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LiyLasZr,012 (LLZO) is an attractive solid-state electrolyte for next-generation lithium solid-state batteries (SSB)
because of its high ionic conductivity, and safety properties. Only the cubic LLZO phase has sufficient ionic
conductivity, which is stabilized by substitution with elements like Ta or Ga. Ga-substituted LLZO has the highest
ionic conductivity but is not stable towards metallic Li anodes, while Ta-substituted LLZO has a slightly lower
conductivity but excellent reduction stability towards Li anodes. The combination of LLZO:Ga as a catholyte and
LLZO:Ta as a ceramic separator for Li anodes would significantly enhance the performance of SSBs, but both

materials have different processing parameters. In this work, the possibility of co-sintering LLZO:Ga|LLZO:Ta
components is investigated with varying Li-excess of the LLZO:Ta phase, while the results are compared with
pure references. The experiments showed a changed sintering activity, secondary phase formation, Ta- and Ga-
ion diffusion, and a changed ionic conductivity when co-sintering LLZO:Ga|LLZO:Ta.

1. Introduction

Solid-state Li batteries (SSBs) have great potential to be the next
generation of electrochemical energy storage technology in terms of
safety and chemical stability [1]. In a transition from liquid to solid
electrolytes, unrivaled thermal stability and higher energy densities can
be achieved [1-4]. Among the different material classes of solid-state
electrolytes, the oxide ceramic materials such as LiyLagZr,O;15 (LLZO)
attract attention as they exhibit high reduction stability that allows the
use of Li metal anodes, and show a high ionic conductivity of about 103
S cm™ at room temperature [5,6]. As an oxide, the LLZO has a high
thermal stability and is non-flammable, enabling high safety at the cell
level [5,6]. The high ionic conductivity can only be achieved in the
high-temperature cubic phase of LLZO, as the tetragonal phase has low
ionic conductivity [7,8]. A general strategy to stabilize the cubic phase is
the substitution [9] of Li-, La-, or Zr-sites in the LLZO structure with
elements such as Ta [10-12], Y [11], Cr [13], Te [14], Nb [12,15], Al
[16,17], Ge [7], Ga [18-20] and others [9]. The choice of substituent
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has a direct influence on the properties of the electrolyte, but also on the
synthesis conditions and processing parameters [7,10-18].
Ga-substitution (LLZO:Ga) leads to one of the highest ionic conductiv-
ities and is therefore advantageous for cell applications [21]. However,
the solubility of Ga-ion in LLZO is limited and excess Ga precipitates at
the LLZO grain boundaries as LiGaOg [19]. Furthermore, in Li-rich
systems the Ga-ions can be expelled in a slow process, leaving tetrag-
onal LLZO with oxygen vacancies residuals and decreased Li-ion con-
ductivity [19]. Therefore, LLZO:Ga is much more sensitive to the excess
Li concentration (Li excess) in the powder during sintering [19]
compared to e.g. Ta-substituted LLZO (LLZO:Ta) [10-12]. The major
drawback of the LiGaOy is the instability with Li metal, where Li,Ga and
LioO are formed, and the resulting volume change causes significant
stresses that break up the electrolyte along the grain boundaries [19]. An
approach to improve the stability of LLZO:Ga towards Li metal was
suggested by Li et al. [19]. The authors used SiO; as an additive, which
reacts with the Li-ions from the LiGaO5 phase to form the thermody-
namically more stable Li»SiO3, while the Ga-ions diffuse into the LLZO

** Corresponding author at: Forschungszentrum Jiilich GmbH, Institute of Energy Materials and Devices, Materials Synthesis and Processing IMD-2, Jiilich 52425,

Germany.

E-mail addresses: s.scheld@fz-juelich.de (W.S. Scheld), d.fattakhova-rohlfing@fz-juelich.de (D. Fattakhova-Rohlfing).

https://doi.org/10.1016/j.jeurceramsoc.2024.116936

Received 29 May 2024; Received in revised form 14 August 2024; Accepted 20 September 2024

Available online 20 September 2024

0955-2219/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:s.scheld@fz-juelich.de
mailto:d.fattakhova-rohlfing@fz-juelich.de
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2024.116936
https://doi.org/10.1016/j.jeurceramsoc.2024.116936
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2024.116936&domain=pdf
http://creativecommons.org/licenses/by/4.0/

W.S. Scheld et al.

structure [19]. However, the incorporation of SiO, increases the
complexity of the synthesis, and the resulting Li»SiO3 increases the mass
of the passive components in the final full cell system, thus lowering the
energy density. In addition, side reactions of the various cathode ma-
terials with silica and the lithium silicate additive are conceivable.

Therefore, other options without additional additives would be more
suitable for the application of LLZO:Ga in practical cells. An attractive
and widely discussed possibility is to use different LLZO materials for
different functions in the cell. For example, LLZO:Ga with its high ionic
conductivity could be used as a catholyte in the composite cathode [10,
22-24], while another type of LLZO with high stability towards Li metal,
such as LLZO:Ta, could be used as anolyte in the separator [10-12]. A
schematic setup of such a cell is shown in Fig. 1a.

The fabrication of ceramic LLZO components is commonly achieved
in a sintering step at elevated temperatures with long dwell times [7,
10-18]. Since the sintering parameters and the required Li excess for
LLZ0:Ga and LLZO:Ta are different [10-12,18,19] its questionable if the
presented setup of Fig. 1 is possible to fabricate. Substituents could
diffuse during sintering, resulting in a decreased ionic conductivity due
to tetragonal LLZO formation, and additionally LiGaO5 could be formed
in the LLZO:Ta separator reducing its stability to Li metal. To test the
suitability of a heterogeneous electrolyte cell design with LLZO:Ga and
LLZO:Ta, powders of both materials were pressed on top of each other
and co-sintered as shown in Fig. 1b. The resulting heterogeneous elec-
trolyte pellets were evaluated of their ionic conductivity, chemical
phases, ion distribution and microstructure. Additionally, the amount of
Li excess in the LLZO:Ta powder was varied.

2. Experimental
2.1. Powder synthesis

Ta-substituted and LLZO with a slight Al addition (Lig45Alp.0s.
LasZry gTag 4019, referred to hereafter as LLZO:Ta), and Ga-substituted
LLZO (Lig 4Gag sLagZr,012) powder was prepared by a three-step solid-
state reaction [20,25-27]. The base starting materials LiOHeH0
(AppLicHEM, 99.00 %), LagOs3 (Merck, 99.90 %, predried at 900 °C for
10 h), ZrO, (TremBAcHER, 99.70 %), and the substituent educts Ta;Os5
(TREBACHER, 99.99 %), Al,O3 (INFraMAT, 99.82 %), and GayO3 (ALra
AEsAr, 99.99 %) were dry-milled and stoichiometrically mixed. For the
LLZO:Ta powder three batches with varying Li excess was weight: 0 mol
% (LLZO:Ta 0 %) and 10 mol% (LLZO:Ta 10 %) LiOHeH50, while the
LLZO:Ga was prepared only without Li excess. The powders were indi-
vidually pressed into pellets (uniaxial, @ 45 mm, 19 MPa) and calcined
in an Al;O3 crucible at 850 °C and 1000 °C for 20 h each. In between the
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Fig. 1. Schematic cell setup with heterogeneous electrolytes. LLZO:Ga in the
composite cathode and LLZO:Ta as separator with contact to the Li
metal anode.
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calcination steps, the powder was ground and pressed.

For the co-sintering experiments the LLZO:Ga and the different
LLZO:Ta powders were stacked in the dye and pressed (uniaxial, @
13 mm, 113 MPa) and afterwards sintered in an Al,O3 crucible with a
MgO plate and a LLZO:Ta (same powder as the bottom layer) powder
sheet at 1200 °C with a dwell time of 4 h.

For the manufacturing with field assisted sintering, also known as
spark plasma sintering (FAST/SPS) 1 g of LLZO:Ta powder was filled
into a mould with an inner diameter of 12 mm made of molybdenum
based alloy TZM (Pransee SE) that was covered by wound graphite foil
(SGL Careon). This powder was loosely hand-pressed with fitting
punches. Afterwards, around 1 g LLZO:Ga powder was added and
adjacently pressed again. The die was then closed with the fitting
punches (covered by graphite foil). The pressed powders were sintered
ina HP D 5 FAST/SPS device (FCT Systeme). The sintering was performed
at a temperature of 675 °C with 10 min dwell time in Ar flow and an
applied mechanical pressure of 440 MPa. The heating rate was
100 K min~! and the cooling was 20 K min'. The FAST/SPS parameter
were selected based on our previous work which showed that these
parameters are beneficial for sintering of LLZO at low temperature that
allows to avoid significant ionic cross-diffusion or loss of volatile ele-
ments [24,28].

2.2. Characterization

To examine the cross-section microstructure, the samples were
embedded in epoxy resin, cut and polished. Afterwards they were coated
with a thin sputtered Au layer and analyzed with a scanning electron
microscope (SEM) (EVO 15, Zriss) with a backscattered electron detec-
tor, and energy-dispersive X-ray spectroscopy (EDX) was performed
with an EDX detector (Urtivm Max 100, Oxrorp INSTRUMENTS). The electron
acceleration voltage was always set to 15 kV. The density of the cath-
odes was analyzed with the ImaceJ software. Raman spectroscopy
mappings over the clean cross-sections were performed with the Raman
device INVIA Qontor (RenisHAw) with a wavelength of 532 nm and
~2.5 mW power and a 2400 1 mm ! grating. The spectra were collected
with a step size of (%, y) = (1 um, 1 pm) over the entire sample cross-
section with a measuring time of 1 s per spectrum. The spectra were
processed, including cosmic ray removal, and normalization. Electro-
chemical impedance spectroscopy (EIS) was performed with a VMP-300
(BioLogic) in a climate chamber VT 4002EMC (VOTscH INDUSTRIETECHNIK) at
25 °C with a frequency varied from 3 MHz to 100 mHz and an electrical
field perturbation of 10 mV. Polished cross sections of LLZO:Ta(0 %)|
LLZO:Ga and LLZO:Ta(10 %)|LLZO:Ga embedded in epoxy resin were
analyzed on a TOFSIMS.5 NCS system (IONTOF GmsH). Mass spectra
were taken in positive polarity and the machine operated at a Bi" pri-
mary ion energy of 30 keV and an oxygen sputter energy of 2 keV.
Charge compensation was accomplished by a low energy electron flood
gun and Ar main flooding at a pressure of 1 x 10~® mbar. The analyzed
area was pre-sputtered to remove surface contaminations and subse-
quently analyzed in a 500 um x 500 um raster at a resolution of
1024 x 1024 pixels. A combination of spectrometry mode with reduced
aperture was chosen to combine good lateral resolution and good mass
resolution for large scale imaging.

3. Results and discussion
3.1. Microstructure

The optimal microstructure of co-sintered LLZO:Ga and LLZO:Ta is
expected to be dense with a well-connected interface between LLZO:Ga|
LLZO:Ta and a high phase purity of both components. To investigate the
microstructure of the co-sintered samples, SEM images of the polished
cross-section were made and compared with the pure sintered references
of (LLZO:Ga, LLZO:Ta 0 %, and LLZO:Ta 10 %). The reference SEM
images are shown in S-Fig. 1, and the density, porosity, and secondary
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phase fraction values are given in Table 1. The sintered LLZO:Ga has a
high porosity and also some secondary phases are located between the
grains. Both LLZO:Ta materials show much higher densities >95 %
without secondary phases, but a contrast difference is observable be-
tween grain interior and boundary region. This is already known from
other reports [22,23,29], where a Ta enrichment in the grain interior
results in the brighter contrast, while the reduced Ta concentration at
the outer grain regions results in a darker contrast.

Cross-section SEM images of the co-sintered LLZO:Ga|LLZO:Ta
samples are shown in Fig. 2a-d, with LLZO:Ta with brighter contrast on
the left side (Ta-side) and LLZO:Ga with darker contrast on the right side
(Ga-side). The microstructure of the two individual materials has
changed drastically compared to the pure reference samples. The den-
sity of the individual LLZO:Ta sides is reduced to ~80 % (LLZO:Ta 0 %)
and ~82 % (LLZO:Ta 10 %), while the density of the LLZO:Ga sides
increased slightly. In addition, secondary phase formation, recognizable
by a significantly different SEM contrast, increased to volume fractions
of 0.3 % (LLZO:Ta 0 %) and 0.8 % (LLZO:Ta 10 %) for both samples. The
fraction of secondary phases of the Ga-side co-sintered with LLZO:Ta
0 % decreased slightly to 0.1 %, while the fraction for the Ga-side co-
sintered with LLZO:Ta 10 % increased to 0.8 %. The LLZO:Ga|LLZO:Ta
interfaces are well-connected and sharp with no signs of secondary
phases.

The deteriorated properties of the LLZO:Ta phase after co-sintering
with the LLZO:Ga phase, such as the reduced sintering with the high
relative porosity and the increased amount of secondary phases, have a
detrimental effect on the cell performance as they reduce the ionic
conductivity and decrease dendrite stability of the separators. The
higher amount of secondary phases in the sample with 10 % Li excess is
probably due to the changed chemistry of the LLZO:Ga system in Li-rich
systems, where LiGaO, forms at the grain boundaries [19]. This phase
could also hypothetically react further to form La- or Zr- containing
phases, which could match the SEM contrast of the observed secondary
phases.

3.1.1. Cation interdiffusion

The possible cation interdiffusion during co-sintering of the LLZO:
Ga|LLZO:Ta samples was investigated using ToF-SIMS and EDX analysis.
Fig. 3 shows the analysis of the LLZO:Ga|LLZO:Ta sample with 0 % Li
excess on the Ta-side. The EDX analysis (Fig. 3b) and ToF-SIMS (Fig. 3d)
show a homogenous distribution of Ga-ions on the Ta-side. In addition,
Ta-ions have also moved to the Ga-side (Fig. 3c). However, the Ta dis-
tribution is more heterogeneous and only found at a few individual
spots.

Similar results were found for the LLZO:Ga|LLZO:Ta sample with
10 % Li excess (Fig. 4). EDX and ToF-SIMS showed a homogenous dis-
tribution of Ga-ions on the Ta-side (Fig. 4b,d), and a punctual distri-
bution of Ta within the LLZO:Ga (Fig. 4c). Comparing both samples (0 %
and 10 %) the Ga distribution shows almost no difference, but the Ta
distribution is lower in the samples with 10 % Li excess. The reasons for

Table 1
Density, porosity, and secondary phase fraction (identified by different contrast)
from the image analysis with the ImaceJ software.

Sample Density ~ Porosity  Secondary
Phases
LLZO:Ga 76.0 % 23.8% 0.2%

LLZO:Ta 0 %,
LLZO:Ta 10 %).

96.2 % 3.8% 0%
96.8 % 3.2% 0%

LLZO:Ga|LLZO:Ta 0 % Li- Ga- 80.8 % 19.1 % 0.1 %
excess side
Ta- 82.6 % 17.1 % 0.3 %
side
LLZO:Ga|LLZO:Ta 10 % Li- Ga- 82.3% 17.1 % 0.6 %
excess side
Ta- 82.1% 17.1 % 0.8 %
side
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the different distribution of Ga- and Ta-ions in LLZO (the distribution of
Ga-ions in LLZO:Ta is much broader than that of Ta-ions in LLZO:Ga)
may be related to potential diffusion mechanism, behind the Ga-ion
migration. In LLZO the Li" sites (at Wyckoff 24d and 96 h), are con-
nected to each other and build a 3D-Li™-ion channel in the lattice [9].
Ga®'-ions are substituted at the Li" sites and can probably also diffuse
through this 3D channels, which could explain the homogeneous dis-
tribution of Ga-ions in LLZO:Ta [9]. When Ga®*-ions are moving to the
LLZO:Ta side, some Li-ions may also diffuse to the LLZO:Ga side to
compensate for charge neutrality. The presence of Ga-ions on the Ta:
LLZO side may lead to the formation of LiGaO, and thus possibly reduce
the stability of LLZO:Ta in contact with Li metal. In contrast to Ga>*,
Ta°" substitutes the Zr*" site (at Wyckoff 16b), where the Ta-ions are
locked in [ZrOg] octahedrons. Therefore, the Ta-ions are not homoge-
neously distributed in the LLZO:Ga layer. The punctual distribution of
Ta inclusions within LLZO:Ga could be explained by undesired mixing
during sample preparation.

3.1.2. Phase composition

Since the Ga- and Ta-ions, which stabilize the cubic LLZO phase,
diffuse away during co-sintering of differently substituted LLZO sam-
ples, it cannot be excluded that the cubic phase is partially transformed
into a less ion-conductive tetragonal phase. Therefore, Raman spec-
troscopy mappings were performed over the cross-section area to obtain
information about the phase composition of LLZO on both sides and the
interface between the two phases after sintering.

The reference samples of Ta:LLZO and Ga:LLZO showed the typical
signals of the high-temperature cubic, highly ion-conducting LLZO
phase (space group Ia-3d) (Fig. 5a). The individual signals can be
assigned to the following vibrational modes: La cations vibration at
106 cm™ (T2g) and 121 cm™ (Eg); broad signals of O bending at
216 cm™! (Tay), and 250 em™ (A1) for LLZO:Ta, and 226 cm™ (T3,), and
252 cm™! (A1g) for LLZO:Ga; Li vibrational modes at 369 cm™! (Tag),
416 cm™ and 511 em™ (B, or Typ) for LLZO:Ta, and 359 cm™ (Tyy),
408 cm™! and 512 cm™! (Eg or Tag) for LLZO:Ga; Zr-O bond stretching at
645 cm™! (A1) for LLZO:Ta, and 639 cm! (A1) for LLZO:Ga; the TaOg
octahedron stretching at 736 cm™! is only present in the Ta-substituted
LLZO [30-33]. The investigation of the individual Ta- and Ga-sides of
the co-sintered samples revealed that the cubic LLZO phase was pre-
served, as shown in Fig. 5b.

Examination of the individual Ta:LLZO and Ga:LLZO sides of the co-
sintered samples revealed that the cubic LLZO phase was preserved, as
shown in Fig. 5b. However, if a tetragonal LLZO phase were to form due
to the diffusion of Ga- or Ta-ion, it would most likely occur directly at the
LLZO:Ga|LLZO:Ta interface. This region was therefore investigated in
more detail. To identify the exact position of the interface in Raman
mapping, the TaOg octahedron stretching at 736 cm™, which only oc-
curs in the LLZO:Ta and therefore clearly shows the edge of this phase,
was plotted as shown in Fig. 6a, and Fig. 6b. No tetragonal LLZO phase
was found in the sample with 0 % Li excess. In the sample with 10 % Li
excess, a small indication of the tetragonal LLZO phase was found
directly at the interface, indicated by signal splitting of the La vibration
signals [32] (Fig. 6¢). However, this occurrence is only partial, which is
why the concentration of the tetragonal phase at the interface is prob-
ably very low.

From the Raman spectroscopy analysis, it can be concluded that the
stability of the cubic LLZO phase is maintained after co-sintering of the
LLZO:Ga|LLZO:Ta samples and only the sample with 10 % Li excess in
the LLZO:Ta phase shows a small indication of some tetragonal LLZO at
the interface. It can be assumed that a higher concentration of Li ions at
the interface leads to a diffusion of Ga ions from the LLZO bulk structure
to the grain boundaries, resulting in a de-stabilization of the cubic LLZO
structure and its transformation to the tetragonal phase [19]. No sec-
ondary phases were detected by Raman spectroscopy, although they are
clearly visible in the SEM images (Fig. 2 and Fig. 3). It is possible that the
Raman activity of the secondary phases is too low or that they overlap
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Fig. 2. Cross-section SEM images of the co-sintered samples with the 0 % Li excess in a) and b), and 10 % Li excess in ¢) and d). The LLZO:Ta side has the brighter

contrast and the LLZO:Ga side has the darker contrast.

Ta-side ! Ga-side >
; F0.8 7
8
0.6 -5
(]
Z
L0.4 =
[}
[
F0.2 *5
ToF-SIMS - Ga*
Lo

0 100 200 300 400 500
Distance (um)

Fig. 3. Analysis of cation interdiffusion at the LLZO:Ga|LLZO:Ta interface of the sample with 0 % Li excess: a) SEM image of the EDX mapping area, b) EDX mapping

of Ga, ¢) EDX mapping of Ta, d) ToF-SIMS mapping of Ga™.

with the LLZO signals. For example, LiGaO, could be overlapped by the
signals of Zr-O bond stretching [34].

3.1.3. Ionic conductivity

Since ionic conductivity is one of the most important properties of an
electrolyte, EIS measurements were carried out on all reference samples
and the co-sintered samples (Fig. 7).

The Nyquist plots of the EIS of all samples show only a semicircle and
a Warburg-like impedance due to the gold coating of the pellets. The

reference samples have a much lower resistance than the co-sintered
samples, as can be seen in Fig. 7a. Fig. 7b with another scaling of the
EIS data, shows the difference in resistance between the two co-sintered
LLZO:Ga|LLZO:Ta samples. The first semicircle of the sample with 0 %
Li excess shows a much larger ohmic resistance compared to the sample
with 10 % Li excess. The corresponding total ionic conductivities of the
different samples are shown in Table 2.

The drastically reduced ionic conductivity in the co-sintered LLZO:
Ga|LLZO:Ta samples compared to the reference samples shows that the
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Fig. 4. Analysis of cation interdiffusion at the LLZO:Ga|LLZO:Ta interface of the sample with 0 % Li excess: a) SEM image of the EDX mapping area, b) EDX mapping

of Ga, ¢) EDX mapping of Ta, d) ToF-SIMS mapping of Ga™.
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Fig. 5. Raman spectra of a) the pure reference samples, and b) both LLZO:Ga|LLZO:Ta samples with each respectively Ta- and Ga-side.

conventional co-sintering processing route does not appear to be suit-
able for processing heterogenous LLZO:Ga/LLZO:Ta electrolytes
(Fig. 1a).

In an attempt to minimize the undesired ion cross-diffusion and
phase transformation by lowering the sintering temperature, the
pressure-assisted FAST/SPS sintering technique was used to sinter Ta:
LLZO and Ga:LLZO powders. Surprisingly, this technique leads to much
stronger interdiffusion, and unwanted reactions compared to the
conventionally sintered powders. The LLZO:Ga side of the FAST/SPS
sample appears black after sintering (S-Fig. 2) due to a large amount of
secondary phases (S-Fig. 3a). In addition, the LLZO:Ga|LLZO:Ta inter-
face was sintered less efficiently (S-Fig. 3b). The reason for the poorer
sintering behavior is probably the reducing atmosphere during the
FAST/SPS process carried out in Ar and in the presence of graphite foils.
Therefore, other solutions are required to incorporate LLZO:Ga into
functional LLZO-based cells. For example, the addition of SiO; which
has been successfully used to sinter individual LLZO:Ga powders [19],

can also be tested for sintering of LLZO powders with different sub-
stituents. Another potential solution could be the implementation of a
protecting layer between the different LLZO compositions to prevent
cation-diffusion. Such a protective layer could be for example MgO or
Mg-substituted LLZO, since the Mg is also located at the Li" sites it could
potentially block Ga-ion movement. In addition, Ga®* could react with
MgO to form MgGay04 to anchor Ga-ions in the Mg protecting interface
and preventing further diffusion to the anolyte.

4. Conclusion

The combination of different LLZO electrolytes for different func-
tions in a cell is a very attractive concept that could improve the per-
formance of ceramic batteries and enable the incorporation of LLZO:Ga
as the garnet electrolyte with the highest ionic conductivity. Unfortu-
nately, the results of this study show that the co-sintering of LLZO:Ga
and LLZO:Ta powders leads to undesirable reactions, which are also



W.S. Scheld et al.

AR T

LLZO:Ta 0%

oG | !

736 cm ' relative intensity

¢) I?O 1}0 1?0

Journal of the European Ceramic Society 45 (2025) 116936

B LLZO:Ta 10%

LLZO:Ga

736 cm relative intensity

130 140

Intensity (arb. unit)

LLZO:GalLLZO:Ta 10%

100 110 120

130 140 150

Wavenumber (cm™)

Fig. 6. Raman mapping with highlighted TaOg octahedron stretching at 736 cm™ to find the LLZO:Ga|LLZO:Ta interface, overlayed in the corresponding SEM
images: a) sample with 0 % Li excess, b) sample with 10 % Li excess, ¢) Raman spectra of the LLZO:Ga|LLZO:Ta 10 % Li excess interface with La vibration

peak splitting.
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Fig. 7. Normalized Nyquist plot of the EIS measurements from the reference and co-sintered samples at 25 °C: a) region between 0 and 16.000 Ohm cm, b) larger
resistance region shown (between 0 and 250.000 Ohm cm).

Table 2

Total ionic conductivity of the samples measured at 25 °C.

Sample Total ionic conductivity (S em™)
LLZO:Ga 1.70 x 107
LLZO:Ta 0 % Li excess 7.53 x 107
LLZO:Ta 10 % Li excess 6.69 x 107
LLZO:Ga|LLZO:Ta 0 % Li excess 1.60 x 10
LLZO:Ga|LLZO:Ta 10 % Li excess 6.22 x 10°

influenced by the excess in Li concentration in the LLZO:Ta powder. The
sintering activity of LLZO:Ta was reduced when co-sintered with LLZO:
Ga powder, while the formation of secondary phase increased for both
compositions. Strong interdiffusion of Ta- and Ga-ions was observed
between differently substituted LLZO phases, which is expected to have
a negative impact on the cell performance (e.g. reduced stability of
LLZO:Ta towards Li metal due to the possible formation of a LiGaOy).
The cubic LLZO phase was mainly retained after sintering, but small
signs of a tetragonal LLZO phase at the LLZ:Ga|LLZO:Ta interface were
observed in the sample with 10 % Li excess. Finally, the ionic conduc-
tivity of the co-sintered samples was one order of magnitude lower than
that of the reference LLZO:Ta and two orders of magnitude lower than
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that of the LLZO:Ga reference. Our study showed that the conventional
co-sintering of LLZO:Ga|LLZO:Ta components needs to be significantly
improved before application.
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