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Abstract: Ti4+-ion-doped (n + 1)SrO − nCeO2 (n = 2) ceramic systems were prepared with the
conventional solid-state reaction method, and the effects of the phase structures and compositions,
sintering behaviors, microstructures and microwave dielectric properties of these ceramic systems
were investigated in detail as a function of TiO2 content. The analytical results of the XRD patterns
show that the pure (n + 1)SrO − nCeO2 (n = 2) system is a composite-phase ceramic system with
coexisting SrCeO3 and Sr2CeO4 phases (represented as a SrCeO3 + Sr2CeO4 system), which belong
to the orthogonal structures of the Pmcn (62) and Pbam (55) space groups, respectively. For the
xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.1–0.4) ceramic samples, the secondary phase Sr2TiO4 can also
be detected within the range of the investigated components. Meanwhile, the Raman spectroscopy,
SEM-EDS, and HRTEM (SAED) analysis results also verified the correctness and consistency of the
phase structures and compositions for all the given specimens. In addition, complex impedance
spectroscopy was used to detect the conductive behavior of these compound ceramic systems, and the
calculation results show that the appropriate addition of Ti4+-ions can make the SrCeO3 + Sr2CeO4

system have better thermal stability. The composition of x = 0.2 multiphase structural ceramic
sample sintered at 1330 ◦C for 4 h has a near zero τf value of ~−4.6 ppm/◦C, a moderate εr of
~40.3 and a higher Q × f ~44,020 GHz (at 6.56 GHz). The relatively superior-performing ceramics
developed in this work are expected to provide a promising microwave dielectric material for
communication components.

Keywords: phase structures and compositions; SrCeO3 + Sr2CeO4 system; TiO2 addition; microwave
dielectric properties

1. Introduction

For the fifth generation (5G) and the sixth generation (6G) of communication tech-
nology, much of the future research will focus on the development of millimeter wave
frequency bands from centimeter waves to the higher frequencies, which requires mi-
crowave devices to have higher transmission rates and mobility performance and lower
signal delay. Dielectric ceramics in microwave devices are considered important matrix
materials that can achieve all the aforementioned advantages simultaneously. With the
gradual development of electronic information and communication technology in modern
society, the application scenarios of microwave dielectric ceramics (MWDCs) have become
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closely related to our lives [1–4], especially in the development of communication devices
such as filters, dielectric resonators, duplexers, dielectric antennas, dielectric substrates, and
radar satellites, etc. [5–8]. Among them, the current usage of filters is particularly promi-
nent. With the emergence of 5G and 6G environments, communication devices such as base
stations and mobile phones have entered the era of the Internet of Everything (MIMO). As
the number of base station deployments continues to surge, the usage of filters and other
devices is also increasing. As the matrix material, microwave dielectric ceramics will also
face huge challenges in their performance in terms of the relative dielectric constant (εr),
quality factor multiplied by resonant frequency (Q × f ) and temperature coefficient of the
resonant frequency (τf). In general, for the regulation of microwave dielectric properties,
based on the determination of εr value for its use in functional microwave devices, the
objective of optimization is a higher Q × f value, and a τf value closer to zero [9–12]. This
also puts forward new requirements for the performance of microwave dielectric ceramics
such as the filters’ base materials, including a lower dielectric loss (higher quality factor),
good thermal stability (a near-zero τf value) and a moderate εr value. This not only ensures
device miniaturization, but also meets the requirements of the low signal delay [13–16].
Therefore, to enrich the serialized microwave dielectric properties, researchers need to
continue to explore the different ceramic systems, of which the ABO3-type perovskite and
multiphase materials are the most widely studied.

In our previous studies, a pure SrCeO3 ceramic sample sintered at 1350 ◦C for 4 h could
obtain relatively superior microwave dielectric properties: εr = 48.2, Q × f = 22,160 GHz
(at 6.06 GHz) and τf = −43.6 ppm/◦C [17]. The εr value of this ceramic is between 40
and 50, which means it belongs to the category of intermediate electric (20–60) microwave
ceramic systems, but there is still a certain gap from the practical range. It therefore needs to
further enhance its Q × f value and regulate the τf value to near zero (−10 ± 10 ppm/◦C).
Moreover, other previous reports in the literature have focused on the microwave dielectric
properties of the Sr2CeO4 [(n + 1)SrO − nCeO2 (n = 1)] ceramic system. Dai et al. suc-
cessfully prepared Sr2CeO4 solid solution ceramics, and found that a sample sintered at
1270 ◦C for 4 h could obtain the optimal microwave dielectric properties: τf =−62 ppm/◦C,
Q × f = 172,600 GHz (at 9.4 GHz) and εr = 15 [18]. It can be seen that the Sr2CeO4 ceramic
sample has a high Q × f value and the same orthotropic structure as the pure SrCeO3
ceramic; thus, it is expected that the pure SrCeO3 matrix can be compounded with the
Sr2CeO4 system to enhance the Q × f value in the new composite ceramic systems. At
the same time, it has been confirmed that the addition of Ti4+-ions can indeed regulate the
thermal stability of these SrCeO3-based and Sr2CeO4-based ceramic systems [17,18].

Based on the above analysis, this work attempts to prepare a composite of (n + 1)SrO− nCeO2
(n = 2) ceramic systems through the traditional solid-state method, and aims to explore the
phase structures and compositions of the new microwave ceramic systems. Additionally,
the dielectric properties of these new ceramic systems are further optimized by adding
different Ti4+-ion contents. The internal correlation among the crystal structures, microstruc-
tures, crystal structures, conductive behaviors and microwave dielectric properties is also
systematically analyzed in this work.

2. Materials and Methods

The (n + 1)SrO − nCeO2 (n = 2) and the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.1–0.4)
ceramic specimens were synthesized using the traditional solid-state reaction method with
SrCO3 (≥99.95%, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China),
CeO2 (≥99.9%, Shanghai Maclean Biochemical Technology Co., Ltd., Shanghai, China) and
TiO2 (≥99.99%, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China).
The high-purity powder was weighed according to the stoichiometric ratio, and placed in a
nylon tank containing zirconia balls and anhydrous ethanol as the ball milling medium on
the ball mill for 24 h. The slurry was allowed to dry completely in an oven at 90 ◦C, then
it was sieved through a 100 mesh sieve. After calcination in a muffle furnace at 1100 ◦C
for 6 h, the mixed powder was finely ground for 0.5–1 h and granulated by adding 5 wt%



Crystals 2023, 13, 955 3 of 15

polyvinyl alcohol. The prepared mixed powder was pressed into cylindrical embryos
(12 mm diameter and 5–6 mm thickness) under a uniaxial pressure of 300 MPa. Finally,
these ceramic embryos were calcined in a muffle furnace at 600 ◦C for 2 h to precipitate
adhesive, and sintered at 1310–1410 ◦C for 4 h at a rate of 2 ◦C/min to obtain dense
ceramic samples.

The bulk density of the (n + 1)SrO − nCeO2 (n = 2) and xTiO2-(1 − x) (SrCeO3 + Sr2CeO4)
(x = 0.1–0.4) ceramic samples was measured using the Archimedes method. The phase
structures and compositions of the sintered samples at room temperature were examined
using X-ray diffraction (XRD, NEW Smartlab, Japan) equipped with a Cu-Kα (1.5406 Å)
radiation instrument in the range of 2θ = 10–90◦. A Raman spectrometer (Horiba JY,
France) was used to detect the Raman spectra changes in the range of 50–900 cm−1 at
room temperature, and to analyze the vibration mode changes of ceramic samples. The
surface morphology and element distribution of ceramic samples were recorded using
scanning electron microscopy (SEM, JSM7610FPlus, Japan) and energy-dispersive X-ray
spectroscopy (EDS). The partially given samples were examined with high resolution
transmission electron microscopy (HRTEM) and selected-area electron diffraction (SAED)
to further analyze their structures. The impedance analyzer (Agilent 4294A, USA) was
used to investigate the different conductivity characteristics of grains, grain boundaries
and interfaces in the polycrystalline bulk ceramics. The vector network analyzer (E5230C,
Agilent, USA) was used to measure the microwave dielectric properties of the sintered
samples. The εr values were recorded by using the Hakki–Coleman method in TE011
resonant mode at microwave frequencies of 5.5–7.3 GHz, and the Q values were measured
using the resonant cavity method [19]. The values of τf were measured at 25–75 ◦C
(frequency range 5.5–6.8 GHz) by using the parallel plate method and calculated through
the following equation [20,21]:

τf =
∆ f0

f0∆T
=

f75 − f25

f25 × 50
(1)

where ƒ75 and ƒ25 represent the resonant frequencies at 75 ◦C and 25 ◦C, respectively.

3. Results

Figure 1a shows the room temperature XRD patterns of the (n + 1)SrO − nCeO2
(n = 2) ceramics sintered at 1330–1410 ◦C for 4 h. All observed XRD diffraction peaks
conform to the orthogonal structure of standard PDF cards JCPDS # 89-5546 and JCPDS
# 82-2427 [22,23]. Thus, the (n + 1)SrO − nCeO2 (n = 2) ceramics cannot form a layered
solid solution phase while forming a composite-phase ceramic system with the coexistence
of a SrCeO3 phase and a Sr2CeO4 phase; these two main crystalline phases belong to
the orthogonal structure of Pmcn (62) and Pbam (55) space group, respectively. Figure 1b
indicates the magnified XRD diffraction pattern at 2θ = 28–31◦. As the sintering temperature
increases, the positions of the main peaks of these two phases are basically unchanged
and the peak intensities always remain relatively high, further indicating that SrCeO3 and
Sr2CeO4 phases can be formed and remain stable at different sintering temperatures for
the (n + 1)SrO − nCeO2 (n = 2) ceramic samples. These analysis results comprehensively
indicate that (n + 1)SrO − nCeO2 (n = 2) ceramics are a composite phase composed of
SrCeO3 and Sr2CeO4 phases, and can be expressed as the SrCeO3 + Sr2CeO4 composite
ceramic system in subsequent statements.

Figure 2a shows the XRD diffraction peaks of the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4)
(x = 0.1–0.4) ceramics sintered at 1350 ◦C for 4 h. Most major characteristic peaks (110),
(011), (211), (111), (021), (221), (231), (422) and (360) can be matched with the standard PDF
cards (JCPDS # 89-5546 and JCPDS # 82-2427), which is in good agreement with the two
main phases of SrCeO3 and Sr2CeO4 in Figure 1. At the same time, another second phase
of Sr2TiO4 can be detected based on the PDF card JCPDS # 39-1471 within the range of
the investigated components [24,25]. Figure 2b displays the XRD diffraction patterns in
the range of 2θ = 28.5–33◦. Due to the different radii of Ti4+-ions (0.605 Å) and Ce4+-ions
(0.87 Å), the relatively small Ti4+-ions tend to occupy the B-sites rather than the A-sites
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in ABO3- and A2BO4-type structures [26,27]. Additionally, as the TiO2 content increases,
the main peak intensities of the Sr2TiO4 phase gradually increases while the dominating
peak intensity of the Sr2CeO4 phase gradually decreases due to the fact that some Ti4+-ions
directly replace Ce4+-ions to generate Sr2TiO4 solid solutions. Based on this, it also indicates
that the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.1–0.4) ceramic systems are a three-phase
coexistence of the SrCeO3 phase, the Sr2CeO4 phase and the Sr2TiO4 phase.
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Under normal conditions, Raman spectroscopy can be used to characterize phase tran-
sitions and explore crystal structures, due to its sensitivity to structural anomalies [28,29].
Figure 3a shows the room-temperature Raman spectra of the xTiO2-(1− x) (SrCeO3 + Sr2CeO4)
(x = 0.0–0.4) ceramics sintered at their optimum temperatures for 4 h in the range of
50–900 cm−1. Based on the above XRD analysis modes, in order to more accurately judge
the attribution of Raman peaks in these new composite ceramic systems, the Raman vibra-
tion modes of each pure phase structure with the SrCeO3, Sr2CeO4 and Sr2TiO4 samples
are provided here as the initial model for study. In this figure, the Raman peaks of the
xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.0–0.4) ceramic systems essentially contain all the
vibrational modes of these three phases. The 14 main vibration mode regions (R1–R14)
are marked in the diagram, and it should also be noted that other vibration modes are
difficult to detect due to their weak intensity. In addition, it can be observed that the
Raman modes of the pure matrix (x = 0.0) only change a little compared with the sintered
samples (x = 0.1–0.4) doped with Ti4+-ions as a whole. However, it is worth noting that
a new peak R14 appears after doping with Ti4+-ions when x ≥ 0.1, and the intensity of
R14 vibration modes gradually increases; the frequency band here should also be marked
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as caused by O-Ti-O bending vibration [30]. Meanwhile, the intensity of the R13 vibra-
tion modes also gradually increases with the increase in TiO2 content, and the Raman
band at 500–650 cm−1 can be attributed to the Ti-O stretching vibration of the TiO6 oc-
tahedron [31]. Both these two Raman modes belong to the Sr2TiO4 phase. Additionally,
Figure 3b demonstrates that all the vibration modes of the main peak (R7–R12) are stable
within the 287.17–386.21 cm−1 band range, and the Raman waveform of the main phase is
still maintained within the Ti4+-ions’ doping range, which can explain that the frequency
band here is related to the stretching vibration of CeO6 octahedra [32]. In summary, the
analysis results of Raman spectroscopy correspond to those of the XRD analysis, which
further verifies the credibility and correctness of the phase compositions and structures of
these xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.0–0.4) ceramic systems.
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In order to study the micro-morphology and structure of the sintered samples, SEM
images were obtained from the surfaces of the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.0,
0.1, 0.15, 0.2, 0.25, 0.3, 0.4) ceramics, as shown in Figure 4. It can be clearly seen that all
components basically form a comparatively dense ceramic matrix, and their grains are more
evenly distributed and uniform. Additionally, only an extremely small amount of pores can
be observed at the grain boundary, which is mainly caused by the part volatilization of Ce
at the relatively high sintered temperatures [33,34]. From the illustrations in Figure 4a–g, it
can be observed that the average grain size of Ti4+-ion-doped samples is smaller compared
with the pure matrix on the whole. All of the above phenomena confirm that the additional
Ti4+-ion content can not only affect the microscopic morphology, but can also influence grain
growth to a large extent for (SrCeO3 + Sr2CeO4)-based ceramic systems. It is worth noting
that growth stripes have also been observed on some grains in similar research [35–37].
In conclusion, the two types of grains in the x = 0.0 matrix and three types of grains after
doping with Ti4+-ions can be observed in Figure 4a–g, indicating the formation of other
phases, which is in good agreement with the results of the phase compositions in the XRD
patterns and the Raman spectra analysis.

In order to further analyze the element composition and content of different grains,
SEM images and EDS analysis data of the pure matrix SrCeO3 + Sr2CeO4 ceramic sample
sintered at 1350 ◦C for 4 h are shown in Figure 5. According to the above SEM analysis,
two different types of grain regions (Region 1 and Region 2) can be observed in Figure 5a.
The results of energy spectrum analysis in the gray grain area (Region 1) randomly selected
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in Figure 5b show that the atomic percentage of Sr:Ce:O is approximately 1:1:3, which
is consistent with the stoichiometry ratio of the SrCeO3 phase. As shown in Figure 5c,
the atomic ratio of Sr:Ce:O analyzed by EDS in the marked stripe grain area (Region 2)
is about 2:1:4, which is close to the stoichiometric ratio of Sr2CeO4. Moreover, to further
confirm the phase compositions and crystal structures, HRTEM (SEAD) pattern analysis
was conducted on the pure matrix SrCeO3 + Sr2CeO4 ceramic sample sintered at 1350 ◦C
for 4 h. The TEM morphology images of the sample are shown in Figure 6a. The grain size
of the pure matrix is about 2 µm, which is consistent with the grain size calculated from
the SEM image. Figure 6b shows two different types of lattice stripes. The lattice stripe
in “Region 1” has a crystalline spacing of 0.3022 nm corresponding to the (200) crystalline
plane of the Sr2CeO4 phase, while “Region 2” has a crystalline spacing of 0.4256 nm, which
corresponds to the (011) crystalline plane of the SrCeO3 phase. This also indicates that both
the SrCeO3 and Sr2CeO4 phases exist in the x = 0.0 matrix sample, which is consistent with
the XRD patterns, Raman spectra and SEM-EDS analysis results. The electron diffraction
patterns, as shown in Figure 6c,d, also belong to the SrCeO3 and Sr2CeO4 phases, which
are attributed to the space group of Pmcn (62) and Pbam (55), respectively.
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In order to further explain the composition and content of the TiO2-added samples,
Figure 7 shows the surface morphology of xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2)
ceramics along with the results of an energy-dispersive spectroscopy (EDS) analysis used
to evaluate the grains of the sintered samples. As shown in Figure 7a, it can be clearly
observed that the sintered samples are composed of these three different types of grains,
which are identified as large grain areas (Region 1), striped grain areas (Region 2) and small
grain areas (Region 3). The experimental atomic composition percentages of the large and
striped grains are approximately 1:1:3 [Sr:(Ce + Ti):O = 22.38%:(20.54 + 0.23%):56.86%] and
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2:1:4 [23.46%:(11.26 + 0.28%):64.99%], which are in general agreement with the theoretical
values [Sr:(Ce + Ti):O = 20%:(19.6 + 0.4%):60%] and [28.57%:(13.86 + 0.43%):57.14%], re-
spectively. Moreover, it is worth noting that the Ti content of these small grains is higher
than that of the other two kinds of grains in Figure 7c. The elemental composition of these
small grains is close to the stoichiometric ratio of Sr2TiO4. Eventually, the xTiO2-(1 − x)
(SrCeO3 + Sr2CeO4) (x = 0.2) ceramics were confirmed to exist in SrCeO3 and Sr2CeO4 as
the main crystalline phases, and in Sr2CeO4 as the second phase.
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+ Sr2CeO4) (x = 0.2) ceramic samples sintered at 1350 ◦C for 4 h.

Figure 8 shows the changes in the bulk density and εr value of the xTiO2-(1 − x)
(SrCeO3 + Sr2CeO4) (x = 0.0–0.4) ceramics as a function of TiO2 content at their optimal
temperatures. It can be observed that the variation in bulk density and εr values with dif-
ferent x values for the sintered samples follow almost the same increasing trend. Generally,
the εr value is largely dependent on the compactness, phase content and quadratic equiv-
alence [38–40]. In this work, the increase in bulk density means the higher compactness
and the fewer defects were caused by extrinsic factors in these sintered specimens [41]. At
the same time, the change in εr value after Ti4+-ion doping should be partly attributed to
the increasing content of the secondary phase Sr2TiO4 with a higher εr value (~42) before
the samples of x ≤ 0.2 [18]. Finally, the εr value of the composite phase ceramics is also
determined by the combination of the constituent materials with different volume fractions,
and it is also most likely to be related to the higher εr value (~104) of the TiO2-added
material [42,43]. Therefore, after comprehensive evaluation, the variation tendency of the εr
value is expected in these xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.0–0.4) composite phase
ceramic systems as described in Figure 8b.

Usually, complex impedance spectroscopy is an efficient method by which to in-
vestigate the conductive behavior of materials, in particular, the different conductive
properties of grains, grain boundaries and interfaces in polycrystalline bulk ceramic ma-
terials [44]. The complex impedance plots of the SrCeO3 + Sr2CeO4 and xTiO2-(1 − x)
(SrCeO3 + Sr2CeO4) (x = 0.2) samples sintered at their optimal temperatures for 4 h and
tested at 180–360 ◦C in the frequency range of 100 Hz–1 MHz are shown in Figure 9a,c,
respectively. The impedance real part is represented by the x-axis (Z′), and the impedance
imaginary part is represented by the y-axis (Z”). The conductivity of the SrCeO3 + Sr2CeO4
and xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2) samples increases with temperature; the
intercept on the x-axis demonstrates a negative temperature effect, similar to that of semi-
conductor resistance [45]. It is worth noting that, as the temperature increases, two semi-
circular arcs with different radii appear in the measured samples from the grain boundary
response in the low-frequency region and the grain contribution in the high-frequency
region. This phenomenon is due to the different time response constants of grains and
grain boundaries, and it also reflects their structural differences [46]. The experimental data
were fitted based on the equivalent circuit diagrams, using the Zview software to better
separate the different conductive contributions of grains and grain boundaries, as shown



Crystals 2023, 13, 955 10 of 15

in Figure 9a,c. The circuit consists of two series-connected resistor constant-phase compo-
nents, where Rg represents grain resistance and Rgb represents grain boundary resistance.
The Arrhenius relationships for the grains and grain boundaries of the SrCeO3 + Sr2CeO4
and xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2) samples are shown in Figure 9b,d. The
activation energy required for thermally activated conduction can be estimated by fitting
the data to the Arrhenius formula [47]:

σ = σp exp
(
− Ea

KT

)
(2)

where σp is the pre-exponential factor of conduction, σp is the activation energy required
for conduction, K is the Boltzmann constant and T is the temperature in Kelvin. The results
obtained from the fitting calculations show that the activation energies of the grains and
grain boundaries of the SrCeO3 + Sr2CeO4 and xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2)
samples are 0.33 eV, 0.37 eV, 0.31 eV and 0.34 eV, respectively. This suggests that the
conduction type of the SrCeO3 + Sr2CeO4 and xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2)
samples sintered at higher temperatures is single ionized oxygen vacancies [48]. In addition,
the x = 0.2 sample has a lower activation energy than the pure matrix; in other words, the
doped sample possess a larger resistance. The large resistance of the x = 0.2 sample is a
result of grain refinement and the creation of the second phase, which increases the grain
boundaries and thus impedes the movement of carriers, and also balances the fluctuations
caused by thermal fluctuations. In summary, the xTiO2-(1− x) (SrCeO3 + Sr2CeO4) (x = 0.2)
sample has the better temperature stability.
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Figure 9. Complex impedance diagrams, equivalent circuit diagrams and activation energy diagrams
of (a,b) the SrCeO3 + Sr2CeO4 and (c,d) the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2) ceramics
sintered at their optimal temperatures for 4 h.

Figure 10 shows the Q × f and τf values of the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4)
(x = 0.0–0.4) ceramics sintered at their optimal temperatures for 4 h, and Table 1 also
includes the detailed data of f 0, εr, Q × f and tan δ for the different component ceramic sys-
tems at different sintering temperatures. Combining the test data in Table 1 and Figure 10,
it can be observed that the x = 0.0 sample sintered at 1350 ◦C has the better microwave
dielectric properties, and the εr, Q × f and τf values are 33.9, 41,090 GHz (at 7.21 GHz)
and −46.6 ppm/◦C, respectively. In addition, the values of εr and τf of the xTiO2-(1 − x)
(SrCeO3 + Sr2CeO4) (x = 0.1–0.4) ceramics increase linearly from 37.2 and −26.4 ppm/◦C
to 51.5 and + 45.4 ppm/◦C, respectively. In particular, when x = 0.2, a near-zero τf value
of −4.6 ppm/◦C can be acquired. The Q × f value first increases from 42,350 GHz (at
6.86 GHz) with the x = 0.1 sample sintered at 1350 ◦C to 44,020 GHz (at 6.56 GHz) with the
x = 0.2 sample sintered at 1330 ◦C, and then decreases linearly to 39,700 GHz (at 5.68 GHz)
with the x = 0.4 sample sintered at 1350 ◦C. It can also be seen from the Q value data that
the overall range of change is not very large in these investigated x values. The relationship
between quality factor and dielectric loss is usually negatively correlated. When x = 0.2,
the Q × f value reaches its maximum value, and the average grain size of this component
is the largest among all the doped components (x = 0.1–0.4), which is in good agreement
with the calculations in Figure 4. In general, a larger grain size and fewer grain boundaries
will give rise to a smaller dielectric loss. Therefore, the grain size is also one of the main
reasons for improving the Q × f value of these sintered samples [49,50]. The influence of
quality factors is often attributed to the impurities and other equivalent external factors,
and the external factors are a common discussion point at present. Thus, in order to obtain
the optimum Q × f value, the best combination of the external factors including its grain
size, secondary phase and porosity should be considered as a whole [51,52]. In summary,
the addition of Ti4+-ions plays a good complementary role to the microwave dielectric
properties of the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.0–0.4) ceramic systems.
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Table 1. Sintering temperature, f 0, εr, Q × f and tan δ values of the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4)
(x = 0.0–0.4) specimens at different sintering temperatures for 4 h.

Compounds Sintering Temperature (◦C) f 0 (GHz) εr Q × f (GHz) Tan δ

x = 0.0 1330 7.27 32.1 40,200 0.000182
x = 0.0 1350 7.21 33.9 41,090 0.000181
x = 0.0 1370 7.17 33.9 39,810 0.000180
x = 0.0 1390 7.20 33.9 39,980 0.000180
x = 0.0 1410 7.23 33.2 40,060 0.000176
x = 0.1 1310 6.94 35.8 39,440 0.000176
x = 0.1 1330 6.88 36.8 40,950 0.000168
x = 0.1 1350 6.86 37.2 42,350 0.000163
x = 0.1 1370 6.85 37.1 42,310 0.000162
x = 0.1 1390 6.84 37.2 41,230 0.000166

x = 0.15 1310 6.83 35.9 26,280 0.000217
x = 0.15 1330 6.69 38.5 38,800 0.000152
x = 0.15 1350 6.65 39.3 43,150 0.000154
x = 0.15 1370 6.60 40.2 42,880 0.000154
x = 0.15 1390 6.59 40.3 42,240 0.000156
x = 0.2 1310 6.63 38.7 35,670 0.000186
x = 0.2 1330 6.56 40.3 44,020 0.000152
x = 0.2 1350 6.53 40.4 37,330 0.000175
x = 0.2 1370 6.52 40.9 38,330 0.000170
x = 0.2 1390 6.51 41.2 37,640 0.000174

x = 0.25 1310 6.33 41.7 40,360 0.000158
x = 0.25 1330 6.25 43.9 41,110 0.000152
x = 0.25 1350 6.21 44.6 42,660 0.000149
x = 0.25 1370 6.20 43.9 40,280 0.000155
x = 0.25 1390 6.19 45.2 40,440 0.000154
x = 0.3 1310 6.17 43.1 36,140 0.000171
x = 0.3 1330 6.08 45.8 41,650 0.000146
x = 0.3 1350 6.04 46.6 40,830 0.000149
x = 0.3 1370 6.01 47.3 41,190 0.000147
x = 0.3 1390 6.01 47.5 40,590 0.000149
x = 0.4 1310 5.79 48.6 36,860 0.000158
x = 0.4 1330 5.70 51.0 39,040 0.000147
x = 0.4 1350 5.68 51.5 39,700 0.000144
x = 0.4 1370 5.67 51.7 39,080 0.000146
x = 0.4 1390 5.66 51.8 38,530 0.000147



Crystals 2023, 13, 955 13 of 15

4. Conclusions

The (n + 1)SrO − nCeO2 (n = 2) and xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.1–0.4)
ceramic systems were successfully synthesized using the solid-state reaction method. The
results of XRD pattern analysis showed that the (n + 1)SrO − nCeO2 (n = 2) ceramic system
prepared with the solid-phase reaction method did not form a solid solution, showing
a composite phase system with the coexistence of SrCeO3 and Sr2CeO4 phases, which
belonged to the orthogonal structures with the different space groups of the Pmcn(62) and
Pbam(55), respectively. For the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.1–0.4) ceramic
samples, a second phase of Sr2TiO4 started to occur as x ≥ 0.1, and with the increase
in x value, the content of the second phase increased as well. In addition, the phase
compositions and crystal structures of the given ceramic systems were further verified by
Raman spectroscopy, EDS spectroscopy and HRTEM (SAED) detection. Moreover, complex
impedance spectroscopy was used to analyze the conductivity behavior of composite
ceramic systems with different Ti4+-ion doping content. The results showed that the
moderate doping of Ti4+-ions could indeed promote the thermal stability of these ceramic
samples to some extent. Among them, the xTiO2-(1 − x) (SrCeO3 + Sr2CeO4) (x = 0.2)
ceramic system sintered at 1330 ◦C for 4 h possessed the better comprehensive microwave
dielectric properties: εr = 40.3, Q × f = 44,020 GHz (at 6.56 GHz) and τf = −4.6 ppm/◦C.
This is expected to be a new candidate material for key components of filters.
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