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ABSTRACT: A systematic and comprehensive study of the thermal stability of
the cathode active materials LiNi1/3Mn1/3Co1/3O2 (NMC111), Li-
Ni0.6Mn0.2Co0.2O2 (NMC622), LiNi0.8Mn0.1Co0.1O2 (NMC811), and Li-
Ni0.8Co0.15Al0.05O2 (NCA) in combination with the garnet solid electrolyte
Li6.45La3Zr1.6Ta0.4Al0.05O12 was performed, and the respective thermal stability
limits in air were assessed. Compared to prior studies on such material mixtures,
additional Zr-containing secondary phases were detected, which had not been
taken into consideration in a previously published work. Here, these phases were
successfully identified for the first time by a combination of X-ray diffraction, Raman spectroscopy, and microstructural analysis.

■ INTRODUCTION
The garnet family Li-ion conductors related to Li7La3Zr2O12
are attracting considerable attention as a solid electrolyte for
inorganic solid-state batteries due to their relatively high ionic
conductivity of up to 2 mS/cm at 25 °C, processability in air,
nonflammability, broad electrochemical stability window, and
especially their high reduction stability in combination with
lithium metal.1−5 Therefore, Li7La3Zr2O12-based garnets have
the capability to completely replace the flammable liquid
electrolyte in lithium-ion batteries and thus enable all-solid-
state batteries (ASBs) with unprecedented cell-level safety and
potentially high energy density. The technical challenge in
manufacturing garnet-based batteries is the need for heat
treatment (sintering) for proper bonding of powder particles
and densification, which can exceed temperatures of 1000 °C.6

The high sintering temperatures often lead to material
compatibility problems due to the interdiffusion of the
elements at the interfaces and the formation of undesirable
secondary phases. The problem of material compatibility
become particularly important when sintering such oxide solid
electrolytes and cathode active materials (CAM) powders,
where the formation of secondary phases has been observed at
temperatures as low as 400−600 °C.7,8

Among the various CAM compositions, LiCoO2 (LCO) has
been found to be the only one that is thermodynamically stable
in combination with Li7La3Zr2O12-based garnets at temper-
atures up to 1085 °C, although small amounts of secondary
phases such as La2CoO4, LaCoO3, La2Zr2O7, Li2CO3, and
tetragonal or Co-doped garnet were detected already at lower
temperatures when different garnet compositions, processing,

and detection methods were used.7,9−12 Due to this high
thermodynamic stability, LCO has been the CAM of choice in
the majority of all reported garnet ASBs (ref 7 and reference
therein). However, LCO has a relatively low specific capacity
of 140 mA h/g, which limits the energy density of a resulting
LCO-based ASB. The requirement for high battery perform-
ance necessitates the use of high capacity/high voltage CAMs.
However, previous work on high voltage (i.e., higher than 5 V)
spinel CAMs showed strong decomposition effects during heat
treatment at temperatures lower than 800 °C.13,14 CAMs with
the high manganese content have been shown to be
particularly susceptible to the disproportionation reaction,
i.e., x

d

LiCoMnO Li MnO Li CoMn O

O
x x x d4 2 3 1 2 1 4 3

1
2 2
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+
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especially with a surplus of lithium, which leads to the
formation of lithium-rich Li2MnO3. Li7La3Zr2O12 is often
intentionally prepared with an excess of the lithium precursor
to reduce lithium loss during heat treatment and mitigate the
formation of resistive La2Zr2O7 as a secondary phase. The
combination of such spinels and lithium-(over)saturated
Li7La3Zr2O12 therefore inherently poses a particularly high
risk of decomposition.
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The use of high-voltage CAMs is essential to increasing the
energy density of garnet ASBs. In particular, layered CAMs
with molecular formula LiNixMnyCozO2 (NMC) and
LiNixCoyAlzO2 (NCA) are attractive CAMs due to their
excellent electrochemical properties, i.e., high voltage and high
capacity (>150 mA h/g), lower cobalt content, and lower
price.17−19 Various compositions of NMC are being
investigated as CAMs for garnet-type ASBs, but to the best
of our knowledge, there is no previously published work that
provides a systematic experimental analysis of the thermal
compatibility between Li7La3Zr2O12 and NMC materials of
different compositions. The experimental and theoretical
studies that were found mostly dealt with single NMC
compositions. Moreover, different chemical compositions of
the garnet phase were used for different studies, which makes it
difficult to systematically compare the reactivity of the
materials.6,7,20−24 In addition, a general problem in comparing
data from different sources is that certain variations in
preparation, such as NMC/garnet ratios, pressure, thermal
treatment (heating rates and dwell times), and the choice of a
powder bed composition for sintering, can have a significant
impact on the results.25 Furthermore, the analytical techniques
chosen generally determine the sensitivity and detection limits
for identifying the secondary phases formed. This fact and
variations in data analysis, such as Rietveld refinement, can
lead to significantly different conclusions about the thermody-
namic stability of NMC/garnet mixtures in different studies. As
a result, there is a large disagreement on the reaction onset
temperature (400−750 °C) and the nature of the secondary
phases [La(Co, Mn)O3, La(Co, Ni)O3, LaNiO3, La-
Ni0.5Mn0.5O3, LaCo1−xMnxO3 (x < 0.4), La2Zr2O7 and,
Li2CO3] between different studies, indicating that the stability
between CAM and Li7La3Zr2O12 garnet strongly depends on
the experimental conditions and thus cannot be unambigu-
ously described by thermodynamic calculations alone.7 There-
fore, the main purpose of this work is to avoid the misleading
interpretations mentioned above and to provide points of
reference for future experimental and theoretical work on the
development of oxide-based ASBs.

The current work continues our earlier study on the thermal
compatibility of garnet materials and NMC26 using a similar
experimental approach but significantly expanding the number
of NMC compositions and the temperature range for
cosintering. The previous work investigated the compatibility
of garnets with NMC111 and NMC811 during cosintering in a
temperature range of 25−1200 °C but only provides a detailed
phase analysis after cosintering at 800 °C. By using Ta, Al-
substituted LLZO (“LLZO” in the following) from the same
batch and applying identical processing steps, reliable data
were obtained on the effects of different NMC compositions
on thermal compatibility with LLZO. Based on in situ high-
temperature X-ray diffraction (XRD) analysis, scanning
electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDS), it was possible to identify the onset
temperature, type, and amount of secondary phases formed at
a moderate temperature of 800 °C. In the case of NMC111 +
LLZO, the first secondary phases form at 800 °C were
identified as LaCo1−xMnxO3 (x < 0.4) and La2(Ni0.5Li0.5)O4.
At 800 °C, they form in amounts of 4 and 1 wt %, respectively.
In the case of NMC811 + LLZO, the formation of the
secondary phases starts at 650 °C, but only La2(Ni0.5Li0.5)O4
was observed in an amount of 2 wt % at 800 °C. Therefore, in
the previous study, Ni-rich NMC811 was considered as the

most promising CAM for garnet-type ASBs.26 In this follow-up
work, the study was extended to cathode materials NMC622
and NCA, which allowed a detailed investigation of four
commercially available NMC compositions in contact with
LLZO under exactly the same conditions. The identification
and analysis of secondary phase formation, especially with
respect to Zr-containing phases, were extended to temper-
atures up to 1200 °C, and Raman spectroscopy was
additionally used to study the phase composition of garnet-
based composite cathodes in more detail.

■ EXPERIMENTAL PART
The solid-state electrolyte material with the nominal composition
Li6.45La3Zr1.6Ta0.4Al0.05O12 was synthesized via a solid-state reaction
process, as described elsewhere.27 A moderate excess of the lithium
precursor (equivalent to a surplus of 10 mol % Li) was added to
balance a potential Li loss during preparation/heat treatment. The
addition of α-Al2O3 was due to providing a sintering additive. The
authors assume that part of the Al2O3 may react with a fraction of the
lithium precursor, forming a glass-like lithium aluminum oxide phase,
which melts at about 1150 °C and can act as a sintering agent.4,27,28

An increased aluminum content compared to the stoichiometric
amount is expected since the powder was synthesized in an alumina
crucible.29 LLZ powder of this quality was analyzed in regarding to
crystal phase purity, composition, morphology, particle size
distribution (typical values: d10 = 0.08 μm, d50 = 2.55 μm, d90 =
5.19 μm) and surface properties in a previous work,26,27 and small
amounts of a secondary phase La2Li0.5Al0.5O4 [Inorganic Crystal
Structure Database (ICSD) no. 202439] could be obtained. Other
phases like tetragonal LLZO (ICSD 246816) or Li2CO3 (ICSD
66941) appeared to be negligible. The CAMs were obtained from
commercial suppliers and processed without any further modification
together with the LLZO particles. NMC 111 had a particle size
distribution characterized by d10 = 4.1 μm, d50 = 7.0 μm, and d90 =
11.2 μm. NMC 622 had a particle size distribution characterized by
d10 = 7.2 μm, d50 = 13.1 μm, and d90 = 23.2 μm. NMC811 exhibited
values of d10 = 6.2 μm, d50 = 10.1 μm, and d90 = 15.0 μm, while the
particle size distribution of NCA had the parameters d10 = 3.9 μm, d50
= 6.1 μm, and d90 = 9.4 μm (measured by a Retsch/HORIBA LA 950
particle size analyzer). It was found in the literature that the actual
composition compared to the nominal composition and phase purity
of battery grade CAMs of different manufacturers are in narrow
confines; moreover, also the particle size distributions do not vary
largely.26,30−32 It is therefore concluded that the choice of
manufacturer for CAM likely does not play a major role but that
the handling and processing of/with LLZ does.

The respective active material powders and LLZO were ground
with a mortar and pestle for 5 min to deagglomerate electrolyte
particles and homogenize the mixture. The chosen mass ratio for the
electrolyte and CAM powders, respectively, was 1:1 in each case.
Generally, a high contact surface area of the two mixed components is
important to study interdiffusion phenomena. On the one hand,
taking into consideration the theoretical density of the active materials
(4.7 g/cm3)33 and LLZO (5.3 g/cm3, authors’ estimation based on a
lattice parameter), the volume of active material is roughly 10% larger
than the volume of the electrolyte. On the other hand, the particle size
distributions of the materials differ significantly, thus convoluting the
effect of the 10% difference in density.

Pellets with a mass of 1 g were pressed with a hydraulic uniaxial
press with a die 13 mm in diameter to ensure close contact between
the powder particles. The applied pressure of 110 MPa was kept
constant for 1 min for each sample. The pellets were placed on a
compacted LLZO powder bed on top of a magnesium oxide plate.
The samples were then heat treated in an air atmosphere using an
alumina crucible and lid. The thermal treatment was carried out with
a heating rate of 5 K/min and a holding time of 1 h, followed by free
cooling. A holding time of 1 h was selected (i) to allow a comparison
with previous work13 and (ii) because holding times in the range from
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0.5 to 2 h proved to be suitable for establishing proper electrolyte−
CAM interfaces.10,11 Initially, the following temperatures were
applied: 600, 800, 1000, and 1200 °C. This temperature range was
chosen with regard to the overall aim of processing in the context of
oxide-based all solid-state batteries, which is governed by two aspects:
(i) the temperature should be high enough for sufficient solidification
and compaction of the cathode on the one hand, and (ii) the
temperature should not exceed the threshold above which significant
chemical interaction between the electrolyte and the cathode material
occurs, which would result in severe degradation, on the other. Since
the phase changes were particularly noticeable when the temperature
was increased from 1000 to 1200 °C, additional batches of pressed
pellets were heat-treated at 1100 °C.

SEM and EDS were performed on mechanically polished cross
sections of the heat-treated samples, which were sputter-coated with a
thin platinum layer (several nanometers), by employing a Zeiss
Gemini 450 SEM (Carl Zeiss NTS GmbH) device equipped with an
Ultim Max 170 EDS detector (Oxford Instruments). A beam
accelerating voltage of 16 kV was used. Lithium cannot be detected
in such an EDS system, and therefore, correction factors during
quantitative EDS analysis would be calculated incorrectly. Moreover,
the samples were not measured (calibrated) against known standards
(like LLZO with a perfect stoichiometric composition). Both factors
may reduce the accuracy of the quantitative EDS results. This fact was
taken into consideration when discussing the EDS data in the Results
and Discussion section. XRD data were obtained with a Bruker D4
Endeavor (Bruker AXS GmbH) instrument employing Cu Kα
radiation. To prepare the samples for the X-ray analysis, the heat-
treated pellets were ground, and the obtained powder was spread
evenly onto double-sided adhesive tape attached to a stainless-steel

sample holder. The raw data were processed and analyzed by utilizing
the Rietveld refinement method. The Rietveld analysis was performed
with the following parameters as refinable parameters; background,
sample displacement, peak profile using fundamental parameters (i.e.,
size and strain), lattice parameters, and the scale factors of each
crystalline phases. The biso value was set to 0.1 for all of the
crystalline phases for the quantification. The elemental composition of
each sample was assessed by optical emission spectrometry with
inductively coupled plasma (ICP-OES), employing an iCAP7600
spectrometer (Thermo Scientific). Prior to the spectroscopy measure-
ments, the heat-treated pellets were ground in a boron carbide mortar,
and 50 mg of each sample was subsequently melted with sodium
borate at 1050 °C for 30 min. The melt was dissolved in 30 mL of
hydrochloric acid (5% concentration). Raman spectra were obtained
by employing a Renishaw InVia Raman Microscope equipped with a
solid-state excitation laser (532 nm) and a grating of 2400 lines per
mm. The measured area was 60 μm by 40 μm with a step size of 0.22
μm. The laser power was set to 2.5 mW to prevent laser-induced
sample damage. A total of 49,051 spectra were obtained per sample,
with an acquisition time of 1 s per spectrum. The cosmic rays of the
raw data were removed by applying Wire 5.2 software (Renishaw).
The spectra were truncated to the range from 80 to 1200 cm−1, the
background signal was subtracted, and the spectra were normalized by
an in-house developed PYTHON script. A non-negative matrix
factorization algorithm was chosen to detect the main components of
the samples. A selection of 10 compounds yielded the most
reasonable results. The compounds were divided into four groups,
i.e., LLZO, NMC, secondary phases, and noise. After noise was
excluded, the loadings for each group were added up, and for each
point in the mapping, only the phase with the highest loading was

Figure 1. XRD patterns of mixtures of: (a) NMC111 and LLZO; (b) NMC622 and LLZO; (c) NMC811 and LLZO; and (d) NCA and LLZO.
The solid triangles (upward facing) indicate the positions of the reflections corresponding to a rock salt structure, NiO in this case (ICSD no.
9866). The open triangles (downward facing) indicate the positions of the reflections corresponding to LaCoO3, a perovskite phase (ICSD no.
17668). The diamonds represent the diffraction pattern of La2M0.5Li0.5O4 [(M = Ni, Co, Mn, and Al), here from ICSD no. 202439]. The bars at
the bottom show the Bragg reflection positions of LLZO and NMC, obtained from the measurements of the pure powders without heat treatment.
The reflection positions match those of ICSD 239663 (LLZO) and ICSD 171750 (NMC).
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considered. Therefore, each point of the spectrum was assigned to
either LLZO, NMC, or secondary phases. Finally, the spectra in each
group were averaged. Through this analysis, it was possible to extract
average spectra for LLZO, NMC, and secondary phases.

■ RESULTS AND DISCUSSION
XRD Analysis. The temperature stability of LLZO and

different CAM compositions was investigated by XRD. The
CAM compositions studied included LiNi1/3Mn1/3Co1/3O2
(NMC111), LiNi 0 . 6 Mn 0 . 2 Co 0 . 2 O 2 (NMC622), Li-
Ni0.8Mn0.1Co0.1O2 (NMC811), and LiNi0.8Co0.15Al0.05O2
(NCA).

The combination of NMC111 and LLZO (Figure 1a)
appears to be stable at temperatures up to about 1000 °C since
NMC111 and LLZO remain as the main phases after
cosintering. In the samples sintered at 800 °C and higher, a
small fraction (less than 2 wt % according to a Rietveld
refinement) of the secondary phase is detected, which can be
assigned to La2M0.5Li0.5O4 (M = Ni, Co, Mn, and Al) (see, for
example, reflection around 31.7° 2θ angle). In view of the
lattice parameters, it seems likely that the main transition metal
is Ni. Such a phase was also described in a study on the
formation of garnet thin films by sol−gel processing and rapid
thermal processing.34

At 1100 °C, an additional minor phase is detected, which
can be assigned to about 2 to 4 wt % of a LaMO3 perovskite
phase (M = Ni, Co, and Mn) after Rietveld refinement (Figure
1a). This phase was previously shown to be a reaction product
of LLZO with LiCoO2, where LaCoO3 was formed.11 The
reference pattern for LaCoO3 agrees quite well with the
measured positions, but all reflections are shifted to higher 2θ
angles. According to the Bragg equation, this means that the
lattice parameters of pure LaCoO3 are too small to adequately
describe the experimental results. Other perovskite phases with
only one transition metal, such as LaMnO3 and LaNiO3, have
larger lattice parameters, mainly due to the larger ionic radii of
Mn and Ni in six-fold coordination: Co3+: 0.0545 (low spin),
0.061 (high spin); Mn3+: 0.058 (low spin), 0.0645 (high spin);
and Ni3+: 0.056 (low spin), 0.060 (high spin). In a
conventional perovskite structure, Mn3+ is in its high spin
configuration and Co3+ is in the intermediate spin state,35

while the configuration of Ni3+ in LaNiO3 is more complex and
cannot be described as 3d7.36 According to the ICSD database,
LaNiO3 (ICSD no. 67717) has lattice parameters of a = 5.46 Å
and c = 13.15 Å with a R3̅c space group symmetry, LaCoO3
(ICSD no. 17668) has a = 5.44 Å and c = 13.09 Å, and
LaMnO3 (ICSD no. 96038) has a = 5.50 Å and c = 13.27 Å.
The experimental data are best interpreted using a mixed
composition with a = 5.483(3) Å and c = 13.20(1) Å. Since
three ions with different radii are considered here, there is
some arbitrariness in determining the exact composition of the
perovskite based on the measured data, which was also
discussed in the literature.21 Moreover, it is well-known that
lattice mismatch, i.e., a deviation of ionic bond lengths
compared to an ideal perovskite structure can lead to a change
in spin states,35 which complicates a reasonable and reliable
calculation of composition. Finally, covalent contributions to
the transition metal−oxygen bond and a change in the valence
of the ions, e.g., Mn4+ (0.053 nm) or Ni 2+(0.069 nm), cannot
be excluded a priori (all ionic radii were taken from ref 37).
Such a valence change was also discussed in.21 In summary, the
exact composition of the perovskite phase is not clear from the
XRD measurements, but the formation of a Co- and Mn-

containing secondary phase during cosintering of NMC and
LLZO, similar to LaCo1−xMnxO3 (x < 0.4) described by Ren et
al. is very likely.21,26 Other possible reaction products are single
metal oxides, e.g., CoO or NiO, with a rock salt structure.13,21

The peak positions for NiO as an example are also shown in
Figure 1a.

When the temperature was increased to 1200 °C, the
crystalline phases described above were apparently further
altered until a severe decomposition of the original
constituents was observed.

The results obtained for Ni-enriched NMC622 are similar to
those of NMC111 (Figure 1b). LLZO and NMC622 remain
the main phases at temperatures up to 1000 °C, while the
secondary phases La2M0.5Li0.5O4 and perovskite phase amount
to less than 2 wt %, according to a Rietveld analysis. Similar to
NMC111, strong decomposition occurred at 1200 °C, with the
perovskite phase forming as one of the predominant secondary
phases. However, in this case, the CAM decomposed strongly
in contrast to the results of the tests with NMC111. In
addition, LLZO remains present and decomposed to a much
lesser extent. Interestingly, the XRD pattern at 1200 °C
(Figure 1a) does not contain any clearly discernible peaks for a
NiO rock salt phase, in contrast to what was observed for the
mixture containing NMC111.

An even stronger decomposition becomes evident when
NMC811 with the highest Ni content is cosintered with LLZO
under otherwise identical conditions (Figure 1c). On the one
hand, the reaction to La2M0.5Li0.5O4 at a certain temperature is
much more pronounced. On the other hand, the perovskite
phase (the predominant secondary phase formed during the
decomposition of the LLZO-NMC111 and LLZO−NMC622
mixture) was no longer detected when LLZO-NMC811 was
examined. While NMC111 and NMC622 appear to be quite
stable up to a temperature of 1100 °C, the intensity of the
NMC811 reflections decreased significantly with an increasing
heat treatment temperature. At 1100 °C, some wt % of the
phase composition was attributed to La2M0.5Li0.5O4, while a
rock salt phase accounted for about 10 to 15 wt % (fitted with
a nominal composition of Li0.4Ni1.6O2, ICSD no. 71422), as
estimated by Rietveld analysis. Figure 1c contains the reflection
positions for nominal NiO for comparison, and here, it is even
clearer than that in the diffraction patterns obtained with
NMC111 and NMC622 that the formation of single metal
oxides such as NiO cannot be detected from the experimental
results.

In addition to NMC, the high-temperature reactivity of the
manganese-free NCA and LLZO was also investigated (Figure
1d). The formation of secondary phases observed for
NMC111, NMC622, and NMC811 can be clearly applied to
NCA: the reaction that yields La2M0.5Li0.5O4 was even more
pronounced compared to LLZO-NMC811 in the lower
temperature range studied in this work. The perovskite
phase, which was found for LLZO-NMC111 and LLZO-
NMC622 and was absent for LLZO-NMC811, cannot be
detected in LLZO-NCA either. In addition, more than half of
the NCA decomposed at 1100 °C, about 4 to 6 wt % of
La2M0.5Li0.5O4 formed, and about 25 to 30% (compared to 10
to 20 wt % for NMC811) of all observed phases can be
assigned to the rock salt phase, as assessed by Rietveld
refinement.

A graphical summary of the XRD analysis results for all
CAM compositions studied is shown in Figure 2 for a better
illustration of the development of the phases. In general, CAM
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and LLZO are the predominant phases for all CAM
compositions at temperatures up to 1000 °C. Only small
amounts of secondary phases were formed below 1000 °C, and
greater decomposition of NMC and LLZO was observed at
1100 and 1200 °C. Figure 2 illustrates, as a trend, that
NMC811 and NCA are more reactive than NMC111 and
NMC622. The obtained findings are consistent with the results
of the previously published in situ high-temperature XRD
experiments, where the LaCo1−xMnxO3 perovskite phase was
observed and La2Ni0.5Li0.5O4 was identified as a La2M0.5Li0.5O4
equivalent phase in conjunction with NMC111 at a temper-
ature of 800 °C and above.26

In Roitzheim et al.,26 La2Ni0.5Li0.5O4 has been found as the
dominating phase detected by XRD in the case of NMC811 in
the temperature regime between 650 and 1000 °C, attributed
to the different heat treatment procedure and data acquisition.
These findings were obtained by adjusting the temperature in
50 °C increments using a ramp rate of 5 K/min with a holding
time of approximately 37 min during the diffraction measure-
ment. Furthermore, the data were only collected from the
surface of the NMC/LLZO pellets.26

In this work, the pellets were sintered at discrete
temperatures in a closed crucible, with a compacted powder
bed that was composed of LLZO and CAM underneath the
pellet (see the Experimental Part section). Thus, differences
with respect to the onset temperature of certain types of
secondary phase formation seem plausible (like different Li
evaporation or ion diffusion behavior).

The mixture of NMC111 and LLZO remained in a rather
stable state at temperatures of up to 1000 °C. After heat

treatment at 1200 °C, perovskite phases clearly developed, and
to a lesser extent, a rock salt phase was also observed. Similarly,
NMC622 appeared to be stable and decomposed to a lesser
extent into a perovskite phase and also a rock salt phase
compared to NMC111. For NMC811 and LLZO, the CAM
decomposed at a lower temperature, and a La2(M, Li)O4 phase
(M = Ni, Mn, Co) rather than a perovskite phase was formed.
The formation of the rock salt phase was the most
pronounced. With respect to NCA, similar observations were
made as for NMC811.

In the previous sections, a systematic temperature-depend-
ent evolution of the crystal phases of LLZO−NMC and
LLZO−NCA mixtures was discussed, starting from a high Mn
content to a CAM without Mn. Three La-containing secondary
phases were identified during cosintering of LLZO and
different CAMs, but Li2MnO3 and La2Zr2O7, both typical
reaction products of LLZO with high voltage CAM,13 were not
detected, and the same is true for CoO(OH) (neither as the
P63/mmc nor the R3̅m space group). Li2ZrO3, another
commonly observed phase, was also not detected. One should
note that Li2ZrO3 can react rapidly with CO2

Li ZrO CO ZrO Li CO2 3 2 2 2 3+ + (1)

This reaction could result in a core−shell structure with a
Li2ZrO3 core covered by a ZrO2 surface layer and an overlying
Li2CO3 layer.38 It is plausible that Li2ZrO3 might not be visible
due to a screening effect caused by these outer layers. Co3O4
was not observed by XRD, although it has been reported as a
reaction product for LLZO−spinel mixtures.13

Two major problems arise from the XRD analysis that
necessarily require a thorough review of the results discussed
above. The XRD patterns clearly contain signals corresponding
to a rock salt and a spinel phase. However, when metal
monoxides such as NiO and perovskites such LaMnO3 are
chosen as reaction products with rock salt and spinel phase,
respectively, in the Rietveld refinement, there appears to be no
Zr-containing reaction product even when the signals from
LLZO disappear completely from the XRD pattern (1200 °C).
In addition, although the decomposition products containing
transition metals of NMC and La appear to track properly, the
peak positions matched the reference positions reasonably well
but not perfectly.

Chemical element analysis (ICP-OES) showed no evidence
of a systematic change in the cation content (including Zr) as a
result of heat treatment except for an apparent loss of lithium.
The latter could be due to the formation and evaporation of
LiOH (melting point 473 °C39) or Li2CO3 (melting point
between 714 and 733 °C40). Thus, Zr-containing crystalline
phases must be present in the sample. The formation of
amorphous phases is unlikely since no diffuse reflection at low
angles indicating amorphous phases was observed in the XRD
patterns.

A possible explanation for these discrepancies and
inaccuracies is the incorrect assignment of reaction products.
Based on theoretical considerations followed by experimental
verification, Urban et al. presented another phase with
composition Li0.5Co0.25Zr0.25O, which is very similar to a
rock salt phase like CoO.41 Cambaz et al. published the
observation of a rock salt phase LiNi0.5Zr0.5O2,42 and Li et al.
presented a LiMn0.5Zr0.5O2 rock salt phase18 in their work.
This type of phase was used to fit the diffraction patterns of the
samples sintered at 1200 °C in our work (Figure 3). While a
refinement involving a NiO phase yields reasonable results, an

Figure 2. Phase development of mixtures of the investigated CAMs
and LLZO as a function of temperature. The exact compositions of
the respective phases that were formed as a result of the
decomposition reactions are not known. Therefore, certain phases,
which were considered to be most plausible, were evaluated [e.g.,
LaMnO3, LaNiO3, and LaCoO3 to represent a La(Mn,Ni,Co)O3
phase], and the deviations in the relative amounts were the basis for
the error bars in the plots. La2(M,Li)O4 was within the error bars
detected only for NMC811 and NCA.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01573
Chem. Mater. 2023, 35, 8958−8968

8962

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01573?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obviously even better fit could be obtained if a
Li0.5Co0.25Zr0.25O2 phase was used for the refinement. These
results clearly indicate that great care must be taken in
selecting potentially suitable crystal phases for Rietveld
refinement. It is possible that previous publications under-
estimated the importance of such rather unconventional
phases.

A small and broad elevation of the XRD signal between ca.
20 and 25° 2θ is detectable. It is supposed that this is a
background artifact due to the setup. Also the Rietveld
refinement did not give rise to any assumption that a phase
were overlooked. More details to the Rietveld refinement can
be found in the Supporting Information.

The determination of a possible composition of the
perovskite phase is further complicated by the fact that, in
addition to Ni, Co, and Mn, Zr4+ ions can also substitute
transition-metal ion sites in a perovskite structure.43,44 The
ionic radius of Zr4+ in six-fold coordination is 0.072 nm.37 Pure
stoichiometric LaZrO3 as a reaction product with the
perovskite structure would be possible with regard to the
ionic radii and the Goldschmidt tolerance factor37,45 but can be

excluded because either La or Zr ions would not be in their
stable oxidation state in this phase. A perovskite structure is
possible with Ca2+, which has a similar ionic radius to La3+ in
12-fold coordination, although literature values for the lattice
parameters differ considerably, e.g., a = 4.01 Å in46 vs a = 5.59
Å in.47 Alternatively, La-site deficient perovskites La2/3ZrO3 as
published in48,49 may be taken into consideration, where
nominal charge neutrality is given. With view to ionic radii,
also Li and Ta ions with six-fold coordination would fit into
the perovskite lattice. As examples, Thangadurai et al.50 and
Huang et al.51 published novel Li-containing perovskite
materials with sophisticated compositions with rational
number stoichiometry, while Yokokawa et al.52 and Vieten et
al.53 pointed out the stability limits of perovskites with ions
with different ionic radii on the respective perovskite lattice
sites. These issues make the calculation of the perovskite
composition based on XRD data and ionic radii alone even less
accurate.

Finally, Zr4+ ions can also be incorporated into the NMC
crystal. An incorporation of 5 at. % Zr into the LiNi0.8Co0.2O2
lattice without compromising the crystal structure has been
published.54 Lipson et al.55 and Liu et al.56 demonstrated XRD
peak shifts to smaller angles, i.e., an increase in lattice
parameters, for NMC622 by partial Zr ion substitution.

It is known that NMC materials lose oxygen during thermal
treatment, and there is experimental evidence that oxygen loss
in NMC can also lead to enlarged lattice parameters.57 The
extent to which oxygen can be reintegrated into the crystal
lattice appears to depend on the cooling rate. At this stage, it
cannot be ruled out that the NMC/NCA samples used in this
work are also subjected to some oxygen loss during heating
and subsequent cooling, which would also affect the lattice
parameter.

In summary, Zr4+ ions can diffuse into the rock salt,
perovskite, and NMC or NCA crystal lattice, which explains
the lack of distinct Zr-containing phases in the XRD patterns.
This possibility is supported by SEM investigations, which are
discussed in more detail in the next section.
SEM Analysis. The contrast observed in backscattered

electron (BSE) images in SEM depends on the atomic number
(so-called Z contrast).58 Table 1 contains the nominal mean
atomic numbers of the phases assigned in the XRD analysis,
calculated according to the formulas in Howell et al. and Love
et al.59,60 Since the accuracy of Z contrast determination in the
BSE mode is not very high and the differences of ΔZ = ±2 are
indistinguishable, the NMC compositions and the
Li0.5Co0.25Zr0.25O rock salt phase in Table 1 would show very
similar contrast in BSE images.

Phases with a high relative La content, i.e., La2Ni0.5Li0.5O4,
have the highest average atomic numbers, followed by the
perovskite-type compositions. Metal monoxides and LLZO
have intermediate values, and NMC compounds have the
lowest values of averaged atomic numbers. Interestingly, the
averaged atomic number of the Li0.5Co0.25Zr0.25O rock salt
phase discussed above is very close to that of NMC. Therefore,

Figure 3. Top: Rietveld refinement of a mixture of LLZO and
NMC111 after heat treatment at 1200 °C, i.e., in the severe
decomposition range, based on simple transition-metal-based oxides
(Rwp ≈ 3.19%). The percentages next to the listed compounds
represent the nominal weight ratios. Bottom: refinement after
introducing the novel phase Li0.5Co0.25Zr0.25O in addition to the
transition-metal-based oxides (Rwp ≈ 2.86%) (see Urban et al.41 for
details to the crystal structure of Li0.5Co0.25Zr0.25O. The corresponding
ICSD numbers of the other phases can be found in the text).

Table 1. Calculated Mean Atomic Numbers of Compounds Discussed in the XRD Section

Li6.45Al0.05La3Zr1.6Ta0.4O12 NMC111 NMC622 NMC811 NiO CoO
16.2 11.4 11.6 11.7 18.0 17.5
Li0.5Co0.25Zr0.25O La2Ni0.5Li0.5O4 Li2ZrO3 LaMnO3 LaCoO3 Co3O4

13.1 23.1 11.7 21.2 21.6 16.1
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only a minor difference in contrast between NMC and the
Li0.5M0.25Zr0.25O rock salt phase is expected in BSE images.
NMC compounds containing a certain amount of Zr have an
average Z number between pure NMC and the rock salt phase.

Figure 4a shows an SEM image of LLZO-NMC111 sintered
at 1100 °C taken with BSEs (i.e., the Z contrast is particularly
visible), along with a layered image derived from EDS
mappings Figure 4b. Four different regions with different
contrasts and compositions can be clearly distinguished.

Spectrum 1 taken in the large light gray region (“region 1”)
contains O, Al, Ta, La, and Zr and can be assigned to LLZO, in
agreement with the XRD data (Figures 1 and 3). The ratio of
Zr and Ta derived from EDS agrees very well with the nominal
ratio in LLZO. However, there is obvious deficiency of about
20 at. % with respect to La. Another distinct phase with an
even brighter gray scale was found (area with spectrum 2,
“region 2”). It consists mainly of La, Mn, Ni, and Co and
contains much less Zr and Ta compared to the region 1.
Considering the XRD results and the brightness of the BSE
image, region 2 appears to be La2M0.5Li0.5O4 (M = Ni, Co, and

Mn; Li cannot be detected by the EDS detector) or LaMO3
(M = Ni, Co, Mn, and Zr). According to the EDS-based
quantification of the cations, the ratio of La to the sum of
transition metals is very close to 1:1, indicating the formation
of the LaMO3 phase and not La2M0.5Li0.5O4. In addition, it
appears to be a Mn-rich perovskite. It should be noted that the
EDS could overlap with the EDS signal from Pt, resulting in
what appears to be apparently increased Zr peak as an artifact
(Lα line of Zr: 2.0424 eV; Mα line of Pt: 2.0485 eV; see also
the EDS spectra in Figure 5 where Pt was identified instead of
Zr; thus, small amounts of Zr could be concealed by the EDS
signal from Pt). It cannot be excluded that the excitation
volume of the phase with high atomic numbers is increased to
such a degree that signals from the original LLZO material can
also be detected.

Spectrum 4 taken in the large dark gray region (“region 4”)
contains mainly Ni, Mn, and Co in a ratio close to Ni/Mn/Co
= 1:1:1 (while other cations appear to contribute less than 1 at.
%), which agrees well with the NMC111 composition. In
addition to region 4, much smaller areas with light gray

Figure 4. (a) BSE image of a mixture of LLZO−NMC111 sintered at 1100 °C and (b) layered image of the single EDS mappings of La, O, Zr, Mn,
Co, Ni, and Ta. Dark blue areas in this image show mainly the NMC111, and bright green areas show the LLZO. Dark green and violet show newly
formed phases (see text). Graphics: EDS spectra of regions 1 and 2 (c) and regions 3 and 4 (d).

Figure 5. (a) BSE image of a mixture of LLZO and NMC811, heat-treated at 1100 °C; (b) EDS spectra B (NMC811) of this figure (part a) and 2
(NMC111) (of Figure 4), indicating that the bright phase has a higher ratio of La to transition metals than that in the case of NMC111; and (c)
EDS spectra of the dark gray areas (spectrum C and spectrum D), showing that both dark phases have a very similar composition and both contain
Zr as well as Ta.
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contrast have also been detected in BSE images [spectrum 3,
“region(s) 3”]. The EDS spectrum of these regions shows a
strong signal of Zr as a major element, and apparently the same
content of Ni as in NMC but with smaller amounts of Co and
Mn compared to NMC. The ratio of Zr to the sum of Mn, Co,
and Ni is close to 1:1, which agrees well with the composition
of Li0.5M0.25Zr0.25O (M = Ni, Co, Mn, and Zr) rock salt phase
discussed above. Moreover, signals corresponding to Ta
(however, only half of the nominal content of LLZO) and
La are visible but much smaller than that in LLZO when
considering the intensity of the Zr peak in the same spectrum.
Regions 3 always appear close to or apparently even within the
LLZO particles. It is possible that EDS signals from the
surrounding areas were partly detected, as well.

The SEM analysis described above was also performed for
the mixture of LLZO and NMC811 heated to 1100 °C (Figure
5). Two light gray areas are also visible in this composition: the
large bright region A associated (associated with spectrum A)
can be assigned to LLZO (based on the EDS analysis), as for
the LLZO−NMC111 mixture. In addition, another region B
with even brighter contrast than LLZO and thus a much higher
average Z value was detected (spectrum B). EDS quantification
shows that the composition of this very bright region differs
significantly from region 2 in the LLZO−NMC811 mixture as
it contains more La and fewer transition metals (Figure 5;
Figure 5c spectra 2 and B). Ni is the predominant transition
metal, while the amount of Mn and Co is lower by 1 order of
magnitude. Moreover, the La/Ni molar ratio is about 3.8,
which, in contrast to the findings of NMC111, indicates the
formation of La2Ni0.5Li0.5O4 rather than a perovskite phase.
The observation of this phase agrees well with our earlier
publication, in which the formation of isolated light gray
particles of La2Ni0.5Li0.5O4 was observed after sintering at 800
°C.26 A similar morphology seems to be preserved even at the
much higher temperature of 1100 °C used in this work.

Similar to NMC111, the formation of dark gray regions
within the LLZO particles is also observed for the NMC811
(region D, with spectrum D). However, there are major
differences in the chemical compositions of these regions in the
two NMC compositions. For NMC111, these regions contain
a high amount of Zr and were assigned to a rock salt phase
(Figure 4). However, the composition of these domains for the
LLZO−NMC811 mixture is very similar to that of the pure
NMC811 grains (Figure 5c, region C, with spectrum C), (with
Ni/Mn/Co ≈ 8:0.9:1 according to EDS measurements).

Interestingly, and in contrast to NMC111, a significant fraction
of Zr is found in this region, i.e., Zr/Co ≈ 0.6:1. Therefore, we
interpret our results to mean that NMC811 serves as a host for
Zr.

Intriguingly, no evidence of a rock salt phase was found in
our SEM analysis, although such a phase was originally
identified in LLZO−NMC811 mixtures by Rietveld refine-
ment. The reason for this remains unclear at this stage.

SEM and EDS analyses show that after cosintering of
NMC111 and LLZO at 1200 °C, a Mn-rich perovskite as well
as a Zr-containing rock salt phase (Li0.5M0.25Zr0.25O; M = Ni,
Co, and Mn) are formed, while only La2Ni0.5Li0.5O4 forms as a
secondary phase, and Zr is incorporated into the NMC811
host structure when NMC811 and LLZO are cosintered at the
same temperature.
Raman Spectroscopy Analysis. Figure 6 shows the

Raman spectra of the LLZO-NMC111 mixtures heated at 800,
1000, and 1100 °C, respectively. The three plots show the data
assigned to LLZO, NMC111, and the secondary phases
determined by an extraction algorithm, as described in the
Experimental Part. LLZO and NMC111 appear to be quite
stable in this temperature range, as confirmed by the XRD
analysis (Figure 6a,b). The Raman spectrum of a secondary
phase formed after heating at 800 and 1000 °C is very similar
to that of La2Li0.5Ni0.5O4. However, a phase change occurs at
higher temperatures, and the spectrum of the phase formed at
1100 °C agrees quite well with a Raman spectrum reported for
perovskites.61,62 This is also consistent with the results of the
XRD analysis.

In addition to the Raman spectrum of pure LLZO, an
additional peak is observed that is consistent with the spectrum
of La2Li0.5M0.5O4 (Figure 6a). Presumably, in addition to the
main phases, a fraction of La2Li0.5M0.5O4 is also present in the
regions composed predominantly of LLZO.

■ CONCLUSIONS
When mixtures of LLZO and different NMC compositions
such as NMC111, NMC622, NMC811, and NCA were
sintered together at temperature ranging from 800 to 1100 °C,
the initial CAM and LLZO phases were mainly preserved.
However, various secondary phases were observed, the nature
and amount of which were influenced by the chemical
composition of the NMC. In general, three secondary phases
were identified, namely, La2Li0.5M0.5O4 (M = Ni, Co, and Mn),

Figure 6. Raman spectra of LLZO, NMC111, and secondary phases in mixtures of NMC111 and LLZO heat-treated at 800, 1000, and 1100 °C. A
Raman spectrum obtained with pure LLZO was added [(a) green] for comparison. The Raman peaks associated with NMC111 indicate that the
NMC111 phase is mainly conserved during heat treatment (b). Pure La2Li0.5Ni0.5O4 was synthesized in-house to provide a suitable reference
measurement [(c) green color].
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a perovskite phase LaMO3 (M = Ni, Co, and Mn), and a
Li0.5M0.25Zr0.25O (M = Ni, Co, and Mn) rock salt phase. The
temperature of the reaction onset depends strongly on the
active cathode materials used. For all NMC compositions,
La2Li0.5M0.5O4 (M = Ni, Co, and Mn) forms at 800 °C and
above. In the case of NMC111 and NMC622, the perovskite
phase appears as a major phase after cosintering at higher
temperatures (1000 °C and above). In the case of NMC811
and NCA, this perovskite phase apparently does not form at
all. The rock salt phase also forms at 1000 °C and above for
NMC111 and NMC622, but it forms already at 800 and 600
°C for NMC811 and NCA, respectively.

For all mixtures of LLZO and the CAMs studied, the relative
amount of secondary phases increases at higher temperatures.
In general, it can be observed that the reactivity of the different
NMC compositions toward LLZO during cosintering increases
with increasing Ni content (measured by the amount of
secondary phases in the XRD analysis as a function of
temperature). However, in addition to the type and
concentration of secondary phases formed at a given
temperature, their electrochemical properties should also be
considered to identify suitable cathodes for garnet-type all
solid-state batteries. The electrochemical properties of the
secondary phases observed in this study have not yet been
investigated, and no data could be found for pure
La2Li0.5M0.5O4, for the rock salt-type LiM0.5Zr0.5O2, or the
perovskite LaMO3 phases.

Our study shows that a comprehensive analysis of different
characterization techniques is necessary to correctly identify
the incidents occurring during the sintering of mixtures of
CAM and garnet-based electrolytes. Our investigations
revealed the formation of two important secondary phases
not considered in previous analyses, namely, rock salt phases of
the LiM0.5Zr0.5O2 type (M = Ni, Mn, and Co) and NMC-like
structures with significant partial replacement of transition
metals by zirconium.

Similar reactions were observed for the CAM LiCoO2 in
conjunction with LLZO during conventional sintering.11 An
approach of liquid phase sintering appears questionable with
view to publications on processing with liquid precursors
which rather promoted than inhibited the detrimental
reactions.11 Another way that has been intensively investigated
was the application of coatings between CAMs and solid
electrolyte, see24 and references therein, it recently turned out
that reducing the interaction time at high temperature is a
significantly more promising strategy, for example, rapid
thermal processing,63 ultrafast high-temperature sintering,64

or laser sintering.65 Therefore, it is self-evident to transfer this
approach to the processing of composite cathodes containing
NMC materials.
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Germany; Jülich Aachen Research Alliance: JARA-Energy,
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