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Abstract

In the present work calcium hexaaluminate (CA6) was modified with different amounts of La2Ce2O7 to improve
sintering and explore its application possibility as the saggers for lithium-ion battery cathode material. It was
found that the addition of La2Ce2O7 causes incorporation of La3+ and Ce4+ ions into the CA6 grains accom-
panied by the formation of cation vacancy defects. Such behaviour greatly supported the CA6 grains to grow
along the direction perpendicular to the basal plane and improved the densification of CA6 materials. Typi-
cally, the bulk density of CA6 with 6.0 wt.% La2Ce2O7 addition exceeded 3.50 g/cm3 and the apparent porosity
decreased to below 3%. Moreover, the decrease in apparent porosity reduced the effective area between the
Li+ and CA6 as well as inhibited the penetration of Li+, leading to the improvement in the corrosion resistance
and service life.
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I. Introduction

With the rapid development of the global economy and
the extensive exploitation of non-renewable resources
such as oil and coal, governments over the world are con-
stantly seeking alternative new energy sources. Lithium-
ion batteries have attracted widespread attention due to
their advantages such as high specific energy, low self-
discharge, fine cycling performance, no memory effect
and green environmental protection, being currently con-
sidered to be the most promising high-efficiency sec-
ondary battery and the fastest developing chemical en-
ergy storage power source [1–4]. For lithium-ion batter-
ies, the cathode is the main donor of lithium ions (Li+)
in battery systems, and therefore plays an important role
in determining battery capacity, thermal stability and po-
tential [5–8]. In other words, the development of cathode
materials with advantages such as safety, economy, high
performance and large capacity will effectively promote
the widespread application of lithium-ion batteries.

At present, the mature cathode materials for applica-
tion in lithium-ion batteries mainly include layered ox-
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ide materials such as LixMO2 (M = Co, Mn, Ni), olivine
type materials such as LiFePO4 and spinel materials
such as LiMn2O4 [9–14]. Solid phase sintering method
is more favoured for the synthesis of cathode materials
due to its simple process equipment and shorter produc-
tion cycle. In the process of sintering cathode materials
for lithium-ion batteries, it is necessary to select suitable
saggers to improve the production efficiency of cathode
materials, reduce the production costs and improve the
production environment. Currently, oxide saggers such
as cordierite, mullite and corundum are commonly used
[15–17]. However, cordierite is easily corroded due to
the strong alkalinity and corrosiveness of the lithium
containing cathode materials, causing harmful impuri-
ties in the crucible and leading to a decrease in the qual-
ity of the cathode material. For the mullite, high silicon
content and weak alkali resistance result in the peeling
off of the material and mixing with the positive electrode
material after long time use, affecting the purity of cath-
ode materials. The alumina saggers are prone to crack-
ing during the sintering process owing to the high ther-
mal expansion coefficient of alumina, which declines its
service life. Therefore, it is still a challenge to develop
novel saggers to ensure the performance of lithium-ion
battery cathode materials.
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Calcium hexaaluminate (CaAl12O19, CA6) has been
widely used in metallurgy, petrochemical and other
fields due to its unique physical and chemical proper-
ties, including high melting point, excellent high tem-
perature mechanical properties and chemical stability
[18–23]. Recently, CA6 exhibited the potential as the
saggers for preparation of lithium-ion battery cathode
materials based on its strong corrosion resistance un-
der alkaline conditions [24,25]. However, the reaction
between the components accompanied by volume ex-
pansion effect during the process of preparing CA6 and
its special platelet or plate-like particles inhibit the sin-
terability, densification process and mechanical proper-
ties [26–29]. Therefore, it is difficult for sintered CA6
to reach full density even at high temperature and after
multiple sintering. For this reason, the reaction sintered
CA6 material tends to have high porosity and may easily
be corroded by the cathode materials of the lithium-ion
battery, greatly reducing its service life and the purity of
cathode materials. Consequently, high demands are ur-
gently required for the dense and quality CA6 materials
used as the saggers for preparing the lithium-ion battery
cathode materials.

Nowadays, numerous studies have looked at doping
with small amount of metal cations to modify the struc-
ture of CA6 and improve the comprehensive proper-
ties [22,23,30–36]. It has been found that the doped
metal cations can substitute Ca2+ or Al3+ to form more
defects in the structure of CA6, promoting sintering
and increasing the comprehensive properties. Although
several studies have been done with metal cations as
dopants in CA6, the effect of composite additives and
the coupling effect of two metal cations on its proper-
ties have not been explored. More importantly, there is
little research on the modification of CA6 as saggers for
smelting the lithium-ion battery cathode materials, es-
pecially regarding the interfacial reaction and element
migration behaviour between CA6 saggers and lithium-
ion battery cathode materials. Therefore, in the present
work for the first time the effect of La2Ce2O7 addition
on structure evolution of CA6 during sintering has been
investigated. Subsequently, this work focused on the in-
terfacial reaction characteristics between the CA6 sag-
gers and LiMn2O4 cathode materials, aiming to clarify
the corrosion behaviour and mechanism of LiMn2O4

cathode materials in contact with CA6 materials. This
work will contribute to the application of CA6 used as
the saggers for smelting the lithium-ion batteries cath-
ode materials and improve the corrosion resistance and
service life of the saggers.

II. Experimental

2.1. Synthesis of La2Ce2O7 particles

La2O3 (purity ≥99.99%, Sinopharm Chemical
Reagent Co. Ltd.), and CeO2 (purity ≥99.95%,
Sinopharm Chemical Reagent Co. Ltd.) were used as
raw materials to synthesize the La2Ce2O7 particles

by high temperature method. The La2O3 and CeO2

mixture with the molar ratio of 1:1 was ball milled in
ethanol for 6 h and then the obtained slurry was dried
at 90 °C. Subsequently, the obtained La2O3 and CeO2

mixture was uniaxially pressed into pellets with the
diameter of 20 mm and the thickness of 20 mm under a
pressure of 200 MPa, then the pellets were sintered at
the peak temperature of 1600 °C for 5 h in air with the
heating rate of 5 °C/min. Finally, the sintered pellets
were crushed and ball milled for 2 h to obtain the
La2Ce2O7 powder.

2.2. Preparation of CA6 materials

The Al2O3 (purity ≥99.0%, Sinopharm Chemical
Reagent Co. Ltd.), CaCO3 (purity ≥99.0%, Sinopharm
Chemical Reagent Co. Ltd.) and the synthesized
La2Ce2O7 powders were employed as starting materi-
als. The Al2O3 and CaCO3 mixture (molar ratio of 6:1)
was ball milled in ethanol for 4 h and then obtained
slurry was dried at 90 °C. Subsequently, the obtained
powders were pressed uniaxially into pellets with di-
ameter of 30 mm and thickness of 30 mm under a pres-
sure of 300 MPa and heat treated at 1200 °C for 1 h.
The obtained samples were crushed to obtain the pre-
synthesized raw materials with the powder size less than
75 µm. Furthermore, La2Ce2O7 powder was introduced
into the pre-synthesized raw materials with varying con-
tents of 0, 2.0, 4.0 and 6.0 wt.%, corresponding to the
samples denoted as CA-0, CA-2, CA-4 and CA-6, re-
spectively. The mixed powders were repressed uniaxi-
ally into pellets with diameter of 20 mm and thickness
of 20 mm at 100 MPa. Finally, the pellets were sintered
at the peak temperature of 1600 °C for 2 h in air with
the heating rate of 5 °C/min and then the samples were
naturally cooled inside the furnace to room temperature.

2.3. Interfacial reaction between LiMn2O4 and CA6

Li2CO3 (purity ≥98.0%, Sinopharm Chemi-
cal Reagent Co. Ltd.) and MnO2 (purity ≥91.0%,
Sinopharm Chemical Reagent Co. Ltd.) were employed
as the precursors for preparation of the LiMn2O4
cathode materials. Static crucible method was selected
to investigate the interfacial reaction between LiMn2O4

and CA6 materials. The Li2CO3 and MnO2 precursors
with the molar ratio of 1:4 were placed on the surface of
CA6 pellet and then sintered at the peak temperature of
800 °C for 10 h in air with the heating rate of 5 °C/min.
To analyse the corrosion behaviour the obtained sample
was 10 times heated at 800 °C with dwell of 10 h.

2.4. Characterization

The densification parameters in terms of bulk density
and apparent porosity of the sintered samples were mea-
sured via the Archimedes principle based on water as
the medium. The phase compositions of the sintered and
corroded samples were detected using X-ray diffraction
(XRD, Model D500, Siemens, Germany) using Cu Kα
radiation. The microstructure was examined by using
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Figure 1. Phase composition and microstructure analysis of the synthesized La2Ce2O7 powder

field emission scanning electron microscopy (FE-SEM,
Model Ultra Plus, ZEISS, Germany) and transmission
electron microscope (TEM, JEM-F200(HRP), Japan),
and the elemental distribution was analysed by using the
energy dispersive spectroscopy (EDS, Oxford, UK).

III. Results and discussion

3.1. Phase composition

Figure 1 shows the phase composition and mi-
crostructure analysis of the synthesized La2Ce2O7 pow-
der. According to the XRD phase identification results,
single La2Ce2O7 phase was observed with no observ-
able impurity phase. Combining with the SEM im-
age and EDS analysis, it was determined that the pure
La2Ce2O7 was successfully synthesized and can be used
as the additive for CA6 materials.

Figure 2 presents XRD patterns of the prepared
CA6 samples with various La2Ce2O7 contents. As it
can be seen, CA6 was indexed as the main crys-

talline phase with a few observable XRD peaks of
CA2 (CaAl4O7) and Al2O3 phases in the sample CA-
0 without La2Ce2O7 addition. With the introduction
of La2Ce2O7, the Al2O3 phase further reacted with
the CA2 to form CA6 phase. Meanwhile, the Al2O3
phase would also react with added La2Ce2O7, forming
LaAl11O18 and CeO2 phases resulting in lack of detec-
tion of Al2O3 in the CA6 samples with higher amount
of La2Ce2O7. In addition, a decrease in the diffraction
peak of the CA2 phase was also observed. Moreover,
the CA6 peaks exhibited a shift to lower 2θ values with
increasing the La2Ce2O7 addition from 0 to 6.0 wt.%,
suggesting the uniform solid solution formation in the
CA6 samples with La2Ce2O7 addition. Previous studies
[23,23,30–36] have shown that the CA6 lattices are good
host structures to form solid solutions by replacing Al3+

with Fe3+, Ti4+, Zr4+, etc. and Ca2+ with either alkaline-
earth or rare-earth cations of similar radii. Based on
the fact that cations Ca2+ (1.0 Å), Al3+ (0.53 Å), Ce4+

(0.97 Å) and La3+ (1.032 Å) have different radii, the in-

Figure 2. XRD spectra of the prepared CA6 samples with various La2Ce2O7 contents

295



H. Zhang et al. / Processing and Application of Ceramics 19 [3] (2025) 293–300

troduced Ce4+ could substitute Al3+ in the spinel block
of CA6 lattice and the La3+ could substitute Ca2+ in the
mirror layers of CA6 lattice, along with the formation of
V•Al and V•Ca vacancies according to Pauling’s rule. Such
behaviour was consistent with the previous research re-
sults [31,35,37]. The defect reactions in the CA6 sam-
ples containing La2Ce2O7 can be written as follows:

Ce4+ CA6
−−−→ Ce+Al + V•Al (1)

La3+ CA6
−−−→ La+Ca + V•Al (2)

Schematic diagram of ion migration in CA6 lattice is
presented in Fig. 3. It is worth noting that only part
of Ce4+ is incorporated in the CA6 lattice since CeO2

Figure 3. Schematic diagram of ion migration in CA6 lattice

diffraction peaks were still detected in the XRD pat-
tern of the CA-6 sample (Fig. 2), indicating that residual
CeO2 phase still existed in the CA6 material.

3.2. Microstructure

Figure 4 displays SEM images of the sintered CA6

samples with different La2Ce2O7 addition. Generally,
during formation CA6 grains were exposed to high sur-
face/interface energy anisotropy due to the low sur-
face energy of the basal plane, driving a preferential
grain growth along their basal plane (perpendicular to c-
axes) [37]. Such behaviour continued until the elongated
grains impinged upon each other. As a result, a typi-
cal platelet structure was observed in the CA6 grains for
the sample without La2Ce2O7 addition, leading to the
formation of the porous network. When La2Ce2O7 was
added to the CA6 samples, the CA6 grains transformed
from platelet structure to hexagonal columnar equiaxed
structure. This observation can be explained with the
fact that the introduced La2Ce2O7 could be dissolved
into the CA6 lattice to form uniform solid solution,
namely, Ce4+ would substitute Al3+ in the spinel block
of CA6 lattice and the La3+ would substitute Ca2+ in the
mirror layers of CA6 lattice. The formation of the solid
solution induced the structural modifications in the CA6

lattice, thereby enhancing the O2 diffusion rate along the
c-axis, greatly supporting the CA6 grains to grow along
the direction perpendicular to the basal plane (c-axes).
Furthermore, this positive effect was greatly promoted
with the increase of La2Ce2O7 content. For example,
the CA6 grains exhibited equiaxed morphologies with
curved boundaries in the sample CA-6 with 6.0 wt.%
of La2Ce2O7, conducing to eliminate pores and form

Figure 4. SEM images of the sintered samples: a) CA-0, b) CA-2, c) CA-4 and d) CA-6
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Figure 5. Variation of the amount of Al2O3 and CaO in CA6

lattices as function of La2Ce2O7 content

Figure 6. Variation in the apparent porosity and bulk density
as function of La2Ce2O7 content

highly dense structure. Moreover, CeO2 will accumu-
late at the grain boundaries of CA6 grains at high con-
centrations of additives, which would also contribute to
the improvement in densification. To further verify the
effect of La2Ce2O7 on the CA6 materials, the variation

of the amounts of Al2O3 and CaO in the CA6 lattices
as function of La2Ce2O7 content is given in Fig. 5. As
it was expected, there is a significant decrease of Al2O3
and CaO amounts in the samples with La2Ce2O7 addi-
tion, suggesting that La3+ and Ce4+ were dissolved into
the CA6 lattice.

Figure 6 presents the variation in the apparent poros-
ity and bulk density of the sintered samples as function
of La2Ce2O7 addition. High apparent porosity exceeded
20% and corresponding low bulk density was observed
for the sample CA-0 without La2Ce2O7 addition, indi-
cating the low sinterability due to slow diffusion rate
of ions. When La2Ce2O7 was introduced into the CA6

samples, sintering process was greatly improved, with
a trend of increasing relative density and decreasing
apparent porosity. Typically, the bulk density reached
3.55 g/cm3 while achieving an apparent porosity of only
2.75% when 6.0 wt.% La2Ce2O7 was added to the CA6

structure. Combined with the phase composition and
microstructural evolution characteristics, the formation
of the solid solution induced the structural modifications
in the CA6 lattice when the La2Ce2O7 was introduced.

3.3. Interfacial reaction between LiMn2O4 and CA6

Since the introduction of La2Ce2O7 significantly im-
proves the densification of CA6, it was expected that
this modified CA6 material can be used as the sag-
gers for preparing the lithium-ion battery cathode. Fig-
ure 7 displays XRD pattern, SEM and TEM images of
the synthesized LiMn2O4 cathode material used as CA6

saggers. The results indicate that the LiMn2O4 cathode
materials were successfully prepared with Li2CO3 and
MnO2 as the raw materials at 800 °C through the fol-
lowing reaction:

2 Li2CO3+8 MnO2 −−−→ 4 LiMn2O4+2 CO2+O2 (3)

To ensure the stability of the CA6 saggers, the cor-
rosion behaviour of CA6 saggers during the smelting
process of the LiMn2O4 cathode was investigated. XRD

Figure 7. Phase composition and microstructure analysis of the synthesized LiMn2O4 cathode material

297



H. Zhang et al. / Processing and Application of Ceramics 19 [3] (2025) 293–300

Figure 8. XRD spectra of the CA6/LiMn2O4 samples after
the corrosion test

spectra of the CA6/LiMn2O4 samples after the corro-
sion test are depicted in Fig. 8. The analysis results re-
veal that Li0.72Mn2O4, LiAlO2 and CaAl4O7 phases are
observed in the XRD patterns beside the CA6 phase af-
ter the corrosion test. Simultaneously with the forma-
tion of LiMn2O4 according to reaction 3, Li+ penetrates
into the interior of the CA6 material along the inter-
face and reacted with CA6 to form LiAlO2 phase, ac-
companied by the formation of CaAl4O7. Moreover, the
LiMn2O4 will be further oxidized to Li0.74Mn2O4 in the
air, accompanied by the formation of by-product Li2O,
which could also react with CA6 to form LiAlO2, caus-
ing structural changes in the materials and ultimately
resulting in damage. The whole reaction process in the
corrosion layer can be represented by the following re-
actions:

CaAl12O19 + 4 Li2CO3 −−−→ 8 LiAlO2 + CaAl4O7 +

+ 4 CO2 (4)

LiMn2O4 + 0.07O2 −−−→ Li0.72Mn2O4 +

+ 0.14Li2O7 (5)

CaAl12O19 + 4 Li2O −−−→ 8 LiAlO2 + CaAl4O7 (6)

After introducing La2Ce2O7 to modify CA6 mate-
rials, it was found that the diffraction peak intensities
of Li0.72Mn2O4, LiAlO2 and CaAl4O7 phases in the
XRD patterns were reduced, indicating that the reaction
between Li+ and CA6 was inhibited. In other words,
the corrosion resistance of the modified CA6 was im-
proved and more pronounced for the sample with higher
La2Ce2O7 content.

SEM-EDS analysis of the CA-0/LiMn2O4 and CA-
6/LiMn2O4 samples after the corrosion test is illus-
trated in Fig. 9. As it can be seen, the corrosion
layer composed of reaction layer and penetration layer
was observed. For the CA6 sample with 6.0 wt.% of
La2Ce2O7 (Fig. 9b), the thickness of corrosion layer
(about 3.0µm) is obviously thinner than that of the sam-
ple CA-0/LiMn2O4 without additives (about 20.0µm).
This observation was attributed to the decrease in ap-
parent porosity of the modified CA6 materials. On one
hand, the decrease in apparent porosity reduced the ef-
fective area between the Li+ and CA6 materials [38],
thereby reducing the reactivity between the LiMn2O4
cathode and the CA6. On the other hand, the penetra-
tion of Li+ into the interior of the CA6 material was in-
hibited owing to the reduced Li+ penetration channels
caused by low apparent porosity. Meanwhile, the im-
provement of thermal shock resistance of the CA6 ma-

Figure 9. SEM-EDS analysis of the CA-0/LiMn2O4 and CA-6/LiMn2O4 samples after the corrosion test
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terial reduced the dissolution of the CA6 materials in
the cathode material. The above behaviour would im-
prove the corrosion resistance of the CA6 material used
as the saggers for preparing the lithium-ion battery cath-
ode materials. In summary, low porosity and excellent
thermal shock resistance gave the synergistic effect for
improving the corrosion resistance of the CA6 materials
with La2Ce2O7 additives.

IV. Conclusions

The present work investigated the effect of La2Ce2O7

addition on structure evolution of CA6 during sintering,
aiming to achieve the modified CA6 materials with im-
proved densification. In addition, the interfacial reac-
tions between the CA6 saggers and LiMn2O4 cathode
material were analysed to further clarify the corrosion
behaviour LiMn2O4 cathode on the CA6 materials. The
results indicate that the La3+ and Ce4+ are incorporated
into the CA6 grains during sintering substituting Al3+

in the spinel block and Ca2+ in the mirror layers of the
CA6 lattice, respectively. These substitutions cause the
formation of cation vacancies which greatly supported
the CA6 grains to grow along the direction perpendic-
ular to the basal plane and improved the densification
of CA6 material. Typically, the relative density of CA6

with 6.0 wt.% La2Ce2O7 exceeded 90 %TD and the ap-
parent porosity decreased to below 3%. Moreover, the
decrease in apparent porosity reduced the effective area
between the Li+ and CA6 as well as inhibited the pene-
tration of Li+, leading to the improvement in the corro-
sion resistance and service life and promoting its better
application as the saggers for preparing the lithium-ion
battery cathode.
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