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Abstract: The crystallization kinetics in BaTiO3 synthesis from hydrate precursors via microwave-
assisted heating (MWH) were investigated. The structural and chemical features of powders syn-
thesized via MWH and conventional heating (CH) were compared. The charged radicals generated
under microwave irradiation were identified by chemical analysis and real-time charge flux mea-
surements. Using Ba(OH),-H,O (BH1), Ba(OH), (BHO0), and BaCOj3 (BC) as the precursors for a Ba
source, and TiO,-4H,O (TH) for a Ti source, three different mixture samples, BH1TH (BH1 + TH),
BHOTH (BHO + TH), and BCTH (BC + TH), were heat-treated in the temperature range of 100-900 °C.
BaTiO3; powders were synthesized at temperatures as low as 100 °C when sample BHITH was
subjected to MWH. Based on the growth exponent (1), the synthesis reactions were inferred to be
diffusion-controlled processes (3 < n < 4) for MWH and interface-controlled processes (2 < n < 3)
for CH. Current densities of approximately 0.073 and 0.022 mA/m? were measured for samples
BH1TH and BHOTH, respectively, indicating the generation of charged radicals by the interaction
between the precursors and injected microwaves. The radicals were determined as OH™ groups by
X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy.

Keywords: microwave-assisted heating; hydrate precursors; charged radicals; crystallization kinetics;

real-time measurements

1. Introduction

Microwaves are regarded as potential candidates for advanced technology sources
in forthcoming industrial engineering applications, such as communications, materials
science, and biomedical applications [1-3]. In particular, research groups have reported that
microwave-assisted heating (MWH) in powder synthesis and sintering processes demon-
strate high applicability, high energy efficiency, a low reaction temperature, and a short
reaction time [4-6]. Thirumalai et al. [4] confirmed that BaTiO3; powders were synthesized
at 1000 °C using the MWH method, which resulted in a shorter processing time of approxi-
mately 450 min compared to 520 min of conventional heating (CH). Guo et al. [5] reported
that the application of microwaves in the hydrothermal method for the synthesis of BaTiO3
powders showed various advantages, such as time-saving advantages and a low reaction
temperature when compared to a typical hydrothermal method. Thridandapani et al. [6]
demonstrated that 8 mol% yttria-doped ZrO, ceramics could be sintered with an activation
energy of approximately 200 k] /mol when produced by MWH, which was much lower
than that (~520 kJ /mol) prepared by CH.

It is well known that dielectric materials are highly reactive to microwaves, which is
described as dielectric heating caused by the reorientation of electric dipoles in response to
the electric field of the microwaves [7]. The microwave power (P) absorbed in the materials
is generally expressed by Equation (1) [8] as follows:

P = (weoe'tand) |E|, (1)
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where w is the frequency of the applied microwaves, ¢ is the dielectric constant of the
free space, ¢ and tané are the real parts of the dielectric constant and the loss tangent
of the materials, respectively, and E is the applied electric field strength. Based on this
equation, MWH is significantly affected by the dielectric properties of the materials. Several
researchers have investigated the enhancement in microwave effects on powder synthesis
and sintering using various ionic materials with high dielectric constants and losses [9-13].
In contrast, it has been reported that hydroxyl and water molecules have high dielectric
constants and loss tangents at microwave frequencies [14]. Therefore, precursors having
hydroxyl and water molecules are potential candidates for powder synthesis via MWH.
Our previous preliminary research on the application of microwave irradiation in the
synthesis of BaTiO3 powders [15] confirmed that initial sources having hydroxyl and water
molecules had a lower synthesis temperature compared to those without polar radicals.
We investigated the effect of the precursor polar radicals on the crystallization kinetics
of BaTiO3; powders prepared via MWH. Here, we report how the precursors having
hydroxyl and water molecules contributed to the crystallization of BaTiO3 powders during
MWH. The values of the crystallization exponent and activation energy for the formation
of the BaTiO3 phase were estimated in terms of the precursor types. In addition, the
charge fluxes were measured under a DC-type electrical bias during the MWH process,
and the charged radicals were identified by analyzing the chemical features and electronic
structures of the constituents before and after the real-time charge flux measurements.

2. Experimental Details
2.1. Synthesis of BaTiO3z Powders

Three different types of Ba precursors and one type of Ti precursor were used to
examine how the precursor type affects the crystallization of BaTiO3 powders prepared
via MWH. The precursors for Ba were Ba(OH), (BHO; Alfa Aesar, Ward Hill, MA, USA,
purity 94-98%), Ba(OH),-H,O (BH1; Alfa Aesar, Ward Hill, MA, USA, purity 95%), and
BaCOs; (BC; Alfa Aesar, Ward Hill, MA, USA, purity 99.95%), and the precursor for Ti was
TiO,-4H,0 (TH), which was an amorphous titania prepared by adding NH4OH solution
(Samchun Chemicals, Pyeongtaek, Korea, concentration: 25.0-30.0%) to an aqueous TiOCl,
solution. The samples were prepared by mixing the precursors at a mole ratio of 1:1
and were denoted as BHOTH (BHO + TH), BHITH (BH1 + TH), and BCTH (BC + TH),
respectively. For the synthesis of BaTiO3 powders, the samples were heated at a reaction
temperature ranging from 100 to 900 °C for a soaking time of 0—60 min using the MWH and
CH methods, respectively. The heating speeds for MWH and CH were 50 and 5 °C/min,
respectively, and the furnaces were cooled naturally. The processing temperatures of the
MWH and CH methods were measured using thermocouples placed in the hot zones of the
microwave and conventional furnaces, respectively. MWH was conducted at a frequency
of 2.45 GHz and a power of 2 kW using a microwave heating furnace (Unicera Co., UMF-04,
Pyeongtaek, Korea) with a mono-mode reactor. CH was carried out at a power of 4 kW
and a voltage of 220 V using an electrical furnace.

2.2. Analysis of the Crystal Phase and Crystallization Activation Energy

X-ray diffraction (XRD; PANalytical, Pro MRD, Malvern, UK) was utilized to examine
the structural features of the synthesized powders; the Cu K line was used as the X-ray
source, and the scan speed and step size were 2° /min and 0.01°, respectively. The crystallite
size (D) of the BaTiO3 phase was calculated using the Scherrer equation [16] as follows:

D = 0.9A/Bcosb, @)

where A is the wavelength of the X-ray (Cu Ka, 1.5406 A), B is the full width at half
maximum (FWHM), and 6 is the center angle of the diffraction peak. The crystallization
activation energy was estimated in terms of the source materials and synthesis methods to
investigate the crystallization kinetics in the synthesis of BaTiO3 powders. The variation in
the size of the crystallites synthesized at 100-400 °C for the MWH method and 600-900 °C
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for the CH method during the reaction time range of 0* to 60 min was measured to calculate
the activation energy for the BaTiO3 phase formation.

2.3. Analysis of Charged Radicals in MWH

The presence of mobile charged radicals was examined by real-time measurements
of the current for the different precursor types, as shown in Figure 1, using a current
meter (Keithley, 2635A, Solon, OH, USA) with an applied DC-type external bias of 5 V
during MWH. A cylindrical sample with a thickness of 6 mm and a radius of 5 mm was
prepared by uniaxial pressing at a pressure of 1600 kg/cm? for 2 min, and the top and
bottom electrodes were prepared with Pt by sputtering. X-ray photoelectron spectroscopy
(XPS; Thermo Fisher Scientific, K-Alpha, Waltham, MA, USA) with a monochromated
Al Kx X-ray source was used to identify the charged radicals. The chemical states of the
powders obtained from the top (+) and bottom (—) regions were examined after real-time
measurements were carried out at an energy resolution of 0.1 eV, and the top (+) and
bottom (—) regions were denoted as the regions near the positive and negative electrodes,
respectively. In particular, the XPS spectra of Ti and O were deconvoluted based on their
reference electronic energy states. Fourier transform infrared (FT-IR, Bruker VERTEX 80V,
Billerica, MA, USA) was used to examine the variation in the chemical features of samples
BH1TH and BHOTH under the heating condition of 100 °C for soaking times of 10 and
60 min, respectively. The scan number and resolution of the FT-IR measurements were
determined to be 32 and 4 cm ™!, respectively.

Thermocouple ’ + Current meter

Automatic control
system (Temperature
& microwave power )

_ Electrode (+)
Sample

Elecm‘)de =)

? Microwave injection e, Electrode (1)

‘a i —> Top (+)
Sample
Microwave generator 4T Bottom (-)
Electrode (<)

Figure 1. Schematic of real-time charge flux measurement system. A DC-type external bias was applied between the

positive and negative electrodes of the specimens during microwave-assisted heating (MWH). Top (+) and bottom (—)

regions of the specimen were designated as being near the positive and negative electrodes, respectively.

3. Results and Discussion
3.1. Structural Features of Synthesized Powders

Figure 2 shows the XRD results of the powders prepared from samples BH1TH,
BHOTH, and BCTH using the MWH and CH methods. For the powders prepared by MWH,
as shown in Figure 2a, those using sample BHITH had a dominant BaTiO3 (JCPDS #75-
0212) structure and a small amount of the BaCO3 (JCPDS #05-0378) phase at the reaction
temperatures of both 100 and 300 °C. There was little variation in the peak intensity of
the BaTiO; and BaCOj3 phases with an increase in the reaction temperature from 100
to 300 °C. On the other hand, the powders synthesized from sample BHOTH exhibited
both the BaTiO3 and Ba,; TiO4 (JCPDS #38-1481) phases at 100 and 300 °C; the main peaks
with a similar intensity ratio were obtained at 31.3° and 29.4° for BaTiO3 and Ba;TiOy,
respectively. The peak intensity of the Ba;TiO4 phase increased slightly with an increase in
the reaction temperature from 100 to 300 °C. In contrast, the powders synthesized from
sample BCTH showed a mixture of BaCO3 and anatase-like TiO, (JCPDS #12-1272) phases
at 100 °C. There was no reaction between the precursors for Ba and Ti at 100 and 300 °C.
As the reaction temperature increased to 300 °C, a phase transition from anatase to rutile
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(JCPDS #75-1537) took place in the TiO, structure. In the case of the powders prepared
from sample BHITH by the CH method, as shown in Figure 2b, those synthesized at
400 °C exhibited a dominant BaCO3 phase with a small fraction of an anatase-like TiO,
phase. When the reaction temperature was increased to 600 °C, the BaCO3 and TiO, phases
remained dominant and a small fraction of the BaTiO3 phase was apparently produced. At
800 °C, the BaTiO3 phase was dominant with a small amount of the BaCOj3 phase.

o :BaTiO,. p: Ba,TiO,. y: BaCO,, o : Rutile, p: Anatase
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Figure 2. X-ray diffraction (XRD) spectra of synthesized powders. For MWH of duration 60 min,
(a) the powders were synthesized at (1) 300 and (2) 100 °C using sample BH1TH, at (3) 300 and (4)
100 °C using sample BHOTH, and at (5) 300 and (6) 100 °C using sample BCTH, respectively. For
conventional heating (CH) duration of 60 min, (b) the powders were synthesized at (1) 800, (2) 600,

and (3) 400 °C using sample BH1TH, respectively.
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In the present study, BaTiO3 powders were well synthesized at temperatures as low
as 100 °C when samples with hydroxyl and water molecules were treated by MWH.
It is known that precursors containing water molecules have a high reactivity owing
to their high surface energy [17]. In addition, hydroxyl and water molecules have a
naturally strong electrical polarity and could be highly responsive to the electromagnetic
fields of microwaves due to their dipoles. Therefore, BHITH and BHOTH were expected
to efficiently absorb microwave-related energy to reach a high-energy state, so that the
crystallization of the BaTiO3; phase could be achieved even at a low temperature of 100 °C.
In contrast, in BCTH, crystallization and phase transition occurred only for TH. This result
indicated that the synthesis temperature of 100 °C for BCTH via MWH was insufficient
to overcome the energy barrier for the reaction between the Ba and Ti precursors. In the
case of BHITH treated by the CH method, the crystallization of source TH to the anatase
phase and the phase transition of source BH1 to the BaCO3 phase occurred without any
reaction between the precursors to form the BaTiO3 phase below 600 °C; the reaction
between sources BH1 and TH occurred at temperatures higher than 600 °C. The reaction
temperature required for the synthesis of the BaTiO3 phase by a conventional solid-state
reaction is known to be over 600 °C when the BaCO3; and TiO, phases are used as the
precursors for Ba and Ti ions [18,19]. There was little noticeable enhancement of the reaction
due to the high surface energy of the precursors in the CH method.

3.2. Activation Energy Estimation for BaTiOz Phase Formation

The crystallization kinetics was estimated to examine the effect of MWH on the
formation of the BaTiO3 phase in terms of the precursor types. Based on the crystallite size
obtained from the XRD results, the crystallization activation energy of the BaTiO3 phase
was calculated as follows [20]:

G" — Gl = k(t — o), 3)

where G and Gy are the crystallite size of the BaTiOj3 structure for a specific reaction time
(t) and the reaction time of 0" (fy), respectively, n is the growth exponent related to the
crystallization mechanism, and k is the rate constant for the reaction. The best-fit method
was used to evaluate the exponent (1) based on Equation (3); the value of n was determined
under the condition of highest reliability [21,22]. The respective reliability was estimated
by the least squares method when a linear fitting was performed; the variation in the
crystallite size (G") with time (t) was measured at a specific temperature for a particular
value of n in Equation (3).

Figure 3a,b show the values of n obtained from the powders prepared from samples
BH1TH and BHOTH in terms of the heating methods. The values of n were determined to
be 3.8 and 2.4 when sample BH1TH was treated by MWH and CH, respectively. On the
other hand, in the synthesis carried out for sample BHOTH by MWH and CH, the values of
n were 3.2 and 2.5, respectively. Figure 3¢c,d show two sets of experimental results showing
linear fitting at the highest reliability; the reliabilities of the n values of sample BHITH were
obtained to be 99.988% for MWH and 99.984% for CH, whereas those of sample BHOTH
were 99.910% for MWH and 99.939% for CH. The fitting lines drawn for specific values of
n were well matched with the experimental data points of the variation in crystallite size
(G™) with time.
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Figure 3. Growth exponents (1) in the synthesis of BaTiO3 powders from samples (a) BHITH and
(b) BHOTH; the values of n were determined under the best-fit conditions. Variation in crystallite
size (G") of BaTiO3 powders with time for specific values of #; the powders were prepared at 100 °C
via (¢) MWH and at 800 °C via (d) CH. Crystallization activation energies (Q) were estimated based
on the relationship between In k and 10% /T. The values of Q for the formation of BaTiO3 powders
prepared by (e) MWH and (f) CH were calculated using the slope of the relationship, respectively.

The preparation of powders by MWH had n values (3.8, 3.2) higher than those (2.4
and 2.5) for the synthesis of powders by CH. It is well known that a conventional solid-
state reaction, in which interface-controlled crystal growth is known to be the dominant
mechanism, exhibits an #n value of ~2 [23,24]. On the other hand, if the n value ranges
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between 3 and 4, diffusion-controlled crystal growth is considered dominant for the reaction.
This value can vary with the reactant energy states, processing techniques, and impurities in
the precursors [25]. In the case of the MWH method in the present study, n values ranging
from 3 to 4 indicate that the diffusion-controlled growth mechanism is dominant for the
reactions. In contrast, the synthesis of powders prepared from samples BHITH and BHOTH
by the CH method showed n values of ~2.5. These results indicate that crystallization by
the CH method is mainly dependent on interface-controlled crystal growth.
The crystallization activation energy can be calculated using the Arrhenius equation
as follows:
Ink=Inky — Q/RT, 4)

where kj is the pre-exponential constant, Q is the activation energy, R is the gas constant,
and T is the reaction temperature (K). The activation energies for the crystallization of
the BaTiO3; phase prepared from BH1TH and BHOTH were calculated from the slope of
the plots of In k versus 10° /T in terms of the heating method. When the powders were
prepared by MWH at 100400 °C, as shown in Figure 3e, the activation energies for BH1ITH
and BHOTH were determined to be approximately 9.6 and 23.9 k] /mol, respectively. In
contrast, when the powders were prepared by CH at 600-900 °C, as shown in Figure 3f,
the activation energies for samples BHITH and BHOTH were calculated to be 120 and
78 k] /mol, respectively.

Based on the difference in the values of n and the activation energy, it is evident that
the crystallization mechanism for BHITH and BHOTH was critically dependent on the
MWH and CH methods. Therefore, real-time charge flux measurements under a DC-type
electrical bias were carried out to determine the detailed features of the crystallization
kinetics in MWH.

3.3. Real-Time Measurements of Charge Fluxes during MWH

In Figure 4, the variation in the current density was measured under a DC-type
external bias during MWH for each sample; the process was carried out in the temperature
range of room temperature to 100 °C at a heating rate of 50 °C/min. The microwave power
was automatically turned on for processing time ranges of 25-65 and 80-110 s to adjust the
processing temperature, and a DC-type electrical bias of 5 V was applied to the samples in
the MWH chamber.

0.08
——BHI ~
R {| =——BHO0 3
= ——BCTH 2
0.06 4 ===Temp. | rrirowave “on” _ 90 8
/ h e.
-’ ¥ =
3; (1))
£ oo 758
Z =
5 =
= &
= =
5 0.024 17 =3

-
= =
= o
O A PR
0.00 = 25 \Q
. T T y T ' T ) !
0 25 50 75 100 125

Processing time (sec.)

Figure 4. Results of real-time current density measurements for three different sample types. The
current densities were obtained under a DC-type external bias applied between the top and bottom
electrodes of the specimens during MWH.
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In the case of sample BH1TH, the current densities measured 0.045 and 0.073 mA /m?
when the microwaves were switched on in the processing time ranges of 25-65 and 80-110's,
respectively. Sample BHOTH showed current densities of 0.022 and 0.015 mA /m? when the
microwaves were turned on in the time ranges of 40-55 and 80-95 s, respectively. When
the microwaves were turned off, the current densities of both samples BHITH and BHOTH
decreased to zero. In contrast, sample BCTH showed a current density of <0.001 mA/ m?2
when the microwaves were turned on, which is a negligible value compared to those of the
other samples.

It was found that noticeable current densities were measured only when the mi-
crowaves were turned on, indicating that the charged radicals evolved because the sources
responded to the injected microwaves. In addition, the value of the current density was
dependent on the type of precursor in the order of samples BCTH < BHOTH < BHITH.
Freeman et al. [26] confirmed that an ionic current was generated by the transport of
mobile ions in halide salt crystals when the crystals were exposed to microwaves. Their
study revealed that the magnitude of the ionic current was proportional to the microwave
power. Booske et al. [27] reported that the ionic current observed under electromagnetic
fields was caused by a ponderomotive force. This could enhance mass transport and, as
a result, enhance the solid-state reaction rates during MWH of ceramic materials. In our
experiments, the generation of charged radicals in samples BHITH and BHOTH appeared
to enhance the energy state of the precursors for Ba and Ti and, as a result, the presence of
charged radicals could affect the crystallization kinetics, particularly the reaction rates, and
the temperature for the synthesis of the BaTiO3 phase.

3.4. Chemical Features of Samples after Heat Treatment

Figure 5 shows the FT-IR spectra obtained from the powders prepared from samples
BH1TH and BHOTH by MWH at 100 °C for 10 and 60 min, respectively. When the powders
were synthesized for 10 min, both BHITH and BHOTH showed characteristic bands in the
ranges of 450-800, 850, 1370, 1400-1520, 1580-1700, 2800-3000, and 3100-3700 cm !, which
are denoted as M, C, C/, O, O/, C”, and H, respectively. Band M is assigned to the TiOg
octahedra in the BaTiO3 phase [28]. Peaks C and C’ are associated with the asymmetric
deformation and stretching vibrations of the BaCOj3 phase, respectively [29]. Band O is
the sum of several overlapping peaks in the region; these are related to a characteristic
bond of the BaTiO3 phase and the OH bonds for Ba(OH);, as well as hydrates [30,31]. Band
O’ is associated with the lattice vibrations of the BaO phase [31]. The multiple peaks of
C"" are caused by the C-H stretching vibrations of hydrogen carbonate, which normally
exist in C-containing impurity species such as BaCOs [32]. Band H is generated by the
surface-absorbed hydroxyl (OHg,,¢.) groups [33]. Powders prepared from sample BHITH
heated for 60 min showed that band O’ disappeared completely and the intensity of peaks
M and O increased significantly, whereas the intensity of peak H decreased; as the heating
time was increased from 10 to 60 min, the intensity of band H for sample BHITH was
halved. On the other hand, compared to the variation in the intensity of peaks for sample
BHI1TH with the heating time, there was less variation in the peak intensity of sample
BHOTH with the increase in the reaction time from 10 to 60 min. The intensity of peak M
increased slightly and those of peaks O and O’ decreased noticeably.

When BHITH and BHOTH were heated at 100 °C for 60 min, the fraction of TiOg
octahedra for the BaTiO3; phase increased whereas that of OHg,,¢ decreased, indicating
that the crystallinity of the BaTiO3 phase increased with the decreasing OHg,,. fraction.
It has also been reported that the fraction of OHgy,¢ on oxide materials decreased as the
materials were treated by CH at temperatures over 400 °C [34]. Therefore, it is believed
that a decrease in OHg,,,¢, after MWH at 100 °C for 60 min was due to the high reactivity of
OHg,,,+. to the injected microwaves, which appears to be associated with the crystallization
kinetics of the BaTiO3 phase formation during the MWH process.
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Figure 5. FT-IR results of the powders prepared by MWH at 100 °C for (1,3) 60 and (2,4) 10 min using
samples BH1TH (1,2) and BHOTH (3,4).

3.5. Determination of Mobile Charged Radicals in MWH

Figure 6 shows the XPS spectra of the powders prepared from sample BH1TH, which
were obtained from the top (+) and bottom (—) regions, as shown in Figure 1, after real-time
charge flux measurements. Figure 6a,b show the deconvoluted XPS results of the Ti 2p
edge of the powders obtained from the top (+) and bottom (—) regions; the spectra of the Ti
2p edge were deconvoluted into two components: Ti>* states (near 456.8 and 462.0 eV) and
Ti** states (near 457.9 and 463.6 eV) [35]. Based on the intensity of the respective spectra,
the fraction of Ti3* states for samples obtained from the top (+) and bottom (—) regions
were determined to be 7.2% and 25.5%, respectively. Figure 6c,d show the XPS peaks of the
O 1s edge for the samples obtained from the top (+) and bottom (—) regions, respectively.
The spectra were deconvoluted based on three electronic energy states at 529.4 eV (O(1)),
527.8 eV (O(2)), and 531.2 eV (OHgy,¢.) [35,36]; state O(1) is assigned to the oxygen atoms
in a normal BaTiOj3 lattice, while O(2) is associated with oxygen atoms in the presence
of oxygen vacancies in their neighbors [35]. The spectrum obtained from the bottom (—)
region has a fraction of 33.8% for state O(2), which is noticeably higher than that (12.1%) of
the top (+) region. However, there was little variation in the fraction of OHgy,¢. with the
electrode. In Figure 6e, two symmetric peaks of the Ba 3d5,, edge at 778.5 eV and the 3d3,,
edge at 793.8 eV were observed, and there was little difference in the shape of the peaks for
the Ba 3d edge between the top (+) and bottom (—) regions.

Based on the spectral intensity, it was found that the fractions (25.5% and 33.8%) of
the Ti®* and O(2) states in the top (+) region were higher than those (7.2% and 12.1%) in
the bottom (—) region. It is evident that the negatively charged oxygen-related radicals
are generated by the interaction between the precursors and the injected microwaves
and subsequently migrate from the negative to the positive electrode under a DC-type
external bias. In addition, the FT-IR results showed that the hydroxyl groups of the sources
reacted strongly to the injected microwaves at 100 °C. It is highly likely that the oxygen-
related radicals are hydroxyl groups, which were generated by the interaction between
the precursors and the injected microwaves. It has been reported that two types of OHgy,¢
groups could occur on the surface of metallic oxides (M=0O, such as TiO;); these include
the terminal OH and the bridge OH based on the coordination states [37]. Generally, the
bonding strength of the bridge OH is higher than that of the terminal OH. Therefore, it
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seems that the OH™ radicals could initially be generated from the terminal OH by the
application of microwaves, which would enhance the reaction between the precursors for
Ba and Ti ions in electromagnetic fields. When the microwave power is sufficiently high
to generate the two different OH groups, the negatively charged OH™ radicals migrate
from the negative to the positive electrode by the application of the DC-type external bias,
causing a variation in the concentration of oxygen vacancies (O(2)) as well as that of Tid+
with the distance from positive to negative electrodes in the specimen after the real-time
charge flux measurements.
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Figure 6. X-ray photoelectron spectroscopy (XPS) spectra of the powders prepared from sample
BH1TH obtained after the real-time charge flux measurements during MWH. The spectra were
recorded from the (a,c) top and (b,d) bottom regions for Ti (a,b) and O (c,d); (e) XPS spectra of Ba
3ds,/p and 3d3/, were measured from both the top and bottom regions. Deconvolution was carried
out based on the chemical states of Ti** and Ti** for the Ti 2p edge, and O(1), O(2), and OHg, for
the O 1s edge.

From the n values, it is evident that the crystallization mechanism of BHI1TH is
diffusion-controlled for MWH and interface-controlled for CH. Based on the FI-IR results
(Figure 5), the formation of charged radicals becomes clear under the microwaves, and the
measured charged particles such as OH™ are expected to easily respond to the oscillation of
the electrical fields of the injected microwaves, resulting in highly energetic states (OH™)*.
In addition, the crystallization activation energy for BHITH via MWH turned out to be
9.6 k] /mol, which is approximately 1/12 of that measured for BHITH via CH. As a result,
it is highly likely that the reactants of the precursors for Ba and Ti, such as (BaO)* and
(TiOy)*, are in their high-energy states, so that the energy barrier to be surmounted by the
reactants becomes smaller. A diffusion-controlled mechanism indicates that molecules and
radicals such as (BaO)*, (TiO,)*, and (OH™)* are produced from the precursors during
MWH, and the formation of the BaTiO3 phase occurs at temperatures as low as 100 °C. The
formation rate is predominantly controlled by the diffusion-related transport of (BaO)* to
(TiO7)* molecules in electromagnetic fields. In contrast, an interface-controlled mechanism
was applied to the formation of BaTiO3 powders from samples BHITH and BHOTH via
CH. In this process, the BaTiO3 phase is synthesized at the interface between the reactants
for Ba and Ti, such as BaO and TiO;, at temperatures over 600 °C. The growth rate
is predominantly affected by the crystallization rate at the interface, which requires a
larger activation energy as well as higher temperatures than those measured for BHITH
via MWH.

4. Conclusions

Nanocrystalline BaTiO3 powders were synthesized at 100 °C by subjecting samples
containing hydroxyl and water molecules to MWH. Based on the n values, it was inferred
that the synthesis process via MWH with samples having polar molecules is a diffusion-
controlled mechanism (3 < n < 4); an interface-controlled mechanism (2 < n < 3) is applied
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to the synthesis process via CH. The activation energy for the formation of the BaTiO3
phase prepared via MWH was estimated to be 9.6 k] /mol for sample BH1TH, which was
lower than that (23.9 kJ/mol) for sample BHOTH, and both were much lower than that for
samples BHITH (120 kJ/mol) and BHOTH (78 kJ /mol) prepared by the CH method. In
addition, when the microwaves were turned on, current densities of up to approximately
0.073 and 0.022 mA /m? were measured for the BHITH and BHOTH samples, respectively,
indicating the generation of charged radicals during the MWH process. Based on the XPS
results, it was determined that the radicals were negatively charged oxygen-related radicals.
The FT-IR results showed that the hydroxyl groups of the sources reacted strongly to the
injected microwaves during MWH. As a result, the charged radicals were determined to
be OH™ groups, and these were generated by the interaction between the precursors and
the injected microwaves, which enhanced the kinetic conditions for the crystallization of
BaTiOj3 phases in electromagnetic fields.

Author Contributions: Conceptualization, H.-S.Y. and D.-YJ.; investigation, H.-5.Y. and B.-G.Y,;
formal analysis, B.-G.Y. and S.-Y.S.; resources, D.-Y.J.; writing original draft preparation, H.-S.Y.;
writing, review & editing, supervision, and project administration N.-H.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by a National Research Foundation of Korea (NRF) grant
funded by the Korean Government (MSIT) (Grant No. 2020R1F1A1049569).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Raveendran, A ; Sebastian, M.T.; Raman, S. Applications of Microwave Materials: A Review. J. Electron. Mater. 2019, 48, 2601-2634.
[CrossRef]

2. Vrba,J. Medical Applications of Microwaves. Electromagn. Biol. Med. 2005, 24, 441-448. [CrossRef]

3.  Agrawal, D.K. Microwave Processing of Ceramics. Curr. Opin. Solid State Mater. Sci. 1998, 3, 480-485. [CrossRef]

4. Thirumalai, S.; Shanmugavel, B.P. Microwave Assisted Synthesis and Characterization of Barium Titanate Nanoparticles for
Multi Layered Ceramic Capacitor Applications. J. Microw. Power Electromagn. Energy 2011, 45, 121-127. [CrossRef] [PubMed]

5. Guo, L.; Luo, H;; Gao, J.; Guo, L.; Yang, ]. Microwave Hydrothermal Synthesis of Barium Titanate Powders. Mater. Lett. 2006, 60,
3011-3014. [CrossRef]

6.  Thridandapani, R.R.; Folz, D.C.; Clark, D.E. Estimation of Activation Energies for Sintering 8 Mol% Yttria-Zirconia Using
Conventional and Microwave Heating. Int. J. Appl. Ceram. Technol. 2014, 11, 938-945. [CrossRef]

7. Sun,].; Wang, W.; Yue, Q. Review on Microwave-Matter Interaction Fundamentals and Efficient Microwave-Associated Heating
Strategies. Materials 2016, 9, 231. [CrossRef] [PubMed]

8. Rosa, R.; Veronesi, P.; Leonelli, C. A Review on Combustion Synthesis Intensification by Means of Microwave Energy. Chem. Eng.
Process. 2013, 71, 2-18. [CrossRef]

9. Mishra, R.R.; Sharma, A K. Microwave-Material Interaction Phenomena: Heating Mechanisms, Challenges and Opportunities in
Material Processing. Compos. Part A 2016, 81, 78-97. [CrossRef]

10. Luo, T; Xu, L,; Peng, J.; Zhang, L.; Xia, Y.; Ju, S.; Liu, J.; Gang, R.; Wang, Z. Efficient Preparation of Si3 N4 by Microwave Treatment
of Solar-Grade Waste Silicon Powder. ACS Omega 2020, 5, 5834-5843. [CrossRef]

11. Benavente, R.; Salvador, M.D.; Centeno, A.; Alonso, B.; Zurutuza, A.; Borrell, A. Study of Microwave Heating Effect in the
Behaviour of Graphene as Second Phase in Ceramic Composites. Materials 2020, 13, 1119. [CrossRef] [PubMed]

12. Karayannis, V.G. Microwave Sintering of Ceramic Materials. IOP Conf. Ser. Mater. Sci. Eng. 2016, 161, 012068. [CrossRef]

13. Tian, L.; Nan, J.; Wang, H.; Shen, C. Effect of Microwave Sintering on the Properties of 0.95(Cag ggSrp 12)TiO3—0 05(Bip 5Nag 5) TiO3
Ceramics. Materials 2019, 12, 803. [CrossRef]

14. Agranovich, D.; Ishai, P.B.; Katz, G.; Bezman, D.; Feldman, Y. Microwave Dielectric Spectroscopy Study of Water Dynamics in
Normal and Contaminated Raw Bovine Milk. Colloids Surf. B 2017, 154, 391-396. [CrossRef]

15.  Yun, H.-S.; Yun, B.-G.; Lee, H.-M.; Jeong, D.-Y.; Lee, W.-1.; Cho, N.-H. Low-Temperature Synthesis of Nanoscale BaTiO3 Powders
via Microwave-Assisted Solid-State Reaction. SN Appl. Sci. 2019, 1, 1366. [CrossRef]

16. Patterson, A.L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 978-982. [CrossRef]

17.  Zhao, G.; Schwartz, Z.; Wieland, M.; Rupp, F.; Geis-Gerstorfer, ].; Cochran, D.L.; Boyan, B.D. High Surface Energy Enhances Cell

Response to Titanium Substrate Microstructure. J. Biomed. Mater. Res. 2005, 74A, 49-58. [CrossRef]


http://doi.org/10.1007/s11664-019-07049-1
http://doi.org/10.1080/15368370500382214
http://doi.org/10.1016/S1359-0286(98)80011-9
http://doi.org/10.1080/08327823.2011.11689806
http://www.ncbi.nlm.nih.gov/pubmed/24427875
http://doi.org/10.1016/j.matlet.2006.02.035
http://doi.org/10.1111/ijac.12078
http://doi.org/10.3390/ma9040231
http://www.ncbi.nlm.nih.gov/pubmed/28773355
http://doi.org/10.1016/j.cep.2013.02.007
http://doi.org/10.1016/j.compositesa.2015.10.035
http://doi.org/10.1021/acsomega.9b04027
http://doi.org/10.3390/ma13051119
http://www.ncbi.nlm.nih.gov/pubmed/32138189
http://doi.org/10.1088/1757-899X/161/1/012068
http://doi.org/10.3390/ma12050803
http://doi.org/10.1016/j.colsurfb.2017.03.051
http://doi.org/10.1007/s42452-019-1398-z
http://doi.org/10.1103/PhysRev.56.978
http://doi.org/10.1002/jbm.a.30320

Nanomaterials 2021, 11, 754 16 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

Ashiri, R. On the Solid-State Formation of BaTiO3 Nanocrystals from Mechanically Activated BaCO3; and TiO, Powders:
Innovative Mechanochemical Processing, the Mechanism Involved, and Phase and Nanostructure Evolutions. RSC Adv. 2016, 6,
17138-17150. [CrossRef]

Berbenni, V.; Marini, A.; Bruni, G. Effect of Mechanical Milling on Solid State Formation of BaTiO3 from BaCO3-TiO, (rutile)
Mixtures. Thermochim. Acta 2001, 374, 151-158. [CrossRef]

Chen, C.-S.; Chen, P-Y.; Chou, C.-C.; Chen, C.-S. Microwave Sintering and Grain Growth Behavior of Nano-Grained BaTiO;
Materials. Ceram. Int. 2012, 38, S117-5120. [CrossRef]

Muthuramalingam, M.; Jain Ruth, D.E.; Veera Gajendra Babu, M.; Ponpandian, N.; Mangalaraj, D.; Sundarakannan, B. Isothermal
Grain Growth and Effect of Grain Size on Piezoelectric Constant of Nag5Bip5TiO3 Ceramics. Scr. Mater. 2016, 112, 58-61.
[CrossRef]

Kreyszig, E. Advanced Engineering Mathematics, 8th ed.; John Wiley & Sons Pte Ltd.: Singapore, 2005.

Coble, R.L. Sintering Crystalline Solids. II. Experimental Test of Diffusion Models in Powder Compacts. J. Appl. Phys. 1961, 32,
793-799.

Rupp, J.L.M.; Infortuna, A.; Gauckler, L.J. Microstrain and Self-Limited Grain Growth in Nanocrystalline Ceria Ceramics. Acta
Mater. 2006, 54, 1721-1730. [CrossRef]

Iverson, R.B.; Reif, R. Recrystallization of Amorphized Polycrystalline Silicon Films on SiO,: Temperature Dependence of the
Crystallization Parameters. J. Appl. Phys. 1987, 62, 1675-1681. [CrossRef]

Freeman, S.; Booske, J.; Cooper, R.; Meng, B. Microwave Radiation Effects on Ionic Current in Ionic Crystalline Solids. Mater. Res.
Soc. Symp. Proc. 1994, 347, 479-485. [CrossRef]

Booske, J.H.; Cooper, R.E; Freeman, S.A.; Rybakov, K.I.; Semenov, V.E. Microwave Ponderomotive Forces in Solid-State Ionic
Plasmas. Phys. Plasmas 1998, 5, 1664-1670. [CrossRef]

Slater, ].C. The Lorentz Correction in Barium Titanate. Phys. Rev. 1950, 78, 748-761. [CrossRef]

Sedlmair, C.; Seshan, K.; Jentys, A.; Lercher, J.A. Elementary Steps of NOx Adsorption and Surface Reaction on a Commercial
Storage-Reduction Catalyst. J. Catal. 2003, 214, 308-316. [CrossRef]

Kappadan, S.; Gebreab, T.W.; Thomas, S.; Kalarikkal, N. Tetragonal BaTiO3 Nanoparticles: An Efficient Photocatalyst for the
Degradation of Organic Pollutants. Mater. Sci. Semicond. Process. 2016, 51, 42—47. [CrossRef]

Roedel, E.; Urakawa, A.; Kureti, S.; Baiker, A. On the Local Sensitivity of Different IR Techniques: Ba Species Relevant in NOy
Storage-Reduction. Phys. Chem. Chem. Phys. 2008, 10, 6190-6198. [CrossRef]

Busca, G.; Buscaglia, V.; Leoni, M.; Nanni, P. Solid-State and Surface Spectroscopic Characterization of BaTiO3 Fine Powders.
Chem. Mater. 1994, 6, 955-961. [CrossRef]

Yates, D.J.C. Infrared Studies of the Surface Hydroxyl Groups on Titanium Dioxide, and of the Chemisorption of Carbon
Monoxide and Carbon Dioxide. J. Phys. Chem. 1961, 65, 746-753. [CrossRef]

De Marzi, L.; Monaco, A.; De Lapuente, J.; Ramos, D.; Borras, M.; Di Gioacchino, M.; Santucci, S.; Poma, A. Cytotoxicity and
Genotoxicity of Ceria Nanoparticles on Different Cell Lines in Vitro. Int. J. Mol. Sci. 2013, 14, 3065-3077. [CrossRef] [PubMed]
Yu, Q. The Dielectric and Photochromic Properties of Defect-rich BaTiO3 Microcrystallites Synthesized from Ti,O Mater. Sci. Eng.
B 2012, 177, 639-644. [CrossRef]

Lin, T.-C.; Seshadri, G.; Kelber, ].A. A Consistent Method for Quantitative XPS Peak Analysis of Thin Oxide Films on Clean
Polycrystalline Iron Surfaces. Appl. Surf. Sci. 1997, 119, 83-92. [CrossRef]

Hanawa, T. Transition of Surface Modification of Titanium for Medical and Dental Use. In Titanium in Medical and Dental
Applications; Froes, FH., Qian, M., Eds.; Woodhead Publishing: Cambridge, UK, 2018; pp. 95-113.


http://doi.org/10.1039/C5RA22942A
http://doi.org/10.1016/S0040-6031(01)00505-6
http://doi.org/10.1016/j.ceramint.2011.04.063
http://doi.org/10.1016/j.scriptamat.2015.09.011
http://doi.org/10.1016/j.actamat.2005.11.032
http://doi.org/10.1063/1.339591
http://doi.org/10.1557/PROC-347-479
http://doi.org/10.1063/1.872835
http://doi.org/10.1103/PhysRev.78.748
http://doi.org/10.1016/S0021-9517(02)00085-4
http://doi.org/10.1016/j.mssp.2016.04.019
http://doi.org/10.1039/b808529c
http://doi.org/10.1021/cm00043a016
http://doi.org/10.1021/j100823a011
http://doi.org/10.3390/ijms14023065
http://www.ncbi.nlm.nih.gov/pubmed/23377016
http://doi.org/10.1016/j.mseb.2012.03.018
http://doi.org/10.1016/S0169-4332(97)00167-0

	Introduction 
	Experimental Details 
	Synthesis of BaTiO3 Powders 
	Analysis of the Crystal Phase and Crystallization Activation Energy 
	Analysis of Charged Radicals in MWH 

	Results and Discussion 
	Structural Features of Synthesized Powders 
	Activation Energy Estimation for BaTiO3 Phase Formation 
	Real-Time Measurements of Charge Fluxes during MWH 
	Chemical Features of Samples after Heat Treatment 
	Determination of Mobile Charged Radicals in MWH 

	Conclusions 
	References

