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Abstract An ion layer gas reaction (ILGAR) dip-coating
process for the deposition of homogeneous spinel struc-
tured Li;CoMn;0g thin layers has been developed. Thin
film cathodes for use in high-energy density lithium
batteries with thicknesses of about 200 nm have been
prepared. The films were found to be X-ray amorphous
after preparation. After annealing at 700°C in air for 2 h,
the spinel structure of Li,CoMn30g was observed by X-ray
diffraction analysis. The composition of the surface was
studied by XPS, which indicated enhanced Li and Mn
concentrations as a result of the rinsing process and
different solubilities of the precursor salts. The electro-
chemical behavior was investigated by separating the
annealed electrode sample from a conventional organic
lithium ion-conducting electrolyte by a layer of LiPON
solid electrolyte and using elemental lithium as counter
electrode. A capacity of 110.8 mAh/g was observed which
is related to the valence changes of Mn and Co in the spinel
structure.
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Introduction

Rechargeable all-solid-state lithium batteries allow high-
density energy storage with high chemical and electrochem-
ical stabilities in combination with several solid electrolytes.
Cathode materials with voltages more than 4 V vs. elemental
lithium are applicable but cannot be used in combination
with common liquid organic electrolytes [ 1-3]. Furthermore,
stacks of thin films allow the formation of large electrolyte/
electrode interfaces for batteries with high-power density.
These films can be deposited directly onto electronic chips
or chip packages of any shape or size, and flexible batteries
can be made by printing onto plastics, thin metal foil or
even paper [4].

For high-energy density batteries, different cathode
materials have been investigated. Most of them are related
to spinel-structured lithium manganese oxides with the
general formula Li,Me Mn,Og (Me = Co, Ni, Fe, Cr, or
Cu) [5-17]. In this family of materials, the cobalt member
with the stoichiometric formula Li,CoMn3;Og shows
presently the best performance [12] in view of reversible
lithium intercalation. De-intercalation of lithium from spinel-
structured lithium manganese oxides starts at a voltage of
approximately 4 V. This voltage corresponds to the Gibbs
energy of oxidation of Mn>" to Mn**. In case of the presence
of Co, a second voltage of approximately 4.8 V is observed
due to the oxidation of Co>" to Co*". For Li,CoMn;0s, a
specific capacity of 130 mAhg ' has been reported [12].

The present article reports a new preparation method for
spinel-structured high-energy density cathode layers for
lithium thin film batteries by the ion layer gas reaction
(ILGAR) process. This is a low-cost thin-layer deposition
technique which so far has successfully been used in the field
of photovoltaics. The process allows preparation of homoge-
neous films on flat or rough substrates of any shape [20].
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ILGAR technique

The ion layer gas reaction method was initially developed
for the deposition of thin metal sulfide layers and was later
extended to metal oxides. Both ILGAR sulfide and oxide
layers are successfully used in chalcopyrite thin film solar
cells resulting in excellent cell efficiencies. [18-21]. The
cyclic ILGAR process [22-24] combines a wet-chemical
coating with a solid—gas reaction. In a first step, a solid film
of a metal precursor salt (“ion layer”) is deposited by
dipping the substrate into a metal salt solution. Secondly,
the dry and solid precursor layer is chemically converted to
the corresponding hydroxides by exposure to the reaction
gas (“gas reaction”). The hydroxides undergo dehydration
to the desired oxide according to the following equations:

M+ tzOgas + xNH; gas M(OH)x soli
2M (OH), — xM, ;O + xH,0
(M™ = Li",Mn?*, Co**)

4 +xNHJ,

Thirdly, the as-prepared layer is dipped into a rinsing
solution for removing by-products (e.g., NH4Cl in case of
chlorides) and unconverted reactants. Steps 1-3 are repeated
cyclically until the desired thickness is reached. Between
steps 1 and 2, a cooling and drying step by an inert gas
stream can be added if necessary. This process is shown
schematically in Fig. 1 and has been automated by an x—y—z
robot. Since the growth rate per cycle is constant, the film
thickness can be easily controlled and reproduced. Recent-
ly, the precursor solution has been also applied by spraying,
which allows also large area and tape coating [25].

Experimental
For the investigation of Li,CoMn;Og prepared by ILGAR,
three different types of substrates were used: quartz

Fig. 1 Schematic illustration of
the dip-ILGAR process

substrates for XRD measurements (XRD 3003, Seifert,
Ahrensburg), Pt-coated Al,O3 (2.54 cm x 2.54 c¢m) for
the gravimetric determination of the deposition rate and
Au-coated Al,O; for the electrochemical investigations
(3.5 cm x 3.5 cm). All substrates were cleaned with iso-
propanol in an ultrasonic bath before deposition.

The precursor solution consisted of 10 mmol (1.61 g)
MnCl,2H,0 (Merck), 2.75 mmol (1.02 g) Co(ClO4)6H,0,
and 25 mmol (1.06 g) LiCl (Merck) dissolved in a
mixture of 125 ml ethanol (99.9% Sigma-Aldrich) and
125 ml distilled water. The dissolution was enhanced in
an ultrasonic bath. A clean substrate was first dipped into
the precursor solution, then moved to the oven for the gas
reaction. The gas reaction phase for each cycle took place
at 200°C in a stream of ammonia and water vapor, obtained
by bubbling nitrogen through an aqueous ammonia solution
for 60 s. Afterwards, the sample was rinsed in a 100-mM
solution of LiOH (Merck) in ethanol (99.9% Sigma-Aldrich)
to remove adsorbed ammonium chloride and perchlorate,
respectively, as well as to prevent Li depletion. In some
experiments, the surfactant “Triton X-100" (concentrate,
Sigma-Aldrich) was added to the precursor solution (7.5 x
107* M) to study its effect on the surface morphology.

For XPS measurements, an Al K, source and a CLAM4
electron spectrometer (Thermo VG Scientific) were used in
the CISSY-UHV-facility.

For electrochemical investigation, a computer-controlled
galvanostat/potentiostat (PG 1.0, Ionic Systems, Stuttgart)
was used in galvanostatic mode. All investigations were
carried out employing samples, which were deposited on
Au thin films with a film thickness of about 200 nm. The
samples were annealed after preparation at 700°C in air for
2 h. To avoid the direct contact between the liquid
electrolyte and the Li,CoMn3Og film, a thin solid electro-
lyte LiPON layer was sputtered on top of the cathode [3].
The electrochemical measurements were performed in an
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argon gas-filled glove-box. Interactions with traces of
oxidizing or reducing gases were avoided by encapsulation
of the galvanic cell. The sample was housed in a stainless
steel container. A microporous membrane soaked-in with
commercial electrolyte “Merck ZV 1352” was placed on
top of the sample. A small sheet of lithium foil was applied
as counter electrode. After assembling, the cell was closed
with a Teflon cap. The cell arrangement was loaded for
better electrical contact by a stainless steel cover. Electrical
leads to the sample were made by a spring-loaded gold pin
through a small hole in the cap.

Results

The thin films obtained with the ILGAR method were
characterized with regard to the deposition rate, crystal
structure, surface morphology, and electrochemical behavior.

Deposition rate In order to find the optimum deposition
temperature, the deposition rate of the films was determined
gravimetrically. Since the molar mass of Li,Mn3CoOyg is
quite high and the thickness of the film can reach 250-
300 nm (30 dipping cycles), an analytical balance is
sufficient to obtain an accurate growth rate of the films.
For this purpose, samples were prepared on Pt thin films at
reaction temperatures of 100, 200, 275°C for 60 s per cycle
using the precursor solution without adding a wetting agent.
After every fifth cycle, the mass of the samples was
measured. The results are shown in Fig. 2. From the slopes
of the fitted lines, the deposition rates were calculated
(Table 1). The fact that the curves do not go through the
zero point might be due to errors in the tare weights.
However, this does not cause a problem, since the slopes of
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Fig. 2 Gravimetrically determined deposition rates of Li,CoMn;Og at

different deposition temperatures (100, 200, and 275 °C). Substrate: Pt
sputtered onto Al,O5

Table 1 Gravimetrically determined deposition rates of Li,Mn3CoOg
films prepared by ILGAR on Pt thin films (2.54 cm x 2.54 cm)

Temperature 7' (°C) Depostion rate, mg/(cm? cycle)

100 5.4x107+7.4x107
200 8.8x107+7.4x107
275 5.1x10°+7.4x107*

the curves are not affected. The entire deposition process
took about 90min.

Crystal structure The XRD patterns of two different
samples were taken in grazing incidence mode. All samples
were prepared during 20 cycles on quartz substrates. The
results are shown in Fig. 3. The first sample (a) was
prepared at a reaction temperature of 200°C for 60 s, each
cycle using the precursor solution without wetting agent.
The XRD shows an X-ray amorphous behavior. After
annealing in air at 700°C for 2 h, an XRD pattern was
observed (b), which could be assigned to the cubic spinel
phase of Li,CoMn30g according to JCPDS 48 261. The
second sample (c) was prepared in the same way as sample
(a), but using a precursor solution with the addition of the
wetting agent “Triton X-100" (7.5 x 10~*M). This sample
was annealed in air at 700°C for 2 h immediately after
preparation. The composition is less pure than sample c.

Morphology Sometimes, horizontal stripes were observed
on the sample surfaces. To improve homogeneity, two
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Fig. 3 XRD patterns of the deposited layers on quartz substrates: a
sample prepared without wetting agent at 200 °C (as prepared), b
sample prepared without wetting agent at 200 °C (annealed at 700 °C),
¢ sample prepared with wetting agent Triton X-100 (C=5x10"* mol/l)
at 200 °C (annealed at 700 °C), d pattern of JCPDS card No 48: 261
for Li,CoMn;0g
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Fig. 4 Light microscope images
of ILGAR Li,CoMn;Og. Left:
Sample prepared without wet-
ting agent. Right: Sample pre-
pared with wetting agent

approaches were used, both using standard deposition
conditions on polished Al,O; substrates at a reaction
temperature of 200°C. The surface morphology was first
investigated with a light microscope (Fig. 4). In the first
approach, a sample, processed using the standard precursor
solution, was rotated rotated by 90° five times during
preparation (Fig. 4, left). An alternative approach to improve
homogeneity was to improve the wetting properties of the
aqueous/alcoholic solution. For this purpose, the wetting
agent “Triton X-100” (¢ = 7.5 x 10*M) was added to the
precursor solution. The light microscope image of the
resulting film is shown in Fig. 4, right.

SEM pictures were taken for investigating the micro-
structure (Fig. 5). For that purpose samples were prepared
on Pt plates without wetting agent for 20 cycles at a
reaction temperature of 200°C. After annealing in air at
700°C for 2 h, the sample shows an agglomerated structure.

The SEM cross-sections of these samples are shown in
Fig. 6. The thicknesses of the films are in the range of
200 nm after annealing.

Surface Composition The surface compositions were ana-
lyzed with XPS. The samples were prepared by 20 cycles
at a reaction temperature of 200°C on Pt plates. For
comparison, a powder sample was prepared according to
[2]. The overview spectra are shown in Fig. 7. The XPS
signals of the elements Li, Co, Mn, and oxygen were found

Fig. 5 SEM top view images of
Li,CoMn;0g samples prepared
at 200 °C using the precursor
solution without adding wetting
agent Triton X-100. Lefi: As-
prepared; Right: Annealed for

2 h in air at 700 °C

200nm

@ Springer

for all samples. From the peak areas, the elemental ratio of
Li:Co:Mn at the surface was calculated to be

before annealing: Li:Co:Mn = 28: 1.3: 1,
after annealing: Li:Co:Mn = 57: 1: 3.4.

Besides the XPS signals of the elements of the spinel,
the peaks of some impurities such as Na, Cl, C, N, and Mo
were observed.

Electrochemistry Immediately after assembling the cell
encapsulated into a stainless steel container with a teflon
cover, as shown in Fig. 8, a potential of about 3.75 V was
observed. During charging, a constant current of / = 200pA
was applied. The charging curve of the first cycle is shown
in Fig. 9. The period from 1,000 to about 4,700 s is related
to the valence change of manganese. During this process,
Mn" is oxidized to Mn"". This resulted in a final potential
of about 4.5 V. Subsequently, a voltage step can be seen
from 4.5 to 4.8 V. This may be attributed to the starting
valence change of cobalt. During this process, Co'™ is
oxidized to Co'. After 6,700 s, the oxidation of Co' is
completed with a final voltage of 5 V. The specific capacity
for the charging process is C=110.8 mAh/g.

After the charging process, the reverse current of /=
—200 pA was applied, and the battery was discharged.

200nm
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Fig. 6 SEM cross-section
images of Li,CoMn;0g samples
prepared at 200° using the pre-
cursor solution without wetting
agent Triton X-100. Lefi: As-
prepared; Right: Annealed for

2 h in air at 700 °C

300nm

Instantaneously, a large IR drop from 5 to 3.3 V was
observed. It is obvious that the discharging process is much
shorter than the charging process, and the starting as well as
the final electrostatic potentials are lower than in the case of
charging.

From the charge transport for the two oxidation
processes, atomic Mn to Co ratios in the cathode were
calculated to be Mn:Co=2.0:1 for the charging process and
Mn:Co=2.3:1 for the discharging process.

Discussion

Li,CoMn;0g thin films could be prepared by ILGAR. The
surface composition was measured by XPS. Ratios of Li:
Co:Mn=28:1.3:1 for the as-prepared sample and Li:Co:Mn=
57:1:3.4 for the crystalline sample were calculated. The
measured high excess of lithium can be explained by the fact
that the samples were rinsed in a lithium hydroxide-containing
solution during the last process step. Thus, lithium is highly
concentrated in the surface layer and does not reflect the bulk
composition.

The measured difference in the ratio of Co:Mn can be
explained by the different solubility of MnCl, and Co
(ClOy,), in the precursor solution. During the evaporation of
the solvents from the liquid precursor film, at first, the less

A. liGaR-Li,CoMn;04, annealed in

air at 700 °C for 2h
B. lIGaR-Li,CoMn,0,, as prepared
OKLLC. Li,CoMnz0g powder

Intensity (a. u.)

1 1 L P | 1 L
1000 800 600 400 200 0
Binding Energy (eV)

Fig. 7 XP spectra of Li,CoMn;0g prepared by ILGAR, as deposited
(b), after annealing (a) as well as powder preparation (c)

soluble MnCl, is precipitating on the substrate, followed by
the better soluble Co(ClOy4),. Thus, a layered microstruc-
ture of a manganese layer with a cobalt-rich layer on top is
obtained. During annealing, the elements of these micro-
layers interdiffuse, so that a homogeneous distribution of
cobalt and manganese ions is obtained within the film after
crystallization.

The Co>":Mn’" ratios of 1:1.9 and 1:2.3 determined
from the electrochemical measurements for charging and
discharging, respectively, take into account that only Mn>"
and Co>" ions are present. However, both Mn and Co have
a formal valence of 3.5 in the spinel structure (A,B4Og) of
Li,CoMn3Og since both are placed on the B-site in
A,B,Oq, ie., B* and B*" are contained in A,B4Og in a
ratio of 1:1. Since Mn*" is slightly more stable than Co*", it
is favorable that Li,CoMn;Og contains more Mn*" than
Co*". Thus, the measured Co>":Mn>" ratio is slightly shifted
to a higher content of Co than that measured by XPS.

The two alternatives for improving the homogeneity
were constructive. Often, structural stripes at the surface of
the layers were observed. One reason may be small waves
in the bath generated by moving the sample or insufficient
wetting of the aqueous-alcoholic solution. When the sample
was turned around by 90° several times during the process,
the microscopic image still showed stripes, but now crossing
under an angle of 90° and were much less pronounced than
without rotating The addition of the wetting agent Triton X-
100 improved the homogeneity without turning the sample.
Thus, this allows more homogeneous coatings of other
materials with aqueous solvents using the Dip-ILGAR
process.

The charging curve of the galvanic cell

Pt|Li; CoMn;Og |LiPON]electrolyte(liq. ) |Li

shows two voltage plateaus at cell voltages of 3.8—4.1 and
4.8-5.0 V. The lower one could be assigned to the
oxidation of Mn®" to Mn*", the higher one to the oxidation
of Co®" to Co*". The specific capacity was calculated from
the charging time to be C=110.8 mAh/g. This value
matches the specific capacity given in the literature [12]
within the limit of error.

The large voltage drops observed upon changing the
direction of the current may be attributed to a high inner
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Fig. 8 Schematic representation of the galvanic cell arrangement for electrochemical measurements

cell resistance and to the polarization of the interfaces
between the electrolyte and the electrodes. The bulk
resistance of the thin LiPON layer should only contribute
a few millivolts to the voltage drop. It is likely that the
organic electrolyte has been partially decomposed due to
the high voltages applied during charging, which may have
produced almost nonconducting layers at the interfaces
between the electrodes and the electrolyte. Furthermore, the
low diffusion coefficient of lithium intercalation in Li,.
CoMn;0g may have rapidly polarized this electrode of the
galvanic cell. This polarization of Li,CoMn3;Og may be also
one reason for the observed lower capacity of the cell upon
discharge compared to the charging process.

Another reason for the lower discharging than charging
capacity may be the partial loss of oxygen of the Li,CoMn;Og
electrode, which is a result of the increasing oxygen activity
at the very low lithium activity when the cell is charged at
high voltages according to the Duhem—Margules relationship.

T 1 T T 7T — T T T T
-/-

mnCo
m Mn I‘L/
Mn .—l/.
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| PYILGAR Li,CoMn3Og4/LiPON/Electrolyte (I)/Lil\ 1
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t/1000s

10 11

Fig. 9 Charging and discharging voltages of ILGAR prepared
Li,CoMn;0g vs. elemental lithium as a function of time upon
applying a constant electrical current of 200 pA
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As a consequence, the valence of manganese and cobalt will
change independently of the uptake or loss of lithium.
Finally, it should be taken into account that the amount
of organic electrolyte is large compared to the amount of
Li,CoMn;0g. With a density of 4.8 g/cm® of the sample,
the mass ratio of active electrode material to electrolyte,
My i>comn308:Meicetrolytes 18 about 3 < 1075, This means that a
small variation in the stoichiometry of the electrolyte in the
range of 10 %% corresponds to a change of x=0.12 for x in
Li,CoMn;Og or a loss in specific capacity of 0.1%.

Conclusions

A new method for the preparation of Li,CoMn3Og thin
films for use in high-energy density lithium batteries has
been developed. This ILGAR technique is fast, simple, and
has low cost. It is the first time that a quaternary compound
has been deposited successfully by this technique. Two
alternatives, turning of the sample during the process and
addition of wetting agents, improve the layer homogeneity
in the case of poorly wetting aqueous precursor solutions.
Instead of dipping, also spraying can be used for the
application of the precursor solution [22], which is even
more favorable for industrial processes.

The obtained films show an X-ray amorphous micropo-
rous structure after deposition. After annealing at 700 °C in
air for 2 h, the desired spinel structure was observed. In an
electrochemical cell set-up, the charging and discharging
performance was analyzed. The specific capacity was C=
110.8 mAh /g upon charging.

The ILGAR technique is capable to produce cathode
films for liquid electrolyte and all-solid-state lithium
batteries. It seems reasonable to assume that also layers of
the other components of such batteries can be produced by
the ILGAR technique.
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