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A B S T R A C T

All-solid-state batteries based on the active cathode material LiCoO2 (LCO), a garnet-type Li7La3Zr2O12 (LLZO)
electrolyte and a Li-metal anode are attracting a lot of attention as a robust and safe alternative to conventional
lithium-ion batteries. The challenges in the practical realization of such cells are related to high-temperature
sintering, which compacts the ceramic powder but also leads to undesirable material interactions such as
cation interdiffusion and secondary phase formation. Even if high initial capacities can be achieved, the all-
inorganic cells suffer from a strong capacity drop due to various degradation phenomena during processing
and operation, which are not yet fully understood. In this study, the thermodynamic and kinetic aspects of co-
sintering as well as the structural evolution of materials and interfaces during processing and operation of co-
sintered LCO-LLZO cathodes are investigated in detail. A thermodynamic model for the interdiffusion of cat-
ions is derived and the effects of the diffusion of Al- and Co-ions, which occurs during the processing and cycling
of the cells, are investigated. In LLZO, the diffusion of 0.13 Co per formula unit (pfu) has a negligible effect on
ionic and electronic conductivity and electrochemical stability. In contrast, the substitution of 0.01 pfu Al and the
induced disorder in the layer structure of LCO increases the polarization during cycling. All-inorganic cells
fabricated with optimized sintering parameters to minimize interdiffusion between LCO and LLZO show good
initial performance but similar degradation during cycling, as the used processing parameters result in a more
porous microstructure leading to the development of cracks along the LLZO/LCO interface. The results obtained
highlight the inherent instabilities of all-ceramic cathodes with unprotected LCO/LLZO interfaces, which require
precise tuning of materials and processing parameters to achieve both high mechanical stability and low
interdiffusion.

1. Introduction

Since the commercialization of Li-ion batteries, the continuous
development for higher energy density and enhanced safety has been an
ongoing endeavor. Replacing liquid electrolytes with solid electrolytes is
widely regarded as one of the most promising possibilities to achieve

these goals [1-3]. Among various solid-state Li-ion conductors,
garnet-type Li7La3Zr2O12 (commonly known as LLZO) substituted with
various ions (mainly Al, Ta, Ga and Nb) has received much attention in
recent years due to its relatively high ionic conductivity (up to 2 mS
cm− 1 at room temperature), wide electrochemical stability window,
excellent thermal stability and non-flammability [4,5]. One of the
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unique properties of LLZO is its high stability towards Li metal, which
makes it a very attractive separator and anolyte material for high energy
cells with Li metal anode. The excellent performance of LLZO was
recently demonstrated in symmetric cells with Li metal electrodes, for
which critical current densities of up to 100 mA cm− 2 were achieved
without dendrite formation [6].

LLZO exhibits a high enough Li-ion conductivity to be also used as a
catholyte, enabling fully inorganic all-solid-state batteries (ASSB) that
do not contain flammable organic components and thus achieve the
highest possible safety on cell level. However, in order to achieve the
necessary high loading of cathode active material (CAM) required for
obtaining high energy density, the morphology of positive electrodes in
garnet-based cells should be similar to that of conventional lithium-ion
batteries, where the electrolyte is infiltrated into a porous CAM matrix.
The resulting composite electrodes with a percolating matrix of ion
conducting material in the electrode enable rapid lithiation/de-
lithiation of even thick cathodes, as most CAMs have low ionic con-
ductivity [7].

The challenges in the practical realization of such cathode archi-
tectures in garnet-based cells are related to the fact that LLZO and most
inorganic CAMs are solids with high elastic moduli (LLZO with more
than 150 GPa [8,9] and for example LiCoO2 (LCO) with 174 ± 25 GPa
[10]), which requires sintering at elevated temperatures to establish
contact between the particles with a sufficiently low interfacial imped-
ance. However, as the sintering process is typically diffusion driven, it
can also trigger a number of undesirable processes. It has long been
known that the thermal stability of CAMs decreases significantly in the
presence of LLZO with the formation of various reaction products [11,
12]. Among the numerous CAMs, LCO exhibits the highest thermal
stability with LLZO and is so far the only known material that can be
successfully sintered in combination with LLZO powders to form
ceramic composite cathodes with good performance and without any
sintering aids [13,14]. However, numerous material interactions can
also take place in the LCO-LLZO system during sintering, which lead to
material degradation during processing and impair the performance of
the final cell. One of these processes is the interdiffusion of highly mo-
bile ions such as Al (from Al-doped LLZO) and Co (from LCO) with the
formation of substituted or doped phases [7,15]. In addition, reactions
with the formation of various secondary phases such as Li0.5La2Co0.5O4
or Co-doped LLZO are frequently observed, leading to an additional loss
in capacity [16,17]. Intensive research into the production of
garnet-based composite cathodes has led to the optimization of their
phase purity and a strong suppression of undesirable reactions during
processing. However, even optimized cathodes show a strong capacity
drop during battery operation. One of the well-documented mechanisms
is the mechanical degradation during charge and discharge caused by
the volume changes in the cathode material during
lithiation/de-lithiation [18]. Another degradation process is related to
the electrochemical stability of the interface, as highly mobile ions can
interdiffuse under electric fields or due to changes in oxidation state of
cathode active material [19]. Thus, it was recently reported that the
interdiffusion of Al- and Co-ions at the interface occurs not only during
processing but also during battery operation and is thermodynamically
driven by the change in the oxidation state of LCO [20].

Understanding the processes that affect the electrochemical proper-
ties of all-solid-state LCO-LLZO composite cathodes is of paramount
importance for developing strategies to improve their performance,
which explains the ever-increasing number of publications on this topic.
However, despite the knowledge gained in recent years, there are still
many questions that need to be clarified. Although the interdiffusion of
ions during processing is thought to be an important degradation
mechanism, little is known about the structure and properties of the
products formed and their potential impact on cell performance. Some
current studies focus primarily on the effect of diffusion on the LLZO
properties and neglect its effect on the LCO [16,17]. However, this
knowledge is important for the development of optimization strategies,

both experimentally and theoretically. Comparison of the results re-
ported by different groups is generally not straightforward because the
conditions for cathode fabrication differ significantly and the criteria for
comparing sintering conditions have not yet been developed. Further-
more, although individual degradation phenomena are studied in detail,
much less is known about whether the individual contributions are
interrelated and how they influence the overall degradation process. In
particular, the relationship between the “processing history” of the
cathodes (such as structure and properties of the processing-induced
products or degree of interdiffusion) and electrochemically induced
degradation during operation is important, as ceramic cathodes always
need to be heat-treated during fabrication before they are assembled in
the battery for electrochemically testing.

To clarify these questions, we have re-examined the processes that
take place during the sintering of LCO and LLZO powders, with partic-
ular attention to the thermodynamic driving force of possible reactions.
Based on the experimental results of the differential thermal analysis
and the theoretical calculation of the free energy of reaction, we have
defined the experimental conditions under which the formation of sec-
ondary phases can be excluded and ion interdiffusion can be considered
as the only process at the interface between LCO and LLZO. We propose
a simple model to estimate the degree of interdiffusion as a function of
temperature and time, allowing a more rational choice of sintering pa-
rameters. Using this model, we selected sintering conditions that allow
maximum interdiffusion without the formation of secondary phases, and
used respective samples for analysis of their structure and electro-
chemical properties. Finally, we selected a new set of sintering param-
eters with minimized interdiffusion for LCO-LLZO full cells, which then
were analyzed with respect to performance and degradation. Our results
show that although the formation of secondary phases at the LCO-LLZO
interfaces occurs, the interdiffusion of Co- and Al-ions between LCO and
Al-doped LLZO cannot be completely avoided, as it always occurs at the
temperatures practically relevant for powder sintering. Interdiffusion
leads to a decrease in ionic conductivity and Li-ion mobility in both
phases, which does not drastically deteriorate their performance in
liquid electrolytes, but negatively affects the properties of the solid/solid
interface, leading to a significant capacity drop already after first cycle.
Furthermore, the specific sintering conditions to minimize interdiffusion
negatively affect the mechanical properties of the resulting cell, leading
to a continuous capacity drop due to mechanical failure. Our results
elucidate the inherent instabilities of all-ceramic cathodes with unpro-
tected LCO/LLZO interfaces, which necessitates accurate balancing of
materials and processing parameters to achieve both high mechanical
stability and low interdiffusion.

2. Results and discussion

Fabrication of ceramic LCO-LLZO cathodes from the corresponding
powders inevitably involves a high-temperature sintering process,
which is necessary to densify the powders. Numerous publications
report that the temperature required for sintering LCO and LLZO pow-
ders in pure ceramic cathodes should be above 1000 ◦C, with around
1050 ◦C being used as the sintering temperature in most publications
[7]. This is confirmed by numerous experimental observations, which
show no formation of secondary phases [13,14,21]. However, theoret-
ical calculations for this system were also conducted, revealing ther-
modynamic instability at 0 K [11,22]. At the same time, recent
publications show that even in apparently phase-pure sintered cathodes,
diffusion of mobile ions occurs at the interface, which has been observed
experimentally by several groups but not yet studied in detail [13,16,17,
20].

To understand the thermally induced processes between LLZO and
LCO in a wider temperature range, we investigated the thermodynamics
of the processes using thermogravimetric analysis (TG) and differential
thermal analysis (DTA), followed by X-ray diffraction analysis (XRD) of
the reaction products. We also re-examined the theoretical energies of
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formation of possible reaction products in the LCO-LLZO system.
The DTA and TG curves of the 50:50 wt% mixture of LLZO and LCO

powders show several distinctly different regions (Fig. 1a). It can be
observed that there is a slight mass loss (~0.079 %) at the beginning of
heating from room temperature to 280 ◦C, which is due to the removal of
moisture adsorbed on the powder surface. With increasing temperature,
the mass starts to decrease rapidly at 415 ◦C and a broad peak can be
observed in the DTA curve, reaching its maximum at 573 ◦C. This pro-
cess is due to the decomposition of LiOH, which releases water [23].
Subsequently, from ~630 ◦C to ~1100 ◦C, the DTA increases steadily,
accompanied by a continuous and linear mass loss (about 0.5 %)
observed in the TG curve. At temperatures above 1100 ◦C, the DTA
curve increases sharply, while the TG curve shows a significant mass loss
of about 2 %. The results of the DTA and TG analyses indicate that the
reaction between LLZO and LCO starts at 630 ◦C and apparently pro-
ceeds in two distinct stages, with a relatively slow reaction between 630
◦C and 1100 ◦C (Stage 1) and a more intense reaction beyond 1100 ◦C
(Stage 2).

The experimental thermodynamic results are strongly supported by
theoretical calculations. We have calculated the Gibbs energy of the
reaction between LLZO and LCO from the temperature where the reac-
tion starts, which is 996 K (723 ◦C), to 1500 K (1227 ◦C) [11,22,24]. As
shown in the pseudo-binary phase diagram (Fig. 1b), the absolute value
of negative reaction Gibbs energy increases uniformly with increasing
temperature, indicating that the reaction pathway remains essentially
unchanged and only the relative amount of reaction products changes
continuously. The steady increase of the corresponding formation en-
ergies up to 1400 K (1127 ◦C) agrees well with the steady increase in the
DTA curves and with the results of the XRD analysis (Fig. 1c) in the same
temperature range. The XRD patterns of the compressed powder

mixtures annealed for 2 h at temperatures up to 1000 ◦C show no for-
mation of secondary phases. The observed reflections correspond
exclusively to the patterns of the starting materials, even if their relative
intensities change. This is particularly evident for the diffraction peak of
LCO at 19.0◦, which is discussed below. A possible explanation for the
observed results is that the temperature-induced interactions between
LLZO and LCO occur at temperatures below ~1400 K (1127 ◦C) via the
formation of a metastable phase that is kinetically stable during the
relatively short duration (typically less than 2 h) of the sintering process.
Based on literature analysis [16] and our own experience [17], it can be
hypothesized that these metastable phases result from the interdiffusion
of ions (mainly Al dopant from LLZO and Co from LCO as experimentally
observed by numerous groups), which are incorporated into the lattices
of starting materials [16,25,26]. In the XRD patterns, no obvious evo-
lution of lattice parameters and peak signals is observed with increasing
temperature. This may be attributed to the small amount of diffused Co
and the strong signal of LCO masking the signal of LLZO. A more detailed
experimental analysis of the metastable phases formed, which confirms
this hypothesis, is presented below.

Above 1400 K (1127 ◦C), there are clear differences in the calculated
reaction energy between adjacent curves. In addition, at temperatures
above 1410 K (1127 ◦C), a higher atomic fraction of LCO is involved in
the reaction. This indicates an enhanced reaction in this temperature
range, which is consistent with the results of TG-DTA measurements (the
reaction equations are listed in Tab. S1) and the XRD analysis. Upon
reaching 1100 ◦C, a new reflection at 23.4◦ appears in the XRD patterns,
which is assigned to LaCoO3 (PDF 48-0123). It is noteworthy that the
critical temperature of 1400 K (1127 ◦C) resulting from the theoretical
calculations is very close to the experimental value of 1100 ◦C [13,14,
27]. Below this critical temperature the reaction between the electrolyte

Fig. 1. (a) TG and DTA of the mixture of 50 wt.% LCO and 50 wt.% LLZO; (b) LCO/LLZO pseudo-binary phase diagram from 996 K to 1500 K with calculated data
points every 10 K; (c) XRD patterns of compressed pellets of 50:50 wt.% mixture of LCO and LLZO powders after annealing over a temperature range from 800 ◦C to
1200 ◦C with a dwell time of 2 h. (d) Comparison of the interdiffusion of LCO and LLZO extracted from literature for experimental conditions selection [13,14,27,
29-34]. EDS mapping (e) and line scan (f) of SEM for co-sintered cathodes.
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and cathode is relatively slow, while above this critical temperature the
reaction is accelerated.

Assuming that the metastable phases are indeed products of the
interdiffusion of ions, the question arises as to how interdiffusion affects
the structure and performance of LLZO and LCO. To study this effect,
one should be able to control the annealing parameters to choose the
appropriate experimental conditions. The extent of interdiffusion should
be restricted to the point where the interface is capable of being sintered,
rather than waiting until the diffusion reaction reaches equilibrium,
because in practical applications, interdiffusion should be avoided as
much as possible. It can be assumed that the degree of interdiffusion
depends on the annealing temperature as well as the dwell time ac-
cording to the Arrhenius equation [28], leading to the following
equation:

ΔM
t

= k = Ae−
Ea
RT

and therefore

ln(ΔM) = lnA −
Ea

RT
+ lnt

where ΔM represents the change in amount of a particular substance
involved in a reaction. For example, considering the diffusion of Co-ions
in LLZO, ΔM is the amount of Co-ions, t is the time interval, k is the rate
constant, A is the pre-exponential factor (or frequency factor), R is the
gas constant, T is the absolute temperature and Ea is the corresponding
activation energy of interdiffusion. If the activation energy of interdif-
fusion remains constant, which should be the case for the same com-
pounds and the same diffusing elements, it is possible to determine the
degree of interdiffusion as a function of temperature and time. As an
example, we have drawn an isosurface for diffusion of Co-ions to LLZO
using the activation energy of 1.65 eV determined by Mir Mehraj Ud Din
et al. [16] (Fig. 1d). Based on the intersection of the isosurface with the
temperature and dwell times (such as the values reported in various
publications, which are plotted as vertical lines in Fig. 1d), the extent of
diffusion can be compared [13,14,27,29-34]. It is important to note that
we do not perform quantitative calculations on the amount of diffusion
in this study. The aim is to make comparisons based on the currently
reported literature. The formula used for describing diffusion is empir-
ical, and the dimensions of ΔM are ambiguous. Based on this comparison
and the study of thermodynamics, we have chosen a temperature of 900
◦C and a dwell time of 2 h as parameters at which the interdiffusion is
promoted almost to its maximum value, so that the interface is well
sintered but before the formation of secondary phases starts (labeled
This work 1 in Fig. 1d). The selected degree of interdiffusion is higher
than in the majority of publications (Fig. 1d) [13,14,27,29-34]. Scan-
ning electron microscopy (SEM) images of compressed LLZO and LCO
powders sintered under these conditions show that the powders are
indeed well sintered and the interfaces are sharp and well defined. En-
ergy dispersive X-ray spectroscopy (EDS) of the larger area (Fig. 1e) and
line scans performed across the interface (Fig. 1f) show that Al has
diffused extensively, especially from the edge of LCO particles to the
interface, where it tends to accumulate. The diffusion of the other ele-
ments is difficult to determine accurately with EDS due to the limited
resolution.

In order to investigate the structure of the compounds formed after
the ion interdiffusion and its effect on the material properties, the sin-
tering was carried out in such a way that the individual materials could
be examined separately and independently of each other. For this pur-
pose, sintered LLZO pellets were embedded in LCO powder and annealed
at 900 ◦C for 2 h before being removed for individual examination. After
treatment, the color of LLZO pellets changed from white to brown
(Figure S1). Inductively coupled plasma-atomic emission spectrometry
(ICP-OES) and XRD refinement showed the presence of Co-ions, which
diffused into LLZO and occupied 24d positions to form

(Li6.25Al0.03Co0.13)La3Zr1.6Ta0.4O12 (LLZO:Co) (Fig. 2a) [16]. The XRD
pattern of the pristine pellet is shown for comparison in Figure S2. After
substitution with Co-ions, LLZO:Co still retains a cubic phase with lattice
parameters of 12.94 Å, with a slight shrinkage compared to parent LLZO
(12.95 Å). The Raman spectra of LLZO:Co and parent LLZO are shown in
Fig. 2b. A new peak at 689.9 cm− 1 was observed in the Raman spectra,
which can be attributed to a specific vibration mode of Co-O tetrahedron
[13].

A series of electrochemical measurements were performed to inves-
tigate the effects of Co-ion diffusion on the performance of the LLZO
pellets (Fig. 2c-f). Electrochemical impedance spectroscopy (EIS) at
room temperature showed that the total resistance, including bulk and
grain boundary resistance, increased after substitution with Co-ions,
corresponding to a decrease in Li-ion conductivity from 0.61 mS cm− 1

in LLZO to 0.53 mS cm− 1 in LLZO:Co (Fig. 2c). Impedance data were
collected over a temperature range from 100 ◦C to − 100 ◦C to calculate
the activation energy for Li-ion diffusion. The activation energy was
determined to be 0.42 eV in LLZO, while it increased to 0.44 eV in LLZO:
Co (Fig. 2d). To accurately determine the electronic conductivity, DC
polarization measurements were performed over 100 h. The results
indicate that the electronic conductivity of both compounds is very
similar. However, the decreasing trend of total conductivity is slower in
LLZO:Co, possibly attributed to the higher activation energy of Li-ions in
LLZO:Co. Remarkably, the final electronic conductivity of LLZO is
2.1•10− 10 S cm− 2, which is an order of magnitude lower than the
currently reported value of 10− 8–10− 9 S cm− 2 and almost at the same
level as the conductivity of single crystal Ga-LLZO reported by Philipp
et al. (Fig. 2e) [35,36]. This could be due to the fact that the electronic
conductivity of LLZO depends on different dopants and defects and that
measurements over 100 h have rarely been performed in the previous.
Cyclic voltammetry (CV) at room temperature shows no pronounced
redox properties for Co-substituted LLZO in the potential range from 3 V
to 5 V and only a slightly lower onset potential of oxidation reaction
(Fig. 2f). These results differ from our previous observation where clear
redox peaks were observed in LLZO after sintering with LCO [17].
However, it should be mentioned that our previous experiments were
performed under much harsher conditions (corresponding to stage 2 of
the reaction described above), which led to the formation of secondary
phases in addition to LLZO:Co. The control of interdiffusion by the
choice of sintering parameters described in this work allows to selec-
tively obtain phase-pure LLZO:Co that does not exhibit redox activity.
The combination of different electrochemical methods suggests that the
diffusion of Co-ions leads to a slightly reduced ionic conductivity and
retained electronic conductivity of LLZO without significantly changing
the redox activity.

To investigate the effect of interdiffusion on the structure and elec-
trochemical performance of LCO, the powder was separated after
annealing with LLZO pellets. According to ICP-OES analysis, the powder
contains 0.25 wt.% Al, suggesting that a compound with the chemical
composition LiCo0.99Al0.01O2 is formed after heat treatment. X-ray
photoelectron spectroscopy (XPS) was employed, and fine spectra were
analyzed to determine the binding energy of Al, considering the possi-
bility of its presence in Li or Co positions (Fig. 3a). In the annealed
sample, the Al 2p peak appeared with a peak position at 73.0 eV. This
agrees well with the reported binding energy of Al-doped LCO, sug-
gesting that Al likely replaces Co-ions in the LCO lattice [37]. Rietveld
refinement of the XRD patterns provides further information about the
microstructure (Fig. 3b). For the pristine LCO, a sharp and intense (002)
reflection was observed at 19.0◦, indicating a highly ordered structure
along the c-axis (Figure S3). In contrast, the relative intensity of the
(002) reflection was significantly lower in LCO:Al, indicating a disor-
dered structure in this direction after annealing. The possible reason for
this is the diffusion of Al or Li into the transition metal layer with the
occupation of the Co sites, leading to disorder in the layered structure.
The lattice parameters (R − 3 m hexagonal axes, a = b = 2.82 Å, c =

14.06 Å) remained unchanged after substitution. Raman spectroscopy
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provided additional insight into the structural properties of LCO:Al
(Fig. 3c). The LCO exhibited two active modes, Eg (481.90 cm− 1) and A1g
(593.65 cm− 1), which correspond to the vibrational modes of Co-O

along the Co plane and perpendicular to the Co plane, respectively
(Fig. 3c, inset) [38]. LCO:Al showed a blue shift of respective Raman
lines to 483.81 cm− 1 and 593.96 cm− 1, indicating the substitution of Co

Fig. 2. (a) XRD refinement of LLZO:Co. Comparison of pristine LLZO and ion interdiffused LLZO:Co: Raman spectra (b), normalized impedance at 25 ◦C (c),
activation energy with fit lines (d), DC polarization at 25 ◦C (e), and CV at 25 ◦C (f).

Fig. 3. (a) XPS spectra of LCO and LCO:Al. (b) XRD refinement of LCO:Al. (c) Raman spectra of LCO and LCO:Al. Galvanostatic charge/discharge curves for 50th
cycle (d) and corresponding dQ/dV (e), and prolonged cycling (f) of LCO and LCO:Al at 25 ◦C.
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positions by Al [26,39,40]. The weaker intensity observed in the Eg vi-
bration direction for LCO:Al also suggests disorder of layer structure
after interdiffusion.

The electrochemical performance of LCO and LCO:Al was further
investigated with liquid electrolyte in a potential range from 3 V to 4.2
V. Galvanostatic charge/discharge cycling (Fig. 3d) and the corre-
sponding differential curves (Fig. 3e) show distinct differences between
LCO and LCO:Al. In the case of LCO, clear charge and discharge plateaus
were observed at 3.93 V and 3.89 V, respectively, and the dQ/dV curves
exhibited sharp peaks. The slope of the plateaus and the hysteresis be-
tween the charge and discharge curves increase for LCO:Al, and the
corresponding dQ/dV curves show broadened peaks at 4.04 V and 3.75
V. These results indicate that LCO:Al exhibits a higher polarization
during charging and discharging. During prolonged cycling at a low rate
of 0.1 C at 25 ◦C (Fig. 3f), the LCO exhibits a stable capacity of ~130
mAh g− 1, which is typical of commercial LCO electrodes. In contrast, the
capacity of LCO:Al fluctuates significantly during the first ten cycles,
followed by a stable but reduced capacity of 100 mAh g− 1 in the
following twenty cycles. Thereafter, the capacity increases to 120 mAh
g− 1 and remains stable. The initial instability of capacity can be attrib-
uted to structural adjustments within the material during cycling, and
the larger polarization behavior originates from the disordered layered
structure. Therefore, the annealing process applied to LCO can induce
structural disorder, resulting in increased polarization and a slight
decrease in capacity by 7.7 %. However, this structural change does not
significantly affect the cycling performance.

The results above demonstrate that heating LLZO and LCO mixtures
at temperatures as low as approximately 630 ◦C induces interdiffusion of
Al and Co atoms into LCO and LLZO lattices, respectively. This process
forms metastable substituted compounds with structural and electro-
chemical properties that differ from those of the starting compounds. By
selecting suitable sintering parameters, further undesired reactions with
the formation of thermodynamically stable reaction products can be
avoided. However, even with these apparently “clean” interfaces, the
interdiffusion can never be completely avoided at the practical tem-
peratures required for powder compaction, so that the products of

interdiffusion are always present at the interface. Through the above
studies on the electrolyte and cathode materials, we determined that
such diffusion will not result in a significant degradation of the perfor-
mance of the electrolyte and cathode materials. Therefore, the reason of
capacity decay may stem from battery operation.

To characterize the electrochemical performance of such interfaces
and their evolution during electrochemical cycling, a half cell consisting
of an LCO-LLZO composite cathode and a LLZO separator (Fig. 4a) was
fabricated using field-assisted sintering technology/spark plasma sin-
tering (FAST/SPS), as previously reported by our group [31]. According
to our proposed interdiffusion model, the sintering process was con-
ducted at a temperature of only 675 ◦C, which is the lowest successful
temperature reported in our previous work, under a pressure of 440 MPa
for 10 min in an argon atmosphere. Afterwards, the sintered cell was
annealed at 900 ◦C for 30 min in air to crystallize the interface. The
amount of diffusion is indicated in Fig. 1d as a comparison. It should be
noted, that these processing conditions will reduce the interdiffusion,
but will also result in a significant change in microstructure, as the
reduction of the temperature from 750 to 675 ◦C will result in an in-
crease of the porosity from 5 to 8% respectively [31]. However, the
reduced temperatures are expected to result in less interdiffusion,
resulting in lower initial performance degradation of the LLZO and LCO.
This facilitates a more detailed study of the cell’s performance evolution
during operation. To exclude possible effects of the FAST/SPS process
and subsequent annealing on the material, in particular the possible
formation of secondary phases, we performed phase identification of the
fabricated half cell by XRD (Figure S4). All diffraction peaks could be
assigned to LLZO and LCO, indicating that no new phases were intro-
duced by the battery fabrication process. The full cell was assembled by
attaching a Li metal foil as a negative electrode to the LLZO separator.
The Nyquist plot of the impedance spectra shows two characteristic
semicircles and a diffusion-related slope. The equivalent circuit used to
fit the impedance spectrum is shown in Figure S5. The semicircle in the
high frequency range (2 MHz) is attributed to the bulk and grain
boundary resistance of LLZO. The mid frequency range (3 kHz) corre-
sponds to the interface resistance, encompassing the interface resistance

Fig. 4. Impedance of prepared cell (a) and cycle performance tested at 50 μA cm− 2 (b) as well as corresponding discharge curves (c) measured at 60 ◦C. (d) Gal-
vanostatic intermittent titration test for first charge and corresponding DRT analysis from OCV to 3.8 V (e) and 3.8 to 4.2 V (f) tested at 60 ◦C.
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between Li and LLZO as well as LLZO and LCO. The fitted capacitance is
approximately ~10− 7 F, which is consistent with other reported values
[41].

Galvanostatic charge/discharge curves, which were recorded at 60
◦C in a voltage range of 3 V to 4.2 V (Fig. 4b), show a fairly high charge
capacity of 2.1 mAh cm− 2 in the first cycle. The specific capacity is
calculated to be between 70 and 95 mAh g⁻1 with 50–68 % utilization of
the LCO, but due to difficulties in accurately determining the weight of
the cathode, exact values cannot be provided. However, the capacity
fades significantly in the following cycles, so that after the 10th cycle
only 18.1 % of initial capacity is retained. The corresponding discharge
curves show a considerable polarization (Fig. 4c). It is noteworthy that
the coulombic efficiency in the first cycle was only 38.7 %, which calls
for a closer examination of the electrochemical performance during the
first charging cycle. A galvanostatic intermittent titration test (GITT)
was performed during charging, with EIS characterization at the end of
each intermittent step after relaxation.

As shown in Fig. 4d, as the charging potential increases, the voltage
drop during the relaxation process of the battery also increases, indi-
cating stronger polarization and higher internal resistance. The
distributed relaxation times (DRT) deconvoluted from the impedance
spectra are shown in Fig. 4e and f for the range from open circuit voltage
(OCV) to 3.8 V and from 3.8 V to 4.2 V, respectively. The peak
concentrated at a high frequency of ~106 Hz to 105 Hz is assigned to the
bulk and grain boundary resistance of LLZO. This peak gradually de-
creases during the charging process and finally reaches a constant
minimum value [42]. The second peak, which is concentrated at the
intermediate frequency of ~105 Hz to 104 Hz, is associated with the
anode-side interface between Li and LLZO. The height of this peak
fluctuates within a small range, gradually decreasing in the OCV - 3.8 V
range and slightly increasing in the 3.8 V - 4.2 V range. The intermediate
frequency ranging from ~104 Hz to 103 Hz is often associated with the
interface between LLZO and LCO [41]. This peak decreases significantly
in the range from OCV to 3.8 V. Simultaneously the GITT experiment in
Fig. 4d showed a charging plateau when reaching 3.8 V. This clearly
shows that a certain process is occurring at this initial stage of cycling,
which cannot be explained by Co-diffusion effects or secondary phases
resulting from it. However, the process can be explained by the
decomposition of another impurity, which always occurs when LLZO
comes into contact with the atmosphere. When LLZO exposed to a hu-
midity and CO2-containing environment, Li2CO3 can form on the LLZO
surface [43,44]. From literature it is known that the decomposition of
this carbonate phase can be electrochemically induced under CO2 out-
gassing, mainly occurring at the potential of 3.8 V [45]. Therefore, it is
very likely that the GITT plateau at 3.8 V and a certain proportion of the
peak decrease in the intermediate frequency range from ~104 Hz to 103

Hz of DRT is connected to the electrochemical Li2CO3 decomposition.
However, the decrease prior to 3.8 V, where no carbonate decomposi-
tion is occurring, is probably related to a formation process of the
interfacial structure between the LLZO and LCO [26]. Due to the pre-
vious thermal treatment, Al is already incorporated into LCO. When
charging the cathode, a change in the oxidation state of Co and an
associated change in charge distribution will probably cause a restruc-
turing in the LCO. Furthermore, it is already known that LCO with a
higher state of charge has a higher driving force to absorb Al, so addi-
tional Al from the LCO/LLZO interface or LLZO grains can also be
incorporated into the LCO [20]. These effects would lead to a rapid
restructuring of the very thin boundary layers between LCO and LLZO,
which is probably visible in the DRT analysis from ~104 Hz to 103 Hz in
the interface impedance decrease at the start of the charging step. Since
the interfaces are very thin in the nanometer to micrometer range, the
processes are rather quick and the change in impedance is only
observable in the first potential step, while in the bulk region ~106 Hz to
105 Hz more materials are affected and smaller changes are observable
over more potential steps.

The deterioration in performance could be due to either cathode-side

or anode-side degradation. The possibility of degradation on the anode
side was initially ruled out. The LLZO electrolyte pellets were prepared
using the same procedure as the half cells and then assembled into
symmetrical Li cells for critical current density (CCD) and cycling tests
(Figure S6). The results showed that the electrolyte can withstand a
maximum current density of 450 μA cm− 2 and cycle for more than 280 h
at a current density of 50 μA cm− 2, which was also used for the cycling of
the full cells. The capacity degradation of the separators is much lower
than that of the full cells after the same number of cycles, indicating that
the drop in capacity in the full cell is not due to degradation on the anode
side. Therefore, the capacity degradation should be attributed to the
degradation of the cathode. To understand the possible reasons for the
cathode degradation and the evolution of the interfacial structure, the
battery was disassembled after cycling and the composite cathode was
characterized by nuclear magnetic resonance (NMR) and SEM to obtain
information on the evolution of chemical surrounding and the micro-
structure. The solid-state 27Al NMR spectra of the sintered, additionally
annealed and cycled electrode as well as the original LLZO and LCO
powders are presented in Fig. 5a. The signals concentrated at 80.8 ppm
and 62.4 ppm are attributed to Al-O tetrahedral coordination, primarily
originating from Al at the 24d position of LLZO [46]. The chemical shift
at 13.6 ppm is commonly assigned to Al-O hexahedral coordination
[47]. In the original powder, this peak exhibits a very weak intensity,
suggesting the possible presence of a small amount of secondary phase in
LLZO, such as LaAlO3. In the electrode sintered via FAST/SPS and the
annealed electrode, this peak persists but is not intensified. This suggests
that the diffusion of Al-ions during the electrode preparation process is
weak, and only a small amount of Al-ions diffuse into the LCO because of
Al having hexahedral coordination in both Li and Co positions within
LCO. In the cycled electrode, this peak intensifies and tends to split into
two peaks, indicating two different chemical environments of [AlO6]. In
addition, a series of weaker signals at 54.5 ppm, 76.0 ppm, and 91.1 ppm
can be seen in the cycled electrode. These positions are often associated
with Al tetrahedral coordination compounds [47,48]. These observa-
tions can be attributed to the diffusion of Al from the LLZO into the LCO,
or the formation of secondary phases during the electrochemical cycling.
Throughout the charge/discharge process, the external electric field or
local potential imbalance may prompt the diffusion of the Al. Following
the de-lithiation of LCO, the Co-ions change to a higher oxidation state,
potentially leading to side reactions with the LLZO [20]. The structure
evolution induced by the electrochemical process may exert a more
detrimental effect on the performance of the electrolyte and cathode.
Specifically, the formation of new phases may impede Li-ions transport
and elevate the internal resistance of the battery.

Fig. 5b shows a backscatter-electron image of the as-prepared cath-
ode. The dark contrast material is LCO, and the light contrast material is
LLZO. The typical SEM image of the cathode prior to cycling shows a
well sintered and connected interface between LLZO and LCO particles.
The rather large porosity compared to samples prepared in our previous
work is apparent, especially the micro-porosity in between the smaller
LLZO grains can be attributed to the lower sintering temperature,
whereas at 750 ◦C the LLZO showed a much denser microstructure with
macropores [20,26]. The SEM image of the cycled electrode is shown in
Fig. 5c. In contrast to our previous work, after five charge/discharge
cycles cracks can already be observed at the LCO/LLZO interface. Since
both LLZO and LCO are hard compounds with a Young’s modulus of
more than 100 GPa and LCO has a volume change around 5 % during
lithiation/de-lithiation, enormous stresses can occur, destroying the
sintered interface. Due to the lower strength in the interface area
compared to the bulk phase, the stresses generated during repeated
lithiation/de-lithiation processes cause damage to the interface region
[49]. This leads to the formation of cracks and a subsequent increase in
resistance, which hinders the efficient transport of ions and electrons,
resulting in the observed capacity decay and impedance increase. From
this observation it now becomes obvious, that a balance must be reached
for optimizing the processing conditions with respect to cation
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interdiffusion and mechanical integrity.

3. Conclusion

All-solid-state batteries featuring a fully ceramic electrode composed
of LLZO and LCO were investigated regarding the degradation effects
during processing and electrochemical cycling. Below a critical tem-
perature of 1100 ◦C, reaction products are thermodynamically stable but
kinetically hindered, and rather long sintering times can be realized.
However, at such high temperatures, strong cation interdiffusion of
mainly Al and Co-ions takes place and can be observed even down to 630
◦C, altering both LLZO and LCO especially at the interfaces. Neverthe-
less, these results provide a processing window, in which a reaction
between LLZO and LCO can be avoided and the cation interdiffusion can
be minimized by careful choice of the heat treatment parameters.

To investigate the effect of cation interdiffusion in the bulk materials,
we derived a formula for interdiffusion between LLZO and LCO. We then
selected sintering parameters of 900 ◦C for 2 h where secondary phase
formation is suppressed, but interdiffusion promoted. Subsequent
studies of LLZO showed that the diffusion of 0.13 Co per formula unit
(pfu), occupying the 24d position, did not have a significant impact on
its ionic conductivity, electronic insulation or electrochemical stability.
In contrast for LCO, the substitution of 0.01 pfu Al and the induced
disorder in the layered structure can increase the polarization during
lithiation/de-lithiation. However, the cycling stability of the electrode
remained unaffected in subsequent electrochemical testing. A full
inorganic cell based on LLZO, LCO and Li metal was constructed using
FAST/SPS with parameters that would even lower the interdiffusion
between LCO and LLZO. The cell showed good initial performance but
similar degradation during cycling. The investigation into the evolution
of Al coordination chemistry and interfacial structure revealed the
impact of the Al diffusion on the cycling degradation. In contrast to our
earlier works, the change in processing parameters resulted in a more
porous microstructure, leading to the development of cracks along the
LCO/LLZO interface during cycling and thus the observed cycling
degradation.

These results again emphasize the necessity to balance between

mechanical properties and chemical reactions during high temperature
fabrication of ceramic-based all-solid-state batteries. The model derived
here can be used to estimate cation interdiffusion and, together with
microstructural analysis, allows quick optimization of the processing
parameters. However, the underlying electrochemical driven cation
interdiffusion and related cycling degradation needs to be addressed on
a more fundamental level, e.g. via core-shell structures or coatings. In
conclusion, process and materials optimization based on mechanistic
understanding can enable fully inorganic, oxide-ceramic based batteries
with high safety and high performance for future energy applications.

4. Experimental Section

4.1. Synthesis and fabrication of Li6.45La3Zr1.6Al0.05Ta0.4O12 powder,
pellets and composite cathode

The starting materials used in the study included LiOH•H2O (99 %,
AppliChem GmbH, Darmstadt, Germany), La2O3 (99.9 %, Merck KGaA,
Darmstadt, Germany, pre-dried at 900 ◦C for 10 h), ZrO2 (99.5 %, Alfa
Aesar GmbH& Co KG, Karlsruhe, Germany), Ta2O5 (Inframat, 99.95 %),
and Al2O3 (99.9 %, Inframat Advanced Materials LLC, Manchester, CT,
USA). These materials were weighed in stoichiometric proportions in
100 g batches and then ground using an electrical mortar grinder (RM
200, Retsch GmbH, Haan, Germany) for 1 hour. The homogenized
powder was then used to prepare pellets, which were pressed using a
uniaxial press with a diameter of 45 mm and a pressure of 20 MPa. The
pellets were calcined twice in Al2O3 crucibles. The first calcination step
was carried out at 850 ◦C, followed by a second calcination step at 1000
◦C for 20 h each. After each calcination step, the pellets were ground into
powder form and repressed again. For pellet preparation, uniaxial pel-
lets with a diameter of 13 mm and compressed at 113 MPa were sintered
in an Al2O3 crucible, placed on a MgO plate, along with an LLZO powder
sheet at 1175 ◦C, with a dwell time of 10 h. The sample used for the
study of cation interdiffusion study by SEM and DES analysis was pre-
pared by compressing equal quantities of LCO (MTI, battery grade) and
LLZO powder at 400 MPa and then sintering at 900 ◦C for 2 h. To
investigate the effects of cation interdiffusion on the individual

Fig. 5. Al27 NMR measurements of the mixture of LCO and LLZO (green), FAST/SPS prepared (blue), additionally annealed (red) and cycled electrodes (black). SEM
images of FAST/SPS prepared/additionally annealed electrode before cycling (b) and after 5 cycles (c).
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performance of the LLZO and LCO phases, the LLZO pellet, which was
pre-sintered at 1175 ◦C for 10 h, was embedded in an equal weight
amount of LCO powder. The LCO powder was manually pressed on both
sides of the LLZO pellet and then transferred to a crucible and annealed
at 900 ◦C for two hours. After annealing, the LCO was mechanically
scraped from the surface of LLZO and collected to prepare an electrode
for electrochemical characterization. The LLZO pellet was manually
polished from both sides to remove the residual LCO and used for
electrochemical characterization. The field-assisted sintering technol-
ogy method was carried out following our previous work to prepare
cathode composite [31]. For the preparation of half cells, first pour a
powder mixture of 0.5 g LCO and LLZO (1:1 wt ratio) into a mold and
press at 50 MPa, then add 1 g LLZO powder and press again at the same
pressure. Sintering takes place at a temperature of 675 ◦C and has a
dwell time of 10 min at Ar flow in the HPD5 FAST/SPS device (FCT
Systeme). The heating rate is 100 ◦C min− 1, and the cooling rate is 20 ◦C
min− 1. After sintering, the half cells were annealed at 900 ◦C for 30 min.
The preparation of the electrolyte pellets followed the same procedure
as for the half cell preparation, but without LCO added. The cathode side
and the separator side of prepared half cell were polished to achieve a
thickness of 80–100 µm and 0.8–1 mm for the cathode layer and the
separator layer, respectively.

4.2. Material characterization

Thermogravimetric and differential thermal analysis were per-
formed using the Netzsch STA449C Jupiter thermoanalyzer with a
heating rate of 5 ◦C min− 1 in the temperature range from room tem-
perature to 1600 ◦C. The chemical composition was analyzed using
inductively coupled plasma-optical emission spectrometry with a
Thermo Scientific iCAP7600 instrument (Thermo Fischer Scientific,
Waltham, MA, USA). X-ray diffraction was conducted using a D4
ENDEAVOR instrument (Bruker Corporation, Billerica, MA, USA) with
Cu Kα radiation. Rietveld refinement was applied within a 2θ range of
10–140◦ for crystal structural refinement and determination of lattice
parameters using the GSAS II package. Scanning electron microscope
images were obtained using a Zeiss EVO 15 instrument (Carl Zeiss Mi-
croscopy Deutschland GmbH, Oberkochen, Germany) coupled with an
energy-dispersive X-ray spectroscopy detector X-max 80 (Oxford In-
struments plc, Abingdon, UK). Raman spectroscopy was performed with
a Renishaw invia Qontor Raman Microscope equipped with a solid-state
532 nm excitation laser and a 2400 l mm− 1 grating.

Solid state magic angle spinning (MAS) NMR measurements were
performed on a Bruker Ascend 500 magnet (11.7 T) equipped with a
NEO console operating at a 27Al resonance frequency of 130.32 MHz,
using a Bruker 3.2 mm three channel MAS probe head. The MAS rate was
set to 20 kHz for all measurements. Single pulse and Hahn echo one-
dimensional (1D) measurements were recorded with pulse lengths be-
tween 1 and 3 µs. A recycle delay of between 0.2 and 1 s was used and up
to 30,720 scans each were acquired.

4.3. Electrochemical characterization

The electrodes of LCO and LCO:Al were prepared by mixing 80 wt%
active materials, 10 wt% carbon black (Aladdin), and 10 wt% poly-
vinylidene fluoride binder (Aladdin) dissolved in N-methyl-2-pyrroli-
dinone (Aladdin 99.5 %) to make slurry. The slurry was coated on Al
foils and dried at 80 ◦C under vacuum overnight to remove the solvent,
and then pressed and punched into a disk. The batteries were assembled
in CR2032-type cell in an argon filled glove box, the Li metal disk
(Aladdin, 99 %) was used as counter electrode, and glass microfiber
(Whatman) was used as the separator. The electrolyte was 1 M lithium
hexafluorophosphate dissolved in ethylene carbonate and diethyl car-
bonate (1/1 by volume). All-solid-state batteries were also assembled in
a glove box. Li metal disk was attached to the prepared half cell and
heated at 300 ◦C for 5 min before being assembled into the Swagelok

battery for testing.
All electrochemical measurements were performed using a BioLogic

VMP-300 Multichannel Potentiostat. Electrochemical impedance spec-
troscopy was conducted over a frequency range of 7 MHz to 1 Hz,
applying a perturbation field with an amplitude of 10 mV at a temper-
ature of 25 ◦C. The obtained impedance spectra were fitted using the
ZView software. DC polarization experiments were carried out by
applying a constant voltage of 0.2 V for a duration of 100 h at a tem-
perature of 25 ◦C. Cyclic voltammetry measurements were recorded
with a scan rate of 0.1 mV s− 1 within a voltage window of 3 V to 5 V, also
at 25 ◦C. Galvanostatic charge/discharge tests of LiCoO2 and
LiCo0.99Al0.01O2 were performed using a current density of 0.1 C at a
temperature of 25 ◦C. Similarly, the galvanostatic charge/discharge test
of the prepared solid-state cathode was conducted at a current density of
50 μA cm− 2 and a temperature of 60 ◦C. To determine the activation
energy, electrochemical impedance spectra were recorded using a
Novocontrol Technologies Alpha-A impedance spectrometer. The mea-
surements were carried out over a frequency range of 10 MHz to 1 Hz
with a field perturbation of 20 mV. The temperature-dependent
impedance measurements were recorded in a temperature-controlled
chamber within the temperature range of − 100 ◦C to 100 ◦C.

4.4. Computation

The formation energies obtained from Materials Project with r2SCAN
metaGGA functional, and the Gibbs energies were calculated based on
the methods developed by C. J. Bartel et al. for pseudo-binary phase
diagram calculation [50].
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