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One-step solvothermal synthesis and growth
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Simple liquid-phase approaches for the synthesis of nanomaterials are attractive because their low costs,
reduced nanoparticle aggregation, and compatibility with subsequent liquid processes widen the
application scope of the resulting materials. This would be particularly interesting for B-Ga,Os
nanoparticles, which often suffer from aggregation issues during their synthesis processes. In this paper,
we report a one-step synthesis of B-Ga,Oz nanoparticles in supercritical isopropanol. By simply heating
Ga(NOs)s in isopropanol at 400 °C for 24 hours, B-Ga,Os nanoparticles with a size of ~100 nm are
obtained without requiring additional calcination in air. A structural characterization comprising X-ray
diffraction, scanning electron microscopy, selected-area electron diffraction with transmission electron
microscopy, and X-ray absorption fine structure measurements suggest that the synthesis process involves
an initial conversion of Ga(NOs); to Ga(Oi-Pr)s or a related species at 80 °C, which then transforms into
v-Ga,O3z nanoparticles upon increasing the temperature, to eventually produce B-Ga,Osz nanoparticles
most likely via a dissolution and recrystallization process.
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Due to the wide application prospect of B-Ga,O;, its
synthesis in the form of nanoparticles, nanorods, and thin-
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Gallium oxide (Ga,03) is a wide-bandgap semiconductor that
possesses five polymorphs, namely, a-, B-, y-, -, and &-Ga,05;."
Among them, B-Ga,O; is the most stable phase below the
melting point, and its properties and applications have been
widely studied. Thus, the bandgap and breakdown field of
f-Ga,0; are known to be around 4.8 eV and 8 MV cm*,
respectively.” This wide bandgap, along with its high thermal
stability, renders f-Ga,O; as a promising candidate for high-
power electronic devices® and solar-blind UV detectors,””’
which only detect a specific wavelength range of 200-280 nm.
With regard to its optical properties, B-Ga,O; is almost
transparent, and [(-Ga,0O; nanoparticles have been
demonstrated to exhibit photoluminescence upon doping.® ™"’
In addition to these applications, -Ga,O; has potential use
in catalysis,"®'® solar cells,>® and gas sensors.”’ B-Ga,Os
nanoparticles are also used as precursors in the synthesis of
GaN nanoparticles via the nitration process.***
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films has received intensive research attention. Thus, for the
synthesis of B-Ga,O; nanoparticles, a number of liquid
processes based on the sol-gel method,*"*'*** hydrothermal
synthesis,"**>*® solvothermal synthesis,"®*”"*° sonochemical
method,*® and solution combustion®" were proposed. In
most cases, the liquid processes involve the preparation of
intermediate products such as GaOOH and 7y-Ga,O;
nanoparticles, which are then converted to (-Ga,O;
nanoparticles by calcination at a temperature of 700 °C or
higher in air. p-Ga,O; nanoparticles with good
luminescence, catalytic, and electrical properties are thereby
obtained; however, calcination at elevated temperatures
often causes nanoparticle aggregation. The calcination
process also limits the in situ synthesis organic-modified
nanoparticles. Therefore, the development of a one-step
synthesis method that circumvents the aggregation issue to
obtain highly crystalline p-Ga,O; nanoparticles of a certain
size is highly desirable. Herein, we propose a one-step
synthesis of well-crystallized B-Ga,O; nanoparticles via a
solvothermal process that does not require additional
calcination. This method consists of heating a dispersion
liquid of Ga(NO;); in isopropanol at 400 °C for several hours
to produce B-Ga,O; nanoparticles with a size of ~100 nm.
We also discuss the growth process of the B-Ga,0;
nanoparticles by analyzing the products obtained at various
reaction times.
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Experimental

The one-step solvothermal synthesis of f-Ga,0O; was
performed as follows. Gallium(m) nitrate n-hydrate (Ga(NO3)s,
FUJIFILM Wako Chemicals, 072-02701, 60.2-68.5% was
anhydrous according to an assay) was purchased and used as
a precursor without further purification. Isopropanol was
also purchased from FUJIFILM Wako Chemicals and used as
a reaction medium. Ga(NOj); (0.0319 g) was put in
isopropanol (2.00 mL) to prepare a 0.040 M dispersion liquid.
It should be noted that Ga(NO;); did not dissolve in
isopropanol at this concentration. The reactant liquid (2.0
mL) containing the undissolved Ga(NO;); was poured into a
pressure-resistant Hastelloy C-276 reactor with an inner
volume of 5.0 mL and capped tightly. The reactor was put in
an electric furnace preheated to the desired reaction
temperature, which was varied from 300 °C to 400 °C, above
the critical temperature of isopropanol (235 °C).*?

After a certain reaction time, the reactor was removed
from the electric furnace and immediately submerged in a
water bath at room temperature to quench the reaction. The
products were recovered from the reactor, and the solid
products were separated by a combination of centrifugation
(4 °C, 9600 x g, 15 min) and decantation. The solid products
were purified by repeated centrifugation and decantation,
using water and ethanol alternately. Finally, the products
were freeze-dried. The products were obtained as white
powders and analyzed as follows.

The crystal phase of the products was investigated by
X-ray diffraction (XRD) analysis using a PANalytical Aeris
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diffractometer with Cu-Ka emission (2 = 1.5418 A). The
crystal phase fraction of the products was estimated using
the PANalytical HighScore program (Ver. 4.6). The size and
shape of the products were observed using a scanning
electron microscope (SEM, JEOL JSM-IT-800). The crystal
phase of each nanoparticle was confirmed by selected-area
electron diffraction (SAED) measurements using a
transmission electron microscope (TEM, JEOL JEM-
ARM200F). To estimate the chemical states of the Ga
species during the synthesis process, X-ray absorption
spectra were measured around the Ga K-edge at BL-9A,
Photon Factory, KEK, Japan. Data processing of the X-ray
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) analysis was performed using
REX2000 software (RIGAKU).** Gallium isopropoxide [Ga(Oi-
Pr);] purchased from FUJIFILM Wako Chemicals (075-
06071) was used as a reference material with known
and crystal structure for the XAFS

chemical state

measurements.

Results and discussion

Fig. 1a shows the XRD profiles of the products obtained at
300 °C and different reaction times. At 10 min of reaction
time, peaks attributable to the 113 and 044 reflections of
the y-Ga,O; phase were observed, which is in agreement
with previous studies describing the formation of y-Ga,0;
nanoparticles by annealing Ga species in isopropanol at
around 200 °C.'® Even at prolonged reaction times, the main
component of the products was y-Ga,Oz; however, the
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Fig. 1 Powder X-ray diffraction patterns of the products prepared at (a) 300 °C, (b) 350 °C, and (c) 400 °C at various reaction times.
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appearance of peaks at around 30.1-31.7° and 35.2° at 360
and 1440 min of reaction time suggested the formation of
the B-Ga,O; phase. When the reaction was performed at 350
°C, the main product was also y-Ga,O; after 10 min of
reaction (Fig. 1b). However, with increasing the reaction
time, the B-Ga,O; phase gradually appeared, to become the
only observable phase at a reaction time of 720 min. At 400
°C (Fig. 1c), the product obtained at 10 min of reaction
showed diffraction peaks attributable to the y-Ga,O; phase;
however, at 30 min of reaction time, the main component
was B-Ga,Os, and the y-Ga,0; phase gradually disappeared
at longer reaction times. Under some synthetic conditions,
unresolved peaks were observed. For example, the sample
prepared at 300 °C and 60 min presented a peak at ~28°
which cannot be attributed to either B-Ga,O; or y-Ga,Os.
These peaks may be assigned to metal oxides formed
through the dissolution and subsequent solvothermal
reaction of the constituent metals of the batch reactors
during synthesis. These results suggest that the solvothermal
treatment of Ga(NO;); in isopropanol first produced
y-Ga,03, which gradually converted to -Ga,O; at 350 °C and
400 °C.

According to the XRD pattern, the fraction of p-phase in
the products obtained at 400 °C and different reaction times
was estimated using the PANalytical HighScore program,
which performs a semiquantitative estimation based on the
reference intensity ratio (RIR) method.** In a binary system,
the RIR method calculates the weight fraction of the
components A and B (X, and Xjp, respectively) from the
observed intensities of their strongest lines (I, and Ig,
respectively). The (7/I.) values in eqn (1) are referenced from
the crystal structure database file.

Xa {w}f_ &)

Xp (I/Ic)b Iy

The results are shown in Fig. 2. As can be extracted from
the figure, the ratio of f-phase increased with increasing the
reaction time. Notably, a quick crystal phase change from y
to f phase occurred within 30 min at 400 °C.

Fig. 3 shows the SEM images of the samples prepared at
400 °C and different reaction times. The product obtained at
10 min of reaction time was smaller than 10 nm and did not
exhibit an apparent crystal shape (Fig. 3a). Meanwhile, the
product obtained at 30 min of reaction time was composed
of small spherical nanoparticles and larger nanocrystals with
distorted octahedral shapes (Fig. 3b). As can be seen in
Fig. 3, the number of smaller nanoparticles gradually
decreased with increasing the reaction time, whereas the size
of the distorted octahedral nanoparticles gradually increased,
reaching around 100 nm at 1440 min (Fig. 3d). Based on the
XRD results (Fig. 1c), the nanoparticles shown in
Fig. 3a and d were inferred as y-Ga,O; and B-Ga,O; phases,
respectively. To confirm this assumption and resolve the
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Fig. 2 Ratio of B-phase in the products prepared at 400 °C and
various reaction times according to a semiquantitative analysis
performed using the PANalytical HighScore program.

crystal structure of the smaller and larger nanoparticles
produced at the intermediate reaction time (Fig. 3b), we
performed TEM-SAED measurements. Fig. 4 shows the TEM
images of the samples prepared at 400 °C with different
reaction times with their SAED patterns. The SAED ring
patterns of the products after 10 min of reaction (Fig. 4a
inset) correspond to the 044 and 113 reflections of the
7-Ga,0O; phase. After 1440 min of reaction (Fig. 4c inset), the
characteristic diffraction spots of B-Ga,O; phases appear.
These results agreed with the XRD and SEM measurements.
Fig. 4b shows the TEM image of the sample prepared at 400
°C for 30 min. Consistent with Fig. 3b, the product was
composed of smaller and larger nanoparticles. The SAED
measurements revealed that the smaller nanoparticles (sized
~10 nm) were composed of y-Ga,O; phase, whereas the
larger nanoparticles (sized ~100 nm) existed in the p-Ga,O;
phase.

These results confirm that the crystalline phase transition
from y-Ga,0j3 to -Ga,0; occurred within 1440 min at 400 °C. As
discussed in the Introduction, the calcination of GaOOH,
0-Ga,03, or y-Ga,0; at 700 °C or above in air produces -Ga,0;
particles,®'314 1771926283536 \which is the most stable phase.
The detailed mechanism of the phase transition from y-Ga,O3
to B-Ga,0; has been reported recently.’” Specifically, a
synchrotron X-ray atomic pair distribution function analysis
revealed that the local structure of y-Ga,O; started to change to
B-Ga,0; at around 300 °C, and then the bulk transformation
occurred between 550 °C and 750 °C. However, our process
proceeded at much lower temperatures, suggesting that the
formation of the B-Ga,O; phase occurred through a different
process from that reported for the calcination in air. In our case,
the production of y-Ga,03 and its transition to $-Ga,O3; occurred
in isopropanol. Therefore, the effects of isopropanol on the
phase transition should be considered. Typically, the synthesis
of nanoparticles comprises nucleation, growth, and coarsening
stages sequentially.’® In the final coarsening stage, ie., the
Ostwald ripening stage, smaller particles with higher free energy
are dissolved in the solution and then recrystallized with lower
free energy. This might also occur in the present solvothermal

CrystEngComm, 2021, 23, 6567-6573 | 6569
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Fig. 3 Scanning electron microscopy images of the Ga,O3z nanoparticles synthesized at 400 °C with the reaction times of (a) 10, (b) 30, (c) 120,

and (d) 1440 min.

@

5 1/nm

Fig. 4 Transmission electron microscopy (TEM) images of the Ga,O3 nanoparticles synthesized at 400 °C with the reaction times of (a) 10, (b) 30,
and (c) 1440 min. Insets: Selected-area electron diffraction pattern of the products shown in each TEM image.

process; accordingly, the number of smaller y-Ga,0;
nanoparticles would decrease to give rise to larger B-Ga,O;
nanoparticles. A similar crystal phase transition process was
reported for the anatase-to-rutile phase transition via
dissolution and precipitation.** However, in the present study,
the dissolution process of Ga species in isopropanol remains
unclear. This could be explained in terms of the formation of
Ga(Oi-Pr); or similar species that can be dissolved in
isopropanol at the synthesis temperature. In this regard, the
dissolution of Ga(Oi-Pr); and its dimer in isopropanol was
previously described by Suslova et al.*® In our case, the initially
produced y-Ga,O; nanoparticles might have slight solubility in
isopropanol as Ga(Oi-Pr); or similar species, to be then
recrystallized as B-Ga,O; nanoparticles with apparent crystal
shape.

To further investigate the growth of Ga,0; nanoparticles
in isopropanol, the local structure around Ga in the products,

6570 | CrystEngComm, 2021, 23, 6567-6573

especially the chemical bonds between Ga and isopropanol
molecules, investigated by XAFS. During the
hydrothermal synthesis of Ga,O; nanoparticles, Ga®" ions
react with H,O to produce GaOOH.'>'**® However, little is
known about the solvothermal processes. The products
obtained upon heating the precursor at 80 °C, 160 °C, 240
°C, and 270 °C for 10 min and at 300 °C for 60 min in
isopropanol were analyzed by XAFS. To provide comparison,
Ga(NOs3); in isopropanol and Ga(Oi-Pr); were also analyzed.
Fig. 5-7 show the XANES spectra, the ks (k) oscillation, and
the derived radial structure function, respectively. The radial
structure function of Ga(NO;); in isopropanol exhibited a
peak at around 1.50 A (Fig. 7a), which can be attributed to
Ga-O bonds in Ga(NOs);. After heating at 80 °C for 10 min,
new peaks appeared at 1.48 and 2.70 A (Fig. 7c). This
spectrum was similar to that of Ga(Oi-Pr); (Fig. 7b), which
exhibited peaks at 1.44 and 2.67 A corresponding to Ga-O

was

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Ga K-edge X-ray absorption near-edge structure spectra of (a)
Ga(NOg3)s in isopropanol, (b) Ga(Oi-Pr);, and the samples obtained
upon heating at (c) 80 °C, (d) 160 °C, (e) 240 °C, and (f) 270 °C for 10
min and at (g) 300 °C for 60 min.

and Ga-C bonds in Ga(Oi-Pr);, respectively. Therefore, the
peaks at 1.48 A and 2.70 A in Fig. 7c can be also attributed to
these chemical bonds. The corresponding EXAFS vibration in
Fig. 6b and c also indicated that the product obtained upon
heating Ga(NOj3); 80 °C for 10 min was similar to Ga(Oi-Pr);.
Taken together, these results suggest that Ga(NO;); in
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Fig. 6 The k3 (k) oscillation of the extended X-ray absorption fine
structure analysis of (a) Ga(NOs)z in isopropanol, (b) Ga(Oi-Pr)s;, and
the samples obtained upon heating at (c) 80 °C, (d) 160 °C, (e) 240 °C,
and (f) 270 °C for 10 min and at (g) 300 °C for 60 min.
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Fig. 7 Radial structure function derived from the extended X-ray
absorption fine structure analysis of (a) Ga(NOs)s in isopropanol, (b)
Ga(Oi-Pr)z, and the samples obtained upon heating at (c) 80 °C, (d)
160 °C, (e) 240 °C, and (f) 270 °C for 10 min and at (g) 300 °C for 60
min.

isopropanol was converted to Ga(Oi-Pr); or similar structures
even at a low temperature of 80 °C.

As the reaction temperature increased, the EXAFS vibration
spectra (Fig. 6) and the radial structure function (Fig. 7)
became similar to that of the sample prepared at 300 °C for
60 min (Fig. 62 and 7g), which was confirmed to be y-Ga,0;
by the abovementioned XRD analysis (Fig. 1a). The XANES
spectra shown in Fig. 5 also indicated the gradual formation
of periodic structures. These spectra confirmed that the
products became more similar to y-Ga,O; upon increasing the
reaction temperature. The peaks of the radial structure
function of the sample obtained by heating at 300 °C for 60
min (Fig. 7g) were observed at 1.46 and 2.84 A. The former
peak can be assigned to Ga-O bonds, and the latter peak is
attributable to Ga-O and Ga-Ga interactions in y-Ga,0j;. This
suggests that the Ga(Oi-Pr); structures corresponding to
Fig. 7c-f might gradually form polynuclear species having Ga-
0O-Ga bonds that resemble y-Ga,Oj; structures.

On the basis of these results, a plausible reaction pathway
for the formation of B-Ga,O; nanoparticles in isopropanol
from Ga(NO;); can be proposed as summarized in Fig. 8.
According to this mechanism, Ga(NOs); is converted to

~300 °C ~400 °C

I ~80 °C Sl L
allium
i i -Ga,0.
isopropoxide or |:> v it 3| l:>
E similar structures nanoparticles

~24h

— 100 nm

Ga(NOy); in

isopropanol B-Ga,O5 nanoparticles

Fig. 8 Plausible pathway for the formation of 3-Ga,Os nanoparticles
from Ga(NOs)s in isopropanol.
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Ga(Oi-Pr); or similar structures in isopropanol at a
temperature as low as 80 °C. As the reaction temperature
increases, the intermediate species gradually forms periodic
structures, producing y-Ga,O; nanoparticles. Further heating
at 400 °C causes the crystal phase transition from y-Ga,O; to
B-Ga,0; within 24 h, possibly via a dissolution and
recrystallization process.

Conclusions

A one-step method for the synthesis of -Ga,O; nanoparticles
without requiring calcination in air has been demonstrated.
XRD, SEM, and TEM measurements confirmed that the
solvothermal treatment of Ga(NO;); in isopropanol at 400 °C
successfully produced well-crystallized B-Ga,O; nanoparticles
with a size of ~100 nm. XAFS measurements revealed that
Ga(NO;); was converted to Ga(Oi-Pr); species at a temperature
as low as 80 °C. These intermediate products were gradually
converted to y-Ga,O; nanoparticles at higher temperatures.
Then, the y-Ga,O; nanoparticles transformed into p-Ga,0O;
through the Ostwald ripening process, and finally, B-Ga,0; was
the main constituent of the product obtained upon heating at
400 °C for 24 h.
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