ABSTRACT
NITHYANANDAM, PRANESHNANDAN. A Study of Electrochemically Controlled Interfacial
Tension of Eutectic Gallium Indium. (Under the direction of Dr. Michael D. Dickey).

This master’s thesis focuses on the role of electrochemical oxidation of eutectic gallium
indium (eGaln) — a liquid metal — to lower the interfacial tension in aqueous solutions of sodium
hydroxide. Electrochemical oxidation has been shown previously to lower the effective interfacial
tension of liquid metal, but the mechanism is poorly understood. In this thesis, we use
voltammetric techniques and electrochemical impedance spectroscopy (EIS) to provide some new
insights into what occurs at the interface between the liquid metal and the aqueous electrolyte as a
function of potential.

Chapter 1 briefly introduces gallium-based liquid metal and gives some background and
motivation for this work. Chapter 2 provides a background on the experimental techniques and
the tools used to acquire and analyze the data. Chapter 3 briefly introduces the existing
electrochemical reactions for gallium electrodes and proposes an oxidation mechanism for eutectic
gallium indium sodium hydroxide. The oxidation mechanism of eGaln has been divided into five
regimes namely, 'cathodic protection’, 'oxidizing', 'passivation’, 'passivation breakdown’, and
‘partial re-passivation’. We present the chemical and electrochemical reactions that may occur in
these regimes with sufficient evidence. Chapter 4 provides the electrochemical impedance
analysis of eGaln electrodes in 1M NaOH. Impedance spectra at potentials near the transition of
oxidation regimes have been recorded for both forward potential sweep (FS) and backward
potential sweep (BS) to better understand the oxidation mechanism and its physical implications.
The EIS analysis showed five unique impedance trends that include capacitive behavior, non-ideal

mass transport behavior, inductive behavior, and the appearance of a second capacitive loop. We



discuss these impedance trends in detail based on the oxidation mechanism presented in chapter 3.
We also characterized the surface oxide film and estimated its thickness indirectly using EIS.
Finally, Chapter 5 demonstrates the unique interfacial tension behavior of eGaln during electro-
oxidation. The interfacial tension suddenly dropped in the passivation regime and continued to
decrease linearly in the passivation breakdown regime during the FS, contrary to the parabolic
decrease observed in other liquid metals like mercury. Additionally, the interfacial tension
increased linearly in the BS showing hysteresis behavior. Based on the electrochemical oxidation
mechanism and the impedance trends, we discuss the reason behind this in detail.

The research reported in this thesis serves as an update to the previously reported work on

interfacial tension modulation phenomena in gallium-based liquid metal.
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Chapter 1 : Why are liquid metals interesting?



Abstract:

This chapter provides a brief introduction of gallium-based liquid metal and its properties.
One of its unique properties is surface tension, liquid metals have a large surface tension compared
to any other liquids (eGaln in vacuum ~634 mN/m compared to water 72 mN/m). Prior work
demonstrated that the interfacial tension of eGaln can be lowered to near-zero values by applying
an oxidative potential, and the resulting oxide formation is suspected to be the cause for it.
However, the details behind this mechanism is not clearly understood. In this master's thesis we
discuss the role of electrochemical oxidation of eutectic gallium indium — a liquid metal — in
aqueous sodium hydroxide solutions. We use electrochemical techniques in this thesis to get fresh
insights into what happens at the liquid metal-aqueous electrolyte interface as a function of

potential. This chapter provides some context and rationale for the project.

Introduction:

Liquid metals are defined here as metals that exist as liquids at or near room temperature.
Mercury (Hg), francium (Fr), cesium (Cs), rubidium (Rb), and gallium (Ga) are among the few
metals that have such properties; cesium and francium are radioactive, whereas rubidium is
explosive. Therefore, only mercury and gallium are fit for practical applications®. Mercury is one
of the most widely recognized liquid metals found in dental amalgams, thermometers, barometers,
and fluorescent lamps2. Other applications include using calomel (Hg2Cl2) in medicine,
pyrotechnics, electrodes for electrochemistry, and catalysts®. However, the use of mercury has
been on the decline due to its toxic natured. For this reason, silver-silver chloride (Ag/AgCl)
reference electrode has replaced the hazardous standard calomel reference electrode. In contrast,

gallium is considered to have low-toxicity*, as Ga®* has similar properties to Fe3* and Al®*, so



blood can absorb Ga** to form a transferrin-gallium complex much like Fe3*. However, increasing
concentrations of Gallium ions tend to become toxic []. It also does not evaporate since it has ultra-
low vapor pressure (effectively zero at room temperature and only 1 kPa at 1037°K®), making it a
suitable replacement for mercury®. This thesis uses gallium and gallium alloys.

Gallium was discovered and extracted from zinc blend ores in Paris by Paul-Emile Lecoq
de Boishaudrab in 1875". Unlike mercury, pure gallium is solid at room temperature and has a low
melting point of 29.75°C (slightly higher than room temperature)'®-1%9°, Gallium can easily form
alloys with most metals and is commonly used to prepare eutectic alloys (i.e., the melting point of
the resultant alloy is smaller than the source metals). Some of the most popular eutectic alloys
include Galinstan (68.5 wt.% Ga, 21.5 wt.% In, 10.0 wt.% Sn) with a melting point of 10.7°C and
eutectic gallium-indium (eGaln) (75.5 wt.% Ga, 24.5 wt.% In) with a melting point of 15.5°C?.
Gallium-based liquid metals have low viscosity, high electrical and thermal conductivity that make
them suitable for both stretchable electronics* and other applications such as antimicrobial
coatings'?, microfluidics!?, batteries®?, and wearable devices**4.

The surface of the gallium-based liquid metal reacts rapidly with air to form a ~3 nm native
oxide skin and is made up primarily of amorphous or poorly crystallized gallium oxide (Ga203)*%,
although in pH neutral solutions the oxide becomes GaOOH*417, The tendency for gallium to form
oxides is greater than the other elements in these eutectics (i.e., Zn, Sn, In), even under low oxygen
concentrations. Hence all gallium-based liquid metals show similar interfacial surface behaviors
in oxidative environments®®. Furthermore, the oxide skin can adhere to any surface it comes in
contact with and maintain shapes that would not be possible due to surface tension**®. The
presence of oxide skin is a critical feature that allows the possibility of soft and stretchable

electronics and printing 3D structures®®.



Although the oxide skin does not significantly impact the electrical transport across the
interface, the presence of oxide can interfere with sensitive electrical measurements®. This oxide
skin can be removed using an aqueous acid (e.g., HCL) or base (e.g., NaOH). NaOH (aq) is the
most frequently used electrolyte in most literature as it is safe and less volatile than commonly
used acids (HCI)%.

Motivation:

In the absence of an oxide skin, gallium-based liquid metals have a high surface tension
(~624 mN/m in ambient conditions for a pendant droplet of eGaln?>2! ); for reference, water's
surface tension is 72 mN/m'®%2, Because of the strength of metal-metal bonding, the surface
tension of liquid metals is higher than that of other non-metallic liquids®. It should be made clear
that the term “surface tension” corresponds to the force measured in vacuum, whereas the term
“interfacial tension” corresponds to the interfacial forces in liquid medium. We use the term
‘effective interfacial tension’ to include the contribution of oxidation. The interfacial forces
become dominant and significant at smaller length scales because Laplace pressure is proportional
to yR™1, generating large forces when the material has a small radius of curvature (R)!®. Thus,
controlling the interfacial tension is an effective way to generate forces that can move and
manipulate the shape and position of liquid metals. The ability to do so enables shape
reconfiguration of the liquid metal for electromechanical soft actuators?®, functional
microfluidics?*?’, LM valves, pumps?8, liquid metal wires?® and thermal switches3%'7:26, Hence the
ability to control and manipulate surface tension of liquid metal is sought after for applications in

soft, stretchable, and shape-reconfigurable devices, especially in sub-millimeter scale.

The surface tension of liquids can be controlled using a wide variety of methods, including

temperature®2631, light®2, surface chemistry®3, and electrostatics®*, but these methods have limited



utility for modulating liquids with high surface tension. Among these methods, 1) changing the
surface chemistry (surfactants) and 2) electrostatics are most effective especially for liquid
metals®18, Surface active agents or surfactants are compounds used to lower the surface tension
of two liquids, they are usually amphiphilic organic compounds, meaning they have both a
hydrophobic group (tail) and a hydrophilic group (head) that helps in decreasing the surface
tension 3526, This decrease in surface tension is inversely proportional to surfactant concentration
until the critical micelle concentration (CMC), beyond CMC no significant change in surface
tension occurs. Fluoro-surfactants are the most effective surfactants available for lowering the
surface tension of water; for example, perfluorooctanoic acid (PFOA) can lower the surface
tension of water from 72 mN/m to 15.2 mN/m?’, while sodium dodecyl sulfate (SDS) can also
reduce the tension of water to ~27 mN/m38. SDS are preferred over fluro-surfactants for most
applications due to their biocompatibility. Surfactants can only induce modest tension changes in
liquid metals; for example, alkythiol was found to reduce the surface tension of mercury by ~438.6
mN/m3 to ~378.6 mN/m*, and SDS was found to reduce the surface tension of Galinstan from
420 mN/m to 385 mN/m*.. The major disadvantage of using surfactants is that this process is
irreversible*!. Figure 1.1a. shows the interfacial tension of eGaln (in vacuum) in comparison with

water, water + SDS, Silicon Oil?°.
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Figure 1.1 a) Shows the surface tension of oxide free eGaln in vacuum?! in comparison with water 3742, Silicon Qil*?, water +
SDS® and eGaln in 1M NaOH when ~1 V is applied!>!8, and b) Demonstrates the reversible interfacial tension nature of eGaln,
when an oxidizing potential of 1 V is applied, the eGaln droplet forms irregular fractal patterns during oxidation and reverts back
to its original spherical morphology once a reducing potential of -1V is applied to, adapted from?5,

An alternative method to control surface tension of liquid metal is to apply an electric
potential. Applying an oxidative potential to an eGaln electrode in 1M NaOH causes an enormous
drop in interfacial tension from ~500 mN/m at 0.0 V to near-zero values at ~ 1.0 V (here, the
reported voltages are applied relative to open circuit potential). Figure 1.1 shows the effectiveness
of using electroactive methods to lower interfacial tension of eGaln®®. This method is attractive
because of its ability to tune the interfacial tension on command reversibly. This phenomenon is
often associated with electrocapillarity*344. Electrocapillarity is a thermodynamic phenomenon
that is observed at charged interfaces, and it is especially attributed to changes in interfacial energy
(stress or tension) as a function of electrode potential or composition of electrolyte®. From its
initial observation in mercury, electrocapillarity has been extended to other solid electrodes to

study the equilibrium properties of electrode/electrolyte interfaces*s. The interpretation of
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electrocapillary observed in liquid metals in contact with an electrolyte is based on the concept of
ideal polarizability*>#¢, For a ideally polarized electrode the relationship between interfacial
tension, surface charge density and applied potential can be described by Lippman equation
derived from Gibbs relations, shown by equation 1.1, where y,,. is the interfacial tension at the
point of zero charge, C is the capacitance per unit area of double layer, and V is the applied

voltage!>#547

1 2
y(V) = Ypze — EC(V - szc) (1.1)

In electrolytes, liquid metals develop a net surface charge across the interfacial boundary
due to ion transfer, creating an electrical double layer (EDL)*“8, Typical capacitance values for
EDL in literature are in the range of ~ 20 to 30 puF/cm? 4350, Applying a potential ‘¥, changes the
amount of charge stored in the EDL (and therefore capacitive energy) at the interface, which
dictates how much the tension drops, according to equation 1.1. It has been shown that at
sufficiently large potentials the charges across the interface can start combining via Faradaic
reactions. For example, if the electrolyte is aqueous, these reactions can generate oxygen or
hydrogen bubbles via oxidation or reduction of water, respectively'’. So, equation 1.1 is only valid
in a limited potential window where only capacitive behavior exists and fails when electrochemical
reactions occur. This is limitation is particularly important for Ga-based liquid metals due to their

reactivity toward oxygen and water®,
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Figure 1.2: a) Shows effective interfacial tension (black squares) of eGaln in 1M NaOH as function of applied potential (data
retrieved from 15, The red dotted line represents the hypothetical interfacial tension if eGaln followed the electrocapillary equation
(equation 1.1). The orange circle is the estimated effective interfacial tension based on the capillary height of the droplet'>#’. and
b) Shows the gradual decrease in the interfacial tension of 0.1ml eGaln sessile electrode in 1M NaOH for a potential range from -
0.1V to 0.5V (side view).

Figure 1.2a shows the electrocapillarity trends of eGaln in 1M NaOH calculated using
equation 1.1 (for a typical EDL capacitance ~ 25 puF/cm?)*. The measured effective interfacial
tension of EGaln in 1M NaOH was found to follow electrocapillarity trends for potential (cathodic
potentials) up to 0.05 V, after which the interfacial tension drops significantly and deviates®>18,
This is because the electrocapillarity equation which derived by integrating the Lippmann
equation; does not account for Faradaic reactions that produce oxide®® and gallium based liquid
metals form an oxide layer at potentials greater than 0.05 V151718,

Despite the growing interest in this anomalous interfacial behavior, the mechanism by
which electric potential lowers interfacial tension is poorly understood. Our group’s first report

speculated that the surface oxide formed during oxidation acts as a surfactant and significantly



lowers interfacial tension'®. Nevertheless, this report did not explain the continued drop of
interfacial tension after oxide formation nor provide an explanation for its mechanism. The
presence of surface oxides complicates the interfacial behavior of liquid metals. To capture this
complexity, the term 'effective interfacial tension' is used hereafter to account for all of the effects
(e.g. stress in the electrodeposited oxide species, electrocapillary effects, and the tension of the
liquids that interface with the oxide)*®.

Normally, understanding interfacial phenomenon requires elucidating what species at the
interface. However, in the case of electrochemical oxidation of Ga, this is difficult to do for several
reasons. First, although anodizing EGaln makes the oxide thicker (a technique used commercially
on metals such as Al to improve corrosion and wear resistance®°?, using 1M NaOH dissolves the
oxide as gallates. As a result, both electrochemical oxidation and dissolution happen
simultaneously; in such a case, assessing the steady state thickness of the oxide is challenging.
Furthermore, when the potential is returned to zero, any species on the surface dissolve, making
chemical identification of species on the surface difficult. In case of other electrolytes such as 1M
HCI and organic solvents the oxide skin formed during the anodizing process does not disappear,
the presence of a thick oxide shell affects the electrical property and restricts its use for applications
such as microfluidic channels. Our group’s recent work suggests that the liquid metal interface
has viscoelastic properties under oxidative potentials®. This property of the oxide allows the liquid
metal to maintain its shape at reasonable electrode potentials as the interfacial tension decreases.
However, at high oxidative potentials as the oxide thickness increases there is considerable
Marangoni stress on the interface of liquid metal causing the interface to flow, forming fingering
instabilities®®. Hence making it difficult to retrieve information about the oxide species from s

dynamic interface®®18.22,



Despite these challenges, cyclic voltammetry studies of gallium in alkaline solution with a
limited potential window of 0.0 V to 0.5 V show a oxidation peak at 0.05 V (for a scan rate of 3
mV/s) that correspond to oxide formation *>7. The surface tension drop was also observed in the
same potential window, suggesting a direct correlation between oxide formation and interfacial
tension change®. Ongoing work in our group seeks to use electrochemistry techniques to indirectly
provide information about what is chemically on the surface versus potential.

Although it is challenging to know what species are on the surface, it is possible to measure
the interfacial tension of EGaln as a function of potential by evaluating the shape of sessile
droplets. The shape of a droplet is initially spherical (at 0 V, y~500 mN/m) and flattens as a
function of potential from 0 V to 0.7 V, shown in Figure 1.2. It flattens due to the effects of gravity
as the tension lowers. At potentials near 0.8 V, the morphology of the droplet becomes irregular
(fingering instabilities), creating fractals shapes, shown in Figure 1.1b%22, Such high surface area
protruding shapes would only be possible if interfacial tension was very low. That work speculated
that the oxidation creates a compressive force at the interface that helps lower the effective tension.

Electrochemical impedance spectroscopy (EIS) is another technique that can indirectly
give information about what is at the surface. The focus of this thesis is on using EIS to give new
insights into electrochemical oxidation of EGaln in aqueous electrolytes. Prior work shows that
the electrochemical oxidation behavior of eGaln was classified into 1) oxidation 2) passivation
and 3) transpassive regions'®. The impedance analysis of eGaln in the oxidation and the
transpassive regime show behavior that suggest the presence of pit formation on the oxide surface
while the surface of eGaln is completely covered by oxide in the passivation regime 4. Although
these reported results are consistent with the prior cyclic voltammetry observations, they do not

accurately describe the electrochemical oxidation behavior and its accompanying physical changes
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to the eGaln electrode. The role of the oxidation and the accompanying interfacial tension change
will be discussed in detail in chapter 4 and chapter 5.

With this thesis, we use voltammetric techniques and EIS to provide new insights into the
interfacial behavior of EGaln during electrochemical oxidation. Chapter 2 discusses the
experimental techniques that we use to collect and analyze the data. In Chapter 3, we provide a
brief introduction of the existing mechanism for oxide formation and discuss the current speculated
oxidation mechanism in detail; Chapter 4 explores the electrochemical techniques used to
indirectly characterize the surface oxide, such as electrochemical impedance spectroscopy (EIS),
dissolution and dissociation. Finally, Chapter 5 summarizes the thesis and provides suggestions

for next steps to build on this work.
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Abstract:
In this chapter we discuss the experimental techniques and the tools used to acquire and

analyze the data.
Materials and Methods:
Electrodes and electrochemical cell

1M NaOH

R
e W et U

" eGaln (WE).

; 4.7; /«AGI AgCliam ko (Ref).

S — WA

Pt mesh(CE)

Figure 2.1: A three electrode Electrochemical cell. Where, eGaln is the working electrode (WE), platinum mesh is the counter
electrode (CE) and Ag/AgCl amkci is the reference electrode (Ref) in 1M NaOH electrolyte solution.

The working electrode was a 0.1 ml eutectic gallium indium alloy (eGaln) droplet, with a
composition of 75% Ga and 25% In. The electrochemical cell consisted primarily of a three-
electrode system. A platinum mesh electrode and a silver/silver chloride reference electrode Ag
|AgCl | 3M KCI are used as the counter and reference electrode. The electrochemical cell holds
the eGaln droplet on an acrylic platform. A copper wire is completely wetted with eGaln to avoid
any exposed copper and attached to the platform; this wire supplies voltage to the liquid metal
electrode and prevents the droplet from moving laterally, as shown in Figure 2.1. The copper
contacts were inspected for corrosion and cleaned by sanding the corroded part before performing
the experiment. 1M sodium hydroxide was used as the electrolyte and was prepared freshly before

use.
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Electrochemical Measurements

All the experiments were conducted using a Biologic electrochemical test station (VMP3
Potentiostat- galvanostat). We used a three-electrode electrochemical cell shown in Figure 2.1,
for Cyclic voltammetry (CV), chronoamperometry (CA), linear sweep voltammetry (LSV), and
electrochemical impedance spectroscopy (EIS) experiments. The surface area of the electrode was
~120 mm? for a spherical 0.1 ml eGaln droplet at open circuit potential. In all coming discussions,
‘E’ represents electrical potential. The electrochemical cell was covered by a Faraday cage to
prevent noise and external disturbances during the experiment. All experiments were performed

at room temperature of 25+1 °C.

+ NHE Ag|AgCl|KCl3, SCE -

-210 mV 32 mV
-242 mV

Figure 2.2: Conversion factors to convert electrode potential to Ag| AgClawm ke, adapted from *

The open-circuit potential of eGaln in 1M NaOH is approximate —1.5 + 0.01 V vs. Ag |
AgCl || 3M KCI reference electrode. Figure 2.2 shows the conversion factors and how to convert
applied potential between different reference electrodes. For example, a-1.0 V' vs. Ag | AgCI | KCI
3M is equivalentto -0.79 V vs. NHE (Normal hydrogen electrode) and -1.032 V vs. SCE (Saturated
Calomel electrode)?3. For clarity for the sake of non-electrochemists, all subsequently reported
potentials are shifted relative to open circuit potential (OCP) by adding to the observed value (i.e.,

Eaglageysm kcry = —1.5 Visequivalent to Epc = 0 V). All measurements were performed in 1M

NaOH electrolyte (unless otherwise stated).
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Impedance experimental parameters

The impedance measurements were performed in the frequency range of 100 MHz to
100mHz with 12 sampling frequencies per decade at various potentials. The working electrode
was stabilized for 5 sec before the impedance run to allow the electrode to attain a steady state to
achieve a reproducible initial state. the experimental impedance data were analyzed using EC-Lab
software*. The impedance spectra were plotted in complex plane diagrams (Nyquist plots), and the
equivalent circuit models were fit using the simplex minimization function.
Interfacial tension measurement

During eGaln electro-oxidation, we measured the electrical current (I) and interfacial
tension (IFT, y) simultaneously. To quantify IFT, we used a microscope camera to record images
taken from the side with a goniometer (FTA32 software, First Ten Angstroms Company, USA)
and interfacial tension (y) measurements are made using a custom-written MATLAB code,
explained in the later sections. Theory:

Interfacial tension measurement using sessile droplet:

Side View Top View

Figure 2.3. Profile of a sessile droplet computed by integrating the Laplace equation using standard numerical methods, taken
from 5.
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Studying the shape of sessile as a function of electrical potential provides insights into the
physical impact of electrochemical oxidation on the effective interfacial tension of the liquid metal.
A sessile droplet refers to the droplet configuration when resting on a surface, as shown
schematically in Figure 2.3. To accurately measure the interfacial tension of droplets, the diameter
of the droplet must be large enough for the gravitational forces to act on it, as surface tension forces
balance the gravitational forces when the droplet is in equilibrium, and the size of the this droplet
is called 'capillary length,' given by A, = (Y/pg)l/zﬁ, where A is the capillary length, vy is the
surface tension, g is the acceleration due to gravity, and p is the density of the eGaln (if a droplet
is immersed in a second immiscible fluid, then the p is the difference in the density of fluids).
eGaln has an effective interfacial tension of ~500 mN/m in the 1M NaOH?7, As the presence of
oxide creates two interfaces, namely the liquid metal/oxide and the oxide/electrolyte. Hence, we
use the p as the difference in the density of fluids to calculate the capillary length (A.) and for of
eGaln in 1M NaOH it is found to be 3 mm. For droplets with a radius smaller than 3 mm, the shape
of the droplet does not distort as the effect of gravity becomes negligible.

The surface tension of a sessile droplet is calculated using the formula developed in ° using
Morse-Witten theory. This method uses only two length measurements, L, (the maximum
equatorial droplet radius) and L,, (the distance from the midpoint of the equator to the apex of the
droplet), assuming the droplet is symmetric in x and y length scales, as shown in Figure 2.3. The

formula is given by:

Apgln2 (L + L)’
YMW - 24 |LX _ Lyl

[1F3c+3c?Fcl (2.1)
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1—ln2) |Lx—Ly|

With ¢ = ( In2 / (Ly+Ly)

(#+: — for sessile droplet, + for pendant droplet). This expression

holds until the sessile droplet maintains its shape and is accurate in the limit y~! - 0.
Furthermore, the Morse-Witten results were found to be asymptotically exact in the limit of small

deformations.

DC electrochemical techniques:
Linear sweep voltammetry (LSV)

LSV is a technique to study the behavior of an electrochemical system by recording the
Faradaic current during a potential sweep from an initial potential (Ei) to a final potential (Es) at a
particular scan rate 2. This technique can be used to obtain preliminary information regarding the
electrochemical reactions and the electron-transfer steps. An advanced version of this technique is

cyclic voltammetry.
Cyclic voltammetry (CV)

CV is a powerful and popular technique used commonly used to investigate the reduction
and oxidation process of molecular species 8. Like LSV, this method involves sweeping potential
from an initial potential (Ei) to a final potential (Es) at a particular scan rate, however instead of
terminating the potential, we sweep it back to Ei while recording the faradic current 3%
Additionally, it can be used to study electron transfer-initiated chemical reactions 8. The current
response increases or decreases depending on the reactions that happen near the electrode surface;
at potentials where oxidation or reduction occur, peaks are observed. This method can be used to
probe the nature of the electrochemical reactions system by studying the shapes and position of
the oxidation and reduction peaks®°%°. Depending on the position of the peaks, the electrochemical

system could be either chemically reversible or irreversible or electrochemically reversible or
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irreversible. The position and the magnitude of the peaks also change with scan rate. Due to this
reason, it is said that CV is like a fingerprint of an electrochemical system. The Randels-Sevcik

equation determines the shape of the LSV and CV plots for planar electrodes 2,

(2.2)

anDO>1/2
RT

iy = 0.446nFACOO(

where i, Is the current, v is scan rate, C,, is the bulk concentration of the analyte, A is area
of electrode, F is the faradic constant (96485C/mol), R is the gas constat, T is the temperature, n
is the number of electrons transferred, and D, is the diffusion coefficient of the oxidized analyte.
For spherical electrodes (e.g., Hanging droplet mercury drop) a correction is required, and the peak

current is given by equation 2.3, where 7, is the radius of electrode®.

ip = iy(plate) + 0.725 x 10°

(nACOODO) (2.3)

To
Chronoamperometry (CA)

CA is a steady-state potential step technique where the potential of the working electrode
is changed instantaneously while recording the current response with respect to time3. This
technique is useful for studying electrochemical systems at long- and short-time scales. The time
scale is a significant parameter to understand electrochemical systems. At long-time scales,
diffusion becomes the rate-determining step, whereas, at short-time scales, reaction Kinetics
dominates. The electrode and electrolyte interface charging can also be inferred from the short-
time scale studies 2. Furthermore, this technique can be used to determine the adsorption isotherms
and obtain information about the kinetics of the electrochemical system. The current response is

given by the Cottrell equation for spherical electrodes®**.

1,
i = nFAC,, <(%) + 2—) (2.4)
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AC techniques:

Impedance spectroscopy is an AC technique that uses traverse function to describe the
input and output relationship of time-variant system. The input and output signals of transverse
function are generally expressed as a sum of sines and cosines*?*3. Methods that use sinusoidal
signals to analyze the current response were first employed to study fast electron transfer kinetics®.
So, AC techniques have gained a tremendous importance in corrosion studies, where a complete
analysis of the kinetics near the surface and in bulk is studied?®2,

Electrochemical impedance theory is a well-developed branch electrochemical technique
that describes the current response (1) of a circuit when an AC voltage source (V) is applied to
probe the electrochemical system®213, In DC theory (a special case where the frequency is 0 Hz),
The resistance to the flow of electrons in an electrical system is defined by Ohm's law: R = E/I,
where E is the applied dc source potential, I is the measured current and R (ohm) is the
resistance**213, However, in AC theory where both E & I are a function of frequency, the equation
analogous to Ohm's law is E(w) = ZI(w), where Z is defined as impedance that describes the
resistance to the flow of electrons as function of frequency. Unlike In dc circuits, resistors (R),
capacitors(C) and inductors (L) resist the flow of electrons'213, So, an electrochemical cell can be
described using impedance by an AC voltage source, where the impedance is expressed as a circuit

with a combination of resistors, capacitors, and inductors*,
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E,I I(t) = Asin(wt + 6)
A E(t) = Asin(wt)

N FANN
NS

Figure 2.4. Waveforms for an ac potential and its resulting current across an arbitrary circuit., where E(t) and I(t) are
ac potential and resulting current waveforms, A is the amplitude, and @ is the phase difference between the two
waveforms, respectively®s.

Figure 2.4 shows the plot of a typical input and output signals across an arbitrary circuit
(electrochemical cell), where A is the amplitude, w is the frequency in radians (w = 2xrf), t is the
time period, and ¢ is the phase angle. Based on the recorded current response the impedance (2)

values of the electrical system for a range of frequencies are calculated. Impedance values are

generally expressed in terms of complex numbers: Z = Re(Z) + j Im(Z), where j = V-1 (to
avoid confusion with current notation) and the phase angle is given by tan 8 = Im(Z)/Re(Z).
1213 The rear part of impedance Re(Z) describes the resistive behaviors whereas the imaginary part
Im(Z) describes the capacitive and inductive behaviors associated with the system. These
impedance behaviors can be represented with appropriate circuit elements in an equivalent circuit,
and the circuits are designed to describe the electrochemical and physical behaviors associated
with it, for example electrode/electrolyte reactions at the interface®2%, In the following sections
we will discuss the common circuit elements used in electrochemical impedance spectroscopy

(EIS) and some frequently seen equivalent circuits.
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Circuit elements:

Table 2.1 Represents the circuit elements used to model the electrochemical circuit 224

Circuit

Notation
elements

Equation

Physical representation

Resistance (R)

Zr=R+0j,

Solution resistance, circuit
resistance etc.

Capacitance (C)

Zc=0+1/jwC, w = 2nf
a=1

Represents an ideal capacitive
element, e.g., electrical double
layer.

An element that lowers current

SYYY = jwl, w =
Inductance (L) Z=0+jol, @ =2nf flow but allows charge transfer.
Zo =0+ w)e Represents circuit elements with
Constant phase element Q Q) p . .
% )_ P ment (@ |, 2nf and a = the ideality factor non-ideal behavior.
arburg impedance w= )05 0 W = 2TC esistance toward mass transfer
Warburg impedance (W Zw =0+ o) 2nf | Resi d f
Electrochemical reaction
Zg=0+1 : ,w =21
AT Gerischer phase element (G) G /_QFK +Hjw)os f coupled with diffusion or
K= equilibrium constant

(irreversible chemical reaction).

The impedance expressions for various circuit elements are shown in Table 2.1. Passive
circuit elements do not generate any current or potential and are used to construct electrical circuits.
A combination of resistors (R), capacitors(C) And inductors (L) can be used to make equivalent
circuits representing the current responses. Resistors have no imaginary component, and the phase
shift between the current and voltage is zero. So, current and impedance are independent of the
frequency for a resistive element'223,

Conversely, the capacitor's impedance depends on both the frequency and capacitance. The
current is always out of phase by n/2 for an ideal capacitor. As C < 1/w, meaning at high
frequencies, the capacitor acts as a short circuit (Z — 0), and at low frequencies, it is in an open

circuit (i.e., Z — o). Like a capacitor, the current flowing through the inductor is out of phase with
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the voltage but by -n/2. Unlike capacitance, inductance (L) is proportional to frequency, so the
impedance increases with frequency®21,

However, the impedance behavior of an electrochemical system cannot be completely
captured only by using ideal resistors (R), capacitors(C) And inductors (L). To represent
electrochemical specific behaviors, circuit elements like constant phase element (CPE), Warburg
impedance (W), and Gerischer phase element (G) were created; these elements as they change
with frequency and are most suited to represent non-ideal behavior of a system®14, A constant
phase element (CPE) is used to describe any non-ideal behavior of a capacitive or inductive
element and can also improve the circuit model's fit. Warburg impedance (W)* and Gerischer
phase element (G)® are special forms of CPE that represent the resistance offered by diffusion/
mass transfer and an electrochemical reaction coupled with diffusion, respectively. The
relationship of impedance of circuit elements with frequency response is shown in Table 2.1
Equivalent circuits and representation

An electrochemical cell is essentially an impedance to a small sinusoidal signal; the
impedance offered by the solution, electrode, chemical reactions, and mass transfer can be
expressed as an equivalent circuit using a combination of circuit elements mentioned in Table 1.
Macdonald says that equivalent circuits are more merely analogs, rather than models that describe
an electrochemical system®. The impedance responses of the system and equivalent circuit
represented by plotting the real (Re(Z(w))) and imaginary (Im(Z(w))) components of impedance
from high to low frequency (i.e., from right to left respectively). This plot of Re(Z) vs.Im(Z) is
called a Nyquist plot and is a popular format for evaluating the electrochemical impedance
behavior'213, Alternative representations to study impedance include 'Nyquist admittance’, 'Bode

plot', and 'Bode admittance’ . Figure 2.5. shows some of the frequently used equivalent circuits
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and its corresponding impedance behaviors (Nyquist plot) in the literature. The equivalent circuits

are built based on the impedance response. Also, an equation for impedance of the equivalent

circuit can be derived mathematically using impedance circuit elements.

a) Ret —
Rsol Lg/
1l
I
Ca Re(z)
Car
b) | ) —_
Rsol | I %
o—AAN/ —} -
Ree Re(z)
Car
c) i -
Rso1 =
—A\MN\—1 o » £
Rmetal Re(Z)
CO).’
c) Reea Ret2 1

-Im(z)

}
5

Cara Car2 Re(z)

Figure 2.5 shows the most common equivalent circuits used for the EIS. a) Randels circuit®, b) a Mixed kinetic and diffusion
control circuit 12, ¢) Ladder circuit ® and d) Voigt circuit!? with their corresponding impedance behaviors represented by Nyquist

diagrams.

Figure 2.5a Shows the Randels equivalent circuit and its respective Nyquist plot. This
circuit often describes the electrode/electrolyte interface®!213, The current flowing at an electrified
interface due to an electrochemical reaction always contain both faradic and non-faradic
components®. The faradic component is due the charge transferred via a reaction by overcoming

a potential barrier (R,;) along with the solution resistance is given by a resistor (R,,;), while the
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non-faradic component arises from charging the electrical double layer C,4;. The circuit elements
in Randel's circuit can easily be equated to familiar physical phenomena such as adsorption or film
formation and a semicircle trend in the Nyquist plot indicates a capacitive loop that represents the
impedance behavior of a typical Randels circuit®**, Figure 2.5b. shows an equivalent circuit for
Mixed kinetic and diffusion control behavior; this circuit describes the electrode/electrolyte
interface that has a mass transport element associated with the reactions at the interface®?. So, an
additional element called Warberg element is added the Randell’s circuit to represent the mass
transport (diffusion) phenomena. The impedance response in the Nyquist plot shows a straight line
with a 45" slope in the low frequency region. The straight line is present in the low-frequency
region, indicates a mixed phenomenon due to reaction Kinetics and diffusion®23,

Ladder equivalent circuit shown by Figure 2.5c. often describes a corrosion of the
electrode surface (pitting behavior)®*2. The Nyquist plot for this circuit has negative capacitance
loop (also called inductive loop) in the low frequency region and this impedance behavior is
typically observed in systems where the surface of the electrode experiences a change on its surface
or near the electrode/oxide interface. Figure 2.5d. describes a Voigt circuit, this circuit is used to
model the existence of a second (or incomplete) film formations or adsorbed interface??, each
existing film present on the surface is represented by a RC circuit in series with the solution
resistance. The Nyquist plot shows the impedance behavior of this system as dual capacitance

loops (i.e., A second capacitance loop in the low frequency region).
Diagnostic criteria and the determination of the equivalent circuit

Based on the trends in the Nyquist plot, a suitable equivalent circuit model that can model
the impedance data can be built. It is possible to have more than one explanation (i.e., one electrical

circuit) for a particular observation, as the transfer function approach is universal and can be
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applied to various mechanical, electrical, and optical systems'?*3, A good equivalent circuit should
equate its circuit elements to the physical or chemical aspects of the electrochemical system.
Finally, the measured impedance data needs to be validated before analysis.

Kramers-Kronig (K-K) analysis, relations are used to evaluate the quality of impedance
data. K-K relations works on the principle that there is dependence between magnitude and phase
41213 For impedance data to satisfy K-K relations the data must be linear, causal, and stable; but
K-K transform requires integration of frequency from 0 to infinity. Hence, evaluation of K-K
relations using integration is not practical (as the spectral range need to evaluate this data is not
generally measured). K-K analysis in practice is done by fitting a series of Voigt circuit proposed
by 7 to the spectral data (Figure 2.6). The Voigt circuit is made up of a resistance in series with
‘m” Voigt elements, and Voigt elements is a resistor in parallel with a capacitor. The parameter m
depends on the number of data points in the complex plane. The measured impedance data points

are fit for modeling if they are compliant with the K-K analysis*.

R;
Rsol
o—AMN- ---{ ]»--
Q; m

Figure 2.6 Shows the Voigt equivalent circuit used for Kramers-Kronig (K-K) analysis. Where m Voigt elements are present
and2 < n < m 4317,

Impedance data modeling, All the impedance spectra analysis are performed using EC-
lab software has a tool called Z- fit. For a given equivalent circuit, all the circuit element
parameters are assigned initial random values using a randomizer, and the error (x?) between the

experimental and the estimated impedance is minimized. The best set of parameter values are the
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values that yield low x? (error) and are consistent with its physical attributes. x? gives the estimated
difference between the real data and simulated data, assuming the standard deviation o is constant

for each frequency value. the expression for x? is given by:

meas(l) Z;Lmul(fu p) |2 (25)

i

M:

i=1

Where, Z,,.4s(i) is the measured impedance at the frequency f;, Zgimw (fi,p) is the
estimated impedance for the circuit model, f; is the i** frequency, p is the circuit element used
in the model (such as R.;,Rs,;, C4; --- ) @nd oj is the standard deviation.

The tool contains three minimization methods for minimizing y?, as follows: (1).
Randomization (the software picks random values for parameters and minimize y?), this method
is mostly used to find the initial values for further minimization (2). Simplex method, this method
is mostly used to minimize linear functions, and (3). Levenberg-Marquardt method, used for non-
linear minimization, and often used for linear squares problems .

We use the randomization function in the Z- fit tool that assigns random values to the
circuit parameters to yield low x? (error), and subsequently use Levenberg-Marquardt
minimization method to find the model that fits best our equivalent circuit®. A parameter called
dev is calculated using Levenberg-Marquardt minimization algorithm provides an estimate of the
relevancy of the circuit parameters used in an equivalent circuit, a high dev value means the
variation of the parameter value is high and the absence of the parameter will not affect the fit of
the circuit model. it also means that the said parameter is not critical to the minimization process

and can be omitted form the equivalent circuit model“.
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Chapter 3 : Role of Electrochemistry on the Interfacial Phenomena of Eutectic Gallium

Indium
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Abstract:

The electrochemical oxidation of gallium-based liquid metals decreases its interfacial
tension dramatically®2. This chapter discusses the electrochemistry of liquid metals (eutectic
gallium indium) in sodium hydroxide solution to elucidate the species formed on the surface as a
function of potential and how these surface species affect interfacial tension. This chapter provides
insights into the surface oxide species such as GaOOH and Ga(OH)4~, that can be controlled
electrochemically to manipulate the interfacial tension.

Introduction:

The electrochemistry of Ga and its alloys is important for a variety of reasons. Liquid
metals have been utilized as electrodes in batteries and capacitors for quite some time now3* , as
a replacement for mercury in an electrochemical technique known as polarography, however Ga
is normally avoided due to its reactivity®. Finally, electrochemical processes can deposit or remove
species from a liquid metal's surface. Furthermore, electrochemical oxidation of liquid gallium
significantly lowers its interfacial tension®.. This final phenomenon prompted the research
reported here, as it is critical to quantify what is known about the liquid metals contact.

The electrochemistry of Ga and its alloys is important for a variety of reasons. Liquid
metals have been utilized as electrodes in batteries and capacitors for quite some time now3* , as
a replacement for mercury in an electrochemical technique known as polarography, however Ga
is normally avoided due to its reactivity®. Finally, electrochemical processes can deposit or remove
species from a liquid metal's surface. Furthermore, electrochemical oxidation of liquid gallium
significantly lowers its interfacial tension6. This final phenomenon prompted the research

reported here, as it is critical to quantify what is known about the liquid metals contact.
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In the absence of oxide skin, liquid metals have high surface tension, ~ 624 mN/m’8 in
vacuum and ~500 mN/m in NaOH?. Electrochemistry offers a compelling way to remove and
deposit oxide layers, thereby modulating the interfacial tension®'!. Sufficiently reductive
potentials can keep the liquid metal oxide-free by reducing the oxide layer to metallic gallium,
putting the bare metal in a state of high tension!?. However, applying oxidizing potentials have
been found to drive surface oxidation thereby lowering the interfacial tension as a function of
potential>. Remarkably, the tension decreases from ~500 mN/m (bare metal) to near zero at = 0.8
V (vs. OCP). This low tension causes spherical droplets to undergo instabilities to form highly
fingered fractals '3, streams of liquid metal to form stable cylinders®, and other unusual
morphologies. These enormous tension changes have been used to manipulate liquid!* in
applications such as soft actuators *°.

The specific reason for this decrease in interfacial tension remains a topic of ongoing
investigation. We previously showed that the electrocapillarity equation (equation 1.1) is
insufficient to explain the enormous drop in effective interfacial tension of an eGaln in alkaline
solution?. However, it has been speculated that the presence of surface oxides contributes
significantly to this decrease in effective interfacial tension®. Furthermore, there are multiple
reaction mechanism that claim the existence of different oxide species on the surface of a gallium
electrode'®®®, As a step toward better understanding this phenomenon, we study the
electrochemistry of eGaln during electro-oxidation to understand what species form on the surface
as a function of potential in this chapter.

Electrochemistry of Gallium:
In air, the interface of Ga-based liquid metals rapidly forms a thin oxide skin consisting of

amorphous or poorly crystallized Ga,0’, although in an aqueous environment (neutral solution),
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the surface oxide becomes GaOOH 202, In alkaline solutions, the native oxide film dissolves into
soluble gallates. The most stable oxidative state of gallium is 3+, corresponding to the gallates in
basic solution and the solvated Ga®* in acidic solution. In aqueous solutions, gallium species such
as Ga®*, Ga(OH)?*, GaO*, GaO2", H2GaO3z", Ga(OH)s", HGaO3z*", and GaOs*" may exist; the
composition and concentration of these oxides depend on the pH of the solution?? . The Pourbaix
diagram suggests the possible equilibrium states of gallium species for the Ga®* in aqueous state

(Figure 3.1).
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Figure 3.1. Potential vs. pH equilibrium diagram (Pourbaix diagram) at 25°C for gallium in aqueous solutions.??

The following reactions have been suggested for gallium oxidation in an alkaline solution
based on the Pourbaix diagram?®. Gallium metal in aqueous solutions forms Ga(OH);, and the
resulting Ga(OH)4 can lose water to form hydrated gallium-oxyhydroxide (GaOOH) or dry gallium
oxides (Ga,03); These gallium oxides dissolve in basic solutions by forming water-soluble

gallates?3-%,
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Ga+30H™ = Ga(OH); + 3e~ (1)

Ga + 30H™ = GaOOH + H,0 + 3e~ (2)
2Ga + 60H™ = Ga,0; + 3H,0 + 3e~ 3)
Ga,05 + 3H,0 + 20H™ = 2Ga(OH); (4)

There have been several previous investigations on the electrochemistry of pure gallium
in both solid and liquid form?8. All previous studies agree with the presence of a passivation film
during the electro-oxidation in alkaline solution; however, the composition of this film is still under
debate. One study ' reported that in basic solutions, the anodic films consist of gallium-
oxyhydroxide (GaOOH), while another?” proposes gallium oxide (Ga,05) or gallium hydroxide
(Ga(OH)4 at the surface of gallium.

Later studies 1618 of the anodic oxidation of gallium presume that a passive Ga, 05 layer
forms in a small potential window, and at higher potentials, the reaction product (Ga03~) formed
might be dissolved in the solution. Cyclic voltammetric studies of gallium films ° in alkaline
solution within a limited potential window show three oxidation peaks in forward scan and one
reduction peak during the backward 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 gallium sub-oxide (Ga,O) and a disproportionation reaction. These
contradictory proposals for reactions and mechanisms highlight that the electrochemical behavior
of Ga-based liquid metal remains poorly understood. Here, we seek to revisit the electrochemistry
of liquid Ga within the context of the recent discovery of the role of electrochemical oxidation on

effective interfacial tension in 1M NaOH.
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Results and Discussion:

Figure 3.2a shows the LSV of a 0.1 ml eGaln electrode in 1 M NaOH. We observe three
oxidation peaks in the LSV plot and are labeled as P1, P2, Ps, respectively. Based on these oxidation
peaks in Figure 3.2a, the electro-oxidation mechanism of eGaln can be divided into five distinct
regimes, namely ‘cathodic protection’, 'oxidizing', 'passivation’, 'passivation breakdown', and

‘partial re-passivation’, separated by color (gray, blue, orange, green, purple, respectively).
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Figure 3.2.Linear sweep voltammograms of liquid metal (eGaln) in 1M NaOH measured using a potentiostat. a) A linear sweep
voltammogram (solid black line) with corresponding logarithmic plots of current (dotted red) at 1 mV/s, where, the various
oxidation regimes are labeled by color as cathodic protection (grey), oxidizing (blue), passivation (orange), passivation breakdown
(green) and partial re-passivation (purple) regimes, respectively and b) Linear sweep voltammograms at different scan rates to show
the shift of P3 peak.

At E <0V (OCP), the liquid metal surface is free of any passivating oxide, as applying a
reductive potential keeps the surface of the metal oxide-free. Thus, we call this regime ‘cathodic
protection' or 'non-oxidizing regime'. When a potential larger than OCP is applied (E > 0 V), a
distinct oxidation peak (P1) appears followed by a sudden drop in the current near 0.1 V. This
sudden drop in current is attributed to the formation of a thin oxide film that blocks electrochemical
reactions; hence we call this regime 'oxidation regime'. Increasing the electrode potential causes

the OH- ions in the bulk move to the surface of the electrode leading to forming either Ga(OH);
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or Ga,0; or GaOOH as the oxide film, since Ga3* is the more stable oxidation state. The low
potential scan rate provides a large time scale to form the most stable oxides. Although most
gallium oxides are soluble in alkaline solution, the oxidative potential appears to help hold the
oxide layer in place, perhaps the negatively charged gallate species near the oxide surface prevents
OH~ groups from dissolving the oxide. The decrease in the current response marks the end of the
oxidation regime as the oxide film is suspected to be completely formed.

In the potential range 0.1 V < E < 0.3 V, the presence of low current suggests the absence
of significant electrochemical reactions and the presence of a passive oxide layer. Hence, this
regime is termed as 'passivation regime'. By applying a considerably large potential in this regime,
the concentration of OH ~near the electrolyte/passive film interface increases; thus, compensating
the positive charge of the liquid metal electrode. The presence of OH™ at the proximity to the
electrode surface may further lead to the formation of gallates, so we reason that the composition
of the surface oxide in this regime may change. The Tafel plot also shows an increase in
logarithmic current at ~0.20 V suggesting that increasing the potential further leads to the
breakdown or reconstruction of the surface oxide film (i.e., loss of passivation). Additionally,
Additionally, A previous study about gallium speciation in aqueous solutions has reported an
equilibrium constant of 0.692 for reaction 5%

Ga(OH); 12
GaOOH, ¢ + H,0 + OH™ = 2Ga(OH); Kg = [Ga[OOI({ if[(]JH‘] =0.692 (5)
sur

This expression implies that when the concentration of OH" in the vicinity of the surface is
1.445 M (pH=~14.16), the surface concentrations of reactants (GaOOHg,¢) and products
(Ga(OH)y) are equal. This value has also been experimentally derived and was found to be ~ 14.3.

which is consistent with the literature (the details of this experiment will be discussed in the later
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section). At pH below 14.16, GaOOH is precipitated on the electrode surface and is the dominant
surface oxide species; when at pH above 14.16, GaOOH dissolves as soluble Ga(OH); .

Applying a larger potential presumably increases the accumulation of OH" ions at the
surface (surface pH increases). Consequently, we reason that reaction 5 operates in reverse
direction converting the solid GaOOH oxide on the surface to soluble Ga(OH), causing the
increase in current at E =~ 0.20 V plot as seen in Tafel plot Figure 3.2a, and further leading to a
second oxidation peak (P2) at £ = 0.30 V. For this reason, we call this regime ‘'passivation
breakdown' (within the range 0.30 V < E < 0.80 V). We speculate that, the high concentration of
OH-ions near the electrode surface forms Ga(OH)5 and they in turn react with NaOH to form
soluble gallates according to reaction 6 2.

[Ga(OH); ]
[Ga(OH)3]surf[OH _]

Ga(OH); + OH™ = Ga(OH); K, = =1.408 x 107  (6)

The current increases with increase in the applied potential for potentials greater than. 0.8
V. Additionally, the electrode surface remains shiny and fluid for E < 0.8 V, meaning the oxidation
produces soluble gallates (the oxide does not form a thick shell in this regime). This observation
further supports our hypothesis regarding the formation of soluble gallates.

As E > 0.8 V is applied, the current increases with increase in the applied potential and a
third oxidation peak (P3) is observed at E = 0.90 V. In Addition to the increase in oxide thickness,
its texture changes form shiny to matte and is recognizable to the naked eye. Hence, this regime is
termed as 'partial re-passivation’. The peak currents of P1and Ps measured from in Figure 3.2b
shows a linear relationship with the square root scan rate while shows a linear relationship with
scan rate. This relationship (shown in Figure 3.3)provides evidence that the reaction mechanism
in the oxidation regime (near peak P1) is diffusion controlled whereas the mechanism in

passivation breakdown regime (near peak P3) is adsorption controlled 28; as the gallate anions may
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get electrostatically attracted and are most likely to get adsorbed to the surface of the eGaln
electrode. At high potentials (E > 0.90 V), the negatively charged anions repel the OH ~anions and
prevent them from reaching the eGaln surface and thereby reducing the surface pH, hence the

decrease in current.
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Figure 3.3 The plots of current (Irs) at peak Ps vs. (&) square root of potential scan rate and (b) potential scan rate, and current (lp1)
at peak Pz vs. (c) square root of potential scan rate and (d) potential scan rate. The current fit shows a linear relationship with the
scan rate for peak Pz, which suggests the electrochemical reaction is controlled by the adsorption at the interface of some species,
while the current for peak P1 shows a linear relationship with the square root of scan rate, that suggests a diffusion-controlled
behavior.

An alternative mechanism that could deplete OH™~ from the surface: At high electrical
currents, the rate of consumption of OH™ anions in the electro-oxidation reaction is more than the

rate of diffusion of fresh OH~ from solution. This lowers the surface pH at the eGaln electrode
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compared to the bulk of the electrolyte. If the surface pH decreases, the formation of GaOOH
becomes more favorable. Additionally, the reaction pathway for reactions 5 and 6 proceed in the
reverse direction (i.e., formation of GaOOH and Ga(OH); near the potential that corresponds to
the peak formation). Since K: < K, , at a lower surface pH the formation of GaOOH is more
favorable than Ga(OH);. In other words, a fraction of adsorbed gallate anions converts to poorly
soluble species such as GaOOH and Ga(OH)5, and may be the reason for the matte appearance of
the eGaln electrode at potentials larger the 0.8 V. Peak P3 shows a partial re-passivation behavior;
the electric current decreases slightly but the species on the surface do not entirely block the
oxidation reaction.

Although we speculate on the electrochemistry using LSV data, it cannot be used to
identify the chemical composition of the species. However, we will present a mechanism for the

oxidation of the eGaln electrode based on cyclic voltammetric data discussed below.

The oxide film formation and breakdown mechanism:

Scan rate b Scan rate
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Figure 3.4 Shows Cyclic voltammogram of 0.1ml eGaln electrode for a potential scan rate of a) 5-400 mV/s and b) 400 mV/s (black) and 5
mV/s (magenta) in 1M NaOH.

To understand the mechanism of the passive film formation and breakdown, we performed

cyclic voltammetry at various scan rates in 1M NaOH, Figure 3.4a. Overall, the oxidation
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behavior for all scan rates is similar. However, at the higher scan rates, the cyclic voltammogram
broadens along the potential axis, and peak potentials shift to higher potentials which could be due
to the ohmic drop (IR drop) between the electrodes. At higher scan rates, in addition to the P'1
oxidation peak, which occurs near ~0.2 V in the forward sweep, a reduction peak (Pr) is observed
in the backward potential scan. One reduction peak (Pr) for the three oxidation peaks (P1, P2 & P3)
suggests that the oxidation products formed are irreversible and cannot be reduced. This behavior
depends on the potential scan rate. Electrochemical oxidation rate increases with an increased
potential scan rate, while the chemical dissolution rate does not change. Thus, we reason that
gallates dissolve in the NaOH before they can be reduced during the reverse scan. At fast scan
rates, oxidation products accumulate at the electrode surface, and need a higher electrical potential
to completely form an oxide film. Consequently, the peak potentials shift to higher potentials due
to a declining effect of dissolution reaction at higher scan rates 28.

In Figure 3.4b, the cyclic voltammogram shows a noticeable difference between the high
(400 mV/s) and low (5 mV/s) potential scan rates. At large scan rates, only one small reduction
peak is evident during the backward potential scan; we attribute the peak (P;) to the reduction of
the remaining gallium oxide species on the surface. However, at low scan rates, there is no
reduction peak (Pr). Instead, an oxidation peak appears in the backward scan near E = 0.025 V for
a scan rate of 5 mV/s. This finding is surprising because cathodic scans typically yield cathodic
(reductive or negative) current peaks. At high potential scan rates (short time scale), there is not
enough time to completely dissolve and/or convert the deposited oxide layer to the hydroxide
species. Consequently, there are oxide species present on the surface does not get reduced
completely during the backward scan. In contrast, at low potential scan rates, the surface oxide is

converted to a layer of soluble gallate anions that cannot be reduced during the backward scan. We
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speculate that the surface concentration of adsorbed anions decreases during the cathodic scan,

which allows the exposed metal surface to oxidize again at favorable potentials (0.075 V).
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Figure 3.5 Shows a fast scan cyclic voltammograms of eGaln recorded in three different potential windows; for a 25ul eGaln
electrode at the scan rate of 16000 mV/s in 1M NaOH. data contribution: Dr. Sahar Nadmi.

Figure 3.5. shows high speed cyclic voltammograms of eGaln recorded in three different
potential windows. Fast scan Cyclic voltammetry at different potential windows provide insights
about the electron transfer mechanism, especially the difference between the electrochemical
reactions and chemical reactions. Firstly, As the potential window for the scan becomes wider, we
observe the current intensity of the reduction peak (Pr) to increases. This observation implies
that oxidized species produced at both P1 and P'1 contribute to the formation of reduction peak at
Pr. Second, we note that a small shoulder (within the orange circle in Figure 3.5) appears before
the first oxidation peak (P1). The shoulder and P1 peak current ratios suggest that each of them
involves one step for a net transfer of two electrons. The relationship of peak current with scan
rate (Radles-Sevcik equation) is shown in equation 2.3. We reason that the shoulder and peak (P1)

are attributed to the Ga —» Ga™ (Reaction 7) and Ga' — Ga?*(Reaction 8) reactions steps
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respectively. Peak P'1 is the final electron transfer step Ga?*to Ga3*(Reactions 9 or 10 of Ga
electro-oxidation).

Thus, it can be reasoned that the electro-oxidation of gallium consists of three electron
transfer steps showing chemical reversibility only at very high scan rates of potential. GaOH
(Reactions 7) is unstable and is only detected at higher scan rates (Figure 3.5). Ga(OH), also is
an unstable intermediate that reacts chemically to convert to a stable oxidation product either
Ga, 0;0r GaOOH through a disproportionation reaction, as these are the most stable gallium solid

phase in Ga-O-H system at saturated water vapor pressure below 573 K2°,

2Ga+ OH™ = GaOH + e~ (7)

GaOH + OH™ = Ga(OH), + e~ (8)
2Ga(OH), + 20H™ = Ga, 04 + 3H,0 + 2e~ (9)
Ga(OH), + OH™ = GaOOH + H,0 + e~ (10)

Reaction 9 assumes that gallium hydroxide loses water molecules to form gallium oxide
at the final step of oxidation. However, some studies have reported that gallium oxide hydroxide
(GaOOH), is also a stable gallium oxidation product, especially in neutral and alkaline media 23
25,29_

Increasing the potential scan rate for eGaln electrode (Figure 3.4a) increases the current
of the second oxidation peak (P'1). This peak can be attributed to the oxidation of Ga(OH), to the
more stable GaOOH. Because Ga?* is an unstable state of Ga, it can only be observed at the highest
scan rates (smaller time scales). However, at lower scan rates Ga(OH), undergoes a chemical
reaction (as opposed to the electrochemical reaction) to form GaOOH. A proposed reaction for
P'1 that is consistent with the data is the chemical disproportionation of Ga(OH),to produce both

metallic gallium and GaOOH.
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3Ga(OH), = Ga(M) 4+ 2GaOOH + H,0 (13)

At very low scan rates, almost all Ga(OH), formed in reaction step P1 converts chemically

to Ga and GaOOH. This observation is consistent with the absence of P’1 peak at slow scan rates.
This disproportionation mechanism is also consistent with prior reports . In most of the reported
mechanisms for electro-oxidation of gallium, Ga* has been suggested as the disproportioned
species. However, high-speed voltammetry data shows that Ga®* is the main species contributing
to the disproportionation reaction, which is sensible considering it is the least stable form of Ga.
At high potential scan rates, chemical reaction 13 cannot progress fast enough and thus converts
Ga(OH), to GaOOH electrochemically; consequently, the P’1 peak grows. Since GaOOH can be
reduced to metallic Ga electrochemically, its reduction peak appears during the cathodic sweep. It
is difficult to confirm this claim chemically as the surface species dissolve immediately in the
absence of potential. Schematic 1 shows proposed electro-oxidation process and the attributed

reactions with each regime.

Oxide free eGaln Oxide formation Passive oxide layer Passivity oxide breakdown Partial re-passivation
E<O0V OV>E>0.05V 0.05V>E>0.25V 0.25V>E>0.80V E>0.80V
\‘ ) ) G \
GaOOH + 3e™ + H,0 = 2Ga(OH); + 30H Ga+OH = GaOH +e” Ga(OH); + OH™ = GaOOH + H,0 + e~ GaOOH + H,0 + 20H™ = 2Ga(0H);

Ga +30H™ = GaOOH + H0 + 3e”

Ga +30H" = Ga(OH)3 + 3¢~
Ga(OH); + OH™ = Ga(OH);
Ga +40H™ = Ga(OH); +3e”

GaOH + OH™ = Ga(OH); + e~
3Ga(OH); = Ga(M) + 26a00H + 2H;0

Ga(OH); = GaOOH + H,0 + OH

Schematic 1: Proposed mechanism for eGaln passive film formation and breakdown. Here reactions and potentials have been
reported based on the potential scan rate of 1 mV/s. Reactions in red occur electrochemically and reactions in blue occur chemically.

Effect of pH on oxidation mechanism:
The concentration of hydroxide anions plays a crucial role that affects the surface chemistry
of the electrode. Thus, at high concentrations of NaOH we expect the film formation and

breakdown to be favorable than at low concentrations. To test this hypothesis, we measured cyclic
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voltammograms at different NaOH concentrations, Figure 3.6. Increasing the concentration of
NaOH shows an increase in the oxidation current, as at high concentrations (or high pH) the NaOH
dissolving oxide species on the surface thereby exposing the more reactive metal surface.
Additionally, the oxidation peaks (P1, P’1, P2) shift to the right for lower electrolyte concentrations.
This suggests that the passive film formation is more favorable at higher concentrations.
Furthermore, the passive film breakdown (P2) occurs at smaller oxidative potentials as increasing
the OH™ concentrations favor formation of soluble gallates. For concentrations smaller than 0.1
M, the cyclic voltammograms show a significant change in their shape, suggesting that the oxide

mechanism changes as the bulk pH drops by an order of magnitude

- —
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— 1M
— 0.5M
12 —0.1M
— 0.05M
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01 00 01 02 03 04 05 06 0.7
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Figure 3.6. Shows the cyclic voltammogram of 0.1 ml eGaln droplet with a potential scan rate of 100mV/s in various NaOH
concentrations. Note: The potential scale is scaled with respective to open circuit potential of 1M NaOH (-1.5 V vs. Ag|AgCl|(3M
KCI))

In contrast to the peaks P1 and P2, the peak Ps shifts to the left as the OH™ concentration
decreases, shown in the Error! Reference source not found.. At higher concentrations of NaOH, a
larger potential is required to reach the diffusion limited state where the OH- ions near the electrode
surface is depleted, also called as partial re-passivation.
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Estimation of acidic dissolution constant (pKa):

Applying an oxidative potential causes the OH- ions in the bulk to accumulate near the
surface, hence the pH near the electrode surface is larger than the bulk. we additionally showed
that the position of the oxidation peaks depends on the concentration of the electrolyte, thereby
affecting the passive film formation and breakdown. We previously calculated the surface pH to
be theoretically ~14.16, using reaction 2.5. Drawing parallels to self-assembled monolayers and
the passive oxide layer of eGaln electrode, we use two methods to determine the acid dissociation
constant (pKa) of the oxide species on the surface, 1) electrochemical titration3%-32 and 2) faradic

titration using impedance spectroscopy3=2,
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Figure 3.7. Determination of acid dissociation constant (pKa) of surface oxide species on a 0.1 ml eGaln droplet electrode. a)
Cyclic voltammetry of eGaln electrode in different concentrations of NaOH using a potential scan rate of 100 mV/s, b) Peak current
of the P3 peak (Ip3) plotted as a function of solution pH and its derivative as a function of solution pH, c) the Nyquist plots of
oxide on eGaln electrode in different concentrations of NaOH at the passivation breakdown potential 0.27 V and d) Faradic
impedance titration plots (charge transfer resistance (R.;) and its derivative as a function of solution pH for eGaln electrode). The
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red dotted lines show the derivative of R.; and Ip vs. pH and the maxima show the pKa of the surface oxide species as ~14.3.

A cyclic voltammetry obtained from a 0.1ml eGaln electrode at various concentrations of
NaOH (converted to pH) to helps illustrate the role of OH- anion 3%-32, shown in Figure 3.7a. The
Ps peak current and its derivative are plotted as a function of pH in Figure 3.7b. The peak current
starts to increase at pH = 13 (0.1 M NaOH) and reaches a maximum of ~ 14.4 near (2.5 M NaOH).
The current pH plot can be considered as titration plot, so the pKa of surface species (Ka is acid
dissociation constant) is equal to pH ~ 14.3, the maxima of the peak current derivative plot.

Electrochemical Impedance spectroscopy (EIS) is a versatile tool that has been used to
determine the interfacial acid-base properties. For example, it has been used to determine the pKa
of surface modified electrodes such as benzoic acid modified gold.3 We hypothesized that this
property can also be translated to eGaln electrodes with surface oxides. EIS of eGaln electrode for
an arbitrary potential of 0.27 V for various concentrations of NaOH is plotted in Figure 3.7c . The
impedance values are fitted to standard Randel’s equivalent circuit comprising of a series
combination of oxide resistance R, with capacitance (C,) in parallel with charge transfer
resistance R, an inductor (L) and constant phase elements (CPE) of Q,, for the complete range
of frequencies, Figure 3.7c . The R, values calculated from impedance analysis in different
concentrations of NaOH are plotted against pH3-2 in Figure 3.7d. The R, increases with
increases in solution pH due to the accumulation of OH- ions at the electrode surface and passive
oxide formation. The results of EIS measurements also show that the pKa of surface oxide species
is ~14.3 and is consistent with our CV measurements. Interestingly, the pKa values obtained
experimentally are close to the previously calculated reaction 2.5 equilibrium pH = 14.16. This

observation is consistent with our speculation of a pH dependent equilibrium between GaOOH and
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Ga(OH); at the eGaln surface. At pH > pKa the formation of gallates is favorable and for pKa >

pH the deposition of GaOOH occurs.

Effect of oxidation on effective interfacial tension:
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Figure 3.8. The effective interfacial tension of liquid metal (eGaln) in 1M NaOH. A cyclic voltammogram co-plotted with effective
interfacial tension of liquid metal vs. electrical potential. The volume of eGaln droplet and the potential scan rate is 0.1 ml and 1
mV/s, respectively. Red and black colors are used to represent forward sweep (FS) and backward sweep (BS) respectively, lines
correspond to cyclic voltammetry data and dots correspond to interfacial tension data (IFT, y).

Figure 3.8 shows the effective interfacial tension (IFT, y) of a 0.1ml eGaln droplet in 1M
NaOH during electro-oxidation. The effective interfacial tension of the eGaln droplet is ~ 500
mN/m in the absence of potential as NaOH dissolves the surface oxide. Previous work from our
group speculated that the oxide acts as a surfactant (possibly in conjunction with electrocapillarity)
to lower interfacial tension; contrary to our expectations, interfacial tension analysis shows no
change in IFT in the ‘oxidizing regime’ and starts to show signs of change only in the ‘passivation
regime' at E~ 0.15V. When E > 0.15V is applied, the effective interfacial tension suddenly
drops from 500 mN/m to 200 mN/m in a narrow potential window between 0.150 V to 0.275 V in

the 'passivation regime'.
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In this regime, we speculate that this change occurs due to the accumulation of OH™ ions
(i.e., charges) near the electrolyte/oxide interface increases the surface pH; thus, leading to change
in the composition of the already existing oxide film, resulting in the formation of either GaOOH
or Ga(OH); as the new passive oxide film. Initially in the passivation regime, the passive oxide
film (most likely GaOOH) does not change the effective interfacial tension. However, it decreases
the electrochemical reactions that occur, thus leading to low current readings. This leads to increase
in surface charges and consequently decrease in effective interfacial tension.

AtE > 0.275 V, the effective interfacial tension decreases linearly with applied potential
in the 'passivation breakdown' regime (from 0.25 V to 0.5 V). A decrease in interfacial tension
suggests a change in the surface of the electrode. We speculate that the linear drop in interfacial
tension in this regime is most likely due to the adsorbed gallate anions near the electrode surface.

An interesting observation is that the interfacial behavior shows hysteresis during the
backward sweep. During the backward sweep, the effective interfacial tension increases with
applied potential linearly in all the oxidation regimes and returns to 500 mN/m in the oxidation
regime (Figure 3.8). This hysteresis indicates that the interface is different in the passivation
regime during the forward and reverse scans. Given the linear increase in tension during the
reverse scan (through the passivation regime), we reason that the oxide species on the surface

continues does not disappear until ~0.15 V during the reverse scan.
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Table 3.1. Reactions consistent with the suggested mechanism of the passive film formation and breakdown at an eGaln droplet for scan rate 1 mV/s.

Regime

Cathodic protection:
oxide-free surface.

Electrical Potential

]

E<00V

Reaction

GaOOH + 3e™ + H,0 = Ga + 30H™

Reaction Type

Electrochemical

Location on

Voltammogram

Pr

No reduction peak in
low potential scan
rate

IFT (mN/m)

No significant change
during both FS and
BS

Oxidizing: Ga(OH),

Ga+ OH™ = GaOH + e~

Electrochemical

P (Shoulder)

Electron transfer

FS: No significant

depletion of OH" anions
at the surface of the
eGaln electrode

matt texture forms.

forms and partially step 1 S
converts to GaOOH
i 0.0V <E <005V GaOH + OH™ = Ga(OH), + e~ Electrochemical P E'ec"s‘zgp"za”ﬁer
. : . BS: returns to 500
disproportionation Chemical More critical in low
. mN/m
reaction. 3Ga(0H); » Ga(M) +2Ga00H + Hy0 | yioy onortionation potential scan rate
FS:
1) No significant
change until E = 0.15
Passivation: The rest of V.
ggg)ngz converisto Electron transfer BB Y<E<
. 0.05V<E<0.25V Ga(OH), + OH™ = GaOOH + H,0 + e~ Electrochemical Py 025V, IFT
electrochemically. A step 3 !

- dramatically
Vel R @l decreased from 500
GaOOH film forms. mN/m to 350 mN/m

BS: linearly increases
o 6a00 0+ OH- = Ga(OH)= Chemical passive
Passivation A DR O - R Or film dissolution More critical in low
breakdown: GaOOH = - : P . FS: IFT decreases
. - Ga+30H™ = Ga(OH); +3 Electrochemical 2
film dissolves due to - ) a( )3( )e p— PazITE SEm fEi from 300 mN/m to
increasing pH in the Ga(OH); + OH™ = Ga(OH), Chemica 200 mN/m, at
Uiy oftheeGaln | 025 < <080V Ga + 40131- = Ga(OH); + 3:- Electrochemical P,<E<P DAY < <00V
electrode, and metallic - 2 2 3 Due to low pH near
gallium is oxidized to eGaln electrode BS: linearly increases

Ga(OH); Ga(OH); = GaOOH + H,0 + OH~ Chemical E =~ P; surface

Partial re-passivation:
Solid GaOOH forms
due to diffusion-limited E>080V Ga + 30H™ = GaOOH + H,0 + 3~ Electrochemical E>P, A thick film that has not measured
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Conclusion:

Based on the experimental results presented, we summarize reactions that likely happen
during electro-oxidation of an EGaln droplet in Table 3.1.

Starting from the open circuit voltage, during eGaln electro-oxidation, a passive oxide film
first forms via the oxidation of gallium (Ga — Ga2*) at P1, by chemical reactions to form Ga, 05
or GaOOH (i.e., more stable oxidation states of Ga3*) while also regenerating metal. The effect of
the chemical reactions becomes more significant relative to electrochemical reactions when the
time window of reaction is larger (i.e., low potential scan rate). The current drops precipitously
because this passive oxide film blocks reactions by preventing the electrolyte from reaching the
surface of eGaln.

In the passivation regime (0.10 V to 0.30 V), positive charges on the metal and OH- anions
from the electrolyte accumulate at the metal/film and film/electrolyte interfaces, respectively. With
increased potential (0.30 V to 0.80 V), the passive film starts to breakdown corresponding with an
increase in current (P2) and the formation of Ga(OH)sand soluble gallate species. Thus, at E > 0.30
V, electro-oxidation of eGaln forms soluble sodium gallate, the film breaks down, and the surface
undergoes continuous oxidation / dissolution.

However, at high oxidation potential E > 0.8 V (around P3 peak), adsorbed gallate anions
convert to GaOOH and precipitate due to diffusion-limited depletion of OH" anions at the surface
of the eGaln electrode. The GaOOH precipitate converts to gallate and dissolves immediately after
stopping the applied potential or switching the potential to reverse direction. During the backward
sweep, the gallate species do not get reduced because presumably they dissolve rather than remain
on the surface. Thus, when the scan rate is low enough, no significant reduction peaks are observed

in the cathodic scan; in fact, oxidation peaks are observed in some cases. Based on speciation
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studies in the literature and our electrochemical data, the Ps peak could be assigned to the
electrochemical formation of gallate and subsequent precipitation of GaOOH, resulting in the matte
appearance at E > 0.8 V.
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Abstract:

This chapter reports an electrochemical impedance spectroscopy (EIS) analysis of liquid
metal (eGaln) electrode in 1M NaOH at room temperature. The goal is to provide insights into the
accompanying interfacial behavior of eGaln during electrochemical oxidation. The impedance
spectra have been obtained at various potential intervals from the cathodic protection regime at -
0.1V to passivation breakdown regime at -0.5 V (values are vs open circuit potential, OCP). The
upcoming sections of this chapter discuss impedance results at different oxidative potentials to
understand the transitions between the three oxidation regimes, namely oxidizing, passivation, and
passivation breakdown, respectively. Contrary to our expectations, EIS provides evidence that the
estimated thickness of the oxide decreases with increasing potential. This result is corroborated by
dissolution measurements.

Introduction:

Early applications of impedance spectroscopy were used to study the dielectric properties
of fluids and metal oxides. Impedance spectroscopy was subsequently utilized to measure the
capacitance of ideally polarizable electrode (mostly mercury) that led to the development of
models for the electrified metal-electrolyte interface2. More recently, EIS finds extensive use for
studying processes such as corrosion, deposition of films, and other electrochemical systems 2.
The interpretation of reaction mechanisms by steady state techniques (like cyclic voltammetry at
very low scan rates) alone is difficult, as they use restrictive assumptions that make the results
questionable®, while EIS can probe the electrochemical systems at very low frequencies that help
identify reaction mechanisms without unnecessary or restrictive assumptions®4,

The goal of this chapter is to utilize EIS to better understand what happens to the interface

of eGaln during electrochemical oxidation. The first impedance analysis of eGaln electrodes was
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done in 1 M NaOH.® The oxidation formation mechanism was broadly classified into 1) oxidation
2) passivation and 3) transpassive regions (now renamed as passivation breakdown) and two
distinct equivalent circuit models were used to describe the three oxidation regions®. The oxidation
and passivation breakdown regions were modeled with a Ladder circuit® (used to represent pit
formation or corrosive behavior), while the passivation region is modeled by using a VVoigt circuit
(used to represent an electrode completely covered)®, as discussed in Figure 2.6. Although the
equivalent circuit models provide a good fit for the measured impedance data, the assumption that
pit formation occurs in oxidation region is not reasonable as the pit formation has been found to
only occur where there is thick oxide or adsorbed film present on the electrode®’8. Additionally,
the analysis of the circuit element parameters shows that the estimated electrical double layer
capacitance from EIS is an order of magnitude larger than the typical double layer capacitance
(~20 pF/ecm?)°. Furthermore, impedance values reported in lower frequencies are scattered so the
electrochemical behavior of the system at low frequency (at small time scales) has not been
studied®.

Here, we study the oxidation mechanism of an eGaln electrode in 1M NaOH by using
impedance to understand changes to the interface in the three different oxidation regimes
(oxidation, passivation, and the passive film breakdown) and validate the oxidation mechanism
discussed in Chapter 3. Toward these goals, we performed impedance measurements in the
frequency range of 100 MHz to 100mHz at various potentials that span the oxidation regimes.
Additionally, EIS provides a quantitative analysis of the oxide characteristics as the oxide species
dissolves in NaOH when the potential is turned off >°, Furthermore, we performed dissolution
experiment where the surface oxide coverage and thickness are calculated to provide a comparison

with the oxide thickness measured from EIS.
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Results and discussion:

Description of the cyclic voltammogram:
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Figure 4.1. Cyclic voltammogram of a 0.1 ml eGaln droplet in 1M NaOH with a potential scan rate of 1 mV/s, forward sweep
(back line) and backward sweep (red line), respectively. Black and red arrows mark the potentials where EIS is performed. The
numbers associated with the arrows indicate the figures from this chapter where the EIS spectra are plotted. The various oxidation
regimes are labeled by color as cathodic protection (grey), oxidizing (blue), passivation (orange), and passivation breakdown
(green), respectively.

Figure 4.1. shows the cyclic voltammogram for a 0.1 ml eGaln droplet electrode in 1M
NaOH solution. We have already discussed the oxidation mechanism in detail in Chapter 2. Thus,
here we provide a brief review of the oxidation mechanism and the accompanying interfacial
behavior. During the anodic scan (forward potential sweep), we observe the two apparent oxidation
peaks (P1 & P2) corresponding to the different oxidation regimes and one peak in the cathodic scan
(backward sweep) within the potential range -0.2 V to 0.5 V. The initial increase corresponds to
the formation of a passive oxide and subsequent drop in current (P1) to near-zero indicate the
presence of a conformal oxide film that prevents additional reactions. We speculate that

subsequent increase in potential draws hydroxyls to the surface and causes the surface pH to
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increase, thereby changing the composition of the oxide. Applying a potential greater than 0.25 V,
we observe an increase in current and peak P2 appears. This peak is attributed to the formation
of Ga(OH)5 and eventually soluble gallates (Ga(OH)Z). The formation of soluble gallates causes
the current to increase as higher potential is applied. During the backward sweep, we observe one
peak (Pr) near open circuit potential, which is attributed to the removal of the oxide from the
surface during the backward scan. As discussed in Chapter 2, the position and the intensity of the
peaks are determined by the scan rate; however, based on the above current responses, the oxide
formation can be classified into the following regimes: cathodic protection region (—0.2V < E <
Eoc), oxidation (Eoc < E < 0.05 V), passivation (0.05V < E < 0.25V) and the passive film
breakdown (0.25V < E < 0.50V).

To further our understanding the oxide mechanism and its role in interfacial tension
behavior, we perform electrochemical impedance spectroscopy at various potentials marked in
Figure 4.1. These values were chosen to obtain a deeper insight into the transition between the

oxidation regimes and its corresponding interfacial behaviors.

Description of the impedance spectra in the forward potential sweep:
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Figure 4.2.Nyquist diagrams of 0.1ml eGaln in 1M NaOH at different potentials that correspond to a) -0.10 V (cathodic protection
regime), b) 0.00 V (open circuit potential) and c¢) 0.05V (oxidizing regime) during the forward potential sweep. Note: the scale on

the plot changes.
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Figure 4.2, Figure 4.3, and Figure 4.4 show the Nyquist diagrams of impedance data for
the various regions of the oxidation mechanism in the forward potential sweep. The Nyquist plots
in the ‘cathodic protection region’ are characterized by capacitive behavior, indicated by a
semicircular shape (Figure 4.2a). As we move from -0.1 V to 0.0 V, the magnitude of the
capacitive loops decrease; this observation is consistent with the presence of an electrical double
layer:!!, and its dissipation as the applied potential nears 0.00 V (the magnitude of the impedance
decreases). The oxidation mechanism discussed in chapter 4 include the three oxidation regimes
namely oxidizing, passivation, and passivation breakdown. At OPC (0 V), we observe a capacitive
loop due to the reaction of eGaln with NaOH?*2. In the potential range 0.00 V < E < 0.05V (i.e.,
oxidation regime), a semicircular trend corresponding to capacitance behavior is present in the
high-frequency range, while the low-frequency range is dominated by a straight line with a slope
less than 45°, indicative of non-ideal mass transport (or diffusion behavior)43 Figure 4.2c. This

observation is consistent with the presence and formation of an oxide (peak P1) Figure 4.1.
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Figure 4.3.Nyquist diagrams of 0.1ml eGaln in 1M NaOH at different oxidative potentials of ‘passivation regime’ during forward
potential sweep. a) 0.100 V, b) 0.125 V, ¢) 0.150 V, d) 0.175 V, e) 0.200 and f) 0.225. Note: the first and second row of plots have
different axis.
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In the potential ranges 0.05V < E < 0.25V (passivation regime), the low-frequency
behavior eventually disappears as the slope of the line decreases and as the trend transitions to a
negative capacitance curve (inductive behaviour) (Figure 4.3). The change in low-frequency
behavior in the potential range 0.05V < E < 0.15V is an indication of diffusive behavior
accompanied with an exchange of electroactive species with electrolyte!3%3, Here, as OH-
accumulates near the electrode surface, the remaining Ga(OH) on the surface converts to GaOOH
and covers the entire surface of the electrode, reaction 4.1. Furthermore, this observation is
consistent with the increase in resistance (Figure 4.3 a-c) and the current drop (Figure 4.1) due to
the oxide film.

Ga(OH); = GaOOH + H,0 (14)

The inductive loops start to appear after 0.150 V and persist until 0.225 V (Figure 4.3d-
). Negative capacitance loop indicates the presence of inductive behavior (i.e., the increase in
current without charge transfer), and is often associated with an electrochemical/chemical reaction
on the surface of the electrode, thereby exposing the metal surface while storing the charge during
the reaction®314. Additionally, the appearance of inductive behavior suggests the dependence of
the reaction on surface coverage and applied potential®. Similar behaviors have been observed in
anodic dissolution of mild steel suggesting presence of an adsorbed layer of Fe(OH) and the start
of passivation breakdown regime (or also called transpassivation)3. Hence, we speculate that the
change in oxide composition from GaOOH to gallates Ga(OH), leads the oxide film to start
breakdown; additionally at large time scales the gallium hydroxide species on the surface can
convert to GaOOH by chemical disproportionation reaction that exposes Ga(M) sites (Table 3.1).

When these metal sites come in contact to the electrolyte cause inductive behavior.
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Figure 4.4. Nyquist diagrams of 0.1ml eGaln in 1M NaOH at different oxidative potentials of ‘passivation breakdown region’
during the forward potential sweep. a) 0.250 V b) 0.275 ¢) 0.300 V, d) 0.350 V, €) 0.400 V and f) 0.500 V.

Interestingly, at the start of passivation breakdown regime at E = 0.25V, we observe one
capacitance loop in the high frequency range and a small second capacitance loop with an
accompanying inductive behaviour in the low frequency range, signifying the start of passivation
breakdown regime, Figure 4.4. Additionally, this behavior has been previous reported!*>1¢ for
corrosion of magnesium, where the authors suggest the reaction dependence on potential, surface
coverage and concentration. Furthermore, they argue the ionic product diffuses from the surface
and reacts through a backward reaction with the intermediate adsorbed species. In our reaction
mechanism (proposed in Chapter 2) at 0.25 V a second oxidation peak (P2) appears (Figure 4.1)
and is attributed to the conversion of adsorbed GaOOH to soluble gallates as the surface pH
increases. This impedance trend in Figure 4.4a is consistent with our proposed reaction
mechanism.

For E >0.25 V, we observe an increase in current due to the continued formation of gallates
(Figure 4.1). Further, the impedance spectra between the potential range 0.25V < E < 0.50V

shows the presence and eventual growth of a second capacitance loop in the low frequency range
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suggesting the existence of another charged interface or adsorbed interface on the electrode?.
Additionally at E ~ 0.50V, we observe a small loop at intermediate frequencies that is indicative
of an anodic process that occurs at the interface. A similar behavior has also been reported?’ for
the impedance analysis of pure aluminum electrode in 4M KOH at the passivation breakdown
regime and has been associated with a reaction mechanism involving step wise addition of
hydroxyl species to the surface of Al and chemical dissolution of adsorbed Al(OH)5 to AI(OH)Z,
also consistent with our impedance modeling ’. Hence, we speculate the anodic dissolution of
GaOOH and the formation of GaOOH and Ga(OH); compete for bare surface sites at higher
oxidative potentials.

Description of the impedance spectra in the backward sweep:
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Figure 4.5. Nyquist diagrams of 0.1ml eGaln in 1M NaOH at different oxidative potentials of ‘passivation breakdown region’
during the backward sweep. a) 0.500 V, b) 0.400 V, c) 0.350V, d) 0.300 V, e) 0.275 V and f) 0.250 V.

Figure 4.5, Figure 4.6 and Figure 4.7shows the Nyquist plots of the different regions for
the backward potential sweep. EIS of the backward scan provides insight on how the presence of

oxide species contributes toward the hysteresis observed in interfacial tension. The backward
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potential sweep starts from 0.50 V to -0.20 V; unlike the forward potential sweep where the oxide
species forms gradually, the backward sweep will have existing oxide species on the surface of the
eGaln. The Nyquist plots in the “passivation breakdown regime’ show similar behavior and trends

in both forward and backward sweep. However, at E = 0.25V there is no inductive behavior at low

frequency (Figure 4.5).
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Figure 4.6. Nyquist diagrams of 0.1ml eGaln in 1M NaOH at different oxidative potentials of ‘passivation region’
during the backward sweep. a) 0.225 V, b) 0.200 V, ¢) 0.175 V, d) 0.150 V, ) 0.125V and f) 0.100 V.

The “passivation region’ has similar tends of capacitance loops and impedance loops, but
unlike the ‘passivity breakdown region’, the impedance values are not same as forward sweep.
The magnitude of impedance between the potential range 0.225 V to 0.175 V are smaller than the
forward sweep, but between potentials 0.150 V to 0.10 V the values are greater. We speculate that
this behavior is due to the already existing oxide species on the surface. The inductive behavior in
the lower frequency range starts to appear at 0.250 V and disappear at 0.175 V (Figure 4.6); when
the inductive behavior in the lower frequency range end, the trends change to a horizontal line at

lower frequency range. Further, the decrease in surface pH at smaller potentials promote the
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conversion of Ga(OH); to GaOOH that may cause the increase in impedance in the following
potentials.

The trends of both the ‘oxidation regime’ and the’ cathodic protection regime’ during the
backward potential sweep remain consistent with the forward potential sweep, Figure 4.7.
However, the impedance values are larger in the backward sweep at 0.05 V (oxidizing regime) and
smaller at open circuit potentials. Due to the presence of oxide species and immediate removal of
oxide species at OCP the magnitude of capacitance loop is smaller than the forward sweep, while

the impedance observed in the cathodic protection regime remains the same for both cases.
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Figure 4.7. Nyquist diagrams of 0.1ml eGaln in 1M NaOH at different oxidative potentials of ‘Oxidizing region’ during the
backward sweep. a) 0.05 V, b) 0.00 V and c) -0.10 V
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Figure 4.8. Nyquist plots and their respective equivalent circuit models for 0.1ml eGaln electrode in 1M NaOH at different oxidative potentials for all regimes in forward and
backward sweep. The black and red squares, and blue dots denote the forward and backward data points and model fit respectively for the potentials.

72



Relationship between reactions and impedance functions:

The impedance spectra of eGaln in 1M NaOH between —0.10 V < E < 0.50 V, shows six
unique impedance behaviors that describe three oxidation regimes (oxidizing, passivating and
passivation breakdown). Based on the electro-oxidation mechanism of eGaln discussed in chapter
2, we describe the liquid metal surface of each regime in Figure 4.8a. Figure 4.8b. shows the
equivalent circuits that best represent the impedance behavior recorded. These equivalent circuit
models are built based on literature precedent and physical elements used are consistent with the
current-voltage behavior in Figure 4.1. All the impedance data points were verified with the
Kramers-Kronig validity test (K-K test) and the points that did not satisfy the K-K test were
removed prior to circuit modeling'**. Figure 4.8c&d shows Nyquist plots for the unique
impedance behaviors with model fit for both forward and backward sweep during oxidation.

All the oxidation regimes have an in-series contribution from the resistance of the NaOH
solution Rg,;. Ry, IS used to describe the resistance through the oxide and R is that is used to
describe the resistance due to transfer of charges during an electrochemical reaction. Cy, and Qg
are used to represent the capacitance of the oxide film, while Cpsppqo aNd Qpgeyao are used to
represent the impedance caused by the presence of reactions on the surface of the electrode. An
inductor L is used to represent the negative capacitance loops (inductive behavior) in the
passivation regime. Such inductive behavior has been observed for other systems in the literature
and has been attributed to changes in surface of the electrode (like pit formation during corrosion
or change in surface coverage of surface oxides), that may lead to the contact between electrolyte

and the metal.
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Equivalent circuits for forward sweep impedance spectra

At OCP (E = 0V), there is no oxide present, however a reaction between eGaln and NaOH
is present'? and produce hydrogen bubbles, hence leading to capacitive behavior on the Nyquist
plot. This behavior is common to most electrochemical systems and a Randel equivalent circuit
model accurately describes the impedance observed''%1°. Hence, the equivalent circuit of the
electrode at this potential consist of a R, (charge transfer or polarization resistance) in parallel
with C,; (capacitance of the electrical double layer) (Figure 4.8b(i)).

In oxidation regime, the bare gallium on the surface reacts with the OH- anions near the
surface to oxidize, forming an oxide film and oxidation peak P1 (Figure 4.1). This oxide film
causes the current to drop (passivation). The low frequency tail in the Nyquist plot has been
removed since the data points do not satisfy the K-K test!®2°, However, from Figure 4.3(a-c) the
impedance spectra shows evidence of an unstable oxide accompanied with formation of an oxide
film on the surface, this oxide film is mostly made of gallium hydroxides 3. For this reason, we
use a constant phase element (Qpseudo ) t0 model the oxide formation instead of traditional
Warburg element. The equivalent circuit for this regime consists of Qp.yq, In parallel with R,
and C,, (Figure 4.8b(ii)) where R,, and C,, are used to represent the impedance caused due to
the presence of oxide.

In the passivation regime, the concentration of OH- anions near the surface increases with
applied potential; leading to the formation of GaOOH oxide film (reaction 2.2). However, when
the surface pH becomes larger than 14.3, the GaOOH present on the surface starts to convert to
soluble gallates Ga(OH); (reaction 2.5) and passivation film breaks down. We observe two
unique impedance trends that are consistent with our oxidation mechanism. The initial formation

of GaOOH oxide at E > 0.05V is attributed to a diffusive behavior (mass transport due to the oxide
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formation) Figure 4.8c(iii), but eventually the impedance trends gradually transitions to an
inductive loop at E = 0.15 V. The induction loops start after E > 0.15V and persist until E =
0.25V. The first equivalent circuit that describes the passivation regime is the same as the
oxidation regime, Figure 4.8b(ii), while the second equivalent circuit is a combination of L in
parallel with R, Cp, and Qpsevnao (Figure 4.8b(iii)).

In the passivation breakdown regime, some parts of the electrode may get exposed in the
passivation regime as the surface oxide continuously dissolves and reforms. Any exposed Ga
metals will react with the OH- near the surface of the electrode to form Ga(OH); and eventually
to Ga(OH), reaction 2.6. Additionally, as the surface pH increases due to the electrostatic
attraction of OH-, the already present GaOOH on the surface may become soluble, forming
Ga(OH); gallates. These reactions cause the current response to increase, forming oxidation peak
(P2). Due to the high anodic potential, we speculated that the Ga(OH); formed near the surface
form a layer around eGaln droplet (most likely an adsorbed gallate layer on the eGaln surface).
The impedance behaviors in this regime show two unique impedance behaviors. At E = 0.25 V
(peak P2), the induction loops transition into a small second impedance loop with a negative
capacitance loop*®, and for E > 0.25, the second impedance loop fully develops into a capacitance
loop with no inductive behavior'’. The second capacitance loop indicates the presence of an
additional layer of charge or oxide. Additionally, the second capacitance loop increases with
applied potential while the first loop’s width decreases, this suggests at higher potentials and at
large time scales we the adsorbed gallates on the surface increases. The first equivalent circuit that
shows inductive behavior consists of a series combination of R.; and Cpg.,,4, IN parallel with L,
Ro,, and Qo (Figure 4.8(iv)) while The second equivalent circuit that describes the dual

capacitance loops consists of R, and Cpseya, in parallel with R, and Q,, (Figure 4.8(v))*.
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Equivalent circuits for backward sweep impedance spectra

Due to the similarity of the impedance behaviors between the forward and backward
sweep, the circuit interpretation of Nyquist plots of the forward sweep trends can be translated to
the backward sweep. In the passivation breakdown regime, the impedance values are similar and
consistent with the forward sweep data in the potential range 0.25V< E <050V .Butat E =
0.25 V we do not observe any inductive behavior in the low frequency range, so we use the
equivalent circuit IV (Figure 4.8b(iv)) without an inductive element to describe the transition to
passivation regime.

The impedance values for passivation and oxidation regime during the backward sweep
differ from the forward sweep. In the passivation regime, we observed that the impedance values
associated with oxide formation are larger in the backward sweep than the forward sweep, while
the impedance values associated with inductive behavior are smaller in the backward sweep than
the forward sweep Figure 4.6. This may be due to decrease in surface pH during the backward
scan since the decrease in potential attracts less OH- to the surface; a lower pH can cause formation
of GaOOH to be more favorable. Additionally, the impedance values during the oxidation regime
are greater in the backward than the forward sweep as the surface of eGaln; during backward
sweep decrease in applied potential leads to decrease in surface pH, further depositing GaOOH in
the surface of the electrode (as formation of GaOOH is more favorable at lower pH), This oxide
remains on the surface until 0.075 V where we see the oxidation peak Pr (Figure 4.1), leading to
larger impedance values. The impedance values observed at OCP (E ~ 0V) during the backward
sweep are smaller than those of the forward sweep. This may be because of the direction of the

potential sweep as decreasing the applied potential causes the OH- ions near the surface to move
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away from the surface. The equivalent circuits for passivation and oxidation regime during
backward sweep are the same as the forward sweep.

Oxide characterization using EIS:
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Figure 4.9. Shows the plot of impedance parameters as function of electrode potential, a) The resistance and b) capacitance values
obtained from fitting EIS data to equivalent circuit models using non-linear least square fit. Grey (cathodic protection), blue
(oxidizing), orange (passivation), and green (passivation breakdown) colors represent the different regimes. The blue stars indicate
the capacitance of electrical double layer as there is no oxide present at 0V and -0.1V, and the grey line shows the potential where

the inductive behavior starts to appear. The graphs are plotted with spine lines to guide the eye.

Figure 4.9 describes the four circuit elements in the equivalent circuit models that depict
the different electro-oxidation regimes of eGaln during EIS for both forward and backward sweep.
Figure 4.9a. Shows the behavior of resistive parameters, including oxide resistance (R,,) and
charge transfer resistance (R_;) for both forward and backward sweep. There is no oxide resistance
for E < 0.05 V as the eGaln electrode is free of surface oxide at reductive potentials and open

circuit potential. As E > 0.05 V is applied, R, increases abruptly in the oxidation regime and
gradually increases until a passive oxide film is formed completely. This observation is consistent
with the low current observed in the cyclic voltammogram (Figure 4.1). Beyond 0.125 V, the
oxide resistance gradually decreases. Upon reaching the passivation breakdown regime (~0.25 V),
the resistance drops by an order of magnitude. A further increase in potential in this regime causes
the oxide resistance to drop less than 8 (2, suggesting that any oxide species on the surface provide

minimal barrier to Faradaic reactions. In addition to oxide resistance, Figure 4.9also plots the
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charge transfer resistance (R.:) in the passivation breakdown regime. Both oxidation and
passivation regimes do not have R, as there is no significant increase in Faradic current in these
regimes. However, R, is very high in the cathodic protection regime and at OCP since Faradaic
reactions are unfavorable. The decrease in R,, in the passivation regime is consistent with the
reconstruction of the oxide film. Additionally, the inductive behavior observed after E > 0.125
suggests that the surface oxide species changes from GaOOH to Ga(OH), thus leading to a
decrease in resistance Figure 4.3. R, in both forward and backward sweeps are consistent;
however, R,, spikes at 0.175 V during the backward sweep suggesting the reformation of a
passivating oxide film of GaOOH on the surface and only disappears after 0.05 V as R, drops.
The constant phase elements (CPE), Qpsenao and Qp, are converted to effective

capacitance Cpgeyq, and Co, Using the equation??:

1
(Qi * ROx)n

C; =
' ROx*A

(4.1)*

where R, is in parallel with the CPE, A is the area of the electrode, and n is the non-
ideality factor of the CPE. Figure 4.9b. Shows the changes in effective oxide capacitance (Cy,)
and pseudo-capacitance (Cpgeyndo) N the three oxidation regimes for forward and backward
potential sweeps. Pseudo-capacitance (Cpseyq0) iS attributed to reactions?? while C,, represents
oxide capacitance. C,, at E < 0.05 V indicates the electrical double layer capacitance (EDL), as
there is no oxide present on the electrode surface; therefore, it is marked by blue stars (solid color
for forward sweep and hollow color with a cross for backward sweep). The observed EDL
capacitance values are consistent with the typical literature values for EDL (~20 uF/cm?) on bare
metal in electrolyte.? When an anodic potential is applied, the Ga ions on the electrode surface

oxidize, causing C,, to decrease. In the passivation regime, C,, does not change significantly until
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0.25 V where it increases slightly. For E > 0.25 V, the decreasing C,, suggests the formation of
defects or dissolution of surface oxides.

Cpseudo 1S @ssociated with the reaction that occurs on the surface of the electrode and oxide
film and appears in the oxidation regime. Cpq.y,4, 1S larger than C,, at 0.05 V and is consistent
with the formation of an oxide film. Cpg,, 4, initially decreases in the passivation regime until 0.20
V as the passivation oxide film completely forms. However, increasing the applied potential causes
the Cpgena, t0 Increase and cause it to reach a maximum at 0.275V in the passivation breakdown
regime. This observation is consistent with the formation of Ga(OH); and Ga(OH )5 as the passive
oxide film breaks down. The Cpseyuqo and Cp, Values in the backward sweep are consistent with
the forward sweep during the passivation breakdown regime. But C,, deviates from the
capacitance trends for E < 0.15 V during the backward sweep. We speculate that this behavior is

due to pre-existing oxide on the surface of the electrode.

Oxide thickness analysis using EIS and dissolution experiments:
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Figure 4.10. a) The estimated oxide coverage density (assuming the surface oxide as GaOOH) as a function of potential was
calculated using the charges retrieved from the voltammetric stripping of the oxide shell (i.e., removing oxide using a reductive
current). b) Effective oxide thickness (assuming the oxide covered is GaOOH) derived from dissolution and EIS analysis as a
function of applied potential. The blue stars show the thickness of the electrical double layer as at E ~ 0 V due to the absence of
surface oxide, and the grey vertical line indicates the potential where the inductive behavior starts to appear, and the black horizontal
line indicates the GaO bond length of the oxide. The graphs are plotted with spine lines to guide the eye.
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We use the EIS circuit parameters to estimate the thickness of oxide. Assuming an ideal
parallel plate capacitor approximation, we can estimate the oxide thickness (t,,) using the formula
tox = €,6,4/Cp,, Where g, is the permittivity of the GaOOH (~19.13 at 25°C)? ,¢, is the
permittivity of vacuum (8.85x10® uF/cm), A is the area of the electrode and C,y is the previously
determined oxide capacitance.

Additionally, to estimate the effective oxide thickness, we designed dissolution
experiments that work on the principle of stripping voltammetry?*. The surface of the electrode is
deposited with oxide by applying a linear potential sweep to a target potential. A reduction current
(I..q) is immediately applied to strip the oxide species from the surface while recording the time
taken for the oxide species to reduce and reach open circuit potential (t,.4). We repeated the
dissolution experiments for multiple target potentials steps with different reduction currents
(I;eq = 1 mA,100pA and 0 A). The experiments were performed thrice to confirm the
reproducibility and consistency of the data.

The amount of Faradic charge needed to reduce the oxide on the surface helps determine
the number of reducible oxidized Ga species on the surface. The total faradic charge (Q) can be
extracted using the formula Q = I,.4.t..q. HOwever, oxide reduction can follow both an
electrochemical and a chemical pathway; for example, Ga oxide species can dissolve into the
electrolyte without being reduced. Thus, the total moles of oxide on the surface (ng,.f) can be
written as sum of moles of oxide reduced by an electrochemical pathway (n,.4em) and moles of

oxide removed from the surface by a chemical pathway (1.4 ), given by

Nsurf = Nechem T Nchem (1)
Q
n =— 2
echem nF ( )
Nchem = Vdiss- Ldiss (3)
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We assume that the charges recorded are only associated with the conversion of Ga®*, so
we find the n .pem and nqpnem values using equations (2) and (3), respectively. Where Q is the
faradic charge (C), n is the number of electrons (3 for Ga®*), F is the faradic constant (96485
C/mol), v, is the dissolution rate of oxide (chemical) and t,;, is the time taken to dissolve the
oxide chemically.

To measure tg;s;, We perform the experiment without reductive current (I, = 04) to
eliminate electrochemical reactions. By solving equations 1 and 3 by the linear combination
method, we can find the dissolution rate (i.e., Vgiss = Nechem/ (taiss — trea))- Using the
following, we estimated the oxide coverage density (Izu00y) With the formula Tgppon =
neurr/A, Where A is the electrode area. Figure 4.10a plots oxide coverage density (Igz00n) @S @
function of potential. We then converted the surface oxide concentration to effective oxide
thickness (d,,) using the formula: d,, = Tza00n-m/p, by assuming GaOOH as the surface oxide
species, where m is the molar mass of GaOOH = 102.73 g/mol and p is the density of GaOOH =
5.23g/cm3 25, According to Figure 4.10a, the surface oxide coverage density increases as GaOOH
forms in the oxidation and passivation regime. Upon increasing the potential, the GaOOH species
decrease on the surface at 0.20V and plateaus at ~0.4 nmol/cm? in the passivation breakdown
regime. This decrease is consistent with the proposed oxidation mechanism as GaOOH gets
converted to soluble Ga(OH); and therefore does not get thicker with increased potential. It is
also consistent with the impedance spectra, where we observe the onset of inductive behaviour.

Figure 4.10b plots effective oxide thickness as a function of applied potential for
dissolution (d,,) and EIS (t,,) methods. d,, increases initially in the passivation regime and
reaches a plateau in the passivation regime. On the other hand, t,, estimated using EIS is at least

one order of magnitude larger than d,,,., as t,, includes the electrical double layer (6 = t,, — dyy)-
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The electrical double layer initially decreases in the passivation regime due to the deposition of
GaOOH. However, as the surface pH increases (due to the electrostatic attraction of OH- or gallate
anions), there is linear increase in the electrical double layer with potential. Further, & increases
linearly with applied potential. The forward and backward sweep have similar oxide thickness
trends in the passivation breakdown regime. However, the 5 is larger in the backward sweep than
forward sweep because sweeping the potential backward causes the surface pH to decrease, hence
the precipitating GaOOH oxide on the surface of the electrode

Conclusion:

An electrochemical impedance (EIS) study of liquid metal (eGaln) electrodes in 1M NaOH
is reported here. The impedance spectra were obtained at multiple DC potentials in the different
oxidation regimes (oxidation, passivation, and the passive film breakdown) for both forward and
backward potential scans. The generation, accumulation, dissolution, and adsorption of the oxide
species are accounted for in the reaction model. At E < OCP (0 V) a capacitive loop is consistent
with presence of an electrical double layer since the bare metal contacts the electrolyte without
oxidation. During the transition from the oxidation to the passivation regime (E = 0.05 V), a tail
is observed in the low frequency range corresponding to diffusive behavior coupled with the
formation of oxide film (most likely Ga(OHs or GaOOH, at slow time scales). In the passivation
regime, 0.05V < E < 0.25 V the oxide appears to be relatively stable in the low frequency range
until 0.15V, where it transitions into an inductive loop until 0.25 V; this observation is consistent
with the formation of GaOOH film and the eventual conversion to soluble gallates Ga(OH).
When the electrode is at the transition potential between passivation and passivation breakdown
regime (E = 0.25 V), the Nyquist plot shows the start of a second capacitance loop but with an

inductive behavior in the lower frequencies. This trend suggests the presence of an adsorbed film
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that depends on the surface coverage density of GaOOH and applied potential. Upon reaching
passivation breakdown, 0.25V < E < 0.50 VV we observe a fully formed secondary capacitive
loop that suggests the presence of a second adsorbed layer that depends on applied potential.
Furthermore, at E = 0.50 V we observe an additional small loop in the intermediate frequencies.
These observations suggest a stepwise addition of surface hydroxy species in the oxidation
mechanism with applied potential. Thus, we infer that due to the anodic dissolution of GaOOH
and the formation of GaOOH and Ga(OH); may compete for the formed bare surface sites.

Additionally, we indirectly characterize the oxide species on the surface of the electrode
by using the impedance parameters and oxide dissolution method. The estimated thickness of the
adsorbed Ga(OH); layer increases with potential. Meanwhile, reducible species (GaOOH oxide)
form during passivation and then decrease to a plateau value in the passivation breakdown regime.
Although the absolute values are rough estimates, they suggest a film that is approximately a
monolayer in thickness.

Taken in sum, these observations provide validation for the reaction mechanism reported
in chapter 3. The next chapter will discuss how the oxidation and impedance analysis is used to

cause the drop in surface tension.
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Chapter 5 : Conclusion - Effect of electrochemical oxidation on interfacial tension.
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Abstract:

Based on the electrochemical oxidation mechanism presented in Chapter 3 and the
impedance results presented in Chapter 4, here we discuss the effect of electrochemical oxidation
on interfacial tension change in this chapter. This chapter will serve as the conclusion for the thesis.
Introduction:

The thermodynamic theory established by Gibbs! and Lippman? describe the interfacial
tension changes of liquid metal electrodes in contact with an electrolyte as a function of electrode
potential®. Gouy performed initial interfacial measurements on mercury electrodes in electrolyte
to validate this theory®. Thereby, characterizing the metal-electrolyte interface using interfacial
tension measurement®. This theory was later extended to solid electrodes, to describe the surface
stress on electrodes as a function of surface charges or potential®#. Some examples include, studies
that use potential to induce bending of thin polycrystalline gold and platinum cantilever electrodes
due to the surface stress®®, while others have measured surface stress of well-defined gold single
crystal surfaces due to potential modulation’8. However, the description of surface stress as a
function potential using thermodynamic theory has proved to be controversial®. Some authors
report a parabolic dependence of stress (similar to electrocapillary behavior of liquid mercury
electrodes)®, while others report a monotonically linear decrease in surface stress with increasing
electrode potential”8. Even though both authors agree that adsorbed interface is the reason for
surface stress the differences in their conclusion stem from their approaches; ° measured the
surface stress of the sputtered Au film in the potential range where no oxidation or reduction peaks
were observed (i.e., the passivation film has already formed), whereas 7% measured surface stress
of the Au (111) film during electrodeposition of Cu on the Au(111) layer. For example, Figure

5.1 Shows the cyclic voltammogram and the accompanying surface stress change of a Au(111)
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electrode®°, Furthermore, 1112 also report a linear increase in surface stress with increase in

surface coverage.

)
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Figure 5.1 Copper under-potential deposition (UPD) on Au (111) in the presence of bromide (from [1°]). Shows the a) cyclic

voltammogram, b) its accompanying surface stress change and c) derivative of the surface stress with respect to the electrode
potential, for a Au(111) electrode in 0.1MH2SO4 + 1 mM CuSQOs + 1 mM CsBr during a potential scan rate of 20 mV s—1 310

For liquid mercury, the parabolic dependence of interfacial tension with respect to
electrode potential is a well-established relationship that can be explained using the
electrocapillarity Equation 1.1. This equation, derived by Lippmann,? describes the interfacial
tension change by including the effect of surface charges in the electrical double layer at the
electrode surface. Essentially, this layer resembles a capacitor and thereby lowers the interfacial
energy by the energy of a capacitor (%2 CV?, in which C is capacitance and V is potential) and the
interfacial tension change is therefore parabolic. Yet, previous work from our group 2 shows that

the interfacial tension behavior of gallium based liquid metal (eGaln) does not follow the regular
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electrocapillarity trend'*1>. The interfacial tension of eGaln was found to follow the
electrocapillarity curve until E~0.10 V after which the measured interfacial tension drops and
deviates from electrocapillarity behavior (later, we show that portions of the plot of tension versus
potential are linear)'314, Initially, it was proposed that the unique interfacial tension behavior was
caused due to the surfactant like behavior of surface oxides on the eGaln electrode!®. Additional
studies suggested there may be compressive forces generated by the electrochemical deposition of
the oxide!. The exact mechanism remains poorly understood.

There are three challenges with elucidating the mechanism. First, the interfacial tension is
an ‘effective’ value that represents effects arising from the metal/oxide and oxide/ambient
interfaces, plus any mechanical effects arising from the coating. Prior studies suggest that the
surface is likely visco-elastic during electrochemical oxidation and therefore not purely fluid?2.
While interfacial tension and surface stress are the same for liquids, they are not the same for solids
(such as the oxide ‘coating’ that forms during electrochemical oxidation)®. This significantly
complicates the interfacial behavior. Second, it is challenging (if not impossible) to directly probe
what is on the surface during electrochemical oxidation since any oxide species dissolve in the
absence of potential. This motivates the use of indirect methods (electrochemistry, EIS) described
in this chapter to elucidate what forms on the surface as a function of potential. Third, we observe
a hysteresis in interfacial tension between the forward and reverse potential scan*?,

Here we describe the interfacial tension behavior of eGaln electrode and how the electro-

oxidation of liquid metals contributes to it.
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Results and discussions:

Interpretation of interfacial tension:

20 = " vy = r : 600 - 1.0
orward sweep ——/mA, = 4
a) Backward sweep ——/ mA, ® IFT 600 b) :
: 500 - - H10.8
1500 "):_.0.\’
o g 400F e -
14007 E | i . 1963
3 E00f | pa g
1300 Z = : . + %o 1048
2 = 200} i - ~
4200 i e
i e 102
100 |
{100 i :
g i
! 1 | 1 1 1 1 1 0 % 0 0.1 0‘2 0‘3 0‘4 0‘5 0.0
01 00 01 02 03 04 05 06 ) ’ ) ' ' ’
E (vs. OCP) (V) E (vs. OCP) (V)

Figure 5.2. The interfacial tension of liquid metal (eGaln) in 1M NaOH analyzed using sessile drop shape analysis. A cyclic
voltammogram co-plotted with interfacial tension of liquid metal vs. electrical potential. b) Interfacial tension, co-plotted with
surface oxide coverage density (assuming GaOOH oxide on surface) as a function of potential, reused from Figure 4.10. The
volume of eGaln droplet and the potential scan rate is 0.1 ml and 1 mV/s, respectively. Red and black colors are used to represent
forward sweep (FS) and backward sweep (BS) respectively, lines correspond to cyclic voltammetry data and dots correspond to
interfacial tension data (IFT, y). The various oxidation regimes are labeled by color as cathodic protection (grey), oxidizing (blue),
passivation (orange), and passivation breakdown (green), respectively. (Contributions: Keith Hillarie helped to measure the
interfacial tension values for Figure 5)

Figure 5.2a shows the effective interfacial tension (IFT, y) of a 0.1ml eGaln droplet in 1M
NaOH during electro-oxidation. The interfacial tension of the eGaln droplet is ~ 500 mN/m in the
absence of potential as NaOH dissolves the surface oxide. Previous work from our group
speculated that the oxide acts as a surfactant (possibly in conjunction with electrocapillarity) to
lower interfacial tension; contrary to our expectations, interfacial tension analysis shows no change
in IFT in the ‘oxidizing regime’ and starts to show signs of change only in the ‘passivation regime'
at E~0.15V. As E > 0.15V is applied, the interfacial tension suddenly drops from 500 mN/m
to 200 mN/m in a narrow potential window between 0.15 V to 0.25 V in the "passivation regime'.

As discussed in Chapter 3, We speculate that this change occurs due to the accumulation
of OH™ ions (i.e., charges) near the electrolyte/oxide interface leads to change in the composition

of the already existing oxide film, resulting in the formation of either GaOOH or Ga(OH); as the
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new passive oxide film. The presence of the passivating oxide creates a barrier to electrochemical
reactions on the metal, thereby lowering the current readings. The OH ~anions are not consumed
in the oxidation reaction; hence increase in potential causes the OH" ions in bulk to accumulate at
the electrode surface, thereby increasing the surface pH. Then the passive oxide film (most likely
GaOOH) covers the surface, the interfacial tension does not change for reasons we do not fully
understand, but one possibility is that the oxide is sufficiently rigid to prevent the droplet from
changing shape. However, once the surface composition starts to change (at E~0.15V) the
interfacial tension drops. Additionally, the analysis of impedance spectroscopy in the passivation
regime (0.05 > E > 0.25 V) (discussed in chapter 4) shows two unique impedance trends; The
first tend in the potential range 0.05 > E > 0.15 V (Figure 4.3 and Figure 4.6), we observe a tail
in the low frequency range corresponding to formation of GaOOH from the adsorbed gallium
hydroxide species on the oxide film, while in the later potentials ranges (0.15 > E > 0.25V), a
negative impedance loops (inductive behavior) appears in the low frequency regime. Inductive
behavior is often associated with electrochemical or chemical reactions*¢-18, We suspect that the
change in oxide composition from GaOOH to soluble gallates Ga(OH); leads to changes to the
composition of the interface, allowing the bare metal to encounter the electrolyte causing inductive
behavior. The drop in tension across this range (0.05 > E > 0.15V) may be from multiple
factors; we direct the reader to the thesis of Keith Hillaire (2022) for more information. Note that
the drop in tension in this range is not reproduced during the reverse voltage sweep (i.e.,
hysteresis). This hysteresis is apparent by comparing the red and black data in Figure 5.2a.

At higher oxidative potentials (E > 0.25 V), the interfacial tension decreases linearly with
applied potential in the 'passivation breakdown' regime. A decrease in interfacial tension suggests

changes to the surface of the electrode, while the presence of an oxidation peak P2 occurs due to
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the continued formation of soluble gallates. Next, we explore the possible mechanisms for
lowering the tension and use process of elimination to identify the most likely explanation.

Electrocapillarity: Initially, we suspected that the tension lowers by electrocapillarity;
however, if it was simply surface charge, the interfacial tension change should be parabolic with
respect to potential (i.e., electrocapillarity) rather than linear. Furthermore, the change in tension
with respect to potential is much larger than what is possible by conventional electrocapillarity
assuming a capacitance of an electrical double layer (approximately 20 of uF/cm?). Thus, if it is
electrocapillarity, it would be anomalous relative to conventional theory. The electrocapillarity
curve is shown in Figure 1.2.

Current: Driving electrochemical oxidation of the surface could create stress by, for
example, driving ions through any surface film. While the current increases as the tension drops
(cf. Figure 5.1a), the drop in tension is not proportional to current. This is most apparent in the
reverse sweep (red data) in Figure 5.1a; the tension changes linearly with potential, but the current
changes non-linearly. Thus, current alone cannot explain the linear decrease in tension.

Surfactant: The prior chapters suggest that the surface changes from GaOOH to gallate
salts or Ga(OH)s. Changes to the chemistry of the surface could result in a decrease in tension of
the species like ‘surfactants’. However, if this is the case, they would be the best surfactants ever
reported. Furthermore, it does not explain why tension drops with respect to potential as opposed
to a sudden decrease in tension once certain species form on the surface. In Chapter 4, we showed
two unique measurements (dissolution and EIS) that suggest that surface layer is of approximately
constant thickness Figure 4.10.

Surface stress: Given the linear decrease in tension (Figure 5.1a), it seems most likely that

the decrease in tension is due to surface stress in the thin layer of adsorbed oxidation species, as
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reported on other solid metal films®. The impedance spectra for the ‘passivation breakdown
regime’ shows the appearance of a second capacitance loop. We also see the first loop becoming
smaller and the second one becoming wider with potential (suggesting an increase in oxide
thickness), while the cyclic voltammogram shows the increase in current and the formation of peak
P2at E = 0.25 V (Figure 5.2a.). This increase in oxide thickness may impart surface stress on the
electrode, that is reflected on the surface tension curve. Additionally, at E = 0.50 V we observe an
additional small loop in the intermediate frequencies Figure 4.4f-Figure 4.5a. These observations
suggest a stepwise addition of surface hydroxyl species that could create the stress necessary to
lower the effective tension of the metal.

Prior work has shown a linear dependence of surface stress on metals based on coverage
of monolayers. This linear dependence has been reported for most adsorbate systems at the gas-
solid (electrode) interfaced. For example oxygen adsorbed on Ni (100) substrates cause
compressive stress for low coverages'?. The previously calculated oxide coverage (assuming only
GaOOH oxide is present on the surface) (in Chapter 4, Figure 4.10) is co-plotted with interfacial
tension as a function of potential during forward sweep, (Figure 5.2b). We observe that the
surfaces coverage of GaOOH peaks and drops at E = 0.20V (in the passivation regime), when the
inductive loops appear. This suggests conversion of GaOOH to Ga(OH); . Furthermore, after E >
0.25 V the interfacial tension drops along with the drop in surface coverage of GaOOH in the
passivation breakdown regime, contrary to our increase in oxide thickness. Thus, we speculate that
either Ga(OH)s or Ga(OH); contribute to the surface stress. Similar study on uracil adsorbed on
Au (111) have shown a linear relationship between surface stress and surface charges on the

surface of the electrode, consistent with our observations319:20,
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An interesting observation is the interfacial behavior during the backward sweep shows
hysteresis Figure 5.2a. During the backward sweep, the interfacial tension increases with applied
potential linearly in all the oxidation regimes and returns to 500 mN/m in the oxidation regime.
This hysteresis indicates that the interface is different in the passivation regime during the forward
and backward scans. Given the linear increase in tension during the reverse scan (through the
passivation regime), we reason that the surface of the eGaln electrode is covered with gallates and
GaOOH until ~0.15 V. This happens because during the reverse potential scan the surface pH
decreases as we move toward smaller potentials, and the conversion of some gallates to GaOOH
as is more favorable. We suspect these oxide species helps maintain the shape of the droplet until
all the surface oxide completely dissolves, as the interfacial tension increases suddenly with the
appearance of a peak Pr (at E~0.05 V). Additionally,? prior measurements on gold show hysteresis
in surface stress when the reconstruction of chemisorbed Uracil in the cathodic scan and its
subsequent removal in the anodic scan occurs. This observation is analogous to our observations,
during the anodic scan; the impedance spectra in the passivation regime shows the presence of an
inductive behaviour that suggests the appearance of bare metals (removal of GaOOH) while during
the cathodic scan the decrease in surface pH causes deposition of GaOOH on the surface
(reformation of the oxide layer). This is the most likely the reason for the hysteresis to appear in
the interfacial tension behavior.

Conclusion:

Based on the oxidation mechanism presented in Chapter 3 and the impedance results
presented in Chapter 4, we propose that the change in the interfacial behavior occurs as follows.

The interfacial tension of the eGaln droplet is ~ 500 mN/m in the absence of potential as

NaOH dissolves the surface oxide. Contrary to our expectations the interfacial tension does not
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change upon formation of oxide in the oxidation regime; instead, it drops rapidly from 500 mN/m
to 200 mN/m in a narrow potential window between 0.15 V to 0.25 V in the passivation regime.
This decrease is most likely due to the increase in the surface pH from electrostatically attracted
OH- from the bulk. The change in pH can convert GaOOH to Ga(OH);. The latter is soluble, so
at smaller time scales it is possible to have some metal sites exposed (indicative of inductive
behaviour in EIS spectra). At E > 0.25 V, the interfacial tension decreases linearly with potential,
along with continuous and dynamic formation of soluble gallates. The anodic dissolution of
GaOOH and the formation of GaOOH and Ga(OH), compete for bare metal surface sites, this
maintains the thickness of oxide film on surface (assuming only GaOOH) while the thickness of
adsorbed Ga(OH); increases, the surface coverage of GaOOH is shown to decrease very slowly
in the passivation breakdown regime. The oxides species deposited electrochemically cause the
interfacial tension to decrease linearly with applied potential presumably due to surface stress.

Additionally, during the backward scan the interfacial tension increases linearly with the
applied the electrode potential demonstrating a hysteresis behavior. we speculate that the oxide
film on the surface of the electrode does not disappear until E~0.05 V, this oxide film is most likely
gallates and GaOOH on the surface of the electrode (due to decrease in surface pH) causing the
hysteresis in interfacial tension behavior.

For future work, modeling the EIS results with reaction kinetics will provide a better
understanding of the surface coverage of the oxide species and will validate our speculations about

the mechanism for interfacial tension change.
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