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Abstract
Polycrystalline LiTaO3 ceramics are beset with difficulties with regard to fabrication by means of conventional

pressureless sintering because of their own refractory character. In this study, composite ceramics of LiTaO3 with
added manganese dioxide were obtained by sintering at 1 250 °C. The sinterability, microstructure and dielectric
properties of the LiTaO3 composite ceramics were then investigated. The relative densities of the LiTaO3 composite
ceramics were significantly improved by the addition of MnO2 powder. The LiTaO3 composite ceramics achieved
the highest relative density (93.1 %) and obtained a well-grained microstructure when the amount of MnO2 added
was 5 wt%. Only the LiTaO3 phase in the composite ceramics was observed when the MnO2 content added was
less than 3 wt%. The second phase of the Mn3O4 particles existed in the boundaries of the LiTaO3 grains, and the
content gradually increased when the mass fraction of added MnO2 was more than 3 wt%. The effects of the MnO2
added on the dielectric properties of the LiTaO3 composite ceramics are studied thoroughly herein. Consequently,
the dielectric constant was found to be enhanced, and the dielectric loss decreased in the LiTaO3 composite ceramics
with the MnO2 addition (i.e. both frequency- and temperature-dependent). The optimum values of the relative
density, microstructure and dielectric properties were obtained when 5 wt% MnO2 was added to the LiTaO3 composite
ceramics.
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I. Introduction
As an excellent single crystal, lithium tantalite (LiTaO3)

has high values of planar electromechanical coupling, me-
chanical quality factor and low acoustic transmission loss
and is used in various applications because of its low di-
electric constant 1 – 3. Many studies have focused on the
single crystals of LiTaO3

4 – 8, whilst only a few have dis-
cussed the fabrication, sintering and dielectric properties
of LiTaO3 ceramics 9 – 12 because LiTaO3 is beset with dif-
ficulties as regards densification in the sintering process.
Previous studies have tried to facilitate sintering of LiTaO3
ceramics with the addition of oxides/fluorides or doping
in two steps comprising powder synthesis, followed by
sintering 13 – 14. Many studies on LiTaO3 solid solution
systems, such as the CaTiO3-doped LiTaO3 system, the
LiF and MgF2 co-doped LiTaO3 system, the Mg-doped
LiTaO3 system and Li(1–x)AgxTaO3, have also been per-
formed 13, 15 – 17. S. Shimada et al. found that MnO2 is an
efficient sintering aid in comparison with other oxides, but
its microstructure and other properties were not system-
atically investigated 14. Mn is a good element that can im-
prove the performance of many functional ceramics. Ac-
cordingly, researchers have shown that doping with Mn
can improve the dielectric properties of ceramics 18 – 20.
Therefore, MnO2 was added to fabricate MnO2/LiTaO3
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composite ceramics based on a solid-state sinteringpro-
cess using MnO2 and LiTaO3 raw powders. LiTaO3 ma-
trix ceramics were successfully fabricated with the addi-
tion of different MnO2 contents. The microstructure and
the dielectric properties of the MnO2/LiTaO3 composite
ceramics were investigated.

II. Experimental
LiTaO3 matrix composite ceramics with different MnO2

contents (mass fractions of 1 %, 3 %, 5 % and 7 %, sam-
ple MLT) were manufactured with a conventional sin-
tering method. Commercially available LiTaO3 pow-
der (Fangxiang Industry Co. Ltd., Shanghai, China) and
MnO2 powder (Shanghai Meixing Chemical Co. Ltd.,
Shanghai, China) were used as the raw materials. On the
basis of mass ratio, the two powders were weighed, then
ball-milled in alcohol with carnelian balls for 24 h. The
blended powders were dried and calcined at 800 °C for
3 h, then mixed with 7.0 wt.% polyvinyl alcohol binder.
The powders were ground again after calcination, then
pressed into discs with 16 mm diameter and approximate-
ly 2 mm thickness. Finally, all the discs were sintered at
1 250 °C for 3 h.

The relative density of the samples was measured with
the Archimedes method. The crystalline structure of the
samples was obtained by means of an X-ray diffractome-
ter (X‘Pert PRO, PANalytical, Holland) using CuKa ra-
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diation. The surface element compositions and the chem-
ical states of the samples were analysed with X-ray pho-
toelectron spectroscopy (XPS, ESCALAB 250Xi, Ther-
mo Fisher) with AlKa radiation. Scanning electron mi-
croscopy (SEM, Hitachi S-3400N, Japan) with an energy-
dispersive spectrometer (EDS) was performed to examine
the microstructure and the distribution of the composi-
tions. The samples were plated by means of silver paint-
ing on both sides of the polishing pellets, then kept warm
at 850 °C for 10 min to characterise their dielectric proper-
ties. The frequency-dependent dielectric constant and the
dielectric loss were obtained at room temperature from
100 Hz to 1 MHz using an impedance analyser (Model
Agilent E4990A, Central South University, Hunan, Chi-
na). The temperature dependence of the dielectric constant
and the dielectric loss were measured with an LCR me-
ter (Model HP4284A, Agilent Technologies Ltd., Hyogo,
Japan) at 100 KHz from room temperature to 750 °C.

III. Results and Discussion
Fig. 1 shows the relative density of the LiTaO3 matrix ce-

ramics with different MnO2 contents. It can be seen from
the figure that the relative density increased first and then
decreased with the increasing MnO2 content. The rela-
tive density of the composite ceramics first significant-
ly increased with the increasing MnO2 content when the
MnO2 content was less than 3 wt%, then slowly increased
when the MnO2 content was increased to 5 wt%. It subse-
quently decreased. The relative density of the pure LiTaO3
ceramic was very low because the anisotropy of the bulk
expansion led to the rupture of the grains or boundaries,
that is the LiTaO3 itself can hardly undergo densifica-
tion 9. The highest value of the relative density of the com-
posite ceramics reached 93.1 %. The addition of MnO2
can significantly promote the sintering densification pro-
cess of the LiTaO3 matrix ceramics; however, the addition
of excess MnO2 pulled down the relative density, which
could be related to the uniformity of the grain growth dur-
ing the sintering process. Li et al. also reported similar re-
sults when studying the effect of MnO2 on BNBT ceram-
ics 21.

Fig. 1: Relative density of the LiTaO3 composite ceramics.

Fig. 2 shows the XRD patterns of the LiTaO3 matrix
ceramics with different MnO2 contents. Fig. 2(a) illus-

trates that the LiTaO3 ceramic samples with 1 wt% and
3 wt% MnO2 contents had a trigonal (rhombohedral)
crystal structure. Moreover, no secondary phase occurred,
indicating that MnO2 had probably diffused into the
LiTaO3 lattice to form solid solutions, and the addition
of MnO2 did not significantly change the crystal struc-
ture of LiTaO3. The XRD results also showed that the
LiTaO3 ceramic samples with the added MnO2 contents
of 5 wt% and 7 wt% had a detectable secondary phase,
that is Mn3O4. In other words, a higher MnO2 content
cannot diffuse into the LiTaO3 lattice and exist as a sec-
ondary phase. The fact that Mn ions have different valence
states at different temperatures has been demonstrated
with the following equation 22:

+4
MnO2

535 °C
-------→ +3

Mn2O3

1080 °C
---------→ +2, +3

Mn3O4

1650 °C
---------→ +2

MnO (1)

Mn3O4 is present in the LiTaO3 composite ceramics with
added MnO2 contents of 5 wt% and 7 wt% because the
sintering temperature was 1 250 °C. Fig. 2(b) shows an en-
larged pattern of the (240) diffraction peak of the LiTaO3
crystal. Accordingly, the (240) diffraction peak shifted to-
wards a low angle as the MnO2 content increased.

Fig. 2: X-ray diffraction (XRD) patterns of the LiTaO3 ceramics
with different MnO2 contents.

This result indicates that the Mn ions diffused into the
LiTaO3 lattices. According to the ionic radius of Mn3+
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(0.645 Å), the ionic radius of Mn2+ (0.83 Å) and the ionic
radius of Ta5+ (0.64 Å), it is reasonable that the lattice
expansion of the LiTaO3 ceramics should be caused by the
replacement of the smaller Ta5+ by Mn2+ or Mn3+. The
similar cation occupancy behaviour has also been reported
in other Mn-doped, Pb-based perovskite ceramics 23, 24.

An XPS analysis was performed on the LiTaO3 ceramic
with an added 5 wt% MnO2 to further confirm the com-
position, electronic configuration and surface state of the
samples. The XPS spectra showed that the sample con-
tained the Li, Ta, Mn, O and C elements in the LiTaO3
composite ceramic with 5 wt% MnO2 content. Calibra-
tion of all binding energies was done by referencing the
C1s peak BE = 285.0 eV. The spectral lines of the elements
agreed well with the elements of the LiTaO3 composite ce-
ramic with the added MnO2. In other words, no extra ele-
ment interacted in the specimens.

A further analysis of the region where each element is lo-
cated is given in Fig. 3(b), which displays the Mn 2p spectra
of the LiTaO3 composite ceramic with the added 5 wt%
MnO2. The binding energy of Mn indicated the presence
of the Mn 2p1/2 and Mn 2p2/3 electron configurations
at 653.6 eV and 641.3 eV, respectively. The main peak of

2p3/2 was located at 641.3 eV. Three 2p3/2 peaks of the
binding energies in the LiTaO3 composite ceramic with
an added 5 wt% MnO2 located at 641.2 eV, 643.2 eV and
646.1 eV and their respective calculated proportions were
66 %, 30 % and 4 %, respectively. The binding energy lo-
cated at the lower binding energy was attributed to the
Mn2+ ions, whilst the binding energies located at the high-
er binding energy were attributed to the Mn3+ and Mn4+

ions, and similar results were obtained by Cen et al. 25.
Therefore, we have reason to believe that Mn ions coex-
ist in MLT ceramics in three valence states. Researchers
have reported that Mn ions have different valence states
at different temperatures 22. The existence of Mn4+ may
be due to the fact that MnO2 is not fully involved in the
reaction. In the O1s spectrum (Fig. 3c), the binding ener-
gy of 530.4 eV belonged to the lattice oxygen (O2-). The
peak at 531.8 eV indicates the defects, chemisorbed oxygen
and coordinated lattice oxygen 26. The results show that
rich valence and defects exist in LiTaO3 composite ceram-
ics, which is beneficial to the grain growth of the LiTaO3
composite ceramics. The radius of Mn3+ is close to that
of Ta5+ but smaller than that of Ta5+. The substitution of
Ta5+ at the B site in LiTaO3 increases the lattice constant.

Fig. 3: XPS spectra of 5MLT ceramic a) full spectrum, b) Mn 2p, c) O1s, and d) Ta 4 f.
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The O2- radius is much larger than other ions in MLT com-
posite ceramics. MLT composite ceramic sintering is main-
ly restricted by oxygen ion diffusion. The replacement of
Ta5+ ions in the LiTaO3 crystal by the Mn cation will gen-
erate oxygen vacancies (Vo″), and the oxygen vacancies
will promote the migration of ions during sintering and
elongate the grain length. The solid solubility of the ad-
ditive is low, and it not only enters the crystal lattice but
also accumulates at the grain boundary. The pores are dis-
charged outward along the grain boundary, so the addition

of Mn cation not only promotes the sintering process but
also prevents the abnormal growth of crystal grains. The
fineness of the crystal grains is uniform, which promotes
the increase in density. Wang et al. 27 found that in KNN
ceramics with the addition of more than 0.5 % Mn defec-
tive compounds (Mn′′

Nb – Vo′′) and (Mn′
Nb – Vo′′ – Mn′

Nb)
were formed, the proper amount of defects will promote
the uniform growth of crystal grains.

Fig. 4 shows the SEM micrographs of the LiTaO3
composite ceramics with different MnO2 contents.

Fig. 4: SEM micrographs of the LiTaO3 composite ceramics with different MnO2 contents a) 0 wt% b) 1 wt% c) 3 wt% d) 5 wt% d) 7 wt%.
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Fig. 4 shows that the porosity of the LiTaO3 composite ce-
ramics with different MnO2 contents first decreased, then
increased with the increasing MnO2 content. The pores
were least when the added MnO2 amounted to 5 wt%.
This result was the same as the trend of relative density.
Adding MnO2 to LiTaO3 could also effectively affect the
grain growth. The average particle size of the samples in-
creased with the increased MnO2 content. Excess man-
ganese oxide existed at the grain boundaries of LiTaO3
when the MnO2 content was 5 and 7 wt%. In the fig-
ure, manganese oxide is represented by an arrow. Abnor-
mal grain growth in the LiTaO3 ceramic can be observed
with 7 wt% MnO2. The grain size of LiTaO3 was uni-
form, and the second phase homogeneously distributed in
the composite 5MLT ceramic because adding Mn cations
into the LiTaO3 ceramic leads to a replacement of Ta5+

by Mn2+/Mn3 +. Accordingly, oxygen vacancies occurred,
resulting in easier grain boundary mobility, which is con-
ducive to better sintering behaviour. The addition of an
appropriate content of MnO2 is beneficial to the uniform
growth of grains and improves the sintering performance
of the LiTaO3 matrix ceramics. However, an excessive
amount of MnO2 leads to abnormal growth of grains and
impairs the sintering performance of LiTaO3 matrix ce-
ramics. With increasing MnO2 content(≤ 3 wt%), Mn3O4
was not detected in XRD. According to the SEM image,
Mn3O4 did not appear in 1MLT ceramics, but a small
amount of Mn3O4 could be seen in the 3MLT ceramics,
owing to the small concentration, Mn3O4 was not de-
tected in XRD. Fig. 4 shows that MnO2 diffused into the
LiTaO3 lattice to form solid solutions, and the addition of
MnO2 did not give rise to obvious change in the crystal
structure and micrograph of the LiTaO3 composite ceram-
ics. The secondary phase was observed in Figs. 4(d) and (e)
with a further increase in the added MnO2. The grey par-
ticles denote the LiTaO3 phase, whilst the black prismatic
particles represent the manganese oxide that appeared at
the grain boundaries. These findings were found to be in
accordance with the above-mentioned XRD results. The
EDS result is shown in Fig. 5 to determine the composition
of the secondary-phase particles. The secondary phase (i.e.
black prismatic particles) was a Mn3O4 phase according to
the combined XRD and EDS results.

Fig. 6 shows the EDS mapping of 3MLT composite ce-
ramics. Li element cannot be detected in EDS, because Li
element is a lightweight element 28. It can be seen from the
figure that there are more pores on the ceramic surface, and
the distribution of O element is relatively uniform. Ac-
cording to the results of EDS mapping, it is found that Mn
element is relatively uniform. An analysis based on a com-
bination with the XRD results suggests that Mn ions have
been diffused into LiTaO3 crystal.

The variation of dielectric constant and dielectric loss
with the frequency range from 100 Hz to 1 MHz at
room temperature is shown in Fig. 7. It can be seen
from Fig. 7(a) that the dielectric constant gradually de-
creases with the increase of frequency in the frequency
range of 100 Hz – 10 kHz. The dielectric constant al-
most approaches a stable value in the frequency range of
10 kHz – 1 MHz. The dielectric constant first increased,

Fig. 5: SEM micrograph a) and EDS result b) of point A in 5MLT.

then decreased with the increasing MnO2 content at the
same frequency. Subsequently, it achieved the maximum
value of 44 when the MnO2 content was 5 wt%. Fig. 7(b)
shows that the dielectric loss of all investigated samples
decreased with the increase of the test frequency, and the
dielectric loss first decreased, then increased with the in-
creasing MnO2 content at the same frequency. It then
achieved the minimum value when the MnO2 content was
5 wt%. The dielectric constant was the largest, whilst the
dielectric loss was the smallest when 5 wt% MnO2 had
been added to the LiTaO3 ceramic. The dielectric prop-
erties were affected by many factors, for instance poros-
ity, second phase and ionic polarisabilities 29. The SEM
results showed that the pores were gradually eliminated,
and a fine microstructure was obtained with the increasing
MnO2 content, which led to the enhanced dielectric con-
stant. The dielectric constant decreased when more than
5 wt% MnO2 was added because of the grain inhomo-
geneity and the worsening sinterability. Similarly, the di-
electric loss was the lowest when 5 wt% MnO2 was added.
The low dielectric loss may be caused by an increase in
density because there are fewer pores in the ceramic with
high density, resulting in less space charge accumulated in
the pores, and the lower spatial polarization of the ceramic.
When the addition amount of MnO2 is 7 wt%, the densi-
ty is low, and the sintering property deteriorates compared
with the addition amount of 5 wt%. The pores are also rel-
atively large, and the crystal grain size grows abnormally.
The number of defects increases as the number of holes in-
creases, resulting in a decrease in dielectric constant and a
large dielectric loss.
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Fig. 6: EDS mapping of 3MLT composite ceramics.

Fig. 7: The frequency-dependent dielectric constant a) and dielectric loss b) of the LiTaO3 composite ceramics.
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The temperature-dependent dielectric constant (er) and
the dielectric loss (tand) of the 5MLT ceramics as a
function of the temperature were measured at 100 Hz.
Figs. 8 and 9 show the result. The maximum dielectric
constant gradually increased by up to 3 280 at 5MLT,
then decreased. Furthermore, only one peak appeared
in the LiTaO3 composite ceramics with different MnO2
contents. The variation in the dielectric permittivity be-
haviour can scarcely be related only to the differences
in the microstructure. The observed variation in per-
mittivity could be related to the porosity and non-uni-
form microstructure of the whole samples. The dielec-
tric constant first increased in the samples, then de-
creased with the increase of the addition amount of
MnO2. These results could be ascribed to the densifi-
cation, grain configuration and observed uniform dis-
tribution of the secondary phase throughout the spec-
imens. An obvious difference was noticed in the di-
electric behaviour between samples with less and more
added MnO2. A pronounced permittivity-temperature
response and a rapid phase transition from the ferro-
electric to the paraelectric phase at the Curie tempera-
ture (Tc), wherein LiTaO3 was transformed from a trig-
onal to a tetragonal system, were observed for the sam-
ples with a higher MnO2 content. A small variation in
the dielectric permittivity at the Curie temperature and
an almost flat and stable permittivity response of the
dielectric constant were noticed for the samples with a
lower MnO2. The inset of Fig. 8 shows the variation
of the Curie temperature versus different MnO2 con-
tents.

Fig. 8: The temperature dependence of the dielectric constant of the
LiTaO3 composite ceramics at 100 kHz.

The permittivity-temperature detection indicated that
the Curie temperature was in the range of 703 – 647 °C,
which was lower (i.e. it shifted to a lower temperature
with the increase in the MnO2 content from 0 to 7 wt%).
The Curie temperatures of the LiTaO3 composite ceram-
ics were 703, 647, 602, 566 and 543 °C. The Curie tem-
perature decreased with the increase in the solid solubility

or the replacement of Ta5+ by Mn2+/Mn3+ at the B site.
The replacement at the B site by Mn2+/Mn3+ could cre-
ate oxygen vacancies. The occurrence of oxygen vacan-
cies broke the original symmetrical structure according
to research on the dielectric properties of oxygen vacan-
cies in the X8R system by Sun et al., thereby improv-
ing the stability of the paraelectric phase (i.e. the Curie
temperature point shifted in the low-temperature direc-
tion) 30.

Fig. 9 shows that the dielectric loss of the LiTaO3 com-
posite ceramics with different MnO2 contents increased
with increasing temperature. The dielectric loss first de-
creased, then increased with increasing MnO2 content.
The dielectric loss significantly increased when the tem-
perature was over 400 °C in the LiTaO3 composite ceram-
ics with the MnO2 content of 0, 1 and 7 wt%, respectively.
In other words, the pores and defects resulted in a high-
er conductivity in the samples with more than three com-
ponents. The loss of 5MLT was the lowest and the most
stable among all the components because of lower porosi-
ty and well-grained microstructure. The variation tenden-
cy of the dielectric loss versus the component was consis-
tent with the dielectric constant in the temperature range
of room temperature to 750 °C.

Fig. 9: The temperature dependence of the dielectric loss of the
LiTaO3 composite ceramics at 100 kHz.

Fig. 10 presents the er and tand of the 5MLT ceramics as a
function of temperature at frequencies 0.1, 1, 10, 100 kHz,
and 1 MHz. It can be seen from the figure that with the
increase in frequency, the dielectric constant of 5MLT ce-
ramic composite gradually flattens with the change of tem-
perature, which means that there is a “dielectric dispersion
phenomenon” 31. It can be seen from the figure that the di-
electric constant increases with the increase in the temper-
ature when it is lower than the Curie temperature, and the
increased amplitude of low frequency is larger than that of
high frequency. The dielectric constant decreases with the
increase of temperature when the temperature exceeds the
Curie temperature.
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Fig. 10: The temperature dependence of the dielectric constant and
loss of the 5MLT composite ceramics at different frequencies.

IV. Conclusions
In summary, LiTaO3 matrix composite ceramics were

successfully fabricated by means of pressureless sintering
at 1 250 °C. The effects of different MnO2 contents on
the sinterability, microstructure and dielectric properties
of the composite ceramics were investigated. The sinter-
ability of the LiTaO3 composite ceramics was improved
by increasing the MnO2 addition. The relative densities
of the LiTaO3 composite ceramics were also significantly
improved by the addition of MnO2 powder. The LiTaO3
composite ceramics achieved the highest relative density
(93.1 %) and obtained a well-grained microstructure when
the amount of added MnO2 was 5 wt%. The 1MLT and
3MLT ceramics only had the diffraction peaks of LiTaO3,
whilst the diffraction peaks of Mn3O4 were found in the
5MLT and 7MLT ceramics, indicating that excess MnO2
was sintered at 1 250 °C in the form of Mn3O4, and the
content of the Mn3O4 particles gradually increased. The
grain size of the LiTaO3 composite ceramics continuously
increased with the increase in the mass fraction of MnO2,
which can effectively promote grain growth. The dielectric
constant of the LiTaO3 composite ceramics at room tem-
perature in the frequency range from 100 Hz to 1 MHz
first increased, then decreased with the increase in the
MnO2 content at the same frequency. It also achieved the
maximum value of 44 when the MnO2 content was 5 wt%.
Similarly, the dielectric loss was the lowest when the added
MnO2 was 5 wt%. The maximum dielectric constant grad-
ually increased up to 3 280 at 5MLT, then decreased. The
Curie temperature decreased with the increase of the addi-
tive amount of MnO2, thereby shifting to a lower temper-
ature with the MnO2 content increasing from 0 to 7 wt%.
The variation tendency of the dielectric loss versus the
component was consistent with the dielectric constant in

the temperature range of room temperature to 750 °C.
Therefore, the highest relative density, well-grained mi-
crostructure and better dielectric properties were obtained
in 5 wt% MnO2-added LiTaO3 composite ceramics.
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