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Abstract of Thesis 

 

This PhD project explores the synthesis and fundamental properties of two 

dimensional (2D) metal oxides, and investigates their feasibilities in applications 

such as catalysis and electronics. The field of 2D materials research is mostly 

focused on layered crystals, out of which ultra-thin planes (few monolayers) can be 

readily extracted. The high surface area of 2D nanosheets allows for efficient 

interaction with the molecular entities in the vicinity of the oxide, which can be 

bound to or electrostatically adsorb onto the basal surface. In the first part of this 

PhD, layered α-MoO3 is exfoliated into 2D nanosheets forming defect-rich 2D α-

MoO3-x. The synthesized compound is found to display superior activity for the 

electrocatalytic hydrogen evolution reaction (HER) with a low overpotential and fast 

electron transfer for hydrogen production. The combination of oxygen deficient 

structure and large surface area of the 2D nanosheets with structural defects and 

steps played as key factors to achieve high HER activity.  

Thus far, the field of 2D materials research is predominantly focused on naturally 

stratified or layered materials due to the ease of their exfoliation. However, there are 

many important types of metal oxide compounds, which do not occur in the form of 

natural layered crystals, and hence cannot be readily transformed into 2D 

nanosheets. If these crystals are synthesized in 2D morphologies, they can offer the 
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required large surface-area for various catalytic reactions. In the second part of this 

PhD, a two-step synthesis approach is explored to synthesize 2D nanosheets of non-

layered crystals. First, layered α-MoO3 is exfoliated into 2D α-MoO3-x. 

Subsequently, these defect rich 2D α-MoO3-x nanosheets are transformed into stable 

2D PbMoO4 nanosheets using a solution phase topotactic reaction. The transformed 

2D PbMoO4 nanosheets display trap states within their bandgap, enabling their 

efficient performance as a photocatalyst under visible light irradiation. The 

transformed 2D nanosheets act as an excellent photocatalyst to degrade the organic 

pollutants in water. The presented method in this work can be likely extended to 

establish a variety of highly stable defect rich 2D metal molybdates for potential 

applications in visible light based photocatalysis, which are otherwise challenging to 

synthesize.  

Finally, synthesis of a non-layered transparent conductive oxide (TCOs) as 2D 

nanosheets is also explored using a liquid metal reaction approach. This highly 

scalable technique produces ultra-large 2D indium tin oxide (ITO) nanosheets, 

which can potentially be utilized in the future industrial production of TCOs. ITO is 

a widely used transparent conductor which finds application in every-day electronics 

such as touch screens and flat panel displays. One key limitation of ITO is the brittle 

nature of this ceramic, prohibiting its use in flexible electronics. Additionally, the 

commercial deposition of this material mostly relies on vacuum based techniques. 

Herein, the wafer scale printing synthesis of highly flexible 2D ITO nanosheets with 

a typical thickness of 1 nm is presented. A low temperature liquid metal printing 

approach is utilized to directly deposit 2D ITO onto a variety of substrates including 

polymers. The final nanosheets feature two orders of magnitude lower light 

absorption when compared with graphene, while maintaining suitable electrical 
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conductance for device fabrication. The developed technique will enable low cost, 

printable and flexible optoelectronics, while also providing an alternative to 

graphene with superior transparency for the creation of van der Waals 

heterostructures. 
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Chapter 1  

Introduction 

 

1.1.  Motivation 

Inspired by the successful isolation of atomically thin layers of carbon (known as graphene) 

in 2004 by Geim and Novoselov, remarkable attention and efforts have been dedicated into 

the field of two dimensional (2D) materials research.1 Materials with layered or stratified 

crystal structures are considered to be ideal to synthesize 2D nanosheets and therefore, 

special attention has been paid to the layered transitional metal oxides (TMOs) and transition 

metal chalcogenides due to their natural abundance and unique properties.2  

2D semiconducting and conducting materials are an emerging class of compounds 

characterized by their ability to form stable nanosheets with the thickness of a few 

monolayers and lateral dimensions spanning several micrometres. Due to the high surface 

area to volume ratios and nanometer thin morphology, these nanosheets feature ample 

opportunities to tune their surface chemistry and acquire the abilities to display numerous 

interesting properties which cannot be realized in their bulk counterparts. In particular, 

quantum confinements across the planar boundaries of these 2D crystals leads to fascinating 

electronic and optical properties.2 Such 2D morphologies, with the appearance of corners, 

steps and edges, are also ideal for applications that require highly active surfaces and 

therefore have been vastly utilized for catalysis.3  
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Layered materials of van der Waals nature are the traditional source for synthesizing 2D 

metal oxides due to their weakly attached layers which may be exfoliated with ease. A 

number of transition metal oxides (TMOs) display layered crystal features. A range of 

methods have been adopted to exfoliate such layered TMOs, however, liquid phase 

exfoliation techniques are the most widely explored methods for high throughput 

applications.4 For example, layered crystal arrangement of orthorhombic molybdenum oxides 

(α-MoO3) facilitates its exfoliation into 2D nanosheets, which in turn provides access to tune 

its surface properties, making this metal oxide compound suitable for various catalytic 

applications.4 Molybdenum oxides can be found in various stoichiometries, ranging from full 

stoichiometric MoO3, which features a wide bandgap (~3.2 eV),5-7 to more conducting 

reduced oxides in the form of MoO3-x (2 < x < 3) and eventually semi-metallic MoO2 with a 

significantly reduced bandgap (~0.24 eV).8-10 Upon inducing oxygen defects, Mo6+ ions can 

be reduced to Mo5+ and finally Mo4+ (MoO2). Through this process, the oxide’s optical 

appearance changes as a function of the degree of reduction due to generated gap states and 

its color transitions from transparent to yellow and eventually greyish/blue.11, 12 These 

properties have provided the motivation to use these oxides in advanced optical and 

electrocatalytic systems. However, the electrocatalytic activities of full stoichiometric 

molybdenum oxides is limited by their poor reaction kinetics and thus require further tuning 

in their stoichiometries. Investigating the electrocatalytic properties of sub-stoichiometric 

molybdenum oxides in 2D form may overcome this limitation and this PhD research aims to 

explore this particular research gap. 

1) The stoichiometric tuning of molybdenum oxides has been demonstrated and was 

explored for electronic and optical applications.11, 12 However, the potential of 

reduced molybdenum oxides as an efficient electrocatalyst has not been investigated 

to date. Additionally, the utilization of 2D morphologies in electrochemical reactions 
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may hold additional promise due to the increased surface area and high surface 

activity that is associated with 2D structuring. As such, it is hypothesized that the 

combination of both oxygen deficient structure and 2D morphology can significantly 

activate the electrocatalytic hydrogen evolution reaction (HER) performance of 

molybdenum oxides to electrochemically produce H2 gas.  

Thus far, the field of 2D research is predominantly focused on stratified materials due to the 

ease of their exfoliation. However, there are many types of metal oxide compounds, which do 

not occur in the form of natural layered or stratified crystals, and hence cannot be readily 

formed into 2D nanosheets using conventional methods. For example, metal molybdates, 

with relatively large bivalent cations (Ba, Pb, Sr and Ca with ionic radius >0.99 Å) are non-

layered crystals, which are typically found in scheelite-type structures of body centred 

tetragonal orientation.13 These materials have presented promising performance in various 

catalytic applications. Different liquid and gas/vacuum phase synthesis methods have been 

used for establishing low dimensional metal molybdates such as PbMoO4 crystals.14, 15 

However, none of these methods favour the growth of nanosheets with 2D morphologies, 

since PbMoO4 is not a naturally stratified crystal. Therefore, many unique properties of this 

material are still undiscovered, leading to the following research gap: 

2) Metal molybdates such as PbMoO4 have been widely investigated in photocatalytic 

reactions due to their favourable band positions and photostability.13, 16 However, the 

morphologies that have been employed to date are predominantly based on bulk 

materials and nanoparticles, which do not provide the large surface area associated 

with 2D materials. Additionally, the wide bandgap of PbMoO4 has also restricted its 

photocatalytic application to the ultraviolet spectrum spectrum.13 It would be 

interesting to design new synthesis methods that can produce 2D nanosheets of the 

conventionally 3D material PbMoO4. If these crystals are synthesized with 2D 
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morphologies, they can offer the required large surface-area for various catalytic 

reactions. Topotactic reactions using 2D layered materials as precursors can 

potentially provide a route to synthesis 2D nanosheets of materials that feature non-

stratified 3D bulk crystal structures. The introduction of defect states in 2D sheets 

may also facilitate operation within the visible spectrum. 

Despite the extraordinary scientific importance of the 2D metal oxides, the large area 

synthesis of these materials is still a challenge. However, a very recent report by Zavabeti et 

al.3 has demonstrated a highly scalable technique to produce ultra-large area 2D metal oxide 

nanosheets using liquid metal reaction media. This process shows that interfacial oxide layers 

grown on liquid metals or alloys can be isolated and transferred as 2D layers using a van der 

Waals transfer method onto desired substrates. By using this method, atomically thin 

nanosheets spanning several centimetres in lateral dimensions can be achieved. Interestingly, 

this method successfully produced large 2D nanosheets of a range of non-layered crystals, 

opening the door for many of the non-layered metal oxide compounds such as transparent 

conductive oxides (TCOs) to be obtained in 2D morphology. 

3) TCOs are extensively used as transparent electrodes in commercial applications 

including displays and light emitting devices. The challenges that are associated with 

the existing methods for TCO production are high process costs and the lack of 

mechanical flexibility of the final deposited layers. The liquid metal synthesis method 

discussed above may enable the synthesis of 2D TCO sheets at wafer scales, which 

may overcome the issues associated with the low material flexibility and high process 

costs associated with these materials. A part of this PhD work aims to explore this 

hypothesis. 
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1.2.  Objectives 

 

1.2.1. Investigating two dimensional α-MoO3-x for electrocatalytic hydrogen 

evolution reaction  

In the global endeavour to develop clean energy sources, the advancement of earth-abundant 

electrocatalysts for hydrogen evolution, with high activity and stability, has been of great 

interest for the past few decades.17-19 The highly adaptive features of molybdenum oxides in 

terms of tuning their chemical and physical properties make them versatile for their 

incorporations in electrochemical and catalytic systems. This earth abundant material, due to 

its layered crystal arrangement in the orthorhombic α-MoO3 phase, is suitable to be exfoliated 

into 2D nanosheets, resulting in large surface areas. Variations in the oxidation states of 

molybdenum allow for crystal structure, morphology and oxygen vacancy tuning, making 

these metal oxides an intriguing target for electrochemical applications.4  

In the first study of this PhD research, the author will synthesise oxygen deficient 2D 

molybdenum oxide, using a liquid phase exfoliation method. Here, the 2D morphology, 

structural defects and oxygen vacancies in the planar construction of molybdenum oxide 

nanosheets are expected to increase the active sites of the catalyst, which may act as key 

factors to promote the HER performance. The author will perform a thorough investigation to 

evaluate the suitability of the synthesized sheet as HER electrocatalyst.  

 

1.2.2. Synthesizing 2D nanosheets of naturally non-stratified PbMoO4 and 

investigating its photocatalytic performance 

Metal molybdates, such as lead molybdate (PbMoO4), are wide bandgap materials that 

exhibit favourable photophysical and photocatalytic properties due to their stable crystal 
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structures, their band positions that provide sufficient driving force for chemical conversions, 

good light absorption properties and stable redox behaviours.13 If these crystals are 

synthesized in 2D morphologies, they can offer the needed large surface-area for photo-

reactions. However, this category of materials does not occur naturally as stratified crystals, 

and hence cannot be readily formed into 2D sheets using conventional methods. 

In this PhD research, the author will engineer a synthetic route for creating the sought after 

2D crystals of metal molybdates. In this regard, two phenomena can be exploited: (1) Pb 

containing salts in aqueous solutions are known to react with molybdenum oxides to produce 

PbMoO4 crystals via a facile room-temperature reaction, and also (2) the facile exfoliation of 

layered α-MoO3 into 2D nanosheets. By combining these two phenomena, it is hypothesized 

that if the exfoliated α-MoO3 2D sheets can be exposed to the Pb containing solutions it can 

eventually form the 2D sheets of PbMoO4 crystals. When using defect rich 2D molybdenum 

oxide sheets to form 2D PbMoO4, it is also expected that the resultant 2D PbMoO4 sheets 

may also be rich in trap states. This can reduce the effective bandgap of PbMoO4 leading to 

enhanced catalytic activity under simulated sun light. Therefore, the author aims to 

investigate the photocatalytic dye degradation performance of the synthesized 2D PbMoO4 

nanosheets and investigate the electronic structure of the material in order to shed light on the 

origin of the observed photocatalytic activity. 

 

1.2.3. Printing large area two-dimensional indium tin oxide using liquid metal 

reaction environment 

Indium-tin oxide (ITO) is one of the most widely applied transparent conductive oxides and 

is of tremendous industrial importance due to its usage in every-day electronics such as touch 

screens and flat panel displays.20 However, the brittle nature of this ceramic limits its use in 
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flexible electronics.21 Additionally, the deposition of this material at commercial scale mostly 

relies on vacuum based techniques. The typical film thickness of the deposited ITO is in the 

range of 50 to 500 nm, which cannot subdue its brittle nature and also deteriorates its 

transparency.20, 22-25  

In the final segment of this PhD research, the author aims to explore a scalable and low 

temperature printable synthesis method that allows creating ultrathin 2D ITO nanosheets with 

a thickness of only a few atoms at wafer scales. Post transition metals with low melting point 

such as Ga, In and Sn create self-limiting nanometre thin surface oxides due to Cabrera-Mott 

oxidation in air.26 In the liquid state, adhesion of the surface oxide to the parent metal is 

relatively weak, and therefore, van der Waals transfer techniques can be applied to deposit 

the grown 2D oxide sheet onto desired substrates.3, 13, 26, 27 This PhD aims to explore this 

method to synthesize 2D ITO sheets. The proposed method will explore the utilization of low 

melting indium-tin alloys that can be applied in a liquid metal printing process, depositing 2D 

ITO on wafer scales. Reducing the thickness of a ceramic material to only a few atoms is 

known to substantially increase the material’s flexibility,28 allowing to overcome one of the 

most limiting properties of ITO.  

 

1.3.  Thesis organization 

This PhD thesis focuses on synthesis of atomically thin 2D metal oxides of layered and non-

layered crystals and their applications in catalysis and electronics. Therefore, the main 

objectives of this PhD research are to (a) investigate the electrocatalytic properties of reduced 

2D molybdenum oxides in hydrogen evolution reactions for hydrogen production (b) 

engineer the synthetic route to produce 2D metal molybdates such as 2D PbMoO4 and 

investigate its photocatalytic properties under visible light irradiation and (c) explore the 
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large area synthesis of 2D ITO using the liquid metal reaction medium and investigate its 

morphology, structure, conductivity and transparency. 

In Chapter 2, an in-depth review of recent literature in relevant areas will be presented. The 

aim is to highlight the areas which require fully developed concepts and present research gaps 

that will become the focus of this thesis.  

The outcomes of the investigation for electrocatalytic properties of reduced molybdenum 

oxide will be demonstrated in Chapter 3. Here, 2D MoO3-x nanosheets will be synthesized 

using the liquid phase exfoliation techniques. The surface defects of the synthesized material 

will be analyzed. The prospect of this material in electrocatalytic hydrogen evolution 

reactions will be investigated in alkaline media, where a three electrode electrochemical set-

up will be employed 

Chapter 4 will present the engineered synthetic route to produce 2D nanosheet of a non-

layered crystal such a PbMoO4. This material will be derived from the reaction between 

reduced 2D molybdenum oxide and Pb based salt. The electronic band structure will be 

elucidated from PESA, UV-Vis and XPS spectroscopies and the structural information will 

be obtained from the XRD, Raman and HRTEM analysis. Furthermore, the application of this 

transformed material will be investigated in photocatalytic degradation of organic pollutants 

under visible light irradiation. 

In Chapter 5, the large area synthesis of 2D ITO using the liquid metal reaction environment 

will be explored. The employed process entails placing a small droplet of the indium-tin 

liquid alloy onto a desired substrate, followed by squeezing a second substrate from the top, 

spreading the droplet to cover the entire desired area. The conductivity, transparency, 

flexibility and touch screen application of the synthesized 2D sheets will be presented in this 

chapter. 
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Finally, Chapter 6 will present the overall conclusions of this PhD research and outline the 

possible future directions of the research. 
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Chapter 2 

Literature Review 

 

2.1. Introduction 

The focus of this thesis is the exploration of two dimensional (2D) functional metal oxides. In 

particular, the synthesis, fundamental properties and potential in applications in fields such as 

catalysis and electronics will be investigated.  

2D materials generally consist of one to few-atom-thick layers in one dimension, while the 

other two dimensions are outside of the nanometric range.1 2D morphology offers a high 

surface-to-volume ratio and facilitates the tuning of catalytic, electronic and optical properties 

of a material.2 Since the discovery of graphene and other 2D materials such as layered 

transition metal oxides (TMOs) and chalcogenides, 2D material research has earned 

significant attention.2 2D TMOs are of particular interest due to their layered crystal 

structures, natural abundance and high stability in aerobic environments.3 The unique 

properties of TMOs are mostly generated by the cationic species and their adaptability in 

altering oxidation states.3  

Amongst the TMOs, molybdenum oxides are one of the most adaptable and functional 

classes of metal oxide compounds with intriguing physical and chemical properties as well as 

extraordinary prospects for a variety of applications.4 In the first segment of this chapter, the 
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fundamental properties, synthesis and applications of molybdenum oxides and their 

compounds will be discussed.  

Using certain simple chemical reactions, molybdenum oxides can be transformed to other 

metal oxide compounds that usually crystallize in non-layered crystal patterns.5 This 

transformation is mainly observed in the synthesis of metal molybdates, which are highly 

photostable materials that find application in various photocatalytic applications.6 The 

prospect will be discussed in the mid sections. 

In the field of 2D metal oxide research, the synthesis of large area (i.e. wafer scale) samples 

is still a significant challenge.7 A recent finding by Zavabeti et al. has introduced a highly 

scalable technique to produce ultra-large 2D metal oxide nanosheets using liquid metal 

reaction media.8 This method may offer plenty of opportunities to synthesize various non-

layered 2D metal oxides. One of the most commercially important classes of non-layered 

metal oxides are transparent conductive oxides (TCOs), which find application in modern 

display technologies.9 The developed technique may enable the synthesis of 2D TCO sheets 

at wafer scales, which could allow overcoming issues associated with the brittle nature of 

these materials. These prospects will be discussed in the later sections of this chapter. 

 

2.2. 2D TMOs 

The most renowned 2D material, graphene, consists of a one-atom-thick layer, which is 

produced from repeating units of hexagonally bound carbon.10 The isolation of graphene 

from graphite involves a simple mechanical exfoliation process, which utilizes scotch-tape to 

exfoliate 2D nanosheets with monolayer thickness.10 This discovery has sparked interest into 

the exfoliation of layered crystals such as TMOs.2 The strong polarizability of oxygen ions 

allows planar TMOs to show large, nonlinear, and non-uniform distributions of charges 
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within their lattices.3 This feature helps to realize the electrostatic influence on length scales 

of 1–100 nm, which generate unique local surface and interfacial properties.3 Therefore, the 

emergence of specific energy states near or on the surface of planar TMOs can be observed, 

which are absent in their bulk counterparts. Figure 2.1b presents a crystal structure of a 

layered TMO, in this case α-MoO3 is shown as a model compound. 

The manipulation of electronic properties in a TMO mainly depends on the variation of 

oxidation states of a transition metal. This can range from semi-metallic to wide-bandgap 

insulating properties for the same TMO layer at different stoichiometries.4 Therefore, 2D 

TMOs can be obtained with a variety of bandgaps, presenting the prospect of engineering 

electronic and optical characteristics at almost any sought after wavelengths. Molybdenum 

oxide and its compounds are one of the most tunable groups of TMOs, which have been 

intensely investigated and are already employed in commercial applications.4 A significant 

portion of this PhD research is based on this compound and therefore, a broad review of this 

material is presented in the sections below. 

 

2.3. Molybdenum oxides and their compounds 

Molybdenum oxides are versatile oxide compounds with well-recognized applications in 

electronics,11 catalysts,12 sensors,13 energy storage,14 field emission devices,15 lubricants,16 

superconductors,17 thermal materials,18 bio systems,19 chromogenic,20 and electrochromical 

systems21. The field of molybdenum oxide synthesis is rich and well documented. Different 

approaches such as vapor deposition22-26 and liquid phase exfoliation techniques27, 28 have 

been used for creating thin films of these oxides. Molybdenum oxides have been formed into 

a variety of structures including quantum dots,29 nanorods and belts,28, 30 two dimensional 



15 

sheets,31 and nanopores32 as well as other nano-morphologies, which are created by 

combining those fundamental shape-elements.4 

Interestingly, molybdenum oxides are found in various stoichiometries, starting from wide 

bandgap fully stoichiometric MoO3 to more conducting reduced oxides (MoO3-x).
33-35 The 

generation of oxygen defects facilitates the transition from Mo6+ (MoO3) ions to Mo4+ 

(MoO2; x = 1).36 Therefore, the oxide’s appearance changes as a function of the degree of 

reduction through the generation of gap states: from transparent to yellow and eventually 

grayish/blue.37, 38 There are many reports on doping and compounding of molybdenum oxides 

with both organic and inorganic materials to tune their structural, physical and chemical 

properties.21, 39-41 

In the following sections, a comprehensive overview regarding molybdenum oxides will be 

presented and the text will focus on fundamentals, synthesis, manipulation and applications 

of these metal oxides.  

 

2.3.1. Fundamental properties 

The two most common crystal phases of MoO3 are both based on the MoO6 octahedron 

building block,4 which can be assembled to form the thermodynamically stable orthorhombic 

α-phase or metastable monoclinic β-phase.35, 42, 43 Both of these phases display distinct 

physical and chemical properties including differing refractive indices, bandgap energies, and 

mechanical hardness.4 Further observed phases are the metastable high pressure phase MoO3-

II also known as ε-MoO3 and the comparatively more stable phase of hexagonal h-MoO3.
4, 44 

Of the known MoO3 phases, only the orthorhombic α-phase has the desired layered crystal 

structure, which facilitates the synthesis of 2D morphologies.2 Figure 2.1 represents the 

crystal structures of all the phases of molybdenum oxides. Since this PhD research covers 
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only the orthorhombic α-phase, therefore, the important and relevant fundamental properties 

of this material will be presented and discussed in the following sections for brevity. A 

detailed review of the properties of the other MoO3 morphologies was recently published by 

the author of this thesis and as such the reader is referred to reference4 for further 

information. 

 

 

Figure 2.1. (a) MoO6 octahedra in α-MoO3 constitutes of molybdenum and oxygen atoms, 

(b) crystal structure of thermodynamically stable orthorhombic α-MoO3 with layered 

orientation held together by van der Waals forces, and crystal patterns of (c) metastable 

monoclinic β-MoO3, (d) ε-MoO3, also recognized as MoO3-II, (e) metastable h-MoO3 and (f) 

tunnel structure along the c-axis of h-MoO3 unit cell.4 

 



17 

2.3.1.1. Crystal structures 

Orthorhombic α-MoO3, possesses the well-known layered crystal structure of MoO3 which 

offers the possibility to create 2D morphologies (see Figure 2.1b).2 The layers are made of 

thin sheets featuring a thickness of ∼0.7 nm composed of double layers of linked and 

distorted MoO6 octahedra.45 The Mo to Mo atom distance between two layers is 1.4 nm. The 

planar double layer sheets of distorted MoO6 octahedra form edge-sharing zig-zag rows along 

the [001] direction and corner sharing rows along the [100] direction. In the vertical [010] 

direction, the distorted MoO6 octahedra are held together by weak van der Waals forces 

resulting in stratification, while the internal interactions in the octahedra are dominated by 

strong covalent and ionic bonds.35, 42, 43, 45 

The equilibrium bond distance significantly influences the properties of the Mo-O bond, 

where strong covalent nature is observed for the shortest bonds, a predominant ionic bond is 

exhibited for the longest bonds in the MoO6 octahedron. 45 The crystal structures have three 

types of oxygen atoms due to their different coordination numbers (i.e. terminal (Ot), 

asymmetric (Oa) and symmetrically bridging (Os)). The Ot only bonds to one Mo and the 

average distance is 1.67Å.46 The Oa bonds to two Mo atoms and the bond lengths are 1.74Å 

and 2.25Å, respectively.46, 47 The Os bonds to three Mo atoms with two horizontal bonds with 

a distance of 1.95Å and one vertical bond with a longer length of 2.33Å (see Figure 2.2).46, 47 
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Figure 2.2. Crystal structures of α-MoO3 showing the terminal (Ot), asymmetric (Oa) and 

symmetrically bridging (Os) oxygen atoms.46 

 

2.3.1.2. Electronic band structure 

Stoichiometric and intrinsic MoO3 in its α phase is an n-type semiconductor with an electron 

affinity above 6 eV and ionization energy larger than 9 eV.33, 48 As such, it is a semiconductor 

with a wide bandgap of approximately 3 eV (a range from 2.7 to 3.2eV has been reported).2 

Other stoichiometric MoO3 phases also feature similar bandgaps.2, 27, 34, 49-52 The bandgap of 

the -phase is indirect in nature.53 The high work function of MoO3 (generally >6.9 eV for 

the intrinsic semiconductor) has led to extensive applications of MoO3 as anode interfacial 

layer in organic electronics.33, 37, 48 

Various approaches have been proposed to manipulate the band structure of MoO3 including: 

(i) introduction of dopants,54, 55 (ii) creation of oxygen vacancies in the crystal structure 

generating donor or acceptor states31, 37, 39, 56, 57 and (iii) structural changes such as reduction 

of crystal dimensions and transformation into quantum dots.29, 58 
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2.3.1.3. Oxygen Vacancy, Doping, and Ion Intercalation  

The intrinsically wide-bandgap combined with low carrier concentrations of native MoO3 

limit its applications for electronics and optical devices that are required to operate in the 

visible spectrum.4 As an approach to overcome such problems, doping allows to control and 

tune the carrier concentration and band structure.31, 37, 39, 56, 57 Several reports have 

demonstrated the transformation of mostly ultraviolet photoactive MoO3 into a visible or 

even infrared sensitive material by the introduction of oxygen vacancies or doping induced 

mid-gap states, allowing to attain highly efficient optoelectronic devices and 

photocatalysts.59, 60 

The transition between semiconducting to semi-metallic properties can be controlled based 

on the fact that various amount of oxygen vacancies (i.e. Mo4O11, Mo8O23, and Mo9O26) can 

be obtained at high precision.4, 31 Sub-stochiometric molybdenum oxide in the range of 0 < x 

≤ 0.125 shows semiconducting properties (i.e. Mo9O26 and Mo8O23), 0.125 ≤ x < 1 shows 

quasimetallic (i.e. Mo4O11) and x = 1 forms MoO2 with a reduced bandgap of 0.24 eV (also 

sometimes considered semi metallic).37, 61 

Intercalation of H+ ions has been demonstrated to lead to the formation of H2O groups placed 

within the HxMoO3 structure.62 Due to the instability of the H2O groups, molecular H2O may 

be released forming oxygen vacancies and consequently transformation into MoO3-x 

structure.62, 63 After the intercalation and subsequent formation of MoO3-x, a new defect state 

is formed within the bandgap.56 The empty 4d band of defective molybdenum oxide has been 

reported to be partially occupied with electrons, giving rise to this defect band (Figure 2.3a, 

indicated as d1) at 1.28 eV below the Fermi level (EF).37 A second defect band appears at 0.8 

eV below the EF at higher sub-stoichiometries (Figure 2.3a, indicated as d2).
37 Figure 2.3b 

depicts the MoO3 modification with H+ ions intercalation, producing hydrogen bronze 
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structures. The electronic structure (Figure 2.3c) of H+ intercalation modified MoO3 

structures present the inter bandgap states (red color) and “valence band-like Mo5+ states” 

(green color). At higher H+ intercalation levels, more Mo bands are filled as a consequence of 

increased oxygen vacancy densities, which is represented in Figure 2.3c as a reduced width 

of oxygen associated electronic states (blue color).64 

Alkali metals such as Li+, Na+, K+ as well as organic compounds have also been adopted to 

be incorporated in the matrix of MoO3 for lattice distortion and electronic band structure 

manipulation.39, 40, 65, 66 Doping of molybdenum oxides with other metals has also been 

investigated leading to a general observed decreased in bandgap energy associated with 

increase dopant concentrations. This has been reported for Tb+,67 Fe+,68 Ag+,52 Eu+,69 Sn+,55 

Co+,70 Ce+,71 and Er+72 dopants. The effects have been rationalized by lattice strain effects, 

induced defects and charge imbalance. The distortion of the MoO3 octahedra is generally 

observed to increase with higher doping levels.52, 53 

 

 

Figure 2.3. (a) The valence photoemission spectra of MoO3-x showing the defect bands for 

different x values,37 (b) simplified crystal structures of MoO3 and hydrogen molybdenum 

bronze showing that the intercalation of hydrogen leads to only slight increase in the cell 

volume, lattice distortion and hydrogen ordering rather than significant change in the MoO3 

crystal and (c) electronic band structure manipulation of MoO3 by H+ intercalation.64 
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2.3.1.4. Electrochemical Properties 

The electrochemical behaviors of molybdenum oxides both in nanostructured and bulk forms 

have attracted significant attention due to the range of applications, including 

electrocatalysts,73 sensors,74 batteries,75 solar-cells,76 and electrochromics.12 These oxides 

have been incorporated in a number of electrocatalytic reactions mainly due to their redox 

nature. The oxidation states of molybdenum oxides range from −II to +VI and coordination 

numbers from 0 to 8.21The redox nature of molybdenum oxides mainly arises due to the 

flexibility of molybdenum ions in changing their oxidation state, coordination, and/or 

arrangement of the coordination polyhedra, making these oxides attractive for various 

electrocatalytic applications.77 Molybdenum can also be transformed to molybdenum oxide 

via electrochemical means.4 The nature and composition of the formed surface oxides vary 

depending on the nature of the medium, electrolyte pH, electrode potential and processing 

parameters (e.g. temperature).21 The Pourbaix diagram (Figure 2.4) shows the transition of 

molybdenum structures with regard to the pH and electrochemical potential, which provides 

important insight into corrosion and electrochemical behavior.21 

 

 

Figure 2.4. Potential–pH diagram of a Mo-H2O system.21  
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2.3.2. Synthesis of molybdenum oxides in 2D form 

A variety of methods have been used for synthesizing 2D MoO3 and its sub-stoichiometric 

analogous. Synthesis approaches of molybdenum oxides cover processes both in liquid and 

gas phase media.4 Solid films are mainly synthesized using vapor deposition techniques, 

which provides limited avenues for tuning the morphology during the synthesis process.15 In 

comparison, liquid phase techniques are more versatile due to facilitating efficient dispersion 

of the 2D sheets in common solvents and the additional opportunity to deposit the individual 

flakes as thin films onto desired substrates.13 Therefore, the 2D sheets dispersed in solvents 

can be utilized in both liquid and solid state applications. In this section, such methods will be 

presented and analyzed. 

 

2.3.2.1. Vapor Phase Synthesis 

Vapor-phase deposition techniques include different approaches involving condensation of 

vaporized source material onto target substrates. In general, these methods can be categorized 

into two different main techniques: (i) physical vapor deposition (PVD) and (ii) chemical 

vapor deposition (CVD). 

The PVD deposition of molybdenum oxide involves condensation of vaporized source 

material onto target substrates.4 Molybdenum and MoO3  are mostly used as the source 

materials, for which the implementation of metallic molybdenum requires the reaction step 

with oxygen during the PVD process.4 Although high energy is generally required for 

vaporizing the source material, the PVD methods are widely used for the fabrication of 

molybdenum oxide based devices due to their relative scalability and repeatability as well as 

ability to produce molybdenum oxides with high crystallinity, controlled stoichiometry and 

morphology.15, 22To date, a variety of PVD techniques including sputtering (radio frequency 
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(RF)78 and direct current (DC)79 magnetron sputtering), thermal evaporation,80 electron beam 

evaporation,22 and pulsed laser deposition81 have been used for the deposition of thin 

molybdenum oxide and/or nanostructured films. 

Synthesis of nanostructured molybdenum oxide using CVD methods generally relies on the 

thermal decomposition of a volatile molybdenum based precursor. Here energy is required 

for the sublimation of the precursor, which is much lower in comparison to that of the PVD 

methods.4 Currently, molybdenum hexacarbonyl (Mo(CO)6) is the most used precursor in 

CVD processes. However, due to its toxic nature, CVD growth of molybdenum oxides is not 

as popular as PVD techniques.82 Similar to the PVD methods, material properties, 

stoichiometry and crystal phase of the CVD synthesized molybdenum oxides also strongly 

depend on the deposition parameters, such as precursor sublimation and substrate 

temperatures, the amount of precursor and the flow rate of the carrier gas.26, 83, 84  

 

2.3.2.2. Liquid phase synthesis 

Significant research efforts have been focused on the elaboration of morphology-controllable 

synthesis techniques of MoO3 structures, especially for establishing defined nanostructures.31 

In this context, liquid-phase synthesis methods (LPS) are generally chosen since they offer 

good control over materials’ morphologies at low energy requirements and generally do not 

rely on complex equipment that reduce the need for expert operation skills, when compared 

with PVD deposition methods.4 

Exfoliation synthesis techniques are facile and known to produce high quality atomically thin 

2D nanosheets and can be conducted either mechanically or in liquid using high power 
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sonication.13  These techniques are not costly and can be processed using a range of solvent 

mixtures chosen from a variety of frequently environmental friendly options.4 

Orthorhombic α-MoO3 is of special interest for exfoliation due to its layered structure. 

Exfoliation of thin nanosheets is possible due to the easy cleavage of the crystal at its weak 

point along the van der Waals gap of the α-MoO3 planes.31 It has been observed that 2D 

materials can show unique electronic and optical properties when the number of planes are 

reduced, due to changes in their electronic band structure.15 39, 56 Information regarding the 

exfoliation synthesis of 2D MoO3 leading to fascinating functionalities can be found in 

previous reports.2, 3 

The first example of mechanical exfoliation of MoO3 reported in 2010.45 It was found that the 

thinnest stand alone 2D plane that could be produced using mechanical cleavage was 2.8 nm 

thick, equivalent to two unit cells.15, 45 

Liquid phase sonication is another exfoliation method that has been investigated as a high-

yield approach.31, 36, 52, 63 High energy probe sonication is most commonly utilized. 

Micrometer sized particles of layered α- MoO3 are typically sonicated while suspended in a 

suitable solvent with matching surface tension (~γ = -40 mJ/m2).85Figure 2.5 represents a 

schematic showing the process of exfoliation from bulk to 2D nanosheets. Surfactants can be 

employed to fine-tune the MoO3–solvent interface.63 The sonication process applies shear 

force on the surface of the crystal which results in the delamination of the top layer. 

Continuous sonication exfoliates the whole bulk of the crystal. Alsaif et al.31 investigated the 

sonication process and evaluated five different mixtures of water with organic solvents. They 

have shown that the composition of the solvent environment influences the thickness, lateral 

dimensions, and synthetic yield of MoO3 nanoflakes.31 The maximum average thickness of 

∼26 nm thick nanoflakes has been reported for exfoliation in N-methyl-2-pyrrolidone/water 
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mixtures, while significantly thinner nanosheets featuring a thickness of ∼7 nm were 

obtained in isopropyl alcohol/water mixtures following an otherwise identical exfoliation 

process.31 

 

 

Figure 2.5. A schematic representation of liquid phase exfoliation of bulk molybdenum 

oxide to 2D molybdenum oxide nanosheet using high power probe sonication.6 

 

2.3.3. Applications of reduced molybdenum oxides and its compounds 

As discussed above, due to the wide versatility and adaptability, molybdenum oxides and its 

compounds have been utilized in range of applications.4 In particular, the oxygen deficient or 

reduced molybdenum oxides facilitate exciting optical and electronic applications and play a 

significant role in improving their performance.86 In this section, some of the important 

applications will be presented and discussed. 

MoO3 has a naturally low free carrier concentration, which is challenging for making 

transistors.15 However, facile manipulation of free carrier concentrations and bandgap in 

molybdenum oxides has led to fabrication of 2D field-effect transistors (FETs).15 

Substoichiometric semiconducting MoO3-x sheets, which are obtained from reducing α-

MoO3, have been reported to display carrier mobility values exceeding 1100 cm2V-1s-1.15 
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Reduced MoO3-x nanoflakes have also been shown to be used as semiconducting ink for 

printing FETs. Alsaif et al.37 have successfully tuned the electronic properties of 2D MoO3-x 

nanosheets by manipulating the level of oxygen deficiencies in such nanofalkes. For a 850 

nm film made of nanosheets of MoO3-x (x = 0.042), the carrier mobility was reported to be 

600 cm2V-1s-1 with a free electron concentration value of 1.6 × 1021 cm-3 and an optimal 

current on/off ratio of above 105 for the device.37 

In general, molybdenum oxides are coated onto electrodes to improve the electrode's charge‐

injection characteristics.4 These oxides are used as interfacial layers to reduce the barriers for 

electrode’s charge-injection into the organic semiconductors.87 MoO3 presents a very low 

work function when compared to the other components of the organic solar cell, as shown in 

Figure 2.6a and therefore, have extensively been investigated as hole-injector in organic 

solar cells.87. In an organic solar cell, the MoO3 layer is commonly sandwiched between a 

solid organic semiconductor and an electrode material as an interfacial layer (Figure 2.6b).87  

 

 

Figure 2.6. (a) Electronic band diagram of the compounds utilized in organic devices 

plotted with respect to vacuum level. The grey, light blue and red colored regions indicate the 

work functions, lowest unoccupied molecular orbital (LUMO) levels and highest occupied 
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molecular orbital (HOMO) levels, respectively. The dark blue and dark red areas represent 

the energy range for LUMO and HOMO levels, respectively that rely on the metal oxide 

composition. Dashed lines are guides for the eyes. (b) A schematic representation of an 

organic solar cell showing the individual layers of the device architecture. 87 

 

2.3.3.1. Electrocatalysis 

Hydrogen gas (H2) has been of great interest as a potential energy storage medium for the 

hypothesized future ‘Hydrogen Economy’, due to its clean, efficient and sustainable 

properties compared to fossil fuels (provided that it is generated from renewable energy 

sources).88-90 Due to their wide variations and tunable properties, molybdenum oxides and 

their compounds have gained growing interest for potential application in electrocatalytic 

hydrogen evolution reactions (HER) for H2 production.4, 54, 91, 92 However, relatively modest 

reaction kinetics due to the lack of active edges limit the extensive use of full stoichiometric 

α-MoO3 in electrocatalytic applications.32 According to the Sabatier principle, a moderate 

binding of H atom on the catalytic site plays a key role to achieve optimum HER activity, 

which is presented by near‐zero Gibbs free energy (∆Gads(H) ≈ 0) for H atom adsorption on 

the active sites of an electrocatalyst.93 Presence of oxygen deficiencies and dislocations are 

desired to increase the prevalence of such binding sites in molybdenum oxides.32  

In metal oxide catalysis, surface defects play a vital role for improving the activity of the 

catalyst.94 In theory, layered and planar materials with stable oxygen vacancies can be 

utilized in the electrocatalytic process.54 In planar molybdenum oxides, oxygen vacancies are 

accompanied by Mo dangling bonds, creating defect states close to the conduction band 

minimum.94, 95 The presence of dangling bonds in oxygen deficient molybdenum oxides make 

them highly reactive, acting as active sites for HER.96 A previously reported density 
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functional theory (DFT) calculations has suggested that the H2 evolution energy barrier for an 

oxygen deficient molybdenum oxide is 1.28 eV (with surface Mo5+ in comparison to full 

stoichiometric Mo6+), which is significantly lower than that of bulk MoO3 (2.63 eV), 

suggesting its suitability as an electrocatalyst for HER.32 Introducing surface defect such as 

oxygen vacancies can cause the emergence of gap states that act as shallow donors in layered 

TMOs and thus increase the free charge carrier concentration.97-99 Inducing oxygen vacancies 

in TMOs has led to faster kinetics compared to their fully oxidized counterparts.97, 99, 100 

Therefore, the presence of oxygen vacancies in the α-MoO3 lattice (resulting in the formation 

of α-MoO3-x with x>0) is expected to provide more active sites to significantly improve its 

HER performance due to its ability to facilitate fast charge transfer.54, 97, 101 

 

2.4. Transformation of layered molybdenum oxides into non-layered crystals 

Metal Molybdate based oxides contain the MoO4
2- unit and form an important type of 

materials that display various functional properties. Metal molybdates, with relatively large 

bivalent cations (Ba, Pb, Sr and Ca with ionic radius >0.99 Å), are typically found in the 

scheelite-type structures of non-layered body centred tetragonal nature.5 These materials offer 

chemical and physical properties suitable for different applications such as photocatalysis and 

electrocatalysis.102-113 Amongst the family of metal molybdates, lead molybdate (PbMoO4) 

has shown to offer high stability and interesting photophysical and photocatalytic properties,5, 

108, 114-121 due to its favourable band edge positions that optimizes the driving force required to 

facilitate oxidation of dye components.112, 122-125 These types of materials can be derived from 

facile topotactic reaction between metal salts and molybdenum oxides.  
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2.4.1. Synthesis techniques and limitations 

Pb2+ based salts in aqueous solutions can react with molybdenum oxides to produce PbMoO4 

crystals via a facile room-temperature process.6 Figure 2.7 represents this reaction and 

crystal transformation of molybdenum oxide into PbMoO4. Different liquid and gas/vacuum 

phase synthesis methods have been used for establishing low dimensional PbMoO4 crystals.6 

Thus far, wet chemical synthesis process attracted much attention for synthesizing PbMoO4 

crystals.5 In addition, a range of methods such as solid state reaction,126 solvothermal,127 

hydrothermal,108 Czochralski crystal growth,128 sonochemical,129 microwave-assisted 

synthesis,112, 130 and precipitation method124 have been widely explored for the synthesis of 

PbMoO4 crystals. However, majority of these methods are complex synthesis techniques and 

none of these methods reported the synthesis of large nanosheets with 2D morphologies. 

As discussed in the above sections, layered materials of van der Waals nature are traditional 

sources for synthesizing 2D nanosheets due to their weakly attached layers.85, 131-133 A range 

of methods have been adopted to exfoliate layered materials, however, liquid phase 

exfoliation techniques are the most widely explored methods for high throughput 

applications.85, 131 Nevertheless, these techniques cannot be used for exfoliating metal 

molybdates such as PbMoO4. These materials only exist in non-stratified crystal structures 

(shown in Figure 2.7), and therefore, direct exfoliation into 2D nanosheets is not achievable. 

This remains a major limitation for these types of materials, since additional functional 

properties of these materials may emerge, while other properties are expected to be enhanced 

when synthesized in 2D form. 
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Figure 2.7. Crystal structure of orthorhombic α-MoO3 and its transformation into 

scheelite-type PbMoO4.
6 

 

2.4.2. Applications 

Metal molybdates have unique chemical and physical properties for applications such as 

supercapacitors,102, 103 batteries,104 scintillator materials,105, 106 humidity sensors,110 

electrocatalysts,111 and photocatalysts.112, 113 

In particular, PbMoO4 is mostly investigated for photocatalytic applications. With rising 

concern regarding environmental remediation, photocatalysis is of particular interest due to 

its application in many chemical practices for the removal of toxic reagents in water and air 

using solar energy.129, 134-136 Therefore, the search and application of various photocatalysts 

has gained importance for decomposing organic pollutants.135 In this process, gradual 

degradation of the characteristic absorbance spectrum for a model organic dye with the aid of 

photocatalysts (2D nanosheets) under solar or UV light irradiation is investigated to evaluate 

their photocatalytic performances.  

Inability to absorb efficient amount of solar light and fast deactivation of photocatalysts, 

deteriorate the photocatalytic applications of many of the materials.136 In the past, metal 

molybdates, such as PbMoO4 have shown reasonable photocatalytic performance compared 
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to the other molybdates and tungstates reported in literatures due to its favourable band 

position.112, 123-125 However, due to its relatively wide bandgap, the photocatalytic activity of 

this material with different morphologies has been mainly tested using UV irradiation.124 This 

is still a major limitation for the application of PbMoO4 as a photocatalyst. Therefore, it is 

required to shift its photo-response towards the visible range, which may create the 

possibility of this material to be tested under solar light irradiation.6 Doping and 

compounding can be a possible way to reduce the bandgap of this type of material,114, 129 

however, this will require additional synthesis steps and may create instability. Recently, 

formation of trap states in a quasi- 2D wide bandgap metal oxide has shown to shift the 

photo-response of the material for effective absorption of solar light resulting in enhanced 

photocatalytic performance without any doping.135 The possibility of creating trap states 

within the bandgap of PbMoO4 can potentially bring the photocatalytic operation into the 

visible light region. However, this approach has not been explored to date. 

 

2.5. Synthesis of Non-layered ultrathin large area 2D metal oxide nanosheets using 

liquid metal reaction environment 

Liquid metals have been recently introduced as a reaction medium that facilitates the 

formation of large area 2D oxides of the non-layered crystals.6, 8, 137-140 Low melting point 

post transition metals such as Ga, In and Sn undergo self-limiting Cabrera-Mott oxidation in 

air, leading to the formation of nanometre thin surface oxides.140 If the metal is in its liquid 

state, adhesion of the surface oxide to the parent metal is minimal, allowing to apply van der 

Waals transfer techniques for transferring the grown oxide sheet onto desired substrates.6, 8, 

139, 140 When alloys are used, the surface oxide is dominated by the oxide that provides the 

greatest reduction in Gibbs free energy.8 In most cases this leads to the surface oxide of low 
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melting liquid alloys being dominated by a binary oxide. This has been exploited for creating 

a variety of high quality 2D metal oxides that could be grown on the surface of complex low 

melting alloys which effectively function as a reaction solvent.8 For example, surface 

composition of gallium based liquid metal alloys, such as gallium-indium-tin and gallium-

indium, mainly produces gallium oxide skins in ambient conditions,141, 142 despite the 

presence of indium and tin within both alloy compositions. The composition of the surface 

oxide is found to depend on the more favourable (i.e. more negative) Gibbs free energy of 

formation for the metal oxides that could grow on an alloy.141, 142 Recently, this phenomena 

was successfully exploited for creating a variety of 2D materials using gallium based alloys.8 

Here, metals with oxides that feature a more negative Gibbs free energy of formation than 

gallium oxide, such as hafnium, aluminium and gadolinium were investigated (see Figure 2.8 

a, b).8 The grown oxide layer is isolated by gently touching the surface of the liquid metal 

alloy with a solid substrate. The direct transfer of the surface oxide onto a substrate surface is 

possible due to van der Waals attraction forces (see Figure 2.8c).8 

As mentioned above, the oxide that provides the greatest reduction in Gibbs free energy is 

usually a binary compound, leading to single metal oxides dominating most liquid alloys. 

However, indium-tin alloys constitute an exception, since their surface oxide has been shown 

to be a ternary compound that contains both indium and tin, with an indium-tin ratio that 

resembles ITO.143 The high solubility of tin ions in indium oxide likely allows for the 

formation of a ternary oxide on the surface of these alloys, leading to ITO being 

thermodynamically favoured over pure In2O3 and SnO2.
143, 144  
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Figure 2.8. (a) Favourable Gibbs energy of a metal oxide within the alloy. The dominant 

oxides at the interface are indicated to the right of the red dashed line, (b) cross section of a 

liquid metal droplet, with probable crystal formation of thin layers of HfO2, Al2O3, and 

Gd2O3 as indicated, and (c) schematic illustration of the van der Waals exfoliation method. 

The liquid metal droplet is initially exposed to an oxygen-containing medium. Touching the 

surface of the liquid metal droplet using a suitable solid substrate. Transfer of the interfacial 

oxide layer after touching. An optical image is also presented at the right.8 

 

2.5.1. Non-layered metal oxides as TCOs 

TCOs are typically non-layered doped metal oxide compounds.145 These types of materials 

gained tremendous economic importance due to their unique electronic band structure that 

enables high conductivity, while simultaneously rendering the material transparent in the 

visible range.9, 146, 147 The most prominent application of TCOs is as transparent electrodes in 

liquid crystal displays, organic light emitting diodes and touch responsive screens, which 

enabled the smartphone and flat panel monitor revolution, leading to a total global market for 
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TCOs (across all applications) of approximately $7 bn.147 Further applications include low 

emission windows,9, 148, 149 a variety of optoelectronic devices,150 solar cells,9, 146, 151 

plasmonics 152-154 and lab-on-a-chip biosensing.155  

High performance TCOs are usually based on a select few binary oxides, with In2O3, SnO2 

and ZnO being dominant.146 The reason for this is the comparatively low effective electron 

mass that can be realized in these systems, leading to high carrier mobilities, and in turn 

reduced sheet resistance.9, 146 Heavy doping of these oxides is then utilized to increase the 

carrier concentration to a level where a carrier population above the conduction band 

minimum is created, allowing the material to achieve a conductivity that is only 2 orders of 

magnitude below that of metals.9 The high transparency of TCOs originates from a 

pronounced Moss-Burstein shift that leads to optical bandgaps substantially wider than the 

electronic gap.146 

 

2.5.2. Materials, synthesis and challenges 

Tin doped indium oxide is one of the most important TCOs due its superior performance and 

the substantial developed knowledge base associated with its decades-long industrial use.156 

One of the main drawbacks of ITO is that it is commonly deposited using physical vapor-

based deposition techniques that rely on vacuum technology and batch processing.9, 147, 157-159 

The typical film thickness of the deposited TCOs is in the range of 50 to 500 nm and due to 

their ceramic nature, these films are inherently brittle and thus incompatible with flexible 

electronics.160 Furthermore, indium in ITO is an element with relatively low abundance and 

high cost, and while the worlds indium reserves are estimated to be sufficient to support 

global demand well into the 21st century, the reliance on comparatively thick ITO films may 

ultimately prove to be unsustainable and too costly.161 
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In response to these challenges, numerous alternative approaches towards creating 

transparent conductive systems have been proposed, with networks of conductive nanowires 

and large area graphene being intensely investigated.156, 162-165 The utilization of nanowires is 

intrinsically incapable of producing a gap-free conductive surface, significantly limiting their 

use in numerous technologies.166, 167 Graphene, on the other hand, allows achieving good 

conductivity and flexibility, while counterproductively leading to significant light absorption, 

with each layer of graphene absorbing approximately 2.5% of light in the visible spectrum.156 

Further limitations of graphene include the high temperature synthesis of large surface area 

graphene, which requires growth on metallic substrates or foils prior to being transferred onto 

the desired glass or polymer substrates.156 The lack of micro and nano crystalline features for 

large area deposited graphene also leads to defect mediated crack propagation, rendering it 

substantially more brittle than micrometre sized sheets that have been mechanically 

exfoliated from graphite crystals.168 As such, novel transparent and conductive materials that 

can overcome these limitations are highly sought after and the van der Waals exfoliation 

technique using liquid metal reaction medium can be an interesting route to solve these 

problems. 

 

2.6. Conclusion and outlook 

The fundamentals and main applications of molybdenum oxides, as well as a selection of 

synthesis methods to obtain 2D morphologies of these oxides have been discussed. Doping 

and compounding this material is identified as the means to achieve highly efficient catalysts, 

electronic materials, sensors, optoelectronic devices, and electrochemical systems. Synthesis 

section mostly focused on the formation of 2D orthorhombic molybdenum oxides as they 

offer significant properties such as defect band within the bandgap upon the loss of oxygen, 
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plasmonic features in their sub-stoichiometric forms and significant surface-to-volume ratio 

that can be potentially used for many future advanced applications including electrocatalysts.  

Metal molybdates, another important class of metal oxide compounds, offer interesting 

photophysical and photocatalytic properties due to their favourable band positions. These 

types of materials are typically found as non-layered crystals with scheelite-type structures of 

body centred tetragonal nature, which can be derived from molybdenum oxides. Amongst the 

family of metal molybdates, lead molybdate (PbMoO4) has shown to offer high stability and 

has been proven as an excellent photocatalyst. However, due to non-stratified crystal 

structures direct exfoliation of these materials into 2D nanosheets is not feasible. This 

remains a major limitation for these types of materials as many of the functional properties of 

these materials cannot be realized unless they are synthesized in 2D form.  

Another important class of non-layered metal oxides are TCOs. These types of materials 

gained remarkable economic importance due to their unique electronic band structure that 

enables high conductivity, while simultaneously rendering the material transparent in the 

visible range. ITO is identified as one of the most important and best performing TCOs. 

However, flexible and low temperature synthesis of this material is still a challenge in the 

decade long research filed, which needs considerable attention to address. 
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Chapter 3 

Highly active two dimensional α-MoO3-x for the 

electrocatalytic hydrogen evolution reaction 

 

 

3.1. Introduction 

The development of earth-abundant electrocatalysts for the hydrogen evolution 

reaction (HER), with strong activity and stability, is of great interest in the field of 

clean energy research. The two dimensional (2D) morphology can significantly 

improve the HER activity by offering ultrathin structure with high surface area-to-

volume ratios. Especially, if the aspect ratio of the individual nanosheets is moderate 

to low, the morphology can provide more catalytic edge sites for H2 production.1-3 In 

2D nanosheets, a large number of exposed surface atoms are likely to escape from 

their respective lattice, which may produce vacancy-type defects.4 Such vacancy 

defects, along with the associated structural disorder and edge sites can reduce the 

coordination number of surface atoms, producing dangling bonds and lead to higher 

catalytic activities in 2D nanosheets.3, 4 Additionally, adding surface topological 

imperfections also enhance the catalytic activities. Catalytic reactions usually occur on 

the low coordinated steps, terraces, edges and kinks.3, 5 In HER process, the adsorption 

The contents of this chapter is published in Datta et al., J. Mater. Chem. A, 2017, 5, 24223–24231 
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of water molecules usually occurs at a higher rate on the low coordinated active sites, 

which are abundant in the materials containing 2D morphologies.3, 4  

Due to the layered crystal arrangement of orthorhombic α-MoO3, this material can be 

exfoliated into 2D nanosheets, featuring a large surface area. Variations in the 

oxidation states of molybdenum facilitate crystal structure, morphology and oxygen 

vacancies tuning, making these oxide compounds suitable for electrochemical 

applications. Here, it is hypothesized that the combination of both oxygen deficient 

structure and 2D morphology can significantly activate the HER performance of 

molybdenum oxides. Molybdenum oxides have been shown to be easily formed into 

reduced 2D sheets.6-8 Many reports are available demonstrating that electronic 

properties of 2D molybdenum oxides can be tuned by introducing oxygen deficiencies 

via various methods.9-11 These features of 2D molybdenum oxides make them 

potentially more attractive for HER processes compared to many other 2D metal 

oxides. In this work, oxygen deficient 2D α-MoO3-x nanosheets (synthesized using 

liquid exfoliation method) is utilized to explore their HER performance in an alkaline 

condition. The facile preparation of ultrathin 2D nanosheets also allows for the 

formation of oxygen vacancies in the structure of high surface-to-volume ratio. The 

oxygen defects, surface steps and dislocations, and also edges of the 2D nanosheets 

are shown to significantly improve the electrocatalytic HER performance compared to 

the bulk form and fully stoichiometric α-MoO3. 

 

3.2. Methods  

3.2.1. Liquid phase exfoliation of molybdenum oxide nanosheets  

The exfoliation process of 2D molybdenum oxide nanosheets was adopted from a 

previously described procedure with slight modifications.6, 8 In this work, 3 g of the 
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molybdenum oxide powder (99% purity, from China Rare Metal Material Co.) was 

ground with 0.6 ml ethanol for 30 mins. The powder was then dispersed into 45 ml 

ethanol solution, probe-sonicated (Ultrasonic Processor GEX500) for 60 mins at a 

power of 100 W, and centrifuged at 2500 rcf for 30 mins at room temperature, 

afterwards. Finally, the yellow/blue supernatant, containing a high concentration of 2D 

nanosheets, was collected.  

 

3.2.2. Apparatus 

Atomic force microscopy (AFM) measurements were recorded on a Bruker Dimension 

Icon AFM. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo 

scientific K-Alpha instrument equipped with monochromated aluminium K- α source 

(1486.7 eV). 2D nanosheets suspension was used for ultraviolet-visible (UV-Vis) 

measurements. A Lambda 1050 UV/VIS/NIR Spectrometer (Perkin Elmer) equipped 

with a 150 mm InGaAs detector in the integrating sphere was utilised for this 

measurement. The solutions containing 2D nanosheets were drop cast onto Cu grids 

for high resolution transmission electron microscopy (HRTEM - JEOL 2100F) 

characterisations. Transmission electron microscopy (TEM) was conducted using 

JEOL 1010. Electron energy-loss spectroscopy (EELS) spectra were recorded using 

the scanning transmission electron microscopy (STEM) mode of JEOL 2100F.  X-ray 

diffraction (XRD) patterns were collected using a Bruker D4 ENDEAVOR with 

monochromatic Cu K α as radiation source (λ= 0.154 nm). Raman spectroscopy was 

conducted using a 532 nm laser on a LabRAM HR Evolution Raman spectrometer 

(Horiba Scientific).  
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3.2.3. Electrochemical studies  

HER catalytic activity tests were carried out in a standard three-electrode setup 

controlled by a CHI 760D (CH Instrument Co.) workstation. The cell setup contained 

a working electrode (nickel foam) coated with the samples (2D nanosheets), an 

Ag/AgCl (in 1 M KCl, aq) reference electrode, a graphite rod counter electrode and 

0.1 M KOH solution as the electrolyte. The reference electrode was calibrated against 

and converted to a reversible hydrogen electrode (RHE). Linear sweep voltammetry 

was performed at 5 mVs-1 scan rate for the polarization curves. All polarization curves 

were iR-corrected. The solution deposited on the working electrode was prepared as 

follows: 100 mg of carbon powder was dispersed in a mixture of deionised (DI) water 

and isopropanol (IPA) (40 mL: 10 mL). Thereafter, 5 mg of each catalyst (bulk and 

2D α-MoO3-x) was mixed with 2.5 mL of the as prepared carbon solution and 

sonicated for 5 mins, followed by adding 10 μL of polytetrafluoroethylene solution 

(60% in water, Sigma) and sonication for 5 mins to form a suspension. Finally, 100 μL 

of a suspension was drop-casted onto 0.25 cm2 area of Ni foam using a micropipette. 

HER measurement on bare Ni foam was also performed using 0.25 cm2 geometric 

area.12-14 

The 2D nanosheets and bulk sample were further utilized in the cyclic voltammetry 

(CV) measurements in the same electrochemical cell to determine the electrochemical 

double-layer capacitance (EDLC) of both the materials. The CV measurements were 

performed over a range of scan rates at 0.45 V versus RHE in 0.1M KOH. 

 

3.3. Results and discussions 

2D nanosheets were prepared following the procedure described in the Methods 

section, during which the bulk crystals were ground in ethanol followed by high power 
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ultrasonication, facilitating mechanical liquid phase exfoliation. Ethanol was used as 

the solvent due to its favourable Hansen solubility parameters (HSP) with respect to 

bulk α-MoO3 which facilitates the efficient exfoliation into 2D nanosheets.8 The 

suspension has a yellow/blue colour (Figure 3.1). As previously shown, the well-

matched properties of the chosen solvent and surface energy of molybdenum oxide 

allow a stable colloidal suspension after exfoliation.8, 15, 16 

A series of characterisations were applied to assess the 2D structural features and 

crystal properties of the as synthesized nanosheets. Furthermore, these nanosheets 

were incorporated into a three-electrode based electrochemical system to evaluate their 

potentials in electrocatalytic HER as presented in detail in the Methods section. 
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Figure 3.1. A schematic diagram describing the step-by-step synthesis process from 

bulk α-MoO3 to 2D nanosheets.  

 

The surface morphology and thicknesses of the 2D nanosheets were investigated using 

AFM. The AFM analysis revealed that exfoliated 2D nanosheets have the average 

thickness of Tav = 4.4 nm (Figure 3.2a), which corresponds to ~6 fundamental layers 

of α-MoO3 (0.7 nm is the monolayer thickness).17 It is also evident from the AFM 

characterisation that the exfoliated 2D nanosheets possess step-rich basal surfaces 
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(Figure 3.2b), which result in the increase of dangling bonds and active sites. AFM 

also showed that the nanosheets had the average lateral sizes of Lav = 125 nm (Figure 

3.3a), which is also in good agreement with the TEM images (see Figure 3.3b, c). 

These values lead to a 2D nanosheet aspect ratio (Lav / Tav) of ~28, which is 

comparable with the previously reported values obtained for the exfoliated 2D 

molybdenum oxide nanosheets.8 

 

 

Figure 3.2. AFM characterisation of 2D nanosheets (a) frequency histogram of the 

observed thickness of the 2D nanosheets, AFM image of the nanosheet (inset), and (b) 

corresponding thickness profile. 
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Figure 3.3. (a) Frequency histogram of the observed lateral sizes of 2D MoO3-x nanosheets 

using AFM, (b) large area AFM image of 2D MoO3-x nanosheets, and (c) large area TEM 

image showing the 2D MoO3-x nanosheets. 

 

XPS was utilized to investigate any changes to the oxidation states and binding 

energies of the material due to the exfoliation process with reference to the bulk 

precursor powder. The XPS spectra of the Mo 3d region are presented in Figure 3.4. 

For the bulk α-MoO3, the doublets at 236.4 and 233.3 eV are ascribed to the binding 

energies of the Mo 3d3/2 and Mo 3d5/2 orbital electrons of Mo6+, respectively (Figure 

3.4a).18 Upon the formation of exfoliated 2D nanosheets, two new peaks of Mo 3d 

XPS appear at the lower binding energies of 235.1 and 232.0 eV, belonging to Mo5+ 

oxidation state (see Figure 3.4b).9, 19 The emergence of Mo5+ oxidation state is 

associated with the presence of oxygen vacancies in the 2D nanosheets and therefore, 

the structure can be referred to as 2D α-MoO3-x.
20 During the formation of oxygen 

deficient structure, the Mo6+ neighbouring the oxygen vacancy in the α-MoO3 lattice is 

reduced to Mo5+, donating an electron to the conduction band.9, 21 This donated 

electron is delocalized within the layers and acts as a Drude-model like free electron,21 

therefore, altering the electronic configuration of the α-MoO3.
9, 21 The presence of 

 

Lav = 125 nm 
(a) 

200 nm 

200 nm 

(c) 

(b) 
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oxygen vacancy is also evident in the O 1s spectra, where the intense peak attributed 

to lattice oxygen (O2−) shifts to a lower binding energy for the 2D α-MoO3-x with 

reference to the bulk α-MoO3 (Figure 3.4c, d).22 Considering the integral areas of 

Mo6+ and Mo5+ peaks, the value of x in 2D MoO3-x is determined ~ 0.045. 

 

 

Figure 3.4. Mo 3d XPS spectra of (a) bulk α-MoO3 and (b) 2D α-MoO3-x, and O 1s XPS 

spectra of (c) bulk α-MoO3 and (d) 2D α-MoO3-x. 

 

The changes in electronic configuration of the exfoliated 2D nanosheets were further 

investigated using the XPS valence band spectra, UV-vis spectroscopy and Tauc plot 

analysis. For bulk α-MoO3, the distance between valence band edge and Fermi level 

(Ef) is ~3 eV, which suggests its n-type feature (Figure 3.5a).23 Interestingly, due to 

the presence of oxygen vacancies in the 2D α-MoO3-x nanosheets, a newly occupied 

state appears between the Ef and valence band edge energy levels. This defect state 

(indicated in the Figure 3.5a) appears due to the removal of O2- ions from the valence 

band spectra of 2D α-MoO3-x.
11 In order to maintain the charge neutrality, the Mo6+ 

state reduces to Mo5+ indicating a slight semiconducting-to-metallic transformation.6, 

11 Consequently, the previously empty 4d band of molybdenum oxide becomes 
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partially filled with electrons, giving rise to the defect state observed in the valence 

band spectra ~1.4 eV below Ef.
8, 9 In order to analyse the bandgap energy of the 2D 

nanosheets, the integrating sphere supported UV-Vis spectroscopy was conducted. It 

has been reported that 2D α-MoO3-x features an indirect bandgap24 and here the Tauc 

plot (Figure 3.5b) based on the UV-Vis data reveals that the bandgap of this material 

is ~2.9 eV. The narrow bandgap energy of the 2D α-MoO3-x compared to the pristine 

molybdenum oxide (~3.2 eV)10 refers to the presence of defect and enhanced electrical 

conduction in the reduced 2D nanosheets.6 

 

 

Figure 3.5. (a) The XPS valence graphs of bulk α-MoO3 and 2D α-MoO3-x and (b) Tauc-

plot of 2D α-MoO3-x. 
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The HRTEM was utilized in order to investigate the lattice arrangement of the 2D α-

MoO3-x nanosheets. The lattice fringes of the 2D nanosheets exhibit a spacing of 0.39 

nm representing (1 0 0) plane of orthorhombic α-MoO3 (see Figure 3.6a), and in 

agreement with the previously reported oxygen deficient α-MoO3-x structure.6, 9  

Interestingly, many distortions and dislocations can be observed in the lattice fringes 

of the 2D nanosheets, which suggest a defect-rich structure. The slightly reduced 

average lattice spacing of 0.36 nm can also be a sign of surface defects. This has 

generally been attributed to the presence of oxygen vacancies in the structure.6 Careful 

observation of the HRTEM images reveals that the surface defects are widely 

available on the surface. Additionally, the edges of the nanosheets are rough that also 

contribute to the presence of more corner and edge defects and dangling bonds 

(Figure 3.6a, b). The corresponding fast Fourier transform (FFT) patterns also 

revealed the (0 0 1) and (0 0 2) planes, which are also associated with the 

orthorhombic crystal structure of α-MoO3 and in agreement with the previously 

reported literatures.6, 25 In order to obtain further insight on the oxygen vacancies, 

EELS spectra were recorded in a scanning transmission electron microscopy (STEM) 

microscope. Precise chemical information on molybdenum oxides can be extracted 

from the oxygen-K (O-K) edges obtained using EELS spectra.26 The O-K prepeak for 

the 2D α-MoO3-x nanosheet is situated at 533.1 eV, which is at higher energy 

compared to the prepeak of bulk α-MoO3 at 532.3 eV (Figure 3.6c). Shift to the 

higher energy suggests a lower oxidation state of the Mo metal linked to the oxygen 

atoms.27 This indicates the presence of oxygen vacancies in the 2D α-MoO3-x 

nanosheets, rather than a phase transformation.27 
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Figure 3.6. (a) HRTEM image of the surface of 2D α-MoO3-x nanosheets with FFT image 

(inset) showing the highlighted characteristic diffraction spots, (b) HRTEM image of the 

edge of 2D α-MoO3-x nanosheets with FFT image (inset) showing the highlighted 

characteristic diffraction spots, (c) EELS core-loss spectra of bulk α-MoO3 and 2D α-MoO3-x 

nanosheet showing the O-K edge. The green arrow highlights the shift to a higher energy. All 

the spectra were adjusted to the zero-loss peak, and (d) XRD patterns of bulk α-MoO3 and 2D 

α-MoO3-x. 

 

XRD patterns of the 2D α-MoO3-x nanosheets deposited on glass substrates were 

analyzed in order to understand any changes in the crystal structure during the 
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synthesis of 2D α-MoO3-x. Bulk α-MoO3 was also characterized for comparison and 

referencing. Using XRD patterns, both bulk and 2D α-MoO3-x can be indexed to the 

thermodynamically stable orthorhombic (α-MoO3) crystal structure with lattice 

parameters of a = 3.962 Å, b = 13.858 Å, c = 3.697 Å (JCPDs, no. 05-0508).25 For the 

2D α-MoO3-x, the most intense diffraction peaks are associated with the (0 2 0), (1 1 

0), (0 4 0), (0 2 1) and (0 6 0) planes, respectively (see Figure 3.6d) which are in 

agreement with peaks of previously reported XRD patterns for α-MoO3-x crystals.25, 28 

The XRD patterns in Figure 3.6d show that the most intense planes (020), (040) and 

(0 6 0), which attribute to the b-lattice plane interlayers, are shifted to slightly lower 

angles (0.06°, 0.02° and 0.02°, respectively) in 2D α-MoO3-x nanosheets with 

conspicuous broadening of the peaks compared to the bulk α-MoO3. This suggests that 

the oxygen vacancy occurred in the crystal lattice of 2D α-MoO3-x nanosheets, which 

is attributed to a vacancy at the terminal oxygen (Ot) site with two accompanying 

Mo5+ ions.28 

The samples were then characterized using Raman spectroscopy to investigate their 

vibrational signatures. Raman spectroscopy was conducted at 532 nm excitation with 

0.9 mW laser power and samples were placed on gold coated substrates. In both 

Raman spectra of bulk MoO3 and 2D α-MoO3-x strong peaks at the 282, 665, 821, and 

997 cm-1 are seen, which are all in agreement with previously reported peak positions 

of orthorhombic molybdenum oxide (see Figure 3.7).6, 29 The 282 cm-1 peak is related 

to the bending mode for the double bond (Mo=O) vibration and the peak at 665 cm-1 is 

correlated to tri-coordinated oxygen (Mo3–O) stretching mode.6 The 821 cm-1 peak is 

attributed to the bi-coordinated oxygen (Mo2–O) stretching mode, while The 997 cm-1 

peak represents the terminal oxygen (Mo6+=O) stretching mode of α-MoO3-x 

structure.20, 29 Additionally, the Raman peaks at lower wavenumbers of 336 and 375 
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cm-1 can be assigned to the bending and scissoring modes of O–Mo–O, respectively.29 

For 2D α-MoO3-x these peaks at lower wavenumbers were observed to become weaker 

compared to the bulk α-MoO3 due to the formation of thinner nanosheets (Figure 

3.7).7 Confirming the presence of oxygen vacancies after exfoliation, the newly 

emerged 489 and 890 cm-1 peaks can be assigned to Mo=O stretching and Mo2–O 

stretching modes of MoO3-x, respectively (Figure 3.7b).30, 31 

 

 

Figure 3.7. Raman spectra of (a) bulk α-MoO3 and (b) 2D α-MoO3-x. 

 

In this work, the electrocatalytic HER activities of the as-synthesized 2D α-MoO3-x 

nanosheets were examined in alkaline (0.1 M KOH) solutions. Due to the high 

solubility and inferior electrocatalytic performance of molybdenum oxides in acids,32, 

33 this work is focused on alkaline media. All materials were deposited onto 3D porous 

nickel (Ni) foam (as described in the Methods section), which is commonly used and 

provides a large surface area as the working electrode.34 For comparison, bulk α-MoO3 

and bare Ni foam electrodes were also tested under identical conditions. Figure 3.8a 

shows the HER polarization curves of various electrocatalysts in 0.1 M KOH 

solutions. For the 2D α-MoO3-x, an overpotential value of 142 mV was required to 
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achieve standard 10 mA cm-2 HER current density. On the other hand, bare Ni foam 

and bulk α-MoO3 exhibited a much larger required overpotential values of 265 mV 

and 220 mV, respectively. 

For comparison, Tafel plots were derived using the polarization graphs (Figure 3.8b) 

to investigate the kinetics of their HER performances and determine the predominant 

HER mechanism.35, 36 The smaller value of Tafel slope indicates the faster HER rate 

for an electrocatalyst. A Tafel slope of 58 mVdec-1 was observed for the 2D α-MoO3-x 

nanosheets, which is much smaller than the value obtained for bulk α-MoO3 (122 

mVdec-1) and bare Ni foam electrode (115 mVdec-1). The lower Tafel slope value of 

2D α-MoO3-x nanosheets suggests a fast HER rate via the Volmer–Heyrovsky process 

(step 1: H2O(liquid)+e ↔ H(adsorption)+OH- and step 2: H(adsorption)+H2O(liquid)+e ↔ 

H2(gas)+OH ), similar to the previously reported HER in TMOs.37 With a Tafel slope 

close (or larger) to 116 mV dec-1, the HER rate can be defined as a slow discharge 

reaction via the Volmer-Heyrovsky process,36 such as the Tafel slope of bulk α-MoO3 

measured in this work. 

 

 

Figure 3.8. (a) Linear sweep voltammogram of HER on (I) bare Ni foam, (II) bulk α- 

MoO3, (III) 2D α-MoO3-x, and (b) Tafel plots of (I) bare Ni foam, (II) bulk α-MoO3, (III) 2D 

α-MoO3-x in 0.1 M KOH. 
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In addition, the 2D α-MoO3-x exhibited excellent durability after 1000 cycles of cyclic 

voltammetry, where no obvious loss of activity was observed (see Figure 3.9a). The 

long-term HER performance of 2D α-MoO3-x nanosheets (annealed at 200°C, this 

annealing temperature does not change the stoichiometry but instead stabilises the 

flakes on the surface) also showed negligible loss under a static overpotential (Figure 

3.9c). This suggests that negligible corrosion of electrocatalyst occurred in the basic 

electrolyte (0.1 M KOH) and features a robust stability of the 2D α-MoO3-x 

nanosheets.  

 

 

Figure 3.9. (a) Linear sweep voltammogram recorded for 2D α-MoO3-x before and after 

1000 cycles of cyclic voltammetry, (b) fitted Nyquist plot of bulk α-MoO3 (red symbol) and 

2D α-MoO3-x (black symbol) at 0.17V vs. RHE, and (c) time-dependent current density of 2D 

α-MoO3-x nanosheets during HER with 14.4k seconds at fixed overpotential of 0.14 V vs 

RHE. 

 

 

In order to gain information about the active sites of MoO3-x as an electrocatalyst 

EDLC characterization was conducted. To determine the EDLC of 2D α-MoO3-x and 

bulk α-MoO3, CV was performed in the similar electrochemical cell that was utilized 
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for HER tests. As can be seen in Figure 3.10, the geometric current density at 0.45 V 

vs RHE in 0.1M KOH (where no Faraday process occurs) is plotted against the scan 

rates of the CV. The EDLC values were determined from the slopes of the linear 

regression.38 A larger EDLC value of 14.71 mFcm-2 was obtained for the 2D α-MoO3-x 

compared to the value of 11.41 mFcm-2 measured for bulk α-MoO3. This comparative 

analysis suggests that the 2D α-MoO3-x possesses a much higher active surface area 

compared to bulk α-MoO3 for enhanced HER activity. 

 

 

 

Figure 3.10. (a, b) Determination of electrochemical double-layer capacitance of 2D α-

MoO3-x nanosheets over a range of scan rates at 0.45 V vs RHE in 0.1M KOH and (c, d) 

determination of electrochemical double-layer capacitance of bulk α-MoO3 over a range of 

scan rates at 0.45 V vs RHE in 0.1M KOH. 

 

 

C = 14.71 mFcm
-2
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-2
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Structural defects have been identified as an important factor to enhance the HER 

activity, leading to the emergence of additional active sites within the basal surface of 

2D MoO3-x.
3 Such structural defects were identified using HRTEM as seen in Figure 

3.6a. Additionally, the defective edges of nanosheets (evident in the HRTEM images, 

Figure 3.6b) and steps of the basal surface also contribute to such metallic ends (steps 

shown in AFM characterisation, Figure 3.2b).3, 4, 39 Defects such as oxygen vacancies 

can significantly enhance the HER performance of a catalyst, due to the formation of 

dangling bonds.22 In this work, the presence of oxygen vacancies (that were revealed 

using EELS assessments) in the 2D nanosheets enhances the interaction between 

oxygen-containing species and metal oxide surfaces. The oxygen deficient 2D α-

MoO3-x may also favour the adsorption of hydrogen atoms (Hads) and water molecules, 

which serve as electron acceptors.22 This can significantly lower the HER energy 

barrier and promote the HER activity.40  

Another property that plays a significant role to improve the HER activity is the 2D 

structure with large surface-to-volume ratios.1, 41 The 2D α-MoO3-x nanosheets provide 

more electrochemically active surface area compared to the bulk α-MoO3 (see Figure 

3.10). The ultrathin flat facet in 2D α-MoO3-x nanosheets can provide large number of 

low coordinated active sites, which may further improve the adsorption of water 

molecules.3 In addition, the oxygen deficient 2D α-MoO3-x nanosheets are more likely 

to possess improved ion conductivity and exhibit fast charge transfer compared to the 

bulk α-MoO3.
22 This is also evident from the electrochemical impedance spectroscopy 

(EIS) measurements, where the 2D α-MoO3-x indicated a much lower charge transfer 

resistance (19.3 Ω) compared to the bulk α-MoO3 (43.7 Ω) (see Figure 3.9b and 

Table 3.1).  
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Figure 3.11. Equivalent circuit applied to obtain charge transfer resistance of the catalysts 

in 0.1 M KOH. 

 

Here, 

Rs: resistance of the electrolyte 

Rct: charge transfer resistance 

CPE: constant phase element 

 

Table 3.1. Impedance components for HER determined by fitting the experimental 

EIS data using the equivalent circuit shown in Figure 3.11. 

Material Rs(Ω) Rct(Ω/cm2) 

2D α-MoO3-x  13.3 19.3 

Bulk α-MoO3 9.7 43.7 

 

A comparison with previously reported HER activities related to molybdenum oxides, 

their compounds and heterostructures as well as selected reports on two dimensional 

molybdenum sulphides are summarized in Figure 3.12, which indicates the 

importance superiority of oxygen deficient 2D structure in HER.22, 39, 42-45 A recent 

work using mesoporous MoO3-x, reported a low overpotential value of 138 mV at 10 

mAcm-2 HER current density, however, a careful analysis of the HER polarization 

 

Rs R
ct
 

CPE 
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curves in this published work revealed that the actual value is ~148 mV (this is 

included in Figure 3.12).46 In addition, the synthesis process of mesoporous MoO3-x 

requires ~4 days, where the synthesis of 2D MoO3-x requires only 2 hours. Preparation 

of surfactant, precursors, and template removal process also increase the complexity 

for synthesising mesoporous MoO3-x. These also leave a concern regarding the purity 

of the MoO3-x structure (due to contradictory representation of the XPS and Raman 

spectra in the reported work) as the effect of residues may reflect on their HER 

overpotential and deteriorate the stability.46 As can also be seen, the 2D MoO3-x has a 

lower HER overpotential voltage in comparison to 1T or highly defected 2D MoS2,
39, 

42 which presents the superiority of the oxide of molybdenum in evaluated against 

dichalcogenide compounds of molybdenum. 

 

 

Figure 3.12. Comparison of the overpotentials of molybdenum oxides and disulphides, 

their compounds and heterostructures at 10 mA/cm2 current density, including polycrystalline 

Pt47, mesoporous MoO3-x
46, P doped MoO3-x

22, metallic 1T MoS2 sheets42, defect-rich MoS2 

sheets39, amorphous MoS2
45, core–shell MoO3–MoS2 nanowires43, MoO2/rGO composite44. 
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3.4. Conclusions 

In summary, the presented study illustrates a facile and reproducible strategy to 

synthesise oxygen deficient 2D nanosheets molybdenum oxides from stratified bulk α-

MoO3. The efficient performance of these nanosheets for electrocatalytic HER was 

then shown. The sheets on average made of 6 fundamental layers of molybdenum 

oxides and lateral dimensions of ~125 nm, leading to an aspect ratio of ~28. Elemental 

analysis revealed the formation of oxygen vacancies in the 2D α-MoO3-x nanosheets. 

Structural and vibrational analyses showed highly ordered planar structure of the 

synthesized 2D nanosheets. In alkaline media, the 2D α-MoO3-x nanosheets exhibited a 

considerable HER performance with the low overpotential value of 142 mV (achieved 

at standard 10 mAcm-2 current density). The key factors affecting HER activity were 

shown to be the combination of oxygen deficient structure and large surface area of 

2D feature of the synthesized nanosheets with structural defects and steps, which 

significantly augmented the density of catalytic sites for efficient HER.  

This finding constitutes the first system in which 2D α-MoO3-x nanosheets were 

utilized in electrocatalytic HER. The oxygen vacancies in 2D α-MoO3-x nanosheets 

can be fine-tuned using different methods such as controlled solar or UV light 

irradiation, which has been demonstrated previously.6, 19 The synthesis approach, with 

controlled tuning of oxygen vacancies, could be suitable for designing and the 

exfoliation of other layered transition metal oxides for HER or other electrochemical 

applications. 
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Chapter 4 

Two dimensional PbMoO4: a photocatalytic material 

derived from a naturally non-layered crystal 

 

 

4.1. Introduction 

Metal molybdates, with relatively large bivalent cations (Ba, Pb, Sr and Ca with ionic radius 

>0.99 Å), are typically found in the scheelite-type structures of non-layered body centred 

tetragonal nature.1 These materials offer chemical and physical properties suitable for 

different applications.2-13 Amongst the family of metal molybdates, lead molybdate 

(PbMoO4) has shown to offer high stability and interesting photophysical and photocatalytic 

properties,1, 8, 14-21 due to its favourable band edge positions.12, 22-25 Different liquid and 

gas/vacuum phase synthesis methods have been used for establishing low dimensional 

PbMoO4 crystals.8, 12, 21, 24, 26-31 However, none of these methods favours the growth of 

nanosheets with two dimensional (2D) morphologies, as PbMoO4 is not a naturally stratified 

crystal (Figure 4.1a).  

Layered materials of van der Waals nature are traditional sources for synthesizing 2D 

nanosheets due to their weakly stacked layers.32-37 A range of methods have been adopted to 

exfoliate layered materials, however, liquid phase exfoliation techniques are the most widely 

explored methods for high throughput applications.33, 34 Nevertheless, these techniques 

The contents of this chapter is published in Datta et al., Nano Energy, 2018, 49, 237–246. 
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cannot be used for exfoliating metal molybdates such as PbMoO4. These materials only exist 

in non-stratified crystal structures, and therefore, direct exfoliation into 2D nanosheets is not 

achievable.  

Herein, a novel two-step room-temperature synthesis process to transform defect rich 2D α-

MoO3-x nanosheets into 2D PbMoO4 nanosheets using aqueous PbCl2 was utilized, which 

overcome the lack of access to PbMoO4 crystals directly. In this work, a comprehensive 

analyses of the as synthesized and transformed 2D nanosheets is provided and carefully 

assessment of their 2D structural features, crystal and electronic properties are presented. The 

2D sheets of PbMoO4 are found to be rich in trap states and stable under simulated sun light. 

This work presents a strong dye degradation performance of the synthesized 2D PbMoO4 

nanosheets compared to other morphologies and characterize the electronic structure of the 

material, describing the enhanced photocatalytic activity. 

 

4.2. Methods 

4.2.1.  Synthesis of 2D Nanosheets  

Liquid phase exfoliation was utilized to synthesize 2D molybdenum oxide nanosheets. The 

method was adopted from previously described works with slight modifications.38-40 

Molybdenum oxide powder, 3 g (99% purity, from US Research Nanomaterials, Inc.), was 

ground with 600 µl ethanol for 20 mins. The ground powder was then mixed into 45 ml of 

ethanol solution, which was then probe-sonicated (Ultrasonic Processor GEX500) for 60 

mins at 100 W. Afterwards, the probe-sonicated solution was centrifuged at 2500 rcf for 30 

mins and finally, the supernatant (yellow/blue colour) containing 2D molybdenum oxide 

nanosheets was collected. 



83 

4.2.2. Synthesis of 2D PbMoO4 Nanosheets Using Lead (Pb) Ions  

In this work, 1 mM of PbCl2 solution was prepared separately, in Milli-Q water. 

Transformation of 2D nanosheets into 2D PbMoO4 was achieved by mixing 2D molybdenum 

oxide nanosheets suspension (dispersed in Milli-Q water) with a small amount of PbCl2 

solution (1 ml of as prepared PbCl2 solution in 8 ml of 2D molybdenum oxide suspension). 

From this mixture, the excess PbCl2 was removed following high speed centrifugation 

process and 2D PbMoO4 nanosheets were collected. 

 

4.2.3. Apparatus 

Atomic force microscopy (AFM) was carried out using a Bruker Dimension Icon AFM. X-

ray photoelectron spectroscopy (XPS) was conducted on a Thermo scientific K-Alpha 

instrument equipped with monochromated aluminium K- α source (1486.7 eV). Raman 

spectroscopy was performed using 532 nm laser on a LabRAM HR Evolution Raman 

spectrometer (Horiba Scientific). X-ray diffraction (XRD) patterns of the 2D nanosheets were 

collected using a Bruker D4 ENDEAVOR with monochromatic Cu Kα as radiation source 

(λ= 0.154 nm). The solutions containing 2D nanosheets were drop casted onto Cu grids for 

high resolution transmission electron microscopy (HRTEM - JEOL 2100F) characterizations. 

Transmission electron microscopy (TEM) was conducted using JEOL 1010. The amount of 

weight variation of the material, as a function of increasing temperature and time, were 

evaluated by thermogravimetric analysis (TGA) using Perkin Elmer Pyris 1 in an atmosphere 

of nitrogen gas, providing a measure of the 2D MoO3 concentration. Absorbance pattern 

measurements were recorded using an Agilent Cary 60 Ultraviolet-Visible (UV-Vis) 

Spectrophotometer and Lambda 1050 UV/Vis/NIR Spectrometer (Perkin Elmer) equipped 

with a 150 mm InGaAs integrating sphere. Zeta potentials of the 2D nanosheets were 

determined using a Zetasizer Nano ZS equipment (Malvern Instruments, Worcestershire, 



84 

UK). The photoemission spectroscopy in air (PESA) was performed using a Riken Keiki AC-

2, photoelectron spectrometer. Inductively coupled plasma mass spectrometry (ICP-MS) was 

conducted using Agilent Technologies HP4500 series 300, Shield Torch ICP-MS. The 

working solution was mixed with 2% nitric acid before conducting the measurements. 

 

4.2.4. Evaluation of Photocatalytic Activity  

Photocatalytic activities of the as-synthesized samples were evaluated by the degradation of 

rhodamine B (RhB) in aqueous solution. In this work, 1 mL of the 10 µM dye solution was 

added into ~75 µg (dispersed in 4 mL of Milli-Q water) of the photocatalysts. The solutions 

were allowed to stabilize for 30 min in the dark prior to any experiment. The photocatalytic 

degradation of RhB was performed using a Sol3A class AAA solar simulator IEC/JIS/ASTM 

equipped with a 450 W Xenon lamp. A silicon reference cell (accredited by NIST to the ISO-

17025 standard) was utilized to adjust the power of the illuminated solar light to precisely 1 

sun (AM1.5). 

 

4.3. Results and discussion 

The 2D molybdenum oxide nanosheets were synthesized using a procedure that was 

previously developed (described in the Methods section and chapter 3 of this thesis).40 In 

brief, 2D molybdenum oxide suspensions were first obtained from the bulk α-MoO3 powder 

following a grinding-assisted mechanical liquid phase exfoliation method. The suspension 

has a yellow/blue colour (Figure 4.1). The yield of the 2D molybdenum oxide nanosheets 

was measured as ~18.5 µg/mL, following a previously reported method using TGA.39 Here, 

ethanol enhanced the exfoliation process due to its favourable synergy with the surface 



85 

energy of α-MoO3.
39 In addition, the suitable properties of ethanol and surface energy of α-

MoO3 facilitate a stable colloidal suspension after exfoliation.39, 41, 42  

For a Pb containing salt in an aqueous solution the dominant species are Pb2+ or Pb(OH)+.43 

As the zeta potential shows negative surface charge MoO3, it is expected that Pb2+ or 

Pb(OH)+ are electrostatically attracted to the surface of this material. The favourable band 

and crystal structure of MoO3 allows the efficient intercalation of Pb2+ or Pb(OH)+ species 

into layered -MoO3. Here, Pb2+ cations acts as electron pair acceptors (Lewis acids), where 

the electron pair donors (Lewis bases) are MoO2
4- anions which are electron pair donor 

units.1 However, this intercalation is topotactic, which result in the structural changes and the 

formation of scheelite-type PbMoO4. 

Here, the formation of 2D PbMoO4 nanosheets was achieved by stirring of the 2D α- 

molybdenum oxide suspension (dispersed in Milli-Q water) with the aqueous PbCl2 solution 

(see Experimental Methods). Excess salt was removed using a centrifugation based workup 

protocol and the obtained 2D PbMoO4 nanosheets were finally dispersed in Milli-Q water. 

The crystal structures of both of the materials (Figure 4.1a) and a schematic describing the 

step-by-step synthesis process from bulk α-MoO3 to 2D molybdenum oxide and 2D PbMoO4 

nanosheets are presented in Figure 4.1b. 

A series of characterizations were applied to assess the 2D structural features and crystal 

properties of both 2D molybdenum oxide and 2D PbMoO4 nanosheets. Furthermore, these 

nanosheets were then incorporated for photocatalytic reactions to evaluate their potentials in 

degradation of organic pollutants under solar light irradiation as presented in detail in the 

Experimental Methods section. 
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Figure 4.1. (a) Crystal structures of orthorhombic α-MoO3 and scheelite-type PbMoO4 

and (b) schematic diagram describing the step-by-step synthesis process from bulk MoO3 to 

2D PbMoO4 nanosheets.  

 

The thicknesses and lateral dimensions of the 2D nanosheets were investigated using AFM. 

As can be seen, the thickness of pristine exfoliated 2D molybdenum oxide nanosheets has the 
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average thickness (Taverage) of ~4.5 nm (Figure 4.2a), which corresponds to ~6 fundamental 

layers of α-MoO3 (monolayer thickness is 0.7 nm).44 AFM analysis of the 2D PbMoO4 

nanosheets revealed that their thickness on average increased by 0.6 nm compared to the 2D 

molybdenum oxide nanosheets (see Figure 4.2d). This increase in the thickness of the 

nanosheets occurred due to the Pb2+ uptake in the sheets and crystal structure transformation. 

AFM also revealed that the pristine 2D molybdenum oxide and 2D PbMoO4 nanosheets have 

average lateral sizes (Laverage) of approximately 125 and 120 nm, respectively (Figure 4.2c, f). 

The difference is within the measurement error, which signifies that the lateral dimensions of 

the nanosheets have not changed after the formation of 2D PbMoO4 nanosheets. The Taverage 

and Laverage values obtained for both 2D molybdenum oxide and 2D PbMoO4 nanosheets also 

lead to aspect ratios (Laverage / Taverage) of ~28 and ~25, respectively, which is in agreement 

with the previously reported values obtained for the exfoliated 2D molybdenum oxide 

nanosheets using the adopted method.39 Interestingly, the AFM characterisations also 

revealed that both of the 2D nanosheets contain step-rich basal surfaces (Figure 4.2b, e), 

which should enhance the dangling bonds and reaction active sites.40 
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Figure 4.2. AFM characterization of 2D nanosheets (a, b, c) frequency histogram of the 

observed thickness and AFM image of the nanosheet (inset), corresponding thickness profile, 

frequency histogram of the observed lateral sizes of the 2D molybdenum oxide nanosheets 

and (d, e, f) frequency histogram of the observed thickness and AFM image of the nanosheet 

(inset), corresponding thickness profile, frequency histogram of the observed lateral sizes of 

the 2D PbMoO4 nanosheets. 

 

 

The XPS was utilized to investigate the changes to the chemical environment and binding 

energies of the 2D molybdenum oxide due to the formation of 2D PbMoO4 nanosheets. The 

XPS spectra of the Mo 3d region are presented Figure 4.3. The Mo 3d3/2 and Mo 3d5/2 peaks 

are observed in the expected region for the pristine exfoliated 2D MoO3 nanosheets.38 Due to 

the formation of 2D nanosheets, two new peaks at the lower binding energies of 235.9 and 

232.8 eV were observed, which correspond to the Mo5+ oxidation state (see Figure 4.3a).39, 45 

The emergence of Mo5+ oxidation state indicates the presence of oxygen vacancies in the 2D 
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nanosheets and thus, the material represents reduced 2D α-MoO3-x structure,46 rather than 

stoichiometric α-MoO3. Upon the Pb2+ uptake, a shift to lower binding energies was observed 

for both peaks, confirming the aforementioned charge transfer.47 In Figure 4.3b, Mo 3d5/2 

peak at 232.6 eV and Mo 3d3/2 peak at 235.6 eV represent Mo6+ oxidation state in 2D 

PbMoO4.
22, 48, 49 These values were found to be in agreement with the previously reported 

literature with binding energy difference of the 3d doublets as 3 eV for PbMoO4, in 

comparison to α-MoO3 that shows a difference of 3.1 eV.38, 48, 49 The shift to lower binding 

energies and slight change in the energy difference of the two peaks indicate the change in 

the environment around Mo atoms due to Pb2+ uptake.47 In addition, the binding energy of O 

1s increased from 531.4 to 532.2 eV for the 2D PbMoO4 compared to 2D α-MoO3-x (see 

Figure 4.3c, d), which shows the possible change in the chemical state of O.22 From the Pb 4f 

XPS spectrum of the 2D PbMoO4 presented in Figure 4.3e, it is observed that doublet peaks 

appear at 138.3 and 143.4 eV, which are assigned to Pb 4f7/2 and Pb 4f5/2, respectively.50, 51 

These peaks represent the Pb-O bond, which emerges from Pb2+ ions of PbMoO4.
23, 51 

 

 

Figure 4.3. (a, b) Mo 3d XPS spectra of 2D α-MoO3-x and 2D PbMoO4, (c, d) O 1s XPS 

spectra of 2D α-MoO3-x and 2D PbMoO4, (e) Pb 4f XPS spectra of 2D PbMoO4. Dotted rings 

represent the original data.   
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The samples were then characterized using Raman spectroscopy to evaluate their vibrational 

changes before and after the formation of 2D PbMoO4. The measurements were conducted at 

532 nm excitation (with 0.9 mW laser power) and samples were tested on gold coated 

substrates. Raman spectrum of 2D α-MoO3-x exhibits strong peaks at the 282, 664, 818, and 

995 cm-1, which are all in agreement with the previously reported peak positions of slightly 

reduced orthorhombic molybdenum oxide (see Figure 4.4a).38, 52 The 282 cm-1 peak 

correspond to the bending mode for the double bond (Mo=O) vibration and the peak at 

664 cm-1 is related to the tri-coordinated oxygen (Mo3–O) stretching mode.53 The 818 cm-1 

peak can be assigned to the bi-coordinated oxygen (Mo2–O) stretching mode, while the 

995 cm-1 peak is attributed to the terminal oxygen (Mo6+=O) stretching mode.39 The Raman 

peaks at lower wavenumbers of 375 and 336 cm-1 represent the Mo=O and Mo3–O bending 

modes, respectively.53 Additionally, the 489 and 890 cm-1 peaks represent the oxygen 

vacancies in 2D α-MoO3-x nanosheets, which can be ascribed to Mo=O and Mo2–O stretching 

modes of α-MoO3-x, respectively.40, 54 Interestingly, several new intense peaks appeared 

(while all the conventional α-MoO3 peaks disappeared) upon Pb2+ uptake (see Figure 4.4b), 

which may be due to structural changes induced by the insertion of Pb2+ into 2D α-MoO3-x 

nanosheets. The Raman peak at 868 cm-1 corresponds to the symmetric stretching of [MoO4] 

clusters in the PbMoO4 crystal.55 The peaks at 742 and 768 cm-1 can be assigned to the anti-

symmetric vibration and stretching modes, respectively.55 The modes at 317 and 348 cm-1 

represent the asymmetric and symmetric bending of MoO4 tetrahedrons, respectively.56 These 

results are in agreement with the scheelite-type PbMoO4 structure,57, 58 suggesting a complete 

transformation of 2D α-MoO3-x crystals into 2D PbMoO4. 
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Figure 4.4. Raman spectra of (a) 2D α-MoO3-x and (b) 2D PbMoO4 and XRD patterns of 

(c) 2D α-MoO3-x and (d) 2D PbMoO4. 

 

XRD patterns of both the materials deposited on glass substrates were analyzed in order to 

understand any changes in the crystal structure of the 2D α-MoO3-x after the reaction with 

Pb2+ ions. Peaks of 2D α-MoO3-x are indexed to orthorhombic molybdenum oxide crystal 

structure with lattice parameters of a = 3.962 Å, b = 13.858 Å, c = 3.697 Å (JCPDS 05-

0508). The most intense diffraction peaks correspond to the (0 2 0), (1 1 0), (0 4 0), (0 2 1) 

and (0 6 0) planes of 2D α-MoO3-x, respectively (see Figure 4.4c).39, 53 In the 2D PbMoO4 

sample, several new intense peaks were found to appear at 17.8◦, 27.5◦, 29.3◦, 32.9◦, 37.9◦, 

44.9◦, and 47.3◦, while the conventional α-MoO3 peaks disappeared. The XRD patterns in the 

(a) 

(b) 

(c) 

(d) 
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2D PbMoO4 sample are in agreement with diffraction patterns observed for the body-centered 

tetragonal structure (scheelite-type) of PbMoO4 crystals (JCPDS card no. 44–1486), 

indicating the transition from orthorhombic molybdenum oxide to PbMoO4 crystal.52, 59 The 

most intense diffraction peaks can be assigned to the (1 0 1), (1 1 2), (0 0 4), (2 0 0), (1 1 4), 

(2 0 4), and (2 2 0) planes of 2D PbMoO4 nanosheets, respectively (see Figure 4.4d).1, 52 The 

XRD signatures, together with the findings of Raman spectroscopy, are strong identifications 

that significant and complete crystal transformation from 2D α-MoO3-x to 2D PbMoO4 

crystals has taken place. 

The atomic scale crystal changes in the 2D sheets were further investigated using the 

HRTEM analysis. Here the lattice fringes of the 2D α-MoO3-x nanosheets exhibit a spacing of 

0.39 nm (see Figure 4.5a), which is associated to the (1 0 0) plane of α-MoO3-x.
38, 40 The 

corresponding fast Fourier transform (FFT) patterns also revealed (1 0 0) plane (inset of 

Figure 4.5b), which is associated to the orthorhombic crystal structure of α-MoO3-x.
40 Figure 

4.5b shows the TEM images of as synthesized 2D α-MoO3-x nanosheets, which are in 

accordance with the AFM analysis presented in this paper. Significant changes in the lattice 

fringes of 2D nanosheets occurred due to the formation of 2D PbMoO4. New lattice 

arrangements were found with a spacing of 0.22 nm (Figure 4.5c), which is consistent with 

the (1 0 5) plane of scheelite–PbMoO4.
53 This plane is also in accordance with the 

corresponding FFT patterns (inset of Figure 4.5d). Figure 4.5d presents the obtained 2D 

PbMoO4 nanosheets, which is also in agreement with the AFM study. These observations 

confirm that the Pb2+ ions induced a structural transition from highly crystalline orthorhombic 

α-MoO3-x to highly crystalline scheelite PbMoO4 nanosheets. 
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Figure 4.5. HRTEM images with corresponding FFT patterns (insets) and large area TEM 

images of (a, b) 2D α-MoO3-x and (c, d) 2D PbMoO4.  

 

For a comprehensive evaluation of the semiconducting properties of 2D α-MoO3-x and 2D 

PbMoO4 nanosheets, the electronic band structure of the nanosheets were determined using 

Tauc plots from UV-Vis measurements, together with XPS valence band (VB) spectra and 

PESA analysis. 

In order to determine the bandgap of both the 2D nanosheets, integrating sphere supported 

UV-Vis spectroscopy was conducted. The 2D α-MoO3-x suspension spectrum has an 

absorbance appearing from 420 nm extending to lower wavelengths (see inset of Figure 4.9a) 

and in agreement with previously reported literature.60 Here the bandgap of the exfoliated 

material is ~3.1 eV (see Figure 4.6a). For the 2D PbMoO4 nanosheet suspension, absorbance 

starts from a lower wavelength region at 380 nm (see inset of Figure 4.8a) due to its wider 
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bandgap.61, 62 Here the molybdate, which has been suggested to have a direct band structure23, 

has the bandgap value of ~3.40 eV (see Figure 4.6b). 

The VB XPS spectrum determines the difference between valence band maximum (VBM) 

and the Fermi level.63, 64 Here, the XPS VB spectra revealed that the VBM position for 2D α-

MoO3-x resides at 3.0 eV below the Fermi level (see Figure 4.6c), where the value was found 

to be 2.8 eV for the 2D PbMoO4 nanosheets (see Figure 4.6d). Interestingly, the XPS VB 

spectra of both the 2D nanosheets exhibit the presence of trap states within the VB and Fermi 

levels in both cases (see Figure 4.6c, d). In 2D metal oxide nanosheets, the trap states arise 

from the oxygen or metal ion vacancies.63, 65 As the initial 2D α-MoO3-x contains oxygen 

vacancy type defects in its structure (see Figure 4.3a and 4.4a), the synthesized 2D PbMoO4 

also likely to display similar defects. The presence of trap states within the bandgap can 

effectively shift the photo-response towards the visible range and therefore, 2D PbMoO4 

become available for the efficient absorption of solar light.  

The PESA signal measured for the metal oxides are often associated with the Fermi level of 

the material.63, 65 Here, the Fermi level of 2D α-MoO3-x was found to be at -5.50 eV with 

respect to vacuum (vac), where the level was at -5.0 eV for the 2D PbMoO4 nanosheets, 

indicating the shift in band structure (see Figure 4.6). The calculated CB positions for the 2D 

α-MoO3-x and 2D PbMoO4 nanosheets are found at 5.4 eV and 4.4 eV, respectively, which 

are in accordance with the previously reported values.13, 66 The estimated electronic band 

structures of 2D α-MoO3-x and 2D PbMoO4 based on Tauc plot, XPS VB spectra and PESA 

are presented in Figure 4.7. The CB edge of 2D PbMoO4 nanosheets is found to be well 

positioned to facilitate the degradation of organic pollutants. In addition, the trap states 

observed in the XPS VB spectra also have been incorporated in the band diagram to provide a 

better insight regarding the band structures. 
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Figure 4.6. The Tauc-plots of (a) 2D α-MoO3-x and (b) 2D PbMoO4, XPS valence graphs 

of (c) 2D α-MoO3-x and (d) 2D PbMoO4 nanosheets and PESA patterns of (e) 2D α-MoO3-x 

and (f) 2D PbMoO4.  
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Figure 4.7. Energy level diagrams of 2D α-MoO3-x and 2D PbMoO4 with the estimated 

conduction band minimum (ECBM), valence band maximum (EVBM) and Fermi level (EFermi). 

 

In order to evaluate the surface activity of both the 2D nanosheets, photocatalytic 

performances were assessed via the decomposition of an organic pollutant. RhB compound 

was chosen as a standard dye due to its extensive usage in previous works on investigating 

photocatalytic activities.22, 63 The gradual degradation of the characteristic absorbance 

spectrum for RhB dye with the aid of photocatalysts (2D nanosheets) under solar light 

irradiation was investigated to evaluate their photocatalytic performances. Photocatalytic 

degradation of RhB was carried out for 120 mins and in regular intervals (30 mins) the 

absorbance of each mixture was measured to evaluate the photodegradation rate in the 

presence of photocatalysts. 

The absorbance spectra of the reaction mixtures containing RhB and suspended 2D 

nanosheets, before and during photocatalysis process, are presented in Figure 4.8a and 

Figure 4.9a. The characteristic absorption peak of RhB (centred at 554 nm) degrades 

significantly and nearly disappears within 120 mins in the presence of 2D PbMoO4 

nanosheets (Figure 4.8a). This also indicates the breakdown of chromophoric configuration 

of RhB dye. Figure 4.8b represents the relative absorbance change (At/A0) and dye 
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degradation percentage of RhB in the presence of 2D PbMoO4 nanosheets. In the presence of 

2D PbMoO4 nanosheets and under solar light, it is observed that 72% of RhB is eliminated 

after 2 hours (Figure 4.8b).  

 

 

Figure 4.8. (a) The UV-Vis absorption spectrum of RhB in the presence of the 2D 

PbMoO4 catalyst of simulated solar light irradiation with the inset showing the UV-Vis 

absorption spectrum of 2D PbMoO4 measured using an integrating sphere employed UV-Vis 

equipment and (b) photo degradation of RhB in the presence of the 2D PbMoO4 catalyst 

under solar light irradiation.   

 

In contrast, 2D α-MoO3-x exhibited inferior performance as a photocatlytic, where only 40% 

of RhB is eliminated after 2 hours of illumination under solar light (Figure 4.9b). The 

inferior photocatalytic performance of molybdenum oxides is often reported in the previous 

literatures.67-69 Unfortunately, 2D α-MoO3-x significantly reduces under solar or UV light 

irradiation via the creation of further oxygen vacancies,38, 39 and hence becomes unstable in 

photocatalytic experiments. In addition, metal oxides tend to functionalize with carboxylic 

linked organic components (such as RhB) and therefore, adsorbs strongly onto their 
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surface.70, 71 This is also evident in the UV-Vis graphs, where significant change in the 

absorbance of lower wavelength region was observed from Figure 4.9a, which is likely 

associated with the adsorption or aggregation of dye molecules onto the surface of 2D α-

MoO3-x nanosheets.  

 

Figure 4.9. (a) UV-vis absorption spectra of RhB in the presence of the 2D α-MoO3-x 

catalyst of simulated solar light irradiation with the inset showing the UV-vis absorption 

spectrum of 2D α-MoO3-x measured using integrating sphere employed UV-vis equipment 

and (b) photo degradation of RhB under solar light irradiation.   

 

The adsorption of RhB onto 2D α-MoO3-x nanosheets surface can also be seen in the zeta 

potential graph measured after the photocatalytic process. Initially, the zeta potential values 

for both the 2D nanosheets were measured to be negative, in which 2D molybdenum oxide 

showed -49.1 mV, while the 2D PbMoO4 nanosheets exhibited a value of -34.5 mV (see 

Figure. 4.10a, b). The relatively large absolute zeta potential values for both the materials 

indicate good electrostatic stability of the colloidal dispersions.39 This means high 

electrostatic repulsion is present between the adjacent 2D nanosheets, which prevents the 

aggregation. In order to investigate the mid-term stability of the colloidal dispersions, both 
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the samples were assessed after 7 days. Only 1.4 and 1 mV drop was observed for the 2D 

molybdenum oxide and 2D PbMoO4 nanosheets, respectively (see Figure 4.11). These values 

are still in the range of good stability that signify their stable colloidal dispersions.39 

However, a significant drop of ~25 mV was observed compared to the initial 2D MoO3-x 

nanosheets due to the absorption of RhB molecules, which suggests that the materials are 

highly aggregated (see Figure 4.10c). In contrast, only ~3 mV drop was observed for the 2D 

PbMoO4 nanosheets (see Figure 4.10d), which signifies the stability of 2D PbMoO4 

nanosheets for the photocatlytic degradation of RhB molecules. 
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Figure 4.10. Zeta potential graphs of (a) initial 2D α-MoO3-x and (b) 2D PbMoO4, and (c) 

2D α-MoO3-x and (d) 2D PbMoO4 after RhB degradation.  
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Figure 4.11. Zeta potential graphs of (a) 2D α-MoO3-x and (b) 2D PbMoO4 after 7 days. 

 

In addition, blank experiments were conducted without any solar light illumination to assess 

the adsorption effect of dye molecules onto the surface of the catalysts. Overall, the 

observation of the dark experiment signifies the effective degradation of organic molecules 

by the 2D PbMoO4 as only ~7% RhB degraded without the solar light illumination after 120 

mins (Figure 4.12a). However, the blank experiment conducted using 2D MoO3-x revealed a 

significant adsorption effect of the RhB molecules to the surface as predicted. This control 

experiment confirmed that ~24% decrease in the intensity of RhB peak occurred during the 

experimental timeframe of 120 mins (Figure 4.12b), confirming the adsorption of RhB onto 

aggregated 2D α-MoO3-x nanosheets. Figure 4.13 represents the optical images of this 

experiment, which signify the adsorption effects of RhB molecules on 2D α-MoO3-x 

nanosheets. 
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Figure 4.12. The photo degradation of RhB in the presence of (a) 2D PbMoO4 catalyst and 

(b) 2D MoO3-x catalyst without solar light irradiation. 

 

 

Figure 4.13. Optical images of the photo degradation of RhB in the presence of (a) 2D 

PbMoO4 catalyst and (b) 2D MoO3-x catalyst without solar light irradiation. 

 

A comparison between the dye degradation performance of 2D PbMoO4 nanosheets observed 

in this work and a selection of previous reports on lead molybdates and tungstates with 

different morphologies are summarized in Table 1. As can be seen in Table 1, most of the 
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(a) 
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reports utilized high power UV illumination, which do not comply with the experimental 

conditions applicable for the real life applications.63 Additionally, the usage of high power 

UV illumination results in exaggerated dye-degradation rates in wide bandgap 

semiconductors.63 In contrast, the experimental procedure adopted in this work employs a 

custom designed solar simulator that illuminates calibrated solar light with a spectrum that 

nearly represents natural solar irradiation. Despite being investigated only under the 

simulated sun light and not the UV light, the photocatalytic performance of 2D PbMoO4 

nanosheets outperforms all previous reports presented in Table 4.1, which indicates the 

superiority and importance of 2D PbMoO4 nanosheets in photocatalytic degradation of 

organic pollutants, in comparison to other nano morphologies of this crystal. 
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Table 4.1. Summary of RhB degradation performances of lead molybdates and tungstates. 

Material Morphology  Dimension

/ 

Thickness 

Surface 

area 

m2/g 

Light 

source 

Dye 

concentration 

(g/L) 

Degradation 

rate 

(%µmolg-1h-1) 

Ref 

PbMoO4 

 

Spherical 

nanoparticles 

~50 nm/- 1.1 UV lamp 0.005 0.25 24 

PbMoO4 (in 

pH 4) 

 

Spherical 

nanoparticles 

~50 nm/- 1.1 UV lamp 0.005 1.1 24 

PbMoO4 

 

Oval shape 

particles 

~250 nm/- 2.52 UV lamp 0.005 7 12 

Eu3+ doped 

PbWO4 

Dendritic 

nanostructures 

12 µm/- - Mercury 

lamp 

- 5.7 65 

PbWO4  Micro-leaves ~6 µm/- 2 Visible 

light 

0.005 3.25 72 

PbMoO4 Two-

dimensional 

nanosheets 

120 nm/ 

5.1 nm 

45.23 Solar 

lamp 

0.005 69.3 This 

work 

 

The rate constant of the dye degradation was also determined using the Langmuir 

Hinchelwood model. The Langmuir–Hinshelwood expression identifies the kinetics of 

photocatalytic processes and it is given below73: 

𝑟 =
𝑘𝑟𝐾𝐶

1 + 𝐾𝐶
 

Here, r represents the rate of reaction that changes with time t, kr is the reaction rate constant 

(slope of ln(C/C0) vs Time plot), K is the adsorption coefficient of the dye, C is the dye 

concentration at any time t. 

For the 2D PbMoO4 and 2D MoO3-x photocatalysts, the calculated values of rate of reaction 

(r) are 90 μgL-1min-1 and 38 μgL-1min-1, respectively, which signifies the importance of 2D 

PbMoO4 in dye degradation. 

The presence of trap states effectively reduces the bandgap of 2D PbMoO4, making it feasible 

for the solar light driven photocatalytic experiment. The suitable band position of PbMoO4 

for dye degradation also plays a significant role that increases the photocatalytic performance 
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of 2D PbMoO4.
22, 23 This is also evident in the band structure diagram presented in Figure 

4.7. The estimated CBM position of 2D PbMoO4 nanosheets suggests that the minimal 

driving force is required to produce superoxide (O2
-•) radicals. Eventually, these radicals play 

a significant role for decomposing the organic dye RhB. The CBM and VBM of 2D PbMoO4 

nanosheets are determined by the d0/p2 electron orbit of Mo6+/Pb2+ and the O2p electron 

orbital, respectively.23 After solar light illumination, the strong polarization of Pb2+ and Mo6+ 

trigger the charge transfer between O2- ions and Mo6+/Pb2+ ions and facilitates the 

photocatalytic dye degradation process.23 The significant improvement in photocatalytic 

activity of the 2D PbMoO4 nanosheets can also be attributed to its 2D features. The ultrathin 

facets of 2D nanosheets which provides high surface area and is also rich in dangling bonds 

facilitate reaction active sites.40 Steps of the basal surface (steps presented in AFM 

characterisation, Figure 4.2e) also contribute to the enhanced active sites. In order to 

determine the specific surface area of the 2D PbMoO4 nanosheets, the samples were tested 

using N2 adsorption–desorption isotherms by the Brunauer–Emmett–Teller (BET) method. 

The surface area of the prepared 2D PbMoO4 was found to be 45.23 m2/g, based on the 

isotherm displayed in Figure 4.14. This value is higher compared to the previously reported 

surface areas of PbMoO4 of various morphologies. The comparative analysis is summarized 

in Table 1. 
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Figure 4.14. BET surface area plot of 2D PbMoO4 nanosheets. 

 

In order to ensure the safety of using a material with Pb in its structure, ICP-MS was 

conducted. The synthesized 2D PbMoO4 nanosheets was further filtered and separated using 

high speed centrifugation and the solvent (Milli-Q water) was analyzed using the ICP-MS. 

Only 0.3 ppb concentration of Pb was found in the solvent, which is well-below the standard 

levels of wastewater discharge and also below the standard limits set by WHO for drinking 

water.12, 47 The stability of the 2D PbMoO4 nanosheets in photocatalytic test was further 

investigated using Raman spectroscopy. Figure 4.15a, b compares the Raman spectra 

obtained before and after the photocatalytic experiment, which shows no structural change 

occurred in 2D PbMoO4 nanosheets after the degradation of RhB molecules. These results 

indicate the high stability, safety and promise of 2D PbMoO4 nanosheets in photocatalytic 

degradation of organic pollutants. In contrast, a newly appeared broad peak centred at 953 

cm-1 was observed for the 2D α-MoO3-x nanosheets after the photocatalysis process (see 

Figure 4.15c, d), which signifies the possible vibrational change on the surface of this 

material and shows its instability in the photocatalytic process. 
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Figure 4.15. Raman spectra of 2D PbMoO4 (a) before and (b) after RhB degradation, and 

Raman spectra of 2D MoO3-x (c) before and (d) after RhB degradation. 

 

4.4. Conclusion 

Despite the fundamental restriction that non-stratified metal molybdates do not have a natural 

inclination to form 2D morphologies, here an approach for synthesizing of 2D PbMoO4 

nanosheets is demonstrated. A facile and room temperature two-step method is applied to 

synthesize 2D PbMoO4 from 2D α-MoO3-x nanosheets via structural transformation by 

infusing Pb2+ ions in an aqueous solution. The 2D nanosheets are on average ~5.1 nm thick 

with lateral dimensions of ~120 nm, leading to an aspect ratio of ~25. Morphological and 

structural characterizations confirm that the synthesized 2D nanosheets were scheelite type 

PbMoO4 crystals that adopted the 2D morphologies of 2D α-MoO3-x. The electronic band 

structure revealed that the 2D PbMoO4 nanosheets were shown to belong to the wide bandgap 

semiconductor family with the value of 3.4 eV and favourable band positions for 

photocatalysis. However, the presence of trap states within the bandgap made it available for 

solar light absorption. 2D PbMoO4 is further employed for photocatalytic degradation of an 

organic dye, where this 2D material outperformed the previously reported morphologies of 
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(b) 

(c) 

(d) 
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PbMoO4 due to the high area of the 2D nanosheets and the presence of trap states. This 

suggests the high potential of the synthesized 2D metal molybdate nanosheets in various 

photocatalytic applications. 

This finding constitutes the first system in which a non-stratified scheelite-type metal 

molybdate was synthesized into 2D nanosheets. ICP-MS measurement confirmed the 

environmental safety of this synthesis material. Thus, it is believed that the demonstrated 

approach could be suitable for synthesizing a range of metal molybdates into 2D form. This 

work should lead to the possibility of incorporating metal molybdates in a number of future 

applications. 
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Chapter 5 

Liquid metal derived ultrathin, highly flexible and large 

area printable two-dimensional ITO  

 

 

5.1. Introduction  

Transparent conductive oxides (TCOs) are a class of materials that gained tremendous 

economic importance due to their unique electronic band structure that enables high 

conductivity, while simultaneously rendering the material transparent in the visible range.1-3 

The high transparency of TCOs originates from a pronounced Moss-Burstein shift that leads 

to optical bandgaps substantially wider than the electronic gap.1 TCOs are mostly used as 

transparent electrodes in display technologies.2 These materials have also shown remarkable 

performance in other applications such as low emission windows,3-5 a variety of 

optoelectronic devices,6 solar cells,1, 3, 7 plasmonics8-10 and lab-on-a-chip biosensing.11  

Tin doped indium oxide (ITO) is one of the most important TCOs due to its excellent 

performance and the substantial developed knowledge base associated with its industrial use 

over several decades.12 Physical vapour-based depositions are the commonly practiced 

techniques to deposit ITO, which rely on vacuum technology and batch processing.2, 3, 13-15 

This increases the production costs and also adds complexity to the entire process. In 

The contents of this chapter is under review in Datta et al., Nature Electronics 
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addition, the typical film thickness of the deposited ITO is in the range of 50 to 500 nm, 

which is still not suitable to overcome the brittle nature of this material and thus incompatible 

with flexible electronics.16  

In response to these challenges, this chapter focuses on developing a scalable, low cost and 

low temperature printable synthesis method that allows creating ultrathin two dimensional 

(2D) ITO nanosheets with a thickness of only a few atoms at wafer scales. Reducing the 

thickness of a ceramic material to only a few atoms is known to substantially increase the 

material’s flexibility,17 allowing to overcome one of the most limiting properties of ITO. The 

developed ITO nanosheets are highly conductive and flexible, while absorbing significantly 

less light than graphene in the visible spectrum.  

 

5.2. Materials and Methods 

5.2.1. Materials 

Indium (In, 99.98%) and tin (Sn, 99.8%) were purchased from Roto Metals. All other 

chemicals were purchased from Sigma Aldrich. All materials were used as received. 

5.2.2. Synthesis of large area ultrathin 2D ITO using the squeeze-printing process  

The In-Sn alloys were synthesized using various Sn concentrations (between 0 and 20 at%). 

All alloys were prepared by melting the precursor metals inside a glass vial on a hot plate at 

200°C for 30 min. Homogeneous alloys without any solid tin inclusions were obtained for all 

compositions. 

During the printing process, a liquid droplet of the synthesized alloy (size ~1 to ~5 mm) was 

placed on a desired substrate (e.g. glass, quartz, SiO2/Si wafers, polyimide film) using a glass 

Pasteur pipette, with the substrate and alloy droplet being heated to 200°C, which is above 
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the melting point of all alloys (Figure 5.1a). A second substrate (pre-heated to 200°C) was 

used to press onto the centre of the droplet to spread the liquid alloy homogeneously between 

the two substrates (Figure 5.1b). The synthesis was conducted in ambient air and the 

squeezing process would be conducted within 2 minutes after placing the droplet onto the 

bottom substrate. An excessive pressure during the squeezing step can break or laterally slide 

the substrate, which is detrimental to obtain large homogeneous 2D nanosheet. After the 

squeezing step, the top substrate is vertically lifted and separated in a fast but deliberate 

motion, avoiding any lateral slip. Using this technique, homogeneous ultra-thin ITO sheets 

could be exfoliated onto both substrates. The strong van der Waals bond between the liquid 

metal’s oxide skin and the substrate facilitates the delamination of the oxide. Metal inclusions 

attached to the exfoliated sheets could be removed using a solvent assisted cleaning method 

explained below. Using this method, large area 2D ITO sheets, exceeding several centimetres 

in lateral dimension could be efficiently prepared. 

5.2.3. Mechanical cleaning procedure 

A facile mechanical washing process using ethanol was used to eliminate any liquid metal 

inclusions left on the surface of the ITO samples that were printed onto SiO2/Si wafers. 

During the cleaning procedure, a beaker was filled with ethanol and heated to boiling. The 

samples on SiO2/Si were submerged in the hot ethanol with the aid of tweezers. After 1 min, 

the metal inclusions in the exfoliated 2D ITO sheet could be completely eliminated by gently 

rubbing the submerged SiO2/Si wafer with a soft, lint-free wiping tool (i.e. lint-free cotton 

bud). The ITO sheets were found to be firmly attached to the silicon oxide surface due to 

strong van der Waals adhesion between ITO sheets and the substrate and remained intact 

throughout the cleaning procedure. 

The van der Waals adhesion of the 2D ITO sheets was found to be comparatively weak when 

polymer substrates such as polyimide were used. Therefore, the above mentioned procedure 
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was slightly modified to remove the metal inclusions for these samples. The soft wiping tool 

was dipped inside the hot ethanol and then delicately wiped across the surface of the 

exfoliated 2D sheets. Due to considerably weaker attachment of the metal particles to the 

polyimide sheet, the metal inclusions could be easily removed without damaging the 2D ITO 

sheets. 

5.2.4. Chemical cleaning procedure 

Substrates such as glass and quartz were found to show weaker van der Waals adhesion of the 

2D ITO when compared to the SiO2/Si wafers. Therefore, a chemical cleaning process was 

applied to remove the metal inclusions. An iodide/triiodide solution (I-/I3-; containing 100 

mmol L-1 LiI and 5 mmol L-1 I2) was prepared in ethanol and heated to 50°C on a hotplate. 

The substrates coated with 2D ITO were submerged into the heated I-/I3- solution and kept 

overnight to completely remove any metal inclusions. The samples were then washed in 

deionised water to remove any residual etchant. 

5.2.5. Characterizations 

XPS analysis was conducted on samples synthesized on SiO2/Si substrates. A Thermo 

Scientific K-alpha XPS spectrometer equipped with a monochromatic Al Kα source 

(hv = ~1486.6 eV) was utilized for this measurement. A concentric hemispherical analyser 

(CHA) was utilized to evaluate the chemical composition of the synthesized 2D ITO sheets 

with varying Sn at% concentrations. The core-level spectra were recorded by applying a pass 

energy of 100 eV, while a pass energy of 50 eV was used to record the valance band 

spectrum. Surface charging effects were eliminated by using a low-energy electron flood gun 

during the measurement. The optical spectra of samples deposited on quartz substrates were 

recorded using an Agilent Cary 60 Ultraviolet-Visible (UV–Vis) Spectrophotometer. For the 

transparency measurements, a blank quartz substrate was recorded for comparison. A Bruker 

Dimension Icon AFM was used to obtain the surface topography and thickness profile of the 
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2D ITO sheets exfoliated on SiO2/Si substrate using “Scanasyst-air” AFM tips. Gwyddion 

2.36 was utilized for AFM image processing and analysis. The low-resolution TEM 

measurements were performed using a JEOL 2100F microscope operated at an acceleration 

voltage of 200 kV. Dark field imaging and high-resolution TEM imaging was conducted 

using a Philips CM200 field emission TEM with an acceleration voltage of 200 kV. TEM 

image analysis was performed using the Gatan Microscopy Suite 1.8.4. software package. 

Thermally and mechanically robust carbon type B on Mesh 200 Cu, 25 TEM (purchased 

from Ted Pella, Inc.) membranes were used to directly print the 2D ITO sheets onto TEM 

grids. The printing process for the TEM samples entailed briefly and gently touching the 

liquid metal interface. The TEM grids were not found to require pre-heating.  

5.2.6. Four-point probe measurement 

Four-point probe measurements were utilized to obtain the sheet resistance data of the 

synthesized 2D ITO sheets on SiO2/Si substrates. Four equally spaced (200 μm space 

between each) chromium / gold (10 nm Cr, 100 nm Au) probes were deposited through a 

shadow mask onto the 2D ITO sheets using a PVD75-Kurt J. Lesker electron-beam 

evaporator deposition system. A Keysight source meter measuring unit was used to supply a 

low current (1-5 µA) through the outer probes and the voltage was recorded from the inner 

probes, in order to determine the sheet resistances of the synthesized 2D ITO sheets of 

varying Sn at% concentrations. 

5.2.7. Fabrication of LED circuit 

In order to showcase the conductivity of the transparent 2D ITO sheets exfoliated onto glass 

substrates, a simple circuit was designed and fabricated using a shadow mask and e-beam 

deposition of chromium / gold electrodes (10 nm Cr, 100 nm Au) (see Figure 5.1d). A large 

area 2D ITO sheet was exfoliated onto a glass substrate using the squeeze-printing process 

followed by the above described chemical cleaning process. The electrode pattern was 
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designed and deposited onto the 2D ITO sheets in such a way that the transparent 2D sheets 

close the LED circuit. An appropriate potential (5 V) was applied to turn on the LED. 

5.2.8. Fabrication of flexible device 

2D ITO was deposited onto polyimide sheets using the method described above. Two 

chromium / gold contacts (5 nm Cr, 50 nm Au) were placed at 1 mm distance onto the 2D 

ITO sheets. The device was then subjected to mechanically bending to a radius 3 mm, 2.5 

mm, and 2 mm, respectively, for 1000 bending cycles. The changes in resistances were 

recorded after set numbers of bending cycles using a FLUKE 116 multimeter. 

5.2.9. Fabrication of touch screen device and touch screen characterization 

The capacitive touch screen device was fabricated using two large area (~3 cm) printed ITO 

sheets that were deposited onto two sides of a single glass substrate (1 mm thick) (Figure 

5.12). Care was taken to ensure that both ITO sheets occupied opposing sides of the substrate, 

ensuring good overlap. Four chromium / gold (10 nm Cr, 100 nm Au) electrodes were 

deposited in a 1 by 1 cm square arrangement on the front side of the touch screen, while a 

single electrode was deposited to the back side using electron-beam evaporation. The entire 

front side of the device was then covered using a thin PET film that was physically adhered 

to the surface. An AC signal was then applied between one of the front electrodes and the 

back electrode using a network analyser (HP4195A). The capacitive change (∆C) was 

recorded once a conductive object such as a finger or a metal pin is brought into close 

vicinity of the front side of the device. A 3 x 3 pixel test pattern was followed and the 

response for each pixel was recorded for each of the four front electrodes. 
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5.3. Results and discussions 

The developed process utilizes low melting indium-tin alloys that can be applied in a liquid 

metal printing process, depositing 2D ITO on wafer scales.18-21 Liquid metals have been 

recently introduced as a reaction medium that facilitates the formation of large area 2D 

oxides.18-23 Low melting point post transition metals such as Ga, In and Sn undergo self-

limiting Cabrera-Mott oxidation in air, leading to the formation of nanometre thin surface 

oxides.23 If the metal is in its liquid state, adhesion of the surface oxide to the parent metal is 

minimal, allowing to apply van der Waals transfer techniques for transferring the grown 

oxide sheet onto desired substrates.18, 20, 22, 23 When alloys are used, the surface oxide is 

dominated by the oxide that provides the greatest reduction in free energy.22 In most cases 

this leads to the surface oxide of low melting liquid alloys being dominated by a binary 

oxide. This has been exploited for creating a variety of high quality 2D metal oxides that 

could be grown on the surface of complex low melting alloys which effectively function as a 

reaction solvent.22 Indium-tin alloys constitute an exception, since their surface oxide has 

been shown to be a ternary compound that contains both indium and tin, with an indium-tin 

ratio that resembles ITO.24 The high solubility of tin ions in indium oxide likely allows for 

the formation of a ternary oxide on the surface of these alloys, leading to ITO being 

thermodynamically favoured over pure In2O3 and SnO2.
24, 25  

The employed process entails placing a small droplet of the liquid alloy onto a desired 

substrate, followed by squeezing a second substrate from the top, spreading the droplet to 

cover the entire desired area (Figure 5.1a-c).20 The rapid nature of the Cabrera-Mott 

oxidation process in ambient air ensures the formation of a homogenous surface oxide as the 

metal expands, while the liquid nature of the parent metal allows the surface oxide to achieve 

conformal contact with the surface, leading to van der Waals attachment. When the two 

substrates are separated, the liquid droplet reverts into spherical shaped droplets due to the 
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high surface tension of liquid metal.20, 23 Any remaining metal inclusions could be removed 

with a developed cleaning process (refer to Methods), revealing highly transparent oxide 

sheets on a variety of substrates such as glasses, wafers and polymers. The deposited 

transparent oxide sheets were found to be conductive, being capable to bridge a gap in a 

circuit, switching on a light emitting diode (Figure 5.1d). 

 

 

Figure 5.1. (a) An indium-tin alloy droplet is placed onto a suitable substrate which is 

heated to 200°C. A second pre-heated substrate is gently pressed from the top. (b) Cross 

sectional view of the squeezed alloy placed between the two substrates. The liquid metal is 

pressed into a thin metallic film, with the interfacial surface oxide in conformal contact with 

the substrates. The crystal structure of ITO is provided in the inset. (c) When the top substrate 

is lifted, the liquid metal reverts to small spherical droplets due to its high surface tension, 

revealing large area ITO. (d) Light emitting diode (LED) demonstration circuit utilizing the 

printed 2D ITO to bridge a gap in the LED power circuit. The 2D ITO is visibly transparent 

and sufficiently conductive to allow for the LED to be switched on.  

 

A number of different alloy compositions with varying contents of tin were investigated and 

the sheet resistance was determined using four-point probe measurements. The sheet 

resistance of the deposited film was observed to first decrease with increasing the tin content, 

followed by an increasing sheet resistance after a tin concentration of 5 at% is exceeded 
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(Figure 5.2a). X-ray photoelectron spectroscopy (XPS) analysis of the samples revealed that 

the tin concentration in the oxide is slightly higher than in the parent alloy, likely due to the 

high solubility of Sn4+ ions in In2O3, reaching a Sn4+ concentration of 7.4 at% (excluding 

oxygen) for the oxide with the lowest sheet resistance (Figure 5.2c, d and Figure 5.3a, b). 

Interestingly, the observed tin-indium ratio in the optimized oxide is comparable to 

commercial ITO.25 Furthermore, the XPS spectra confirm the oxidation states of Sn and In as 

Sn4+ and In3+, without the presence of residual metallic (zero valent) inclusions, highlighting 

that the devised cleaning procedure effectively removed any remaining liquid metal (Figure 

5.2c, d).24 
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Figure 5.2. (a) Sheet resistance of 2D ITO nanosheets and tin concentration within the 

oxide layer for different initial alloy compositions. The Sn4+ concentration was measured 

using XPS. In accordance with the wider literature, the calculated at% refers to the cations 

only and the O2- ions are not included in the composition calculation. (b) UV-vis spectra of 

2D ITO deposited onto a quartz substrate. The inset shows the Tauc plot for the ITO sheet. 

(c) and (d) show the XPS spectra for the optimized ITO nanosheets, showing a single 

oxidation state for both In and Sn, corresponding well to literature reports of In3+ (444.6 eV) 

and Sn4+ (486.7 eV) found in ITO.24, 26 No elemental In (~443.8 eV) and Sn (~484.9 eV) 

were detected,24 highlighting that the synthesis procedure and subsequent workup procedure 

effectively remove any metallic residues. 
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Figure 5.3. (a) In 3d XPS spectra of various Sn doped 2D ITO nanosheets synthesized 

using squeeze-printing process. The given tin concentration (at%) has been calculated from 

the XPS spectra of the Sn and In regions and refers to the cations only (oxygen is not 

included). From top to bottom, the parent alloys contained 10, 7.5, 5 and 2.5% tin in indium 

and (b) Sn 3d XPS spectra of various Sn doped 2D ITO nanosheets synthesized using 

squeeze-printing process. The given tin concentration (at%) has been calculated from the 

XPS spectra of the Sn and In regions and refers to the cations only (oxygen is not included). 

From top to bottom, the parent alloys contained 10, 7.5, 5 and 2.5% tin in indium. 

 

Optical characterization of a printed 2D sheet on a quartz substrate revealed that the 2D ITO 

featured minimal absorption across the visible spectrum, leading to a transmittance loss of 

only ~0.4% for 2D ITO coated substrates (Figure 5.2b). Tauc analysis revealed an optical 

band gap of 3.9 eV, while XPS valance band analysis revealed a closed electronic band gap, 

which would be expected for a degenerately doped TCO (Figure 5.4). As such, the 

developed 2D ITO is 5.75 times more transparent than state-of-the-art monolayer graphene,27 

a b 
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while being roughly 2 orders of magnitude more resistive than state of the art monolayer 

graphene,27 rendering the developed 2D ITO a promising alternative when transparency is 

more critical than having lower sheet resistance. Combining the developed 2D ITO with 

transparent conductive nanowire networks may reduce the resistance further, while 

maintaining superior transparency and a continuous conductive interface which is critical for 

optoelectronic applications in light emitting devices and photovoltaics.27  

 

 

Figure 5.4. XPS valence band spectra of the Sn 7.36 at% doped 2D ITO nanosheets. 

 

Atomic force microscopy (AFM) revealed the thickness of the deposited ITO layer as 

~1.1 nm, corresponding to one In2O3 unit cell (Figure 5.5a).25 Transmission electron 

microscopy (TEM) was utilized to investigate the crystallographic properties of 2D ITO. 

Figure 5.5b shows a low magnification image of a typical nanosheet. The sheets were found 

to be laterally large, continuous, and also remarkably pinhole and crack free with minimal 

apparent metal inclusions. The translucent appearance of the sheet highlights that the 2D ITO 

sheets are ultrathin. High resolution TEM (HRTEM) imaging and dark field HRTEM (Figure 

5.5c, d) were conducted in order to investigate the crystalline properties of 2D ITO further. 

Nanosheets grown from alloys that contained the optimized tin concentration, leading to the 
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lowest sheet resistance, featured highly crystalline domains with typical lateral sizes of 25 

nm. The colour-enhanced HRTEM image, together with the dark field TEM image highlight 

that the individual crystals feature varying orientations, with growth along the (110) and 

(211) facets being dominant. A sample prepared using alloys that contained excessive 

amounts of tin (20%, Figure 5.5d) which is well above the concentration that gave rise to the 

lowest sheet resistance, was found to be poorly crystalline, featuring small crystalline 

domains embedded within an amorphous matrix. This is consistent with the XPS elemental 

analysis, which indicated that the tin content exceeded the solubility limit of Sn in In2O3.
24, 25 

The excess Sn is then expected to be located at the grain boundaries in the form of tin rich 

phases which is detrimental to the electronic properties of 2D ITO sheets derived from alloys 

containing high Sn concentrations (i.e. >5%).25 
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Figure 5.5. (a) AFM image of the 2D nanosheet. The inset shows a height profile recorded 

at the location indicated by the black line. (b) Low resolution TEM image of an ITO 

nanosheet printed onto a TEM grid. The sheet is highly translucent in appearance and 

contained few metallic inclusions. These inclusions are expected to have been removed for 

samples used for device fabrication and other characterizations during the sample work up 

procedures described within the Methods section. (c) HRTEM image of the optimized 2D 

ITO nanosheet. The colour code highlights the crystal orientation based on the fast Fourier 

transform (FFT) image shown in the lower right inset. The upper left inset shows a magnified 

view of the lattice pattern and the upper right image shows a dark field image of the region of 

interest. (d) HRTEM image for an exfoliated 2D sheet containing excessive Sn, showing an 

amorphous structure with occasional crystalline sections. The upper right inset shows a dark 

field image of the region of interest, while the lower right inset shows the FFT image. 
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Due to the low melting point of the liquid alloy, the deposition process was found to be 

compatible with high temperature resistant polymers such as polyimide. Two terminal 

resistive devices were fabricated and subjected to repeated mechanical bending to radii of 3, 

2.5 and 2.0 mm (Figure 5.6). A total of 1000 bending cycles for each radius were applied to a 

device, and the 2D ITO sheet was subjected to a total of 3000 mechanical bending cycles. 

Reassuringly, the resistance of the ITO layer only increased by less than 3.5% after 3000 

cycles. The small radius of curvature and the robust electronic properties highlight that the 

developed 2D ITO sheets hold promise for applications in flexible optoelectronic devices and 

are expected to be compatible with roll-to-roll processing. 

 

 

Figure 5.6. (a) Schematic of the developed two terminal resistive test device, with the 

inset showing the ITO – polymer interface and (b) observed change of the device resistance 

after repeated bending to the indicated radii. The device was initially bend to the larger radius 

of curvature for 1000 cycles, followed by subsequently repeating the test after reducing the 

radius of curvature.  

 

A prototype transparent capacitive touch screen was developed using two centimetre sized 

printed monolayer ITO sheets that were deposited onto the two sides of a single glass 



132 

substrate (Figure 5.7). Four gold electrodes were deposited in a square arrangement on the 

front side of the touch screen, while a single electrode was affixed to the back side. The entire 

front side of the device was then protected using a thin PET film that was physically adhered 

to the surface. Figure 5.7a shows a photograph and schematic of the device. The PET film 

acted as both a protective coating and insulator. When an AC signal was applied between one 

of the front electrodes and the back electrode, the two ITO sheets acted as a plate capacitor, 

with the glass substrate acting as the dielectric. When a conductive object such as a finger or 

a metal pin is brought into close vicinity of the front side of the device, the capacitance of the 

device changed, allowing for efficient touch detection. Here the magnitude of the change in 

capacitance is dependent on the distance of the touched location from the front electrode 

(Figure 5.7a and c). Measuring the observed change in capacitance for all four electrodes 

then allows triangulating the position, enabling touch detection with X-Y resolution. Figure 

5.7c shows the capacitive response maps for each front electrode that were recorded when 

touching the surface of the PET coated side with a metal pin, following the defined test 

pattern shown in Figure 5.7b. Here, four different measurements were conducted for each 

configuration (based on front electrode positions) shown in Figure 5.7c, where the bottom 

electrode was constant at each measurement. The observed capacitance change was found to 

be highly sensitive to the location where the screen was touched, enabling fully functional X-

Y touch screen operation. Similar results were obtained when the device was touched by a 

human finger (see Figure 5.8). 
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Figure 5.7. (a) photograph and schematic of the developed device, (b) Test pattern that 

was utilized to characterize the touch screen. The surface area between the 4 front electrodes 

was divided into a 3x3 pixel test array. The surface was then gently touched with a metal pin 

in the centre of each pixel. The measured change in capacitance was determined for each 

pixel and for each of the four front electrodes, leading to the capacitive touch response maps 

shown in c) and (c) Capacitive touch response maps for each configuration indicating 

measurements between the common back electrode and the indicated front electrode. The 

thickness of glass substrate is 1 mm. 
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Figure 5.8. Capacitive touch response of the 2D ITO based touch screen to a human 

finger. Note that a 5 pixel test pattern was used and that the white areas are left blank and 

were not tested. 

 

5.4. Conclusions 

In conclusion, this work describes a novel method that allows printing ultrathin ITO sheets 

onto desired substrates such as glass, quartz or polymers. The process exploits Cabrera-Mott 

oxidation that occurs on low melting indium-tin alloys, leading to the self-limiting growth of 

2D surface oxides that can be transferred onto solid substrates through van der Waals 

adhesion. The composition of the parent alloy was found to be crucial, leading to highly 

crystalline, conductive 2D ITO with a Sn4+ concentration of 7.36 at% for the optimized alloy. 

The developed process leads to centimetre sized 2D nanosheets and may likely be adapted 

into a continuous printing processes that allows low temperature printing of large area 2D 

ITO. The process does not require vacuum technology, which is advantageous when 
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compared with current industrial sputtering techniques and has been demonstrated to be 

suitable for the fabrication of fully functional capacitive touch screens.  

The deposited ITO was found to be ultra-transparent, absorbing less than 0.004% across the 

visible spectrum, while being electrically conductive. The deposited sheets were only one 

unit cell thick (~1.1 nm) rendering the ITO to be highly flexible, leading to minimal 

conductivity loss after 1000 cycles of bending to a radius of 2 mm. This allows overcoming 

inherent manufacturing challenges that are associated with the brittleness of thicker 

commercial ITO, holding promise for future roll-to-roll fabrication of optoelectronic devices 

and the design of ITO based flexible electronics.  

The high transparency of 2D ITO exceeds that of graphene by two orders of magnitude, 

making 2D ITO an attractive choice when high transparency is of greater importance than a 

low sheet resistance. One such application is capacitive touch screens for handheld devices, 

where any parasitic light absorption within the transparent conductor directly increases the 

device’s energy consumption and enhances display quality. Ultimately composite structures 

containing 2D ITO and networks of metal nanowires may be created in order to maintain 

high transparency and pinhole free conductivity while reducing the sheet resistance even 

further. Other future applications of 2D ITO include the creation of van der Waals 

heterostructures where it may replace graphene as a conductor with superior transparency and 

printability that are highly desirable for future products. 
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Chapter 6 

Conclusions and Future Work 

 

 

6.1. Conclusions 

The primary objectives of this PhD research, as outlined at the beginning of this thesis, were 

to explore the synthesis of atomically thin 2D metal oxides of layered and non-layered 

crystals and their applications in catalysis and electronics. The contents of this thesis have 

contributed to the knowledge regarding investigation of electrocatalytic properties of reduced 

2D molybdenum oxides in hydrogen evolution reactions (HER) for hydrogen production. A 

subsequent work features the novel synthetic route to produce non-layered 2D metal 

molybdates such as 2D PbMoO4 and investigate its photocatalytic properties under visible 

light irradiation. The final work also explores the large area synthesis of non-layered 

transparent conductive oxides (TCOs) such ITO in 2D form, where the liquid metal precursor 

was utilized to facilitate the synthesis process. Detailed discussions regarding the outcomes 

of developed materials and their applications are presented in three separate stages as 

follows: 

6.1.1. Stage 1 

The presented research work demonstrates a facile and stable method to synthesise reduced 

2D α-MoO3-x from layered bulk α-MoO3. The as synthesized 2D nanosheets contain ~6 

fundamental layers of orthorhombic molybdenum oxides on average with an average lateral 
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dimensions of ~125 nm. The XPS studies revealed the presence of oxygen vacancies in the 

2D α-MoO3-x nanosheets. Crystalline and vibrational analyses demonstrated the highly 

ordered planar structure of the synthesized 2D nanosheets.  

Furthermore, both the 2D and bulk materials were incorporated in electrocatalytic HER in 

order to understand and compare their performances as electrocatalysts. The reduced 2D 

nanosheets were found to exhibit superior performance not only compared to its bulk 

counterparts but also compared to the previously reported works based on molybdenum 

oxides, their compounds and heterostructures as well as selected reports on 2D molybdenum 

sulphides.  

In alkaline media, the 2D α-MoO3-x nanosheets were found to require only 142 mV 

overpotential to achieve the standard 10 mAcm-2 current density, while the bulk materials 

showed a much higher required overpotential. The influential factors in achieving high HER 

activity were found to be the combination of oxygen deficient structure and large surface area 

of the 2D nanosheets with structural defects and steps. These properties significantly 

intensified the density of catalytic sites for highly active HER performance. The future 

prospects of the developed work will be discussed in the later section. 

 

6.1.2. Stage 2 

A subsequent work of the previous project leads to the novel synthetic route to produce 2D 

nanosheets of a non-layered crystal using the 2D molybdenum oxides. Due to the non-

stratified crystal structures that metal molybdates contains, these materials lack the natural 

inclination to form 2D morphologies using conventional techniques. In this work, a novel 

approach for synthesizing 2D metal molybdates such as PbMoO4 nanosheets was established. 

A two-step method was applied to synthesize 2D PbMoO4 from 2D α-MoO3-x nanosheets. 
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The structural transformation of the synthesized 2D α-MoO3-x nanosheets were achieved by 

infusing Pb2+ ions in an aqueous solution that contains the 2D α-MoO3-x suspensions. 

Morphological and structural characterizations confirmed that the transformed 2D nanosheets 

are scheelite type PbMoO4 crystals that adopted the 2D morphologies of 2D α-MoO3-x.  

The electronic band structure of both the materials were determined using the information 

obtained through Tauc plots, XPS valence bands and PESA measurements. The 2D PbMoO4 

nanosheets showed a wide bandgap value of 3.4 eV and featured a conduction band edge 

position suitable for the oxidation of dye components. Interestingly, the presence of trap 

states within the bandgap made the material available for solar light absorption via reducing 

the effective bandgap of the material. Later the synthesized 2D nanosheets were investigated 

for photocatalytic degradation of an organic dye, where this 2D material exhibited superior 

performance compared to the previously reported nano morphologies of lead molybdates and 

tungstates. The key factors behind the exciting performance are the high surface area of the 

2D nanosheets and the presence of trap states. This suggests the high potential of the 

synthesized 2D metal molybdate nanosheets in various photocatalytic applications. 

In summary, the presented work provides a novel synthetic route to synthesize 2D nanosheets 

of a non-stratified metal molybdate. ICP-MS measurements were also utilized to ensure the 

environmental safety of this synthesis material for water remediation applications. Thus, it is 

believed that the demonstrated approach could be suitable for synthesizing a range of metal 

molybdates into 2D form which may feature exciting catalytic performance.  

 

6.1.3. Stage 3 

The final part of this thesis deals with the 2D synthesis of non-layered TCOs such as ITO. 

This work demonstrates a novel printing process to deposit ultrathin 2D ITO sheets onto 
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range of substrates such as glass, quartz and polymers. The low melting liquid alloys undergo 

Cabrera-Mott oxidation that creates self-limiting 2D surface oxides on top of a liquid alloy 

droplet. This 2D skin can be transferred onto solid substrates via exploiting van der Waals 

adhesion.  

In this work, various compositions of indium tin alloys were exploited to obtain the desired 

2D ITO nanosheet that exhibits the high conductivity. The optimum alloy concentration 

delivered 7.36 at% of Sn4+ in the synthesized 2D ITO nanosheets. Centimetre sized 2D 

nanosheets were obtained by using the developed process, which creates the possibilities for 

continuous printing processes that allows low temperature printing of large area 2D ITO.  

The synthesized 2D ITO displayed high transparency across the visible spectrum, while being 

electrically conductive. The ultrathin feature of the 2D ITO (~1.1 nm thick) leads to highly 

flexible nature which displayed a minimal conductivity loss after 1000 cycles of bending to a 

radius of 2 mm. This offers a solution to design ITO based flexible electronics, which is 

currently hindered by the brittle nature of the thicker commercial ITO. The developed process 

also provides an alternative to the currently practiced vacuum technology and presented its 

suitability for the fabrication of fully functional capacitive touch screens. 

 

6.2. Future outlook 

The research presented in this thesis has contributed significant to progress in the field, 

evidenced by the publication of several peer-reviewed journal articles. As research interest in 

the field of 2D materials based on layered and non-layered metal oxides continues to grow, 

this thesis provides a basis for several new branches of future investigations.  
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6.2.1. Prospects of 2D layered metal oxides in electrocatalytic HER  

The initial study exploring the electrocatalytic properties of 2D MoO3-x in HER highlights the 

importance of substoichiometric molybdenum oxides in this field. In the future, fine tuning of 

the stoichiometry may lead to improved catalytic efficiency and more promising results. This 

finding also signifies the potential of other 2D layered metal oxide compounds to be 

investigated in HER with optimum tuning of their stoichiometries providing an important 

approach towards maximizing the catalytic activity. The presence of oxygen vacancies in 

layered metal oxides reduces the charge transfer resistance when employed in an 

electrocatalytic HER system and accelerates the reaction kinetics. 

A further exciting scope constitutes incorporating these reduced 2D layered metal oxides in 

heterostructures, possibly enabling more stable HER electrocatalysts due to the capability to 

use separate materials with one being responsible for enabling high catalytic activity, with a 

second material providing structural integrity. Heterostructures may also be utilized to obtain 

even lower overpotentials, taking advantage of synergistic effects that occur when creating 

electronic heterostructures and Janus sheets. Ultimately this may lead to an economically 

sustainable HER system, with catalytic activity that approaches that of noble metal catalysts 

while utilizing comparatively abundant materials for future hydrogen generation. 

 

6.2.2. Possibilities of creating 2D nanosheets of non-layered metal molybdates  

Metal molybdates are renowned for their superior activities in catalysis. In addition, these 

materials have been vastly used as anode or cathode materials in aqueous capacitors 

exploiting various morphologies and heterostructures. The presented method to obtain 2D 

nanosheets of these non-layered crystals opens the door for their usage in a broad range of 
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such applications. Due to their nanometre thickness with high surface area, nearly all of the 

metal atoms can interact with electrolytes and potentially take part in redox reactions, likely 

enabling to acheive pseudocapacitances that approach the theoretical values. A range of metal 

molybdates and tungstates can likely be synthesized into 2D form using the developed 

synthesis protocol. The synthesis of these materials should be explored and their properties 

should be investigated, with the specific target applications in energy storage as well as 

catalysis. This may lead to their incorporation in many exciting electrochemical and 

photocatalytic applications. 

 

6.2.3. 2D ITO in future electronic and optoelectronic devices 

The high transparency of 2D ITO outperforms graphene by two orders of magnitude, making 

2D ITO a promising alternative when high transparency is favored over a low sheet 

resistance. An example of such applications is capacitive touch screens for handheld devices, 

where the high transparency can effectively reduce the device’s energy consumption and 

enhance display quality. Furthermore, the sheet resistance of the ultrathin 2D ITO can likely 

be reduced by deploying networks of metal nanowires together with 2D ITO, leading to 

transparent conductive coatings which maintain pinhole free conductivity with high 

transparency while reducing the sheet resistance even further. Such composites may find 

application in optoelectronic devices such as light emitting diodes and solar cells, where a 

low sheet resistance as well as pinhole free conductance is crucial. Other prospective 

applications of 2D ITO involve the creation of van der Waals heterostructures where it may 

substitute graphene as a conductor with higher transparency and printability that are highly 

sought after for future electronics. 
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