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1 | INTRODUCTION

Saima Masood? |

Srinivasrao A. Shivashankar’ | Faheem A. Sheikh* |

Abstract

Due to the wide bandgap, monoclinic structure and thermodynamic stability,
B-polymorph form of Ga,0; nanomaterials is well-received for various applica-
tions. However, as the y-Ga,0s is difficult to synthesize, less attention has been
paid towards it and its conversion to 3-polymorph. This paper reports the single-
step synthesis of y-Ga,03 using a microwave-assisted procedure. In this regard,
y-Ga, 05 powders are synthesized in minutes using benzyl alcohol as the sol-
vent using gallium acetylacetone as the precursor. The XRD of the as-prepared
powders indicates the formation of the y-Ga,03 phase, the very broad peaks
indicative of the small crystallite size as confirmed by TEM. The y-Ga, 05 powders
were annealed at different temperatures and the complete phase conversion of
y-Ga, 03 phase to 3-Ga, 05 phase happens at 700 °C. The TEM analysis shows the
crystallite size to be ~10 nm for the annealed 3-Ga,0; phase. The as-prepared
nanopowders show very weak luminescence under excitation and in contrast,
a blue-green emission is observed in case of annealed powders. This confirms
the presented strategy as having the potential to use 5-Ga,03; nanopowders for
different optoelectronic applications.
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source that can turned “on” and “off” instantaneously and
can be applied in solvent-free environment. This often

New synthesis techniques that enable scientists to per-
form more experiments within a given time would be
very beneficial to scientific community as well as the R&D
enterprise. Microwave-assisted solution-based chemistry,
which makes fast synthesis possible, is such a technique.’?
Microwave-assisted synthesis (MAS) of inorganic materi-
als is considered a nascent technology which dramatically
reduces reaction times due to the solvent superheating
effect, improving reaction yields, avoiding byproducts and
simplifying/shortening reaction procedures for combina-
torial chemistry. Furthermore, MAS uses a safe heating

© 2024 Vietnam Academy of Science and Technology and Wiley-VCH GmbH.

offers better product quality, sustainability and chemi-
cal yield, which is the advantageous compared to tradi-
tional heating sources.® Therefore, the MAS technique is
expected to play an significant role in the environmen-
tally friendly “synthetic nanotechnology” of the future.’
Microwave-enhanced chemistry is based on the efficient
heating of molecules by two main mechanisms: dipole
rotation and ionic conduction which has been widely dis-
cussed by several authors.!? The microwave technique
greatly contributes to all areas of synthetic chemistry, par-
ticularly in the fabrication of nanostructures. The field of
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microwave-assisted synthesis of inorganic nanomaterials
is growing rapidly, and almost all classes of functional
materials have been targeted.’

Gallium based materials have been used for a wide
variety of applications.*"® Gallium (lll) oxide (Ga,05) is a
critical wide-band-gap semiconductor (E(_JJ = 49 eV) that
has various potential applications. These include semicon-
ductor lasers, switching memories and high-temperature
gas sensors.”'% In its nanometric form, Ga,05 is expected
to be extensively used as photocatalyst in water-splitting,
CO, photoreduction, and waste-water treatment.''~'* As
such, among the various wide-band-gap transparent semi-
conducting oxides, Ga, 05 has garnered considerable inter-
est in the scientific community.'*"'® Although there are
several reports on the synthesis of $-Ga,0; nanopow-
ders; however, limited information on the synthesis of
y-Ga, 05 is available."”??> Previous reports for y-Ga,05
nanopowder synthesis indicate the reaction conditions
used are harsh, reaction times very long, requiring ded-
icated setups for synthesis, which are not readily avail-
able everywhere.?'?37%% |n this article, we report a facile
microwave-based synthesis route for the preparation of
ultra-small nanoparticles of y-Ga, O3, thermal conversion to
B-Ga, 05 phase and their optical properties.

2 | MATERIALS AND METHODS

2.1 | Synthesis

All the chemicals used for synthesis were of AR grade and
were used as such without any purification. Commercial
gallium oxide powder was procured from Merck and was
used as received. For the synthesis of Ga,05 nanoparticles,
Gallium acetylacetone was used as a precursor which was
prepared as follows. In a typical synthesis 50 mL of 10 mm
Ga(NO3)3 solution and 30 mmol of acetyl acetone (in 30 mL
1:1 H,O:EtOH) were mixed together and after 10 min of stir-
ring, KOH was added dropwise till the pH reached ~6.7,
which resulted in a white precipitate. The resulting white
precipitate was filtered, washed repeatedly with water and
dried at 50 °C for several hours. The obtained powder
was dissolved in acetone to get single crystals of gallium
acetylacetone.

For the synthesis of Ga,0O3; nanoparticles, 0.5 g of
Ga(acac); taken in a round bottom flask was dissolved in
100 mL benzyl alcohol (Rankem, AR) and then subjected
to microwave-irradiation for 5 min (at 800 W power) in
a modified domestic microwave oven (LG) fitted with a
water-cooling condenser. The irradiation results in a white
precipitate which was separated from the solution by cen-
trifugation, washed first with DI water and then several
times with ethanol. The final powder was dried at 70 °C
for 12 h in a hot air oven for further studies. The synthe-
sis scheme for the preparation of Ga(acac); precursor and
Ga, 03 nanopowders is shown in Figure 1.

2.2 | Characterization

All the samples were characterized by powder XRD diffrac-
tometer (Philips’s, Model 3710 MPD Cu-Ka radiation). XRD
patterns were recorded from 20° to 80° (26) with a scan-
ning step of one degree per minute. XPS measurements
were conducted using an MK Il photoelectron spectrom-
eter, employing Al-Ka (1486.6 eV) as the X-ray source.
Morphology, size, and crystallinity analyses of the nanopar-
ticles were performed via transmission electron microscopy
(TEM) using a Technai-G20 high-resolution electron micro-
scope (HRTEM) with an accelerating voltage of 200 kV. The
TEM samples were prepared by slowly evaporating a dilute
solution of the powder sample dispersed in ethanol and
depositing it onto a formvar-coated copper grid (300 mesh).
Photoluminescence (PL) spectra were obtained at room
temperature using an excitation wavelength of 325 nm (He-
Cd laser, Horiba Jobin-Yvon LabRAM HR 100, CCD detector)
with an acquisition time of 5 s, and the LMU-40x-NUV
objective was utilized for data recording.

3 | RESULTS AND DISCUSSION

The XRD pattern of the as-prepared powders and the sam-
ples annealed in air at different temperatures together with
the reference XRD patterns of cubic y-Ga, 05 phase (JCPDS
File-No. 00-041-1012) and the monoclinic -Ga,03 phase
(JCPDS File-No. 00-041-1103) are shown in Figure 2. In case
of the as-prepared powders, the two very broad peaks in
the 26 range of 30°-40° and 60°-70° indicating small crys-
tallite size can be identified, and these can be indexed to
y-Ga, 03 phase. After the sample were annealed, the peaks
become intense and sharp both as a result of crystallite
growth and improvement in the degree of crystallinity. The
phase conversion starts at 500 °C and the complete conver-
sion of y-Ga, 05 phase to 3-Ga, 03 phase happens at 700 °C
evidenced by all the peaks being indexable to the 3-Ga, 03
phase.

The morphology and microstructure of the as-prepared
and annealed -Ga,03; nanopowders were analyzed by
transmission electron microscopy (TEM) and the results
are shown in Figure 3. The low and high-magnification
TEM images of the as-prepared powders are shown in
Figure 3a-c and indicate very small-sized nanoparticles
with no fixed morphology. Most of the nanoparticles have
sizes < 10 nm (Figure 3a,b). The high-resolution electron
micrographs (HR-TEM images) of individual nanoparticles
(nanocrystals) show clear lattice fringes, as encircled in
white color (Figure 3c). The typical size ranges from x5 to
8 nm for the nanoparticles. In contrast, the TEM results of
annealed 3-Ga,0; powder samples (annealed at 700 °C)
are shown in Figure 3d-f. These results show agglomerated
nanoparticles with overall increase in size due to annealing
(Figure 3e,f). Moreover, the SAED pattern (Figure 3e inset)
reveals their polycrystalline nature; the diffraction rings are
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FIGURE 1
corresponding PXRD pattern.

A schematic for the synthesis of Ga(acac); precursor and Ga,Os nanoparticles. The insets show the Ga(acac); crystals and the

FIGURE 2 The XRD pattern of the
as-prepared powders, powders annealed at
300 °C for 3 h, 500 °C for 3 h, 700 °C for 3 h.

¥ (201)

Annealed@700 °C

(002)

-
-
-

| JCPDS-00-041-1103 (8-Ga,0,)

Intensity (a.u.)

\M‘W WW*"WWW WWwWWWWWW LT,

Annealed@500 °C

Annealed @300 °C

(220)
} (311)
(400)

(LTI
JCPDS-00-041-1012 (y-Gazos)
] ] 1| 1

10

20

T T T T T T T T T T T T
30 40 50 60 70 80 90

Two Theta (Degree)

35101 SUOLILIOD BANER.D) 3|ea!jdde au) Aq paURAOB a2 ORI VO ‘8N J0 SaINI I0j ATRIGIT BUIIUO AB]1M UO (SUORIPUOD-PUR-SLLLB)W0D"AB 1M ARe.q 1 [ou |UO//STNY) SUOIPUOD PUE SWB | 3U) 385 *[202/50/60] U0 ARiqiT2uIluO AB|IM ‘Uelriq I8y L Ag 025008202 UoINZ00T OT/10p/LI0Y A3 1 ATeiqijou|uoy/Sdily Woiy pepeo|umoq ‘0 ‘88Z8Z.SZ



NAZIR ET AL.

FIGURE 3 TEM images of (a—c) as-prepared and (d-f) annealed 3-Ga, 03 nanopowders at different magnifications, (c) HRTEM showing lattice-fringes
of very fine crystals; (e) the SAED pattern (inset) reveals polycrystallinity, however some nanocrystals as shown by (f) HRTEM can also be present.

easily indexed to the (—113),(—202),(004),(111)crystal
planes of 5-Ga,0s.

Figure 4 represents the analysis performed by
Fourier transform infrared spectroscopy (FTIR) in the
4000—400 cm~' region obtained for the as-prepared and
Ga, 03 powders annealed at 700 °C. The FTIR spectrum of
commercially available Ga,05 is also shown for reference.
A very broad peak over 2850 cm~" in the annealed samples
of f-Ga, 03 nanopowders can be assigned to the H—O—H
stretching resulting from adsorbed moisture and O—H
stretching of GaOOH. In case of as-prepared sample, the
broadness in this region may be enhanced by the presence
of some organic moieties encapsulating the nanoparticles.
Further, the IR spectrum of the commercial Ga,03 powder
shows two intense peaks centered at 695 and 448 cm™!
and these peaks can be assigned to the vibrations involving
the GaO, tetrahedra and GaOg4 octahedra, respectively, as
reported in the literature.’”?¢ These two corresponding
peaks appear at 665-680 cm~' for as-prepared powders
and 460-475 cm~' for nanopowders annealed 700 °C. The
broadness of these peaks with respect to the commercial
powder sample shows that the particle size in case of
microwave-synthesized is particularly small, which leads to
a distribution of Ga—O distances in the crystallites.

It is well known that Ga,03; nanopowders show a diverse
array of PL signatures which, in turn, depend on the
shape/size of nanopowders, the synthetic protocol and
surfactant used, and the annealing atmosphere.?'?3-26
Figure 5 represents the room temperature photolumines-
cence spectra of the annealed 3-Ga,0O3 nanocrystalline
powder and the commercial grade 3-Ga, 03 powder sample
under excitation at 325 nm. A typical blue-green emis-
sion centered at 426 and 536 nm is observed in case
of the annealed -Ga,05; nanopowders, which represents
a blue shift of 10-15 nm from the commercial powder
sample, which can be due to size-related effects. This emis-
sion can be attributed to an electron-hole recombination
process resulting from an acceptor formed by gallium
vacancies (Vg,) and a donor formed by oxygen vacan-
cies (Vp), respectively.’ In addition, a weak UV emission
band centered at ~366 nm present in case of the annealed
sample can only be assigned to the recombinations in a self-
trapped excitation.'' Moreover, very weak luminescence
was observed in case of as-prepared powders, which may
be attributed to the small crystallite size (numerous surface
defects) or to the presence of any organic moieties on the
surface (due to the method of synthesis) that led to the
luminescence quenching.
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FIGURE 4 IR spectral spectra of commercial
Ga, 03 powder, as-prepared y-Ga, 03 powder | Annealed@700°c|
and annealed 8-Ga, 03 nanopowders.
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PL spectra of the as-prepared y-Ga, 03, commercial and the annealed 3-Ga,0; nanopowders excited by 325 nm He-Cd laser and the

schematic diagram depicting the pathways through which charge carriers travel, leading to the emission of blue photoluminescence in gallium oxide.
The inset shows the UV-Vis absorption spectra of as-prepared and annealed powders.

4 | CONCLUSION

In conclusion, y-Ga,03 phase was synthesized through a
rapid microwave assisted route and its thermal conversion
to the oxide 3-Ga, 03 phase was studied. The as-prepared
y-Ga, 03 powders consist of very small nanoparticles which
show very weak luminescence under excitation. In contrast
the annealed -Ga,03; nanopowders show a strong blue
green emission. The lack of emission in case of as-prepared

nanopowders can be attributed to minimal particle size
and/or the presence any organic moieties capping their
surface resulting in luminescence quenching.
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