH (1 A4) in the appropriate 
ratio with the metal was mixed with an 
amount of NH,OH (3 M) necessary to sup- 
ply 2 OH ions per metal. The mixed hydrox- 
ide solutions were quickly added to the 
metal salt solution with violent stirring. Ge- 
latinous precipitates were instantaneously 
obtained. We mean by gelatinous precipi- 
tate a macroscopically homogeneous and 
viscous phase composed of solid particles 

of metal hydroxide dispersed in the aqueous 
solvent. Since lithium and ammonium salts 
are very soluble, these cations probably re- 
main localized in the liquid phase or some 
may be absorbed at the surface of the parti- 
cles. The gelatinous precipitates remained 
stable and homogeneous for hours (Mn), 
days (Ni), and weeks (Co). However, the 
solution containing manganese had to be 
protected from oxygen ambient in order to 
avoid the formation of Mn(II1) containing 
precipitates at this pH (pH 7 to 8). After- 
ward, a separation is observed between a 
colorless supernatant liquid (very slightly 
colored for Co due to traces of amine com- 
plex) and a true precipitate. This relative 
instability can be attributed to the presence 
of Li+ ions that cause flocculation of the 
solid particles. 

If, before their flocculation, the gelatinous 
slurries are dried at up to 150°C they yield a 
homogeneous amorphous solid that we here- 
after call xerogel. In the case of the Mn, the 
xerogel showed traces of crystallized Mn,O, 
within the amorphous material. The amount 
of the crystallized Mn,O, phase, whose dif- 
fraction peaks correspond to y-Mn,O, , de- 
pended on the drying kinetics. In order to 
avoid its formation, the most appropriate 
procedure was to dry the solutions at 85°C 
under vacuum in a rotating evaporator. 
Throughout the drying process, the homoge- 
neity of the gelatinous precipitate is main- 
tained and its viscosity increased. By stop- 
ping the drying at 90°C before completion, a 
viscous solution that can be deposited by 
spin coating (1000 i-pm) onto stainless steel 
substrate is obtained. This allows the subse- 
quent synthesis of LiMn,O, thick films using 
the heat treatments to be described. 

Results and Discussion 

(Z) Synthesis of Mn Spinels and 
Their Study 

We first investigated the role of the start- 
ing materials (acetates vs nitrates) and ambi- 
ent atmosphere (oxygen vs argon) on the 
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FIG. 1. Thermal analysis for Mn and Li coprecipi- 
tated phase in various ambients (a) coprecipitated ace- 
tates in argon, (b) coprecipitated acetates in oxygen, 
(c) coprecipitated nitrates in argon, and (d) a mixture 
of commercial LiOH and Mn(OAc)* . 4H20 powders. 
The heating rate was lO”C/min. 

synthesis of the Li,MnzO, phases by means 
of X-ray diffraction, infrared spectroscopy, 
thermogravimetric analysis (TGA) and dif- 
ferential thermogravimetry analysis (DTA) 
measurements. 

(a) Characterization of the materials. Fig- 
ure 1 demonstrates the difference in reactiv- 
ity between acetate and nitrate xerogels for 
the case of Li/Mn = l/2 (i.e., LiMn,O,). 
When the nitrates are used as precursors, 
the weight loss of the precipitate heated at 
a rate of lO”C/min in oxygen occurs in a few 
steps, including the formation of LiN03 and 
y-MnzO, , and it is not completed until tem- 
peratures greater than 600°C are reached 
(Fig. la). In contrast, with the acetate pre- 
cipitate under similar heating conditions, 
the reaction is complete at 250°C (Fig. lb) 
after a very exothermic decomposition of 
the acetate group occurs as shown in Fig. 

2a. This decomposition is so violent that 
even for small amounts of sample used in 
the thermoanalysis experiments (-5 mg), 
the actual temperature is raised to 400°C 
at this stage of the thermal treatment. This 
explains the vertical decomposition ob- 
tained in the TGA apparatus (Fig. lb). The 
infrared spectrum of the acetate precipitate 
dried at 150°C (Fig. 3a) does not show the 
presence of vibration modes associated with 
NH, or NH: groups, suggesting that these 
groups (introduced in the form of NH,OH 
in the starting aqueous solution) have been 
completely removed during the drying step 
at 150°C. A TGA study of a manganese ace- 
tate precipitate (without Li) dried at 150°C 
has led to the composition Mn(OAc),,, 
(OH),,, , indicating, in addition to the loss of 
NH,OH, the loss of water and of acetate 

J------ LiMn204 in 02 
A 

L-l: Li2Mn204 in 02 
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FIG. 2. Differential thermal analysis of (A) coprecipi- 
tated acetates in oxygen, (B) coprecipitated acetates in 
argon, and (C) a coprecipitate of nominal composition 
“Li~Mn,O~” in oxvaen. The heating rate was lO”C/min. __ 



188 BARBOUX, TARASCON, AND SHOKOOHI 

VOH WH KO 

IO 3000 2000 1600 1200 600 400 

Wave number in cm-l 

FIG. 3. Infrared spectrum of (a) acetate precipita tte 
of nominal composition LiMn204 heat-treated at 1.50°C, 
(b) acetate precipitate of nominal composition LiMn204 
heat-treated at 4OO”C, and (c) acetate precipitate of 
nominal composition Li2Mn204 heat-treated at 400°C. 

groups during the drying process at 150°C. 
Since the gelatinous precipitate is mostly 
due to the presence of manganese hydroxide 
it appears that drying results in the forma- 
tion of some manganese acetate. An amor- 
phous polymeric material is a consequence 
of the mixing of acetates and hydroxides 
as manganese ligands. Finally, a mixture of 
lithium hydroxide and manganese acetate 
powder (Fig. Id) yields a similar behavior 
above 150°C as an acetate precipitate, al- 
though the completion of the reaction re- 
quires longer heating times. Thus, from the 
above findings the acetate precipitates can 
be considered as homogeneous mixtures of 
LiOH and Mn(OAc),,S(OH),,, and their 
weight loss (Fig. lb) could be accounted for 
by the following reaction: 

LiMn,(OAc),(OH), + 15/2 0, + 

LiMn,O, + 1 lH,O + 6C0,. 

When the same TGA experiments are per- 
formed for the acetate precipitate in an 
argon ambient, we note a smoother exother- 
mic decomposition (Figs. lc, 2b) with an 
identical weight loss until a temperature of 
600°C is reached. The resulting material was 
found to contain well-crystallized MnO, as 
determined by X-ray powder diffraction, 
and L&CO3 as determined by infrared spec- 
troscopy. Thus, the decomposition reaction 
could be written as 

LiMn,(OAc),(OH), --* l/2 Li,CO, 

It is only for temperatures greater than 
600°C that Li$O, reacted with MnO to form 
the spine1 LiMn,O, . 

The thermal reactivity of the acetate xero- 
gels was also found to be very dependant on 
the Li/Mn ratio denoted as r in the follow- 
ing. The most exothermic reaction happens 
for a mixture with r = 0.5 (i.e., LiMn,O,). 
This may be explained by the melting of the 
acetate mixture just before the decomposi- 
tion as shown by the onset of an endother- 
mic peak observed at 200°C in Fig. 2a. This 
melting initiates the very exothermic de- 
composition reaction that is immediately 
followed by a smaller exothermic peak at 
350°C which may relate to the final reaction 
of the impurity y-Mn,O, phase with the re- 
maining L&CO, to give the spine1 structure. 
For Li/Mn ratios of 0 or 1, no liquid phase 
was observed and no melting was found in 
the DTA (Fig. 2~). The decomposition is 
then less violent and occurs in two steps. 
Depending on the Li concentration, the fol- 
lowing results are obtained: 

For r = 0, y-Mn,03 transforms to CY- 
Mn,O, above 400°C. For 0 < r < 0.5, the 
materials obtained at 450°C are a mixture of 
the spine1 structure LiMn,O, and of the (Y- 
Mn,O, phase. For r = 0.5, which yields a 
more reactive mixture, Mn,O, is only ob- 
served as traces within a poorly crystallized 
LiMn,O, phase at 250°C as determined by 
X-ray analysis. At higher temperatures 
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(3OO”C), the Bragg peaks corresponding to 
Mn,O, disappear and only diffraction peaks 
corresponding to the LiMn,O, phase with 
a = 8.23 A (as reported in the literature (17)) 
remain, indicating that this phase can be 
obtained at temperatures as low as 300°C. 

For 0.5 < r < 1, the LiMn,O, spine1 struc- 
ture is mainly obtained without any change 
in the lattice parameters with increasing 
amounts of Li in the starting materials. Dur- 
ing the first steps of the decomposition, 
Mn,O, , which transforms to LiMn,O, upon 
heating for 12 hr at 300°C is observed. At 
higher temperatures (>4OO”C), an orange 
phase (Li,MnO,), as determined by X-ray 
analysis, is obtained at the surface of the 
powders. In addition, infrared spectroscopy 
on an acetate precipitate of nominal compo- 
sition Li,Mn,O, heat-treated at tempera- 
tures above 400°C (Fig. 3c) shows the pres- 
ence of carbonate groups that are not ob- 
served on an acetate precipitate of nominal 
composition LiMn,O, heated at similar tem- 
peratures (Fig. 3b). Thus, the decomposi- 
tion of the xerogel as a function of tempera- 
ture with a Li/Mn = 1 ratio (r = l), can 
then be written as 

Li,Mn,(OAc),(OH), a L&CO, 
+ y-Mn,O, + * * . volatile products 

then 

- l/2 L&CO, 
+ LiMn,O, + * * * volatile products 

z 2/3 Li,MnO, 
+ 2/3 LiMn,O, + . * * volatile products 

It is obvious from the previous experiments 
that the “Li,Mn,O,” phase (of potential in- 
terest for rocking-chair batteries) is not sta- 
ble compared to the Li,C03, LiMn,04, and 
Li,Mn,O, phases when the samples are an- 
nealed in air. This is consistent with the 
observation that chemically prepared 
Li,Mn,04 decomposed at 300°C when 
heated in an oxygen ambient (13). In con- 

trast, we have shown that in a nonoxidizing 
ambient (argon), this phase does not decom- 
pose until temperatures greater than 500°C 
are reached. We studied the effect of anneal- 
ing at 400°C for 3 hr for several Li/transition- 
metal ratios (or r values), in various low 
oxygen pressures (P(0,) = 4, 2, 0.5, 0.1% 
in argon). Independent of the r values or of 
the partial pressure of oxygen, the resulting 
materials were always multiphase with 
LiMn,O, as the main phase and either cubic 
MnO or the orange phase Li,MnO, as sec- 
ondary phases. We previously showed that 
the first product of decomposition of an ace- 
tate precipitate heated in an argon ambient 
is Li,CO,, which is stable with respect to 
other Mn-0 phases until T > 500°C. We 
believe that it is L&CO, which prevents the 
formation of the Li,Mn,O, phase even 
though this phase was reported to be stable 
in argon until 500°C. We thus concluded that 
the direct synthesis of Li,Mn,O, from ace- 
tates is impossible, independent of the ambi- 
ent used. This result shows a discrepancy 
with the work of S. Bach et al. (12) in which 
they claim to obtain the Li,Mn,O, phase 
upon heating the mixture at temperatures 
above 930°C. However, the X-ray diffrac- 
tion patterns published by these authors 
(Fig. 3b, Ref. (12)) unambiguously prove 
that the Li,Mn,04 phase that they obtain at 
this temperature is not the spine1 structure 
but the layered phase LiMnO, . 

From this study we conclude that op- 
erating in argon or having a Li/M ratio 
greater than 0.5 yields the formation of 
L&CO,, which shifts the formation of 
LiMn,O, toward higher temperatures. The 
lower synthesis temperature (300°C) was 
achieved upon annealing in air an acetate 
precipitate having r = 0.5. To determine 
how the annealing temperature of the pre- 
cipitate affects the morphology and crys- 
tallinity of the resulting LiMn,O, powders, 
a systematic study was undertaken. F’recipi- 
tates having r = 0.5 were separately an- 
nealed for 24 hr at temperatures of 300,400, 
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FIG. 4. X-ray powder diffraction patterns for LiMn,O, as a function of the synthesis temperatures; 
300, 400, 500, 600, and 800°C. The Miller indices are given for each Bragg peak. 

500, 600, and 800°C cooled, ground, should be linear if the strain and domain-size 
pressed into pellets, and reannealed for an- broadening add as a Gaussian convolution, 
other 24 hr at similar temperatures. The X- and if so, the intercept with the origin gives 
ray diffractograms of these powders are the structural coherence length (domain- 
shown in Fig. 4. Note that the spine1 phase size) while the slope provides the residual 
forms at T = 300°C and that with increasing strain (14). Our data indicate that the inter- 
annealing temperatures the position of the cept remains more or less of the same order 
Bragg diffraction peaks remain unchanged within the accuracy of our measurements 
in contrast to their width, which sharpens (strongly limited by the small number of 
continuously with increasing T. It is also peaks (three) that are used), suggesting no 
interesting to note, for samples prepared at drastic changes in the domain size between 
low temperatures, that the widths of the compounds prepared at 500 and 800°C. How- 
Bragg peaks increase noticeably with in- ever, we note a drastic change in the slope of 
creasing scattering angle, suggesting the the lines, namely a decrease in the slope with 
presence of residual strain. In Fig. 5 we plot- increasing temperature indicating a much 
ted B(20) * cos* (0) (where B(20) is the larger residual strain in the samples prepared 
width of the Bragg peak at half of its maxi- at 500°C than at 800°C. We conclude that re- 
mum intensity) as a function of sin* (0) for sidual strain rather than particle size is gov- 
the samples made at 800,600, and 500°C. It erning the changes in the width of the Bragg 
has been demonstrated that such a plot peaks observed as a function of temperature. 
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FIG. 5. The linewidth at half intensity B(20) of the 
Bragg peaks multiplied by cos* (0) is plotted as a func- 
tion of sin* ((3) for the LiMn20d samples prepared at 
400, 500, 600, and 800°C from acetates and at 800°C 
from oxides. 

The residual strain may arise from defects 
such as composition inhomogeneities, cat- 
ionic or anionic nonstoichiometry, grain 
boundaries, or polymorphism (MnO, is well 
known for this (25)) that vanish with increas- 
ing temperature as one usually expects. 

(b) Electron microscopy. The LiMn,O, 
powders prepared by heating the acetate 
precipitates at temperatures of 300, 400, 
500, 600, and 800°C were investigated by 
scanning electron microscopy @EM). Fig- 
ures 6a and 6b show only the most charac- 
teristic micrographs. The powders contain 
crystallites exhibiting cubic crystal facets at 
temperatures as low as 300°C with grain 
size ranging from 10.03 to 0.1 pm (Fig. 6a). 
At higher temperatures, growth kinetics are 
favored and larger grains are observed as 
the annealing temperature is increased so 
that for a sample heated at 800°C the grain 
size ranges from 0.1 to 3 pm (Fig. 6b). This 
factor of 10 in the particle size observed 
between samples prepared at 300 and 800°C 
by no means can account for the large 
change in the width of the Bragg peak ob- 
served by X-rays between the two samples. 
Both X-ray and SEM studies show that by 
simply varying the thermal processing 

(time, temperature, and the heating steps 
sequence) LiMn204 powders with a wide 
variety of defect and microcrystallite mor- 
phologies could be obtained. Next, we show 
the effect of processing conditions on elec- 
trochemical properties. 

(c) Cycling behauior. The resulting 
LiMn,O, powders prepared at 300,400,500, 
600, and 800°C were studied for their Li 
intercalation properties using swagelock 
test cells (16) assembled in a helium dry- 
box. About 20 mg of LiMn,O, powders were 
mixed with 10% black carbon, pressed into 
a pellet, and used as the positive electrode. 
Lithium metal was used as the negative elec- 
trode. Both electrodes were separated by a 
porous glass filter soaked in an electrolyte 
made by dissolving 1 M LiC104 + 1 M 12- 
crown-4 ether in propylene carbonate. The 
assembled cells containing LiMn,O, pow- 
ders synthesized at various temperatures 
were automatically tested and equivalently 
charged and discharged at constant current 
rate while the potential was monitored as a 
function of time. The composition is auto- 
matically calculated from the current, the 
mass of the cathode, and the elapsed time. 
The cycling data for these cells over the 
range of potential 4.5-3.5 V (correspond- 
ing to the first Li intercalation plateau 
(LiMn,O, t, h-MnO,)) and over the poten- 
tial range 3.5-2.2 V (corresponding to the 
second Li intercalation plateau (LiMn,O, ++ 
Li,Mn,O,)) are shown in Figs. 7a and 7b, 
respectively. A general remark is that the 
shape of the charge and discharge curves for 
each potential range are characteristic of the 
manganese-oxide spine1 structure (9, 17, 28) 
even for the sample annealed at 300°C (II). 
Note that when considering the first interca- 
lation plateau at 4.0 V for the 300°C sample 
that the capacity is lower than expected and 
the polarization is larger. This can be related 
to the presence of unreacted Mn,O, or most 
likely to defects in the structure. The 400°C 
sample shows larger capacity and less polar- 
ization. Upon further increasing of the syn- 
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FIG. 6. Scanning electron micrographs for LiMn204 samples heat-treated at (a) 300°C and (b) 800°C. 

thesis temperature of the positive electrode, 
the capacity of the cells increases from 64 
to 78% when a cathode made at 400°C is 
replaced by a cathode made at 800°C. In 
contrast, the reverse trend is observed when 
the cells are cycled around the second Li 
intercalation plateau (3.5-2.2 V). Indeed, 
the largest capacity and the best cycling be- 
havior is observed when LiMn,O, was syn- 
thesized at 300°C. 

We have previously shown that a cell us- 
ing LiMn,O, as the positive electrode shows 
poor reversibility over the same range of 
voltage (3.5-2.2 V) and this behavior was 
ascribed to the large volume change (12%) 
between the LiMn,O, and the Li,Mn,O, 
phases. The fact that our samples made at 
300°C show very good reversibility with re- 
spect to Li intercalation at this voltage range 
may suggest (i) that by increasing the 
amount of defects it becomes easier for the 
material to accomodate the 12% volume 
change associated with the intercalation 

process or, more likely, (ii) that by using the 
low-temperature synthesis one may favor 
the formation of a small amount of amor- 
phous or badly crystallized phase at the 
grain boundary (nondetectable by X-ray 
analysis) that could intercalate Li reversibly 
over this range of potential. We should re- 
call that cells using a positive electrode of 
unknown crystal structure, made by heating 
a mixture of LiOH + MnO, (EMD) at 
400°C have also shown good cyclability 
over this range of potential. The presence 
of this unknown phase will not affect the 
capacity of the cells when cycled between 
3.5 and 2.2 V but should affect the capacity 
of the 4.5-3.2 V range, consistent with our 
experimental data. The typical cycling be- 
havior of a cell using LiMn,O, synthesized 
at 400°C as the positive electrode between 
4.5 and 2 V is shown in Fig. 8a. The charge 
and discharge curves are similar to those 
previously reported for cells using a 
LiMn,O, phase prepared at temperatures of 
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FIG, 7. Cycling data at a current rate of 600 ~Alcm2 between 4.5 and 3.5 V (a) and between 3.5 and 
2.2 V (b) for cells using LiMnzOd powders annealed at 300, 400, 500, 600, and 800°C as positive 
electrodes. 

800°C as the positive electrode, indicating 
that the impurity phase that may be respon- 
sible for the loss of capacity at 4 V has van- 
ished upon heating the sample to 400°C. 

Finally, another advantage of the solution 
synthesis technique over solid state reac- 
tions is that thick films could be made, and 
in Fig. 8b we report the cycling behavior of 
one of these films, 10 pm thick, that has 
been made by dipping a stainless steel sub- 
strate into a viscous acetate aqueous solu- 
tion, dried in air, and then heated in air for 
16 hr at 600°C. The cycling data obtained 
using these films as the positive electrode 
are similar to those measured for bulk. 
These results indicate that this material can 
be shaped in various forms without affecting 
its electrochemical behavior. 

(ZZ) Synthesis of the Layered LiMO, 
Phases (M = Ni, Co) 

We have applied a similar solution tech- 
nique to the synthesis of other Li containing 
materials such as LiMO, (M = Ni, Co) of 
potential interest for the development of 
rocking-chair batteries. For Co, using the 
acetates as the precursors, the LiCoO, 
phase is obtained starting from 300°C after 
12 hr. For Ni, independent of the starting 
composition, the processing temperature, 
and the time of treatment, we always ob- 
tained L&CO, and NiO as the resulting 
phases. Dahn et al. (19) succeeded in form- 
ing the Li,NiO, at 650°C but never formed 
lithium carbonate. We may conclude that 
the decomposition of acetates into carbon- 
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FIG. 8. Typical cycling behavior over the potential 
range 4.5-2.2 V at a current rate of 800 PA/cm* for 
cells using LiMnzOd synthesized at 400°C as the positive 
electrode is shown in a. In b the cycling behavior be- 
tween 4.5 and 3.5 V at a current rate of 40 PA/cm* is 
shown for a cell using a 10 pm LiMn20A thick film 
prepared by dipping (see text). 

ates leads to the formation of lithium car- 
bonate, which is stable toward reaction with 
nickel oxide. Indeed, starting from nitrates, 
the LiNiO, phase can be obtained but with- 
out any real decrease of the reaction temper- 
ature as compared to the solid state synthe- 
sis already described (29). This is related to 
the poor reactivity of the nitrates as already 
demonstrated in the case of manganese (II). 
In all of these phases, the 3d transition metal 
has an oxidation state equal or greater than 
3. Such a high oxidation state for the 3d 
metal is possible within an oxide framework 

structure. Therefore, the difficulty of 
achieving this oxidation state increases with 
3d metals further to the right in the periodic 
table (for instance it is extremely difficult 
to prepare compounds with CU+~). This 
observation may explain the better reactiv- 
ity of cobalt and manganese acetates com- 
pared to nickel, in forming a phase in which 
the 3d metal has to be + 3. The use of oxygen 
pressure should favor the stability of Nif3 
and thereby the stability of the layered 
phase LiNiO, . We are presently investigat- 
ing the annealing of acetate nitrate precipi- 
tates under oxygen pressure. 

(ZZZ) Synthesis of Na Containing Phases 

Finally, we further show the versatility of 
the acetate precursor route by synthesis 
studies of the Na,Mn,04 system. Acetates 
and NaOH instead of LiOH was used to pre- 
pare the composition with x = 1 (a systema- 
tic study of the composition effect will be de- 
scribed elsewhere). The X-ray pattern of a 
sample of nominal composition NaMn,O, , 
heat-treated at various temperatures, is 
shown in Fig. 9. The xerogel is amorphous 
below 200°C but at T = 200°C exhibits the 
same exothermic reaction as in the Li case. 
It yields a poorly crystallized material whose 
X-ray pattern, given in Fig. 9a, cannot be at- 
tributed to any known phases. Its corre- 
sponding electrochemical behavior in the 
case of sodium intercalation is shown in Fig. 
10a. A smooth and continuous decrease of 
the voltage is observed during the intercala- 
tion. Note also that it is impossible to remove 
more than 0.25 Na per Mn from the starting 
composition. This yields a formula Na,,,, 
MnO,. This phase transforms upon heat- 
treatment at higher temperature (850°C) 
to the structure of the Na,,,,MnO, phase de- 
scribed by J. P. Parent et al. (20) as shown 
by X-ray diffraction studies in Fig. 9c. This 
structure exhibits interesting electrochemi- 
cal behavior characterized by many phase 
transitions during the intercalation of sodium 
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FIG. 9. X-ray powder diffraction pattern of materials 
of nominal composition NaMn,O, heat-treated at (A) 
4OO”C, (B) 6WC, and (C) 850°C. 

as shown in Fig. lob. The nature of these 
transitions will be described elsewhere. 

Conclusion 

The synthesis of oxides from aqueous so- 
lutions offers a low-cost, versatile low-tem- 
perature method for producing powders 
with small grain sizes that may lead to im- 

better rechargeability. We have shown that 
the use of transition-metal acetates carefully 
hydrolyzed by raising the pH of the solution 
with mixtures of lithium and ammonium hy- 
droxides yields homogeneous precipitates 
and gels. However, a phase separation oc- 
curs upon heat treatment between lithium 
carbonate and the transition-metal oxide. 
The powders remain very reactive in the 
case of Mn and Co and yield submicron par- 
ticles of intercalation compounds. Nickel 
remains unreactive. The control of the con- 
centration and the aging of the solution 
yields gels having a viscosity which is suit- 
able for thick-film deposition using spin 
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FIG. 10. The cycling behavior of cells using the mate- 
rial of nominal composition NaMn20d heat-treated at 
400 and 850°C as positive electrodes is shown in a and 
b. reseectivelv. proved electrochemical properties, namely _ _ 
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coating, as demonstrated in the case of lith- 
ium manganese oxide. This would offer a 
low-cost process for covering large areas of 
electrode material for film cells. 
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