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1. Introduction

Lithium metal batteries with solid-state electrolytes (SSEs) are
promising as electrochemical storage devices for future station-
ary or mobile applications due to their potentially high specific
energy density and increased safety compared with lithium-ion
batteries with a liquid electrolyte.[1,2] Different types of polymer

and ceramic solid electrolytes have
recently been investigated regarding their
chemical and electrochemical stability as
well as their temperature-dependent ionic
conductivity and processability.[3,4] One of
the most promising ceramic electrolytes
to meet all these requirements is
Li7La3Zr2O12 (LLZO) in the cubic garnet
crystal structure. It shows a high thermo-
dynamic and kinetic electrochemical
stability to lithium metal electrodes,[5,6]

combined with a high ionic transfer num-
ber close to 1 and a high ionic conductivity
of up to 10�3 S cm�1 at room temperature
that makes it favorable over other electro-
lytes.[6] Usually, the cubic phase is
stabilized by doping with Al3þ or/and
Ta5þ. This also increases the conductivity
and reduces the necessary sintering
temperatures, yet also leads to a wide
variety in reported compositions of
AlyLi7�3y�zLa3Zr2�zTazO12.

[7,8]

Although the production of sintered
bulk samples produced by solid-state
reaction with a high electrolyte thickness

of several hundred micrometers allows remarkable current den-
sities of up to 6mA cm�2 at 60 �C with high solid electrolyte
conductivities of up to 10�3 S cm�1 at room temperature, a com-
mercial industrial large-scale production with high throughput
rates in combination with moisture-free processing is challeng-
ing.[9–11] Ideally, the thickness of the electrolyte should be in the
range of 5–20 μm to reduce the risk of short circuits on the one
hand but, on the other hand, provide a low electrolyte mass for
high cell energy densities.[12] Although much research has been
conducted, the thickness range for LLZO films significantly
below 50 μm could only rarely been realized yet due to the non-
availability of suitable ceramic production technologies.[13]

Sintering of tape-casted ceramic electrolytes is an often reported
method to produce tapes below 0.5 mm.[14–24] However, high sin-
tering temperatures >1000 �C in combination with dwell times
of several hours lead to high investment and operating costs.
Furthermore, an exact temperature control is necessary to
achieve thin planar ceramic plates without deformation.[25–27]

Alternative fabrication methods like metal organic chemical
vapor deposition (MO-CVD),[28,29] pulsed laser deposition
(PLD),[17,30–38] radio frequency (RF) sputtering,[39–45] and atomic
layer deposition (ALD)[46] have been investigated to produce films
in a nanometer scale. However, all these coating techniques
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Cyclable lithium batteries with a lithium metal anode are of great interest for
future mobile and stationary applications due to their high potential energy
density. To suppress lithium dendrite formation and growth, solid electrolytes
(all-solid-state-batteries) are an alternative for liquid electrolytes. Compared with
all other solid electrolytes, the ceramic lithium garnet solid electrolyte
Li7La3Zr2O12 (LLZO) features a high thermal, electrochemical, and chemical
stability. Due to its nonflammable nature, it is beneficial for battery cell safety.
Despite major research efforts, an industrially applicable process route to pro-
duce the ceramic solid electrolyte has not been identified yet. Herein, film fab-
rication at room temperature of Al0.2Li6.025La3Zr1.625Ta0.375O12 (ALLZTO) via
powder aerosol deposition (PAD) on a scalable apparatus is investigated. In
addition to the description of synthesis and process conditions regarding
industrial scalability, the sprayed 30 μm-thick PAD films are examined optically
and electrochemically in half cells and symmetrical cells with lithium metal
electrodes. By categorizing the process data and the electrochemical results
compared with common reported production methods, a statement about the
suitability for the industrial production of ceramic solid electrolytes using PAD is
provided.
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usually require temperatures above 500 �C to obtain a sufficient
ionic conductivity of the ceramic solid electrolytes. Furthermore,
only few electrolytes with a film thickness below 50 μm and proc-
essing temperatures <1000 �C have yet been cycled with lithium
metal electrode.

The powder aerosol deposition (abbreviated as PAD, also
known as aerosol deposition, vacuum cold spray, or vacuum
kinetic spray) method in contrast allows to fabricate well-
adhering films directly with an inexpensive process infrastruc-
ture at room temperature without the risk of interdiffusion
reactions or mechanical failure due to different thermal expan-
sion coefficients of the SSE with possible electrode materials.
In addition, PAD is characterized by the highest deposition
rates of 1–2 μmmin�1 compared with other coating methods like
MO-CVD, PLD, RF sputtering, or ALD, and high coating areas
with a reported width of up to 40 cm.[47,48] Thus, a high sample
throughput is possible in a future cell production. However, the
technology readiness level (TRL) 4 has to be achieved to be
relevant for an industrial application.[49]

Even though the LLZO solid electrolyte appears to be stable
versus a lithium metal electrode, the interface between the
two components is an often-addressed topic in literature.[50–52]

A major reported challenge is the lithiophobic character of the
LLZO surface, which is often caused by degradation mechanisms
in humid atmosphere. To meet this challenge, two different
strategies haven been investigated: on one hand, the surface is
polished to remove possible reaction products and get a
homogeneous, plane surface where the lithium electrode is
pressed on.[51,53] On the other hand, various interlayers are intro-
duced to increase the wettability and therefore the total contact
area or decrease the interface resistance.[54–56]

In this work, we synthesized Al0.2Li6.025La3Zr1.625Ta0.375O12

(ALLZTO) solid electrolyte powder by a mixed-oxide route and
prepared 30 μm-thick films by the powder aerosol deposition
method (PADM). To increase the film conductivity and to
enable a stable electrochemical cycling of symmetrical
Li|ALLZTO|Li cells, two cell modifications have additionally
been investigated: a thermal post-treatment was conducted at
400 �C in nitrogen atmosphere, and a graphite interlayer was
applied. Films were characterized by electrochemical and optical
measurements. As PAD is a promising technique to produce
ceramic electrolytes for future lithium metal batteries, we
describe the deposition method in detail and also provide
technical process data to compare the fabrication method to
competing methods.

2. Experimental Section

2.1. Powder Synthesis

ALLZTO garnet-type powder was synthesized via the mixed-
oxide route. The composition is reported to show a high stability
and conductivity.[7,57,58] The precursor powders of α-Al2O3

(ALMATIS), La2O3 (Alfa Aesar, 99.9%), Ta2O5 (Alfa Aesar,
99.5%), and ZrO2 (99.5%) were dried at 120 �C for 24 h as well
as Li2CO3 powder (Alfa Aesar, 99%) at 1000 �C in alumina cru-
cibles for 10 h to obtain moisture-free powders. The dried pow-
ders were weighed in stoichiometrically with 10 wt% excess of

Li2CO3 and ball milled in a planetary ball mill (Fritsch
Pulverisette 5, Idar-Oberstein). The powders were homogeniza-
tion milled in deionized water as a milling fluid in zirconia mill-
ing jars (ZrO2, stabilized with 3.5 wt% MgO) with zirconia balls
(ø2mm, ZrO2, stabilized with 5mol% Y2O3) at 400 rpm for
9min. After drying in a rotary evaporator (Heidolph Hei-VAP
Advantage, Schwabach, Germany), the powder mixture was cal-
cined at 1000 �C in an alumina crucible for 6 h, with a heating
and cooling rate of 5 Kmin�1. During cooling when reaching a
temperature of 350 �C, the calcined powders were transferred
into a nitrogen glovebox (GS Glovebox Systemtechnik GmbH,
Germany) with a dew point (Tdp) below �50 �C. To obtain
micrometer-sized particles, the synthesized powder was ground
again by dry milling in nitrogen atmosphere with zirconia balls
(ø 10mm, ZrO2, stabilized with 5mol% Y2O3) at 120 rpm for 1 h
and at 100 rpm for 1 h. After sieving, the powder (mesh size
56 μm) to remove large agglomerates, the powder was stored
in an argon filled glovebox (Tdp<�80 �C) until it was used to
fabricate films by PADM.

2.2. Film Fabrication and Half-Cell Assembly

A custom-built PAD apparatus was used to fabricate thin-solid
electrolyte films in nitrogen atmosphere according to the process
sequence in Figure 1. Compared with the classical PAD setup as
described in literature, it was modified to meet additional
requirements for processing LLZO powder into layers.[59–62]

To enable the continuous coating over long coating times in
an inert atmosphere, the aerosol generation was implemented
in a glovebox with a large powder reservoir. A venturi nozzle
allowed the exact adjustment of the aerosol concentration. For
film fabrication, a nitrogen carrier gas flow of 8 Lmin�1 and
an oxygen dispersing gas flow of 4 Lmin�1 were chosen. This
resulted in an aerosol jet with a calculated aerosol concentration
of 110mg L�1 that entered the nozzle. By the used slit nozzle
with an orifice of 25� 0.4mm2, the aerosol is accelerated toward
the polished copper substrates in 3mm distance. The surfaces of
the 1mm-thick copper substrates were polished with sandpaper
(1200 grit SiC, 5 μm grain size) before the PAD process to obtain
a plane surface with low roughness for the electrochemical
analysis after the cell assembly. Then they were placed on the
substrate holder. The substrates were horizontally moved with
1mm s�1 by the programmable x–y platform to enable coating
areas of up to 25� 25mm2. For the subsequent half-cell
assembly, three different procedures were used:

First (type I), processing took place without further modifica-
tions. Lithium metal foils were directly placed on the polished
solid electrolyte. Second (type II), samples were annealed in a
furnace at 400 �C for 1 h with heating and cooling rates of
5 Kmin�1 in nitrogen atmosphere with a constant gas flow of
1.25 Lmin�1 before the lithium metal foil electrode was placed
on the polished surface. By the thermal post-treatment, the
atomic lattice deformation, which is caused by the deposition
method, should be reduced.[62] Third (type III), to increase
the electronic conductive contact area between the solid
electrolyte and the lithium electrode, an �1 μm graphite inter-
layer was manually applied with a graphite rod without a
thermal post-treatment. Details can be obtained from
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Figure S1, Supporting Information. Figure 1 shows the experi-
mental protocol for the half-cell assembly after the film formation
via PAD apparatus.

2.3. Powder, Film Fabrication, and Half-Cell Characterization

The powder was analyzed by X-ray diffractometry (D8 Advance,
Brucker, USA) between 15� and 70� (2ϴ) in steps of 0.02� for a
hold time of 1 s. The reflex pattern recorded with the diffractom-
eter (Cu anode 2.2 kW, ¼ nm, Ge Kα1 monochromator, 1D-
Lynxeye detector) were evaluated regarding their quantitative
phase composition according to the Rietveld refinement method
by the X’Pert HighScore Plus software. The particle size distri-
bution was measured by Malvern Mastersizer 2000. Scanning
electron microscopy (SEM) images of the powder as well as of
the PAD films were obtained using a Zeiss Leo Gemini 1530
(inlens and secondary electron detector).

The deposition rate r during film fabrication was calculated
according to Equation (1), with the film thickness tS, the nozzle
width bD, the coating speed vS, and the number of scans nW.

[59]

r ¼ tS
nw

� bD � vS (1)

After the deposition of the powder on copper substrates, the
samples were directly transferred into the attached glovebox so
that the samples were not exposed to moisture atmosphere and
subsequently polished with sandpaper (1200 grit, SiC, 5 μmgrain
size) to flatten the surface and to remove isolating surface
layers.[53,63] The film thickness and roughness of the ceramic
electrolyte was determined by the profile stylus instrument-type
Jenoptik Waveline W20. The half-cell with a lithium metal elec-
trode (ø 5mm, 0.75mm thickness) was assembled in a separate
argon-filled glovebox (Tdp< –80 �C). In the cell assembly without
modifications, the 30 μm-thick solid electrolyte was contacted
with a lithium metal anode directly after polishing. The lithium
electrode was manually pressed onto the solid electrolyte. Neither

a temperature treatment nor a surface modification except pol-
ishing was conducted. The graphite layer was applied manually
by a graphite pencil according to literature.[56]

All cells were measured by electrochemical impedance spec-
troscopy (EIS, Zahner Zennium, f¼ 1MHz to 1 Hz, sinusoidal
signal amplitude Urms¼ 25mV) during heating from room
temperature to 70 �C in the argon glovebox (Tdp< – 80 �C) in
the measurement setup shown in Figure S2, Supporting
Information. The effective conductivity σeff is calculated
according to Equation (2) with contact area A, the measured
resistance R as difference between the intersections of the
semicircle with the real axis in the Nyquist plot and the film
thickness ts.

[64]

σeff ¼
ts

R� A
(2)

By calculating the slope in the Arrhenius representation, the
activation energy EA was determined from Equation (3) using the
absolute temperature T, the Boltzmann constant kB, the effective
conductivity σeff and pre-exponential factor B.[64]

σeff ¼
B
T

e
�
� EA

kBT

�
(3)

The ionic conductivity σion depends on the elementary charge
e, the density of available ionic charge carriers n and their
mobility μ and is calculated according to Equation (4).[64]

σion ¼ e� n� μ (4)

At �70 �C, lithium ions were forced through the ALLZTO
electrolyte to the ALLZTO|Cu interface during cycling by apply-
ing a constant current with a current density of �15 and
�30 μA cm�2 for 30min from the top lithium electrode to the
bottom copper electrode and 10min vice versa. Equation (5) is
used to calculate the lithium layer thickness that forms at the
interface to the blocking copper electrode. The thickness depends
on the applied current I, the Faraday constant F, the molar mass

Figure 1. Experimental protocol for half-cell, respectively, symmetrical cell manufacturing of an ALLZTO film on copper substrates via PAD method with
lithium metal foil electrode: (I) assembly of lithium foil on the solid electrolyte in the as-deposited state after polishing; (II) assembly of the solid electro-
lyte and the lithium metal electrode after thermal annealing at 400 �C with and without a subsequent thermal treatment of the half-cell; (III) assembly of
the solid electrolyte in the as-deposited state and the lithium metal electrode after polishing and applying a graphite interlayer; electrochemical analysis:
temperature-dependent EIS and cycling at 70 �C.
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of lithium MLi, the charge number z, the theoretical density of
lithium ρLi as well the time t the current was applied, and the
contact area A.[65]

d ¼ MLi·I·t
z·A·ρLi·F

(5)

For each half cell, a calculated reservoir of at least 1 μm was
plated before cycling. During the following cycling of the cells,
the polarization duration in each direction remained constant for
each chosen current density. The absolute polarization duration
decreased with increasing current density, so that the Li reservoir
thickness remained constant. At some points, significantly
shorter cycling durations occurred due to deviations caused by
the written program code within software used for the cycling
experiments.

3. Results and Discussion

3.1. Powder Characterization

The Al0.2Li6.025La3Zr1.625Ta0.375O12 powder was synthesized in
the cubic garnet type structure at 1000 �C, as shown in the X-
ray diffraction (XRD) pattern in Figure 2a, with two secondary
phases. The pattern of cubic LLZO (ICDD 04-018-9023) is added
for comparison. The low amount of the secondary phases,
namely La2Zr2O7 (ICDD 00-017-0450) and LaAlO3 (ICDD
04-007-2676), was determined by Rietveld refinement to be
<1 wt% each. Although a relatively low amount of alumina is
used for doping, an aluminum-rich phase (LaAlO3) occurs in
the XRD pattern. This may be caused by interdiffusion reactions
during calcination in the alumina crucible at 1000 �C.

The high calcination temperature might also lead to lithium
losses due to evaporation and therefore results in both observed
secondary phases with no lithium content.

The dry-milled powder exhibits a bimodal particle size distri-
bution with two maxima at 0.7 and 6 μm. Although the bimodal
distribution of the particle size may negatively affect the deposi-
tion mechanism due to large particles with a high impact
impulse, particles sizes with D50 � 4.2 μm are in general suitable
for PAD coating within the reported process window.[59]

The SEM image in Figure 2c shows the particle size distribu-
tion. The powder mainly consists of irregular shaped, edged
particles. A fine powder fraction (<200 nm) covers the surface
of bigger primary particles (�8 μm).

3.2. Film Formation via PAD

The powder is deposited on an area of 12� 12mm2 with a film
thickness of 30 μm on copper substrates. The particle size distri-
bution in combination with a constant, yet comparably low, aero-
sol concentration leads to a deposition rate of �0.1 mm3min�1

according to Equation (1). In addition, the deposition rate may be
improved further by the nozzle geometry and the number of
nozzles. The SEM image in Figure 3a also shows the typical
impaction-derived structure of the surface with impact craters
in the as-deposited state.

By polishing the surface after deposition, the roughness
(characterized by the center line average roughness value Ra

and the mean peak-to-valley height Rz) was significantly
reduced from Ra ¼ 0.12 μm and Rz ¼ 0.65 μm in the
as-deposited state to Ra ¼ 0.06 μm and Rz¼ 0.45 μm after polish-
ing, also visible when comparing Figure 3a,b. A low ratio
of film roughness to film thickness is beneficial for a
homogeneous electrical field distribution through the solid
electrolyte and may therefore reduce to the lithium dendrite
formation.[66] Furthermore, polishing removes Li2CO3 surface
layers that may form despite processing in dry glovebox
atmospheres.[53,67]

(a)

(b)

(c)

Figure 2. Characterization of the Al0.2Li6.025La3Zr1.625Ta0.375O12 powder:
a) XRD pattern of the synthesized powder in comparison with cubic
LLZO reference material (ICDD 04-018-9023). The secondary phases
La2Zr2O7 and LaAlO3 are marked with an asterisk and a circle, respectively,
b) bimodal particle size distribution of the powder after dry milling; c) SEM
image of the ALLZTO powder after dry milling.
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Figure 3c,d shows the microstructure of the dense and
homogeneous film that is characterized by nanometer-sized
grains. The initial micrometer-sized particles fracture according
to the room temperature impact consolidation (RTIC) mecha-
nism through grains and grain boundaries and form unsaturated
surfaces as explained in detail in the following paragraph.
Although the exact film formation mechanism has not yet been
fully understood, the unsaturated surfaces may play an important
role and result in well-adhering PAD films on a variety of
substrates.[59]

3.3. Cell Assembly without Modifications (Type I)

The temperature-dependent EIS measurements of the cell in the
as-deposited state are shown in Figure 4a. As expected, the total
resistances get reduced with increasing measuring tempera-
tures. Although the EIS spectra contain at least four different
contributions (ALLZTO|Li-interface, ALLZTO grain conductivity,
ALLZTO grain boundary conductivity and the blocking Cu elec-
trode), only single deflated semicircle is visible in the Nyquist
plot. The mobility of the ionic charge carriers is reduced due

 

(d)

500 nm

(a)

10 µm

(b)

(c)

10 µm

2 µm

Figure 3. Fractured cross-sectional SEM images of the ALLZTO PAD film in a) the as-deposition state before and b–d) after polishing. c,d) Higher
magnifications validate the dense and nanocrystalline structure of the films.
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Figure 4. Electrochemical characterization of polished as-deposited ALLZTO films (type I): a) Nyquist plots of temperature-dependent EIS measure-
ments, b) Arrhenius plot of the calculated effective conductivity values, c) partially extracted current–voltage relationship during cycling at 600 μA cm�2

from (d), d) complete cycling test at 70 �C with a critical current density of 670 μA cm�2.
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to the distorted atomic lattice of PAD films in the as-deposited
state.[68]

The high particle impact energy leads to a densification of
the film but also causes a lattice deformation.[69] At higher tem-
peratures (>50 �C), a diffusion limitation contribution caused by
the blocking copper electrode is visible due to the increased
mobility of the lithium ions. The Arrhenius plot shows a linear
relation between inverse temperature and logarithmic conductiv-
ity. At 23 �C, the effective through-plane conductivity of the sam-
ple in the as-deposited state is 1.6� 10�8 S cm�1, which is four to
five orders of magnitude lower than bulk materials.[70] The mea-
sured through-plane conductivity is even one order of magnitude
lower than the in-plane conductivity of ALLZTO films on plati-
num interdigitated electrodes.[62] This phenomenon has already
been described in literature and is explained by the particle lattice
deformation as well as by the layered film structure with a slight
anisotropy in the electrical properties.[71] During the RTIC, the
powder particles collide with the substrate and fracture through
grain boundaries and grains. The ongoing particle bombardment
leads to a densification of the film, also known as hammering
effect, and results in a distorted atomic lattice.[60,72]

Consequently, the particles may be deformed, whereas the
atomic lattice is vertically compressed in relation to the substrate
orientation. Therefore, the in-plane conductivity can be higher
because of a reduced amount of grain boundaries on the one
hand and a higher horizontal ion mobility within the grain on
the other hand. Furthermore, the measurement setup has been
considered. The lithium application might not be ideal and there-
fore a low contact area may cause reduced effective conductivity
values. Nevertheless, the result is in good agreement with
previous results for LLZO films with a lithium metal electrode
when fabricated by PAD.[73,74] By increasing the temperature,
the effective resistance decreases as well as the ionic conduction
shifts to lower time constants. Therefore, the diffusion-blocking
copper electrode becomes visible in the Nyquist plots at higher
temperatures (>50 �C) and low frequencies. At 73 �C, a maxi-
mum effective conductivity of 2.8·10�7 S cm�1 is calculated.
The resulting activation energy of 0.50 eV is also increased
compared with 0.30–0.40 eV for sintered bulk samples in litera-
ture.[75] We attribute the higher value to the microstructure and
the distorted lattice of the film. Due to the nanometer-sized
grains, charge carrier transport is governed by grain boundary
resistances rather than by the internal bulk resistance, which
is reportedly higher.[51] In addition, the deformed lattice
constants may decrease the mobility of the charge carriers and
therefore increase the activation energy. Alternatively, the
temperature-dependent resistance can also be dominated by
the Li|ALLZTO interface, which may also be indicated by an
increased activation energy. During cycling with 15 and
30 μA cm�2, a lithium reservoir with a thickness of 1.1 μm is
formed at the interface between the ALLZTO and the copper sub-
strate, according to Equation (5). As it is shown in Figure 4d,
during polarization and cycling with lithium metal electrodes
at 70 �C, short voltage peaks occur to keep a constant current.
As the voltage depends on the parameters mentioned in
Equation (2) and as the resistances of the solid electrolyte as well
as the current are constant, the contact area is reduced during the
voltage peaks. This behavior can be explained by the formation of
gaps between the lithium electrode and the solid electrolyte.[51]

Due to the remaining roughness in combination with a too
low externally applied pressure onto the cell, contact losses dur-
ing cycling can occur and the reduced solid–solid contact area
leads to locally increased current densities.[51] Furthermore,
the voltage peaks primarily occur during negative polarization,
respectively, during the plating of lithium between ALLZTO
and copper. This phenomenon can be explained by the strong
bonding between the ALLZTO film and the copper substrate
after the deposition. Based on the cycling experiment, the elec-
trochemically plated lithium between the solid electrolyte and the
copper substrate shows a significantly reduced number of gaps
between the solid electrolyte and the lithium metal. In Figure 4c,
the cycling behavior with a current density of 600 μA cm�2 at
70 �C is shown. According to Equation (2), the effective DC con-
ductivity is increased to 1.8� 10�5 S cm�1 compared with
2.8� 10�7 S cm�1 during initial heating. This fact can be caused
at least by two reasons: On the one hand, undesired lithium den-
drites are slowly forming and reduce the resistance and on the
other hand, the interface area is increased. At 70 �C, the lithium
might be sufficiently ductile to close initial gaps over time. This
would also mean that the effective conductivity in Figure 4a
shows dominated by the interface between the lithium metal
electrode and the solid electrolyte, and the assumed contact area
is incorrect due to gaps and therefore the real conductivity might
be higher compared with the calculated values.

3.4. Cell Assembly of a Thermally Annealed Solid Electrolyte
(Type II)

Hanft et al. reported the beneficial influence of a thermal
post-treatment on the ion conductivity of ALLZTO films after
deposition.[62] More recently, a general relationship between
the required annealing temperature and the coating material
was found.[68] The annealing temperature is chosen based on
published results, that indicate a major reduction of lattice defor-
mation and therefore increase in conductivity at that tempera-
ture.[62] Regarding a future cell production of a cathode
supported cell, annealing should be conducted at the lowest pos-
sible temperatures to prevent interdiffusion processes that are
high enough for a sufficient increase in ionic conductivity. In
Figure 5, the electrochemical behavior of samples annealed at
400 �C is shown. Already at 25 �C, the resistance of the annealed
30 μm-thick sample is significantly reduced compared with the
as-deposited state as it is shown in the Nyquist and Arrhenius
plots in Figure 5a,b, respectively.

The Nyquist plots show an offset that is caused by the mea-
surement setup. At room temperature (25 �C), a conductivity
of 4.7� 10�5 S cm�1 is measured, which is more than three
orders of magnitude higher than in the as-deposited state.
At 70 �C, a maximum conductivity of 3.1� 10�4 S cm�1 is
reached. The permanent increase in the ionic conductivity after
a thermal annealing at 400 �C is attributed to the microstrain
reduction within the atomic lattice.[62] A temperature of
400 �C is, however, insufficient for crystallite growth. The higher
lattice order results in a higher ionic mobility and therefore a
higher conductivity according to Equation (4). Due to the
increased ionic mobility in the annealed sample, the blocking
copper electrode can be detected in the Nyquist plot already at
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room temperature, whereas it can be only detected for T> 50 �C
in the as-deposited sample. Furthermore, thermal annealing
leads to a lower activation energy (0.38 eV), as shown in
Figure 5. This value is close to the reported activation energies
for grain boundaries in LLZO sintered bulk materials in litera-
ture and indicates a homogeneous, undistorted crystalline lattice
structure.[51] The reduced electrical resistance leads to lower vol-
tages during the cycling measurements, as shown in Figure 5d.
During cycling with 30 μA cm�2, a lithium reservoir of 1 μm
thickness is formed according to Equation (5). The cycling of
the PAD film with a current density of 0.1 mA cm�2 at 70 �C does
not lead to contact losses and voltage peaks. At higher current
densities, voltage peaks indicate contact losses of the electrolyte
to the lithium electrode. Based on the measurement data in
Figure 5c as well as Equation (2) and Ohms law, the conductivity
during DC cycling can be determined to 9.0� 10�4 S cm�1. This
may again, as explained earlier, be caused by dendrite formation
or by a high contact area without voids. This cell preparation
allows a maximum current density of 300 μA cm�2, which is
lower compared with the polished sample in the as-deposited
state. The earlier failure can be a result of the annealing process
at 400 �C. Due to different thermal expansion coefficients of the
ALLZTO film and the copper substrate, film cracks may occur
causing a short circuit.[62]

3.5. Cell Assembly with a Graphite Interlayer (Type III)

To increase the critical current density and improve the
electrolyte–electrode interface, a graphite layer is applied onto
the polished surface of a 30 μm-thick ALLZTO film. To reduce
the risk of crack formation, the ALLZTO films are not thermally
annealed. Figure 6 shows the Nyquist plots of the impedance

spectra during initial heating. The calculated temperature-
dependent conductivity is shown in the Arrhenius plot in
Figure 6b. Compared with the direct cell assembly in
Figure 4, the conductivity is increased form 1.6� 10�8 S cm�1

in the as-deposited state at 23 �C to 6.6� 10�8 S cm�1 at 29 �C
with a graphite interlayer. Due to the low ionic mobility, the
blocking electrode is barely visible in the Nyquist plots as dis-
cussed previously. The increased conductivity can be caused
by an increased surface contact area where the graphite fills
the uneven surface gaps between the solid electrolyte and the lith-
ium electrode. In this case, the electronically conductive graphite
may improve the reduction of lithium ions that are transported
through the solid electrolyte during cycling to lithium metal.

Therefore, the usable contact area is increased. At 71 �C,
an effective conductivity of 6.1� 10�6 S cm�1 is calculated.
The activation energy does not vary significantly, when applying
a graphite interface (EA¼ 0.47 eV) compared with the reference
sample in the as-deposited state (EA¼ 0.50 eV), as the solid elec-
trolyte is not thermally annealed in both cases. In contrast, the
interlayer enables a more constant cycling with less voltage
peaks, as shown in Figure 6d. The interlayer may ensure a
higher contact area and less yet smaller voids between the solid
electrolyte and the lithium metal as it also has been reported in
literature previously.[56,76] The symmetric cell was cycled up to
1000 μA cm�2. However, at 100 and at 800 μA cm�2 voltage
drops occur, possibly indicating lithium dendrite formation.

3.6. Comparison with Other Production Methods

To evaluate the beneficial characteristics of the PADM and its
suitability for a future solid electrolyte production, the results
are summarized and compared with other reported methods.
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Figure 5. Electrochemical characterization of the polished and at 400 �C annealed ALLZTO film (type II): a) Nyquist plots of temperature-dependent EIS
measurements, please note that compared with Figure 4 the scale of the axes is reduced by a factor of 1000, b) Arrhenius plot of the calculated con-
ductivities, c) partially extracted current–voltage relationship during cycling at 300 μA cm�2 from d), d) complete cycling test at 70 �C with a critical current
density of 300 μA cm�2.
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Table 1 shows the electrochemical cycling results of ALLZTO
films fabricated by PAD, as presented in this work. The absolute
critical current density and the cycling duration of more than
180 h of the film in the as-deposited state as well as the film con-
ductivity after annealing at 400 �C are the highest reported values
for garnet-type solid electrolytes fabricated via PAD.

In addition to the sufficient effective conductivity of
4.6� 10�5 S cm�1 at room temperature in the half-cell setup
with a lithium metal electrode, the major advantage of PAD is
the high deposition rate r of 0.12mm3min�1 and therefore its
industrial relevance. An additional graphite interlayer does not
significantly increase the half-cell performance. In Figure 7a,b,
the results of the annealed sample are compared with other
reported fabrication methods of doped LLZO electrolytes with
regard to the temperature of production or postdeposition
annealing. In Figure 8a,b, the effective conductivity and the acti-
vation energy of those samples are compared with respect to their
thickness. A complete list of all data can be found in Table S1,
Supporting Information. The production of garnet-based solid
electrolytes with a maximum conductivity close to 10�3 S cm�1

requires high process temperatures (>1000 �C) to form dense
membranes and has yet only been accomplished by tape-casted
films and bulk samples that where synthesized by a solid-state
or a sol–gel reaction. In addition, these electrolytes also show
a minimum activation energy that is mainly dominated by

micrometer-sized grains with an ordered lattice structure.
Furthermore, due to different doping strategies, the measured
electrolyte conductivity varies between around 10�5 and
10�3 S cm�1 for sintered samples. Also, the conductivity varia-
tion within other methods may be explained this way.
Production methods like PLD, RF sputtering, and the here-
shown PAD lead to lower conductivities and higher activation
energies. These coating methods, in contrast, reduce the fabrica-
tion temperature significantly, which is highly favorable for an
industrial upscaling. Furthermore, they form a direct contact to
the electrode in one single process step. Considering that
coating temperatures between 500 and 600 �C will lead to insulat-
ing layers at cathode interfaces with a spinel structure,[77,78]

films sprayed by the PADM and annealed at 400 �C for 1 h show
the highest reported ionic conductivity. Although the activation
energy is dominated by the grain boundaries due to the
nanometer-sized grains, it agrees well with data for sintered bulk
samples.

Figure 8 shows production techniques for LLZO film (or plate)
fabrication in a range from 20 to 5mm with respect to the con-
ductivity and the activation energy. The production of bulk sam-
ples by solid-state reaction at high temperatures, as it is often
reported in literature, usually takes >10 h and results in high
sample thicknesses, typically larger than 1mm. Tape casting
allows a significant reduction of the film thickness

Table 1. Overview of the electrochemical measurement data.

Sample σeff [S cm
�1] Activation

energy EA [eV]
Maximum applied current
density at 70 �C [μA cm�2]

Cycling duration
at 70 �C [h]

T¼ RT T¼ 70 �C

As-deposited 1.6� 10�8 2.8� 10�7 0.50 670 178

After thermal annealing 4.7� 10�5 3.1� 10�4 0.38 300 29

With graphite interlayer 6.6� 10�8 6.1� 10�6 0.47 1000 46
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Figure 6. Electrochemical characterization of polished ALLZTO films with a graphite interlayer (type III): a) Nyquist plots of temperature-dependent EIS
measurements, b) Arrhenius plot of the calculated conductivities, c) partially extracted current–voltage relationship during cycling at 1000 μA cm�2 from
(d), d) complete cycling test at 70 �C with a critical current density of 1000 μA cm�2.
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(100 μm–1mm) at high film conductivities (�10�4 S cm�1) when
sintered at high temperatures above 1000 �C. On one hand, the
ionic conductivity of PAD films after thermal annealing is
reduced by a factor of two compared with sintered tape-casted
films, on the other hand, the PADM can produce films with a
thickness of 1–30 μm. Therefore, the overall resistance caused

by the electrolyte is the same. For thin-film production, PLD
and RF sputtering techniques are promising due to low film
thicknesses (20 nm–1 μm) and high conductivity values.
However, the short circuits caused by coating defects may occur
significantly more often. With all production techniques, films
can be fabricated with an activation energy of 0.3–0.4 eV.
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Figure 7. Comparison of conductivity and activation energy of samples obtained by different production methods (solid state,[7,70,89–120] tape
casting,[15–19,21,23–26] sol–gel,[93,121–134] PLD,[30,31,33–36,38,44] RF sputtering,[39,40,43–45,135] ALD,[46] chemical vapor deposition (CVD),[28,29] and
PAD[62,73,136]) for the (doped) LLZO solid electrolyte depending on the production resp. annealing temperature. The data of the annealed sample
of this work are marked by an asterisk. The dotted line shows the maximum conductivity as a guide for the eye. All data points and references are
also listed in Table S1, Supporting Information.
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Although high conductivity in conjunction with a low film
thickness are the most important aspects for cell performance,
additional parameters may affect the choice of the production
method.[79,80] Additional to the process temperature that has a
high impact on the chemical stability of a cathode–electrolyte–
composite, the required process infrastructure and process time
are key factors for industrial application. For tape casting, an exact
temperature control during sintering (at high temperatures) and
long dwell times are necessary. Therefore, very expensive furnaces
are necessary. Compared with PAD, also a subsequent fabrication
process is necessary, in which the solid electrolyte is connected
with the cathode. PLD and RF sputtering both are batch processes
and require a very high surface quality of the substrate.
Furthermore, the deposition rates are significantly lower com-
pared with the PAD process, as shown in Table 2.

For the PAD process, already high coating areas are reported
when using nozzle widths of up to 40 cm.[48,81] To further
increase the deposition area also a reel-to-reel setup can be
installed within the deposition chamber.[82]

4. Conclusion

The production of solid ceramic electrolytes on an industrial
scale for lithium metal batteries is challenging since apart from
the electrolyte thickness and its conductivity further aspects like
process rate and required production temperature have to be
considered. PAD is a new method to produce dense ceramic
electrolytes of doped Li7La3Zr2O12 in the thickness range of
1–30 μm at room temperature with excellent bonding to the
substrate.

In this work, we investigated an industrial scalable
deposition setup in inert atmosphere for moisture-sensitive
Al0.2Li6.025La3Zr1.625Ta0.375O12 powder via PAD. The modified
PAD apparatus enables to homogeneously coat 30 μm-thick
nanocrystalline films. Although the effective conductivity of
1.6� 10�8 S cm�1 in a half-cell with a lithium metal electrode
in the as-deposited state is below-reported values for sintered
bulk samples (10�4–10�3 S cm�1), a thermal post-treatment in
nitrogen atmosphere at 400 �C for 1 h significantly increases
the film conductivity to 4.6� 10�5 S cm�1. Current densities
higher than 500 μA cm�2 at 70 �C are applied on the film in
the as-deposited state. The maximum current density of the ther-
mally annealed film is reduced, presumably due to cracks caused
by different expansion coefficients of the substrate and the PAD
film. A graphite interlayer between the solid electrolyte and the

lithium metal electrode on the other hand has no significant
influence on the effective conductivity. Although current densi-
ties >1mA cm�2 are applied on the half-cell, respectively, sym-
metrical cell with a graphite interlayer, the voltage curve
indicates a dendrite formation at lower current densities.
Nevertheless, TRL 4 for the industrial production of
moisture-sensitive solid electrolytes via PAD was demonstrated
by this publication. Due to the high deposition rate of
120 μmmm2min�1 in combination with a sufficient effective
conductivity after an annealing at a relatively low temperature
and low process engineering effort as well as low process invest
costs, the PAD is an interesting alternative to conventional
ceramic film production via tape casting. In addition, the reduced
solid electrolyte film conductivity of 4.7� 10�5 S cm�1 can be
balanced by a low and adjustable film thickness. We also like
to point out that the necessary post-treatment might be accom-
plished by laser radiation that provides a very local temperature
increase exclusively within the PAD film with processing
times of a few minutes without heating the entire substrate.[83]

Therefore, also conventional cathode materials like
Ni0.6Mn0.2Co0.2O2 and composite cathodes with high-voltage spi-
nel active materials or different cathode active materials that were
produced via PAD[84–88] can be coated with ALLZTO and can be
subsequently thermally annealed. This can be a suitable path to
produce future high-voltage lithium batteries with a ceramic elec-
trolyte and a lithium metal anode via PAD on an industrial scale.
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Table 2. Overview of the deposition rates of different coating
methods.[28,137]

Fabrication method Deposition rate

PLD 0.1–1 μmh�1

RF sputtering <180 nmmin�1 resp. <10.8 μmh�1

CVD 20 μmh�1

PADa) 120 μmmin�1

a)The deposition rate for PAD is based on a coating area of 1� 1mm2.
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