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Abstract: The preparation of tetragonal barium titanate (BT) powders with uniform and suitable
particle sizes is a significant prerequisite for ultra-thin and highly integrated multilayer ceramic
capacitors (MLCCs). However, the balance of high tetragonality and controllable particle size remains
a challenge, which limits the practical application of BT powders. Herein, the effects of different
proportions of hydrothermal medium composition on the hydroxylation process are explored to
obtain high tetragonality. The high tetragonality of BT powders under the optimal solvent condition
of water:ethanol:ammonia solution of 2:2:1 is around 1.009 and increases with the particle size.
Meanwhile, the good uniformity and dispersion of BT powders with particle sizes of 160, 190, 220,
and 250 nm benefit from the inhibition of ethanol on the interfacial activity of BT particles (BTPs).
The core-shell structure of BTPs is revealed by different lattice fringe spacings of the core and edge
and the crystal structure by reconstructed atomic arrangement, which reasonably explains the trend
between tetragonality and average particle size. These findings are instructive for the related research
on the hydrothermal process of BT powders.
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1. Introduction

The excellent dielectric and ferroelectric properties of barium titanate (BT) make it
stand out in the application of dielectric layers for multilayer ceramic capacitors (ML-
CCs) [1,2]. Due to the development of ultra-thin devices and the requirements of high
integration, tetragonal BT powders with appropriate and uniform particle sizes are pre-
ferred [3-5]. Generally, the traditional synthesis of BT powders mostly adopts the solid-state
method, that is, the reaction of BaCOj3 and TiO; at a high temperature above 1100 °C [6,7].
However, the high-temperature preparation process is prone to agglomeration and difficult
to control the particle size, which adversely affects the properties of the subsequent sintered
body [2,8]. As a typical liquid phase method, the sol-gel method is difficult to achieve
mass production [9]. The high concentration of surfactants in the microemulsion method
restricts the development from the perspective of cost and environmental protection [10].
In contrast, the hydrothermal method makes it possible to prepare BT particles (BTPs)
under milder conditions and is of particular interest due to its energy saving, facile opera-
tion, and eco-friendly feature [11]. Most importantly, a simple and eco-friendly synthesis
strategy avoids the use of toxic surfactants and the introduction of surface impurities in
particles [12].

The degree of tetragonal distortion of BT (tetragonality, the ratio of the lattice pa-
rameter c to a) caused by the eccentric displacement of titanium atoms is commonly used
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to measure the dielectric properties [13,14]. The higher the ratio of c¢/a, the higher the
dielectric constant of the BT powder [15]. Typically, a high c¢/a ratio and suitable parti-
cle size are essential to obtain high-performance BT powders. The crystal structure and
dielectric properties of BTPs are also affected by their shape, size, and uniformity [16].
Nevertheless, previous studies have shown that the structure of BT powders obtained by
traditional hydrothermal methods generally presents the cubic phase or a small amount
of tetragonal phase, which is unfavorable for the dielectric properties [17,18]. Subsequent
high-temperature heat treatment is often needed to improve its tetragonality [2]. Further-
more, most efforts have focused on the size effect on the phase transformations of BT [19],
while the controllable particle size and high tetragonality are still difficult to balance. Re-
cently, Nakashima et al. [20] reported that when TiO, and Ba(OH),-8H,O were used as
raw materials, the hydrothermal temperature could adjust the particle size of BT powders
to a certain extent, but the tetragonality and morphology of obtained nanocubes were not
satisfactory, which was not conducive to obtaining high dielectric properties.

In addition to the adjustment of hydrothermal parameters, the strategy of introducing
additives to adjust the particle size and tetragonal has also been tried. Peng et al. [21]
showed that the average particle sizes of BT powders were only changed from 71.86 nm to
77.34 nm by regulating the concentration of polyethylene glycol. Additionally, excessive
concentration of polyethylene glycol instead generated undesired cubic phases and reduced
the tetragonality [21]. Moreover, the uniform morphology of BT powders is also crucial
for the reliability of MLCCs. Interestingly, the morphology of BIPs is related to the
reaction medium. Macek KrZzmanc et al. [22] found that BTPs with cubic morphology were
synthesized by adding ethanol into the hydrothermal medium. Habib et al. [23] synthesized
tetragonal BT powders using TiO, and Ba(OH),-8H,O as precursors in a mixed solvent of
equal proportions of ethanol and water for several days but only obtained the tetragonality
of about 1.007 and the particle sizes ranging from 90 nm to 120 nm. Thus, the introduction of
ethanol and its proportion in the hydrothermal solvent are worth further discussion. Given
the above, the preparation of BT powders with high tetragonality, controllable particle size,
and uniform morphology is still a significant and challenging task.

In this work, we prepare four BT powders featured with high tetragonality, good
homogeneity, and controllable particle sizes by a facile and eco-friendly hydrothermal
method (one-step hydrothermal process without additional heat treatment and additives).
The high tetragonality of around 1.009 is obtained with the proposed optimal hydrothermal
solvent, and the reason for the high tetragonality is analyzed. Then, BT samples with high
tetragonality and controllable particle size are obtained only by simple control. Subse-
quently, the trend of average particle size and tetragonality and its cause are discussed.
The results show that the dual goals of high tetragonality and controllable particle size
are achieved while maintaining uniformity and dispersion, which is conducive to further
research on expanding the practical applications of BT powders.

2. Materials and Methods
2.1. Materials

The original materials and purchase information used in this experiment are as follows:
TiO; (99%, Meryer Chemical Technology Co., Ltd., Shanghai, China), Ba(OH),-8H,O (98%,
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), ethanol (>99.7%,
Tianjin Yuanli Chemical Co., Ltd., Tianjin, China), ammonia solution (25-28%, Shanghai
Aladdin Biochemical Technology Co., Ltd.), acetic acid (30%, Shanghai Aladdin Biochemical
Technology Co., Ltd.), and deionized water for laboratory use. All chemicals were used
directly without any pretreatment.

2.2. Synthesis of BT Powders

Based on our previous research [24], we further explored the optimal solvent ratio
and hydrothermal scheme to prepare high tetragonal BT powder with controllable particle
size. First, 16.900 g of Ba(OH),-8H,O was poured into deionized water and heated in
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a water bath at 80 °C until dissolved. Then, 1.712 g of TiO, was poured into the well-
stirred Ba(OH), solution, followed by adding ethanol and ammonia solution in turn and
stirring without heating. The optimal ratio of water: ethanol: ammonia solution in the
hydrothermal medium was 2:2:1. The pH value of the mixed solution reached 13. Then,
the mixture was poured into a 50 mL para-polyphenylene (PPL) autoclave and reacted
at 260 °C for 20-50 h without a surfactant/stabilizing agent. The BT powders obtained
with an interval of 10 h were recorded as BT-160, BT-190, BT-220, and BT-250, which
corresponds to the particle size of ~160, ~190, ~220, and ~250 nm, respectively. After the
reaction was completed and cooled naturally, the contents of the autoclaves were taken
out and centrifuged (10,000 rpm for 5 min) once directly. The products were washed with
deionized water and acetic acid solution several times, dried at 80 °C for 12 h, and ground
to obtain BT powders.

2.3. Materials Characterization

The phase and crystalline structure of four BT powders were determined by X-ray
diffraction (XRD, D8 Advanced, Bruker Corp, Bremen, Germany) under Cu Ko radiation
(1.5406 A) at 40 kV and 40 mA, with 26 angle ranging from 10-90°. The local crystal
structures of four BT powders were characterized by Raman spectroscopy with a 532 nm
laser (Raman, Horiba LabRAM HR Evolution, Kyoto, Japan) in the Raman shift range
of 100-1500 cm~!. The uniformity, dispersion, and energy dispersive spectrometer (EDS)
quantitative results of four BT powders were evaluated by a scanning electron micro-
scope (SEM, Hitachi 54800, Tokyo, Japan). The particle sizes of 100 particles in each SEM
image were measured to calculate the corresponding average particle size. TEM, high-
resolution transmission electron microscopy (HRTEM), selected area electron diffraction
(SAED), and elemental mapping results were obtained by transmission electron microscopy
(TEM, JEOL 2100F, Tokyo, Japan) to study the microstructures and element information of
four BT powders.

3. Results and Discussion

BT powders are synthesized by a facile and eco-friendly hydrothermal method using
anatase TiO, as the titanium source, which can be seen from the XRD pattern in Figure 1a.
This is because anatase TiO, powders have good reactivity with Ba(OH); solution, and the
reaction to generate BTPs is relatively thorough under mild hydrothermal conditions [25].
In this work, BTPs with good uniformity are synthesized by using the agglomerated
and uneven TiO, particles (40-280 nm, as shown in Figure 1b). Figure 1c,d show the
XRD patterns (20 = 10-90°) and partially enlarged XRD patterns (26 = 44.5-46.0°) of four
BT powders with different particle sizes. In Figure 1c, all detectable diffraction peaks
indicate that four BT samples with different sizes correspond to tetragonal BT with a
space group of P4mm (PDF#05-0626). In addition, it has been reported that BT samples
with micrometer size demonstrate the same crystal phase (PDF#05-0626) [26]. The strong
and sharp diffraction peaks suggest that four BT samples with different particle sizes all
have good crystallinity [27]. Moreover, there are no impure peaks (such as BaCO3) in the
XRD patterns, indicating that the hydrothermal reaction is thorough. In XRD patterns,
the tetragonal BT has an obvious splitting peak at 20 = 45°, indicating the asymmetric
elongation of the crystal structure along the c-axis, while the cubic BT has no splitting peak
at 26 = 45° [28]. Therefore, the splitting peaks around 26 = 45° indicate the tetragonal phase
structure, corresponding to the (002) and (200) crystal planes, respectively [29]. In order
to observe the tetragonal characteristics of BT powders more intuitively, Figure 1d shows
the different degrees of diffraction peak splitting. It can be seen that all BT samples split
into obvious double peaks at 26 = 45°. This result strongly demonstrates that we have
successfully synthesized BT powders with a tetragonal phase by a facile hydrothermal
method. Furthermore, the degree of splitting tends to increase with particle sizes; that is,
the difference between the diffraction angle 26 values corresponding to the (200) and (002)
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splitting peaks (A20) increases. This means that the tetragonal characteristics become more
and more evident as the particle size increases.
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Figure 1. (a) XRD pattern and (b) SEM image of titanium source. The illustration shows the size
distribution histogram of the titanium source; (c) XRD patterns (26 = 10-90°); and (d) partially
enlarged XRD patterns (26 = 44.5-46.0°) of four BT powders with different particle sizes.

However, it has been proved that BT powders synthesized by hydrothermal methods
usually contain tetragonal and cubic phases, which results in the tetragonal properties of
BT powders usually being lower than the theoretical value of 1.011 [30]. In general, the exis-
tence of lattice defects will lead to lattice vibration, which is essentially different from that of
an ideal crystal. During the hydrothermal process, hydroxyl ions are generated, which tend
to replace the lattice oxygen of the BT lattice [31]. The formed hydroxyl defects will induce
the formation of a cubic phase in tetragonal crystallites [32]. Therefore, the synthesized
BT by hydrothermal method usually contains tetragonal and cubic phases. In order to
obtain BT powders with high tetragonality, ethanol is introduced into the hydrothermal
medium to adjust the phase structure of the products. Experiments with different propor-
tions of hydrothermal solvents show that water: ethanol: ammonia solution = 2:2:1 in the
hydrothermal medium is favorable for high tetragonality (Figures 1c and S1-S5). This is
because when the content of ethanol is low, the barium ion dissolves in water, and the
hydroxyl groups are adsorbed on the titanium sites to aggravate the degree of hydroxyla-
tion [32]. However, when the content of ethanol is high, the catalytic oxidation reaction
of ethanol occurs at the titanium site, and the adsorption on the lattice oxygen of BTPs
leads to severe hydroxylation and BaCOj3; impurities [32]. More cubic phases in BIPs tend
to be associated with the hydroxylation process [32]. Therefore, only when the ethanol in
the hydrothermal medium presents in an appropriate ratio is the hydroxylation process
suppressed due to reaction competition. Specifically, the tetragonality of BT samples is
usually measured by the ratio of the lattice parameters of the c-axis and a-axis after XRD
refinement. According to the calculation of XRD refinement results, the c-axis lattice pa-
rameter values, g-axis lattice parameter values, and tetragonality of four BT powders with
different particle sizes are shown in Table S1. All BT samples obtained from Table S1 have
high tetragonality, and the tetragonality is indeed consistent with the splitting degree trend
of the splitting peak. Furthermore, the ratios of tetragonal and cubic phases in four BT
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powders are presented in Table 52, and it is clear that the trend of the tetragonal phase ratio
is consistent with tetragonality.

Different from the overall analysis of crystal structure by XRD, the sensitivity of
Raman spectroscopy to structural symmetry was used to analyze the local structure of
BTPs. The lattice vibration modes of cubic phase BT with the structure of the Pm3m space
group are transformed into 3F;, + 1F, according to the irreducible representation [33].
Since both Fy, and F,, modes are Raman inactive, the cubic BT does not exhibit Raman
activity [34]. However, the Raman inactive F, and Fp, modes are split into Raman active
A1, By, and E vibrational modes in tetragonal BT [33]. The interaction between the dipoles
formed by the deviation of Ti atoms from the center of the oxygen octahedron results in the
long-range Coulomb force [35]. Under the combined action of crystal symmetry breaking
and long-range Coulomb force, both A; and E modes are split into transverse optical (TO)
mode and longitudinal optical (LO) mode [33].

The Raman spectrum in the 150-1000 cm~! band is the focus of observation. In
Figure 2a, the characteristic bands of tetragonal BT are displayed at 256 cm ™!, 305 cm ™!,
512 cm ™!, and 715 cm~!. The most characteristic band among them is 305 cm !, which
is due to the asymmetry induced by off-center Ti atoms of [TiOg] manifesting as the
[B1, E(TO + LO)] phonon mode, suggesting the existence of tetragonal distortion inside
BTPs [36,37]. The peaks of other bands are related to the propagation and coupling of
their corresponding phonon modes in the local structure of tetragonal BT. The broad peaks
at the 256 cm~! and 512 cm ™! bands are associated with the coupling of the tetragonal
phase-dependent TO modes, corresponding to the [A1(TO)] and [A;(TO), E(TO)] phonon
modes, respectively [37,38]. The peak at 715 cm ™! represents the [A1(LO), E(LO)] phonon
mode, which belongs to the coupling between the LO modes with the highest frequency
of A; symmetry [39,40]. The relation curve between the area of the normalized peak at
305 cm~! band representing the characteristic peak of the tetragonal phase and ¢/a is shown
in Figure 2b. The satisfactory linear fitting results between the area of the normalized
peak and c¢/a further confirm the local tetragonal characteristics of the BT sample, which is
consistent with the macroscopic structure obtained by XRD.
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Figure 2. (a) Raman spectra of four BT samples with different particle sizes in the 150-1000 cm !

band; (b) The relation curve between the area of the 305 cm ™! normalized peak and c/a.

The morphology and homogeneity of BTPs were evaluated by SEM images containing
a mass of particles. The SEM images in Figure 3a—d show that four BT powders exhibit
rounded cube morphology and show good uniformity. In addition to the tetragonal
properties, ethanol solution also has a positive effect on the dispersion of BIPs. In general,
the narrow size distribution and dispersion of particles are obtained by the hydrophobic
interaction between the long hydrophobic chains of surfactant molecules, leading to the
anchoring of surfactant chains on the surface of the sample [41]. However, BTPs with
good dispersion were obtained by regulating the hydrothermal process without using
surfactants/stabilizing agents in this work. The presence of ethanol in hydrothermal media
could decrease the polarity of the solution to promote the formation of BIPs. In addition,
the use of ethanol could also reduce the particle interfacial activity after the formation of
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BTPs to prevent the aggregation and abnormal growth of particles to ensure their good
dispersion and homogeneity [42]. Furthermore, the formation of nearly monodisperse
and uniform BTPs is also attributed to the uniform nucleation of continuous heating at
higher temperatures [43,44]. As shown in Figure S10 and Table S3, the absolute values of
the Zeta potential of BT samples are greater than 30 mV, which proves that the dispersion
is good [45,46]. Good uniformity reduces the statistical error of the average particle size
of samples and benefits the performance of the assembled MLCCs. Slight agglomeration
occurs in the BT-250 sample while the overall dispersibility is still good (Figure 3d), which
may be due to the boiling and volatilization of ethanol during the hydrothermal reaction.
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Figure 3. SEM images of (a) BT-160, (b) BT-190, (c) BT-220, and (d) BT-250 samples. Corresponding
particle size distribution histogram of (e) BT-160, (f) BT-190, (g) BT-220, and (h) BT-250 samples.

To quantify the uniformity of BTPs, the particle sizes of 100 particles in the SEM image
were measured to ensure the reliability of the results. The principle is to measure and
record the sum of the particle sizes of 100 particles and divide by a number of particles to
obtain the average value. The histograms of the particle size distribution of each sample are
shown in Figure 3e-g, which are located below the corresponding SEM images. The fitting
curves of the particle size distribution histograms in Figure 3e—g show that the particle size
distributions of four synthesized BT samples obey the Gaussian distribution. From the size
distributions, it can be clearly concluded that the average particle sizes of four samples
gradually increase with the extension of the hydrothermal time. The average particle size
of the BT-160 sample with the shortest hydrothermal duration is about 160 nm, while the
particle size is mainly centralized around 250 nm when the hydrothermal time reaches 50 h.

The microstructure and composition of BTPs were further characterized by TEM and
element mapping analysis, as shown in Figure 4. Taking the BT-190 sample as an example,
Figure 4a shows that the particles are in the shape of cubes with rounded corners, and the
particle size is consistent with the results obtained from the SEM image. The clear lattice
fringes in the HRTEM image (Figure 4b) demonstrate the good crystallinity of the BT-190
sample. Through Fast Fourier transform (FFT) and inverse FFT, the HRTEM image of
Figure 4b is converted into a measurable lattice fringe of 0.282 nm, which is ascribed to the
(110) crystal plane of tetragonal BT. A single crystal structure can be revealed from the SAED
pattern in which the diffraction spots with marks are indexed as (002), (102), and (101) crys-
tal planes of tetragonal BT when the zone axis (ZA) is in the [010] direction. Meanwhile, the
clear single-crystal diffraction pattern also verifies its excellent crystallinity [47]. Uniform
element distribution and homogeneous particle sizes are important prerequisites for the
reliability of MLCCs. The EDS mapping analysis of STEM images in Figures 4d and S6-5S8
show that Ba, Ti, and O elements are evenly distributed in the particle. Furthermore, the
EDS spectra and elemental quantitative result of the BT-190 sample are shown in Figure 4e.
The atomic percentage of O (62.92%), Ti (17.08%), and Ba (20.00%) elements is about 3:1:1,
which is consistent with the atomic ratio of BT (BaTiO3) [48]. In Figure S9, the EDS spectra
and elemental quantification results of BT-160, BT-220, and BT-250 samples show similar
3:1:1 atomic percentages of O, Ti, and Ba elements.
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Figure 4. (a) TEM image; (b) HRTEM image; (c) SAED pattern; (d) scanning transmission electron mi-
croscope (STEM) image and EDS element mapping analysis results; (e) EDS results of BT-190 sample.

TEM, HRTEM, and SAED characterization for BT-160, BT-220, and BT-250 samples
were compared to demonstrate the microscopic crystal structures and crystallinity. In the
TEM images of BT-160, BI-220, and BT-250 samples in Figure 5a—c, the particle sizes of
the circular cubes are consistent with the corresponding SEM particle size statistics. The
average particle size of BTPs increases with the increase in hydrothermal time, but the
shape characteristic of rounded corners gradually weakens to the shape of cubes closer.
These are more evident in TEM images. BTPs show smooth surfaces in SEM and TEM,
and no pores are observed. The clear lattice fringes of HRTEM images in Figure 5d—f and
SAED patterns in Figure 5g—i indicate that all BT samples show good crystallinity. The
measured lattice fringe spacings in Figure 5d—f of random particles from BT-160, BT-220,
and BT-250 samples are 0.399, 0.280, and 0.402 nm, corresponding to (100), (110), and (001)
crystal planes of tetragonal BT in turn. The SAED patterns in Figure 5g-i demonstrate that
the BT samples present a single crystal structure, and the clear diffraction spots are also
indexed to the tetragonal structure. TEM analysis results are not only consistent with XRD
and Raman results in tetragonal phase analysis but also consistent with SEM results in
particle size and morphology analysis. The results show that the BT-160, BT-190, BT-220,
and BT-250 samples synthesized by a facile and eco-friendly hydrothermal method achieve
the balance of high tetragonal, controllable particle size and uniform morphology. It is still
worth mentioning that the regulation of particle size and high tetragonality of BT powders
in this work is more effective than most of the reported hydrothermal preparation results
in recent literature (Table S4). In Figure S9, about 28 g BT products show the possibility of
easy large-scale preparation. Additionally, the raw materials do not require strict storage
conditions, which improves the practical application potential to a higher degree.

Furthermore, the variation trends among hydrothermal parameters, particle size,
and tetragonality were discussed. The hydrothermal temperature is set to 260 °C. On
the one hand, it contributes to the formation of the tetragonal phase. On the other hand,
a slightly higher temperature reduces the internal defects of hydrothermal BTPs and
facilitates the exploration of the particle size dependence of their tetragonality [29]. The
particle size and tetragonality of BT samples in Figure 6a increase with hydrothermal time,
but the trend is slightly different. The tetragonality increases slowly with hydrothermal
time, indicating that the effect of hydrothermal time on tetragonality is limited. However,
the role of ethanol ensures that all samples retain high tetragonality. The trend of the
average particle size and tetragonality is presented in Figure 6b, which also reflects the
stability of the experiment.
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Figure 5. (a—c) TEM images; (d-f) HRTEM images and (g—i) SAED patterns of BT-160, BT-220, and
BT-250 samples.
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Figure 6. (a) The curves of particle size and ¢/z with hydrothermal time, respectively; (b) The fitting
curve of particle size with c/a.

In order to investigate the root cause of the trend of average particle size and tetrago-
nality, the internal structure of BTPs was further studied. The presence of the surface effect
makes BTPs exhibit a core—shell structure (Figure 7) consisting of the tetragonal core (the
blue region in the center), the transition lattice strain layer (the bluish-grey region in the
middle), and the surface cubic shell (the grey region in the outer layer), which is based on
the Ginsburg-Landau-Devonshire thermodynamic theory study [49]. The shell is formed
due to structural distortions caused by surface relaxation, and the weakening of the surface
effect leads to the properties of the diffusive phase transition inside BTPs [49,50]. Similarly,
the size-dependent expansion is caused by the tetragonal BT, while the thermal expansion
coefficient of the cubic phase is almost unchanged, which is also because the cubic phase
only exists on the surface of the particles [27].

The lattice spacings of the shell and core are measured via HRTEM to verify the
difference between the internal and surface phase structures. The results show that the
lattice spacings of 0.399 nm for the core and 0.286 nm for the shell correspond to the (100)
crystal plane of tetragonal phase BT (PDF#05-0626) and the (110) crystal plane of cubic phase
BT (PDF#31-0174), respectively. This result is consistent with the theoretical explanation
of the core—shell structure of BTPs. The atomic arrangement of BTPs is reconstructed
by inverse FFT processing, and the crystal structure diagrams of cubic and tetragonal
BT are presented accordingly. The eccentric displacement of Ti atoms is observed in the
tetragonal BT structure and leads to the change of lattice parameters. For BT crystals with
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cubic morphology, the volume fraction of the interior tetragonal core is provided with the
relation (1):

BT nanoparticle Cubic Shell J
* Lattice strained layer = Tetragonal Core ©OBa ©Ti ©O

Figure 7. Schematic diagram of the core—shell structure of the synthesized BTPs. The inset is an
inverse FFT atomic reconstruction.
2L 3

core% = 100 x (1 — 5) 1)
where D is the particle size of BTPs and L is the cubic shell thickness [50]. Since smaller
BTPs have higher specific surface energy, which is more favorable for the formation of
cubic shells [27]. Additionally, the variation of D is much larger than that of L. Therefore,
from this relation, the volume fraction of the tetragonal nuclei increases with the particle
size. The trend of tetragonality and particle size in Figure 6b is consistent with this relation,
confirming the dependence of tetragonality on particle size.

4. Conclusions

In summary, four BT powders with high tetragonality, controllable particle size, and
uniform morphology are successfully prepared by a facile and eco-friendly hydrothermal
method under the optimal solvent condition of water: ethanol: ammonia solution of 2:2:1.
The analysis of crystal structure and tetragonal characteristic indicates that the tetragonality
of all BT samples is about 1.009 and increases with the hydrothermal time. The results
of morphology and particle size show that BT powders of 160, 190, 220, and 250 nm
exhibit good homogeneity and dispersion. The presence of ethanol not only affects the
hydroxylation process to ensure high tetragonality but also reduces the interfacial activity
of BTPs to maintain good uniformity and dispersion of BTPs. The core-shell structure
is revealed by the different lattice fringe spacings of the core and edge of BTPs and the
crystal structure given by the reconstructed atomic arrangement via inverse FFT processing,
which further confirms the size dependence of tetragonality. These results provide new
insights into the regulation of BT properties and eco-friendly synthesis processes, which
will facilitate wider practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mal6114191/s1, Figure S1-S5: XRD patterns of BT powders;
Figure S6-S8: STEM images and EDS elements mapping of BT powders; Figure S9: EDS results of BT
powders; Figure S10: Zeta potential curves of BT powders. Figure S11: Photographs of BT powders;
Table S1: Specific values of the lattice parameters a, ¢, and their c¢/a ratios for BT powders; Table
52: The ratios between tetragonal and cubic phases of BT powders; Table S3: Zeta potentials of BT
powders. Table S4: Comparison of dual regulations of tetragonality and particle size prepared by the
hydrothermal method. References [51-55] are cited in the Supplementary Materials.
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