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Abstract

Surface oxidation, as one of fundamental chemical reactions in metals,
greatly affects their properties. Herein, we develop a new quaternary
GalnSnZn liquid metal with the melting temperature of 9.7 °C, which is the
lowest among all reported Ga-based liquid metals. With high-resolution
transmission electron microscopy, we directly observed the oxide layer
formed on the surface of the liquid metal. The initially formed oxide layer is
revealed to be amorphous and very sensitive to electron beam. Prolonged
irradiation results in its structural change from amorphous to crystalline
phases. The present finding refreshes the basic understanding of surface
oxidization of liquid metals and opens up the possibility of tuning surface
structures and morphologies by using electron beam irradiation.



Introduction

Ga-based liquid metals, especially gallium and its eutectic alloys (EGaln
and EGalnSn), have been becoming a hot research topic in biomimetic,
chemical?, biomedical®, electrical™® and material science!® owing to their
fluidity with low viscosity at temperatures above 20 °C together with superior
thermal and electrical conductivities. More importantly, they feature non-
toxicity, very low evaporation pressure and the ability to form a functional
oxide layer on the surface!®’, which enable them intriguing for practical
applications in flexible and stretchable electronics*®®!, direct writing'®, 3D
printing*®, catalysts!'*13  actuatorst, microfluidics*>!®!, reconfigurable
devices*”®land chip cooling!®2%, Development of new Ga-based alloys with
even lower melting temperature is always desirable, which will further
extend temperature range for their applications. When the Ga-based liquid
metal is exposed to ambient atmosphere, a thin self-limiting oxide layer can
spontaneously and rapidly form on the surface. Consequently, it significantly
changes the bulk behavior of liquid metal along with its surface tension and
wetting?-231, allowing the liquid metal to adhere to almost any solid surface
and providing a new insight to manipulate the liquid-metal structure for
specific applications!???4271, For example, Khan et al. recently reported an
approach to tune the interfacial tension of an EGaln via electrochemical
deposition (or removal) of an oxide layer on its surface using external
electrical field™??. Hu et al. also successfully realized the morphological
manipulations of an EGalnSn (Galinstan) in an alkaline electrolyte on a
graphite surface via electrochemical reaction!®), Their underlying mechanism
is due to the quick formation of oxide layer on the liquid metal that greatly
changes surface tension and causes dramatic transformation between
various morphologies. Apart from surface shaping, very recently, the oxide
layer on the surface of liquid metals has also attracted increasing attentions
due to the enormous potential for the synthesis of low-dimensional
compounds of oxides!*?1328 Taking advantage of the formation of a thin
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surface oxide of liquid gallium, Syed et al. fabricated gallium oxide
nanoflakes by direct sonication of liquid gallium in deionized water and
subsequent annealing®3!. Zavabeti et al. synthesized atomically thin metal
oxides (HfO,, Al,Os; and Gd,0;)?® and ultrathin nanosheets and nanofibers of
boehmite!*?! by utilizing Ga-based liquid metals as an excellent reaction
media. Although the significance of surface oxidation of liquid metals has
been recognized for long, however, the basic question, i.e., what is the
structure of oxide layer on the surface of Ga-based liquid metals, still
remains unsolved, which is essential for the exploration and development of
the future practical applications of Ga-based liquid metals.

Earlier experiments on the oxidation of liquid pure Ga suggested that a
thin self-limiting oxide layer almost instantly forms even in the environments
with mere few ppm levels of oxygen!?!. Through controlling oxygen dosage
under UHV conditions, Regan et al proposed that the gallium oxide layer on
the surface of liquid Ga is 0. 5 nm-thick solid with amorphous or poorly
crystallized structure revealed by using X-ray scattering technique on a
curved surface®®, The authors strongly suggested to re-examine the surface
layer structure on a sample with flat surface!*®l. When exposed in air, Plech et
al. found the thickness of oxide layer increases up to 3 nmt. The presence
of thin surface oxide layer can protect bulk liquid from further oxidation, like
aluminum!32, However, in the current literatures, the characterization of Ga-
based liquid metal surface oxides mainly focused on their compositions by
XPS techniquel*®23331 while direct experimental evidences, e.g., transmission
electron microscopy (TEM), for their structures are still missing.

Here we develop a new Ga-based liquid metal, containing In, Sn and Zn
additional elements (hereafter named GISZ), which exhibits the lowest
melting temperature than previously reported for Ga-based liquid metals.
The structural evolution of their surface oxide layers of the GISZ liquid has
been investigated by using high-resolution TEM. An amorphous oxide layer
formed on the surface of GISZ liquid is directly observed. We reveal that the

structure of the surface oxide layer can be adjusted by electron beam, i.e.,
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prolonged irradiation leads to crystallization of the amorphous surface oxide
layer. The development of new Ga-based multi-component liquid metals is
useful to extend their applications, while determination of the surface oxide
layer of Ga-based multi-component liquid metals would be beneficial to
understand the surface oxidation and provide guidance for surface
manipulation by using external fields.

Experimental

Preparation of sample: For preparation of GISZ alloys, pure gallium,
indium, tin and zinc with purity higher than 99.99 at. % were used. The
mixtures of GISZ alloys with various compositions were sealed in quartz
tubes under a vacuum of ~ 5 x10* Pa and heated at 250 °C for a few hours
until complete melting in a thermostatic oil bath. After melting, the alloys
were cooled to room temperature and transferred into sealed vials using a
plastic transfer pipette for further use.

DSC and XPS measurements: The thermal behaviors of GISZ liquid metals
were investigated by using a PerkinElmer Diamond DSC at a heating and
cooling rate of 10 K/min over the temperature range of -40 to 50 °C. X-ray
photoelectron spectroscopy (XPS) measurements were carried out to
determine the composition of surface oxide using an AXIS Supra
spectrometer under ultra-high vacuum (UHV) conditions (10° mTorr). A
monochromated Al K, X-ray source (1486.6 eV energy) was used with a spot
size of about 300 x700 um? operated at an emission current 8 mA and an
anode voltage of 15 kV. The scanning was performed over a 160x160 um?
area with a pass energy of 40 eV. The sample was touched using a double-
sided tape that are coated onto copper substrate, and then transferred into
the UHV chamber. All spectra were calibrated using C 1s peak (binding
energy of 284.8 eV) and subsequent analyses were performed by using
ESCApe software.

TEM Characterization and EDS mapping: The TEM samples were
prepared by sucking a small amount of GISZ liquid metal using a pipette, and
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slightly extruding at the tip to quickly slide on the carbon-coated copper
grids. Basic microstructural characterizations of surface oxide were
performed using a Cs-corrected TEM (FEI ThemlIS 60-300) operating with an
acceleration voltage of 300 kV in the National Center for Electron Microscopy
of Lawrence Berkeley National Laboratory. The composition of oxide was
determined by energy-dispersive x-ray spectroscopy (EDS) using ThemlS
equipped with Bruker Super-X EDS detector. To study the structural evolution
of surface oxide layer, high energy parallel electron beam was used.

Results and Discussion

When gallium is alloyed with indium and tin to form eutectic alloys of
EGaln and EGalnSn (Galinstan), the melting temperature is reduced
gradually®*331, Zinc has a high solubility in gallium, forming a eutectic alloy of
EGaZn by the addition of 3.9 at. % Zn!3®), It is reasonable to assume that the
melting temperature of liquid metal can be further reduced when the fourth
element is added. Therefore, we synthesized a series of quaternary alloys of
GISZs with various concentrations. As a result, the GISZ alloy with even lower
melting temperature is successfully developed, as confirmed by DSC results
in Fig. 1. For comparison, the DSC data for pure Ga, EGaln as well as
Galinstan are also presented. Obviously, with the sequential addition of In,
Sn and Zn, all the onset temperature, Tm.onset, Peak temperature, Trmp, and
end temperature, Tmens, Of melting of Ga-based metals characterized by a
broad endothermic peak during heating shift toward to lower temperatures.
The melting temperature data obtained here for Ga, EGaln and Galinstan are
very close to the corresponding data available in the literature!®*?! as
summarized in Table. 1, while GISZ has the lowest melting peak temperature
of 9.7 °C than those previously reported for Ga-based liquid metals. In
addition, the cooling process reveals that the freezing temperature as
indicated by the sharp crystallization peak also gradually reduced while
alloying with In and Sn. Although further adding Zn element seems not cause
a continuous decrease in freezing temperature, the freezing temperature
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achieved is actually very low, approaching to -20 °C. Furthermore, our
synthesized quaternary alloy possesses higher electrical and thermal
conductivities compared with eutectic Galn and Galinstan alloys, as listed in
Table 1, which evidently indicates that the Zn addition allows the liquid
metal to retain in liquid state at very low temperatures, thus extending its
use in low-temperature fields, especially for electronic and refrigeration
applications.

To study the room temperature surface oxides of GISZ, we have
employed high-resolution TEM characterization combined with EDS analyses.
The TEM imaging shows that GISZ retains in liquid state and a variety of
morphologies including particles, platelet and rods are observed. Figure 2(a)
gives the TEM image of one individual liquid metal particle that can exist
stably by hanging on carbon support. Obvious core-shell morphology is
observed. The outer shell is considered to be the surface oxide layer!33with
the thickness of about 3.7 nm. The corresponding fast Fourier transformation
(FFT) pattern of the particle in Fig. 2(b) displays an amorphous diffraction
ring, indicating that the thin oxide layer encapsulating the free surface of
liquid GISZ is amorphous, similar with previous reports in gallium and
Galinstan!?83% that found a self-limiting amorphous gallium oxide was formed
on the surface. High-angle annular dark field (HAADF) STEM image as shown
in Fig. 3(a) reveals non-uniform contrast, and the outer oxide layer has lower
intensity than the core. Energy dispersive X-ray spectroscopy (EDS)
elemental mapping in Figs. 3(b-f) reflect the distribution of Ga (red), In
(blue), Sn (green), Zn (yellow) and O (cyan), respectively, which indicate Ga,
In, Sn, Zn element is uniformly distributed in the core of particle, but the
surface oxide layer is mainly composed of Ga, Zn and O. The same results
are observed for the rod-like sample in Fig. S1.

To further determine the chemical composition of surface oxide layer of
GISZ, we performed XPS measurements for both Galinstan and GISZ alloys.
As shown in Fig. 4, in addition to strong Ga peaks (2p, 3p and 3d) and O peak

(1s), adventitious C peak (1s), weak In peaks (3d) as well as Sn peaks (3d) in
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the survey XPS spectra of two alloys, obvious Zn peaks (2p) are observed in
GISZ, confirming the presence of Ga, Zn and O in the surface oxide of GISZ.
High resolution fits of Ga 2p, In 3d, Sn 3d, Zn 2p and O 1s spectra of GISZ
are given in Fig. S2 to investigate their chemical bonding states. The Ga 2p
spectra are split into two peaks. The less intense peaks located at bonding
energy of 1115.8 eV and 1142.7 eV, respectively, correspond to the Ga 2p
peaks of metallic gallium (Ga%™"?! from deeper penetration of metallic liquid.
The more intense peaks centered at 1117.7 eV and 1144.6 eV, respectively,
can be attributed to the valence state Ga 2p (Ga3*) in oxide!*3. The In 3d and
Sn 3d spectra indicate that the two elements are primarily in metallic states,
excited from the metallic liquid beneath the surface layer. For Zn, the peaks
located at 1021.8 eV and 1044.8 eV correspond to Zn 2ps, and Zn 2pis
states, respectively. Since Zn 2ps;, peak showed a small shift of about 0.4 eV
between the metallic (Zn°) and oxidation (Zn?*) states, it is really hard to
distinguish them from present Zn 2p spectra**#!, But according to the
thermodynamic points, ZnGa,0., has the standard molar enthalpy of
formation at 298 K of -1473 kJ-mol*®, which is considerably more stable
than gallium oxide (-1089.1 kJ-mol?!) and zinc oxide (-350.5 kJ-mol?)#7]
suggesting that ZnGa,0, might be preferentially formed on the surface of
liguid GISZ alloy. In addition, Phani et al. “®found the energetic separation
(AE) between the Zn 2ps,; and Ga 2ps;, peaks can be used as a sensitive tool
to distinguish between a complete formation of ZnGa.0, compounds (lower
AE than 96.3 eV) and a mixture of zinc oxide and gallium oxide powers. Here
the AE is determined to be 95.9 eV, thus it can be speculated that the
surface oxide is more likely to contain ZnGa,0,; only*®%%, As for O 1s
spectrum in Fig. S2, it displays double peaks, where the low binding energy
peak situated at about 530.5 eV can be ascribed to Ga-O and Zn-O bonds,
the high binding energy peak around 532 eV is usually attributed to
chemisorbed or dissociated oxygen or OH species on the surface!**43],
Furthermore, TEM, as one powerful characterization method, not only

provides a platform for spatially imaging at the atomic scale, chemical
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analysis and diffraction, but also makes it possible to create defects and
induce phase transitions of materials by electron beam irradiationf>'33],
Therefore, to explore the effect of electron beam on the structure of surface
oxide layer, prolonged parallel electron beam irradiation was performed at a
chosen region with a flux of 1.09x10° e nm= s. A series of high-resolution
TEM images with irradiation time and corresponding FFT patterns were
presented in Fig. 5. Figure 5(a) is the first image (0 min) taken right after the
area was exposed to electron beam, evidently revealing that the initial
surface oxide layer is entirely amorphous. After 4 minutes of exposure to
electron beam in Fig. 5(b), some visible fringes begin to occur on the original
rough surface, but the FFT pattern still shows amorphous ring, suggesting
that surface atoms of oxide layer develop well-defined lamellar structures
but without obvious in-plane positional order. Further increasing irradiation
time, surface crystalline structure can be clearly observed, and several
diffraction spots are superimposed on the FFT patterns as shown in Figs. 5(c)
and 5(d) (highlighted with circles). In addition, the thickness of oxide layer
increases slightly under irradiation. In order to reexamine the effect of
electron beam on the surface morphology of GISZ, the same illumination
process was repeated in another region of sample as shown in Fig. S3.
Similarly, the area of the initial illumination is completely amorphous, and
the sample is relatively uniform. After 3 minutes of exposure, the prominent
particle-like contrasts start to appear. As the irradiation proceeds, the image
contrasts become much stronger and some ordered structures are detected
within the particles after 20 minutes of exposure. Figure. 6 gives the higher
magnification TEM images of three representative ordered regions and
corresponding FFT patterns, showing very clear lattice fringes with
interplanar d-spacing distances of about 0.15 nm, 0.21 nm and 0.26 nm, that
may correspond to the (044), (004) and (113) facets of cubic ZnGa,O.,,
respectively. It is revealed that the surface oxide layer is very sensitive to
the electron beam, and prolonged irradiation leads to structural change of

ZnGa,0, from amorphous to crystalline phases. ZnGa;0., as a wide band gap
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semiconductor, has also attracted enormous attention due to its wide
application prospect in photocatalyst, electroluminescence and field
emission displays*®*4. However, the commonly used method to synthesize
ZnGa,0, is the solid-state reaction between ZnO and Ga.0s, which requires
long-term heat treatment at a considerably high temperature!*®>4, Therefore,
our finding provides a possibility for synthesizing low-dimensional ZnGa.0, at

room temperature by electron beam irradiation.
Conclusions

In this study, a new quaternary liquid metal (GalnSnZn) with a melting
temperature of 9.7 °C, which was the lowest one among all reported Ga-
based metals, was developed, and its structure of surface oxide layer was
investigated. The high resolution TEM imaging gives a direct observation of
the core-shell structure constructed by liquid metal-oxide layer, and clearly
confirms that the initially formed surface oxide is amorphous. Combined with
EDS and XPS measurements, we find that the oxide layer is primarily
composed of Ga, Zn and O. In addition, the amorphous oxide layer can be
tuned by electron beam irradiation, which can give rise to the structural
transition of oxide layer from amorphous to crystalline phases. Since electron
beam irradiation time and scanning area can be controlled easily, it would be
extremely intriguing to intentionally manipulate the surface morphology or
even synthesize low-dimensional semiconductors on the surface of liquid
metals by electron irradiation.
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Table.1 Physical properties of several Ga-based liquid metals 3742,

Liquid metals
Properties

| Density (g-cm®) B0 6.25 6.44 6.20
Melting Point at peak (°C) 29.8 15.7 13.2 9.7

Viscosity (103 Pa-S) 1.37 1.99 2.4 4.0
Surface tension (103 718 624 585 639

N-m?)

Thermal conductivity 29.3 26.6 24.7 27.5
(W-mt.K?)

Electrical conductivity 3.7 3.4 3.5 3.9
(10°S-m™1)

Figure. 1
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Figure. 1 DSC curves for pure Ga, eutectic Galn, Galinstan and GISZ alloys
within the temperature range from -40 to 50 °C during heating and cooling at
a rate of 10 K/min. Trmonsety Tmp and T, represent the onset temperature,
peak temperature and end temperature of melting.
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Figure. 2

Figure. 2 (a) TEM image of one individual liquid metal particle and (b)
corresponding FFT pattern.
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Figure. 3
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Figure. 3 Compositional characterization of one GISZ particle. (a) HAADF
image and EDS mapping of (b) Ga in red, (c) In in blue, (d) Sn in green, (e)
Zn in yellow and (f) O in cyan. The red dotted circles are to guide the eyes,
indicating the difference in element distribution.

18



Figure. 4
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Figure. 4 Full-range survey XPS spectrum for the GISZ sample obtained in an

AXIS Supra spectrometer using Al K, X-ray. For comparison, XPS result of

Galinstan was given.
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Figure. 5
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Figure. 5 Evolution of surface morphology of the GISZ sample with the
increase of electron beam irradiation time. (a) TEM images (0 minute)
acquired right after the area was exposed to electron beam. (b-d) TEM
images corresponding to 4, 15 and 35 minutes of exposure, respectively.



Figure. 6
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Figure. 6

fringes in surface layer of the GISZ sample after prolonged electron beam

irradiation.
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