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ABSTRACT: Droplets capture an environment-dictated equilibrium state of a
liquid material. Equilibrium, however, often necessitates nanoscale interface
organization, especially with formation of a passivating layer. Herein, we
demonstrate that this kinetics-driven organization may predispose a material to
autonomous thermal-oxidative composition inversion (TOCI) and texture
reconfiguration under felicitous choice of trigger. We exploit inherent structural
complexity, differential reactivity, and metastability of the ultrathin (~0.7—3 nm)
passivating oxide layer on eutectic gallium—indium (EGaln, 75.5% Ga, 24.5% In w/
w) core—shell particles to illustrate this approach to surface engineering. Two tiers
of texture can be produced after ca. 15 min of heating, with the first evolution
showing crumpling, while the second is a particulate growth above the first uniform
texture. The formation of tier 1 texture occurs primarily because of diffusion-driven
oxide buildup, which, as expected, increases stiffness of the oxide layer. The surface

of this tier is rich in Ga, akin to the ambient formed passivating oxide. Tier 2 occurs at higher temperature because of
thermally triggered fracture of the now thick and stiff oxide shell. This process leads to inversion in composition of the
surface oxide due to higher In content on the tier 2 features. At higher temperatures (>800 °C), significant changes in
composition lead to solidification of the remaining material. Volume change upon oxidation and solidification leads to a
hollow structure with a textured surface and faceted core. Controlled thermal treatment of liquid EGaln therefore leads to
tunable surface roughness, composition inversion, increased stiffness in the oxide shell, or a porous solid structure. We
infer that this tunability is due to the structure of the passivating oxide layer that is driven by differences in reactivity of Ga

and In and requisite enrichment of the less reactive component at the metal—oxide interface.
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he shape and surface of liquid droplets are, by

I definition, a manifestation of a thermodynamically
equilibrated state of fluid material(s)."> Mechanical
equilibrium, however, requires that pressure in the droplet be
greater than that of its environment—the so-called Laplace
pressure jump condition” which is size-dependent (AP = 2y,../
r, where 7,,, = interfacial surface tension and r = radius).’ In a
homogeneous nonreactive liquid, the nature of the interface is
dominated by this pressure jump condition. For high vapor
pressure homogeneous liquids, these interfaces are binary; that
is, liquid dominates across the Gibbs dividing plane; hence,
there is a positive interface excess, I'; > 0. Similarly, in low
vapor pressure liquids, I'; < 0. When the liquid is reactive, for
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example in liquid metals where passivating oxide forms upon
exposure to air, then I'; <« 0; hence, interfaces are defined by
(i) reactivity (and associated kinetics), (ii) interfacial surface
energies, (iii) post-oxidation equilibration in the presence of a
fresh interface, and (iv) processing conditions."” Liquid metal
surfaces are, therefore, challenging to engineer because of the
dynamic and complex nature of their interfaces. Ability to
modify composition and texture of liquid metal surfaces,
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however, opens alternative pathway(s) to overcoming equili-
brium-driven surface properties and extends the utility of these
materials. The dissipative nature and plastic deformation of
liquid surfaces present a “self-rectifying” deformable (chemical
or mechanical stress) platform.* This self-adjusting property in
liquid metals coupled with the existence of multiple dividing
planes (interfaces across bulk metal—oxide and oxide—air
interface) over a short distance (because the interfaces are
~0.7—3 nm)>° translates to a high chemical potential, y,
gradient. Presence of these complex structure can sometimes
dictate the overall properties, and hence utility, of such
materials. In eutectic gallium indium (EGaln), for example, a
passivating oxide layer allows the non-Newtonian liquid to form
moldable droplets and, to a certain extent, resist deforma-
tion.” "' The complexity of such nanoscale interfaces on liquid
metal establishes an interesting engineering platform, especially
in creating surfaces with tunable texture and composition.

Background. A material’s surface texture affects local
surface area and surface energy and hence has tremendous
effect on its utility." The effect of surface texture has inspired
advances like superhydrophobic/superhydrophilic and self-
cleaning materials.'> "¢ High surface area also affects
adsorption of small molecules and particles, hence, potential
applications in catalysis and drug delivery.'”~"” Most methods
that modify surface texture are additive,”*™>® subtractive,?” ™3>
or a combination of both.**™*® Additive methods rely on
introduction of chemi- or physisorbed adducts on the surface,
whereas subtractive methods achieve this goal by selective
partial removal of material to alter surface features. In addition,
top-down,”” ™ bottom-up,”** and interfacial methods*~*
are also utilized to obtain characteristic surface patterns. Most
of these approaches, however, often require complicated surface
chemistry, stringent processing conditions, and arduous
procedures.

A simple route to engineer surface texture is the growth of
oxides on metal substrates. Thermal treatment of metal
substrates provides a straightforward and tunable method to
grow oxides.”*™>° Nonetheless, the inherently high stiffness and
differences in thermal expansivities pose significant challenges
in surface modification. Liquid metals, however, provide an
alternative because they form nanoscale oxide shells that,
because of size effects, are compliant to stresses.”' > Eutectic
gallium—indium (EGaln: 75.5% Ga, 24.5% In w/w; mp ~ 15.7
°C) has recently found applications in soft and stretchable
electronics,”***™? functional microparticles,s’g’10’60_63 molec-
ular electronics,®*™"> and functional devices. EGaln
bears a thin (~0.7—3 nm) passivating film of predominantly
Ga,0; on the surface, rendering the liquid metal non-
Newtonian as described above.>”'*****%* The EGaln passivat-
ing oxide layer has a graded oxide structure with the surface
being primarily Ga,0;, with underlying layer(s) of Ga and In
suboxides, beneath which segregated In metal has been
observed."””*™ This complex structure spontaneously forms
to a thickness of ca. 0.7 nm” and can gradually grow up to 3
nm,’ largely because of limited diffusion of oxygen. This
complex self-sorting structure of the oxide presents an
opportunity to autonomously engineer the surface properties
of these particles in a manner consistent with the built-in
chemical potential gradients. Coupling differences in chemical
potential, standard reduction potentials, thermal expansivities,
and kinetics could lead to complex surface textures and
elemental distribution.

59,76—78
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Herein, we demonstrate that temperature-driven oxidation of
EGaln core—shell particles can be utilized to form tunable
surface texture and invert composition by taking advantage of
the elasticity and interfacial metastability of the passivating
oxide layer.”* We further show that surface modification is
achieved via two processes (Figure 1a): (i) expansion—induced

a)
Complex Oxide EDO
Liquid metal

Segregated Indium

Figure 1. (a) Scheme outlining the possible pathways of oxide
formation by thermal treatment. Oxide growth occurs via two
competing routes, viz expansion-induced diffusion-limited oxida-
tion (EDO) and/or thermo-mechanical fracture—leakage and
oxidation (TFO) process. (b) Empirical validation of the proposed
oxidation process.

diffusion-limited oxidation (EDO), and (ii) thermo-mechanical
fracture leakage and oxidation (TFO). The core—shell particle
consisting of an EGaln core and a Ga,Oj shell are illustrated in
gray, whereas segregated In is represented in white. We infer
that the liquid metal core—shell particle undergoes EDO and
TFO upon heat treatment, which consequently transforms its
surface texture and composition (Figure 1b). We hypothesized,
and demonstrate, that EDO precedes TFO with associated
volumetric and thermal expansivity changes leading to different
surface textures.

RESULTS AND DISCUSSION

EGaln core—shell particles synthesized using the shearing
liquids into complex particles (SLICE) method® ranged
between 1 and Sym in diameter. Although the liquid core
nature of the particle has been previously demonstrated,”” this
was further verified by the absence of phase segregation in the
particles as observed by energy selective backscattered scanning
electron microscopy (SEM). In addition, fractured particles
flow and coalesce, confirming the liquid (fluidic) state of the
core (Figures S1 and S2).

Effect of Temperature on Surface Texture. To
investigate the effect of temperature on the particle surface,
we performed heat treatment from ambient to 1273 K at 100 K
increments. At each temperature increase starting at 573 K, the
samples were allowed to equilibrate for 45 min before the cool-
down cycle was initiated. Figure 2 illustrates changes in surface
texture of EGaln particles with temperature at different
magnifications across the columns. Control EGaln particles
(Figures 2a—c and S1) exhibit smooth texture (purple) on the
surface. Particles heat-treated at 573 K (300 °C) (Figure S3)
appear smooth, albeit with observable surface deformations,
suggesting that they have undergone anisotropic contraction.
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Figure 2. SEM images of EGaln particles heat-treated at different temperatures under air atmosphere for 45 min. False coloring on high-
magnification images highlights the different texture tiers observed on the surface. (a—c) Control EGaln, (d—f) 400 °C, (g—i) 500 °C, and (j—

1) 600 °C.

We infer that heating causes the shell layer to expand with
concomitant increase in permeability to oxygen. This leads to
accelerated growth of the oxide thickness.’ Differences in
thermal expansivity and elasticity of the thicker oxide would
lead to stochastically distributed dimple-like defects upon
cooling. This continuous oxide buildup is a manifestation of the
EDO process. On the basis of reduction potentials and heats of
formaltion,gs’86 we expect Ga to oxidize faster than In, leading to
the formation of a thicker Ga,O; layer,® with limited In,O,
beneath the surface. This buildup leads to concomitant
enhancement of the ;)reviously observed interfacial chemical
composition gradient. ?

Significant changes in texture across the surface of the
particles begin to appear at 400 °C (Figures 2d—f and S4) with
the observation of rough regions on the particles. We speculate
that this patchy growth is mediated by either mechanical
fracture of the collapsed regions or buckling of the loose outer
layers due to thermal stress. Particles treated at 500 °C (Figures
2g—i and SS) show considerable roughness without any
buckling surface defects (dimples), a sign of uniformity in
thermal contraction and likely increase in modulus of the oxide
shell. We observe a nonuniform change in surface texture, as
particle-like features appear on the surface. High-magnification
images suggest that the texture is contributed by nanoridges,
which we refer to as the first-tier texture (Figure S6). In
addition, the false colored micrograph (Figure 2i) shows a
second set of larger particles (of different chemical
composition) lying on the surface, which we associate with
the second-tier texture. We postulate that continuous expansion
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of the now thicker oxide shell coupled with constant oxide
buildup (EDO), leads to fracture at a critical point (thermal
stress > yield stress),””® forcing the liquid to flow out
(analogous to a volcano), a process we refer to as thermo-
mechanical fracture leakage and oxidation (for brevity, TFO).
Because increased surface oxidation leads to further phase
enrichment of indium (either as the suboxide or elemental)
underneath the oxide, we hypothesized that if microfractures
lead to release of the bulk material, then the resulting oxides
should have higher In content. This hypothesis is partially
supported by contrast in the backscattered SEM images and is
further evaluated below (Characterization and Compositional
Analysis of the Surface). To further confirm that this process is
thermally induced, we subjected the particles to a slightly higher
temperature (~S00 °C) in a dissipative environment and
observed that the first tier of texture grows into volcano-like
shapes that we infer are due to rapid growth of the oxide
followed by contraction upon cooling to give these randomly
distributed features. Under these conditions, however, the
particles fracture because of the rapid cooling, but the liquid
does not oxidize into specific structures (Figure S6).

At 600 °C (Figures 2j—1 and S7), the second-tier material
appears to grow extensively and cover the surface. This rapid
growth is aided by thermal sintering, leading to a well-defined
surface with two tiers of roughness. Backscattered SEM images
(Figure S12) show significant contrast differences between the
two tiers of texture, suggesting composition differences.
Particles at 700 °C (Figure S8) and 800 °C (Figure S9)
show continued growth of the second-tier texture, which
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Figure 3. Assessment of the core of the particle. (a, b) AFM force—distance curves of particles heat-treated at 500 and 600 °C. (c)
Temperature—time phase diagram showing the transition from liquid core to solid hollow core. (d) Fractured particles, heat treated at 600 °C
for 60 min, shows that the core remains liquid after this heat treatment. (e) A magnification of the previous image outlining the broken
fragments and thick oxide shell. (f) SEM micrograph with EDS map (insets) after ion milling of a particle heat-treated at 1000 °C for 120 min
depicting a hollow cavity with facets, indicating growth of primarily Ga,O; crystals beneath the shell.

ultimately leads to detachment from the parent particle. Finally,
we observed another change in texture at 1000 °C (Figures S10
and S11), where the particles exhibit a high degree of
coarsening as compared to lower temperatures. Furthermore,
the appearance of polygonal facets in the core (observed from
fractured particles, Figure S16) and the absence of liquid-like
structures indicate that the material has oxidized substantially, if
not completely (Figure 3f).

Thickening of the oxide is confirmed by changes in surface
stiffness deduced from force—distance (F—D) curves (Figures
3a,b, S17, and S18). Force measurement using atomic force
microscopy (AFM) shows at least 20% increase in stiffness
from pristine to particles heat treated at 600 °C. Furthermore,
sharp steps along the approach and not in the retraction F—D
curve (Figure 3b) highlight the stiff and brittle nature of the
shell. We therefore infer that at 600 °C (45 min), the oxide
layer is brittle and hence likely to fracture, akin to bulk oxides.
This result is in agreement with the onset of TFO, whereby the
stiff oxide shell accumulates thermal stress and finally relaxes via
fracturing leading to release of underlying material and hence
formation of the second-tier texture (Figure 2j—1).

Liquid Metal to Solid Oxide Transition. To understand
the liquid core to solid transition, we performed a series of heat
treatment experiments ranging from 500 to 1000 °C held over
various time scales. To reveal the core, we intentionally
fractured the particles with a thin disposable needle after heat
treatment to qualitatively determine if the core remains liquid
(through observation of fluidic flow under SEM). Figure 3d,e
depicts particles treated at 600 °C for 60 min at two different
magnifications after deformation. In contrast to pristine EGaln
particles, thicker fractured oxide shells can be observed. An
energy dispersive X-ray spectroscopy (EDS) elemental map of
the cross section of broken particles (Figure S15) highlights the
thickness of the oxide layer, which supports continuous growth.
At higher temperatures (1000 °C), focused ion beam (FIB)
milling reveals crystal-like facets in the core underneath the
textured shell (Figures 3f and S16). We infer that oxidation
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coupled with crystallization is primarily responsible for the
liquidless core. Total oxidation is expected to occur with
increased permeability to oxygen and high reactivity of the
heated metal. The oxidized nature of the material was
confirmed using SEM-FIB and SEM-EDS, where the core of
the particle appears to be hollow (Figure 3f). Unlike in the two-
tier textures, breaching the passivation capability of the oxide
leads to a mixed oxide species.

A systematic study at different processing temperatures and
times was conducted to construct a temperature—time phase
diagram (Figure 3c). We observed temperature-dominated
transitions at 700—800 (t<3 hr) and 800—900 °C (t>3 hr),
which can be attributed to the extent of oxidation as well as
crystallization, both being temperature-dependent phenomena.
As expected, the texture evolution changes oxygen permeability,
especially with enhanced particle sintering. Figures S13 and S14
show particles with liquid and hollow cores at variable
temperatures and times. We exercise caution in over-
interpretation of this phase diagram and emphasize that the
results shown here are highly dependent on experimental
conditions.

Characterization and Compositional Analysis of the
Surface. To confirm compositional differences between tier 1
and tier 2 textures, we characterize the surfaces using scanning
Auger electron spectroscopy (AES) on control and heat-treated
particles. The surface sensitivity of AES, coupled with the ability
to map loci of different structural features via in situ SEM,
enables differentiation of the two-tier textures. Figure 4 gives
Auger spectra from point analysis performed on a control
particle as well as the two-tiered morphological regions on a
particle heat-treated at 600 °C (the survey scans of these
particles are shown in Figure S19). Assignment and
quantification of obtained peaks were based on literature values
for Ga and In.*’~"* Comparison between pristine and heat-
treated particles (tier 2) (Figure 4a,b) shows the emergence of
an In MNN peak at 398 eV (Figure 4d) and a substantial
decrease in the intensity of the C KVV peak at 262 eV (Figure
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Figure 4. Composition of the surface of the particle. (a) False-
colored SEM image of a control particle with point analysis on the
surface. (b) False-colored SEM image of a particle treated at 600 °C
with point analysis on the first- and second-tier roughness. (c)
Auger spectroscopy of the Ga LMM region. (d) Auger spectroscopy
of the In MNN region.

S$19) in addition to the already present Ga LMM at 1063 eV
(Figure 4c). The peak positions of Ga and In were
approximately S eV lower than the metallic counterparts,
indicating the formation of Ga,O; and In,O; respectively.
These shifts are due to reduced electron density at the metal
center, which in turn increases the binding energy of the
remaining core electrons.”™ In contrast, tier 1 showed
significantly less In, even though the intensity of Ga peak was
comparable to that of tier 2. The enrichment of In likely
originates from the underlying In-rich segregated layer that is
released via TFO, as illustrated in Figure la.

Differentiation of Chemical Identity of the Two Tiers.
Further X-ray photoelectron spectroscopy (XPS) analysis was
performed on particles after heat treatments ranging from room
temperature to 600 °C. Qualitative assessment of the peaks is
summarized in the Supporting Information (Figures S20 and
S21). We observed the presence of Ga** on all our samples
(Figure Sa), whereas In** was not detectable until 400 °C
(Figure Sb), which correlates well with SEM data. To obtain
distinct spectra for both morphologies, we performed AES on
both tiers. Figure 5c,d outlines the Auger spectra of the two
tiers of texture separately (shown by the inset in both figures).
We observed a greater peak height for In** from the spectra of
tier 2, whereas tier 1 was dominated by Ga*". Figure S23a,b
provides an estimate of relative composition between the two
tiers based on peak-to-peak intensity of the differential spectra
(details of the calculations are given in the Supporting
Information). Elemental mapping with SEM-EDS for treated
particles (600 °C) supports this observation (Figure $22).

Tuning Surface Texture and Composition by Thermal
Treatment. Composition Inversion. The synergistic combi-
nation of metastable interface and flexibility of the liquid metal
core—shell particles allows tuning of the surface texture and
composition by thermal treatment. To quantify tier 2
morphology, we calculated peak areas from XPS spectra for
In* as well as Ga**/In*" ratio and plotted them against
temperature (Figure Se). To overcome any systematic errors in
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these measurements, we focus on the general trend in changes
in composition rather than absolute concentrations. A decline
in the ratio of Ga**/In* and increase in In** as temperature
increases were observed (Figure Se). These results confirm that
tier 2 texture is In-enriched, indicating that the composition of
the oxide layer has undergone an inversion as shown by
comparison of the changes in surface concentration of In and
Ga (Figure Se).

Time—Temperature Compensation in Tunable Surface
Coverage. Evolution of surface coverage of tier 2 with time (at
600 °C) showed modest growth (Figure Sf). This further
supports the notion of a thermal expansion/reaction-initiated
process. The duration of heat treatment, however, can be used
to restructure the tier 2 morphology (Figure 5f), where islands
of tier 2 morphology begin to form networks with increase in
time. We therefore can infer that the overall surface texture can
be tuned through felicitous choice of time—temperature
conditions to generate a surface with desirable texture and
Ga*/In** ratio.

Proposed Mechanism. We hypothesize that the process of
thermal oxidation leading to change in surface texture depends
on (i) diffusion of oxygen through the surface into the bulk, (ii)
kinetics of the oxidation reaction, (iii) thermal expansion
mismatch between the metal and oxide shell, and (iv)
mechanical properties of the growing oxide. With increase in
temperature, expansion of the elastic native oxide leads to an
increase in oxygen permeability into the bulk—assuming
Fickian transport (Wagner’s theory).”® An increase in diffusivity
precedes oxidation into a native-like passivating oxide state.
Although there was no observable significant surface texturing
at 300 °C, surface dimples on the particles suggest an
asymmetric change in the overall volume upon cooling.
Conformity of the shell layer to a reduced volume of the
core indicates that the shell layer is still elastic. Size-dominated
properties are likely in effect, suggesting that the shell layer is
still in the nanoscale and hence remains mechanically
compliant.

For the oxidation of a curved oxide metal interface at high
temperature, the stress at the interface (0;) depends on the
difference in thermal expansivities of oxide and metal (Aa),
modulus of the oxide (E,,), temperature difference (AT),
particle radius (r), oxide thickness (&), and Poisson’s ratio for
the oxide (v,,) as depicted in eq 1.”°

—AaATE ¢
6, =—"—
(1 -1, (1)

Stress at the interface is compressive in nature during heatin%
as opposed to the tensile stress on the oxide (op) (eq 2)7
Thus, on the the basis of this model, if the stress in the oxide is
lower than its failure stress, the oxide will continue to grow
thicker via EDO as temperature predominantly increases
oxygen permeability. With growth, however, the yield point
transitions from that of the nanolayer (capable of plastic
deformation) to that of the bulk (brittle). It is therefore
expected that at a critical thickness, the oxide shell becomes
brittle and subsequently fractures, releasing components of the
immediate underlying layer.

_ AaATE,,

(1 -1, )

In our case, as Ga has a lower reduction potential (—0.55 V)
and heat of formation,®”*® it oxidizes faster than In (—0.34) to

Oy
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Figure 5. Growth and composition of the surface texture as captured by XPS and Auger spectroscopy. (a) XPS of the Ga 2p;,, region at
different temperatures. (b) XPS of the In 3d;, region at different temperatures. (c, d) Auger spectra survey collected from the two tiers of
roughness on a particle treated at 600 °C. (e) Composition inversion of the surface components with temperature. (f) Coverage of tier 2

texture as a function of time.

seal the cracks and restructure the interface to form a Ga-rich
surface. Analogous studies on Al nanoparticles showed
significant restructuring after liquid Al leaked through cracks
in the AL, O; shell, albeit at a temperature beyond the melting
point of Al”” Previous studies on titania rods have shown that
freshly grown oxide is more fragile than the native passivatin

layer, which facilitates faster mechanical fracture and growth.”

We can therefore assume that in our case subsequent layers
grew rapidly after the first layer was fractured. Auger sputtering
studies by Chiechi and co-workers concluded that the
segregated layer of In is permeable to oxygen and that when
fresh Ga,0; is formed, it displaces In to the bottom.""*" Thus,
repeated surface restructuring due to rapid oxidation of Ga at
the surface leads to either an increase of In concentration at the
core or its segregation at the interface to maintain the more
stable eutectic composition. This In-enriched interface layer is
released via surface fissures, which oxidizes to form the second-
tier material. The formed materials then sinter to create a
dominant network on the surface at higher temperatures. Thus,
an inversion in the chemical identity of the surface, from the
native Ga-rich to a mixed Ga/In or In-rich surface occurs.
Considering the formation of an In-richer core, we shift to the
hypereutectic point, which upon cooling gives rise to eutectic
and In-rich phases in the core.”” Characterization of the
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underlying In-rich phase and the relative composition of these
two phases is beyond the scope of this study but has been
described elsewhere.””**'*° At higher temperatures, however, a
transition from liquid to solid core occurs because of
accelerated diffusion of oxygen into the particle, which leads
to complete oxidation and concomitant crystallization.
Elemental mapping (SEM-EDS) shows a stochastic oxidation
process at higher temperature (Figure 3f). Associated
volumetric changes lead to a hollow core. Extensive surface
coarsening and core faceting is an indication of complete
crystallization of Ga,O5 and In,Oj at high temperatures (Figure
S16).

CONCLUSION

This work demonstrates a facile, low-cost approach to engineer
the surface texture of liquid metal particles via surface
oxidation. We exploit interface organization and the associated
metastability of EGaln particles, coupled with the dynamic
nature of the liquid metal core, to create textured liquid metal
particles with concomitant composition inversion. Formation of
phase-separated Ga-rich and In-rich oxides could find potential
applications in the semiconducting industry or photocatalysis,
where group 13 compounds have played a central role for band
gap engineering. Specifically, we infer the following:
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(i) Thermally triggered oxidation induces surface roughness in a
temperature-dependent manner: The emergence and
growth of surface texture is primarily dependent on
thermal expansion mismatch between the liquid and
native oxide. We achieve tunable surface texture and
composition through felicitous choice of the substrate
alloy and processing conditions.

Tuning of surface texture can be accomplished without

affecting composition. Controlling heat treatment of

EGaln particles at moderate temperatures (<500 °C)

induces texture change without significant change in

oxide composition (Ga,0;) via expansion induced
diffusion-limited oxidation.

(iii) Mechanical stability of the oxide shell is enhanced. EDO
increases the thickness of the oxide shell, which
transitions from flexible to stiff with increasing temper-
ature. This increased mechanical strength of the oxide is
in line with Wagner’s diffusion-driven oxide growth.”

(iv) An inversion in the composition of the surface occurs because

of fracture-induced release of the underlying components.

The interfacial segregation of the low E° component (In)

occurs with increased oxidant permeability. Fracture of

the thickened oxide leads to release of an In-rich alloy, in
part because of the interface In-enriched layer.

Spontaneous oxidation of this alloy upon surface

exposure leads to composition inversion of the most

accessible surface components from the native Ga-rich to

In-rich, although it is limited to the loci where the

fracture occurs.

Oxidative phase and composition segregation occurs. TFO

results in a two-phase oxide at the surface: (1) Ga-rich

phase formed due to EDO and (2) In-rich islands due to

TFO, which engulf the surface at higher temperatures

(>900 °C). Tier two features either sinter or fall off with

increased growth.

(vi) Maintaining a liquid core depends on processing time and
temperature. In general, as thermal oxidation of the liquid
core leads to the growth and evolution of the surface, the
nature of the core is tunable by varying processing
temperature and time. Thus, higher temperatures and
longer reaction times favor hollow particles, whereas the
reverse is true for liquid core particles. In this study, we
observed that a minimum of 800 °C is required for rapid
formation of hollow particles, with longer reaction times
needed at lower temperatures.

(ii)

)

METHODS

Materials. Eutectic gallium—indium (Ga: In 75.5/24.5 wt %,
Aldrich, >99.99% trace metal basis), glacial acetic acid (Fisher
Scientific, Biotech, sequencing grade), and ethanol (Decon labo-
ratories, 200 proof) were used as received for particle preparation and
storage. A Thermo Scientific Smart2Pure 6 UV water purifier system
was used to obtain deionized water.

Particle Preparation. We used a previously reported procedure to
synthesize core—shell EGaln@oxide@organic core—shell particles.” A
5 vol % solution of glacial acetic acid in deionized water (total: 100
mL) was placed into a Waring laboratory blender; 4 g of EGaln were
then added to the solution. The solution was sheared at 20 000 rpm
for 10 min. Whatman S$ filter paper (1 y#m particle retention) was used
to isolate the particles through filtration. The particles were then
rinsed and stored in ethanol.

Thermal Treatment. Thermal treatment was carried out either in
a TGA (QS0 TA Instruments) or a tube furnace (Thermolyne 79300).
Silicon wafer chips were washed with acetone and dried with ultrahigh-
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purity nitrogen gas. The particles were drop-casted onto a clean wafer,
and the solvent was allowed to evaporate. Under an air environment,
the TGA was conducted by placing the silicon wafer containing
particles on a platinum pan. Gas flow and ramp rate were set at 50
mL/min and 10 °C/min, respectively. For the tube furnace
experiments, the silicon wafers were placed on a ceramic crucible
and carefully placed at the center of the tube followed by heating to
target temperature. Following heat treatment, samples were cooled
and maintained at ambient temperature prior to characterization. A
control experiment without heat treatment was performed for
comparison.

Characterization. All samples were imaged by scanning electron
microscopy (FEI Quanta 250 FE-SEM). To observe internal
microstructure, we utilized a focused ion beam (FEI Helios Nanolab
DualBeam). False coloring was achieved using Adobe Photoshop.
Elemental characterization was performed using energy dispersive X-
ray spectroscopy and X-ray photoelectron spectroscopy (Kratos
Amicus 3400). Force—displacement measurements were carried
using atomic force microscopy (Bruker Innova AFM) under ambient
conditions. To obtain elemental spectra for different morphological
regions on the particle, scanning Auger microscopy (JEOL JAMP-
7830F) was used. Further details of characterization are provided in
the Supporting Information.
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