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ABSTRACT: Scheelite-type divalent metal tungstate materials
(AWO,) have been studied for various applications due to their
attractive mechanical and chemical properties. Preparation of the
shape-controlled AWO, crystals with high crystallinity is one of
the most effective approaches for further exploring and improving
their properties. In this study, highly crystalline SrWO, and
BaWO, microcrystals with different morphologies were grown by
using a chloride flux growth technique. To investigate the effect of i
growth conditions on StWO, and BaWO, crystals, NaCl and KCI

were used as a flux, and the solute concentration was adjusted in

Increasing solute concentration

__crucible

/crystal/flux

the range of S—50 mol %. The difference in the flux cation species (Na* and K*) mainly affected the crystal size. In accordance
with increasing the solute concentration, the dominant crystal shape of StWO, and BaWO, varied as follows: whisker (a rod- or
wire-like morphology with a large aspect ratio) — platelet — well/less-faceted polyhedron. Additionally, according to scanning
electron microscopy and transmission electron microscopy results, a dendritic morphological transformation from AWO,
whisker to platelet during crystal growth has been proposed.

B INTRODUCTION

Recently, divalent metal tungstate materials have attracted
attention because of their promising applications in mobile
telecommunications,’ photoluminescence,2 optical fibers,’
inorganic scintillating materials,* sensors,’ photocatalysis,6
and electrocatalysis.” Among them, tetragonal BaWO, and
StWO, (scheelite-type structure: tetrahedrons consisting of
four corner O ions and a central W* ion are separated from
each other, while Ba?* and Sr** ions are surrounded by eight
0% ions)” are typical materials with the space group I4,/a
(Figure S1, the crystal structures were drawn with VESTA
version 3.3.2).”"'" Since BaWO, and SrtWO, have attractive
mechanical and chemical properties as well as dielectric
properties, £, = 8.4 and 8.6; Q X f = 58 800 and 57 500 GHz;
and 7; = —64 and —52 ppm-°C~!, respectively,'> they have
been extensively studied.

In order to further explore and improve their properties,
morphological control techniques have been studied as a
critical approach. For instance, Sczancoski et al. reported the
growth of pitch and longleaf pine cone-like STWO, micro-
crystals using different strontium precursors,”” Sahmi et al.
grew porous CaWO, and SrWO, thin films via spray
pyrolysis,"* Cheng et al. introduced high energy ball milling
methods (mechanochemical method) to prepare AWO, (A =
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Ca, Ba, Sr) nanopowders,12 and Li et al. synthesized SfTWO,
micro-octahedrons, shuttles, pillars, and flowers by using an
electrochemical-assisted precipitation method." In addition to
exploring the morphological control techniques, investigations
for obtaining highly crystalline products might also be
beneficial for further studies regarding their crystal anisotropy
and isotropy, which can change the mechanical properties and
chemical and physical adsorption (i.e, chemisorption and
physisorption) behavior of BaWO, and StWO,.

A flux method (a molten-salt method) is a type of liquid-
phase growth method and one of the most simple and versatile
methods for single crystal growth.'®™"® Introducing flux for
inorganic crystal growth is very effective for obtaining crystals
having highly crystalline, preferentially grown facets, and a low
impurity concentration along with a low growth temperature
(600—1300 °C).'° There are a lot of reports about the
advantages of flux: controlling thermal stress,'® minimizing
crystal defects," deforming crystal shape,”® developing crystal
facets,”’ and so on. Moreover, it has been reported that
Ba,Mg(B,0), (BMBO), Y,Fe;0,, (YIG), and
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Figure 1. XRD patterns and SEM images of the StWO, crystals grown using the NaCl flux with solute concentrations: (a) S, (b) 10, (c) 20, and

(d) 50 mol %.

Be;ALSicO4:Cr (emerald) crystals, which are incongruent-
melting materials at high temperature, were successfully grown
by the flux method at comparatively low temperature as stable
structures.”>>* Previously, choosing suitable fluxes for certain
materials was quite difficult, and the fluxes were chosen via a
trial and error approach based on previous experience.
Fortunately, since a guide to the choice of suitable fluxes for
oxide crystal growth was systematically constructed taking into
account the material fundamental parameters (e.g, ionic
radius, melting point, chemical bonding iconicity, Dietzel’s
parameter, and acidity and basicity) by Oishi et al,”> we can
now easily select the desired fluxes for certain oxide crystal
growths. The useful aspects of flux methods have been well
documented, and there are several reports suggesting the
impact of fluxes (e.g, LiCl, NaCl, KCl, CsCl, LiCl-NaCl,
NaCI-KCIl-CsCl, BaCl,, LiNO;, and Na,W,0,) on the
SrtWO, and BaWO, crystal growth (i.e., lowering the synthesis
temperature, developing their crystal facets, growing high-
quality single crystals, etc.).”*™* In most of those reports,
however, the shapes of the grown crystals were not optimal.
Even though other crystal shapes such as needles, plates, and
other nonuniform shapes were also reported,”**>**** these
results provide largely fragmentary information, which is also
somewhat controversial, especially regarding crystal-morpho-
logical formation mechanisms.

In this study, we report the sodium- and potassium-chloride
flux growth of scheelite-type STWO, and BaWO, crystals with
unique morphologies and high crystallinity. Sodium chloride
and potassium chloride are expected to be an excellent flux
because of their relatively high solubility in water, which allow
us to segregate the as-grown crystals from the remaining fluxes
easily.”® Additionally, the cationic valencies (+1) of NaCl and
KCl fluxes are different from those (+2) of S'tWO, and BaWO,
(solute), which might prevent the solid solution formation
between the flux and the solute.”® Here, the flux and solute
concentration effect on resultant S'WO, and BaWOQ, crystals
were investigated in detail. This study attempts to reveal both
their crystal-morphological and phase formation mechanisms.

B EXPERIMENTAL SECTION

Growth of BaWO, and SrWO, Crystals. Scheelite-type BaWO,
and SrWO, crystals were synthesized by a chloride flux method.
BaCO; (99.7%, Fisher Scientific Co.), SrCO; (>99.9%, Aldrich
Chemical Co.), and WO; (99.8%, Alfa Aesar Co.) were mixed
together with an adjusted amount of NaCl (>99.0%, Fisher Scientific
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Co.) or KCl (99.5%, Fisher Scientific Co.) by manually grinding with
an alumina mortar and pestle. Here, the solute concentration was
adjusted from S to 50 mol %. The as-prepared powder mixtures were
placed into an alumina crucible, heated at a rate of 150 °C-h™" to 900
°C for 10 h in an electrical muffle furnace, and then cooled naturally
to room temperature followed by rinsing with water to remove the
remaining flux. To study the phase transformation and flux effect on
the morphology of BaWO, and SrWO, crystals, they were also
prepared using solid-state reaction techniques with a heating rate of
150 °Ch™!, holding temperatures of 300, 600, and 900 °C, and
holding times of 0 and 10 h.

Characterization. All the as-grown crystals (without grinding)
were structurally characterized by X-ray diffraction (XRD, Mini-
Flex600, Rigaku) equipped with Cu Ka radiation in the 26 scan range
of 10—70°. The crystal morphology was observed using environ-
mental scanning electron microscopy (ESEM, Quanta 650, FEI). A
drawing of typical as-grown crystals was obtained using QuartzVS
version 5.02. The crystallographic characteristics of the as-grown
crystals were analyzed by high-resolution transmission electron
microscopy (HR-TEM, EM-002B, TOPCON) operated at 200 kV.

Computational Details. Plain-wave-based spin-polarized density
functional theory (DFT) calculations were performed with the Vienna
ab initio simulation package (VASP).**"* Core electrons were
described within the projector augmented-wave (PAW) framework, "
and the electronic exchange and correlation energies were described
within the generalized gradient approximation using the revised
Perdew—Burke—Ernzerhof (RPBE) functional.*”* Valence electron
functions were expanded in a plane-wave basis up to a cutoff energy of
400 eV. We employed a Gaussian smearing with a width of 0.05 eV to
improve the convergence near the Fermi level. The Brillouin zone was
sampled with a 2 X 2 X 1 Monkhost-Pack k-point mesh. The
convergence criteria for electronic structure and geometry were set to
107° eV and 0.01 eV-A™}, respectively. We prepared AWO, (A = Sr,
Ba) slab systems having (100), (010), (001), and (110) surfaces. Each
slab contained four layers with the bottom two layers fixed in their
bulk position.

B RESULTS AND DISCUSSION

Effect of Flux and Solute Concentration on Growth of
SrWO, Crystals. To investigate the effect of flux (NaCl and
KCl) and solute concentration (5—S0 mol %) on the growth of
StWO, crystals, the resultant phase and morphology of the as-
grown crystals were identified and observed with XRD and
scanning electron microscopy (SEM) measurements, respec-
tively. The XRD patterns of the crystals grown using the NaCl
flux with different solute concentrations ranging from S to 50
mol % are shown in Figure 1. All the diffraction patterns were
attributable to tetragonal SrtWO, (ICDD PDF# 80-6474)
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Figure 2. XRD patterns and SEM images of the SFWO, crystals grown using the KCI flux with solute concentrations: (a) S, (b) 10, (c) 20, and (d)

50 mol %.

without any diffraction peaks corresponding to impurity phases
such as Na* and/or CI” driven phases, indicating that the NaCl
flux led to no impurity growth. At the solute concentrations of
S and 10 mol %, the (004)/(112), (200)/(112), and (220)/
(112) peak intensity ratios (S mol %: 0.13, 0.30, 0.50; 10 mol
%: 0.09, 0.15, 0.17) were higher than those at the solute
concentrations of 20 and 50 mol % (20 mol %: 0.02, 0.08,
0.02; S0 mol %: 0.07, 0.09, 0.09), implying that the SftWO,
crystals grown using the NaCl flux with lower solute
concentrations were relatively abundant in {001}, {100}, and
{110} facets. Interestingly, a clear difference in crystal
morphology can be found among the four samples as shown
in the SEM images (Figure 1), indicating that the SrtWO,
crystals grown using the NaCl flux were significantly affected
by the solute concentration. At the lowest solute concentration
(5 mol %), the as-grown SrWO, crystals showed mainly
whisker-shaped morphology as well as plate-shaped and
granular-shaped (ca. 28 um) morphologies. As the solute
concentration was increased, both the whisker- and plate-
shaped particles were less prevalent, while the granular
particles became more prevalent. At a solute concentration
of 10 mol %, the as-grown SrtWO, crystal products became a
mix of small irregular hexadecagonal crystals (ca. 18 yum)
bounded by {112} and {101} facets, plate-shaped crystals, and
whisker-shaped crystals. At a solute concentration of 20 mol %,
the as-grown SrWO, particles had an approximate size of 20
um and were an irregular octadecagonal shape bounded by
{112}, {101}, and {001} facets, and at a solute concentration
of 50 mol %, the as-grown StWO, particles became rounder
(i.e, a polyhedronal shape) with a diameter of around 7.6 ym.

Figure 2 shows the XRD patterns of the crystal products
grown using KCI flux with different solute concentrations (S—
50 mol %). All the diffraction patterns were identified as a
tetragonal StWO, phase without any impurity phases. It is
worth noting that, at a solute concentration of 5 mol %, the as-
grown crystals have the higher (004)/(112) and (200)/(112)
peak intensity ratios of 0.42 and 1.04 as compared to the
reference sample with the intensity ratios of 0.16 (004)/(112)
and 0.22 (200)/(112) due to the abundance of {001} and
{100} facets on our StWO, crystals grown using KCI flux with
the lowest solute concentration. SEM images of the SfWO,
crystals grown using the KCI flux with different solute
concentrations are shown in Figure 2. Here, the solute
concentration greatly influenced the resultant crystal morphol-
ogies again. At a solute concentration of S mol %, the as-grown
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StWO, crystals predominantly had both whisker- and plate-like
shapes, and a relatively small amount of granular-shaped
crystals (ca. 14 um) were also observed. At a solute
concentration of 10 mol %, the dominant SrWO, crystal
shape was an irregular octadecagon (ca. 8.3 ym) rather than
whisker or platelet. At a solute concentration of 20 mol %, the
StWO, octadecagons with an approximate size of 7.9 ym were
mainly formed. As shown in Figure 2b,c, the SrWO,
octadecagons formed at the solute concentrations of 10 and
20 mol % were bounded by well-developed {112}, {101}, and
{001} facets. The SrWO, particles grown with a solute
concentration of 50 mol % possessed irregular polyhedral
shapes (3—20 ym diameter).

Dendritic crystals were found for any conditions in which
whiskers were generated: some whiskers have branches that
appeared along one or two sides of the whisker. In both the
NaCl and KCI flux growth cases, the crystals grown with lower
solute concentrations tend to form idiomorphic shapes with
clear edges because of the higher solute solubility, allowing the
StWO, crystals to grow freely and gain their idiomorphic
shapes in the supersaturated molten salt solutions. With
increasing solute concentration, the crystal shape transition
(whisker/dendrite — platelet - hexadecagon/octadecagon —
polyhedron) was observed with either NaCl or KCl, suggesting
that the cationic species (Na* and K*) in chloride fluxes do not
have a great effect on the resultant crystal morphology.
Remarkably, although the NaCl and KCl flux-grown crystals
had the same trend in the crystal shape transition, all the sizes
of the NaCl flux-grown crystals were slightly larger than those
of the KCl flux-grown crystals probably due to the difference in
the solubility of the solute in the flux. It is reported that the
solubility is high if the difference between the cation sizes of
the two components (solute and flux) is high.*® Accordingly,
the solubility of StWO, in NaCl might be higher compared to
that in KCl, judging from the ionic radii of Na* (r;;. = 1.02 A:
CN =6), K" (r,ync = 1.38 A: CN = 6), and Sr** (1,5 = 1.26 A:
CN = 8),*” and this high NaCl-solubility induces the smaller
crystals to be more soluble in a flux and crystallize on the larger
crystals to minimize the specific surface free-energy during the
crystal growth, resulting in larger StWO, crystals of any shapes,
which can be expressed as flux-assisted Ostwald ripening.**~>°
Furthermore, according to a previous report and our result (for
details about the method to measure the solubility, see
Supporting Information and Figure S2),”° the solubilities of
SrWO, in NaCl and KCI at 900 °C are 4.8 mol % (29 g/100 g
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Figure 3. XRD patterns and SEM images of the BaWO, crystals grown using the NaCl flux with solute concentrations: (a) S, (b) 10, (c) 20, and

(d) 50 mol %.
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Figure 4. XRD patterns and SEM images of the BaWO, crystals grown using the KCI flux with solute concentrations: (a) S, (b) 10, (c) 20, and (d)

50 mol %.

NaCl) and 4.5 mol % (21 g/100 g KCl), respectively, which is
in good agreement with the above-mentioned contents. The
effect of the flux on the morphology of SfWO, crystals was
confirmed by synthesizing StWO,, crystals without any fluxes
(a solid-state reaction). As shown in Figure S3a, the S‘WO,
crystals synthesized via a solid-state reaction possess a spherical
shape with smooth surfaces, whereas the chloride flux-grown
StWO, crystals display unique and idiomorphic shapes as
discussed earlier. Chloride fluxes have the potential for
designing the morphology of SftWO, crystals.

Effect of Flux and Solute Concentration on Growth of
BaWO, Crystals. We also studied the crystal-growth
condition effect (flux and solute concentration) on the phase
formation and morphology of the as-grown BaWO, crystals.
Figure 3 shows the XRD patterns of the crystals grown using
the NaCl flux with different solute concentrations (5—50 mol
%). All the recorded patterns had diffraction peaks
corresponding to tetragonal BaWO, (ICDD PDF# 85-0588).
At a solute concentration of 20 mol %, the (200)/(112) peak
intensity ratio of 0.70 was higher than that of the reference
(0.24), which is because our BaWO, crystals contain abundant
{100} facets. The SEM images of the BaWO, crystals grown
using the NaCl flux with different solute concentrations are
shown in Figure 3. At lower solute concentrations (S and 10
mol %), the as-grown BaWO, crystals took the shape of
irregular plates. Using a solute concentration of 20 mol %, both
relatively small platelets and large granular particles (30—300
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um) were grown. The solutions containing SO mol % solute
gave only a nonuniform crystal shapes but with a relatively
consistent size of about 69 pm. The as-grown crystals with
well-developed crystal facets had an octadecagonal shape with
exposed {112}, {101}, and {001} facets.

The XRD patterns of the crystal products grown using the
KCl flux with different solute concentrations (5—50 mol %)
are shown in Figure 4. The diffraction peaks of the crystals
grown with solute concentrations of 5, 10, and 20 mol % were
almost identical to a tetragonal BaWO, phase without any
other secondary or impurity peaks. When the solute
concentration was 50 mol %, the formation of BaWO, with
a monoclinic crystal structure (ICDD PDF# 75-7667) was
confirmed. At lower concentrations of 5 and 10 mol %, the
intensity ratios of the (220) peak to the (112) peak were 1.28
and 0.58, respectively. These values were drastically larger than
the corresponding intensity ratio (0.10) of the reference. The
crystals grown with a solute concentration of S mol % had a
peak intensity ratio (200)/(112) of 0.56, which was also much
larger compared to the reference value (0.24). These
differences suggest that the high-temperature nonaqueous
solutions containing less than 10 mol % solute produce crystals
containing abundant {110} and/or {100} facets. Figure 4
shows SEM images of the BaWO, crystals grown using KCl
flux with different solute concentrations. With a solute
concentration of 5 mol %, the as-grown BaWO, crystals
exhibited whisker- and plate-like morphologies. The BaWO,
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crystals grown with solute concentrations of 10 and 20 mol %
have three types of shapes: whisker, platelet, and octadecagon
(10 mol %: ca. 30 um; 20 mol %: 5—70 um). Increases in the
solute concentration from 10 to 20 mol % resulted in
increasing the (octadecagon)/(whisker + platelet) quantity
ratio visually. Especially at the solute concentration of 20 mol
%, the BaWO, crystals having well-developed crystal facets
became an octadecagon bounded by {112}, {101}, and {001}
facets. When the concentration of solute was 50 mol %, the
BaWO, polyhedrons (ca. 10 ym) with rounded edges were
grown.

The morphology of the chloride flux-grown BaWO, crystals
was sensitively affected by variation in the solute concen-
tration. The crystal shape transition also varies with solute
concentration and solubility (NaCl: platelet/dendrite —
octadecagon/polyhedron; KCI: whisker/dendrite — platelet
— hexadecagon/octadecagon — polyhedron) and will be
discussed in detail later in the paper. Intriguingly, at lower
solute concentrations, the dendrite projections were formed
from the BaWOQO, whiskers and platelets. As is the case in
StWO,, the BaWO, crystal size was proportional to the
solubility of BaWOQO, in the flux. In accordance with the
reported empirical law,*® the solubility of a barium tungstate in
an alkali metal chloride is in proportion to the size difference
between barium and alkali metal ions. Hence, since the
difference between the cation sizes of Ba®* (r;,;c = 1.42 A: CN
= 8) and Na* (1, = 1.02 A: CN = 6) is higher than that of
Ba?* and K* (rione = 1.38 A: CN = 6), the NaCl solubili
should become much higher than the KCl solubility.”
Previous studies have shown that the solubilities of BaWO,
in NaCl and KCI at 900 °C are 16.2 mol % (127 g/100 g
NaCl) and 7.2 mol % (40 g/100 g KCl), respectively.”>’
Accordingly, there are no contradictions between the empirical
law and these experimental results. Solid-state synthesis of
BaWO, was performed to confirm the flux effect on the
BaWO, crystal morphology. As indicated in Figure S3b, the as-
synthesized BaWO, particles did not show clear facets owing
to low solubility of the reactants (BaCO; and WO,). In
contrast, several idiomorphic BaWO, crystal morphologies
were developed by using chloride fluxes. Therefore, chloride
fluxes strongly affect the crystal shape deformation of BaWO,.

TEM Studies. To analyze the crystallographic orientation in
the chloride flux-grown StWO, and BaWO, crystals, further
morphological studies were performed using TEM techniques.
The bright-field TEM images and corresponding selected-area
electron diffraction (SAED) patterns of the SrWO, and
BaWO, crystals grown using the chloride fluxes with different
solute concentrations are shown in Figures 5—8. The spot-like
SAED patterns, which were obtained from parts of all the as-
grown crystals (red-circled areas), imply the single crystalline
nature of the flux-grown StWO, and BaWO, crystals (Figures
5—8). Additionally, the SAED patterns seen in Figures S—8
can be indexed to the SrfWO, and BaWO, phases (space
group: I4,/a with a = 5.417 A and ¢ = 11.940 A; space group:
I4,/a with a = 5.614 A and ¢ = 12.719 A), respectively.”>> As
clearly seen in Figures Sa,d and 6a,c, the SAED patterns
indicate that the StWO,, whiskers grow along the [001], [110],
and [001] directions. The in-plane surfaces of the SfWO,
platelets correspond to the (010) lattice plane (Figures Sb and
6b,d), indicating that the as-grown SrWO, platelets grow
laterally in the {101} direction. The SAED patterns seen in
Figure 8a,c,e show that the BaWO, whiskers grow along the
[001] direction. As shown in Figures 7a—c, and 8b,d,f, the in-
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Figure 5. (a—g) Bright-field TEM images and SAED patterns of the
StWO, crystals grown using the NaCl flux with solute concentrations:
5, 10, 20, and 50 mol %.

114

plane surfaces of the BaWO, platelets lie on the (110) lattice
plane. Accordingly, the BaWO, platelets were grown laterally
along the {110} in plane orientation. It is worthwhile to note
that almost all of the AWO, platelets (A = Sr, Ba) have thicker
parts nestled along the edges of the platelets and the growth
directions of these thicker parts are the same as the growth
directions of the AWO, whiskers (Figures Sb, 6b,d, 7c, and
8b,d). The similarity in growth direction suggest that the
AWO, platelets should be associated in some way with the
AWO, whiskers.

Crystal Phase Transition and Morphological Devel-
opment Mechanism. The mechanism of chloride flux
growth for the StWO, and BaWO, crystals with different
morphologies was further investigated and discussed in detail.
To investigate the phase formation processes of the SftWO,
and BaWO, crystals, a series of crystal products were grown at
different temperatures (300, 600, and 900 °C) for zero holding
time by a solid-state reaction. The XRD results shown in
Figure S4 reveal that the main StWO, and BaWO,, phases were

DOI: 10.1021/acs.cgd.8b00757
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Figure 6. (a—g) Bright-field TEM images and SAED patterns of the
StWO, crystals grown using the KCl flux with solute concentrations:
5, 10, 20, and 50 mol %.

directly formed from the starting materials upon increasing the
temperature to 900 °C.

ACO, + WO, - AWO, + CO, 1 (A = Sr, Ba)

In a flux method, the solute is generally dissolved into the
flux partially or completely, and then the crystals are grown
from the high-temperature nonaqueous solution due to the
lowering of solubility via supercooling or evaporating of the
flux at the high temperature as a driving force for
crystallization. In order to make a clear distinction about
which is the dominant driving force trigger for SftWO, and
BaWO, crystallization, all the flux evaporation rates were
calculated as listed in Table S1. As all the flux evaporation rates
were relatively low (<17 wt %), the dominant driving force for
crystallization trigger is supercooling in this study.

As we have seen, the flux-grown STtWO, and BaWO, crystals
have three basic shapes: whisker, platelet, and polyhedron.
From the SEM results, when the solute concentration exceeds
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Figure 7. (a—c) Bright-field TEM images and SAED patterns of the
BaWO, crystals grown using the NaCl flux with solute concentrations:
S, 10, and 20 mol %.

the saturated solubility, the SftWO, and BaWO, polyhedrons
started to nucleate and grow. The quantity of StWO, and
BaWO, polyhedrons increases, accordingly as the solute
concentration increases. Thus, the SrWO, and BaWO,
polyhedrons might be produced from the undissolved solute.
On the other hand, the StWO, and BaWO, whiskers and
platelets might be generated through a dissolution—reprecipi-
tation process. These arguments are in good agreement with a
previous study regarding MgWO,, CaWO,, and BaWO, crystal
growth in molten KCL™

The SrtWO, and BaWO, crystals were grown using a KCI
flux with a solute concentration of 5 mol % without removing
the flux with water for the purpose of specifying the growth
position for each crystal with different shapes in the crucible.
The as-obtained crystal products (SrWO,/BawO, + KCI)
were observed using SEM. The StWO, and BaWO, whiskers
and platelets were grown from the inside (and bottom) walls
toward the center of the crucible (Figures SSb1,2 and c2,4). As
indicated in Figure S5b3,c3, the nucleation sites for the STWO,
and BaWO, whiskers were clearly observed. Thereby, the
crucible might provide sites for heterogeneous nucleation.
Meanwhile, the S'tWO, and BaWO, polyhedrons precipitated
on the crucible bottom (Figure SSb4).

The above results for the chloride flux growth process of the
AWO, crystals (A = Sr, Ba) were merged into the schematic
illustration shown in Figure 9. During the heating process
(room temp. — 900 °C), the starting materials are completely
converted to AWO,, and the partial/complete dissolution of
the formed AWO, crystals into the chloride flux (MCl: M =
Na, K) occurs simultaneously. While a high temperature (900
°C) was maintained for 10 h, the crystal surface dissolution
and crystallization constantly continued onto the undissolved
AWO, crystals in the high-temperature nonaqueous solution,
in which the undissolved AWOQO, crystals exhibit the lowest
energy crystal faces for the conditions and their crystal size is
enlarged owing to flux-assisted Ostwald ripening."*™>" By
cooling of the high-temperature solution consisting of a binary
mixture of AWO, and MCl, the AWO, nucleus forming on the
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Figure 8. (a—g) Bright-field TEM images and SAED patterns of the
BaWO, crystals grown using the KCl flux with solute concentrations:
5, 10, 20, and 50 mol %.

inner walls of the crucible is caused in conjunction with the
crystallization of the dissolved solute onto both the AWO,
nucleus and the undissolved particles. When the temperature
drops below the melting point of the chloride flux (NaCl: 801
°C; KCI: 771 "C),53 the crystal growth of AWO, whiskers and
platelets and crystallization of the dissolved solute onto the
undissolved particles ceases because of the solidification of the
chloride flux.

Further details on the relationship between AWO, whiskers
and platelets were acquired via SEM and TEM. From the
results (Figures 1—8), most of the AWO, platelets have thicker
parts which are located along the edges or centers of the
platelets. Moreover, these line-shaped thicker parts have the
same growth directions as the AWO, whiskers. On the basis of
these findings, we propose the dendritic morphological
transformation of the AWO, crystal (whisker — dendrite —
platelet) during the crystal growth, the process of which can be
described as follows (Figure 10a): (i) the AWO, whiskers grow
from the inner walls of the crucible and fully cover those walls;
(ii) the branches grow from one of the two sides of the AWO,
whiskers; (iii) crystallization of the remaining dissolved solute
between the branches occurs at the same time; and (iv) the
branches are deformed to plates.”* Endo et al. and Oishi et al.
previously reported the symbiosis of needle, dendrite, and
platelet crystals in KCI flux growth of BaWO, and CaWO,
crystals.33‘55 As shown in Figure 10b,c, the AWO, dendrites,
which were observed on all the whisker- and platelet-formed
conditions, might be intermediates during the morphological
transformation. Here, there are two possible factors contribu-
ting to the anisotropic growth of the AWO, platelets, as given
below: (a) the effect of minimizing surface free-energy and (b)
a flux-capping effect to form specific crystal facets. According
to the surface free-energy effect, the crystals generally tend to
grow to exhibit the singular surface having lower surface free-
energy on which the constituent atoms are closely and firmly
coupled and packed densely. As shown in Figure S6, among
the {100}, {010}, {001}, and {110} facets of AWO,, {001}
facets are the densest and have the lowest surface free-energies.
Incidentally, the calculated surface free-energies of S‘WO, and
BaWO, are in the sequence {100} = {010} 1.161 J-m™> >
{110} 0.698 J-m™* > {001} 0.527 J-m~2 and {100} = {010}
0.799 J-m™ > {110} 0.445 J-m™> > {001} 0229 J-m™%
respectively. However, the as-grown SrWO, and BaWO,
platelets exposed {010} and {110} facets as in-plane surfaces,
respectively. Consequently, the anisotropic growth of the
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’

\/“

nucleation +
crystallization

chloride flux \
W vy bt s
' e vy WA b I P
undissolved AWQ, crystals A (R

900 °C for 10 h

150 °C/h AWO, phase forming completion

Temperature

771~801°C (flux melting point)
Natural

crystallizing completion

> A

Time

v

PRI ANy 7
YT AR

Figure 9. Schematic illustration of the chloride flux growth process of the AWO, crystals (A = Sr, Ba).
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(a) Dendritic morphological-transformation of AWO, crystal

StWO, BawoO,
<100> <001>
<110> f
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Figure 10. (a) Schematic illustration of proposed morphological transformation mechanism of the chloride flux-grown AWO, crystal (whisker —
dendrite — platelet). (b and c) SEM images of the typical StWO, and BaWO, whiskers, dendrites, and platelets grown using the NaCl flux with the

solute concentration of 5 mol %.

AWO, platelets might be caused by chloride flux species acting
as a capping agent, which presumably stabilize the SfWO,
(010) and BaWO, (110) surfaces during the crystal growth
and direct the crystallization toward platelet formation.

To understand the solubility and solute concentration
impact on the resultant morphology of the flux-grown
StWO, and BaWO, crystals, the crystal morphology formation
and evolution map for AWO, (growth temp.. 900 °C) is
presented in Figure S7. Here, the formation and evolution of
AWO, crystal morphology can be classified into three stages.
(1) When the solute concentration is lower than the solubility,
AWO, whiskers, dendrites, and platelets are formed. In this
stage, increasing both the solute concentration and solubility
might result in increasing the proportion of AWO, platelets
because a large amount of dissolved solute allows whiskers to
grow into platelets during the crystal growth. (2) Once the
solute concentration exceeds the solubility, the faceted AWO,
polyhedrons are also formed from the undissolved solute. With
increasing solute concentration, the proportion of faceted
AWO, polyhedrons is increased. (3) Further increasing the
solute concentration inhibits the formation of AWO, whiskers,
dendrites, and platelets because at higher solute concentrations
a large amount of undissolved solute occupies significant
volume near the crucible wall preventing the nucleation and
growth of AWO, whiskers, dendrites, and platelets. In addition,
the less-faceted AWO, polyhedrons start to increase in
quantity. Consequently, controlling parameters such as solute
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concentration and solubility enables the crystal shape control
of AWO, via the flux method.

B CONCLUSIONS

In this study, highly crystalline SftWO, and BaWO,, whiskers,
dendrites, platelets, and polyhedrons were successfully grown
by a NaCl- and KCl-flux method. The trend in the dominant
crystal-shape transition (whisker — platelet — well/less-
faceted polyhedron), which is caused by increasing the solute
concentration, did not depend on cation species of either
solute or flux (i.e., Sr**, Ba**, Na*, and K*), but the flux cation
species (i.e., Na* and K*) contributed to the crystal size. On
the other hand, the solute concentration and flux-solubility
played quite important roles in morphological formation and
evolution of S*tWO, and BaWO, crystals. Furthermore, we
explained details of chloride flux growth mechanism for each
StWO, and BaWOQ, crystal shape. Both the whisker- and plate-
like crystals are grown through the dissolution—nucleation—
crystallization process, whereas the polyhedral crystals are
formed through a crystal surface modification route via crystal
surface dissolution and crystallization. Importantly, it was
found that the chloride flux might act as a capping agent and
induce the dendritic morphological transformation of the
AWO, crystal (whisker — dendrite — platelet). Our findings
and the techniques of this study can be applied to the chloride
flux growth of high-quality oxide crystals with unique

morphologies, which could be useful for various applications.
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