
 
 

 
 

 

 

 

 

 

 

Novel Liquid-Phase Synthesis of Two-Dimensional 

Transition Metal Compounds for Electrocatalytic 

Energy Conversion Applications 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 

 

Md Mohiuddin 

 

B.Sc. (Hons.) Industrial & Production Engineering, BUET, Bangladesh 

M.Eng. Mechanical Engineering, Inha University, South Korea 

 

 

 

 

 

School of Engineering 

College of Science, Engineering and Health 

RMIT University 

 

September 2019



 
 

ii 
 

Declaration 

 

I certify that except where due acknowledgement has been made, the work is that of the author 

alone; the work has not been submitted previously, in whole or in part, to qualify for any other 

academic award; the content of the thesis is the result of work which has been carried out since 

the official commencement date of the approved research program; any editorial work, paid or 

unpaid, carried out by a third party is acknowledged; and, ethics procedures and guidelines 

have been followed. 

 

Md Mohiuddin 

13 September 2019 

  



 
 

iii 
 

Abstract 

 

Ultrathin two-dimensional (2D) nanomaterials offer enormous potential from fundamental 

studies to applications owing to their unique properties. Among the wide range of 2D 

nanomaterials, layered semiconducting transition metal dichalcogenides (TMDs) and non-

layered transition metal compounds are most promising due to their thickness-dependent 

properties. This PhD thesis explores the novel liquid-phase synthesis and fundamental 

properties of several most promising 2D transition metal layered and non-layered compounds 

and their potentials in electrocatalysis application. Overall, this thesis consists of four main 

studies. 

The first part of this thesis explores the liquid-phase exfoliation technique of layered MoS2 

exploiting the piezoelectric nature, which leads to new opportunities for fast and efficient 

exfoliation processes. A surface acoustic wave (SAW) microcentrifugation device is utilised 

to apply concomitant electric field and mechanical shear force for the effective exfoliation of 

MoS2 nanosheets. Using the developed exfoliation method, at least an order of magnitude 

larger overall yield per unit of time can be achieved than previously reported liquid-phase 

exfoliation methods. Simultaneously, the higher monolayer yield can also be achieved. 

Moreover, the effect of the electric field in increasing the efficiency of liquid-phase exfoliation 

is also demonstrated. 

Second, in extension to the first study, an enhancement in the efficiency of agitative liquid-

phase exfoliation of stratified WS2 crystals under the influence of an electric field is studied. 

The exfoliation efficiency of WS2 nanoflakes has successfully been increased by using co-

applied alternating electric field and mechanical wave. The loss of centrosymmetry at the facial 

layers of WS2, together with the matching between the dispersive component of this material 

and solvent that weakens the van der Waals forces, augment the exfoliation process. However, 
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this is not seen for MoS2 and graphene. The outcomes provide the base for future investigations 

on the influence of electric field for the exfoliation of layered structures. As a proof-of-concept, 

the exfoliated 2D WS2 nanosheets are evaluated for potential electrocatalytic hydrogen 

evolution reaction (HER). 

Third, facile and scalable synthesis of ultrathin hematite using inexpensive and water-soluble 

template through annealing has been explored. 2D nanosheets with the thickness down to 1 nm 

and lateral dimension up to 5 µm is realised. Interestingly, the morphology can easily be 

transformed into anisotropic porous planar nanostructure by introducing the aging process. The 

lattice match growth of nanosheets and shape transformation to anisotropic nanostructure due 

to small lattice mismatch on the template is thoroughly examined and explained. Further, 

nanostructures are tested for possible electrocatalytic hydrogen production. 

Finally, ultrathin nanostructures such as nanosheets, nanonets of iron phosphide (FeP) have 

successfully been synthesised from ultrathin hematite through one step phosphorisation. The 

nanostructures are explored as free-standing electrocatalysts considering their high 

electrochemically active surface area up to 20.5 mF cm-2, which exhibit overpotential as low 

as 117 mV to achieve 10 mA cm-2 for hydrogen generation. The combination of ultrathin 

morphology and nanopores particularly in ultrathin FeP nanosheets are considered as key 

factors for high electrocatalytic activity.  
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1. Chapter 1 

 

Introduction 

 

1.1 Background and motivation 

Isolation of two-dimensional (2D) graphene from its parent crystal graphite in 2004 by 

Novoselov and Geim triggered the intense research towards 2D materials which unlocked the 

enormous potential of ultrathin materials for electronics and energy applications1. Such 

discovery advances the research on the synthesis, characterisation, and applications of carbon 

and non-carbon based intrinsic layered and non-layered 2D materials2-5. Apart from carbon-

based materials, large range of compounds are also in the portfolio of 2D layered and non-

layered materials including metal oxides, chalcogenides, and pnictogens. Such variations in the 

portfolio give rise to the diversities in unique properties for fundamental applications in 

electronics, optoelectronics and novel devices6-8. 

The method of synthesis of 2D layered materials is particularly important due to the layer and 

size-dependent properties; therefore, numerous methods have been developed and investigated. 

Liquid-phase exfoliation is a promising method for scalable production of 2D materials. 

Unfortunately, the synthesis of 2D layered materials with a higher percentage of ultrathin layers 

in liquid media in a short period still remains a major challenge despite tremendous research 

efforts. Moreover, a complete understanding of the intrinsic properties of 2D semiconductors 

is needed in developing efficient synthesis methods. Thus, piezoelectricity of 2D transition 

metal dichalcogenides (TMDs) has become a recent significant area of interest, which emerges 

with the breaking of inversion symmetry in ultrathin layers unlike their bulk counterparts9, 10. 

The mechanism of piezoelectric properties in ultrathin layers is extensively studied 
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theoretically and experimentally10-15. For instance, the development of novel optoelectronic 

devices exploiting the coupling between piezoelectricity and photogenerated carriers have been 

reported16; moreover, the tuning of the photoluminescence due to the strong piezoelectricity in 

molybdenum disulphide (MoS2) through strain-induced electric fields by using SAW17 has also 

been investigated. Despite all the reports and the potential applications of piezoelectric 

properties in the area of 2D piezoelectric materials, no report has been demonstrated the 

utilisation of such intrinsic piezoelectric properties to expedite the exfoliation process and to 

obtain the higher percentage of ultrathin layers yield in liquid media using a 

microcentrifugation SAW device. Therefore, a major part of this thesis will investigate and 

understand the synthesis of 2D MoS2 using SAW device exploiting the piezoelectric nature and 

the mechanism. 

On the other hand, the synergy between the surface tension of layered materials and the solvent 

has a significant influence on the efficiency of agitation exfoliation18. While Shen et al. 

suggested that the closeness of the ratio of surface tension components (dispersive and polar 

components) play a more critical role in defining the effectiveness of liquid-phase exfoliation 

for a solvent19. It is suggested that the presence of small ionic entities in the solvent during the 

exfoliation process can increase the exfoliation rate20. Instead of using any external insertions, 

the fundamentals of the exfoliation of MoS2 and tungsten disulphide (WS2) considering the 

match of surface tension dispersive component of layered material and exfoliation media under 

the simultaneous application of electric field and mechanical shear wave has not yet been 

carried out, and there is a need for research into the mechanisms of such system. Consequently, 

the knowledge gap regarding the practical aspects of utilising fundamental piezoelectric 

properties of ultrathin nanosheet for the exfoliation is necessary to improve the exfoliation 

efficiency. Thus, the exfoliation of piezoelectric 2D TMDs in the presence of an external 
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electric field by considering the surface tension component of solvent and exfoliated non-

centrosymmetry layered materials will be investigated. 

The individual layers are bonded weakly by van der Waals forces in layered materials; 

therefore, 2D ultrathin nanostructures can be obtained straightforwardly from intrinsically 

layered materials through well-established methods. However, such ultrathin structures are 

considerably complex to produce naturally non-layered materials due to the intrinsic three-

dimensional bulk crystals structures5. High yield exfoliation is a prerequisite for many 

applications, particularly, energy storage and conversions21, 22; therefore, there is a need for a 

large scale synthesis of non-layered 2D nanostructures through simple steps in a short period. 

The quest for large scale synthesis method is particularly important for the industrial-scale 

hydrogen production using electrode materials. Platinum (Pt)-based catalysts are best in 

performance towards low overpotential. Unfortunately, high cost and the earth scarcity of Pt 

made it difficult for the application of large-scale electrochemical energy conversion. 

Therefore, highly active, earth-abundant and stable catalysts are highly desirable for the 

electrochemical energy conversion. 

Particularly, transition metal oxides and phosphides have widely been investigated due to 

effectiveness, low cost, and high stability. Unfortunately, the majority of those materials suffer 

from poor conductivity and insufficient active sites for the reaction. So far, various 

nanostructures have been developed to improve the reaction potential by increasing the edges 

and defect active sites. 2D ultrathin nanostructured materials are attractive as hydrogen 

evolution reaction (HER) catalysts due to abundant active sites and high surface-to-volume 

ratio exposed to the reaction. Wet-chemical synthesis of 2D materials are favourable for high 

yield synthesis, a long list of ultrathin non-layered 2D structures are favourable to synthesis 

using wet-chemical synthesis approaches4, 5, 23. Despite many advantages, the conventional 

wet-chemical synthesis techniques (e.g. hydrothermal and solvothermal) suffer from some key 
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limitations, such as expensive instruments, associated process risk, slow growth rate etc. To 

circumvent the limitations of conventional methods, template synthesis could be an excellent 

alternative to provide facile and versatile way to prepare unique nanostructures. More 

specifically, unique advantages (e.g. inexpensive processing, simple steps) of the template can 

overcome the fundamental limitations and key challenges of conventional wet-chemical 

synthesis techniques. Exploiting the lattice matching between the template and target 

nanomaterials, the ultrathin nanostructures can be grown on the template. The application of 

this method to produce large -scale 2D hematite (α-Fe2O3) and its conversion to iron phosphide 

(FeP) nanostructures is an important step towards hydrogen evolution energy conversion 

application. 

 

1.2 Objectives 

The main aim of this research is to develop novel synthesis methods and gain a fundamental 

understanding of the exfoliation of layered and non-layered nanostructured transitional metal 

compounds. Moreover, catalysts based on exfoliated nanostructures are designed and 

characterised for the potential electrocatalytic hydrogen production. To examine the feasibility 

of the proposed research, the key objectives of this thesis are listed as follows: 

1. Investigating the exfoliation of MoS2 in liquid media using SAW micro-exfoliation 

system and understanding the impact of the electric field on the exfoliation using a 

statistical/density functional theory model to explore a theoretical prediction. 

2. Understanding and investigating the possible mechanism behind the synergistic role of 

electric field/solvent nature for exfoliation of target stratified crystals to provide critical 

guidance regarding the choice of parameters in the exfoliation procedure in the presence 

of an electric field. 
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3. Large-scale synthesis of 2D α-Fe2O3 nanostructures using the inexpensive template and 

investigating the underlying mechanisms. 

4. Atomic replacement and morphological transformation of 2D α-Fe2O3 to 2D FeP. 

5. Fabricating and characterising the electrodes based on WS2, α-Fe2O3 and FeP for 

hydrogen evolution reaction. 

 

1.3 Outline of the thesis 

This thesis consists of seven chapters, and an outline of each chapter is presented as follows: 

Chapter 2 presents a detailed review of recent relevant literature. More specifically, the chapter 

will present various synthesis technologies and the applications of 2D layered and non-layered 

materials, with particular focus on 2D MoS2, WS2, α-Fe2O3 and FeP.  

Chapter 3 illustrates a new exfoliation technique for piezoelectric 2D MoS2 using a 

microcentrifugation SAW device. Exfoliation efficiency and the quality of produced 

nanosheets have been analysed in detail at different times. Moreover, a theoretical calculation 

using density function theory has also been described to validate the experimental outcome. 

Chapter 4 describes a facile synthesis of layered WS2 in presence of mechanical shear wave 

and external electric field exploiting the piezoelectric properties and surface tension 

component. The exfoliated materials have extensively analysed using optical properties. The 

author thoroughly characterises the synthesised nanosheets. Based on the outcomes and 

analysis, the author provides a detailed mechanism describing the synthesis procedure. Finally, 

the electrocatalytic hydrogen evolution properties of WS2 are presented. 

Chapter 5 presents a facile and scalable synthesis of 2D α-Fe2O3 using an inexpensive template. 

The author provides a detailed growth mechanism and a full set of characterisation of 

nanostructured nanosheets and nanonets of α-Fe2O3. Moreover, the developed nanostructures 

have also been tested for electrocatalytic hydrogen production. 
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Chapter 6 outlines and extends the novel synthesis method stated in Chapter 5 by converting 

2D α-Fe2O3 to FeP, furthermore, the author thoroughly characterises the synthesised FeP. 

Based on the outcomes and analysis, provides a detailed hydrogen evolution describing the 

possibility of fulfilling the future energy requirements. 

In chapter 7, the concluding remarks and the brief direction for the extension of future studies 

will be presented based on the outcomes of this thesis. 
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2. Chapter 2 

 

Literature review 

 

In this thesis, the novel liquid-phase synthesis of several 2D transition metal compounds and 

relevant catalysis application will be explored; therefore, in this chapter, a brief literature 

review of unique properties, common synthesis methods and relevant electronics and catalytic 

application of the few most popular 2D layered and non-layered materials will be discussed. 

The Specific layered and non-layered 2D materials of interest in this thesis is molybdenum 

disulphide (MoS2), tungsten disulphide (WS2), hematite (α-Fe2O3) and iron phosphide (FeP). 

 

2.1 Layered materials 

Layered materials are those that possess strong plane parallel covalent bonding but shows weak 

van der Waals interaction between adjacent planes in perpendicular direction. As such, a three-

dimensional (3D) bulk MoS2 crystal consists of weakly stacked ultrathin MoS2 nanosheets. 

Due to weak van der Waals interaction between adjacent planes, layered materials can be 

exfoliated to desire thickness through simple exfoliation techniques. A large number of 2D 

layered materials have been studied extensively which includes 2D TMDs, graphene, 

hexagonal boron nitride etc. Considering the scope of this thesis, the layered materials of this 

thesis are narrowed down to 2D TMDs. 

 

2.1.1 2D TMDs 

TMDs represent a large family of layered materials, formed by three atom-thick layers where 

metal atom layers are sandwiched between two layers of chalcogen atoms (e.g. MoS2, WS2)
1. 
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Each unit formula of TMDs can be described as MX2, where M stands for transition metal (e.g. 

Mo, W) and X is chalcogen (e.g. S, Se). Majority of the 2D TMDs exhibit direct bandgap in 

monolayer in contrast to their indirect bandgap in bulk crystal counterparts1. When exfoliated 

to monolayer from bulk counterparts, unique properties evolve from the quantum confinement 

and surface effects due to the transition of indirect to direct bandgap. Atomically thin 2D TMDs 

are mechanically flexible; therefore, such properties make 2D TMDs very promising for the 

future electronics, optoelectronics and energy harvesting devices1-3. In the remainder of this 

section, structural, electronics, optical properties and applications of two main members (MoS2 

and WS2) of the TMDs will be elaborated. 

 

2.1.1.1 Structure of TMDs 

According to the stacking orders and arrangement of atoms, there are three polytypes of MX2 

(Figure 2-1): 2H (hexagonal symmetry, trigonal prismatic coordination, two layers in each 

repeat unit), 3R (rhombohedral symmetry, trigonal prismatic coordination, three layers in each 

re-peat unit) and 1T (tetragonal symmetry, octahedral coordination, one layer in each repeat 

unit)1. The electronic properties of TMDs vary with the polytypes, ranging from metallic to 

semiconducting1. 
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Figure 2-1 Schematics of the three TMDs polytypes (2H, 3R and 1T) with lattice constant (a) 3.1-3.7Å 

and interlayer spacing of ~6.5Å1. 

 

Among the TMDs, MoS2 considered most extensively studied in the research community due 

to its unique properties and multifunction applications. MoS2 is proven to be effective in 

semiconductor, flexible electronics, biological, chemical and energy applications4-8. On the 

other hand, tungsten (W) is the heaviest transition metal9. Recently, W based compounds are 

also getting considerable attention due to the large W atom induced emerge of intrinsic 

properties compare to other TMDs. Except for the large atom, the lattice structure of WS2 is 

similar to MoS2. In compare to Mo, W is less toxic, more importantly, more abundant in the 

earth's crust9. Therefore, W is more favourable for numerous applications as well. Single-layer 

of MoS2 or WS2 consists of one metal (Mo/W) layer sandwiched between two S layers. In-

plane atoms are covalently bonded whereas weak van der Waals forces exist in neighbouring 

layers. The thickness of single-layer MoS2 is 0.65 nm which can be obtained in micro-

mechanical exfoliation process10-12. Similar to MoS2, 1L of WS2 has 0.65 nm thickness13. 

Hexagonal (H) structure of MoS2 and WS2 is generated by Mo/W and S atoms with a distance 
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of 0.23 nm7. Different morphologies of MoS2 and WS2 such as zero-dimensional (0D, e.g. 

quantum dots), one dimensional (1D, e.g. nanorods), two dimensional (2D, e.g. nanosheet) and 

three dimensional (3D, e.g. flower) can be obtained using different synthesis methods8, 14-19. 

 

2.1.1.2 Electronic, mechanical and optical properties 

The transition from indirect to direct bandgap in the majority of TMDs is one of the key 

characteristics in 2D semiconducting form for electronic applications. Monolayer MoS2 (WS2) 

has direct band gap of 1.9 eV (2 eV), whereas more than 1L has indirect band gap18, 20, 21. At 

room temperature, single-layer MoS2 based top-gated (HfO2) field-effect transistor (FET) 

device shows n-type semiconductivity with charge carrier mobility of ∼200 cm2/V s22, where 

CVD grown WS2 on SiO2 has electron mobility in the range of 0.01–14 cm2/V s10. Numerous S 

vacancies in ultrathin WS2 is found as n-type semiconductor23, 24. WS2 is also unique in terms of 

small effective mass, strong spin-orbit coupling, high third-order nonlinear susceptibility, and 

broadband light absorption25-29. However, doping of foreign element can effectively improve the 

charge carrier mobility as well as tune the properties to n or p-type semiconductor. As such, 

Re and Nb doping can module MoS2 into n-type and p-type semiconductor, respectively30, 31. 

Piezoelectricity in ultrathin TMDs is an excellent candidate for nanoenergy devices, flexible 

electronics and optoelectronics32. Piezoelectricity is an intrinsic property of non-

centrosymmetric materials, generate electric output in response to an external mechanical 

force. The piezoelectric effect is a reversible process, the production of electricity when stress 

is applied (direct piezoelectric effect) and the production of stress and/or strain when an electric 

field is applied (converse piezoelectric effect). Piezoelectric materials are suitable for actuators, 

sensors, and energy harvesting systems33, 34. 2D piezoelectric nanomaterials become popular 

due to ultrathin geometry and electromechanical conversion efficiency for promising 

applications in nanogenerator, nanoelectronics and smart robotics35. Moreover, 2D 



 
 

13 
 

piezoelectric materials based energy harvester are crucial for future wireless nanosystems for 

environmental monitors, implantable medical sensors, and personal electronics. According to 

response direction, ultrathin piezoelectric materials can be divided into in-plane and out of 

plane piezoelectric materials36. Piezoelectricity in 2D TMDs are predicted theoretically first 

time in 2012, and piezoelectric coefficient (d11) of MoS2 and WS2 was predicted to be 3.73 and 

2.19 pm V-1, respectively37. Experimental study of piezoelectricity in 2D MoS2 is well 

documented so far than WS2. Wu et al. demonstrated flexible MoS2 piezoelectric 

nanogenerator energy harvester32. Interestingly, odd-layer MoS2 which is an in-plane 

piezoelectric material does not have an inversion centre; therefore, such kind of 

noncentrosymmetric provides piezoelectric effect32, contrary, even-layer flakes no 

piezoelectric effect due to inversion symmetry32. Piezoelectricity of intrinsic non-piezoelectric 

materials can be tuned through certain doping by breaking the noncentrosymmetry38. Han et 

al. and Lee et al. demonstrated MoS2 and WSe2 nanogenerator, respectively under mechanical 

vibration35, 39. 

Besides the electronics properties, TMDs, such as MoS2 and WS2 have excellent mechanical 

properties in terms of Young's modulus and pretension40. Young's modulus of monolayer MoS2 

and WS2 is ~270 GPa41. Moreover, monolayer MoS2 and WS2 have the pretension of 110 ± 40 

and 150 ± 30 mN/m, respectively41. 

Ultraviolet-visible (UV-vis), PL (photoluminescence), and Raman spectroscopy are common 

techniques to study the optical properties of 2D TMDs. In UV-vis, generally, two characteristic 

absorption peaks are observed in several semiconducting TMDs in between 500 to 900 nm 

known as A and B excitons which are associated with the energy split from valence band spin-

orbital coupling42, 43. Such as, A and B exciton absorption peaks are observed in monolayer 

MoS2 at 670 nm and 627 nm respectively, in contrast, those peaks of 2D MoS2 are not visible 

in bulk counterparts42. Moreover, bulk MoS2 has an indirect bandgap of 1.3 eV and black in 
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colour due to the absorption of all visible light. However, with the decrease of number of layers 

and size, black colour of bulk MoS2 changed to light yellow in N-Methyl-2-Pyrrolidone (NMP) 

solvent due to the widening of the band gap44. 

Raman spectroscopy is a non-destructive process which provides a convenient way to 

characterise 2D materials. For example, there are four first-order Raman active modes in MoS2, 

namely, E1g (286 cm-1), E1
2g (383 cm-1), A1g (408 cm-1), and E2

2g (32 cm-1). E1g, E
1

2g and A1g 

modes are vibrational modes within the S–Mo–S layer whereas only E2
2g mode is the result of 

the vibration of the adjoining rigid layers45, 46. Raman active modes in WS2 is similar to MoS2
47.  

Interestingly, first-order Raman E1
2g and A1g of MoS2 and WS2 are thickness-dependent modes 

and can be used to identify the layer number of ultrathin (4 or less number of layers) MoS2  or 

WS2 nanosheet45, 47. 

PL also emerges in semiconducting TMDs when exfoliating to ultrathin layers due to the 

transition from indirect to direct bandgap from bulk to monolayer42. For example, MoS2 shows 

PL signal in single, double and trilayers42. Monolayer MoS2 shows strong PL at 1.8 eV nm 

with a quantum yield of about 103 times of bulk, and the intensity of PL reduces 

proportionately with the increase of layer number; however, PL quantum yield of 1L WS2 (6%) 

is higher than 1L MoS2 (0.1%)48.  Optical properties of TMDs can be tuned by strain, ion 

interaction or doping49-51. Moreover, optical properties of TMDs can also be manipulated by 

electrochemical ion intercalation between layers for potential bio-optical sensors or optical 

modulators or switches applications49 and highly ion-doped MoS2 induce plasmonic resonance 

in the visible and UV regions51. 

 

2.2 Non-layered materials 

Having strong in planes bond in layered materials, individual layers are bonded weakly by van 

der Waals forces; therefore, 2D ultrathin nanostructures can be obtained straightforwardly from 
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intrinsically layered materials through well-established methods; however, such ultrathin 

structures are considerably complex to produce for naturally non-layered materials due to the 

intrinsic three-dimensional bulk crystals structures52, 53. Although having remarkable 

properties, non-layered materials have received relatively less attention compare to 2D layered 

materials. Owing to the diversified structural, chemical and physical properties, 2D non-

layered materials are highly favourable for diversified applications. Similar to layered 

materials, 2D non-layered materials also exhibit unique properties in contrast to their bulk 

counterparts. Particularly, reduction in dimensional thickness, non-layered materials show 

applications in optics, electronics, sensors, catalysis, energy storage and conversion54-57. 

Iron oxides and its compounds are one of the most fascinating and diversified groups of non-

layered materials, which have been intensely investigated and are already employed in various 

fields58, 59. Interestingly, iron oxides are present in various states such as ferromagnetic, 

ferrimagnetic, semiconductor60. A significant portion of this PhD research will be based on 

hematite and iron phosphide for catalytic application; therefore, a brief review of this materials 

is presented in the sections below. 

 

2.2.1 Structure and properties of hematite 

Iron oxides are the most common form of iron found in nature. There are total six iron oxides, 

FeO (iron (II) oxide, wüstite, face-centred cubic), Fe3O4 (iron (II, III) oxide, magnetite, cubic) 

and four polymorphs of Fe2O3. The four polymorphs of Fe2O3 are α-Fe2O3 (Hematite, 

Rhombohedral), β-Fe2O3 (body-centred cubic), γ-Fe2O3 (Maghemite, Cubic), ε-Fe2O3 

(Orthorhombic)61. Amongst, hematite is the most important due to natural abundance, 

environment friendliness, stable structure and electronic properties. Hematite is the most stable 

form of iron oxide in ambient condition and its an n-type semiconductor with a favourable 

bandgap of 1.8 eV in bulk which increases to ~2.2 eV for nanostructures56, 62.  Usually, bulk 
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hematite shows total seven Raman active phonon modes within 1000 cm-1. The two peaks at 

229 and 500 cm-1 represent A1g modes, and other five peaks appear at 249, 295, 302, 414, and 

615 cm-1 are assigned to the Eg modes63. However, one weak peak at 660 cm-1 also been 

observed which believe to arise from disorder within the hematite crystal lattice64. 

Interestingly, the intensity of first A1g and second Eg modes are thickness dependent, the 

intensity ratio of these two peaks reduces with the reduction of thickness56. Moreover, the 

position of A1g modes redshift whereas Eg modes undergo blueshift when exfoliated to ultrathin 

hematite layers with respect to its bulk counterparts56. The optical absorption bands of hematite 

spread between the near-infrared and UV region65 and the absorption peak of the ultrathin 

structure shows blueshift in comparison to the bulk hematite56. The Fourier transform infrared 

(FTIR) spectra of Fe–O bond stretching vibrations of hematite shows at 520, and 433 cm-1 are 

the A2u/Eu and Eu bands, respectively66. Hematite is weakly ferromagnetic at room temperature; 

however, transit to an antiferromagnetic state at 265 K56. To date, considerable efforts have been 

made by the researchers to synthesis the nanostructures of hematite with different morphologies; 

therefore, 0D, 1D, 2D and 3D nanostructures of hematite have been successfully synthesised using 

various synthesis routes56, 67-69. 

 

2.2.2 Structure and properties of iron phosphide 

Transition metal phosphides (TMPs) have attracted diversified applications owing to their 

excellent mechanical strength, stability and electronic conductivity, especially TMPs are 

promising alternates of the noble metal electrocatalysts. Properties of electrons and related 

mobility of such materials reformed accordingly when synthesised into nanostructures. 

Abundant active sites in nanostructures enhancing overall performance, moreover, 

hybridisation can also improve the performance. Low-band gap iron phosphides semiconductors 

are an interesting class of low cost, earth-abundant compound materials for magnetic, catalytic 
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and energy storage and conversion materials59, 70-73. There are variety of phases of iron phosphide, 

such as Fe2P, Fe3P, FeP, FeP2 etc. FeP is one of the most studied iron phosphides which has 

orthorhombic crystal structure and belongs to Pna21 space group. Lattice constants of FeP are 

a = 5.193, b = 5.792 and c = 3.099 Å. The Curie temperature of FeP is about -58 °C and 

antiferromagnetic at 120 K74. FeP is considered as a very good catalyst for HER process. The 

HER reaction mechanism generally consists of three steps71. In the first step, discharging of 

protons occurs on the electrode surface to form adsorbed hydrogen denoted as Hads. This step 

is known as Volmer step (H+ + e− → Hads). If the coverage of Hads on the catalyst surface is 

relatively low and the electrode surface has sufficient active sites, the adsorbed H atoms will 

preferably join with a proton and an electron simultaneously to evolve a H2 molecule (Hads + 

H+ + e− → H2). This is called the Heyrovsky reaction. However, if the coverage of Hads is high 

then two adjacent Hads will join together chemically and evolve to H2. This is known as Tafel 

reaction. The Hads on the cathode is always involved in the HER. In iron phosphide, localised 

partial negative charges on P centres attract protons and make their discharge step faster, 

promoting the HER easily58. Besides trapping the protons by acting as a base, these P centres 

enhance the hydrogen desorption at high Hads coverage58. Phosphorus in iron phosphide not 

only act as a proton acceptor but also weaken the bond strength of metal part of iron phosphide 

to adsorbed hydrogen which is known as ensemble effect. 

 

2.3 Synthesis of 2D materials 

To attain the practical applications requirements, either high quality-large area or industrial-

scale production of 2D materials are needed in a cost-effective way for various applications. 

So far, numerous methods have been devolved to synthesis of those materials including but not 

limited to mechanical exfoliation, liquid-phase exfoliation, chemical vapour deposition, wet-

chemical etc52, 53, 75-79. In general, synthesis methodologies of 2D materials can be divided into 
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two broad categories- top-down and bottom-up approaches. A brief description of both 

approaches with their pros and cons will be provided in subsequent sections. 

 

2.3.1 Top-down synthesis 

In the top-down approach, exfoliation of bulk crystals into ultrathin nanosheets can be achieved 

by external physical or chemical driving forces. In this section, a brief description will be 

provided on common top-down synthesis approaches. 

 

2.3.1.1 Micromechanical exfoliation 

Micromechanical exfoliation, mainly known as the scotch-tape method, is a simple way to 

exfoliate bulk stratified crystal into single- or few-layer22, 80. In this method nanosheet produced 

on a substrate using sticky tapes where the starting material is bulk stratified crystal peeled off 

with the tape and pressed again the substrate; therefore, upon the release of the tape, part of the 

bulk crystal stays on the substrate due to the van der Waals attraction between materials and 

the substrate. Repeating the process produces ultrathin layers on the substrate. The exfoliation 

is performed by mechanically overcoming the interlayer week van der Waals force by peeling 

off the layers of the initial bulk materials, the process can ultimately produce single atomic 

layer crystalline nanosheet, the procedure of micromechanical exfoliation is represented in 

Figure 2-278. Large area ultrathin sheet can be obtained using this method without 

compromising the intrinsic crystal structure and properties. Micromechanical exfoliation is 

very convenient, versatile and inexpensive for the fundamental understanding of 2D materials 

intrinsic properties. Unfortunately, micromechanical exfoliation is not scalable therefore not 

possible for industrial-scale production32, 81 and has less control over the lateral dimension and 

thickness of produced nanosheet. Moreover, the method is only applicable to stratified crystal; 

therefore, not suitable for non-layered materials. 
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Figure 2-2 Micromechanical exfoliation of graphene to ultrathin nanosheet from bulk crystal78. 

 

2.3.1.2 Liquid-phase exfoliation 

Liquid-phase exfoliation of layered bulk crystals is one of the most popular and established 

procedures to synthesise layered 2D materials in large-scale production and easy control the 

exfoliation parameters (Figure 2-3). Intercalation of lithium ions (Li+) in layered crystals is 

effective for high-yield and large scale production of large range of TMDs (e.g.  MoS2, TaS2, 

TiS2, WS2, ZrS2, NbSe2, WSe2, Sb2Se3, Bi2Te3, BN etc)76, 82. Some intercalation process can 

lead to phase transformation resulting in different electronic properties, as such, intercalation 

of lithium ions in semiconducting 2H-MoS2 transformed to metallic 1T-MoS2 phase83. Acid-

based liquid-exfoliation also been developed for the exfoliation of MoS2 and WS2 nanosheets, 

which has an obvious advantage of processing using only air and water84, 85. Moreover, 

exfoliation process can be optimised considering matching the surface tension components 

ratio between 2D materials and solvent15, 86. 

Solvent assisted exfoliation also a popular method for the preparation of 2D materials from 

bulk counterparts in solvent media by applying external mechanical wave (e.g. sonication). 
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Through the consistent energy input, the interlayer week van der Waals of layered crystals 

allow to peeling-off to mono- and few layers. Many 2D layered materials such as graphene, 

MoS2, WS2, MoSe2, MoTe2, BN, Bi2Te3 can be exfoliated using this method87, 88. Selecting a 

specific solvent is critical for solvent assisted exfoliation to minimise the surface energies for 

achieving efficient exfoliation outcome. Solvents with the surface energy of ~40 mJ m-2 are 

suitable for MoS2 and WS2
87. In addition to organic solvent, surfactants can also be 

incorporated to improve the stability of nanosheets in liquid media.  Industrial-scale production 

along with low cost and process simplicity are the key advantages of liquid-phase exfoliation. 

Unfortunately, the lateral dimension of the liquid-phase exfoliation process is relatively small 

than mechanical exfoliation and induce defects in the produced nanosheets. Low yield of single 

layers and uncontrollable layer number in liquid-phase exfoliation sometimes outweigh the 

advantages for some specific applications (e.g. electronics). Moreover, the process uses various 

solvents, surfactant which are difficult to remove after the exfoliation. 

 
 

Figure 2-3 Mechanisms of the main liquid-phase exfoliation. (a) Ion intercalation. (b) Ion exchange. (c) 

Sonication-assisted exfoliation76. 
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2.3.2 Bottom-up synthesis 

The top-down approaches only applicable for layered bulk materials, consecutively, bottom-

up approach is also widely used for the preparation of both layered and non-layered 2D 

materials. Chemical vapour deposition, wet-chemical, are widely used bottom-up synthesis 

approach of 2D materials. 

 

2.3.2.1 Chemical vapour deposition (CVD) 

Large area high-quality atomic thickness nanosheet and controlled morphology can be 

produced using CVD method through the control of different process parameters23, 89, 90. CVD 

growth of 2D materials involves chemical reactions of precursors in a specially-designed 

environment under controlled conditions (Figure 2-4). Conditions like atmospheres, 

precursors, growth substrate are the key parameters to control the quality of the 2D materials. 

The precursors undergo pyrolysis followed by the reaction at vapour phase on the substrate 

which located in the hot zone of the reactor to form the nanosheet. For example, using CVD 

method single-layer MoS2 nanosheet can be deposited on SiO2 substrate at 850 °C using MoO3 

and S precursor powder91. Combining different precursors, 2D nanostructures, and their 

hybrids can easily be formed92, 93. Moreover, synthesised nanosheets can easily be doped and 

functionalised only by introducing additional precursor94. CVD process offers high-quality 2D 

materials with controllable thickness and properties. This method is suitable for large-area 

device fabrication but not suitable for energy applications where large volume is highly 

desirable. Limited pattern-ability of CVD method has been observed due to random nucleation 

on the substrate. Moreover, controlling stoichiometry and defects are also challenging in the 

growth of CVD method. Relatively complicated experiments and associated high cost for 

maintaining high temperature and vacuum are the few significant challenges in the CVD 

processes. 
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Figure 2-4 Schematic of the CVD process of MoS2 and WS2
95. 

 

2.3.2.2 Wet-chemical synthesis 

Wet-chemical synthesis is a common synthesis method for cost-effective and scalable synthesis 

of either layered or non-layered materials. Majority of the non-layer ultrathin structures (e.g. 

metals, metal chalcogenides, metal oxides) can be synthesised using wet-chemical synthesis 

methods52, 53. High controllability of wet-chemical method is useful to produce controlled size 

and thickness for scalable industrial applications96-98. Nonlayered nanostructures cannot be 

prepared by top-down approaches thus wet-chemical is suitable for non-layered nanostructures. 

However, layered materials can also be prepared by wet-chemical99, 100. Hydro/solvothermal 

synthesis and template synthesis are most common wet-chemical synthesis methods. 

Hydro/solvothermal method is generally suitable for synthesis inorganic materials at relatively 

low temperature (100 to 240 °C)101-103. Conditions, like reaction temperature, growth time and 

reactants amounts are the key factors for the growth of nanostructures. 

On the other hand, compared to the traditional (e.g. hydro/solvothermal) wet-chemical 

synthesis, template synthesis provides effective control to the synthesis of 2D materials. 

Template synthesis supports the growth of nanostructures which are confined by the template, 

subsequently template removed by either washing, heating or adjusting pH61, 104. Various 

nanostructures such as 0D, 1D and 2D can be prepared by template method104-106. 2D materials 
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such as MoO3, Fe2O3, CuInS2 etc. can easily be synthesised by template method104, 107, 108. The 

entire template synthesis method can generally be divided into three basic steps: first 

preparation of template then synthesis of nanostructures on the template and finally the removal 

of template. The template removal method is crucial and should be decided such a way so that 

the properties of the nanostructures remain unharmed. Based on the structure, template can be 

categorised into hard and soft templates. 

Unrigid nanostructures formed by intramolecular interaction are the main basis of soft template 

method. The inorganic species are fashioned on the template-driven by weak non-covalent 

bonds (e.g. hydrogen bonds, van der Waals forces etc.) to form specific nanostructures shape 

and size (Figure 2-5). Surfacants, polymers, biopolymers are the common types of soft 

template. As an example, Wang et al. synthesised large area nanometre thick single-crystalline 

ZnO using surfactant monolayers which serve as soft templates. Unlike hard template which is 

needed to prepare before the reaction, soft template form within the reaction process. 

Therefore, soft templates are easy to remove without any complex post-processing. 

 
 

Figure 2-5 The schematic shows the concept of soft template synthesis of ultrathin 2D metal oxide 

nanosheets on polymer surfactant102. 
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Contrary, hard templates are solid structures and can control the produced nanostructures 

precisely. The structures of hard templates are less sensitive to the solution environment; 

therefore, the overall stability of hard templates is better in comparison to soft templates. 

Graphene oxide (GO), copper oxide (CuO), silicon dioxide (SiO2), calcium carbonate (CaCO3) 

are few popular choices of hard templates. For example, template-assisted oriented growth 

strategy was utilised to prepare ultrathin (0.59 nm) nanosheets of α-Fe2O3 on a CuO hard 

template (Figure 2-6)107. Despite all advantages, the majority of the hard templates are difficult 

to remove and often involve complex processing and harsh chemicals. Difficulties of typical 

hard templates can be avoided by using salt templates. Salt templates (e.g. NaCl, KCl) are 

inexpensive, reusable, can be used for scalable large-area 2D materials synthesis and more 

importantly, templates can be removed easily simply by washing without using any expensive 

process and harsh chemicals. Nanomaterials are grown on the surface of salt template through 

lattice matching between the template and the target materials. So far, 1D nanorods, 2D 

ultrathin nanosheets, 3D porous architecture have been successfully prepared using salt 

template method104, 109-111. In general, wet-chemical synthesis methods are processed in the 

solution; therefore, high production yield can be achieved in short period of time. Some wet-

chemical synthesis methods require high temperature and long processing time. 

 
 

Figure 2-6 Scheme illustrating the synthesis of α-Fe2O3 nanosheets using hard template107. 



 
 

25 
 

2.4 Applications of 2D materials 

Due to the unique morphologies and electronic structures, 2D materials are suitable for various 

applications. In this section, the relevant electronic and catalytic application of 2D MoS2, WS2, 

hematite and iron phosphide have been summarised. 

2.4.1 Electronics and catalytic applications of 2D TMDs 

So far, MoS2 has demonstrated the application in numerous fields, such as FETs, 

sensors/biosensors, catalysts etc4, 5, 7. Integrated 2D morphology and tunable bandgap of 2D 

MoS2 made it attractive for low-power photodiodes and phototransistors112. Layered 

corresponding bandgap energies of MoS2 1L, 2L are suitable for green light detection, and 3L 

can be used for red light detection113. A typical 1L back gated MoS2 FET shows n-type 

semiconductivity with charge carrier mobility of 0.5 to 3 cm2 V-1 s-1 at room temperature22. 

However, with the addition of high-k dielectric material can enhance the charge carrier 

mobility and transport characteristics10. Moreover, doping can also enhance the transport 

characteristics properties of MoS2
30. Unique photon–electron interaction of the direct bandgap 

1L MoS2 shows versatile characteristics under external illumination. Such that, under super-

band gap illumination, single-layer MoS2 phototransistors show photoresponsivity of 7.5 mA 

W-1 up to 880 A W-1 on-off ratio of 103 and switching time of 50 ms which is six orders of 

magnitude higher than that of graphene17, 114. Due to the direct bandgap of monolayer, MoS2 

monolayer exhibits photoconductivity whereas no photocurrent is observed other than 

monolayer due to indirect band gap115. In addition to electronics and optoelectronics devices, 

1T metallic MoS2 has significant application as electrocatalysts for the HER due to the superior 

catalytic activity and effective charge transport along the edge and basal planes, whereas 2H-

MoS2 has only active along the edges116, 117. Photoelectrochemical conversion of MoS2 is 

suitable for sensing based on the measurement of photogenerated charge carriers which is 

sensitive to the presence of an analyte118. 
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Similar to MoS2 and other TMDs, WS2 provide active sites for catalytic reactions, those active 

sites are located at the edges and absent in basal plane. The low charge transfer resistance at 

the electrode/electrolyte interface of metallic 1T phase WS2 has higher electrocatalytic activity 

and strong supercapacitor performance than the 2H phase119-123. Electrochemical accessibility 

is an important factor for the battery performance, ultrathin WS2 is a potential candidate for the 

anode of lithium-ion batteries as the electrochemical accessibility of the diffusion channels are 

located along with the 2D layers in WS2
124, 125. WS2 has potentially been reported for sensors 

(e.g. bio, gas sensors) as well. WS2 exhibits good selectivity and sensitivity for the detection 

of ethanol and ammonia. Probably the Lewis acidity on the surface of ultrathin WS2 due to the 

presence of sulphide species responsible for the chemical response of ammonia126. Owing 

covalent-network, 2D WS2 also been employed as an active material for the immobilisation of 

biospecies for designing biosensors127-129. Apart from energy conversion and storage 

applications, owing to both semiconducting and catalytic properties, WS2 has also been proved 

effective for photocatalytic water splitting, pollution photodegradation130, 131. Quantum dots of 

WS2 has excellent blue photoluminescence performance, moreover, tuning the luminescence 

properties also possible by combing some other photoactive materials132, 133. 

 

2.4.2 Catalytic applications of iron compounds 

Nanostructure hematite is a promising candidate for photoelectrochemical cells, sensors, catalysts 

etc56, 68, 134, 135. Favourable visible light absorption and chemical stability made hematite one of 

the most promising candidate for photoelectrochemical (PEC) photoanodes. However, the 

solar-to-hydrogen conversion efficiency of hematite is limited due to the short lifetime of 

photo-generated charge carriers, poor conductivity and the short hole diffusion length136. 

Valance band position of hematite is favourable for water oxidation, but the conduction band 

is too low for water reduction to hydrogen production; therefore, large external bias is needed 
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for water splitting using hematite. Doping of hematite with a foreign element (e.g. Sn, Ti, Si) 

can lower the external bias significantly. For instance, Ti-doped hematite improving the 

photocurrent density and incident photon to current conversion efficiency at lower bias 

voltages137. Moreover, induced defects in hematite can enhancement in photoelectrochemical 

performance as well. As such, Yang et al. reported the oxygen vacancies to improve the carrier 

generation of hematite138. 

Nanostructures of iron phosphides are not only low-cost, earth abundance non-noble metal, but 

also has a superior electrocatalytic activity for hydrogen and oxygen evaualtion139-141. The 

catalytic activity in hydrogen and oxygen evolution process is evaluated by overpotentials at 

fixed current density, Tafel slope, turnover frequency, and the Gibbs free energy of hydrogen 

adsorption. Various nanostructures such as nanowires, nanoparticles, nanotubes, nanosheets, 

nanorods etc. of iron phosphides have been investigated for electrocatalysts70, 104, 139, 141-144. It 

has been reported that the HER activity of most popular TMPs follows the order FeP > CoP > 

MoP > WP ≈ Ni2P at similar conditions (e.g. mass loading, similar synthesis method)58. Iron 

phosphide with higher P content could enhance HER activity with more active sites; however, 

the increase of P content beyond a certain threshold reduces the HER activity by restraining 

the metal atoms electron delocalisation145. In extend to P content, FeP grown on a substrate has 

better HER activity than free-standing FeP due to the superior charge transfer resulting from 

better adhesion of the catalyst to the substrate146. Encapsulating the naked species of FeP with 

carbon not only ensures accelerating charge and the mass transport process but also protect the 

FeP from degradation and agglomeration140. Moreover, doping of foreign elements, multimetal 

or hybrid complex of iron phosphides have also been explored and proven to be effective to 

enhance the overall electrocatalytic performance140, 145, 147-149. For instance, Lu et al. 

systematically doped Ni into carbon hybridised FeP to obtain high HER performance and 

superior stability over the full pH range148. 
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3. Chapter 3 

 

Liquid phase acoustic wave exfoliation of layered MoS2: 

Critical impact of electric field in efficiency† 

† The contents of this chapter is published in Mohiuddin et al., Liquid Phase Acoustic Wave Exfoliation 

of Layered MoS2: Critical Impact of Electric Field in Efficiency, Chemistry of Materials, 2018, 30 (16), 

5593-5601. 

 

3.1 Introduction 

Liquid-phase exfoliation is a common method for obtaining high yield suspensions of 2D 

transition metal dichalcogenide flakes1-3. Different liquid-phase exfoliation methods including 

mechanical blending and grinding, and also shear mixing (or a combination of them) have been 

developed2-8. These techniques may require long processing time and sometimes a low 

proportion of monolayers are achieved7-10. High population of monolayers can be exfoliated 

by liquid-phase ion intercalation processes; however, such methods are still time-consuming, 

require hazardous solvents and contribute to phase transformation3, 11-15. 

A pathway to increase the efficiency of exfoliating non-centrosymmetric layered crystals is to 

devise a process based on surface acoustic wave (SAW). A SAW is a nanometer-order 

amplitude mechanical wave, accompanying an electric field, which propagates along the 

surface of a piezoelectric substrate. SAW devices have already been well demonstrated in 

diverse applications such as sensors, actuators, filters, microfluidics, etc. Bandpass filters, 

ladder filters, and resonators are some commercial applications of SAW devices in the 

electronics and telecommunication industries. Micromixing, pumping, jetting, atomisation, 

particle concentration, trapping, patterning, de-agglomeration are also some common 

implications of SAW microfluidics16-18. The extremely large surface acceleration along the 
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substrate as the SAW traverses is an efficient means for driving liquid actuation at the 

microscale16-18, including microcentrifugation flows that will be exploited in this work to 

exfoliate the flakes. 

The concomitant electric field with the mechanical wave in that constitutes the SAW19, 20, can 

be advantageous for enhancing the exfoliation process of layered TMDs, such as 2H-MoS2 

under specific conditions. Adjacent planes of 2H-MoS2 are held together by weak van der 

Waals forces to form the bulk of the crystal. Stacking arrangement of adjacent atomic layers in 

bulk 2H-MoS2 makes it centrosymmetric which does not show piezoelectricity. In contrast, 

dimensionally reduced monolayered or odd layered MoS2 exhibits strong piezoelectricity due 

to their non-centrosymmetric crystal structure21, 22. The piezoelectricity depends on the number 

of layers. For example, the piezoelectric coupling coefficient of monolayer MoS2 is three times 

higher than that of trilayer22. Such non-centrosymmetric behaviour, hence the emergence of 

piezoelectricity, is also observed for the outer planes on each side the 2H-MoS2 bulk. 

Given the piezoelectricity of non-centrosymmetric 2H-MoS2, SAW induced electric field exert 

a force on the top piezoelectric layer of the bulk 2H-MoS2 or the flakes which are made of an 

odd number of layers. This is in addition to the mechanical shear imparted on the material, 

regardless of whether it is centrosymmetric or non-centrosymmetric, by the SAW and the flow 

it induces in the liquid. It is expected that the combination of the shear force and electric field 

make the exfoliation process much more efficient. Based on this assumption, a 

microcentrifugation process to exfoliate layered 2H-MoS2 in this chapter. In particular, the 

thickness of layered MoS2 can be tuned through controlled manipulation of the SAW exposure 

duration, and the experimental results for the number of layers are verified with a 

computational prediction. 

 



 
 

48 
 

3.2 Experimental section 

3.2.1 Fabrication of the SAW device 

Optically surface polished 500 μm thick single crystal 128° Y-rotated lithium niobate (128° 

YX LiNbO3) wafer was used as the substrate on which two sets of interdigital transducers 

(IDTs - Figure 3-1) were patterned using a standard UV photolithography process23. Each IDT 

comprised 20 finger pairs. Additionally, a reflector is patterned in parallel to each IDT to reflect 

the acoustic waves from the devices’ edges back to the position where the liquid is deposited 

on the SAW device. 

 
 
Figure 3-1 SAW device configuration. Details configuration of the developed microcentrifugation SAW 

device (offset). There are two IDTs, each composed of 20 electrode pairs. The imposed wavelength of 

SAW device is 200 μm; therefore, the operating frequency of the transducer was ~19.2 MHz. 20 parallel 

metal strips positioned behind the IDTs act as reflectors to increase energy efficiency. 

 

 
 
Figure 3-2 Reflection coefficient of the developed SAW device. Reflection coefficient (S11) of the 

developed device measured by vector network analyser (VNA). The device delivers best performance 

at ~19.2 MHz. Reflection coefficient in dB indicates only negligible amount of power has been reflected 

by the device at the resonance frequency, thus optimum device performance. 
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These reflectors each comprise of 20 metal strips with each finger has possessed a width of 50 

μm. As such, in IDTs, each metallic finger pairs and their associated spacing, has a width of 

200 μm, resulting in a similar wavelength which excites the resonance frequency of ~19.2 MHz 

(Figure 3-2) for SAW travelling at 3850 m s-1. A setup consisting of a RF signal generator 

(N10149, Agilent) and power amplifier (ZHL-5W-1) were used to drive the IDTs at the 

resonance frequency using an applied sinusoidal electric field. 

 

3.2.2 Preparation of PDMS reservoir 

The prepolymer of polydimethylsiloxane (PDMS) and curing agent (Dow Corning 

Corporation, USA) were mixed with a weight ratio of 10:1, and poured into a plastic petri dish 

to form ~1.5 mm height. This was then degassed in a vacuum desiccator and cured in a vacuum 

oven at 80 °C. After the curing process, PDMS reservoir was prepared by punching a 4 mm 

diameter hole. For sealing of the PDMS reservoir onto the SAW substrate, oxygen plasma for 

30 s at 400 mTorr in a pressurised chamber (Harrick Plasma, Max Power 200W). The PDMS 

reservoir was subsequently pressed against the substrate immediately after the surfaces 

treatment and then heated in an oven at 80 °C for 1 h. 

 

3.2.3 Sample preparation and characterisation 

A sample of 20 mg of MoS2 powder (99.9% purity, 0.8-1.2 µm size, US Research 

Nanomaterials, Inc.) was added to 10 mL of Milli-Q water (bulk MoS2 powder; Figure 3-3). 

0.05 mg mL-1 of Tween 20 (VWR) was then added into the mix to stabilise the dispersion. 

After exfoliation with the SAW, the MoS2 nanoflakes in the supernatant were collected for 

further characterisation after centrifugation for 30 min at 2000 rpm. The TEM images were 

acquired using JEOL1010, whereas high-resolution TEM (HRTEM) imaging was performed 

in both JEOL2010 and JEOL2100F. Samples for TEM imaging were prepared by drop-casting 
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the water suspended 2D MoS2 flakes onto TEM grids. Nanoflake thickness measurements were 

performed with Bruker Dimension Icon AFM in ScanAsyst (air) mode. Exfoliated MoS2 was 

drop-casted onto gold-coated silicon substrates, and Raman analysis of the samples was 

performed under ambient conditions using a Jobin Yvon Horiba TRIAX 320 spectrometer 

fitted with a 100× magnification lens (60 s with 3 accumulations, 532 nm excitation 

wavelengths). The XPS measurements were performed using Thermo K-Alpha at pass energy 

of 100 eV for the peak scans. The instrument uses an aluminium K-α monochromated X-ray 

source (1486.7 eV), with a spot size of approximately 400 μm. 

 
 

Figure 3-3 SEM of bulk MoS2. SEM (taken at 30kV) of the bulk MoS2 which has 0.8 to 1.2 µm flakes 

size. 

 

3.2.4 Computational methods 

The Gaussian basis set ab initio package CRYSTAL14 was used in hybrid spin-dependent 

density functional theory (DFT) calculations24, 25. The B3LYP hybrid exchange-correlation 

functional was employed augmented with an empirical London-type correction to the energy 

to include dispersion contributions to the total energy26. The correction term is based on the 

Grimme method, which has been used with B3LYP for calculating cohesive energies in 

dispersion bonded molecular crystals27, 28. For sulphur, the Durand Effective Core 

Pseudopotential (ECP) was used to account for the core electrons in sulphur and 1 31G* basis 
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sets for the valance electrons. For molybdenum, a Hay-Wadt small-core ECP was used in order 

to account for the 28 core electrons and a 311-31G basis set for the valance electrons29. 

Periodically infinite, 1 to 9 layer MoS2 nanoflakes were constructed from a geometry optimised 

MoS2 bulk structure and their nanoflake energies, under an applied electric field (perpendicular 

to the surface of the nanoflake), were calculated using DFT (B3LYP) and the method described 

by Grimme to calculate the dispersion forces. 15151 k-point sampling was used for 

converging the electronic ground state27, 28. This method has already been successfully applied 

to MoS2 and SnS2 nanoflakes calculations30, 31. 

 

3.3 Results and discussion 

Standard lithography was employed to pattern the SAW device, construct the PDMS reservoir 

and seal it onto the transducer as presented in the Experimental Section. Figure 3-4A shows a 

schematic diagram of the microcentrifugation SAW device that incorporates a PDMS reservoir 

for the exfoliation of MoS2. A droplet (17 µL) of 2H-MoS2 nanoparticles (2 mg mL-1) placed 

into the PDMS reservoir, and the SAW device is excited at ~3 W (14 V) and ~19.2 MHz. 

Illustration of a monolayer MoS2 after the exfoliation process represented in Figure 3-4B. 

When a high frequency propagating SAW encounters the liquid droplet in its path, as shown 

in Figure 3-4A, it leaks its energy into the liquid. This produces a compressional wave in the 

liquid, which, as a consequence of viscous attenuation in the liquid media, induces strong 

acoustic streaming within the droplet (as depicted by the blue arrows in Figure 3-4C and 

3.4D)17. The in-plane component of the SAW beneath the liquid droplet suffers from minimal 

attenuation since the droplet actuation is mainly driven by the out-of-plane component32. The 

degree of symmetry associated with the droplet streaming is a function of the waves 

propagation direction, the droplet position and the boundaries of the reservoir18, 33. A symmetric 

streaming pattern comprising, two quasi-steady vortices can be seen if the liquid droplet is 
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positioned in the centre of acoustic wave propagation path (Figure 3-4C), whereas an 

asymmetric pattern leading to azimuthal streaming is generated if the liquid droplet is placed 

off-centre with respect to the SAW radiation (Figure 3-4D). The latter configuration found to 

be more effective for exfoliation, due to the large streaming velocities ~0.15 m s-1 that can be 

attained. As discussed previously in Li et al., dispersion of the MoS2 particles occurs under the 

intense streaming above a threshold velocity, RF (radio frequency) power, MoS2 flakes 

properties and liquid surface tension are the dominant factors directly correlating the effective 

thickness-modulation of MoS2
33. Powers lower than 0.3 W were insufficient to produce any 

streaming flows and beyond 3 W liquid atomisation was observed. As such, 3W RF power was 

consistently used throughout the experimental study. Low concentration surfactant was used 

in the experiments to stabilise the exfoliated flakes dispersions. The importance of this method 

is that the process can be scaled-up by using parallel arrays of devices. Parallel arrays of low-

cost microcentrifugation SAW devices (~USD $1/device) can be integrated for potential large-

scale throughput as well as long-term device operation. The modules of those chips can be 

operated simultaneously. The idea of such scaling up has been demonstrated in a versatile 

modular plug-and-actuate concept of microarray titre plate34 that can be adopted for the mass 

production of MoS2. The scaling up of the proof-of-concept work presented in this article 

utilising the intrinsic piezoelectric properties of MoS2 using SAW devices, will be 

demonstrated in a future article. In order to investigate and obtain a better insight into the 

performance of the system, the exfoliated MoS2 nanoflakes at different SAW exposure 

durations were experimentally characterised with AFM, TEM, and Raman spectroscopy. 
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Figure 3-4 Illustration and photographs of microcentrifugation SAW devices. (A) Illustration of an 

asymmetric micro-exfoliation SAW device constituting the lithium niobate chip with a PDMS reservoir 

bonded onto it. The insets show the IDTs, reflectors and their dimensions. (B) Illustration of monolayer 

MoS2 structure. (C) Centred droplet aligned with a single IDT on the device giving rise to two stable 

acoustic streaming vortices in the droplet. (D) Azimuthal acoustic streaming circulation in the droplet 

as a consequence of the asymmetric positioning of the droplet confined in the reservoir, which is placed 

off-centre with respect to the two opposing IDTs. 

 

Approximately 10 µL of the supernatant solutions were drop-casted onto Si substrates and 

imaged by AFM to estimate the surface topography and thickness profile of the nanoflakes. 

Figure 3-5 represents the AFM images with thickness distribution histograms for the exfoliated 

nanoflakes obtained from 1 to 25 min SAW exposed samples. 



 
 

54 
 

 
 

Figure 3-5 Characterisation of thickness distribution. Thickness distribution histograms of the 

exfoliated MoS2 nanoflakes, obtained from the AFM measurements, along with typical images and 

height profile at different SAW exposure durations of (A) 1 (B) 5 (C) 10 (D) 15 (E) 20 and (F) 25 min. 

It can be seen that the SAW exfoliation process requires at-least 25 min to produce monolayers of MoS2 

nanoflakes effectively. M represents the median thickness in the resolution of 0.1 nm. 

 

50 nanoflakes were used for the construction of the histograms for all cases. The flakes showed 

a large thickness distribution for the 1 min SAW exposed sample with a majority in the range 

of 36 to 42 nm (median of 38.6 nm). The median for the thickness distribution of nanoflakes 

continues to shift to lower values with increasing of exposure time (Figure 3-5). The SAW 

exfoliation process became monolayer dominant at 25 min exposure. After this exposure 

duration, the majority of the nanoflakes’ thicknesses were ranged between ~1.2 to ~2 nm 
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corresponding to mono and double layer of MoS2 with the presence of surfactant residual35, 36. 

The frequency of monolayers obtained is relatively high (58%) for the 25 min case in 

comparison to other liquid exfoliation methods, and an analysis of performance is presented 

later in this text. Moreover, 25 min sample exhibits a constricted width normal distribution 

curve in comparison to more expanded distributions for other exfoliation durations. It is 

important to consider that the forces applied to the particles consist of electric field and also 

shear forces. These shear forces exist during the exfoliation and are generated by the SAW 

acoustic streaming. Even-numbered flakes that are not affected by electric field are exfoliated 

due to this shear force generated inside the droplet by the SAW streaming; therefore, thick even 

number of layers are absent in 25 min SAW exfoliated sample. The exfoliation trend is clearly 

seen in Figure 3-5 and the median thickness of the flakes constantly decreases from 1 to 25 

min due to both SAW streaming and electric field. However, the monolayers, which are 

predicted based on the mathematical simulations (presented later in this text), are mostly seen 

at 25 min time and that’s the duration that the electric field effect dominates the process. 

To further investigate the exfoliation process, TEM of all samples were obtained and 

representative examples are shown in Figure 3-6 along with the HRTEM and selected area 

electron diffraction (SAED) of the long run samples (20 and 25 min). The TEM images are in 

general agreement with AFM topographies. Highly crystalline, defect-free MoS2 nanoflakes 

are observed in HRTEM images. HRTEM together with the SAED show hexagonal lattice 

structure of single-crystalline MoS2 with fringe spacing of ∼0.27 nm corresponding to the 

(100) lattice planes30. The layer spacing in samples with several in-registry planes is 0.7 nm. 
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Figure 3-6 Microscopic characterisation of exfoliated nanoflakes. TEM images of the MoS2 nanoflakes 

exfoliated from bulk 2H-MoS2 for different SAW exposure durations. (A) 1 min (B) 5 min (C) 10 min 

(D) 15 min (E) HRTEM of the 20 min sample with corresponding SAED and TEM image represented 

in the inset. (F) HRTEM of the 25 min sample with TEM and SAED (inset). 

 

Micro-Raman spectroscopy was conducted to assess the vibrational modes of MoS2 nanoflakes 

obtained with the different SAW exposure durations. The E1
2g and A1g modes are considered 

as they are the thickness-dependent modes. As the MoS2 crystal is dimensionally reduced, the 

in-plane (E1
2g) mode of the bulk crystal, whose peak occurs at ∼382 cm−1, stiffens thus blue 

shifted and conversely the out-of-plane (A1g) mode, whose peak occurs at ∼407 cm−1 softens 

hence red shifted37. The wavenumber difference between the two main Raman peaks (E1
2g and 

A1g) is shown in Figure 3-7A for bulk, 1 min and 25 min SAW exfoliated samples. The 25 min 

SAW exfoliated sample possesses the smallest wavenumber difference (23.62 cm−1) in 

comparison with the bulk (25.64 cm−1)38, 39. The full wavenumber versus exfoliation time curve 

is presented in Figure 3-7B. In accordance with AFM, the wavenumber difference decreases 
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with increasing SAW exposure duration and hence the reduction in the number of layers. The 

difference of wavenumbers in vibrational peaks (E1
2g and A1g) never reaches those smaller 

values compared to the previous reports that are representative of monolayers37. Such 

discrepancy is likely due to the effect of residues on flakes and also polydispersity of nanoflake 

thicknesses, which have been similarly reported previously39-41. 

 
 

Figure 3-7 Structural characterisation of exfoliated nanoflakes. (A) Raman spectra of the exfoliated 

MoS2 nanoflakes at different exfoliation durations. (B) Wavenumber difference of the E1
2g and A1g 

Raman modes as a function of SAW exposure time. 

 

The binding energies of the samples were studied using XPS. The results for the bulk powder 

and 25 min SAW exfoliated samples are presented in Figure 3-8. Both samples show doublet 

Mo 3d5/2 and Mo 3d3/2 peaks at 229.4 and 232.6 eV, respectively. The binding energies of the 

S doublet were also seen at 162.2 and 163.1 eV, representing S 2p3/2 and 2p1/2, respectively. 

This means that the exfoliated materials were comprised of stoichiometric MoS2 and that the 

exfoliation process did not deteriorate the quality of the flakes. 
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Figure 3-8 XPS of MoS2. (A) Bulk powder and (B) 25 min SAW exfoliated samples. In both cases, 

carbon 1s peak located at 284.50 eV used as a reference to align the spectra. 

 

Thermogravimetric analysis (TGA) was utilised for the yield estimation42 (Figure 3-9). 

Approximately 0.6 mL of initial 25 min SAW exfoliated solution was centrifuged at 1000 rpm 

for 30 min to remove the bulk residues. The supernatant of the centrifuged solution collected 

in a centrifuge tube. This collected supernatant solution then centrifuged twice at high speed 

(15,000 rpm) for 90 min. The supernatant of high speed centrifuged solution was removed, and 

precipitant at the bottom was used for TGA, which was performed on a PerkinElmer TGA 

Pyris 7 by heating the sample in the presence of N2 gas (Figure 3-9). The concentration of the 

exfoliated MoS2 nanoflakes was measured as ~32 µg mL-1 that translates into ~3.816 (%)/h 

yield per unit of time obtained at 1,000 rpm centrifugation. 
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Figure 3-9 TGA of 2D MoS2 flakes prepared after 25 min of SAW exfoliation in the presence of nitrogen 

gas. The final concentration was calculated at 400 °C. 

 

Yield per unit time was calculated using the following formula: 

𝑌𝑖𝑒𝑙𝑑 (%) 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒 =

𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑓𝑟𝑜𝑚 𝑇𝐺𝐴)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

100

𝑇𝑖𝑚𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟
 

 

Figure 3-10A presents an illustration of MoS2 centrosymmetric even layers and non-

centrosymmetric odd layers. Figure 3-10B shows the relative proportion of the number of 

fundamental layers in the 2D MoS2 flakes after 25 min of SAW exfoliation. Extracted from the 

results in Figure 3-5F, approximately 58% of the produced flakes are monolayer, as presented 

in Figure 3-10B. Based on the calculations, this exfoliation takes place under an applied electric 

field of on average 105 V m-1 generated by the SAW device. This electric field was estimated 

from the applied voltage (14 V) across the IDTs, the width of the IDT finger pairs and the 

possible penetration depth of the wave into the aqueous media20. 
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Figure 3-10 Computational estimation and validation of exfoliation. (A) Illustration of centrosymmetric 

and non-centrosymmetric MoS2 layers. (B) The number of layers in the 25 min SAW exposed sample 

obtained from the AFM thickness distribution estimation compared with (C) exfoliation of 9-layer 

nanoflakes under the influence of electric field in the computational estimation. 

 

To understand the mechanism that underpins the SAW exfoliation process, a computational 

assessment was conducted. In the model, the exfoliation is mediated by the electric 

displacement under an applied electric field was assumed. This would only occur if a structure 

is non-centrosymmetric (i.e., it has no inversion symmetry). Group theory reveals that flakes 

of MoS2 with an odd number of layers are non-centrosymmetric and thereby exhibits 

piezoelectricity, while sheets with even number of layers of MoS2 have fundamental planes 

that are centrosymmetric and are therefore not piezoelectric22. Therefore, a further assumption 

in the model is that once an even-numbered layer has been created, no further exfoliation of 

that nanoflake can occur. Additionally, electric fields induced displacement between MoS2 
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fundamental planes is only possible when the thickness of odd layer of nanoflakes are 

reasonably low (7< layers) to exhibit appreciable  piezoelectricity22. 

As a simplifying assumption, the numbers of layers in bulk can be considered for computation. 

Here the example for 9 layers is shown than can be extended to smaller numbers (highly likely 

as piezoelectricity increases) or larger numbers (less likely as the thickness is closer to bulk 

and piezoelectricity drops) using the same method. As can be seen in Figure 3-11, exfoliation 

events can be continued through to a maximum of 4 exfoliation steps (labelled as “branch 

layers” in Figure 3-11). The possibility of single and double exfoliation events is considered. 

In this example, starting from a 9-layer nanoflake the exfoliation possibilities include 8-1, 7-2, 

6-3, 5-4 as single exfoliation events and 7-1-1, 5-3-1, 3-3-3 as double exfoliation events. A 

single exfoliation event can be labelled as (k | k-n, n) which means a k-layer MoS2 slab has 

exfoliated into k-n layer slab and n-layer slab. Similarly, double exfoliation events are labelled 

as (k | k-n1-n2, n1, n2). 

 
 

Figure 3-11 Exfoliation from a 9 layer nanoflake through to a 1 layer. The possible pathways of 

exfoliation can proceed through 4 successive exfoliation steps (branch layers 1-4). No further 

exfoliation for even number nanoflakes (labelled in red in the diagram) is considered once created. 

 

Mathematically, an exfoliation proportional probability weighting (P) is associated with each 

of the events using in an n layer system as: 

Branch layer 1 

Branch layer 2 

Branch layer 3 

Branch layer 4 
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kT
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ep




        (1) 

Where k is the Boltzmann’s constant and T is the temperature and △E is the difference of 

exfoliation energy before and after the exfoliation event as calculated using a hybrid DFT 

computation (B3LYP). Under the 9-layer assumption, possible pathways for single and double 

exfoliation events are represented in Figure 3-11. Exfoliation events continue when the 

outcome contains odd number of layers. They stop when exfoliation result in either even or 

monolayer flakes. A description of the calculation of exfoliated MoS2 layers frequency, with 

the number of layers, is presented in the subsequent section. 

For each branch layer, a probability (P) is assigned for each single exfoliation event (k | k-n, 

n) by: 

 

𝑃(𝑘|𝑘 − 𝑛, 𝑛) = 𝐴𝑒𝑥𝑝 (−
|Δ𝐸( 𝑘|𝑘−𝑛,𝑛)|

𝑘𝑇
)        (2) 

 

Δ𝐸(𝑘|𝑘 − 𝑛, 𝑛) = 𝐸𝐵3𝐿𝑌𝑃(𝑘) − (𝐸𝐵3𝐿𝑌𝑃(𝑘 − 𝑛) + 𝐸𝐵3𝐿𝑌𝑃(𝑛))     (3) 

 

Where EB3LYP(k), EB3LYP(k-n) and EB3LYP(n) are the Density Function Theory (B3LYP) 

calculated energies for the k, k-n and n layered slab respectively, T is the temperature (0K), k is 

the Boltzmann constant and A is a normalisation constant. 

 

Similarly, for each double exfoliation event (k | k-n1-n2, n1, n2) the probabilities are given by: 

 

𝑃(𝑘|𝑘 − 𝑛1 − 𝑛2, 𝑛1, 𝑛2) = 𝐴𝑒𝑥𝑝 (−
|Δ𝐸(𝑘|𝑘−𝑛1−𝑛2,𝑛1,𝑛2)|

𝑘𝑇
)      (4) 

Δ𝐸(𝑘|𝑘 − 𝑛1 − 𝑛2, 𝑛1, 𝑛2) = 𝐸𝐵3𝐿𝑌𝑃(𝑘) − (𝐸𝐵3𝐿𝑌𝑃(𝑘 − 𝑛1 − 𝑛2) + 𝐸𝐵3𝐿𝑌𝑃(𝑛1) + 𝐸𝐵3𝐿𝑌𝑃(𝑛2))  (5) 
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It is assumed that each exfoliation event is independent; therefore, as a slab continues to 

undergo successive exfoliation events through the branch layers of the tree diagram, the total 

probability of an outcome is the product of the probability of formation at each branch layer. 

The frequency spectrum (Figure 3-10C) is obtained in the following way: 

 

1. For each outcome event in the tree diagram, the probability of the event (as outlined 

above) and multiply that value by the number of layers that are formed from that event 

is calculated. For example, there are 9 single layer slabs created through the pathway 

(9|3,3,3)  (3|1,1,1) since there are three 3-layer slabs created in the (9|3,3,3) event 

(branch layer 1), and each of the three layered slabs can give rise to three 1-layer slabs 

through the (3|1,1,1) event. 

2. For a particular layer number (for example 2-layer slabs), the frequency value of that 

layer as a sum of values (as determined in step 1) of all the outcomes that give that 

particular layer value is calculated. 

3. Finally, all the frequency values for all the layers are renormalised so that all of the 

frequency values sum to 100 %. 

 

The computational outcomes are presented in Figure 3-10C, which is in good agreement with 

the measurements. For instance, the ratio of monolayer MoS2 in experiment and computation 

estimations are ~58% and ~59%, respectively. The slight discrepancies between the experiment 

and computation estimation of other flake numbers may originate from the fact that shear 

exfoliation, which was not considered in the computational estimation, still plays an important 

role in the exfoliation process. 

Shear rate is crucial for the exfoliation of monolayer using probe sonication or turbulent based 

techniques6, 43, 44. In reports based on such techniques, efficient exfoliation to ultrathin layers 
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generally occurs when the shear rate exceeds the threshold value of ~104 s-1 6, 43, 44. Considering 

streaming velocity of microcentrifugation SAW device and diameter of the PDMS reservoir, 

shear rate produced in the microcentrifugation SAW device is ~102 s-1, which is relatively low. 

 

To investigate the exfoliation characteristics of MoS2 nanoflakes using microcentrifugation 

SAW device in the absence of electric field, a thin 100 nm gold (Au) layer (with 30 nm 

chromium adhesion layer) deposited between the PDMS reservoir and lithium niobate substrate 

(Figure 3-12A inset). This metallic layer screens and prevents electric field exposure to MoS2 

particles. Flakes thickness distribution histogram shown in Figure 3-12A represents the 

exfoliation of MoS2 (25 min) with and without the presence of an electric field. As can be seen, 

shear force exfoliation (in red), with no electric field, has larger median value for the flakes 

thickness (4.3 nm) in comparison with the presence of electric field (1.4 nm). This red bars 

distribution is very similar to previous experiments using the shear force only, confirming that 

electric field is not present7. The experiment also shows the increased efficiency of the 

exfoliation process in the presence of electric field. Figure 3-12B shows the corresponding 

lateral dimension histograms of flakes of Figure 3-12A. As can be seen, the average lateral 

dimension of the exfoliated samples in the presence of electric field is larger than that of only 

shear force exfoliation. It seems that electric field helps in the more efficient exfoliation of the 

crystal before they are broken down by the shear force. Therefore, both experiment and 

computational analysis suggest that the electric field plays a dominant role in exfoliating MoS2 

to ultrathin layers.  
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Figure 3-12 Comparison of shear force only exfoliation with electric field-assisted exfoliation. (A) AFM 

Thickness distribution histograms of MoS2 flakes (25 min) with (black) and without (red) the presence 

of electric field. Inset shows microcentrifugation SAW device coated with Au layer underneath the 

PDMS reservoir and device without any metallic layer. (B) Flakes lateral dimension histograms. 

 

The efficiency of the developed technique is compared with a few selected previous works in 

terms of the median number of layers, the run time and the yield per unit of time (Table 3-1). 

To facilitate consistency in the comparison, the data in the table only focuses on liquid 

exfoliation techniques with surfactants or chemical solvents, without the incorporation of any 

assisting chemically active reagents (such as butyllithium and sodium hydroxide). As can be 

seen, the proposed method here has the best exfoliation efficiency in an impressively short 

time, resulting in approximately 58% monolayer MoS2 flakes. In this work, the yield is high, 

reaching a yield per unit of time of 3.816/h. This is higher than that of previous reports for 

sonication methods with surfactant or N-Methyl-2-pyrrolidone (NMP) as a solvent. Such 

efficiency can be ascribed to the ability to exploit the piezoelectricity of the non-

cetrosymmetric material, given the presence of the electric field that accompanies the 

mechanical shear, which is not possible with other methods. 
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Table 3-1 Comparison of exfoliation efficiency. Comparison of the exfoliation efficiency of MoS2 

prepared in this work with that produced from selected other comparable single-step liquid exfoliation 

methods. 

 
Exfoliation methods, 

chemical used 

Median number of 

layers 
Run time 

Yield per unit of time 

(%)/h 
Reference 

Liquid exfoliation using 

SAW with aqueous 

surfactant 

1 25 min 3.816 This work 

Liquid exfoliation using 

blender  with aqueous 

surfactant 

2 to 12 2 h 0.400 7 

Probe sonication with 

aqueous surfactant 
4 16 h 0.625 45 

Probe sonication with NMP - 7 h 0.285 46 

Probe sonication with NMP - 140 h 0.290 5 

 

3.4 Conclusions 

In brief, unlike conventional exfoliation methods, a compact microcentrifugation SAW device 

was developed that applies a concomitant electric field, and mechanical shear force for efficient 

exfoliation of monolayer enrich MoS2 suspension. Overall, a yield per unit of time of 3.816 

(%)/h was achieved utilising the developed SAW system, which is at least 5 times higher than 

the best previously reported value. High accelerating acoustic wave-induced shear streaming 

reduces the thickness of MoS2. Through the experimental realisation and computational 

estimation, it was shown that the electric field plays a critical role in increasing the efficiency 

of the exfoliation process due to the intrinsic piezoelectric nature of non-centrocymmetric 

layered MoS2. The thickness of MoS2 can be modulated by increasing the SAW exfoliation 

duration, as revealed by the AFM images which show the existence of a high percentage of 

MoS2 monolayers. Further optimisation studies on the design and development of the device 

is expected to improve production efficiency. 
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The SAW system reveals the possibility of micro-scale routes for the versatile exfoliation of 

non-centrosymmetric layered materials and also alludes to the significant possibility of 

exploiting the electric field to increase the efficiency of these exfoliation processes. The 

process can be applied to a large number of layered crystals, including transition metal oxides 

and chalcogenides. A list of possible candidates is presented in the works by Duerloo et al. and 

Blonsky et al.21, 47. Additionally, many more layered crystals should be explored and identified 

based on the selection criteria of non-centrosymmetric condition. Centrosymmetric materials 

are nonpiezoelectric (e.g., graphene); therefore, exfoliation of such materials will not be as 

effective as non-centrosymmetric materials using the SAW method48. In the following chapter, 

an alternative method of agitative exfoliation and co-applied electric field will be investigated. 
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4. Chapter 4 

 

Exploring electric field assisted van der Waals weakening 

of stratified crystals† 

† The contents of this chapter is published in Mohiuddin et al., Exploring electric Field Assisted van 

der Waals Weakening of Stratified Crystals, Applied Materials Today, 2018, 12, 359-365. 

 

4.1 Introduction 

It has been presented in chapter 3, that the concomitant mechanical and electric field generated 

by an external piezoelectric substrate can enhance the exfoliation process. The monolayer 

TMDs such as molybdenum disulphide (MoS2) and tungsten disulphide (WS2) have inherent 

piezoelectricity due to the lack of centrosymmetry, while ideal bulk TMDs are symmetric and 

do not show piezoelectricity 1-6. To date, no studies have been conducted on understanding the 

direct application of electric field exploiting the piezoelectricity during the liquid-phase 

mechanical exfoliation of TMDs. External electric field on the nature of match between the 

dispersive component of surface energy may influence the distribution of the field on the 

boundaries. In this chapter, external electric field for enhancing liquid-phase sonication 

exfoliation of MoS2 and WS2 layers (also non-piezoelectric graphene as a reference) has been 

investigated. Considering the more effective influence of electric field on the exfoliation 

efficiency of WS2, characterisation and electrocatalytic HER proof-of-concept have been 

presented for this material. 
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4.2 Experimental section 

4.2.1 Materials 

WS2 (2 μm, 99%) powder, graphite flakes (+100 mesh) and dimethylformamide (DMF, 99.8%) 

were purchased from Sigma-Aldrich. MoS2 (0.8-1.2 µm, 99%) powder was purchased from 

US-nano. Sulfuric acid, H2SO4 (≥99%, Sigma-Aldrich), polytetrafluoroethylene, PTFE (60 

wt%, Sigma-Aldrich), carbon paper (CP). All the reagents were used as received without any 

further purification. 

4.2.2 Synthesis 

An in-house built system was utilised to the apply electric field. For the system 0.5 mm thick 

perforated stainless steel sheet was used for preparing outer and inner electrodes. Diameters of 

outer and inner electrodes were 41 mm and 27 mm, respectively. These electrodes were housed 

into a machined high-density polyethylene (HDPE) container. 

Each time 2 mg/ml of bulk powder was prepared in 20 ml of solvent and taken into the HDPE 

container for exfoliation. For exfoliation experiments, the solution was tip sonicated with and 

without electric field (nitrogen purged). The electric field (sinusoidal, 1.5 kHz) was applied 

using a voltage amplifier (Trek 677A). The sonication was performed for 30 min (unless stated 

otherwise) by a probe sonicator (Q500, QSONICA, 1/2″ diameter probe, 500 W and 20 kHz 

frequency) using 25% amplitude of power with 8 s on and 2 s off pulses. To remove the 

unexfoliated materials, exfoliated solutions were centrifuged (Labogene 1524M-ScanSpeed) at 

1000 rpm for 30 min, and supernatants (top 50%) were collected for further characterisation. 

4.2.3 Characterisations 

The TEM for histogram was performed in JEOL 1010 at 100 kV accelerating voltage. The 

crystal structure and lattice properties of exfoliated nanoflakes were evaluated by JEOL 2010F 

at 200 kV accelerating voltage. The samples were drop-casted onto holey carbon grids for the 

TEM analysis. Perkin Elmer Lambda 1050 spectrophotometer and quartz cuvette of 10 mm 



 
 

76 
 

path length were used to perform optical absorbance of samples. The thickness and surface 

roughness of nanoflakes were measured using a Bruker Dimension Icon AFM in ScanAsyst air 

mode, 10 µL of solution (centrifuged at 2000 rpm, Eppendorf - 5702) was drop-casted onto 

silicon (Si) substrates. The SEM image of bulk WS2 powder presented in Figure 4-1(a) was 

examined using a Verios 460L field-emission SEM. Raman and PL spectrometry of drop-

casted WS2 were conducted using Horiba Scientific LabRAM HR evolution Raman. For 

Raman and photoluminescence (PL) measurements, the samples were drop-casted onto gold-

coated Si wafers. For the Raman spectrometry the samples were excited with a 532 nm laser. 

The measurements were conducted using a 50× lens and 1800/mm grating. The PL 

measurements were conducted using the same instrument as for the Raman characterisations, 

using 150 grating/1200 nm. The XRD patterns were collected using a Bruker D8 DISCOVER 

microdiffractometer fitted with a general area detector diffraction system. Data were collected 

with a potential of 40 kV and a current of 40 mA featuring a Cu Kα X-ray source (λ = 0.154 

nm). Zeta potentials were performed in Malvern Nano ZS Zetasizer. All measurements were 

performed under ambient conditions. 

4.2.4 Electrochemical measurements 

Hydrogen evolution reaction was performed using a three-electrode configuration (CHI 760D) 

in 0.5 M H2SO4 (pH = 0.3) electrolyte. Carbon paper (CP) coated with the sample, graphite 

rod, and Ag/AgCl (in 1 M KCl aqueous solution) were used as working electrode, counter 

electrode, and a reference electrode, respectively. The carbon paper was cleaned properly with 

ethanol and DI water before use. All the potentials shown in this paper were converted to RHE 

and all the polarisation curves were iR corrected. The presented current density was normalised 

to the geometric surface area. Linear sweep voltammetry was performed at a 5 mV s−1 scan 

rate to obtain the polarisation curves. All the tests were conducted at room temperature and 

ambient pressure. Inks of WS2 nanosheets were prepared by mixing 2 mg of materials powder 
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and carbon black at 80% and 20% ratio in IPA and DI water mixture (1:1). 6 μL PTFE solution 

(60% in H2O, Sigma) was added followed by sonication for 10 min. Around 100 μL of the 

suspension was drop-casted onto a carbon paper with an area of 0.25 cm2. Electrochemical 

cyclic voltammetry measurements for determining electrochemical double-layer capacitors 

(EDLC) were performed over a range of scan rates (10, 20, 30, 40, and 50 mV s-1) at 0.15 V vs 

RHE. 

 
 

Figure 4-1 (a) SEM microstructure of the as-purchased bulk WS2 powder. (b) AFM thickness profile of 

a typical WS2 grain with the inset showing the AFM image. 

 

4.3 Results and discussion 

Schematically shown in Figure 4-2(a) is the apparatus that generates an electric field using two 

concentric electrodes. Figure 4-2(b), (c) present the actual images of the system. 

Approximately 20 ml solution can be included in a single run using this system. Liquid 

suspensions with no electric field applied, 0.1 kV mm-1 and 0.2 kV mm-1 electric field-assisted 

sonication were prepared. The mechanical power of 125 W was applied to the probe sonicator 

for 30 min in the process (Materials and methods). After the exfoliation, the samples to which 

the electric field was applied show increase in exfoliation concentrations of WS2 in DMF. 
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Figure 4-2 Electric field-assisted liquid-phase exfoliation. (a) Schematic illustration of the experimental 

procedure for synthesising nanoflakes by liquid-phase exfoliation using simultaneous electric field and 

probe sonication. HDPE container is used to exfoliate 20 ml solution. (b) Assembled device and HDPE 

container, device is used to apply electric field has two concentric electrodes with a gap 7 mm between 

the electrodes. (c) Disassembled outer and inner electrodes. 

 

Figure 4-3(a) and (c) display the exfoliated WS2 and MoS2 suspensions after centrifugation at 

1000 rpm. The concentration estimate and optical properties of the exfoliated WS2 nanoflakes 

were characterised by ultraviolet-visible (UV-vis) absorption spectroscopy (Figure 4-3(b)). 

The samples exhibit three distinct exciton absorption peaks of A, B, and C at approximately 

630, 524, and 460 nm, respectively, which is in good agreement with previous reports 7, 8. 

Excitonic A, B, and C peaks confirm that external electric field does not cause any phase-

transitions or defects in the exfoliated WS2 
8, 9. The electric field-assisted exfoliated 2D WS2 

shows a substantial increase in the intensity of the entire wavelength range in comparison to 

the samples synthesised using only probe sonication. As the dimensional aspects of the flakes 

are further reduced under electric field (shown later) the increase of the 2D material’s 

concentration according to Beer-Lambert law becomes more pronounced. The concentration 
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of the as exfoliated WS2 suspensions were calculated from excitonic A absorption peak of UV-

vis spectra as per described in previous reports 10-12. The yields of exfoliated WS2 suspensions 

were calculated to be 2.3, 3.2, and 4.6 µg/ml for no field, 0.1 kV mm-1, and 0.2 kV mm-1, 

respectively.  

 
 

Figure 4-3 (a, c) Exfoliated WS2, MoS2 suspensions and (b, d) UV-vis spectra of exfoliated WS2, MoS2 

suspensions. 

 

To understand the exfoliation efficiency in the time domain, WS2 nanoflakes dispersion 

concentration is investigated for both no field and with applied electric field (0.1 kV mm-1) at 

different processing time. Dispersions concentration at different processing time of 10, 30, 60, 

and 90 min is represented in Figure 4-4. For both no field and applied electric field, the 

concentration increases with the increase of time. Both curves show nonlinear behaviour with 

the processing time. It appears that the exfoliation with the presence of electric field is more 

effective than sonication only exfoliation. 
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Figure 4-4 The concentrations of the WS2 suspensions for no field and with an applied electric field as 

a function of sonication time. 

 

These initial assessments confirmed that the electric field-assisted process has likely resulted 

in higher concentration and thinner flakes. Alternating electric field impacts on the surfaces of 

the WS2 and help in distorting the top and bottom layers which are noncentrosymmetric and 

show piezoelectricity. In order investigate the effect of solvent parameters further, three 

different volume ratios of isopropyl alcohol (IPA) and deionised (DI) water (10:90, 50:50 and 

90:10) were prepared as the exfoliation solvent of WS2. However, no discernible difference 

was observed after applying the electric field (Figure 4-5). 
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Figure 4-5 UV-vis spectra of exfoliated WS2 for different volume ratios of IPA and DI water. 

 



 
 

82 
 

UV-vis spectra of MoS2 presented in Figure 4-3(d). Unlike WS2, UV-vis spectra of no field 

and 0.1 kV mm-1 MoS2 electric field strength are identical and overlap with each other and 

downshifted to the lower absorption for 0.2 kV mm-1 field strength. 

Table 4-1 summarises the surface tension components of solvents and 2D materials 

investigated in this study 13-15. Previously surface tension matching 15, or the matching of polar 

component/dispersive component ratio 13, 14, 16 have been identified as the possible parameters 

governing the efficiency of the exfoliation process with no electric field applied. However, it 

seems that here the best exfoliation outcomes are obtained when the dispersive component of 

the solvent, in the case of DMF (25.21), and WS2 (25.59) are matched (Table 4-1). This makes 

sense as the dispersive interaction is defined as the interaction caused by temporary fluctuations 

of the charge distribution across the surface of the stratified particles and the nearby solvent 17. 

The matching of the dispersive component results in a resonance effect for the free charges 

near the interfacial area that influences the van der Waals interactions. The resonance increases 

the concentration of free charges at the interfacial layers of WS2, which is a piezoelectric 

material. This in return enhances the surface agitation of the layers and increases the efficiency 

of exfoliation by weakening the van der Waals forces. This resonance is not seen for IPA/DI 

cosolvent as the dispersive components of none of the concentration matches that of WS2 and 

these components are all lower for the IPA and DI cosolvent. The case of MoS2/DMF is 

interesting as the application of the electric field causes a drop in the exfoliation efficiency, 

although MoS2 has similarities of piezoelectric properties to WS2. Considering that MoS2 and 

DMF has a relatively close polar component/dispersive component ratios, 0.449 and 0.448, 

respectively, the change of electric field is in fact perturbs this matching and reduces the shear 

force impact (Table 4-1). The system is also tested on the exfoliation of graphene (Figure 4-6) 

and observed no effect of electric field on exfoliation efficiency as the interfacial graphene is 

a non-piezoelectric surface.  
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Figure 4-6 (a) Images of the suspensions of exfoliated graphene. (b) UV-vis spectra of graphene. 

 

Overall, the synergy of the dispersive component between DMF and WS2 along with the 

piezoelectric properties of WS2, have a better effect on the efficiency of electric field-assisted 

exfoliation. Moreover, the closeness of the ratio of surface tension components between the 

aimed MoS2 and DMF might reduce exfoliation efficiency. Such phenomenon does not apply 

to graphene due to its poorer piezoelectricity in comparison to WS2 and MoS2. 

 

Table 4-1 Surface tension components of solvents and 2D materials. 

 

Name 
Surface tension 

[mN/m] 

Dispersive 

component 

[mN/m] 

Polar 

component 

[mN/m] 

Polar 

component/dispersive 

component 

IPA/DI (10/90) 43.90 21.11 22.79 1.080 

IPA/DI (50/50) 25.13 16.96 8.17 0.482 

IPA/DI (90/10) 22.77 15.79 6.98 0.442 

DMF 36.5 25.21 11.29 0.448 

WS2 40 25.59 14.41 0.563 

MoS2 40 27.6 12.4 0.449 

Graphene 63 42.83 20.17 0.471 

 

AFM analysis was performed to assess the thickness of the WS2 nanoflakes. Figure 4-1(b) 

shows the thickness profile of a typical WS2 grain and AFM image as the inset. Distributions 
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of the nanoflake thicknesses for each condition are displayed in Figure 4-7 along with sample 

AFM images. It was observed that the electric field has an apparent impact on the thickness of 

the exfoliated WS2. The thickness distribution of the WS2 nanoflakes was reduced (Figure 4-

7(a), (b), (c)) with the introduction and increase of the external electric field. The measured 

median thicknesses of exfoliated 2D WS2 nanoflakes were approximately 4.4, 3.4 and 2 nm for 

no field, 0.1 kV mm-1, and 0.2 kV mm-1, respectively. AFM confirms that the 0.2 kV mm-1 

field sample constitute a large proportion of single and double-layer flakes in the dispersions 

18. 

 
 

Figure 4-7 AFM characterisation of the exfoliated nanoflakes. AFM thickness distribution histogram of 

(a) no field (b) 0.1 kV mm-1 and (c) 0.2 kV mm-1 and correspondent original AFM images shown in (c), 

(d) & (f), respectively. 50 randomly selected nanoflakes of each sample were analysed by AFM to 

obtain thickness distribution histogram, and M represents median number of layers. 

 

The lateral dimensions of the exfoliated WS2 were assessed using TEM. Representative images 

of the nanoflakes obtained from the no field, 0.1 kV mm-1 and 0.2 kV mm-1 exfoliation 
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possesses are depicted in Figure 4-8(a, b), (c, d) and (e, f), respectively, along with their 

corresponding high-resolution TEM (HRTEM) images. The distribution of lateral dimensions 

of the nanoflakes from TEM images indicate that the nanoflakes were in the range of 40–80 

nm across (Figure 4-9) and there is negligible change with an applied electric field. The 

estimated interlayer spacing from the HRTEM image was ~0.27 nm which matches well with 

the d-spacing value for the (100) plane of 2H-WS2 
9. Altogether, the external electric field 

seems to impose no undesired effects on the morphology of the synthesised 2D WS2 

nanoflakes. 

 
 

Figure 4-8 TEM and HRTEM with visible crystalline spacing images of typical (a, b) no field, (c, d) 

0.1 kV mm-1, and (e, f) 0.2 kV mm-1 of 2D WS2 nanoflakes, respectively. 
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Figure 4-9 Lateral dimension distributions of 2D WS2 nanoflakes determined from TEM images: (a) no 

field (b) 0.1 kV mm-1 (c) 0.1 kV mm-1. Here, N represents the number of nanoflakes for the construction 

of flakes distributions. 

 

Raman spectroscopy is a non-destructive approach to assess the structural quality and vibration 

properties of the exfoliated WS2 nanoflakes. For all conditions represented in Figure 4-10(a), 

the Raman spectra were dominated by the 2LA (M), E1
2g and A1g modes which is consistent 

with previous reports 19, 20. At the excitation wavelengths of 488 and 647 nm, the intensity of 

2LA (M) mode is weaker than that of the E1
2g 

19; however, Raman spectra is shown in Figure 

4-10(a) at 532 nm excitation wavelength, 2LA (M) mode is stronger than that of the E1
2g  

20. 

Such behaviour can be explained by the double resonance process due to the laser excitation 

wavelength dependency of the intensity of 2LA (M) and E1
2g phonon modes 19, 20. Wavenumber 
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differences between second-order Raman peak, the 2LA (M) and the out-of-plane vibrational 

mode A1g of all samples were observed to be identical (~64 cm-1). This can be attributed to the 

small thickness dependence of the A1g and 2LA (M) peaks in WS2 
19, 21-23 and ~1 nm difference 

in median thickness of nanoflake between samples. However, with the increase of the applied 

electric field, the intensity ratio of A1g/2LA (M) peaks decreases, which generally indicate the 

reduction of number of layers 19, 21. For no field, 0.1 kV mm-1, and 0.2 kV mm-1, the intensity 

ratio of A1g/2LA (M) is 0.94, 0.86, and 0.75, respectively, which is consistent with the 

reduction of nanoflakes thickness.  

The indirect bandgap of 1.4 eV in bulk WS2 changes to a direct bandgap of 2.1 eV when it is 

thinned down to monolayer 24. Therefore, strong PL emerges 24. The PL spectra of the WS2 

nanoflakes under the 532 nm excitation is presented in Figure 4-10(b). Here, the exciton A 

peak of monolayer WS2 appeared at approximately 2.1 eV. A strong peak at approximately 

1.85 eV originating from mono to multilayers nanoflakes of varying A exciton binding energies 

and edge/defect emission, is in good agreement with liquid-phase exfoliation results reported 

in the past 25. Moreover, the strengthening of PL signal with the increase of applied electric 

field indicates the thinning of WS2 
26. The A exciton peak position of WS2 is weakly dependent 

on the flake thickness 20, 21, 27. In many previous reports, with the decrease of thickness, A 

exciton peak experiences a slight shift 20, 21, 27, 28. In contrast, no visible shift of A exciton peak 

was observed for the samples shown in Figure 4-10(b). Such discrepancy might be due to the 

different exfoliation processes, which have also been reported previously 29. 
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Figure 4-10 (a) Raman spectra of WS2 nanoflakes exfoliated with phonon vibrational modes indicated. 

Inset depicts the peak intensity ratio between 2LA (M) and A1g modes as a function of electric field. (b)  

PL signal of the samples prepared on gold-coated Si substrates. Peaks intensity increased with the 

introduction of electric field. 

 

Furthermore, the effect of electric field on the chemical state and crystal structure of exfoliated 

WS2 nanoflakes were assessed by XRD measurements. XRD patterns of bulk, with and without 

electric field exfoliated WS2 are shown in Figure 4-11. Various peaks in bulk WS2 arise from 

the lattice planes of stacked many layers. However, only four peaks exist in exfoliated WS2 

nanoflakes, and those peaks were from the symmetry of the vertical crystal planes at 14.32, 

28.89, 43.93, and 59.87 corresponding to 002, 004, 006 and 008 lattice planes of 2H-WS2, 

respectively 12. No change in peak positions between no field and applied electric field was 

observed. 
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Figure 4-11 XRD patterns for bulk WS2 and exfoliated 2D WS2 nanoflakes. 

 

The zeta potential of exfoliated dispersion indicates the magnitude of the electrostatic 

attraction/repulsion between nanoflakes to evaluate the stability of colloidal suspensions. 

Dispersions with higher absolute zeta potential are more electrostatically stable due to the 

relative high repulsive forces over the attractive forces 30. The value of zeta potentials were 

−13.4, −20.9, and −21.8 mV for no field, 0.1 kV mm-1, and 0.2 kV mm-1, respectively (Figure 

4-12). Therefore, exfoliated WS2 nanoflakes were negatively charged 30, 31 and the increase in 

the absolute value of the exfoliated nanoflakes with the presence of electric field indicates 

better dispersion stability than sonication only exfoliation 32, 33. To determine the long term 

aqueous stability of exfoliated WS2 nanoflakes, suspensions are re-examined using zeta 

potential after six months of storage at room temperature. The results (Figure 4-13) show that 

the polarity of suspensions hasn’t changed; however, slight decrease of absolute zeta potential 

of 3.1, 2.4 and 0.6 mV has been observed for no field, 0.1 kV mm-1, and 0.2 kV mm-1, 

respectively. 
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Figure 4-12 Zeta potential spectra for WS2 nanoflakes for three samples: (a) no field (b) 0.1 kV mm-1 

(c) 0.2 kV mm-1. 

 

 

Figure 4-13 Zeta potential spectra for WS2 nanoflakes for three samples: (a) no field (b) 0.1 kV mm-1 

(c) 0.2 kV mm-1 after six months. 
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For the proof-of-concept, electrocatalytic HER performance of exfoliated WS2 nanosheet, the 

electrochemical measurements of WS2 with and without electric field exfoliation were 

conducted in acidic media (0.5 M H2SO4). For comparison, electrocatalysts and bare carbon 

paper electrodes were tested at room temperature under identical conditions.  The linear sweep 

voltammetry (LSV) measurements are shown in Figure 4-14. The electric field exfoliated WS2 

nanosheets showed lower overpotential compared to sonication only exfoliated WS2 to achieve 

10 mA cm-2 current density. As shown in Figure 4-14, for electric field exfoliated WS2, an 

overpotential of 376 mV was required to achieve standard 10 mA cm−2 current density, whereas 

it was 429 mV for no field exfoliation WS2. 

 
 

Figure 4-14 (a) LSV curves of bare CP, sonication only and electric field exfoliated WS2 in 0.5 M 

H2SO4 and (b) the corresponding Tafel slopes. 

 

To obtain further insight into the HER activity, the Tafel slopes were derived from the LSV 

polarisation curves, as shown in Figure 4-14b, the lower the values of Tafel slopes the faster 

the HER rates. A Tafel slope of 125 mV dec−1 was observed for the field exfoliated 2D WS2 

nanosheets, which is smaller than the value obtained for sonication only WS2 (133 mV dec−1), 

indicates the superior HER activity of field exfoliated WS2. 

The electrochemically surface area (ECSA) of the electrocatalysts was calculated using electric 

double layer capacitance (EDLC) via CV (Figure 4-15) in order to understand the intrinsic 
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activity of the active sites and active sites play the most important role for hydrogen evolution 

reaction. For the calculation, the geometric current density at 0.15 V vs the RHE is plotted 

against five different CV scan rates as depicted in Figure 4-16. The EDLC values were 

calculated from the slopes of the linear regression of Figure 4-16. A larger EDLC value of 16.1 

mF cm−2 was obtained for the 2D electric field exfoliated WS2 compared to the value of 7.5 

mF cm−2 measured for sonication only exfoliation. 2D electric field exfoliated WS2 possesses 

much higher active surface area compared to sonication only exfoliated WS2, which led to 

excellent HER activity. 

 
 

Figure 4-15 Cyclic voltammetry (CV) curves for (a) electric field-assisted exfoliated WS2, (b) 

sonication only exfoliated WS2 in the region of 0.10 ~ 0.20 V vs RHE at five different scan rates. 

 

 
 

Figure 4-16 Capacitive currents at 0.15 V vs RHE as a function of scan rate for nanosheets electric 

field-assisted and sonication only exfoliated WS2. 
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4.4 Conclusions 

In brief, the presence of an electric field plays an important role in the liquid-phase exfoliation 

of WS2 and not MoS2 and graphite. This was associated to the lack of symmetry on the 

interfacial planes of dispersive component of DMF and WS2 are similar, while the polar and 

dispersive components ratio is very close for DMF and MoS2 and piezoelectricity of the 

boundary layers are small for graphene. Investigations of exfoliated WS2 confirm that the 

intrinsic characteristics of WS2 were well preserved even after the exposure to electric field in 

liquid media. It has been shown that if the condition is well designed, a more efficient 

exfoliation process could be obtained with the increase of electric field. The developed method 

can be utilised simultaneously with sonication to improve the efficiency of selected liquid-

phase exfoliation process, especially for those that the solution and stratified materials 

matching of dispersive component. Unlike micro-exfoliation, odd and even number of layers 

biasness has not been observed in this experiment. The difference could be due to the high 

electric field strength and frequency which was not possible to achieve using available 

amplifiers. Finally, the proof-of-concept electrochemical HER measurements show the 

superior performance of electric field-assisted exfoliated WS2 nanosheets over sonication only 

exfoliation. To further improve the catalytic and charge transfer activities, WS2 can be 

hybridised before the exfoliation process. The hybridisation of WS2 could be carried out by 

adding centrosymmetric materials such as quantum dots, graphene. Carbon-based 

centrosymmetric materials will enhance charge transfer activities but will not be influenced by 

the external electric field. 
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5. Chapter 5 

 

Facile and scalable template-assisted synthesis of ultrathin 

hematite nanosheets and nanonets† 

† The contents of this chapter is under review in Mohiuddin et al., Synthesis of Two-Dimensional 

Hematite and Iron Phosphide for Hydrogen Evolution, Journal of Materials Chemistry A, 2019. 

 

5.1 Introduction 

2D materials are of great interest for different field of research ranging from electronics to 

energy due to thickness-dependent unique properties1, 2. Majority of the 2D nanostructures 

synthesis methods are only suitable for layered materials3-7 and restricted to produce fewer 

quantities, limits their applicability at industrial scale. Individual layers are bonded weakly by 

van der Waals forces in layered materials; therefore, 2D ultrathin nanostructures can be 

obtained straightforwardly from intrinsically layered materials through well-established 

methods; however such ultrathin structures are considerably complex to produce for naturally 

non-layered materials due to the intrinsic three-dimensional bulk crystals structures8. 

Chemical synthesis of 2D materials in suitable solvents are favourable for high yield synthesis 

which is prerequisite for many applications, particularly, energy storage and conversions9, 10. 

A long list of ultrathin non-layered 2D structures are favourable to synthesis using wet-

chemical synthesis approaches; however, conventional wet-chemical synthesis methods are 

encountered with poor control over the morphology and lateral dimensions11. Amongst, 

template-assisted synthesis is one of the most popular and widely used wet-chemical technique 

to prepare free standing non-oriented/oriented nanostructures8, 11-13. Majority of the template 

synthesis methods of nanostructures usually includes hard templates, as well activation of those 
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templates by complex processes and chemicals;12, 14 therefore, a facile and easily removable 

template strategy for the controlled synthesis of 2D nanostructures is highly desirable. 

Owing to the low cost, earth abundance, and high stability under harsh conditions, hematite (α-

Fe2O3) is widely been used for various applications such as energy conversions, 

photocatalysts15, 16. Great efforts have been made so far to synthesis ultrathin nanosheets of α-

Fe2O3 using different methods, as such half-unit-cell thickness of α-Fe2O3 with the lateral size 

up to about 1 μm synthesised using the hard template, subsequently hard template was removed 

using a chemical etching process. Liquid-phase synthesis using sonication for long hours is 

another way to obtain ultrathin α-Fe2O3 nanosheets. Unfortunately, complicated long 

processing along with the limited yield hinder the further investigation for practical 

applications. Moreover, the facile and scalable synthesis of 2D nanosheets and nanonets of 

non-layered iron oxides and its compounds with defined shape and size is a great challenge; 

therefore, a scalable synthesis of α-Fe2O3 can open up a limitless possibility for diverse 

applications. 

In this chapter, a novel synthesis of non-layered 2D ultrathin μm sized α-Fe2O3 nanosheets and 

nanonets by utilising template is presented. The developed synthesis approach is highly 

scalable; moreover, the inexpensive and reusable template supports the nanostructures 

throughout the synthesis process. It is also hypothesised that the formation of ultrathin 

nanosheets on the surface of the crystalline template facilitates through the lattice matching 

between the template and target materials, interestingly, through the aging process at room 

temperature, nanosheets can be transformed to nanonets exploiting template induced strain 

effect. 
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5.2 Experimental section 

5.2.1 Materials 

Iron (III) nitrate nonahydrate, Fe(NO3)3·9H2O (Chem-Supply), Sodium chloride, NaCl (≥99%, 

Sigma-Aldrich), Sulfuric acid, H2SO4 (≥99%, Sigma-Aldrich), Polytetrafluoroethylene, PTFE 

(60 wt%, Sigma-Aldrich), carbon paper, All chemicals were used without further purification. 

5.2.2 Preparation of nanosheets and nanonets 

1 g of Fe(NO3)3·9H2O was dispersed in 20 ml of ethanol with stirring using magnetic stirrer 

for 30 min to obtain the precursor solution (Figure 5-1a). 310 g of NaCl salt (template) was 

measured and transferred in a 1L glass beaker for mixing. Previously prepared precursor 

solution mixed with the NaCl salt drop-wise and mixed manually on a hotplate at ~80 °C for 

~20 min. After the mixing process, precursor@template processed within 2-3 days (annealing, 

filtration etc) to obtain nanosheets on the template. For the growth process of nanonets, after 

the mixing of NaCl salt and precursor, precursor@template stored and left in ambient 

conditions until the light yellow mixture turns to light brown (takes ~10 days, Figure 5-1b). 

 
 

Figure 5-1 (a) Iron precursor (b) precursor and template mixture (left-immediately after preparation, 

right – after aging). 

 

For the annealing process to obtain α-Fe2O3, precursor@template mixture was dried in a tube 

furnace under Ar environment at 400 °C for 2 h. Ramp rate for the annealing process was 2 °C 

min-1 for nanosheets and 10 °C min-1 for nanonets. Nanonsheet and nanonets (FeOOH, α-
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Fe2O3)@template were washed with DI water to remove the template and redispersed in 

ethanol to obtain nanostructures for further characterisation. 

5.2.3 Characterisations 

TEM and HRTEM studies were performed on a JEOL 1010 and JEOL 2100F instruments, 

respectively operating at 100 and 200 kV, respectively. XPS was performed using a Thermo 

Scientific K-Alpha XPS spectrometer, and all the XPS results are calibrated at C-C (C 1s - 

284.8 eV) to be used as a reference. The machine was featured with a monochromated Al Kα 

X-ray source with a photon energy of 1486.7 eV and an X-ray spot size of 400 μm. The samples 

were scanned with a pass energy of 50 eV and a dwell time of 50 ms. Data acquisition and 

processing were performed using Avantage software. XRD analysis was used to evaluate the 

crystal structure of samples which was performed using a Bruker D4 Endeavour featuring a 

CuKα X-ray source (λ = 1.54 Å). For both cases, the operating voltage and current were at 40 

kV and 40 mA, respectively. The morphologies of the samples were observed with field 

emission SEM (FEI Verios 460L). For SEM, liquid suspension of samples drop-casted onto a 

pre-cleaned Si piece and dried in ambient, as prepared sample then mounted on aluminium 

stubs using both side adhesive carbon tape. AFM images were recorded using a Bruker 

Dimension Icon AFM with nanoscope software. For the AFM measurements, the samples were 

drop-casted on Si substrate which was pre-cleaned with acetone, IPA and DI water. The 

Fourier-transform infrared spectroscopy (FTIR) spectrum was performed on a PerkinElmer 

Spectrum 100 FT-IR spectrometer in a scan range of 4000 - 600 cm−1. 

5.2.4 Electrochemical measurements 

Hydrogen evolution reaction was performed using a three-electrode configuration (CHI 760D) 

in 70 ml 0.5 M H2SO4 (pH = 0.3) electrolyte. Carbon paper coated with the samples was used 

as a working electrode whereas a graphite rod, and Ag/AgCl (in 1 M KCl aqueous solution) 

were used as a counter electrode, and reference electrode, respectively. The carbon paper was 
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cleaned using ethanol and DI water prior coating carbon paper with samples. All the potentials 

shown in this paper were converted to RHE and all the polarisation curves were iR corrected. 

The presented current density was normalised to the geometric surface area. Linear sweep 

voltammetry was performed at a 5 mV s−1 scan rate to obtain the polarisation curves. All the 

tests were conducted at room temperature and ambient pressure. Inks (FeOOH, α-Fe2O3) were 

prepared by mixing 5 mg of materials powder and carbon black at 80% and 20% ratio in IPA 

and DI water mixture (1:1). 15 μL PTFE solution (60% in H2O, Sigma) was added followed 

by sonication for 10 min. Around 100 μL of the suspension was drop-casted onto a carbon 

paper (CP) with an area of 0.25 cm2. 

 

5.3 Results and discussion 

A water dissolvable template-synthesis approach was employed to grow the atomically-thin 

nanosheets of iron compounds on the surface of crystalline sodium chloride (NaCl), as shown 

in Figure 5-2. 

 
 

Figure 5-2 (a) Schematic of the synthesis procedure of nanosheets, step I, FeOOH nanosheets were 

obtained by filtering the initially formed FeOOH on the template (FeOOH@template), step II, shows 

the annealing of FeOOH@template to form α-Fe2O3. (b) The optical image shows the liquid suspension 

of α-Fe2O3. 

 

The crystalline template plays the main key to facilitate the growth of the nanosheets from the 

precursor molecules on the template surface. The close match of lattice parameters between 
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the template and target material leads to the formation of nanosheets at the interface. The details 

of the lattice matching of coincidence lattices between NaCl template and preliminary formed 

ferric oxyhydroxide (FeOOH) will be presented later this section. After the formation of 

FeOOH on the template, annealing was carried out to form the stable nanosheets of α-Fe2O3. 

The TEM image in Figure 5-3a clearly reveals the ultrathin nature of the FeOOH nanosheets. 

The copious amount of several micrometres (~5 µm) lateral sized FeOOH nanosheets are 

observed in SEM (Figure 5-3b), witness the scalability of the developed method. The selective 

area electron diffraction (SAED) pattern of FeOOH presented in the inset of Figure 5-3b 

indicates a match for the monoclinic phase (β-phase) of FeOOH (PDF 34-1266). The typical 

topography scan using AFM demonstrates the ultrathin features with thickness of 1.5 nm, as 

shown in Figure 5-3c, and d. Low magnification TEM image (Figure 5-4a) shows a typical 

morphology of the α-Fe2O3 nanosheet. The high resolution (HR) TEM image presented in 

Figure 5-4b delineates the lattice spacing of 2.5 Å corresponds to the (110) plane of α-Fe2O3 

according to the standard card No JCPDS No. 24-0072 
17. The SAED image further witnesses 

the HRTEM observation by indexing (110) and (214) crystal plane of α-Fe2O3 (Figure 5-4c). 

AFM study of α-Fe2O3 nanosheet demonstrated in Figure 5-4d, and e shows the thickness down 

to 1 nm measured on Si substrate. Scanning TEM (STEM) energy dispersive spectroscopic 

(EDS) mapping and spectrum of α-Fe2O3 (Figure 5-5) confirm the uniformity of oxide 

formation and the presence of peaks for Fe and O atoms apart from Cu and C of TEM grid, 

indicate the absence of Na or Cl impurities from the template. 

 



 
 

104 
 

 
 

Figure 5-3 (a, b) low- resolution TEM and SEM images of FeOOH nanosheets, respectively. The inset 

of b shows the SAED of FeOOH nanosheets. (c) AFM image of the FeOOH nanosheets with 

corresponding (d) thickness profile. 

 

 
 

Figure 5-4 (a-c) low-, high-resolution TEM images, and SAED pattern of α-Fe2O3 nanosheets, 

respectively. (d) AFM images of α-Fe2O3 nanosheets with corresponding (e) thickness profile. 
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Figure 5-5 (a) STEM image along with (b-d) C, Fe and O elemental mapping of α-Fe2O3 nanosheets, 

respectively. STEM EDS spectrum of α-Fe2O3 nanosheets shown in the inset of a. 

 

The high-resolution XPS Fe 2p spectrum of FeOOH and α-Fe2O3 nanosheets are shown in 

Figure 5-6a. Fe 2p peaks of FeOOH and α-Fe2O3 samples are identical and represent oxidation 

peaks. Doublet of Fe 2p3/2 and 2p1/2 are located at ~710.9 and ~724.5 eV, respectively, well 

separated by two board satellite peaks located at ~719.2 and ~733.4 eV, suggesting the Fe3+ 

oxidation state of iron in FeOOH and α-Fe2O3 nanosheets18. 

Figure 5-6b and c, show the O 1s core-level spectrum of FeOOH and α-Fe2O3 nanosheets. For 

both, a peak exhibits at ~529.9 eV corresponding to lattice oxygen in iron oxyhydroxides or 

iron oxides19. On the other hand, the peak at ~531.5 eV corresponds to lattice hydroxyl group19. 

As expected, FeOOH nanosheets have more hydroxyl groups bound to their surface than α-

Fe2O3. One additional district peak is observed for FeOOH nanosheets at ~533.5 eV, which 

belongs to the binding energy of surface absorbed H2O molecules20-22. The crystal structure 

and phase purity of FeOOH and α-Fe2O3 samples are investigated by XRD, as shown in Figure 
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5-6d. Upon annealing yellowish colour of FeOOH nanosheets turns to red. The XRD pattern 

of the FeOOH nanosheets exhibits two broad and weak diffraction peaks corresponding to the 

(310) and (211) orientation plane of β-FeOOH (PDF 34-1266) The XRD pattern of α-Fe2O3 

shows the conversation to pure hematite (indexed as hexagonal α-Fe2O3, JCPDS No. 24-0072).  

 
 

Figure 5-6 Structure and surface characterisations. XPS spectrum of nanosheets (a) Fe 2p (b) O 1s of 

FeOOH (c) O 1s of α-Fe2O3 (d) XRD pattern of FeOOH, α-Fe2O3. 

 

As the phase is critical in forming FeOOH on the surface of the NaCl template, the (FTIR) is 

performed to further confirm the phase of FeOOH. The FTIR spectrum of FeOOH shown in 

Figure 5-7 also matches with the FTIR spectrum of 𝛽-FeOOH23, 24. The bands observed at the 

region I and II attributed to the stretching and bending vibration mode of –OH bond, 

respectively resulting from surface absorbed water25, 26, whereas bands at region III was 

ascribed to the vibration modes of Fe–O in 𝛽-FeOOH27.  
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Figure 5-7 FTIR spectrum of FeOOH, which matches with the of 𝛽 phase of FeOOH. 

 

The mechanism of FeOOH nanosheets formation is driven by the close lattice matching 

between the NaCl template and the growing molecules. The low interfacial energy resulting 

from the close lattice matching initially favours the growth of ultrathin 2D β-FeOOH on NaCl 

template28. However, lattice strain caused by the small amount lattice mismatch between the 

template and target materials can enable anisotropic shape transformation29, 30. Therefore, apart 

from the growth of nanosheets on crystalline template through close lattice matching, nanonets 

can also be grown on the template by aging the precursor@template mixture. The aging process 

allows anisotropic growth of nanonets on the template at room temperature for a period of time. 

Initially ultrathin layers form on the crystal surface; however, over time growth continues to 

nanonets through the aggregation of molecules from the strain of small lattice mismatch to 

stimulate the anisotropic growth29. The XRD peak (310) of FeOOH nanostructures indicate 

close match with (111) of NaCl template favourable for nanosheets formation (Figure 5-6d). 

Contrary, small mismatch of (211) peak of FeOOH nanostructures with the (200) peak of NaCl 

template leads to the growth of anisotropic FeOOH nanonets. 

To validate the hypothesis further, the time-dependent evolution of nanostructures formed on 

the template are examined at different times within the aging period to understand the shape 
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transformation process. Schematic illustrations and the TEM images below the schematic 

shown in Figure 5-8a-d demonstrate the evolution of nanonet. Initially, continuous nanosheet 

(Figure 5-8a) forms on the template and some voids start to form over time, as shown in Figure 

5-8b. Subsequently, the amount of the voids on the nanosheets start to increase (Figure 5-8c) 

and eventually, the nanosheet is fully evolved to nanonets (Figure 5-8d). The detail 

characterisation of nanonets formed by aging process is represented in the subsequent section. 

 
 

Figure 5-8 Schematic illustrations and TEM images of the time-dependent evolution of nanonet from 

nanosheet. (a) original nanosheet formed at the initial stage (b) over time voids start to form (indicated 

in red arrows) on the nanosheet (c) amount of void space increased with time (indicated in red arrows) 

leading to the formation of nanonet (d) nanonet from nanosheet completely evolved to nanonet. 

 

Low magnification TEM and SEM of FeOOH nanonets shown in Figure 5-9a and b, 

respectively. As shown in TEM, the typical lengths and the widths of nanorod, which forms 

the nanonet are varies between 100 - 600 nm and 10 - 30 nm, respectively. The low 

magnification SEM image shows that the typical lateral dimension of nanonets is up to several 

μm. A close SEM observation (the inset of Figure 5-9b) of nanonet reveals the randomly 

orientated overlapping nanorods like structure. The diffused concentric rings of SAED pattern 

indicate the poor crystalline nature of FeOOH nanonet (Figure 5-9c). SEM of FeOOH nanonet 

is consistent with TEM image. Represented in Figure 5-9d, a typical AFM image of FeOOH 

nanonet along with the thickness profile indicate a typical thickness of 15 nm. 
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Figure 5-9 (a, b) low- resolution TEM and SEM images of FeOOH nanonet, respectively. The inset of 

b shows the zoom view of FeOOH nanonets. (c) SAED of FeOOH nanonet. (d) AFM image of the 

FeOOH nanonet with corresponding thickness profile shown in the inset of d. 

 

The smooth surface of nanorods of FeOOH nanonets became slightly rough, might be due to 

the dehydration in annealing process (Figure 5-10a). The lattice fringe (Figure 5-10b) of 

polycrystalline α-Fe2O3 shows d-spacing of 2.5 Å, which is corresponding to the (110) crystal 

plane. The polycrystalline structure of α-Fe2O3 confirmed by SAED pattern shown in Figure 5-

10c and diffraction spots can be indexed to (110) and (214) crystal planes of α-Fe2O3 nanonet. 

Typical AFM images and thickness profile in Figure 5-4d and e, respectively present the 

nominal thickness of nanonet to be ~5 nm. Similar to α-Fe2O3 nanosheet, the EDS elemental 

mapping and spectrum of α-Fe2O3 nanonet on a holey carbon copper TEM grid shows the Fe, 

O, Cu and C elements (Figure 5-11). 
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Figure 5-10 (a-c) low-, high-resolution TEM images, and SAED pattern of α-Fe2O3 nanonets, 

respectively. (d) AFM images of α-Fe2O3 nanonet with corresponding (e) thickness profile. 

 

 
 

Figure 5-11 (a) STEM image along with (b-d) C, Fe and O elemental mapping of α-Fe2O3 nanonet, 

respectively. STEM EDS spectrum of α-Fe2O3 nanonet shown in the inset of a. 

 

To examine the chemical composition due to the morphological transformation of nanonets, 

XPS of FeOOH and α-Fe2O3 nanonets are also performed which is represented in Figure 5-12. 
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The peak features are virtually the same for both the nanosheets and nanonets; therefore, aging 

process responsible for the morphological transformation only. 

 

Figure 5-12 XPS spectrum of nanonets (a) Fe 2p (b) O 1s of FeOOH (c) O 1s of α-Fe2O3. 

 

Nanosheets and nanonets of FeOOH and α-Fe2O3 have been examined for electrocatalytic HER 

performance. The electrocatalytic activity of the nanosheets and nanonets is evaluated by 

electrochemical measurements. The polarisation curves of nanosheets and nanonets loaded on 

carbon paper (1.6 mg cm-2) in acidic 0.5 M H2SO4 solution shown in Figure 5-13a. The current 

density of carbon paper, FeOOH nanosheets and FeOOH nanonets is negligible while α-Fe2O3 

nanosheets and nanonets exhibit more than 800 mV overpotential to achieve 10 mA cm-2  

current density. However, the maximum current density achieved by α-Fe2O3 nanonets is 

higher than nanosheets. To extend the performance examination of the reaction kinetics, the 

corresponding Tafel plots of α-Fe2O3 based on the polarisation curves are presented in Figure 

5-13b. A large Tafel slope of 203 and 171 mV dec-1 for α-Fe2O3 nanosheets and nanonets, 

respectively is obtained. 
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Figure 5-13 (a) Polarisation curves of FeOOH and α-Fe2O3 nanostructures measured in acidic media, 

(b) and the corresponding Tafel slopes of α-Fe2O3 nanostructures. 

 

5.4 Conclusions 

In summary, the synthesis of non-layered 2D α-Fe2O3 via template approach has been 

demonstrated. The close lattice matching allows the formation of ultrathin nanosheets on the 

template; however, shape transformation to the anisotropic nanonets resulting from the small 

lattice mismatch induced strain can also be introduced by aging process. Parameters such as 

precursor concentration, the ratio of precursor to template, growth temperature can be 

investigated further to tune the thickness and pore size of α-Fe2O3. Altogether, the template 

synthesis enables the facile and scalable process for synthesising low dimensional non-layered 

iron compounds which could open the new opportunities for the various applications. To 

overcome the high overpotential limitations of FeOOH and α-Fe2O3 nanostructures for the 

hydrogen production, attempts of conversion to FeP have been made, which is presented in the 

following chapter. 
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6. Chapter 6 

 

Ultrathin iron phosphide nanostructures towards hydrogen 

evolution reaction† 

† The contents of this chapter is under review in Mohiuddin et al., Synthesis of Two-Dimensional 

Hematite and Iron Phosphide for Hydrogen Evolution, Journal of Materials Chemistry A, 2019. 

 

6.1 Introduction 

Hydrogen could be an ideal carbon-neutral energy source to cope up with the fast increase in 

energy consumption. Water electrolysis to hydrogen and oxygen through electrical power 

source is promising for large scale fuel production1, 2. The design and development of low cost, 

earth-abundant and highly active catalysts for a wide range of energy conversion applications 

on a large scale are the primary concern for sustainable energy. The quest for stable, earth-

abundant electrocatalysts with high efficiency remains a great challenge. The TMPs have been 

highlighted as promising candidates for electrocatalysts energy conversion application3-8. It is 

important to develop scalable and facile synthesis method of high quality, large quantity 

nanomaterials for energy application. In this chapter, a facile and scalable synthesis of 2D FeP 

nanosheets and nanonets for effective electrocatalyst for hydrogen evolution reaction (HER) 

has been described. The simple and low-cost synthesis method is suitable for large-scale 

production, and electrochemical measurements of electrocatalysts show high stability and 

activity in acidic media. Prepared highly efficient electrocatalyst could be an effective 

replacement of noble Pt-based electrocatalyst in energy devices. 
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6.2 Experimental section 

6.2.1 Materials 

α-Fe2O3 nanostructures prepared in Chapter 5, Sulfuric acid, H2SO4 (≥99%, Sigma-Aldrich), 

Polytetrafluoroethylene, PTFE (60 wt%, Sigma-Aldrich), carbon paper, All chemicals were 

used without further purification. 

6.2.2 Synthesis 

Transformation to FeP was performed in a horizontal tubular furnace with continuous N2 flow 

(50 sccm). α-Fe2O3@template was placed in a quartz crucible, and NaH2PO2 were placed on 

another quartz crucible. Quartz crucible of α-Fe2O3@template was positioned at the centre of 

the furnace whereas of NaH2PO2 crucible was positioned in upstream inside the furnace. The 

temperature of the furnace raised to 400 °C at the rate of 5 °C min-1 then cool down to room 

temperature with N2 flow. The total duration for the reaction process was 120 min after the 

temperature of the system had reached the desired temperature. At these temperatures, 2D 

nanostructures (nanosheets and nanonets) on template reacted with PH3 vapour to convert to 

FeP. Nanonsheet and nanonets of FeP@template were washed with DI water to remove the 

template and redispersed in ethanol after filtration to obtain nanostructures for further 

characterisation. 

6.2.3 Characterisations 

TEM and HRTEM studies were performed on a JEOL 1010 and JEOL 2100F instruments, 

respectively operating at 100 and 200 kV, respectively. XPS was performed using a Thermo 

Scientific K-Alpha XPS spectrometer, and all the XPS results are calibrated at C-C (C 1s - 

284.8 eV) to be used as a reference. The machine was featured with a monochromated Al Kα 

X-ray source with a photon energy of 1486.7 eV and an X-ray spot size of 400 μm. The samples 

were scanned with a pass energy of 50 eV and a dwell time of 50 ms. Data acquisition and 

processing were performed using Avantage software. XRD analysis was used to evaluate the 



 
 

119 
 

crystal structure of samples which was performed using a Bruker D4 Endeavour featuring a 

CuKα X-ray source (λ = 1.54 Å). For both cases, the operating voltage and current were at 40 

kV and 40 mA, respectively. AFM images were recorded using a Bruker Dimension Icon AFM 

with nanoscope software. For the AFM measurements, the samples were drop-casted on Si 

substrate, which was pre-cleaned with acetone, IPA and DI water. Brunauer–Emmett–Teller 

(BET) surface area measurements were performed in Quantachrome ASiQwin. The BET 

surface area and pore size distribution were calculated from the nitrogen adsorption/desorption 

isotherms at 77 K. 

6.2.4 Electrochemical measurements 

Hydrogen evolution reaction was performed using a three-electrode configuration (CHI 760D) 

in 70 ml 0.5 M H2SO4 (pH = 0.3) electrolyte. Carbon paper (CP) coated with the samples was 

used as a working electrode whereas a graphite rod, and Ag/AgCl (in 1 M KCl aqueous 

solution) were used as a counter electrode, and a reference electrode, respectively. CP was used 

as a working electrode for electrochemical measurements because of the versatility and cost-

effectiveness over other electrodes. The carbon paper was cleaned using ethanol and DI water 

prior coating carbon paper with samples. All the potentials shown in this paper were converted 

to RHE, and all the polarisation curves were iR corrected. The presented current density was 

normalised to the geometric surface area. Linear sweep voltammetry was performed at a 5 mV 

s−1 scan rate to obtain the polarisation curves. All the tests were conducted at room temperature 

and ambient pressure. Inks of FeP was prepared by mixing 5 mg of materials powder and 

carbon black at 80% and 20% ratio in IPA and DI water mixture (1:1). 15 μL PTFE solution 

(60% in H2O, Sigma) was added followed by sonication for 10 min. Around 100 μL of the 

suspension was drop-casted onto a carbon paper (CP) with an area of 0.25 cm2. Electrochemical 

cyclic voltammetry measurements for determining EDLC were performed over a range of scan 

rates (10, 20, 30, 40, and 50 mV s-1) at 0.15 V vs RHE. EIS was carried out at overpotential of 
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-0.1 mV (vs RHE) with AC signal amplitude of 5 mV. The stability test was also performed at 

a fixed potential. 

 

6.3 Results and discussion 

α-Fe2O3 nanostructures obtained using the synthesis method explained in Chapter 5, were 

phosphorised to form the stable nanostructures of FeP. The TEM image in Figure 6-1a clearly 

reveals the ultrathin nature of the FeP nanosheets. Apart from ultrathin morphology, a 

significant amount of mesopores are observed on the nanosheets as depicted in Figure 6-1a 

(circled in red). Upon conversion of α-Fe2O3 to FeP, the lattice spacing of 2.52 Å is observed 

which corresponds to the (120) crystal plane of orthorhombic FeP in accordance with the card 

No. JCPDS No. 65-2595, shown in Figure 6-1b9. Besides, the SAED pattern reveals the 

existence of (011) and (022) planes associated with the FeP according to card No. JCPDS No. 

65-2595 (Figure 6-1c). The typical topography scan using AFM demonstrates the ultrathin 

features with thickness down to atomic level; for instance, FeP nanosheet shows thickness of 

3 nm as shown in Figure 6-1d and e. The STEM-EDS mapping of a single nanosheet shows 

the evenly distributed Fe and P across the nanosheet, assuring successful conversion and high 

purity of the FeP (Figure 6-2). Moreover, the corresponding EDS spectrum of the nanosheet 

having reasonable signals of Fe and P showing the atomic ratio close to 1 also confirms the 

formation of FeP (inset of Figure 6-2a). 
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Figure 6-1 (a-c) low-, high-resolution TEM images, and SAED pattern of FeP nanosheets, respectively. 

(d) AFM images of FeP nanosheets with corresponding (e) thickness profile. The liquid suspension of 

FeP shown in the inset of a. 

 

 
 

Figure 6-2 (a) STEM image along with (b-d) C, Fe and P elemental mapping of FeP nanosheet, 

respectively. STEM EDS spectrum of FeP nanosheets shown in the inset of a. 
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The high-resolution XPS of Fe 2p spectrum of FeP nanosheet is shown in Figure 6-3a. For FeP, 

peaks at ~707.2 eV (Fe 2p3/2) and ~720.3 eV (Fe 2p1/2) instigated from the bonding between 

Fe and P in FeP (Fe3+)10. 

Moreover, oxidation of Fe species denoted by the peaks at ~711.5 and ~725 eV arise from Fe-

O bond, which is probably associated with the formation of thin phosphate layer at the surface 

of FeP due to oxidation by air exposer11, 12. In the P 2p region (Figure 6-3b) of FeP, the doublet 

of 2p3/2 and 2p1/2 appears at ~129.4 and ~130.3 eV, respectively, is initiated from the negatively 

charged P (P3-) ions of metal (Fe) and P bonding10, 13 and highly effective hydrogen evolution 

reaction of FeP resulting from the synergy of proton acceptor P sites and hydride acceptor metal 

sites14. The strong peak at ~133.6 eV indicates P-O bond of surface phosphate forms which 

was also observed in O 1s scan (Figure 6-3c) of FeP nanosheets11, 12. The crystal structure and 

phase purity of FeP samples are investigated by XRD, as shown in Figure 6-3d. Upon 

phosphorisation reddish colour of α-Fe2O3 nanosheets turns to black. Moreover, characteristic 

diffraction peaks of FeP confirm the transformation of α-Fe2O3 to orthorhombic FeP (JCPDS 

No. 65-2595).  
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Figure 6-3 Structure and surface characterisations. XPS spectrum of FeP nanosheets (a) Fe 2p (b) P 2p 

(c) O 1s and (d) XRD pattern. 

 

Although the morphology of nanosheet did not change after phosphorisation, nanonet building 

block nanorods are transformed into the network of nanoparticles (Figure 6-4a). Lattice fringes 

(Figure 6-4b) from the HRTEM show the d-spacing is approximately 2.42 Å, corresponding to 

the (111) crystal plane of orthorhombic FeP which further validated by the SAED of Figure 6-

4c. The AFM image and corresponding thickness profile as shown in Figure 6-4d and e reveal 

the thickness of a typical nanoparticle of FeP. The thickness of individual nanoparticles in FeP 

nanonet is estimated to be ~9 nm. The EDS elemental mapping (Figure 6-5) and spectrum 

(Figure 6-5a inset) of a single FeP nanonet in the STEM mode shows a similar outcome to FeP 

nanosheet. 
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Figure 6-4 (a-c) low-, high-resolution TEM images, and SAED pattern of FeP nanonets, respectively. 

(d) AFM images of FeP nanonet with corresponding (e) thickness profile. 

 

 
 

Figure 6-5 (a) STEM image along with (b-d) C, Fe and O elemental mapping of α-Fe2O3 nanonet, 

respectively. STEM EDS spectrum of α-Fe2O3 nanonet shown in the inset of a. 

 

The catalyst activity of FeP preliminary assessed by BET surface area measurements. Figure 

6-6 shows N2 sorption isotherms and the pore size distributions (inset) of FeP nanosheets and 



 
 

125 
 

nanonets. The specific surface area of FeP nanosheets is calculated to be 50.164 m²/g which is 

>40% larger than FeP nanonets (35.285 m²/g). As depicted in pore size distributions, both 

nanosheets and nanonets exhibit a sharp pore size distribution ranging between 2 - 5 nm centred 

at ~2.7 nm. However, pore volume of nanosheets (0.095 cc/g) is >60% higher than nanonets 

(0.059 cc/g). The high surface area and porous networks support the high density of active edge 

sites to the electrolyte. 

 

Figure 6-6 Nitrogen sorption isotherms and pore size distribution curves (inset) of FeP nanosheets and 

nanonets. 

 

FeP has proved to be one of the best non-precious element based candidate for HER electro-

catalyst. Therefore, both nanosheets and nanonets have been examined for HER electro-

catalyst performance. The electrocatalytic activity of the nanosheets and nanonets is evaluated 

by electrochemical measurements. Commercial 20% Pt/C and a blank carbon paper are also 

examined for the comparison of the performances. The polarisation curves of nanosheets and 

nanonets loaded on carbon paper (1.6 mg cm-2) in acidic 0.5 M H2SO4 solution shown in Figure 

6-7a. Pt/C shows the best HER activity with an overpotential of 38 mV to achieve 10 mA cm-

2 current density (η10). As expected, the current density of carbon paper is negligible and large 
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current density is only associated with the FeP nanosheets and nanonets (Figure 6-7a). Among, 

nanosheets and nanonets, the FeP nanosheets electrode shows the smallest overpotential (η10) 

as low as 117 mV, with the increase of the absolute value of potential the cathodic current 

intensity increases dramatically proves the high catalytic activity of ultrathin FeP nanosheets 

over nanonets (η10 = 138 mV) for HER. To extend the performance examination of the reaction 

kinetics and the determination of HER mechanism, the corresponding Tafel plots and exchange 

current density based on the polarisation curves are presented in Figure 6-7b. A Tafel slope 

describes the elementary steps during the hydrogen evolution process. The Tafel slopes of Pt/C, 

FeP nanosheets and FeP nanonets are 34, 56, and 60 mV dec-1, respectively. The Tafel slope 

of FeP nanosheets is lower than that of FeP nanonet, indicates the superior electrode kinetics 

of FeP nanosheets. 

 
 

Figure 6-7 Electrochemical HER performances of FeP nanosheets and nanonets measured in acidic 

media. (a) Polarisation curves, (b) and their corresponding Tafel slopes, (c) Electrochemically active 

surface area as a function of scan rate of FeP nanosheets and nanonets, (d) The polarisation curve before 

and after the 15 h of stability test of FeP nanosheets. 
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Electrochemical impedance spectroscopy (EIS) data shown in Figure 6-8, indicates the insight 

of the electron transferability. The Nyquist plots derived from EIS measurements converted to 

an equivalent circuit (Randle’s circuit) shown in the inset of Figure 6-8 to estimate the charge 

transfer resistance (Rct) at solid/liquid interface of the catalyst. Smaller the Rct faster the HER 

kinetics. The semicircle diameter of FeP nanosheets and nanonets is ~1 Ω, implies the similar 

Rct of both nanostructures. 

 
 

Figure 6-8 EIS Nyquist plot, showing charge transfer resistance of FeP nanosheets and nanonets. 

 

The abundance of surface-active sites has pronounced influences in HER performance; 

therefore, electrochemically active surface area (ECSA) of catalysts evaluated through 

electrochemical double-layer capacitance (EDLC) at 0.15 V vs RHE. Figure 6-9 shows the CV 

curves of both FeP nanosheets and nanonets at a specified voltage range of 0.1- 0.2 V vs RHE 

with different scan rates. As presented in the slope of Figure 6-7c, FeP nanosheets electrode 

exhibit a capacitance of 20.5 mF cm-2, which is more than 50% higher than FeP nanonets (13.3 

mF cm-2), demonstrating the presence of more electrochemically active sites in FeP nanosheets 

compare to FeP nanonets. The higher Cdl values for FeP nanosheets are also highlighting the 

advantages of mesopores over macropores as observed in TEM of nanosheets and nanonets, 
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respectively, although, the macropores are only favourable for better mass transport but limited 

with active sites. 

 
 

Figure 6-9 Cyclic voltammetry (CV) curves in 0.5 M H2SO4 for (a) FeP nanosheets, (b) FeP nanonets 

in the region of 0.10~0.20 V vs. RHE at various scan rates. 

 

In durability test represented in Figure 6-7d, the negligible difference has been observed in the 

polarisation curves of FeP nanosheets before and after the 15 h stability test. In addition to the 

overpotential (η10), Tafel slope, durability, ESCA show the superiority of FeP nanosheets. 

Superior electrochemical performance of ultrathin FeP nanosheets over nanonets can be 

ascribed to the large surface areas of ultrathin nanosheets and the surface nanopores which 

facilitate the diffusion of the liquid electrolyte. In order to confirm the long-term performance 

consistency, both FeP nanosheets and nanonets were examined at a constant potential for 15 h 

as shown in Figure 6-10. Current density kept consistent throughout the operation indicates the 

comparable long-term performance of FeP nanostructures. Overall, the HER results are 

compared to the reports of HER activity of freestanding single metal phosphides and imply that 

the comparable performance of FeP nanostructures with those reports and excellent alternate 

of noble metal-based electrocatalyst for hydrogen production (Table 6-1). 
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Figure 6-10 Time-dependent HER current density of FeP (a) nanosheets (b) nanonets. 

 

Table 6-1 Comparison of the HER activity of free-standing single metal phosphide based 

electrocatalysts in acidic media (0.5 M H2SO4). 

 

Electrocatalysts 
Working 

electrode 

Mass loading 

(mg cm-2) 

Overpotential 

(mV@η10) 

Tafel slope 

(mV dec-1) 
Reference 

Ultrathin FeP nanosheets CP 1.6 117 56 This work 

Nanoporous FeP 

nanosheets 
GCE 0.28 250 67 15 

FeP nanowires GCE 1.02 193 66 16 

CoP nanotubes GCE 0.2 129 60 17 

CoP NWs GCE 0.35 110 54 18 

defect-rich MoP GCE 0.2 156 49 19 

MoP microparticles GCE/FTO 0.1 150 50 20 

MoP GCE 0.86 ~130 54 21 

Ni5P4 nanocrystals GCE 1.99 118 42 22 

WP2 submicroparticles GCE 0.5 161 57 23 
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6.4 Conclusions 

In summary, FeP nanostructures have been demonstrated for hydrogen evolution reaction. FeP 

nanostructures successfully synthesised from 2D α-Fe2O3 through one step phosphorisation 

process. FeP nanosheets retain the structural integrity in crystalline template during the 

phosphorisation process. However, shape transformation has been observed for the nanonets 

morphology but the network of nanonets is well preserved by the crystalline template. 

Elecrocatalytic activities of FeP nanosheets outperformed the FeP nanonets in terms of 

overpotential, Tafel slope, and surface-active sites. Altogether, the template synthesis enables 

the facile and scalable process for synthesising low dimensional non-layered iron compounds 

which could open the new opportunities for the commercial production of energy conversion 

nanomaterials. 
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7. Chapter 7 

 

Conclusions and future work 

 

7.1 Conclusions 

This PhD research develops the novel synthesis of ultrathin 2D naturally occurred layered and 

non-layered transition metal compounds and their applications in electrocatalyst. Throughout 

this research, various liquid-phase synthesis techniques were developed and investigated, 

resulting in the contribution to the advancement in the area of transition metal compounds, 

which include MoS2, WS2, α-Fe2O3, and FeP. The key discussions of four specific stages and 

the outcomes of each topic are as follows: 

 

7.1.1 Phase 1 

At the initial phase, this thesis explored the novel liquid-phase synthesis concept of atomically-

thin 2D piezoelectric MoS2 from naturally layered stratified bulk crystal using a 

microcentrifugation SAW device. The exfoliated MoS2 was characterised in details using 

AFM, TEM, Raman, XPS etc. In just 25 min of exfoliation process, it has been found that the 

majority of the nanosheet thicknesses were ranged between ~1.2 to ~2 nm corresponding to 

mono and double layer of MoS2, respectively. Moreover, a yield per unit of time of 3.816 (%)/h 

along with 58% of monolayer was achieved utilising the developed system which was 

compared to the previously published reports based on the single-step liquid-phase exfoliation 

of MoS2. Concomitant electric and mechanical fields are applied using a SAW during micro-

exfoliation process in SAW device. While the inherit effect of shear stress is similar to the one 

applied during agitation based exfoliation techniques, the accompanying electric field is proven 
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to be critical in enhancing the exfoliation efficiency of piezoelectric MoS2. Then, the impact of 

electric field was investigated using a density functional theory model to explore a theoretical 

prediction for the frequency of monolayers, which is found to be in a very good agreement with 

the experiments. 

 

7.1.2 Phase 2 

The effect of chemical and mechanical components of the stratified crystals and solvents have 

been the topics of many investigations so far. It is known that stratified crystals such as 

molybdenum disulphide (MoS2) and tungsten disulphide (WS2) become non-centrosymmetric 

at their interfaces and show piezoelectricity. Therefore, utilising the exfoliation concept 

performed in a microdevice in phase 1, the 2D TMDs were exfoliated using a facile alternative 

method exploiting the piezoelectric nature. The effect of the electric field in the presence of 

different solvent for the exfoliation of WS2, MoS2 and graphene. Initial investigations were 

confirmed through intensive optical characterisations. The increase of the efficiency is obtained 

only for the case of WS2 and Dimethylformamide (DMF) which was further confirmed by 

vibrational, structural and optical characterisations. After a comprehensive study, we 

associated the efficiency with the matching of the dispersive component of the cosolvent and 

target materials. Besides, the electric field-assisted WS2 nanosheets showed better HER 

performance with overpotential of ~ 376 mV and Tafel slope of 125 mV dec-1, compare to 

sonication only exfoliation. Altogether the work shows the possibility of tuning electric 

field/solvents for exfoliation of target stratified TMDs, but more importantly, provides critical 

guidance regarding the choice of parameters in the exfoliation procedure in the presence of 

electric field. 
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7.1.3 Phase 3 

At this phase, a facile and scalable synthesis method of ultrathin layers of naturally non-layered 

hematite (α-Fe2O3) which cannot be obtained through conventional synthesis has been 

demonstrated. Less expensive and water-soluble template synthesis approach followed by 

annealing has been utilised to synthesise 2D nanosheets of hexagonal α-Fe2O3 down to ~1 nm 

with lateral size up to 10 µm. During a thorough investigation, the growth of ultrathin 

nanosheets has been observed due to the close lattice matching between the crystalline template 

and the target material. Moreover, lattice strain-induced shape transformation to anisotropic 

structure has also been introduced through the simple aging process. Further investigation 

revealed that the presence of small lattice mismatch between template and growing material is 

responsible for the anisotropic shape transformation. The growth mechanisms of 

nanostructures (nanosheets and nanonets) have thoroughly been explained and validated in 

details using XRD and TEM. Electron microscopy, XRD and XPS analyses demonstrated the 

high purity freestanding nature of 2D nanostructures. Furthermore, electrocatalytic HER 

performance of both the nanosheet and nanonet of α-Fe2O3 were tested in order to compare 

their performances. In acidic media, the nanostructures were found to require an overpotential 

of 800 mV to achieve 10 mA cm-2 current density. As α-Fe2O3 nanostructures required high 

overpotential for HER thus better electrocatalyst is needed to develop which have optimised 

hydrogen adsorption energy like transitional metal phosphide, so the next phase will explain 

the efforts towards developing unique 2D metal phosphide. 

 

7.1.4 Phase 4 

An extension of the previous project leads to the conversion of α-Fe2O3 through single-step 

phosphorisation to produce nanostructures of iron phosphide. Structural and morphological 

characterisations confirmed the complete conversion of 2D hexagonal α-Fe2O3 to 2D 
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orthorhombic FeP. Both FeP nanosheets and porous nanostructure were utilised to prepare free-

standing electrode on carbon paper to be used as electrocatalyst towards HER. The FeP 

nanosheets show overpotential of 117 mV to achieve 10 mA cm-2 which is 138 mV for porous 

nanostructure. Moreover, the Tafel slope of nanosheets and nanonets were 56 and 60 mV dec-

1, respectively and both were stable for the 15 h in acidic media. FeP nanosheets have more 

HER active sites through the exposure of more atoms from ultrathin structure and nanopores 

which significantly improved the HER reaction kinetics. This suggests the high potential of the 

synthesised 2D metal phosphide nanostructures in various electrocatalytic applications. The 

influential factors in achieving high HER activity were found to be the large electrochemical 

active surface area of the 2D nanosheets over nanonets. These properties significantly 

intensified the density of catalytic sites for highly active HER performance. The prospects of 

the developed work will be discussed in the later section. 

 

7.2 Future work 

Significant advancements and novel outcomes presented in this thesis provide enormous 

opportunities for further investigations. In extend to the outcomes presented in this thesis, the 

following future recommendations can be conducted: 

 The fundamental effect of electric field on the exfoliation efficiency of piezoelectric 2D 

MoS2 described in the first section provides alternative opportunities to improve exfoliation 

efficiency in liquid-phase to other 2D materials those are intrinsically piezoelectric. Large 

piezoelectricity has theoretically been predicted in intrinsic group IV monochalcogenides 

(MX, M=Sn or Ge, X=Se or S) monolayer; therefore, the study can be extended to group 

IV monochalcogenides. 

 Through the careful analysis of lattice parameters of different inexpensive salts as a 

template, numerous other 2D oxides formation can potentially be designed and synthesised. 
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 Environment-friendly, earth abundance and low toxicity of hematite made it an attractive 

material in diversified applications. More particularly, light absorption ability of hematite 

makes it attractive for energy conversion; therefore, ultrathin nanosheets of hematite for 

photoelectocatalyst could be investigated further. Moreover, the porosity in nanonets of 

hematite along with the unique properties to remove arsenic could be studied in 

nanofiltration for water purification. 

 In the study, the synthesis of only FeP nanostructures for HER has been evaluated. Apart, 

doping with an additional element (e.g. N, H2, Ni) or use of multi-metal instead of single 

metal can tune the material properties could be explored further to optimise the hydrogen 

adsorption energy. Moreover, it has been found that the active materials are more 

vulnerable to acidic degradation; therefore, carbon encapsulation could further be 

incorporated and investigated to improve charge transfer and overall performance. 
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