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Abstract

In order to make garnet-based all-solid-state batteries (ASSBs) attractive for industrial
applications, their rate capability has to be significantly improved. Recently, cubic
Li¢,Ga,,LasZr,0,, (LLZO:Ga) was found to have the highest total ionic conductivity of any
oxide solid-state electrolyte by far, reaching up to 2 x 10 S/cm at room temperature.
Since the rate performance of composite cathodes is directly linked to their ionic
conductivity, LLZO:Ga is an ideal solid-state electrolyte for high-performance ASSBs.
However, careful material selection is required for the fabrication of such ceramic
composite cathodes at elevated temperatures in order to avoid incompatibility issues that
could lead to low electrochemical performance. We therefore systematically studied the
co-sintering behavior of cubic LLZO:Ga in combination with common cathode active
materials, including LiCoO, (LCO), LiNi,sMn,,;Co,,;0, (NCM111), and LiNiysMn,;Co,,0,
(NCM811). The analyses were performed using X-ray diffraction, Raman spectroscopy,
scanning electron microscopy, and transmission electron microscopy. The experimental
conditions were chosen to enable a direct comparison with our previous study on
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LigssLasZr, Tag,AlyosO;, (LLZO:Ta). For the first time, we were thus able to elucidate the impact of different LLZO
compositions on material compatibility. While most of the observed secondary phases were similar to those found
for LLZO:Ta-based composites, a more severe degradation of the cubic LLZO:Ga structure itself was observed,
reducing its conductivity and thus limiting the performance of the final cell. Consequently, the processing window for
producing LLZO:Ga-based composite cathodes is even narrower than for LLZO with other dopants, thus requiring
careful tailoring and tight control over the processing conditions when manufacturing garnet-based ASSBs.

INTRODUCTION

All-solid-state lithium batteries are considered to be promising candidates for next-generation energy storage
systems. They offer solutions to several challenges of current lithium-ion battery (LIB) technology, primarily
by replacing the flammable organic electrolyte with a solid-state electrolyte (SSE). The SSE can prevent
unwanted chemical reactions, resulting in excellent long-term stability. Additionally, their high Li-ion
transfer number and low polarization can lead to high power densities. Oxide SSEs enable the use of
elemental lithium as an anode, leading to a significant increase in the energy density of all-solid-state
batteries (ASSBs) compared to conventional LIBs. At the same time, oxide-based ASSBs offer unsurpassed
safety at the cell level, enabling the safe use of lithium-metal anodes even when the formation of dendrites
cannot be prevented completely' 7. Nevertheless, a large variety of solid electrolytes - such as halides,
sulfides, oxides, and polymers - are being investigated, with each individual class exhibiting its own strengths
and benefits. To date, no individual solid electrolyte has been able to fulfill all the requirements of an “ideal”
SSE. Solid polymer electrolytes offer flexibility and good interfacial contact with the electrodes, but suffer
from low ionic conductivities (< 10* S/cm) and inferior thermal and electrochemical stability. In contrast,
inorganic ceramic electrolytes (ICEs) exhibit higher ionic conductivities (10°-107 S/cm), a broad
electrochemical window, and high mechanical strength, but offer poor interfacial contact with the
electrodes” ). Among the ICEs, garnet-type Li La,Zr,O,, (LLZO) has attracted considerable attention due to
its relatively high ionic conductivity (up to 2 x 10 S/cm at room temperature), processability in air,
non-flammability, broad electrochemical stability window, and high reduction stability when used in
combination with lithium metal anodes"'*?. For high-performance ASSBs, which have a thick composite
cathode, the SSE must provide a large contact area with the cathode active material (CAM) and percolating
pathways with high total ionic conductivity similar to that of a liquid electrolyte penetrating the porous
cathode and wetting CAM particles in conventional cells"”.. The fabrication of LLZO-based composite
cathodes always requires a heat treatment (sintering) step at temperatures of around 1,000 °C to achieve
proper interface bonding between the CAM and SSE particles, as well as the densification of the electrode*.
These high sintering temperatures often result in material compatibility issues due to the interdiffusion of
cations across the LLZO/CAM interface and/or the formation of undesired secondary phases at the interface.
Among the various CAMs used in conventional LIBs, LiCoO, (LCO) is the only one that is
thermodynamically stable in combination with LLZO at temperatures of up to 1,085 °C, while other CAMs -
such as LiMn,0, (LMO), LiFePO, (LFP), LiNi Co Mn,O, (NCM), and LiNi,Co Al,O, (NCA) - react at
significantly lower temperatures between 400 and 800 °C!">"7****. LCO has therefore been the CAM of choice
for the few reported fully inorganic garnet-type ASSBs'***** and composite cathodes!”* fabricated by
co-sintering. However, LCO has a relatively low specific capacity (140 mAh/g) due to an irreversible phase
change below a Li content of x = 0.5, which limits the energy density of LCO-based ASSBs*"*?. For higher
energy densities, it is necessary to incorporate higher capacity CAMs such as Ni-rich NCM with capacities

34,35

> 200 mAh/gl". In recent years, several NCM-based, fully inorganic"*****! and polymer-based"**’ garnet-type
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ASSBs with sintered composite cathodes have been demonstrated, but stability issues during co-sintering
remain a limiting factor. In our previous research articles, we presented comprehensive studies on the
thermal stability of different NCM materials in combination with Ta-substituted LLZO
[Li ,.LaZr Ta Al

co-sintered, garnet-type composite cathodes!"**". Based on X-ray diffraction (XRD), Raman spectroscopy,

000, (LLZO:Ta)] and attempted to identify the most promising NCM composition for
and scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), we identified three
secondary phases: La,Li, M .O, (M = Ni, Co, Mn), a perovskite phase LaMO, (M = Ni, Co, Mn), and a
Li, M, .Zr,, O (M = Ni, Co, Mn) rock salt phase'"**"". Numerous studies have demonstrated that the reported
values for the formation onset temperature, as well as the amount and nature of the formed secondary
phases, strongly depend on the CAM used, the processing and sintering conditions, and the detection
method!">'7**"**" Tn our study, LiNi, ,Mn,,Co, O, (NCM811) was unexpectedly found to be a promising
CAM for integration into garnet-type composite cathodes, as only small amounts of La,Li  Ni .O, were
detected at co-sintering temperatures below 800 °C, forming self-constrained isolated particles. As a result,
no highly resistive interfaces were formed, and in combination with the sintering aid Li,BO, (LBO), a dense
and electrochemically active composite cathode consisting of LLZO:Ta, NCM811, and LBO was successfully
manufactured at 750 °C. The resulting fully inorganic ASSB delivered an initial discharge capacity of
120 mAh/g""*.. However, considering the theoretical capacity of NCMs811 (200 mAh/g), this corresponds to
only 60% capacity utilization, highlighting the continued need for optimization to achieve
high-energy-density cells. One possible reason for the low utilization of the cathode may be the relatively
thick composite cathode in combination with relatively low effective Li-ion conductivity. The aim is to
achieve an effective Li-ion conductivity above 2 x 10° S/cm in order to realize thick composite cathodes and
high charge/discharge rates!’. The effective Li-ion conductivity can be increased either by increasing the
fraction of the solid electrolyte, which is not favored since this would reduce the energy density of the cell, or
by increasing the ionic conductivity of the electrolyte itself. Compared to LLZO:Ta, which has a total ionic
conductivity of 0.8 x 107 S/cm at room temperature and is used in the aforementioned NCM811-based
ASSB, Li, ,Ga,,La,Zr,0,, (LLZO:Ga) demonstrates outstanding total ionic conductivity (up to 2 x 107 S/cm)
at room temperature and is attractive for industrial production, since no excess Li is required during
synthesis!"****/. To the best of the authors’ knowledge, this is the highest ionic conductivity of all oxide Li-ion
conductors. LLZO:Ga is therefore the preferred SSE for thick composite cathodes, enabling garnet-type
ASSBs with high energy density and high-rate performance.

In this work, we built on our earlier investigations into the thermal compatibility of different CAMs and
LLZO"**", using a similar experimental approach, but extended the study to a different LLZO composition
with higher ionic conductivity. While we previously only investigated cubic LLZO:Ta as the SSE, we now
examine the thermodynamic stability between cubic LLZO:Ga and three different layered CAMs-LCO,
LiNi

1,000 °C. For comparison purposes, we applied identical co-sintering conditions to those used in our earlier

,sMn,,.Co,,,0, (NCM111), and NCM811 - during co-sintering at elevated temperatures of up to
study, in which we investigated CAMs in combination with LLZO:Ta. For the first time, our comprehensive
study provides valuable insights into the effects of Ga substitution in LLZO on secondary phase formation
during the composite cathode fabrication by co-sintering. It also enables a reliable comparison of the
compatibility of three different CAMs with two LLZO compositions, thereby elucidating the impact of the
LLZO dopants on side-phase formation. We found that both the CAM and LLZO compositions strongly
affect thermal compatibility. For LLZO:Ga, LCO is the most stable CAM, exhibiting the lowest amount of
undesired secondary phases and very limited Ga leaching from LLZO, thus reducing the destabilization of
the cubic structure. In contrast, we found pronounced Ga leaching and the subsequent formation of
tetragonal LLZO (t-LLZO) for NCM. Interestingly, the formation of the detrimental t-LLZO phase was
found to be the main difference of using Ga instead of Ta substitution.
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EXPERIMENTAL

The Ga-substituted LLZO (nominal composition: LLZO:Ga) was synthesized via a solid-state reaction (SSR),
as previously described"”". The starting materials LiOH-H,O (AppliChem GmbH, Darmstadt, Germany,
99%), La,0, (Merck Chemicals GmbH, Darmstadt, Germany, 99.9%, 10 h pre-dried at 900 °C), ZrO,
(Treibacher Industrie AG, Althofen, Austria, 99.7%), and Ga,O, (Alfa Aesar, Darmstadt, Germany, 99.995%)
were weighed in a stoichiometric ratio and homogenized using an automatic mortar grinder (RM 200,
Retsch GmbH, Haan, Germany). Pellets were pressed from the homogenized powder (uniaxial, 20 MPa) and
calcined twice for 20 h in alumina crucibles using a muffle furnace (LT 5/13, Nabertherm GmbH, Lilienthal,
Germany). The first calcination step was performed at 850 °C, and the second one at a higher temperature of
1,000 °C. After each calcination step, the pellets were ground and repressed. The final pellets were uniaxially
pressed at 113 MPa. To avoid possible contamination, the pellets were sintered in a powder bed of the same
composition in alumina crucibles at 1,175 °C for 10 h in air. Heating and cooling ramps of 5 K-min™ were
chosen for the calcination and sintering steps.

For the thermal compatibility tests, the commercial CAMs-LCO, NCM111, or NCMs811 - (MTI Corporation,
Richmond, CA, USA, battery grade) were mixed with LLZO:Ga at a weight ratio of 1:1 and homogenized
using a mortar and pestle. The CAM powders were used as received (D50:~10 pm), while sintered and
ground LLZO:Ga powder (D50: ~6 um) was used. The powder mixtures were pelletized by pressing with a
force of 38 kN and a pressing die with a 13 mm diameter (resulting pellet height: ~1.7 mm). The evolution of
secondary phases during heating was investigated by in situ high temperature XRD (HT-XRD) using an
Empyrean diffractometer (Malvern Panalytical Ltd, Malvern, UK) with Cu-K, radiation. In situ
measurements were performed in air for isotherms at the following selected temperatures (°C): 25, 100, 200,
300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 900, and 1,000. The heating rate applied to reach the next
temperature was 5 K min™. Data were collected over a 20 range of 10°-80°, with a step width of 0.026° and an
accumulation time of 200 s using a 255-channel PIXcel detector, resulting in a holding time of roughly
37 min at each selected temperature during the in situ measurement. For further ex-situ analysis of the
secondary phases formed during co-sintering, two further sets of the aforementioned CAM/LLZO:Ga pellets
were prepared. These pellets were sintered on an LLZO:Ga powder bed, which was placed on a MgO plate in
an Al,O, crucible, at 1,000 °C for 1 h in air at a heating rate of 5 K/min using a muffle furnace (LT 5/13,
Nabertherm GmbH, Lilienthal, Germany). One set of the sintered pellets was pulverized using a pestle and
mortar for X-ray powder diffraction (XRD). Measurements were carried out using a D4 ENDEAVOR
(Bruker Corporation, Billerica, MA, USA) with Cu-K, radiation. XRD data were collected over a 26 range of
10°-140°, with a step width of 0.02° and a collection time of 0.75 s/step. Qualitative phase analysis of the
diffraction patterns was performed using the powder diffraction file (PDF) database and the inorganic crystal
structure database (ICSD) with HighScore software (Malvern Panalytical Ltd, Malvern, UK)"*. For all of the
obtained patterns, crystal structural refinement and the determination of lattice parameters were carried out
by Rietveld refinement using Topas V 4.2 software (Bruker Corporation, Billerica, MA, USA)"".

Further phase analysis was performed by Raman spectroscopy using an inVia™ (Renishaw plc,
Wotton-under-Edge, UK) Raman microscope with a 532 nm laser (~2.5 mW) and a 2,400 L mm™ grating.
The second set of sintered pellets was analyzed here. The spectra were collected as a map with a step size of
1 pm x 1 pm over an area of 80 pm x 40 pm, resulting in a total of 3,321 spectra, with an acquisition time of
1 s per spectrum at each point. The spectra were processed, including cosmic ray removal and normalization,
and the mappings were finally averaged to yield a single spectrum.

For microstructural investigations and secondary phase detection and visualization, scanning electron
microscopy (SEM) was performed using a Zeiss Gemini SEM 450 (Carl Zeiss Microscopy Deutschland



Roitzheim et al. Energy Mater. 2026, 6, 600028 Page 5 of 20

GmbH, Oberkochen, Germany) equipped with an Ultim" Max 170 energy-dispersive X-ray spectroscopy
(EDS) detector (Oxford Instruments plc, Abingdon, UK). Prior to analysis, the co-sintered pellet samples
were embedded in EpoFix epoxy (Struers GmbH, Willich, Germany) and mirror polished. To gain a more
detailed understanding of the CAM/LLZO:Ga interface, EDS was performed in a scanning transmission
electron microscopy (STEM) with a Bruker Nano XFlash Detector 5060 (Bruker Corporation, Billerica, MA,
USA) and the data were evaluated with Esprit 2.3 software. The measurements were carried out in a double
Cs-corrected JEOL JEM-2200FS STEM (JEOL Ltd., Akishima, Tokyo, Japan) with an acceleration voltage of
200 kV and a convergence angle of 22.6 mrad. As STEM analysis requires electron-transparent samples
(thickness < 100 nm), lamella preparation and Xe-ion beam thinning were carried out in advance using the
Helios™ 5 Hydra CX DualBeam (Thermo Fisher Scientific Inc., Waltham, MA, USA). The samples were
transferred in an inert gas atmosphere from an argon-filled glovebox (O, < 0.1 ppm, H,O < 1 ppm) to the
Helios Hydra and back using the Hydra’s inert transfer system (CleanConnect). The samples were then
loaded into a vacuum transfer TEM holder (Melbuild Corporation, Fukuoka, Japan) to ensure transfer to the
microscope without air contamination.

RESULTS AND DISCUSSION

We first investigated the thermodynamic stability of LLZO:Ga in combination with different CAMs (LCO,
NCM111, and NCMs811) during co-sintering based on XRD. This approach allowed us to determine the
onset temperature of secondary phase formation. To scan a wide temperature range on a single sample, in
situ high-temperature XRD (HT-XRD) measurements were performed between room temperature and
1,000 °C [Figure 1]. The pyrochlore LLZO phase (La,Zr,0,) formed at low co-sintering temperatures of
around 500 °C, was present up to 700-800 °C, and disappeared again at higher temperatures, as described
previously"***l. No pyrochlore phase was detected for LCO + LLZO:Ga. It is assumed to have formed, but
in an amount below the detection limit of XRD. For all cathode material + LLZO:Ga mixtures, the CAM and
LLZO phases were the main phases present in the investigated temperature range. In the case of LCO, no
additional secondary phases were observed up to 1,000 °C. It should be noted that the LLZO reflection at
~37° 20 was no longer observed. A continuous shift to smaller angles, due to lattice expansion during heat
treatment, leads to an overlapping of LLZO and LCO reflections in this region of the pattern. For both
NCM111- and NCMs11-based composites, the first side phases were observed at 700 °C, indicating that the
maximum co-sintering temperature without side phase formation is 650 °C for NCM. Additional HT-XRD
patterns, which are not shown in Figure 1, are available as Supplementary Figures 1-3. In general, reflections
originating from three secondary phases appeared during co-sintering. These were identified as Li,ZrO,,
La,(M,.Li,.)O, (M = Nj, Co), and LaMO, (M = Ni, Co, Mn) with perovskite structure. While all three phases
formed in the case of NCM111, the perovskite phase (LaMO,) did not form for NCM811 + LLZO:Ga. Once
formed, the intensity of the reflections originating from this perovskite phase increased steadily with
temperature [Figure 1D], while the intensity of Li,ZrO, remained almost constant and disappeared
completely for NCM811 + LLZO:Ga above 850 °C. The reflection intensity of the La,(M, .Li, ,)O, phase
initially increased with temperature, then decreased and finally remained constant from 900 °C for NCMs811
+ LLZO:Ga. For NCM111, La,(M, . Li .)O, was no longer detected by HT-XRD above 900 °C [Figure 1D]. A
summary of the HT-XRD results, indicating the temperature ranges at which the secondary phases appear, is
provided in Supplementary Table 1. Based on these initial HT-XRD results, the chemical compatibility
between LLZO:Ga and common cathode materials is comparable to that of LLZO:Ta-based composites!***!.
Besides Li,ZrO,, which was not found in the case of LLZO:Ta, similar secondary phases were detected in the
case of LLZO:Ga. A similar secondary phase evolution was also previously observed by HT-XRD during the
co-sintering of NCM and LLZO:Ta""!.

In situ HT-XRD is a suitable method for qualitatively studying secondary phase formation during the
co-sintering of CAM and LLZO:Ga over a wide temperature range. However, this method only measures the
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Figure 1. In situ HT-XRD patterns for 1:1 mixtures of cubic LLZO:Ga with (A) LCO, (B) NCM111, and (C) NCM&11. Only selected
temperatures are shown. Diffractions attributed to the pyrochlore or secondary phases are labeled accordingly. Due to thermal expansion
at elevated temperatures, the Bragg peak positions are shifted slightly in comparison to the reference pattern for LCO, NCM111, NCM8T1,
and cubic LLZO:Ga. (D) Relative intensities of the secondary phase reflections of Li,ZrO, (110) at ~19.9° 20, La,(M,Li,)O, reflection (131)
at ~31.3° 26, and LaMO, reflection (121) at ~32.5° 26 (M = Ni, Co, Mn). All intensities are normalized to the LLZO:Ga reflection (024) at
~30.5° 20. Further patterns are available as Supplementary Figures 1-3.

surface of the pellet. To obtain more reliable and precise results that include the bulk of the composite, the
same CAM + LLZO:Ga mixtures used for the HT-XRD investigations were sintered at 1,000 °C for 1 hin a
conventional muffle furnace. They were then ground and analyzed as a powder by XRD. Figure 2 shows the
powder diffractograms of the co-sintered CAM + LLZO:Ga mixtures. Qualitative and quantitative phase
analysis was performed based on Rietveld refinement. The refined patterns are shown in the
Supplementary Figure 4.
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Figure 2. Powder XRD patterns of the different CAM + LLZO:Ga mixtures obtained after co-sintering at 1,000 °C using Cu ko, radiation.
All intensities are normalized to the LLZO:Ga reflection (024) at ~30.8 ©260. (M = Ni, Co, Mn).

The above-discussed HT-XRD experiments, which mainly analyzed the surface of the composite pellets, led
to the conclusion that the LCO + LLZO:Ga mixture is stable during co-sintering. However, a more detailed
analysis of the mixture by powder XRD revealed 2 wt.% La,(Co, Li,.)O, and 3 wt.% Li,ZrO, as secondary

phases after co-sintering at 1,000 °C. The maximum co-sintering temperature without side phase formation
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is therefore below 1,000 °C for LCO. LCO and cubic LLZO:Ga remain the main phases; however, a second
cubic LLZO:Ga phase with a slightly larger lattice parameter was found compared to the starting material
[Supplementary Tables 2 and 3]. This second cubic phase can be assigned to protonated LLZO:Ga, which
forms during handling in an ambient atmosphere, as previously reported.

For the NCM111-containing composite, undesired secondary phases formed during co-sintering include
9 wt.% LaMO, (M = Ni, Co, Mn) with a perovskite structure, 5 wt.% Li,ZrO,, and 8 wt.% t-LLZO. The
Ni-rich NCM811 + LLZO:Ga mixture contains only two side phases after co-sintering, namely 3 wt.%
La, (M, Li,.)O, (M = Ni, Co) and 23 wt.% t-LLZO. A summary of the powder XRD results can be found in
Supplementary Table 1. Besides the formation of secondary phases, an alteration of the NCMs811 structure
itself is indicated by a significant change in the NCMs811 Bragg reflection intensity ratio I(003)/I1(104)
[Supplementary Figure 2] and the lattice parameter ratio ¢/a [Supplementary Tables 2 and 3]. This shift in
Bragg reflection intensity was also observed by HT-XRD [Figure 1C]. These shifts can indicate enhanced
cation disorder (Ni** occupies Li* sites)!***"), especially after co-sintering when ¢/a = 4.93. This increase in
cation disorder was further confirmed by Rietveld refinement, which shows a significant increase of the
cation disorder from around 4% for pristine NCM811 to 21% after co-sintering with LLZO:Ga. Such anti-site
defects are known to deteriorate the electrochemical performance of NCM"". The co-sintering experiments
were performed in air to ensure that the experimental conditions were comparable to those of earlier studies,
enabling the precise study of the effect of different LLZO dopants on the chemical compatibility with CAMs.
For battery applications, the firing of Ni-rich NCM should always be performed under pure oxygen flow to
prevent the formation of Ni** occupying Li sites.

Changes in lattice parameters during co-sintering were analyzed based on the a and ¢ parameters, which
were calculated from the powder XRD pattern [see Supplementary Tables 2 and 3]. For LCO + LLZO:Gea, the
lattice parameters did not change significantly within the error range. In the case of the NCM111-containing
mixture, the NCM111 lattice parameters remained similar to those of pristine material, while slightly smaller
lattice parameters were observed for cubic LLZO. In contrast to NCM111, the lattice parameters a and ¢ of
NCMs11 increased significantly, while the lattice parameter a of cubic LLZO remained almost unchanged.
The increased lattice parameters for NCM811 after heat treatment in the presence of LLZO:Ga are most
likely explained by the doping of the NCM host structure with elements from the SSE, such as Zr, La, or Ga.

In addition to XRD, Raman spectroscopy was used to analyze the composites, as it typically has a lower
detection limit for side phases compared to XRD. The Raman spectra of the co-sintered CAM + LLZO:Ga
mixtures are shown in Figure 3. By comparing the obtained Raman spectrum for the LCO + LLZO:Ga
composite [Figure 3A] with the reference Raman spectra of cubic LLZO:Ga"*”’ and LCO"*, the observed
signals can be assigned to the following vibration modes: La cation vibration at 106 cm™ (T, ) and 120 cm™
(Eg); broad O-bending modes at 226 cm™ (ng) and 275 cm™ (Alg); Li vibrational modes at 357 cm™ (ng) and
406 cm™ (Eg or ng); Zr-O bond stretching at 641 cm™ (Alg) for LLZO:Ga and O-Co-O bending at 486 cm™
(E,); and Co-O stretching vibrations at 595 cm™ (A,,) for LCO. These results confirm the presence of both
LCO and cubic LLZO:Ga after co-sintering. However, the two additional bands found at 157 and 689 cm™,
which could not be assigned to LLZO:Ga or LCO, indicate the formation of secondary phases. To identify
the chemical composition of these phases, the spectra were compared with relevant Raman spectra reported
in the literature [Supplementary Figure 5A]. The band at 157 cm™ clearly indicates the formation of LaCoO,,
while the more intense peak at 689 cm™ might originate from LaCoO, or La,(Co, Li,.)O,. Therefore, based
on Raman spectroscopy, the formation of both phases cannot be ruled out. Since La,(Co, Li,.,)O, was also
confirmed by XRD, it is assumed that LaCoO, also forms at a concentration below the detection limit of
XRD. Additionally, XRD confirmed the formation of a further secondary phase of Li,ZrO,. However,
comparing the obtained Raman spectra with the reference spectrum of Li,ZrO,"*" provides no further

indication of its presence by Raman spectroscopy [Supplementary Figure 5A].
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Figure 3. Averaged Raman spectra of (A) LCO, (B) NCM111, and (C) NCM811 + LLZO:Ga pellets after co-sintering at 1,000 °C. The signals
belonging to secondary phases are labeled accordingly.

In contrast to LCO + LLZO:Ga, where only the cubic LLZO:Ga phase is present after co-sintering at
1,000 °C, the Raman spectra of the NCM111 [Figure 3B] and NCM811 [Figure 3C] composites clearly
indicate the presence of the t-LLZO phase, as evidenced by the characteristic bands at 287, 246, and 206 cm™
as well as at 341, 374, and 401 cm'"**". For NCM111, the split signals at 100, 107, 121 and 126 cm™ further
underline the phase transition from cubic to tetragonal®”. The Raman bands detected at 642 and 639 cm™ for
NCM111 and NCM811, respectively, can be attributed to the Zr-O bond stretching (Ref. 639 cm™) (A, ) of
cubic LLZO:Ga or t-LLZO (Ref. 645 cm™)"". The low-intensity bands observed for both NCM-containing
samples around 598 cm™ can be attributed to lithiated NCM, which typically exhibits a broad band between
500 and 600 cm™, depending on its transition metal composition”'. The combination of the two bands at 156
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Table 1. Summary of qualitative and quantitative phase analysis of CAM + LLZO mixtures co-sintered for 1h at 1,000 °C, based on
X-ray diffraction with Rietveld refinement and Raman spectroscopy. Results for LLZO:Ta are from ref.2"

LLZO:Tar" LLZO:Ga
Secondary phase wt.% Secondary phase wt.%
Li,ZrO, 3
LCO * * La,LiyC0,:0, 2
LaCoO, -
LazLio5Mosoa 0
La,LigsMy50, 1 Li,ZrO, 5
NCMmTT LaMO, 0 LaMO, 9
t-LLZO 8
La,LiosM, 0, 3 La,LiosM, 0. 3
NCMmeT Lip Mo 262020 10 t-LLZO 23

*LCO was not studied; M = Ni, Co, Mn.

and 686 cm™ is a clear indication of the perovskite phase (LaMO,) formed during the co-sintering of
NCM111 + LLZO:Ga [Figure 3B]. A comparison with the reference spectra reveals that M is most likely Co
due to the characteristic LaCoO, band at 687 cm™ (see Supplementary Figure 5B)""?\. A combination with
other transition metals, such as LaCo, Mn O,", is also possible. However, LaMnO,"** and LaNiO,"* can be
excluded due to the absence of bands around 680 cm™ in their Raman spectra. The formation of
La,(M,.Li ,)O, in the NCM111-containing mixture cannot be entirely excluded based on Raman
spectroscopy, since this phase also exhibits a characteristic band at 686 cm™'. However, additional
characteristic peaks that would confirm the presence of this phase were not observed (see
Supplementary Figure 5B). The Raman peaks observed at 164, 424, 689, and 743 cm™ for the co-sintered
NCMSs11 + LLZO:Ga composite [Figure 3C] can be assigned to La,(M, .Li, .)O,. A detailed comparison of the
observed Raman shifts with the available reference spectra [Supplementary Figure 5C] suggests that the
secondary phase formed in the case of Ni-rich NCM811 is most likely La,(Ni Li .)O,. For NCMs811, no
perovskite phase was formed, as confirmed by Raman spectroscopy and XRD. A summary of the Raman
spectroscopy results is available in Supplementary Table 1.

In summary, the XRD and Raman spectroscopy results confirm that cubic LLZO and LCO remained the
main phases after the co-sintering of the LCO + LLZO:Ga mixture at 1,000 °C. In total, only around 5 wt.%
of side phases (La,(Co, .Li, ,)O,, LaCoO,, and Li,ZrO,) were identified based on Rietveld refinement
[Table 1]. Our study therefore also indicates reasonably high thermal compatibility between LCO and
LLZO:Gea, as is well known for LCO in contact with LLZO"*.

Combining LLZO:Ga with CAMs such as NCM, where Co is partially substituted by Ni and Mn, leads to
reduced thermodynamic stability, which is in agreement with previous compatibility studies on NCM +
LLZO:Ta">?", For NCM111 + LLZO:Ga, a total of 22 wt.% secondary phases (LaMO, (M = Ni, Co, Mn),
Li,ZrO,, and t-LLZO) were identified, while for the Ni-rich NCM811 mixture, an even higher amount of
26 wt.% (La,Li .M, O, (M = Ni, Co, Mn), and t-LLZO) was detected. Table 1 compares the nature and
amount of the secondary phases formed for the two different garnet-type SSEs, LLZO:Ga and LLZO:Ta. This
direct comparison is possible, since the same CAMs and experimental conditions were used as in our
previous work on LLZO:Ta. Therefore, the differences observed here can be directly attributed to the LLZO
composition. Unlike LLZO:Ta, La,Li M, O, was not detected after co-sintering at 1,000 °C for NCM111 +
LLZO:Ga. However, it was found to be present at lower temperatures between 700 and 900 °C by HT-XRD.
Conversely, the perovskite phase LaMO, (M = Ni, Co, Mn), which formed in the case of LLZO:Ga, was not

detected by XRD for NCM111 + LLZO:Ta co-sintered at 1,000 °C, but was detected at higher
temperatures”’. In the case of NCMs811, exactly 3 wt.% La,Li .M, .O, (M = Ni, Co, Mn) were detected for
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both LLZO compositions. The Zr-containing rock-salt phase (Li, M, ,.Zr,,.0), identified as a secondary

0.25 0.25

phase for NCM811 + LLZO:Ta, was not detected in the case of LLZO:Ga. In this work, Li,ZrO, was found to
be the Zr-containing phase, with the exception of the NCM811 mixture.

The t-LLZO phase was detected as a detrimental side phase that forms during the co-sintering of NCM +
LLZO:Ga, indicating a more intense degradation of the SSE in the case of Ga substitution. For NCM811 in
particular, t-LLZO, which exhibits much lower ionic conductivity compared to the cubic phase, forms with a
significantly higher weight percentage than the other secondary phases. In general, the tetragonal phase of
the garnet increases the ohmic resistance and thus the overpotential during battery cell operation,
particularly when located along the CAM/LLZO interface. The possible impact of the other secondary phases
on electrochemical performance remains unclear and requires further investigation in follow-up studies.

A phase transition from the cubic to the tetragonal phase during co-sintering was not observed in our
previous study on LLZO:Ta-based mixtures, highlighting one of the main issues of using LLZO:Ga instead of
LLZO:Ta. Surprisingly, t-LLZO was not observed in the LCO + LLZO:Ga sample, although literature reports
that t-LLZO can form at the interface between LLZO and LCO during low-temperature annealing at
700-800 °CP**°). Park ef al.”* and Ren et al.”” suggested that the leaching of the dopants Al and Ca from
LLZO, respectively, might destabilize the cubic structure and promote formation of the t-LLZO phase. To
further understand the appearance of the t-LLZO phase in the case of LLZO:Ga and to localize the formed
side phases detected by XRD and Raman spectroscopy, microstructural investigations were performed using
SEM and STEM in combination with EDS.

Figure 4 shows the cross-sectional SEM images taken with backscattered electrons (BSEs), which visualize
the material (Z) contrast, along with the corresponding layered images derived from EDS mappings. The
single EDS mappings are available in the supporting information for all of the investigated samples
[Supplementary Figures 6-8]. Four regions with different material contrasts can be distinguished for the LCO
+ LLZO:Ga composite [Figure 4A and B]. In addition to the LLZO (orange) and LCO (blue) main phases,
the overlay of the EDS mappings [Figure 4B] and further EDS point analyses [Supplementary Figure 9]
confirm the formation of Zr-rich (purple) and La-rich (yellow) secondary phases, which appear as light grey
and brighter regions, respectively, in the BSE image. Due to the relatively large excitation volume during EDS
analysis and the relatively small regions of side phases, it is not possible to quantify elements or make a valid
statement about the secondary phase composition based on EDS. Nevertheless, the SEM/EDS findings
support the XRD and Raman spectroscopy results.

For the co-sintered NCM111 + LLZO:Ga mixture, SEM combined with EDS shows very similar side phase
formation [Figure 4C and D, Supplementary Figure 10], as was reported for the LCO-containing sample.
However, the number of secondary-phase particles is strongly increased compared to the LCO-containing
sample. This is consistent with the significantly higher weight fractions of secondary phases found for
NCM111 + LLZO:Ga by XRD and Rietveld refinement. Only three regions with different material contrasts
could be distinguished for the NCM811 + LLZO:Ga composite [Figure 4E and F], indicating the formation of
only one secondary phase with a brighter Z contrast. The EDS spectrum taken from this region, which
appears much brighter in the BSE-SEM images and yellow in the EDS mapping, indicates that this particle
predominantly contains the elements O, Ni, and La (Li cannot be detected by the EDS detector)
[Supplementary Figure 11]. Considering the Raman spectroscopy and XRD results, the bright region
observed for the NCMs811-containing sample is most likely La,Li, .Ni .O,, which mainly forms as
well-defined, separated particles.
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Figure 4. Cross-sectional, backscattered electron (BSE) SEM images and the corresponding layered images of the single EDS mappings of
La (yellow), Zr (purple), Co (blue), and O (grey) for (A and B) LCO + LLZO:Ga, (C and D) NCM111 + LLZO:Ga, and (E and F) NCM811 +
LLZO:Ga after co-sintering at 1,000 °C for 1h. The complete EDS analysis of these samples is available in the Supplementary Figures 6-8.

None of the characterization methods used thus far have provided reliable insights into the behavior of the
element Ga during co-sintering. The Ga mappings [Supplementary Figures 6-8] suggest that Ga is present in
both the LLZO and CAM phases after co-sintering at 1,000 °C. However, the overall Ga content is very low
and close to the detection limit of the EDS. A more detailed study of Ga distribution after co-sintering, as
well as an analysis of the CAM/LLZO:Ga interface, was therefore performed by high-angle annular dark-field
(HAADF) imaging and EDS within a STEM. The HAADF-STEM image and EDS analysis of the
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Figure 5. HAADF-STEM image (left) and EDS line scan (right) across the interface marked by the arrow for (A) LCO + LLZO:Ga, (B)
NCM111 + LLZO:Ga, and (C) NCM811 + LLZO:Ga co-sintered at 1,000 °C. The light grey area in the EDS line scan represents the dark layer
atthe LCO/LLZO:Ga interface visible inthe HAADF image. Further EDS mappings of these samples are available in the
Supplementary Figures 12-14.

LCO/LLZO:Ga interface in Figure 5A clearly reveal that a Ga-enriched layer with a different Z contrast (dark
grey) formed between the LCO and LLZO:Ga grains (see EDS mapping in Supplementary Figure 12). In this
region, the EDS line scan shows a decrease in the La and Zr signals, as well as an initially increasing and
subsequently constant Co signal. Diffusion of the elements Zr and La into the LCO structure is only visible at
very low concentrations. Furthermore, Ga could not be detected in the LCO bulk.

A different situation was observed at the NCM111/LLZO:Ga interface after co-sintering at 1,000 °C
[Figure 5B]. Here, only two phases can be distinguished based on the material contrast in the HAADF-STEM
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image and the elemental distribution obtained by EDS analysis (see additional EDS mappings in
Supplementary Figure 13). The EDS line scan across the interface region indicates that Ga is depleted in the
brighter phase and mainly located in the NCM111 grain. The diffusion of Ni, Co, and Mn from the NCM
into the LLZO grain occurred, with Mn exhibiting a near-constant distribution across the interface.
Similarly, EDS indicates an almost homogenous Zr distribution in both the LLZO and the NCM111 grains,
which is overall very low in the analyzed sample. Due to the significantly lower Zr concentration compared
to La, as well as the high Ni, Co, and Mn concentrations in the bright phase, the bright phase observed in this
sample is assumed not to be LLZO:Ga, but rather the La-containing side phase identified by XRD and
Raman spectroscopy.

In the case of NCM811 + LLZO:Ga, the HAADF-STEM image [Figure 5C] shows a layer with a different Z
contrast at the interface, similar to that observed in the LCO+LLZO:Ga sample, although less pronounced.
EDS analysis reveals Mn depletion and Ga enrichment in NCMS811 at the interface with LLZO:Ga. In
contrast to NCM111, only minor diffusion of Ni, Mn, and Co into the LLZO grain is observed in the Ni-rich,
NCMs11-containing sample [Supplementary Figure 14]. In the case of NCM811, the elements Zr and Ga are
also present in the cathode material particles, albeit in very low amounts. La diffusion was not observed for
any of the CAM/LLZO:Ga composites. It should be noted that the NCM811 + LLZO:Ga sample also contains
Ga-rich phases that do not exhibit significant high concentrations of other transition metals. In contrast to
LCO + LLZO:Ga, however, these phases are not located at the CAM/LLZO interface.

The TEM investigations reveal that the dopant Ga, which stabilizes the cubic LLZO structure, is highly
mobile during co-sintering with CAMs. The location of Ga after co-sintering strongly depends on the CAM
composition in the composite. In the case of LCO, only a Ga-rich, Co-containing interphase forms between
the LLZO:Ga and LCO grains; severe Ga diffusion into the LCO bulk does not occur. For the NCM111- and
NCMs11-containing mixtures, intensive Ga diffusion occurs into the adjacent NCM grain. The few TEM
studies on such composite cathodes in the literature used other LLZO compositions, such as LLZO:Ta or
Li , Al ,.La,Zr,0O,, (LLZO:Al). These studies did not report any Ta or Al diffusion into the CAM grains, nor
segregation of LLZO dopants at the CAM/LLZO interface during co-sintering/annealing up to 1,050 °C.
Additionally, no phase transition from cubic to tetragonal garnet was reported for their material composition
at the investigated co-sintering temperatures. The highly ion-conductive cubic LLZO phase was thus largely
maintained after firing****. Only Park et al.** observed the formation of t-LLZO when synthesizing and
annealing LCO on top of an LLZO layer at 700 °C. They confirmed the partial phase transition at the
LLZO/LCO interface by TEM and attributed it to the destabilization of the cubic garnet framework caused
by Al leaching from the LLZO and its diffusion into the LCO phase**. Based on the interpretation of the
work of Park et al.”! by Ren et al."”, the tetragonal phase was caused by LCO leaching Al out of the cubic
garnet phase. In their own work, Ren et al.*” annealed an LCO film that was applied by radio frequency
sputtering onto Ca- and Ta-substituted LLZO (Li,La,, Ca,,.Zr, . Ta ,.0 ). They also observed the t-LLZO
phase and Ca diffusion into the LCO film after annealing at 800 °C**. Based on these previous observations,
we assume that in the case of Ga-substituted LLZO, the enhanced mobility of the dopant Ga at elevated
temperatures causes Ga loss from the cubic LLZO lattice. This destabilizes the cubic LLZO structure, leading
to a partial phase transition from the cubic to the tetragonal phase, as confirmed by XRD and Raman
spectroscopy for the NCM111- and NCM811-containing samples after co-sintering. Schwab et al.**
previously observed such a phase shift to t-LLZO by increasing the amount of excess lithium during the
synthesis of LLZO:Ga. The thermodynamically more stable t-LLZO phase contains more lithium than the
cubic LLZO:Ga phase, which could explain the driving force toward the tetragonal phase in the presence of
an additional Li source"®. In the case of the CAM + LLZO:Ga mixtures investigated in this work, the CAMs
can serve as a Li source, since their Li concentration is significantly higher (LCO:31 Li-atoms/nm’;
NCM111:30 Li-atoms/nm’; NCM811:29 Li-atoms/nm?®) than that of cubic LLZO:Ga (23 Li-atoms/nm?). The
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calculation of Li concentrations is provided in the Supplementary Table 4.

A thermodynamically favored Ga incorporation into the CAM host structure would explain an additional
driving force for the Ga loss from LLZO and the formation of t-LLZO. Ga-doped LCO"” and Ga-doped,
Ni-rich NCM"* are well-known in the literature due to their improved electrochemical performance through
Ga doping. Ga-doped CAMs are characterized by their high Ga-oxygen bond energies within the layered
structure, as evidenced by experimental findings and ab initio calculations®**. These higher bond energies
are a possible driving force for the incorporation of Ga from the cubic LLZO into the layered structure of the
CAMs. Our TEM findings indicate that Ga loss from the LLZO lattice and its subsequent incorporation into
the NCM lattice is more preferential than into the LCO lattice. This is underlined by the XRD results, which
show a high quantity of t-LLZO and enlarged lattice parameters, especially for NCM811 + LLZO:Ga. This is
consistent with the findings of Jamil et al.'** for Ga-doped, Ni-rich NCM. For the NCM&811 sample
investigated here, Ga doping is the most likely reason for the lattice parameter change after co-sintering,
since no significant diffusion of other transition metals was observed by TEM/EDS. The incorporation of
Ga’ into the NCM lattice induces positive charges that can be compensated by a partial reduction of Ni*" to
Ni*", which can occupy the Li sites and result in increased cation disorder, as determined by Rietveld
refinement for NCMs811 + LLZO:Ga after co-sintering. For LCO + LLZO:Ga, Ga loss from LLZO, its
incorporation into the layered structure, and the formation of t-LLZO were found to be inhibited, since only
a Ga-enriched interphase was observed. It is assumed that a small amount of t-LLZO was formed, below the
detection limit of the characterization methods used here. It was not possible to distinguish LLZO:Ga from
t-LLZO in STEM diffraction mode due to the presence of numerous diffraction spots that could not be
unambiguously assigned, likely caused by the coexistence of multiple phases. Based on the present study, the
exact reason for the distinct behavior of the LCO/LLZO:Ga composite remains unclear. However, it seems
that the Ga-enriched, Co-depleted phase formed at the LLZO/LCO interface blocks further Ga diffusion into
the LCO bulk. This allows the cubic LLZO phase to mostly remain intact during co-sintering. Nevertheless,
such an interphase can cause very high interfacial resistance, which limits the electrochemical performance
of a battery cell.

Based on our study, LCO - which is known to be very stable in contact with LLZO:Ta - is also the most
promising CAM that can potentially be co-sintered with LLZO:Ga to fabricate dense composite cathodes for
integration into ASSBs. We therefore fabricated fully inorganic cells based on the recipe!* developed in our
group using LCO but LLZO:Ga as the catholyte and solid separator, respectively. The electrochemical
performance of the resulting cells was strongly limited due to very high total cell resistance (> 2,000 Q),
resulting in huge ohmic losses during cycling and a discharge capacity of only 42 mAh/g (0.4 mAh/cm?) in
the first cycle [Supplementary Figure 15]. The observed Ga-rich interphase is one explanation for the high
cell resistance. In addition, cobalt diffusion into the LLZO separator'® was much more severe and
challenging for the Ga-substituted LLZO system. Analysis of the failure mechanism of the LLZO:Ga-based
full cells, as well as a detailed study of the transition metal diffusion into the LLZO:Ga separator during
half-cell manufacturing by co-sintering, will be addressed in a comprehensive follow-up study.

CONCLUSION

The thermodynamic stability between the garnet-type SSE LLZO:Ga and three different CAMs - LCO,
NCM111, and NCM811 - was investigated in detail and compared to LLZO:Ta. Regardless of the CAM used,
the cubic LLZO phase and the initial CAM phase were largely preserved after co-sintering at temperatures up
to 1,000 °C. However, various secondary phases were observed close to the CAM/LLZO interface, with their
nature, amount, and reaction onset temperature strongly dependent on the chemical composition of the
CAM. Four secondary phases - Li,ZrO,, La,Li .M O, (M = Ni, Co, Mn), a perovskite phase LaMO, (M = Ni,
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Co, Mn), and t-LLZO - were identified based on XRD and Raman spectroscopy. For LCO + LLZO:Ga, only
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around 5 wt.% of the secondary phases Li,ZrO,, La,Li .Co,.O,, and LaCoO, formed in total. A Ga-enriched,

Co-containing phase was found at the LCO/LLZO:Ga interface by STEM, although extensive Ga diffusion
into the LCO bulk and the formation of t-LLZO were not observed. During the high-temperature
experiments, 5 wt.% Li,ZrO,, 9 wt.% LaCo, Mn O,, and 8 wt.% t-LLZO formed for NCM111 + LLZO:Ga. In
contrast to LCO, Ga diffuses extensively into the NCM111 particles, resulting in Ga being primarily located
in the NCM phase. In addition, a homogenous Zr distribution and the diffusion of transition metals (mainly
Mn) into LLZO were observed. For NCM811 + LLZO:Ga, only two secondary phases formed: 3 wt.%
La,Li, .Ni O, and 23 wt.% t-LLZO. Similar to LCO, a Ga-enriched interlayer was detected at the
NCMs811/LLZO:Ga interface by STEM/EDS; in the case of NCMS811, this interlayer was depleted in Mn. As
with NCM111, Ga was also detected within the NCM811 bulk. Compared with our previous compatibility
study on LLZO:Ta, the LLZO:Ga-containing mixtures behave similarly with respect to the formation of
La-containing side phases (La,Li .M, .O, (M = Ni, Co, Mn) and LaMO, (M = Ni, Co, Mn)). NCMs811 is the
more stable NCM composition when combined with both LLZO:Ta and LLZO:Ga. However, the formation
of t-LLZO was the main difference when using Ga-substituted LLZO and had not been previously observed
for LLZO:Ta. The formation of t-LLZO was attributed to Ga leaching from the LLZO in the presence of a Li
source and subsequent incorporation into the NCM structure. The higher thermodynamic stability of
t-LLZO and the higher Ga-oxygen bond energies in the layered structure are possible driving forces for the
observed phase transition.

In conclusion, our previous and present studies together demonstrate that both the SSE and CAM
composition have a significant impact on chemical stability during the high-temperature fabrication steps
required for ASSB manufacturing. Interestingly, the choice of dopant for the LLZO SSE was found to have a
more significant impact on material compatibility. LLZO:Ga exhibits the highest ionic conductivity of all the
oxide solid-state Li-ion conductors. However, this advantage comes at the price of decreased interface
stability due to dopant leaching. The observed phase transformation from cubic to tetragonal must therefore
be suppressed during component manufacturing, as the tetragonal phase has significantly lower total ionic
conductivity than LLZO:Ga. Therefore, in order to successfully integrate highly conductive LLZO:Ga into
co-sintered composite cathodes, strategies must be developed to stabilize the Ga dopant in the LLZO
structure during co-sintering at temperatures around 1,000 °C. Two approaches appear to be the most
effective in achieving this goal. First, interface engineering via coating of the CAM or SSE with materials that
exhibit low Ga incorporation, or the use of sintering aids that modify the interface during high-temperature
treatment could suppress Ga leaching from the LLZO:Ga. However, additives used for liquid phase sintering,
such as LBO - which has previously been applied successfully in the fabrication of fully inorganic cells!">**** -
should be approached with caution in the case of LLZO:Ga, since LBO may also serve as a source of Li and
promote the phase shift from cubic to tetragonal. Second, innovative sintering techniques that reduce the
interaction time at elevated temperatures, or allow processing at significantly lower temperatures - such as
rapid thermal processing (RTP)"*>*"), ultra-fast high-temperature sintering (UHS)'*”), laser sintering'®"*»**),
field-assisted sintering (FAST/SPS)®**), or cold sintering'***” - could be promising strategies for kinetically
limiting secondary phase formation and Ga leaching. These techniques also offer substantial energy savings,
further increasing the attractiveness of garnet-based ASSBs for industrial applications.
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