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Abstract

Barium strontium titanates (Ba1−xSrxTiO3, BST) with varying barium-to-strontium ratios
were synthesized by the solid-state route (SSR) as well as by the sol–gel process (SGP). In
the case of the SSR, the strontium amount x was varied from 0.0 to 0.25 in 0.05 steps, due
to the enhanced synthetic effort, and in the case of the SGP, x was set only to 0.05, 0.15,
and 0.25. The resulting properties after synthesis, calcination, and sintering, like particle
size distribution, specific surface area, particle morphology, and crystalline phase were
characterized. The expected tetragonal phase, free from any remarkable impurity, was
found in all cases, and irrespective of the selected synthesis method. Pressed pellets were
used for the measurement of the temperature and frequency-dependent relative permittivity
enabling the estimation of the Curie temperatures of all synthesized BSTs. Irrespective
of the selected synthesis method, the obtained Curie temperature drops with increasing
strontium content to almost identical values, e.g., in the case of x = 0.15, a Curie temperature
range 95–105 ◦C was measured. Thin BST films could be deposited on different substrate
materials applying electrophoretic deposition in a good and reliable quality according
to the Hamaker equation. The properties of the BSTs obtained by the simpler solid-state
route are almost identical to the ones yielded by the more complex sol–gel process. In
future, this result allows for a possible wider usage of BST perovskites for ferroelectric and
piezoelectric devices due to the easy synthetic access by the solid-state route.

Keywords: barium strontium titanate; BST; solid-state synthesis; sol–gel synthesis;
ferroelectric properties; Curie temperature adjustment; electrophoretic deposition; EPD

1. Introduction
Electroceramics with perovskite crystal structure have been investigated for many

years regarding their outstanding ferroelectric and piezoelectric properties enabling a
huge variety of different electronic devices like capacitors, sensors and actuators, energy
harvesters, energy storage parts, smart wearables, and many more [1–6]. Some of the most
important perovskites with prominent ferro- and piezoelectric properties contain lead, like
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PZT (lead zirconate titanate), which should not be used anymore due to environmental
reasons. Therefore, a huge effort was made with respect to the substitution of lead-based
perovskites by other suitable ceramics with comparable properties like barium titanate
or the promising niobates [5–9]. Particularly in the case of the different niobates, the
complex phase diagrams with the presence of a huge number of close lying different
phases hinder a widespread technical application [7–9]. Consequently, the focus was set
on barium titanate with a simpler phase behavior especially in the vicinity of the Curie
temperature [10]. In addition, and due to the flexibility of the perovskite phase, doping or a
partial substitution of the A2+ or B4+ position of the general ABO3 structure enables property
tailoring like permittivity, piezoelectricity or Curie temperature adjustment, targeting
special applications like capacitors, actuators, sensors or energy harvesters [11–14].

Of particular interest is the substitution of barium by strontium forming Ba1−xSrxTiO3

(BST) in the 0 ≤ x ≤ 1 range, tailoring the Curie temperature of BST regarding typical
temperatures relevant for, e.g., consumer electronics [1]. In general, two main synthetic
methods can be performed for the realization of BST ceramics: first, the solid-state route
(SSR) starting with mixing the solid educts in the desired stoichiometry, followed by calcina-
tion, delivers the targeted perovskites in good quality [15–24]. Second, the sol–gel process
(SGP), starting from metal–organic educts in solution and inorganic polycondensation
(gelation) after, e.g., pH-variation, followed by precipitation and calcination, allows for the
realization of very pure products [25–30]. Chilibon and Marat-Mendes examined different
synthetic routes for the realization of ferroelectric ceramics [26]. They described SSR and
SGP, but the comparison clearly shows the reduced effort in case of the SSR [26], also known
as mixed oxide processing in contrast to the different SGP techniques [26]. The aim of this
work is now to compare BSTs with different compositions synthesized by the solid-state
route as well as by the sol-gel process regarding their different properties and thin film
formation behavior using electrophoretic deposition. In general, the SSR is simpler from
a chemical point of view and does not require comprehensive and in-depth knowledge
about complex synthetic chemical methods according to the stable solid-state educts with
their easy manageability [26]. In contrast and due to the usage of moisture-sensitive metal–
organic educts and inflammable organic solvents, the SGP requires a more sophisticated
and educated chemical experience. It is expected that scaling up from a few grams up to
several 100 g per batch should be easier in case of SSR than in SGP. Consequently, the SSR
should be less expensive than the SGP. In addition, and according to the literature listed in
Section 3.1, the synthetic yield is much higher in SSR than in SGP. Therefore, within the
frame of this work, it should be proved that, irrespective of the selected synthetic route,
BST with different Ba-to-Sr ratios can be obtained with identical physical properties. This
would simplify the effort for BST synthesis for different potential applications in the future
as described for barium titanate by Buscaglia et al. [19].

2. Materials and Methods
2.1. BST Synthesis
2.1.1. Solid-State Reaction (SSR)

The established solid-state reaction follows the simple reaction at elevated tempera-
tures of barium carbonate and strontium carbonate in the desired stoichiometric ratio with
titanium(IV) oxide (1) [31]. The use of the carbonates instead of the oxides is favorable due
to two different reasons: first, the related oxides BaO and SrO are hygroscopic substances
forming the hydroxides, and second, the release of CO2 leads to an entropy increase, shift-
ing the equilibrium to the product side according to the Gibbs–Helmholtz Equation (2)
(G: Gibbs free energy, H: enthalpy, T: temperature, S: entropy).
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(1 − x)BaCO3 + x SrCO3 + TiO2 → Ba1−xSrxTiO3 + CO2 ↑ (1)

∆G = ∆H − T∆S (2)

Table 1 lists all used chemicals for the BST solid-state synthesis. Barium carbonate,
strontium carbonate and titanium(IV) oxide were dried in an oven overnight at 120 ◦C
to remove adsorbed surface water. After drying, the ceramics were mixed, suspended in
a small amount of acetone and pestled in a mortar for 10 min to obtain a homogeneous
mixture. With respect to the aspired different stoichiometries, the amount x of strontium
carbonate was varied from 0.0 to 0.25 in 0.05 steps. Afterwards, all mixtures were placed in
an oven for 30 min at 120 ◦C to remove the organic solvent followed by a calcination step
at 1000 ◦C for two hours with a heating and cooling rate of 10 K/min. After the solid-state
reaction, the solid mixture was dispersed in a 2 wt% solution of PMMA in acetone (ratio
mass powder in g to volume PMMA/acetone solution in ml of 1:1), grinded in a mortar for
10 min and subsequently dried for 30 min at 120 ◦C. The PMMA acts as a binder for pellet
pressing (1 g ceramic, pressure 0.3 GPa, diameter 10 mm, 25 ◦C) applying a Weber press
PW 20, (P.O. Weber GmbH, Remshalden, Germany). The following temperature program
was used for final pellet sintering:

1. 25 ◦C to 500 ◦C, 3 K/min heating rate
2. 500 ◦C to 1300 ◦C, 10 K/min heating rate
3. 1300 ◦C, 2 h holding time
4. 1300 ◦C to 25 ◦C, 10 K/min cooling rate.

The first slow heating rate up to 500 ◦C is attributed to the desired complete removal
of the PMMA binder.

Table 1. Chemicals used for solid state synthesis of BST.

Name Vendor

Barium carbonate VWR (Darmstadt, Germany)
Strontium carbonate Merck (Darmstadt, Germany)
Titanium (IV) oxide Merck (Darmstadt, Germany)

Acetone (Rotisolv HPLC ≥ 99.9%) Carl Roth (Karlsruhe, Germany)
Polymethylmethacrylate (PMMA) Merck (Darmstadt, Germany)

2.1.2. Sol–Gel Process (SGP)

In general, the more complex sol–gel process delivers products with high chemical
purity suitable for applications in microelectronics like capacitors or ferroelectric devices.
The use of metal–organic precursors, dissolved in organic solvents, followed by chemical
reaction and gelation enables the precipitation of highly pure, fine, and mostly spherical
particles. The BST synthesis in acetic acid follows Equation (3), using the chemicals listed
in Table 2. Due to the enhanced synthetic effort in contrast to the SSR reaction, a reduced
number of different stoichiometries were prepared, the amount x of strontium acetate was
varied with x = 0.05, 0.15, and 0.25. The synthesis follows the description given by Gatea
et al. in [28]. Barium acetate, dissolved in acetic acid, was stirred in a flask equipped with a
reflux condenser for 1 h at 70 ◦C, then the strontium acetate, also dissolved in acetic acid,
was added dropwise and the temperature was raised to 110 ◦C.

(1 − x)Ba(CH3COO)2 + x Sr(CH3COO)2 + Ti(OiPr)4 → Ba1−xSrxTiO3 + 2CH3COOH + 4 C3H7OH (3)
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Table 2. Chemicals used for sol–gel synthesis of BST.

Name Vendor

Barium acetate Alfa Aesar (Schwerte, Germany)
Strontium acetate Merck (Darmstadt, Germany)

Ammonium acetate Carl Roth (Karlsruhe, Germany)
Titanium isopropoxide Merck (Darmstadt, Germany)

2-Methoxyethanol Fluka (Seelze, Germany)
Acetic acid Carl Roth (Karlsruhe, Germany)

2-methoxyethanol and titanium isopropoxide were mixed at room temperature; then
the solution of barium and strontium acetate in acetic acid was added dropwise. The pH of
the mixture was adjusted to 4.5 with previously prepared ammonium acetate dissolved
in acetic acid. Then, the temperature of the reaction mixture was increased to 100 ◦C. The
initial brown color turned slowly to a whitish appearance. Finally, the reaction mixture
was heated under reflux until a viscous gel was obtained. After the addition of distilled
water, the mixture was stirred for one hour at 60 ◦C until the desired gel consistency was
observed. The gel was dried at 200 ◦C for two hours and subsequently calcined at 700 ◦C
for 2 h with a heating and cooling rate of 10 ◦K/min. The obtained powder was pressed
to pellets as described earlier and sintered with a simplified temperature program with
omission of the debinding step. Due to the expected finer particle size accompanied with
larger specific surface area and hence enhanced sinter activity, a lower sinter temperature
was selected according to the following [29]:

1. 25 ◦C to 1000 ◦C, 5 K/min heating rate
2. 1000 ◦C, 3 h holding time
3. 1000 ◦C to 25 ◦C, 8 K /min cooling rate.

The final denomination of all synthesized BSTs can be found in Table 3.

Table 3. Denomination for all synthesized BSTs (SSR and SGP).

SSR SGP
Composition Denomination Composition Denomination

BaTiO3 BST-SSR-000 - -
Ba0.95Sr0.05TiO3 BST-SSR-005 Ba0.95Sr0.05TiO3 BST-SGP-005
Ba0.90Sr0.1TiO3 BST-SSR-010 - -
Ba0.85Sr0.15TiO3 BST-SSR-015 Ba0.85Sr0.15TiO3 BST-SGP-015
Ba0.80Sr0.2TiO3 BST-SSR-020 - -
Ba0.75Sr0.25TiO3 BST-SSR-025 Ba0.75Sr0.25TiO3 BST-SGP-025

2.2. Characterization
2.2.1. Thermal Analysis (TGA)

Thermogravimetric analysis (TGA) using a STA-409C (E. Netzsch B.V. & Co Holding KG,
Selb, Germany), was applied to determine the mass loss during calcination and sintering.

2.2.2. Particle Characterization

Scanning Electron Microscopy (SEM) was used to determine the morphology of the
ceramic powders. For preparing the samples, the powders were pestled for 10 min and
dispersed in isopropanol in an ultrasonic bath (Sonorex Super RK103H, Bandelin electronic
GmbH & Co KG, Berlin, Germany) for 15 min. After that, the suspensions were kept in
the fume cupboard for 2 days followed by overnight storage at 60 ◦C in a laboratory oven.
The powders prepared for SEM analysis were stuck on carbon tabs. A Tescan MAIA 3
(TESCAN GmbH, Dortmund, Germany) was used for SEM imaging. The acceleration
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voltage was set to 5 kV. The particle size distribution (PSD) was measured by dynamic light
scattering applying a Beckmann Coulter LS-230 (Beckman Coulter Inc., Brea, CA, USA)
analyzer. Approximately 0.1 g of the synthesized powders, which were pestled for 10 min
after sintering, was suspended in 5 g isopropanol and stored in an ultrasonic bath (Sonorex
Super RK103H, Bandelin electronic GmbH, Berlin, Germany) for 15 min. The specific
surface area (SSA) was measured according to the Brunauer–Emmett–Teller adsorption
(BET) method (Gemini VII 2390, Micromeritics Instr. Corp., Norcross, GA, USA).

2.2.3. X-Ray Diffraction (XRD)

All synthesized samples were analyzed after sintering with an X-ray diffractometer
(XRD) for crystallographic phase determination. The X-ray diffractograms were measured
using a Bruker D8 Discover diffractometer with Bragg–Brentano geometry and Cu-Kα

(1.54 Å) radiation. All diffractograms were analyzed with DIFFRACT.EVA V5 (Bruker
AXS, Ettlingen, Germany) and Match! (Crystal Impact, Bonn, Germany). Data from ICSD
(Inorganic Crystal Structure Database) and ICDD (International Center for Diffraction Data)
were used as a reference for phase analysis.

2.2.4. Dielectric Properties

The temperature dependent relative permittivity εr was estimated by capacitance
measurements according to the well-known capacitor Equation (4) (C: measured capacity,
d: distance between electrodes, respectively, dielectric sample thickness, ε0: vacuum permit-
tivity, A: surface area). A total of 0.4 g of BST powder was pressed (25–30 kN) into 10 mm
diameter pellets and sintered (Figure 1a). After sintering, the pellet was bonded between
aluminum plates with conductive adhesive (Heraeus PC 3001 Thermosetting Polymer
Silver Conductive Adhesive, (Hanau, Germany) (Figure 1b). The sample preparation is
very sensitive to the presence of trapped air bubbles between the different interfaces of
specimen-adhesive-aluminum electrode. The capacitance was measured at four different
frequencies (100 Hz, 1000 Hz, 10,000 Hz, 100,000 Hz) with an LCR-meter (Fluke and Philips,
the T8M Alliance, PM6304 Programmable automatic RCL-meter) at different temperatures
between ambient conditions and 140 ◦C to estimate the Curie temperature. The sample
temperature was adjusted in an oven.

εr =
C d
ε0 A

(4)

   
(a)  (b) 

Figure 1. Dielectric property measurement of SSR-obtained specimen: (a) selected samples after
sintering; (b) with aluminum sheet-contacted specimen.

2.2.5. Electrophoretic Deposition (EPD)

EPD was performed for BST powders synthesized by SSR as well as by SGP with
subsequent calcination and sintering. The pestled SSR-pellets were additionally milled
in isopropanol in a planetary mill (200 rpm, 8 h, PM 400, Retsch GmbH, Haan, Germany)
prior to usage. The solvent was removed under reduced pressure, and the fine fraction
of the resulting powder was sintered for 3 h at 1000 ◦C with a heating rate of 5 K/min
and a cooling rate of 8 K/min (RHF 1400, Carbolite Gero GmbH & Co. KG, Neuhausen,
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Germany) to adjust the particle size. Suspensions were prepared containing approximately
1 vol% of the different BST powders in isopropanol and acetone (volume ratio of 65:35).
3,6,9-trioxadecanoic acid (1 wt% related to BST) was used as suitable dispersant preventing
agglomeration and sedimentation (Table 4). Additionally, PMMA (75 wt% related to BST)
was added as a binder, which was dissolved in acetone before (20 wt%). The whole mixture
was stirred for at least 5 min under ambient conditions and further deagglomerated for
another 5 min at 0 ◦C with an ultrasonic lance (70 % internal power, pulsed modem Digital
Sonifier 450, Branson Ultrasonics Corp., Danbury, CT, USA).

Table 4. Chemicals used for EPD.

Name Vendor

Isopropanol (≥99.9%) Carl Roth (Karlsruhe, Germany)
Acetone (≥99.9%) Carl Roth (Karlsruhe, Germany)

3,6,9 Trioxadecanoic acid
<100%, technical grade Merck (Darmstadt, Germany)

Polymethylmethacrylate (PMMA) Merck (Darmstadt, Germany)

The EPD process was conducted in a glass beaker using a self-constructed automated
setup consisting of a power source, CNC controller, computer, and EPD dip coater. The
different investigated deposition parameters are listed in Table 5. This setup allowed a
variation in the applied voltage U and the deposition time t. The simultaneous deposition
of the ceramic and PMMA was conducted on graphite (plate C59, Thielmann Graphite,
Grolsheim, Germany) (SSR, SGP) as well as on stainless steel electrodes (SSR) with platinum
as a counter electrode. The graphite electrodes were polished manually to a shiny surface
appearance using sandpapers P320, P800, and P2500, subsequently cleaned in isopropanol
and acetone in a supersonic bath (each 10 min) and finally dried overnight at 60 ◦C in a
furnace. The graphite and the steel electrodes were partially protected with sticky tape; the
open area was coated (26 × 26 mm2) and after deposition dried under ambient conditions.
After that, light microscope images were recorded (Axioplan 2, Carl Zeiss AG, Oberkochen,
Germany). The layer thickness of the deposited films for t > 90 s was determined using
a white light interferometer (WLI, NewView 9000, Zygo Corp., Middlefield, CT, USA).
Observed was a 3.2 × 2.4 mm2 large area at the edge of the deposited ceramic, so that
both BST and electrode were recorded. The Gwyddion software (Petr Klapetek, David
Nečas, Czech Metrology Institute, Brno, Czech Republic) was used to extract profiles of
the BST ceramic as well as of the electrode. Finally, the layer thickness was obtained as
the difference between the average height of the BST and the electrode. The values were
calculated using Origin (OriginPro, Version 2021, OriginLab Corporation, Northampton,
MA, USA). The experimental error was calculated according to (5).

s =
√

sBST
2 + selectrode

2 (5)

Table 5. EPD of BST obtained by SSR (BST-SSR-025) and SGP (BST-SGP-025). The operation voltage
was 25 V (SSR) on steel and 25 V on graphite (SSR) and 100 V (SGP) on graphite, respectively.

Denomination Deposition Time (s) Denomination Denomination Deposition Time (s)

SSR-Steel 1 30 SSR-Graphite 1 SGP-Graphite 1 180
SSR-Steel 2 60 SSR-Graphite 2 SGP-Graphite 2 240
SSR-Steel 3 90 SSR-Graphite 3 SGP-Graphite 3 300
SSR-Steel 4 120 SSR-Graphite 4 - -
SSR-Steel 5 150 SSR-Graphite 5 - -
SSR-Steel 6 180 SSR-Graphite 6 - -
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3. Results and Discussion
As previously mentioned, a reduced set of compositions were realized applying the

SGP in contrast to the SSR method due to the huge synthetic effort. Nevertheless, the
authors are convinced that the following data and the property comparison enable a more
general conclusion, that the simpler SSR delivers, with respect to potential applications, at
least equivalent BST properties as the more complex SGP.

3.1. Synthesis

According to the procedures described in 2.1, the different BST compositions were
synthesized. The reaction yields obtained are in an acceptable range between 51 and 95%
(SSR) and between 76 and 84% for SGP. In the literature, it is almost impossible to find any
information about the reaction yield. Shastri et al. [22] investigated the SSR for x = 0.5 and
x = 0.7 with BaCl2 and SrCl2 as educts, unfortunately without any yield information. Wu
et al. [32] performed the SSR using the carbonates as educts with conventional sintering
as well as spark plasma sintering; in both cases no yield was listed. Sandi et al. [23]
synthesized different BSTs with x = 0, x = 0.1, and x = 0.5 by SSR applying the carbonates;
they did not mention the yield as well. Jamaluddin et al. [21] obtained different BSTs with
x = 0.01 up to x = 0.05 with the SSR without any yield description, the same is valid for
the work described by Maharsi et al. [24], Li et al. [20], Nayak et al. [15], and Deshpande
et al. [33]. The SGP was performed according to the procedure described in [28], they
investigated BSTs with x = 0.2, 0.3, 0.4, 0.5, and 0.6 without any information about the
reaction yield. The same is true for Yin et al. [34], Khirade et al. [35], Shahid et al. [27], and
Azim Araghi [29]. A comprehensive description and validation of different BST synthetic
routes can be found in [36]; the author described an overall yield after calcination of the
SGP between 15 and 30%.

3.1.1. Thermal Analysis

The calcination and sintering steps within the SSR and SGP were controlled by thermo-
gravimetry. As described in Section 2.1.1, for better processing, PMMA (2 wt%) was added
as a binder to support pellet pressing. Figure 2a shows the mass change with proceeding
temperature treatment for SSR-synthesis. As expected, the decomposition of the added
PMMA can be seen in the temperature range between 250 and 350 ◦C. A second mass
loss around 800–900 ◦C up to 1.5 wt% can be observed, which can be attributed to an
incomplete CO2 release during calcination according to the decomposition of the initial
carbonates [37]. In the case of the SGP systems with increasing Sr content, an increasing
mass loss can be observed, which can be attributed to the decomposition of strontium
acetate (Tdec: 380 ◦C [38]) (Figure 2b). Only for the system with the highest barium acetate
content, a small mass loss between 450 and 500 ◦C can be detected, which fits well to the
decomposition temperature (450 ◦C) of barium acetate [39]. At low (150 ◦C) temperature,
the acetates decompose to oxalates, which react at very high temperatures (800 ◦C) to
carbonates and evolve CO2 [40].

3.1.2. Particle Characterization

Figure 3a shows the PSD for all SSR-synthesized compositions after calcination and
sintering. In general, three main fractions around 0.2 µm, 2 µm, and between 6 and 20 µm
can be seen. For better comparison, the average d50 values are collected in Table 6. Figure 3b
displays the PSD for the SGP-synthesized systems; the principal distribution appearance
is similar. In the case of SSR, Jamaluddin estimated the grain size by SEM photograph
analysis; for x = 0.05, they found an average value of 243 nm [21].
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(a)  (b) 

Figure 2. Temperature-dependent weight loss during calcination and sintering: (a) SSR; (b) SGP.

   
(a)  (b) 

Figure 3. Particle size distribution of all synthesized compositions: (a) SSR; (b) SGP.

Table 6. Average particle size (APS) and specific surface area (SSA) of all synthesized BSTs.

Denomination APS (µm) SSA (m2/g) Denomination APS (µm) SSA (m2/g)

BST-SSR-000 3.7 0.9 - - -
BST-SSR-005 2.2 0.5 BST-SGP-005 1.2 2.7
BST-SSR-010 2.5 0.8 - - -
BST-SSR-015 4.2 0.7 BST-SGP-015 1.9 3.2
BST-SSR-020 4.4 0.6 - - -
BST-SSR-025 2.4 1.4 BST-SGP-025 1.8 5.9

In the case of SGP, Gatea et al. investigated the particle size via SEM photograph
analysis as well and found, e.g., for x = 0.1 and 0.5 average grain sizes of 197 and 267 nm,
respectively, after sintering [28]. In general, the analysis via a SEM image recognition system
cannot be compared directly with classical dynamic light scattering, because the latter
method also considers agglomerates. The measured SSA for all investigated compositions
and different synthetic routes is depicted in Table 6 as well. In the case of the SSR-based
ceramics, the SSA values are close together between 0.5 and 1.4 m2/g; a systematic trend
with composition is not detectable. In the case of the SGP-derived system, the SSA values
are between 2.7 and 5.9 m2/g. The measured SGP-SSA values are higher than the related
SSR-SSA values.



Ceramics 2025, 8, 126 9 of 19

With respect to further particle processing, the particle morphology is of particular
interest. Figure 4 shows SEM powder images of the different BST SSR products after
calcination and sintering at two different magnifications. As expected after a solid-state
reaction, the particles show an irregular shape with the presence of large hard agglomerates
and aggregates as well as small particles attached to the surface of the larger particles.

(a)  (b) 

   
(c)  (d) 

   
(e)  (f) 

Figure 4. SEM images at different magnifications of all SSR synthesized powders after calcination
(1000 ◦C, 2 h) and sintering (1300 ◦C, 2 h): (a) x = 0; (b) x = 0.05; (c) x = 0.1.; (d) x = 0.15; (e) x = 0.2;
(f) x = 0.25.

A systematic correlation between the Ba/Sr ratio on the particle’s morphology cannot
be detected. For a system with x = 0.3 with a calcination temperature of 900 ◦C (5 h) and
sintering at 1250 ◦C (6 h), a similar morphology is described by Nayak et al. [15]. The omission
of the calcination step provides a finer morphology for different Sr-amounts [21,23,24]. A
completely different morphology can be seen in the powder SEM images for the SGP-
derived BSTs in Figure 5. In all three investigated compositions, a huge amount of small
spherical particles attached to ones with a more irregular shape can be seen. Especially in
the system with the highest strontium content, a pronounced presence of very fine particles
can be observed, which coincides with the high number of small particles in the particle size
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distribution in Figure 3b and the larger SSA values. A similar morphology was described
by Gatea and Naji under the same calcination and sintering conditions [28].

   
(a)  (b) 

 
(c) 

Figure 5. SEM images at different magnifications of all powders synthesized via SGP after calcination
(700 ◦C, 2 h) and sintering (1000 ◦C, 3 h): (a) x = 0.05; (b) x = 0.15; (c) x = 0.25.

3.2. Phase Analysis by XRD

With respect to the application, it is mandatory that the proper crystal lattice, here the
perovskite phase, is formed after all processing steps with respect to both synthetic routes,
calcination, and sintering. Figure 6a,b show an example of the XRD pattern for BaTiO3

(x = 0) and Ba0.95Sr0.05TiO3 (x = 0.05). In addition to the experimental reflexes, the reference
values from [41] for BaTiO3 (ICSD 9083) and for Ba0.95Sr0.05TiO3 (ICSD 19777) are included
in Figure 6a,b. As can be seen in the diffractograms, the number and position of reflexes
match the reference data quite well; no additional reflexes can be seen, which is a strong hint
that the desired products are pure and no residual reactants or other phases are present. All
the samples show a tetragonal symmetry with space group P4mm. While BaTiO3 exhibits a
tetragonal symmetry at room temperature, pure SrTiO3 (ICSD 23076) has an ideal cubic
perovskite structure with the space group Pm3m. For all investigated Ba/Sr ratios the
tetragonal symmetry was preserved, which can be seen by the direct comparison of all
X-ray diffractograms of the SSR synthesized BST in Figure 6c. With an increasing strontium
content, a slight shift in the reflexes to higher 2θ values is observed. To show this effect
clearly, Figure 6d gives a more detailed view on the most intensive reflex in the 2θ range of
30–33◦. There is a difference of about a half-degree between BaTiO3 and Ba0.75Sr0.25TiO3,
which can be attributed to the size differences between Sr2+ ions (r = 0.113 nm) and Ba2+

ions (r = 0.135 nm) [27]. If barium is replaced by strontium, the lattice parameters become
smaller and therefore the reflexes in the diffractogram are shifted to larger angles.
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(a)  (b) 

   
(c)  (d) 

Figure 6. XRD investigation of SSR samples: (a) XRD pattern for x = 0; (b) XRD pattern for x = 0.05;
(c) complete pattern set of all investigated compositions; (d) peak shift with strontium content for the
most intensive reflexes ((101) and (110)).

Figure 7 shows the related data for the SGP-based Ba1−xSrxTiO3 products. As an
example, Figure 7a shows the XRD pattern for x = 0.05, and Figure 7b the direct comparison
of all X-ray diffractograms of all SGP-synthesized BSTs. The desired products are obtained
phase-pure; no remaining reactants or other phases are observed. All samples show a
tetragonal symmetry at room temperature with space group P4mm. Again, with increasing
strontium content, a slight shift in the reflexes to higher 2θ values can be detected (Figure 7c).
From the results presented in Figures 6 and 7, it can be derived that the purity of the different
BSTs is identical irrespective of the applied synthetic route.

     
(a)  (b)  (c) 

Figure 7. XRD investigation of all SGP samples: (a) XRD pattern for x = 0.05 as an example;
(b) complete pattern set of all investigated compositions; (c) peak shift with strontium content for the
most intensive reflexes ((101) and (110)).
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3.3. Dielectric Characterization

With respect to the application, e.g., as a capacitor, knowledge about the dependence of
the relative permittivity with composition and temperature is important. Figure 8 presents
the permittivity measurements for all SSR-derived BSTs. For better comparison, the range
of the y-axis is identical. Various correlations and trends can be observed. As expected,
with increasing measuring frequency, the relative permittivity values decrease. Increasing
Sr content causes a relative permittivity drop as well. It is known from the literature that
εr has its maximum value at the Curie temperature [1]. Table 7 summarizes the estimated
range of the Curie temperature as a function of the strontium content for all SSR-derived
BSTs, together with data taken from the literature.

     
(a)  (b)  (c) 

     
(d)  (e)  (f) 

Figure 8. Temperature and frequency-dependent relative permittivity for all SSR-derived composi-
tions: (a) x = 0; (b) x = 0.05; (c) x = 0.1.; (d) x = 0.15; (e) x = 0.2; (f) x = 0.25.

As a general trend, the increasing presence of strontium causes a drop of the Curie
temperature. The quality of the measured values suffered in some cases from the non-
optimized sample preparation as described in Section 2.2.4. Especially, the attachment of
the aluminum plates as electrodes with an adhesive tape was not as reliable as expected
and therefore the source of errors, like signal scattering. Therefore, the absolute εr values
may not be taken too seriously, but within one measurement series, the general trend of the
change in the εr-values with temperature and hence the estimation of the Curie temperature
is reliable. Sandi et al. [23] found εr data of 156 and 196 at 1 kHz for x = 0 and x = 1. These
small values can be attributed to the nanosized particles with average values around 38 nm.
Jamaluddin et al. measured a relative dielectric constant of 456 at 1 kHz and a grain size
of 243 nm for x = 0.05 [21]. Maharsi et al. stated a relative dielectric constant of 465 at
1 kHz and an average particle size of 62 nm for x = 0.1 [24]. The influence of the sinter
temperature on the dielectric properties was investigated for x = 0.25 by Li et al. [20]. They
found relative permittivity values up to 18,000 at 1 MHz for particles in the lower µm range
and sinter temperatures between 1250 and 1350 ◦C. They estimated the Curie temperature
to be around 50–60 ◦C. For pure barium titanate, a dependence of the dielectric constant
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with particle or grain size is described in the literature [42]. Kinoshita and Yamaji showed
that the reduction in the particle size is accompanied by a relative permittivity increase
until a minimum size of 1 µm is reached [43]. Buscaglia and coworkers found an opposite
behavior for grain sizes below 1.2 µm [44], which means that starting from nanoparticle
sizes towards microparticle sizes, an increase in the relative permittivity can be measured.
Consequently, around a 1 µm particle size, an εr maximum should be located. Figure 9
shows the change in the permittivity values at different frequencies and temperatures for
the prepared SGP BST systems. For better comparison, the range of the y-axis is identical.
Except for the signal at 100 Hz in the case of BST with x = 0.15, the general trend is as
expected for all compositions, temperatures, and frequencies. Gatea and Naji found a
Curie temperature of 73 ◦C (@ 1 kHz) for x = 0.2, which fits the results presented here quite
well [28]. Ianculescu et al. measured Curie temperatures around 130 ◦C, 108 ◦C, 77 ◦C,
and 39 ◦C for x = 0, 0.1, 0.2, and 0.3, respectively [45], which is consistent with the data
shown here.

Table 7. Estimated Curie temperatures for all BSTs derived from εr measurements.

Composition
Measured SSR

Curie Temperature
(◦C)

SSR Curie Temperature
(◦C), Taken from

the Literature

Measured SGP
Curie Temperature

(◦C)

SGP Curie Temperature
(◦C), Taken from

the Literature

BaTiO3 125–135 127 [46] n.a. 130 [45]
Ba0.95Sr0.05TiO3 115–125 n.a. 115–125 n.a.
Ba0.90Sr0.1TiO3 100–110 112 [31] n.a. 108 [45]
Ba0.85Sr0.15TiO3 95–105 94 [31] 95–105 n.a.
Ba0.80Sr0.2TiO3 85–95 70 [46], 86 [31] n.a. 73 [28], 77 [45]
Ba0.75Sr0.25TiO3 65–75 78 [31] (Ba0.78Sr0.22TiO3) 60–70 n.a.

     
(a)  (b)  (c) 

Figure 9. Temperature and frequency-dependent relative permittivity for all SGP-derived composi-
tions: (a) x = 0.05; (b) x = 0.15; (c) x = 0.25.

3.4. Electrophoretic Deposition

Electrophoretic deposition has the major advantage compared to other ceramic shaping
methods, like tape casting or ceramic injection molding, so that the shaping process is
mostly independent from the slurry viscosity. Even the deposition of nano-sized particles
like barium titanate allows for the generation of freestanding thin films after sintering
with a small surface roughness [47]. BST-SSR-025 and BST-SGP-025 were selected for EPD.
The dispersions freshly prepared according to the instructions described in Section 2.2.5
showed a further reduced d50 value of 1.27 µm (SSR) and 0.83 µm (SGP). According to the
empirical Hamaker equation, increasing deposition time at constant applied voltage yields
an increased amount of deposited ceramic particles (6) (m: deposited mass, a: constant,
A: electrode surface, c: solid concentration, µ: electrophoretic mobility, E: electric field
strength, t: deposition time) [48–50]. The Hamaker equation and its derivations described
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later do not consider changes in the particle concentration and some shielding effects due
to the increasing deposited layer thickness causing some electrical resistivity changes at the
surface [49,50]. Therefore, consequently, the Hamaker equation is only valid if a freshly
prepared dispersion is used, otherwise particle precipitation or particle concentration
depletion in case of multiple dispersion use may tamper the obtained deposited mass or,
related to the covered area, the resulting film thickness.

m =
∫ t

0
(a × A × c × µ× E)dt (6)

Figure 10 shows the six SSR-based deposited films on steel substrates with increasing
deposition time as listed in Table 5 (SSR-Steel 1–SSR-Steel 6, Figure 10a–f) after drying under
ambient conditions. It must be noted, and as described above, that the films represent a
co-deposition of BST and PMMA binder. At smaller deposition times as in Figure 10a–d, the
dark background of the electrode can be adumbrated. In all cases, smooth surfaces without
any visible defects could be obtained. In addition, a deposition on graphite electrodes was
performed (SSR-Graphite 1–6, Figure 11). Graphite was selected because after deposition,
careful combustion of the graphite enables the formation of free standing thin ceramic
films [47]. As in the EPD on the steel substrate, for short deposition times below 120 s, the
dark graphite substrate with a non-homogeneous surface coverage can be seen. In the case
of very long deposition times over 150 s, a delamination at the substrate corners can be
detected. Hence, a suitable deposition time should be around 120 s.

           
(a)  (b)  (c)  (d)  (e)  (f) 

Figure 10. Photographic images of deposited samples of BST-SSR-025 on steel substrates with
different deposition time: (a) 30 s; (b) 60 s; (c) 90 s; (d) 120 s; (e) 150 s; (f) 180 s after drying.

           
(a)  (b)  (c)  (d)  (e)  (f) 

Figure 11. Photographic images of deposited samples of BST-SSR-025 on graphite substrates with
different deposition time: (a) 30 s; (b) 60 s; (c) 90 s; (d) 120 s; (e) 150 s; (f) 180 s after drying under
ambient conditions.

The validity of the empirical Hamaker equation can be seen in Figure 12. In Figure 12a,
an increasing deposition time yields an almost linear increase in the deposited BST mass on
the steel substrate. The Pearson coefficient possesses an acceptable value of 0.97 showing
a reliable linear correlation between deposition time and deposited mass according to
Equation (5). In Figure 12b, the corresponding behavior using the graphite substrate is
depicted. As expected, an increasing deposition time delivers an increasing deposited mass,
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but with a pronounced scattering around the linear fit. With a value of 0.93, the Pearson
coefficient is slightly reduced, but still acceptable. The deviation of the deposited mass
with increasing deposition time from the linear fit can be explained by the reuse of the
dispersion for all EPD experiments showing a proceeding concentration depletion.

   
(a)  (b) 

Figure 12. Change in the deposited BST-SSR-025 mass with increasing deposition time: (a) on steel;
(b) on graphite.

In case of the three SGP samples on graphite substrates SGP-Graphite 1–3 (Table 5),
121 mg, 144 mg, and 132 mg were deposited, respectively, which is, due to the four times
larger deposition voltage and longer deposition time, significantly higher than in the SSR
EPD experiments. Due to the very long deposition time (especially for SGP-Graphite 3), the
ceramic powder started to sediment in the dispersion, causing a concentration depletion
leading to a reduced ceramic filler deposition. Nevertheless, in all cases very smooth
surfaces without any visible defects could be obtained after drying for 2 min at 200 ◦C and
keeping them under ambient conditions for 3 days (Figure 13a–f).

           
(a)  (b)  (c)  (d)  (e)  (f) 

Figure 13. Deposited SGP samples of Ba0.75Sr0.25TiO3 with different deposition times: (a) 180 s;
(b) 240 s; (c) 300 s; (d–f) microscopic images of the surfaces of depositions (a–c).

The surface quality and film thickness of the deposited BST layers can be seen in
Figure 14 exemplary for the EPD on graphite. Figure 14a,b show a surface scan and the
related profiles (layer and electrode) for the SSR-obtained dispersion. Figure 14c,d present
the related images for the SGP-based dispersion. Both systems were deposited for 180 s but
with different applied voltages. In all cases, smooth surfaces can be observed. The elevated
structure at the transition from the layer to the naked electrode substrate is due to the
removed sticky tape, which covered the electrode preventing any deposition. Table 8 sum-
marizes for all deposited layers with homogeneous surface the obtained layer thicknesses.
The denomination is based on the EPD parameters listed in Table 5 in Section 2.2.5.
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(a)  (b) 

   
(c)  (d) 

Figure 14. Surface characterization of deposited BST via WLI: (a) surface topography of SSR-Graphite
6 (25 V, 180 s); (b) surface profiles of SSR-Graphite 6; (c) surface topography of SGP Graphite 1 (100 V,
180 s); (d) surface profiles of SGP Graphite 1.

Table 8. Measured layer thickness of all EPD samples possessing a homogenous layer thickness.

Sample Layer Thickness (µm)

SSR-Steel 3 24.3 ± 3.5
SSR-Steel 4 14.3 ± 2.2
SSR-Steel 5 17.1 ± 3.1
SSR-Steel 6 25.0 ± 3.6

SSR-Graphite 3 14.9 ± 1.9
SSR-Graphite 4 11.1 ± 1.2
SSR-Graphite 5 15.5 ± 1.4
SSR-Graphite 6 17.1 ± 1.4

SGP-Graphite 1 30.2 ± 3.0
SGP-Graphite 2 39.4 ± 2.0
SGP-Graphite 3 27.6 ± 1.7

4. Conclusions
In this work, different BST compositions synthesized via solid-state reaction and

sol–gel process were characterized comprehensively via SEM, X-ray diffraction as well as
temperature and frequency-dependent relative permittivity measurements targeting a Curie
temperature range estimation. In good agreement with the data from the literature, both
synthetic methods deliver phase pure BST compositions and confirmed Curie temperature
values. Finally, fine particles, obtained from both synthetic routes, were deposited via
electrophoretic deposition on graphite and steel substrates for thin film formation, e.g., for
suitable applications as ferroelectric devices. In general, it was found that almost identical
properties were measured irrespective of the applied synthetic method. The solid-state
route requires less effort, especially avoiding elaborate wet-chemistry methods and opens
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the favorable possibility to use a simple method for preparing ferroelectric ceramics of the
perovskite type.
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