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ABSTRACT: The applicability of gallium-based liquid metal
alloy has been limited by the oxidation problem. In this paper,
we report a simple method to remove the oxide layer on the
surface of such alloy to recover its nonwetting characteristics,
using hydrochloric acid (HCI) vapor. Through the HCI vapor
treatment, we successfully restored the nonwetting character-
istics of the alloy and suppressed its viscoelasticity. We
analyzed the change of surface chemistry before and after the
HCI vapor treatment using X-ray photoelectron spectroscopy
(XPS) and low-energy ion-scattering spectroscopy (LEIS).
Results showed that the oxidized surface of the commercial
gallium-based alloy Galinstan (Ga,O; and Ga,0O) was replaced

with InCly and GaCl; after the treatment. Surface tension and static contact angle on a Teflon-coated glass of the HCl-vapor-
treated Galinstan were measured to be 523.8 mN/m and 152.5°. A droplet bouncing test was successfully carried out to
demonstrate the nonwetting characteristics of the HCl-vapor-treated Galinstan. Finally, the stability of the transformed surface of
the HCl-vapor-treated Galinstan was investigated by measuring the contact angle and LEIS spectra after reoxidation in an

ambient environment.
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B INTRODUCTION

Liquid metal, i.e., a metal that is in liquid phase at or near room
temperature, has a wide range of applications, because of its
high thermal and electrical conductivity, combined with its
infinite deformability. Mercury is one of the most well-known
liquid metals, but its toxicity poses a threat to human health and
environment. Recently, gallium-based eutectic alloy has
emerged as a potential alternative to mercury, because its
toxicity is negligible' and its melting point is sufficiently low
(=19 °C for Galinstan, which is a commercially available
gallium-based alloy). Gallium-based binary (e.g, EGaln®) and
ternary alloys (e.g, Galinstan) were investigated for various
applications including microcooling,® electrical interconnec-
tion,* microsyringe for cells,® radio-frequency switch,® magneto-
hydrodynamic pump,” stretchable antenna,® and tunable-
frequency selective surface.”

Although a gallium-based alloy has a great potential for a
variety of promising applications, the surface of gallium-based
alloy instantly oxidizes in ambient environment and turns into a
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thin layer of gallium oxide (Ga,O; and Ga,0)." This oxide
layer is solid and remains elastic unless it experiences a yield
stress; thus, the oxidized gallium-based alloy does not behave
like a simple liquid. Moreover, the oxide layer of gallium-based
alloy is known to adhere to almost any solid surface, causing a
severe stiction problem.'® There have been a few studies to
overcome such unfavorable characteristics of gallium-based
liquid metal. Liu et al. found that Galinstan does not oxidize
when the concentration of oxygen is below 1 ppm.''
Maintaining such an environment, however, requires a very
tight and costly hermetic packaging. Zrnick and Swatik found
that it is possible to remove the oxide layer by treating the
surface with diluted HCI solution,"” and Dickey et al. applied
the technique for microfluidic applications to observe the alloy
does not suffer from viscoelasticity or wetting.” Although the
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HCI solution-based method to remove the oxidized surface of
gallium-based liquid metal (even mercury'?) is very reliable, the
practical applicability of the approach is limited as the liquid
metal needs to be immersed in the solution.

In this paper, we report a method based on HCI vapor to
modify the surface of the oxidized gallium-based alloy from
Ga,03/Ga,0 to GaCly/InCl;, resulting in the recovery of
nonwetting characteristics of Galinstan droplet. Analysis of the
surface chemistry of Galinstan droplet using XPS and LEIS
before and after the HCI vapor treatment, along with contact
angles and surface tension measurements, are reported. The
stability of the modified surface is also investigated by exposing
the HCl-vapor-treated Galinstan to the atmosphere and
tracking the change of contact angles and LEIS spectra.

B EXPERIMENTAL SECTION

Materials. Galinstan was purchased from Geratherm
Medical AG and used as-received. The composition rate of
Galinstan is 68.5% gallium, 21.5% indium, and 10% tin.

Static Contact Angle Measurements. We used three
types of glass slides: a bare soda—lime glass slide (Corning Life
Science); a Cytop-coated glass (spin-coated with CTX-809A
from Asahi Glass Co. and cured at 185 °C; thickness of cured
Cytop layer ~ 1 pym); and a Teflon-coated glass (spin-coated
with 6% Teflon AF solution from DuPont and cured at 165 °C;
thickness of cured Teflon layer ~ 30 nm). On these substrates,
we deposited ~8 uL Galinstan droplets, using a pipet, and we
measured the static contact angles using a goniometer (Ramé-
Hart 260-F4). In this measurement, the static contact angles
can reliably represent the wetting property of the Galinstan
droplet before and after HCI vapor treatment, because the
contact angle hysteresis on smooth surfaces was low. The
condition for measuring the static contact angle was a humidity
of 46.9 + 0.8% and a temperature of 22.9 + 0.2 °C.

Surface Tension Measurements. We used pendant drop
method'*'® to measure the surface tension of Galinstan before
and after the HCI vapor treatment. A Ramé-Hart Model 260-F4
goniometer was used for the measurement, and the alloy was
infused through a Teflon tip (inner diameter of 0.3 mm) to
minimize the wetting. The ambient humidity and temperature
were 46.9 + 0.8% and 22.9 + 0.2 °C, respectively.

X-ray Photoelectron Spectroscopy (XPS). XPS survey
spectra were obtained for the oxidized Galinstan before and
after the HCI vapor treatment. We used the PHI 5800 ESCA
XPS system (Physical Electronics, Inc.) equipped with a
concentric hemispherical analyzer. We used a monochromated
aluminum X-ray radiation (1486.6 eV) with a spot diameter of
100 pm at a filament current of ~23 mA. A ~1.5 uL droplet of
naturally oxidized Galinstan was deposited on a 1 cm X 2 cm
silicon wafer. The sample was scanned under ultrahigh vacuum
(URV) (107°—10"* mTorr) conditions. The scanning was
performed over a 100 #m X 100 pm area with a pass energy of
46.95 €V for survey and 11.75 eV for detailed scans. The takeoff
angle of the reflected photoelectrons was 45°, with respect to
the surface. All spectra were calibrated using the C 1s peak
(binding energy of 285 eV) as an internal reference. CASA XPS
software was used to analyze the obtained spectra, and
MultiPak v9 software was used to measure the surface
sensitivity factors and the atomic concentration.

Low-Energy lon Scattering Spectroscopy (LEIS). We
also performed low-energy ion scattering spectroscopy (LEILS)
analysis on a Galinstan droplet before and after HCI vapor
treatment. Qtac analyzer (ION-TOF GmbH, Miinster,
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Germany) was used to apply a 3.0 keV *He" beam, with a
current of 2.3 nA and a fixed scatter angle of 145°. Each
measurement lasted for 120 s. The fraction of backscattered He
ions was measured as a function of the kinetic energy with a
double toroidal analyzer, imaging the ions according to their
energy onto a position-sensitive electrostatic detector. It is
essential to use the combination of analyzer-detector settings;
the large scatter angle of detection, combined with the parallel
detection, increases the sensitivity by orders of magnitude, and
allows the overall ion dose needed for measurement to be
reduced.’ As such, the total ion dose is very low, compared to
the surface atomic density; therefore, ion-induced sputtering
and intermixing are negligible.

B RESULTS AND DISCUSSION

Physical Properties. Figures 1la, lc, and le show the
droplets of naturally oxidized Galinstan on three types of

After

Before

Figure 1. Contact angle of Galinstan droplets on (a, b) a bare glass
slide, (¢, d) Cytop-coated glass slide, and (e, f) Teflon-coated glass
slide, before (panels a, ¢, and e) and after (panels b, d, and f) the HCI

vapor treatment.

substrates (bare glass, Cytop-coated glass, and Teflon-coated
glass, respectively) before the HCI vapor treatment. Viscoelas-
ticity that was due to the presence of the oxide (Ga,0;/Ga,0O)
layer caused the shape of the droplets to be asymmetric and
irregular. The contact angle of a liquid droplet on a flat solid
surface is determined using Young’s equation:'’

s ~ %L

cos 0 =

(1)

where 0 is the contact angle and y5g, Y51, and ;g represent the
surface tension of solid—gas, solid—liquid, and liquid—gas
interfaces, respectively. Equation 1 predicts that the contact
angle of a given liquid increases as the surface tension of the
solid/gas interface decreases. The contact angle of the naturally
oxidized Galinstan droplet on bare glass (ysq & 49.8 mN/m;
Figure 1a)"® was 127.6°. Higher contact angles (6 = 129.8° and
140.3°) were observed on glass slides coated with Cytop (ysg &
19.0 mN/m) and Teflon (ysc ~ 18.5 mN/m), as the surface

e
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Figure 2. (a) Optical image of HCl vapor treatment of Galinstan droplet on different substrates. (b) Contact angles of Galinstan droplets on various
substrates, before and after the HCI vapor treatment. The volume of the droplets was ~8 pL.

tension of these fluorocarbon polymers are much lower than
that of the glass.'®"

In order to modify the surface of a naturally oxidized
Galinstan droplet, we placed a pendant droplet of HCI (37 wt
%, ~S uL) 2 mm away from the Galinstan droplet (Figure 2a)
for 15 s. HCI vapor evaporated and chemically reacted with the
oxidized surface layer of the Galinstan droplet, causing a rapid
change of contact angle of the Galinstan droplet. Figure 2b
shows the contact angle changes of Galinstan droplet on three
different substrates before and after the HCI vapor treatment.
Figure 1b, 1d, and 1f show the Galinstan droplet images after
the HCI vapor treatment.

We also directly measured the surface tension of Galinstan
droplet before and after the HCI vapor treatment. Since the
naturally oxidized Galinstan before the HCI vapor treatment is
viscoelastic, its deformation is highly hysteretic and the
measurement of its surface tension is prone to error. Figures
3a and 3c show two droplets of oxidized Galinstan with

(a) (b) (c) (d)

Figure 3. Pendant drop images of Galinstan droplets (a, c) before and
(b, d) after HCI vapor treatment.

essentially identical volume, but showing drastically different
shapes that are due to the viscoelasticity of the droplet.
Therefore, surface tensions of these two droplets of the same
liquid, measured by pendant drop method, were vastly different
(420.3 and 217.3 mN/m, respectively). After the HCl vapor
treatment, measured surface tensions of the Galinstan droplet
were consistently 523.8 + 25.4 mN/m (see Figures 3b and 3d).
The measured surface tension is comparable to that of pure
Galinstan  (534.6 + 10.7 mN/m), although the surface
chemistry is not exactly the same."!

Surface Chemistry. The change of contact angles and
surface tension clearly indicated that there was significant
modification of surface chemistry of the Galinstan droplet
before and after the HCI vapor treatment. We used XPS and
LEIS to directly investigate how the surface chemistry changed
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with the HCI vapor treatment. Figure 4 shows XPS survey
spectra for the naturally oxidized Galinstan before (Figure 4a)
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Figure 4. XPS survey spectra of Galinstan droplet on silicon substrate

(a) before and (b) after HCl vapor treatment. (We believe that C 1s
and unidentified peaks were from impurities.)

and after (Figure 4b) the treatment. As expected, the survey
spectrum for the oxidized Galinstan shows gallium peaks from
different orbitals such as Ga 2p and Ga 3d, weak indium peaks
(In 3p, In 3d, and In 4d) as well as a tin peak (Sn 3d). In
addition, Si 2s and Si 2p peaks and O 1s peaks were observed
due to silicon substrate. The survey spectrum of the HCl-vapor-
treated Galinstan also shows gallium, indium, and tin peaks.
However, there was a clear difference between the two survey
spectra as the second spectrum (from the HCl-vapor-treated
Galinstan) shows strong indium peaks (In 3p and In 3d) and
chlorine peaks (Cl 2s and CI 2p).

Figure 5 shows high-resolution XPS spectra near O 1s, Ga
2p, Cl 2p, and In 3d orbitals. As shown in Figure Sa, before the
HCI vapor treatment, two different oxide peaks for O 1s were
observed; these peaks correspond to SiO, (binding energy =
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Figure S. O 1s fitted XPS spectra of (a) the natively oxidized Galinstan and (b) the HCl-vapor-treated Galinstan. Ga 2p fitted XPS spectra of (c) the
natively oxidized Galinstan and (d) the HCl-vapor-treated Galinstan. (e) In 3d fitted XPS spectra for the HCl-vapor-treated Galinstan. (f) Cl 2p

fitted XPS spectra for the HCl-vapor-treated Galinstan.

532.5 €V)* and Ga,0, (binding energy = 530.8 eV).?! One
can infer that the SiO, peak was from the native oxide on the
surface of silicon substrate and Ga,O; peak was from the
oxidized surface of the Galinstan droplet.'® Interestingly, the O
1s peak at 530.8 eV (Ga,O; peak) completely vanished in the
XPS spectrum after the HCI vapor treatment, as shown in
Figure 5b. We speculated that Ga,O; chemically reacted with
HCI vapor and turned into gallium chloride (GaCly). This
speculation was confirmed with fitted Ga 2p spectra obtained
before (Figure Sc) and after the treatment (Figure Sd). Before
the treatment, the photoelectron peak of Ga 2p;,, was centered
at a binding energy of 1120.4 & 0.1 eV, corresponding to the
Ga*" state. Combined with the O 1s peak at 530.8 eV, this
observation suggests the existence of Ga,Oj although the
binding energy is ~1.5 eV higher than that in ref 10. The
observed discrepancy might have occurred due to the presence
of gallium suboxide state (Ga,O, Ga" state), whose peak is
located at 1118.5 + 0.1 eV; this peak was absent in the previous
reports.'”** In addition, the peak located at 1116.7 + 0.1 eV
corresponds to the metallic state of gallium.'® After the
treatment, only a single peak corresponding to Ga®* (binding
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energy 1119.2 + 0.1 eV)23 was observed, which, in
conjunction with the disappearance of the O 1s peak and the
emergence of the Cl 2p peak after the treatment, indicates the
appearance of GaCls, as a result of chemical reaction between
gallium oxide (Ga,0; and Ga,0) and HCl vapor.

Figures Se and Sf show the fitted In 3d and CI 2p spectra
after HCI vapor treatment; the In 3d;/,, In 3ds,, and Cl 2p, 5,
Cl 2p;, spin—orbital splitting photoelectrons were centered at
binding energies of 453.1 + 0.1 eV, 445.6 = 0.1 eV, 200.2 + 0.1
eV, and 198.7 + 0.1 eV, respectively. Based on these spectra, we
hypothesized that indium chloride (InCl;) also formed on the
surface of the Galinstan after HCI vapor treatment.”* Based on
the XPS study, we concluded that (i) the gallium oxide (Ga,O;
and Ga,0) on the surface of the oxidized Galinstan changed to
gallium chloride (GaCl,), and (ii) HCl also reacted with indium
beneath the surface layer to form indium chloride (InCl;). As a
result, the absence of oxide layer caused Galinstan to behave as
a nonwetting, Newtonian liquid.

Although XPS is an excellent technique to analyze surface
chemistry, the photoemitted electrons detected by the XPS
technique are from 1—10 nm depth of the surface. In order to

dx.doi.org/10.1021/am302357t | ACS Appl. Mater. Interfaces 2013, 5, 179—185



ACS Applied Materials & Interfaces

Research Article

further analyze surface chemistry of the Galinstan droplet on
the outermost atomic layer, we used LEIS.'® Figure 6 shows

—— Before HCI vapor treatment
O After HCI vapor treatment

Ga

LEIS signal / a.u.

gt |

1500 2000 2500

Energy / eV

1000 3000

Figure 6. LEIS spectra for a Galinstan droplet before and after HCI
vapor treatment.

two LEIS spectra of a naturally oxidized Galinstan droplet
before and after the HCI vapor treatment. The solid line shows
a representative LEIS spectrum of the oxidized Galinstan
droplet before the HCI vapor treatment. Before the treatment,
the spectrum displayed the peaks of oxygen (at 1130 eV) and of
gallium (2362 eV). A small shoulder at 2575 eV may be either
from indium or tin that is present inside the Galinstan droplet,
since In and Sn peaks cannot be distinguished in the LEIS
measurement performed with *He*. Based on the XPS
spectrum, however, we can infer that the main component of
the peak at 2572 eV is indium. After the treatment by HCI
vapor, the oxygen peak (1130 eV) completely disappeared, and
instead, a new peak of chlorine (1895 eV) appeared. In
addition, the ratio among the peak intensities of metal
components changed. The intensity of the gallium peak
decreased while the intensity of the indium peak increased.
Combining the results from XPS and LEIS, we conclude that
Galinstan under ambient conditions has a gallium oxide layer
(Ga,0; and Ga,0). However, the exposure to HCI vapor
replaces the gallium oxide at the surface layer with a mixture of
gallium chloride (GaCl;) and indium chloride (InCl;) with the
dominant component of indium chloride (see Figure 6 for the
peak intensities).

Indeed, from a thermodynamic point of view, indium(III)
chloride is the most stable among the three possible chlorides
that can form on the surface of Galinstan after the HCI vapor
treatment, because the standard enthalpy of formation of
gallium(1I1) chloride is higher, and it is even higher for tin(II)
chloride (see Table 1 for a full list). Comparison between the
formation enthalpies explains the reason why indium(III)
chloride becomes the dominant phase on the surface of
Galinstan after the treatment. One can expect that other phases
such as gallium(III) chloride, which is kinetically favored, can
also appear after the treatment, and XPS measurements support
this hypothesis. Therefore, based on XPS and LEIS studies, the
chemical reaction on the surface of oxidized Galinstan with HCI]
vapor could be described in Figure 7a.

Figure 7b shows an image of the HCl-vapor-treated
Galinstan droplet on a Teflon-coated glass slide with an
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Table 1. Standard Enthalpies of Formation of the Most
Dominant Chemical Components Composing the Surface of
Oxidized Galinstan and Oxidized Galinstan Reacted with
HCI

chemical compound standard enthalpy of formation, AHg [kJ/mol]

Ga,0, —544.6"
In,0, —462.9°
SnO —280.7
GaCl, —524.7
InCl, -537.2
SnCl, -325.1

“Referenced to the chemical potential of gallium and indium (from ref
25).

illumination. The image clearly shows numerous micrometer-
sized droplets of water forming on the surface of Galinstan, as
well as relatively larger water pockets at the droplet/substrate
interface. We used LyseBlue pH indicator to confirm that those
are, indeed, water droplets.

Bouncing Experiment. The measured contact angle and
surface tension of the HCl-vapor-treated Galinstan droplet
suggest that the liquid metal restored its original properties as a
nonwetting Newtonian liquid without viscoelasticity. As a
further demonstration, bouncing experiments were carried out
for a Galinstan droplet (~10 uL) before and after the HCI
vapor treatment. The droplet was dropped from a distance of
3.5 cm above the surface of the Teflon-coated glass. High-speed
camera (Photron SA4) was used to capture the movement of
the droplet with 1000 frames per second. Figure 8 show series
of time-lapse images of a droplet of the naturally oxidized
Galinstan and the HCl-vapor-treated Galinstan, respectively.

Figure 8a shows both the viscoelasticity and the wetting
characteristics of oxidized Galinstan: the falling droplet at 0 ms
shows irregular shape with a long tail, suggesting the liquid
metal is highly viscoelastic. After the droplet hit the surface, the
oxidized Galinstan droplet spread on the surface and never
bounced back. On the other hand, Figure 8b demonstrates that
the HCl-vapor-treated Galinstan behaves as a simple, non-
wetting liquid metal: the falling droplet maintained an almost-
spherical shape. After the droplet hit the surface, the HCl-
vapor-treated Galinstan droplet readily bounced off from the
surface, without leaving any residue on the substrate. These
findings confirm our results of the surface analysis from XPS
and LEIS. While a natively oxidized Galinstan droplet is
expected to build chemical bonds at the interface due to oxide
layer, an HCl-vapor-treated Galinstan droplet is not expected to
have any chemical bonds, since two halogens (F/Cl) repulse
each other, because of their similar dipole moments.

Reoxidation Experiment. In order to investigate how
stable the transformed surface is in a standard atmosphere, we
exposed an HCl-vapor-treated Galinstan droplet to an air
environment (at room temperature and 1 atm with a relative
humidity (RH) of 30%), and measured the change of its
physical and chemical characteristics. First, we measured the
static contact angles of an HCl-vapor-treated Galinstan droplet
on the Teflon-coated glass every 5 min for 4 h right after the
HCI vapor treatment (Figure 9a). The contact angle does not
drastically change for the first 20 min, and then gradually
decreases to saturate at ~148° after SO min. The final contact
angle (~148°) of the reoxidized droplet is still much closer to
the contact angle of an HCl-vapor-treated droplet (~153°)
than that of a natively oxidized Galinstan droplet (~141°).
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Figure 7. (a) Schematic diagram of chemical reaction with HCl vapor. The phase of oxides (Ga,0;/Ga,0), chlorides (GaCl;/InCly), and water is
solid, aqueous, and liquid, respectively. (b) Optical image of the surface-modified Galinstan droplet on a Teflon-coated glass with an illumination.
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Figure 8. Photograph of a series of time-lapse images of (a) a natively oxidized Galinstan droplet and (b) an HCl-vapor-treated Galinstan droplet
falling from a distance of 3.5 cm above the surface of Teflon-coated glass.
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Figure 9. (a) Contact angle change of an HCl-vapor-treated Galinstan droplet, plotted as a function of exposure time in the atmosphere. The inset
images of the droplet right after the HCI vapor treatment and after the 4 h of reoxidation show that there is no significant difference in contact
angles, except a slight change in brightness. (b) LEIS spectra for an HCl-vapor--treated Galinstan droplet after 30 days reoxidation in an air

environment.

Therefore, we believe that reoxidation of the surface does In and CI peaks are higher, implying that InCl; is dominant on
happen, but only to a minor degree after 4 h in a standard the outermost surface, even after 30 days of reoxidation. After a
atmosphere. 2 min of sputtering with the 3.0 keV *He" beam, clearly the

In order to investigate the change of surface chemistry, we intensity of the Ga peak increased, as well as that of the In and
also exposed an HCl-treated droplet to an air environment for Cl peaks. We believe that the Ga peak is originated from

30 days and analyzed it using LEIS (Figure 9b). The overall gallium oxide (Ga,0;, Ga,0) and GaCl;, based on previous
intensity of the first measurement (black solid line) is low, XPS and LEIS spectra. The intensity of the Cl peak is higher

because of organic compounds adsorbed on the surface. than the O peak, implying that chlorides are more-dominant
However, the oxygen peak is visible, which indicates components for the inner layer of reoxidized droplets. As a
reoxidation has happened. In addition, the intensities of the result, even after 30 days of reoxidation, we observed that
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chlorides (GaCly/InCl;) are dominant components at the
liquid metal droplet surface.

B CONCLUSION

The oxide layer on the surface of gallium-based liquid metal
alloy causes the alloy to exhibit strong viscoelasticity and
adherent characteristics. In this paper, we demonstrated that
HCI vapor treatment is a simple yet very effective method to
remove the oxide layer on the surface of Galinstan and,
eventually, to address the issues of viscoelasticity and wetting.
Substantial increase in the contact angle and surface tension of
Galinstan was observed after the HCl vapor treatment. We used
XPS and LEIS techniques and found that the HCI vapor
reacted with the gallium oxide (Ga,O5 and Ga,O) and indium,
each of which is on the surface and in the bulk of Galinstan,
respectively. The components of the surface layer thus
transformed to gallium chloride (GaCl;) and indium chloride
(InCl;), none of which caused the viscoelastic, adherent
behavior of Galinstan, as was demonstrated by the bouncing
movement of the HCl-vapor-treated Galinstan droplet on a
Teflon-coated substrate. The modified surface of the HCI-
vapor-treated Galinstan droplet slightly reoxidized when it
exposed to an air environment for 30 days, but chlorides still
remained as dominant chemical components on the surface.
We believe that the proposed method to remove oxide skin
from the gallium-based liquid metal is simple and has wide
applicability; it can be applied to gallium-based metal droplets
of any size, ranging from nanoscale’®*’ to macroscale, without
leaving any defect. Therefore, we expect that the proposed
method may unleash the full potential of the gallium-based
alloy as a nontoxic, nonwetting, Newtonian liquid metal.
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