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Lithium All-Solid-State Batteries Fabricated at Room
Temperature by the Powder Aerosol Deposition Method with
Garnet-Type Electrolyte and Graded Composite Cathode

Lukas Hennerici,* Paula Ficht, Maximilian Schamel, Ulrich Mansfeld, Mario Linz,
Daniel Paulus, Jaroslaw Kita, Michael A. Danzer, and Ralf Moos*

Lithium-based all-solid-state batteries (ASSBs) are attracting worldwide
attention as the next step in the evolution of Li-ion batteries (LIBs). They have
the potential to address safety concerns and limited energy densities, which are
key challenges for LIBs. The current focus is on enhancing the electrochemical
properties of ASSBs. However, a suitable economic method for fabricating
them remains to be established, especially when ceramic materials are used
as solid electrolytes. The powder aerosol deposition method (PAD or ADM)

is a ceramic processing method that uses raw ceramic powders to fabricate
dense, several micrometer thick ceramic films. The entire process takes place
at room temperature and in the absence of additional binders. Therefore, PAD
is used in this study to fabricate ASSBs with LiNig g;Mn 1;C0; 06O, (NMC) as
the cathode active material and Al , Li¢ o,5LasZr, (55 Tag 3750;, (LLZO) as the
solid electrolyte. The cathode is fabricated as a composite with a gradient in
the electrolyte concentration. The successful fabrication is confirmed through
scanning electron microscopy and energy-dispersive X-ray spectroscopy anal-
ysis. Electrochemical characterization shows that a PAD-ASSB can be cycled.
Furthermore, it can be shown that 145 um thick NMC films can be fabricated by
PAD. The electrochemical results are compared with the theoretical potential of
PAD-ASSBs, and methods to further improve the achieved state are discussed.

batteries (ASSBs) based on the Li-ion
technology are promising future electri-
cal energy storage devices. Replacing the
liquid electrolyte used in commercial Li-
ion batteries (LIBs) by a solid electrolyte
may allow for increased safety and im-
proved performance in terms of energy
density as well as charging time.'™* As
a result, the interest in research and in-
dustry has increased over the past decade,
leading to a variety of different inno-
vative approaches to enable the fabrica-
tion of a commercially viable ASSBs.l>”]

As one of the new approaches, the
powder aerosol deposition method
(PAD), in literature also known as
aerosol deposition method (ADM), has
emerged as a method for film fabrica-
tion from raw powders especially for
ceramic-based ASSBs. The PAD enables
the fabrication of dense ceramic films
directly at room temperature based
on the room temperature impact con-

1. Introduction

In the context of climate change and the necessary transi-
tion from fossil fuels to electrical energy sources, all-solid-state

solidation (RTIC) mechanism.[®°] The
thickness of PAD films can range from
a few um to x100-200 um depending
on the utilized powder.['%!!] The PAD process and films offer
several benefits for fabricating batteries. Starting with the pro-
cess temperature, the fabrication cost of batteries could be dras-
tically reduced using PAD, since the entire process takes place at
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room temperature. Other commonly used fabrication processes
for ceramic-based ASSBs with, e.g., an oxide electrolyte, such
as tape casting, require significantly higher temperatures dur-
ing the fabrication process (>1000 °C).[”2] [n addition to that, no
supplementary processing additives are required. This simplifies
material preparation and reduces process costs.['!] In terms of
electrochemical performance, the PAD-ASSBs electrodes would
make the use of binders obsolete, as PAD films generally exhibit
very high adhesion.['*] This would not only remove poorly con-
ductive binder material but also would allow for higher energy
densities. The high density of PAD films, typically >95% of the
bulk density (with no open porosity), would enable higher energy
densities while eliminating the need for a postprocess densifica-
tion step.[®1* Besides that, the high density of PAD films would
lead to higher particle-to-particle contact compared to other fab-
rication processes, resulting in lower interfacial resistance and
reduced tortuosity.

To date, a wide variety of different materials already have been
deposited and characterized using the PAD process. For cathode
active materials (CAMs), the commercially used layered oxides
LiNi; ,  Mn,Co O, (NMC),">] LiCoO,,"*?" and LiFePO,
(LFP)22-%] are mainly investigated. In the field of solid elec-
trolytes the garnet-like Li;La;Zr,0,, (LLZO) has received most
attention,[225-3% while there are only few studies present for
other solid electrolytes, namely, Li, ;Al,,Ti; ,(PO,); (LATP),?!
Li; sAlysGe, 5(PO,);,32%%) and Lij;5La,5sTiO%* Si is the most
investigated anode active material(®>*?! followed by Sn,P,!*344]
and Mg,Gel3>#4546] Li metal, considered the most promising
anode active material, cannot be deposited successfully with
PAD due to its softness, making it unable to get densified by the
RTIC mechanism.

Despite the numerous studies, up to now, it has only been
demonstrated once that a subsequent PAD deposition of elec-
trode and electrolyte film on a current collector substrate can
act as ASSBs. Ahn et al. deposited an LFP-PAD film (d = 1 pm)
on a stainless-steel substrate covered with an LLZO-PAD film
(@ = 20 pm) and finally applied a Li-foil as anode. Using a C-
rate of 0.3 C at 140 °C, a gravimetric capacity of 53 mAh g!
was obtained.[?] Based on this study, several challenges can be
identified that need to be addressed before PAD-ASSBs can be
considered suitable for commercial use. One of them is the fur-
ther development of the cell architecture, especially the cathode
layer design. To enable energy densities higher than 300 Wh kg~!
and 1000 Wh L1, a significantly thicker cathode layer, more
than 1 um, would be required. Additionally, the application of
a composite cathode layer in which conductive additives are in-
troduced into the cathode in ASSBs, is inevitable.*’] Different
studies show that the microstructure of the composition of the
cathode layer plays a crucial role for optimizing the performance
of ASSBs.*8-50] Building on that, virtual simulation studies in-
dicate that, in theory, layered or graded electrodes with an in-
creased electrolyte concentration toward the separator can sig-
nificantly enhance the electrode performance due to improved
ionic transport.>'>3] Three approaches were made to fabricate a
composite cathode using LATP as solid electrolyte and NMC,!¢]
LiNiysMn, ;0,5 or LCO[?°l as CAM, showing that in princi-
ple the fabrication of PAD composite cathodes is possible. How-
ever, these studies solely utilized the PAD to fabricate the cathode
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layer. When an electrolyte layer was added, a different fabrication
process was used.

In this work, we aimed to further improve the cathode
layer design of PAD-ASSBs, while using PAD as process-
ing method for both cathode and electrolyte layers. For this,
we used Ni-rich NMC (LiNijg;Mny ;;Co,,O,) as already com-
mercially proven CAM, along with Al- and Ta-doped LLZO
(Aly,Lig o35 Las Zr, ¢,5Ta; 3750;,), as one of the most promising ox-
ide solid electrolyte materials. The fabricated ASSBs contained a
gradient cathode layer, achieved by stepwise increasing the solid
electrolyte concentration toward the electrolyte layer. The materi-
als were individually studied as single layer films before a multi-
layer film was fabricated and investigated. The film compositions
were analyzed using scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX). Within this work,
we also showed that the fabricated PAD-ASSBs with a graded
cathode can be cycled. Based on these results, we compared the
performance of the current state-of-the-art PAD-ASSBs to its the-
oretical potential by simulating possible energy densities. Finally,
different methods to improve the electrochemical performance
of the current state-of-the-art PAD-ASSBs were discussed.

2. Experimental Section

The experimental approach of this study is illustrated in
Figure 1. Initially, the raw powders NMC and LLZO were de-
posited, and the films were subsequently characterized (step
1, 1.I, 1.I1). In the next step, the PAD films of the composite
materials were analyzed. Three different compositions, namely,
75:25 wt% NMC:LLZO (Composite 1), 50:50 wt% NMC:LLZO
(Composite 2), and 25:75 wt% NMC:LLZO (Composite 3) were
investigated (step 2, 2.I-III). In the third step, two multilayer
films were fabricated and characterized, containing a cathode
setup with a gradient (step 3, 3.1, 3.1I). The respective films were
deposited on Al, O, substrates to investigate them in SEM and
EDX. Finally, a film setup according to 3.I in Figure 1 was fab-
ricated and covered with a Li-foil as anode for electrochemical
characterization. A Hastelloy substrate was used as the current
collector on the cathode side for step 4.

2.1. Powder Synthesis
2.1.1. Cathode Material

Ni-rich NMC CAM with a composition of LiNij ¢; Mn, ;; Cog 06O,
was received from MSE supplies LLC. The received powder was
ball milled for 35 min in cyclohexane. The solvent was evaporated
atroom temperature after milling. The powder was subsequently
sieved with a mesh size of 90 um, dried at 120 °C in a furnace,
and stored in dry argon until further use.

2.1.2. Solid Electrolyte Material

Al-  and Ta-doped LLZO with the composition
Aly,Lig o,sLayZr, ,5Tay 37s0;, was synthesized using the mixed-
oxide route reported by Nazarenus et al.l'?l The powder was
stored in dry argon until further use.
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Figure 1. Experimental approach of this study: (step 1) analysis of the raw material PAD films: I) NMC (Cathode active material), I1) LLZO (Solid elec-
trolyte). (step 2) analysis and comparison of NMC/LLZO composite PAD films: I) 75:25 wt% NMC:LLZO (Composite 1), 1) 50:50 wt% NMC:LLZO (Com-
posite 2), Ill) 25:75 wt% NMC:LLZO (Composite 3). (step 3) fabrication and analysis of multilayer PAD films: I) NMC|Composite 2|LLZO,
I1) NMC|Composite 1|Composite 2|Composite 3|LLZO. (step 4) electrochemical characterization of a multilayer PAD-ASSB.

Hastelloy substrate

2.1.3. Cathode Composite Material

To prepare Composite 1 (75:25 wt% NMC:LLZO), Com-
posite 2 (50:50 wt% NMC:LLZO), and Composite 3
(25:75 wt% NMC:LLZO), the corresponding compositions
were weighed, and the powders were ground in a mortar for
homogenization. The prepared composites were stored in dry
argon until further use.

2.2. Film Fabrication

The films were fabricated using a custom-made PAD apparatus,
the working principle of which has been reported elsewhere.[11:12]
Two types of aerosol generators were used (cf. Figure 2). To fab-
ricate the cathode layer/film (NMC and composites), an aerosol
chamber was placed on a vibrating table. An O, gas flow was used
to generate the aerosol (Figure 2a). To fabricate the electrolyte
layer/film, an aerosol generator was placed in a glovebox with in-
ert N, atmosphere. A dispersing O, gas flow in the Venturi nozzle
ensures that the ceramic particles are converted into a powder
aerosol. Driven by the pressure gradient between glovebox and
vacuum in the deposition chamber, the aerosol flows toward the
nozzle and the particles are subsequently deposited on the sub-
strate material (Figure 2b).

2.3. Sample Preparation
2.3.1. SEM and EDX
For cross-sectional analysis, the deposited films on the Al,O,

substrate were bisected along a predefined breaking edge. The
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cross-section was dry polished with sandpaper without additive
(1200 grit, SiC, 5 um grain size) to obtain a plane surface with
low roughness.

2.3.2. Electrochemical Characterization

For electrochemical characterization, an NMC layer (d ~ 15 um)
and a Composite 2 layer (d & 10 pm) as cathode were consecu-
tively deposited and covered with an LLZO layer (d ~ 30 pm) as
electrolyte (cf. 3.1). The thickness of each individual layer was de-
termined on an additional substrate. The additional substrates
were coated in the same representative deposition step by ex-
tending the scanning distance to enable a representative mea-
surement of coating thickness. The surface of the electrolyte was
polished with sandpaper without additive (1200 grit, SiC, 5 um
grain size) to obtain a plane surface with low roughness and re-
move any impurities. Finally, a Li-metal anode (3 mm, 0.75 mm
thickness) was applied on top of the PAD film.

2.4. Characterization Methods
2.4.1. Scanning Electron Microscopy

A Zeiss Leo Gemini 1530 (Carl Zeiss AG, Oberkochen, Germany)
was used for SEM with SE and BSE imaging. An acceleration
voltage of 3 keV for SE imaging and 10 keV for BSE imaging was
applied. Additionally for the SEM—BSE imaging of the multilayer
films 3.1 and 3.1I, an FEI Quanta FEG 250 (FEI Company, Hills-
boro, OR, USA) with a concentric BSE detector was used (acceler-
ation voltage 30 keV). All samples were coated with a conductive
carbon layer that was ~20 nm thick.

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. Schematic illustration of the PAD apparatuses used for film fabrication. a) PAD apparatus with aerosol chamber on a vibrating table as aerosol
generating unit for cathode film fabrication. b) PAD apparatus with aerosol generator and venturi nozzle as aerosol generating unit for electrolyte film
fabrication.['?] Reproduced under the terms of the CC-BY license.[?] Copyright 2021, Wiley-VCH.

2.4.2. Energy-Dispersive X-Ray Spectroscopy

EDX analysis was performed with a Thermo Fisher Scientific
NS7 (Thermo Fisher Scientific Inc., Waltham, MA, USA; accel-
eration voltage 15 keV). The samples were coated with a con-
ductive carbon layer that was ~20 nm thick. Standardless EDX
mapping and the quantitative analysis was performed with the
Pathfinder version 2.8 (Thermo Fisher Scientific Inc., Waltham,
MA, USA) software.

2.4.3. Electrochemical Characterization

The samples were electrochemically characterized in a Com-
preDrive system (rhd instruments, Darmstadt, Germany), al-
lowing for active force and temperature control. The force was
set to 0.03 kN throughout all experiments resulting in a pres-
sure of ~2.4 MPa. The electrochemical characterization was car-
ried out at 70 °C. For galvanostatic cycling and electrochemical
impedance spectroscopy (EIS), an Arbin LBTX20084 cell tester
in combination with a Gamry Interface 1010E was used. EIS was
conducted in galvanostatic mode with an amplitude of 1.5 uA
within the frequency range of 10 kHz to 10 mHz with ten steps
per decade.

2.4.4. Surface Characterization
To determine the thickness of the PAD films, a Mahr S2

Perthometer (Carl Mahr Holding GmbH, Géttingen, Germany)
was utilized to obtain surface profiles.
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3. Results and Discussion

3.1. Characterization of the PAD Films of the Raw Materials
(Step 1)

The results of the SEM analysis in form of SE images as well as
standardless EDX maps of the NMC- (1.I) and LLZO-PAD films
(1.II) are shown in Figure 3. Standardless EDX was used to detect
Ni (blue), Mn (cyan), and Co (orange) for NMC (Figure 3b) as
well as Al (green), La (yellow), Zr (red), and Ta (violet) for LLZO
(Figure 3d).

The SEM images show that dense films of several um thick-
ness could be deposited for both films. Yet, as a result of the
polishing step before SEM analysis, the characteristic nanocrys-
talline morphology cannot be detected using SEM—SE imaging.
The standardless EDX mapping for both films shows a homoge-
nous distribution of almost all analyzed elements. Ta as part of
LLZO could not be observed in the EDX mapping of the LLZO-
PAD film (Figure 3b).

In order to determine the elemental composition of the PAD
films, the molar fractions y; of the examined elements were cal-
culated for both films using the standardless EDX data. The deter-
mined values for y; are shown in Tables S1 and S2 of the Support-
ing Information. Based on y,, the elemental distributions of each
material were estimated. For NMC, it was assumed that the sum
of all ¥\, (Xwi> Xmn» X o) 1S 100 at% according to LiNi,Mn,Co,O,
(x + y + z = 1). By following this assumption, the amount of the
respective element per formula 7 for the used NMC powder can
be calculated using Equation (1)

7 (Ni, Mn, Co) = i 1)
Xrot
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b) NMC-PAD film 1.I EDX mapping

Al,O; substrate

Figure 3. a) SE image of an NMC-PAD film (1.1) as cross-section. b) Standardless EDX mapping (Ni = blue, Mn = cyan, Co = orange) of an NMC-PAD
film (1.1) as cross-section. c) SE image of an LLZO-PAD film (1.11) as cross-section. d) Standardless EDX mapping (Al = green, La = yellow, Zr = red,

Ta = violet) of an LLZO-PAD film (1.11) as cross-section.

For LLZO, it was defined that the molar fraction
of La equals 3 atoms per formula unit according to
Aly,Lig o,sLayZr, ¢,5Tay 3750,,. From that, the amount of the
respective element per formula unit # of the remaining ele-
ments can be calculated with Equation (2)

(AL Ta, Zr) = £L .3 2)
Xla

The resulting film compositions are shown in Table 1 for the
NMC film and in Table 2 for the LLZO film in contrast to the
nominal compositions.

The composition of the NMC-PAD film is determined to be
identical to the nominal composition of the raw material. For the
LLZO-PAD film, the Al and Zr shares are in the range of the re-
spective share in the nominal composition, while Ta could not
be detected within the film. This result is consistent with the ob-
servation made for the mapping of the film in Figure 3d. One
possible explanation for this observation is the inhomogeneous
distribution of elements within the starting powder (Figure S1,
Supporting Information), which shows that Ta is not uniformly
distributed within the LLZO starting powder. Linz et al. have
demonstrated that only a portion of the powder is deposited in
the RTIC mechanism that occurs during the deposition process
using PAD.[*®] Consequently, it is plausible that only the Ta-poor

Table 1. Composition of NMC-PAD film 1.I calculated from standardless
EDX analysis in contrast of the nominal one (LiNig g3Mng 11Cog 0505).

phase within the powder is deposited during the film fabrication
process. To substantiate this hypothesis, further investigation is
necessary. However, this is beyond the scope of this study. Still,
the SEM images and the standardless EDX data demonstrate
the formation of dense and thick films of NMC and LLZO by
PAD.

3.2. Characterization of the PAD Films of the Composites
(Step 2)

SEM-SE images and standardless EDX maps of the Compos-
ite 1 (2.I), Composite 2 (2.II), and Composite 3 (2.III) PAD
films are shown in Figure S2a,c,e of the Supporting Informa-
tion. Standardless EDX was used to detect only Ni and La
to determine the proportion of NMC and LLZO in the films.
The selection of Ni and La is because they have the largest
mass fraction in the respective raw material. Equation (3) (for
Composite 1 PAD film (2.I)) and Equation (4) (for Compos-
ite 2 (2.II) and 3 (2.III) PAD film) are used to determine the
mass ratio of each material within the three composite PAD
films

Muzo _ X Muzo 083 o)
Mave i Mamc 3

Table 2. Composition of LLZO-PAD film 1.1l calculated from
standardless EDX analysis in contrast of the nominal one

(Alg 5 Lig 0z5La3Zry 655Tag 37501;)-

A [au] fin [au] fico [au] iy [au] i, [au] iz, [au] fira [au]
Nom. comp. 0.83 0.06 0.1 Nom. comp. 0.20 3.00 1.625 0.375
Film comp. 0.83 0.06 0.1 Film comp. 0.13 3.00 1.45 -
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Table 3. Results of the standardless EDX analysis for the analysis of the
Composite 1, Composite 2, and Composite 3 PAD film to determine
the composition in respect to the proportion of LLZO and NMC within
the film.

Layer JNi Kline Xlalline Mass ratio Mass ratio
[at%] [at%] (meas.) [au] (nominal) [au]
Composite 1 76.50 23.50 1.3:1 3:1
Composite 2 48.49 51.51 1:2.6 1:1
Composite 3 24.23 75.77 1:7.7 1:3

Mame _ X Mawc 3 )

Miuzo  Xa Muzo 0.83

The mass ratio determined for each PAD film is listed in
Table 3, together with the desired mass ratio and the
measured y for Ni and La from the standardless EDX
analysis.

The proportion of LLZO within the film appears to be
higher than in the original composition of the starting pow-
ders. It may be assumed that the deposition of LLZO is
favored using a composite powder consisting of NMC and
LLZO. Here, either a higher deposition rate of LLZO or
a higher powder discharge from the powder chamber may
explain the higher LLZO proportion within the PAD films
(cf. Figure 2a). Further analysis is required to determine
the composition of PAD films more accurately in terms of
NMC and LLZO concentration. Quantitative analytical meth-
ods such as inductively coupled plasma combined with op-
tical emission spectroscopy, X-ray photoelectron spectroscopy
or time-of-flight secondary ion mass spectrometry could be
used.

However, the focus of this study is on a proof of concept for
fabricating ASSBs with a graded cathode. Looking at the BSE im-
ages of the three composite films presented in Figure S2 b,d,f
of the Supporting Information, it is evident that two different
phases are present within the film. The BSE detector is sen-
sitive to atomic mass. Therefore, the grayscale image displays
LLZO as a brighter gray and NMC as a darker gray. Conse-
quently, it is demonstrated that PAD is suitable to prepare films
containing two phases using a composite powder of NMC and
LLZO.

a) 3-layer film 3.1
SE 1mag1ng / EDX mappmg

& Al,O; substrate [§

® Net Ni counts
Net La counts
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3.3. Characterization of the Multilayer PAD Films (Step 3)

As last fabrication step, the results of the single layer film fabrica-
tion are combined to obtain multilayer films containing a graded
cathode and an electrolyte layer. In a first approach, a 3-layer PAD
film (3.I) consisting of an NMC layer, a Composite 2 layer, and an
LLZO layer was fabricated and analyzed. The resulting images
including SEM and as well as a standardless EDX mapping are
shown in Figure 4. Furthermore, the concentration curve for Ni
and La throughout the three different layers is presented as net
counts measured by standardless EDX.

Figure 4a illustrates the successful subsequent deposition of
an NMC layer (d ~ 8.2 um), a composite layer (d ~ 15.5 pm), and
an LLZO layer (d ~ 14.2 um) with PAD. Additionally, the stan-
dardless EDX analysis shows that a decreasing Ni concentration
as well as an increasing La concentration toward the electrolyte
layer is present within the fabricated film. The observation is sup-
ported by the BSE image in Figure 5b. Figure 5b reveals a homo-
geneous dark gray layer of NMC and a light gray layer of LLZO. In
contrast, the Composite 2 displays a mixture of lighter and darker
parts.

Building on these results, in a second approach, a 5-layer PAD
film (3.11) including all the investigated composite materials was
prepared. The results of the film analysis are shown in Figure 5.
Again, the samples were analyzed by SEM (SE and BSE) and a
standardless EDX mapping and a concentration profile of Ni and
La in the five layers is presented.

The SEM images in Figure 5 show four different layers. The
bottom layer above the substrate is the NMC layer (d ~ 8.9 um),
followed by the Composite 1 layer (d ~ 14.9 pm). As there is no
clear demarcation, the third layer with a thickness of d ~ 21.6 um
can be assigned to the Composite 2 and 3 layers. The layer at the
top can be identified as LLZO (d ~ 12.5 pm). This is supported
by the BSE image in Figure 5b), where a homogeneous layer is
observed for the first and last layers (NMC and LLZO). For the
second and third layers, a mixture of two phases can be detected.
Again, the darker gray within the film can be attributed to NMC
and the lighter gray to LLZO. The concentration profile of Ni and
La based on the EDX analysis shows an increase in La and a de-
crease in Ni toward the LLZO layer.

Both approaches demonstrate that a multilayer PAD film with
a graded cathode layer and a covering LLZO layer can be fab-
ricated. The thickness of the cathode layer can be adjusted to

Figure 4. Characterization of a 3-layer PAD film (3.1) consisting of an NMC layer, a Composite 2 layer, and an LLZO layer on an Al,O; substrate. a) SE
imaging with standardless EDX mapping (Ni = blue, La = yellow) and concentration profile of Ni and La throughout the layers. b) BSE analysis.
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Figure 5. Characterization of a 5-layer PAD film (3.1l) consisting of an NMC layer, a Composite 1 layer, a Composite 2 layer, a Composite 3 layer, and
an LLZO layer on an Al,O; substrate. a) SE imaging with standardless EDX mapping (Ni = blue, La = yellow) and concentration profile of Ni and La
throughout the layers. b) BSE image with two different contrast levels to emphasize the different layers.

the required specification, while different film compositions in
terms of NMC and LLZO concentration can be introduced as re-
quired. Furthermore, it is shown that the thickness of the raw
NMC (8.2 um vs 8.9 um) and LLZO (14.2 um vs 12.5 pym) layers in
the two approaches is comparable, indicating good reproducibil-
ity of the deposition process.

3.4. Electrochemical Characterization of a PAD-ASSB (Step 4)

In Figure 6, the electrochemical properties of a PAD-ASSB are in-
vestigated. Therefore, a 3-layer film (cf. 3.I) consisting of a PAD-
NMC (d = 15 um) and PAD-Composite 2 (d = 10 um) cathode
layer, a PAD-LLZO (d = 30 pm) electrolyte layer with Li metal
foil as anode (cf. Figure 6a) were charged and discharged with a
current of I =2 pA.

The potential curve in Figure 6b shows a change in open-
circuit voltage (OCV) after each step. The impedance spectra
in Figure 6¢ both show a slightly depressed semicircle with a
marginal increase of the polarization after cycling. A quantita-

a) 4.5 mm
— Lithium

k. .=
30 pm LLZO
10 pm

15um], NMC y
Current collector

9 60 9
% o : v v after cycling
Q30F =~ v, "¢ 02Hz
E | " beforecycling &y g,

' 0.16 Hz \"‘!
0 L 1 1 1 I 1
0 30 90 120

60
Re(Z) / kQ

tive investigation of the displayed spectra is conducted by the
commonly used method of equivalent circuit fitting. Therefore,
the model structure R,—RQ-W is assumed with an ohmic re-
sistance (R,) in series to one nonideal resistive-capacitive el-
ement (RQ) and a finite-space Warburg element (W). A de-
tailed overview of the fitted parameters is given in Table S4
of the Supporting Information. The results reveal an increase
in the resistance of the RQ element by 23.5%. In compari-
son, the pure ohmic part of the impedance is nearly unal-
tered after cycling (+0.7%). The obtained phase angle of the
RQ element is higher than 0.96 in both spectra, denoting a
highly homogeneous process with one distinct time constant,
which is further supported by the distribution of relaxation
times analysis (DRT) in Figure 6d, showing one dominating
peak at time constants of 4.7 ms before cycling and 5.4 ms af-
ter cycling, respectively. For more details on the DRT method,
the reader is referred to the literature.[>>®! The findings are
contrary to what is commonly expected for battery full cells
where at least two processes with diverging time constants are
overlapping.[>¢57]

<
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Figure 6. a) Schematic illustration of the electrochemically characterized PAD-ASSB cell structure. b) Potential curve (black) and applied current (gray)
during cycling carried out at 70 °C. c) Impedance spectrum at 70 °C in the range of 10* to 1072 Hz before cycling (black filled triangles) and after cycling
(white filled triangles). d) DRT analysis of the impedance spectra at 70 °C before cycling (straight line) and after cycling (dashed line).
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The gathered data indicate that PAD-ASSBs with a PAD cath-
ode and PAD electrolyte layer can be cycled. However, it can be
assumed that in this experiment, the full potential of PAD-ASSBs
cannot be utilized. The potential curve suggests a significant over-
potential during charging and discharging, leading to an incom-
plete delithiation and lithiation of the CAM in the cathode. This
is evident from the distinct decrease in voltage during relaxation.
After a relaxation time of 2.5 h after charging to the cutoff volt-
age (4.3 V), the cell potential drops to Uy, .., = 3.82 V, although
the process of relaxation is not yet complete, as implied by the
slope of the voltage curve. After discharging to 3.0V, the cell po-
tential reaches a value of Uy, o, = 3.56 V after identical relax-
ation time. This indicates that the degree of lithiation of the ac-
tive material is only slightly changed during cycling in this setup
since the theoretical OCV window of NMC between the fully lithi-
ated and fully delithiated state is in the range of ~3.0-4.3 V.8
Strong kinetic limitations in the LLZO electrolyte layer and the
two cathode layers are assumed to be the reason for the insuffi-
cient utilization of active material. It might be conceivable that
only the upper part of the cathode close to the electrolyte layer is
engaged in the delithiation and lithiation process. Further experi-
ments employing varying cathode layer thicknesses may provide
better insight into the utilization of the CAM within the cathode
layer.

The observed cell characteristics could be attributed to sev-
eral intrinsic properties of PAD films in their as-deposited state.
First, it is known that the RTIC mechanism, which occurs dur-
ing the PAD deposition results in film stresses and high mi-
crostrain in the applied films.!®5° It has been demonstrated on
several occasions that the microstrain in PAD films has a detri-
mental effect on the conductivity of PAD films when compared
to the properties of the corresponding bulk materials.[28:33:6061]
In addition, it should be noted that during the deposition pro-
cess, the micrometer-sized particles break up into nanometer-
sized fragments in the films.[5!85%%0] The resulting nanocrys-
talline structure therefore provides much more grain boundaries
compared to the respective bulk materials. It is known that, at
least for solid electrolytes, a nanocrystalline structure with an
increased amount of grain boundaries can have a negative ef-
fect on the ionic conductivity.*>63] For CAM materials, model-
ing results show that although a small grain size may have a
positive influence on electronic conductivity, it also impedes ion
conduction.[*!]

The combination of the two phenomena mentioned above
seems to significantly restrict the conductive properties of the
fabricated cell, resulting in high overpotential during charg-
ing/discharging and therefore limited rate capability. Based on
the impedance data, it seems that only one process dominates
the kinetic properties of the cell. Different studies on PAD-LLZO
films demonstrate that the ionic conductivity in the as deposited
state is only in the range of 1078-1077 S cm~1.112:26.28.29] Agsuming
an ionic conductivity in the aforementioned range for the LLZO
film within the investigated ASSB, it would be plausible that the
overall impedance is dominated by the resistance of the LLZO
films. However, similar studies on cathode PAD films contain-
ing NMC as CAM are currently lacking. Given the current state
of the science, it is not possible to clearly identify the process and
assign it to a component in the cell. Therefore, further electro-
chemical characterization experiments to highlight the benefits
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of PAD-ASSBs would not be beneficial at this stage. First, the in-
dividual components (cathode and electrolyte layer) need to be
thoroughly studied to gain a deeper understanding of the impact
of the characteristics of PAD-based films on the electrochem-
ical performance. Based on these results, the film properties
should then be modified toward a more suitable electrochemical
performance.

3.5. Perspective of PAD for the Fabrication of ASSBs
3.5.1. Potential of PAD ASSBs

The electrochemical performance of the PAD-ASSBs examined
in this study does not yet meet the requirements for commercial
applications. As already mentioned earlier, only one additional
study is present to date where a PAD-ASSB was fabricated and
tested, showing a limited performance.l?! All in all, it is nec-
essary to improve the overall performance of the state-of-the-art
PAD-ASSBs to push the technology toward a commercial appli-
cation. The beneficial properties of PAD for the fabrication of
ASSBs were already described in the Introduction. Briefly sum-
marizing these properties in terms of process control the PAD
works at room temperature, no processing additives are needed
and because of high film adhesion, no binder materials are nec-
essary. In terms of cell characteristics high energy densities are
possible due to high film densities and the absence of a binder
material.*l Adding to that, high adhesion of PAD films could
be beneficial for the interfacial contact between cathode and elec-
trolyte layer.

Based on this, the potential of PAD-ASSBs can further be
highlighted with simulating possible energy densities. Figure 7a
shows a simulation of the gravimetric (E,,,, green) and volumet-
ric (E,,, blue) energy density E with respect to the cathode layer
thickness. Cell characteristics considered for the simulation are
listed in Table S3 of the Supporting Information. The results are
compared to the energy density of a commercial LIB character-
ized by Giinter and Wassiliadis.[®]

Figure 7a shows that E,,,, of a commercial lithium-ion battery
is achieved with a cathode layer thickness of 50 um for PAD-
ASSB. For E,, this point is already reached with a cathode layer
as low as 25 um. In Figure 7D, a line profile of an NMC-PAD film
is shown, where the film thickness was gradually increased. By
doing so, a film thickness of ~#145 um was obtained. In theory,
PAD-ASSBs could achieve an E,,, of 417 Wh kg™" as well as an
E,, of 1916 Wh L.

3.5.2. Improving the Electrochemical Performance of PAD-ASSBs

To enhance the electrochemical properties of state-of-the-art
PAD-ASSBs to the energy densities mentioned above, the prop-
erties of the electrolyte layer and the cathode layer must be im-
proved. This section discusses possible steps to improve the indi-
vidual electrochemical properties of electrolyte and cathode PAD
films. With respect to this study, the steps mentioned are focused
on NMC as CAM and LLZO as solid electrolyte.

Starting with the solid electrolyte layer, Hanft et al. already
showed that a thermal annealing of LLZO-PAD films can in-
crease the ionic conductivity for up to 2 decades.[?®! Additionally,
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Figure 7. a) Simulation of the gravimetric (blue) and volumetric (green) energy density E of a PAD-ASSB in respect to the cathode layer thickness. The

already achieved cathode layer thickness of 145 pm is highlighted (black dashed line). As reference the values for E,

(green dashed line) and E,

grav

(blue dashed line) of an commercial LIB are shown.[®®] b) Line profile of an NMC-PAD film with stepwise increased film thickness up to a thickness

d~ 145 um.

Nazarenus et al. showed first cycling experiments of PAD-LLZO
with Li metal in a symmetrical cell setup. Yet, the cycling stability
is not sufficient enough and the current densities are limited.!*?!
The first step should focus on decreasing interfacial resistance
at the Li||LLZO interface as well as improving the cycling sta-
bility of PAD-LLZO films. To reduce the interfacial resistance,
the surface of the film could be modified. Several studies have
shown that the introduction of an interlayer between LLZO and
Li can improve the stability of LLZO toward Li and thus decreases
the interfacial resistance.*7% In addition, the microstructure
of LLZO could be modified. As mentioned above, PAD films
are nanocrystalline, resulting in an increased number of grain
boundaries compared to the bulk material. Yet, it is known
that Li dendrite growth preferentially takes place at the grain
boundaries in LLZO films.[”-7°] Therefore, it is possible that in-
creasing the crystallite size within LLZO films could improve
the cycling stability, since the amount of grain boundaries is
reduced.

For the cathode layer, studies on the electrochemical per-
formance of NMC as CAM in PAD films have shown that
such films can be cycled.'>"'7] However, there is a lack of
research aiming for their improvement to enhance the over-
all electrochemical performance. A first step could be the in-
depth analysis of the microstructure of a PAD cathode film.
Commonly, the grain size of CAM used in cathode layers
is in the uym range, while the crystallite size in PAD films
does not exceed 100 nm.*%%! Tt could be important to un-
derstand the impact of the increased amount of grain bound-
aries on the conducting performance in NMC-PAD films. As
previously stated, modeling results for ion transport indicate
a negative impact of small grain sizes in CAM on the con-
ductive properties.[*] In addition to the grain size microstruc-
ture of the cathode, the microstructure of the cathode compo-
sition should be adjusted. Unlike in LIB, the electrolyte mate-
rial in ASSBs cannot be introduced into the cathode layer af-
ter the fabrication of the cathode. To ensure sufficient ionic
conductivity and, with that, sufficient current densities within
the cathode of the ASSBs the solid electrolyte should be intro-
duced during the cathode film fabrication.*] Kato et al. already
showed that NMC/LATP composite cathodes can be fabricated
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and cycled using PAD.['® Yet, the composition still needs to be
optimized with respect to overall electrochemical performance.
As Clausnitzer et al. suggest that the implementation of a gradi-
ent with a decreasing amount of CAM toward the separator could
be beneficial for the electrochemical properties.[*¥! Finally, the
post-treatment of cathode PAD films with NMC as CAM must
be investigated. As already described earlier, it is known that due
to the deposition mechanism film stresses and high microstrain
are present in the as-deposited film, which negatively influence
the conducting properties.[8283359-61] Therefore, it is necessary to
identify an appropriate post-treatment method to reduce the film
stress and to optimize the conducting properties of cathode PAD
films.

4. Conclusion

The identification of new processing methods for the economi-
cal fabrication of ASSBs containing ceramic materials is crucial
to achieving a commercial breakthrough. In the present study,
the PAD was used to demonstrate that ASSBs can be fabri-
cated at room temperature with sufficient cell dimensions. Us-
ing NMC as CAM and LLZO as solid electrolyte, it was demon-
strated that an ASSB with a graded cathode layer with increas-
ing solid electrolyte concentration toward the electrolyte layer
can be fabricated. The results were confirmed by SEM and stan-
dardless EDX analysis. In the next step, for the first time, it was
demonstrated that a PAD-ASSB based on NMC as CAM can
be successfully cycled using both cycling experiments and EIS.
It is worth noting that, to our knowledge, there is no evidence
to date that a stepped cathode has been successfully manufac-
tured or used in a PAD-ASSB. The data obtained from the elec-
trochemical characterization was put into perspective with the
identification of the theoretical potential of PAD-ASSBs. There-
fore, the possible energy densities of a PAD-ASSB were sim-
ulated and compared with the energy density of a commercial
LIB. In light of these findings, the remaining challenges for
PAD-ASSBs were discussed. Building on this, potential strate-
gies to enhance the energy densities of PAD-ASSBs and bridge
the gap between their practical and theoretical potential were
presented.
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