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Abstract Garnet-type Li;La;Zr,O;, (LLZO) is a promis-
ing solid electrolyte (SE) for solid-state batteries (SSBs).
However, identifying a suitable processing method to allow
dense film fabrication without high sintering temperatures
remains challenging. Powder aerosol deposition method
(PAD, a.k.a. ADM) enables the fabrication of dense LLZO
films at room temperature. To date, studies on PAD-LLZO
films primarily addressed the electrical properties in terms
of conductivity, while their cycling performance remains
largely unexplored. In this study, we show that PAD-LLZO
films can be used for the reversible transport of lithium
with current densities up to 0.41 mA cm ™2 with no thermal
post-treatment of pristine films after deposition, albeit at
high overvoltage. A mild annealing at 400 °C is performed
to reduce microstrain, which is known to lead to high
overvoltage during cycling in the as-deposited state. Higher
ionic conductivities are achieved after annealing, while the
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cycling stability deteriorates. These phenomena are attrib-
uted to reduced compressive stress as well as microstrain
after annealing of the PAD-LLZO films with a nanocrys-
talline microstructure. Based on these assumptions, we
propose a possible strategy to improve cycling stability by
adapting a post-treatment process to reduce the volume
fraction of grain boundaries by controlled grain growth.

Keywords battery fabrication - cycling stability - garnet-
type oxides - lithium metal electrode - powder aerosol
deposition method (PAD) - solid electrolyte (SE) - solid-
state batteries (SSBs)

Introduction

Thriving toward large-scale application of solid-state bat-
teries (SSBs) in industry and especially in the transporta-
tion sector, various solid -electrolytes (SE)—sulfides,
thiophosphate, oxides, or polymers—to name a few, have
demonstrated encouraging characteristics. In general, the
application of a SE separator may enable the utilization of
lithium metal anodes by avoiding the use of flammable
liquid electrolytes (Ref 1-4). Suitable separator SEs must
exhibit properties like high ionic conductivity and stability
against dendrite growth essential for increased safety.
Furthermore, they must support high current densities for
high power densities, as well as large energy densities of
SSBs to compete with their conventional liquid-based
lithium-ion battery (LIB) counterparts. Finally, an eco-
nomically viable fabrication process for processing the SE
material must be established to enable large-scale use.
The lithium-stuffed garnet-type oxide L,La3Zr,0O;,
(LLZO) with its cubic crystal structure exhibits high
mechanical and thermodynamic stability, as well as a wide
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electrochemical stability window (voltage range) (Ref 4-6).
Several studies have shown that LLZO can reach ionic
conductivities up to 107> S cm™' even at room tempera-
ture (Ref 4, 7, 8). Such ionic conductivities of the separator
electrolyte exceed the minimum requirement of at least
107* S cm ™' needed when cells with an area loading of
5 mAh cm™? and charging rates with C-rates above 1 C
are targeted.

The electrochemical properties, especially the maximum
current densities and ionic conductivities, of LLZO are
commonly investigated using mm-thick pellets that have to
be sintered and densified at temperatures exceeding
1000 °C, which is far from realistic industrial application.
Two challenges are evident for commercial application in
SSBs: On the one hand, the thickness of the SE separator
layer should be drastically reduced to a level suitable for
commercial applications to allow for optimized energy
densities, while retaining a sufficient ionic conductivity.
Therefore, Randau et al. suggested that a film thickness less
than 50 pm is required (Ref 9). On the other hand, the
sintering step at high temperatures (> 1000 °C) signifi-
cantly increases the cost of fabrication, especially for large-
scale applications. Consequently, from an economic per-
spective, a process with significantly lower processing
temperatures is required—especially for large areas such as
those needed for batteries—in order to avoid even higher
energy costs in addition to those for the high temperatures
already required for powder synthesis.

The use of the powder aerosol deposition method (PAD,
also referred to as aerosol deposition method (ADM) or
vacuum kinetic spray (VKS)) for the fabrication of LLZO-
SE films addresses the aforementioned challenges. PAD
enables the fabrication of dense ceramic films (> 95 % of
the bulk density) at room temperature, which would sig-
nificantly reduce the fabrication costs of LLZO films. In
addition, thicknesses of a few hundreds of nm to several
hundreds of um can be achieved (Ref 10).

To date, several studies have been published on the
fabrication and use of PAD-LLZO films as the SE sepa-
rator (Ref 11-18). The following summarizes most signif-
icant findings: Ahn et al. and Hennerici et al. demonstrated
that PAD-LLZO films can be utilized as separator layers
for PAD-SSBs, providing a proof of concept (Ref 13, 16).
Very recently, Han et al. reported the so far highest ionic
conductivity of 107> S cm™" (determined from the overall
resistance of the film) at room temperature in the as-de-
posited state using an Al-doped LLZO in an in-plane cell
setup (Ref 18). The highest conductivity in a through-plane
setup with lithium metal as reversible electrode (CulLL-
ZOILi)—meaningful for the application of PAD films in
SSBs—was reported by Nazarenus et al. and Hahn et al.
(Ref 11, 15). Ionic conductivities of up to 1077 S cm ™" at
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70 °C were achieved in as-deposited state with an Al/Ta-
doped LLZO.

Overall, ionic conductivities reported for PAD-LLZO
films in the as-deposited state have not reached the values
achieved for bulk LLZO, with a minimum ionic conduc-
tivity of 107" mS cm ™" as it is required for a separator
layer. Hanft et al. explained this with the influence of the
deposition mechanism on the electrochemical properties of
PAD-LLZO films (Ref 14). It was shown that the PAD
deposition mechanism, in which particles break down into
several tens of nanometer-sized particles upon impact with
the substrate, leads to a nanocrystalline microstructure as
validated by XRD analyses combined with Rietveld
refinement. This leads to an increased grain boundary
volume fraction in the films, which may be a reason for the
reduced effective ionic conductivity in LLZO (Ref 19). In
addition, the XRD analyses show that the deposition
mechanism induces microstrain, i.e., local variations of the
lattice parameters as well as compressive stresses into the
film, which is a common feature of PAD films (Ref
14, 20, 21). Especially the microstrain resulting from lat-
tice distortions affects the diffusion channels and leads to
reduced ionic conductivity of as-deposited PAD films
compared to a typical bulk material (Ref 14).

In literature, different post-treatment methods are sug-
gested to counteract this effect by introducing energy into
the film (Ref 12, 14). Doing so, the ionic conductivity for
PAD-LLZO films increased up to two orders of magnitude
as a result of decreased microstrain. In a half-cell setup
(CulLLZOILi) conductivities of up to 107* S em™! were
achieved after a conventional thermal post-treatment at
400 °C for 1 h (Ref 11, 15).

Nazarenus et al. investigated the cycling behavior in
terms of critical current densities (CCD) of PAD-LLZO
films in a CulLLZOILi cell setup. A CCD of 300 pA cm™>
at an overvoltage of 0.01 V was achieved for a PAD-LLZO
film with a thickness of 30 pm annealed at 400 °C for 1 h.
However, a voltage drop during earlier stages of the
cycling experiment indicates damage of the separator layer
already at much lower current densities of only
30 A cm™2 (Ref 11). Such cycling stability remains
insufficient for practical applications. Especially, the
cycling behavior indicates dendrite growth already at low
current densities.

The present study therefore aims to investigate the
underlying reasons for the significantly lower cycling sta-
bility and CCD of PAD-LLZO films compared to sintered
bulk materials. For this purpose, the cycling performance
of as-deposited PAD-LLZO films is compared to that of
films that were annealed at 400 °C for 1 h, with a particular
focus on differences in the film microstructure in terms of
grain size and microstrain characterized by XRD. Based on
the findings, a potential adaptation of the post-treatment
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process—aimed at modifying the film microstructure—is
proposed, which may improve the cycling stability of
PAD-LLZO films.

Experimental Section
Sample Preparation
Film Fabrication

The cubic phase LLZO powder used for film fabrication
was provided by Schott AG, Mainz. It was synthesized
with a method based on the procedure described by
Hoinkis et al. (Ref 22). The films were fabricated using
PAD. Details of the applied PAD process have previously
been reported elsewhere (Ref 11, 23). Samples for EIS
analysis, Hebb-Wagner polarization, and cycling experi-
ments were deposited on copper metal sheets with a
thickness of 500 pm. For XRD analyses, films were fab-
ricated on silicon wafer cuts with (911) orientation (wafer
thickness 500 pum).

Thermal Post-treatment of the As-Deposited Films

The samples were annealed in a custom-made tube furnace
in inert N, atmosphere. Heating and cooling rates were
kept at 1 K min~'. Annealing temperature and dwell time
were varied between 400 °C and 700 °C as well as 1 h and
48 h for the different samples and will be specified for each
individual experiments.

Cell Assembly

Prior to EIS, Hebb-Wagner polarization, and cycling
experiments, a lithium metal anode (@ 3 mm, 0.75 mm
thickness) was manually pressed on top of the PAD-LLZO
film. A copper substrate was added on top of the lithium
metal and served as current collector. Finally, the samples
were placed in a PAT-Cell (EL-Cell, Hamburg, Germany).
All steps before were conducted in an argon-filled glove-
box. A spring force of approximately 50 N (in accordance
with data retrieved from the manufacturer, assuming an
overall sample thickness of 1.5 mm) was applied. This
resulted in an overall pressure of approximately 3 MPa.
The PAT-Cell was placed in a PAT-Stand-4 (EL-Cell,
Hamburg, Germany), which was located in a climate
chamber to maintain a constant temperature during the
individual characterization steps.

Characterization Methods
Determination of Film Thickness

Film thicknesses dj ;7o for the samples used for electro-
chemical characterization were determined using a Mahr
S2 Perthometer (Carl Mahr Holding GmbH, Géttingen,
Germany). For each batch of PAD-LLZO films fabricated,
an additional sample was prepared for film thickness
measurement, in order to prevent sample contact with
surrounding atmosphere prior to other characterization
methods. The measured film thickness of samples used in
the individual experiments is reported in the supporting
information (Table S1).

Determination of the lonic Conductivity

To determine the activation energy E, from Arrhenius
plots, the temperature was varied in the range from 70 °C
to 20 °C. EIS analysis was conducted at different temper-
atures in potentiostatic mode with an amplitude of 25 mV
within the frequency range of 100 kHz to 100 mHz with
ten frequency points per decade. The intersection of the
real axis of the complex impedance in the Nyquist repre-
sentation was used to calculate the ionic conductivity gegr
(through-plane).

Determination of the Electronic Conductivity (Hebb-
Wagner Polarization)

The electronic conductivity o, was determined using the
Hebb-Wagner polarization method, which polarizes the
PAD layer between an ion-blocking electrode (copper) and
a reversible electrode (lithium metal). At 70 °C potentials
of 0.2, 0.4, and 0.6 V were applied for 15 h each. The
electronic current I; was then determined using the current
value obtained at the end of the polarization. Before each
polarization step and after the last step, EIS analyses were
conducted in the galvanostatic mode with an amplitude of
10 pA within the frequency range of 100 kHz to 100 mHz
with ten steps per decade. The intersection of the real axis
in the Nyquist representation of the complex impedance
was used to calculate the ionic conductivity gy

Cycling Experiments

The cycling experiments and EIS analysis during the
cycling experiments were performed at 70 °C. Prior to each
cycling experiment, a lithium reservoir was electrode-
posited into the CulLLZO interface to form a symmetrical
cell with stacking sequence CulLilLLZOILilCu. To form
the lithium reservoir (initial lithium electrodeposition), a
current / = 10 pA (ca. 0.05 mA cm™?) was applied for
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approximately 3 h, which corresponds to ca. 0.74 pm Li
metal.

For the CCD determination, the current density was
increased from 20 pA (ca. 0.10 mA cm ) in steps of
10 pA and afterward in steps of 20 pA until a short circuit
occurred. EIS experiments prior to and during cycling
experiments were conducted in potentiostatic mode with an
amplitude of 25 mV within the frequency range of
100 kHz to 100 mHz with ten steps per decade. Quantita-
tive analyses of the EIS spectra were performed with the
software Relaxis 3 (rhd instruments, Darmstadt, Germany).

X-Ray Diffraction

The as-received LLZO powder and the PAD-LLZO films
deposited on silicon wafers were analyzed with a D8
Advance X-ray diffractometer XRD (Bruker AXS GmbH,
Karlsruhe, Germany) with a copper anode operated at
2.2 kW, a Ge(111) monochromator (/ = 1.5406 A), and a
1D-Lynxeye-detector in a Bragg-Brentano arrangement.
The samples were analyzed in the range between 15° and
60° (20). For the powders, steps of 0.01° for a hold time of
1 s and for the films steps of 0.015° with a hold time of 3 s
were used.

Line shapes and positions for the structures were
determined using a silicon standard (NIST SRM 640 g).
Rietveld refinement to evaluate the received data was
performed with the TOPAS-Academic 64 V 7.24 (Coelho
Software, Brisbane, Australia) software. Lattice parame-
ters, crystallite size D, and microstrain ¢, were refined. To
model reflex broadening due to size and strain, the double
Voigt approach according to Balzar available in the soft-
ware was employed (Ref 24, 25). Additionally, the texture
was modeled using spherical harmonics to minimize the
impact of the texture on the intensities of the reflexes (Ref
26). A detailed description of the refinement procedure can
be found elsewhere (Ref 27).

Operando Scanning Electron Microscopy

The operando SEM imaging of lithium stripping and
plating on a PAD-LLZO film was conducted inside an
SEM (Merlin by Carl Zeiss AG, Oberkochen, Germany).
The cells were mounted on a 45° SEM holder and trans-
ferred from the argon glovebox to the SEM using a transfer
system (Leica EM VCT 100). A micromanipulator
(Kleindiek Nanomanipulator MM3A) was used to contact
the lithium metal electrodes inside the SEM. The copper
substrate was connected through the SEM stage to a gal-
vanostat (CompactStat, Ivium Technologies BV, Eind-
hoven, Netherlands). Backscattered electrons (BSE) with
an energy of 18 keV were used for imaging. The large
number of BSEs of LLZO led to bright regions in the
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images. Darker regions in the images correspond to the
light elemental lithium metal. The brightness of these
regions decreases with the lithium thickness, i.e., with the
number of BSEs that are generated in the LLZO and are
absorbed on their way through the lithium metal. For
stripping and plating, a current of 5 nA (corresponding to
roughly 25 nA cm™~?) was used. A more detailed descrip-
tion of the experiment can be found elsewhere (Ref 28).

Results and Discussion

Characterization of PAD-LLZO Films in the As-
Deposited State

Investigations of PAD-LLZO films are usually performed
using electrochemical characterization like cycling exper-
iments and EIS analysis, which indicate that the reversible
transport of lithium is possible. Figure 1 displays the visual
proof in the form of operando SEM observations of the
electrochemical deposition and dissolution of lithium
through the PAD layer. A video corresponding to Fig. 1(b
and c) can be found in the supporting information (Video
S1). In addition to the SEM images, the current-voltage
data are shown in Fig. 1(a) where the individual values
corresponding to the SEM images from 1 (begin of life
(BOL)) to 6 (after plating) are highlighted by blue dots.
These results were obtained as part of the study conducted
by Lang et al. (Ref 28).

As illustrated in the SEM images and explained in the
experimental section, lithium appears dark depending on its
thickness, while LLZO appears bright. Upon applying a
negative current (stripping, image 1-3, Fig. 1), lithium is
dissolved into the electrolyte and forms voids, leading to an
increasing exposure of the underlying LLZO film surface.
This process can be reversed by applying a positive current
(plating image 4-6). Notably, no temperature treatment was
applied to the film after powder aerosol deposition. A more
detailed evaluation of the operando SEM and an interpre-
tation in terms of the underlying mechanisms of lithium
stripping and plating on PAD-LLZO films can be found in
the study by Lang et al. (Ref 28). Additional SEM inves-
tigations of PAD-LLZO films, including cross-sectional
analyses confirming uniformity, continuity, and adhesion,
are provided in the studies by Hanft et al. and Nazarenus
et al. (Ref 11, 14). Moreover, PAD films are generally
believed to reach approximately 95 % of the theoretical
material density (Ref 10, 29). However, determining the
density of the films within the scope of this study is chal-
lenging due to the abrasive nature of the PAD process and
the predominantly closed-porosity character of the films,
which prevents meaningful density measurements.
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Fig. 1 Operando SEM a)

observation of lithium

dissolution and deposition
performed on an as-deposited
PAD-LLZO film: (a) current-
voltage curve during lithium
dissolution and deposition,

(b) overview SEM image of the
investigated sample, and

(c) selection of SEM images
during lithium dissolution and

j /nA

deposition at 1 BOL, 2 during -2
dissolution, 3 after dissolution, 0 10 20 30
4 before deposition, 5 during C)
deposition, and 6 after

deposition. The experiment was
conducted at room temperature

with no external pressure

applied

In summary, it can be concluded that lithium ions can be
transported reversibly through a PAD-LLZO film. There-
fore, we consider PAD-LLZO films as suitable for use as
separator electrolyte layer in SSB cells.

The result of the electrochemical characterization with
respect to the activation energy E4 of the ion transport via
temperature-dependent measurements and electronic con-
ductivity of an as-deposited PAD-LLZO films is displayed
in Fig. 2. Figure 2(a) shows the value for E, with the
corresponding EIS spectra shown in Fig. S1(a) and (b) in
the supporting information.

An activation energy E, of 0.74 eV with an effective
conductivity of Ge70 «c = 7.5-1077 S cm™' at 70 °C is
derived. Figure 2(b) shows the results of the Hebb-Wagner
polarization experiment for another PAD-LLZO film. At
70 °C, an electronic conductivity of ¢jefr20 oc = 6.1-
10719 S cm™! was obtained. However, the curve suggests
that even lower values would be achieved with longer
polarization times, so the value determined should be
regarded as an upper limit. o 70 oc = 441077 S cm™! for
the same sample was obtained with EIS analysis (cf.
Fig. Slc). Consequently, the electronic conductivity is
three orders of magnitude lower than the effective con-
ductivity measured with EIS, suggesting that ionic

t/h

. L ! -6
40 50 60 70

Dissolution of Li

Deposition Li

conduction dominates with an electronic transference
number of fgjeerron = 2-107°.

The measurements to determine the critical current
density jccp conducted on a further as-deposited PAD-
LLZO film are shown in Fig. 3(a). The data recorded
during the initial lithium electrodeposition can be found in
Fig. S2 in the supporting information. For the as-deposited
PAD-LLZO film, a jecp of 0.41 mA cm ™ is determined at
70 °C. The corresponding overvoltage during cycling
increases from 0.6 V at 0.10 mA cm ™2 to more than 2.3 V
at the CCD value of 0.41 mA cm™ 2.

EIS spectra measured during the determination of the
CCD are shown in Fig. 3(b). Each spectrum consists of a
single  depressed semicircle. After cycling at
0.61 mA cm 2 (5), the EIS spectrum shows a strong
decrease of the overall resistance. Despite the significant
decline of the real part of the impedance, it remains at
approximately 1.4 kQ cm” at low frequencies, while a
depressed semicircle can be observed. It is also noteworthy
that, although a decrease in impedance would be expected
after cycling at 0.41 mA cm ™2 based on the data gathered
during the CCD determination, a decrease is only observed
after 0.61 mA cm™2. This behavior may be attributed to
dendrite growth occurring only in a portion of the film—

@ Springer
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Fig. 2 Electrochemical characterization of the conductive properties
of as-deposited PAD-LLZO films in a CulLilLLZOILilCu cell setup:
(a) Arrhenius plot of the effective conductivity to determine E4, the
corresponding EIS spectra are shown in Fig. S1 in the supporting

a) initial deposition
10 pA/ 80 pA/
0.05 mA cm? 0.41 mA cm?
/ X

A\

M 293 @

Fig. 3 Determination of the CCD of an as-deposited PAD-LLZO film
in a CulLilLLZOILilCu cell setup: (a) stripping and plating of lithium
with a CCD of jecp = 0.41 mA cm™2, (b) EIS spectra measured

likely near the electrode interface—effectively reducing
the relevant electrode-to-electrode distance. In the litera-
ture, this phenomenon of an incomplete short is referred to
as a partial or soft short circuit and has also been reported
for LLZO pellet-based cells (Ref 30-36). A conceivable
secondary scenario pertains to the penetration of thin fila-
ments—exhibiting a resistance that is similar to that of the
film itself—through the entirety of the film.

A quantitative analysis is performed for the EIS spec-
trum measured after the initial lithium electrodeposition
(black, 1). From a physical point of view, a model structure
of at least two non-ideal resistive-capacitive elements (RQ)
should be assumed, representing the grain and the grain
boundary contribution with a model structure of R,Q;-
R>0»,. However, the shape of the spectrum suggests that
one of these processes dominates the overall impedance of
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information, and (b) Hebb-Wagner polarization measurements at
various potentials performed at 70 °C. The applied external pressure
throughout all characterizations steps was ~ 3 MPa

b)
5 — T — ——
T=170°C after initial deposition (1)
- NE 4 | p=3 MPa S kHz after 80 pA/0.41 mA cm(2) 4
= © RO, after 90 pA /0.46 mA cm2 (3)
2 % 3r j after 110 pA /0.56 mA cm?2 (4) ]
c P after 120 pA /0.61 mA cm2 (5
5 Q2 -y, H ©)]
=1y 12.5 kHz I
™
0 1 1 1
0 2 4 6 8 10
Re(Z) / kQ cm?

during the CCD determination, points in time of measurement are
indicated as (1) to (5) in (a). The applied external pressure throughout
all characterization steps was ~ 3 MPa at 70 °C

the cell or different processes with similar time constants
are present, as evidenced by the presence of only one
depressed semicircle. Consequently, the quantitative anal-
ysis is conducted with the model structure RQ, the results
of which are shown as red dashed lines for the respective
spectra. An overview of the fitted parameters is given in
Table S2 in the supporting information. The determined
resistance R; is 5.8-10° Q cm? after the initial lithium
electrodeposition. The corresponding capacitance is deter-
mined to be in the range of 10™° F.

Similar results were achieved for the CCD determina-
tion of another as-deposited film. The data collected for
this sample are shown in Fig. S3 in the supporting
information.
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Characterization of PAD-LLZO Films After
Thermal Post-treatment

To improve the ionic conductivity, thermal post-treatment
is commonly performed to induce relaxation of the lattice
distortions and thus reduce microstrain in the film (Ref 20).
Hanft et al. investigated the effect of thermal post-treat-
ment at different temperatures on the electrochemical
properties of PAD-LLZO films (Ref 14).

Their most significant findings in the context of this
study are summarized in Fig. S4 in the supporting infor-
mation. Hanft et al. showed that as a result of microstrain
reduction the effective in-plane conductivity o i, can be
increased. The most significant increase was achieved at an
annealing temperature of 400 °C where ocs;, Wwas
increased from approximately 1077 S cm™' to approxi-
mately 107> S cm™'. On the basis of this observation,
Tanneat = 400 °C is often considered as the preferred
annealing temperature for PAD-LLZO films, even though
at higher annealing temperatures a further yet minor
increase of o, jp can be observed as a result of further
microstrain reduction and grain growth (Ref 14). This
assumption is made with the objective of limiting the
energy requirements for sample preparation and maximiz-
ing the advantage of PAD as a fabrication process (Ref
11, 15).

In line with these previous findings, a PAD-LLZO film
annealed at 400 °C for 1 h was electrochemically charac-
terized to further investigate the challenges associated with
the cycling stability. SEM images comparing the
microstructure of as-deposited PAD-LLZO films and films
annealed at different temperatures up to 700 °C can be
found in the study of Hanft et al. (Ref 14). Figure 4 shows
the activation energies E, and the measurement of the

T/°C

electronic conductivity determined by Hebb-Wagner
polarization. Once again, the measurements were con-
ducted on two separate post-treated PAD-LLZO films.
Figure 4(a) shows the activation energies E5 of a first
PAD-LLZO film annealed at 400 °C for 1 h in comparison
with the data obtained for the as-deposited sample (c.f.
Fig. 2(a). The corresponding EIS spectra can be found in
Fig. S1 and S5 in the supporting information. After
annealing at 400 °C, E, was found to be decreased to
0.54 eV with an effective conductivity of 70 oc = 1.6-
107>'S cm ™. The electronic conductivity of another PAD-
LLZO film annealed at 400 °C for 1 h was determined to
be o1, eff. 70 «c = 3.8:107° S cm™" at 70 °C (cf. Fig. 4b).
Once again, the trajectory of the curve suggests that even
lower values would be obtained if the polarization time
would have been extended. Consequently, the determined
value is regarded as an upper limit. The effective con-
ductivity obtained through EIS analysis for the same
sample is Gefr, 70 oc = 9.7-107° S em™" (cf. Fig. S5¢)
leading to an electronic transference number of fgc.
won = 4-107%. At first glance, this increase in ionic con-
ductivity and decrease of E, seems promising, especially
since the ionic transfer number #;,, remains at close to 1.
The critical current densities of PAD-LLZO films
annealed at 400 °C for 1 h were determined for a series of
samples. A summary of the collected results is provided in
Table S4 in the Supporting Information, while data for a
representative sample are shown in Fig. 5(a).
Already at a low current density of only 0.05 mA cm ™2,
a potential drop can be observed during the initial lithium
electrodeposition within the first two hours. The overvolt-
age drops from — 0.03 V at 1.1 h to — 0.002 V at 2.1 h.
The EIS spectra measured during the CCD determina-
tion are shown in Fig. 5(c). The spectra at BOL (black) and

b
2) L7060 50 40 30 20
10 f——T——— 71— T T T T 400 T T T 32
‘ T=170°C
p =3 MPa
M o107 1 300
g * _ g 0.4V
A 104k Sy o1 Fo200f
~ S S \]:l\ =0.74 eV (as deposited)] 02V
5 T v o
v’ 105 T~ E 100
1076 p.~3 MPa v 0 Oez0c=3.0° 10°S cm'  annealed at 400°C for 1 h 0
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Fig. 4 Electrochemical characterization of PAD-LLZO films
annealed at 400 °C for 1 h in a CulLLZOILilCu cell setup: a)
Arrhenius plot of the effective conductivity to determine E,, the
corresponding EIS spectra are shown in Fig. S3 in the supporting

information, and b) Hebb-Wagner polarization measurements at
various potentials performed at 70 °C. The applied external pressure
throughout all characterization steps was ~ 3 MPa
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Fig. 5 Electrochemical characterization of a PAD-LLZO film
annealed at 400 °C for 1 h in a CulLLZOILilCu cell: a) initial lithium
electrodeposition with a current density of j = 0.05 mA cm™2, ¢) and
d) EIS spectra measured after cell assembly (BOL, black), during
initial lithium electrodeposition (green, marked with * in b)) and after
the initial lithium electrodeposition was finished (blue). The applied
external pressure throughout all characterization steps was ~ 3 MPa,
and the temperature was kept at 70 °C

during the initial lithium electrodeposition (green) seem to
consist of only one semicircle with an increasing imaginary
part at low frequency. However, at high frequencies, the
indication of a second semicircle can be observed, which
becomes more apparent at lower temperatures (cf.
Fig. S5b). For the spectra measured after the initial lithium
electrodeposition, only a real part of the impedance can be
observed.

A qualitative analysis is performed for the EIS spectra
measured before the initial lithium electrodeposition
(black). In comparison with the as-deposited sample, an
additional semicircle appears at high frequencies in the EIS
spectra, which becomes more pronounced at lower tem-
peratures (cf. Fig. S5b). Additionally, in the CulLLZOILi
cell setup, a blocking electrode is present, which is
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assumed to be responsible for the increasing imaginary part
at low frequency. Consequently, an equivalent circuit
model extended with a second R,Q, element and Qp
representing the blocking contribution of the cell at the
CulLLZO is found to fit the EIS data. The results of the fit
are displayed as red dotted line, and an overview of the fit
parameters can be found in Table S3 in the supporting
information. The resistances for the RQ elements are
114 Q cm? and 4.6-10°> Q cmz, respectively, with corre-
sponding capacitances of 107'° F and 107® F.

These results raise the question of what occurs during
thermal annealing. Although the ionic conductivity
increases, it appears that the reduction in film stress and
microstrain negatively affects the cycling performance of
PAD-LLZO films. In particular, the vulnerability of the
films to dendrite growth seems to increase.

Microstructural Challenges of PAD-LLZO Films
for SSBs Applications

PAD-LLZO Film in the As-Deposited State

The reversible lithium transport utilizing a PAD-LLZO
film as an SE layer has been observed at ambient temper-
atures (c.f. Fig. 1). At 70 °C, current densities of up to
0.41 mA cm™2 are achieved in a symmetrical cell setup
(c.f. Fig. 3). To the best of our knowledge, such observa-
tions have not been demonstrated for any other film fab-
rication process reported in the literature, particularly for
films with thicknesses in the 10-um range and below
50 um. The data collected here suggest that PAD-LLZO
films might be suitable for use as electrolyte layers in SSBs
as previously demonstrated in the literature—once the
ionic conductivity could be further increased. In the as-
deposited state, the ionic conductivity is still too low, being
3 orders of magnitude lower than the minimum require-
ment of 107" S em ™"

In view of these results, the electrochemical properties
of the as-deposited PAD-LLZO film need to be improved
to be sufficient for application in SSBs. While it can be
assumed that the film is mostly ionically conducting
(transfer number of Zejecyron = 2-1072), both effective con-
ductivity (G, 70 oc = 6.7-1077 S cm™') and E, (0.74 eV)
are inferior compared to the values reported in the litera-
ture for sintered bulk materials, which typically range from
0.2 eV to 0.5 eV for E, and 10°Sem ' to 107> S em™!
for ¢ (Ref 4, 7). These limitations result in excessive
overvoltage during cycling restricting the applicability of
the layers in SSBs. In addition, PAD-LLZO films exhibit
somewhat higher electronic conductivities compared to
their sintered counterparts. Usually, ratios in ionic and
electronic conductivity for LLZO are found to be in the
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range of 4 to 7 orders of magnitude with transfer numbers
of fetectron < 107% (Ref 7, 37, 38).

In accordance with the data reported in the literature, we
attribute these observations to the distinctive microstruc-
ture of PAD-LLZO films. As described previously, PAD
films are of a nanocrystalline structure with a significantly
higher number of grain boundaries compared to bulk
materials. In addition, the PAD deposition mechanism
leads to microstrain and stresses within the films (Ref
14, 39, 40). This microstructure—in particular the
nanocrystalline structure and microstrain—influences the
cell performance in two ways. First, the impedance is
dominated by the grain boundary contribution as indicated
by the capacitance in the range of 10~° F obtained for the
RQ-element which corresponds to ionic transport across
grain boundaries in the literature (Ref 41-43). We attribute
this to an increased volume fraction of grain boundaries
and lattice distortions that are predominantly localized
there. As a result, the ionic charge carrier mobility at the
grain boundaries is significantly lower than within the
grains themselves, leading to high resistance to ion diffu-
sion and thus to a lower ionic conductivity.

Second, the increased grain boundary volume fraction
may account for the observed increased electronic con-
ductivity. Grain boundaries may be associated with local
disorder in the chemical bonds of LLZO and therefore are
expected to lead to deteriorated electrochemical properties
of the electrolyte, i.e., decreased ionic and increased
electronic transport. According to literature, the band gap
for electronic conduction at LLZO grain boundaries (1 to
3 eV) is narrower than in the bulk material (6 eV) (Ref 30).
Therefore, the higher volume fraction of grain boundaries
and near-boundary regions in PAD films compared to bulk
materials may facilitate electron transport, ultimately
contributing to the observed increased electronic
conductivity.

Other studies utilizing PAD-LLZO films with a cell
setup containing a reversible lithium electrode report
similar values of 0.50 eV and 0.65 eV for E, with con-
ductivities of around

1077 S cm™"' at a temperature of 70 °C confirming the
results of this study (Ref 11, 15). In essence, PAD-LLZO
films in the as-deposited state exhibit reduced ionic con-
ductivity and increased electronic conductivity as a result
of their microstructural features.

Overall, these findings prove that the microstructure of
PAD-LLZO films plays a crucial role in determining their
electrochemical performance. This aligns with results
previously reported in the literature for LLZO and other
materials processed via PAD (Ref 14, 20).

PAD-LLZO Film Annealed at 400 °C for 1 h

After annealing the PAD-LLZO film at 400 °C for 1 h, the
effective conductivity increased by nearly two orders of
magnitude to Oefr70 o)c = 1.6:107°> S cm™', while E,
decreased to 0.54 eV in contrast to the as-deposited film.
The ionic conduction remains to be dominant with an
electronic transference number of f.jeciron = 4-107%, as the
measured electronic conductivity is approximately four
orders of magnitude lower than the o.¢ determined by EIS
analysis. Interestingly, the ionic conductivity increases by
almost two orders of magnitude, while the electronic
conductivity exhibits only a marginal increase by a factor
of 4 in comparison with the as-deposited film.

Based on the results reported by Hanft et al., this
increase in ionic conductivity is attributed to the recovery
of an unstrained crystalline lattice in the grain. As shown in
Fig. S4a and b, the crystallite size remains constant up to an
annealing temperature of 400 °C, while the microstrain is
reduced by roughly a factor of two. Consequently, it can be
assumed that the volume fraction of grain boundaries
remains essentially unchanged and therefore does not
contribute to the observed increase in ionic conductivity.
For a more detailed analysis of the underlying mechanism
of the annealing effect, the authors refer the reader to the
study of Exner et al. (Ref 20). Taken together, these results
suggest that in isolated PAD-LLZO films, ionic conduc-
tivity is impaired by microstrain, while electronic con-
ductivity appears to be less affected by this phenomenon.

The effect of thermal post-treatment can also be
observed for the impedance of the PAD-LLZO films. After
annealing, a second distinct process becomes visible at
high frequencies. In the literature, the contribution at high
frequencies is usually assigned to the ionic transport within
the grain while the contribution at intermediate frequencies
is assigned to the (more resistive) grain boundary contri-
butions (Ref 41, 42, 44-46). Under this assumption, we
conclude that annealing enhances charge-transfer processes
across grain boundaries due to the reestablishment of an
undistorted lattice and therefore reduced microstrain, as
evidenced by the approximately one-order-of-magnitude
decrease in the resistance associated with the intermediate-
frequency contribution.

Despite the significant improvement in ionic conduc-
tivity after annealing, the achieved values for o still fall
short of the minimum requirement of 10~* S cm™' for
practical solid-state battery operation. This limitation is
likely linked to the high grain-boundary volume fraction in
PAD-LLZO films, which results from the nanocrystalline
microstructure and imposes a substantial resistive contri-
bution even after microstrain relaxation.

In contrast to the improved conductivity, the cycling
stability of PAD-LLZO films is not enhanced by thermal
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annealing. For the post-treated film, a short circuit indi-
cated by the potential drop after approximately 1 h
occurred already during the initial lithium electrodeposi-
tion at a current density of 0.05 mA cm™2. This represents
a drastic decrease in the CCD compared to the as-deposited
film. This agrees well with the results obtained from the
EIS analyses and cycling experiments conducted for a
series of other PAD-LLZO films investigated after a ther-
mal annealing at 400 °C for 1 h. (c.f. Table S4). This raises
the question of what happens during annealing that leads to
the degradation of cycling stability.

Susceptibility of PAD-LLZO Films to Lithium-Filament
Formation

Ideally, the improved ionic conductivity would reduce the
overvoltage during cycling and lead to an increase in CCD.
However, an opposite trend is observed in this study. The
data of the PAD-LLZO films annealed at 400 °C for 1 h
suggest that the reduction in film stress and the relaxation
of lattice deformation may facilitate lithium penetration
through the PAD-LLZO film during cycling, resulting in
short circuits at relatively low current densities.

In order to increase the CCD of PAD-LLZO films while
maintaining high ionic conductivity, the failure mechanism
during cycling has to be understood. Contrary to the clas-
sical dendrite growth mechanism observed in LIB with
liquid electrolytes (in the literature referred to as mode 1
(Ref 47)), recent studies suggest that the grain boundaries
within PAD-LLZO films play an important role in the
lithium dendrite or so-called lithium “filament” formation
during cycling (Ref 30, 48). It has been proposed that grain
boundaries may possess a smaller bandgap compared to the
bulk material. Therefore, they can show enhanced elec-
tronic conductivity and can trap electrons if they are close
to a plating lithium electrode. This may result in local
overvoltage that exceeds the threshold required for the
electrochemical reduction of lithium ions. As a result,
metallic lithium filaments grow along the grain boundaries
progressing through the separator layer during cycling. In
the literature, this second failure mechanism is referred to
as mode 2 (Ref 47).

This leads to the assumption that an increased grain
boundary volume fraction will promote the growth of
lithium filaments. Looking at the microstructure of PAD
films with typical grain sizes around some 10 nm, grain
boundary volume fraction in PAD films is considerably
higher compared to bulk materials or films with grain sizes
in the pm range (Ref 39, 49). This may make PAD films
particularly vulnerable to lithium-filament growth, leading
to short circuits already at low current densities. This
assumption is further supported by the results obtained and
discussed in this study.
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Assuming the validity of this specific failure mecha-
nism, the electrochemical behavior observed in the cells
characterized so far can be explained. The as-deposited
PAD-LLZO films exhibit a pronounced drop in resistance
at current densities above 0.41 mA cm_z, although the real
part of the impedance remains in the kQ range even after
this decrease (c.f. Fig. 3 and Fig. S2 in the supporting
information). As already discussed earlier, this behavior
might be attributed to localized filament growth in a sec-
tion of the film—Ilikely near the electrode interface—or full
penetration of the film by highly resistive filaments (Ref
30-36). In contrast, the PAD-LLZO film annealed at
400 °C exhibits a stepwise decrease in overvoltage during
the initial stages of the lithium electrodeposition
(j = 0.05 mA cm~?), ultimately resulting in a complete
short circuit which is also supported by the EIS analyses
(cf. Fig. 5 and Table S4 in the supporting information).
This suggests that, in this case, lithium filaments penetrate
the entire film.

This leads to the conclusion that filament formation in
the PAD-LLZO film annealed at 400 °C occurs at lower
current densities compared to the as-deposited film, despite
the similar microstructures in terms of grain sizes, which
can be assumed as a result of the data by Hanft et al. (c.f.
Fig. S4a) (Ref 14). We speculate that this discrepancy may
be attributed to internal compressive film stresses—par-
ticularly at grain boundaries—present in the as-deposited
state, phenomena which have been characterized in the
literature (Ref 14, 40). As a result, the grain boundary
pathways for filament propagation may be compromised
for the as-deposited samples, while for the annealed sam-
ples those pathways are more accessible as a result of
reduced stresses. For a more detailed analysis of the effect
of annealing on compressive stresses in PAD films, the
reader is referred to our previous study by Paulus et al. (Ref
40).

This speculation aligns with findings by Fincher et al.,
who demonstrated that lithium dendrite propagation in
LLZO is strongly influenced by mechanical stress (Ref 50).
In their study, the application of uniaxial pressure led to
dendrite growth preferentially along the loading direction.
They specify a critical stress of approximately 150 MPa,
while the intrinsic compressive stress of PAD films is
usually in the GPa range (Ref 40, 50-53). A thermal post-
treatment relieves these compressive stresses, therefore
facilitating filament growth along the grain boundaries in
the annealed film.

In the light of our observations and previous reports, we
conclude that PAD-LLZO films annealed at 400 °C cannot
be used as separator layers in SSBs, owing to their
nanocrystalline microstructure. To further enhance the
resistance of the films against lithium-filament growth and
improve the CCD, while simultaneously ensuring
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sufficiently high ionic conductivity, a suitable post-treat-
ment method has yet to be identified. Such a method should
aim to modify the characteristic microstructure of PAD-
LLZO films with respect to the grain size and the grain-
boundary volume fraction. Adjusting these parameters may
not only improve the robustness against filament penetra-
tion but may also further increase the ionic conductivity
and reduce the electronic conductivity by reducing the
proportion of resistive grain boundaries, helping to
approach the minimum requirement of 10* S cm™"' and
further reduce ?qjectron-

Modification of the Microstructure of PAD-LLZO
Films

To modify the microstructure of PAD-LLZO films, two
strategies may be considered. In a straightforward
approach, the grain size is increased in the film to reduce
the grain boundary volume fraction, thereby shifting the
microstructure toward that of dense ceramic pellets.
Alternatively, the grain boundaries themselves could be
modified to minimize their negative impact on the stability
against lithium-filament formation during cycling.

In an attempt to reduce the volume fraction of grain
boundaries within the PAD-LLZO films, temperature and
dwell time of the thermal annealing step were increased
according to the results of Hanft et al. (c.f. Fig. S4c). They
showed that temperatures above 500 °C yield increased
crystallite sizes in PAD-LLZO films (green markers) (Ref
14). To apply these findings to the present study, we
assume that in PAD films each grain consists only of a
single domain, so that the terms grain size and crystallite
size can be used synonymously (Ref 39, 49). Accordingly,
it is assumed that with increasing crystallite sizes, the
volume fraction of grain boundaries is reduced.

Based on the data shown in Fig. S4(c), a post-treatment
temperature of 700 °C was selected for the initial investi-
gation. This temperature is expected to promote sufficient
grain growth while avoiding excessively high temperatures
that could lead to lithium loss, a phenomenon known to
occur at elevated temperatures (Ref 54, 55). To allow for
sufficient grain growth, a dwell time of 48 h was chosen for
an initial investigation. The extended dwell time at this
temperature is anticipated to promote diffusion-driven
grain growth and to reduce the gap between the grain sizes
of PAD-LLZO films and those observed in sintered bulk
reference materials as far as possible without requiring
higher temperatures.

Doing so, LLZO powder, an as-deposited PAD-LLZO
film, a PAD-LLZO film annealed at 400 °C for 1 h, and a
PAD-LLZO film annealed at 700 °C for 48 h were char-
acterized using XRD. The results are shown in Fig. 6. To
avoid distorting reflections from the substrate in the
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Fig. 6 XRD patterns of LLZO powder (black), as-deposited PAD-
LLZO film (light green), PAD-LLZO film annealed at 400 °C for 1 h
(dark green), and PAD-LLZO film annealed at 700 °C for 48 h (blue)

Table 1 Crystallite size D and microstrain &, of the samples analyzed
in Fig. 6 determined via rietveld refinement of the diffraction patterns

Raw powder  As-deposited 400 °C, 1 h 700 °C, 48 h
D/nm > 500 38 34 194
g0l % 0.02 1.05 1.58 0.16

diffraction patterns, the films for XRD were deposited on
silicon wafers with a (911) orientation.

The position of the reflections in diffraction patterns of
all samples indicates the desired cubic garnet-type structure
characteristic for LLZO. In addition, the pattern of the film
annealed at 700 °C for 48 h also shows reflections of the
pyrochlore phase La,Zr,O; (marked with x). This may be
due to lithium loss during the post-treatment for 48 h at
700 °C, which is a phenomenon known to occur at elevated
temperatures (Ref 54-56). The diffraction patterns of the
powder and of the film annealed at 700 °C for 48 h show
narrow reflections, whereas for the as-deposited film and
the film annealed at 400 °C for 1 h broad reflections can be
observed. Typically, broader reflections are due to a
smaller grain size and the presence of lattice strain, i.e.,
mechanical stress inhomogeneities, which are very com-
mon phenomena for films deposited by PAD (Ref
20, 40, 57, 58). The narrow reflections observed for the
PAD-LLZO film annealed at 700 °C indicate crystallite
growth during annealing.

In order to obtain further information regarding the
crystallite size denoted as D and microstrain denoted as &,
Rietveld refinement was performed. The results of this
refinement are shown in Table 1.

The crystallite size D of the raw powder is > 500 nm,
which corresponds to the upper resolution limit of resolu-
tion. After deposition, the crystallite size decreases to
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Table 2 Overview on the key findings of this study in terms of microstructural and electrochemical properties of the different sample types

investigated
S V,as-depositeds a-U. f;O,asfdepositeda a.u. Oett, 70 °C> S cm™! el, 70 °Cs S cm™! Jeep, 70 °c; MA cm™?
As-deposited 1 1 751077 6.1-1071° 0.41
400 °C, 1 h 1 (Ref 14) 0.47 (Ref 14) 1.6:107° 3.8:107° 0.05
700 °C, 48 h 130 0.15

3*, . . . . . .
The microstructural properties are presented as dimensionless relative volume factor fy as-geposited> referenced respect to the as-deposited state,
and relative microstrain factor f;,as-deposited> likewise referenced to the as-deposited state

38 nm, and after annealing at 400 °C for 1 h, it remains
essentially unchanged at 34 nm. After being annealed at
700 °C for 48 h, the crystallite size increased significantly
to 194 nm. The microstrain &g is determined to be 0.02 %
for the raw powder, 1.05 % for the as-deposited sample,
1.58 % after annealing at 400 °C for 1 h, and 0.16 % after
annealing at 700 °C for 48 h.

Since the grain volume scales cubically with the crys-
tallite size D, the heat treatment leads to an increase in
grain volume for the PAD-LLZO film annealed at 700 °C
for 48 h by a factor of ~ 130—(194 nm/38 nm)’—in
relation to the as-deposited state. With regard to the grain
boundary volume fraction, the ratio of grain boundary
volume to grain volume reduces from 15.0 % (as-de-
posited) to 3.1 % (after annealing at 700 °C), when
assuming a grain boundary “thickness” of 1 nm. An
assumption consistent with Liu et al., who report values
below 1.5 nm for LLZO (Ref 30). We conclude that the
microstructure with respect to the grain size of PAD-LLZO
films can be tuned by modifying the post-treatment con-
ditions. It should be noted that, following a proof-of-con-
cept regarding the effect of the post-treatment on cycling
stability, further studies should focus on optimizing the
post-treatment conditions. The dwell time and potentially
also the annealing temperature should be reduced in order
to lower energy consumption and preserve the intrinsic
processing advantages of PAD. Furthermore, the formation
conditions and the influence of the observed La,Zr,O,
pyrochlore phase on the electrochemical properties must be
considered. This is particularly important, as this phase is
well known to detrimentally affect electrochemical per-
formance due to its insulating character (Ref 56).

In terms of microstrain &g, the results for the raw pow-
der, the as-deposited film, and the film annealed at 700 °C
for 48 h are similar to values previously reported in liter-
ature (Ref 14, 57). For the raw powder, a low ¢, of 0.02 %
is determined, which increases to 1.05 % for the as-de-
posited film as aresult of lattice distortions. After
annealing at 700 °C for 48 h, ¢, is significantly reduced to
0.16 %, which can be attributed to the recovery of an
undistorted lattice.
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However, ¢, determined for the PAD-LLZO film
annealed at 400 °C for 1 h deviates from the literature.
Based on literature data, one would expect a value lower
than that of the as-deposited sample, which is also sup-
ported by the electrochemical behavior discussed above. In
contrast, an increase in microstrain is observed after
annealing at 400 °C. At present, no conclusive explanation
for this deviation can be given, and further investigations
are required to clarify this behavior.

To summarize the findings of this study, the key prop-
erties of the investigated samples are presented once again
in Table 2. Therefore, the microstructural properties are
presented as dimensionless relative volume factor fy a5 de-
posited> Teferenced with respect to the as-deposited state, and
relative microstrain factor f;o,as-depositea> likewise refer-
enced to the as-deposited state. It should be noted that the
factors shown for the PAD-LLZO film annealed at 400 °C
were determined with respect to the data reported by Hanft
et al. to allow for a meaningful comparison (Ref 14). The
electrochemical properties measured at 70 °C are repre-
sented by the effective ionic conductivity oegr, 70 oc, the
electronic conductivity o, 79 oc, and the CCD jccep, 70 oc-

Conclusions

Identifying a suitable processing method to fabricate dense
LLZO electrolyte layers remains one of the key challenges
for their implementation in SSBs for commercial applica-
tions. In the present study, the potential for overcoming this
challenge using the powder aerosol deposition method
(PAD)—a room temperature deposition method—was
examined. Using operando SEM, it was demonstrated that
PAD-LLZO films can be utilized for the reversible trans-
port of lithium, however, still at high overvoltage. In
addition, current densities of up to 0.41 mA cm ™2 were
achieved with no temperature treatment applied. To further
improve the cycling properties, a thermal post-treatment at
mild conditions (400 °C for 1 h) was investigated. Fol-
lowing this thermal post-treatment, a critical current den-
sity of only 0.05 mA cm™~ was observed. It is assumed
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that the reduction in compressive film stresses and
microstrain resulted in a deterioration of the cycling sta-
bility in terms of CCD. This hypothesis can be justified by
the unique nanocrystalline microstructure of PAD films
with small crystallite sizes in the 10-nm range. The
resulting large volume fraction of grain boundaries, in
contrast to bulk LLZO, may accelerate lithium-filament
formation during cycling. Considering these findings, a
possible strategy to improve the resistance against filament
formation and further increase ionic conductivity through
the reduction of grain boundary volume fraction was pro-
posed. Initial results indicate that increasing the annealing
temperature and dwell time leads to a significant increase
in grain size that reduces the grain boundary volume
fraction within the film. Accordingly, it is suggested that in
a primary effort future studies should focus on evaluating
the electrochemical properties of PAD-LLZO films sub-
jected to the adapted post-treatment.
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