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1 | INTRODUCTION

| Naratip Vittayakorn'”

Abstract

The “top-down” process via direct conversion of the micro (pm)-to-submicroscale
(sub-pm) particle was applied in this work by using eutectic chloride salts to prepare
BaZrO;. The particle size at optimum condition could be decreased by more than
10 times from 2.1 + 0.9 ym to 168 + 23 nm without destroying the 1:1 of Ba:Zr
stoichiometry. The uniform sub-pm-BaZrO; powder was sintered in order to obtain
~98% dense ceramic at 1400°C/10 h, which is significantly lower than the 1650°C
in normal cases. The microwave dielectric constant, tan 8, and quality factor were
also determined. Furthermore, this method also was applied to lead-free piezoelec-
tric material in the 0.87BaTiO;—0.13BaZrO;—CaTiO; (0.87BT-0.13BZ-CT) sys-
tem. The particle size of 0.87BT-0.13BZ—CT was reduced greatly from >10 um to
2.8 + 0.4 um. It can be proved that salt flux dissolution method enables high-purity
with uniform sub-micro/nanometer powder production in one step by using simple

laboratory equipment and low-cost raw materials.
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aggregate-free particles have always been the top priority in
all cases of synthesizing.

Nano/sub-microscale (sub-pm) fine powder of barium zir-
conate (BaZrO5; BZ) and its derivatives are of considerable
interest in many devices related to applications such as mi-
crowave dielectrics,l H, gas sensors,2 protonic conductors in
SOFCs,3’4 ceramic capacitors in wireless communications,5
and buffer layers for coated conductors,’ since their optimum
properties have been reached by controlling the shape, size,
and crystal structure of powder source from the beginning,7’8
Using fine powder also can improve sinterability, thus al-
lowing the production of thin and dense ceramics, which are
essential for obtaining high-performance ceramic crucibles
for single-crystal growth,9 Much effort has been made in de-
veloping synthetic strategies that have control over compo-
sition and morphologies. Small-sized, uniform shaped, and

“Bottom-up” strategies via solution-based routes have
been in focus since they offer relatively better compositional
and morphological control than the solid-state reaction, which
yields hard-agglomerated powders with chemical inhomoge-
neity and undesirable morphology that has broadly dispersed
particle sizes.'®! Various solution techniques such as simple
reflux,'? co-precipitation via oxalate'>!* >
solution combustion,lé’17 and hydrothelrmal,18 solvotherma
and sol-gelzo’21 processes have been explored. Co-precipita-
tion is easier than other solution methods, which can produce
the crystalline BaZrO; phase at temperatures mostly lower
than 500°C. Nevertheless, presence of the BaCO; and ZrO,
by-product, of up to 5%-10 wt%, is a common problem.'*™'?
The use of urea or glycine as a reducing agent in combustion

. 1
and citrate ~ routes,
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solution permits a single-step synthesis that initiates the
BaZrO; phase. Unfortunately, the calcination process is still
required for completing the crystalline phase that generally
provides an irregular morphology with large micron-sized
particle products.lG’17 Desirable shape and size of the BaZrO,
particle could be achieved directly from the direct reaction of
precursor ions in strong basic solution via hydrothermal and
solvothermal methods."® However, more uniform particles
were developed by using complex organic ligands in order to
prevent particle agglomeration in the solvothermal method."
Nevertheless, both of these methods required a long reaction
time, and they suffered from difficult up-scaling in terms of
high yield. Acceleration of the nucleation rate can be realized
with a high degree of supersaturation in supercritical water,
thus providing higher crystallinity with uniform particle size
distribution, but this synthetic process has to be done with
expensive equipment and a difficult operational system.zz’23
The sol-gel synthesis method is a powerful one for obtain-
ing more homogeneous powder products.24’25 The complex
isopropoxide [M(OiPr),, M = Ba, Zr and iPr = CH(CH;),]
framework was synthesized from metal precursors before cal-
cination of the hydrolyzed gel at >400°C in order to remove
organic traces. Although the sol-gel process shows outstand-
ing control of tiny and uniform particles (~10-50 nm), it also
requires the use of highly purified precursors in complicated
experiments and long synthesis times. Ultrafine powders
have been achieved through modified solution techniques
such as microwave-hydrotherm:all26 and microwave solvother-
mal methods,”’ sol-gel combustion,?® and the sol-gel hydro-
thermal technique.29 However, precise control in obtaining a
highly monodispersed particles, together with accurate stoi-
chiometry, is fundamentally difficult because the solubility
of Ba and Zr metal ions is totally different during the particle
growth in solution.'®* Most of the extra steps can introduce
a serious problem if any contamination or loss of Ba:Zr ratio
occurs.”

Among the solution methods developed so far, recent pub-
lications from these authors also proposed sonochemical®!*
and soft-mechanochemical methods,33 in which calcination
or heat treatment was unnecessary. It seems that smart tech-
niques fulfill the characteristic requirements for synthesizing
the extreme nm-BaZrO; fine powders. However, both pro-
cesses need specific equipment, which is expensive and in-
convenient. The limitations in all solution methods motivate
these authors to find a technique that can produce the sub-mi-
croscale and nanoscale BaZrO; fine powder directly and also
be consistent with industrial requirements, reproducibility,
and cost.

Recent reports inspired a digestive ripening process that
involved refluxing poly-dispersed bulk precursors within an
excess solution of metallo-organic complex capping agents,
such as hexadecyl-trimethyl-ammonium bromide (CTAB),
tetraoctyl-ammonium bromide (TOAB), hexadecylamine
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(HDA), etc. Etched out metals, metal sulfides, and magnetic
nanoparticles formed as clusters, resulting in precursor size
reduction.**’ These authors previously published the way
of obtaining a uniform BaTiO; nanoscale particles from mi-
croscale conversion using NaCl salt.*® A variation in time and
temperature provides great thermodynamical control over
particle morphology, size, and size distribution. The conver-
sion process was performed successfully without destroying
the stoichiometric composition or crystal structure, which is
the characteristic of this method.

The size and shape modification of BaZrO; and more
complex oxide 0.87BaTiO;—0.13BaZrO;—CaTiO; lead-free
piezoelectric material was carried out in this study. Detailed
characterization and structural analysis were performed by
X-ray diffraction (XRD), Rietveld refinement, scanning elec-
tron microscopy (SEM), and SEM-energy dispersive X-ray
(EDX) techniques in order to elucidate phase stabilization,
particle morphology, and size within the eutectic salt reaction
field. The optical property was studied by UV-Vis absorption
and photoluminescence spectroscopy. The uniform sub-pm-
BaZrO; powder product also was sintered in order to obtain
dense ceramic as expected for application as a microwave di-
electric. This study proved that the salt flux can be used to
modify the surface, shape, and size of the functional complex
oxide ceramics without the distortion of the stoichiometry.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Barium carbonate (BaCO;; >98.5% purity, purchased from
Sigma Aldrich Co., Ltd., USA) and zirconium dioxide
(ZrO,; >99.0% purity, purchased from Riedel-de Haén Co.,
Ltd., Germany) were used as the starting precursor for pre-
paring BaZrO; micron-size powders by solid-state reaction.
Calcium carbonate (CaCOj5; >98.5% purity, purchased from
Riedel-de Haén Co., Ltd., Germany) and titanium dioxide
(TiO, > 99.0% purity, purchased from Sigma Aldrich Co.,
Ltd., USA) were used as the starting precursor with BaCOj;
and ZrO, for preparing BaTiO;—BaZrO;—CaTiO; micron-
size powders by solid-state reaction. Sodium chloride (NaCl;
>99.0% purity) and potassium chloride (KCI; >99.0% pu-
rity), both produced by Carlo Erba Reagents Co., Ltd.,
France, were used as a salt flux in the dissolution process.

2.2 | Salt flux dissolution method for
converting BaZrQO; micrometer to uniform
submicron-powder

The irregular shape and non-uniform particles of pm-BaZrO,
were used as a precursor in this work. Solid state reaction
method was selected to prepare the pm-BaZrO; precursor.
Barium carbonate (BaCOs;) and zirconium dioxide (ZrO,)
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were mixed according to the stoichiometry by 24 hours ball
milling and calcined at 1300°C for 4 hours. After calcination,
the pm-BaZrO; precursor was ground together with sodium
chloride (NaCl) and potassium chloride (KCI) salts in a mor-
tar for 15 minutes at a weight ratio of 1:25:25. The mixture
was then placed in a covered alumina crucible and heated at
various temperatures of 900°C-1200°C, with soaking times
of 3-72 hours in air and a heating-cooling rate of 5°C/min.
After the furnace had cooled down to room temperature, the
products were filtered and washed several times with hot de-
ionized water to confirm that the residue of chloride ion (CI17)
was removed completely. The amount of Cl™ residue was
checked by testing with 0.5 mol/L of silver nitrate (AgNO3)
reagent; until the white precipitate of AgCl disappeared. The
powder products were dried at 90°C overnight.

23 |

There were three sets of samples, consisting of (a) the
um-BaZrO; original precursor mixed with 5 wt% polyvi-
nyl alcohol (PVA) binder without the sintering aid abbre-
viated as BZ(SS), (b) the um-BaZrO; original precursor
mixed with 5 wt% PVA binder and 2 wt% of sintering aid,
BZ(SS + SA) and (c) the sub-pm BaZrO; product powders
mixed with 5 wt%PVA binder and 2 wt% of sintering aid;
BZ(SFA + SA). Notably, the sintering aid that was used
in this work is Borosilicate glass; SiO,—-Bi,O;—BaO-Li,0-
K,0O nanopowder [IMNG-100(N); Innovative Material and
Technical Solution Co., Ltd., Korea]. All the samples; (a),
(b), and (c) were pressed into pellets at 150 MPa. All three
samples were sintered in air at the same sintering condition
of 1400°C for 10 hours with the same heating and cooling
rates of 5°C/min.

Preparation of BaZrQO; ceramics

24 |

The phase purity and crystal structure were identified by pow-
der X-ray diffraction (XRD; Bruker D8 Advance diffractome-
ter) with CuKa radiation in the 26 range from 20 to 80" with a
0.02° step size. The lattice parameters was refined by Rietveld
analysis of the XRD data, using JANA2006 software.* The
XRD data for Rietveld refinement were collected on Rigaku,
Miniflex600 in the 26 range from 10" to 120" at 0.02 degree/
step. The crystallite size was calculated using Scherrer's equa-
tion by applying the full-width at half-maximum (FWHM) of
the characteristic peak, according to Equation (1):

Characterizations

kA
P cO8 6

6]

Dxrp =

where Dygp is the crystallite size (nm), k is the constant
value of 0.89, 1 is the X-ray wavelength (0.154 nm), B, is
the full-width at half-maximum intensity, and 6 is the diffrac-
tion angle. The phase identification was also characterized

by Raman (DXR Raman, Thermo Scientific model with laser
operating on 10 pm spot size at 532 nm) and FT-IR (GX FT-
IR model, Perkin Elmer).

Microstructural and morphological characterizations were
performed by field-emission scanning electron microscope
(FE-SEM, Hitachi 54700 model) and transmission electron
microscope (TEM; JEOL-JEM model 2010 operated with
80-200 kV). The Ba:Zr stoichiometric ratio was examined by
energy dispersive X-ray (EDX) analysis.

UV-visible (UV-VIS) absorption for BaZrO; sub-mi-
croscale powder was measured using a UV-visible spec-
trophotometer (T60U, PG instrument). The microwave
dielectric measurement was performed using a HP 8719C
Vector Network Analyzer dielectric resonator (DR) in the
frequency range of 10-11 GHz in transmission mode (S,,
parameter). The DR puck was placed inside the silver-clad
copper resonance cavity on top of low-loss quartz support.
The diameter-to-thickness ratio of the DR was adjusted
to ~2.26 + 0.03, in order to ensure that the first resonance
mode was of the TE5-type. The dielectric constant (g,), di-
electric loss (tand), and unloaded Q-factor were calculated
using QWED software. The details of the microwave dielec-
tric measurement are given in.*

3 | RESULTS AND DISCUSSION
3.1 | Characterization of BaZrO;
precursors

Phase purity and crystal structure were identified by the
powder XRD technique. The XRD peaks were fitted, and
the lattice parameter was refined using Rietveld refinement
analysis via JANA2006 software. The XRD pattern with
structural refinement plot is illustrated in Figure 1 A; the ex-
perimental data are marked as “+” symbols; the red solid
line represents the fit, the vertical bars (blue color) represent
the expected Bragg reflection positions for cubic BaZrOs,
and the green line at the bottom shows the difference be-
tween the experimental data and the fit. As a result, all of
the XRD peaks could fit well with the standard data from
the Inorganic Crystal Structure Database (ICSD) number
97460, which corresponds to the cubic perovskite BaZrO;
(Pm3m space group). The refinement parameters of the
smallest R, value of 7.14%, and goodness of fitting (GOF)
of 1.51 were obtained. The lattice parameter was calculated
and found to be 4.1949(3) A, which is close to the 4.1946 A
in the ICSD. By using Visualization for Electronic and
Structural Analysis (VESTA) software, the unit cell repre-
sentation could be created from the results of refined lattice
parameter, as presented in the inset of Figure 1A.

The morphology of um-BaZrO; precursor particles was
observed by SEM, and the SEM image is illustrated in Figure
1B. It is evident that the pm-BaZrO; precursor particles
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(A) Rietveld refinement plot of the XRD pattern, with an inset of schematic unit cell representation of crystalline BaZrO;, which

illustrates [BaO,] and [ZrOg], (B) SEM image with a size distribution histogram and (C) EDX spectrum with a table of O, Zr, and Ba at% for the
um-BaZrO; precursor prepared from solid-state reaction [Color figure can be viewed at wileyonlinelibrary.com]

contained non-uniform irregular shape with an average parti-
cle size of about 1.1 £+ 0.9 um. The Ba:Zr stoichiometric ratio
was examined by EDX analysis. The histogram results with
atomic% of Ba, Zr, and O atoms are shown in Figure 1C. The
analyzed composition indicated an average atomic ratio of
Ba/Zr = 1.05.

3.2 | Effect of Reaction temperature on
morphology and phase stabilization

Phase purity and crystal structure of the BaZrO; powder
products were checked and compared with the um-BaZrO;
precursor after the salt flux dissolution (SFD) process at
various temperatures from 800°C-1200°C for 4 hours. The
XRD patterns are shown in Figure 2. The unit cell param-
eter was calculated, with the resulting value not being sig-
nificantly different, as tabulated in Table 1. It can be seen
that all samples show the XRD pattern of cubic perovskite
BaZrO; as the predominant phase. It is notable that the
single phase could be obtained at only 800°C, 900°C, and
1000°C, and neither BaCO; nor m-ZrO, could be observed.
The secondary phases were formed after increasing the re-
action temperature to 1200°C. Small traces of orthorhombic

FIGURE 2 XRD patterns of the BaZrO; powder products
obtained from the SFD method at different temperatures of
800°C-1200°C compared to that of the um-BaZrO; precursor [Color
figure can be viewed at wileyonlinelibrary.com]
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Lattice
parameter
— Crystalline size
Temperature (°C) a=b=c(A) (nm)
um-BaZrO; precursor 4.1949 (3) 235.7
800 4.1943 (1) 97.8
900 4.1942 (2) 88.3
1000 4.1941 (4) 76.4
1200 4.1942 (3) 186.1
ICSD 97460 4.1946 —

BaCOj; with Pmcn space group (indexed by an open circle),
and monoclinic ZrO,: m-ZrO, with P21/c space group (in-
dexed by a star), were observed, thus attributing them to
the stoichiometric deviation of Ba:Zr from 1:1 (Figure 2).
The XRD peaks of BaCO5; and m-ZrO, corresponded to the
standard data of JCPDS number 71-2394 and 07-0343, re-
spectively. This result means that the reaction temperature
of 1200°C was too high. The peak intensity, marked as the
BaZrO; phase, is decreased with increasing reaction tem-
perature from 800°C to 1000°C, which relates to decreas-
ing crystallinity. Furthermore, the XRD peaks broaden
with increasing temperature from 800°C to 1000°C, which
corresponds to decreasing crystallite size. The crystallite
sizes were found to be 97.8, 88.3, and 76.4 nm for 800°C,
900°C, and 1000°C, respectively. The results are listed in
Table 1. In addition, the single phase of the BaZrO; prod-
uct at 1000°C/4 h was also supported by the Raman and
FT-IR spectroscopy. The results are illustrated in the sup-
porting information 1 (Figure S1).

TABLE 1

crystalline size and average particle size

Lattice parameter,

Average particle of the um-BaZrO; precursor and powder

size (nm) products synthesized at various temperatures
2.1 409 um for 4 hrs
454 + 152
422 + 121
168 + 23
170 £ 27
FIGURE 3 SEM images of the

BaZrO; powder products at different
temperatures of 800°C-1200°C obtained
from the SFD method [Color figure can be
viewed at wileyonlinelibrary.com]

The effect of reaction temperature on the particle mor-
phology of BaZrO; powder products was studied by SEM.
The SEM images are illustrated in Figure 3. As men-
tioned in Figure 1, the starting pm-BaZrOj; particles were
of non-uniform irregular shape with an average particle
size of 1.1 + 0.9 um. After heating at 800°C for 4 hours,
the non-uniform particles could still be observed; how-
ever, the particle size of the um-BaZrO; precursor was
reduced to 454 + 152 nm. It was noticeable that tiny par-
ticles of about 5-10 nm also could be observed, which
illustrated the occurrence of bimodal size distribution in
this condition. The um-BaZrO; particles were reduced to
422 + 121 nm as well as the tiny particles continuously
grow with increasing temperature to 900°C. However, the
bimodal size distribution between pm-BaZrO; and pri-
mary particles could still be observed. The particle shape
and size were changed totally when the temperature was
increased to 1000°C. The irregular shape of pm-BaZrO;
became nearly spherical with dramatically decreasing of
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the average particle size to 168 + 23 nm. It was important
that the narrow size distribution could be obtained. A large
difference occurred when the temperature was increased
to 1200°C. Two kinds of morphologies were observed.
The SEM image clearly showed several needle-shaped
particles, which were distinguishable from the major
spherical ones. These needle-shaped particles resemble
the particle morphology of commercial BaCO;, which
has been described by other studies.*! The EDS analysis
result also suggests some barium loss (Ba/Zr is ~0.8) on
the spherical BaZrO; particle product at 1200°C as shown
in the supporting information (Figure S2), which ex-
pected to occur at high temperature or long soaking time.
On the other hand, by taking the XRD results (Figure 2)
into account, nearly spherical particles can be assigned to
BaZrO;, and the needle-shaped ones probably correspond
to BaCOj;. Therefore, we suggest that 1000°C is the opti-
mum temperature for obtaining BaZrO; nanoscale prod-
ucts. In addition, the particle morphology of the BaZrO;
product at 1000°C was also observed by TEM. It shows
the nearly spherical shape of particle with the average
particle size of 68 + 5 nm. The particle size observed by
TEM images are smaller than that from the SEM images
(Figure 3), indicating to the polycrystalline-like nature of
the BaZrO; product particles. The TEM images are shown
in supporting information (Figure S3).

Since deviation from stoichiometry and deficient local
structure can affect properties, these factors could become

FIGURE 4
at wileyonlinelibrary.com]
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more crucial during the synthesis. The stoichiometric ratio
of Ba:Zr in the nm-BaZrO; product in this study was well
confirmed by using EDX analysis. The analytical result indi-
cated in Figure 4 shows that the atomic ratio of Ba/Zr is equal
to 1.02, which is close to the 1.05 Ba/Zr ratio from the um-
BaZrO; precursor, as mentioned earlier. Therefore, it is worth
noting that after the surface modification process with the
molten salt, the sub-pm-BaZrO; product particles can main-
tain the stoichiometric composition close to 1:1 for Ba:Zr,
which is similar to that in the um-BaZrO; original precursor.
The composition control has advantages over synthesis via
soft-chemical methods in that the final Ba:Zr stoichiometric
ratio might deviate from 1:1 due to the different dissolution
rate of Ba** and Zr** cations.™

3.3 | Effect of Reaction Time on
Morphology and Phase Stabilization

Figure 5 shows XRD patterns of the um-BaZrO; original
particles and powder products after heating at 1000°C, in
a range of times from 3 minutes to 48 hours. Results of the
X-ray analysis confirmed that the single phase of BaZrO;
stabilized from 3 minutes to 12 hours in the cubic crystal
structure of the powder products. An insignificant differ-
ence in lattice parameters at different dissolution times was
observed, according to the list in Table 2. Both orthorhom-
bic BaCO; and monoclinic ZrO, were found as secondary
phases when the reaction time was longer than 12 hours.

SEM image with EDX analysis of the BaZrO; powder product from the SFD method at 1000°C/4 h [Color figure can be viewed
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FIGURE 5 XRD patterns of the BaZrO; powder products
after the SFD method at 1000°C for various soaking times compared
to that of the um-BaZrO; precursor [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Lattice parameter and average particle size of the
um-BaZrO; precursor and powder products synthesized at 1000°C for
various times

Lattice

parameter AL

_ particle size
Time a=b=c(A) (nm)
um-BaZrO; precursor 4.1949 (3) 2.1 +0.9 um
3 min 4.1951 (1) 1.4+ 1.1 um
5 min 4.1953 (2) 351 £ 115
15 min 4.1958 (5) —
30 min 4.1956 (3) —
60 min 4.1952 (6) 184 + 51
2h 4.1949 (3) 179 + 66
3h 4.1951 (4) 170 + 53
4h 4.1941 (4) 168 + 23
12 h 4.1943 (6) 236 + 131
24 h 4.1947 (2) 230 +91
48 h 4.1949 (5) —
ICSD 97460 4.1946 —

The formation mechanism was studied by using SEM to
examine time-dependence of the particle size. As a result
of the time-resolved experiment, the evolution of particle
morphology was revealed, as illustrated in Figure 6. The

average particle size for all samples is reported in Table
2. Based on the proposed mechanism from our previous
work,*® the results are discussed briefly relating to that re-
port. Salt flux dissolution method is started by precursor
particles being dissolved on the whole surface area via ac-
tion of the NaCl + KCI salt flux, until achieving the opti-
mum or specific size of nanoproduct particles. Then, the
oriented-attachment growth of particles took place, which
increased the particle size to form non-uniform irregular
morphology 38, Figure 6 shows that the average particle
size of pm-BaZrO; precursors was reduced slightly at
3 minutes from 2.1 + 0.9 pym to 1.4 + 1.1 um. The pre-
cursor particles were reduced continuously at 5 minutes,
resulting in a sharply decreasing average particle size to
351 + 115 nm. It is noteworthy that many tiny particles
of about 5-10 nm could be observed. It can be understood
that after the pm-BaZrO; precursor and excess eutectic
NaCl + KCI salt are heated over 658°C (melting point
of the eutectic NaCl + KClI salt,)‘u’43 the mixed chloride
salt melts completely and attacks the um-BaZrO; precur-
sor particle over all directions starting from the surface.
As polycrystal normally contains many typical defects, ie
stacking faults, twins, and orientation loss, those areas can
be attacked easily. Once the particle surface is attacked, the
dissolution process starts. The plausible mechanism model
was discussed in detail in previous work of these authors,
as reported elsewhere.>® When the dissolution process oc-
curred, several positions on the precursor's surface were
dissolved by salt-flux to form as precursor ions (Ba®* and
Zr4+) in molten NaCl + KCI salt. However, it can be seen
that each region on the surface of original particles has a
slightly different dissolution rate resulted in bimodal size
distribution of the particle products, as seen in Figure 6. It
was important that the dissolution process could maintain
the original stoichiometric composition of the um-BaZrO;
precursor particles. The atomic ratio of Ba/Zr ~ 1 for the
BaZrOj; at 5 minutes was confirmed by EDX analysis, as
shown in supporting information (Figure S4). By increas-
ing the time further to 3 hours, the dissolution process
continued, and resulted in (a) particle size reduction of the
um-BaZrO; precursor, (b) higher number of sub-pm or nm
original particles from the fall out from the agglomerated
um-BaZrO; precursor, (c¢) an increasing of concentration
of Ba®* and Zr** precursor ions and (d) particle's shape be-
coming spherical and uniform. However, it could be seen
that, in the initial stage of the dissolution process, the av-
erage particle size decreases significantly with a fast rate.
Nevertheless, after 60 minutes of the dissolution process,
the rate of decrease in average particle size slow down com-
pared to the initial stage. The lower decreasing rate in the
60 minutes to 2 hours of dissolution process may be caused
by the increasing of the concentration of Ba** and Zr** ion
in the NaCl + KCI salt flux close to the saturation state.
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SEM images of the um-BaZrO; precursor and BaZrOj; particle products after the SFD method at 1000°C for various soaking

times (SEM images of the um-BaZrO; precursor and BaZrO; product at 3 min are shown at different magnifications)

The solubility limit of Ba®* and Zr*" ion in the NaCl + KCI
system is still unclear and needs further studies. The op-
timum particle size is reached at 4 hours, when the mor-
phology becomes uniform. The monodispersed BaZrO;
particles can be obtained with an average particle size of
about 168 + 23 nm. These particles are nearly spherical
in shape, as demonstrated in Figure 6. It is interesting that
up to this time, the sub-pm-BaZrO; particle products still
maintained original stoichiometry of the um-BaZrO; pre-
cursor. The result of EDX analysis was mentioned earlier

in Figure 4. After 12 hours, the uniform morphology was
destroyed by particle agglomeration. The average particle
size increased to 236 + 131 and 230 + 91 nm at 12 and
24 hours, respectively, with broad size distribution. The
mechanism at this stage was consistent with rapid self-nu-
cleation from the supersaturated solution, according to the
La-Mer mechanism diagram.44 Nucleated particles, which
are called “secondary particles”, deposit on the surface of
existing original-particles. The primary (original) and sec-
ondary particles could agglomerate, fuse and grow using
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the oriented attachment (OA) mechanism, which involves
spontaneous self-organization of contact particles by shar-
ing a common crystallographic orientation. The adjacent
particles join together and generally become bigger with
irregular morphology.38’45 At this stage, the Ba:Zr stoichio-
metric ratio deviates from the original stoichiometry of the
um-precursor particle. The EDX analysis result for BaZrO,
at 24 hours showed evidence of Zr-rich stoichiometric
composition of Ba/Zr ~ 0.76, as evidenced in supporting
information (Figure S5), because the Zr+t (B-site) ion pre-
cipitated much faster than the Ba>* (A-site) ion. This was
due to lower solubility of Zr**, with Ba*" being taken up
into the dissolved particles after Zr** nucleation.”> More
details on the nucleation and growth mechanism could be
explored in our previous work *?-38

Different morphologies, observed again by SEM after
48 hours (Figure 6), were similar to the SEM image of the pow-
der product at 1200°C, as mentioned in Figure 3. The needle-
shaped particles with a high aspect ratio were attributed to the
BaCO; particles. Occurrence of the BaCO; and m-ZrO, phase
can be found at 1200°C/4 h, or even 1000°C/48 h, because dif-
ferent solubility of Ba and Zr metal ions makes a totally differ-
ent nucleation rate during self-nucleation. The EDX analysis
of two different areas, which focused on (a) needle-like shape
and (b) nearly spherical shape, was investigated, as illustrated
in supporting information (Figure S6). It was found that the
Ba-rich composition could appear all around the needle-like
particle as well as Zr-rich composition appearing on the nearly
spherical particle. More confirmation for the appearance of the
BaCO; phase could not be shown by EDX analysis because it
is not very sensitive to carbon.

3.4 | Optical properties

BaZrO; is considered as an important phosphor host material,
due to its potential application in different luminescent displays.
The optical properties of sub-pm-BaZrO; powder products
obtained after 4 h at 1000°C was investigated by UV-visible
absorption measurement, and compared to the um-BaZrO,
original precursor. The energy gap is related to the photon en-
ergy and absorbance by the following Equation (2).%

ahvo:(hv—Eg)n, @)

where a is the absorbance, / is Plank constant, v is frequency,
E, is the optical band gap, and the exponent (r) depends on the
nature of the observed electronic transition. The electronic tran-
sition for n = 2 is allowed directly, whereas the n = V2 is allowed
indirectly. Since zirconates, titanates, and zirconate-titanate
compounds have an optical absorption process dominated by
direct electronic transition according to the literature,*’*® the
n = 2 exponent was therefore considered. The relationship be-
tween (ochv)2 and hv (eV) is plotted and shown in Figure 7. The

FIGURE 7  Energy gap (E,) determined from the UV-Vis
absorbance spectrum of the sub-pm-BaZrO; powder product obtained
from the SFD method at 1000°C compared to that of the um-BaZrO;
precursor [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Photoluminescence spectra of the sub-pm-BaZrO,
powder product from the SFD method at 1000°C compared to

those of the um-BaZrO; precursor [Color figure can be viewed at
wileyonlinelibrary.com]

um-BaZrO; precursor exhibits a typically sharp curved band
of absorbance, like crystalline materials, while the sub-pm-
BaZrO; product shows an absorption behavior similar to that
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FIGURE 9 SEM images of (A)

BZ ceramic from solid-state (SS) source
powders, (B) BZ ceramic from solid-state
(SS) source powders with using sintering
aids (SA), (C) BZ ceramic from salt flux
dissolution (SFD) method source powders
with using sintering aids (SA), all ceramics
were sintered at 1400°C for 10 h [Color
figure can be viewed at wileyonlinelibrary.
com]
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TABLE 3 Microwave dielectric constant and quality factor (Q-factor) of the BaZrO; ceramic from this study compared to other methods

Microwave-assisted

hydrothermal® Solid-state reaction’®
Sintering temperature ~ 1670°C 1650°C
Sintering time 4h 4h
£, 38.40 35.00
Q-factor 5731 8800

of an amorphous semiconductor.* This result is in qualitative
agreement with the crystallinity that was mentioned in the XRD
results. The energy gap could be estimated by the linear ex-
trapolation of the slope between (ahv)* and hv. The sub-pm-
BaZrO; product shows the optical band gap of 4.94 eV, which
is higher than the 4.09 eV of the um-BaZrO; precursor. The
increase in the sub-pm-BaZrO; energy gap can be ascribed to
the reduction of lattice defects (oxygen vacancies), resulting
in decreasing intermediate energy levels in the band region of
BaZrO;. This result agrees well with the interpretation from
Cavalcante et al., in that the optical band gap is controlled by
the structural order-disorder degree and also point defects in
the BaZrO, lattice.* On the other hand, the increase of energy
band gap is also related to the decreasing particle size. 0!
Room temperature PL emission spectra of the sub-pm-
BaZrO; powder product, in comparison to the pm-BaZrO,
precursor after excitation at 350.7 nm (3.52 eV), are dis-
played in Figure 8. The intense blue-green PL spectra, with
maximum emission at around 568 and 557 nm for nm- and
um-BaZrO;, respectively, are associated with structural
order-disorder degrees or point defects in the BaZrO; lat-
tice, which sheds light on the structural deformation effects
in the electronic structure. Cavalcante et al.*’ reported typ-
ical PL emission of disordered BaZrO; at ~540 nm, and

Salt flux dissolution

Combustion 7  Soft-mechanochemical®>  method (this work)

1650°C 1450°C 1400°C
2h 6h 10 h
3223 37.42 37.26
— 5096.91 4387.8

FIGURE 10 XRD patterns of the 0.87BT-0.13BZ-CT precursor
powder compared to those of the 0.87BT-0.13BZ-CT powder
products obtained from the SFD method at different temperatures of
700°C-1000°C [Color figure can be viewed at wileyonlinelibrary.com]
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Leite et al.”? reported ~585 nm of the same material by
using the same excitation wavelength. These blue-green
emissions are also related directly to the oxygen defi-
ciency created in the host of the BaZrOj; lattice (BaZrOs5_y).
Mostly, the BaZrO;_5 can create complex local defects of
oxygen vacancies according to the V§, V(, and V] KrOger-
Vink notation.*>>® Neutral V(’; captures two electrons 1),
singly ionized V; captures one electron 1 and double ion-
ized V has no trapped electrons. However, Dhahri et al.>*

FIGURE 11 Enlarged plot of the XRD pattern for the (111) and
(200) peaks of the 0.87BT-0.13BZ-CT precursor powder compared to
those of the 0.87BT-0.13BZ-CT powder products obtained from the
SFD method at different temperatures of 700°C-1000°C [Color figure
can be viewed at wileyonlinelibrary.com]

have proved that the presence of V] allows the formation
of intermediary energy levels in the band gap, leading to a
blue-green emission. The electronic defects can be repre-
sented as follows:

[ZrOg] — [21Os] -V, +1/20, +2¢” 3)

Different research also has found that PL intensity is
related directly to the particle size. In that cases, the PL
intensity increases when the particle size decreases, as a
result of quantum effects.* It is clear that sub-pm-BaZrO,
exhibits higher PL intensity (blue line) when compared to
um-BaZrO; intensity (black line). The blueshift of max-
imum PL peak is attributed to the spherical shape of the
particle.“’53

3.5 | Microwave dielectric properties

Since achieving fully dense ceramic (>98%), as required for
all applications, the sub-pm-BaZrO; obtained by salt flux
dissolution method was used in this study as the source of
powder and sintered at 1400°C for 10 hours that is lower
than the 1650°C in normal case.’* The BaZrO; ceramic had
a relative density of 98.5% and average grain size of about
4.45 + 3.50 um. The surface of ceramic and microstructure
of the fractured cross-section showed well-defined grain and
grain boundaries with excellent connectivity from grain to
grain, as illustrated in Figure 9, comparison to BaZrO; ceram-
ics from other methods of source powders. It can be seen that
the ceramic obtained from solid-state reaction (SS) powder
showed the lowest density. With using the sintering aids, the
density could be improved from ~63% to ~84%. Interestingly,
using the powder obtained from the salt flux dissolution (SFD)
method, the ceramic density could be improved to ~98%.

FIGURE 12 SEM images of the
0.87BT-0.13BZ-CT product particles
obtained from the SFD method at different
temperatures of 800°C-1000°C compared to
those of the micron-size precursor
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Diameter and thickness of the ceramic sample for micro-
wave measurements were 5.54 and 2.85 mm, respectively.
The resonance frequency (f,) was 8974.9 MHz and FWHM
(at 3 dB attenuation) was 17.4 MHz. The loaded quality fac-
tor (Qp) was calculated to be 585. The dielectric constant
(&) of 37.3, dielectric loss (tan &) of 2.045 X 1073, unloaded
quality factor (Qy) of 489, and the product of resonance fre-
quency and quality factor (Qy X f;) of 4388 GHz were ob-
tained using the QWED software. The microwave dielectric
constant obtained from this study was similar to that reported

in the literature,l’ss’56 as can be seen in Table 3.

3.6 | Micro-to-nanoscale conversion of
0.87BaTiO;-0.13BaZrO;—CaTiO; powder

BaZrO; can be a precursor for binary or ternary perovskite
oxide lead-free piezoelectric materials, which exhibit excel-
lent piezoelectric properties; therefore, it has the opportunity
of replacing lead-based piezoelectric materials. This study
also applied the SFD method to convert the micron-size
particles in the lead-free 0.87BaTiO5;—0.13BaZrO;—CaTiO;
(0.87BT-0.13BZ-CT) system. The 0.87BT-0.13BZ-CT pre-
cursor was prepared by solid-state reaction at 1300°C/4 h.
This composition was selected from a previous work by these
authors because it could exhibit a high piezoelectric strain
coefficient (d%, ) of about 1030 pm/V at 10 kV.”” The SFD
process was performed using eutectic NaCl + KCI at various
reaction temperatures from 700°C to 1000°C. Phase purity
was identified by the XRD technique, resulting in the XRD
pattern illustrated in Figure 10. It was found that 0.87BT-
0.13BZ-CT powder products, at 700°C, 800°C, and 900°C,
are single phase similar to the XRD pattern of the 0.87BT-
0.13BZ-CT precursor. Nevertheless, the secondary phase
of BaCOj; and m-ZrO, could be observed when the reaction
temperature reached 1000°C. This result means that the reac-
tion temperature of 1000°C was too high for obtaining the
single phase of the 0.87BT-0.13BZ-CT system.

The XRD peak position at (111) and (200) reflection did
not shift, according to the enlarged plot in 26 range of 38°-40°
and 44°-46°, respectively, in Figure 11. The detailed character-
ization of the crystal structure for 0.87BT-0.13BZ-CT systems
was described elsewhere.”” It was surprising that when the SEM
image of the powder was considered at 900°C, the large mi-
cron-size particles of >10 um could be reduced to the specific
particle size of around 2.8 + 0.4 um, with more uniform particle
morphology, as shown in the SEM images in Figure 12. This
result indicated that the large particle size of 0.87BT-0.13BZ-
CT powder could be reduced successfully by the SFD method.
It can be suggested that the specific size regime is dependent on
the starting particle size of the micron-size precursor. However,
the needle-like shape of the BaCO; phase in this system became
evident at 1000°C, which is similar to the observation of the
SEM image of BaZrO;. Overall, it is reasonable to assume that
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the critical conditions (for example; reaction temperature, time,
type, and amount of eutectic salt) are needed to be controlled
to achieve a morphological transformation into nearly spherical
shape and smallest particle size.

4 | CONCLUSIONS
This research shows the direct conversion of micro-to-na-
noscale particles as a convenient technique by using the
SFD method for achieving uniform perovskite BaZrO; pow-
ders. On the basis of the SFD process, a large micron-size
particle was reduced drastically to sub-micrometer as well
as nanometer particles by controlling the reaction time and
temperature. In terms of optimum overall reaction, the irreg-
ular morphology of particles could be transformed to nearly
spherical, and the broad size distribution became narrow.
More importantly, highly accurate stoichiometry should be
the key factor considered, besides the desired shape and size
of monodispersed particles in the nanoscale preparation.
This novel preparation route could provide the final prod-
uct without changing the stoichiometry or crystal structure.
The advantages of this method, which is fast, reproducible
and inexpensive, and easily scaled-up for obtaining uniform
sub-micron or nanoscale particles can be proved.
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