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Thin Film Lithium Batteries Prepared by Spray Pyrolysis 

P. Fragnaud and D.M. Schleich 
Lalxratoire de Genie Des Matexiaux, ISITEM 
La Chantrerie, 44087 Nantes Cedex 03, France 

Abstract. We have prepared thin film cathode materials and thin film electrolytes at temperatures 
ranging from 400"C to 600"C by a spray pyrolysis technique. The sols used to prepare the films 
are made from simple inorganic salts and non toxic, inexpensive diols. The sois can be sprayed in 
an air atmosphere to prepare films of the desired crystalline materials. 

1. Introduction 
Thin film techniques are extremely important in a wide 
range of solid state technologies. The thin film, all solid 
state, secondary battery is of interest for certain spe- 
cialized applications. The concept of a thin film solid 
state battery is not new and was demonstrated more than 
10 years ago [1,2]; however, there is renewed interest 
due to the special characteristics of such a device [3]. 

In general the thin film solid state battery is based 
on an intercalation cell. The major advantage of this all 
solid state cell is the large number of recharges that are 
available. Cell cycles in excess of 10,000 have been 

observed in simple Li/TiS 2 cells [4]. This advantage 
occurs since there are no deleterious reactions between 
liquid electrolytes and the active electrodes. This lack of 

electrode/electrolyte interaction is perhaps even more 
important as one looks at cells capable of delivering 
more than 4.0 volts. In addition, since ionic mobility 
within the insertion electrodes can limit the rate of 
discharge within the cell, reducing the thickness of the 
components can limit the polarization occurring during 
high current densities. 

The published efforts on the preparation of thin film 
cells have been limited to physical vapor deposition 
techniques (sputtering, evaporation, laser ablation, 
molecular beam epitaxy etc.), and although these 
techniques are widely used in the semiconducting 
industry, we felt that a simple chemical process may 
have certain advantages. We have explored the 
deposition of active cathodes and lithium electrolytes by 

a simple, low cost spray pyrolysis technique. This 

process has allowed us to prepare a wide range of active 

cathodes (LiCoO 2, LiCOl.xNixO 2, LiMn204 and V205) 
as well as the lithium ion conductor .4Li3VO4/.6Li 4 
GeO 4 at temperatures as low as 450 "C. The particular 
cathode materials were chosen since they possess ex- 
cellent energy characteristics and they are all stable in 
air. The electrolyte was chosen because of its very good 
electrical conductivity (4 x 10 -5 at 18"C ) [4], its broad 
elecrochemical window and its high temperature capa- 

bilities [5]. 

2. Experimental Procedures 
Thin films of all the materials were obtained by spray- 
ing a sol onto a heated substrate. The spraying was 
accomplished with a simple air brush (Paasehe F#1), in 
air and the substrate was heated resistively. The con- 
centration of the sol was varied to modify the morpho- 
logy of the film. 

2.1 Cathode Sols. Sols of the desired lithiated metal 
oxide were prepared by reacting the simple hydrated tran- 
sition metal nitrate and lithium nitrate with propylene 
or ethylene glycol (all compounds were used as obtained 
from Aldrich Chemical Co.). Sols of vanadium oxide 
were obtained by reacting either VC14 or VOCI 3 with 
the desired diol. The solutions (0.01 - 0.4 M) obtained 
by dissolving the transition metal compounds were 
heated under flowing nitrogen at temperatures ranging 
from 90"C to 150"C for I-5 hours. All reactions were 
performed in air except those involving the hygroscopic 
vanadium compounds that must be performed in a dry 
box (warning the vanadium reaction is violent!). 
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Fig. 1. X-ray powder diffraction pattern of LiCoO 2 thin film on aluminum foil 
subs~'ate (500"C anneal for 18hours after spray onto 450"C substrate) 

2.2 Electrolyte Sol. The sol was prepared by adding 
GeCI 4 to propylene or ethylene glycol. This germanium 
containing sol is kept in a dry environment. A sol con- 
taining lithium and vanadium is prepared by adding an 

active vanadium compound (VC14 or VOCI3) and li- 
thium nitrate to propylene or ethylene glycol. This sol 
is then heated to dissolve the polymeric or oligomeric 
species formed. The germanium sol is now added to this 
vanadium/lithium sol and subseuently heated. 
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2.3 Electrolyte Sol Treatment. 
In order to obtain the desired 
compound it was necessary to re- 
move all chloride from the sol. 
This was accomplished by titra- 
tion with a silver nitrate solu- 
tion in a glycol solvent. After 
the chloride was removed by for- 
marion of an insoluble silver 
chloride precipitate, the silver 
ion conceration readily increased 
and was detected by an ion selec- 
tive electrode. The silver chloride 
precipitate was removed by ill- 
tratien after heating of the sol to 
increase particle size. 

We verified the polycrystal- 
line phases present by X-ray 
powder diffraction (Phillips 
XRD 3100, CuKct radiation, re- 
ference patterns from JCPDS 

files) and determined the characteristics of the precursors 
by thermal gravime~c analysis (TGA), differential 
scanning calorimetry (Perkin Elmer DSC-4) and Fourier 
transform infra red spectroscopy (Perkin Elmer 16 PC 
vr-IR). 

3. Results and Discussion 

3.1 Cathode Flms. The sols of LiCoO 2, LiCOl.xNixO2, 
and LiMn204 were sprayed directly onto heated sub- 
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Fig. 2. X-ray powder diffraction pattern of LiMn20 4 thin film on aluminum foil 
substzate (spray onto 450'C substrate, no anneal) 

strates (aluminum foil, gold foil, 
pyrex and silica). The tempera- 
ture of the heating plate used to 

heat these substrates was varied 
from 200"C to 550"C. At the 
lowest temperature the polyme- 
ric precursor is not entirely de- 
composed, whereas at the higher 
temperatures X-ray powder dif- 
fraction indicates that the desired 
phase is prepared without addit- 
ional annealing. Figs. 1 and 2 

show the X-ray powder diffrac- 
tion spectra of LiCoO 2 and 
LiMn204 films respectively on 
aluminum foil substrates. These 
films were sprayed onto sub- 

strates at 450"C. The LiCoO 2 
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Fig. 3. FTIR spectra of vacuum dried LiCoO 2 precursor (heavy line), and propylene 
g]yeol reagent (light line) 

f'flm was subsequently annealed at 500"C for 18 hours to 

increase crystallite size and thus one can observe the 
narrowing of the diffraction peak width. In all cases, 

independent of the substrate temperature during spray- 

ing, the desired phase was prepared as long as the film 

was subjected to a temperature greater than 400"C. Fur- 
ther annealing at either higher temperature or for longer 

times resulted in larger crystallite sizes. The substrate 
temperature during 

spraying substantially modifies the morphology and ad- 

hesion of the films. Spraying at low substrate tempe- 

ratures results in porous films with poor mechanical 
strength, whereas high temperature (i.e., > 400"C) spray- 

ing results in dense, tough films with good adhesion to 
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aluminum foil. 
FI'IR spectra were performed 

on the sols after vacuum elimi- 

nation of excess diol, serving as 
solvent, at 80"C. The resulting 
powders were mixed with KBr 

(1% by weigh0 and pressed into 

standard 1 cm pellets. The spec- 
trum of a LiCoO 2 precursor is 

shown in Fig. 3. The most stri- 
king features are the strong car- 

bonyl peak at 1640 cm -1, and 

the loss in the CH peak at 2860- 
2990 cm -1 present in the origi- 

nal glycol. 

Differential scanning calori- 
metry (DSC) and thermal gravi- 
medic analysis (TGA) were per- 

formed in an air atmosphere on 
the vacuum dried sols. Typical results are shown in 

Figs. 4 and 5. An initial decomposition is observed at 

approximately 200-220"C, followed by a second de- 
composition at 290-340"C. Both of these reactions are 

highly exothermic (340 cal/gram and 320 cal/gram 

respectively). We also performed a TGA under nitrogen 
on a larger sample size (70 mg rather than the usual 
loading of 10 mg of LiCoO 2 precursor). Under these 

conditions an extremely rapid one step decomposition 
occurs (see Fig. 6). X-ray diffraction of the sample after 

the TGA run verified the transformation to single phase 
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Fig. 4. Differential scanning calorimetry data of vacuum 
dried LiCoO 2 sol in an air aunosphere (5.9 mg, 10 deg/min) 

Fig. 5. Thermal gravime~'ic analysis of vacuum dried LiCoO 2 
sol in an air atmosphere (13 rag, 10 deg/min) 
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Fig. 6. Thermal gravhnetric analysis data of vacuum dried 
LiCoO 2 sol in a dry nitrogen atmosphere (70 rag, 10 deg/ 
rain) 
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Fig. 7 X-ray powder diffraction pattern of ALi a VO4/.6Li4GeO 4 powder 
prepared by removal of excess solvent at 200" and then firing at 580~ for 1 
minute 

LiCoO 2. Similar results were obtained for the lithium 

manganese spinel samples. It is our hypothesis, based 

on the TGA and DSC measurements, that when suffi- 
cient sample is present, to compensate for heat losses, a 
spontaneous self sustained combustion synthesis takes 

place with the onset of the first exothermic decompo- 
sition at about 200"C. This combustion process does 
not require atmospheric oxygen to pyrolyze the organic 

species and therefore can be extremely efficient at elimi- 
nating c~bon contamination. 

3.2 Electrolyte films. We have recently studied the 

electrc~bemical properties of the ionic conducting elec- 

trolyte 4Li3VO4/.6Li4GeO 4 and determined that this 

system would be a very appropriate electrolyte in a high 
voltage system. [6] We decided that the simple spray 

pyrolysis technique developed for the cathode systems 

should be explored for the low temperature (i.e., < 
600"C) thin film synthesis of this material. One definite 

advantage of this electrolyte system is that small chan- 
ges in stoichiometry have only minimal modifications 
on the conductivity and do not result in multiple phases. 

Initial experiments using sols prepared from lithium ni- 

trate, germanium tewachloride and vanadium tetrachlo- 
ride in propylene glycol did not yield a single phase ma- 

terial even after annealing at 800"C. However, after eli- 
minating all residual chloride with a silver nitrate titra- 

tion the thermal decomposition of the sol 

with a comsition of .4Li3VO4/.6Li 4 GeO 4 
resulted in single phase material at tem- 

peratures as low as 500"C. In Figs. 7 and 

8 are shown powder X-ray diffraction 

patterns of .4Li 3 VO4-.6Li4GeO 4 powder, 
and thin film sprayed onto an aluminum 

foil substrate. No annealing is required to 
obtain the desired phase; however, residual 

Li2CO 3 is usually obtained in the powder 

synthesis or if spraying is done onto a 
substrate at less than 400"C. 

4. C o n c l u s i o n s  
We have demonstrated that it is possible 

70 to prepare thin film solid state battery 
components by a simple chemical process. 
In addition, since the desired phases are ra- 
pidly prepared at low temperatures the risk 
of interdiffusion between the desired pha- 
ses is diminished. The solid state electro- 
lyte .4Li3VO4-.6Li4GeO 4 has been pre- 

pared as a thin film onto a variety of substrates in- 
cluding LiCoO 2 with no sign of substrate decom- 
position. In order to use this simple spray system to 
generate a working battery it is necessary to deposit an 
anode material that is also air stable and able to reversib- 
le intercalate lithium at a low voltage relative to lithium 
metal. Our future research is aimed in this direction. 
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Fig. 8. X-ray powder diffraction pattern of thin fdm .4Li3VO4/.6Li4GeO 4 
deposited on an AI substlate (spray onto 500"C substrate) 
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