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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the fabrication of supersaturated gallium (Ga)-aluminum (Al) liquid alloy and
Supersaturation A**-doped y-Gay03 nanoparticles (NPs) at near room temperature (60 °C) using sonochemical and sonophysical
Liquid alloy effects. Supersaturated Ga—Al liquid alloy microparticles (D,y, = 1.72 um) were formed and stabilized at 60 °C by
Nanoparticles the thermal nonequilibrium field provided by sonochemical hot spots. Compared with liquid Ga, supersaturated
Ultrasound .. . L. . . . o. . 3+
Room temperature Ga-Al liquid alloy was rapidly oxidized to a uniform oxide without Al,O3 or Al deposition. Thus, ultrafine Al°"-
Direct oxidation doped y-GapO3 NPs were obtained after only 1 h of ultrasonic irradiation at 60 °C. The oxidation of liquid Ga was
remarkably accelerated by alloying with metallic Al and ultrasonic irradiation, and the time was shortened. The
average diameter and surface area of the y-GayO3-based NPs were 59 nm and 181 m?/g, respectively. Compared
with y-GagOs, the optical bandgap of the Al3+-doped y-Gaz03 NPs was broadened, and the thermal stability
improved, indicating AI**-doping into the y-Ga,0s lattice. However, the lattice constant of y-GayO3 was almost
unchanged with or without A1>*-doping. A1>* was introduced into the defect sites of Ga®>*, which were massively
induced in the defective spinel structure during ultrasonic processing. Therefore, sonochemical processing,
which provides nonequilibrium reaction fields, is suitable for the synthesis of supersaturated and metastable

materials in metals and ceramics fields.

1. Introduction

Gallium oxide (Gaz0Os3) is a wide-bandgap semiconductor with five
polymorphs (a, B, v, €, and 8). f-Ga03 has attracted attention as a next-
generation power semiconductor, and the synthesis and properties of
B-GagOs have been extensively investigated [1-4]. Compared with
B-Gaz0s, only a few studies on the other polymorphs of Ga;O3 have been
reported. There is a need for further studies on GayOs polymorphs to
clarify their properties. Previous studies have revealed that y-GasOs,
which has a defective spinel structure, exhibits high photocatalytic ac-
tivity, denitrification activity, and phosphor properties [5-7]. However,
y-Gap03 has been synthesized using limited homogeneous aqueous so-
lution methods, such as hydrothermal, solvothermal, and sol-gel
methods, because y-GapOs3 transforms to B-GapOs at approximately
600 °C. Metal salts, which can dissolve in solvents, such as water and
alcohol, are generally used as raw materials in homogeneous aqueous
solution methods. In such liquid processes, counter anions ((NOs)3,
SO%‘, Cl™, etc.) remaining in the solution must be removed after the
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reactions. Furthermore, harsh reaction conditions, such as high tem-
perature and pressure, are required for liquid-state reaction processes.
Thus, there is a need for better methods for synthesizing y-Ga;O3 and
other ceramics materials without thermal treatment and waste liquid
emission.

Recently, ultrasonic processing has attracted attention as a sustain-
able material processing technique. The synthesis of inorganic materials
via ultrasonic processing has been investigated, and various metal
nanoparticles (NPs), including Ga NPs, have been synthesized using
ultrasound [8-15]. The synthesis of Ga NPs using various solvents has
also been investigated because nanosized droplets of Ga can be syn-
thesized in immiscible solvents using ultrasound owing to the low
melting point of Ga (T, = 29.8 °C). Kumar reported that Ga NPs (0.2-5
pm) can be synthesized via ultrasonic irradiation of hexane and
dodecane solvents [16]. In addition, they synthesized gallium oxy-
hydroxide (GaOOH) via the ultrasonic irradiation of Ga in water [17].
Based on the above processes, NPs of metals or hydroxides can be syn-
thesized using only ultrasound.

Received 28 June 2022; Received in revised form 1 August 2022; Accepted 4 August 2022

Available online 9 August 2022

1350-4177/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:yamato.hayashi.b6@tohoku.ac.jp
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2022.106114
https://doi.org/10.1016/j.ultsonch.2022.106114
https://doi.org/10.1016/j.ultsonch.2022.106114
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Yamanaka et al.

Metal NPs have specific properties different from those of bulk ma-
terials, including surface plasmon resonance and low-temperature sin-
tering, due to their paucity of atoms in a particle. Metal NPs also exhibit
high surface activity. However, the surfaces of metal NPs are easily
oxidized because the Gibbs energy of the oxidation reaction of almost all
metals is negative. The surface oxidation of metal NPs decreases their
conductivity and sinterability, particularly that of basic metal NPs
[18,19]. However, considering that the ease of oxidation of metal NPs
can facilitate the oxidation of metals, oxide NPs can be synthesized from
metal NPs. Takano et al. synthesized y-GapOj3 fine particles via minia-
turization and oxidation processes by ultrasonic irradiation of liquid Ga
in hydrazine monohydrate (NyH4-H20) at room temperature [20].
Kumar et al. reported that when liquid Ga is sonicated in HO, it oxidizes
to GaOOH because of the hydroxyl radicals (OH*) generated from HoO
by ultrasound. In contrast, when sonicated in NoH4-H50, liquid Ga does
not oxidize to GaOOH because the generation of OH* is suppressed by
NoH4-H50. Liquid Ga is directly oxidized to y-GayO3 by reactive oxygen
species generated from sonicated NoH,4-H20, and y-GapOs fine particles
can be obtained. Nanosized y-Ga;O3 can be synthesized at room tem-
perature via ultrasonic processing. Using this method, y-GasO3-based
nanosized materials and other nanoceramic materials can be synthe-
sized at room temperature.

Owing to the low melting point of metallic Ga (T, = 29.8 °C), liquid
Ga-based alloys (Ga-M; M = In, Al, Zn, etc.) can be obtained at low
temperatures [21-23]. However, at room temperature, considering en-
ergy conservation, only a small atomic percentage of metal (2.1 atom%
for Al) can dissolve in liquid Ga at 25 °C. To dissolve excessive Al in
liquid Ga, the formation of a supersaturation state is required. However,
it is difficult to fabricate supersaturated materials via general material
processing techniques using thermodynamic equilibrium fields. To
synthesize supersaturated materials, nonequilibrium reaction fields are
employed to deviate from the equilibrium law. Suda synthesized a
CeO2—-ZrOg-supersaturated solid solution, a component of a three-way
catalyst for purifying gas emitted from gas-powered cars, via high-
speed ball milling using CeO, powder, ZrO, ball, and ethanol (EtOH)
[24]. Furthermore, Romankov synthesized an Al-rich supersaturated
Ti-Al solid solution by mechanical alloying (high-energy ball impacts)
using Ti and Al powders and a Ti substrate [25]. These methods are
similar in that localized high-temperature and -pressure fields are
formed by colliding particles on very short time scales, which is the same
in ultrasonic processing techniques, where local nonequilibrium fields
are obtained at room temperature on short time scales. Cavitation
generated via ultrasonic processing in the liquid phase repeatedly ex-
pands and contracts, then collapses, resulting in an adiabatic compres-
sion state inside the cavity. Numerous localized high-temperature and
-pressure fields (hot spots) are formed in the liquid phase and are
repeatedly generated and extinguished on a microsecond basis under
room-temperature conditions. Furthermore, since cavitation collapse is
accompanied by physical effects, such as microjet flows and shock
waves, extreme reaction fields can be formed by hot spots, microjet
flows, and shock waves. Using sonochemical and sonophysical effects to
form liquid Ga-M alloys, supersaturated liquid Ga-M alloys, in which
metal M is more dissolved in liquid Ga than the theoretical composition
of the Ga-M phase diagram, can be obtained.

A few studies on the synthesis of ceramics by oxidation of liquid alloy
particles have been reported. The morphology of y-GayOs-based parti-
cles obtained by oxidizing Ga-M liquid alloys using ultrasound and
NoH4-H0 is of great interest. The oxidation behavior of Ga-M liquid
alloys is expected to differ greatly, depending on M. Nanocomposites
(M;O,/y-Gaz03, M/y-Gaz03, etc.) or metal-doped y-GazO3 NPs can
easily be obtained at room temperature. This would promote the
development of the physical properties of y-GapO3. However, y-GazO3
has not been successfully synthesized and requires further exploration.
There is a need for low-temperature synthesis methods for ceramic
nanomaterials.

Metallic Al is homologous with Ga, and its oxide has various crystal
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polymorphs, similar to GayOs. In this study, Al was selected as an ad-
ditive metal to liquid Ga. The preparation of supersaturated liquid Ga-Al
alloys and the near-room-temperature synthesis of y-GayOs-based
nanomaterials via ultrasonic irradiation of Ga-Al liquid alloys were
investigated.

2. Experimental
2.1. Materials

Ga (Rasa Industries, Ltd.) and Al (FUJIFILM Wako Pure Chemical
Corporation, 99.0 %) were used as starting materials. EtOH (JAPAN
ALCOHOL TRADING Co. Ltd., 99.0 %) was used as an organic solvent,
which is immiscible with liquid metal. NoH4-H20 (FUJIFILM Wako Pure
Chemical Corporation 98.0 %) was used as an oxidizing agent for Ga.

2.2. Equipment

Fig. 2 shows a schematic of the experimental setup. A sonoreactor
(Honda electronics Co., Ltd.) was used for ultrasonic irradiation. Ul-
trasound was irradiated to dispersion in a 300-mL Erlenmeyer flask
through a water bath.

2.3. Characterization

The crystalline phase and lattice constant of the samples were
determined by powder X-ray diffraction (XRD, D2 phaser, Bruker AXS)
using Cu ka (A = 0.154184 nm) radiation. The morphologies of the
products were characterized by field-emission scanning electron mi-
croscopy (FE-SEM, JSM-7610F, JEOL Ltd.) and field-emission scanning
transmission electron microscopy (FE-STEM, HD-2700, Hitachi High-
Tech Corp.). The specific surface area (Spgr) of the products was
measured using a catalyst characterization analyzer (BELCAT II,
MicrotracBEL Corp.), and the diffuse reflection spectra were obtained
using an ultraviolet-visible near-infrared spectrometer (V-750, JASCO
Corp.). The obtained diffuse reflection spectra were converted to ab-
sorption spectra using the Kubelka-Munk function. The thermal prop-
erties of the sample were measured by thermogravimeter-differential
scanning calorimetry (TG-DSC, STA 449 F1 Jupiter, NETZSCH).

2.4. Preparation of y-Gaz0Os:Al NPs

Fig. 3 shows a flowchart of the experiments. y-GapO3-based NPs were
synthesized via two-step ultrasonic irradiation. Ga (1 g) and Al (0.05 g)
granules were put into a 300-mL Erlenmeyer flask and mixed at 150 °C
for 10 min. After Al was dissolved in liquid Ga, the flask was cooled to
approximately 60 °C, and EtOH (50 mL) degassed by ultrasound was
added. An infinitesimal amount of gas was evolved while EtOH was
added. The flask was sonicated (24 kHz, 100 W) for 24 h (i.e., the
miniaturization step for the liquid alloy). Afterward, NoH4-H20 (50 mL)
was added to the flask, and ultrasound (24 kHz, 100 W) was irradiated to
the flask for 24 h (the oxidation step for the liquid alloy). The temper-
ature of the dispersion was maintained at approximately 60 °C using a
water bath, which was controlled by a circulator (CTP-3000, TOKYO
RIKAKIKALI Co., Ltd.). After ultrasonic irradiation, EtOH and NoH4-H,O
in the dispersion were removed by centrifugation, and the product was
dried in air. The dried product was calcined at 400 °C-1000 °C for 3 h to
investigate the changes in the absorption and crystalline phase.

3. Results
3.1. Miniaturization of liquid Ga and Ga-Al liquid alloy
Fig. 4 shows the XRD patterns of liquid Ga and Ga-Al liquid alloy

sonicated in EtOH. The XRD patterns of both liquid Ga and Ga-Al liquid
alloy (Fig. 4(a) and (b), respectively) show no crystalline peaks. The
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Fig. 1. Schematic of the low-temperature fabrication process for supersaturated liquid alloy and ceramic nanoparticles (NPs) using ultrasound.
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Fig. 2. Schematic of the experimental equipments.

XRD patterns of the liquid alloy show no crystalline peaks attributed to
Al, indicating that, with ultrasonic irradiation at 60 °C, the liquid Ga and
metallic Al in the flask formed a supersaturated Ga-Al liquid alloy.

Fig. 5 shows FE-SEM images of the liquid Ga and Ga-Al liquid alloy
sonicated in EtOH. The diameters of the liquid Ga and Ga-Al liquid alloy
particles were reduced by ultrasonic irradiation. Compared with that of
Ga particles sonicated for 24 h, the diameter of liquid Ga particles
sonicated for 1 h decreased from 1.74 pm to 249 nm, and liquid Ga NPs
were obtained. In the case of Ga-Al liquid alloy, the diameter of the
liquid Ga-Al particles decreased from 3.48 pm to 1.72 pm after soni-
cation, and liquid Ga-Al alloy microparticles were obtained.

3.2. Oxidation of Ga NPs and Ga-Al microparticles

Fig. 6 shows the XRD patterns of liquid Ga NPs and Ga-Al liquid alloy
microparticles sonicated in a mixed solvent of EtOH and NyH,4-H20. The

XRD patterns of liquid Ga sonicated for 6 h show crystalline peaks
attributed to y-Gaz03(PDF: 01-082-3194). The peaks of y-GayO3 became
sharper with ultrasonic irradiation. The liquid Ga particles were slowly
oxidized to y-GapOs. However, liquid Ga-Al alloy sonicated for only 1 h
showed only sharp diffraction peaks attributed to the spinel structure.
This indicates that the Ga—Al liquid alloy was rapidly oxidized to spinel
oxide. It is considered Al*"-doped y-Ga,03 (Ga>*/AI** = 88:12 [atom
%]) NPs were obtained at 60 °C because peaks of Al-containing com-
pounds were not observed.

Fig. 7 shows FE-SEM images of the liquid Ga NPs and Ga-Al alloy
microparticles sonicated in a mixed solvent of EtOH and NyH4-H3O.
v-Gag03 uniformly nucleated on the Ga NPs, and the nucleus of y-GazO3
remarkably increased with ultrasonication. SEM revealed cracks in the
v-Gay03 particles (as shown Fig. 7B). The average diameter (D,,) and
specific surface area of the y-GayOg particles after 24-h sonication were
254 nm and 91 m?/g, respectively. However, in the case of the Ga-Al
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Fig. 3. Flowchart for preparing y-GapO3:Al NPs via ultrasonic irradiation.
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liquid alloy, edged NPs, which are inferred to be Al**-doped y-Gay03,
were obtained after 1-h sonication. The Ga-Al particles were bigger than
the Ga particles before oxidation. The crystallinity of the edged NPs
increased with sonication. After 24-h sonication, Al3+-doped v-Gag03
fine NPs with a specific surface area of 181 m2/g were obtained.

Fig. 8 shows the TEM images of liquid Ga NPs sonicated in a mixed
solvent of EtOH and NyH4-H30. When sonicated for 3 h, uniform liquid
spherical particles were observed., and the sample sonicated for 6 h
yielded y-GayOs/liquid Ga core-shell particles. With increased ultra-
sonic irradiation, y-GayOs crystals grew on the surface of the particles,
making them needle-shaped. After 24-h sonication, hollow y-GasO3
particles were obtained.

3.3. Property of y-Gaz03:Al NPs

Fig. 9 shows the absorption spectra of y-Ga;Os and Al**-doped
y-Gay03 calcined at 400 °C-800 °C in air. y-Gay03 obtained from liquid
Ga NPs showed absorption in the range of 300-800 nm and appeared as
a gray powder. This indicates the presence of liquid Ga that was not
oxidized during the 24-h sonication in the y-GaOs. y-GaOs calcined at
800 °C did not show absorption peaks in the visible range, indicating
that Ga remaining in the y-GayO3 was oxidized to p-GazOs during the
thermal treatment. The optical bandgap of y-GapO3 was reduced after
calcination at 400 °C.

In contrast, the Al*"-doped y-Ga,03 obtained from the Ga-Al liquid
alloy did not show absorption peaks in the range of 300-800 nm and
appeared as a white powder. This shows that the Ga—Al liquid alloy was
completely oxidized to AI**-doped y-Ga,03. The oxidation reaction was
facilitated by the dissolution of Al in the liquid Ga. The optical bandgap
of the sample was also narrowed after calcination at 400 °C in air,
similar to the case of y-Gap03. Compared with the bandgap of y-GazOs,
that of AI**-doped y-Gay03 increased regardless of calcination. In the
previous studies, the bandgap of y-Gay0O3 was widened by Al**-doping
[26], which is consistent with our results herein.

Fig. 10 shows the DSC curve of y-GayO3 and Al**-doped y-Gay0s3
under a 20-mL/min He flow. y-GayO3 obtained from liquid Ga NPs
showed endothermic peaks at —17.1 °C and —36.0 °C. Ga NPs showed
endothermic peaks in the range from —40 °C to —20 °C [27]. The
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Fig. 4. X-ray diffraction (XRD) patterns of liquid Ga (A) and Ga-Al liquid alloy (B) sonicated in EtOH.
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Fig. 5. FE-SEM images of liquid Ga and Ga-Al liquid alloy particles irradiated in EtOH.
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Fig. 6. XRD patterns of liquid Ga and Ga-Al alloy sonicated in ethanol (EtOH) and hydrazine monohydrate (NyH4-H20).

v-GayO3 obtained herein contains unreacted liquid Ga that was not
oxidized. However, the Al3+-doped y-GayOs3 obtained from the Ga-Al
liquid alloy did not show endothermic peaks attributed to metal NPs,
indicating that the Ga-Al liquid alloy was completely oxidized to AI**-
doped y-Gaz03. The DSC curve of y-GapO3 shows exothermic peaks at
520.6 °C. The phase-transition temperature was 520 °C. On the other
hand, the DSC curve of Al**-doped y-Gay03 showed an exothermic peak
at 672.1 °C. Takahashi et al. reported an increase in the phase-transition
point of y-Gay05 with AI3*-doping [28,29]. In this study, Al**-doped
y-GapO3 NPs were obtained via the sonochemical oxidation of Ga-Al
liquid alloy.

Fig. 11 shows the XRD patterns of y-Ga;03 and Al**-doped y-Ga;0s
calcined at 400 °C-800 °C. GayOs completely transformed from the
y-phase (defective spinel) to the B-phase (p-Gallia) dung calcination at
800 °C. Previous studies have shown that the phase-transition temper-
ature of y-GayOs is approximately 550 °C [30], which is consistent with
the value obtained herein. However, A13+-doped y-GagO3 did not
completely transform to p-phase during calcination at 800 °C. After

calcination at 800 °C, Al**-doped y-Gay03 showed a weak diffraction
peak of the y-phase, indicating an increase in the phase-transition point
of y-Gay03 with Al**-doping.

Fig. 12 shows the XRD patterns of all products (y-Ga;0s3, Al**-doped
v-Gay03, p-Gay03 obtained from the calcination of y-GayOs, A13+-doped
B-Gay03 obtained from the calcination of y-Gay0s, Al*"-doped y-Gas03
at 1000 °C in the air). Compared with those of y-Gap03, the degree of
diffraction peaks of Al**-doped y-Gay03 did not change with AI'-
doping.

Both y-GapO3 and A13+-d0ped v-Gap0s3 transformed into the p-phase
when calcined at 1000 °C in the air. B-Ga;03 and AI**-doped B-Gay03
showed diffraction peaks corresponding to p-GapOs (JCPDS:00-041-
1103). Compared with those of p-Ga0s, the degree of diffraction peaks
of AlI**-doped p-Gay0s increased. The shift in the peaks of Al**-doped
B-GaOs resulted in the shrinking of the unit cell of p-GayO3 lattice.
Considering the ionic radii of Ga®t (0.0620 nm) and Al** (0.0535 nm) in
six-coordination [31], the shrinking of the unit cell is attributed to the
substitution of Ga®* with AI*" in the p-Ga0Os5 lattice (Table 1).
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Fig. 7. Field-emmision scanning electron microscopy (FE-SEM) images of liquid Ga NPs and Ga—Al liquid alloy microparticles irradiated in a mixed solvent of EtOH
and N,H4-H,0 (SEM images shows the oxidation behavior of each liquid metal particles).

y-Ga,O (shell)

:// Liquid Ga (core)

Fig. 8. FE-TEM images of liquid Ga NPs irradiated in a mixed solvent of EtOH and N,H4-H50.

Previous studies have reported a decrease in the lattice constant of
y-Gay03 with Al®-doping [5,24]. The lattice constant of Al**-doped
y-GagO3 remained unchanged, and that of Al3+-doped B-Gag03
decreased, indicating that AI>" in the Al3*-doped y-Ga,0s lattice exists
on defect sites of a defective spinel structure.

4. Discussion

4.1. Roll of ultrasound irradiation in the miniaturization of liquid Ga and
Ga-Al alloy

4.1.1. Ultrasonic irradiation effect on liquid Ga

Fig. 13 shows schematics of the miniaturization mechanisms of
liquid Ga (upper) and Ga-Al liquid alloy (lower). Ultrasound irradiation
in EtOH refines liquid metal and alloy into NPs. This phenomenon is
caused by sonophysial effects, such as the microjet flows and shock
waves associated with cavitation collapse [32].

Herein, liquid Ga was refined to NPs by sonophysical effects,
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Fig. 10. DSC curve of y-Ga;03 and Al**-doped y-Ga,05 (A: range from —60 °C to 100 °C; B: range from 400 °C to 800 °C).

including microjet flow and shock waves [32] (first step of liquid Ga).
However, because no dispersant was added to the reaction solution, Ga
NPs were expected to fuse and be coarse due to interparticle collisions.
Therefore, the Ga NPs underwent miniaturization and fusion again
(second step of liquid Ga).

The redox potential of metallic Ga is —0.56 Vgyg [33], indicating that
the surface of Ga NPs is easily oxidized by oxygen in the air. Herein,
because ultrasound irradiation was conducted in the air, thin oxide films
gradually formed on the surface of liquid Ga NPs over time (3rd" step of
liquid Ga). Such thin oxide films on liquid metal protect liquid metal
particles from fusion and coarsening [10]; thus, the Ga NPs were sta-
bilized by the thin oxide films. SEM revealed that the average diameter
of Ga NPs after ultrasound miniaturization was 249 nm (Fig. 5).

4.1.2. Ultrasound irradiation effect for Ga-Al liquid alloy
In the case of the Ga—Al liquid alloy (lower part of Fig. 13), the Al-

rich phase was segregated before ultrasonic treatment. This is because,
according to the Ga—Al phase diagram, Ga—Al liquid alloy ([Ga®t/AI®" =
88:12 [atom%]) stabilizes at approximately 150 °C. Nevertheless, the
XRD patterns (Fig. 4, right) show no crystalline peaks, indicating that
the supersaturated Ga-Al alloy was stabilized as a liquid.

To understand the reason for the supersaturation, we investigated
the synthetic methods for supersaturation states in other studies. Pre-
vious studies have shown that mechanical alloying, such as high-energy
ball milling, is a synthetic method for supersaturated materials
[24,34,35]. In mechanical alloying, to form and maintain supersatu-
rated materials, a supersaturated state is formed by a localized high-
temperature and -pressure field and maintained by quenching effects
[35].

Ultrasonic processing also provides localized high-temperature and
-pressure fields and quenching effects by rapid generation and extinction
of hot spots in a span of microseconds. Therefore, supersaturated



T. Yamanaka et al.

A o Defective spinel ¢ B-Gallia
R BN LA ELEL B BLELEL AL BLELLEL L

[} [eXe]

e 400 °C

As prepared

| ]

y-Ga,05(01-082-3194)

1 I‘I|I| a1 (TN J al
B-Ga,04(00-041-1103)
MEPETENE PR ST TS BPETETETE AT

Intensity / a.u.

10 20 30 40 50 60 70 80
2 theta / degree

Ultrasonics Sonochemistry 89 (2022) 106114

B o Defective spinel < B-Gallia
AL BLELEL AL BLELELELE BLLELELE BLELELEL BLELELEL BLELL
000000 ®
R S0 <><><X> &
Q 800 °C
[e) @]
o) Q o R o

400 °C
o o
0 o o Q o

| As prepared
. |

Intensity / a.u.

y-Ga,04(01-082-3194)

1
1 I’I|I| P | l.nI.J at

B-Ga,03(00-041-1103)

10 20 30 40 50 60 70 80
2 theta / degree

Fig. 11. XRD patterns of y-Ga,03 (A) and A13+—doped y-Ga,03 (B) calcined for 3 h at 400 °C-800 °C.

materials can be obtained by ultrasonic processing. When a Ga—Al alloy
system is irradiated, the segregation parts dissolve in the Ga-Al liquid
alloy due to the localized high-temperature and -pressure field of the hot
spots (first step of Ga—Al liquid alloy). Because the rapid extinction of
hot spots provides a quenching effect in a liquid alloy, a nonequilibrium
reaction field is formed by ultrasonic irradiation, and the supersaturated
state is maintained afterward. Therefore, the supersaturated Ga-Al
liquid alloy ([Ge13+/Al3+ = 88:12 [atom%]), which stabilizes at 150 °C,
was obtained at 60 °C.

In the second step of Ga—Al liquid alloy formation, the supersaturated
Ga-Al liquid alloy was miniaturized by shock waves and microjet flows,
resulting in supersaturated Ga-Al fine particles. Considering the redox
potentials of Ga (—0.56 Vsyg) and Al (—1.67 Vgyg) [33], the Ga-Al liquid
alloy can be more basic than Ga and is easily oxidized. Thus, a thin oxide
film was rapidly formed on the surface of Ga—-Al liquid alloy particles
(thrisd step of Ga-Al liquid alloy formation). The thin oxide film
inhibited the miniaturization of the Ga-Al liquid alloy particles and
promoted the stabilization of the alloy as microparticles before minia-
turization progressed. Thus, the average diameter of the Ga-Al liquid
alloy particles obtained after the ultrasonic irradiation was 1.72 pm,
which is approximately-seven times higher than that of the Ga NPs (249
nm).

4.2. Difference between the oxidation mechanisms of the Ga NPs and
supersaturated Ga-Al particles

4.2.1. Effect of ultrasonic irradiation on the Ga NPs and the oxidation
process

Fig. 13 shows a schematic of the oxidation mechanism of liquid Ga
(upper) and Ga-Al liquid alloy (lower). In the case of liquid Ga (upper
part of Fig. 14), a small number of y-Gap03 nuclei were slowly deposited
on the surface of Ga NPs when the Ga surface was attacked by the ox-
ygen species generated from the irradiated NaH4-HO in the first step of
liquid Ga formation. After nucleation, the nuclei grew on the surface of
Ga NPs, and y-GapOs crystals covered the Ga NPs. Thus, layers of
v-GayOg crystals were formed on the surface of the Ga NPs, and y-Ga;O3/
liquid Ga core-shell particles were obtained. The layer of y-GapOs3
crystals inhibited the diffusion of active oxygen species and the oxida-
tion of the core liquid Ga. For oxidation to proceed, the y-Ga;O3 layer

must crack so that the core Ga leaks. In this study, the y-GaO3 layer
cracked due to sonophysical effects (shock waves, micro-jet flows,
intensive stirring, etc.). Liquid Ga, which leaked, was used for the grain
growth of needle-shaped y-Gas03 crystals on the surface. Thus, y-GasO3
fine particles (Dyy = 254 nm) with a hollow structure were obtained
(third step of liquid Ga formation) after ultrasonic irradiation.

4.2.2. Effect of ultrasonic irradiation on supersaturated Ga-Al particles
and the oxidation process

The oxidation mechanism of the Ga-Al liquid alloy was different
from that of the liquid Ga, as shown in the lower part of Fig. 14. In the
first step of Ga-Al liquid alloy formation, many oxide nuclei were
rapidly formed when the surface of Ga-Al liquid alloy was attacked by
oxygen species. This is because the redox potential of liquid Ga (—0.56
Vsyg) changes with Al-alloying (—1.67 Vgyg).

The redox potential of a metal can be adjusted by forming a solid
solution with other metals [34,35]. Yang et al. reported that supersat-
urated Mg-Zn solid solution, synthesized by mechanical milling and
laser sintering, has higher corrosion resistance than metallic Mg [35],
which is attributed to the increase in the redox potential of Mg (—2.37
Vsug) when Zn (—0.762 Vgyg) is introduced into the Mg matrix [33,35].

In the case of a Ga—-Al liquid alloy, the redox potential of Ga (—0.56
Vsug) decreases when it is alloyed with Al (—1.67 Vgyg). Thus, super-
saturated Ga-Al liquid alloy is easily oxidized compared to liquid Ga.
Therefore, many oxide nuclei were formed quickly during the oxidation
of the supersaturated Ga-Al liquid alloy. In addition, ultrasonic effects
(localized heating, intensive stirring, etc.) also promoted the oxidation
reaction.

The XRD patterns of the liquid alloy (Fig. 12) show that APt was
doped into defect sites in the y-GayO3 defective spinel structure during
the oxidation of the Ga-Al liquid alloy. Considering the nonequilibrium
field provided by ultrasound, Al** was introduced to defect sites by the
localized high-temperature and -pressure fields and quenching effects of
hot spots, which is difficult to achieve in general.

In the second step of the Ga-Al liquid alloy, the nuclei were easily
detached from the surface of the liquid alloy due to sonophysical effects,
such as shock waves, which resulted from the cavitation collapse.
Consequently, Al3*-doped y-GayOs nuclei could not grow during
oxidation because the nuclei separated the liquid alloy, which is the raw
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internal standard. (A, C: peaks of y- and p-GaOs; B, D: peaks of Si).

Table 1

Bandgaps of y- and -GaOj3 calcined at different temperatures.

Bandgap of y-GayO3 [eV]

Bandgap of y-Ga03:Al [eV]

Non-thermal treatment

Calcined at 400 °C
Calcined at 600 °C
Calcined at 800 °C

4.91
4.59
4.46
4.61

5.17
4.76
4.75
4.82

material for grain growth. This is because Al>*-doped y-GayO3 NPs were
observed even at the early stage of the ultrasonic irradiation (1 h), as
shown in Fig. 7. After the crystal nuclei were detached from the surface
of the liquid alloy, and the metal surfaces were exposed, nucleation
quickly reoccurred on the liquid alloy surface. The cycle of nucleation
and detachment of nuclei was repeated until the Ga-Al liquid alloy was
completely used for the nucleation (third step of Ga-Al liquid alloy
formation). The Al**-doped y-GayO3 NPs obtained after 24 h showed a
high specific surface area (181 m2/g) and an average diameter of 59 nm
without dispersant.
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5. Conclusions

In this study, we investigated the synthesis of supersaturated Ga—Al
liquid alloy and Al**-doped y-GayO3 NPs at near room temperature
(60 °C) based on sonochemical and sonophysical effects via a two-step
reaction (miniaturization and oxidation).

In the miniaturization step, high-temperature and -pressure field and

10

quenching effects provided by ultrasound resulted in the formation of
supersaturated Ga—Al liquid alloy. In the oxidation step, supersaturated
Ga-Al liquid alloy was rapidly oxidized, and Al**-doped y-GayO3 NPs
were obtained after only 1-h irradiation at 60 °C. The Al**-doped
y-GagO3 NPs obtained after the ultrasonic processing showed a high
specific surface area (Sgpr = 181 mz/g) and a small particle size (D,y =
59 nm). In this sonoprocessing, the supersaturated liquid alloy and
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ceramic NPs were synthesized at near room temperature without a
dispersant, thermal treatment, and the remain of counter anions, like
(NO3)3, SO7~, and Cl™.

Materials with supersaturated compositions have been synthesized
using thermodynamic nonequilibrium fields, as in mechanical alloying.
Herein, we considered that ultrasonic processing also provides
nonequilibrium reaction fields (localized high-temperature and -pres-
sure effects, quenching effects, microjet flows, and shock waves) for
material synthesis. Thus, based on these sonochemical and sonophysical
effects, we explored sonochemical processing for synthesizing super-
saturated materials.

Ceramics nanomaterials (oxides, nitrides, sulfides, etc.) have been
synthesized via high-temperature heat treatment. In particular, y-GapO3
NPs, which are a metastable phase of GapOs, are synthesized under
harsh reaction conditions (high temperature, high pressure, low con-
centrations, long reaction time, etc.). However, herein, we achieved a
high-yield synthesis of y-GayOs-based NPs at near room temperature
without a dispersant, thermal treatment, or leftover counter anions.
Thus, sonochemical processing is an ecofriendly technique for synthe-
sizing various supersaturated and ceramic nanomaterials and would
promote the development of innovative sustainable development goals
(SDGs)-oriented material processing techniques.
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