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3D printing of self-supported solid electrolytes
made of glass-derived Li; sAlg 5Ge; sPs0;, for all-
solid-state lithium-metal batteriest

A. G. Sabato, ©* M. Nufiez Eroles,? S. Anelli, ©2° C. D. Sierra,? J. C. Gonzalez-
Rosillo, 2 M. Torrell, @2 A. Pesce, © ¢ G. Accardo, © ¢ M. Casas-Cabanas, (2 <
P. Lopez-Aranguren, ¢ A Morata @2 and A. Tarancon @ *ee

Additive manufacturing (AM) techniques using advanced functional materials are attracting strong attention
in the field of all solid-state lithium batteries (ASSBs) since they are considered as innovative approaches that
will pave the way for cheaper, safer, and customizable batteries with exceptional volumetric energy density.
In the present work, stereolithography (SLA) is presented as a suitable technique to produce complex-
shaped Li; sAlp sGer sPsO1, (LAGP) full-ceramic electrolytes from glass feedstock. Printed electrolytes
showed an ionic conductivity in good agreement with LAGP fabricated by conventional techniques (¢ =
6.42 x 107> S cm™2). Moreover, 3D printed LAGP corrugated membranes with interfacial area increased
by 15% were fabricated showing an equivalent reduction of the area specific resistance. Symmetrical
cells with lithium metal electrodes were used to study the stripping and plating behaviour of LAGP
printed electrolytes coated with a germanium protective interlayer deposited via thermal evaporation.
The symmetric cells showed a stable cycling performance over 250 hours demonstrating the stability of
the designed cells. The innovative approach reported here represents the first step for the next
generation of ASSBs based on LAGP, offering new degrees of freedom for the manufacturing of full

rsc.li/materials-a

1 Introduction

Lithium-ion batteries have been widely studied and developed
in the last few decades thanks to their high energy and power
density."* Nowadays, this technology is mainly based on the use
of organic liquid electrolytes due to their superior ionic
conductivity. However, typical liquid electrolytes are character-
ized by a reduced lifetime, safety issues (i.e. high flammability),
toxicity, and high manufacturing costs.>* For these reasons,
many efforts have been dedicated in recent years to the devel-
opment of solid-state electrolytes (SSEs) for their ultimate use in
all-solid-state batteries (ASSBs). The development of SSEs
compatible with existing high-voltage positive materials and,
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ceramic electrolytes with a complex shape.

furthermore, metallic lithium anodes, is currently the main
research challenge in the field. The materials typically consid-
ered as SSEs can be of polymeric or ceramic nature such as PEO
and PVDF-HFP or Li;.,AlLTi, (PO,); (LATP), Li;,Al.Ge, (-
PO,); (LAGP) and Li,La;Zr,0;, (LLZO), respectively.>* Comple-
mentarily, many studies have been focused on the combination
of both approaches developing polymer/ceramic composite
solutions.”®

Together with the development of new and enhanced
materials, many efforts have also been devoted to the process-
ing of ASSBs. This is due to the intrinsic limitations in perfor-
mance of state-of-the-art 2D planar structures. For this reason,
in the last few years, additive manufacturing fabrication tech-
niques such as 3D printing received increasing attention for
these particular applications, with the aim to achieve higher
energy and power densities.*> 3D-printing is an emerging
disruptive manufacturing technique, especially for ceramic
materials, which can build an object layer by layer starting from
a computer-aided design (CAD) that allows the production of
complex shapes with a reduced amount of waste materials.
Typical printing techniques used in the field of the energy
devices are inkjet, robocasting, fused deposition modelling and
stereolithography (SLA).»**

Robocasting has been one of the most employed tools for 3D-
printing of energy devices like fuel cells, supercapacitors, or

J. Mater. Chem. A, 2023, 11, 13677-13686 | 13677
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batteries.'® However, it is characterized by a poor resolution (in
the order of 100 s of um), low-quality surface finishing, and
strong limitations to fabricate complex shapes such as those
involving suspended structures."” Alternatively, 3D printing
techniques based on light processing can overcome these
limitations presenting resolution in the order of 10 s of um,
excellent surface finishing and remarkable shape freedom. In
particular, SLA is based on layer-by-layer curing of photosensi-
tive resins loaded with ceramic particles by exposure to
a focused light source, often a laser in the ultraviolet range.
Photo-curable slurries for ceramic SLA printing are usually
characterized by high solid concentrations (40-60 vol%)
reducing the risk of defect formation during drying and
debinding/sintering steps,'® making the technique especially
suitable for the fabrication of dense parts.'® In this regard, SLA
has successfully been employed in the fabrication of dense
electrolytes with complex shapes for energy conversion fields
like solid oxide cells.*®*** In particular, 8 mol% yttria-stabi-
lized zirconia (8YSZ) has been successfully developed for SLA
manufacturing by the authors. It represents a state-of-the-art
electrolyte for solid oxide cell applications,** with corrugated
shapes, which led to an increase in the performance of the cell
up to 57%.

In the particular case of ASSBs, 3D printing represents
aremarkable advantage aiming to increase the energy density of
batteries by design for portable applications that require a high
degree of customization such as off-grid applications, IoT or
wearable electronics.”® Despite the potential of this
manufacturing technology, 3D printing of batteries remains
mostly unexplored. A majority of the existing studies are
focused on individual electrode materials printed by inkjet or
robocasting.*** Among these, one can highlight the pioneering
work by Sun et al.*® who successfully printed LTO and LFP
electrodes by robocasting for building up an interdigitated
micro-battery, using a liquid ionic conductor as electrolyte.
Considering NASICON-type ceramic electrolytes, Zekoll et al.*®
dealt with 3D architectures of LAGP which acted as a hosting
structure for a polymeric Li conductor. In this case SLA was used
to produce complex sacrificial scaffolds to be impregnated by
LAGP. Subsequently the sacrificial material was burnt and the
LAGP was sintered allowing the production of complex shapes
suitable to be infiltrated with the polymer. In general, most of
the reports on 3D printing of batteries involve the use of liquid
or polymeric electrolytes,** limiting the intrinsic benefits of
using ceramic electrolytes and developing full-ceramic
batteries. An important exception is the work by McOwen
et al.** where the authors reported the 3D-printing of garnet-
type (LLZO) electrolytes (on LLZO membranes) suitable for
electrode infiltration, therefore increasing the interfacial
electrolyte/electrode area and, consequently, the specific
performance per unit area.

In this work, we present for the first time, a proof of concept
of the application of SLA for printing self-supported ceramic
electrolytes for Li-ion batteries. Whilst the procedure can be
universally applied to a wide class of ceramic ionic conductors,
the proof of concept is carried out using a relevant material in
the field such as the glass-derived LAGP NASICON-type

13678 | J. Mater. Chem. A, 2023, 11, 13677-13686
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electrolyte. Electrolytes of this family present high ionic
conductivity (107*-107> S em™") and are ideal candidates for
ceramic electrolytes thanks to their high chemical, dimensional
and thermal stability.*>*® Moreover, they show lower sintering
temperatures in comparison with other ceramic materials.*”°
The ionic conductivity of 3D printed electrolytes is measured by
using electrochemical impedance spectroscopy employing gold
electrodes. Finally, a thin layer of Ge is deposited by sputtering
at the interface between LAGP and Li metal to improve the
cycling performance of symmetric cells.

2 Experimental

2.1 Sample fabrication and characterization

Amorphous Li; 5Al) 5Ge; sP30;1, (LAGP) was selected as the
electrolyte material. Commercial powders with a d(50) = 5.3 um
and a volumetric specific surface area of =1.2 10* ecm® cm™>
(Toshima Manufacturing Co. Ltd, Japan) were used for the
fabrication of pellets and 3D printed parts. The material,
received in its glassy state, was first characterized in order to
optimize the debinding and sinter-crystallization thermal
treatment.

High temperature X-ray diffraction (HT-XRD) analyses were
carried out in air, starting at room temperature (RT) up to 800 °C
and returning to RT. XRD patterns were recorded at different
temperatures: RT before the thermal cycle, and 550 °C, 600 °C,
700 °C, 800 °C and RT, after cooling (20 min acquisition time per
temperature and 5 °C min " heating/cooling rate). The diffrac-
tometer used was a Bruker D8 Advance (USA) equipped with
a heating chamber and Cu-Ko radiation (1.5418 A) as incident
beam. Based on these results and the results collected by
differential scanning calorimetry (DSC - described in the ESIT),
the optimal sinter-crystallization temperature was identified at
750 °C. LAGP amorphous powders were pressed in the form of
pellets at 1 MPa. The pressed pellets were densified at 750 °C in
air for 12 h in a muffle furnace (Lenton Furnaces & Ovens, UKk).

Scanning electron microscopy (SEM, Auriga ZEISS, Germany)
was carried out to assess the densification reached and the
microstructure of the pellets and of the 3D printed parts after
the thermal treatments.

The printed and sintered structures were morphologically
characterized by SEM. In addition, XRD analyses were carried out
in order to point out possible differences with the pattern recorded
on the LAGP processed in the form of a pellet (not 3D printed).

2.2 3D printing and sintering of LAGP samples

In this work SLA additive manufacturing techniques were
applied for the fabrication of the studied electrolytes. A desktop
SLA printer (Form2, Formlabs, USA) operating in open mode,
equipped with a UV laser with a wavelength of 405 nm (250 mW)
and a spot size of 140 um was used. The printing layer thickness
was set to 50 um (z-axis) ensuring a good resolution and the
robustness of the printed pieces.

For the formulation of the paste, the ceramic powders were
dispersed in a UV curable acrylate-based commercial resin
(Tethon Genesis, Tethon, USA) and a black pigment (SpotA-

This journal is © The Royal Society of Chemistry 2023
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materials) was added to tailor the UV absorption of the resin. In
this way, the formulation was tuned in order to reach a curing
depth of 190 + 5 um. In addition, a dispersant additive (Mon-
ofax 057, Fischer Scientific) was added. The paste formulation
was 65 wt% of LAGP, 34.35 wt% of UV-curable resin and
0.65 wt% of Monofax. The mixture was prepared by mixing the
dispersant and the resin and then gradually adding the ceramic
powders in three steps and mixing the compound for 5 min at
1000 rpm for each addition in a centrifugal mixer (ARE-250,
Thinky corp. Japan). Finally, the pigment was added (0.5 wt%
of the total weigh of the paste previously mixed) and mixed with
a last step under the same conditions.

The design of the components to be printed by SLA, was
performed by computer aided design (CAD) software. Two
different structures were considered: a reference membrane
and a corrugated one. The latter was designed to increase the
interfacial area with the electrodes, and these structures are
better described in Section 3. After the SLA process, the printed
parts were cleaned by sonication in a Ceracleaner bath
(3DCeram, France).

In order to optimize the debinding and sintering treatment
of the 3D printed parts, a printed sample was analysed by DSC/
TGA (results and details are reported in the ESIf). The
debinding/sintering treatments were carried out in air in
a muffle furnace, and consisted of: ramping up to 400 °C at 0.2 °
C min ", dwelling for 2 h, ramping up to 750 °C at 5 °C min "
and a dwelling of 12 h.

2.3 Electrochemical impedance measurements and
symmetrical cell tests

Sintered pellets of LAGP were polished (up to #4000 grit, SiC
paper) on both sides before sputtering with gold electrodes.
Such cells were used for electrical characterization by electro-
chemical impedance spectroscopy (EIS). EIS was measured
using a Novocontrol (NOVOCONTROL Technologies GmbH &
Co. KG Alpha analyser) impedance analyser in a frequency
range between 10’ and 0.1 Hz applying 50 mV AC amplitude in
potentiostatic mode. EIS was carried out with the sample placed
in a furnace under controlled temperature and atmosphere
conditions. 3D printed electrolytes, after the debinding and
sintering treatment, were also tested by EIS, analogously to the
analyses carried out on the pellets.

For the cycling of symmetric cells with Li metal, in order to
avoid the detrimental reactions between LAGP and metallic Li,
thin Ge interlayers of 200 nm were deposited via thermal
evaporation (UNIVEX 250, LEYBOLD GmbH, and GE) on both
sides of the sintered electrolytes. The deposition was carried out
at a rate of 2 A s™*, using Ge chips (purity 99.999%, Sigma-
Aldrich) placed in a tungsten crucible.

3D printed membranes with optimized germanium coatings
were used for stability studies employing Li metal (Rockwood
Lithium, battery grade) in both electrodes. Lithium electrodes
were applied to the electrolyte with a light pressure under an Ar
atmosphere. Such symmetrical cells were assembled in Swage-
lok units. Ionic conductivity in the Li/Ge-LAGP-Ge/Li configu-
ration was additionally evaluated with EIS analysis recorded at

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

RT after assembly, using a Solartron 1260A impedance analyzer
(Solartron Metrology, UK) in the frequency range from 10’ to
1 Hz by applying 20 mV AC amplitude. Stripping/plating tests
were performed in a thermal controlled chamber (25 °C). Gal-
vanostatic cycling was performed in a Maccor series 4000
battery tester (Maccor Inc., USA) applying current densities of 50
pA cm™? and 100 pA cm™ during 2 h for each semi-cycle. The
overpotential of the cell was recorded over time.

3 Results and discussion

High temperature XRD experiments were carried out on the as-
received amorphous LAGP powders from room temperature
(RT) to 800 °C and back to room temperature (Fig. 1). Spectra
collected at RT and 550 °C only show the presence of an
amorphous phase, while crystalline peaks were detected after
600 °C (in good agreement with DSC analyses reported in Fig.
S1t). LiGe,(PO,), (PDF #1-080-1924) was identified as the only
crystallized phase all along the temperature roundtrip. In this
regard, despite the substitution of Ge by Al, LAGP XRD patterns
are often identified with LiGe,(PO,), (ref. ****) with slightly
shifted peaks (as is the case here). The absence of secondary
phases in the spectra indicates that no detrimental reactions or
degradations were taking place as a consequence of high
temperature exposure to air.

In Fig. 2, the 3D CAD models of the printed parts are shown,
together with pictures of the as-printed LAGP samples. In this
work two geometries were considered: a reference membrane
(Fig. 2a-c), and a corrugated one (Fig. 2d-f). In both geometries,
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Fig.1 HT-XRD of LAGP powders, the peaks of the crystallized phase
(o) were identified with LiGe,(PO4), (PDF #1-080-1924).
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Fig. 2 3D CAD drawings, details of the cross-sections and photo of the as-printed membranes: reference (a—c) and corrugated (d—f).

some structural elements such as an external ring and ribs were
incorporated to improve the mechanical integrity of the parts
during the printing and post-printing processes and to limit
deformations during the following sintering treatment. These
elements do not contribute to the ionic conduction of the
component and are identical in both designs. The two designs
present the same projected area; however, when the effective
area is considered, the corrugation introduces an increase of
~15% in the case of the corrugated membrane (2.83 cm? and
3.28 cm?, respectively, for the reference and the corrugated
membrane). In Fig. 2b and e, it is possible to see a cross-section
of the membranes that highlight the differences between the
two designs. In the first case, the considered active region
(between the ribs) is flat, while in the latter the membrane is
corrugated in order to increase its effective area. The black
colour of the printed parts (Fig. 2¢ and f) is due to the addition
of the black pigment necessary to tune the curing depth of the
resin with the laser of the SLA machine, already mentioned in
the experimental section.

The tailoring of the debinding/sintering treatment was
based on the results of DSC/TGA performed on the printed
material (Fig. S1t). These analyses highlighted two exothermic
peaks at 212 °C and 375 °C corresponding to the burning of the
organic components in the cured part, concordant with the loss

13680 | J Mater. Chem. A, 2023, 11, 13677-13686

of mass detected by TGA. From DSC, the glass transition
temperature T, and the crystallization peak temperatures T, of
the glassy LAGP were also detected, respectively, at 497 °C and
623 °C. Based on these results, the debinding/sintering thermal
treatment was chosen to be 0.2 °C min™" up to 400 °C for 2 h
(debinding), plus a second ramp at 5 °C min~* up to 750 °C for
12 h (sinter-crystallization). The debinding step was carried out
at a very low heating rate to limit the possible deformations of
the structure and to allow the produced gases to be gradually
evacuated from the samples.

Pictures of the 3D printed samples after this thermal treat-
ment, which was identical for both planar and corrugated
designs, are presented in Fig. 3a and b. All the parts maintained
their original shape after sintering, without significant defor-
mation or bending. From the cross-section SEM pictures, the
shape difference between the two types of membranes is clearly
visible (Fig. 3). Fig. 3c—f show the corrugation introduced in the
LAGP membrane coming from the design implemented by SLA,
in comparison with the reference flat membrane. Both
membranes present a homogeneous and similar thickness of
ca. 200 pm.

Fig. 4 shows the SEM microstructural characterization carried
out at higher magnification on LAGP pellets (conventionally
manufactured) and printed parts. Printed and sintered LAGP

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Photos of the 3D printed LAGP membranes after the debinding/sintering treatment together with their SEM micrographs for both the

considered shapes: reference (a, c and e) and corrugated (b, d and f).

shows slightly lower density in the SEM image (higher porosity).
The relative density calculated based on the SEM images
(through image analysis software) were found to be =90% and
~85% for the pellet and the 3D printed part, respectively. The
lower densification of the printed parts is likely due to a limited
ceramic loading of the printable slurry. Up to now, it was not

possible to increase the ceramic content of the paste to more
than 65 wt%. Further addition of ceramic to the paste led to
a dramatic increase in the viscosity compromising its print-
ability. However, further work on increasing this value is
ongoing. Importantly, no evidence of heterogeneities, secondary
phases, or decomposition products was observed by SEM.

Fig. 4 SEM micrographs showing the microstructure and porosity of LAGP produced in the form of a pellet by a conventional manufacturing
technique (a) and by SLA (b) after the debinding/sintering treatment (the pictures were collected on fractured surfaces).

This journal is © The Royal Society of Chemistry 2023
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For comparison purposes, XRD analyses of pellets and 3D
printed parts after identical sintering treatments were also
carried out (Fig. 5). XRD diffractograms show the same pattern
for both LAGP samples after the sinter-crystallization thermal
treatments. It is worth noting that LAGP is prone to form AIPO,
and GeO, when exposed to long thermal treatments at
temperatures higher than 750 °C in air, due to Li losses.** The
formation of these phases is commonly correlated with an
increase in the porosity in the material and to a decrease in the
ionic conductivity due to both the lower density and the insu-
lating nature of the formed AIPO,. In the present case, no peaks
related to AIPO, or GeO, phases were detected either in the
pellets or in the 3D printed pieces, thus excluding any possible
detrimental interaction due to the presence of the organic
vehicle in the green state.

The electrochemical performances of 3D printed LAGP
electrolytes were assessed through electrochemical impedance
spectroscopy (EIS) on both printed geometries: the reference-
planar and the corrugated membranes (Nyquist plots can be
found in Fig. 6a). The measurements were conducted in
a symmetrical configuration using sputtered gold as an elec-
trode, Au/LAGP/Au. Area specific resistance (ASR) associated
with the LAGP electrolyte was calculated as ASR = R x A, where
R is the resistance of the electrolyte (in Q) and 4 is the area (in
cm?®). In this calculation, with the aim of showing the
improvement of the corrugation, the area of the membranes
considered was the projected area, which is the same in both
the reference-planar and corrugated samples. The resistance

10 15 20 25 30 35 40 45 50 55 60 65 70

T T
. = LAGRP printed by SLA

. —LAGP sintered pellet

Intensity (a.u.)

| NI Y [T TR T N S S ST N T N R

10 15 20 25 30 35 40 45 50 55 60 65 70
20 (°)

Fig. 5 XRD of LAGP produced in the form of a pellet and by SLA after
the debinding/sintering treatment. The crystalline phase () was
identified with the pattern of LiGe,(PO4), (PDF #1-080-1924).
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employed for the calculation was obtained after fitting the EIS
spectra using the equivalent circuit described in the inset
sketch of Fig. 6a (more details on the physical meaning of each
element of the circuit are given in the ESIT in the section “EIS at
different temperatures”). From the fitting, it was possible to
calculate the ASR of each membrane, where the total resistance
is considered as the sum of the contribution due to the grain
boundaries and the bulk (Rror = Rgp, + Ryp). The values obtained
are 311 Q cm” and 267 Q cm? for the reference and the corru-
gated membranes, respectively. These values clearly indicate
that corrugated structures reduce the total ASR by 15%, which
can be directly associated with the additional 15% area in the
corrugated membrane. This demonstrates the potential effec-
tiveness of 3D printing for increasing the performance by
design, thus allowing superior power densities in all-solid-state
batteries.

EIS measurements were also carried out between 25 °C and
75 °C on 3D printed LAGP (on both the reference membrane
and the corrugated one) and on LAGP obtained as a pellet; the
results are reported in the ESI{ (Fig. S2, S3, and S4) and
compared with values recorded in the literature for the same
material. An Arrhenius-like behaviour was observed for all the
samples indicating the thermally activated nature of the
conduction phenomena taking place (Fig. 6b). Lower ASR values
for corrugated LAGP membranes were also confirmed at higher
temperatures. The activation energy measured on 3D printed
LAGP was estimated to be 0.44 + 0.02 eV, which is in good
agreement with values reported in the literature for this mate-
rial (0.41 £ 0.02 eV), indicating complete crystallization of the
amorphous powder during the sintering process.*

Regarding the total ionic conductivity of printed LAGP,
values of ¢ = 6.4 10 > S cm ™ " at 25 °C were obtained (Fig. S47).
This conductivity is about half the value measured for pelletized
LAGP samples yielding ¢ = 2.6 10™* S cm™ ", which is in good
agreement with conductivities reported in the literature.****
This discrepancy can be partially ascribed to a lower densifica-
tion of the SLA printed material (Fig. 3), which, according to
previous studies, could involve an exponential decay of the
conductivity with increasing porosity.**** Detailed analysis of
the EIS data for printed parts yielded bulk conductivity values as
high as ¢ = 2.1 107* S em™ " (Fig. S51), which confirms good
crystallization of the material and indicates a strong contribu-
tion of the grain boundary to the total resistance. The use of
sintering aids as additives in the formulation of the glass or of
the ceramic paste will be explored in the future to achieve
higher densification values.

In order to provide stable interfaces against metallic Li,
a thin metallic Ge layer was deposited on both sides of the LAGP
electrolytes, following the strategy reported by Liu et al*®
According to their work, a Ge protective layer suppresses the
Ge"" reduction and promotes contact with Li metal. In the
present work, the Ge protective layer was deposited by thermal
evaporation, reaching a thickness of 200 nm on both sides of
the 3D-printed solid electrolytes before placing them in contact
with metallic Li. EIS was performed on symmetric cells with Li
electrodes, considering both planar and corrugated geometry.
Fig. 7a shows the results obtained, along with the

This journal is © The Royal Society of Chemistry 2023
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(b).
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Fig. 7 Electrochemical impedance spectroscopy spectra of Li symmetrical cells assembled on reference and corrugated printed electrolytes
and the relative equivalent circuit (a). Galvanostatic cycling of the printed electrolytes in a Li|Ge-LAGP-Ge|Li configuration (b).

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 13677-13686 | 13683



Open Access Article. Published on 09 June 2023. Downloaded on 11/8/2023 10:48:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

corresponding equivalent circuit used for the fitting. From this
analysis, it is possible to appreciate the resistance of the two
cells, proving values comparable to those of symmetric cells
with Au ion-blocking electrodes (discussed before in this
section) and low enough to enable cycling in a solid-state
battery. The estimated ionic conductivities found for the
symmetric Li cells are well in agreement with the previous
measurements (c.a. 10~* S em™'). The reduction of the elec-
trolyte resistance (correlated with the first semicircle in the
Nyquist plot) is comparable with the expected improvement due
to the increase in the active area by corrugation (=15%).
Further improvement of around 25% can be ascribed to the
Li|LAGP interface, indicating a better contact between the
electrode and the electrolyte in the case of corrugated
membranes.

The same samples were subsequently subjected to plating—
stripping cycles in galvanostatic mode for over 250 hours at two
different current densities to evaluate the stability of the
LAGP|Li interface in operando conditions. After an initial
stabilization time lasting a couple of cycles, the trend of the
overpotential shows the typical profile for stripping/plating
tests. The reference-planar membrane shows an initial over-
potential of 20 mV, increased up to 30 mV in the first 48 hours of
the test at 50 pA cm™ 2. On the other hand, the cell based on
a corrugated electrolyte shows a stable overpotential of 5 mV
over the first 48 hours of the test. At a higher current density
(100 pA cm™?), the overpotential of both cells increased over
time. In the case of the reference cell, the initial value was
160 mV, reaching up to 325 mV at the end of the test. Notice-
ably, the corrugated one revealed much lower overpotential
values of 8 mV and 22 mV at the beginning and at the end of the
test, respectively.

These results clearly show that the deposition of Ge as
a protective layer against Li is a very effective strategy to block
the reactivity between Li and LAGP, which typically results in
arapid increase of the overpotential (>2 V) after the first cycles.*®
In addition, and more interestingly, corrugated surfaces not
only reduce the resistance of the cell due to a straightforward
increase of the active area but also lower the contact resistance
between the electrolyte and the electrode, which results in
outstandingly small overpotentials and remarkably high
stability over time.*"** Since this enhancement is only observed
for corrugated electrolytes (and not for their flat counterparts),
one can associate it with the additional 3D structuration present
in the corrugated samples (¢f Fig. 2a and d). This three-
dimensional microstructure is expected to increase the
surface area, lowering the local current density while acting as
a host matrix for lithium nucleation during plating/stripping
cycles and therefore, better accommodating volume changes
and offering lower interfacial resistances. Further work is
ongoing to fine-tune 3D printed microstructures for anode-less
approaches.

Overall, 3D printed self-supported LAGP electrolytes were
shown here as promising solid-state electrolytes for ASSB
applications with potential for improvement of electrolyte and
electrolyte-lithium resistances by design.
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4 Conclusions

In the present work, 3D printing was successfully employed to
produce Li; sAly 5Ge; sP304, solid electrolytes for all-solid-state
lithium-metal batteries. To the best of the authors’ knowl-
edge, this represents the first example of direct 3D printing of
LAGP and the first application of stereolithography for ceramic
battery manufacturing of electrolytes. Furthermore, this work
explored the possibility of increasing the active area of battery
cells while maintaining the same overall dimensions by
employing corrugated electrolytes. Such corrugated electrolytes
were successfully fabricated by SLA, resulting in a reduction of
ca. 15% in their total area specific resistance, in comparison
with their flat printed counterparts. Despite the marginal
increase in the effective area, this study represents a proof of
concept that opens the door to future development of more
complex geometries with higher aspect ratios which will further
improve the performance of next generation batteries.

Thermally evaporated Ge protective layers were deposited
on printed LAGP electrolytes providing the necessary stability
vs. Li for carrying out galvanostatic cycling on Li/Ge-LAGP-Ge/
Li symmetrical cells. EIS measurements on such symmetrical
cells showed that beyond the straightforward enhancement
due to an increase in the active area, corrugated electrolytes
showed an additional 25% reduction of the total resistance
which is unambiguously ascribed to an improved electrolyte/
Li-metal interface. Moreover, cycling tests of corrugated
samples showed a remarkably low overpotential with a small
increase over 250 hours of operation under standard condi-
tions (0.1 mA ecm™ > and 2 hour cycle). Although the origin of
the better performance and stability of corrugated samples is
still under investigation, additional three-dimensional
microstructures present in corrugated electrolytes are likely
the cause for this. Such 3D-printed microstructures notably
increase the interfacial area while probably acting as lithium
hosts for more homogeneous and continuous nucleation
during plating/stripping cycles. In any case, the observed
enhancement anticipates a powerful approach based on
engineering interfaces by 3D printing for application in
anode-less strategies.

Overall, the present work shows the promising role of 3D
printing technologies in delivering a new generation of all-solid-
state batteries with superior volumetric energy density and
enhanced stability by design.
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