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ABSTRACT: This paper studies the electrochemistry of liquid eutectic
gallium indium in aqueous sodium hydroxide solution. The work is
motivated by a recent observation that electrochemical oxidation of liquid
metal can significantly lower its effective interfacial tension. To identify
possible electrochemical reactions that could contribute to the unique
interfacial activity, we use a suite of voltammetry techniques. We identify
six regimes: (1) Below open circuit potential, the liquid metal has a large
metal-like interfacial tension since it lacks a conformal oxide layer due to
the high pH. (2) Just above the circuit potential, electrochemical
oxidation of gallium commences. The oxide species do not accumulate
due to dissolution and the interfacial tension does not lower. (3) At
slightly higher potential, a thin film forms on the surface and the current
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drops. This passivation of the surface may occur by formation of hydrolyzed Ga oxide. (4) At increased potentials, passivation breaks
down and tension drops significantly. (5) Beyond passivation breakdown, electrochemical oxidation of gallium forms soluble gallium
hydroxide species. The interfacial tension drops linearly in this regime. (6) At even higher potentials, the surface partially
repassivates. Insights from this study may provide better electrochemical control of the interfacial tension of liquid metal, which is

useful for creating forces to move and manipulate small volumes of the metal.
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B INTRODUCTION

This paper describes the electrochemistry of eutectic gallium
indium in 1 M NaOH. Although gallium was discovered in
1875," it is now finding renewed interest.” > Gallium has
metallic electrical and thermal conductivity, in addition to a
low melting point (29.7 °C), low viscosity (2 mPa-s), and low
toxicity.” The melting point of gallium can be decreased by
alloying with other metals such as tin, zinc, and indium. For
example, eutectic gallium indium (EGaln)—the alloy we focus
on here—melts at 15.5 °C. Since Ga and its alloys are both a
metal and a fluid, it is finding a variety of applications including
microfluidics,” stretchable electronics,® drug delivery,9 and
sensing.10

The study of the electrochemistry of Ga and its alloys is
important for several reasons. First, liquid metals have been
proposed for use as electrodes in batteries and electrochemical
capacitors.'' ~'* Second, liquid metals are used as electrodes in
an electrochemical technique called polarography, although Ga
is typically avoided because of its surface reactivity.'> Third,
electrochemical methods are utilized to purify or deposit Ga.'®
Fourth, electrochemical reactions can deposit or remove
species from the surface of liquid metal.'” Fifth, electro-
chemical oxidation can lower the tension of liquid alloys of Ga
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over an unprecedented range and is critical to precisely

control liquid metal propulsion and their mechanical response
to electrochemical stimuli in general.’’ Our primary
motivation was to characterize the interfacial species that
form during electrochemical oxidation to provide better
understanding of the changes in tension that consequently
occur.

B BACKGROUND

In air, the interface of Ga-based liquid metals rapidly forms a
thin (~3 nm), solid native oxide skin. Despite the presence of
In in EGaln, the native oxide is almost exclusively gallium
oxide.”> Thus, it is expected that the electrochemistry that
occurs at the interface of Ga and EGaln should be similar,
although our results herein identify some subtle differences. In
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air, Ga,0; is the thermodynamically favored form, although
gallium oxyhydroxide (GaOOH) can form in water.”

The oxide layer dissolves in acidic or basic conditions.”* We
use 1 M NaOH (aq) to be consistent with our original study
and subsequent studies.'®**~*’ Herein, we provide evidence
that an ultrathin layer of oxide species forms during
electrochemical oxidation with a composition that depends
on potential. Importantly, the continuous dissolution of oxide
species by the NaOH prevents a thick or rigid oxide shell from
accumulating on the surface. The fluidity of the interface
allows droplets of the metal to adopt shapes that represent a
balance of gravitational and interfacial forces, which we have
used to measure the interfacial tension of the metal as a
function of electrochemical potential.

The following reactions have been suggested for gallium
oxidation in an alkaline solution based on the Pourbaix
diagram.*’

Ga + 30H™ = Ga(OH); + 3e~ (1)

Ga(OH); can lose water to form hydrated or dry gallium
oxides, GaOOH or Ga,05;

Ga(OH); = GaOOH + H,0 2)
2Ga(OH); = Ga,0; + 3H,0 3)
Either way, these gallium oxides dissolve in a strongly basic
solution through the formation of water-soluble gallates.*’~>*
Ga,0; + 3H,0 + 20H™ = 2Ga(OH),” (4)
GaOOH + H,0 + OH™ = Ga(OH),” ()
Ga(OH); + OH™ = Ga(OH),” (6)

Electrochemistry offers a compelling way to both remove and
deposit surface oxide species to modulate the interfacial
tension as a function of potential.>® Sufficiently reductive
potentials can remove the oxide layer, putting the bare metal in
a state of high tension.'” In the absence of oxide species, Ga-
based liquid metals have enormous interfacial tension (>500
mN/m, the exact value depends on the alloy composition and
environment; for comparison, water has a surface tension of 72
mN/m).

Surface oxidation can be driven electrochemically, which
lowers the interfacial tension as a function of potential for
reasons that are still poorly understood.'® Remarkably,
electrochemical oxidation lowers the tension to near zero at
~—0.7 V vs AglAgCIIKClyy, reference electrode (this value is
+0.8 V relative to the open circuit potential of —1.525 V for a
three-electrode system equipped with the AglAgCIIKClyy,
reference electrode; equivalently, the open circuit potential
converts to —0.500 V vs reversible hydrogen electrode (RHE),
and a shift of +1.025 can be used to convert the reported
potentials herein to the RHE scale). This low tension can
cause normally spherical droglets to undergo instabilities to
form highly-fingered fractals,”® streams of liquid metal to form
long cylinders, >29 and other unusual morphologies.34 These
enormous changes in tension have been used to manipulate
liquid metal to form, for examg)le, cylindrical wires,” fluidic
transistors,” soft actuators,36_ ° and droplets of controlled
diameter.*’

The specific reason for this decrease in interfacial tension
remains a topic of ongoing investigation. Interfacial tension
arises from the energetic cost of generating interfacial area,

whether due to the chemical potential of a deposited species,
separation of charge, or other potential energies. Historically,
the use of electrical potential to change interfacial tension of
liquid metal in the electrolyte has been attributed to the
electrocapillary phenomenon based on electrical double
layers.‘“’42 However, we previously showed that the modest
change in interfacial tension predicted by the electrocapillary
effect is insufficient to explain the huge drop in tension
observed for electro-oxidation of EGaln in alkaline solution.'®
Similar observation was recently reported for other Ga-
containing liquid metal alloys.” Instead, electrochemical
oxidation is responsible for lowering the tension, yet the
exact mechanism is unresolved. Oxidation changes the
chemical composition of the surface; such oxidized species
could lower the tension in a manner similar to surfactants. In
addition, oxidation can deposit charged species or films that
exert stress on the surface. For an example of the latter, studies
of Al (a metal that has many similarities to Ga) suggest that
compressive surface stresses can form during anodization with
values on the order of 1 N/ m,44 which are more than sufficient
to explain changes in effective tension observed by electro-
oxidation of Ga. Similarly, adsorbates on metal have been
shown to generate compressive stresses.

As a step to better understanding this phenomenon, it would
be helpful to characterize the surface composition of liquid
metal under electro-oxidation in an alkaline solution. Yet,
many spectroscopy techniques face challenges when the
surface of interest is submerged in electrolyte due to either
the opacity of the electrolyte to certain wavelengths of light or
due to the non-flat and non-stationary surface of the metal.
Thus, it is sensible to try to remove the liquid metal from the
electrolyte to analyze the oxide species that form on the
surface. Yet, in the absence of sufficient cathodic potential, any
oxidized species that form on the surface rapidly dissolve into
the electrolyte. As reactions 4, S, and 6 all eventually produce
the same soluble gallate species, this leaves no clue as to the
state of these species when they were on the surface.
Consequently, in this study we use less direct electrochemical
methods to create a self-consistent explanation about what may
be happening on the surface.

Our group has previously done cyclic voltammetry to show
that the anomalously large drop in tension is associated with
oxidation.'® More recently, we measured the tension during
cyclic voltammetry with more data points along with
impedance spectroscopy to give insight into physical changes
to the surface.”” Beyond these preliminary studies from our
group, there are several prior studies on the electrochemistry of
pure gallium in either solid or liquid state,*® although none
have focused on the role of oxidation species on interfacial
tension.

The prior studies all agree the surface of the gallium
electrode passivates during electro-oxidation in alkaline
solutions of different concentrations. Three studies'®*”**
report that in basic solutions, the anodic film consists of
gallium oxyhydroxide (GaOOH), while another® proposes
gallium oxide (Ga,0;) or gallium hydroxide (Ga(OH);) at the
surface of gallium. These latter species are highly soluble in 1
M NaOH, so they seemingly would not form effective
passivation layers. Other studies’>” interpret passivation as a
Ga,0; layer that forms in a small potential window, and at
higher potentials, the reaction product forms GaO;*~ (a gallate
salt like Ga(OH),” but without two water molecules) that
dissolves in solution.
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The results herein seem to agree best with earlier studies
that support the hypothesis that an anodic film in neutral and
basic electrolytes is composed of a hydrated oxidized Ga
layer"™®°>** with a composition that depends on the voltage.
Briefly, these prior studies suggest a passivating layer of
GaOOH forms at mildly oxidizing potentials and begins to
dissolve as Ga(OH),~ above a threshold potential (~%—0.3 V vs
RHE in the original study in 0.1 M KOH, which would roughly
translate to the transpassive regime in our study, ®—1.3 V vs
Ag/AgCl). At more oxidizing potentials, GaO,, forms, which is
justified according to a mass balance and from the charge
required to reduce this oxide. By using these techniques,
combined with electron diffraction, prior studies conclude that
at the most positive potentials (here, “partial re-passivation”
regime), the surface is covered by over-stoichiometric Ga,05
oxide.”*

Other studies suggest Ga(I) forms during electrochemical
oxidation before reacting to form more stable Ga(III). In one
example, cyclic voltammetry of gallium films™ in alkaline
solution shows three oxidation peaks during the forward scan
and one reduction peak during the reverse scan, leading the
authors to attribute the first oxidation peak to the formation of
a monolayer of gallium oxide and present an electrochemical
mechanism based on the formation of Ga,O followed by a
disproportionation reaction to produce Ga,O;. Another study
carried out a mass balance analysis and concluded that at mild
oxidation potentials Ga is first oxidized to Ga(I) species, which
rapidly react with water to form Ga(IIl) hydroxide, while at
strongly oxidizing conditions Ga converts directly to Ga(III)
hydroxide.”® Interestingly, the authors observe a hydrogen
evolution reaction taking place both when Ga is in its fully
reduced state (“electrochemical” H, evolution) and also when
during Ga oxidation. The latter is consistent with Ga(I)
reducing water to H, while forming Ga(IlI) hydroxide
(“chemical” H, evolution).® Herein, we provide further
evidence that Ga(I) may form at low oxidizing potentials.

These various proposals for reactions and mechanisms
highlight the complex electrochemical behavior of Ga-based
liquid metal. Here, we seek to revisit the electrochemistry of
liquid Ga within the context of the role of electrochemical
oxidation on interfacial tension. The electrochemical analysis
in this paper compliments a companion paper27 that examines
the interfacial energy versus potential (along with impedance
spectroscopy) to provide insight into the physical mechanisms
involved in the decrease of interfacial tension.

B MATERIALS AND METHODS

All the experiments were conducted using a potentiostat (Biologic
VMP3 Potentiostat- Galvanostat). For linear sweep voltammetry
(LSV), cyclic voltammetry (CV), and chronoamperometry (CA), a
three-electrode cell was used (Supporting Information, Figure Sla).
An EGaln droplet (0.025 ml), an AglAgCIIKCly;, and a carbon rod
were used as the working (WE), reference (RE), and counter (CE)
electrodes, respectively. To apply electric potential, we used metallic
wetting to attach a small Cu wire to the bottom of the droplet and
ensured no Cu was exposed to solution. We did not purge the
electrolyte with inert gas to remain consistent with our prior studies,
yet we observed no notable differences between the CV with purged
and non-purged electrolytes. For fast-scan cyclic voltammetry, the
exposed area of EGaln was decreased to 0.13 mm” by injecting EGaln
into a microtube at the bottom of a plastic cell (Supporting
Information, Figure S1b).

During electro-oxidation of EGaln, we measured the electrical
current I and interfacial tension, y, simultaneously. To quantify y, we

used sessile drop-shape analysis of images of the droplet taken from
the side-view using a goniometer (FTA32 software, First Ten
Angstroms Company, USA). In the following discussion, the
abbreviation “E” means electrical potential.

B RESULTS AND DISCUSSION

EGaln Electro-oxidation. Figure 1 presents linear sweep
voltammograms of EGaln in 1 M NaOH. Three oxidation
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Figure 1. Electrochemical linear sweep voltammogram (LSV, solid
blue line) and corresponding logarithmic plot (dotted red) of the
absolute value of current for EGaln in 1 M NaOH at 0.5 mV/s. The
vertical dashed lines distinguish the six regimes labeled within the
plot. The three oxidation peaks are labeled P), P,, and P;.

peaks are labeled P, P,, and P;. The open circuit potential
(OCP) is approximately —1.525 V vs. the AglAgClIKClyy,
reference electrode, clearly recognizable as a minimum in the
logarithm plot of the absolute value of current, I, versus
potential, E (red data, Figure 1). The logarithm plot of current
has similar characteristics of a typical “active-passive-trans-
passive” plot observed in anodic breakdown of passive films on
metal, in which “active” means electrochemical oxidation that
occurs at potentials below passivation, which we simply call
“oxidizing”.>” Six regimes are labeled in Figure 1 as
distinguished by vertical, gray dotted lines.

At E < OCP, the liquid metal surface is free or mostly free of
oxide species due to the negative potential (so-called “cathodic
protection”"”) and presence of strong base (1 M NaOH) that
can dissolve oxide species. Thus, we call this regime “non-
oxidizing” (Figure 1). The current is negligible, yet negative
(reductive) in this regime, which we attribute to the hydrogen
evolution reaction (HER) happening at a very slow rate. The
reason why the HER is not more prominent is due to the poor
activity of Ga toward the HER, particularly in a strongly basic
solution.

At OCP < E < —1.44 V, a pronounced oxidation peak (P;)
appears; thus, EGaln is in the “active state”. We call this regime
oxidizing since the anodic current rises. Importantly, the
current drops suddenly near —1.44 V, indicating a transition to
“passivation”.

We briefly note here an important observation that we will
return to later. Poking the droplet with a wooden toothpick at
E < —1.44 V (Movie M1) gives physical indication that the
surface is fluid (film-free), suggesting that any oxide species
that form dissolve rapidly. We note that while this is a good
indication that the surface is free of any defined oxide phase, it
is not sensitive enough to exclude the presence of Ga—O
bonds at the atomic scale, which would require in situ
spectroscopic characterization not currently accessible for this
system.
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In contrast, at E > —1.44 V, the poking of the droplet
(Movie M2) suggests a very thin film exists on the surface. The
presence of a thin film is consistent with passivation and
consistent with the significant changes to interfacial impedance
when E exceeds —1.44 V.”” Note that the metal remains shiny
across all potentials used in this study, suggesting that any
oxide layers on the surface are very thin, consistent with recent
interfacial studies.”” Also note that in Movies M1 and M2
small H, bubbles form on the top of the metal (even during
oxidation), as observed previously;*® since H, is unlikely to be
surface active, we do not discuss it further.

In the passivation regime (—1.44 to —1.35 V), the low
current suggests the absence of significant electrochemical
reactions. The low current in the passivation regime is
surprising since 1 M NaOH can dissolve oxide species via
the formation of gallate jons (Reactions 4—6) and thereby
expose more metal to be oxidized on the surface. There are
two possible explanations for passivation, neither of which is
mutually exclusive: (1) Prior studies suggest sweeping the
potential causes the oxidation product to change from soluble
[Ga(OH),]” to less water-rich GaOOH around —1.44 V.>
Such metal oxy-hydroxides could passivate the metal since they
are thought to dissolve slowly in NaOH.*>***? (2) Gallate
anions that form via dissolution of oxide species adsorb on or
near the surface of EGaln due to applied potential being
positive compared to OCP. In principle, gallate anions could
slow electro-oxidation and thereby passivate EGaln by
repelling basic hydroxide groups from reaching the surface of
the metal.

The potential window over which the passive film protects
the electrochemical reaction is narrow. Increasing the electrical
potential in this regime will increase the positive charges on the
EGaln electrode, which are compensated by OH™ anions
drawn to the interface. The OH™ anions breakdown the
passivation and the electrical current starts to rise again at E >
—1.35 V. We call this the transpassive regime.

An oxidation peak P, occurs at E &% —1.23 V. At E > —1.23
V, the electrical current increases further with increased
electrode potential. However, the slope of the current—
potential plot decreases slightly at this potential, which implies
changes to the oxidation mechanism. We call this region steady
state oxidation. Although significant oxidation occurs based on
the magnitude of the current, the EGaln electrode surface
remains shiny and fluid at —1.23 < E < —0.8 V (similar to the
appearance in Movie M2), suggesting that the oxidation
products form and dissolve at a steady state rate.

At E =~ —0.8 V, a third peak, P, appears. The slight decrease
in current beyond P; suggests a partial re-passivation.

Varying Scan Rate of Cyclic Voltammetry. Inspired by
the results of Figure 1, we performed additional electro-
chemical experiments to obtain more information on the
mechanism of EGaln electro-oxidation. At slow scan rates,
oxidization products can dissolve from the surface and thus are
not present during the reductive portion of a CV. Thus, it is
instructive to perform faster scan rates to identify products
before they dissolve. Figure 2a shows the cyclic voltammogram
of an EGaln droplet in 1 M NaOH at a scan rate of 300 mV/s,
which is a scan rate 600X faster than those used in Figure 1.
The shift of some of the peaks can be attributed to the increase
of the scan rate.

Figure 2b, shows the cyclic voltammograms in a narrower
potential window than that used in Figure 2a. The oxidative
peak P, in each scan overlaps nearly perfectly regardless of scan
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Figure 2. Cyclic voltammograms of EGaln drop in 1 M NaOH at
potential scan rates of (a) 300 mV/s and (b) 50—600 mV/s.

rate, suggesting that the electron transfer rate is very fast. The
cyclic voltammograms show a behavior that is not completely
reversible; only one reduction peak (Figure 2a inset, P,)
appears in the reverse scan (i.e, scanning potential to more
negative values), compared to the three oxidation peaks in the
forward scan. P, appears only at potential scan rates >100 mV
sl

We attribute the P, peak in Figure 2b to the electrochemical
reduction of the remnants of gallium oxide species on the
surface that do not have enough time to dissolve (via Reactions
4—6) at high scan rates. In contrast, at low scan rates (<50 mV
s7'), the deposited species dissolve and thus are not reduced
during the reverse scan. Supporting Information Figure S2
provides evidence that the amount of reducible species on the
surface decreases as the maximum potential experienced during
the positive scan in a CV increases. Stated differently, the oxide
species seem to be changing from a poorly soluble (eg,
GaOOH) to a more soluble form (such as Ga(OH); and
Ga[(OH),]”) in the transpassive region and ultimately form
very soluble species in the “steady-state oxidation” region.
Since these species are soluble, there is nothing left on the
surface to reduce during the reverse scan unless very high scan
rates are utilized.

At low scan rates (<50 mV/s), an oxidation peak appears in
Figure 2b near —1.45 V instead of P, during the reverse scan.
This peak is very apparent in cyclic voltammograms measured
at very low scan rates, such as 0.1 mV/s (Supporting
Information, Figure S3). This finding is surprising because
cathodic scans typically yield cathodic (reductive or negative)
current peaks. However, low potential scan rates provide
enough time for oxide species to dissolve. Thus, the exposed
metal surface could oxidize again (positive current) at
favorable potentials (—1.45 V) during the negative portion of
the cyclic sweep. Interestingly, our recent work shows during
the reverse scan the interfacial tension suddenly increases at
the same potential in which the oxidative peak occurs here.”” It
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Figure 3. (a) Fast scan cyclic voltammograms of EGaln (blue, continuous line) and pure gallium (red, dashed line) recorded at a high-speed
potential scan of 16000 mV/s. (b) Fast scan cyclic voltammograms of EGaln were recorded in three different windows of potential. The max
potential for each scan is listed in the legend. The potential scan rate was 16000 mV/s. The orange circle shows a subtle shoulder that we associate

with the first electron transfer reaction (Ga to Ga*).

is as if there are species on or near the surface that suddenly
desorb, exposing the metal to electrochemical oxidation.

The P’, oxidation peak, which occurs near —1.4 V at high
scan rates (inset, Figure 2a), is not observed at the slow scan
rates shown in Figure 1. The oxidation product produced
through the first oxidation peak (P,) contributes to a further
oxidation step (P’;) at the high potential scan rates. We used
fast scan (16000 mV/s) voltammetry experiments to help
explain this observation, which in turn helps clarify the
behavior at low scan rates.

The voltammograms recorded at 16000 mV/s (Figure 3a)
are the same for EGaln and pure Ga, suggesting that indium
does not play a prominent factor in EGaln electro-oxidation at
these scan rates (Supporting Information provides a brief
discussion on the subtle role of indium on the increased
magnitude of P, at slower scan rates, Figure S4). The
voltammograms feature qualitatively similar anodic and
cathodic peaks, suggesting oxidation products remain at the
EGaln surface during the sweep, which is due to the short time
scale of the experiment. During the cathodic scan, the
reductive P, peak shows two peaks, which could be attributed
to reducing the oxide species formed by the P, and P’;
oxidation peaks. Below —2 V, the HER takes place, resulting
in the increase of cathodic current.

The fast-scan cyclic voltammograms of EGaln in Figure 3b
reveal more details about the electron transfer mechanism.
First, the magnitude of the current within the reduction peak
(P,) increases as the potential window becomes wider (e.g,
blue data). This observation implies that oxidized species
produced at both P, and P’; contribute to the P, reduction
peak. Second, we note that a small shoulder (within the orange
circle in Figure 3b) appears before the first oxidation peak
(P,). The ratio of charge associated with the shoulder and P, is
difficult to calculate precisely due to background charging
current, but the magnitude of the current (using the charging
current as a baseline) suggests the ratio is close to 1:1. That is,
each peak involves one electron for a net transfer of two
electrons. Thus, it is reasoned that the shoulder is Ga to Ga*
(Reaction 7) and P, is Ga* to Ga>* (Reaction 8). Peak P’ is
the final step (Ga®" to Ga®', Reactions 9) of Ga electro-
oxidation to the most stable oxidation state (Ga®"). These
three reactions are consistent with electro-oxidation of gallium
being a three-electron transfer process. Ga* (Reaction 7) is
unstable and is only detected as a shoulder (orange circle,
Figure 3b) at the highest scan rates. Ga>* (Reaction 8) is a
highly unstable intermediate. Thus, another electron transfer

step (P}, Reaction 9) immediately follows P, to convert Ga**
to Ga’*. If the oxidized forms of Ga are assumed to be
hydroxides, then reactions 7—9 correspond with the P,
shoulder, P;, and P’}, respectively. We include the subscript
“ads” to indicate the species are likely adsorbed to the surface
(rather than forming a cohesive film), consistent with our
observation of a completely fluid surface at potentials below
passivation (Movie M1):

Ga + OH™ = Ga(OH),4, + e~ (7)
Ga(OH),4 + OH™ = Ga(OH)z,ads +e (8)
Ga(OH)Z,adS + OH_ = Ga(OH)3,adS + e (9)

Reaction 9—that is, the electrochemical conversion of Ga>* to
Ga®" at P’;—can only be observed at high scan rates (smaller
time scales). At slower scan rates, the unstable Ga(OH), must
undergo a chemical reaction without passing electrical current
through the circuit. A proposed reaction that is consistent with
the data is the chemical disproportionation of Ga(OH), to
produce both metallic gallium and Ga(OH);:

3Ga(OH)Z,ads - Ga + 2Ga(OH)3,ads (10)
Alternatively, Ga(OH), could disproportionate to form Ga,0;,
although the latter seems unlikely in the oxidation regime given
the liquid-like surface behavior and the abundance of OH™
anions. Either way, the resulting species can convert to soluble
gallate anions if enough time is available.’’

Ga(OH)MdS +OH = Ga(OH)4lads_

K, = 191 x 10" (11)

Consequently, at low scan rates (e.g, <50 mV/s, Figure 2b),
approximately all Ga(OH), formed in P, chemically converts
to Ga via reaction 10 and ultimately Ga(OH),” via reaction
11, as evident from the absence of the P, peak and the
absence of reductive peaks during the reverse scan. Prior
reports also propose disproportionation, although they focus
on Ga" as the disproportioned species.%’55 However, the high-
speed voltammetry data show that Ga*" is more likely to be the
main species contributing to the disproportionation reaction,
which is consistent with it being the least stable oxidation state
of Ga.

In addition to reaction 11, it is possible for Ga(OH); to
form other species, such as GaOOH via reaction 123!
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Ga(OH), = GaOOH + H,0 K, = 2.75 X 10"

(12)

Prior studies attribute passivation—which occurs just after
peak P,—to either GaOOH'** or Ga(OH)3.49 Reaction 12
forms poorly soluble GaOOH, while reaction 11 produces
soluble Ga(OH),". Thus, we wondered if passivation could be
explained by reaction 12 becoming more favorable than
reaction 11, thereby forming GaOOH, which is less soluble
and therefore more passivating than Ga(OH),.

The reaction equilibrium constants of these two reactions
are of the same order of magnitude. Yet, gallate formation
(reaction 11) is facilitated by increasing OH™ concentration
while GaOOH is independent of OH™ concentration. Thus,
we sought to study the role of OH™.

Role of Hydroxyls. In Figure 1, peak P, reaches a
maximum before rapidly dropping to near zero current at
—1.44 V. Note that if we hold the potential constant in the
“oxidizing regime” (more negative than —1.44 V), the current
remains steady, which implies that both the current and surface
gallates form at steady state in the oxidizing regime in Figure 1.
Stated concisely, passivation is not a function of time and only
occurs once —1.44 V is reached.

At —1.44 V, the sudden drop in current along with changes
in capacitance,”’ combined with the visual observation that the
surface responds differently to physical prodding at this
transition (Movie M2), suggests that an ultrathin film of
oxide forms on the surface, which we speculate is GaOOH or
more generally hydrolyzed oxide. The formation of a
hydrolyzed barrier layer is consistent with a prior study’
that explored the mechanism of Ga anodic film formation. In
that study, an analysis of Ga polarization curves and their
relationship with relevant kinetic and diffusion parameters
concluded that GaOOH film formation is the only self-
consistent anodization scenario in this potential range
(according to the net reaction by Reaction 1 and Reaction 12).

According to reactions 11 and 12, the surface could
transform from soluble Ga(OH),” in the oxidizing regime to
poorly soluble GaOOH as a passivation layer if the OH™
concentration decreases at the surface, thereby making eq 12
more favorable. Since the electrolyte contains high concen-
trations of OH™, we considered mechanisms by which the
concentration at the surface may be lower than the bulk. One
possibility is that gallate ions surround the surface and repel
OH™ in the passivation regime. Regardless, increased potential
in the passive regime leads to the transpassive regime. This
breakdown can be explained by the increased potential
attracting OH™ to the surface, ultimately leading to breakdown
and solubilization of oxide species.

At higher positive potentials (E > —1.2 V), the current
increases, suggesting OH™ anions reach to the surface to create
soluble species. Note that at sufficiently high potentials (E >
—1.35 V), it is possible that OH ions react directly with Ga
via Reaction 13:

Ga + 40H™ = Ga(OH),” + 3¢~ (13)

At the highest potentials from Figure 1 (E &~ —0.7 V), there is
another dip in current that we call “partial re-passivation”.
Although this dip is not the focus of this study, it seems
plausible that it could also relate to changes in the OH™
concentration at the surface due to transport limitations given
the high currents. In this context, we note something that may
be worth further exploration: in our prior work,*® we observed

droplets of the metal becoming unstable (via fingering
instabilities) near ~—0.7 V, the same potential at which the
current resumes increasing in the partial re-passivation regime
(Figure 1). We speculate that the surface may be
inhomogeneous at this potential, which could help initiate
the finger instabilities.

To further explore the role of hydroxide anions, we
measured voltammograms at different NaOH concentrations,
Figure 4a,b. We stopped measurements at 3 M since the data
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Figure 4. (a) Near-passivation region and (b) full linear sweep
voltammograms of EGaln in various concentrations of NaOH. The
potential scan rate is 100 mV/s.

became noisy (Figure 4b) presumably due to the Marangoni
flow that can occur on the surface at large values of current
(100s of mA, Figure 4b).2°

Increasing NaOH concentration imposes some notable
trends on the electrochemical behavior of EGaln. Firstly, the
magnitude of the oxidation current increases, which is expected
considering —OH is involved with many of the reactions to
produce soluble oxidation products that expose more reactive
metal on the surface. Secondly, the onset of the oxidation
peaks (Py, P,) shift to more negative potentials with increasing
NaOH concentration. This shift means the EGaln oxidation at
P, becomes more favorable with increased OH™ concentration,
consistent with the role of OH™ in Reactions 7 and 8 and
consistent with Nernstian potential shifts. A similar argument
can be made for the shift of P, since OH™ makes reaction 13
more favorable. Further analysis is complicated by the
possibility the pH near the surface may differ from the bulk
due to electrostatic attraction of OH™ anions (that would
increase local pH) or consumption of OH™ anions (that would
decrease local pH).

In contrast to the negative shift in P; and P,, the P; peak
potential shifts to more positive potentials with OH~
concentration. Increased concentration of OH™ requires higher
potentials to reach the transport-limited state that depletes
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OH™ anions in the vicinity of the EGaln electrode to reach a
state of partial re-passivation.

B SUMMARY OF REACTIONS AND CORRELATION
WITH INTERFACIAL ACTIVITY

Based on the experimental results, we summarize in Table 1
the reactions most likely to occur during electro-oxidation of
EGaln in NaOH solution. A complementary goal of this work
is to correlate electrochemical reactions with the associated
surface activity of liquid metal. Thus, we discuss the reactions
co-currently with interfacial behavior.

Figure 5 co-plots the current from Figure 1 with the
interfacial tension (IFT, y) of an EGaln droplet during electro-
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Figure 5. Logarithm plot of current (solid blue line) co-plotted with
interfacial tension, y, of liquid metal (dotted red) vs electrical
potential. The volume of the EGaln droplet and the potential scan
rate are 0.025 mL and 1 mV/s for both plots.

oxidation. By using slow scan rates, we assume that all
measurements are steady state. The tension values we report
during the scan of potential are nearly identical to those
obtained by holding potential constant.

In the absence of electric potential E, liquid metal in 1 M
NaOH solution has an enormous y because NaOH dissolves
the native oxide layer. The tension measured here (~500 mN/
m) is significantly larger than any other liquid at room
temperature. Yet, by E = —0.9 V it has dropped to 90 mN/m.
At E > —0.9V, the tension became difficult to measure by drop
shape analysis because the tension was so low. Our prior
results suggest the tension behaves as if it is near-zero at E =
—0.7 V, which is consistent with the linear extrapolation of the
tension to —0.7 V in Figure 5.2° Thus, we know the tension
continues to drop between —0.9 and —0.7 even though it is
difficult to quantify and therefore does not appear in Figure S.

Oxidation. During the onset of oxidation (—1.525 > E >
—1.44), soluble gallium hydroxide species form (Table 1) via
the electro-oxidation of gallium at P;, which includes a
shoulder. At extremely high scan speeds, a third oxidation peak
(P’,) can appear. Otherwise, the unstable Ga* and Ga®* species
disproportionate to the most stable oxidation state Ga** while
regenerating Ga metal. In this regime, the following two
observations are consistent with Ga(OH); converting to
soluble Ga(OH),™: (1) chronoamperometry shows that the
currents in the oxidation regime in Figure 1 are steady state,
which means that species dissolve at the same rate they form
and do not build up on the surface. (2) The surface remains
shiny and liquid like (as evident by physical prodding, Movie
M1); thus, there is no cohesive film formed. The change in
tension in this regime is negligible.

An earlier study™ suggests that the anodic oxidation at these
potentials occurs through formation of Ga(I) hydroxide, which
rapidly disg)roportionates into metallic Ga and Ga(III)
hydroxide.”® The latter exists as soluble [Ga(OH),]™ in highly
alkaline electrolytes, which is the case in our study and leads to
Ga dissolution and increase in current density, which places
our observations in agreement with the final products reported
previously.

Passivation. Passivation begins when the current drops
rapidly at —1.44 V in Figure 5. In the oxidizing regime, we
could not depress the EGaln droplet with a small wooden rod
since the drop would “slip” around the rod as one would
expect of a low viscosity liquid with high interfacial tension
(Movie M1). In contrast, in the passivation regime (and
regimes at higher potentials) the droplet could be dragged
laterally using the rod, suggesting the surface contained a thin
film despite being very shiny (Movie M2).

When passivation occurs, the surface must change to bring
about such a sudden and significant drop in current at —1.44
V. The surface likely forms GaOOH or more generally, a solid
network of GaO;H,, where y is <3 (i.e., the surface could form
some Ga—O—Ga bonds to make it a cohesive solid). This
interpretation of a hydrated gallium oxide layer is consistent
with prior studies.”” Previous impedance measurements show a
spike in interfacial resistance in the passivation regime,
consistent with a film blocking the surface,”” and in line with
another study observing capacitance spike in 0.1 M NaOH
(which was attributed to either adsorption of water molecules
or a primary layer of oxidized Ga at the surface).** In addition
to this surface film, gallate anions adsorbed to the surface or
surrounding the metal could facilitate passivation by repelling
OH ions from dissolving oxide species at the surface. A lower
concentration of OH™ ions at the surface could also make
formation of GaOOH (poorly soluble) via reaction 12 more
favorable than Ga(OH),~ (highly soluble) via reaction 11. The
importance of OH™ can be explored by varying the
concentration of NaOH in the electrolyte. Prior studies do
not observe the initial oxidation regime (peak P;) when done
at lower NaOH concentrations (0.1 M NaOH).*® Likewise,
when we lowered the NaOH concentration, we also observed a
disappearance of the initial peak associated with the “oxidation
regime” (Figure S6). These results are consistent with our
interpretation of the importance of OH™ for the oxidation
regime (highly soluble products) and passivation regime
(poorly soluble products).

In our prior work, we attributed the dramatic changes in
tension that occur electrochemically simply to “oxidation”.'®
The more refined analysis in Figure 5 shows that the interfacial
tension of EGaln only changes significantly at potentials
beyond the passivation regime (E > —1.35 V). The lack of
changes to interfacial tension suggests that whatever is on the
surface in the oxidizing and passivation regimes is either (1)
not effective as a “surfactant” for lowering tension (in the
oxidizing regime) or (2) a poorly soluble, solid-like coating—
such as GaO;H,—that could mechanically prevent the droplet
from changing shape in the passivation regime even if the
tension at the metal interface is lower. Fluidity is a requisite for
measuring changes in interfacial tension.

Transpassive. With increased potential, positive charges
on the metal can attract OH™ anions from the electrolyte to
the interface. This leads to passivation breakdown, the
formation of soluble gallate species, and an uptick in current.
In this regime, any exposed Ga (including that formed by
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disproportionation) can react directly with OH™ to form
soluble gallate (P,). Attempts to reduce oxide species on the
surface (Supporting Information, Figure S2) suggest that the
surface changes to more soluble forms of gallium oxide (e.g,
gallates) as the potential increases from the passivation to
transpassive regime. The dissolution of oxidized species
explains the lack of reduction peaks during slow reverse scan
rates.

In the transpassive regime, the tension decreases significantly
from 470 to 290 mN/m in a narrow potential window (—1.35
to —1.23 V). Prior studies show that this change scales as E,
which is how electrocapillary behavior is expected to scale. Yet,
the capacitance required to fit the data far exceeds the value of
typical electrical double layers.27 Thus, the change is not
conventional electrocapillary behavior. In addition, the changes
in this regime are hysteretic (electrocapillarity should not be
hysteretic since changes in potential should cause changes in
charge at the surface).”” Thus, changes in the composition of
the EGaln surface likely explain the change in tension of the
metal as the surface transitions to a less passivating and more
soluble composition. For example, y could increase in the
GaO;H, layer or the surface hydroxyls could become more
dissociated (charged). In this transpassive regime, the presence
of a continuous, yet ultrathin, oxide layer is evident based on
the subtle changes in physical behavior (Movie M2 is
representative of all behaviors at E > —1.35). Yet, the steady
state electrochemical oxidation current for any potential in this
range means that oxidized Ga dissolves as fast as it deposits.

Steady-State Oxidation. At the highest potentials ex-
plored here, E > —1.23 V, the current increases nearly linearly
with respect to potential. Since the surface remains shiny and
oxide does not appear to thicken (based on impedance),”” the
increase in current is attributed to an increase in oxidation of
the surface into soluble species. Yet, the poking experiments
show the surface continues to have an ultrathin coating on the
surface (indistinguishable from the behavior and appearance of
Movie M2).

The interfacial tension decreases linearly with respect to
potential from —1.23 to —0.9 V. Thus, in addition to the
surface oxidizing faster (and ultimately dissolving) with
increased potential, something about the surface layer itself
must be changing to cause tension to decrease as potential
increases. It is tempting to attribute the decrease in tension to
the increase in current since both change linearly. Yet, we
observe no significant differences in interfacial tension from 0.2
to 2 M NaOH (Figure S6, Supporting Information) even
though the current in the “steady-state oxidation” regime
varies. Reactions that simply replenish dissolving oxide species
seem unlikely to change the tension, whereas reactions that
change the surface composition (such as the amount of
charged/dissociated oxide species) or drive ionic species (e.g,
OH~ or Ga*) through the surface could create compressive
forces that lower the tension. Prior studies show that
anodization of metals can create compressive stresses,44 as
can surface adsorbed species on metals.”

Importantly, the decrease in tension cannot be explained by
classic electrocapillarity because (1) electrocapillarity is
parabolic with respect to potential whereas here the change
is linear, and (2) the decrease in tension is much larger than
predicted by electrocapillarity over such a small window of
potentials. In addition to ruling out conventional electro-
capillarity, we rule out the direct role of current (Figure S6).
Thus, it seems likely that either the chemistry of the surface

(e.g, adsorbates or charged species) or stress in the thin
coating change with respect to potential in this regime in a way
that lowers the overall tension in the film. While the
production of Ga(OH),” relative to GaOOH becomes more
favorable with OH™ (competing reactions 11 and 12), the
presence of a film-like substance at the surface suggests there is
some GaO;H, on the surface. In this case, the stoichiometry
(y) and the number of dissociated hydroxyls could change with
potential in a way that lowers tension.

In a companion paper,27 we report more mechanistic
insights into the interfacial tension, while briefly highlighting
several possible explanations: (1) Prior measurements on
molten Al show that surface oxide species can lower tension
modestly, similar to a surfactant,® although the oxides formed
in air (Al,O; or Ga,0;) are different than the oxides formed in
this electrochemical environment and therefore likely have
limited applicability to this study. (2) Prior studies have shown
linear dependencies of tension with respect to oxidizing
potential on metal films due to compressive stress associated
with adsorbates.” This explanation seems the most consistent
with our data. (3) The thin film on the surface (GaO3Hy) has
charged groups (such as Ga—O7) that should increase in
concentration with respect to potential. Such covalently bound
charges could behave anomalously relative to conventional
electrocapillarity. (4) While the tension does not appear to
depend directly on current, it is the fate of the current at the
interface that matters. Presumably, most of the current arises
from OHT reacting directly with Ga exposed by dissolving
gallates. Yet, some of the current could pass through the film
itself, thereby inducing compressive stress at the interface that
counteracts surface tension. Prior studies show that anodization
of Al under certain conditions has created compressive stress,
although in such cases the oxide layer is thicker.**

Partial Repassivation. There is a dip in current around
—0.8 V, which denotes the transition to the partial
repassivation regime. This paper does not focus on this
regime, but we offer a brief speculation. It is likely that at these
high current densities, the OH™ at the surface could become
transport limited, thus shifting the surface back to GaOOH or
Ga,0; (Table 1), although the latter seems unlikely as it is not
favorable in aqueous or alkaline media. At even higher
potentials, it is possible to observe a thicker, matte-finish
form on the metal surface, which is consistent with an
accumulation of GaOOH that is slow to dissolve. When we
turn off the potential, we note that the metal does not bead up
as quickly as the other regimes (i.e., whatever is on the surface
is slow to dissolve) and when it does bead up, some poorly
soluble, dark-colored oxide species exfoliate into solution. We
offer these observations as evidence that GaOOH forms at
these higher potentials.

B CONCLUSION

This paper uses a suite of electrochemical techniques to study
the electro-oxidation of liquid EGaln. The work was motivated
by a recent discovery that electro-oxidation significantly lowers
the interfacial tension of EGaln with respect to potential in a
way that cannot be explained by conventional electrocapillarity
and therefore requires improved understanding of electro-
chemistry.'® The surface initially oxidizes to produce soluble
species (if the NaOH concentration is sufficiently high) until
the surface passivates, at which point the current drops. The
passivation layer is likely GaOOH. With increased potential,
the surface becomes more soluble, the passivation layer breaks
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down, the current increases, and the tension drops
significantly. The reactions are summarized in Table 1 and
their correlation with interfacial phenomenon are briefly
speculated upon in the prior section.

An interesting finding from this work is that the tension does
not drop when the first oxide species form; instead, it occurs
when passivation breaks down. The nature of the drop in
tension appears to differ in the regimes we identified
electrochemically. For example, the drop in tension is large
in the transpassive regime, consistent with our interpretation of
changes to surface chemistry and then becomes linear in the
steady-state oxidation regime, consistent with several prior
studies that show linear changes to stress versus potential on
oxidizing solid metal surfaces.™

The findings from these results identify key reactions that
occur during electro-oxidation, underscore the role of scan
speed for identifying reactions associated with unstable species,
and ultimately provide steps to understanding what species
may be driving the decrease in interfacial tension. However, it
does not fully explain how the composition of the surface
changes the tension as a function of potential; opportunities
remain to better understand the mechanism for changes in
tension.
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