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Abstract of Thesis 

 

Gallium based liquid metal alloys feature unique properties that set promising pathways for 

developing future technologies. In contrast to mercury, gallium is considered a non-hazardous option 

as a liquid metal.  A variety of metals can be alloyed into gallium in order to create mixtures with 

exciting physical and chemical properties. Galinstan is a eutectic liquid metal alloy, consisting 68.5 

wt% gallium, 21.5 wt% indium, and 10 wt% tin which possesses a lower (below 0 ºC) freezing point 

and higher surface tension than that of gallium liquid metal. Surface tension manipulations of liquid 

metals in electrolyte environments play an important role in the development of their emerging 

applications in electrochemical systems and microfluidics. However, the effects of electrolytes on 

the surface tension of liquid metals were not fully explored and an opportunity existed for a 

comprehensive study of such liquids. Due to significant potential outcomes, exploring the effects of 

different electrolyte types and concentrations on gallium based liquid metal dynamics was chosen as 

one of the main foci of this research. In this PhD thesis, the author establishes a new framework to 

study the effects of different acidic and basic electrolytes on dynamics of galinstan droplets. The 

droplet is placed in a recess between two microfluidic channels. Each of the channels carries 

different acidic and basic electrolytes to induce pH gradient across the droplet. Adjusting pH 

gradient by changing the concentrations of electrolytes on either side of droplets is shown to change 

the potential of zero charge and the chemical potentials. The author of this thesis hypothesises that 

according to the Lippmann’s equation this condition should induce surface tension gradient to the 

droplet. The PhD candidate observes two distinct dynamics of deformation and surface Marangoni 

flow. To measure the deformation, the author mathematically modelled the change in shape as an 
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aspect ratio between major and minor axes. The surface Marangoni flow is measured by adding 

micro particles to the electrolytes and tracking their velocities on the surface of the droplet. When 

low concentrations of electrolytes are used, the hydroxides are less dominant on the surface to enable 

the deformation of the liquid metal. Instead, when concentrations of both acidic and basic 

electrolytes are increased, the surface hydroxides are thickened. The formation of thicker surface 

hydroxides leads to less droplet deformability. Under this condition, the surface tension gradient 

appears mostly as surface Marangoni flows. The deformation and surface Marangoni flows are 

replicated and characterised by applying external potentials. The PhD candidate derives theoretical 

equations for both dynamics which are in good agreement with the experimental results. The author 

also became involved in the development of applications in low pH gradients when the deformation 

is the more dominant dynamic. The author discovers that under the deformation dominant 

conditions, self-propulsion of the droplets is possible. Applications including pumping and switching 

are demonstrated by only changing the electrolytes surrounding the droplet without the need for an 

external power supply.               

After investigating the surface manipulation of liquid metals using electrolyte environments, this 

PhD research is extended to explore the fundamental understanding of the oxide compounds that 

form on the surface of gallium liquid metals. In ambient conditions, self-limiting layers of metal 

oxides spontaneously form on the surface of liquid metal alloys. These oxide layers are naturally 

occurring two-dimensional (2D) materials. The author of this PhD thesis demonstrates two novel 

methods for delaminating the surface oxides. In the first method, surface oxides are directly 

transferred onto a substrate via a van der Waals exfoliation technique. In the second method, a 

reactor is devised for the large scale production of the 2D sheets. During this process, compressed air 

is injected into the liquid metal and the 2D exfoliated sheets are collected in a solvent that is situated 

above the liquid metal. PhD candidate then investigates the possibility of modifying the composition 

of the surface oxides. To achieve this, the author of the thesis uses galinstan liquid metal as a 

reaction solvent and incorporates other metals, such as transition metals, post transition metals and 

lanthanides. The author hypothesised that the surface oxide composition is dominated by the metal 
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oxide with more favourable Gibbs energy of oxide reaction in comparison to the base alloy. Author 

uses this method to synthesise the thinnest ever reported 2D hafnium oxide sheets and develops 

insulating layers for applications in electronics.    

In the final stage of this PhD project, the author of this PhD thesis furthers this concept to grow low 

dimensional materials at the interface of galinstan liquid metal with water molecules. 2D sheet and 

One-dimensional (1D) fibre morphologies of aluminium oxide compounds are successfully produced 

by exposing galinstan-aluminium alloy to liquid and vapour phases of water molecules, respectively. 

Annealing is shown to retain both 1D and 2D morphologies when aluminium oxide hydroxides are 

converted into aluminium oxides. Both 1D and 2D oxide hydroxides of aluminium feature very large 

surface areas. The author demonstrates that each of the morphologies have exciting and unique 

characteristics. 1D morphologies that are grown from the surface of liquid metal are presented to 

have high transparency. Instead, the 2D grown morphologies are of strong stiffness. Freestanding 

membranes are made from the self-assembled 2D structures for the filtration of lead contaminated 

water and oil-water separation. Membranes demonstrate extraordinary high flux rates which author 

believes to be due to the highly wrinkled structures of the 2D sheets. A green and sustainable 

synthesis method is presented to reuse liquid metal for many synthesis cycles. The synthesis cycle is 

shown to repeat several times with negligible loss of liquid metal and a yield of 100%. The synthesis 

cycles are shown to only require aluminium and water as pre-cursers.  

Altogether the author successfully demonstrates several significant discoveries in the course of this 

PhD research, developed new concepts based on liquid metals and also created a few unique devices 

with extraordinary properties. It is expected that the outcomes of this PhD research to impact future 

of many industries including electronics, optics and also filtration.  
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Chapter 1 

 

 

 

Motivations and Objectives 

 
 

3.3.1. Motivations 

Recently, gallium based liquid metals have attracted considerable attention in research and industry. 

With the emergence of gallium as a non-hazardous option comparing to mercury, the possibility of 

utilising gallium based liquid metals in practical applications has become more attractive1-2. Gallium 

and its liquid metal alloys feature diverse and remarkable properties for emerging applications in 

microfluidics, 3D printing, flexible and stretchable electronics and reconfigurable devices, optics and 

reversible electrochemical systems3-14. Liquid metals interact with the environment through their 

surfaces. Therefore, the investigation of liquid metal’s surface chemical and physical properties is of 

utmost importance for understanding and determination of characteristics such as wettability, 

electrical double layer formation, droplet actuation mechanisms, deformability, surface composition 

and corrosion behaviour. 

For specific applications, liquid metals can be immersed in aqueous electrolyte environments7, 15-23. 

When liquid metals are submerged into such aqueous electrolytes an electrical double layer (EDL) 

forms on their interfaces with the environments24. The EDL gives rise to the surface capacitive 
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properties by accumulating charges24. The energy stored within the EDL can be converted into 

mechanical motions25-26. The EDL formation and surface capacitive properties are strong functions of 

electrolyte types and concentrations. However, these surface effects have not been fully investigated 

in literature. These investigations are used for discovering the answers to the fundamental research 

questions including: What is the effect of aqueous electrolyte solutions on dynamics of the liquid 

metal droplets based on the surface formed EDL? and how to manipulate this EDL for inducing 

surface Marangoni flow and deformation? If surface manipulations are found to induce substantial 

effects on droplet dynamics, it can lead to significant applications in microfluidics.  

Both in the air and aqueous solutions, atomically thin layers of gallium oxide and hydroxide are 

formed on the surface of gallium liquid metal at its interface with oxygen containing environments 

and water molecules, respectively27-28. These formed thin layers are naturally of two-dimensional (2D) 

nature and are shown to be useful for the applications in electronics, optics and catalysis27-28. 

However, there is no study that explores these liquid metal surface oxides to obtain desired layered 

compounds other than gallium. Fundamental understanding of methods for the modifications and 

isolation of these surface oxides will present substantial technological potentials. These explorations 

will help to answer research questions such as: Can the surface oxide layers on liquid gallium alloys 

be isolated as 2D layers and can a liquid gallium reactor be devised for their production? How does 

the composition of the surface oxide depend on the alloys composition and can co-alloying of metals 

with different energy of oxide formations? These questions can be expanded to metal hydroxides 

growth at interfaces with water molecules. Discovering the answers can potentially lead to new 

methods for synthesising 2D materials by using liquid metals as reaction solvents, thereby giving 

access to a variety of metal oxide compounds that have not been accessible before. This new method 

for synthesising 2D materials can overcome challenges that exist for the current methods such as 

process costs, complexity, scalability and performance29-31.   
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1.1. Objectives 

Author’s developed scope of work focuses on the exploration of hypotheses that can address the 

research gaps and questions identified and presented in the previous section. Accordingly, objectives 

of this research are targeted towards investigation of the followings:  

1. Based on the Lippmann’s equation change in the potential of zero charge (PZC) on each side of a 

liquid metal droplet will induce a surface tension gradient across the droplet32. The PZC on surfaces 

can be modulated by modification of pH of electrolytes33. Author hypothesises that when two 

opposite sides of a droplet are exposed to different pH values, the difference in the PZC should induce 

a surface tension gradient. The surface tension gradient therefore can be observable by deformation 

and surface Marangoni flows. Author further hypothesises that adding natural salts to one side of 

droplet should also change the chemical potentials. According to the Lippmann’s equation potential 

gradient will induce surface tension gradient and as a result will alter droplet dynamics.  

2. In ambient conditions, surface composition of gallium based liquid metal alloys, such as gallium-

indium-tin and gallium-indium, found to be only made of gallium oxides34-35. This is despite the 

presence of indium and tin within both alloys34-35. This observation leads to the hypothesis that the 

composition of the surface oxides includes the metal oxides of favourable (more negative) Gibbs 

energy for oxidisation reactions. To investigate this hypothesis, metals with more negative Gibbs free 

energy for the formation of metal oxides with reference to gallium oxide, such as hafnium, aluminium 

and gadolinium oxides, are selected. These metals are individually mixed with the gallium liquid 

metal using a grinding process. For control experiments, metals with less negative Gibbs free energy 

for the formation of metal oxides, such as silver and copper oxides, than that of gallium oxide are 

selected. The surface oxides need to be isolated from the liquid metal for analysis and incorporating in 

practical applications. It is assumed that the isolation of the surface oxide from liquid metal is possible 

due to weak attractive forces between the oxides and the parent liquid metal. Two methods are 

proposed for the surface oxide isolation. In the first proposed process, the surface of liquid metal is 

touched with a substrate. Direct transfer of oxide onto a substrate surface is believed to be possible via 

van der Waals attraction forces. Second process is proposed to increase yield of production. In this 
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method, compressed air is injected into the liquid metal alloy. During this process, a layer of oxide 

should form at the interface of the air bubble and the liquid metal alloy. The bubble should then rise to 

the surface and burst into a solvent which is placed above the liquid metal alloy. When bubble is 

burst, it is believed the surface oxides should disperse into the solvent.   

3. In the third stage of tis PhD research, hypothesis in the previous step is expanded to the interface of 

gallium liquid metal alloys with water molecules. Aluminium is an abundant element in nature and 

easy to mix with gallium liquid metals in high quantities. Aluminium compounds are selected as 

target materials due to their high industrial significance. The Gibbs free energy of reaction for 

producing aluminium hydroxides is more favourable with reference to gallium hydroxides. It is 

hypothesised that aluminium hydroxides should form at the interface of the liquid metal alloy with 

water molecules. Additionally, it is theorised that different morphological growth of the hydroxides 

can be accessible through either covering the entire surface of galinstan with water or exposing the 

surface to water vapour. Where former is assumed to produce 2D morphological structures and latter 

to form 1D fibrous morphologies growing from the water vapour nucleation sites.          

 

1.2. Organisation of thesis 

The aim of this research is to gain fundamental, theoretical and applied research analysis of the 

surface properties of liquid metal alloys of gallium.  

Chapter 2 presents the literature review of this thesis. In the research work presented in this PhD 

thesis the surface of gallium based liquid metals are explored when interfaced with aqueous 

electrolytes, oxygen containing environment and water molecules. Current methods of liquid metal 

actuations and their limitations are assessed. Then the available knowledge in surface compositions of 

gallium based liquid metal alloys, when exposed to ambient air and water, are discussed.  

In chapter 3 the effect of pH gradient on the deformation and induced surface Marangoni flow of 

gallium based liquid metal droplets is analysed. To discover fundamental mechanism of droplet 

dynamics and enable accurate modelling of the system, several different concentrations and types of 



5 

electrolytes and salts are investigated. The droplet deformation is mathematically modelled and an 

equation to describe surface Marangoni flow is derived. Several applications of such systems that 

operate only by changing electrolytes surrounding a droplet are demonstrated.  

Chapter 4 demonstrates the fundamental method to modify the surface oxide compositions of gallium 

based liquid metal alloys when co-alloyed with many other metals. Two methods for the isolation of 

the surface oxides are demonstrated. Atomic force microscopy demonstrate metal oxides that are 

produced from both methods feature ultra-thin with large lateral dimensions. An electronics insulator 

is made from the 2D hafnium oxides and its dielectric constant is measured with peak force tunnelling 

current atomic force microscope which are all presented in this chapter.        

In chapter 5, the synthesis and growth of low dimensional hydroxides and oxide hydroxides from the 

surface of the gallium-aluminium liquid metal alloys at interface with water molecules are explored. It 

is shown that 2D aluminium hydroxide sheets grow on the surface of the alloy when interfaced with 

liquid phase water. In contrary, 1D fibrous morphologies of aluminium oxide hydroxide grow at the 

interface of the alloy with water vapour. These low dimensional structures are fully characterised and 

annealed to be converted to aluminium oxides. Free standing membranes are made from the 2D 

morphologies of the aluminium oxide hydroxides, which demonstrated to be suitable materials for 

separating oil from water and adsorption of lead contaminated water. A full description of the green 

synthesis adopted to reuse gallium liquid metals after each synthesis cycle is shown in this chapter.      

Chapter 6 of this thesis contains overall conclusion for chapters 3, 4 and 5. The potential for future 

work is discussed based on the research outcomes presented in this thesis. 
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Chapter 2 

 

 

 

Literature Review  

 

 

2.1. Introduction 

In this thesis the focus is on surface properties of gallium based liquid metal alloys at interfaces with 

aqueous electrolytes (section 2.2.1), oxygen containing environments (section 2.2.2) and water 

molecules (section 2.2.3). Surface of liquid metals at interface to each of these environments offer 

unique features that are discussed in this chapter.  

When the liquid metal is submerged in aqueous electrolytes an electrical double layer (EDL) is 

formed on its surface1. Manipulation of the surface EDL leads to inducing surface Marangoni flow 

and deformation of liquid metal droplets which enable news observations and also the development of 

novel fluidic devices2-3. The electrolytes used can be natural, basic or acidic in nature, while basic and 

acidic electrolytes can facilitate the delamination or dissolution of surface oxides4. These surface 

oxides can be isolated to fabricate high performing semiconductors for applications in electronics5-6. 

When acidic or basic electrolytes are not used other phenomena may be observed. For instance, the 

system can be designed in a way that low dimensional oxides or oxide hydroxides can grow on the 

surface of the liquid metal at the interface7-8. However, these surface oxide and oxide hydroxides 

hinder the performance of the liquid metals in microfluidic channels7, 9.  
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In this chapter, an overview background on the interfacial properties of liquid metals will be discussed 

with the focus of the work which will be presented in this thesis.  

 

2.1.1. Surface of gallium based liquid metals in aqueous electrolytes     

Soft components based on microfluidic and elastomer technologies present an increasing promise for 

industrial uptake 10-21 and relatively non-hazardous liquid metal alloys of gallium are set to play 

considerable role in this process 7. Room temperature liquid metals have shown to be remarkable 

platforms for makeshift mechanical components 22-24, reversible electrochemical systems 25-26, soft 

sensors 16, 25-27, electrical components in microfluidic channels 2, 3D printing 28-29 and stretchable and 

reconfigurable electronics 30-32. Controlling the motion and deformation of liquid metals is the key to 

the successful realization of these applications. To date, motions and deformations of liquid droplets 

have been demonstrated using methods such as surface oxidation modifications 33-34, surfaces that are 

selective to vapours 35, hydrodynamic modifications 36, topologically modified structures 37-38, fuel 

consumption 39-40, the provision of energy through light sources 41, electrical energy sources 26, 33, 42-48, 

and magnetic fields 49. These methods of deformation and motion induction of gallium based liquid 

metals can be enhanced via the formation or dissolution of surface oxides. Therefore, it has been 

mostly preferred to use aqueous electrolytes that are either acidic or basic surface are used4.    

In principle, the applied driving force should break the charge symmetry that exists on the surface of a 

liquid metal to generate a differential pressure that either changes the configuration of the liquid 

and/or induces a displacement. However, there are no studies that show that this symmetry can be 

broken solely to differences in the environment surrounding a liquid metal. Specifically, studies to 

date, have not focused on the significance of the ionic composition near the surface of the metal, 

where an EDL forms on the droplet surface giving rise to surface capacitive properties 50, which can 

be used for modifying its behaviour.  

The ionic imbalance at the interface between the liquid metal and the solution approaches equilibrium 

through the formation of an EDL as shown in Fig. 3.1a51. For a liquid metal immersed in an ionic 
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solution, the EDL can be modelled as a parallel-plate capacitor26. Based on the integrated Lippmann's 

equation, the surface tension of the liquid metal droplet γ changes with the square of the potential as52: 

𝛾 = −
𝐶
2

 (𝜑 − 𝜑0)2 + 𝛾0 (2.1) 

 

in which 𝐶 is the EDL capacitance per unit area, 𝜑 is the electrode potential, 𝜑0 is the potential of 

zero charge (PZC), γ0 is the maximum surface tension at PZC. Knowing γ, the Young–Laplace 

equation can be used for defining the pressure difference (∆P) across a liquid metal hemisphere as 50:  

 

∆𝑃 = 𝛾 �
1
𝑅1

+
1
𝑅2
� (2.2) 

 

where R1 and R2 are the principal radii of curvature at the interface, respectively. Equations (2.1) and 

(2.2) describe the change that the surface tension provides as a means to alter the pressure difference 

that in turn can produce a displacement and/or cause deformation of the soft liquid metal. 

Changes in surface tension may be induced by directly adjusting the EDL via modifying the 

electrolyte surrounding the droplet that generates a surface tension difference. One possible change to 

the electrolyte that would affect the EDL is adjusting the ionic content by altering the pH of the 

solution. Another possibility is to change the composition of the electrolyte itself. A change of 

electrolyte has been previously shown to affect the surface tension for mercury 53 and liquid gallium 

54. It was demonstrated that the PZC, which corresponds to the maximum on the surface tension 

curve, is a strong function of electrolyte type. The primary reasons for this electrolyte dependency 

include the variation in the electronegativity of the ions, their mobility and their intrinsic charge. 

Additionally, this dependence of the surface tension on the electrolyte composition is augmented, 

reaching a maximum value, if a positive voltage is applied to the liquid metal against a reference 

electrode53.  
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In chapter 3 of this thesis, the effect of the liquid metal surface manipulation on droplet dynamics by 

modifying electrolytes surrounding the droplet is demonstrated. The author of this thesis will explore 

the effect of different acidic and basic electrolyte types and concentrations which are focused on 

defining the regimes in which Marangoni flow or deformation effect govern the liquid metal. The 

concept will be fully investigated to reveal the theories behind the phenomenon. Additionally, a few 

microfluidic based systems will be developed that can autonomously move droplets between acidic 

and basic reservoirs and pumps and switches that can operate based on environmental ionic stimuli.   

 

2.1.2. Exploring the surface composition of complex alloys of gallium  

 

As explained in section 2.1.1, surface of liquid metals can be manipulated by using different 

electrolytes to induce motion and deformation. However, in the absence of these electrolytes when 

exposed to air, liquid metal components react with oxygen in the surrounding environment to form a 

self-limiting oxide on the surface of the alloy of gallium. This self-limiting oxide constitute interesting 

properties that depends on the alloyed element and can vary significantly from one alloy to another 

depending on the incorporated elements. The focus of this section of the thesis is regarding the 

investigations that provide the fundamental understating of the surface oxide compositions and 

properties. 

Most metals, including gallium-based alloys 55-56, feature a self-limiting thin oxide layer under 

ambient conditions at the metal-air interface 57. This atomically thin interfacial oxide is considered a 

naturally occurring two-dimensional (2D) material. The concept of using a liquid metal as a reaction 

environment is based on the observation that the self-limiting oxide layers of gallium alloys, such as 

EGaIn and galinstan, are exclusively composed of gallium oxide, despite indium content of 22 to 25 

weight percent (wt%) and tin content of as much as 10 wt % in these alloys55-56. Co-alloying suitable 

reactive metals allows formation of the co-alloyed metal oxides at the metal-air interface. The author 

of the thesis identified suitable co-alloyed metals on the basis of thermodynamic considerations, 
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which require that the composition of the surface oxide is determined by the reactivity of the 

individual metals within the melt. Thus, the oxide resulting in the greatest reduction of Gibbs free 

energy (ΔGf) will dominate the surface (Fig. 4.2A). If room-temperature liquid gallium alloys are the 

solvent, all lanthanide oxides and a sizable portion of the transition metal and post–transition metal 

oxides should be accessible as 2D nanostructures (Table 2.1) 58-59. In chapter 4 of this thesis, the 

author used eutectic gallium melts as a reaction environment to create a variety of two-dimensional 

metal oxides. 

In chapter 4, the author of the thesis will explore the effect on composition of the surface oxides when 

liquid metal is co-alloyed with transition metals, post transition metals and lanthanides. This initiative 

is fully investigated to reveal fundamental understanding of surface oxide compositions in complex 

alloys of gallium. The results confirm hypothesis that the oxide composition resulting in the greatest 

ΔGf, will dominate the surface of liquid metal. Then the surface oxides are isolated by two novel 

approaches. Firstly, surface oxides are transferred to a substrate by direct printing through van der 

Waals (vdW) exfoliation. In the second approach, 2D oxides are produced in a liquid suspension 

through gas injection synthesis. The resultant 2D oxides feature large and defect free morphologies 

which are demonstrated to be suitable for producing 2D insulating metal oxides.   

Table 2.1. Tabulated thermodynamic properties of single element oxides 58-59.  

Formula Compound name Enthalpy 
∆H kJ mol-1 

Gibbs free 
energy  

∆Gf kJ mol-1 

Entropy 
S J mol-1 K-1 

Eu3O4 Europium(II-III) oxide -2272 -2142 205 
Ta2O5 Tantalum(V) oxide -2046 -1911.2 143.1 
Sc2O3 Scandium oxide -1908.8 -1819.4 77 
Y2O3 Yttrium oxide -1905.3 -1816.6 99.1 
Er2O3 Erbium oxide -1897.9 -1808.7 155.6 
V3O5 Vanadium(III-IV) oxide -1933 -1803 163 

Tm2O3 Thulium oxide -1888.7 -1794.5 139.7 
Ho2O3 Holmium oxide -1880.7 -1791.1 158.2 
Lu2O3 Lutetium oxide -1878.2 -1789 110 
Tb2O3 Terbium oxide -1865.2 -1776.5* 156.9* 
Dy2O3 Dysprosium(III) oxide -1863.1 -1771.5 149.8 
Nb2O5 Niobium(V) oxide -1899.5 -1766 137.2 
Sm2O3 Samarium(III) oxide -1823 -1734.6 151 
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Gd2O3 Gadolinium(III) oxide -1819.6 -1732.3* 151.9* 
Yp2O3 Ytterbium(III) oxide -1814.6 -1726.7 133.1 
Pr2O3 Praseodymium oxide -1809.6 -1721.0* 158.6* 
Nd2O3 Neodymium oxide -1807.9 -1720.8 158.6 
Ce2O3 Cerium(III) oxide -1796.2 -1706.2 150.6 
La2O3 Lanthanum oxide -1793.7 -1705.8 127.3 
Al2O3 Aluminium oxide -1675.7 -1582.3 50.9 
Eu2O3 Europium(III) oxide -1651.4 -1556.8 146 
Ti2O3 Titanium(III) oxide -1520.9 -1434.2 78.8 
V2O5 Vanadium(V) oxide -1550.6 -1419.5 131 

Mn3O4 Manganese(II-III)oxide -1387.8 -1283.2 155.6 
B2O3 Boron oxide -1273.5 -1194.3 54 
ThO2 Thorium(IV) oxide -1226.4 -1169.2 65.2 
UO3 Uranium(VI) oxide -1223.8 -1145.7 96.1 
V2O3 Vanadium(III) oxide -1218.8 -1139.3 98.3 
HfO2 Hafnium oxide -1144.7 -1088.2 59.3 
Re2O7 Rhenium(VII) oxide -1240.1 -1066 207.1 
Cr2O3 Chromium(III) oxide -1139.7 -1058.1 81.2 
ZrO2 Zirconium(IV) oxide -1100.6 -1042.8 50.4 
UO2 Uranium(IV) oxide -1085 -1031.8 77 
CeO2 Cerium(IV) oxide -1088.7 -1024.6 62.3 
Fe3O4 Iron(II-III)oxide oxide -1118.4 -1015.4 146.4 
Ga2O3 Gallium(III) oxide -1089.1 -998.3 85 
TiO2 Titanium(IV) oxide -944 -888.8 50.6 

Mn2O3 Manganese(III) oxide -959 -881.1 110.5 
SiO2 Silicon oxide -910.7 -856.3 41.5 
In2O3 Indium(III) oxide -925.8 -830.7 104.2 
Sb2O5 Antimony(V) oxide -971.9 -829.2 125.1 
As2O5 Arsenic(V) oxide -924.9 -782.3 105.4 
Co3O4 Cobalt(II-III) oxide -891 -774 102.5 
WO3 Tungsten(VI) oxide -842.9 -764 75.9 
Fe2O3 Iron(III) oxide -824.2 -742.2 87.4 
NbO2 Niobium(IV) oxide -796.2 -740.5 54.5 
MoO3 Molybdenum(VI) oxide -745.1 -668 77.7 
CaO Calcium oxide -634.9 -603.3 38.1 

Pb3O4 Lead(II-II-IV) oxide -718.4 -601.2 211.3 
BeO Beryllium oxide -609.4 -580.1 13.8 
MgO Magnesium oxide -601.6 -569.3 27 
SrO Strontium oxide -592 -561.9 54.4 
Li2O Lithium oxide -597.9 -561.2 37.6 
WO2 Tungsten(IV) oxide -589.7 -533.9 50.5 
MoO2 Molybdenum(IV) oxide -588.9 -533 46.3 
GeO2 Germanium(IV) oxide -580 -521.4 39.7 
BaO Barium oxide -548 -520.3 72.1 
SnO2 Tin(IV) oxide -577.6 -515.8 49 
TiO Titanium(II) oxide -519.7 -495 50 
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Bi2O3 Bismuth oxide -573.9 -493.7 151.5 
MnO2 Manganese(IV) oxide -520 -465.1 53.1 
B2O2 Diboron dioxide -454.8 -462.3 242.5 

Na2O2 Sodium peroxide -510.9 -447.7 95 
VO Vanadium(II) oxide -431.8 -404.2 38.9 

NbO Niobium(II) oxide -405.8 -378.6 48.1 
Na2O Sodium oxide -414.2 -375.5 75.1 
MnO Manganese(II) oxide -385.2 -362.9 59.7 
ZnO Zinc oxide -350.5 -320.5 43.7 
Cs2O Caesium oxide -345.8 -308.1 146.9 
OsO4 Osmium(VIII) oxide -394.1 -304.9 143.9 
TeO2 Tellurium dioxide -322.6 -270.3 79.5 
SnO Tin(II) oxide -280.7 -251.9 57.2 
KO2 Potassium superoxide -284.9 -239.4 116.7 
GeO Germanium(II) oxide -261.9 -237.2 50 
CdO Cadmium oxide -258.4 -228.7 54.8 
NaO2 Sodium superoxide -260.2 -218.4 115.9 
PbO2 Lead(IV)oxide -277.4 -217.3 68.6 
CoO Cobalt(II) oxide -237.9 -214.2 53 
NiO Nickel oxide -239.7* -211.6* 37.99* 
PbO Lead(II) oxide (litharge) -219 -188.9 66.5 
PbO Lead(II) oxide (massicot) -217.3 -187.9 68.7 
Al2O Aluminium (I) oxide -130 -159 259.4 
RuO4 Ruthenium(VIII) oxide -239.3 -152.2 146.4 
Tl2O Thallium(I) oxide -178.7 -147.3 126 
Cu2O Copper(I) oxide -168.6 -146 93.1 
CuO Copper(II) oxide -157.3 -129.7 42.6 
SiO Silicon monoxide -99.6 -126.4 211.6 
HgO Mercury(II) oxide -90.8 -58.5 70.3 
Ag2O Silver(I) oxide -31.1 -11.2 121.3 
AgO Silver(II) oxide -24.3 27.6 117 
PdO Palladium(II) oxide -85.4 31.4 348.9 
AlO Aluminium monoxide 91.2 65.3 218.4 
GaO Gallium monoxide 279.5 253.5 231.1 
InO Indium monoxide 387 364.4 236.5 

*These values were taken from Robie et al. 59 

 

2.1.3. Surface composition of complex liquid gallium alloys in H2O 

In addition to several remarkable platforms mentioned in 2.1.1, gallium based liquid metal alloys have 

emerging applications in optics and synthesis of nano-dimensional compounds of metals.5, 60-69 

Section 2.1.2 explored surface composition of liquid metal alloys at interface with oxygen containing 
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environment. In this section, this concept will be furthered to investigate the interface with aqueous 

environments to produce low dimensional hydroxide and oxide hydroxides of aluminium.   

Gallium can be mixed with many transition and post transition metals to produce alloys or liquid/solid 

metal colloids with a wide range of interesting characteristics.69-72 Galinstan, is one such example, a 

non-toxic eutectic alloy containing 68.5 wt% Ga, 21.5 wt% In and 10.0 wt% Sn with a freezing point 

well below 0 ºC.73 Selected metallic elements can be incorporated onto or alloyed into galinstan itself 

at relatively high concentrations, leading to a vast family of liquid alloys that may be exploited.39, 74-75  

Wide bandgap low dimensional materials feature remarkable properties for applications in electronics, 

photonics, electrochemistry and many other fields.76-79 These materials can also be applied in other 

important areas such as membrane technologies and the strengthening of transparent polymeric 

composites.80-84 One such set of wide bandgap metal oxide compounds is the aluminium oxide family 

that are in high demand for industrial applications and, despite the abundance of aluminium in 

nature,85 their environmentally friendly production into one and two dimensional (1D and 2D) 

morphologies have rarely been reported. 

Oxide hydroxide of aluminium (boehmite γ-AlOOH) is the main component of many bauxite 

minerals86 and one of the main precursors used for the production of aluminium oxides.87-88 It has 

been described theoretically89 and shown experimentally 87, 90-92 that cubic alumina (γ-Al2O3) adopts 

an orthorhombic γ-AlOOH morphology when de-hydrated. Cubic alumina is of special importance as 

this crystal phase of aluminium oxide can readily be transformed into other phases of Al2O3.93-94 

Therefore the ability to control the morphology of γ-AlOOH via a green synthesis route has high 

industrial significance. In itself, γ-AlOOH is a very stable room temperature wide bandgap material.95 

This compound is layered and has been shown to play an important technological role in applications 

in medicine, composites, catalysis, ceramics, electronics and other technologies.92, 96-98 In addition γ-

AlOOH is potentially a strong candidate for filtering applications.98-104 Layered oxide-hydroxides of 

aluminium feature various properties such as room temperature stability and high mechanical 

stiffness.95 Nanostructures of γ-AlOOH, that offer high surface area, have been developed using a 
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variety of liquid phase techniques94, 105-110 However, methods of producing γ-AlOOH with large 

surface area involve complex synthesis processes with narrow windows to control the growth 

morphology. They are generally power intensive, require high temperatures, extensive processing 

times, or usage and/or release of toxic chemicals.  

Chapter 5 of this thesis demonstrates using galinstan as a reaction solvent to dissolve aluminium and 

produce low dimensional aluminium hydroxide and oxide hydroxide at interface with water. The 

synthesis of atomically thin sheets and nanofibres of boehmite (γ-AlOOH) and their transformation 

into cubic alumina (γ-Al2O3) via annealing is explored in this thesis. The sheets are as thin as one 

orthorhombic boehmite unit cell. The addition of aluminium into a room temperature alloy of gallium, 

followed by exposing the melt to either liquid water or water vapour, allows growing either two-

dimensional sheets or one-dimensional fibres, respectively. The isolated oxide hydroxides feature 

large surface areas, with the sheet-morphologies also showing a high Young’s modulus. The method 

is green, since the liquid metal solvent can be fully reused. The ultrathin boehmite sheets are found 

suitable for the development of free-standing membrane filters that enable excellent separation of 

heavy metal ions and oil from aqueous solutions at extraordinary filtrate flux. The developed liquid 

metal-based synthesis process offers a sustainable, green and rapid method for synthesizing nano-

morphologies of metal oxides which are challenging to obtain by conventional methods. The process 

is both sustainable and scalable and may be explored for the creation of other types of metal oxide 

compounds. 
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Chapter 3 

 

 

 

Ionic imbalance induced self-propulsion of liquid metals† 

 

 

 

3.1. Introduction 

In this chapter, the author of the thesis presents the investigation on the surface manipulations of 

liquid metals by modification of the liquid electrolyte surrounding it. Galinstan, which is a eutectic 

alloy of gallium, is used as the model liquid metal. Gallium has low toxicity, negligible vapour 

pressure and is relatively safe for practical applications1. Gallium itself melts above room temperature 

at 29.8°C, however when combined with other metals its melting point can be significantly lowered 

below 0°C such as is the case with Galinstan, which is a eutectic alloy of 68.5% gallium, 21.5% 

indium and 10% tin2. The pH of the electrolyte is modified by adding acidic or basic solutions and the 

ionic properties of the electrolyte are adjusted through the addition of a salt. The author will show that 

maintaining a gradient in the electrolyte properties across a liquid metal droplet results in continuous 

mechanical motion and deformation. The device is characterised to determine the required conditions 

for self-propulsion, and the ionic imbalance requirements are optimised and tested. Two key 

applications that illustrate pumping and switching effects are also presented. This work represents the 

  The contents of this chapter is published in Zavabeti et al., Ionic imbalance induced self-propulsion 
of liquid metals, Nature Communications, 7, 12402, 2016 

† 
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first steps in building a self-propelling liquid metal droplet, which can be controlled with a fluid only, 

thereby marking a significant advancement towards truly autonomous soft systems. The content of 

this chapter was published as an article in the journal of Nature Communications3. 

3.2. Experimental details 

3.2.1. Ionic Imbalance Framework 

For the experiments presented in Figs 3.1 to 3.9, a Fusion 720 dual syringe pump was used to 

dispense acid and base at a steady flow rate of 200 µL/min and a PHD 2000 Harvard syringe pump 

was used to infuse at a steady flow rate of 400 µL/min. The effect of flow viscosity on droplets is 

assumed negligible. Inlet flow was regulated through a narrow orifice opening fabricated to avoid any 

inlet flow irregularities before sweeping across to the droplet. Video recording analysed with a 

developed image processing program in Matlab program to facilitate assessing the dynamics of the 

droplet. Cone shaped UV and blue light wavelength band pass filters attached to a camera lens to 

enclose droplet and mitigate light energy absorption. Photos and video recordings have a green 

reflection of the droplet surface facing the camera.  

3.2.2. Voltage Characterization 

 In Fig. 3.10, the recess and its walls are coated with Teflon to form a hydrophobic surface. 

Hydrophobicity avoids wetting of the intermediate surface by ionic solutions, which are an electrical 

conductor, which can bypass the EDL capacitor. Copper electrode tips are amalgamated with 

Galinstan to avoid generation of battery cells in between the droplet and electrodes. The two channels 

are completely segregated to ensure the voltage drop occurs only on the liquid metal droplet. 

Electrolyte levels inside each channel were identical and lower than the droplet surface.    

3.2.3. Self-propelling Droplet 

In Fig. 3.11 to 3.13, a perfluoroalkoxy (PFA) tube is cut in half using a milling machine to make a 

semi-cylindrical channel. Then the PFA semi-cut tube is coated with dry film Teflon spray to bring 

down the friction force and enhance the mobility of the droplet. Each reservoir is filled with 9 ml of 

solution. 113 mg of Galinstan liquid metal is separated into two smaller droplets and placed inside the 
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channel. Then each droplet is connected to either of the reservoirs. The droplets are then merged. 

Separation of the droplets minimizes mixing of the ionic solutions at the start of the experiments. 

 

3.3. Results and Discussions 

3.3.2. pH imbalance 

The first experiments were conducted to observe the dynamics of a liquid metal when two different 

electrolytes of varying pH were placed on each side of the droplet. An open-top fluidic channel was 

fabricated by milling polymethyl methacrylate (PMMA) as shown in Fig. 3.1c. A liquid metal droplet 

was placed in a spherical recess located in between two different flowing electrolytes of acidic and 

basic nature (dyed in different colours for easy identification – very low concentration food dyes). 

This liquid metal droplet (3 mm in diameter) nearly filled the recess, effectively reducing the mixing 

between the two electrolytes. Some of the effects of droplet size variations are presented in Fig. 3.2. 

The set-up was designed in a way that the effect of electrolytes on the droplet, causing symmetry 

breaking, could be readily observed using a camera. The camera recorded the presence of deformation 

or surface flow during the experiments, which was the main information that was required for this 

study. Constraining the droplet in the recess allows one to study its deformation and surface flow 

dynamics without any displacement. A continuous flow of electrolyte was important as it provided a 

fresh supply of ions to the liquid metal surface, and cleansed the surroundings of the droplet from any 

undesired chemical by-products and bubbles. Flow rates were set to a low value of 200 µL/min in 

each channel to ensure a laminar flow with a Reynolds number of 2.2. This value was sufficiently 

high to avoid mixing of the electrolytes within the two channels. More detail on materials and 

methods are available in section 3.2.1. 
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Figure 3.1. EDL schematic and experimental framework for analysing liquid metal droplet 

dynamics under ionic imbalance. (a) Top view schematic of the droplet and arrangement of ions, 

forming the EDL. (b) Schematic of the experimental setup showing two U-shaped open-top (see inset) 

PMMA inlet channels which extend in parallel and join at an outlet. Two channels carry different 

types of electrolytes represented in distinct colours, acidic in yellow and basic in blue. Two parallel 

flows come in contact with the Galinstan droplet of 3 mm diameter residing in a recess. (c) Actual 

experimental set up. (d) Close up view of c. Scale bars are 5 mm. 
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Figure 3.2. Effect of the droplet size on droplet dynamics. (a and b) In three sets of experiments 

with varying droplet diameter, dynamics of the droplet in deformation dominant regions did not 

change significantly. Molarities are constant at 2.4 mol L−1 acid and 0.3 mol L−1 of base. Error bars 

indicated s.e.m. (n=6). 

 

3.3.3. Droplet dynamics under pH imbalance 

The diagram in Fig. 3.3 represents the droplet dynamics when a liquid metal droplet is placed in 

between acidic (HCl) and basic (NaOH) electrolytes. Experiments were conducted at varying 

concentrations of NaOH and HCl as illustrated in Fig. 3.3c. Droplets were observed to have two 

dynamics: (a) deformation and (b) Marangoni flow.  

To trigger a change in the dynamics of a droplet, a minimum pH difference across the liquid metal of 

~13 was required. Therefore, during these experiments each hemisphere of the droplet was exposed to 

a minimum of 0.3 mol/L NaOH (pH of ~13.5) and 0.3 mol/L HCl (pH of ~0.5), respectively. Above 3 

mol/L, significant changes in the chemistry of the system was observed and the functionality was 

disrupted. 

 

3.3.4. Deformation of liquid metal droplets 

The first dynamic component was due to the deformation (extension and compression) of the liquid 

metal droplet at the interface with the electrolyte as described by equation (2.2). Deformation was 

observed as a change in shape of the droplet indicating a pressure imbalance between the two 
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opposing hemispheres of the droplet (Fig. 3.3a). Each hemisphere formed a different curvature 

corresponding to its interfacial pressure deviation exposed to each of the electrolytes. As the flow was 

equal on both sides, there was no pressure deviation induced by electrolyte flow. Thus, the pH 

imbalance induced the pressure deviation on the two sides of the droplet, which resulted in a 

displacement of liquid metal from the HCl side (high surface tension) towards the NaOH (low surface 

tension) electrolyte. Since the droplet movement was restricted by the recess, the liquid metal 

deformed towards the NaOH channel leading to an extended diameter (D1) in one direction and a 

compressed diameter (D2) in the other axis perpendicular to the direction of extension. It is referred to 

the aspect ratio between the two axes as ‘deformation ratio’, 𝐷1
𝐷2

 . Measured deformation ratios in Fig. 

3b, varied from 1 to 1.46. 

3.3.5. Marangoni flow of liquid metal droplets 

The second observed dynamic component was due to the Marangoni flow effect. Marangoni flow was 

observed as the mass transfer of liquid on the surface of the droplet, which was driven by the induced 

surface tension gradient 4 (Fig. 3.3b). Marangoni flow was measured with tracking the starch micro 

particles that were added to the electrolytes on the surface of the droplet.  The flow induced by the 

ionic imbalance was initiated from the interfacial region with lower surface tension (NaOH) towards 

the region with higher surface tension (HCl). The surface Marangoni flow path was observed along 

the outer curvature of the surface of the droplet outside the electrolyte (Fig. 3.3b). Marangoni flow 

rate ranges during the pH experiments in Fig. 3.3 were found to span from 0 to a maximum of 1.74 

mm/s. Some small micro particles were added in the electrolytes to facilitate the observations of the 

Marangoni flow for velocity measurements as per previous work 5. The conditions that define the 

Marangoni flow dynamics of a droplet are presented in Fig. 3.3 and Fig. 3.4.  
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Figure 3.3. Reference diagram of the dynamics of the liquid-metal droplets under different HCl 

and NaOH concentrations. (a) Schematic of the deformation ratio measurements for D1/D2 

assessment. ‘Black square’ indicates experiments with deformation dominating the dynamics and 

Marangoni flow dominant experiments are represented by ‘red circles’. (b) Demonstration of 

Marangoni flow and sequential snap shots shows a micro particle transferring from NaOH to HCl. 

The tangential skin flow displaced component, as a result of the Marangoni effect, contains a 

Galinstan layer near the surface of the droplet, an oxide layer and a layer of electrolyte also near the 

surface. A thickness of  δ is used to define the effective thickness of this layer. (c) Selected enlarged 

images showing droplet deformation (in black arrows) towards NaOH while Marangoni flow (in red 

arrows) direction is towards HCl. Scale bars are 1 mm. 
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Figure 3.4. Reference diagram of liquid metal droplet dynamics under a pH imbalance. Each 

‘black square’ or ‘red circle’ presents an experiment with measurable deformation ratio or Marangoni 

flow, respectively (overlapped ‘black square’ and ‘red circle’ indicates experiments with both 

measurable Marangoni flow and deformation ratios without a distinct dominating effect), in various 

ionic concentrations of HCl and NaOH between 0.3 to 3 mol/L (pH of ~0.5 to ~ −0.5 for HCl and 

~13.5 to ~14.5 for NaOH respectively). The background of the reference diagram is coloured blue, 

green and yellow accordingly, to represent each of the regions (deformation, deformation-Marangoni, 

and Marangoni regions) discussed in the text.  
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An important observation is regarding the formation of thin flakes and their apparent effect on the 

Marangoni flow. At relatively high acidic and basic concentrations, it is seen that oxide flakes of 

triangular configurations are formed on the surface of the liquid metal droplet (Fig. 3.5a). These 

flakes increasingly become thicker when the concentration of the electrolyte increases (almost 4-5 

times thicker when NaOH or HCl molar concentration increase by an order of magnitude according to 

Raman spectroscopy assessments as presented in the Fig. 3.5b). It seems that when these flakes 

(which are made of hydrated oxides of gallium) become thicker, they eventually delaminate into the 

electrolyte or move along together with the Marangoni flow (Fig. 3.5c). The presence of the thick 

hydrated oxides seems to be an important reason for the dominance of Marangoni flow and reduction 

of the deformation effect. The flakes form a solid skin (either attached or delaminated) that contains 

the droplet and reduces the deformation effect.  

 

 

Figure 3.5. Galinstan surface oxidisation in high molarities of acid and base. (a) At high HCl and 

NaOH concentrations, relatively large and thick oxides flakes are formed on the surface of droplets 

and delaminated. These flakes move along the surface of Galinstan droplet toward the acidic side. The 

oxide flakes can be mechanically exfoliated simply by tweezers (inset). Scale bars are 0.5 and 0.1 mm 

in a and inset respectively. (b) To understand the composition and nature of the oxide flakes, the 
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surface of the two sides of the droplet were analysed using Raman microspectroscopy. Results 

indicate five distinct peaks (P1-5) matching Raman spectra of α-gallium oxyhydroxide6. The peaks’ 

intensities increased significantly when droplet was exposed to higher imbalanced concentrations, 

which indicates the formation of much thicker α-gallium oxyhydroxide flakes (at least 4-5 times 

thicker comparing 0.3 and 3 mol L−1 concentrations if the relation is considered linear). Peak 

intensities are different for skins in NaOH and HCl areas due to the difference of hydration and 

surface charges. Due to the damping effect of liquid metal under the surface of flakes, peaks located 

in wavenumbers lower than 500 cm-1 are weakened. (c) In higher molarities of electrolytes, thicker 

layers of α-gallium oxyhydroxide flakes form on the NaOH side of the droplet. These thick layers 

delaminate from the surface, with the help of bubbles that are produced by the chemical reactions on 

the surface of droplet and move toward the HCl side under the effect of surface tension difference. 

This causes a tangential skin flow. These flakes are eventually released into the aqueous solution as 

the effect of the flow in the channels. 

 

3.3.6. Dynamics regions 

The reference diagram shown in Fig. 3.4 summarizes the dynamics of the droplets, according to 

which the diagram can be divided into three regions. Region 1 features experimental conditions that 

resulted in droplet dynamics dominated by deformation. The droplet was found to strongly stretch 

towards the NaOH electrolyte with deformation ratios of up to 1.46, while Marangoni flow was less 

noticeable (less than 0.2 mm/s). The experimental conditions resulting in region 1 type dynamics were 

found to require comparatively low concentrations of one of the electrolytes in which either 

hemisphere was exposed to ionic concentrations of 0.3 mol/L to 0.7 mol/L (pH of  ~0.5 to ~0.2 and 

~13.5 to ~13.9 for HCl and NaOH, respectively) (Fig. 3.3c). Region 2 summarizes the experimental 

conditions for which a droplet exhibited simultaneous measurable deformation and Marangoni flow 

(Fig. 3.3c). As per Fig. 3.4, the region is featured as curved and confined areas defined by the 

concentrations of NaOH between 0.7 mol/L and 1.7 mol/L (pH of ~13.9 to ~14.2) and HCl between 

0.7 mol/L and 2 mol/L (pH of ~0.2 to ~ −0.3). Region 3 is the area dominated by Marangoni flow 
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(Fig. 3.3c). Increasing both NaOH and HCl concentrations to above 1.7 and 2 mol/L (pH of ~14.2 and 

~ −0.3 for HCl and NaOH, respectively) (Fig. 3.4), respectively, enhances the induced Marangoni 

flow (up to a maximum 1.74 mm/s) while reducing the deformation ratios (to a maximum of 1.1).  

Altogether, the results show that a low differential pH results in deformation toward the basic solution 

while a large differential pH induces high Marangoni flows toward the acid solution, which counters 

the deformation process. 

It seems that the deformation process can be repeated for a substantial time period (I repeated it for 

more than a week with no apparent change in performance). Days of operation did not dampen the 

deformation effect. However, the longevity in the Marangoni region seems to be significantly shorter 

(less than several hours of perfect repeatability).  

The difference can be associated to the fact that the skin formed on the surface is very thin during the 

deformation process (several nm) and consequently a very small amount of Galinstan is chemically 

used in the process. However, in the Marangoni flow region the surface is much thicker, delaminates 

and leaves the droplet, which, in time, reduces the mass of the droplet. 

To further examine the effect that the presence of a surface skin has on the establishment of the 

Marangoni flow, a set of experiments were conducted using mercury droplets (Fig. 3.6). For mercury, 

hardly any surface oxide skin was observed after exposure to acidic and basic electrolytes. 

Interestingly, no Marangoni flow was observed for mercury droplets at the same concentrations where 

strong Marangoni flow was seen for Galinstan droplets.    
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Figure 3.6. Mercury droplet dynamics under ionic imbalance. (a) At low concentrations of 

electrolyte, droplet deformation is observed, similar to that of Galinstan. (b) At high concentrations of 

electrolytes, the mercury droplet does not exhibit any tangential skin flow due to Marangoni effect, as 

opposed to the Galinstan liquid metal. This is evidenced as the micro particles deposited over the 

surface of mercury droplet remain stationary. Scale bars are 0.5 mm. 

 

Experiments were conducted to observe the effects of the changes in the differential pH across the 

droplet. Figure 3.6a and b illustrate the deformation and Marangoni flow of the droplet when the pH 

was kept constant in one of the channels (a concentration of 2.4 mol/L produces a solution with a pH 

of ~ −0.4 and ~14.4 for HCl and NaOH respectively) and the molarity of the electrolyte was changed 

in the other channel. 2.4 mol/L was chosen as it covers a typical band for the three regions shown in 

Fig. 3.3c.  
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The experiments indicate that the pH gradient has a significant effect on both deformation and 

Marangoni flow. Within region 2, the deformation ratio decreases almost linearly when the molarity is 

increased (black line in Fig. 3.7a and b) and at the same time the Marangoni flow rate increases (red 

line). Additional measurements on other acid and base types (e.g. H2SO4 and KOH) are presented in 

Fig. 3.8. 

 

 

Figure 3.7. Changes of deformation and Marangoni flow under different conditions. (a) Graph of 

the experimental measurements with varying NaOH and constant HCl molarities. (b) Graph of the 

experimental measurements with varying HCl and constant NaOH molarities. Black and red lines 

indicate droplet deformation ratio and Marangoni flow rates respectively. Background colours 

correspond to regions of the reference diagram in Fig. 3.4. Error bars are s.e.m. (N=6). (c-f) Graphs 

present the deformation ratio and Marangoni flow in varying concentrations of NaCl while 

concentrations of NaOH and HCl are kept constant. NaCl is mixed with NaOH in all experiments. 

Error bars are s.e.m. (N=6).  
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Figure 3.8. Effect of pH imbalance of different acid and base solutions on droplet dynamics. (a) 

Varying concentration of H2SO4 is used with constant 0.3 mol L−1 of NaOH. As expected, droplet 

deformation was more dominant. Background is coloured in blue to indicate the droplet is operating 

in region 1 of the reference diagram of Fig. 3.4. (b) Region 2 and 3 are tested with varying 

concentration of KOH and constant concentration of 3.4 mol L−1 HCl. The Marangoni dominant 

region is shifted to higher concentrations of KOH solution than that of NaOH. 

 

3.3.7. Effect of mixed salt concentration on liquid metal droplet dynamics 

In these experiments, the change of maximum surface tension at the PZC is not separable from the 

effect of the pH change. To further understand the effect of the maximum surface tension at the PZC 

change and the accumulated charges in the EDL, several experiments were conducted by keeping both 

the acid and base concentration at set points, while changing the ionic concentration via the addition 

of a neutral salt. The salt chosen here was NaCl, which completely ionizes in water. The outcomes of 

these measurements are presented in Fig. 3.7c-f and Fig. 3.9, in which the effect of NaCl 

concentration is shown at constant sets of acidic and basic molarities in the respective channels.  
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Figure 3.9. Droplet dynamics under imbalanced mix ionic solution of low NaOH molarity. NaCl 

mixed solutions are prepared in low molarities of 0.3 mol L−1 NaOH. HCl is kept constant at 0.6 mol 

L−1. Error bars indicated s.e.m. (n=6). (a and b) Graphs present deformation ratio and Marangoni flow 

in varying concentrations of NaCl while concentrations of NaOH and HCl are kept constant. NaCl is 

mixed with NaOH in all experiments. In a Maximum deformation is seen in 0.3 mol L−1 of NaCl 

while Marangoni flow maximum in b is located at 0.6 mol L−1 of NaCl. 

 

 

At 0.6 mol/L NaOH and three different concentrations of HCl (0.6, 1.2 and 2.4 mol/L), deformation 

increases almost linearly by increasing [NaCl] from 0.3 to 1.2 mol/L (Fig. 3.7c and d). The 

deformation of the droplet reached a saturation value after this point. Interestingly, the highest extent 

of deformation was seen at 1.2 mol/L HCl. When the NaOH concentration was increased to 1.2 mol/L 

significant deformation of the droplet was already occurring in even the lowest concentration of NaCl 

and the changes were comparatively less prominent. 

As mentioned in the previous section, for HCl concentrations of less than 0.6 mol/L the Marangoni 

flow is negligible. At higher concentrations of HCl, the Marangoni flow consistently shows a distinct 

peak when the NaCl concentration changes. Interestingly the location of this peak is a function of the 

NaOH concentration, however is not affected by a change of NaCl concentration. After this peak, the 

Marangoni flow decreases. It seems that at high NaCl concentrations, the mixing may be more 

extensive and, as a result, more NaCl is transferred to the HCl channel reducing the flow. There can 
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also be a competition between the adsorption of Cl− and OH− ions. The OH− ions changes the pH of 

the solution which alters the voltage gradient that can adversely affect the adsorption of Cl− ions. 

For HCl kept at three constant values of 0.6, 1.2 and 2.4 mol/L and when NaOH is at 2.4 mol/L (Fig. 

3.7e and f), deformation starts at a higher magnitude in the non-saturated regions. The behaviour of 

Marangoni flow is similar to 0.6 mol/L NaOH but the peak is shifted towards higher NaCl 

concentrations.  

If NaCl is added to HCl no deformation and Marangoni flow is observed. It seems that the 

competition between Na+ and H+ is counterproductive for both effects. Unfavourable effects of salt 

mixtures with some electrolytes on the EDL has been explained previously by Lyklema 7 and Davies8.  

 

3.3.8. Voltage characterizations 

To verify and characterize the effect of the maximum surface tension at the PZC, the dynamics of 

droplets are investigated by applying an external electrical potential. Changing the potential changes 

the potential difference gradient across the EDL along the interface between the droplet and the 

electrolyte. This changes the surface tension gradient and as a result, both the deformation and 

Marangoni flows are altered. The set-up is shown in Fig. 3.10a. Both electrodes are Galinstan 

amalgamated metals that cannot be deformed. The EDL is manipulated by the applied voltage and its 

effect on the maximum surface tension can be assessed by the observation of deformation and surface 

flow (Fig. 3.10b).  

The channels were filled with acidic, basic, and salt solutions of the same concentrations to analyse 

the effect of applied voltage in different electrolytes. The measurement outcomes are presented in Fig. 

3.10c and d. Five different conditions were shown for comparison. Molar concentrations of 0.6 mol/L 

NaOH and 1.2 mol/L HCl are shown to exhibit maximum deformation and relatively small Marangoni 

flow (Fig. 3a-d), which was confirmed by experiments in Fig. 3.10c and d.  
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When the applied voltage is increased the deformation ratios reaches peaks of >1.25 in all cases. The 

peak reaches the maximum at a voltage of 1.5 V for HCl only, while the peak is significantly shifted 

to 2.1 V for NaOH only. Adding NaCl to HCl and NaOH shifts the peaks to the middle area between 

these two voltages to 1.7 and 1.9 V, respectively. This means the location of the maximum surface 

tension at the PZC is influenced by mixing salt ions which, interestingly, shifts both the HCl and 

NaOH peaks almost symmetrically. The order of the appearance of the peaks shown in Fig. 3.10c is in 

agreement with observations by Grahame on mercury 9. The peak voltage shifts are also comparable 

with what is seen for mercury 9-10 and liquid gallium 11.  

Marangoni flow velocity increases with an increase in the applied voltage and has a different set point 

for each electrolyte. The set point is lower for HCl (0.8 V) and significantly increases for NaOH 

(1.7 V). Similar to the deformation curves, solutions containing NaCl shift the Marangoni flow 

velocity to the middle, to 1 and 1.6 V for HCl and NaOH solutions, respectively that contain NaCl. 

Marangoni flow velocity is much higher for HCl, almost an order of magnitude larger than that of 

NaOH.  

Assuming a constant differential EDL capacitance, the surface tension of Galinstan (Fig. 3.10e) can 

be readily obtained by applying the integrated Lippmann equation (equation (2.1)) at each PZC of the 

ionic solutions. The peak locations are obtained from experimental measurements. As can be seen, the 

calculated surface tension changes are proportionally related to the deformation ratio changes as a 

function of voltage, which is the expected observation. The parameters used are presented in Table 

3.1.  
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Table 3.1. Ionic coefficients: List of experimental measurements of the Marangoni flow 

coefficient 𝛼, threshold potential 𝜑𝑇ℎ  and potential of zero charge 𝜑0. 𝑅2 is the coefficient of 

determination of the linear regression trend line gradient of the Marangoni flow velocity against 

potential. 

 

 

For deformation region, the capacitance energy of the droplet due to ionic imbalance over the two 

sides of the droplet converts into mechanical energy, which induces droplet propulsion and tangential 

skin flow. The capacitance energy can be obtained using the integrated Lippmann equation (equation 

(2.1)) at each side of the droplet, as:   

  

EUnit area ≅
1
2

[C(φ −φ0)2A���������
Acid

+  C(φ− φ0)2A���������
Base

]/ATotal (3.1) 

 

where φ is the applied surface potential, 𝜑0 is the PZC, and 𝐴 is the surface area of each semi-sphere 

exposed to acidic and basic electrolytes. Here, 𝐴𝑇𝑜𝑡𝑎𝑙 is the total surface area of the droplet.  

The equation describes that the two sides of the droplets can be independently affected by changing 

the acid and base concentrations. The asymmetry breaking is then a function of the total EDL energy 

of the two sides.   

  

1.2 mol L−1 

HCl 

 

0.6 mol L−1 

HCl 

0.3 mol L−1 HCl  

+ 

0.3 mol L−1 NaCl 

0.3 mol L−1 NaOH  

+ 

0.3 mol L−1 NaCl 

 

0.6 mol L−1 

NaOH 

α (mm/v s−1) 1.8218 

(𝑅2 =0.93) 

6.3857 

(𝑅2 = 0.89) 

3.9984 

(𝑅2 =0.98) 

0.3048 

(𝑅2 = 0.89) 

0.2621 

(𝑅2 = 0.94) 

φTh (v) 1 0.8 1 1.6 1.7 

φ0 (v) 1.4 1.5 1.7 1.9 2.1 
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For the Marangoni region, Fig. 3.10f is the simulated representation for the kinetic energy of 

Marangoni flow per unit area. This is obtained using the following equations: 

 

𝐸𝑈𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 ≅
1
2
�𝑑(

𝑚𝑠𝑈𝑠2

𝐴𝑠
) 

(3.2) 

𝐸𝑈𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 ≅  1
2
𝛿𝜌𝑠𝛼2(𝜑 − 𝜑𝑇ℎ)2    for  𝜑 > 𝜑𝑇ℎ (3.3) 

  

Here 𝑚𝑠 is the displaced mass (this mass is made of surface liquid of the Galinstan, liquid in its 

vicinity and delaminated skin oxide layer in Figs 3.3b and 3.4c), 𝑈𝑠  is the skin tangential flow 

velocity generated by the Marangoni effect,  𝐴𝑠 is the surface area of the moving layer, 𝜌𝑠 is the 

density of the displaced mass, 𝛿 is the effective thickness of the displaced layer (Fig. 3.3b) at the 

interface of liquid metal (which also includes the surface oxide skin), 𝛼 is the ionic liquid constant 

which is a function of gradient of Marangoni flow against potential (Table 3.1), 𝜑 is the applied 

external potential, 𝜑𝑇ℎ is the threshold for the applied external potential for the ionic liquid in which 

Marangoni flow starts. The discussion regarding the derivation of this equation is presented in next 

section. It is important to consider that this equation can also be extracted from the general Lippmann 

equation. 

The main observation is that after fitting the voltage thresholds, Marangoni flow velocity graphs and 

the calculated kinetic energies trends are proportionally related.  

 

3.3.9. Energy calculations of the surface Marangoni flow 

Induced Marangoni flow of the liquid metal was measured on the surface of the droplet at different 

applied potentials and concentrations of ionic solution. In order to calculate the surface tension 

gradient, which causes the Marangoni flow, the kinetic energy of the flow is calculated first. It is 
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assumed negligible viscous losses at the air/droplet interface. In Marangoni dominant regions, the 

droplet is approximately spherical  𝐷1
𝐷2
≅ 𝑅

𝑅
= 1 (in which 𝑅 is droplet radius) then: 

EUnit Area =
∂EKinetics
∂As

=
1
2�

∂msus2

∂As
� =

1
2�

∂Asδρsus2

∂As
� =

1
2
δρsus2 

(3.4) 

where 𝜕𝐸𝑈𝑛𝑖𝑡 𝐴𝑟𝑒𝑎  denotes the kinetic energy of the Marangoni flow per area on the surface of the 

droplet, 𝑚𝑠 is the displaced mass (this mass is made of surface liquid of the Galinstan, liquid in its 

vicinity and delaminated skin oxide layer in Figs 3.3b and 3.4c), 𝑈𝑠  is the skin tangential flow 

velocity generated by the Marangoni effect,  𝐴𝑠 is the surface area of the moving layer, 𝜌𝑠 is the 

density of the displaced mass, 𝛿 is the effective thickness of the displaced layer (Fig. 3.3b) at the 

interface of liquid metal (which also includes the surface oxide skin) 

From the experimental results and measurements, Marangoni flow is constant over the surface and 

proportional to the potential difference as: 

𝑢 ∝ (𝜑 − 𝜑𝑇ℎ)   →  𝑢 = 𝛼(𝜑 − 𝜑𝑇ℎ)   (3.5) 

in which 𝜑 is the applied potential, 𝜑𝑇ℎ is the threshold potential for each ionic liquid, at which 

Marangoni flow commences, and 𝛼 is a constant number that is defined as the ionic liquid gradient of 

Marangoni flow graph against potential listed in Table 3.1. 

The droplet resides in a circular recess. Therefore, the liquid metal at the interface with the recess has 

a zero velocity and surface Marangoni flow occurs predominantly on the surface of the top 

hemisphere of the droplet. Combining (3.4) and (3.5) result in:   

𝐸𝑈𝑛𝑖𝑡 𝐴𝑟𝑒𝑎 =
1
2
𝛿𝜌𝑠𝛼2(𝜑 − 𝜑𝑇ℎ)2 

(3.6) 

which is only valid for 𝜑 > 𝜑𝑇ℎ. Consequently, the surface tension changes, accordingly the 

Marangoni Flow effect can be approximated as: 

∆γMarangoni Flow ≅ −
1
2
δρsα2(φ−φTh)2 

(3.7) 
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Figure 3.10. Characterization of droplet dynamics with an external applied electrical potential. (a) 

Electrodes are covered with Galinstan and placed in rectangular recesses (b) Marangoni flow and 

deformation direction of droplet created by the electrical potential. Scale bar is 0.5 cm. (c and d) 

Graphs of deformation ratios and Marangoni flow velocities under the applied electrical potential. 

Applied potentials that are greater than presented here cause the oxidation of the liquid metal. Error 

bars indicate s.e. (N=6). Calculated: (e) surface tension of the Galinstan droplet using Lippmann’s 

equation (PZC value for EGaIn has been used in the simulation as the PZC of Galinstan 12) and (f) the 

kinetic energies of Marangoni flows per unit area of a surface’s cross section. Insets in d and f show 

graphs in linear scales. 

 

 

3.3.10. Applications of liquid metal based on ionic imbalance self-propulsion 

To demonstrate the self-propulsion of the liquid droplets due to pH and ionic concentration 

differences, selected regions based on Figs 3.3 and 3.7 were used to assess the effect of deformation 

and Marangoni flow on the behaviour of the droplets. A number of experiments were conducted. As a 

typical example, Fig. 3.11a presents images for the continuous motion of a self-propelling droplet in 

an open top semi cylindrical channel taken at different time intervals. The cylindrical shape of the 
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channel allowed the spherical droplet to completely separate the two electrolytes. The tube was coated 

with Teflon to reduce the friction force. The droplet was placed midway between the two reservoirs 

and the channels were filled as presented in Figure 3.10a shows the profile of the droplet velocity in a 

channel length of 8.7 cm. With the experimental conditions of 1.2 mol/L HCl and 0.6 mol/L NaOH, 

(which is later shown to be the optimum conditions for self-propulsion) the droplet travelled at a 

maximum velocity of 25 mm/s (Fig. 3.11b). Figure 3.12 show other experimental set points with 

velocities exceeding 20 mm/s. It is important to consider that after reaching the maximum velocity it 

almost drops linearly due to the height difference between the two reservoirs, which is generated after 

the displacement of the liquid, generating a pressure variance against the motion.  

 

 

Figure 3.11. Liquid metal self-propulsion. (a) Droplet propels from 1.2 mol/L HCl to 0.6 mol/L 

NaOH reservoir. (b) The instantaneous droplet velocity profile of experiment a. Error bars indicate the 

s.e. (N=2). (c) Average velocity of droplets under different acidic and basic solutions. (d and e) 

Droplets velocities at different NaCl concentrations. Error bars indicate the s.e. (N=3). I, II, III in d 

indicate constant 0.6 mol/L NaOH (pH of ~13.8) and 0.6, 1.2 and 2.4 mol/L HCl (pH of 0.2, ~ −0.1 
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and ~ −0.4), respectively. I, II, III in e indicate constant 1.2 mol/L NaOH (pH of ~14.1) and 0.6, 1.2 

and 2.4 mol/L HCl (pH of ~0.2, ~ −0.1 and ~ −0.4), respectively. (f) Metal droplet pushes the liquid to 

produce a 6.5 mm difference in height. According to the 𝜌𝑔ℎ (in which 𝜌 is the density, 𝑔 is the 

gravitation acceleration constant and h is the liquid height) this amount of liquid equates to a pressure 

exceeding ~1 mbar for 1/8 inch diameter tubing. By reducing the area, this headpressure can be 

significantly increased. (g) The concept of a switch based on the motion induced by the electrolyte 

difference on either side of the droplet. The pH difference across the liquid metal droplet induces a 

motion towards the basic liquid and opens the inlet to the liquid with DI water/yellow dye after 10 s. 

The liquid in the middle reservoir then mixes with the acidified liquid in the top reservoir. Snapshots 

taken at:  0, 10, 20, 60 and 120 s. Scale bars are 1 cm.  

 

 

 

Figure 3.12. Self-propelling droplet with instantaneous velocity. Graph of three experimental 

velocity profiles with droplet velocities exceeding 20 mm s−1. 
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A set of experiments with various pH differences and without any addition of NaCl were also 

undertaken. In general, the average velocity of the droplet increases with increasing the acid 

concentration (Fig. 3.11c) until reaching1.2 mol/L HCl (pH of ~ −0.1) and then decreases. The peak 

velocity was generally associated with NaOH at a concentration of 0.6 mol/L (pH of ~13.8). The 

maximum velocity, as represented in Fig. 3.11b reached 25 mm/s. 

Another set of experiments were conducted to assess the effect of the ionic concentration of NaCl on 

the droplet velocities. The NaCl concentrations were chosen based on the experiments presented in 

Fig. 3.7 and minima were seen in all graphs. At 1.2 mol/L NaOH, the minima occur at 0.9 mol/L 

NaCl concentration and for 0.6 mol/L NaOH it takes place at 0.6 mol/L NaCl. These NaCl 

concentrations are very consistent with the locations of the Marangoni flow peak positions as seen in 

Fig. 3.7. This reduction in velocity seems to be strongly associated with the effect of mixing of the 

electrolytes promoted by the Marangoni flow that deteriorates the EDL on each side and hence 

reduces the breakage of symmetry in the environment around the droplet. The maximum velocity 

belongs to the imbalanced condition of a mixed solution of 0.6 mol/L NaOH+0.9 mol/L NaCl on one 

side and 1.2 mol/L HCl on the other side. The droplet is capable of self-propelling longer distances as 

shown in Fig. 3.13 in a serpentine channel with a total length of 18.3 cm.  
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Figure 3.13. Channel Configuration to obtain high velocity profile of the self-propelling droplet. 

(a) Self-propelling droplet was tested in a longer serpentine channel. Configuration has total channel 

length of 18.3 cm and reservoir sizes of 5.5 cm. Experiment is conducted as explained in experimental 

methods. (b) Configuration is selected from region 2 of Fig. 3.3c to demonstrate the velocity profile in 

a region with measurable Marangoni flow and less deformation ratio. The droplet velocity profile 

shows a cyclic behaviour and descends regularly due to the mixing effect caused by the Marangoni 

flow.  

 

As an example of practical applicability this pumping effect is tested (Fig. 3.11f). The liquid metal 

droplet is placed in a 1/8 inch diameter standard tubing and each side was filled with the acidic and 

basic electrolytes that gave the maximum velocity. As can be seen, the liquid droplet moved in less 

than 1 s generating a height difference of approximately ~9 mm which accounts for ~1 mbar pressure 

difference. This headspace pressure can be significantly increased by decreasing the surface area 

before entering the realm that atomic forces dominate the system. 
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Another example is the switching capability of the electrolyte only system (Fig. 3.11g), with the 

liquid metal droplet blocking access to the middle liquid reservoir. After electrolytes containing acid 

and base are introduced, the liquid droplet moves toward the basic area, opening the outlet of the 

middle reservoir. As a result, the middle liquid reservoir (containing DI water/yellow food dye) is 

gradually mixed with the content of the acid reservoir. 

Electrical actuation of mercury has been shown by Kim et al.13 Similarly electrical actuations has 

been shown for liquid alloys of gallium by Tang et al.14 and Gough et al.15 Accordingly in 

comparison, the ionic imbalance can perform better, in terms of velocity, than electrical actuation for 

voltages less than 4 V when the deformation ratio is less than 1.5. However, significantly larger 

velocities can be obtained (up to five times larger than the ionic imbalance condition) using applied 

electrical potentials of 10 V or higher.     

 

3.4. Surface tension measurement between galinstan and aqueous ionic electrolytes 

Pendant drop shape analysis method is used for measuring interfacial tension between aqueous 

solutions and liquid metal droplet. The shape of the droplet is governed by the balance between 

gravitational and surface tension forces, from which the interfacial tension of droplet-liquid is 

obtained as: 

𝛾 = (△ 𝜌 𝑔 𝐷2)/𝐻                                          (3.8) 

where △ 𝜌 is the difference in fluid densities, g is the gravitational acceleration, D is the equatorial 

diameter, and H is a shape dependent parameter, which is obtained using equation (3.9):16 

1
𝐻

=  𝐵4
𝑆𝐴

 + 𝐵3𝑆3 − 𝐵2𝑆2 + 𝐵1𝑆 − 𝐵0                    (3.9) 

in which, “S=d/D” is the shape factor with d defined as the diameter of droplet at the distance D from 

the bottom of the droplet. The values of A and Bi (i=0, 1, 2, 3, 4) are empirical constants, as given in 

Table 3.216. 
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Table 3.2. Values of A and Bi for pendant drop shape analysis  

 

 

3.5. Conclusion 

According to the observations, the stored energy on the surface of a droplet, due to the ionic 

imbalance, can be converted into: (a) droplet propulsion kinetic energy for low concentration 

electrolytes in the deformation region, or (b) tangential skin flow for electrolytes of high 

concentrations in the Marangoni region. In reality, each component also involves an extra term 

representing the viscosity losses (propulsion viscosity loss for the deformation region and flow 

viscosity loss for the Marangoni region). By ignoring these viscosity loss components, the equation 

describing the system can be simplified into: 

𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 ≅ �

1
2
𝑚𝐷𝑈𝐷2         Deformation  𝑟𝑒𝑔𝑖𝑜𝑛 

1
2
𝛿𝜌𝑠𝐴𝑠𝑈𝑠2       𝑀𝑎𝑟𝑎𝑛𝑔𝑜𝑛𝑖 𝑟𝑒𝑔𝑖𝑜𝑛

 

 

(3.10) 

 

in which 𝑚𝐷 is the droplet mass, 𝑈𝐷 is the average propulsion velocity of the droplet due to the 

deformation effect, 𝑈𝑠  is the skin tangential flow velocity due to the Marangoni flow, 𝜌𝑠 is the 

density of the oxide skin layer moving tangentially along the surface of droplet, 𝛿  is the effective 

thickness of the skin layer (Figure 3.3b) and 𝐴𝑠 is the average surface area of the skin layer. The 

kinetic energy of the liquid metal droplet, which is generated by the ionic imbalance, can be exploited 

according to equation (3.10).  

Range of S A B4 B3 B2 B1 B0 

0.401-0.46 2.56651 0.32720 0 0.97553 0.84059 0.18069 

0.46-0.59 2.59725 0.31968 0 0.46898 0.50059 0.13261 

0.59-0.68 2.62435 0.31522 0 0.11714 0.15756 0.05285 

0.68-0.90 2.64267 0.31345 0 0.09155 0.14701 0.05877 

0.90-1.00 2.84636 0.30715 −0.69116 −1.08315 −0.18341 0.20970 
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pH and ionic concentration differences govern the components of equation (3.10) by determining the 

potentials and adsorbed surface charges. Exposure of the liquid metal droplet to a pH imbalance and 

ionic concentration differences induces a surface tension gradient across the droplet by (a) changing 

the PZC and (b) a generated potential. As demonstrated, in equation (3.10) the deformation 

component becomes dominant at relatively low pH values and low concentration differences. This is 

due to the fact that the self-limiting oxide surface in such conditions is atomically thin and the layer 

easily breaks down to allow the large deformation of the droplet (Fig. 3.3a and 3.14). Conversely, at 

relatively high pH and concentration differences, the Marangoni flow becomes the dominant 

component. This is the region in which the oxide becomes thick enough to reduce the deformation 

effect (Fig. 3.3b and 3.5). 
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Figure 3.14. Droplet contact angle. (a) Droplet contact angle on a silicon substrate after the 

exposure to relatively low molarity imbalance, which results in soft and deformable skin. (b) Droplet 

contact angle after the exposure to molarities, which produce the maximum propulsion. (c) Droplet 

showing asymmetric contact angles when placed in ionic imbalance condition in b. (d) Droplet 

contact angle after the exposure to relatively high molarity imbalance which results in contact angles 

for producing less wettability and deformability than that of a. d represents an example of the 

Marangoni region. 

 

The reader should consider equation (3.10) as valid under the conditions where there is no significant 

mixing of the electrolytes on the two sides of the droplet, due to the Marangoni flow. Obviously, in 

such an extreme regime, no symmetry breaking occurs and as such, no droplet motion takes place. 

An interesting observation regarding the maximum velocity of the droplets is about the surface 

tension of Galinstan. The maximum velocity of the Galinstan droplet is obtained (~25 mm/s) for 0.6 

mol/L NaOH (pH of ~13.8) and 1.2 mol/L of HCl (pH ~ −0.1) condition (Fig. 3.12). These two 
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numbers are associated with the local maximum of surface tensions for the area in contact with acidic 

and the local minimum of the surface tension for the area in contact with basic electrolytes that likely 

generate the maximum surface tension difference. This consequently generates the highest asymmetry 

across the liquid metal droplet, resulting in the maximum velocity. However, when the oxide becomes 

thick enough on both sides of the droplet, the deformation effect is reduced. As shown in Fig. 3.15, 

there still exists a significant surface tension gradient between the two sides of a droplet at high 

concentrations of acid and basic ionic electrolytes, despite the formation of this thick hydrated oxide 

layer. Surface tension measurement calculations are presented in section 3.4. Owing to the rigidity of 

the layers, this surface tension appears as Marangoni flow from NaOH towards HCl on the surface of 

the Galinstan. Parts of the skin layer are also delaminated and move with the tangential flow. This 

effect, however, is not seen for mercury droplets where an oxide layer is harder to form chemically 

(Fig. 3.6).  

 

Figure 3.15. Surface tension measurement between Galinstan and aqueous ionic electrolytes. (a) 

Surface tension was measured using pendant drop method16. (b) Surface tension of Galinstan in 

contact with aqueous solutions of different HCl and NaOH concentrations. Error bars are s.e.m. 

(N=4). 
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In brief this chapter presented a comprehensive study of the autonomous motion of liquid metal 

droplets caused by modification of the liquid electrolyte surrounding the liquid metal. The maximum 

velocity is obtained at the largest magnitude of induced surface tension gradient according to 

Lippmann’s equation. The ionic properties of the electrolytes contain sufficient energy to induce 

motion of the metal droplet through modification of the EDL. Consequently, the liquid metal droplet 

is continuously propelled without the need for an external electric potential. The measurements that 

showed some of the optimum conditions for gaining the maximum velocities of liquid metal droplets 

in an electrolyte only system is presented. To present some of the applications of this only electrolyte 

based liquid metal motion, the pumping capability of the system is demonstrated as well as a 

switching capability. The author’s work fundamentally presents the governing factors in obtaining the 

best condition for self-propulsion that can also be extended to voltage induced motion systems. The 

outcomes of this work can be used for designing future autonomous low dimensional 

micromechanical units that are based on compositional changes of the employed electrolytes, thereby 

exploiting the use of systems that only contain liquid components.  
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Chapter 4 

 

 

 

A liquid metal reaction environment for the room 

temperature synthesis of atomically thin metal oxides† 

 

 

 

 

 

 

 

 

 

4.1. Introduction 

In previous chapter, the surface manipulation of liquid metals at interface with the electrolyte 

surrounding it, was presented. In this chapter, the fundamental understanding of surface oxide 

composition of liquid metal at interface with air is investigated. Nontoxic eutectic gallium-based 

alloys are used as a reaction solvent and co-alloyed desired metals into the melt. On the basis of 

thermodynamic considerations, the composition of the self-limiting interfacial oxide is predicted. The 

surface oxide as a 2D layer is isolated, either on substrates or in suspension. This enabled to produce 

  The contents of this chapter is published in Zavabeti et al., A liquid metal reaction environment for 
the room-temperature synthesis of atomically thin metal oxides, Science, 358, 332-335, 2017 

† 
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extremely thin subnanometer layers of HfO2, Al2O3, and Gd2O3.The liquid metal–based reaction route 

can be used to create 2D materials that were previously inaccessible with pre-existing methods. The 

chapter introduces room-temperature liquid metals as a reaction environment for the synthesis of 

oxide nanomaterials with low dimensionality. The content of this chapter was published as an article 

in Science1. 

4.2. Experimental details 

4.2.1. Eutectic gallium indium tin alloy (galinstan) preparation 

I used a eutectic GaInSn alloy (galinstan) as a base liquid metal for all alloying and subsequent 

synthesis processes. This alloy features a melting point below 0 °C, which provides a large 

temperature margin when working with its co-alloyed materials at room temperature. Commercial 

galinstan frequently contains unknown additives (proprietary) which may interfere with its use as a 

reaction solvent. To ensure the exact composition, galinstan was made in-house by melting 68.5 wt% 

gallium, 21.5 wt% indium, and 10 wt% tin in a glass beaker, which was achieved by raising the 

temperature of the mixture to approximately 250 °C on a hot plate. The temperature was chosen since 

it is well above the melting point of tin (231.9 °C) 2. The melt was stirred with a glass rod after 

melting. The precursor materials (gallium 99.99%, indium 99.99% and tin 99.9%) were purchased 

from Roto Metals Inc. The materials were received in the form of large solid lumps (gallium), ingots 

(indium), and centimetre sized granules (tin). Macroscopic precursors were preferred over micron-

sized powders due to the reduced presence of pre-existing surface oxides. After melting, the alloy was 

allowed to cool to room temperature. The pre-existing surface oxides could simply be removed by 

transferring the produced liquid metal from the reaction beaker into a storage container, using a 

plastic transfer pipette. Care was taken to only collect liquid metal from the centre of the melt, 

effectively decanting the pure liquid, leaving the grey surface layer behind. The final liquid metal 

exhibited the expected silver-metallic surface appearance and was stored in sealed vials inside a 

nitrogen glovebox until used. 
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General handling warning: Gallium based liquid metals are known to corrode metal surfaces. It is 

recommended that care is taken to avoid damage to equipment and instrumentation such as glove 

boxes, electron microscopes and photoemission spectrometers. 

4.2.2. Co-alloying process 

As explained above, galinstan was used as the base liquid metal and other elements were co-alloyed 

into it. This process is conducted inside a glove box with ~10 ppm oxygen to minimize oxidation of 

the material. The process involves adding 1 wt% micron sized metal powders to approximately 15 g 

of the liquid metal. A mortar and pestle were used to facilitate the alloying process, by breaking down 

the metal powders, increasing the surface area and breaking off pre-existing interfacial oxides. The 

manual grinding process was conducted rigorously for a period of 30 min. Successful alloying was 

found to be accomplished when the surface of the alloy became clear and shiny, indicating the 

absence of residual solid metal powders. Alloys and powders were stored inside the glove box. The 

following metal powders were purchased from Sigma-Aldrich Pty Ltd. (99.5% hafnium powder, 325 

mesh; 99% gadolinium powder, 40 mesh; 99.5% copper powder, 150 mesh; ≥99.9% silver powder, 5-

8 μm and 99.5% aluminium powder, <5 μm particle size). After the synthesis, the mortar and pestle 

were washed with 1 mol/L of NaOH to remove bulk liquid metal residues. The mortar and pestle were 

then left in 98% H2SO4 for one hour to remove and dissolve any remaining oxide residue. 

4.2.3. Van der Waals exfoliation synthesis 

The room temperature liquid metal alloys were transferred onto a microscope glass slide using a 

plastic pipette. The microscopy slide was chosen as a work surface, since it is inert to the liquid metal 

alloys. The gallium based alloys were found to form round droplets on the glass surface due to their 

high surface tension. The diameter of the droplet was selected to be 2 mm or more, depending on the 

dimensions of the desired two-dimensional oxide sheets. The glass slide was tapped a few times to 

ensure that the surface of the droplet is flat. Before the start of each experiment and after several 

synthesis attempts, the surface of the droplet may feature thicker surface oxides due to initially 

present oxide layers (start of the experiment) or mechanical agitation (after several preceding 

exfoliations). In order to achieve reproducible results in the first and subsequent experiments, the 
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surface of the liquid metal was cleaned frequently by sweeping a thin glass rod (i.e. a Pasteur pipette) 

over the surface of the liquid metal, removing the oxide skin. 

As shown in Figure 4.1, exfoliation was achieved by touching the surface of the liquid metal with the 

desired substrate. When contact is made with excessive force, liquid metal may delaminate from the 

droplet and attach to the substrate. This occurs particularly easily for substrates that are oxygen 

terminated (e.g. SiO2). To avoid this issue, smaller sized droplets and less force to minimize 

delamination of liquid metal for these substrates are used. 

Highly reactive elements such as aluminium and gadolinium oxidise very rapidly on the surface of the 

droplet. Therefore, the exfoliation is performed for these elements in an oxygen reduced environment 

containing less than 0.1% of oxygen, allowing extended experimental times and more controlled 

conditions. The oxygen controlled environment was achieved by working within a bench-top Perspex 

glove box, which was purged with nitrogen and equipped with an oxygen sensor (lower detection 

limit 0.1%). 

I successfully exfoliated oxide sheets from liquid metal droplets being up to 1 cm in size. Larger 

metal droplets were found to be challenging to work with, since the contact force is difficult to control 

manually. Automation of the exfoliation process will likely overcome this limitation and ensure 

scalability. 

Various substrates were used as target surfaces including Si, SiO2, Pt coated Si wafers, Au coated Si 

wafers, quartz, glass, ITO and TEM grids (several not shown). All samples were visually inspected 

using a standard optical microscope. Any samples that featured visible metal inclusions were 

discarded. Prepared samples were found to be stable under ambient conditions for at least several 

days. 
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Figure 4.1. Fundamental principles and synthetic approach. (A) Gibbs free energy of formation 

for selected metal oxides (5, 6). Oxides to the right of the red dashed line are expected to dominate the 

interface. (B) A cross-sectional diagram of a liquid metal droplet, with possible crystal structures of 

thin layers of HfO2, Al2O3, and Gd2O3 as indicated. (C) Schematic representation of the van der Waals 

exfoliation technique. The pristine liquid metal droplet is first exposed to an oxygen-containing 

environment. Touching the liquid metal with a suitable substrate allows transfer of the interfacial 

oxide layer. An optical image is shown at the right. (D) Schematic representation of the gas injection 

method (left), photographs of the bubble bursting through the liquid metal (centre), and an optical 

image of the resulting sheets drop-cast onto a SiO2/Si wafer (right). 
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4.2.4. Gas injection synthesis 

As shown in Figure 4.1, for this synthesis method, a plastic centrifuge tube from Sigma-Aldrich Pty 

Ltd was used as the reaction vessel. A 1/8 inch hole was drilled into the side of the centrifuge tube. A 

PFA (Perfluoroalkoxy) tube with similar outer diameter and an inside diameter of 1/16 inch was 

connected into the centrifuge tube. Approximately 2 ml of the liquid metal alloy were placed inside 

the centrifuge tube and 3 ml of solvent (here distilled water) were placed on top of the liquid metal. It 

is observed that the liquid metal column should be at least 1-2 cm in height above the gas inlet tube, in 

order to minimize the formation of semi-permanent micro-channels which can compromise the bubble 

formation process. A mass flow controller (MKS 1479) was utilized to control the flow of 

compressed, dry laboratory air through the pipe into the liquid metal with a flow rate of 30 sccm. It is 

observed that placing the gas inlet hole at the bottom of the centrifuge tube may result in leakage of 

liquid metal into the gas inlet tube. Therefore, the inlet was placed on the side of the centrifuge tube. 

The possible duration of the synthesis depends on the amount of alloyed metal that is present. The 

synthesis of Ga2O3 when using galinstan could in theory be continued for several hours with 

negligible decay in gallium wt% due to the abundance of this element (~68.5 wt%) in the melt. 

However, the added 1 wt% of metallic hafnium was found to be consumed within approximately 30 

min. As such, a reaction time of 30 min was selected. Once the majority of elemental hafnium is 

consumed, gallium oxide begins to form. In order to avoid the presence of Ga2O3, a hydrochloric acid 

wash was added, this wash is capable of dissolving any produced gallium oxide nanosheets 3. This 

was achieved by adding 0.2 mol/L of HCl to the aqueous solution after the synthesis. The samples 

prepared by the gas injection synthesis method were centrifuged for 1 hr at 50 RCF at room 

temperature in order to remove any residual liquid metal droplets. 

Prepared samples were found to be stable in aqueous solution for several days. After prolonged 

storage (weeks) and in the absence of capping agents and surfactants, agglomeration of the nanosheets 

suspended in DI water was observed. Samples drop-cast onto a substrate were found to be stable 

under ambient conditions for at least several days. 
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4.2.5. Instrumentation and characterization 

Raman spectroscopy was conducted with a Horiba Scientific LabRAM HR evolution Raman 

spectrometer equipped with a 100× objective lens, a 532 nm laser source (intensity 0.45 mW at the 

sample position) and a 1800 lines per mm grating. Two accumulations with a duration of 60 s each 

were utilized. The samples were deposited on either gold coated Si wafers (Ga2O3) or on Si wafers 

(HfO2). Surface topography and Peak Force TUNA (PF-TUNA) measurements were conducted using 

a Bruker Dimension Icon AFM. The instrument features a noise floor of less than 30 pm enabling 

imaging at sub-nanometer resolution. The AFM was equipped with ScanAsyst® Imaging and 

NanoScope® software 1.8. Scanasyst air and SCM-PIT-V2 AFM tips were used for topography 

imaging and the PF-TUNA mode, respectively. Topographic images were obtained using samples 

deposited on Si/SiO2 wafers using either the exfoliation method or drop-casting of the samples 

obtained with the gas injection method. PF-TUNA measurements are detailed below and the fitting of 

the data is described in the Schottky emission model section of this document. For PF-TUNA 

measurements, the sample was prepared applying the exfoliation method using a platinum coated 

Si/SiO2 wafer as a substrate. The platinum was deposited using electron beam evaporation leading to 

a layer thickness of 200 nm. The platinum substrate was electrically connected to a stainless-steel disk 

with silver paint (as shown in Figure 4.8). The silver paint was allowed to dry for 12 hours. The 

stainless steel disk was then placed on the AFM stage through which an external bias voltage could be 

applied. Bruker SCM-PIT-V2 platinum/iridium coated AFM tips with radii of 25 nm were used. The 

tip work function has been measured to be 4.86 eV4. Topography images of the sheets were measured 

using a normal imaging tip (ScanAsyst air) in order to conserve both the sample and the conductive 

tip prior to high resolution imaging and I-V curve measurements. During current imaging and I-V 

characterization, a bias voltage was applied to the sample and the electrical current was measured. 

Positive voltage ranges were applied to the platinum and consequently the tip was negatively biased. 

Under these conditions the effects of the formation of a depletion region in the SiO2 substrate could be 

avoided5. The current was limited by the selected sensitivity range. Therefore, all current 

measurements have been capped at 250 pA. All measurements using PF-TUNA were carried out in 

PF-TUNA mode. The conductive map of the 2D HfO2 sheet shown in Figure 4.8B was collected 



65 

using a 4 mV sample bias. X-ray photoelectron spectrometer (XPS) was performed using a Thermo 

Scientific K-alpha spectrometer. The instrument uses an Al k-α monochromated X-ray source 

providing photons with an energy of 1486.7 eV, with a spot size of approximately 400 μm. A pass 

energy of 100 eV was selected in conjunction with a dwell time of 50 ms. Typical measurements were 

averaged for more than 70 scans in the specified energy ranges. Avantage software was used for data 

acquisition and analysis. High resolution transmission electron microscopy (HR-TEM): two HR-TEM 

instruments were used. For TEM image processing, both ImageJ 1.50i and Gatan microscopy suite 

1.8.4 were used. For EELS analysis, Gatan microscopy suite 1.8.4 was used. The samples were 

prepared by directly depositing the oxide layers onto TEM grids using the exfoliation method. The 

samples prepared using the gas injection method were drop-cast onto the TEM grids. A JEOL 2100F 

TEM/STEM (2011) operating with an 80 keV acceleration voltage was used for most of the imaging. 

The instrument was equipped with a Gatan Tridium Imaging Filter (EELS Spectrometer) and Gatan 

Orius SC1000 CCD Camera. The electron source beam energy featured a resolution of ~1 eV. It was 

observed that some of the 2D materials appeared to be beam sensitive. As such, care was taken to 

avoid beam damage, and most of the work was conducted using this instrument due to the lower 

acceleration voltage. A JEOL 2010 TEM (1990) with a 200 keV acceleration voltage was used for 

additional imaging. This instrument was equipped with a Gatan Orius SC600 CCD Camera (2011). A 

FEI Quanta 200 environmental scanning electron microscope ESEM (2002) equipped with an Oxford 

X-MaxN 20 energy dispersive X-ray spectroscopy (EDXS) Detector (2014) was used for the EDXS 

analysis of the alloyed metals. EDXS analysis was conducted using a high acceleration voltage of 30 

kV in order to ensure a high emission depth of the X-rays. Elemental maps of the alloys were 

prepared using Oxford instrument Aztec software. 

4.2.6. Fitting of I-V data: The Schottky emission model 

Current voltage curves (I-V) were obtained during AFM based PF TUNA characterization. The 

observed I-V characteristics follow the Schottky emission model.6 The experimental approach for 

obtaining the I-V curves is detailed above. In this section, describe the fitted method. The Schottky 

emission model for dielectric films can be described as:7-8 
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𝐽 =
4𝜋𝑞𝐾2𝑚∗

ℎ3
𝑇2𝑒

−𝑞(∅𝐵−�𝑞𝐸 4𝜋𝜀𝑟𝜀0⁄ )
𝑘𝑇  

 

(4.1) 

In which, 𝐽 is the current density, 𝑞 is the elementary charge of an electron, 𝐾 is Boltzmann’s 

constant, 𝑚∗ is the effective electron mass in the dielectric, ℎ is the Planck’s constant, 𝑇 is the 

temperature in Kelvin, ∅𝐵 is the Schottky barrier height, 𝐸 is the electric field, 𝜀0 is vacuum 

permittivity and 𝜀𝑟 is the relative dielectric constant. The current density can be derived as follows: 

𝐽 =
𝐼
𝐴∗

 

 

(4.2) 

In which, 𝐼 is the current and 𝐴∗ is the effective area between AFM tip and HfO2. Equation 4.1 is re-

written as seen below: 

𝐼 = 𝐴∗
4𝜋𝑞𝐾2𝑚∗

ℎ3
𝑇2𝑒

−𝑞(∅𝐵−�𝑞𝐸 4𝜋𝜀𝑟𝜀0⁄ )
𝑘𝑇  

 

(4.3) 

To estimate dielectric constant, equation is further simplified the equation. Without any assumption 

for the values of the effective AFM tip contact area and effective mass of electron: 

 

𝐼 = 𝛼𝑒
−𝑞(∅𝐵−�𝑞𝐸 4𝜋𝜀𝑟𝜀0⁄ )

𝑘𝑇  

Where a is defined as follows: 

(4.4) 

𝛼 = 𝐴∗
4𝜋𝑞𝐾2𝑚∗

ℎ3
𝑇2 

 

(4.5) 

The logarithm of equation 4.4 gives: 

𝐿𝑛(𝐼) = 𝐿𝑛(𝛼) +
−𝑞(∅𝐵 − �𝑞𝐸 4𝜋𝜀𝑟𝜀0⁄ )

𝑘𝑇
 

 

(4.6) 
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The electric field across the dielectric film is defined as below: 

𝐸 =
𝑉
𝑑

 

 

(4.7) 

Where V is the applied voltage and d is the dielectric thickness. The film thickness has been measured 

to be 0.65nm using AFM. This thickness corresponds well to the dimensions of the HfO2 unit cell 

(0.53 nm in the c-direction) which was used in the model. Figure 4.9 shows the I-V curve of the 

conductive tip directly placed on the platinum substrate (without the HfO2 layer), which indicates that 

the resistance of the experimental setup is negligible and that the measured I-V characteristics are 

entirely associated with the 2D nanosheet that has been placed on top of the Pt substrate. The I-V 

curve shown in figure 4.8C allows to estimate ∅𝐵 which is approximately ~3.28V. The barrier height 

is reduced to 2.65V when the work function difference between the tip and substrate are considered. 

Fits assuming both barrier heights (with and without work function correction) resulted in similar 

estimates for the dielectric constant. Fitting of the experimental data to equation9 was conducted using 

the non-linear least square equation solver in Matlab’s optimisation toolbox. The resultant fit results 

in an estimate of the relative dielectric constant of 38.87 with an R2 of 0.94. The fit is shown in the 

subset of the Figure 4.8C in the main text. 

 

4.2.7. Band Gap determination using electron energy loss spectroscopy (EELS) 

Details of the instrumentation utilised for EELS analysis have been described above. In this section 

the data interpretation and analysis processes used in determining the size and nature of the bandgap 

is described. The low loss section of EELS spectra features the zero-loss peak which is attributed to 

the probe beam. For wide bandgap semiconductors and dielectrics, the zero loss peak is followed by a 

flat region (~zero intensity) which is again followed by a sharp rise in intensity at the material’s band 

gap energy. As a result, low loss EELS analysis can be utilised to measure the bandgap of materials.10 

The technique is particularly suitable for the characterization of high band gap material due to larger 

separation of zero loss peak and Eg. As such this technique is frequently used for the characterization 
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of HfO2, particularly since other methods such as UV-vis analysis are challenging at such high 

energies. Analysis of the EELS spectrum shown in Figure 4.8 D results in an estimated bandgap of 

Eg=6eV. EELS analysis provides further insight into the nature of the band gap, and it can be 

determined whether the transition is direct or indirect. EELS intensity can be described using the 

below equations:10 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝ (𝐸 − 𝐸𝑔)1 2�  (4.8) 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑜𝑡𝑎𝑙 − 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 =  (𝐸 − 𝐸𝑔)1 2�  

 

(4.9) 

Here, 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 is the EELS spectra intensity, E is the energy loss and 𝐸𝑔 is band gap. 

The non-linear least square equation solver in Matlab’s optimisation toolbox is used to fit the 

measured data to equation (4.9). An excellent fit is observed with R2 = 0.98%. The fit is shown in 

subset of Figure 4.8D. This strongly indicates band gap measured at 6eV is a direct band gap. 

 

4.3. Results and Discussions 

Three different 2D oxides are synthesised using galinstan as a reaction environment. To show the 

versatility of the method, oxides of a transition metal (HfO2), a post–transition metal (Al2O3), and a 

rare earth metal (Gd2O3) with high melting points are selected. Of these oxides, hafnium oxide is 

particularly important because of its use as an insulating oxide in the electronics industry. For 

galinstan. gallium oxide is expected to form on the metal surface because it features the most negative 

ΔGf of the possible oxides 2-3. Amount of ~1 wt % of elemental hafnium, aluminium, or gadolinium 

into the liquid metal is alloyed, which served as the precursors for the formation of their respective 

oxides (Fig. 4.2) 11. These oxides fulfilled the requirement of featuring a lower ΔGf than gallium 

oxide, and as a result they expected them to form surface oxides on their respective alloys (Fig. 4.1, A 

and B) 2. All three oxides that are synthesised as 2D materials have nonstratified crystal structures and 

cannot be obtained using standard exfoliation techniques 11-12. Nonetheless, either the investigated 
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oxides or closely related structures have been predicted to be stable as 2D monolayers 13-15. Alloys 

containing ~1 wt % copper and silver for control experiments are prepared.  

 

 

Figure 4.2. Characterization of the dispersion of co-alloyed elements in the liquid metal using 

EDXS. Colour maps were used to confirm the successful dispersion of the added elements within 

galinstan. The scale bars are 2 µm. Since all precursor metals were purchased as micron sized 

powders (sizes between 5 and ~500 µm, depending on the metal), successful amalgamation is 

observed. No micron sized inclusions of the added metal were observed throughout EDXS 

characterization. The EDXS data were utilised to determine the overall concentration of the added 

metal within the melt which was ~1% in all cases as expected. 
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I developed two synthesis approaches for the isolation of the surface oxide. The first method was a 

van der Waals (vdW) exfoliation technique similar to the method for obtaining monolayer graphene 

pioneered by Novoselov et al. (Fig. 4.1C) 16. The technique entails touching the liquid metal droplet 

with a solid substrate. The liquid nature of the parent metal results in the absence of macroscopic 

forces between the metal and its oxide skin, allowing clean delamination 17. This technique is suitable 

for the production of high-quality thin oxide sheets on substrates. The second technique relies on the 

injection of pressurised air into the liquid metal (Fig. 4.1D) (Gas injection synthesis method is 

explained in Experimental details section). The metal oxide is expected to form rapidly on the inside 

of air bubbles as they rose through the liquid metal. The released air bubbles passed through a layer of 

deionised water that is placed above the liquid metal, allowing the produced oxide sheets to be 

dispersed into an aqueous suspension. This technique is highly scalable and is therefore suitable for 

creating high-yield suspensions of the target oxide nanosheets. 

To directly compare the different oxide nanosheets, the exfoliation method is used on all the alloys 

which are investigated. The optical images show the large lateral dimensions of the products (Fig. 4.1, 

C and D). To further characterize the nanosheets, atomic force microscopy (AFM) is performed on 

samples deposited on top of SiO2/Si wafers and transmission electron microscopy (TEM) on samples 

directly deposited onto TEM grids (Fig. 4.3). Materials produced by the exfoliation method featured a 

smooth appearance under AFM imaging. Each 2D oxide sheet which are produced has a different 

thickness: 2.8 nm for gallium oxide, 0.6 nm for hafnium oxide, 1.1 nm for aluminum oxide, and 0.5 

nm for gadolinium oxide. The ultrathin nature of the oxides is apparent from the translucent 

appearance and occasional wrinkles in the TEM images (Fig. 4.3). 

I found that the nanosheets derived from unalloyed galinstan were amorphous when characterised by 

electron diffraction and high-resolution TEM (HRTEM). By contrast, the 2D oxides produced from 

alloys containing hafnium, aluminium, and gadolinium were polycrystalline, with characteristic lattice 

parameters of m-HfO2, α-Al2O3, and cubic Gd2O3 (Fig. 4.3) 18-20. Using x-ray photoemission 

spectroscopy (XPS), It is found that the exfoliated oxide of unalloyed galinstan is exclusively 

composed of gallium oxides (mostly Ga2O3 with a small Ga2O content) 3, 21. The 2D materials derived 
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from the alloys were composed entirely of the oxide of the added element (Figs 4.3 and 4.4). The 

control experiments with copper and silver alloys resulted in nanosheets predominantly composed of 

gallium oxide (Fig. 4.5). The results confirm the hypothesis that the oxide with the lowest ΔGf 

dominates the interfacial surface oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Characterization of materials derived from the exfoliation method. Left: AFM 

images, with thickness profile (inset) determined at the red line as indicated. Centre: TEM 

characterization, with selected-area electron diffraction (SAED) (top inset) and HRTEM images 

(bottom inset; scale bar, 0.5 nm). Right: Elemental composition determined by XPS 22-27. (A) Results 

obtained from a eutectic gallium-indium-tin alloy. (B to D) Alloys containing approximately 1% of 
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added hafnium, aluminium, and gadolinium, respectively. See Fig. 4.2 for characterization of the 

alloys before use. The lattice parameters in SAED and HRTEM images were indexed using literature 

reports18-20. The lack of crystallinity in the gallium oxide sample might be beam-induced. See Fig. 4.4 

for XPS spectra used to determine the oxide composition. The sample derived from pure galinstan 

features metallic inclusions, which are visible as dark dots and elongated nodules. The other materials 

feature no inclusions. The lateral dimensions of the 2D sheets are extraordinarily large and exceed the 

AFM field of view. 
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Figure 4.4. XPS spectra of the exfoliated sheets as shown in Figure 4.3. The XPS results indicate 

that the oxides exfoliated from the surface of the liquid metal consist of single element oxides. Other 

elements that were present in the precursor alloy have no measurable signals. Peak positions and 

binding energy ranges were auto selected by the Avantage software. Due to the thin nature of the 

oxide layers, signals from the substrates may mask the sample signal. Therefore, different binding 

energy ranges were selected featuring high sensitivity factors and no overlap between possibly present 

elements. According to the Avantage database, Ga0 peaks are located at 18.7 eV (Ga3d), 159.5 eV 

(Ga3s) and 1117 eV (Ga2p) eV. In0 and Sn0 have peaks at 444 eV (In3d) and 484.8 eV (Sn3d), 

respectively. Hf0, Al0 and Gd0 have peaks at 382 eV (Hf4p), 72.9 eV (Al2p) and 1186 eV (Gd3d), 

respectively. The corresponding peaks of the oxides are expected to appear at slightly higher binding 

energies22-27. The absence of peaks in the regions associated with possibly present side products leads 

to the conclusion that the produced nanosheets are pure within the resolution of the measurement. The 

small peak in the Gd3d region next to the Gd2O3 peak is a satellite feature. The results are summarised 

in Figure 4.3. 
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Figure 4.5. XPS results for the control experiment on liquid metal alloys containing added Ag 

and Cu. The exfoliation synthesis was utilised in order to exfoliate the surface oxide onto SiO2 

substrate. The XPS results confirm the absence of Cu (A) and Ag (B) oxides. 

 

Galinstan and hafnium-containing galinstan were investigated using the gas injection synthesis 

method. The aluminium- and gadolinium-containing alloys visibly reacted with water and were not 

investigated further. Replacing water with an inert solvent was expected to enable the synthesis of 

aluminium and gadolinium oxide with this gas injection method. The materials that are derived from 

the gas injection synthesis method were similar in appearance to the oxides produced with the 

exfoliation method (Fig. 4.6). The material synthesised using unalloyed galinstan had a thickness of 

~5.2 nm, about double that of the exfoliation method. It is found that the HfO2 nanosheets had a 

thickness of 0.5 nm, which is similar to the thickness of exfoliated HfO2. The gallium oxide 

nanosheets contained small, spherical metallic inclusions that are discovered during TEM imaging. 

The presence of ~15-nm spherical inclusions is confirmed with high-resolution AFM and TEM 

imaging (Fig. 4.7). The nanosheets have low crystallinity, which are examined using HRTEM and 

electron diffraction measurements. This indicates that the gas injection synthesis may have a tendency 

to create amorphous oxides. The short reaction time, attributable to a limited residence time for the 
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gas bubble within the liquid metal, may be the origin of the poor crystallinity. The reaction time frame 

available for the exfoliation method is considerably longer, because the metal droplet may rest for 

several minutes prior to the vdW transfer, allowing for the reorganisation of the crystal structure 

within the interfacial oxide layer. 

Using Raman spectroscopy, it is found that the nanosheets derived from the gas injection method are 

also predominantly composed of the oxide with the lowest ΔGf (Fig. 4.6). The successful gas injection 

synthesis of both gallium and hafnium oxides demonstrates the suitability of the approach for the 

high-throughput synthesis of 2D oxides for applications where high crystallinity is not a primary 

concern. The 2D materials which are synthesised hold promise for applications in energy storage, 

such as supercapacitors and batteries that require large quantities of materials with high ratios of 

surface area to volume28. 

 

 

Figure 4.6. Characterization of materials derived from the gas injection method. Left: AFM 

images, with thickness profile (inset) determined at the red line as indicated. Centre: TEM 

characterization, with SAED (top inset) and HRTEM images (bottom inset; scale bar, 0.5 nm). Right: 

Raman spectra of the resulting oxides. (A) Results obtained from a eutectic gallium-indium-tin alloy. 

(B) Alloy containing approximately 1% of added hafnium. The Raman spectra match well with 

literature reports for Ga2O3 (A) and HfO2 (B)18. 
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Figure 4.7. Gas injection synthesis of Ga2O3 results in metal inclusions. The inclusions are well 

separated and spread throughout the nanosheets. (A) and (B) show AFM and TEM images of these 

inclusions. The AFM height profile in (A) reveals that the height of these nano-sized inclusions is 

~10-15 nm once the thickness of the oxide sheet is considered. TEM imaging (B) confirms that the 

width of these inclusions is roughly 16 nm. 

 

One major application of the materials which are developed is their use as ultrathin insulator 

dielectrics for the fabrication of field-effect transistors. HfO2 is the material of choice for the 

electronics industry, with a relative dielectric constant of >20 and a band gap of >5 eV 29. Because of 

the lack of a stratified crystal structure and the resulting absence of amenable exfoliation techniques, 

HfO2-based dielectrics are traditionally deposited using atomic layer deposition or other chemical and 

physical vapour-phase deposition techniques 29. These techniques rely on an island-mediated film 

growth mechanism that results in a minimum film thickness of 3 to 5 nm30. The liquid metal–derived 

HfO2 had a minimum thickness of approximately 0.5 nm. The 2D HfO2 are directly deposited onto a 

wafer coated with Pt to evaluate the exfoliation methodology for the synthesis of dielectrics. Using 

conductive AFM characterization, it is found that the deposited 2D HfO2 sheet is completely 

insulating and pinhole-free, despite being only ~0.5 to 0.6 nm thick (Fig. 4.8, A and B). The 

breakdown electric field, defined as the field at which the current rises above the noise level, is ~5.3 

GV cm−1, as determined by current-voltage (I-V) characterization of the 2D nanosheet. This value is 

three orders of magnitude higher than the breakthrough field for chemical vapour deposition (CVD)–
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grown multilayer h-BN31-32, highlighting the excellent quality of the dielectric. Fitting the I-V curve to 

the Schottky emission model allowed to determine a dielectric constant of ~39 for the oxide sheets 

(see section 4.2.6). The low-loss region of the electron energy loss spectrum (EELS) of exfoliated 

ultrathin HfO2 sheets is analysed and found that the band gap of the material is of a direct nature with 

a ~6-eV gap (Fig. 4.8D)33 (see section 4.2.7). 

 

 

Figure 4.8. Characterization of HfO2 as a dielectric. (A) Schematic of the peak force tunnelling 

AFM (PF-TUNA) setup. (B) AFM height (top) and current (bottom) maps for the edge region of an 

HfO2 sample directly deposited onto a Pt-coated wafer by the exfoliation method. Both maps are 300 

nm wide. The profiles at the right correspond to the regions indicated by the red lines. The HfO2 and 

Pt sides are labelled. (C) Current-voltage curve measured through the HfO2 layer. Inset: Fit to the 

Schottky emission model and the determined dielectric constant (see section 4.2.6). (D) Plot of the 

low-loss EELS spectrum, which provides an estimate of the band gap. Inset: Analysis of the nature of 

the band gap, indicating a direct gap ((see section 4.2.7). 
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Figure 4.9. I-V curve using the PF-TUNA experimental set up shown in Fig 4.8A, measuring the 

I-V curve of the conductive tip when in direct contact with the platinum substrate. 

 

 

4.4. Conclusion 

The findings show that oxide layers on liquid metals can be manipulated by selecting appropriate 

alloying elements on the basis of the Gibbs free energy for oxide formation. The two methods which 

are used to recover the 2D nanosheets are both scalable, do not require complex equipment, and 

provide nanosheets either directly deposited onto substrates or as an aqueous suspension. The liquid 

metal serves as a solvent during the reaction. The methodology facilitated the isolation of atomically 

thin layers of metal oxides that do not naturally present themselves as stratified systems, providing a 

synthetic pathway toward an important class of 2D materials that was previously inaccessible. The 

underlying principles suggest that this should apply to a sizable fraction of metals, giving access to 2D 

crystals of many transition metal, post–transition metal, and rare earth metal oxides. Several of these 

metal oxides are of exceptional importance because of their various electronic, magnetic, optical, and 

catalytic properties. 
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Chapter 5 

 

 

 

Green synthesis of low dimensional aluminium oxide 

hydroxide and oxide using liquid metal reaction media: 

Ultra-high flux membranes† 

 

 
 

 

 

5.1. Introduction 

In previous chapter, author of this thesis demonstrated liquid metals as excellent reaction solvent to 

produce two-dimensional oxides of the desired metals at the metal/air interface. In this chapter, the 

concept is furthered to synthesis low dimensional metal hydroxide and oxide hydroxide at the 

metal/H2O interface. A green liquid metal based technique is presented for synthesizing 1D and 2D γ-

AlOOH structures grown from the surface of galinstan at the interface with H2O. The 1D fibres and 

2D sheets grow perpendicular and parallel to the surface of the liquid galinstan, respectively, with 

  The contents of this chapter is published in Zavabeti et al., Green Synthesis of Low‐Dimensional 
Aluminum Oxide Hydroxide and Oxide Using Liquid Metal Reaction Media: Ultrahigh Flux 
Membranes, Advanced Functional Materials, DOI: 10.1002/adfm.201804057, 2018 

† 
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large surface areas. The 1D and 2D morphology of γ-AlOOH is found to persevere when converted 

into γ-Al2O3 via annealing. Quantitative nanomechanical mapping (QNM) indicated that the 2D γ-

AlOOH sheets feature the highest Young’s modulus among oxides.1-2 Free-standing membranes are 

successfully constructed consisting of layered 2D sheets of AlOOH for separating oil-in-water 

emulsions and filtering Pb2+ ion contaminated water. Importantly, the synthesis of these membranes 

does not require a template, structural support, compression or sintering due to the high degree of 

stiffness of the structure. These membranes, which operate at extraordinary flux rates, can reduce Pb+2 

ion contamination at a concentration that is >13 times above standard drinking water to safe levels. 

After completion of the nanomaterial synthesis, the galinstan can be reused for the next synthesis 

cycle providing a sustainable, green and low cost process. It is clearly demonstrated that after three 

cycles of synthesis using the same liquid metal that the quality of the products does not degrade with 

negligible consumption of the liquid metal. The synthesis provides a simple method for obtaining 

close to 100% production yield with only the need for aluminium and water as precursors and without 

the participation of any toxic solvents. The content of this chapter is published in Journal of Advanced 

Functional Materials51. 

 

5.2. Experimental details 

5.2.1. Alloy preparation 

Galinstan is used as a base liquid metal for dissolving and alloying aluminium. Galinstan is prepared 

in house by melting 68.5 wt% gallium 21.5 wt% indium and 10 wt% tin in a glass beaker following 

previously published proceedures.3 The precursor materials for galinstan (gallium 99.99%, indium 

99.99% and tin 99.9%) are purchased from Roto Metals Inc.  

Aluminium wire with diameter 0.58 mm, ≥99.99% trace metals basis is procured from Sigma Aldrich. 

Aluminium is alloyed into the Galinstan via grinding using mortar and pestle. The manual grinding 

process is conducted rigorously for a period of 20 min. Successful alloying is observed when the 

surface of the alloy became clear and shiny, and the mixture is found to be free from residual metal 

lumps. The alloying process is conducted inside a N2 glove box containing <2 ppm oxygen to 
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minimize the oxidisation of the alloy. For concentrations exceeding 3.3 wt% aluminium, occasional 

localised solid lumps are observed. 

 

5.2.2. Liquid based synthesis  

During the synthesis process (Fig. 5.1a) 0.5 g of the aluminium containing liquid alloy are poured into 

glass vials inside a N2 glove box. The alloy is handled inside the nitrogen atmosphere in order to 

minimize any oxidation that may occur prior to the beginning of the controlled experiment. DI water 

(2 ml) is rapidly added to the glass vials upon removal from the glovebox. The vial size is chosen to 

ensure that the added DI water fully covered the surface of the metal droplet, in order to maximize the 

interfacial reaction region. The reaction is found to immediately begin after the addition of DI water 

and is completed within approximately 30 min. For further characterization the sample is centrifuged 

at a low speed of 50 RCF for a period of 15 min to remove any metal inclusions from the sample. 

EDXS (Fig. 5.10) confirmed the effective removal of metal inclusions after centrifugation. The 

sample is then dried via heating at 80 °C. During this step the formed hydrogel transformed from a 

light grey colour to white with a dried appearance. The sample is then heated to 170°C for an 

additional 4 hours to ensure the full removal of moisture. Under these conditions bayerite is known to 

transform to boehmite (Equation 5.1).49 Further drying at 200 °C for 24 hours is conducted during 

BET analysis. Boehmite has been found to be stable at this temperature.4  
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Figure 5.1. (a) DI water is added to a drop of a liquid metal alloy of galinstan-Al. After 30 min of 

exposure to water a hydrogel is formed. The proposed growth mechanism of the product shows that 

the skin is delaminated by hydrogen bubbles in the form of sheets into the DI water. The photo shows 

the final product from adding 2 ml DI water to 0.5 g of a 3.3 wt% galinstan-Al alloy. (b) Vapour is 

fed into the glass vial containing 0.5 g of 3.3 wt% galinstan-Al. After 30 min an aerogel has grown 

from the liquid metal. The growth mechanism shows the emergence of fibrous structures from the 

vapour nucleation sites. The photo shows the aerogel that has grown from the surface of the liquid 

metal. (c) The reaction stops after the consumption of all the aluminium but the galinstan remains 

unchanged after producing the aluminium hydroxides. Therefore, a green process is adopted to reuse 

the galinstan for the next synthesis cycle.  

 

5.2.3. Vapour based synthesis 

During this synthesis method (Fig. 5.1b) a glass vial containing 0.5 g of the prepared galinstan-

aluminium alloy is prepared inside a flow through N2 glovebox. The glass vial is then placed inside 

an autoclave. 0.5 ml of DI water is added to the autoclave in the space between the glass vial and the 
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autoclave lining (outside the glass vial containing the alloy). The autoclave packing is conducted 

inside the flow through glovebox to ensure minimal pre-existing oxidation products. During this 

process it is imperative to use a continuous flow glove box without oxygen and moisture scrubbers, 

since the handling of water inside an active glove box may damage the equipment. The DI water is 

de-gassed prior to use by bubbling nitrogen through the liquid to ensure the removal of any dissolved 

oxygen. The autoclave is then placed inside an oven and heated to 170°C for 30 min. The autoclave is 

then allowed to naturally cooled down to room temperature. HRTEM samples are prepared by 

sonicating a fragment of the isolated material in water for 5 min, followed by drop casting the 

suspension onto TEM grids. 

 

5.2.4. Repetition, evidencing green synthesis  

A 2.5g sample of galinstan is used for this experiment, aluminium is alloyed into the liquid metal via 

grinding, and the above described synthesis protocol is applied. Following the reaction, the formed 

oxide species are carefully removed and the liquid metal droplet is isolated from the bottom of the 

reaction vial. When each reaction is complete, the products are withdrawn from the liquid metal using 

a spatula. For the full recovery of the liquid metal, DI water is poured into the glass vial and any left-

over hydrogel/aerogel are dispersed into the DI water via shaking. The aqueous suspension could then 

be pipetted out and re-used. The method provided a clean and complete recovery of the liquid metal 

and products. Visual inspection of the recovered liquid metal indicated the complete removal of the 

oxides. During the entire experiment care is taken to avoid the loss of any liquid metal. Following the 

initial synthesis cycle the liquid metal is fully dried, weighed and fresh aluminium is alloyed into the 

melt for the next reaction cycle. After three cycles, the weight of the used droplet is reduced by only 

80 mg. A small sample of the liquid metal is smeared onto a Si wafer for SEM based EDXS analysis 

after the gravimetric analysis. The EDXS analysis revealed the complete removal of aluminium after 

the third cycle of reusing the liquid metal solvent (Fig. 5.6e and 5.11).  
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5.2.5. Membrane preparation 

Reaction between liquid metal alloy and DI water is aggressive in the beginning and rapidly generates 

hydrogen bubbles. The bubbles delaminate the 2D sheets that are formed on the surface of the liquid 

metal. To produce thin membranes with high integrity structures, liquid metal alloy first is reacted 

with water for ~20 min to slow down the reaction dynamics. The liquid metal is then separated from 

hydrogel and is used for membrane preparation. Then surface of the liquid metal is covered with fresh 

DI water (~0.1 ml). A thin film of hydrogel forms on the surface of the droplet during 5-10 min (Fig. 

5.12b photo on top). Then, the drying procedure which is explained in section 5.3.2 is applied. Drying 

process transforms hydrogel to a thin film of γ-AlOOH on surface of the liquid metal droplet. This 

thin film is then carefully separated from the liquid metal to avoid any metal inclusions and cracks 

(Fig. 5.12b photo at the bottom). An opening with diameter of ~2 mm is made on caps of a standard 

laboratory glass vial and a 15 ml centrifuge tube. As seen in Fig. 5.12c, a membrane is made by fixing 

the thin film of γ-AlOOH together with caps using silicon glue. Cap openings are aligned and the thin 

film of γ-AlOOH blocks the gap between the caps. All areas around the membrane are sealed using 

silicon glue. Glue is left to dry for 24 hours. An airway which is shown in Fig. 5.12c is punched on 

the upper side of the glass vial cap to allow air to exit during the filtration process. Bottom of the 

centrifuge tube was cut for adding the emulsions and aqueous solutions above the membrane (Fig. 

5.12 c and d).  

 

5.2.6. Emulsion preparation 

Oil-in-water (50:50 %v:v) emulsion is prepared by stirring Milli-Q water and semi-synthetic engine 

oil with the addition of 1 v% surfactant (Tween 80).5 The emulsion is stirred at 1000 RPM for one 

hour (IKA stirrer model C-MAG HS4). The emulsion is stirred at lower rates of 250 RPM during 

experiments. Tween 80 surfactant which has a typical high HLB of 15 is selected to create stable oil-

in-water emulsion. Tween 80 boiling point is near 100°C and evaporates with Milli-Q water during 

TGA analysis. 
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5.2.7. Annealing for conversion of γ-AlOOH to γ-Al2O3 

 Both 1D and 2D γ-AlOOH are placed on quartz slides and placed inside a thermo scientific 

thermolyne muffle furnace. They are then heated at 1ºC/min to 550ºC and kept at that temperature for 

15 hours. For XRD characterization, 2D γ-Al2O3 is ground in a mortar and pestle and hand pressed 

onto a glass slide, however 1D γ-Al2O3 is simply pressed onto the glass slide and the softer nature of 

the product did not require grinding.  

 

5.2.8. Instrumentation and characterization 

A Horiba scientific LabRAM HR evolution Raman spectrometer equipped with a 50× objective lens, 

a 532 nm laser source (intensity 4.5 mW at the sample position) and a 1800 lines per mm grating is 

utilised for Raman spectroscopy. Single accumulations spectra with a duration of 200 seconds are 

collected. The samples are deposited on either gold or glass. Surface topography and high resolution 

Quantitative Mechanical Property Mapping (PeakForce QNM) measurements are conducted using a 

Bruker Dimension Icon AFM. The instrument features a noise floor at less than 30 pm enabling 

imaging at sub-nanometer resolution. The AFM is equipped with ScanAsyst® Imaging and 

NanoScope® software 1.8. Tips with less than 5 nm diameters are used for measurements. Peakforce 

QNM is fully calibrated and software is updated accordingly. Software provides high resolution 

Young’s modulus map of the scanned area using Derjaguin–Mueller–Toporov (DMT) model. SiO2 is 

used as substrate. Trenches are cut on the substrate to enable holding flakes in suspended position and 

avoid contribution of the substrate in measurement. Trenches are made with FEI Scios instrument 

explained in this section. JEOL 2100F TEM/STEM (2011) operating with 200 keV acceleration 

voltage is used for most of HRTEM imaging. The instrument is equipped with Gatan Orius SC1000 

CCD Camera. For TEM image processing, Gatan microscopy suite 1.8.4 is used. Samples are 

sonicated for 5 min inside DI water to enable drop cast onto a TEM grid. 2D sheets of AlOOH are 

found to be beam sensitive and the electron beam reduces the crystallinity of the material. High and 

low resolution SEM is undertaken using a FEI Verios 460L (operating under high vacuum at 1 KV, 

using stage bias voltages of 1000 to 50 V and through-the-lens low energy electron detector). 

Patterning of SiO2 substrates for nanomechanical mapping is performed using an FEI Scios Dual 
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Beam FIB/SEM (focused ion beam/scanning electron microscope) with a Gallium (Ga) beam of 7 nA. 

Bruker D8 Advance wide angle powder X-Ray Diffractometer is used to conduct the XRD 

measurements. All measurements are conducted on glass substrates. Brunauer–Emmett–Teller (BET) 

is carried out using a Micromeritic ASAP 2000 surface area analyser to determine surface area with 

nitrogen gas adsorption. Micro active v2 softwrae which uses Hasley equations is used for data 

analysis. Samples are degassed under vacuum at 200°C for 24 hours using the instrument. Samples 

weights are measured before degassing and after degassing. In addition, all samples composition are 

analysed by ESDX to correct the weight for any liquid metal inclusions. Agilent ICP-MS with laser 

ablation capability is used to determine the concentrations of lead ions prior and after filtration. 

Solutions concentrations are reduced to 1:10 and are prepared to contain 2% HNO3 before analysis 

with the instrument. Bruker Contour GT-I 3D optical profiler is used to measure membrane thickness. 

 

5.3. Results and discussions 

Galinstan is prepared using a thermal alloying protocol3 presented in section 5.2.1. Aluminium 

containing alloys are prepared using a mechanical alloying procedure adopted from the literature (see 

section 5.2.1).3 The prepared aluminium alloys are then exposed to aqueous environments. Figures 5.1 

a and b show schematically the synthesis protocol in the liquid (water) and gas (vapour) phases, 

respectively. During the synthesis using liquid water, the galinstan-aluminium alloy, with an optimum 

~3.3 wt% Al (the highest surface area of the product is obtained at this concentration which will be 

discussed later), which is still in droplet form is placed inside a glass vial with deionised (DI) water 

(Fig. 5.1a). The reaction is immediate and the product from this synthesis is a hydrogel as shown in 

the photo in Fig. 5.1a (see experimental section 5.2.2). The growth mechanism is illustrated in Fig. 

5.1a in which bubbles start to form on the liquid metal surface, exfoliating the 2D sheets at the surface 

into the DI water. Figure 5.1b shows the synthesis schematic using water vapour. In this approach a 

glass vial containing the galinstan-aluminium droplet is exposed to water vapour (see experimental 

section 5.2.3). The product from this synthesis method features an aerogel as shown in the associated 

photo in Fig 5.1b. The growth mechanism is also illustrated in Fig. 5.1b in which 1D structures grow 

perpendicular to the surface of the liquid metal. Under these conditions water vapour nucleation 
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occurs on the surface of the liquid metal, creating small sites in which fibrous structures grow (Fig. 

5.1b and Fig. 5.2). In a similar manner chemical vapour deposition (CVD) is also known to produce 

well aligned 1D structures grown from catalytic nanoisland.6 These structures do not delaminate from 

the surface of the liquid metal but grow continuously upward as shown in the images. After the 

completion of both methods of synthesis, when the hydrogel and aerogel are removed from the 

galinstan droplet, the latter remains unchanged. This indicates that in principle the galinstan can be 

reused for the next synthesis cycle (Fig. 5.1c). This reusability is explored (which will be discussed 

later) and presented in section 5.2.4. 
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Figure 5.2. SEM image of the perpendicular growth of the fibres from the surface of the liquid 

metal in vapour based synthesis. 

 

 

Transmission electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) images show that exposure to liquid and vapour phases produce 2D sheets (Fig. 

5.3a-c) and 1D fibres (Fig. 5.3g-i), respectively. AFM images in Fig. 5.3c and 5.3j present the 

nominal thicknesses of 2D sheets and 1D fibres to be ~1.2 and ~2.3 nm, respectively (Fig. 5.3c and i). 

The 2D sheets and 1D fibres feature large lateral dimensions with their lengths extending tens of 

micrometers. High resolution (TEM) images together with selected area electron diffraction (SAED) 

and X-ray diffraction (XRD) patterns (Fig. 5.3d, e, j and k) indicate a match for the orthorhombic 

phase (γ-phase) of AlOOH with lattice spacings of a = 3.700 Å, b = 12.227 Å and c = 2.868 Å (space 

group cmcm, no. 63). Both 2D and 1D γ-AlOOH feature polycrystalline and poorly crystalline 

structures, respectively. Poorly crystalline boehmite is sometimes referred to as pseudo-boehmite.7 

However, for consistency the term boehmite or γ-AlOOH in is used this chapter. The Raman spectrum 
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of the 2D sheets (Fig. 5.3f) shows more defined peaks than that of the 1D fibres of γ-AlOOH (Fig. 

5.3l), due to the stronger crystallinity of the sheets.8  

Equation (5.1)9 describes the hydrogel formation process. The obtained hydrogel is composed of a 

two-phase colloidal system10 containing water and α-Al(OH)3 (bayerite). The presence of bayerite 

confirmed through Raman spectroscopy (Fig. 5.4) which itself is a layered material. The sample is 

then converted to γ-AlOOH following Equation (5.2)11-12 at 170ºC (see section 5.2.2). Equation (5.3) 

represents a single step growth of 1D γ-AlOOH aerogels using the vapour synthesis route.13 

 

2Al + 6H2O → 2Al(OH)3 + 3H2 (5.1) 

Al(OH)3→ AlOOH + H2O (5.2) 

2Al + 4H2O →2AlOOH + 3H2 (5.3) 
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Figure 5.3. Characterization (a-f) of 2D and (g-l) 1D γ-AlOOH. (a-c) TEM, SEM, and AFM 

images of 2D sheets that are as-obtained products of water-based synthesis dried at 170 ºC. (d-f) 

HRTEM with SAED (inset), XRD and Raman spectroscopy, respectively, show that the dried 2D 

sheets are γ-AlOOH.8 (h-i) TEM, SEM, and AFM images of the obtained products from vapor-based 

synthesis that include 1D fibers. (j-l) HRTEM with SAED (inset), XRD and Raman spectroscopy, 

respectively, clearly show that the 1D fibres are poorly crystalline γ-AlOOH. 
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Figure 5.4. Raman spectrum of bayerite α-Al(OH)3
8 which is produced during water based 

synthesis. 

 

Boehmite is the main precursor for the synthesis of γ-Al2O3 as described in Equation (5.4),11, 14 where 

after being annealed at ~550ºC boehmite converts to γ-Al2O3.11 HRTEM, XRD (Fig. 5.5) confirm the 

conversion to the γ phase and the crystal structure matches the cubic phase. Interestingly, low 

resolution TEM images (Fig. 5.5 a and d) reveal that the 2D and 1D nature of the initial γ-AlOOH is 

retained even after the high temperature conversion to γ-Al2O3. HRTEM images indicate that both 2D 

and 1D γ-Al2O3 feature polycrystalline domains (Fig. 5.5 b and e are selected to show the crystalline 

sections). Also, XRD of the 1D γ-Al2O3 sample shows sharper peaks than that of its 2D counterpart, 

whereby 1D γ-Al2O3 also presents additional [111] and [333] peaks. The 1D material is randomly 

oriented leading to a more complete powder pattern in comparison to the 2D material that is highly 

oriented leading to the missing peaks. 

2 AlOOH → Al2O3 + H2O (5.4) 
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Figure 5.5. Characterization of annealed γ-Al2O3. Left and right columns present 2D and 1D γ-

Al2O3 respectively. (a and d) low resolution TEM images and (b and e) high resolution TEM images 

of a selected crystalline section. (c and f) show the associated XRD patterns. 
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Peak force quantitative nanomechanical mapping (PF-QNM) is a high-resolution AFM based 

technique that allows determining the Young’s modulus using the Derjaguin–Mueller–Toporov 

(DMT) model.15-17 Additional information regarding this technique can be found in section 5.2.8. The 

2D sheet’s Young’s modulus of γ-AlOOH and γ-Al2O3 are found to be 495.7 and 96.2 GPa, 

respectively (Fig. 5.6 a and b). The Young’s modulus map of the 2D γ-AlOOH indicates that the as 

synthesised boehmite sheets are a stiffer material than the subsequently synthesised γ-Al2O3.  

High surface area γ-AlOOH and Al2O3 species are of tremendous technological significance due to 

the wide spread use of these compounds as catalyst support, polymer fillers and ion exchange filters, 

are increased surface areas correlate with superior performance.9, 18-30 Therefore the developed 

synthesis route for 2D γ-AlOOH is optimised towards increased surface areas. The surface area of the 

final product is found to depend on the alloyed concentration of aluminium as presented in Fig. 5.6 c. 

A substantial enhanced surface area is observed for alloys containing above 2.5 wt% of Al and the 

optimised alloy concentration is identified to contain ~3.3 wt% of aluminium. The overall synthesis 

yield for the 2D γ-AlOOH product can be increased by increasing the concentration of aluminium as 

demonstrated in Fig. 5.7. However, at high concentrations some bayerite somatoids are also formed 

(Fig. 5.8).  

The optimised alloy for producing 2D γ-AlOOH is selected for the synthesis of 1D γ-AlOOH and 

correspondingly annealed to 1D and 2D γ-Al2O3. The 1D and 2D structures of γ-AlOOH have 

maximum measured surface areas of 906 and 654 m2g-1, respectively (Fig. 5.6 c, see Fig. 5.9 for the 

corresponding N2 adsorption and desorption isotherms). After annealing, the surface areas of the 1D 

and 2D γ-Al2O3 are reduced to 418 and 396 m2g-1 respectively.  

The recyclability of the used galinstan is of significant importance, due to the comparatively high 

retail price of indium and gallium. It is observed that upon the completion of the γ-AlOOH synthesis, 

the liquid metal solvent is found to be well separated from the product, which suggests that the liquid 

metal may potentially be simply reused for further reactions, provided that fresh aluminium is alloyed 

into the melt. Figure 5.6 d shows the surface area data for three cycles of synthesis in which galinstan 
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is reused (schematic is shown in Fig. 5.1c). Both the second and third syntheses cycles show an 

increased surface area compared to the first synthesis cycle. Gravimetric analysis revealed that ~3.2 % 

of the initial galinstan alloy is lost during the three synthesis cycles, with the lost liquid metal being 

associated with manual handling during transfer steps rather than incorporation into the product or 

dissolution. Energy dispersive X-ray spectroscopy (EDXS) results shown in Fig. 5.6 e indicate that 

the obtained product has no metal inclusions. This is achieved after a slow centrifugation step at 50 

RCF for a period of 15 min which effectively removes any metal droplets. On the other hand, Fig. 5.6 

f shows no aluminium on the surface of the liquid metal after three synthesis cycles, indicating 

complete conversion of the metallic Al into aluminium oxides and oxide hydroxides and a synthetic 

yield of close to 100 %. The EDXS spectra corresponding to Fig. 5.6 e and f are shown in Fig. 5.10 

and 5.11, respectively. 
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Figure 5.6. (a and b) Peak force quantitative nanomechanical mapping (PF-QNM) AFM 

characterization of 2D γ-AlOOH and 2D γ-Al2O3 flakes, respectively. Corresponding DMT modulus 

maps are shown above the histogram. (c) Optimisation of the BET of surface area of the 2D γ-AlOOH 

by changing the aluminium concentration. (d) Green synthesis shown in Fig. 5.1c with three 

repetitions showing an increase in surface area after two repetitions. (e) EDXS elemental composition 

results for the low centrifuged products demonstrate no metal inclusions and (f) no aluminium is 

found on the surface of the liquid metal after completion of three synthesis cycles.  
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Figure 5.7. Photos of the obtained hydrogels from water based synthesis when the concentration 

of aluminium in the galinstan liquid metal is changed. Weight percentages of aluminium in galinstan 

are shown above each photo.  Each photo was taken after 30 min from the start of the reaction with DI 

water. Products from these photos were used for BET analysis and the optimisation of surface area in 

Fig. 5.6. 

 

 

  

Figure 5.8. TEM image (left) and two high resolutions SEM images (right). Products from higher 

concentrations of aluminium (≥5 wt%). The structures include cone shaped bayerite somatoids10 in 

addition to the two-dimensional (2D) sheets.  
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Figure 5.9. (a and b) BJH adsorption, desorption and isotherm plot of the liquid water grown 

boehmite shown in Fig. 5.6d (second cycle of the synthesis). (c and d) BJH adsorption, desorption and 

isotherm plot of the vapour grown boehmite. The surface area measurement is shown as a hollow 

circle in Fig. 5.6c.  
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Figure 5.10. Energy-dispersive X-ray spectroscopy (EDXS) of boehmite after centrifuge (Figure 

5.6e). Metal inclusions in the product such as liquid metal droplets can be removed by a slow 

centrifuge at 50 RCF for 15 min. EDXS results show no liquid metal inclusion in supernatant after 

this protocol. This sample is associated with the Raman analysis in Figure 5.3f. Substrate is Au coated 

Si substrate with an adhesion layer of Cr which appears in the EDXS spectrum. 
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Figure 5.11. EDXS analysis of the galinstan droplet after 3 repetitions in Figure 5.6f shows no 

detectable aluminium on the surface of the liquid metal.  
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In addition to possessing a wide band gap, high surface area, excellent mechanical stiffness and room 

temperature stability,31-32 γ-AlOOH features further unique properties that may lead to potential 

industrial applications. Figure 5.12a shows 1D γ-AlOOH aerogel structure that is grown on the 

surface of a galinstan droplet. The grown sample is evidently mechanically staple and capable to 

support its own weight. The transparency to visible-light is due to the wide bandgap of boehmite and 

attests the absence of liquid metal inclusions.  

γ-AlOOH is widely used in membrane applications due its ability to adsorb heavy metal ions 

(including Cr3+, Pb2+, Zn2+, Cd2+, Co2+, Hg2+),9, 18-20 sulphate21 and phosphates. 23 Figure 5.12b 

illustrates the approach to fabricate free-standing membranes from delaminated self-assembled 2D 

sheets of γ-AlOOH. A typical membrane has a thickness of ~28.7 µm. (Fig 5.12c). Details of 

membrane preparation are presented in the experimental section 5.2.5. To test the membrane’s 

performance, lead ions are chosen as a water pollutant. A ~200 ppb solution containing Pb2+ ions (> 

13 times above the permitted level of standard drinking water)33 is prepared and passed through the 

membrane. Inductively coupled plasma mass spectrometer (ICP-MS) measurements show that the 

initial ~200 ppb concentration of Pb2+ is reduced to ~2 ppb, thereby removing 99 % of lead ions from 

the water and reducing the contaminant concentration to a safe drinking level (Fig 5.12c).33 The 

membrane is then tested for oil/water separation for a ~40:60 %wt:wt  oil-in-water emulsion as (Fig. 

5.12d). Thermal gravimetric analysis (TGA) analysis of the permeate and retentate (Fig. 5.12e) 

revealed that the developed membrane achieved a 98.5 % rejection rate of oil. Final concentrations of 

permeate and retentate contain ~99.3 wt% water and ~97.24 wt% oil, respectively. Both membranes 

are gravity driven with water fluxes exceeding 8.4 × 104 Lm-2h-1bar-1. The excellent pollutant 

removal capabilities combined with the ease of membrane fabrication highlight the potential of the 

developed materials for water purification applications. Furthermore, the straightforward synthesis of 

the nanomaterials with minimal reaction workup and quantitative yield, combined with the direct 

reusability of the liquid metal, render the process to be highly attractive.  
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Figure 5.12. (a) Vapour grown and (b) water grown γ-AlOOH self-assembled structures, 

respectively. As shown in a, self-assembled structures grown on a galinstan droplet form 1D fibres of 

γ-AlOOH which result in a translucent material. The photo on the bottom of a demonstrates the 

transparency of the material on graph paper with 5×5 mm grid sizes. b shows the grown and 

delaminated layers of self-assembled 2D structures of γ-AlOOH. Synthesis process is detailed in 

section 5.2.5. (c) Schematic of the membrane adsorption of lead ions during filtration and a photo of 

the experiment and fabricated membrane (top). (d) Schematic of oil-in-water emulsion separation in 

which water permeates through the membrane however, oil is retained. The photo shows the 

experimental setup in which the arrows indicate the direction of the flow to/from a multi-channel 

peristaltic pump. (e) TGA analysis of the oil-in-water emulsion separation performance of the 

membrane is shown in d. 

 

Thermodynamic considerations dictate the reaction and composition at the interface of the gallium 

liquid metal alloy with an oxygen environment when mixed with different metals.3 When aluminium 

is alloyed into galinstan, and the melt is kept in an oxidising environment, an oxide of aluminium is 

preferentially formed on the surface of the liquid metal. The emergence of aluminium oxide on the 

surface is associated to its lower Gibbs free energy of formation in comparison to gallium, indium and 

tin oxides.3 Here, the liquid metal is interfaced in an aqueous environment instead of an oxygen 

containing atmosphere to produce hydroxide and oxide hydroxide of aluminium. The synthesis 
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requires aluminium and water as the only precursors, with the liquid metal solvent being directly 

reusable for multiple batches without the need for any purification steps. The synthesised low 

dimensional γ-AlOOH can be converted to γ-Al2O3 by annealing while allowing to retain the 

morphology of the synthesised structures.  

The γ-AlOOH materials feature interesting chemical, optical and mechanical characteristics. Both 1D 

and 2D γ-AlOOH have high surface areas, while the former is capable of forming highly translucent 

aerogels, the latter is extremely stiff. The synthesised 2D γ-AlOOH featured an excellent average 

surface area of ~532 m2/g for multiple synthesised batches, and mechanical stiffness of ~495.7 GPa, 

the highest ever reported amongst all studied 2D oxide compounds.  

In addition to high surface area and mechanical stiffness, γ-AlOOH also features a layered crystal 

structure,7 and ionic adsorption properties.9, 18-23 The synthesised 2D γ-AlOOH sheets could be 

directly utilised for water decontamination applications and demonstrated to enable high performance 

heavy metal ion (>99% lead ion collection) and oil removal from water (>98.5% oil content 

separation). When compared with other 2D material based decontamination membranes, the 

developed 2D γ-AlOOH based membranes are capable to support a much higher water flux (>8.4 ×

104 Lm-2h-1bar-1) (ion filtration) when compared to the highest reported flux of many other layered 

materials such as MXene, MoS2, WS2 and GO, with water fluxes of 6 × 103, 243, 730 and 71 Lm-2h-

1bar-1, respectively.34-36 The extraordinarily high flux is possibility due to disordered boehmite sheets 

that are highly wrinkled and allow large openings for water molecules to permeate. Figure 5.9a shows 

the pore width obtained from BET analysis which suggests pore sizes between 3-20 nm.  

It has been shown that GO membranes ion adsorption is significantly improved when combined with 

alumina.26-27, 37 For γ-AlOOH has been suggested to be due to an ion exchange mechanism as reported 

for phosphates23, formation of layered double hydroxides (LDH) with divalent metal cations,38 or 

electrostatic attraction to the hydroxyl (OH) groups on the surface for the adsorption of other types of 

ions.9, 19-21  
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5.4. Conclusions 

Using gallium liquid metal as a reaction environment offers a green and low cost synthesis approach 

for 1D and 2D structures of γ-AlOOH. In brief, a green and sustainable synthesis process for 

producing 1D and 2D structures of boehmite is demonstrated that can be annealed into alumina while 

maintaining their structural integrity. The 2D sheets are remarkably as small as one unit cell of 

boehmite crystal, giving the material very high surface area. The Young’s modulus of the 2D sheets is 

very large, resulting in the highest reported mechanical stiffness for 2D oxide sheets to date.1-2 

Membranes are produced that are able to support extraordinary fluxes for the successful separation of 

heavy metals and oil from water, as a result of high surface area and the wrinkled nature of the 2D 

sheets.  

Altogether, the liquid metal reaction medium enabled the development of a facile process with close 

to 100 % quantitative yields for synthesizing low dimensional aluminium oxide compounds. The 

technique is potentially of significant industrial value, since it can be readily up-scaled, the liquid 

metal can be re-used, and the process requires very short reaction times and proceeds at low 

temperatures.  
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Chapter 6 

 

 

 

Conclusions and Future Work 

 

 

6.1. Conclusions 

The primary focus of this thesis is to investigate the research gaps and overcome challenges outlined 

in chapter 2. Objectives of this research focus on investigation of the fundamental and theoretical 

understanding of the surface properties of liquid metals at interface with different electrolyte types 

and concentrations, oxygen containing environments and water molecules.  

The content of this research contributed to understanding of the changes in shapes and surface 

Marangoni flow of the liquid metal droplets by only changing electrolyte types and concentrations 

surrounding it. The concept of using liquid metals as a reaction media is further developed to produce 

surface oxides and oxide hydroxides with desired compositions. The naturally occurring surface 

oxides and hydroxides feature low dimensional material and demonstrated to be suitable material for 

applications in electronics and membrane technologies.   

The research was organised and presented in the following three stages presented in chapters 3,4 and 

5, respectively: 
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6.2. Stage 1 

In the work presented in chapter 3, the author of this thesis fully investigated the effect of electrolytes 

to study of the autonomous motion of liquid metal droplets in microfluidic channels. Galinstan liquid 

metal feature large surface area which was shown to be a strong function of electrolytes surrounding 

it. These properties suggested that an adjustable surface tension gradient could be induced to a liquid 

metal droplet by exposing each side to two different electrolytes. A microfluidics framework to study 

the symmetry breaking of droplet was shown by exposing each hemisphere of a droplet to fresh 

supply of electrolytes. Based on the Lippmann’s equations the surface tension gradient induced 

motion to the droplet. A mathematical model which was referred to as ‘deformation ratio’ is presented 

in this research to model the deformation of droplets. Measurements observed by this model was in 

good agreement with both the demonstrated mathematical model and the Lippmann’s equation. The 

deformation occurs if droplet is retained in a recess however when droplet is free to move, it propels 

instead. Author of this thesis demonstrated applications of this system such as the pumping and 

switching. Optimum propelling conditions were measured to produce velocities that exceed 20 mm/s.  

In the second distinct dynamics regiment, surface Marangoni flow was observed when electrolyte 

concentrations were increased. The relationship between measured surface Marangoni flow velocity 

and electrolyte concentrations were driven mathematically for the first time. In Marangoni flow 

dominant regiments, increase in Raman intensity for higher concentrations of electrolytes verified 

increase in the thickness of the oxide hydroxide skin. This oxide hydroxide layer which limits 

deformation of the droplet was optically visible and could be delaminated from surface of liquid 

metal.          

   

6.3. Stage 2 

In the previous stage, the effect of surface oxide hydroxide on droplet deformation and Marangoni 

flow was realised. In the work presented in chapter 4, the growth of surface oxides at interface with 
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air was investigated. The surface oxides were isolated by using two methods. In first method surface 

oxides were directly deposited onto a substrate via van der Waals (vdW) process and in second 

method surface oxides were collected in an aqueous suspension. Both synthesis methods were 

scalable and simple. The surface oxides compositions could be modified by alloying elements with 

more favourable Gibbs free energy for oxide formation. Galinstan liquid metal was used as a base 

liquid metal and other elements were added using grinding method. Amongst metals in galinstan, 

gallium has the most negative Gibbs free energy for oxide formation therefore other elements were 

selected with more favourable oxide formation energies such as hafnium, aluminium and gadolinium. 

Several techniques were employed to analyse the surface oxides such as atomic force microscopy, 

high resolution transmission electron microscopy, X-ray photoelectron microscopy and Raman. 

Results revealed that these oxides feature ultra-thin with thicknesses of 2.8 nm for Ga2O3, 0.6 nm for 

HfO2, 1.1 nm for Al2O3, and 0.5 nm for Gd2O3. These naturally formed 2D oxides were consisting of 

a single metal oxide element, defect free with large lateral dimensions. Synthesis of a monolayer of 

HfO2 is demonstrated to produce suitable material for insulating layers for applications in electronics.    

6.4. Stage 3 

In the previous stage, 2D metal oxides that grow at interface of liquid metal with air were 

investigated. The compositions of the oxides were modified by alloying elements with more 

favourable energy of oxide formations and isolated from the surface of liquid metal and used for 

applications in electronics. In chapter 5, this concept was furthered to investigate liquid metal at the 

interface with water molecules. Aluminium is an abundant element and its compounds have a high 

demand in industrial applications. This element can be mixed with gallium liquid metal alloys such as 

galinstan in high quantities and has more favourable reaction energies compared to the other metals 

used in galinstan. Galinstan-aluminium alloy was exposed to two different phases of water molecules 

such as vapour and liquid. Consequently, one-dimensional (1D) and 2D structures of γ-AlOOH were 

synthesised. 1D structures featured fibres with diameters of 2.3-2.6 nm and lateral dimensions of 

several microns up to 50 µm. These structures grew perpendicular to the surface of droplet from 

nucleation sites of water vapour on the surface of the droplet. In contrary when water in liquid phase 



113 

was used 2D sheets grew on the surface of the liquid metal. The 2D structures featured as thin as a 

unit cell with large lateral dimensions of up to 50 µm. 2D sheets delaminate into the water with 

formation of hydrogen bubbles. After completion of synthesis galinstan liquid metal remained 

unchanged and the aluminium was fully consumed. Then galinstan liquid metal was reused for three 

cycles of synthesis with a negligible weight loss. This process presented a simple and green synthesis 

approach offering 100% yield without a need for incorporating any other chemicals.    

Both 1D and 2D γ-AlOOH were annealed to produce γ-Al2O3. TEM and SEM images clearly showed 

the 1D and 2D morphologies were retained during annealing process. γ-AlOOH and γ-Al2O3 are of 

high technological and industrial importance. The surface areas of 1D and 2D morphologies of both 

materials measured exceeding 398 m2/g. Quantitative nanomechanical mapping (QNM) using AFM 

demonstrated that the 2D morphologies of γ-AlOOH and γ-Al2O3 have high mechanical stiffness with 

Young’s modulus distributions cantered at 495.7 and 96.2 GPa, respectively. In addition to high 

mechanical stiffness and surface areas, γ-AlOOH adsorbs heavy metal ions. Considering these 

properties, free-standing aqueous membranes were made from γ-AlOOH. 2D sheets of γ-AlOOH that 

formed on the surface of liquid metal did not delaminate when there were less water and aluminium 

left to react at the interface. When the reaction slowed down the self-assembled structures of 2D 

sheets restack to produce thicker layers of more than 20 µm. Due to the high mechanical stiffness 

these membranes did not require any structural support. The free-standing membranes were used to 

purify lead ion contaminated water with 13 times above the standard drinking quantities to safe levels. 

Membranes demonstrated to separate oil-in-water emulsions with 98.5% oil rejection rates. 

Membranes demonstrated extraordinary high fluxes of 8.4 × 104 Lm-2h-1bar-1 in a gravity driven 

system. High flux rates were due to the highly wrinkled structures of the self-assembled 2D sheets 

allowing larger opening and passages for water molecules.      
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6.5. Future Work 

The research demonstrated in this PhD work, presents fundamental and novel outcomes which lead to 

opportunities for further extending the scope of the investigations. Several new intriguing pathways 

can be identified for future studies based on the findings of this PhD research. 

 

6.5.1. Kinetics of the EDL  

As discussed in chapter 3, when liquid metals are submerged into an electrolyte, an electrical double 

layer (EDL) forms on their surface. The charges that exist in the electrolyte solution are accumulated 

within the EDL. This stored energy is then converted into mechanical propulsion. The electrolyte-

EDL system can be modelled as a resistor–capacitor (RC) circuit. The author of the thesis 

hypothesises that for the continuous propulsions of droplets, the EDL has several charge and 

discharge cycles that may be verified with the RC circuit’s time constant. Since during the propulsion, 

no mixing of the electrolytes is observed, therefore droplet should change shape to enable continuous 

propulsion (swimming). When channel length is increased, droplet propels for a longer duration. 

Hence, for longer channels the propulsion cycles maybe observable from the change in the velocity 

profile as it could be seen in Fig. 3.13. The possibility of change in shape of a droplet during 

propulsion has not been explored. Understanding of the droplet dynamics during self-propulsion helps 

enhance performances of autonomous self-propellers in applications such as drug deliveries and smart 

micro-actuators. 

 

6.5.2. Marangoni flow regiment applications 

The demonstrated framework in chapter 3, focuses on the development of applications in the 

deformation dominant regimes. However, Marangoni flow regimes also offer unique properties which 

can potentially be used in microfluidics applications such as autonomous soft sensors and mixers. 
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6.5.3. Dynamics of liquid metal marbles electrolytes 

In chapter 3, the demonstrated framework requires two different types of electrolytes. However, 

fundamental operation of this method is based on the difference in the potential of zero charge (PZC) 

at each sides of a droplet. Nanoparticle coatings are shown to alter PZC of the surface of the liquid 

metals. When liquid metals are coated with different nanoparticles on each side, the symmetry of the 

droplet will be broken. According to the Lippmann’s equation, the difference in PZC on each side will 

induce surface tension gradient and hypothetically propel droplets inside an electrolyte. Consequently, 

two different electrolytes will not be required for the symmetry breaking. The proposed framework to 

functionalise the surface of liquid metals, can potentially offer interesting applications in autonomous 

sensing/switching and to create sensitivity to other stimuli. 

 

6.5.4. Synthesis of other 2D oxides using other liquid metal melts 

Gallium based liquid metal alloys are used, as shown in chapter 4, to produce metal oxides of other 

elements with more favourable oxidisation energies. However, if other metals such as indium, tin, 

bismuth and zinc are used as the base liquid metal reaction solvents, numerous other 2D oxides will 

be accessible. In addition to more variety of 2D oxides, characteristics of the synthesised 2D metal 

oxides such as crystal structures and electronics properties may vary from using one liquid metal 

solvent to the other. This allows using a specific liquid metal as a reaction solvent to enhance 

properties of the synthesised 2D materials in a particular application. In addition, to enhance the 

process technologies should be developed to automate the steps that require manual work such as 

alloying and large area printing.  

 

6.5.5. Oxide formation fundamentals and growth of other non-oxide materials  

There are several variables that influence the outcome of reaction on the surface of the liquid metals. 

Chapter 4 of this thesis investigated the Gibbs free energy of oxide formation. However, several other 

influencing factors related to Cabrera-Mott oxidation mechanism such as temperature, intermediate 
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reaction states, mobility of the ions within the surface oxide and the possibility of creating ternary 

oxides have not been explored. These oxides that are formed can potentially be converted to non-

oxide materials such as sulphides, selenides, tellurides, pnictogens through chemical processes. 

Obtaining several new materials in 2D morphologies enable significant applications in development 

of van der Waals hetero structures, batteries, catalysis, optoelectronics, semiconductors and 

topological insulator based devices.  

 

6.5.6. Functionalised membranes  

Chapter 5 presents synthesis of free-standing membranes that are suitable for filtration of 

contaminated water. These membranes can further be functionalised to enhance adsorption kinetics 

and capacities for wide range of other sources of contaminations. Membranes’ performance can be 

investigated for biological applications and filtration of viruses and bacteria. 

 

6.5.7. Low dimensional oxide hydroxides of other material 

In chapter 5, aluminium is used as a precursor. However synthesis of low dimensional hydroxides and 

oxide hydroxides of other metals such as lanthanides should be possible through this synthesis 

scheme, giving access to several other new low dimensional materials with exciting properties. These 

new low dimensional metal hydroxides and oxide hydroxides have significant potential applications 

in polymer composites, catalysis, energy storage and super capacitors. 

 

6.6. Journal Publications 

 

The research conducted by author of this thesis resulted in 19 first-author and co-author publications 

as below: 
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