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Inorganic nanomaterials having two-dimensional (2D)
structural motifs have attracted the continuous attention of
material scientists because of their promising electrical and
physical properties' ~® and have been applied as electrodes,’
sensing materials,® and mechanical lubricants.* For funda-
mental studies or practical applications of 2D nanomater-
ials, the shape-controlled synthesis is crucial, as their
properties are quite dependent on shape.'™®

Usually, 2D materials form plates, ribbons, and tubes,
and recently, there has been significant progress in synth-
esis of nanoribbons and plates.'® The most studied
synthetic route for 2D nanomaterials is high temperature
(600—1300 °C) chemical vapor deposition of a precursor
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having a layer-structural motif.” In sharp contrast, col-
loidal synthesis of these materials in solution phase are
relatively rare and still quite adventurous.® Moreover, as
far as the authors are aware, there is no report on the
shape-conversion of nanoribbons into plates in solution.
Our research group has made continuous efforts to pre-
pare ultrathin two-dimensional nanomaterials via colloi-
dal chemical synthesis at relatively low temperature.” In
this work, we report the wet-chemical synthesis of gallium
oxide (Ga,0O3) nanoribbons and their cutting into ultra-
thin nanoplates having a single-unit cell thickness by
treatment with a sulfur solution.

Gallium oxide (Ga,0s3) is a wide band gap (4.9 eV)
material.® Its conductivity and optical properties are
dependent on the oxygen vacancies in the crystal lattice.’
On this basis, it has been applied in gas-sensor or optoe-
lectronic devices.'” Usually, gallium oxide has a mono-
clinic crystal system and forms one-dimensional materials
such as nanowires.'! Recently, Ga,O5 nanoribbons have
been prepared via catalyst-induced routes based on a
vapor—solid (VS) method or vapor—liquid—solid (VSL)
process at high temperatures.'?> However, as far as we are
aware, there has been no report on the colloidal synthesis
of gallium oxide nanoplates.

In a typical synthesis of gallium oxide nanoribbons,
gallium chloride trihydrate (0.11 g, 0.48 mmol) was
dissolved in well-dried oleylamine (4.0 mL) under nitro-
gen to form a transparent yellow solution. The tempera-
ture of the reaction mixture was increased to 230 °C at a
rate of 3 °C/min. During the process, the solution became
turbid and formed a white suspension. The reaction
mixture was then cooled to room temperature. Excess
methanol was added to the reaction mixture to induce
precipitation of the white nanomaterial, which were
retrieved by centrifugation. For transmission electron
microscopy (TEM) analysis, a methylene chloride solu-
tion of the prepared nanomaterials was drop-casted on a
grid. Figure 1 shows the typical TEM image of the
prepared precipitates, in which ribbonlike materials were
observed exclusively by measuring 244 samples with an
average thickness of 1.45 4= 0.18 nm. Their powder X-ray
diffraction (XRPD) pattern was indexed to the mono-
clinic-Ga,0Os, JCPDS #11—370 (Figure 1b)."?
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Figure 1. (a) Typical TEM image of the prepared gallium oxide nano-
ribbons, (b) XRPD pattern, and (c) thickness distribution diagram.

To investigate any transformation of the gallium
oxide nanoribbons, they were treated with a sulfur
solution at 230 °C, with the expectation of generating
gallium sulfides. However, in actuality, the cutting of
the gallium oxide nanoribbons into nanoplates was
observed, maintaining the gallium oxide as main ma-
terial (vide infra).

In a typical synthetic procedure of gallium oxide/
gallium sulfide nanoplates, elementary sulfur (27.0 mg,
0.17 M) was dissolved in dried oleylamine (5.0 mL) and
the reaction mixture heated to 230 °C. A hot gallium
oxide solution was then injected into the sulfur solution.
The reaction mixture was stirred at this temperature for
1 h and then cooled to room temperature. Excess metha-
nol was added and the resultant precipitate retrieved by
centrifugation. Images a and b in Figure 2 show the
typical TEM images of the obtained materials. In a wide
range of samples, well-assembled microsized wires
were exclusively observed as shown in Figure 2a. In the
magnified TEM image, good-quality nanoplates were
observed as shown in Figure 2b. The thickness of the
nanoplates was monodispersed with the average thick-
ness and size measured as 1.21 + 0.10 and 20.02 +
2.02 nm, respectively. It has been well-documented that
the unit-cell parameter of monoclinic-gallium oxide is
3.04, 5.80, and 12.21 A, indicating that the thickness of
the gallium oxide/gallium sulfide nanoplates prepared in
this study corresponded to a single-unit cell thickness of
Ga,05."? High-resolution (HR)-TEM analysis showed
that the (111) crystal plane is vertical to the plates. (see
the Supporting Information). Unfortunately, the powder
X-ray diffraction (XRPD) pattern of the nanoplates did
not contain valuable information due to the ultrathin
thickness of the materials. However, the heating of plates
at 500 °C for 1 h showed the appearance of the Ga,Oj3
peak. Energy-dispersive X-ray spectroscopy (EDS) of the
obtained nanomaterials showed 6.0 atomic % of sulfur to
gallium in the nanoplates (Figure 3a). Assuming that the
gallium sulfide species was Ga,S;, the ratio of Ga,Os:
Ga,S; was calculated as 95.7:4.3 based on the EDS results.
X-ray photoelectron spectroscopy also clearly supported
that the main species was gallium oxide (Figure 3b). The

Xu et al.

(3]

40

@
S

n
=3

Frequency (%)

=)

0 0
0.0 05 10 15 20 25 10 15 20 25 30 35
Thickness (nm) Size (nm)

Figure 2. (a) Low-magnification, (b) high-magnification TEM images of
gallium oxide/gallium sulfide nanoplates, and (c) thickness and (d) size
distribution diagrams.
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Figure 3. (a) EDS and (b) XPS spectra of gallium oxide/gallium sufide
nanoplates. (¢c) The powder X-ray diffraction pattern at small angle and
(d) distance distribution diagram between nanoplates.

2ps); gallium peaks at 1117.5eV and the distance (26.8 €V)
between the 2p;» and 2p;, peaks in the XPS spectra
matched well with those of Ga,Os in the literature.'
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Figure 4. Cutting gallium oxide nanoribbons into nanoplates.

To consider the existence of the interaction between the
plates, we statistically measured the distances between the
plates with the help of TEM analysis. The average inter-
plate distance of the assembled nanoplates was 3.9 nm by
counting 100 distances. Also, the distance between the
plates was calculated as 3.68 nm, based on the XRPD
pattern at low angle, which matched the obtained value
from TEM analysis, indicating that the colloidal nano-
plates were completely separated by the surfactant mole-
cules on surface. (Figure 3c—d and Figure S2 in the
Supporting Information).

The quality of the prepared gallium oxide/gallium
sulfide nanoplates was quite dependent on the concentra-
tion of the sulfur solution used. Nanoplates were exclu-
sively observed in a 0.11—0.17 M concentration range of
sulfur. Under optimized experimental conditions, a 0.17
M sulfur solution was used. Below 0.11 M, a mixiture of
nanoplates and ribbons was observed. When the same
synthetic procedure was conducted without sulfur, nano-
ribbons were observed exclusively. When the concentra-
tion of sulfur was increased to 0.24 M, there were no
detectable nanomaterials in the TEM image, possibly due
to the small size of materials.

Considering that the obtained gallium oxide nanorib-
bons have an ultrathin thickness, one can expect the
nanoribbons to be easily sliced via an appropriate chemi-
cal reaction (Figure 4). In the reaction of sulfur with
gallium oxide, gallium sulfide would be partially formed
and there would be an inevitable lattice mismatch between
gallium oxide and gallium sulfide. To evaluate this mis-
match effect, the structure of the sulfur atom-adduct to
gallium oxide was simulated.'> As displayed in Figure 5,
three kinds of oxygen (O1, 02, O3) exist in monoclinic-
Ga»0;. When the oxygens in the Ga—O1 (1.84, 1.95 A),
Ga—02 (1.85,1.93 A), Ga—03 (1.88, 2.01 A) bonds were
replaced with sulfur, the Ga—S bond lengths were simu-
lated as 2.14 and 2.26 A (Ga—Sl1), 2.16 and 2.22 A
(Ga—S2),and 2.14and 2.26 A (Ga—S3) ,respectively, with
a structural distortion. We suggest that this significant
mismatch could be a driving force in cutting nanoribbons
into nanoplates.

It has been reported that gallium oxide nanomater-
ials, including nanoribbons, have many inevitable de-
fects and oxyen vacancies within their structure.'® The
existence of defects in gallium oxide can be ascertained
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Figure 5. Simulated structure of the sulfur atom-adduct to gallium oxide;
yellow, red, and violet balls represent Ga, O, and S, respectively.
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Figure 6. Emission spectra of gallium oxide nanoribbons (a) and gallium
oxide/gallium sulfide nanoplates (b) obtained with a 250 nm excitation
wavelength.

by observation of the photoemission.'® Thus, if nano-
plates were formed via reaction through defect sites with
sulfur, a decrease in the emission properties would be
expected. In this regard, the photoemission properties
of nanoribbons and nanoplates was studied. In the
literature, broad and irregular emissions of Ga,0j3 in
the range of 400—500 nm with a 250 nm excitation
wavelength have been reported.'® Figure 6 shows the
emission spectra of nanoribbons and nanoplates. The
nanoribbons showed the complicated (but quite re-
producible) emission band at 425—475 nm. In sharp
contrast, this band disappeared in the emission spectra
of the nanoplates, showing that the emission from
defects was significantly decreased after transformation
of nanoribbons into nanoplates.

We believe that the discovery of the cutting of the
nanoribbons into nanoplates using sulfur solution can
be applied to other diverse thin nanoribbons.
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