RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

The Riddle of Dark LLZO: Cobalt Diffusion in Garnet
Separators of Solid-State Lithium Batteries
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Solid-state batteries (SSBs) with a Li,La;Zr,0,, (LLZO) garnet electrolyte are
attracting much attention as robust and safe alternative to conventional
lithium-ion batteries. Technical challenges in the practical implementation of
garnet SSBs are related to the need for high-temperature sintering, which
often leads to undesirable chemical reactions with the cathode material. While
these reactions are well understood for composite cathodes, very little is
known about similar processes between cathode and separator during battery
fabrication. This work focuses on understanding the processes between the
composite LiCoO,-LLZO cathode and the LLZO separator and how they affect
the battery performance. The extensive diffusion of Co-ions within LLZO,
which leads to the often-observed LLZO darkening, is shown to have a
significant impact on ionic conductivity, electronic conductivity, and dendrite
stability of the separator. Experimental data coupled with large-scale
molecular dynamics simulations uncover the diffusion mechanism for Co-ions
and identify secondary phases that form during these interactions. In addition
to extensive Co-ion diffusion within the grains, a non-uniform segregation of
Co-ions at grain boundaries is found leading to the formation of three distinct
Co-containing phases. This work offers a general approach to studying the
fundamental ion diffusion processes that occur during the fabrication of oxide
SSBs.

1. Introduction

The garnet phase Li,La;Zr,0,, (LLZO) is
attracting a lot of attention as a ceramic
electrolyte for solid-state batteries (SSBs)
due to its relatively high ionic conductiv-
ity, non-flammability, high chemical stabil-
ity, wide electrochemical stability window,
and air processability.l'! LLZO is expected
to completely replace the flammable liquid
electrolyte in lithium-ion batteries (LIBs) to
enable SSBs with unprecedented cell-level
safety, a long cell life, and potentially a high
energy density. The appropriate cell archi-
tecture should mimic that of conventional
LIBs with a thick 3D composite cathode
consisting of cathode material and a solid
electrolyte,'"2] an anode (ideally Li metal),
and a separator. The separator in ceramic
SSBs usually consists of a single solid elec-
trolyte, which should be processed to form
a dense layer.

The technical difficulty in the practi-
cal implementation of a ceramic SSB de-
sign is that LLZO is a ceramic powder
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that requires high sintering temperatures above 1000 °C
for high-conductive contact between individual particles./'¢i]
However, at these sintering temperatures, most cathode mate-
rials react with LLZO to form highly resistive secondary phases
that degrade battery performance.¥! The chemical stability
of various cathode LLZO combinations has been intensively
studied both theoretically and experimentally. It has been found
that the interdiffusion of ions at the interface with the formation
of secondary phases occurs at temperatures as low as 400 °C,
which is far below the LLZO sintering temperature.[1P12:-c45]
LiCoO, (LCO) exhibits the highest thermal stability with LLZO
up to 1050 °C,1>***del bhut numerous reaction products have
also been identified after thermal processing with LLZO such
as La,Zr,0,*¢ Co0,®) Co,0,/% L1a,0,,* Li,,La,Co,sO,,
LaCoO,,l*! La,Co0,,l”l and a Co-doped LLZO.[*] In any case,
the knowledge gained in these studies has led to ways of reducing
the interfacial reactions by lowering the sintering temperature
and shortening the sintering time, meaning that various all-
ceramic composite cathodes with optimized performance are
now available through advanced processing techniques.!'"]
While the reactions at the interface between LCO and LLZO
particles in the composite cathodes have been studied in great
detail, much less attention has been paid to the processes at the
interface between the separator and the cathode layer during fab-
rication. In general, attaching a ceramic separator to a ceramic
cathode to obtain a cathode half-cell represents the next level
of complexity, as the sintering conditions for these components
are very different. In some cases, such as pressure-assisted pro-
cesses, the separator and the composite cathode can be sintered
simultaneously."!l The garnet separator is often sintered first to
achieve a high relative density, and the cathode layer is deposited
in a subsequent process under much milder conditions to avoid
interfacial reactions.l?*“% However, in many cases, even when
an LCO cathode is deposited on LLZO using a low-temperature
process, such as physical vapor deposition (PVD), the interdif-
fusion of cations with the formation of secondary phases is ob-
served. For example, Zarabian et al. showed the mutual diffusion
of Co, Zr, and La atoms at the interface between the LLZO sep-
arator and the spin-coated LCO thin film treated at 400 °C.[1°
Vardar et al. found a 100 nm cross-diffusion region at the cath-
ode|separator interface after LCO thin films were processed at
500 °C, where minor phases of Li,CO;, La,Zr,0,, and LaCoO,
were observed.['!l Kim et al. reported an interfacial diffusion
layer of La,CoO,, ~#50 nm thick, generated during the pulsed
laser deposition of LCO on a dense LLZO pellet at 664 °C.7]
Some authors of this work observed coloration of the LLZO
separator during the one-step fabrication of a cathode half-cell
in a high-pressure spark plasma sintering (FAST/SPS) process
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(Figure S1B,C, Supporting Information) in Ar at 675 °C (blue)
and subsequent conventional annealing in air at 1050 °C (black),
although X-ray diffraction (XRD) analysis did not detect any sec-
ondary phase formation."!! In addition, a strong coloration was
observed for conventionally sintered half-cells at 1050 °C (Figure
S1A, Supporting Information), indicating that ion diffusion oc-
curred inside the materials.l**”] Park et al. demonstrated the mu-
tual diffusion of LCO and LLZO:Al at 700 °C, resulting in a poorly
conducting tetragonal LLZO phase at the interface due to the dif-
fusion of cubic phase-stabilizing Al-ions into LCO. Furthermore,
some cross-diffusion of Co, Zr, and La was observed at the inter-
face. The degradation resulted in poorer electrochemical perfor-
mance by reducing the initial Coulombic efficiency and cycle life
of the battery.!'#12]

Although several publications indicate that strong ion interdif-
fusion occurs at the separator|cathode interface and within the
separator during processing,!'"14710-12] the degree of ion inter-
diffusion and the nature, amount, and distribution of the phases
formed are still very poorly understood. In particular, very little
is known about how these processes affect the electrochemical
properties of the separator, such as ion conductivity and cycling
stability (dendrite formation) with Li metal anodes, although
their effect can be very significant. The challenge in understand-
ing the processes at the separator|cathode interface is mainly re-
lated to the buried nature of the interface, which is not easily ac-
cessible to most analytical methods. To address this issue, a sim-
ple approach was developed to study the properties of the sepa-
rator after thermal treatment with a composite LCO-LLZO cath-
ode. The cathode layer was deposited on a thick, sintered LLZO
pellet that served as a separator and was then mechanically re-
moved after thermal treatment. The rapid thermal processing
(RTP) method was chosen as the sintering method because its
fast heating rates and short sintering times generate particularly
strong discoloration on the separators (compared to other tech-
niques, Figure 1 and Figure S1A-C, Supporting Information), al-
lowing better access to study ion diffusion in the separator. The
absence of the cathode layer enabled a detailed characterization
of the phase composition, ion distribution, and microstructure
of the separator both in bulk and at the interfaces. In addition,
the mechanical stability of the thick LLZO pellet allowed its as-
sembly into symmetric cells with Au and Li electrodes in order to
study the electrochemical properties of the separator. In conjunc-
tion with the experimental setup, large-scale molecular dynamics
(MD) simulations were used to gain a better understanding of the
diffusion mechanism, as well as possible implications of interdif-
fusion and ion redistribution.

2. Results and Discussion

LLZO separators were prepared by conventional sin-
tering of LLZO powder with the nominal composition
Lig 45Al) sLasZr, (Ta, ,O0,, at 1175 °C. The resulting pellet
with a relative density of 89% and an ionic conductivity of
6.6 x 10™* S cm™! was cut into discs with thicknesses of 400 and
1000 pm. For the deposition of the cathode layer, a slurry contain-
ing a commercial LCO powder and LLZO powder (60:40 wt%),
terpineol, and ethyl cellulose was screen-printed on one side
of the separator, dried, and heated up to 500 °C to remove the
organic components. The cathode was then sintered in an RTP
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Figure 1. Schematic of Co-ion contamination in the LLZO separator from the pristine materials to the colored electrolyte without the abraded cathode
after heat treatment. In the microstructure, the change in coloration can occur from changes in the grain boundary (GB) or the grain, or by a secondary
phase formation. Photos of the untreated separator, the abraded cathode side, the anode side with a thickness of 400 um, and an embedded cross-section

of an LCO-treated separator with a thickness of 1000 um.

lamp furnace at a temperature of up to 1000 °C.1**] The LLZO
separators, which were originally white after fabrication (re-
ferred to hereafter as the “untreated separator”), became heavily
colored after RTP sintering with the cathode layer (Figure 1).
To trace the reasons for the coloration (possible change in the
grain boundary, bulk, or secondary phase formation) and to
investigate the properties of the separator, the cathode layer was
mechanically abraded with sandpaper. Even after the complete
removal of the cathode, the separator remains dark (referred
to hereafter as the “LCO-treated separator”), although the color
and intensity are different on opposite sides of the pellet. The
top side of the pellet on which the cathode layer was deposited
(referred to hereafter as the “cathode side”) appears almost black,
while the bottom side (referred to hereafter as the “anode side”)
appears green.

XRD analysis of the colored pellet reveals the presence of cubic
LLZO (c-LLZO) as the main phase on both sides, which is prac-
tically indistinguishable from the XRD pattern of the untreated
separator (Figure 2A). Moreover, the Rietveld refinement shows
only a slight decrease in the lattice parameters of the ¢-LLZO
phase from 12.944 A for the untreated separator to 12.941 A
on the anode side and 12.940 A on the cathode side. The pres-
ence of the ¢-LLZO phase on both sides of the separator after
RTP sintering is also confirmed by Raman spectroscopy analysis
(Figure 2B), which shows typical signals of the high-temperature
¢-LLZO phase (space group Ia-3d). The vibrational modes can be
assigned to La cations at 109 (T,,) and 122 cm™" (E,); the broad
signals of O bending at 215 (T,,), and 251 cm™ (A,,); the Li vi-
brational modes at 372 (T,,), 417, and 514 cm™" (E, or T,,); the
signals of Zr-O bond stretching at 647 cm™ (A,,); and the sig-
nal of the TaO, octahedron stretching at 741 cm™' from the Ta
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substitution.["13] In addition to these peaks, another signal was
detected at 693 cm™' on both sides of the separator, although the
intensity was much higher on the cathode side. The signal disap-
pears when the laser wavelength is increased from 532 to 785 nm,
thus decreasing the photon energy (Figure 2C, bottom), suggest-
ing photoluminescence as the origin of the signal.** This signal
has been previously detected for LCO-LLZO systems,[2“¢] which
were attributed to a Co-ion substitution of the LLZO lattice.[*”!
The presence of this photoluminescence signal is a clear indica-
tion of the diffusion of Co-ions into the LLZO structure (referred
to hereafter as LLZ0:Co).*’] To test whether this phase forms
during RTP sintering or already during preheating at 500 °C,
a mixture of LCO and LLZO powders was heated to 500 °C in
the air for 1 h. The Raman spectrum of this sample (Figure S2,
Supporting Information) shows only the typical signals of LCO
and LLZO, proving that the LLZO:Co phase is formed during the
high-temperature RTP sintering step. It cannot be excluded that
even at such low temperatures a small amount of cross-diffusion
can occur at around 100 nm, as shown by Vardar et al.,['!l but the
concentration of reaction products would be very low and below
the detection limit of the characterization techniques used.

In addition, XRD analysis on the cathode side revealed an in-
significantly small amount of another minor phase assigned to
the tetragonal Lij sLa,Co, O, (Figure 2A)."*] To confirm this re-
sult experimentally, the Li,;La,Co,;O, phase was synthesized
separately, resulting in a powder with a light brown color. The ex-
perimentally measured XRD pattern of this powder corresponds
to the tetragonal Li,;La,Co,;O, phase (ICSD 422259) with a
small amount of La,0; as a minor phase (Figure 3A). The Raman
spectrum of the powder shows signals at 119, 165, 230, 371, 425,
533, and 685 cm™! (Figure 3B). No photoluminescence effect was
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Figure 2. XRD and Raman spectroscopy measurements of the cathode
side (purple), the anode side (orange), and the untreated separator
(black). A) XRD results in logarithmic scale with the reference pattern of
LLZO (ICSD 422 259) in red, and marked reflexes of Liy sLa,Coq 5O4; B) av-
eraged spectra from Raman mappings; C) averaged spectra from Raman
mapping measurements of the mixture of LLZO with 1 wt% CoCOj3 pro-
cessed in a conventional furnace with signs of Li,CO;,!"¢] and the cathode
side measured with a 785 nm laser.
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observed at the laser wavelengths of 532 and 785 nm, confirming
that the above-described photoluminescence signal at 693 cm™!
does not belong to the Li;La,Co,sO, phase. Due to the small
amount of Li,;La,Co, O, in the LLZO separator, the signals are
not detectable in the averaged spectra from the Raman mapping.
However, comparing the LijLa,Co,;O, reference signals with
the individual spectra from the Raman mapping of the cathode
side, the Li,sLa,Co,;O, phase can be seen in some areas, as de-
scribed later.

The unabraded composite cathode after RTP sintering con-
sisted in our earlier publication of the LCO and the LLZO phases,
but the LLZO:Co photoluminescence was also detected in Ra-
man spectra, and Li,CO, residuals were found.**] However, the
Li, sLa,Co, 5O, phase was not found in the cathode layer.?]

In addition to the LLZO, LLZO:Co, and Li, ;La,Co, s O, phases,
the Raman spectra on the cathode side show two additional sig-
nals at 493 and 607 cm™!, that can be assigned to the thombo-
hedral LCO phase (space groupR3m) with a slight shift to higher
wavenumbers (LCO reference spectrum in Figure S3, Support-
ing Information), as described later.'”) The measured LCO sig-
nals do not originate from the composite cathode because it has
been completely removed from the separator, as can be seen in
the scanning electron microscopy (SEM) images (Figure 4C). It
is conceivable that not only the LLZO:Co phase described above,
but also the LCO phase is formed as a result of diffusion of Co-
ions into the separator in a subsequent chemical reaction. In or-
der to verify the formation of LCO in LLZO due to the reaction
with Co-ions, an additional experiment was performed in which
a small amount of Co(II) (1 wt% CoCO,) was added to the LLZO
powder and then heated to 1175 °C in a conventional furnace
(Figure 2C, top). The Raman spectroscopy measurement shows
the presence of the LLZO:Co and the LCO phase, proving that
Co-ions in the presence of LLZO can react to LCO upon thermal
treatment.

To determine the local distribution of the different phases as
a function of the surface morphology of the separator, Raman
spectroscopy mapping on the cathode side was performed.
The resulting spectra were sorted by the individual phases
LiysLa,Co,s0, (374 cm™!), LCO (597 cm™!), and LLZO:Co
(693 cm™!) (Figure 4D-F) and correlated with the corresponding
SEM images and electron backscatter diffraction (EBSD) mea-
surements (Figure 4A—C and combined in Figure 4G-]). A strong
photoluminescence signal from the LLZO:Co phase was detected
throughout the cathode side of the separator. The intensity of this
signal was strongest in the largest LLZO grains (~20 um in size),
while a lower photoluminescence intensity, or no photolumines-
cence intensity, was measured in regions with small grains (less
than &5 pum). These results indicate that the LLZO:Co phase
is formed by the diffusion of Co-ions in the LLZO lattice (bulk
phase). In contrast, the LCO signals are mainly detected in the
regions where the intensity of the photoluminescence signal
(e.g., the LLZO:Co phase) is the lowest. The greatest amount
of LCO phase is found in regions with a large number of small
grains, and therefore, a higher number of grain boundaries,
while LCO signals are greatly reduced in large grains.

Unlike the LLZO:Co and LCO phases, which are distributed
relatively uniformly across the entire surface on the cathode side
of the separator, the Li,;La,Co,sO, phase appears to be ran-
domly distributed and is most likely formed by precipitation.
The Li,;La,Co, 5O, is not located near pores or grain boundaries
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Figure 3. XRD and Raman measurements of the synthesized Lij 5La,Coy 5O, powder. A) XRD pattern with a minor side phase of La,O; and a photo of
the brown powder; B) Raman spectra of the Lig sLa,Coq 5O, powder measured with a 532 and 785 nm laser.

and has no apparent correlation with the morphology of the sep-
arator or the presence of other phases. It is possible that the
LiysLa,Co, 5O, phase forms in the part of the separator that has
inhomogeneities in its composition (e.g., Ta- or Al-enriched do-
mains, see Figure S4, Supporting Information), but no accurate
conclusion can be drawn from the obtained results at this stage.
It should also be noted that although Raman spectroscopy clearly
shows the presence of various Co-containing phases, no Co sig-
nal was detected by energy-dispersive X-ray spectroscopy (EDX)
within the LLZO grains, suggesting that the absolute concentra-
tion of Co-ions in the LLZO is below the detection limit (with a
typically EDX detection limit of 0.1 wt%) and thus has a low
concentration throughout the entire separator (Figure S5, Sup-
porting Information).

Raman spectroscopy and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) analysis of a separator cross-section
were performed to monitor the diffusion depth of Co-ions and
other elements through the separator. Although the determi-
nation of absolute concentration in ToF-SIMS analysis is not
straightforward, its high sensitivity enables the accurate determi-
nation of relative concentration changes. For the ToF-SIMS anal-
ysis, the polished cross-section (details in Figure 1) was divided
into seven analysis regions of 20 pm x 20 um along the thick-
ness of the separator (Figure 5A), and the summarized inten-
sity ratios of >Co'®0~ /0~ and ¥ Al'*0~ /O~ were plotted as
a function of distance from the cathode|separator interface, with
the interface set equal to zero as the distance reference point. Ra-
man spectroscopy mapping was also performed over the entire
cross-section of the separator, and the individual spectra along
the green lines in Figure 5A were averaged line by line. As an
indication of Co-ion diffusion, the photoluminescence signal at
693 cm™! from the LLZO:Co phase and the signal at 595 cm™!
from the LCO phase of each averaged line (corresponding to a
1 um step) were plotted as a function of distance from the cath-
ode (Figure 5A). The Lij La,Co, sO, phase is barely visible in the
averaged line spectra due to its small overall amount and the over-
lap of its signals with the signals of the other spectra. It should
be noted that due to the surface roughness, there is some inac-
curacy in determining the zero position. The distance from the
cathode is therefore subject to an error of about +15 um for the
ToF-SIMS and +3 pm for the Raman spectroscopy data.

Adv. Funct. Mater. 2023, 33, 2302939 2302939 (5 Of16)

The ToF-SIMS measurements (Figure 5B) clearly show the
diffusion of Co-ions into the separator. High Co intensities are
detected at thicknesses up to 200 pm, after which they de-
crease continuously up to ~650 pm until they disappear in the
background noise. Raman spectroscopy mapping also reveals the
presence of LLZO:Co and LCO phases throughout the LLZO sep-
arator. The Raman spectroscopy profile of the LLZO:Co phase al-
most exactly matches the shape of the 3?Co'°0~ /1O~ signal in
ToF-SIMS, with strong signals of an approximately equal inten-
sity down to a depth of 300 um and a continuous decrease until
no signal is measured at ~#700 pm. In contrast to LLZO:Co, the
signal of the LCO phase decreases continuously with increasing
distance from the cathode side to a depth of ~#600 um. The tem-
perature and dwell time are likely to be the governing sintering
parameters for the diffusion distribution profile in the separator.
The heating rate could also have an influence on the profile, but
temperature gradients and their possible influences on diffusion
in the material during RTP heating can be ruled out since the heat
capacity of 0.6 ] g7'K~! and the heat conduction of 1.5 W K-'m™!
for LLZO!™ lead to a homogeneous temperature distribution in
the separator. For example, it could be that the diffusion distribu-
tion profiles change with prolonged heating, meaning that Co-ion
contamination occurs at greater distances from the cathode, and
its concentration increases or possibly reaches a maximum. Fur-
ther studies are needed to quantify the exact diffusion kinetics.

In addition to the Co-ion diffusion, the ToF-SIMS measure-
ments also show a change in Al concentration in the separa-
tor. LLZO is depleted of Al-ions near the cathode|separator in-
terface and shows a high Al concentration at a distance between
200 and 500 um, and a lower concentration close to the anode
side between 800 and 1000 um. The change in Al concentration
occurs in the same region where the increase in Co concentra-
tion was observed, raising the question of whether these two
processes are related. Similar effects were previously observed
by Park et al.l'?l and Ren et al.['8] where a strong uptake of
Al from the LLZO:Al separator or an Al,O, layer (between Al-
free LLZO and LCO) into the LCO cathode was observed. Pre-
vious studies by some authors of this work also confirmed a
very strong “aluminophilicity” of the LCO phase, which readily
takes up Al-ions from LLZO:Ta, Al during co-sintering or even
during electrochemical cycling,?! and forms LiAl, Co,_,0,.11220
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Figure 4. Combined measurements with SEM, Raman, and EBSD of the same top-view area at the cathode side. A) EBSD profile; B) EBSD grain contour;
C) SEM image (backscattered electron); D) Raman mapping with highlighted Liy s La, Cog 5O4 phase; E) Raman mapping with highlighted LiCoO, phase;
F) Raman mapping with highlighted LLZO:Co photoluminescence at 693 cm~"; G) Raman mapping intensity scale for all images; H) SEM image with
superimposed EBSD grain contour; 1) Raman mapping of the Lij sLa,Co, 5O, phase with superimposed EBSD grain contour; J) Raman mapping of the
LiCoO, phase with superimposed EBSD grain contour; K) Raman mapping of the LLZO:Co photoluminescence with superimposed EBSD grain contour.

This enrichment of Al in LCO inside the separator is confirmed
by Raman spectroscopy (Figure 2B,C), as the LCO signals are
shifted to higher wavenumbers, indicating the formation of the
LiAl, Co,_, 0, phase.l'”2°] To explain the Al concentration profile
in the separator, it is important to know at which temperatures

Adv. Funct. Mater. 2023, 33, 2302939 2302939 (6 of 16)

the different diffusion processes (Co — LLZO and Al — LCO)
start. For this reason, an experiment was performed in which
LCO and LLZO powder mixtures were heated to different tem-
peratures and then measured by Raman spectroscopy to find the
lowest temperature at which the LLZO:Co photoluminescence at
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Figure 5. ToF-SIMS and Raman measurements to detect Co-ion diffusion into the LCO-treated separator as a function of distance from the cathode side
(starting with O um at the cathode|separator interface). A) ToF-SIMS, Raman scheme of the measurement through the entire cross-section thickness;
B) intensity ratio of >°Co'®0~/1®O~ (black) and 2’ Al'80~ /10O~ (red) species (ToF-SIMS) and normalized, averaged line signal intensity of the LLZO:Co
photoluminescence at 693 cm™" (green) and the signal at 595 cm™" (blue) belonging to LCO (Raman spectroscopy) against the position at the separator
cross-section (starting with O pm at the cathode); C) averaged Raman spectroscopy mappings of an Al-free, untreated, and LCO-treated separator (400 um

thickness).

693 cm™! occurs. The measurements (Figure S6, Supporting In-
formation) show that the LLZO:Co photoluminescence begins to
appear in the sample processed at 700 °C, indicating the onset of
Co-ion diffusion in LLZO at about 700 °C. Below 700 °C it is pos-
sible that LLZO:Co is already formed, but in a much lower con-
centration so that it is below the limit of detection of the Raman
spectrometer and has consequently only a minor influence on
the sample. It has been reported that Al diffusion in LCO starts at
500 °C.[?!l With these values, the following diffusion mechanism
was assumed.

When the sample is heated, Al-ion diffusion from the separa-
tor to the cathode begins first, and the separator region near the
cathode|separator interface becomes depleted of Al. The higher
the temperature, the more the separator is affected by this pro-
cess. When a higher temperature is reached, diffusion of Co-ions
into the LLZO separator begins, and as temperature and time in-
crease, a larger portion of the separator becomes contaminated

Adv. Funct. Mater. 2023, 33, 2302939 2302939 (7 Of16)

with Co-ions up to, where aluminophilic LCO is formed inside
the first #600 pm of the separator. In the region near the cath-
ode|separator interface, the Al concentration is already reduced
due to the previous Al diffusion into the cathode, which is the
largest LCO reservoir and therefore has the greatest potential for
Al accumulation during heating/sintering.['22°22] Therefore, the
LCO generated in the first 200 um is not able to accumulate
much Al, and the total Al concentration in the separator region
near the cathode|separator interface is kept low. Beyond a dis-
tance of ~#200 um from the cathode, the Al concentration in the
separator is not affected by the Al-ion diffusion into the cath-
ode, and the LCO formed can accumulate Al from the separa-
tor. The uncontaminated separator region, where no LCO has
formed, has a lower Al content because no Al enrichment has
occurred and the Al in the adjacent contaminated separator ma-
terial has been taken up by the formed LCO. Consistent with this
assumption, ToF-SIMS mappings of an LCO-treated separator
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cross-section where the cathode layer was present (not abraded)
showed a strong increase in Al concentration in the cathode layer
(Figure S7, Supporting Information).

The experimentally observed change in Al concentration as-
sociated with Co-ion uptake in the LLZO separator raises the le-
gitimate question of whether Al « Co exchange is an important
driving force for Co-ion diffusion into LLZO separators. A similar
sample was prepared using an Al-free LLZO:Ta powder to con-
firm this assumption. The Al-free separator also shows the same
coloration after RTP sintering of the cathode, suggesting that the
diffusion of Al-ions is not the reason for the coloration of the
separator. As in the case of the Al-containing LLZO (Figure 2B),
the signals associated with the rthombohedral LCO were also de-
tected on the cathode side of the Al-free separator in the Raman
spectra, although the Raman lines at 485 and 593 cm™! did not
exhibit a shift to higher wavenumbers, which would correspond
to a LiAl, Co,_, O, phase formation (Figure 5C). On the contrary,
they were slightly shifted to lower wavenumbers compared to the
LCO reference spectrum (Figure S3, Supporting Information).
The shift of the LCO Raman bands to lower wavenumbers is
well described in the literature and is typically associated with
a decreased Li content in the LCO lattice.[”)] One of the possi-
ble reasons for the observed Raman shift in Al-free LLZO may
be a substoichiometric amount of Li-ions during the formation
of the secondary LCO phase in the separator. Another possibil-
ity would be the loss of Li ions from the LCO due to the high-
temperature treatment.[%] These effects are also likely to occur
in the LLZO:Ta, Al pellets (Figure 2B), but the possible Raman
shift is probably outweighed by a shift in the opposite direction
caused by the uptake of Al-ions from the LLZO:Ta, Al particles,
leading to the formation of the LiAl ,Co,_,O, phase. The Ra-
man spectra also showed an intense photoluminescence signal
of the LLZO:Co phase due to the diffusion of Co-ions into the
LLZO bulk (Figure 5C). Raman measurements across the cross-
section as a function of distance from the cathode|separator in-
terface (Figure S8, Supporting Information) also showed strong
Co-ion diffusion for the Al-free LLZO separator, at similar pene-
tration depths as for the Al-containing separator (Figure 5B). Al-
though there are differences in the intensity profile, it is not pos-
sible to say whether these are due to different doping or differ-
ent microstructures. The absence of Al, which acts as a sintering
aid,?*l worsens the compaction of the powder, resulting in a less
dense and mechanically more brittle separator compared to the
Al-containing separator. In order to draw conclusions about the
influence of doping and LLZO density on Co-ion diffusion in the
LLZO separator, further investigations beyond the focus of this
work are required.

However, this experiment already shows that the diffusion of
Co-ions seems to be a characteristic property of the polycrys-
talline LLZO material even without Al doping, although it cannot
be excluded that Al-ions or other dopants influence the diffusion
of Co-ions in some way. Based on the obtained results, it can be
suggested that there are two different pathways for the diffusion
of Co-ions in polycrystalline LLZO. Considering that the forma-
tion of the LLZO:Co phase occurs mainly within large grains and
that LCO is observed in the parts with a large number of grain
boundaries, it is reasonable to assume that Co-ions can diffuse
through the LLZO bulk lattice. There are two different possibili-
ties of material transport for the Co-ions at the grain boundaries.
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The Co-ions could be transported by ion diffusion along the grain
boundaries or by segregation from the bulk to the grain bound-
aries.

To reveal the transport mechanism of Co-ions in LLZO, large-
scale MD simulations for cubic [Lig ¢,sCo, 1,5]La;Zr, 0, (see Ex-
perimental Section for simulation details) were performed. The
simulations were performed in a temperature range of 800 to
1400 K, which is similar to the highest temperature of 1273 K dur-
ing RTP sintering, to capture chemical phenomena in the exper-
iment. Figure 6A shows the migration pathway of Co-ions (yel-
low isosurface) in our cubic LLZO:Co model, indicating that Co-
ion diffusion in cubic LLZO follows Li-ion diffusion pathways.
The activation energy E, for Co-ion migration is predicted to be
0.539 eV, which is about 2.5 times larger than the E, of Li-ion mi-
gration (Figure 6B). The diffusivity of Co-ions is about one to two
orders of magnitude lower than that of Li-ions at temperatures of
800 K and above, indicating that Co-ion diffusion could be suffi-
ciently fast to be observable on experimental timescales. Assum-
ing the Brownian diffusion with the relation for the diffusion dis-

tance I =4/ (7") = /6Dt , where (|F|*) is the mean squared
displacement (MSD), D is the diffusivity, and ¢ is time, the pre-
dicted Co-ion diffusivity of 107¢ cm? s~! at 1000 °C is equivalent
to a diffusion distance of 232 um during the dwell time of 90 s
at 1000 °C (without heating and cooling time). Accordingly, the
results verify our assumption that Co-ions can diffuse through
the LLZO bulk lattice via Li-ion sites and explain the experimen-
tal observation of Co-ions down to a depth of ~700 pym after the
complete sintering process.

Note that the sintering temperature and time are closely in-
terrelated. Accordingly, given the fast Co-ion diffusivity at high
temperatures, it is recommended to reduce the sintering time to
minimize Co-ion migration. However, exact conditions are diffi-
cult to recommend, given the sensitivity of densification kinetics
to specific sintering approaches and green body formulations.[?’!
Alternatively, lowering the sintering temperature would help to
slow Co-ion interdiffusion, but it might not completely remove
the interdiffusion and could be difficult to guarantee effective
densification: for instance, the predicted Co-ion diffusivity of
3% 1077 cm? 5! at 700 °C (Figure 6B) is corresponding to 127 um
diffusion distance, penetrating about half as deep as at 1000 °C
with the same sintering time—still appreciable. Overall, a more
effective strategy may be to use interlayers between the cathode
and the separator that could prevent or delay the onset of inter-
diffusion.

Compared to Co-free LLZO (cubic Li;4,sLa;Zr,0,, without
Co), the diffusivity of Li-ions decreases only slightly (Figure 6B).
In particular, an extrapolation of the Arrhenius plot to room tem-
perature (300 K) leads to Li-ion diffusivities of 3.5 x 1078 and
2 X 1078 cm? s7! in our Co-free LLZO and LLZO:Co models,
respectively. This is in agreement with the measured trend of
decreased ionic conductivities in the untreated LLZO and LCO-
treated separator (3 x 10~ and 1.6 X 10™* S cm™, respectively,
at 298 K in Figure 6B). Similarly, the activation energy increases
only slightly upon the inclusion of Co-ions. Therefore, at this low
Co-ion doping level, it is assumed that the mobile Co-ions do not
effectively block Li diffusion pathways within grains of LLZO.
However, other possible effects of the Co-ion diffusion (e.g., sec-
ondary phase formation) could still reduce the ionic conductivity
of the LLZO separator.
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Figure 6. Molecular dynamics simulation results for cubic LLZO systems.
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A) Positional probability density of Co-ions ina 2 x 2 X 2 cubic LLZO supercell

showing Co diffusion pathways (yellow isosurface with 1074 A=3 isosurface level), which was evaluated by 1ns MD trajectory for [Lig ¢,5 Cog 125]La3 Zr, O,
at 1400 K. ZrOg and LaOyg polyhedra with red O-ions at vertices are shown in magenta and green, respectively. B) Arrhenius plot of Li-ion diffusivities

in [Ligg25C0g 125]LasZr, Oy, (blue) and pure LLZO (Lig gp5LazZr,O1,, oran
indicating standard deviations. Dashed lines and activation energies E, a
density of Co-ions (in A=) in the presence of a 3. 13(230)/[001] symmetri

ge), and Co-ion diffusivity in [Lig 6,5 C0g 125]LazZr, O, (green) with error bars
re obtained by linear fits. C) Heatmap of the integrated positional probability
c tilt grain boundary at 1300 K. Magenta spheres depict Zr-ions, showing the

grain boundary configuration. D) Development over time of the corresponding concentration profile of Co-ions normal to the grain boundary plane

(Co-ions were initially placed at the grain interiors).

In addition to bulk grains, Co-ions may also diffuse via grain
boundaries in LLZO. Accordingly, the transport characteristics of
Co-ions were further investigated using a »,13(230)/[001] sym-
metric tilt grain boundary model. Co-ions, which were initially
placed at the grain interior, segregate to the grain boundary
during the simulation, as shown in the heatmap of integrated
Co-ion positional probability density (Figure 6C), as well as in
the atomic structure (Figure S9A, Supporting Information). In
Figure 6D, it can be seen that the Co-ion concentration at the
grain boundary starts to saturate after about 5 ns of simula-

Adv. Funct. Mater. 2023, 33, 2302939 2302939 (9 of 16)

tion time and does not vary significantly after 7.5 ns. As a re-
sult of Co-ion segregation, the overall concentration of Li-ions
at the grain boundary also decreases somewhat, alongside mi-
nor redistributions of La- and Zr-ions (Figure S9B, Supporting
Information).

Perhaps more significantly, the heatmap shows that the Co-
ions are not uniformly distributed within the grain boundary.
Instead, the segregated ions exhibit a highly discontinuous dis-
tribution along the grain boundary, with some regions showing
a very high concentration of Co-ions and others showing little

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U07 SUOWWOD aATeaID 3|qed! dde a1 Aq pausenob are saoiie O ‘8sn JO S8|nJ 10} ARIqIT8UIUO 48] UO (SUORIPUOD-PUR-SWLBY/W00" A3 | 1M° Afelq 1 jput|UO//:SANY) SUONIPUOD pUe SWB | 8Y} 89S *[5202/2T/¥0] Uo ARidiaulluo A8|IM ‘6E620£202 WPe/Z00T 0T/I0p/W0 A8 | 1M ARe.d Ul juo’peoUeApe//Sdny Wwoly papeojumod ‘S ‘€202 ‘820£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

A 860 855 850 845 840 835 830 825
La éd I
853.6 eV

Intensity (arb. unit)

o cathode side
o untreated separator
" 1 1 " 1

860 855 850 845 840 835 830 825

Binding Energy (eV)

C 805 800 795 790 785 780 775 770
—— .

Co2p

o cathode side co3

o untreated separator

=
c
S
o
—_
B
>
=
wv
S o o o
% 8 o . o o &
£ o o
o o o 0 o oo O(bgd) OO0
3% o 8 O o o
8 0 00 o go 000 o
[ O o oot ©
oo e, B g o B O BOBEN
o, 0 %0 o g
QOO an ?\B.(Oxn |Q9 08 o) OA ‘%o () |& o)

805 800 795 790 785 780 775 770

Binding Energy (eV)

B 536 534 532 530 528 526 524

T
O1s Li,O/LiOH
529.8 eV

o cathode side
o untreated separator

Intensity (arb. unit)

Li,CO,
530.4eV §

536 534 532 530 528 526 524

Binding Energy (eV)

D 100 200 300 400 500 600 700 800

T T T T T T T T

=1

cathode side LCO-treated 4693 cm
cathode side after annealing
(900 °C, 30 min, air)

=

c

>

£

S o

é‘ AT

2 o

B

£

°LiCoO, LLZO:Co

1 " 1 1 " 1 1

" 1 L " 1 " s 1
100 200 300 400 500 600 700 800

Wavenumber (cm™)

Figure 7. XPS measurements of the untreated and the cathode side of the LCO-treated separator. A) Spectra of La 3d; B) spectra of O 1s; C) spectra of
Co 2p; D) Raman spectra of the cathode side after additional annealing in air at 900 °C for 30 min.

to no Co-ion concentration buildup. Notably, this local cluster-
ing of Co-ions at the grain boundaries (e.g., highlighted at the
bottom of the grain boundary on the right in Figure 6C), which
may be facilitated by the greater local free volume at the grain
boundaries, indicates the possible pre-nucleation and formation
of other Co-rich phases. This may explain the appearance of the
LCO phase at the grain boundaries, as observed in our experi-
ment. Moreover, the fact that the probability density of Co-ions
exhibits broad minima in grain boundary regions between the
local clusters suggests that Co-ions are not generally transported
along the grain boundaries, but are instead trapped upon seg-
regation. Indeed, MSD in Figure S9C, Supporting Information,
confirms that the Co-ions segregated at grain boundaries also
exhibited much slower transport compared to those within the
grain interior. Grain boundaries are known to inhibit the trans-
port of Li-ions due to structural disorder disrupting migration
pathways. It is therefore reasonable to assume that Co-ion migra-
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tion might also be affected, given that Co-ions and Li-ions share
the same pathways.

The simulation results suggest that the main diffusion mech-
anism of Co-ions is through the LLZO grain interiors and
that the segregation, trapping, and clustering of Co-ions at
the grain boundaries may lead to further reactions. LCO is
a probable product of such reactions with residual Li-ions at
LLZO grain boundaries, most likely with surficial impurities like
Li,CO,,[312:2022.242.26] 45 syygpested within the reaction mixture of
LLZO and CoCO, (Figure 2C, top).

To obtain further information about the different phases, X-
ray photoelectron spectroscopy (XPS) measurements were per-
formed on the LLZO separator. The La 3d signals (Figure 7A)
of the La lattice in LLZOI?’! are virtually identical for untreated
and LCO-treated separators, showing only minor shifts in bind-
ing energy. Moreover, the signal at 527.8 eV in the O 1s XPS spec-
trum (Figure 7B) corresponding to O in the LLZO lattice(?” 8] has
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the same binding energy for the untreated and LCO-treated sep-
arator, indicating a similar chemical environment for the oxygen
sublattice in the LLZO grains in both samples. However, signif-
icant differences were observed in the oxygen surface impurity
signals. The O 1s XPS spectrum of the untreated separator shows
the presence of Li,CO; (530.4 eV) and/or Li,O/LiOH (529.8 eV)
surface impurities, which are formed when the LLZO surface is
exposed to the ambient atmosphere.[?! The concentration of sur-
face impurities is much higher in the untreated LLZO separator
than in the LCO-treated separator, where only a small amount of
Li,O/LiOH was detected on the cathode side. Both samples were
fabricated at the same time and therefore had the same time of
surface exposure, but the LCO-treated separator was subject to
additional heat treatment during cathode sintering. During this
step, Li,CO,, which was formed on the LLZO particle surface,
could react reversibly to LLZO, as described in.?%! In addition, Li
losses due to elevated temperatures could occurl®!! or a reaction
with diffused Co-ions could take place to form LCO. One of the
reasons for this might be that the LCO-treated sample contains
significantly fewer surface impurities.

Untreated and LCO-treated separators also show significantly
different Co 2p XPS spectra (Figure 7C). No Co 2p signals were
detected on the untreated separator, while two peaks at 794.1
and 779 eV and a shoulder at 775.5 eV were measured for the
LCO-treated separator. The signals at 794.1 and 779 eV can be at-
tributed to Co**.[3? Accounting for a small shift of A1 eV in bind-
ing energy, the signals could be attributed to the LCO, which has
signals at 780 and 795 eV.**] The Li, s La, Co, s O, phase could also
be considered, which shows broad signals in this range of bind-
ing energy.** The shoulder at 775.5 eV could not be assigned to
any known phase. Since the binding energy is lower than that of
Co**, Co*", and metallic Co® (778 eV),?%3] the signal indicates
a different chemical environment, possibly the LLZO:Co phase.
Zarabian et al. found a signal at 773 eV for an LCO-LLZO system,
which they attributed to an Auger peak of Co clusters with differ-
ent oxidation states (Co**).['%3¢] Since the intensity and position
of the Auger signals strongly depend on the oxidation state of Co,
the interaction between the positive Li atoms and the transition
metal Co could lead to a change in the work function and, thus, to
a shift of the core electron binding energy to lower values.[1036:37]
If the same explanation is applied to the signal at 775.5 eV, and
if this signal corresponds to the LLZO:Co phase, then the pho-
toluminescence should be strongly affected by the oxidation or
reduction of the sample. To test this hypothesis, the LCO-treated
separator was heated in air to 900 °C to oxidize possible Co**
clusters in the LLZO:Co phase (Figure 7D). The photolumines-
cence signal, which was broadly distributed and exhibited high
intensities in the LCO-treated separator, almost completely dis-
appeared after the additional heating in the air, supporting this
assumption. The detection of Co** in several oxidation states be-
low Co** challenges the widely held opinion about the structure
of the LLZO:Co phase. Previously, Co** was assumed to replace
Zr** sites in the LLZO structure, as predicted by Miara et al.[%5]
However, other structures can be expected if the oxidation state
of Co changes.

In addition, the LCO signals from the annealed cathode side
show a shift to lower wavenumbers, consistent with the previ-
ously discussed loss of Li.[?*]
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To investigate the effect of Co-ion diffusion on the electro-
chemical properties of the LLZO separator, the redox potential,
ionic conductivity, and Li dendrite tolerance of untreated and
LCO-treated separators were analyzed. To determine the redox
potential of the LCO-treated separator, it was sandwiched be-
tween two Au electrodes and a linear potential scan was applied
in a potential range from —1 to 2 V (Figure 8A). The untreated
LLZO separator shows virtually no redox activity in this poten-
tial range. In contrast, distinct redox features were observed for
the LCO-treated sample even at low potentials, with a first oxida-
tion peak at about 0.25 V, the second at about 1.5 V, and further
increases in current at higher potentials, thus indicating a signifi-
cantly increased redox activity of the LCO-treated separators. Fur-
thermore, the onset of the reduction potential shifts to less neg-
ative values for the LCO-treated separators (—0.5 V compared to
—0.75 V for the untreated separator), indicating lower reduction
stability. The electrochemical impedance spectra (EIS) of the un-
treated and the LCO-treated separators also change significantly
(Figure 8B). The Nyquist plots of both samples show semicircles
at high frequencies, which can be attributed to the grain bound-
ary resistance. Fitting of the impedance spectra yields a grain
boundary resistance of 161 Q cm? and a total ionic conductivity
6 0f 3x 10~* S cm™! for the untreated separator at 25 °C. For the
LCO-treated separator, the grain boundary resistance increases
by 47% to 344 Q cm?, and the total ionic conductivity decreases
t0 1.6 X 107* S cm™! at 25 °C.

High cycling stability with Li metal anodes at high current
densities without dendrite formation (dendrite stability charac-
terized by critical current density, CCD) is another important
property of LLZO separators required for their sufficient perfor-
mance in battery cells. To evaluate the effect of Co-ion diffusion
on the dendrite stability of the separators, they were sandwiched
between two Li metal electrodes, and capacity-controlled galvano-
static cycles with an increasing current density were applied be-
tween the electrodes, starting from 50 pA cm™ with an incre-
ment of 50 A cm~2 per cycle (Figure 8C-F). The untreated sep-
arator shows stable lithium stripping/plating performance with
no sign of dendrites up to a current density of 1.25 mA cm™2 at
60 °C, after which the potential decreased due to micro dendrite
formation. The dendrite formation is also evident in the EIS data,
where the dendrites through the separator reduce the distances
between the electrodes, thus reducing the absolute ohmic resis-
tance. The LCO-treated separator shows a much lower CCD for
dendrite formation under the same conditions. Even at a current
density of 0.40 mA cm~2, dendrite formation is observed by a sig-
nificant reduction in ohmic resistance in the EIS measurements.
These measurements demonstrate that the Co-ion diffusion into
the LLZO separator negatively affects the dendrite stability, re-
sulting in ~72% lower critical current densities.

The obtained data show that the diffusion of Co-ions into the
LLZO separator deteriorates its electrochemical performance by
changing the redox activity, decreasing the ionic conductivity, and
reducing the critical currents of Li dendrite formation in combi-
nation with Li metal anodes. These results suggest that measures
should be taken to prevent ion diffusion from the cathode to the
separator. For the fabrication of all-ceramic garnet-based batter-
ies with LCO cathodes in the high-temperature process, it will be
almost mandatory to use modified cathode compositions!®! or to
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Figure 8. Electrochemical characterization of untreated and LCO-treated separators. A) LSV curves of symmetric Au|LLZO|Au cell at 25 °C with the full
curve in potential range from —1to 2 V shown in the inset. Note that the potential values correspond to the potential difference applied between two Au
electrodes, and not the absolute values; B) Nyquist plots of EIS spectra of symmetric Au|LLZO|Au cell at 25 °C. The equivalent circuit used for the fitting
of spectra is shown in the inset (R is ohmic resistance, and CPE is constant phase element); C) lithium plating/stripping measurements (CCD), and
D) the corresponding EIS measurements of the untreated separator in a symmetric Li|LLZO|Li cell performed at 60 °C; E) CCD and F) EIS measurements
of the LCO-treated separator.
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introduce protective layers between the LLZO separator and the
cathode layer.

Since Al,O; was already successfully used for protecting the
LCO|LLZO interface reactions at 800 °C,['8] it was tested if such
Al, O, coatings could be useful at higher temperatures. For this
purpose, thin Al,O, films were deposited on LLZO pellets by
atomic layer deposition (ALD) before the LCO cathodes were
screen printed (Figure S10A, Supporting Information).!*¥] Unfor-
tunately, despite the Al, O, coating, the separator was strongly col-
ored on both sides after RTP sintering, and a strong photolumi-
nescence signal of the LLZO:Co phase at 693 cm ™" was observed
in Raman spectroscopy (Figure S10B, Supporting Information).
This indicates that the Al,O, coating can only stop diffusion up
to a certain temperature range.

Although our initial attempts to mitigate detrimental Co-ion
diffusion in the LLZO separator using an Al,O, coating were
not successful, other materials currently used for coating cath-
ode materials powders, such as Li;BO; %8 1i,,C,,B,50,,) or
Li-Nb-O coatings,!*’l may be tested in the future.

3. Conclusion

Pure ceramic LCO-LLZO composite cathodes were sintered onto
dense LLZO separators with RTP, and the resulting cation dif-
fusion between the composite cathode and the separator was
investigated. The separator side in contact with the composite
cathode showed a strong discoloration from originally white to
black/green. Although no secondary phases were observed us-
ing macroscopic techniques such as XRD, investigations on the
micro-scale pinpointed the origin of these discolorations to the
diffusion of Co-ions through the separator. Although the abso-
lute concentration was low, the formation of a photolumines-
cent Co-doped LLZO:Co, the secondary phase Li,;La,Co,;O,,
and even LCO was observed on the cathode side of the separa-
tor. The LLZO:Co phase was observed only inside the grains. In
contrast, the LCO is mainly found at the grain boundaries, where
it could be formed by a reaction with Li-containing minor phases
on the LLZO surface such as lithium carbonate. Moreover, the
LiysLa,Co, O, phase was randomly distributed in the grains and
at the grain boundaries. As no apparent correlation of its pres-
ence was observed, this phase was most likely formed by precip-
itation. In addition, Al was observed to be depleted in the LLZO
separator near the interface of the composite cathode. In this
case, the Al leached from the separator into the LCO is likely to
form LiAl Co,_,O, to counteract the Co deficiency. Although the
LLZO separator was 1000 um thick, the LCO and LLZO:Co phase
was found up to 700 um away from the composite cathode in-
terface, demonstrating long-range diffusion at the sintering tem-
perature. Large-scale MD simulations showed Co-ion diffusion
through the grains, as well as the segregation of Co-ions at the
grain boundaries. This segregation was found to be non-uniform
within the grain boundary model, leading to the local clustering
of Co-ions with possible implications for the formation of sec-
ondary Co-rich phases. Electrochemical analysis of the contami-
nated separators showed that Co-ion diffusion had a detrimental
effect on performance, which was caused by a change in redox
activity, a decrease in ionic conductivity, and a decrease in critical
current densities for Li dendrite formation in combination with
Li metal anodes. Even at such low contamination levels, these
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deteriorated electrochemical properties demonstrate the impor-
tance of analyzing the fundamental effects at the component and
cell levels. It is thus apparent that not only the LCO|LLZO sys-
tem, butany Co-containing cathode material in combination with
LLZO requires further research to develop strategies to mitigate
the mutual cation diffusion during sintering.

4. Experimental Section

Synthesis of LLZO Powders and Fabrication of LCO-LLZO Cath-
odes: LLZO with Ta and Al substitution (Lig4s5AlggsLasZrygTag4O01;,
referred to as LLZO) powder was prepared by a three-step solid-
state reaction.[/2¢32~¢] The starting materials LIOHsH,O (APPLICHEM,
99%), La,O; (MERCK, 99.90%, pre-dried at 900 °C for 10 h), ZrO,
(TREIBACHER, 99.70%), Ta,Os (TREIBACHER, 99.99%), and Al,O; (IN-
FRAMAT, 99.82%) were milled and stoichiometrically mixed with an ex-
cess of 10 mol% LiOHeH,O. The educts were calcined as pressed pellets
(uniaxial, @ 45 mm, 19 MPa) in Al,O; crucibles at 850 and 1000 °C for
20 h each. Between the calcination steps, the powder was ground and
pressed again. In the last step, pellets (uniaxial, @ 13 mm, 113 MPa)
were sintered in an Al,O5 crucible on a MgO plate and an LLZO pow-
der sheet at 1175 °C with a dwell time of 10 h. For LLZO without Al con-
tent (Lig,LazZry ,Tag3O1;), the same steps were performed without Al, O,
and a ZrO, crucible was used. The resulting sintered LLZO pellets were
cut into pieces for further processing. For the cathode preparation, com-
mercial LCO powder (MTI CORPORATION, battery grade) was mixed with
LLZO powder (60 wt% LCO:40 wt% LLZO) and milled in 2-propanol (ALFA
AESAR, 99.50%) with a planetary micro mill (PULVERISETTE 7, FRITSCH).
The particles were dried and mixed with a solution of terpineol (SIGMA-
ALDRICH, 99.50%) with 6 wt% ethyl cellulose (SIGMA-ALDRICH, 46 cps,
48%) and homogenized in a three-roll mill (50I, EXAKT) with a mini-
mum roll distance of 10 um. The resulting ink (55 wt% solid loading) was
screen-printed (E2, EKRA) on cut LLZO pellets with a polyester screen (27—
120 x 22.5°, KOENEN). The layer was subsequently dried and the ethyl
cellulose binder was burned in a conventional furnace with a heating rate
of 2 K min~" up to 500 °C without a dwell time, followed by free cooling.
Additionally, Al,05-coated LLZO samples were prepared by ALD with an
ATHENA ALD system (FORGE NANO) using trimethyl-aluminum (TMA,
SIGMA ALDRICH) and deionized water. A total of 40 TMA and water cy-
cles were performed at 110 °C, with 1 min Ar purges and 15 min vacuum
purges in between. The final sintering process was performed with an RTP
lamp furnace (XERION), with a Pt-Rh thermocouple control with contact
to a stainless steel (EN 1.4767 steel, VDM METALS) substrate as a refer-
ence. The RTP used halogen lamps with a W filament (13 136 V, PHILIPS)
and a color temperature of 3000 K. The samples were placed inside the
RTP with the cathode side up and only the upper lamps were used. To pre-
vent the loss of Li from the LLZO lattice into the quartz sample holder,[41]
the samples were placed on a powder sheet of LLZO and a quartz crucible
(V=15 mL) was used as a cover. The sintering program for the cathodes
was as follows: 10 s dwell time at 400 °C, 10 s dwell time at 700 °C, and
90 s dwell time at 1000 °C with a heating rate of 3 K s~ for each step,
and a cooling rate of 5 K s™". For further details, please check the previ-
ous work.[2¢] Additionally, an experiment was performed where sintered
LLZO powder was mixed with 1 wt% of CoCO; (ALFA AESAR, 99.50%) in
an Al, O3 crucible and heated up to 1175 °C for 4 h.

Characterization: For the analysis of the separator, the composite
cathode was completely removed with sandpaper. XRD (D4 ENDEAVOR,
BRUKER) was measured between 10° and 80° in Bragg—Brentano geom-
etry. Raman spectroscopy (INVIA QONTOR, RENISHAW) was performed
with a 532 nm laser (~2.5 mW) and a 2400 L mm~" grating, and a 785 nm
laser (%3 mW) and an 1800 L mm~" grating. The spectra were collected
with a step size of (x, y) = (1 um, 1 pm) over an area of 80 pm x 40 um
with a total number of 3321 spectra and a measuring time of 1s per spec-
trum for the standard mappings. The spectra were processed, including
cosmic ray removal and normalization, and the mappings were averaged
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to a single spectrum, or a phase analysis of the mapping was performed.
For the mapping of the separator cross-section, the sample was embed-
ded and polished, and an area of 1000 um x 30 um was analyzed with a
line distance of 1 um, with each line being averaged to a single spectrum.
To investigate the microstructure, the samples were sputtered with a thin
Pt layer and analyzed with an SEM (EVO 15, ZEiss) using a secondary
electron (SE) and a backscattered electron (BSE) detector. Additionally, an
EDX detector (ULTIM MAX 100, OXFORD INSTRUMENTS) was used. The
electron acceleration voltage was set to 15 kV. Digital analysis of the SEM
images was performed using the IMAGE] software (WAYNE RASBAND).
XPS was performed for pristine LLZO powder, pressed with a hydraulic
press, and on a freshly polished cathode side. The XPS spectra were mea-
sured using a PHI5000 VERSAPROBE Il (PHysicAL ELECTRONICS) with a
monochromatic A1 source (1486.6 eV). All energies of the spectra were cal-
ibrated with an Au foil before measurement, and an electron neutralization
gun was applied to avoid charge accumulation during the measuring. The
data were collected for 20 ms per step with 3 to 50 accumulation steps.
The XPS fitting was performed using a Gaussian-shaped line. ToF-SIMS
was conducted on a TOF.SIMS 5 NCS (IONTOF GmBH), equipped with a
Bi NANOPROBE primary ion gun, a Cs sputter gun, and a low-energy elec-
tron flood gun for charge compensation. Additional charge compensation
was applied by Ar main flooding at a pressure of 2 x 10~ mbar. Secondary
ions were detected on an extended dynamic range detector. Bit primary
ions were chosen for analysis at an energy of 30 keV. The sputter gun was
operated at an energy of 2 keV. Depth profiles were taken in spectrometry
mode in negative polarity in an analysis raster of 20 um x 20 um and a pixel
raster of 64 X 64. The sputter raster was set to 100 um X 100 um. Before
recording, the surface was pre-sputtered for 60 s to remove contaminants
due to polishing and handling in the air. During acquisition, the ion guns
were operated in non-interlaced mode using one analysis frame and one
sputter frame. To analyze Co and Al gradients in the LCO-LLZO system,
embedded, polished cross-sections were investigated by ToF-SIMS. There-
fore, small field-of-view depth profiles of 20 um x 20 um were taken along
the cross-section of the separator with a spacing of 100 to 150 um be-
tween the analyzed areas, starting 50 pm apart from the original cathode
interface. To mitigate beam fluctuations, intensity ratios of >°Co'0~ and
27AI'8 0~ species were normalized to the '®O~ intensity. Averaged inten-
sity ratios of each sputter area and over the sputter time were used for
further analysis. For EBSD, the LLZO electrolyte was polished using 0.5
and 0.1 pm diamond polishing compounds with a glycol-based diamond
extender (ECOMET 300 PRO, BUEHLER). For each polishing step, 10 N
of force was applied to the LLZO electrolyte sample, and the head and
base were rotated at 210 and 60 rpm, respectively. An additional polishing
step was performed with a 0.03 pm colloidal silica suspension on a felt pad
using a lapping fixture (PELCO 15000 MICROMETER-CONTROLLED LAP-
PING FIXTURE, TED PELLA). The EBSD measurements were conducted
using an EBSD detector and TEAM software on a MIRA3 FEG-SEM (TES-
CAN). The collected data were analyzed using the EDX OIM data collection
software. The EBSD datasets were refined by dilating the grains in a single
iteration and correcting for pseudosymmetry where appropriate.

Electrochemical characterization was performed with a multipoten-
tiostat (VMP-300, BioLocic) in a climate chamber (VT 4002EMC,
VOTSCH INDUSTRIETECHNIK) at 25 or 60 °C. The EIS was measured
with Au-blocking electrodes applied to both sides of the polished pellets
via sputtering (108AUTO COATER, CRESSINGTON) at 25 °Cin a cell hous-
ing (ECC REF, EL CELL) at frequencies between 7 and 100 MHz with an
electrical field perturbation of 10 mV. The measured impedance spectra
were fitted with the ZView software (SCRIBNER) using an equivalent cir-
cuit, including a serial connection of three parallel R-CPE elements, repre-
senting the impedance of the bulk, the grain boundaries, and the interfacial
impedances of the Au-blocking electrodes.[*?] The total conductivity o,
was calculated from the total resistance Ry of Ry and Rgain boundary @nd
the pellet geometry (height h and area A) (Equation (1)).

by = —
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Figure 9. Equivalent circuit for the fitting of the symmetric Li cells for the
CCD measurements (L is inductance, R is ohmic resistance, and CPE is
the constant phase element).

Linear sweep voltammetry (LSV) measurements were performed with
Au electrodes on both sides in the same housing at 25 °C from —1to 2 V
with a scan rate of 5 mV s™'. For the CCD investigation, a thin Li foil was
pressed on both sides of the LLZO samples, melted for better contact,
and placed inside a modified T union body (SwAGELOK). CCD measure-
ments with symmetric Li electrodes were performed at 60 °C with capacity-
controlled galvanostatic cycling with an increasing current density, starting
at 50 pA cm~2 with an increment of 50 uA cm™2 per cycle (three times strip-
ping and plating), recording a datapoint every 30 s. For every 100 pA cm™2,
EIS was performed between 3 MHz and 1 Hz, and additional data points
were recorded if the voltage showed a deviation of more than 10 mV from
the previous data point before being fitted with the equivalent circuit, as
shown in Figure 9.

Simulation: MD simulations were performed using LAMMPS soft-
ware with the Verlet integration algorithm and the Nosé-Hoover
thermostat.3] The interatomic potentials were described by neural-
network-based machine-learning models trained for pure and Co-doped
LLZO and LCO|LLZO interfaces using the n2p2 code.**] The cubic
Lig 625La3Zr, O, structure without Co-ions was modeled usinga2 x 2 x 2
replica of a cubic LLZO unit cell with a = 13.0035 A lattice constant(**] and
by removing three Li-ions per unit cell. The cubic [Lig 655 Cog 155]Laz Zr, Oy,
structure was modeled by adding one Co-ion per unit cell at Li sites in the
cubic Lig 55 Laz Zr, O, model. To extract diffusion properties, the MD sim-
ulations were performed for 1 ns (with a 0.5 fs time step) under the NVT
ensemble at 800, 1000, 1200, and 1400 K. The diffusivity D was calculated
using the MSD of Li ions over time (Equation (2))

n

D=3 Y I o+t =1 o) @)
where d is the dimensionality of the system, n is the total number of mo-
bile species concerned, and r,(t;) and r, (t,+t) are the positions of the ion
i at an initial time t, and after time t passes from ;. The average and
standard deviation of the diffusivity were obtained from ten separate MD
simulations at each temperature. The activation energy E, of ion migration
was obtained from the Arrhenius equation (Equation (3))

A

D = Dge*s” 3)

where Dy is the prefactor, kg is the Boltzmann constant, and T is temper-
ature. The coherent Y 13(230)/[001] symmetric tilt grain boundary model
was generated by rotating the cubic LLZO lattice grains along the [001] axis
by 22.62° and superimposing them to create a (230) GB plane with a }'13
coincidence site lattice and a 2 A vacuum thickness between grains.[4°]
The grain boundary model was equilibrated at 1300 K under the NPT en-
semble for 2.5 ns (with a time stemp of 0.5 fs) and the lattice cell and
atomic positions were relaxed while maintaining a, §, and y lattice an-
gles at 90°. Three Li-ions within the grain interior regions were then ran-
domly replaced by one Co-ion to model the }13(230)/[001] grain bound-
ary with a [Lig 65 Cog 1p5]Laz Zr,O5, stoichiometry. The final structure has
416 formula units (9880 atoms) with the following lattice parameters: a =
26.171A, b = 46.718 A, and ¢ = 96.121 A. For this grain boundary model,
an MD simulation was performed for 10 ns (with a 2 fs time step) at 1300 K
under the NVT ensemble. An additional 1 ns simulation was performed to
evaluate the MSD of Co-ions at the grain boundary and grain interior. The
concentration profile was obtained by counting ions within 53 contiguous
rectangular regions in the grain boundary cell and normalized by the total
number of ions for each species, which was averaged with a time window
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of +100 ps at a given time for smoothening (using atomic snapshots every
1 ps). The positional probability densities were evaluated by subdividing
the cell into a grid of 0.26 x 0.26 x 0.26 A3 cubes. The density was de-
termined by the number of time steps for which each mesh was occupied
by ions,[#”] which was normalized by the total number of ions and time
steps and divided by the cube volume. The trajectories for 1 ns every 5 fs
and for the last 5 ns of the 10 ns simulation every 50 fs were used for the
cubic LLZO and the grain boundary, respectively, to calculate the probabil-
ity density. The heatmap of the probability density for the grain boundary
was obtained by integrating the density along the direction normal to the
structure figure in Figure S9A, Supporting Information (a-direction). The
atomic structures were visualized using the VESTA software.[“?]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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