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HIGHLIGHTS

o Investigation of re-use of production waste of the solid electrolyte Li;LazZr,O15.

e Waste powder and tape loses Li and thus forms a pyrochlore phases.

e A new processing route was developed to re-introduce the waste directly.

e The performance was shown to be almost identical to freshly synthesized powders.
o This approach minimizes waste of critical raw materials in future ASB production.

ARTICLE INFO ABSTRACT

Keywords: Oxide-ceramic based electrolytes such as LiyLa3Zr20;2 (LLZO), are one of the most promising solid electrolytes
LLZO for application in all-solid-state batteries. However, most of its constituents are listed as critical raw materials,

Solid-state battery
Re-lithiation

highlighting the need to minimize waste during synthesis and processing. Therefore, we investigated the re-use of
aged LLZO powder and aged LLZO green foils produced by tape-casting, an industrial processing route suitable

for ASSBs. We established a new synthesis route to fully recovery Li-poor LLZO and pyrochlore phase LayZr207
by simply adding a Li source during firing. By using recycled LLZO powder in a <200 pm thick cast tape, we were
able to prove a similar ionic conductivity of 2.1 x 10~*$ cm ™ at room temperature and a critical current density
of 0.75 mA cm ™2 at 60 °C compared to fresh powder. This simple and efficient re-synthesis strategy might hold
the potential to minimize waste streams of critical raw materials in future industrial production processes of

solid-state batteries.

1. Introduction conventional Li-ion batteries has been thoroughly examined, resulting in
the construction of a demonstrator plant [2]. The proposed approach

Due to the environmental concerns raised by the production of bat- combines existing recycling techniques from other industries, such as
tery raw materials, especially cobalt mining and lithium production, the crushing, solvent extraction, hydrometallurgical-, and pyrometallurgi-
European Union demands high recovery rates of 70-95 % for cobalt, cal treatments, with newly developed methods, including robot-based

nickel, copper, and lithium by 2030 in Li-Ion Batteries [1]. Recycling disassembly [3] and deep eutectic extraction [4]. This approach
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proved effective enough to meet the set goals for quantity. Nevertheless,
the economic and environmental feasibility and the quality of the
received materials must be further investigated and optimized. In
addition to recycling discarded battery materials, direct reuse of these
materials in manufacturing should also be considered, as this could lead
to significant cost reductions [5-12].

Amongst new battery concepts, all solid-state batteries (ASSB) are
attracting increasing interest. Within solid-state battery research, the
oxide solid electrolyte Li;LazZro0O12 (LLZO) has emerged as one of the
most promising materials because of its stability against high-voltage
cathodes and the lithium metal anode [13,14]. A well-established in-
dustrial process known as tape-casting produces LLZO separators for
large-scale manufacturing. LLZO separators produced via tape-casting
display sufficient ionic conductivity for full-cell production [15-21].
The obtained separators show critical current densities high enough to
successfully suppress critical dendrite formation even at low thick-
nesses, enabling the production of LLZO-based ASSBs with competitive
energy densities [19,20]. For solid-state batteries, recycling strategies
should be developed simultaneously with the cells to ensure the lowest
possible environmental impact and enable the integration of eco-design
concepts. Therefore, waste generation during material production
should be minimized, as LLZO not only uses rare earth elements, but its
production is energy- and cost-intensive due to several high-temperature
treatments at 1000 °C or above. For the material class of oxide solid
electrolytes, possible processing routes for recovery of the metal oxides
by dissolution were shown in a theoretical approach [22]. While the
recycling of industry-relevant high-energy density cells has not been
demonstrated thus far, the recovery of metal oxides from an LLZO-based
solid-state battery has been shown [23]. Hydrometallurgical approaches
were successfully used for selective leaching from LLZO powder, and
LLZO sintered bodies using different acids [24]. Nevertheless, obtaining
high-purity precursors for battery synthesis from recycling processes
remains challenging, as the precipitation windows of the different ions
are close.

Therefore, alternative strategies have been examined. One approach
circumvents the decomposition of the valuable metal oxides by refur-
bishing the battery components, which minimizes costs as the energy-
intense synthesis procedure does not have to be repeated. An example
of refurbishment for conventional Li-ion cells has been successfully
demonstrated with the extraction of cathode active material and the
regeneration of LiFePO4 (LFP) cathode active material [25,26]. This
approach has also been transferred to sulfide-based lithium batteries, as
specific sulfide electrolytes are soluble in water [27]. On the other hand,
fully oxide-based solid-state batteries do not require extraction, and the
direct regeneration of LLZO-LCO-based cathode-separator half-cells by
heat treatment has been successfully demonstrated [28]. Still, indus-
trially relevant ASSB concepts will combine different material classes,
raising the need for solvent-based or thermal extraction processes to
regain the cell components for refurbishment or recycling.
Solvent-based extraction might be challenging for LLZO as it undergoes
the Li*/H'-exchange [29], producing protonated LLZO with lower
sintering activity and lower Li-ion conductivity. Combined with the
lithium loss during high-temperature treatments, LLZO is expected to
undergo phase changes and the development of secondary, lithium-poor
pyrochlore phase LayZr,07 during all hydrometallurgical and thermal
extraction steps. Therefore, the reformation of phase-pure, cubic LLZO
must be assumed as a critical step during the refurbishment of
LLZO-based battery components.

A post-lithiation of LayZrs07 has already been successfully demon-
strated for ultra-thin films by the PLD (pulsed laser deposition) process
(up to 110 nm) [30]. For thicker LLZO components, the influence of the
atmosphere flow and lithium loss on forming the LLZO phase has already
been investigated [31]. Therefore, to overcome a lithium-poor LasZr,07
phase formation and compensate for lithium loss, lithium excess is
usually added during the synthesis of LLZO. This excess lithium has been
demonstrated to play a critical role in the processability and
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electrochemical performance of the produced components [15].

In this work, we first look into refurbishing both LLZO waste powder
and battery components waste, which would be a real application case
in a factory producing separators or oxide-based cells. We successfully
reuse lithium-depleted LLZO by controlling the sintering activity and
atmosphere. The produced LLZO separators from waste material display
suitable ionic conductivity (>1 x 107* S em™) and dendrite stability
(0.75 mA cm™2), able to compete with pristine separators.

2. Materials and methods

Two main waste material streams have been identified for the
recycling of LLZO (Fig. 1). The first consists of pure, aged
Lig.4LagZr;.¢Tag.4Al.05012 (LLZO:Ta,Al) powder, e.g., from powder left-
overs, possibly out-of-spec products and will further be named LLZO-p.
The second consists of aged LLZO:Ta,Al powder mixed with organics, e.
g., from tape cut-offs after heat treatment, and will be named LLZO-t.
Since industrial production of LLZO-based batteries has not been in
place, model materials have been produced to test the refurbishing
processes adequately.

2.1. Sample preparation

For the production of the LLZO-p material, LLZO powder has been
prepared for the tape-casting process as described in our previous work
via solid-state reaction [15]. Afterwards, the powder was stored in air
for four months. The powder was heat-treated at 750 °C for 2 h in air for
up to 2 times during storage. This heat treatment simulates a failure in
LLZO synthesis or mimics the failure after processing some parts of LLZO
powder already to battery material, as a heat treatment is subsequently
needed to reverse the Li*/H*-exchange present in LLZO material [32].
This results in lithium loss and the formation of protonated LLZO [29],
as well as lithium-poor secondary phases. Green tapes have been pro-
duced to produce of the LLZO-t material described in a previous work
[15]. The green tape waste with varying storage times (up to four
months) has been manually crushed and mixed homogeneously. To
recover pure LLZO-t powder without organic from the green tapes, the
crushed tapes were placed in an AlyO3 crucible with a closed lid and
heated to 600 °C for 2 h in air to burn out the organic components. The
exact heating profile can be found in Fig. S1. The de-bindered powder
was milled in ethanol using ZrO5 milling balls and jar at 500 rpm for 250
min in a planetary ball mill (Pulverisette 7 premium, Fritsch) to again
obtain particle sizes suitable for tap-cast slurries. Afterwards, the pow-
der was dried in air at 80 °C for 8 h.

All green tapes were produced using the same recipe, which can be
found elsewhere [15]. The resulting green tapes were sintered in closed
Al,03 crucibles on an LLZO powder bed. Smaller Al,O3 crucibles filled
with varying amounts of Li,CO3 were placed inside the sintering cru-
cibles alongside the samples. For LLZO-p, the concentration of LLZO:
LioCOg3 by mass was 1:0.55; for LLZO-t samples, the ratio was 1:2.22. All
samples were sintered at 1185 °C for 24 h with heating and cooling rates
of 5 K min L.

2.2. Structural characterization

To obtain information about the samples’ phase purity and crystal
structure, we performed X-ray diffraction (XRD) measurements. The
instrument was a Bruker D4 Endeavour instrument using Cu-Ka radia-
tion and equipped with a 1D detector LYNXEY and a DIFFRACplus
BASIC package, which was released in 2009. All samples were measured
from 10° to 80° 20 with 0.02° steps. The particle size distribution
(Fig. S2) of the LLZO-p, LLZO-t before and after milling was checked via
laser diffraction using an LA950 (Horiba Scientific) with a 650 nm and a
405 nm laser source; data were analyzed via Mie-theory. The pristine
LLZO powder, and sintered tapes of LLZO-p and LLZO-t were crushed to
powder to analyse the stoichiometry with Inductively coupled plasma
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Fig. 1. Overview of the origin of LLZO-p and LLZO-t powder for recycling strategies.

optical emission spectroscopy (ICP-OES).

The sintered specimens were cut in half and embedded in epoxy resin
for the microstructural characterization of the cross-sections. The cross-
sectional surfaces were ground with SiC grinding paper and polished
with water-free diamond suspension. After final polishing, the cross-
sectional surfaces were prepared by Ar-ion milling (3 kV acceleration
voltage, 380 pA discharge current) using a flat milling system (IM-3000,
Hitachi). A thin iridium layer was sputtered onto the sample surface to
compensate for charging effects (Q150TS coater, Quorum). Scanning
electron microscope (SEM) images were taken using a field emission
scanning electron microscope (Merlin, Carl Zeiss Microscopy) equipped
with the X-Max Extreme EDX-detector (Oxford Instruments). Porosity
estimations were carried out based on the analysis of SEM images using
ImageJ [33], grain size distribution was measured manually in the same
software by counting 500 grains over the total thickness of the tape.

2.3. Electrochemical characterization

For electrochemical characterization, the obtained separators were
heated in argon for 2 h at 750 °C to remove Li;CO3 from the surface that
forms during contact with ambient air. The clean surface ensured a
comparable interface for the electrochemical characterization; details of
this procedure can be found elsewhere [34]. Symmetrical Li|LLZO|Li
cells were assembled under an argon atmosphere. A thin gold interlayer
was sputtered onto the sample surface (~30 nm, Cressington 108 auto
Coater), and as-calendared metallic lithium was manually pressed on
each side. The half-cell was then placed between two Ni-discs and
heated to 300 °C for 2 min to ensure good contact. After cooling to room
temperature, the sample was transferred to a Swagelok cell, sealed, and
removed from the glovebox to perform electrochemical tests. Using a
BioLogic VMP-300 multi-potentiostat, the impedance of the pellets was
measured at room temperature, and the resistance and conductivity
were extracted. The frequency was varied from 7 MHz to 1 Hz with an
electrical field perturbation of 10 mV. To investigate dendrite formation,
impedance and critical current density (CCD) measurements were con-
ducted at 60 °C using the same multi-potentiostat. The lithium was
stripped and re-plated for this test at an increasing current density. It
started from 5 pA (9.94 pA cm™2) for 30 min per step with an increment
of 5 pA per cycle for LLZO-t measurement, while for LLZO-p reaching 50

A (99.4 pA cm™2), the increment was increased by 15 pA per cycle
instead of 5 pA. Here, the critical current density is defined to be reached
when the first Li dendrite grows by observing a significant voltage drop.

3. Results and discussion

XRD analysis of the materials LLZO-t and LLZO-p show significant
changes compared to the pristine materials (Fig. 2 a and b). For LLZO-t,
pristine materials were used for tape-cast and analysis, shown some-
where else [15]. LLZO-p pristine powder is used for either water-based
tape-cast or pellet pressing and sintering (conventional and via
Field-Assisted Sintering Techniques (FAST)), and the results are shown
elsewhere. [16,35-37]. LLZO-p has formed a secondary LayZr,07 phase
during pre-treatment, which typically appears after high-temperature
decomposition of LLZO [38] but can also be observed at lower tem-
peratures after prolonged heat treatment with insufficient lithium
excess. Similarly, LLZO-t shows significant amounts of LayZr,O; sec-
ondary phase, and LiCO3 due to the additional Li*/H"-exchange during
wet-processing in the tape-casting process. After removing organic ad-
ditives from the green tape waste by the heat treatment (see Supple-
mental Fig. S1), the received LLZO-t powder consists only of LasZr,O;
with minor peaks of Li;CO3 present in the XRD. The received powder
was wet-milled in ethanol to re-adjust the particle size to a range suit-
able for tape-casting (see Supplemental Fig. S2).

LLZO-t and LLZO-p powders were used in a tape-casting process
without further treatment. The process is, therefore, similar to freshly
synthesized LLZO separators via a tape-casting process, except for the
additional lithium source during firing. For LLZO-p samples, sintering
led to the reformation of cubic LLZO with minor peaks for Li;COs. The
minor peaks can be attributed to the Li* /H"-exchange during cooling of
the samples in ambient air (Fig. 2 a and b). In contrast, LLZO-t required a
higher concentration of lithium atmosphere for full lithiation. Still,
phase pure cubic LLZO was obtained, even though previously, the pri-
mary phase in the LLZO-t waste was LayZrO;. We suggest is that the
pyrochlore phase as LasZr,O; undergoes a second formation step of
LLZO. It is known that during the formation of LLZO, LayZr,0; will be
formed already around 400 °C, with its maximum amount shortly before
800 °C and then with the existing Li-source (which can be either Li,CO3
or LiOH) forms LLZO. [39,40]. Furthermore, ICP-OES (Inductively
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Fig. 2. a) XRD data of pristine LLZO powder, LLZO-p powder and LLZO-p sintered tapes, which show recovery of the cubic LLZO structure in the sintered tapes, while
b) shows XRD data of pristine LLZO green tape, LLZO-t tape, LLZO-t powder after heat-treatment with no cubic LLZO structure and LLZO-t sintered tapes showing a
recovery of the cubic LLZO structure. Both figures have a cubic LLZO reference demonstrated in black [ICSD:182,312] [42]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

coupled plasma optical emission spectroscopy) measurements were
performed to evaluate the chemical lithiation between recycled tapes
and the pristine powder (see Supplementary Table S1). The measured
stoichiometry deviates in a systematic manner from the expected stoi-
chiometry due to specific issues with LLZO during ICP measurements
[41]. However, due to the systematic nature, a direct comparison be-
tween the three samples is still possible. Pristine LLZO matches the
recycled values within the error, except for the Al value. Here, an uptake
of the Al can be seen in the LLZO-t and LLZO-p tapes. Such an Al uptake
is known to originate from the sinter crucible during heat treatment, and
thus cannot be found in the pristine powder as it was not sintered to a
tape. Overall, this proves the effectiveness of the recycling approach
presented here to re-lithiate the structure and obtain material that is
close to the original stoichiometry.

This shows that Li-poor LLZO and LayZr,O; can be converted to
phase-pure LLZO by adjusting the Li excess in the sintering atmosphere.
The new method paves the way for straightforward integration into
industrial waste processing, thus reducing waste generation effectively.
Nevertheless, industrial feasible processes tailored to all-solid-state
batteries must still be developed, especially for oxide-based solid elec-
trolytes. In particular, there are various challenges for the direct transfer
of industrial LIB recycling to ceramic-based cells. On the one hand, the
hard nature of oxide-ceramics can lead to difficulties in pre-processing,
e.g. during comminution, leading to faster wear of the equipment. On
the other hand, during re-introduction into the original process stream,
optimization might be possible to adapt to a certain amount of recycled
material in “fresh” material, which is a common practice in many
recycling applications on industrial level. While tape-casting is an
established industrial process, the casting and sintering of LLZO based
separator-tapes, still needs to be verified on an industrial level and was
thus not attempted in this paper. However, this fact makes it even more
obvious that simplified recycling approaches for oxide-based all-solid-
state batteries are urgently needed so adaptation can start early and will
be more straightforward.

Flat, sintered LLZO separators with a thickness between 175 pm and
190 pm were obtained from green tapes of both LLZO-p and LLZO-t
powders. Due to the slight differences in particle size distribution
(PSD), slurries vary slightly, resulting in different heights of green and
sintered tapes (see Supplemental Fig. S2). SEM pictures were taken of
the embedded and polished cross-section of the solid electrolytes pro-
duced from LLZO-p and LLZO-t tapes after electrochemical testing and
removing the lithium anode in a glovebox. The polished cross-section
was used to visually determine the relative density of the sample and
manually evaluate the grain size distribution. The produced separators

show small and large pores and an overall relative density of approxi-
mately 87 % (Fig. 3 a). LLZO-p tapes show significant grain growth
(Fig. 3 ¢), with grain sizes reaching values higher than 15 pm. By
contrast, the polished cross-section of the sintered LLZO-t tapes after
electrochemical testing (Fig. 3 b) reveals less densification of approxi-
mately 76 % even after sintering with the highest lithium concentration
in the atmosphere. The grain size is smaller overall than that of LLZO-p
tapes. Low densification indicates insufficient sintering activity of the
LLZO-t material, which might be due to a high average particle size
distribution after milling (see Supplemental Fig. S2).

The electrochemical performance of the sintered separators for both
LLZO-t and LLZO-p was determined by building symmetrical Li|LLZO|Li
half cells. The free-standing separators cannot be polished without
breaking due to the reduced thickness of under 200 pm and the brittle
nature of the ceramic electrolyte. The separator surface was therefore
cleaned from Li;CO3 by heating the separators in argon [15]. A gold
interlayer sputtered onto the LLZO surface and heated with the metallic
lithium to form an alloy and to ensure intimate contact between the
lithium metal and the rough separator surface [43].

Impedance measurement of the cells containing the LLZO-t separa-
tors reveals three semi-circles at room temperature. The bulk conduc-
tivity of LLZO cannot be distinguished in the investigated frequency
range (Fig. 4 a and b). The grain boundary resistance is determined as
95 Q with a capacitance of 10~° F, followed by the resistance of the
lithium interface (10’4 F). From this, the ionic conductivity of the LLZO-
t separator is determined as 1.4 x 107* S ecm™! at room temperature.
Despite these comparably good values, the critical current density dur-
ing plating and stripping the symmetrical Li|LLZO|Li cell is only around
110 pA cm™2 at 60 °C (Fig. 5 a). These findings correspond to the
microstructural characterization, as low density decreases the dendrite
stability of the separator significantly. For recycled LLZO with such se-
vere de-lithiation, the proposed one-shot refurbishing process must be
replaced with a separate relithiation step to reform LLZO before
component production.

Impedance measurements of the LLZO-p separators (Fig. 4 ¢ and d)
show lower room temperature resistances, with a grain boundary
resistance of 47 Q (10~ F). At room temperature, the ionic conductivity
is determined as 2.1 x 10~*S cm ™. In contrast to the LLZO-t separators,
the separators obtained from the LLZO-p powder display outstanding
dendrite resistance. The critical current density is 750 pA cm™2 at 60 °C
(Fig. 5 b).

Compared to similar processed LLZO tapes from pristine powder,
they show relative densities up to 92.8 % (here 87 %), conductivity at
room temperature at 3.9 x 107*Sem™! (here 2.1 x 10°%*s cm’l) and a
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Fig. 3. a) SEM image of a polished cross-section of LLZO-p after sintering and electrochemical testing, Li anode was removed carefully, while b) shows SEM image of
a polished cross-section of LLZO-t after sintering and electrochemical testing, with a higher visual porosity. C) and d) show grain size distribution of 500 grains

measured manually from the SEM pictures of LLZO-p and LLZO-t, respectively.

critical current density with 318 pA cm ™2 at 50 °C (here: 750 pA cm 2 at
60 °C) [15]. This proves the feasibility of the presented refurbishing
process for low and moderate de-lithiation of the refurbished LLZO
material and marks the highest critical current density of a tape-cast
LLZO separator so far. However, the temperature is different and high-
ly influences the critical current densities; comparability must be taken
carefully.

4. Conclusions

In this work, we have introduced model materials for recycling LLZO
solid electrolyte material from recycling production waste. A novel,
easy, one-step refurbishing method was introduced. We highlight the
delicate balance between the lithium shortage in the spent or recovered
material and the suitable refurbishing conditions. The combination of
sintering intensity and Li-enrichment influences densification, grain
growth, and grain boundary properties, governing the electrochemical
performance of the obtained separators. LLZO separators with a
competitive ionic conductivity of 2.1 x 107*S em™! at room tempera-
ture and outstanding critical current densities of 750 pA cm ™2 at 60 °C
have been obtained for low and moderate lithium-loss. For high lithium
loss from LLZO green tape waste, LLZO separators with slightly lower
ionic conductivity have been obtained. Even though this procedure is
not yet optimized for green tape waste, this approach represents an
efficient way to minimize LLZO waste streams with in-situ processes by
adding an additional lithium source.

Funding

This research was funded within the project “S2taR—Development
of All-Solid-State Battery Recycling Processes” (grant numbers
03XP0319C) of the Competence Cluster Recycling & Green Battery
(greenBatt) and the project “FB2-Oxide” (grant number 13XP0434A) of
the Cluster FestBatt2.

CRediT authorship contribution statement

Vivien Kiyek: Writing — review & editing, Writing — original draft,
Visualization, Validation, Supervision, Investigation, Formal analysis,
Data curation, Conceptualization. Martin Hilger: Validation, Investi-
gation, Data curation. Melanie Rosen: Writing — review & editing,
Writing — original draft, Validation. Jiirgen Peter Gross: Writing — re-
view & editing, Methodology, Investigation. Markus Mann: Writing —
review & editing, Writing — original draft, Methodology. Dina Fatta-
khova-Rohlfing: Writing — review & editing, Supervision. Ruth
Schwaiger: Writing — review & editing, Supervision. Martin Fin-
sterbusch: Project administration, Funding acquisition, Conceptuali-
zation. Olivier Guillon: Writing - review & editing, Project
administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence



V. Kiyek et al.

400

a) -400
m 25°C, LLZO -t
-350 4 Fit
L1 R1 R2 R3
-300 4 CPE1 cPE2 cPEs
_ -250
=}
&y 200
-1504 7 MHz
67 kHz 10 Hz
-100 - l J
=204 P.‘.NlV——
0 T T T T T T T
0 50 100 150 200 250 300 350
z'[Ql
) 160
= 25°C, LLZO-p
-140 - Fit
_1 20 | L1 R1 R2 R3
CPE1 CPE2 CPE3
-100 S
G,
Ry 801
60 7 MHz
-40 1 85,6 kHz
20 105 kHz
043 MHz - '
0 T T T T T
0 20 40 60 80 1 00 120 140
Z[q]

160

Journal of Power Sources 609 (2024) 234709

b) -100
= 60°C, LLZO-t
-804 Fit
L1 R1 R2 R3
60+ [ cPe2 CcPE3
-40
= 10 Hz
iy 20 136 kHz -
< Y
0+ i
20 5 kHz
40 -
60 T T T T T T T
60 40 -20 0 20 40 60 80 100
FAl(o]]
d 35
. 60°C, LLZOp
-304 e it
-25 4 L1 R R2 R3
1 CPEI CcPE2 CPE3
204
1 20 ~
S 154 Y
T AN
& . \\1\2,8 Hz
5" 0s Y
0 _- 00
1 s |
5 o 2
1 0 T T T T £ T T
-0 5 0 10 15 20 25 30 35
Z[Q]

Fig. 4. Electrochemical Impedance Spectroscopy of symmetrical Li|LLZO|Li cells. While a) and b) show the spectra of the LLZO-t sample measured at 25 °C and
60 °C, respectively, reaching a total ohmic resistance of <375 Q (<100 Q, respectively) c¢) and d) show the spectra of LLZO-p sample measured at 25 °C and 60 °C,

respectively, reaching a total ohmic resistance of <160 Q (<35 €, respectively).

a) 0,25 0,15
020 60°C, LLZO-t e
0151 o - Y 0,10
r -1 [ T T
T N A T B
N [
0.10 e T“}HHE:: b L 0,05
& 0,054 e fo i wl it gy ]
® = L : I |: . : [ A R
2 0,00~ 10,00
g ] LJI R :I :| R = i
£-0,05 '—':_l:}::::':‘::l'll:.:
‘s tdg kg 1 R
0,10 - ll:—::::::‘::“:': 0,05
L ‘x‘ |: ! : ]: :I
-0,15 - T i 'L o0
-0,20 = :_:
-0,25 T T T T T T T -0,15
0 2 4 6 8 10 12 14
time [h]

current density [mA/cm?]

b) 0,06

0,04 4

0,02

Voltage [V]
o
o
(=
L

=)
o

N}
1

-0,04 4

60°C, LLZO-p

AT
ol

M
Ul l’\

T m f
PERIINT] ! ||l
11 ||‘|‘ KLt

hy m |I| i)
il
Ut un“

w
1 \
VII\“IIH
11Im ||1‘w\||ul
\HHHH‘II

[ \

current density [mA/cm?]

-0,06

time [h]
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cell polarization, respectively. CCD has been reached, when voltage drops, polarization is not considered. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Appendix A. Supplementary data
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