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Abstract
Currently, interest to lithium and lithium-ion all-solid-state power sources
is rapidly growing all over the world. However, several issues should be ad-
dressed before all-solid-state batteries production: high resistance values of
the solid electrolyte membrane and poor contact between electrolyte and
electrode materials. The transition to thin-film technologies is one of the
promising ways to solve these problems. Tape casting can be proposed to
obtain thin-film solid electrolytes. In this research, the features of the struc-
ture formation, morphology and lithium-ion conductivity of Li;La;Zr,0:,
films were investigated. Li;La;Zr,0,, films with the thickness of 35 pm were
obtained by tape casting on Ni substrate. The influence of organic compo-
nents’ content on homogeneous coatings formation was established. Heat
treatment conditions for dried films were chosen based on differential scan-
ning calorimetry and optical dilatometry. Phase change from tetragonal to
cubic modification occurs after annealing the Li;La;Zr,0,, films at 700 °C
and higher. The annealed Li;La;Zr,0;, films have developed surface, which
can lead to improved contact between the solid electrolyte and an electrode in
an electrochemical cell. Li;La;Zr,0,, films annealed at 800 °C have the high-
est lithium-ion conductivity values (2.5:1077 and 1.5-107°> S-cm™ at 90 and
215 °C, respectively). The technology of Li;La;Zr,0:, films formation with
the thickness of ~23 pum by tape casting was developed.
Key findings
e Thin films of Li;LasZr»0:2 solid electrolyte were obtained by tape casting.

e The optimal heat treatment mode without films’ deformation was proposed.
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o The highest conductivity values were observed for the Li;La3Zr.0: film annealed at 800 °C - 1.5-1075 S-:cm™ at 215 °C.
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1. Introduction

Lithium power sources are in great demand in the modern
world. Currently, interest to lithium-ion and lithium all-
solid-state batteries (ASSB) is growing, because such power
sources possess stability at high temperatures, long life and
safety [1, 2]. Medium-temperature (up to 300 °C) batteries

for special applications operating in extreme conditions can
be created by transition from traditional lithium-ion batter-
ies to ASSB. In turn, transition to film structures in such
power sources opens up new opportunities for miniaturiza-
tion and material cost reduction in mass production. More-
over, electrolytic membrane thickness plays a crucial role
in the electrochemical performance of ASSB [3]. Thus, the
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development and use of solid electrolyte films and electro-
chemical devices based on them has a great potential for
various applications and is one of the most important tasks
of modern science and technology.

LiyLasZr2012 (LLZ) is one of the most promising lithium-
ion solid electrolytes for depositing films due to its electro-
chemical and physical properties. It is known that undoped
LLZ has two modifications: cubic and tetragonal. According
to the literature [4-8], transition from tetragonal to cubic
modification occurs in the range from 350 to 800 °C at var-
ious heat treatment conditions. Both modifications have
conductivity values of 10°°-10"7 S-cm™ at 25 °C. However,
addition of some doping element leads to stabilization of
highly conductive cubic structure of LLZ (1074 S-cm™ at
25 °C). Combination of stability in contact with lithium
metal and high ionic conductivity makes Li;LasZr.0i2 a very
attractive material for ASSB [9-11]. However, the presence
of mechanical defects and impurity phases can significantly
reduce conductivity of the thin-film electrolyte and thereby
worsen the electrochemical properties of assembled bat-
tery. To solve this problem, some methods for obtaining
single-phase homogeneous films of solid electrolyte should
be developed.

In the literature [12-21], different methods for obtain-
ing LLZ films are presented. For example, physical methods
include techniques based on evaporation or target spraying.
Thin-films hundreds of nanometers thick can be obtained
by spraying or vaporizing a target in vacuum [12, 13]. For
example, J. Tan and A. Tiwari successfully produced LLZ
thin films by pulsed laser deposition, which is based on tar-
get evaporation [13]. The freshly deposited films had an
amorphous structure with a thickness of ~1 um and showed
an ionic conductivity of 3.35-1077 S-cm™ at room tempera-
ture. Their annealing at 800 °C led to the cubic modifica-
formation up to
7.36-:1077S-cm™ at room temperature. Chemical methods

tion and conductivity growth
are also widely used for the film deposition [14, 15]. Films
with the thickness of several tens to hundreds of nanome-
ters can be formed by dip-coating and spin-coating. How-
ever, this requires preparing a precursor of a certain con-
centration. K. Tadanaga et al. [14] developed the solid elec-
trolyte precursor in the form of solution for dip-coating
technique. LiNO;5:La(NOs); 6H20:Zr(O-n-CsH;)4:Al(O-sec-
C4Hy)3:EAcAc:1-propanol in molar
7.7:3.0:2.0:0.3:4.0:50, respectively. The obtained coatings
also had the amorphous structure and the thickness of 1 pm.
The cubic modification of LLZ was obtained with a small

were mixed ratio

amount of LaAlO; impurity after heat treatment at 9oo °C.

It should be noted that these techniques are difficult to
implement due to expensive equipment and complex tech-
nical process. The obtained films have amorphous structure
and require additional heat treatment to form the necessary
structure. Unlike these techniques, electrochemical meth-
ods and ceramic technologies use solid electrolyte with the
already formed phase. The deposited coatings are com-
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pletely identical with the powder of initial material. For ex-
ample, we have recently shown that the electrophoretic
deposition method is a promising technique for producing
thin-film solid electrolytes based on LLZ [16]. LLZ films
with tetragonal modification and a thickness of 25 pym were
obtained on a Ti substrate.

Tape casting is one of the most widely used methods for
producing ceramic materials in the form of thin films or
sheets. This technique has significant advantages due to the
scalability and continuity of tape casting process. However,
the slurry composition must be carefully developed. Ac-
cording to the literature [17-19], fish oil (dispersant), pol-
yvinyl butyral (binder), butylbenzyl phthalate or polyeth-
ylene glycol (plasticizer) are the most popular components
of the slurry. Toluene, ethanol or isopropanol are used as
solvent. For example, E. Yi et al [17] obtained a thin-film
coating of cubic Lis.2sGao.2sLasZr.0:2. The suspension was
prepared on the basis of ethanol + acetone system by mix-
ing solid electrolyte powder with polyacrylic acid disper-
sant, polyvinyl butyral binder and butylbenzyl phthalate
plasticizer. After removal of organic components by heat
treatment at 1130 °C for 0.3 h, membrane thickness was
equal to 25 pm, and conductivity reached 1.3:1073 S-cm™ at
room temperature. R. Ye et al [20] developed a more envi-
ronmentally friendly slurry. They used environmentally
friendly components: methylcellulose binder and mixture
of plasticizers (polyethylene glycol + glycerol), which were
dissolved in distilled water. The samples obtained after
heat treatment demonstrated a total ionic conductivity of
1.5-1074 S-cm™" at room temperature.

It should be noted that in the literature only the studies
on doped LLZ films have been reported. It is well known that
stabilization of highly conductive cubic modification requires
the addition of some dopant (for example, Ga, Ta, ...) [21],
which lead to the complication of production process. How-
ever, the conductivity values of doped and undoped LLZ be-
come comparable at 300 °C [21]. So, transition to undoped
LiyLasZr20:2 for use in medium-temperature ASSB can sig-
nificantly reduce the cost of device manufacturing. No com-
plete study linking the parameters of technological mode
and postforming of LLZ solid electrolyte film of tetragonal
modification with its functional characteristics has been
presented in the literature.

The aim of our work is to study the features of structure
formation, morphology and conductivity of thin-film LLZ
solid electrolyte obtained by tape casting.

2. Materials and Methods

To prepare a slurry, solid electrolyte powder of LLZ was
synthesized by citrate-nitrate method. The slurry was ob-
tained by grinding a mixture of the starting components in
a ball mill (FRITSCH, Germany). The slurry components
were chosen based on the patent [22]: LiyLasZr.012; polyvi-
nyl butyral (binder); polyethylene glycol (plasticizer); fish
oil (dispersant); isopropanol. The mass ratio of grinding
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balls to the slurry was 3 to 1, respectively. The grinding
mode was empirically chosen. The slurry was well homog-
enized and did not overheat at 450 rpm for 24 h. Degassing
was carried out without grinding balls at 200 rpm for 5 h.
After degassing, the slurry was cast by a doctor blade on a
nickel substrate. Then obtained film was dried at 45 °C for
1h.

The conditions of organic components removal from the
film composition was determined by simultaneous thermal
analysis (STA). STA measurements were performed using a
thermal analyzer STA 449C Jupiter (Netzsch, Selb, Ger-
many). The experiments were carried out in Pt pans in the
temperature range of 35-900 °C with a heating rate of
10 °C-min~ in air (20 mL-min™). The obtained data were
processed by a NETZSCH Proteus software. The heating rate
was optimized using optical dilatometry on an ODP 868 de-
vice (TA Instruments, USA) in the temperature range from
25 to 900 °C with different heating rates: 2 and 5 °C-min™.
A 30x2 mm film sample was placed on an yttria-stabilized
zirconia substrate. The transverse profile of the film was
observed in the heating microscopy mode.

The heat treatment was carried out in three subsequent
stages:

1) heating from room temperature to 200 °C (1 °C-min™)
and exposure at 200 °C for 1 h;

2) heating from 200 to 500 (5 °C-min™") and exposure at
500 °C for 30 min;

3) heating from 500 to a final annealing temperature
(600, 700, 800 or 900 °C) with the 5 °C-min™ heating rate
and exposure for 30 min. LLZ coatings on Ni substrates
were annealed in argon atmosphere using a high-tempera-
ture tube furnace SOUL 2/14-V (SOUL, Russia).

The densities of the studied samples were determined
by hydrostatic weighing based on Archimedes' principle us-
ing gasoline with a density of 0.7 g-cm™3.

XRD analysis of LLZ powder and films annealed at dif-
ferent temperatures was carried out using a Rigaku D-MAX-
2200 V diffractometer (Rigaku, Tokyo, Japan) with a verti-
cal goniometer and Cu K-radiation, 260 = 10-55°. XRD pat-
terns of compounds were compared with the database
(ICDD PDF-2) and the literature data [23-25].

Scanning electron microscopy (SEM) study of the sam-
ples’ surface was carried out using a MIRA3 FEG SEM
(Tescan, Brno-Kohoutovice, Czech Republic) in backscat-
tered electron (BSE) and secondary electron (SE) modes.
The element distribution investigation was performed us-
ing JEOL JSM 5900LV Scanning Electron Microscope with
Oxford Instruments INCA Energy Dispersive Spectrometer
(Richland, USA). The films’ cross-sections were studied us-
ing an AmScope 3.0 optical microscope (AmScope, UK). The
films deposited on Ni substrate were placed in a container
and filled with epoxy resin and hardener (Epoxy glue
EXPERT, Russia) in a ratio of 4:1, respectively. After hard-
ening, the cross section surface was leveled using a grind-
ing wheel with a diamond abrasive grit of 200/160 pm. The
final polishing of the samples was carried out using
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sandpaper with grits (P) 3000 and 5000. The polished cross
section surface was cleaned with isopropanol.

Resistances of the obtained films (initial and annealed
at 600, 700, and 800 °C) were determined by electrochem-
ical impedance spectroscopy using an E7-25 immittance
meter (MNIPI, Minsk, Belarus) in the frequency range of
0.025-1000 kHz. Gallium-silver paste was deposited on the
films surface to serve as electrodes. The measurements
were carried out in the temperature range of 25-300 °C in
air. Total conductivity of the LLZ films was calculated tak-
ing into account the thickness and electrode area of the
measured samples.

3. Results and Discussion

LLZ powder with tetragonal modification was obtained by
sol-gel method. According to XRD analysis the compound
was single-phase, Figure 1. The average grain size of the
obtained powder (3-5 um) was previously estimated by la-
ser-diffraction particle size analyzer [26]. The slurry com-
position was chosen with a minimum content of organic
components.

The solvent and dispersant contents were fixed at 60
and 1 wt.%, respectively (Table 1). In the first composition,
the solid electrolyte LLZ was taken in the amount of
30 wt.%. The binder/plasticizer ratio was 2:1. All composi-
tions were obtained under the same conditions. The slurry
compositions with different amounts of organic compo-
nents are presented in Table 1.

The LLZ films surfaces with different composition de-
posited on Ni substrate are shown in Figure 1. It can be
seen that composition No. 1 has a large number of defects
in the form of small pores. Increasing the binder content
to 7 wt.% leads to pore growth, which has a negative ef-
fect on the thin-film surface. According to the literature
[27], the presence of pores is probably caused by an in-
crease in slurry viscosity. The increase in viscosity lead to
difficulty in gas removal from the film volume. On the
other hand, the binder amount reduction to 5 wt.% leads
to the homogeneous surface formation, without any de-
fects. The cracks formation of LLZ film is caused by fur-
ther reduction of the binder amount to 4 wt.%. In the lit-
erature [27], this defect is called Crow's-Foot Cracking,
which occurs due to the lateral shrinkage stress increase
because of binder and plasticizer deficit. Therefore, the
composition No. 3 is the optimal slurry composition for
the LLZ film casting and further research.

Table 1 Compositions of LLZ slurry for tape casting.

Component Composition (wt.%)

No. 1 No. 2 No. 3 No. 4
Li;La;Zr,0,, 30 28.5 31.5 33
Polyvinyl Butyral (PVB) 6 7 5 4
Polyethylene Glycol (PEG) 3 3.5 2.5 2
Fish oil 1 1 1 1
Isopropanol 60 60 60 60

DOI: 10.15826/chimtech.2023.10.4.09


https://doi.org/10.15826/chimtech.2023.10.4.09
https://doi.org/10.15826/chimtech.2023.10.4.09

Chimica Techno Acta 2023, vol. 10(4), No. 202310409

No. 4

No. 3
Figure 1 Surface of the dried LLZ coatings obtained by tape casting
on Ni substrate.

No. 1 No. 2

The temperature mode for organic components removal
was chosen based on differential scanning calorimetry
(DSC) data. According to the DSC data (Figure 2), the volat-
ilization of H.0O, CO, CO= occurs in the temperature range
from 100 to 500 °C. The most intense volatilization of gases
was observed in the range from 300 to 400 °C. An addi-
tional exothermic peak in the range from 700 to 800 °C is
observed on the CO: mass spectrum, which indicates the
presence of remaining carbon in the film after annealing at
500 °C. This is also confirmed by mass change: the first
mass loss begins at ~110 °C, the second at ~ 320 °C and the
third at ~710 °C. PEG begins to decompose at ~360 °C, and
thermolysis of PVB starts in the temperature range of 180-
200 °C (GOST 9439-85 [28]).

Optical dilatometry was used to choose the heating rate
for the LLZ solid electrolyte films’ annealing. According to
the obtained data, heating with 5 °C-min™" rate led to the
significant film deformation at the initial stages of heating.
At the same time, at a heating rate of 2 °C-min™ from 25 to
200 °C, an increase in the observed size of the film occurs,
forming an uneven profile of the film along its length,
which indicates deformation of the film (Figure 3). Minor
deformations are observed up to 400 °C; upon further heat-
ing, the volume of the sample first decreases and then prac-
tically does not change. Thus, volumetric changes in the
film are associated with the removal of organic compo-
nents, which is in good agreement with the DSC data.

Thus, based on the obtained results, an optimal three-
stage heat treatment mode for the organic components re-
moval was proposed:

1) heating from 25 to 200 °C (2 °C min™) and exposure
at 200 °C for 1 h;

2) heating from 200 to 500 °C (5°C-min™) and exposure
at 500 °C for 30 min;

3) heating from 500 °C to the final annealing temperature
of 600, 700, 800 or 900 °C (5°C-min™*) and exposure for
30 min.

According to the XRD data, in the temperature range of
600-700 °C, the phase transition of LLZ from tetragonal to
cubic modification is observed (Figure 4). The presence of
this phase transition was confirmed by high-temperature
XRD of the initial LLZ powder with tetragonal structure in
work [16]. The films consist of a well-formed cubic LLZ
phase after annealing above 600 °C. However, an impurity
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at 900 °C, which is associated with the evaporation of lith-
ium oxide [21].

—— DSC signal
200 o Weight loss _—100
- 1’6_W/J/LM’_J'5O
- I
> 127 20 2
E“ 08- CO,r0 £
o --25 4
b ] I
a 0’4 M:'SO
0,0- --75
" ROl g
-0,41 ‘ ‘ . T
200 400 600 800

Temperature, °C
Figure 2 DSC and TG curves for LLZ film.

99 °C

151°C

210°C

=
n
0

s
o]

Figure 3 Optical micrographs of LLZ film during heating (2 °C min™).

9300 - 900°C 1
3100 |
oL Mwm
7500 |- 800°C 1
5000 ]
2500 ]
0 .,_J\_,_J\_A,__,\._,MJL_
7200 B 700 OC -
4800 | ]
2400 | ]
o 808 — ; i :
- 600 F 600°C
£ 400 | ]
S 200 ]
€_0 '
= 5400 iti
3600
1800

128 L
oo [ tetragonal Li;La,Zr,0., (PDF#01-080-6140) ]

60 | A
‘ il |H | |” " ‘ ||| T “...”.I-
60 |
20,°

30
cubic Li;La.Zr,0,, (PDF#00-063-0174) ]
30
Figure 4 XRD patterns of LLZ films annealed at different tempera-

120
0 1 }‘ 1 || | |||||‘_

0
10 20 30 40 50

phase of lanthanum zirconate appears after film annealing tures. * - La,Zr,0, (PDF#01-071-2363).
4 0f 8 DOI: 10.15826/chimtech.2023.10.4.09


https://doi.org/10.15826/chimtech.2023.10.4.09
https://doi.org/10.15826/chimtech.2023.10.4.09

Chimica Techno Acta 2023, vol. 10(4), No. 202310409

The morphology and size of ceramic grains of thin-film
electrolytes based on Li;LazZr-0:2 obtained by tape casting
and annealed at temperatures of 600, 700 and 800 °C were
studied using SEM. Figure 5 shows micrographs of the stud-
ied films; they have a quite developed surface, which can
lead to improved contact with the electrode material and an
increase in the reaction zone area. The average grain size
of LLZ films after heat treatment does not change signifi-
cantly (1-5 pm), and it is in good agreement with the grains
size of the initial LLZ powder [26].

The LLZ films’ surface after the heat treatment at 600,
700 and 800 °C was investigated by elemental analysis. Ac-
cording to the obtained data, the solid electrolytes have a
uniform distribution of elements in the structure. Neither
impurity phases nor interaction products with the Ni sub-
strate were detected. However, the presence of a carbon-
containing phase can be observed for LLZ films annealed at
600 °C, Figure 6. This product may indicate an incomplete
organic additive removal process. No traces of this phase
were found for LLZ films annealed at 700 and 800 °C.

The cross-sections of the LLZ solid electrolyte films be-
fore and after annealing at different temperatures are
shown in Figure 7. The obtained films have a uniform coat-
ing over the whole section, without any defects. The thick-
ness of the initial film was equal to ~35 um, Figure 7a. After
annealing at 600 °C, the film thickness decreased to ~23 pm
and did not change subsequently.

Figure 5 SEM micrographs of the LLZ films annealed at 600 °C
(a); 700 °C (b); 800 °C ().
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The densities of the obtained samples were determined
by hydrostatic weighing. The annealed samples were
weighed in gasoline with the density of 0.7 g-cm™3. The rel-
ative densities were 65 and 68 wt.% for the samples an-
nealed at 700 and 800 °C, respectively.

The initial and annealed ceramic membranes were ex-
amined by impedance spectroscopy. The typical impedance
plots at 215 °C for LLZ films are shown in Figure 8a. The
impedance plots have only one semicircle, which is starting
from zero. It was not possible to separate the contributions
of bulk and grain-boundary resistances. The similar type of
impedance plots was observed in other works [29-31], and
the obtained semicircle refers to the total resistance of the
solid electrolyte.

—
KA L2
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2

.
-

Figure 6 SEM micrograph of the LLZ film annealed at 600 °C (a)
and element distribution maps for oxygen, zirconium, lanthanum,
and carbon.

Figure 7 Optical micrographs of the cross-sections of LLZ films:
initial (a); annealed at 600 °C (b) and 800 °C (c).
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Figure 8 Impedance plots at 215 °C (a) and Arrhenius plot for the
total conductivity of initial and annealed LLZ films (b).

The temperature dependences of total conductivity of
LLZ films annealed at different temperatures are linear in
the studied temperature range, Figure 8b. The total con-
ductivity growth of LLZ films after their heat treatment
can be observed. This effect can be caused by the complete
removal of organic components and sintering of ceramic
membranes. The values of total conductivity at different
temperatures and activation energy of the conductivity for
the studied samples are given in Table 2. It can be seen
that the activation energy values of the dried LLZ film are
significantly higher compared to LLZ films annealed at
700 and 800 °C. As it was mentioned above the annealing
at 700 °C leads to the removing of organic components,
which does not have lithium-ion conductivity. Then the
annealing temperature increase from 700 to 800 °C leads
to the samples’ densification, which, in turn, leads to the
increase in the conductivity of the samples and facilitating
of lithium-ion transport. The film annealed at 800 °C has
the conductivity value of 6.6-:1079 S-cm™ at room temper-
ature. However, the total conductivity of LLZ bulk samples
with tetragonal structure is equal to ~1077 S-cm™ at room
temperature [21, 26]. Thus, LLZ solid electrolyte films
formed by tape casting and annealed at 800 °C has under-
estimated values of lithium-ion conductivity compared to
the bulk samples (pellets with a diameter of 10 mm and a
thickness of 1 mm). Such difference in values of total con-
ductivity can be caused by low density of the obtained
films. This problem can be solved by introduction of some
sintering additives.

4. Limitations

A limitation of this study is the difficulty in interpreting im-
pedance spectroscopy data at near room temperatures due
to the high resistance values of formed by tape casting. This
problem can be solved in the future by introduction of some
sintering additives into LLZ or transition to high-conductive
cubic modification of LLZ.

ARTICLE

5. Conclusions

Thin films of LLZ solid electrolyte with tetragonal structure
were obtained by tape casting. The slurry composition has
been developed for the formation of homogeneous coatings.
The thickness of LLZ films after drying and annealing was
equal to 35 and 23 pm, respectively. Based on the DSC and
optical dilatometry data, the optimal heat treatment mode
for the obtained samples was proposed that does not lead
to films’ deformation. According to the XRD data, the cubic
phase of LLZ without impurities was formed after films’ an-
nealing at 700 and 800 °C. Further increase in the anneal-
ing temperature leads to the formation of the additional im-
purity phase (La2Zr207). The average grain size of annealed
ceramic membranes was equal to 1-5 pm. It was established
that 600 °C is not enough for the LLZ films final annealing,
since there are trace amounts of organic compounds in the
composition. The highest conductivity values were ob-
served for films annealed at 800 °C - 2.5-1077 and
1.5-1075 S.cm™ at 90 and 215 °C, respectively. Thus, the de-
veloped technique can be used to obtain LLZ films with the
thickness of ceramic membranes ~30 pm by tape casting.
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