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Abstract: This paper describes the reversible control of the size
of liquid-metal nanoparticles under ultrasonication. Gallium
was utilized as a liquid metal, which has a melting point of
29.8°C. Investigating the effects of ultrasonication (power,
time, and temperature) on the formation of gallium nano-
particles revealed that the process is similar to the formation of
oil in water (O/W) or water in oil (W/O) emulsions, as the
temperature significantly affects the size of the gallium nano-
particles (GaNPs). Under ultrasonication, the balance between
the break-up and coalescence of the GaNPs can be adjusted by
changing the temperature or adding acid through modulating
the natural surface oxide layer (which can be removed with
acid) and the stabilizing effect of the surfactant dodecanethiol.
Coalescence was predominant at higher temperatures, whereas
particle break-up was found to be predominant at lower
temperatures. Furthermore, the change in size was accompa-
nied by a shift in the plasmonic absorption of the GaNPs in the
UV region.

N obel-metal nanoparticles, such as those of gold and silver,
have attracted much attention because of their wide variety of
applications as plasmonics,'!! catalysts? and sensing materi-
als.** The control of their size, shape, and structure is
essential because of the strong correlation between structural
features and properties.’! The fusion and transformation of
preformed smaller nanoparticles into larger nanoparticles or
different shapes, including wires, triangles, and sponges, can
be induced by a heat treatment,® electron beam irradiation,”)
pressurization,[gl or the addition of halides.” However, such
deformations are usually irreversible. Liquid metals, such as
gallium, gallium-indium eutectic alloys (EGaln: 75 wt % Ga,
25wt% 1In), and gallium-indium-tin alloys (Galinstan:
68.5wt% Ga, 21.5wt% In, and 10 wt% Sn), which have
melting points of 29.8, 15.7 and —19°C, respectively, have
received increasing attention as deformable, moldable, and
injectable metals."”! For example, flexible and stretchable
electrodes!"! and antennas''” based on liquid metals in
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microfluidic channels have been fabricated, and their func-
tions can be tuned by reversible deformation on the micro-
meter scale. If such reversible deformations of liquid metals
could be realized on the nanometer scale, it may enable new
applications with nanostructure-specific functions. However,
few studies on the nanostructures of liquid metals have been
reported. For example, hemispherical gallium nanoparticle
arrays were fabricated by molecular beam epitaxy.”® The
plasmonic substrate was used for UV surface-enhanced
Raman scattering (SERS); its UV local enhancement factors
were comparable to those achieved with gold or silver
nanoparticles (>107).%1 Ultrasonication is also a facile
method to produce liquid-metal nanoparticles from a bulk
droplet. Previous reports have shown that alkanethiol-stabi-
lized mercury, EGaln, and Ga particles with micro- to
nanometer sizes can be successfully synthesized through
ultrasonication.'¥ Furthermore, micro- and nanometer-sized
Galinstan liquid-metal marbles stabilized by WO; nano-
particles were fabricated by ultrasonication.!”! However, thus
far, the reversible deformation of liquid metals on the
nanoscale has not been reported. To achieve this objective,
we focused on the ultrasonication method that is commonly
used for the preparation of oil in water (O/W) or water in oil
(W/O) nanoemulsions.['"! In this case, the final droplet size is
determined by the two opposite processes of droplet break-up
and coalescence."”! For the liquid-metal nanoparticles, we
expected that the size could be reversibly controlled by the
balance between these two processes in a similar fashion to
the O/W emulsion droplets.

Herein, we report the first example of the reversible size
control of liquid-metal nanoparticles under ultrasonication by
using gallium as a liquid metal. The break-up and coalescence
of the gallium nanoparticles (GaNPs) were controlled with
temperature by tuning the amounts of dodecanethiol
(C12SH) and by using the surface oxide layer of the GaNPs
as a protecting agent that can be removed with hydrochloric
acid (HCI). Furthermore, the GaNPs displayed size-depen-
dent plasmonic absorption in the UV region.

The GaNPs were generally prepared as follows: Gallium
(100 mg) was added to a 2-propanol solution (5mL) of
CI12SH (289 mg), and the solution was sonicated by using
a hone-type sonicator (Branson Sonifier 450D; maximum
power: 400 W) adjusted to 40% of the maximum power at
20°C for 120 min, which resulted in a GaNP suspension (see
the Supporting Information and Figure S1 for details). A
field-emission scanning electron microscopy (FE-SEM)
image shows the formation of GaNPs with diameters of
approximately 10 to 400 nm (Figure 1a). The size distribution
of the resulting GaNPs has an asymmetric bell shape with
a long tail towards larger diameters, characteristic of the log-
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Figure 1. a) FE-SEM image of GaNPs prepared by 40% power ultra-
sonication at 20°C for 120 min. Scale bar: 1 um. b) GaNP size
distribution. The black solid line is the log-normal fitting curve.

normal distributions often observed for emulsion and particle
systems (Figure 1b).'") The value corresponding to the peak
of the log-normal fitting curve was used to denote the mean
diameter in a similar way to the O/W emulsion droplets. The
mean diameter of the GaNPs that were prepared at 40 %
power ultrasonication for 120 min was thus determined to be
35 nm. Furthermore, 20 and 30% power ultrasonication
resulted in mean diameters of 33 and 35 nm, respectively
(Figure S2).

Oxygen and carbon were detected to be present on the
surface of the GaNPs by energy-dispersive X-ray spectrosco-
py in combination with transmission electron microscopy
(TEM-EDX, Figure S3). Furthermore, X-ray photoelectron
spectroscopy gave two peaks at 19.8 and 20.8 eV, which were
assigned to gallium suboxide (Ga'') and gallium oxide
(Ga®), respectively, aside from a peak at 18.7 eV, which
corresponds to metallic gallium (Ga’; Figure S4)."® These
results are due to the fact that the surface of gallium is readily
oxidized when the gallium is exposed to ambient atmosphere
or even a partial pressure of oxygen as low as 10> Pa, but the
oxidation is spontaneously passivated to form a very thin
oxide layer (ca. 2 nm thickness).">"! The thin surface oxide
layer stabilized the GaNPs even in the absence of C12SH
(Figure S5). However, when the oxide-protected GaNPs were
again ultrasonicated under acidic conditions (50 mm HCI,
approximately 2 equiv with respect to the oxide layer), they
immediately coalesced to form a single millimeter-scale
sphere (Figure S6) because the thin oxide layer had been
easily removed by HCLI'™?! These observations suggest that
both the thin oxide layer and C12SH play important roles as
protecting agents during the formation of gallium nano-
particles.

The dependence of the mean diameter of the GaNPs on
the ultrasonication time is illustrated in Figure 2. The mean
diameters decreased as the irradiation time was increased,
and a fraction of larger nanoparticles (ca. 1 um) was still
present after short periods of irradiation, but disappeared
after prolonged irradiation (Figure S7). The decrease in size
can be fitted to a monoexponential function of the ultrasoni-
cation time (see the Supporting Information and Table S1).
These results clearly indicate that the minimum diameters
reached approximately 35 nm, independent of the ultrasoni-
cation power, with prolonged irradiation. However, the time
to reach the minimum diameter increased with decreasing
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Figure 2. Mean diameters of the GaNPs as a function of ultrasonica-
tion time for different ultrasonication powers at 20°C. The dashed
lines correspond to monoexponential fitting curves.

ultrasonication power. Delmas and co-workers reported that
the minimum size of the O/W emulsion droplets did not
depend on the power of ultrasonication, but that the time
required to reach this size did. Moreover, the emulsification
efficiency depended on the overall energy input into the
system.['*! In a similar fashion, the efficiency of the formation
of the gallium nanoparticles depended on the total sonication
energy, as shown by plotting the size evolution as a function of
the input energy (Figure S8), suggesting some similarities
between the nanoparticulate formation of liquid metals and
O/W emulsifications. It should be stressed that the GaNPs
maintained their liquid state even at 20°C during ultrasoni-
cation even though their melting point is 29.8 °C. By means of
differential scanning calorimetry (DSC), GaNPs prepared at
20°C were shown to have a freezing point of —128.3°C and
a melting point of —14.2°C (Figure 3). These results are
consistent with previous reports that showed that the confine-
ment of gallium in micro- to nanometer-sized particles
resulted in a lowering of the freezing and melting points.”'
Furthermore, the GaNPs maintained this supercooled state
for at least two days.

The temperature during ultrasonication is another impor-
tant factor that influences the emulsification efficiency and
the size of the emulsion droplets.m] Therefore, the effect of
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Figure 3. DSC curves of GaNPs (ca. 35 nm) prepared at 20°C by 40%
power ultrasonication (green solid line) for the first and second cycles
and of bulk gallium (dashed black line) for the first cycle. Scan rate:
10°Cmin™".
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Figure 4. Effect of the sonication temperature on the size of the
GaNPs under 40% power ultrasonication. FE-SEM images of GaNPs
ultrasonicated at a) 20°C and b) 50°C for 60 min. Scale bars: 1 pm.
c) Size distributions of GaNPs prepared by ultrasonication at 20°C
(blue) and 50°C (red) for 60 min. Solid lines correspond to the log-
normal fitting curves. d) Mean diameters of the GaNPs as a function
of sonication time. The dashed lines correspond to monoexponential
fitting curves.

the sonication temperature on the size of the GaNPs was
studied. As observed by FE-SEM (Figure 4a,b), the fraction
of larger nanoparticles was larger at 50°C than at 20°C
whereas the fraction of smaller nanoparticles was smaller.
The mean diameter of the GaNPs formed by ultrasonication
at 50°C was approximately 60 nm, which is approximately
1.7 times larger than that at 20°C (Figure 4¢). The time to
reach the minimum diameter at 50°C is approximately
1.6 times longer than that at 20°C (Figure 4d and Table S1),
indicating that the formation of GaNPs is less effective at the
higher temperature, possibly because of a decrease of the
cavitation effect. In O/W emulsifications, the final droplet size
is determined by the balance of two processes, namely droplet
break-up and coalescence.'® The decrease in the viscosity of
2-propanol at higher temperatures will enhance the coales-
cence rate, which leads to an increase in the size of the
GaNPs.*)

Based on the above evidence, we attempted to control the
size of the GaNPs under ultrasonication by varying the
sonication temperature. However, once the size had reached
its minimum of 35 nm at 20°C, it did not increase even when
the temperature was elevated to 50°C. This result is attributed
to the strong stabilization of the GaNPs by C12SH and the
thin surface oxide layer. Therefore, the size of the GaNPs has
to be controlled by tuning their stabilization with C12SH and
the oxide layer. For this purpose, an appropriate amount of
HCIl was added to remove the oxide layer. The concentrations
of HCI (0, 50 mM; approximately 2 equiv with respect to the

Angéwandte

ntemnati Chemie

a) —C128H
© @
oxide layer
C12SH = © 7y
= O >
@ ultrasonication
at 50 °C
Starting GaNPs  C12SH, HCI \
ca. 35 nm ! O O
= o s "

Removal of the oxide layer

b)

Mean diameter / nm

100

\
o
C12SH / mm 0 A

Figure 5. a) Controlling the size of GaNPs. The precursor GaNPs
(mean diameter ca. 35 nm) were ultrasonicated in the presence of
different concentrations of C12SH (0, 100, or 290 mm) and HCI (0 or
50 mm, approximately 2 equiv with respect to the oxide layer) in 2-
propanol (5 mL) at 50°C for 20 min. The precursor GaNPs were
prepared by 40% power ultrasonication at 20°C for 20 min. b) Mean
diameters of GaNPs processed under the above conditions. * For
these conditions, the mean diameter could not be determined because
of the wide size distribution, including microparticles.

oxide layer) and CI12SH (0, 100, or 290 mm) significantly
affected the size of the GaNPs (Figure 5). For example, the
size of the GaNPs increased from 35 nm to 60 nm in the
presence of C12SH (100 mm) and HCI (50 mm). However,
ultrasonication in the absence of HCI did not give rise to any
changes in the size of the GaNPs regardless of the C12SH
concentration. An increased amount of C12SH (290 mm) also
disturbed the coalescence even when the oxide layer was
removed by addition of HCI (50 mm). In sharp contrast, the
nanoparticles no longer maintained their order on the nano-
meter scale in the absence of C12SH under acidic conditions,
resulting in the formation of microscale particles (Figure S9).
It is well known that the stability of O/W emulsion droplets
significantly depends on the concentration of the surfactant,
and reducing the amount of surfactant induces coalescence of
the emulsion droplets.!'®’ Consequently, both C12SH and the
oxide layer play important roles as “coalescence regulators”
in maintaining the nanometer size of the GaNPs. Further-
more, ultrasonication was also found to be necessary to
increase the size of the GaNPs by providing enough power for
the coalescence because shaking the sample vial by hand or
leaving it to stand induced no change in size.

Finally, the size of the GaNPs was reversibly controlled
(Figure 6a). Ultrasonication of the precursor GaNPs (ca.
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Figure 6. a) Reversibly controlling the size of GaNPs. The precursor
GaNPs (mean diameter ca. 35 nm) were ultrasonicated in the presence
of HClI (50 mm) and C12SH (100 mm) in 2-propanol (5 mL) at 50°C
(state 1—state 2) or 20°C (state 1—state 3) for 20 min, and then

again at 20°C for 20 min (state 2 or 3—state 1). The precursor GaNPs
were prepared by 40% power ultrasonication at 20°C for 20 min.

b, c) Mean diameters of the GaNPs in states 1-3. d) Absorption
spectra of GaNP dispersions corresponding to state 1 (black) and
state 2 (red).

35 nm) in the presence of HCI (50 mm) and C12SH (100 mm)
at 50°C resulted in an increase of the mean diameter to
approximately 60 nm (state 1—state 2). Next, ultrasonication
of the resulting GaNPs at 20°C led to a decrease in the mean
diameter to approximately 35 nm (state 2—state 1). More-
over, this cycle could be repeated (Figure 6b). Meanwhile, the
same treatment of the precursor GaNPs at 20°C induced no
significant change in size (state 1—state 3; Figure 6¢). Inter-
estingly, the size of the GaNPs significantly affected their
plasmonic absorption. As illustrated by the UV absorption
spectra of the GaNPs (Figure 6d), a red shift of the plasmonic
absorption of the GaNPs from 262 to 280 nm was clearly
observed when the size of the GaNPs increased from 35 to
60 nm. The broadness of the plasmonic absorption peaks may
be attributed to the polydispersity of the GaNPs.

In conclusion, we have successfully demonstrated for the
first time that the size of GaNPs can be reversibly controlled
on the nanometer scale upon ultrasonication. Because of
some similarities in the formation of gallium nanoparticles
and O/W emulsifications, the balance between break-up and
coalescence during ultrasonication depends the temperature,
and both CI12SH and the thin surface oxide layer played
essential roles as coalescence regulators. Furthermore, the
GaNPs displayed size-dependent plasmonic behavior. We
expect that the reversible deformation of plasmonic liquid-
metal nanoparticles on the nanoscale rather than on the
microscale can enable new applications in plasmonics and
other related fields. Further studies along these lines are
currently in progress.

Keywords: gallium - liquid metals - nanoparticles -
surface plasmon resonance - ultrasonication
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