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Eutectic Gallium Indium (EGaln) has drawn considerable research
interest in potential liquid catalysis. Herein, we report that EGaln
liquid metal acts as a catalyst for the growth of graphitic carbon
layer from ethanol under ultrasonication. High-speed imaging
demonstrated the formation of ultrasonic cavitation bubbles at the
liquid metal/ethanol interface, which facilitated the pyrolysis of
ethanol into graphitic carbon on the liquid metal surface.

Liquid metals are alloys with low melting points and exist as
a liquid at temperatures lower than 200 °C. Among them, Ga-
based liquid metals, such as an eutectic alloy of Ga and In
(EGaln; 75.5% Ga and 24.5% In by weight), have a relative low
melting point and are liquid at near room temperature (melting
points of Ga and EGaln are 29.8 and 15 °C, respectively).!l In
contrast to mercury, which is the most common liquid metal,
Ga-based liquid metals have significantly low vapor pressure,
and thus, they are safer. Ga-based liquid metals have drawn
interest because of their unique
properties such as high electrical and thermal conductivity, low
toxicity, low viscosity, and high metal solubility.? In addition to
the solid-based micro-and nano-sized metal particles, micro-
and nano-sized liquid metal particles (LMP) have emerged as a
new category of particle systems.3 Owing to the unique
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properties of LMP, such as high surface area, high surface
functionality, broad temperature range of the liquid state, and
stimuli-responsive coalescence, LMP have immense application
potential in electronics, catalysis, energy storage/conversion,
and biomedical fields.3 To date, majority of the investigations
on Ga-based liquid metals and their particles have focused on
their applications in electronics, such as flexible/stretchable
electronic devices,*> actuators,® sensors,’ robotics,® and soft
metal components, for human-machine interfaces.>1° More
recently, there has been a growing interest in interfacial
engineering of liquid metals for potential active catalysis11-13
such as fabrication of nanostructured 2D materials including
graphene via chemical vapor deposition(CVD),'*1” metal oxide
hydrogen water
splitting,’® dehydrogenations of hydrocarbon,?° sonocatalytic
degradations of organic dyes,?! and photocatalysis.??
Ultrasonication is a common method for preparing LMP.3 An

nanosheet formation,18 production via

intense ultrasonic irradiation produces numerous smaller liquid
droplets (i.e., LMP) owing to the sonication-induced mechanical
agitation and acoustic cavitation. The acoustic cavitation effect
is a unique feature of ultrasonication and involves ultrasound-
induced nucleation, growth, and collapse of microbubbles.?23:24
The cavitation-induced hotspots are regions of high
temperature (~5000 K) and high pressure (~¥2000 atm) and are
formed in the liquid at immediately after the bubble collapse,
leading to chemical reactions such as pyrolysis of solvent vapors
into free radicals (e.g., conversion to hydroxyl radicals via
pyrolysis of water). 2324 Moreover, the bubble implosion creates
shock waves within the liquid, promoting the mixing and
fragmentation of its droplets (i.e., a physical effect).232* These
ultrasonic-induced physical and chemical events are highly
favored at the liquid metal/solvent interfaces of LMP because
of the increased specific surface area resulting from multiple
cycles of droplet splitting under ultrasonication. Thus far,
researchers have utilized the physical effects of ultrasonic
treatment for the size refinement and dispersion of LMP.
However, little attention has been given to the chemical effects
of ultrasonic treatment at the liquid metal/solvent interface of
LMP. Previous research has demonstrated thermal catalysis of
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liquid metals at high temperatures of more than 500 °C, such as
gaseous methane to hydrogen,?®> and gaseous CO, to solid
carbon.2® Thus,we expected that ultrasonically-induced
cavitations with high temperatures (i.e., hotspots) give rise to
the thermal catalytic activity of LMP.

Here, we first demonstrate EGaln-based LMP catalyst for the
conversion of ethanol into graphitic carbon layers via the
ultrasonic cavitation-induced hotspots. Strong ultrasonic
irradiation was applied to a mixture of ethanol and EGaln in an
ice bath to prevent the ethanol evaporation, producing a
colloidal dispersion of LMP in ethanol, denoted as LMP(EtOH)
hereafter. The transmission electron microscopy(TEM) images
of LMP (EtOH)(Figs.1a and 1b) confirmed the presence of
carbonaceous materials, along with sheet-like fragments, on
the surface of LMP(EtOH) (ESI Fig. S1). The scanning electron
microscopy/energy dispersive spectroscopy(SEM-EDS) analysis
of the isolated carbonaceous materials revealed that the solid
product consists of carbon and oxygen, with trace quantities of
Ga and In (Fig.S2). Lin et al. also reported the presence of
surface carbon layers of LMP(EtOH).28 However, the formation
mechanism of the surface carbon layer has not been clarified
yet. In addition, it has also been pointed out that there is a
possibility of the adventitious amorphous carbon layer usually
detected on sample surfaces in air.2?

To investigate the chemical state of the C atoms of the
LMP(EtOH) surface, we performed spatially resolved
transmission electron microscopy-electron energy loss
spectroscopy (TEM-EELS) of the LMP(EtOH) surface. For
comparison, LMP were prepared in 1-propanol instead of
ethanol, and this system will be denoted as LMP(PrOH)
hereafter. The sharp EELS peaks at ~¥292 eV at the carbon K-edge
are attributable to the 1s—o* transition from the sp3-hybridized
C atoms (Fig. 1c and Fig. S3a),39 confirming the presence of the
carbon layer on the LMP(EtOH) surface. More importantly, the
small peak at 282 eV corresponded to the 1s—t*transitions from
sp? graphitic carbon, confirming the formation of a graphitic
carbon layer.3® The weak peak from the 1s—m*transition
suggests the thin layer and a small fraction of the graphitic
component in the surface carbon layer of LMP(EtOH). In
contrast, TEM-EELS analysis of the LMP(PrOH) surface showed
no peak corresponding to an sp? graphitic structure (Fig. 1d and
Fig. S3b). Thus, the graphitic carbon layer was formed only on
the LMP(EtOH) surface and not on the LMP (PrOH) surface.
©
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Fig. 1. (a) and (b) TEM images of LMP(EtOH). Red arrows indicate the
carbonaceous materials. EELS spectra of carbon K-edge (1s) for (c) LMP(EtOH) and

2 | J. Name., 2012, 00, 1-3

(d)LMP(PrOH) recorded at the surface of the LMP(indicated with a red cross in the
STEM images for (e) LMP(EtOH) and (f) LMP(PrOH) ).

X-ray photoelectron spectroscopy (XPS) of LMP(EtOH) and
LMP(PrOH) was recorded to investigate the characteristic
differences in forming surface carbon. The wide-scan XPS
spectra revealed the presence of Ga, In, O, and C for both LMP
(EtOH) and LMP(PrOH), as shown in Fig. S4. The narrow scan XPS
spectrum of LMP(EtOH) shows C1s peak with an asymmetric tail
towards lower binding energy, corresponding to sp? carbon
(area = 22.1%) at 284.4 eV, C-O bonds (area = 12.5%) at 286.3
eV, C=0 bonds at 287.7 eV (area = 2.1 %), and O=C-O bonds at
289.2 eV (area =1.9%) in the C 1s region, besides sp3 amorphous
carbon (area = 61.4%) at 285. 0 eV (Fig. 2a).31 In contrast, no
peaks corresponding to sp2 carbon were observed in the C 1s
region for LMP(PrOH), and the main peak corresponded to sp3
amorphous carbon (area % = 92.9 %) (Fig. 2b). Thus, the XPS
spectrum of LMPs(EtOH) indicated the presence of oxidized
graphitic carbonaceous materials (probably, graphene oxide).
Notably, a thin layer of carbonaceous material is often found on
the surface of most air-exposed samples, and this layer is
generally known as adventitious carbon. Adventitious carbon is
sp3 amorphous carbon and does not appear to be graphitic in
nature.32 Thus, we concluded that the sp? carbon on the LMP
(EtOH) was not adventitious carbon.

Addition of HCI resulted in the coalescence of LMP(EtOH)
owing to the destruction of the surface oxide layers. The
resultant sample was centrifuged, and the supernatant, which
did not contain LMP, was collected. The UV-Vis spectra of the
supernatant showed an absorption peak at ¥~250 nm due to the
n-t* transition of the C=0 bonds, which are characteristic of
graphene oxide (Fig. 2c).33 Such peaks corresponding to n-mt*
transition were not observed for ethanol after ultrasonication
for 2 h (Fig. 2c) or for LMP(PrOH) (Fig. S5).
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Fig. 2. XPS spectra of the C 1s region of (a)LMP(EtOH) and (b) LMP(PrOH).
(c) UV-Vis spectra of the supernatant obtained from the LMP(EtOH) dispersion in
ethanol after HCl addition and subsequent centrifugation (solid red line) and that
of the ethanol solution obtained under sonication conditions identical to those for
LMP(EtOH) formation (solid black line). (d) Raman spectra of LMP(EtOH) and

commercially obtained graphene oxide.

To further examine the order level within the produced
graphitic carbonaceous material on LMP(EtOH), we performed

This journal is © The Royal Society of Chemistry 20xx



Raman spectroscopy of LMP(EtOH). The Raman spectrum
showed D and G bands at 1360 and 1600 cm™1, respectively,
similar to the case of graphene oxide (Fig. 2d).3* The G peak
originates from the stretching vibrations of the carbon bonds in
the rings of the graphitic layers. The G band of LMP(EtOH) was
shifted to a higher wavelength compared to that of graphene
oxide, suggesting the multilayered structure of the sp2-
hybridized graphene layers.3* The D band is attributed to
defects in the periodic lattice of graphene, and the broadening
of the D band occurs owing to higher disorder or more defects
in the LMP(EtOH).34 The relative intensity ratio of the D and G
bands (Ip/lg) was 0.84 for LMP(EtOH), which is smaller than that
of graphene oxide (Ip/lg = 0.93). This indicated a higher density
of defects in the sp2 hybridized graphene layers for LMP(EtOH)
compared to that in graphene oxide.

All the above analyses of the carbonaceous material indicate
that the oxidized graphitic carbon layers are formed at the LMP
/ethanol interface under ultrasonication. It might be interesting
to know the reason for the formation of graphitic carbon in the
LMP(EtOH) prepared by ultrasonication. Because graphitic
carbon is formed only at high temperatures,3> the
ultrasonication-induced cavitation, which too generates a high-
temperature environment in ethanol, is likely to induce the
pyrolysis of ethanol vapor into carbon precursors for graphene
growth on the LMP catalytic surface.

Based on the above speculation, we prepared an experimental
setup for the in situ observation of cavitation bubble formation
at the EGaln liquid metal/ethanol interface under
ultrasonication using high-speed imaging.3® The images,
captured using a high-speed camera with a time interval of 5 us
in each frame, demonstrated that the cavitation bubbles are
preferentially generated at the liquid metal and ethanol
interface under ultrasonication (Fig. 3). Video S1 in the
supplementary information shows the oscillating bubbles (also
shown using white arrows in image | of Fig. 3). In contrast, the
black clouds (shown in white circles in images Il, lll, and IV of Fig.
3) are not found to oscillate (in the Video) and are probably the
liquid metal droplets. The cavitation bubble grows up to a
specific size and then collapses onto the surface of the LMP.
After the implosion of the cavitation bubble at the liquid
metal/ethanol interface, shock waves induce the fragmentation
of liquid metals into tiny droplets. The violent collapse of the
bubbles at the interface generates a highly localized high
temperature and pressure environment, causing the pyrolysis
of ethanol to form graphitic carbon.
Reese et al. demonstrated that ultrasonication causes catalytic
decomposition of ethanol into ethylene on the silver catalytic
surface.3” Previous study reported that ethylene adsorption on
metal surfaces at high temperatures leads to forming a
graphene layer.3® Thus, it is reasonable to suggest that high-
energy ultrasonic cavitation hot spots cause catalytic
decomposition of ethanol into ethylene at EGaln liquid
metal/ethanol interface. The ethylene adsorption on the liquid
metal surface activates the C-H bond, forming a graphene layer.

This journal is © The Royal Society of Chemistry 20xx
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liquid metal—ethanol interface during ultrasonication: Image | at 885,680 ns,
Image Il at 1,735,680 ns, Image Il at 2,035,680 ns, and Image IV at 7,085,680 ns.
The video images were approximately 4.24 mm in width and 2.65 mm in height.
The white circles and ellipses indicate the fragmentation of liquid metals into tiny
droplets.

The schematic of the proposed liquid metal-catalyzed ethanol
conversion to oxidized graphitic carbon layers under an ultrasonic
cavitation field is presented in Fig. 4. (I)Cavitation bubbles form on
the surface of LMP, and ethanol evaporates into the cavitation
bubble during bubble expansion. (ll)Upon implosion of the
cavitation bubble at the EGaln—ethanol interface, the ultrasonic
cavitation-induced pyrolysis of ethanol into carbonaceous
precursors (e.g. ethylene) occurs at the interface as well as the
fragmentation of EGaln. (lll)The generated carbon species
deposits onto the surface of the EGaln. (IV) The graphitic
carbonaceous materials grow on the catalytic surface of EGaln
liquid metal. The formation of graphitic carbon materials, including
graphene, is favored when C2 precursors are the dominant gas-
phase species at high temperatures for the growth of aromatic
rings.3>3240 This explains why the graphitic layer is not formed in the
case of C3 species, 1-propanol. Further studies are needed to clarify
the catalytic mechanism of liquid metal surfaces under the ultrasonic
cavitation field, such as the surface catalyzed chemical pathways and
the intermediates.
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Fig. 4. Proposed formation mechanism of graphitic carbon materials from ethanol
at the EGaln—ethanol interface under ultrasonication.(l)expanded bubbles, (I1)
collapsing bublles, (Ill) carbonaceous precursor formaion, and (IV) graphitic
carbon growth.
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The graphitic carbon coating of LMP(EtOH) can contribute to the
high colloidal stability of LMP(EtOH) against coalescence compared
to LMP(PrOH), which does not have a graphitic carbon coating. SEM
images of LMP showed broad and similar size distribution (300—-800
nm) of LMP(EtOH) and LMP(PrOH) just after sample preparation (Fig.
S6). However, high dispersion stability of the LMP was observed only
in ethanol. LMP produced in ethanol remained suspended for up to
several weeks (Fig. S7a)%8, while sediments of LMP were formed at
the bottom of the vial within a few days in 1-propanol (Fig. S7b). The
SEM images of the LMP(PrOH) sediments showed large particles,
which were formed through coalescence and subsequent growth of
these particles in LMP(PrOH) (Fig. S7d). The coalescence was lesser
in LMP(EtOH), as shown in Fig. S7c. The stabilizing outer shells of
LMP(EtOH) prevent the liquid droplets from coalescing, contributing
to the high dispersion stability of LMP(EtOH).

In summary, we have demonstrated the catalytic conversion
layers under an
ultrasonic cavitation field on the surface of EGaln liquid metal.

of ethanol to oxidized graphitic carbon

High-speed imaging revealed that the cavitation bubbles are
preferentially generated at the liquid metal—ethanol interface
under ultrasonication. The bubbles collapse at the interface
violently, generating high pressures and high temperatures that
induce the pyrolysis of ethanol vapor. It is proposed that the
pyrolysis of ethanol occurs inside the ultrasonic cavitation
bubbles, followed by the growth of graphitic carbon layers on
the LMP catalytic surface. Previous studies demonstrated that
liquid metal could work as thermal conversion catalysis in high-
temperature, such as CHs2%and C0O,.2¢ In contrast, our approach
allows catalytic ethanol conversion at low temperatures with
the help of ultrasonic high-energy cavitation field. The results
presented here offer new insights that the ultrasonic high-
energy hot spots create a chemical reaction field at the liquid
metal/solution promoting thermally metal-
catalyzed reactions. The ultrasonically-activated EGaln liquid

interface for

metals would also encourage further research on thermal
catalytic conversions such as CO»*! and CH4 42
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