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Abstract 

Antimonene or Few-Layer Antimonene (FLA) is, among the recently 

discovered group of two-dimensional (2D) layered materials, considered 

as one of the most promising members due to its outstanding predicted 

properties that makes it a perfect candidate for a wide variety of 

applications, ranging from catalysis to optoelectronic devices. However, its 

experimental production to further characterize its properties and potential 

applications is still immature.  

Thus, in this Thesis is described a comprehensive study of all the aspects 

evolving its experimental synthesis using liquid-phase exfoliation (LPE) 

techniques and some of its real applications.    

The Introduction chapter provides a general overview of the group of 2D 

layered materials and the full state-of-the-art of the research carried out on 

antimonene, including its most interesting calculated properties, the 

reported production methods and the potential applications that have been 

theoretically or experimentally reported to date.           

In Chapter 2, it is reported the first method to produce FLA nanosheets 

(FLAs) suspensions using LPE techniques, in a process that is assisted by 

sonication but does not require the addition of any surfactant. Besides, it is 

also described the existing dependence of the Raman signal with the 

thickness on the FLAs. 

In Chapter 3, it is investigated the oxidation behaviour of FLAs obtained 

following the LPE procedure described in Chapter 2. This study has 

important implications with respect to antimonene based technologies due 

to the observed semiconducting feature upon oxidation and might open up 

new avenues for surface engineering and tailoring of its properties. 
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Chapter 4 reports on a systematic analysis of the most significant 

parameters involved in the LPE process, in order to rationalize the FLAs 

production. For that reason, it is studied the effect in the LPE of antimony 

crystals of: i) the initial crystal size, ii) solvent used and iii) ultrasound 

parameters.  

Finally, Chapter 5 describes two different potential applications in the field 

of energy storage where FLAs produced by LPE could be experimentally 

applied: it is evaluated the electrochemical capacitive performance of FLA 

and its successful application as a supercapacitor and it is also described 

the formation of a 2D/2D heterostructure with graphitic carbon nitride that 

enhances the optical absorption as well as charge separation under 

illumination. 
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Resumen 

El Antimonene o Few-Layer Antimonene (FLA) es considerado como uno 

de los miembros más prometedores entre los materiales pertenecientes al 

grupo recientemente descubierto de los materiales laminares 

bidimensionales (2D) debido a sus excepcionales propiedades teóricas, lo 

que le convierte en un candidato perfecto para un amplio abanico de 

aplicaciones que van desde la catálisis hasta la fabricación de dispositivos 

optoelectrónicos. Sin embargo, las técnicas de producción para obtenerlo 

y así poder caracterizar sus propiedades y demostrar sus posibles 

aplicaciones siguen estando pendientes de desarrollar. Por ello, la 

presente tesis está centrada en la realización de un exhaustivo estudio 

acerca de los aspectos que afectan a la síntesis experimental de este 

material mediante técnicas de exfoliación en fase líquida (LPE), así como 

de su aplicación en distintos campos.  

El capítulo introductorio trata de ofrecer una visión general del grupo de 

materiales laminares 2D, pero centrando el foco en el Antimonene. Para 

ello se explican sus propiedades teóricas más interesantes, los métodos 

de producción existentes y las potenciales aplicaciones que han sido 

predichas o demostradas experimentalmente hasta la fecha.   

En el capítulo 2, se describe el primer método para producir nanoláminas 

de FLA (FLAs) mediante técnicas LPE, mediante un proceso asistido por 

ultrasonidos y que no requiere del uso de surfactantes. Además, se 

describe también la dependencia que existe en la señal de Raman de las 

FLAs respecto de su espesor. 
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En el capítulo 3, se describe la investigación realizada sobre el proceso 

de oxidación que sufren las FLAs obtenidas mediante el procedimiento 

desarrollado en el capítulo 2. Esta investigación tiene importantes 

implicaciones respecto a las tecnologías basadas en el Antimonene 

debido a su observado carácter semiconductor tras el proceso de 

oxidación, lo que podría abrir una puerta a la ingeniería de superficie y a 

la modificación de sus propiedades.  

El capítulo 4 describe el estudio sistemático realizado sobre los 

parámetros más importantes que controlan el proceso LPE con el fin de 

racionalizar la producción de FLAs. Para ello se ha procedido a estudiar el 

efecto que distintos factores tienen en la LPE de cristales de antimonio: i) 

el tamaño inicial de los cristales, ii) el disolvente utilizado y iii) los 

parámetros de ultrasonidos.  

Por último, el capítulo 5 describe dos aplicaciones diferentes en el campo 

del almacenamiento de energía, donde las FLAs obtenidas mediante 

técnicas LPE pueden ser empleadas: se ha demostrado 

experimentalmente el rendimiento capacitivo de las FLAs y su aplicación 

como supercapacitor, así como la formación de una heteroestructura 

2D/2D entre nitruro de carbono grafítico y FLA que aumenta su 

absorbancia óptica y la separación de cargas bajo iluminación.   



 

Chapter 1. Introduction 
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Chapter 1. Introduction 

1.1 Two-dimensional layered materials 

To understand what is a layered material, it is necessary to think of them 

as two-dimensional (2D) platelets weakly stacked to form three-

dimensional (3D) structures. This kind of materials have been used since 

the Mayan civilization employed them to make dyes, more than 1500 

years ago. Since then, other cultures and civilizations have tried to use 

them for different applications. More recently, it began the study of the 

structure and properties of these materials, as well as ways to exfoliate 

them until nanosheets of monoatomic thickness. Speaking about the 

process, exfoliation of layered solids has had a transformative effect on 

materials science and technology by opening up properties found in 2D 

exfoliated forms, not necessarily seen in their bulk counterparts.  

This part of materials science reached a tremendous milestone with the 

discovery of graphene in 2004 by Geim and Novoselov1. They achieved, 

for the first time, the exfoliation of graphite into single atomic layers of 

graphene. They also demonstrated its amazing physical properties, and 

later the fabrication of proof-of-concept atomically thin devices using this 

new material2. An interesting point is that, graphene was always there, 

forming part of a stacked structure of individual sheets that gives the 3D 

structure to graphite, but we were not able to isolate it3. However, the most 

interesting thing about this carbon allotrope is that only when is exfoliated 

down to individual sheets, the predicted remarkable properties of this 2D 

sheet polymer4, could be revealed experimentally.  
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Since the moment that graphene was obtained experimentally and all its 

attributed properties were demonstrated, the scientific community working 

in materials science has done a tremendous effort to find new 2D 

materials with complementary properties to that found for graphene. Up to 

date, it has been discovered many different 2D layered materials that can 

be classified based on their structural similarities5.  

The first group includes materials whose structure is based on a 

hexagonal network that forms atomically thin layers. To this group belong 

hexagonal boron nitride (h-BN)6, graphene2 and graphitic carbon nitride 

(g-C3N4)7. The second group contains transition metal dichalcogenides 

(TMDs) such as molybdenum disulfide (MoS2) and molybdenum 

diselenide (MoSe2)8, and also metal halides like lead diiodide (PbI2) and 

magnesium dibromide (MgBr2)9. Both compounds forming the second 

group have an identical structure that consist on a plane of metal atoms 

sandwiched between planes of halide/chalcogen atoms. The third 

classification, is the one formed by group 13−16 layered semiconductors 

such as gallium (II) selenide (GaSe) and indium (III) selenide (In2Se3). 

These are a class of layered materials with a general formula MX (M = Ga, 

In; X = S, Se, Te)10. There is also a recently new and promising fourth 

group formed by the MXenes, such as Ti2C. The MXenes are a type of 2D 

layered transition metal carbides and/or nitride produced by selective 

etching of the raw MAX phases with a general formula of Mn+1AXn (n = 1, 

2, or 3), where M is the transition metal (e.g., Ti, V, Cr, Nb, etc.), A is 

another element from group 13 or 14 (e.g., Al, Si, Sn, In, etc.), and X 

stands for carbon and/or nitrogen11.  
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Another groups of 2D layered materials are: the one formed by layered 

metal oxides such as manganese dioxide (MnO2) with a general formula of 

MO3 (M = Mo, Ta, W, etc.)12, the one composed by the layered double 

hydroxides (LDHs) like Mg6Al2(OH)16, a class of materials with positively 

charged layers and weakly bounded charge-balancing anions or solvation 

molecules and interlayer water molecules13 and the one integrated by the 

transition metal oxyhalides (MOX) with a layered crystal structure in which 

each layer is constructed by a corrugated metal−oxygen plane 

sandwiched by two halide layers14. 

The last group is the one formed by 2D group-15 semiconductors that 

derive from group-15 layered crystals (P, As, Sb and Bi), also called 

pnictogens. The 2D group-15 monolayer materials, are called 

phosphorene, arsenene, antimonene and bismuthene. Similar to group 14 

silicene, germanene and stanene semiconductors, these group-15 

monolayer materials are termed with suffix ‘‘ene’’, although there are not 

double bonds15.  

As it has been showed, there are many different groups of 2D layered 

materials and each of them has a large variety of compounds with 

different properties and applications. This work is focused on the group-15 

2D semiconductor called antimonene. To further understand the rise of 

antimonene we need to have a look first into other similar materials such 

as graphene and 2D group-15 semiconductors, for that reason a revision 

of those materials needs to be done. 
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1.1.1 Graphene 

Without a doubt, the most studied and well known to date 2D layered 

material is graphene. Graphene is considered the basic unit of different 

structures of carbon, such as graphite, fullerenes or carbon nanotubes 

(Figure 1.1). Its structure is composed of a hexagonal close-packed 

carbon network, in which each atom covalently bonds to three 

neighbouring ones, therefore involving 3 σ+1/3 π bonds by C atom, with a 

C-C distance of 1.42 Å. Individual layers stack together through van der 

Waals forces to form graphite, in which the distance between adjacent 

layers is about 3.35 Å16. 

 

Figure 1.1. Demonstration of graphene being the basic unit of different structures of 

carbon. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 

3D graphite. Adapted from Reference 2. 
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A single layer of graphene is the perfect example in how the properties of 

a material change when it is reduced to its lowest expression in one 

dimension, due to the electron confinement in the other two dimensions. In 

the case of graphene, the electron confinement gives rise to some 

outstanding properties such as ultrahigh room-temperature carrier 

mobility1, quantum Hall effect17, ultrahigh specific surface area18, high 

Young’s modulus19, excellent optical transparency20, and excellent 

electrical1 and thermal21 conductivities. All these properties make 

graphene a singular material and a leading candidate to be used in 

uncountable applications, including electronics/optoelectronics22, 

catalysis23, energy storage24 and conversion25, water remediation26, 

sensors27 and biomedicine28, among others. 

Despite of these outstanding properties and applications of graphene, it is 

true that this remarkable new material it is not suitable for all kind of 

applications. For this reason, scientific community has put too much effort 

investigating another similar 2D materials to complement such.   

1.1.2 2D group-15 semiconductors 

Very recently, it has become visible a new family of 2D crystals, derived 

from group-15 layered materials (P, As, Sb and Bi), with high scientific 

impact due to their potential practical applications15. The main difference 

with semimetallic group 14 (graphene1, silicene29, germanene30 and 

stanene31) and metallic group 13 (borophene32) materials, is that, when 

their thickness is reduced to obtain 2D nanosheets, they become 

semiconductors with significant fundamental band gaps. This fact makes 

them potential candidates for future nanodevices in several 

(opto)electronics applications. 
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This group of materials in their bulk form shows a variety of stable 

structures. For example, phosphorus has white, red and black stable 

structures and several amorphous forms33. However, black phosphorus is 

its most thermodynamically stable allotropic form under ambient 

conditions. This allotrope of phosphorus crystallizes giving a layered 

orthorhombic structure with a  spatial group. In each individual 

atomic layer, every phosphorus atom is covalently bonded to three 

neighbouring atoms. Two of the covalent bonds are parallel to the atomic 

plane while the third one is almost perpendicular to it, and it is essential to 

connect the phosphorus atoms from upper and lower layers, forming a 

unique puckered structure, α phase, as shown in Figure 1.2a. To get the β 

phase in black phosphorus, is necessary to apply a pressure of 5 GPa34. 

This phase is characterized by a layered rhombohedral structure with 

a  space group, giving the shape of a wrinkled double-layered 

structure with six-membered rings, as shown in Figure 1.2b.  

The case of arsenic is similar to the phosphorous, it has three common 

allotropes: metallic grey, yellow and black arsenic35. The most stable of its 

allotropes is grey arsenic, β phase, and it is characterized by a layered 

rhombohedral structure with a  space group, as shown in Figure 1.2b. 

To obtain the α phase in arsenic, it is necessary to heat it up to 370 K36. 

The third element in the group-15 semiconductors is antimony, and it also 

has three known allotropes: grey antimony, black antimony and explosive 

antimony35. Similar to arsenic, its most common allotrope is the grey one, 

β phase, and under this form it conserves the typical semimetal features.  

The case of bulk bismuth is more simple, there is just one stable form with 

the same structure of grey arsenic and grey antimony35. A summary of all 

isolated stable phases and natural phases of this group of materials has 

been done in Figure 1.2c.  
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Figure 1.2. Main crystal structures of layered materials of group-15: a) parallel puckered 

layers with space group  (α phase), and b) parallel buckled layers with space group 

 (β phase). c) Summary of isolated stable phases and natural phases of layered 

materials of group-15. Adapted from reference 15. 

Until today, phosphorene represents the most explored 2D material of this 

group. It exhibits a direct band gap with a large range of tunability, from 

0.3 eV in the bulk form to 2.0 eV varying its thickness to a monolayer37, as 

well as high hole mobility above ca. 10000 cm2 V-1 s-1 38. Taking this into 

account, Li et al. succeed fabricating the first phosphorene field-effect 

transistor (FET) in 201439.  

In addition, the 2D shape of black phosphorus also present other 

promising properties, such as superior mechanical properties40, highly 

anisotropic transport38, negative Poisson’s ratios41, excellent optical42 and 

thermoelectric responses43, strain-induced conduction bands44, and 

perpendicular electric-field-induced 2D topological character33.  
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These unusual properties led to a large variety of studies on phosphorene, 

therefore being one of the most promising 2D materials for future 

applications in many fields. However, its reactivity under environmental 

conditions is significantly high. In fact, due to the high oxophilicity of 

phosphorous, phosphorene flakes easily uptake humidity from air and 

forms phosphoric acid and related species what degrades the material45. 

This degradation of the flakes can be easily detected by monitoring their 

topography over time46.  

Therefore, during the last few years, the rest of the members of 2D group-

15 semiconductors (arsenene, antimonene and bismuthene) have also 

attracted the interest of the scientific community. It was not until year 

2015, that Zhang et al. firstly predicted and identified theoretically, novel 

2D semiconducting As and Sb-monolayers, also called arsenene and 

antimonene. Zhang et al. also predicted that these two materials should 

exhibit wide range of band gaps, desirable stability and high carrier 

mobility47. From there on, there have been plenty of theoretical studies 

that support all the predicted properties of this group of materials. Even 

though this theoretical studies have meant a great advance, their 

experimental obtaining implies a significant milestone on the development 

of new 2D materials. From this starting point, some 2D group-15 

nanosheets have been obtained experimentally by mechanical 

exfoliation48, liquid-phase exfoliation49, plasma-assisted processes50, 

vapour deposition techniques51 and molecular beam epitaxy52. 
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1.1.3 Antimonene 

Among the rest of the 2D group-15 semiconductors family, antimonene, is 

the most promising material due to some outstanding calculated 

properties and chemical stability to ambient conditions compared to 

phosphorene. There are several promising studies regarding antimonene 

that could give some light for a better understanding of this interesting 

material. 

- Band structure:  

As it has been already highlighted, the first theoretical work on 

antimonene as a promising 2D semiconductor was done by Zhang et al. 

They reported density functional theory (DFT) calculations of the band 

structure of monolayer β-antimonene featuring an indirect gap of 2.28 eV 

(Figure 1.3)47. 

 

Figure 1.3 Representation of the electronic band structures of antimony trilayers, bilayers, 

and monolayers calculated at the HSE06 DFT functional. Adapted from reference 47. 
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A parallel study was done almost at the same time, reporting and indirect 

gap of 0.76 eV53. This dispersion on the calculated band-gap values is 

relatively normal because of the different nature of the functionals used.  

After those first approximations, another indirect gap value of 1.55 eV was 

calculated for single layer β-antimonene, but in this case following the 

discussion of Zhang et al. and taking into account the effect of spin-orbit 

coupling, which seems to play an important role54. More recently, a large 

spread of studies have been done trying to calculate the most accurate 

value of the antimonene band-gap using different DFT calculations and 

taking or not into account the effect of spin-orbit coupling55, giving rise to a 

common feature in all of them that is the indirect nature of the gap. 

However, there is still missing an experimental evidence of this value.  

- Structural stability and allotropes:  

It is well stablished that the most stable phase for antimonene is the β 

structure. However, according to DFT calculations recently carried out, 

this is not the only feasible structure for this material. These calculations 

suggested that antimonene could have another possible allotropic phases 

such as α, γ, and δ structures (Figure 1.4)53. Nevertheless, among these 

phases the only one that seems to be stable, apart from β, is α. Indeed, α 

structure resembles to that of phosphorene, with some small differences: 

in this case the crystallographic structure corresponds to a rectangular 

Bravais lattice with four Sb atoms in the unit cell. The virtual stability of 

both phases, α and β, has been studied in terms of their cohesive energy, 

and their phonon free energy, suggesting that both phases could be found 

experimentally and their stability is comparable in terms of energy. 

Another difference between both phases is the band-gap. Thus, while in 

the case of α-antimonene is direct and its theoretical value is ~0.2 eV56, 

the calculations show an indirect band-gap for the β phase.        
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Figure 1.4 Different structural configurations of antimonene allotropes: a) α-Sb, (b) β-Sb, 

(c) γ-Sb, and (d) δ-Sb. Adapted from reference 53. 
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1.2 Properties of antimonene 

Due to the fact that most of the properties of antimonene have still not 

been experimentally proved, in this section it will be summarized the 

existing theoretical and experimental results.  

1.2.1 Optical properties: 

Regarding the optical properties of antimonene, it has been predicted to 

be suitable for ultraviolet optical nanodevices, microelectronic devices and 

solar cells57. That statement can be proved by analysing the calculations 

carried out in terms of the dielectric functions becoming negative between 

5.1 eV and 9.0 eV for α-antimonene and between 6.9 eV and 8.4 eV for β-

antimonene, suggesting that antimonene behaves as a metal in the UV 

region of the electromagnetic spectrum. Additionally, the consequence 

that electron energy loss spectra (EELS) expose the plasmon energies of 

around 9 eV also suggests its metallic behaviour, in the UV region56.  

1.2.2 Thermal properties:  

Low thermal conductivity materials are crucial for thermoelectric devices, 

for this reason antimonene is a good candidate for this kind of 

applications. 

 

 



Chapter 1. Introduction 

23 

Wang et al. estimated using ab initio calculations, that antimonene has a 

low lattice thermal conductivity (15.1 W·m-1·K-1 at 300 K) due its small 

group velocity, its low Debye temperature and large buckling height58. 

Moreover, this low thermal conductivity could be amplified by downsizing 

the material or by chemical functionalization59. 

1.2.3 Mechanical properties: 

Recently it has been calculated, by means of strain engineering, an 

increase of 25% on the Young’s and shear modulus of β-antimonene 

compared to bulk antimony, while the hexagonal lattice constant of the 

monolayer decreases significantly ( 5%) compared to the bulk, revealing 

of strong interlayer coupling. Besides, these studies also show how during 

the deformation process, the structural integrity of antimonene is better 

preserved in the armchair direction. Remarkably, under uniaxial strain in 

the zigzag and armchair directions reveal a direction-dependent trend in 

the electronic band structure. Kripalani et al. have found that when a strain 

is applied in the zigzag direction the nature of the band-gap remains 

unaffected, while if the strain is applied in the armchair direction activates 

an indirect-direct band gap transition at a critical strain of 4 %, due to a 

band switching mechanism60. 
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1.3 Production methods of antimonene 

It is crucial to know how to produce ultrathin 2D materials with specific 

composition, thickness, lateral dimension, crystal phase and surface 

characteristics, in order to study their properties and applications. There is 

a wide variety of methods to produce 2D materials. They can be classified 

in two groups attending to the way to obtain the 2D layers: top-down and 

bottom-up approaches.  

The top-down methods involve the exfoliation of van der Waals bulk 

crystals into thin 2D crystals, this process is assisted by an external force 

that can be supplied in different ways.  

On the other hand, bottom-up methods are based on chemical reactions 

of selected molecular precursors under defined experimental conditions. 

This block also include physical methods based on the sublimation and 

deposition of elements, typically metallic elements. In this section, is 

provided a revision of the experimental methods so far reported to 

produce antimonene.  

1.3.1 Micromechanical exfoliation 

This procedure to obtain 2D materials, also known as “Scotch tape 

method”, was the first method employed to obtain graphene by peeling 

repetitively graphite flakes2.  
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In the case of antimonene, the situation is significantly more complex 

because the interlayer interactions are stronger. However, this approach 

has been successfully used by Ares et al. to isolate and characterize the 

first single layer of antimonene48. They found out that employing the 

regular Scotch tape method few antimony flakes can be deposited on the 

substrate. For this reason, they improved the yield of the process by 

transferring the antimony flakes from the Scotch tape to a viscoelastic 

polymer and, finally, to a SiO2/Si substrate (Figure 1.5a). Indeed, a similar 

method was used by Castellanos et al. to isolate black phosphorus61. This 

approach yielded few-layer flakes with reasonable lateral dimensions and 

some few single-layer antimonene flakes.  

The biggest flakes could be easily identified with the optical microscope. 

Atomic force microscopy (AFM) allows characterization of the thinnest 

ones (Figure 1.5b). Interestingly, Figure 1.5b shows an AFM topographIC 

image of a few-layer antimonene (FLA) flake with a folded terrace made 

by AFM-assisted nanomanipulation and the height of this folded terrace 

was about 0.4 nm (inset in Figure 1.5b and profile in Figure 1.5c) 

corresponding to a single-layer of a β-antimonene flake. Besides, the fact 

that they managed to fold the terrace of the flake without any breakage 

demonstrated the mechanical stability of a single-layer of antimonene.  

They also demonstrated the nature and the quality of the flake by doing 

high resolution transmission electron microscopy (HRTEM) and X-ray 

energy dispersive spectroscopy (XEDS) measurements. Regarding the 

stability under environmental conditions of FLA, they performed AFM 

measurements to a pair of different thin flakes just after exfoliating them 

(Figure 1.5d), after two months under ambient conditions (Figure 1.5e) 

and then immersing the sample in water (Figure 1.5f).  
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It is easy to see how there are non-significant changes in the profiles of 

FLA flakes (FLAs) (Figure 1.5g) indicating no degradation or moisture 

uptaking on the surface. In addition, they performed high resolution AFM 

measurements on the flakes demonstrating that the hexagonal periodicity 

suitable with the β-phase of antimony is preserved (inset Figure 1.5f).         

 

Figure 1.5 a) Top left: Sb crystals. Middle right: Adhesive tape with Sb crystals. Bottom 

left: Polymer on a glass slide with exfoliated Sb flakes. b) AFM image of FLA flake with 

folded single-layer terrace. c) Profile along the green line in the inset of (b). d) Topographic 

AFM image taken just after exfoliation. e) Same image as in (d) but after two months of 

exposing it under ambient conditions. f) Same image as in e) but after immerging the 

sample in water. g) Profiles taken along lines drawn in d)-f). Adapted from reference 48.   

However, this production method yields low quantity of FLAs62. For this 

reason, is mainly used to study the fundamental physical properties of the 

materials but it is not useful to perform mass production and other 

potential applications.     
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1.3.2 Liquid-phase exfoliation (LPE) 

A larger discussion will be done about this method because it is the one 

employed to obtain FLA in this Thesis. In the last section, it has been said 

that the main problem of micromechanical exfoliation is the difficulty that it 

has to scale-up to mass-production.  

In contrast, LPE methods are easy techniques, suitable for industrial 

scale-up and based on the “solubility parameters” theory. Ideally the 

layered material is immersed into an appropriate solvent, i.e. the surface 

energy of the solvent and the layered material match with each other. The 

amount of energy necessary to overcome the van der Waals cohesive 

force between the layers in the layered crystal is commonly supplied in 

form of ultrasonic waves. These ultrasonic waves generates turbulence, 

shear forces and cavitation bubbles within the pale of the suspension. 

When the energy released due to the collapse of the cavitation bubbles 

next to the interstitial holes, along with the shear forces, is enough to 

overcome the van der Waals cohesive energy of the material, exfoliation 

occurs. After this moment, a variety of mono- and few-layer flakes are 

dispersed in the solvent, and comes the time for the solvent to stabilize 

the exfoliated flakes in order to avoid aggregation63,64,65. This is a simple 

description of the most typical procedure among the LPE methods, 

however, other liquid medium can be used to stabilize the suspensions 

like surfactants66, molecules or polymer agents67.       

This methodology was successfully used by Hernández et al. in 2008 to 

exfoliate graphite for obtaining graphene single-layers using N-methyl-2-

pyrrolidone (NMP) as a solvent64 (Figure 1.6). Even though this 

methodology has notably advanced, the mechanism of exfoliation is still 

poorly understood. However, there is a general thought that the properties 

of the solvent along with the high-frequency vibration (>15 kHz) of the 
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sonication probe generates the environmental fluid dynamics necessary to 

supply the suitable amount of energy to exfoliate layered crystals, as it 

was described in the precedent paragraph68,69. 

 

Figure 1.6 Schematic illustration of probe-assisted sonication in the liquid-phase 

exfoliation of graphite into graphene using NMP as a solvent. Adapted from reference 70.   

One important point of using this exfoliation method instead of other, is 

that the final product consists of a suspension of exfoliated nanosheets 

which is an ideal way for processing the material afterwards. However, the 

strongest point that this method has is the possibility of produce industrial 

quantities of 2D materials in an easy way. Although this procedure to 

exfoliate layered crystals has a lot of advantages compared to 

micromechanical exfoliation, it also has several drawbacks. One is 

associated to the material quality, i.e.  the production of defects during the 

LPE process due to the use of high energy, and other is the fact that the 

performance of the process gets worse for larger volumes, when using 

sonication assisted exfoliation. In order to avoid part of these problems, 

other approaches has been developed. Paton et al. used a shear-mixer 

instead of probe sonication to obtain individual nanosheets of graphene in 

suspension using NMP as a solvent, and they demonstrated that with this 

configuration larger volumes can also be obtained70 (Figure 1.7). 
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Figure 1.7 a) Configuration of the shear-mixing process to obtain graphene using NMP as 

a solvent and a volume of 5 L. b) Close-up view of the shear-mixing tip with a rotor-stator 

geometry. c) Close-up view of the rotor separated from the stator in (c). d) Graphene–NMP 

dispersions produced by shear exfoliation demonstrating that this process allows the 

production of larger volumes. Adapted from reference 71. 

Even though it is true that with the shear-mixing method larger volumes of 

suspension can be obtained, the quantity of exfoliated flakes and the 

single-layer yield of the process is lower than using the probe sonication 

method. 

To further understand the mechanism that is taking part during the 

exfoliation of layered materials using LPE methods, it is necessary to dive 

into the “solubility parameters” theory in which all of these techniques are 

based.   

- Solubility parameters theory:  

During the last century a huge effort has been done trying to develop a 

solubility theory for polymers, and more specifically for their solubility 

parameters. Up to this moment, two theories have been developed, the 

first one by Hildebrand and the second by Hansen67,71.  
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The most interesting thing for this investigation about this parameters, is 

that they can be applied to investigate the solubility of nanomaterials in 

certain solvents64,72. Interestingly, not all solvents are suitable to disperse 

every kind of material due to a mismatch of the surfaces energies between 

both components. For this reason, it is important to understand the 

chemical interactions between the solvent and the nanomaterials by 

analysing their solubility parameters.  

When two or more chemical compounds get mixed, the entropy (∆S̅mix) 

and the enthalpy (∆H̅mix) of the system suffer a change. This can be 

described by the fundamental principle of Gibbs free energy (Eq.1).  

 Eq. 1 

To accomplish a stable dispersion, the Gibbs free energy needs to be 

negative. Taking into account that 2D materials tend to have lower entropy 

values, due to its rigid and large morphology, it is necessary to minimize 

the enthalpy of the system to reach a good dispersion73. To fully 

understand the thermodynamics of mixing, it is also necessary to take into 

account the solute-solute and solvent-solvent interactions, and not only 

the solute-solvent interaction.   

This solubility theory is based in a typical rule of thumb, “like dissolves 

like”. But actually, what needs to happen for a solid to be dissolved in a 

liquid is a breakage of some interactions or even bonds between adjacent 

neighbours. To get this cleavage, it is necessary to supply energy to the 

system (vaporization energy). Thus, for a layered crystal this energy is 

equal or greater to the van der Waals energy responsible to hold the 3D 

structure together, and the solubility parameters derived from it, are 

related to the “cohesive energy” of the solvent. Trying to clarify this aspect, 

it can be said that cohesive energy is a representation of the van der 

Waals energy between different molecules or nanostructures in a solvent.  
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Taking this into account, Hildebrand developed a solubility parameter that 

describes the system and it is represented by  (where E is the 

energy necessary to separate the molecules in the system and V is the 

molar volume of the solvent). 

Hernández et al. published an expression that derives from the 

Hildebrand-Scatchard equation74, for the enthalpy of mixing per unit of 

volume for 2D materials in a solvent (Eq.2)75. 

���

��� �����
 Eq.2 

Where  is the square root of the component surface energy, 

Tlayer is the thickness of the 2D material and  is the volume fraction of the 

2D material nanosheets. Therefore, in order to minimize the enthalpy of 

mixing of the system to favour the dispersion of the 2D material in the 

solvent, the surface energies of both components should match. 

Even though, that the solubility parameters proposed by Hildebrand 

accurately describe the interaction between the solvent and the solute 

molecules, Hansen discovered that not just dispersive forces play a role in 

the dispersion mechanism.  

There are different kind of interactions between solvent molecules and 2D 

nanosheets that should be taken into account. The most important forces 

are the dispersive or non-polar force (ED), the polar force (EP) and 

hydrogen bonding (EH). The three of them are contributions to the total 

cohesive energy (E) as it is shown in Eq.3.  

  Eq.3 
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With the definition of solubility parameter given by Hildebrand ( ), 

Hansen postulated that the Hildebrand solubility parameter (δT) should be 

described again as the sum of the solubility parameters due to the 

different contribution forces (δH, δP, and δD) also called Hansen 

parameters (Eq.4). 

 Eq.4 

Coming back to LPE methods, since Coleman et al. started using them to 

obtain large quantities of high-quality graphene, other research groups 

started applying them to other layered materials such as h-BN76, TMDs77, 

TMOs78, MOFs79, COFs80 and group-15 semiconductors81, with promising 

results.  

Regarding the production of antimonene, in 2016 our group was the first 

one that experimentally demonstrated that high-quality FLAs could be 

obtained using LPE methods49. This issue would be discussed in detail in 

Chapter 2 of this manuscript. This work paved the way for antimonene 

production using LPE techniques by other groups. Later on Gu et al. 

developed another LPE method to obtain FLAs using an isopropanol 

solution with a constant concentration of NaOH82. In this work, they 

employed 30 h of sonication followed by centrifugation at 2000 rpm to 

eliminate aggregates and the obtained FLAs had minimum thicknesses 

comprised in the 3.0–4.3 nm range.  

Recently, Wang et al. also prepared FLA including a pre-grinding process 

followed by sonication-assisted LPE using 2-Butanol as a solvent. This 

approach is also based on other of our experimental works where we 

improved the exfoliation yield by including a pre-grinding process using a 

ball-mill reactor83. This issue will be discussed in detail in Chapter 4.  
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Additionally, LPE techniques have demonstrated the obtaining of 

antimonene “quantum dots” (AMQDs) by Tao et al. combining both types 

of sonication (bath assisted and probe-assisted) and coating the particles 

with polyethylene glycol (PEG)84.  

 

Figure 1.8 a) Scheme of production of PEG coated AMQDs. b) Photos of bulk antimony, 

antimony powder, and AQDs solution during the preparation process. c), d), e), f) TEM 

image, diameter distribution, topographic AFM image and thickness of the PEG coated 

AMQDs. g), h), i) FTIR spectrum, Raman spectrum, and XRD spectrum of AMQDs and 

PEG coated AMQDs. Adapted from reference 84. 

A similar procedure but changing the solvent was also investigated by Lu 

et al. to obtain AMQDS, in this case they used NMP as a solvent, and they 

observed that the production yield experiments an enhancement85.  

Gusmão et al. reported the obtention of antimonene using other kind of 

LPE technique employing kitchen blenders86. In this case, spinning blades 

produce turbulence and collisions of the particles within the pale of the 
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suspension, rending to a lateral shear force that is enough energetic to 

exfoliate antimony crystals. A deeper study regarding the different 

variables that affects the LPE technique in the production of FLA will be 

described in Chapter 4 of this manuscript. 

1.3.3 Epitaxial growth 

This set of techniques belongs to the “bottom-up” group, and are 

considered as the best-known methods to produce high-quality 2D 

materials87,88,89. In the case of growing antimonene, two methods are the 

most employed among this group of techniques: molecular beam epitaxy 

(MBE) and van der Waals beam epitaxy (vdWE). Regarding vdWE 

technique, its principal feature relies in the use of substrates without 

dangling bonds on their surface. After the growing step, the epitaxial-

grown layers are linked to the substrate by means of weak van der Waals 

forces. In this way, different crystalline symmetries of layered materials 

can grow on the substrate90.  

In 2016, Ji et al. achieved for the first time the growth of FLA polygons on 

different substrates  using vdWE51. In this work, they also showed the 

atomic structure of β-antimonene flakes (Figure 1.9). The synthesis takes 

part inside a two-zone oven (Figure 1.9a), where antimony powder is first 

heated (T1) to produce antimony vapour and then is transferred to the 

substrate (T2) through an Ar/H2 flow. Thus, crystallization of the Sb atoms 

from vapour phase on mica substrate takes place (Figure 1.9b).  

The subsequent FLAs have lateral dimensions about 5-10 µm and heights 

of 4 nm (Figure 1.9c).They have also found a small structure, with 

irregular shape, assigned to a single-layer of antimonene (Figure 1.9d).  
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Besides, they also investigated the stability of FLAs by measuring Raman 

spectra of one flake right after its preparation and after one month of aging 

in air (Figure 1.9e) without seeing any new signature in the spectra. 

Topography AFM images recorded after one month for the same flake do 

not show any significant change. In addition, the stability of the FLAs has 

been confirmed by X-ray energy-dispersive spectroscopy (XEDS) (Figure 

1.9f). 

 

Figure 1.9 a) Schematic image of the synthesis of the sample. b) Diagram of van der 

Waals epitaxy process. c), d) AFM images of FLAs on mica (scale bar equal to 50 nm). e) 

Optical images, AFM images, and Raman spectra of FLA before and after a 30-day aging 

period (scale bar equal to 2 µm). f) XEDS analysis of FLA before and after aging for 30 

days. Adapted from reference 51. 
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In 2016, Lei et al. reported the growth of antimonene on Bi2Te3 (111) and 

Sb2Te3 (111) substrates with a small lattice mismatch using MBE91. After 

this study, other groups achieved the growth of antimonene by MBE on 

different substrates.  

Thus, Wu et al. have used  PdTe2 to grow a single-layer of antimonene52 

(Figure 1.10a) with  an almost perfect (111) orientation, a graphene-like 

honeycomb with no major defects and an apparent height of 0.28 nm 

(Figure 1.10b-c). They also demonstrated the stability in air of the 

obtained antimonene flake.  

Later on, Fortin-Deschênes et al. used MBE to grow antimonene on a Ge 

(111) substrate, optimizing the growth with in-situ electron microscopy92 

(Figure 1.10d). They also obtained single-layer antimonene, stable under 

ambient conditions and weakly bonded with the substrate (Figure 1.10e-f).  

More recently, Shao et al. reported the growth of single-layer antimonene 

onto an Ag (111) substrate93. They confirmed using scanning tunnelling 

microscopy (STM) the formation of the single-layer with the typical 

honeycomb structure and a height of 2.2 Ȧ (Figure 1.10g-i). 
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Figure 1.10 a) Scheme of the fabrication of an antimonene monolayer on a PdTe2 

substrate. b) STM image of antimonene on PdTe2 (Inset: Low-energy electron-diffraction 

pattern of the same area). Height profile along the red line. c) Atomic-resolution STM 

image of antimonene. d) Scheme of the fabrication of an antimonene monolayer on a Ge 

(111) substrate. e) STM image of single-layer antimonene f) (Image top) model of a single-

layer antimonene on bare Ge (111) surrounded by Ge (2×1)-Sb chains. (Bottom) STM 

height profile measured along the blue line in (e). g) Scheme of the fabrication of an 

antimonene monolayer on an Ag (111) substrate. h) LEED pattern of antimonene on Ag 

(111), presenting an Ag (111)-(√3 × √3) superstructure. i) Large scale STM image of 

monolayer antimonene on the Ag (111) substrate (Inset: Height profile of the antimonene 

single-layer along the yellow line at the terrace edge). Adapted from References 52,92 and 

93. 
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1.3.4 Electrochemical exfoliation 

Recently, different groups have prepared different 2D materials using 

electrochemical exfoliation, such as graphene94, MoS2
95 and 

phosphorene96 among others. This method seems to be useful to 

decrease the costs of large-scale 2D materials production, and also 

avoids the use of several chemicals97. 

Lu et al. have published the isolation of FLA using electrochemical 

exfoliation85. The procedure they have carried out is quite simple, they 

placed an antimony crystal between the conducting wire of a DC power 

supply and the counter electrode made of platinum, within the pale of a 

Na2SO4 used as electrolyte (Figure 1.11a). To avoid contamination from 

the conducting wire and the possibility of having electrolysis, the antimony 

crystal and the platinum wire were partially placed into the electrolyte. A    

- 6 eV constant voltage, ensure full intercalation and exfoliation of Na ions 

inside the cathodic antimony. After that step, the resulting electrolyte 

containing the exfoliated antimony nanosheets was centrifuged at 6000 

rpm and 30 min and then sonicated in deionized water for 10 min. The 

resulting suspension was then vacuum dried and re-dispersed in NMP.  
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Figure 1.11 a) Scheme of the electrochemical exfoliation of antimony crystals using a two 

electrode configuration and Na2SO4 as electrolyte. b) Topographic AFM image of a FLA 

flake with its height profile along the green line. c) HRTEM and d) TEM images of a FLA 

flake. e) Raman spectra of bulk antimony and FLA flake showed in (b). f) XPS spectrum of 

the Sb 3d5/2 peak of exfoliated FLA. Adapted from reference 85. 
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Figure 1.11b shows a topographic AFM image of an individual FLA flake, 

with a thickness of ~ 31.6 nm and several microns of lateral dimension, 

further confirmed by TEM (Figure 1.11c-d). High-resolution TEM 

measurements also confirmed the inter-distance of the lattice fringes ~ 

0.228 nm what is in good agreement with the (100) interplanar distance of 

β-antimonene structure (0.225 nm)48. The Raman spectra of FLA show the 

similar vibration modes to that found for bulk antimony, Eg and A1
g 

vibrations modes (red dashed line in Figure 1.11e), but blue-shifted to 

higher wavenumber values (blue dashed line in Figure 1.11e) in 

agreement with exfoliation to nanometer thickness. X-ray photoelectron 

spectroscopy (XPS) was used to check the stability of the FLA under 

ambient conditions, confirming no oxidization. To sum up, Lu et al. have 

achieved the development of an electrochemical approach to exfoliate 

antimony crystals to produce stable FLAs with large lateral dimensions. 

However, this technique needs to be quite improved in order to increase 

the exfoliation yield and the exfoliation grade. 

In summary, it has been described the pros and cons of the so far 

reported production methods of antimonene or FLA. From the point of 

view of mass-production, it seems clear that LPE methods are the most 

promising among all the reviewed techniques, due to their high exfoliation 

yield, low cost of production and simplicity. However, there is still a long 

way to find the best experimental conditions to obtain high-quality 

antimonene using LPE methods. This is the reason why, large part of this 

thesis is focused on these issues (Chapter 2-4). A better understanding of 

the LPE process, would rend to better results regarding the production of 

high-quality antimonene and then to applications. 
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1.4 Applications of antimonene 

Nowadays, the state of art regarding applications where antimonene can 

be suitable is still emerging. However, there are some works related to this 

issue where several groups published some good results in a wide variety 

of real and potential applications for antimonene.  

1.4.1 Electronic devices 

It has been demonstrated that group-15 semiconductors are suitable 

materials for the construction of next-generation field effect transistor 

(FETs)98. Their atomically thin thickness enhances geometric scaling 

behaviour and gate electrostatics, and their free-dangling-bond smooth 

surface provides the high carrier mobility.  

In 2016, Pizzi et al. presented a detailed multiscale simulation of using 

monolayer arsenene and antimonene as channels for the construction of a 

FET99. These simulations provided for the very first time an estimation of 

the upper limits for electron and hole mobilities and demonstrated that 

devices in the sub-10 nm scale show a performance that is appropriate for 

industry demands. 

More recently, Chang et al. moved by the thickness dependent 

semiconductor to metal transition, proposed to use a lateral mono-

layer/multi-layer heterostructure of antimonene for constructing a 

tunnelling field effect transistor (TFETs)100. The proposed device consisted 

of a source made with a semiconducting antimonene monolayer and a 

small metallic multilayer region between the source and the channel. 
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The fact that there is a multilayer region between the source and the 

channel introduces gapless metallic states which induces an 

enhancement of the tunnelling probability and in consequence a large 

current. This work is carried out using ab initio electronic structure and 

quantum transport calculations for different conformations of the TFETs. 

Simulation revealed that even ~ 1 nm scale nanostructured multilayer 

increases the current and enables abrupt device switching. They 

concluded that according to the simulations, antimonene seems to be 

better candidate than phosphorene for TFETs fabrication, due to the 

tunnelling barrier absence. 

In 2018, Sun et al. have investigated the performance of mono-layer 

antimonene and arsenene for FETs fabrication in the sub-5 nm scale 

using ab initio quantum transport simulation101. They have revealed that 

the configuration of sub-5 nm double gate single-layer antimonene and 

arsenene metal oxide semiconductor FETs, also known as MOSFETs, 

could accomplish the low power requirements of the International 

Technology Roadmap for semiconductors in 2028, with a better 

performance than MoS2 MOSFETs in terms of On-Current. 

Ji et al. have reported the first experimental transistor using FLA51. They 

fabricated the devices directly on mica substrates after synthesising FLA 

by vdWe, using as top gate dielectric HfO2 (Figure 1.12a). The contacts 

are made of a 10 nm thick layer of Cr and a 30 nm thick layer of Au. Then 

a 15 nm thick layer of HfO2 is growth on the top of them by atomic layer 

deposition followed by another 50 nm thick layer of Au as the top gate 

electrode (Figure 1.12b). The I-V curves of three different devices made 

with different antimonene thicknesses showed good ohmic behaviour 

(Figure 1.12c).  
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They also calculated the electric resistance of the thinnest FLA device, 

obtaining a value of 600 Ω, and the electrical conductivity of the 

synthesized FLA flake with a result of 1.6 x 10-4 S·m-1. This conductivity is 

in good agreement with the typical semimetal values and also is 

consistent with predictions. This result means that exists a strong 

dependence on the thickness for the semimetal-semiconductor transition. 

The devices also exhibited high flexibility and no major changes were 

observed regarding the conductivity after bending the device 100 times 

(Figure 1.12d). They also checked the transparency of the obtained 

antimonene by measuring its transmittance. They observed that the 

transmittance of antimonene flakes is almost independent of the applied 

wavelength, within the range from 400 to 700 nm (Figure 1.12e-f). This is 

an interesting result and could lead to applications in the transparent 

conductive electrode related areas.    
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Figure 1.12 a) Scheme of a top-gated FLA thin film transistor. b) Optical image of the 

transistor made of FLA. c) Ids–Vds curves of three tested devices acquired at Vg=0 V (Inset: 

Ids–Vg curve of the 30-nm thick antimonene device acquired at 0.05 V bias voltage). d) 

Conductivity of the tested device after bending it 100 times (Inset: Photograph of bended 

FLA device on mica substrate). e) Transmittance spectra of three typical FLAs of 4, 7 and 

18 nm thicknesses, respectively. f) Transmittance of FLAs versus sample thickness. 

Adapted from reference 51.  
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1.4.2 Optoelectronic devices 

This kind of devices and applications need materials with specific band-

gap values and high-carrier mobility102. For that reason, 2D forms of 

group-15 semiconductors and, especially, antimonene has been studied 

as a suitable material for such applications. Zeng et al. calculated that the 

thickness reduction from bulk antimony to a single-layer produce a change 

from a semi-metal to a semiconductor with a broad band-gap of 2.28 eV98. 

Besides, they stated that antimonene oxides behave also as 

semiconductors with a direct tunable band-gap and high carrier mobility 

when varying their quantity of oxygen. This fact could convert this 

antimonene oxides into a suitable materials for optoelectronic devices103. 

In the meantime, Wang et al. used ab initio methods to investigate the 

carrier mobility, many-body effect and the device performance of single-

layer antimonene. They came up with some interesting results regarding 

the optical and quasi-particle band-gaps, 1.5 eV and 2.38 eV respectively, 

and also they concluded that sub-10 nm antimonene could be used to 

produce a FET with a good performance55. 

Additionally, using DFT calculations Xie et al. suggested the use of a bi-

layer of antimonene to fabricate thermophotovoltaic (TPV) devices. This 

approach supplied an energy conversion efficiency about ~ 31 %, which is 

significantly larger than those found for related materials typically used for 

this specific application104.    

Regarding the practical application of FLA in the fabrication of 

optoelectronic devices, in 2018 Wang et al. experimentally proved the use 

of FLA as hole transport layer (HTL) material in the fabrication of a 

perovskite solar cell105.  
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It was the first experimentally use of antimonene for manufacturing this 

kind of devices (Figure 1.12). One of the most interesting things of this 

work is that they obtained FLA using LPE, and that experimentally proved 

that this technique is suitable for subsequent applications of antimonene. 

Interestingly, they found out that the energy level of the LPE FLAs 

matched with the one of MAPbI3 and that provides a likely hole extraction 

driving force (Figure 1.13a). They also fabricated an HTL-free device 

(device 1) in order to compare it with the one fabricated using FLA as a 

HTL (device 2). This new device (Figure 1.13b) exhibited a higher power 

conversion efficiency and higher Jsc (increased from 11.2 to 14.6 mA/cm2). 

Besides, within the visible light range, the external quantum efficiency 

(EQE) of Device 2 was 55-60 %, what was in accord with the results from 

the JV-curves (Figure 1.13c-d). It is easy to see how this work pave the 

way for future projects regarding the application of antimonene in 

optoelectronic applications. 

Immediately after, Zhang et al. experimentally studied the semiconductor 

properties of single-layer antimonene. They demonstrated that 

semiconducting antimonene nanosheets (SANs) exhibited a 

photoluminescence bandgap of ~ 2.33 eV and a photoluminescence 

lifetime of 4.3 ns. Besides, in this work they also employed the obtained 

SANs for the hole extraction layer in a planar inverted perovskite solar cell 

(PVSCs), enhancing the device performance due to fast hole extraction 

and efficient hole transfer at the perovskite/hole transport layer 

interface106. 
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Figure 1.13 a) Comparison of energy levels between different components of the device 

(Fermi level of antimonene is represented by the dashed line. b) Scheme of the different 

components included in the perovskite solar-cell. c) Current density–voltage (J–V) curves 

of devices with different configuration. d) External quantum efficiency (EQE) spectra 

together with EQE-data-based integrated short-circuit current densities (Jsc) for the two 

different device configuration. Adapted from reference 102. 

Furthermore, antimonene not only has been used for constructing solar 

cells. In 2017, Lu et al. studied the non-linear refractive index of FLA using 

spatial self-phase modulation (SSPM)85, and they obtained a value of ~ 

10-5 cm2·W-1using visible light. They also found out that this index was 

larger for FLA than AMQDs. They stated that with these results, 

antimonene could be considered as a new kind of promising optical Kerr 

material with enhanced stability. Taking into account this work, 

antimonene seems to be useful for developing photonic devices, since it 

fulfil the gap that graphene and phosphorene cannot. 
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Additionally, in 2017 Song et al. experimentally explored the broadband 

non-linear optical response of FLA, by measuring with an open-aperture 

Z-scan laser107. They also demonstrated the possibility of fabricate a FLA 

decorated microfiber (Figure 1.14c) to be used as an optical saturated 

absorber for ultrafast photonics and also as a stable all-optical pulse 

thresholder that can effectively suppress the transmission noise, boost the 

signal-to-noise ratio (SNR), and reshape the deteriorated input signal. In 

2018, this same research group experimentally demonstrated the all-

optical signal processing based on the high optical nonlinearity of 

antimonene108. They used the same FLA decorated microfiber but they 

applied it as an all-optical Kerr switcher with an extinction ratio up to 12 dB 

and a wavelength conversion of modulated high-speed signals with a 

frequency as high as 18 GHz (Figure 1.14 a-b). These two studies 

suggest that antimonene could be used for the applications of high-speed 

optical communication. 
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Figure 1.14 a) Experimental setup on four-wave mixing wavelength converter based on 

the FLA-decorated microfiber (DFB laser: distributed feedback laser; BPF: band-pass filter; 

PC: polarization controller; EDFA: erbium-doped fiber amplifier; ECL: external cavity laser; 

OSA: optical spectrum analyser). b) Scheme of the all-optical Kerr switcher in the FLA 

nonlinear fiber optical device. c) Scheme of the FLA deposition process onto the 

microfiber. Adapted from reference 107 and 108.  

1.4.3 Electrocatalysis 

Recently, a wide variety of 2D materials have been employed as useful in 

electrocatalytic CO2 reduction reaction (CO2RR), due to their improved 

electron hopping, enlarged surface area and the increase of defects and 

active sites109.   
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Concerning group-15 semiconductors, bismuth has already exhibited good 

catalytic activity in the CO2RR110. For this reason, different research 

groups have explored this direction using antimonene instead. 

Thus, Li et al. reported for the first time the possibility of using FLAs in the 

CO2 reduction reaction (CO2RR)111. They found out clear differences 

between using FLA to fabricate the electrode and using bulk antimony. 

Thus, FLA produced a lower onset potential and a clear enhancement of 

the catalytic current density compared to the bulk antimony. Besides, the 

electrode made with FLA generated a broad peak around -1.06 V in the 

CO2 saturated solution which is an indicator of the CO2 reduction (Figure 

1.15a). They also discovered that the selectivity of FLA towards H2 and 

formate was dependent on the applied potential. The faradaic efficiency 

(FE) towards formate reached for the system had a maximum of ~ 84 % at 

-1.06 V, while for CO was almost constant independently of the applied 

potential (Figure 1.15b). The hypothesis that the catalytic activity is 

increased due to the greater number of active sites after the cathodic 

exfoliation and the LPE processes, is confirmed analysing the peak at the 

polarization curve (Imass), where the curve obtained with larger antimony 

nanosheets (SbNS) was found to be 3.6 times lower than the one 

obtained with the smaller ones (Figure 1.15c). In this work, Li et al. also 

produced a composite of FLA and graphene by means of in situ cathodic 

exfoliation replacing the Pt anode with a graphite rod (Figure 1.15d). 

Interestingly, the FLA-graphene (FLA@G) composite exhibited a greater 

selectivity and Imass for producing fromate at lower potentials (Figure 

1.15e). 
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Besides, the FLA@G composite showed a partial current density towards 

formate 1.5 times higher compared to the FLA, and 16 times higher 

compared to bulk antimony at -1.07 V (Figure 1.15f). They also explained 

that the enhancement of the catalytic activity of the FLA@G composite 

compared to the FLA is due to the strong electronic interaction between 

both materials, and not just because the greater number of active sites 

exposure in the FLA@G composite. 

There has been also studies regarding the electrocatalytic activity of 

antimonene focused in the possibility of use it as an anode material in 

batteries and supercapacitors.  In 2017, Sengupta et al. reported ab initio 

studies about the lithium and sodium adsorption of single-layer 

antimonene112. Their calculations showed the possibility of using single-

layer antimonene for anode material in sodium ion batteries (SIB) with a 

theoretical capacity of 320 mAh·g-1, an open circuit voltage up to 1.22 V 

and a small diffusion barrier of 0.114 eV.  
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Figure 1.15 a) LSV curves of bulk antimony and FLA in N2 saturated and CO2 saturated 

solutions (pH values 8.5 and 7.2, respectively). b) FE for H2, CO, and formate on the FLA 

electrode at different applied potentials. c) Polarization curves of small and large 

FLA modified GCEs in CO2 saturated solution. The mass loading of antimony was 

measured by inductively coupled plasma mass spectrometry (ICP MS). d) Schematic 

illustration of the electrochemical cell for the in situ formation of the composite. e) FE for 

formate at different applied potentials on bulk Sb, FLAs, and FLA@G. f) Partial current 

density for the same cases than (e). Adapted from reference 111. 
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1.4.4 Catalysis 

Historically, elements of the group-15 have not been frequently used as 

chemical catalysts. The reason why is associated to the existing difficulties 

when preparing stable materials from this group of elements. However, 

with the appearance of stable 2D forms new opportunities to apply them in 

catalysis have been opened. 

In 2019, Lloret et al. reported on the synthesis of few-layer phosphorene 

and antimonene using LPE methods113. They used ionic liquid as media to 

exfoliate the bulk materials, rending into highly exfoliated and zero 

oxidized flakes, with the native atoms eluding any aqueous degradation 

and ready to act as catalysts for the alkylation of nucleophiles with esters. 

Thanks to ionic liquids on the top of the flakes, the obtained few-layer 

pnictogens avoid the extremely severe conditions that normally take part 

in superacid-catalyzed alkylations. This inhibition is due to an alternative 

mechanism that takes part in the surface of the exfoliated flakes, where 

the aromatic nucleofile and ester are activated, allowing acid sensitive 

molecules to be alkylated (Figure 1.16). This experimental study was the 

first one regarding the utilization of FLA and FL-phosphorene as catalyst 

in organic synthesis113.         
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Figure 1.16 Experimental evidences and proposed mechanisms for FL-phosphorene, FLA 

and HOTf catalyzed–alkylation of nucleophiles with esters in the ionic liquid, bmim–BF4. 

Adapted from reference 113. 
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1.4.5 Energy storage 

Currently, the finding of a sustainable, cheap and efficient energy storage 

system is one of the main scientific topic114. Among the wide variety of 

energy storage technologies that it can be found, Na-ion batteries (SIBs) 

have attracted a lot of interest due to the fact that Na is an abundant 

element in nature, the cost of producing the batteries is relatively low and 

they are environmentally friendly115. Regarding this specific group of 

batteries, it has been demonstrated that antimonene could also be used 

as an anode in Na storage, due to its theoretical capacity of 660 mAh/g  

towards Na storage and its low discharge potential of ~ 0.5 V (Na+/Na)116. 

Recently, Gu et al. have proposed a modification of the LPE approach that 

our group developed for obtaining FLA, but using a constant concentration 

of sodium hydroxide, they called them SbNS. They also reported the 

fabrication of composite films made of SbNS and graphene (SbNS@G). 

These composite films were proved to have high volumetric capacity, 

~1226 mAh·cm-3, compared to that found for graphene films, 80 mAh/cm3 

and Sb/C composites, 100-300 mAh/cm3 previously reported (Figures 

1.17a and 1.17b, respectively). Besides, they also exhibited high rate 

capabilities for Na storage even at the highest applied current density (4.0 

mA·cm−2). At this value of current density the charge and discharge 

volumetric capacities were kept at 216 mAh·cm-3 (Figure 1.17c-d) and 

after 100 cycles the composite film still presented a stable capacity of 110 

mAh·cm-3 (Figure 1.17e)82. 
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Figure 1.17 a) Charge-discharge curves of the first and second cycle for the SbNS@G 

composite at a current density of 0.1 mA·cm−2. b) Comparison of the cyclic performances 

of the SbNS@G composite film with different mass loads and graphene at a current 

density of 0.1 mA·cm−2. c) Charge–discharge curves of SbNS@G film (mass load equal to 

1.6 mg cm−2) at different current densities from 0.2 to 4.0 mA·cm−2. d) Rate performances 

of SbNS G and graphene films at the same current densities than (c). e) Cyclic 

performances of SbNS G film at a fixed current density of 4.0 mA cm−2 (Inset: image of 

the SbNS@G composite film). Adapted from reference 82. 
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Few months later, Tian et al. found out that the storage of Na in FLA 

occurred through sodiation/desodiation mechanism characterised by a fast 

insertion of the Na+ and the following in-plane alloying reaction, due to the 

small Na-ion diffusion barrier of FLA, 0.14 eV 117. They performed in situ 

synchrotron X-ray diffraction to further confirm that FLA experienced 

reversible crystalline phase evolution (Sb  NaSb  Na3Sb)118. Figure 

1.18a shows this phenomenon, where the (003) and (001) planes 

corresponding to the peaks in the FLA diffractogram are both shifted to 

smaller and larger angles during the sodiation/desodiation process. Taking 

into account that theoretical capacity of antimonene is 660 mAh·g-1 and 

that they obtained an experimentally measured capacity value of 620 

mAh·g-1, they conclude that ca. 93.9 % of Sb atoms participate in the 

process for over 150 cycles (Figure 1.18c). 

Furthermore, our group firstly reported the possibility of using FLA as an 

electrode material in supercapacitors83. This issue will be discussed 

deeply in Chapter 5. In summary, these studies show antimonene as a 

promising material for different kind of energy storage applications.   
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Figure 1.18 a) Schematic diagram of the crystalline phase evolution (Sb  NaSb  

Na3Sb) during the sodiation/desodiation process. b) In situ X-Ray diffraction pattern 

evolution of FLA anodes during the third sodiation/desodiation process at a current of 0.2 C 

c) Long-term cycling performance and Coulombic efficiency (CE) of the FLA and bulk Sb 

powder at a rate of 0.5 C. Adapted from reference 117.  
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1.4.6 Cancer therapy 

From the existing group of techniques related to cancer therapy, 

photothermal therapy (PTT) has been recently considered as one of the 

most promising strategies. The growing interest in this specific therapy is 

due to its slight invasiveness and high efficiency approach119. For this 

reason, it is necessary to develop new photothermal agents (PTAs) that 

improve the biocompatibility and the photothermal conversion efficiency 

(PTCEs).  

Thus, Tao et al. have developed a novel PTAs using AMQDs coated with 

PEG84. Regarding the photothermal heating curves, they have observed 

that there is a clear dependence of the photothermal effect with the 

concentration (Figure 1.19a). Interestingly, this novel PTA reaches PTCE 

values of 45.5 % (Figure 1.19b), therefore a significant enhancement in 

comparison to related PTAs120. They have also measured the in vitro 

cytotoxicity of the PEG-coated AMQDs and obtained that samples had a 

good biocompatibility (Figure 1.19c). Besides, they have also observed 

that when the concentration of AMQDs increased under near-infrared 

(NIR) irradiation, the cellular viability decreased, down to 10 % of viable 

cells at a concentration of 200 mg/mL (Figure 1.19d). Figure 1.19e shows 

a clear separation between the living cells (green) and dead cells (red), 

confirming that cancer cells could be killed by using AMQDs as a PTA 

under NIR irradiation. Additionally, they have performed in vivo therapeutic 

studies on a MCF-7 tumour bearing in a mice, confirming that using NIR 

irradiation combined with an intratumour injection of PEG-coated AMQDs 

the tumour is ablated (Figure 1.19f). These results suggest that PTT using 

PEG-coated AMQDs as PTA, can show an excellent efficacy in vivo.                      
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Figure 1.19 a) Time-dependent temperature change under irradiation (808 nm, 2 W/cm2). 

b) PTCE of PEG-coated AMQDs. c) Cell viability after incubation with PEG-coated 

AMQDs. d) Cell viability of MCF-7 cells treated with PEG-coated AMQDs under NIR 

irradiation (808 nm, 1 W/cm2) for 5 min. e) Confocal images of live cells (green) and dead 

cells (red), co-stained MCF- 7 cells after exposure to NIR irradiation (808 nm, 1 W/cm2). f) 

IR images of MCF-7 tumour-bearing mice at different times after using PEG-coated 

AMQDs + NIR; 808 nm, 1 W/cm2). Adapted from reference 84. 

One year later, the same research group developed a photonic drug-

delivery platform using FLAs, or as they called them AMNSs121. Figure 

1.20a shows a scheme of the synthetic procedure for PEGylated AMNSs 

and its drug loading. 
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This novel platform has multiple advances compared to those typically 

used (Figure 1.20b), such as excellent photothermal properties, 

spatiotemporally controlled drug release activated by near-infrared (NIR) 

light and moderate acidic pH, high drug-loading capacity, deep tumour 

penetration by extrinsic and intrinsic stimuli and substantial inhibition of 

tumour growth with no apparent side effects and potential degradability. In 

this work, they have also revealed the intracellular fate of AMNSs for the 

first time, driving to a better understanding of the bio-interactions of 2D 

materials. This work represents the first study that related antimonene with 

cancer theranostics, opening up a new field of research where 

antimonene could be applied. 

 

Figure 1.20 a) Schematic representation of the preparation of 2D AM-PEG/DOX NSs. b) 

Scheme of the systemic administration of AMNSs-PEG/DOX as photonic nanomedicines 

for multimodal-imaging-guided cancer theranostics. Adapted from reference 121.  
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1.4.7 Biosensor 

The employment of 2D materials for biomedical and environmental 

application has recently gained interest. Particularly, the fabrication of 

biosensors based on these materials is one of the main topics in this 

field122. A revision in the literature confirms that the most studied 2D 

materials for biosensing applications are: graphene123, TMDs124 and BP125. 

Following the growing interest in BP for the fabrication of biosensor, other 

group-15 semiconductors have attracted interest due to their higher 

stability under ambient conditions.  

The first group that explored the possibility to use related group-15 

elements instead of BP for biosensing was Mayorga-Martínez et al. They 

optimized and implemented a phenol enzymatic biosensor, using 

exfoliated group-15 semiconductors, including antimonene, as a platform 

that enhances the electron transfer126. Interestingly, among the whole 

group-15 elements, antimonene showed the best analytical performance 

in terms of sensitivity, selectivity and reproducibility. They used the shear-

exfoliation method (Figure 1.21a) to exfoliate the different materials, and in 

order to fabricate the device they used a layer-by-layer method (Figure 

1.21b). The so-formed biosensor was used to detect phenol through the 

electroreduction of o-quinone to catechol (Figure 1.21c). This seminal 

work opened up a new field of research regarding the application of 

antimonene for biosensing.     
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Figure 1.21 a) Schematic representation of antimonene production using shear mixing. b) 

Layer-by-layer method to fabricate the biosensor drop-casting: antimonene, tyrosinase 

(Tyr), and glutaraldehyde (Glu) onto a glassy carbon (GC) electrode. c) Chemical 

mechanism of phenol detection by biosensor. Adapted from reference 126. 

Recently, Xue et al. have published another study where they build up an 

antimonene biosensor127. They managed to develop a surface plasmon 

resonance sensor with FLA. The scope of this biosensor is the label-free 

detection of significant biomarkers such as miRNA-21 and miRNA-155 

(Figure 1.22a). They also performed first-principles energetic calculations 

in order to expose that antimonene has significantly stronger interaction 

with ssDNA than graphene due to the more delocalized 5s/5p in 

antimonene. This work has shown that the limit of detection (LOD) 

experimented an enhancement using this biosensor of 10,000 times 

compared to existing miRNA sensors (Figure 1.22b).  
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Interestingly, this technique for detecting nucleic acid with antimonene, 

holds intriguing potential for the development of multiplexed lab-on-chip 

platforms, which can be further applied for clinical purposes.  

 

Figure 1.22 a) Scheme of the detection process of antimonene-miRNA hybridization 

events: I) antimonene is assembled on the surface of Au film, II) AuNR-ssDNAs were 

adsorbed on antimonene, III) miRNA solution flowed through the surface of antimonene, 

and paired up to form a double-strand with complementary AuNR-ssDNA, IV) The 

interaction between miRNA with AuNR-ssDNA results in release of the AuNR-ssDNA from 

antimonene. b) Comparison of the LOD of the antimonene miRNA SPR sensor with that of 

state-of-the-art sensors. Adapted from Reference 127. 
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1.5 Closing remarks 

In this chapter, it has been summarized the state-of-the-art of a new 2D 

material of the group-15 elements known as antimonene. A revision of its 

outstanding properties and applications has been carried out, showing its 

differences with graphene and other related 2D materials as BP.  

Despite antimonene represents the latter element incorporated to the 2D 

materials, the remarkable properties already found suggest that 

antimonene or FLA is a perfect candidate for a  large variety of 

applications within different technological areas, such as electronics, 

optoelectronics, catalysis, electrocatalysis, energy storage, biomedical 

treatments and (bio)sensing.  

In order to overcome the bottleneck that production methods can 

represent towards real applications, it is necessary to develop high yield 

production methods to obtain high-quality FLAs. This aspect represented 

the main motivation of this Thesis: the development of industrial scalable 

methods to obtain high-quality FLA and the concept proofs of its 

applicability in several areas. Therefore, the next four chapters try to gain 

knowledge on these issues.  
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Chapter 2: Few-Layer Antimonene 

obtained by Liquid-Phase Exfoliation 

2.1. Introduction 

The production methods of 2D nanomaterials with specific and desired 

features, such as chemical composition and morphology, are of singular 

importance for the further study of their properties, as well as for the 

exploration of potential applications.  

LPE technique has become one of the most promising methods for the 

production of 2D nanosheets in large quantities. The versatility of this 

method has been proved by the variety of 2D materials obtained using it. 

Besides, the resulting suspensions can be fully characterized to analyse the 

properties of the suspended nanosheets1.   

This technique is a top-down route to obtain single-layer and few-layer 

nanosheets by means of sonication2 or shearing3 layered crystals in 

appropriate liquid media, such as organic solvents4, surfactants5, stabilizers 

or polymer solutions6. In all the cases, the liquid media reduce the net 

amount of energy necessary to exfoliate the crystals into nanosheets, and 

stabilise them against aggregation, by means of its interaction with the 

surface of the nanosheets. 

In this chapter, it is reported a method to produce FLA suspensions using 

LPE techniques, in a process that is assisted by sonication but does not 

require the addition of any surfactant. This was the first reported procedure 

to generate FLA Suspensions. 
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2.2. Results and Discussion 

In this work, it is demonstrated the exfoliation of bulk antimony crystals (see 

Figure 2.1a) in a 4:1 mixture of 2-propanol/H2O without the addition of any 

surfactants, to produce stable suspensions containing micrometre large 

FLAs (Figure 2.1b). The exfoliation procedure is carried out using tip 

sonication of ground antimony crystals for 40 min at 400 W and 24 kHz that 

produces a light grey suspension showing Faraday-Tindall effect (Figure 

2.1c). To remove the unexfoliated antimony, centrifugation is applied for 3 

min at 3000 rpm (746 g), giving a final concentration of FLA nanosheets in 

suspension of 1.74 x 10-3 gL-1, determined by atomic absorption 

spectroscopy (AAS).  

 

Figure 2.1 a) SEM image of a layered antimony crystal. b) Topographic AFM image of 

several FLAs drop-casted onto SiO2 showing micrometer lateral dimensions. c) Image of a 

light grey suspension of exfoliated antimonene showing the Faraday–Tyndall effect. 

It is also worth to highlight that the procedure described is the result of a 

previous optimization of the experimental LPE parameters involved, such 

as: liquid media, initial concentration and sonication time (see Appendix 

A2.3.1 for further information, page 197).  
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Finally, it is observed that the most suitable conditions to exfoliate bulk 

antimony crystals are 40 minutes, an initial concentration of 0.1 g/L and as 

liquid media a 4:1 mixture of 2-propanol/H2O. 

FLAs are firstly characterized by AFM in order to know their morphology 

and topography. Figure 2.2a shows a typical topographic image of FLAs 

isolated onto a SiO2 substrate. From this image it can be easily extracted 

that the system is quite heterogeneous, speaking about the morphology of 

the nanosheets. Even though the shape of FLAs resembles similar, there 

are not two equal flakes. The statistic treatment gives a height histogram 

like the one in Figure 2.2b, where it can be seen a periodic step height 

multiple of about 4 nm in the nanosheets.  

It is well stablished that the apparent AFM height of a nanosheet obtained 

by LPE, can be overestimated because of residual solvent7 or due to other 

effects such as capillary and adhesion forces8. For this reason, the real 

height of the FLAs can be lower. On the other hand, the overall lateral size 

of the isolated nanosheets is greater than 1–3 µm2. 

The morphological features of the FLAs are further confirmed by TEM 

measurements, see Figure 2.2c and Figure 2.2d. The FLAs depicted in 

these images have the same morphology observed in AFM measurements. 
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Figure 2.2 a) Topographic AFM image of several FLAs drop-casted onto SiO2 showing 

micrometer lateral dimensions. b) Height histogram of the image in (a) where the different 

thicknesses of the terraces can be readily seen. For the sake of clarity, the substrate peak 

has been cut to 2.5 µm2. The constant minimum thickness of about 4 nm can be easily 

observed. c), d) TEM images of different FLAs. 

To corroborate the atomic structure of the obtained FLAs, a high-resolution 

AFM topographic image of an isolated flake has been taken (Figure 2.3a). 

The flake exhibits in its lowest terrace an atomic periodicity in line with that 

expected for the -phase of antimony (Figure 2.3c).  
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Besides, the Fourier transform has also been obtained from the AFM 

topographic image, to confirm the atomic structure of the -phase of 

antimony (Figure 2.3d). It reveals a hexagonal symmetry as expected for 

this phase of antimony, indicating an excellent crystal quality.  

 

Figure 2.3 a) Topographic AFM image of two FLAs with different height terraces. b) Height 

profile along the blue line of the image in (a) where the different thicknesses of the terraces 

can be seen. The minimum step height is about 4.0 nm. c) Atomic resolution AFM image 

showing the atom periodicity of right flake in (a). d) Fast Fourier transform (FFT) image taken 

from (c), showing the agreement with a hexagonal lattice as expected for -antimony. 



Chapter 2. Few-Layer Antimonene obtained by Liquid-Phase Exfoliation 

86 

Antimonene is supposed to be stable under ambient conditions, to confirm 

this fact, an AFM measurement is repeated after exposing the same flake 

under ambient conditions for more than two weeks (Figure A2.1, page 200). 

Results further confirm the stability under normal conditions of the exfoliated 

FLAs. These results are in good agreement with other real-space 

measurements done with atomic resolution. In Figure 2.4 there is a TEM 

image of a FLA nanosheet, electron diffraction pattern is obtained from a 

magnification spot of this thin flake, confirming the hexagonal symmetry. 

 

Figure 2.4 a) TEM image of a FLA nanosheet. b) Magnification of the green area in (a). c) 

Digital magnification of the blue region in (b). d) Electron diffraction pattern, showing the 

hexagonal symmetry. 

The local structure and the chemical composition of FLAs are investigated 

using aberration-corrected scanning transmission electron microscopy 

(STEM) merged with electron energy loss spectroscopy (EELS).  

 



Chapter 2. Few-Layer Antimonene obtained by Liquid-Phase Exfoliation 

 
  87 

Figure 2.5a shows a low-magnification high angle annular dark field 

(HAADF) image of an isolated FLA nanosheet (top left) along the [0 1 -2] 

direction with an atomic-resolution image of the crystal structure, both 

obtained at an acceleration voltage of 80 kV to prevent beam-induced 

damage. The structure shown in the image, agrees with the previous atomic 

resolution AFM measurements of the -phase of antimony.  

These results also show that the exfoliated FLAs are crystalline, and no 

major atomic defects are observed. To prove the chemical composition of 

the samples, compositional maps are obtained from the EELS spectra 

including the C K, Ca L2,3, O K, and Sb M4,5 absorption edges (Figure 2.5b). 

The maps show little chemical heterogeneity within the FLAs, the edges of 

the flake appear to be somewhat damaged. In Figure 2.5b it can be 

observed a homogenously distributed Sb signal all around the analysed 

area of the flake. However, it can also be seen that a certain degree of 

contamination is present considering the significant C signal within a few 

nanometres of the sample edge. Likewise, traces of O and Ca are detected 

within tens of nanometres from the edges, which is very likely due to the 

same reason (the presence of Ca is probably because of solvent 

contamination). 
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Figure 2.5 a) Low-magnification HAADF image of a FLAs (top left) along with an atomic-

resolution image (image taken along the [0 1 -2] direction). b) Two-dimensional EELS maps 

acquired near the edge of the flake, showing the signals below the Sb M4,5 (red) and O K 

(green) absorption edges. 

Nowadays one of the most adequate techniques to characterize 2D 

materials is Raman spectroscopy. Bulk antimony present a Raman 

spectrum that exhibits two distinguished phonon peaks: A1g mode at 149.8 

cm-1 and Eg mode at 110 cm-1, when excited with a green laser (  = 532 

nm)9.  

A correlation between the AFM images of the FLAs in a polydisperse 

sample and scanning Raman microscopy (SRM) is carried out to get more 

insights about the samples. The results show that the Raman signal of FLA 

is extremely dependent with the thickness of the nanosheets. It was 

impossible to find any Raman signal in FLAs with an apparent thickness 

below 30 nm (Figure 2.6). These results are in good agreement with those 

reported previously from micromechanically exfoliated flakes of antimony10. 
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Figure 2.6 shows the decrease on the intensity of Raman signal when 

single-point spectra are acquired in nanosheets with a decreasing 

thickness. 

 

Figure 2.6 Single-point spectra of FLA measured at different thicknesses. 

In order to study the influence of the laser excitation wavelength on the 

samples, a thin antimony flake (ca. 10 nm), obtained by micromechanical 

exfoliation, is measured with different laser excitation wavelengths (Figure 

2.7) obtaining the same results as previous for thin flakes, i.e. no Raman 

signal. 
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Figure 2.7 Micromechanically exfoliated FLA measured with different laser excitation 

wavelengths. 

Although it was impossible to detect Raman signal of thinner flakes of 

antimony, they can be located using SRM by monitoring the decrease in the 

silicon characteristic peak about 521 cm-1 (Figure 2.8). 
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Figure 2.8 Detection of thin flakes monitoring the Silicon intensity. (a) AFM image of a 

micrometric antimony flake obtained by michromecanical exfoliation, and its corresponding 

profile showing a thickness of ca. 15 nm. The inset corresponds to the optical micrograph of 

the same area. (b) Silicon intensity Raman map showing a decrease in the 521 cm-1 signal 

that clearly reveals the morphology of the flake.  

To further confirm these experimental results, the theoretical phonon 

spectra of bulk antimony and FLA has been obtained by DFT calculations. 

For the calculations is taken into account that the -phase of antimony 

consists of a buckled quasi-2D layers in an ABC-type sequence (space 

group ). As it has been experimentally observed, calculations confirm 

a strong influence of simulated Raman signal with the thickness of the 

flakes, which suffers a drop of three orders of magnitude from bulk to single-

layer antimony (Figure 2.9). Therefore, these results explain what has been 

experimentally observed for the thinnest flakes (Figure 2.6). 
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Figure 2.9 Calculated Raman spectra for bulk antimony and single-layer antimonene. 

According to the experimental observations, Raman for a monolayer exhibits a very low 

intensity (>1000 times less Raman activity than the bulk counterpart), precluding its 

detection. 

This behaviour fully contrasts with other 2D materials, as BN, where there 

is a weak dependence of the predicted Raman tensor with the number of 

layers. The main hypothesis is that the vanishing of the Raman signal in 

thinner flakes is due to a qualitative change in light–phonon coupling 

produced by the decrease on layer number.  
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To sum up the results related to the Raman measurements, it can be said 

that the isolated flakes produced by the developed LPE procedure should 

consist of only few-layers of antimonene. Taking that into account, it can be 

understood why it has been impossible to see their Raman signal, not even 

in flakes with an apparent AFM height bellow 30 nm (ca. 60 layers, 

supposing a theoretical thickness of approximately 0.5 nm for antimony 

layers). Thus, if the calculations indicate that the Raman signal of 

antimonene suffers a drop of three orders of magnitude from the bulk to 

single-layer, the obtained FLAs with thicknesses ca. 4 nm could correspond 

to a bi- or single-layer of antimonene. 
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2.3. Conclusions 

This work presents the first evidence of a procedure to generate stable 

suspensions of high-quality FLAs using LPE techniques. The use of green-

solvents such as 2-propanol or water, and the low energy consumption due 

to the short sonication time endow the process with the characteristic of 

being environmentally friendly. Besides, it has been described the existing 

dependence of the Raman signal with the thickness on the FLAs.  

2.3.1. Future prospects 

In addition to being environmentally friendly, the process is also scalable 

due to its simplicity and the soft conditions that needs to be carried out. 

These two characteristics will pave the way for the development of new 

antimonene-based technologies. Despite of the process achieve the goal of 

obtaining FLAs using a LPE technique, is needed a deepest analysis of the 

rest of parameters involved in this approach in order to optimise it, as well 

as, a further study of the exfoliation procedure is taking part within the 

antimony crystals. 
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Chapter 3: Unveiling the oxidation 

tendency of Liquid-Phase Exfoliated 

Few-Layer Antimonene 

3.1. Introduction 

Contrarily to the low stability of black phosphorous, antimonene has been 

proven as air-stable material under ambient conditions. This stability is 

likely due to the shorter out-of-plane atom-to-atom distances, the lone-pair 

electrons of the antimony atoms terminating the surfaces of the layers and 

the absence of dangling bonds in the perfect crystalline structure1,2. 

Remarkably, theoretical calculations revealed a high oxidation tendency of 

antimonene that surpasses even that of black phosphorus3. Therefore, it is 

expected that antimonene could easily undergo oxidation during the 

course of its synthesis under ambient conditions4, which is in good 

consistency with recent reports on experimental preparation of 

antimonene where oxygen species are always detected on its surface 5,6. 

Unlikely black phosphorus, the resulting surface oxidation layer is thought 

to act as a passivation layer, shielding the material from further structural 

decomposition. Otherwise, an oxidized antimonene surface might also 

alter the physical properties of the material and bring out either beneficial 

or detrimental effects, affecting its potential applications7.  

In this context, and whilst the surface chemistry of several 2D-materials 

and their oxygen-sensitivity have been addressed8, the oxidation tendency 

of antimonene remains poorly investigated.  
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It is then crucial to fully understand the oxidation behaviour of antimonene 

prepared by top-down approaches, from both fundamental and 

experimental point of view, as a necessary step towards developing a 

controlled preparation method of function-driven high-quality material.  

In this chapter, it is studied the oxidation behaviour of FLAs prepared by 

the LPE process described in Chapter 2. Using a set of top-notch 

analytical techniques, effect of the sonication time on the surface 

chemistry of prepared FLAs has been demonstrated. Additionally, it is 

performed quantum mechanical calculations to shed light on the observed 

antimonene oxide formation, predicting a dynamic behaviour. Analysing 

the obtained results, it can be seen that the oxidation process taking part 

has a dynamic behaviour, which upon annealing at moderate temperature 

(210 °C) resulted in a semiconducting feature with a bandgap of ca. 1 eV 

measured by Ultraviolet photoelectron spectroscopy (UPS).  
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3.2. Results and Discussion 

FLA suspensions are prepared by LPE following the process described in 

Chapter 2. Thus, an initial antimony concentration of 0.1 g·L-1 is mixed 

with a 4:1 mixture of IPA/H2O. Then, the mixture is sonicated using a tip 

sonicator for 40 min at 400 W and 24 kHz developing the ultrasound 

power in pulses of 0.5 s long every 1 s. After the tip sonication the 

suspensions are centrifuged for 3 min at 3000 rpm. In this work, a pre-

processing step of bulk antimony crystals via ball-milling for 180 min at 30 

Hz, is carried out in order to increase the efficiency of the exfoliation 

process9. Obtained FLAs are then casted on clean SiO2/Si wafers and 

subjected to an exhaustive characterization with respect to structure, 

morphology and chemical composition. 

The morphological features of synthesized FLAs are first analysed by 

AFM. Figure 3.1a shows a representative topological large area AFM 

image of the as-exfoliated FLAs. To obtain insights about the thickness 

and size distribution of the obtained nanosheets, statistical AFM analysis 

is performed. Figure 3.1b exhibits the average height distribution acquired 

by AFM considering 150 sheets. Almost 56 % of the measured 

nanosheets are thinner than 15 nm and most of their lateral size is below 

200 nm. Besides, it is found that nanosheets with a matching thickness 

ranging between 3 – 20 nm and a lateral sizes of less than 200 nm are 

predominantly present in the sample, ca. 75 % (see Figure 3.1c), hence 

demonstrating that bulk antimony crystals underwent successful lateral 

exfoliation along the layer surfaces as well as considerable longitudinal 

downsizing. It is worth it to point out that the noticeable big chunks in 

Figure 3.1a, do not correspond to a single nanosheet, but rather to an 

aggregate of FLAs as can be clearly seen in the magnified image shown 

in Figure 3.1d. Typical FLAs with a range of heights between 3.5 and 5.3 

nm are depicted in Figure 3.1d.  
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Figure 3.1 a) Large-scan AFM topography image of the exfoliated FLAs drop-casted onto 

SiO2 wafers, b) Height distribution obtained from statistical analysis of AFM height profiles 

extracted from 150 individual FLAs, c) Plot of the length as a function of the height of 150 

individual FLAs, d) Small-area AFM scan of typical FLAs with corresponding apparent 

thicknesses. 

To further characterize the material properties and provide the structural 

fingerprint to identify FLAs, SRM measurements are carried out as an 

adequate technique. As shown in Figure 3.2, bulk antimony crystals 

exhibit the typical Eg (112.2 cm-1) and A1
g (150.1 cm-1) peaks ascribed to 

the in-plane and out-of-plane vibrational modes, respectively, when 

excited by a green laser (λexc = 532 nm).  
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Upon exfoliation, a drastic decrease in the intensity of the A1
g peak 

accompanied with a slight blue shift by ca. 2.3 cm-1 is observed, while a 

change in the Eg cannot be detected, which follows well to Raman results 

presented in Chapter 2 on FLA obtained by LPE techniques.  

 

Figure 3.2 Raman spectra of bulk antimony (blue), exfoliated FLAs (black) and oxidized-

FLAs exhibiting Sb2O3 Raman fingerprint at 254.6 cm-1 (green). 

Figure 3.3a shows an optical microscopy image of the exact same area 

scanned by AFM in Figure 3.3b. Raman mapping of the A1
g peak intensity 

is recorded over this spot in order to get a correlation between the three 

techniques (Figure 3.3c).  
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The obtained A1
g map, which is constituted by 10,000 single spectra with a 

spatial resolution of 0.2 µm, unambiguously confirm the successful 

exfoliation of bulk antimony crystals into FLAs.  

 

Figure 3.3 a) Optical microscopy image, b) topographic AFM image and c) Raman 

mapping of A1
g, obtained over the exact same area. To simplify the correlation between the 

three images, each spot of is highlighted with numbered squares, unambiguously 

confirming the successful exfoliation of FLAs. 

Furthermore, it can be clearly seen that for most of the thinner nanosheets 

observed by AFM, no Raman signal can be detected due to its drastic 

dependence with the thickness of the FLAs, what is in good agreement 

with theoretical and experimental predictions presented in Chapter 2.  
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However, it is important to point out that, when conducting Raman 

measurements; special care needs to be taken with respect to the laser 

intensity and acquisition time employed. Indeed, high power density laser 

will considerably increase the local spot temperature which might 

consequently induce several damages to the sample, such as oxidation or 

decomposition10,11,12. Nonetheless, to avoid such accidental damage to 

our samples, all Raman data presented in this work are acquired using 

laser intensities as low as 1.6 mW and exposure times not exceeding 5 s. 

Moreover, an earlier oxidation of the sample, most probably during the 

course of the LPE process, might be the underlying reason behind the 

noticed attenuation of Raman intensities of FLAs. Such effect has been 

also observed in transition metal dichalcogenides13. Interestingly, it is 

observed that Raman spectra of some FLAs exhibited additional peaks at 

190.5 cm-1 and 254.6 cm-1 that matches well with those of antimony oxide 

(α-Sb2O3), as can be clearly seen in Figure 3.2. The statistical analysis 

carried out over Raman spectra of one hundred FLAs, shows that only ca. 

3% present Raman signature of Sb2O3. Therefore, discarding the 

possibility of laser-induced oxidation during the measurement and 

suggesting the possibility of being partially oxidized during the LPE 

process while preserving structural integrity. 

To further investigate the morphology and microstructure of the prepared 

FLAs there are performed STEM measurements. Figure 3.4a displays a 

low-magnification HAADF image of a sub-micron FLA nanosheet with an 

irregular shape, hanging on the edge of the C support acquired with an 

acceleration voltage of 80 kV to avoid any electron beam-induced damage 

as is the case with very thin nanosheets. Chemical composition of the 

nanosheet is solved by EELS over the green-dashed area in Figure 3.4a 

which allowed the construction of Sb, O and C elemental mappings shown 

in Figure 3.4b.  
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The analysed nanosheet is mainly composed of Sb and a noticeable 

amount of oxygen mostly located at its surface and edges. Additionally, 

minor C signal is also detected on the very edges of the nanosheet, most 

probably as a result of contamination from remaining solvent. It is noticed 

that the reduced contrast in the middle of the sheet in the Sb map is due 

to its relatively large thickness.  

 

Figure 3.4 a) HAADF image of sub-nanometric FLA nanosheet acquired using 80 kV 

acceleration voltage, b) magnified image corresponding to the green-dashed area in (a) 

and elemental composition derived from EELS maps and c) 
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A HAADF image of the area dashed in orange in Figure 3.4b near the 

edge of the sheet is displayed in Figure 3.4c along with an overlaid noise-

free Fourier-transformed image, which clearly demonstrates the high 

degree of crystallinity within the nanosheet with no major defects. 

Moreover, another feature that can also be clearly seen in this image is 

the characteristic “washboard” structure and a corresponding ABC-type of 

stacking which agrees well with that of rhombohedral β-phase of 

antimony. Furthermore, as pointed out by the red arrows in Figure 3.4c, it 

can be easily notice the presence of an approximately 2 nm-thick 

amorphous layer covering the crystalline sheet, which in combination with 

EELS maps, reveals that it consists of Sb and O. This loss of crystallinity 

at the top surface and edges pointed towards the formation of an oxidation 

layer around the nanosheet, while the inner structure is still preserved. 

In order to examine even further the surface chemistry and oxidation state 

of Sb in the obtained FLAs, X-ray photoelectron spectroscopy (XPS) is 

employed as a highly surface-sensitive technique to the samples 

deposited on a clean HOPG substrate. Figure 3.5 displays the obtained 

XPS spectra of the 3d region of the as-prepared FLA, where the large 

peak near 532 eV contains contributions from both Sb 3d5/2 and O 1s, 

while the peak near 541 eV only contains Sb 3d3/2 components. A more 

detailed analysis of the peaks led to the deconvolution of the large peak at 

532 eV into five components. Peak 1 (orange) at 528.6 eV corresponding 

to metallic Sb, peak 2 (green) of oxidized Sb with a binding energy of 

531.3 eV close to that of Sb2O3, peak 3 (light-blue) at 531.8 eV ascribed to 

Sb in a higher oxidation state, most probably to Sb2O5, and peak 4 at 

532.3 eV assigned to O 1s. An additional peak 5 (pink), of the O 1s 

component is observed and is found to be compatible with hydroxide 

species present at the surface. Note that all components are more clearly 

seen in the 3d3/2 emission spectrum at 541 eV, in particular peak 3, as it 

almost coincides with O 1s component in the Sb 3d5/2 region.  
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Figure 3.5 Typical XPS line spectra of Sb 3d5/2 and 3d3/2 region for as-exfoliated FLAs 

(after 40 min sonication) showing contribution from both metallic and oxidized Sb 

components. 

The XPS data unambiguously revealed that the as-prepared FLAs exhibits 

a considerable contribution from antimony oxide, thus corroborating the 

earliest observation in Raman microscopy and STEM-EELS 

measurements. In fact, it is not a surprise that the surface of the obtained 

FLAs exhibited in most cases some form of oxygen species, as it has 

been also reported by many recent experimental outcomes.  

For instance, Lloret et al. have carried out a remarkable experiment in 

which they highlighted the high oxidation tendency of FLA exfoliated in 

liquid media using 1-butyl-3-methylimidazolium tetrafluoroborate (bmim-

BF4), which is an ionic-liquid well known for its excellent oxidation 

protection behavior14.  
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In that work, they have shown by means of XPS that upon exposing a FLA 

nanosheet to air for several hours, after removing the ionic liquid 

protective layer by heating under ultra-high vacuum (UHV) conditions, 

there is a concurrent severe decrease in the intensity of metallic Sb 

component and increase of oxidized Sb species compared to those of 

ionic-liquid protected samples. This result provide strong experimental 

evidence of the high tendency of antimonene to oxidize under ambient 

conditions, which is also in good agreement with recent theoretical 

predictions3. Unlike phosphorene, it has been experimentally proved that 

antimonene exhibits a high thermodynamic stability under ambient 

conditions for over months15, probably due to the generated surface 

oxidation layer acting as a passivation layer, thus preventing oxygen from 

diffusing inwards into the inner layers and protecting them from further 

structural degradation. The first hypothesis made in this work is that the 

partial surface oxidation that suffer prepared FLAs, occurs during the 

course of LPE process, most likely as a result of the energy bursts 

provided by the ultrasonic waves in the liquid media. 

Addressing this issue, there have been carried out a set of LPE 

experiments increasing the sonication time, ranging from 5 min to 45 min. 

It is worth it to point out that at shorter times, no considerable exfoliation is 

expected, but the main objective is to examine the oxidation degree at 

early stages of exfoliation. The obtained FLAs are analysed using XPS, 

and the obtained spectra corresponding to samples sonicated for 5, 20 

and 40 min are deconvoluted (Figure 3.6). An overview of all XPS spectra 

as function of time is also displayed in Figure A3.1 (page 204).  
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A closer examination of the spectra corresponding to the 5 min sample in 

Figure 3.6a reveals the existence of peaks corresponding to oxidized Sb 

and O 1s, in addition to the peak corresponding to metallic Sb. Indeed, 

this is a proof that the surface of antimony crystals undergo oxidized fairly 

quickly as a result of the sonication tip processing that only took 5 min, 

though the degree of exfoliation is still not substantial at this stage.  

 

Figure 3.6 XPS line spectrum with peaks deconvoluted in the 3d region of FLAs obtained 

by LPÊ: (a) 5 min, (b) 20 min, and (c) 40 min. High resolution XPS spectra of the same set 

of samples sonicated for (d) 5 min, (e) 20 min, and (f) 40 min, measured using synchrotron 

radiation after annealing for 90 min at 210 °C. 
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In addition, the oxidation of the 5 min sample is also depicted by EELS 

compositional mapping shown in Figure 3.7, where a considerable amount 

of oxygen is noticed on the surface and edges of the nanosheet. 

 

Figure 3.7 a) HAADF image of a thick FLA nanosheet obtained after sonication for 5 

minutes in IPA/H2O, b) magnified image of the green-dashed area in (a) and corresponding 

elemental mapping images of Sb, O-s and C-k lines, c) high magnification image of the 

rectangular orange-dashed area in (b) depicting the crystallinity of the lattice. 
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Remarkably for this sample, there is only one oxidized Sb component, 

which the binding energy is close to Sb2O3. In contrast, for the sample 

processed for 20 min, Sb component related to higher oxidation states 

arises (peak 4), and its relative weight has grown with time as evidently 

depicted in Figure 3.6c. Next, while keeping in mind the above-discussed 

analysis of the XPS line spectra obtained for the sample processed for 40 

min, it seems that as sonication time increases the resulting FLAs undergo 

progressive oxidation.  

First, at 5 min it is noticed the appearance of an oxidized Sb component 

consisting of Sb2O3 followed by the formation of Sb2O5 corresponding to a 

higher oxidation degree after 20 min (Figure 3.6b). Subsequently, as the 

oxidized Sb signal reaches saturation and grows no more after 40 min, 

surface oxygen species such as adsorbed oxygen and hydroxides 

become predominant (Figure 3.6c). In addition, the XPS data as a function 

of sonication time clearly shows the progressive decrease in intensity of 

metallic Sb (peak 1). This is expected, since as sonication time increases, 

the exfoliation proceeds to a higher extent, thus producing thinner flakes 

with higher surface area which renders them more likely to oxidation. A 

more detailed analysis revealed that the intensity ratio I532eV/I540eV of both 

main peaks is not constant and is increasing with time. Since the ratio 

between Sb components is fixed, the observed difference is only due to 

the O 1s intensity. Moreover, calculation of the O 1s /Sb 3d ratio reveals 

that it is far from any oxide stoichiometry, thus indicating that either most 

of the oxygen is not bound to Sb, or the development of a different form of 

antimonene oxide layer at the surface of the flake, which fits quite well 

with our earlier remarks using STEM-EELS.  
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In the following step, the samples are subjected to thermal annealing at 

210 °C under UHV for 90 min, in order to remove any possible adlayer 

impurities and gain further insight into the nature of the previously 

observed amorphous layer. Then, the samples are measured in-situ by 

XPS using synchrotron Mg Kα line with lower pass energy of 20 eV. The 

obtained spectra are shown in Figure 3.6d- f, corresponding to samples 

sonicated for 5, 20 and 40 min, respectively. It can be easily seen that 

after the annealing process they are better resolved, and also that the 

intensity of metallic Sb component is much larger than for the samples 

prepared without annealing. Besides, it is also remarkable the absence of 

the oxidized component, corresponding to Sb2O5, in the spectra of 20 min 

sample and the almost total absence of oxidized Sb components for 40 

min sample, even though the intensity of the O 1s component increases 

drastically. Interestingly for the 40 min sample, since this O 1s is not 

bound to Sb, it is possible that either the oxygen layer is thicker and is not 

completely removed by the annealing, or the oxygen is bound in a 

different way to the surface. Furthermore, an additional peak 6 (dark 

yellow) is also observed next to 544 eV, and it corresponds to the plasmon 

loss of metallic Sb, whose presence is a good sign of metallicity. It can be 

concluded that annealing under this conditions not only removes the 

previously observed surface adlayer, thus exposing more non-oxidized 

Sb, but also modifies the ratio of remaining Sb oxides present at the 

sample. Therefore, it is possible that this dynamic process observed upon 

annealing leaves behind an exotic heterostructure of type antimonene 

oxide/antimonene at the surface of the flakes. 

To gain further understanding about the antimonene oxide surface layer 

from the structural point of view, there are performed DFT calculations. 

They are started from the recently proposed structure of antimonene 

oxides single layers, where the oxygen atoms form double bonds 

perpendicularly to the monolayer plane (Figure 3.8 a)16.  
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Calculations of the phonon dispersion show vibrational modes with 

negative frequencies in a widespread range of the Brillouin zone, 

indicating that this structure is meta-stable and suffers a phase transition 

at room temperature, where the oxygen atoms move into the plane, 

forming Sb-O-Sb bonds (Figure 3.8a-b). By adding more oxygen atoms to 

the system, it is found a two-dimensional Sb2O3 structure, which is stable 

under environmental conditions and displays characteristic Raman modes 

in the range 250-400 cm-1 that are absent for antimonene and the 

previously suggested oxide geometry. In combination with the 

experimental data, this suggests the possibility of formation of layered 

heterostructures of FLA cores sandwiched by two-dimensional Sb2O3 

layers from surface oxidation (Figure 3.8c).  

 

Figure 3.8 a) Side view of calculated antimonene oxide single-layer proposed by Zhang et 

al. (red balls correspond to oxygen atoms and blue balls correspond to antimony atoms). 

Adapted from Reference 16. Relevant views from the calculated antimonene oxide surface 

layer heterostructure: b) Side view, b) Top view. c) Side view of the layered heterostructure 

of FLAs sandwiched by 2D antimonene oxide surface layer. Red balls correspond to 

oxygen atoms and grey balls correspond to antimony atoms.  
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Attending to the results so far reported, it is legitimate to expect that the 

oxidation layer might induce changes in the electronic properties of the 

prepared FLAs. For this purpose, are explored the surface electronic 

properties of the three samples prepared by LPE for 5, 20 and 40 min of 

sonication time, by means of UPS using synchrotron radiation. In fact, the 

main advantage offered by making use of the ultraviolet light is the low 

photon energy which allows a detailed investigation of the valence levels. 

Obtained photoemission spectra, before and after annealing at 210ºC 

under UHV for 90 min, of the three samples are shown in Figure 3.9. 

 

Figure 3.9 a) Valence band of the FLAs obtained by LPE for 5, 20 and 40 min measured 

by UPS, b) enlarged view of the square-dashed area in (a), c) valence band for 210 °C 

post-annealed sample and d) enlarged view of the green-dashed area in (c) showing a 

peak near 1 eV ascribed to antimonene oxide. 
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Significant changes are observed after annealing process. Thus, while the 

shape of the valence band of the 5 min sample remained almost 

unchanged, the valence band of 20 and 40 min samples undergo 

significant change and exhibited a different shape (Figure 3.8c). 

Remarkably, the enlarged view of the valence band of the three samples 

after the annealing process displayed in Figure 3.5d, shows a peak at ca. 

1 eV of binding energy. In view of the fact that XPS data has revealed the 

presence of both metallic and oxidized Sb in those samples, the observed 

peak at 1 eV can be ascribed to the antimonene oxide. Moreover, the 

intensity enhancement noticed near 0.5 eV is due to the onset of the 

valence band of an otherwise semiconducting material. Considering the 

fact that earliest theoretical computations predicted a direct bandgap for 

antimonene oxide7, it comes as no surprise that the so-formed antimonene 

oxide layer observed in our samples induced such modification in the 

electronic band structure. 
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3.3. Conclusions 

In this work, it has been investigated the oxidation behaviour of FLAs 

obtained following the LPE procedure described in Chapter 2. Obtained 

results revealed the formation of an antimonene oxide layer (Sb2O3-like) 

on the surface of the nanosheets as a result of the LPE of bulk antimony 

crystals.  

Furthermore, it has been performed quantum mechanical calculations for 

the sake of clarity of the observed antimonene oxide formation. This 

calculations suggests that the formation of layered heterostructures of FLA 

cores sandwiched by two-dimensional Sb2O3 layers from surface 

oxidation, is feasible. It has been also demonstrated, by means of XPS 

and UPS measurements, that the oxide layer could be partially removed 

upon annealing at moderate temperatures, leaving behind a Sb2O3-

like/antimonene heterostructure with a band gap of ca. 1 eV.  

3.3.1. Future prospects 

Results derived from this work, have important implications with respect to 

applications based on antimonene due to the observed semiconducting 

feature upon oxidation, and might open up new avenues for surface 

engineering and tailoring of its properties. 
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Chapter 4: A systematic study 

towards the Liquid-Phase Exfoliation 

of Antimony 

4.1. Introduction 

LPE techniques have been widely used to produce suspensions of many 

2D inorganic layered materials mainly because are the most appropriate 

technique to produce single or few-layer in large-scale1. Besides they are 

considered easy methods, suitable for industrial scale-up and based on the 

solubility parameters theory.  

In Chapter 2, it is explained in detail how it was achieved, for the first time, 

the isolation of FLAs by means of LPE techniques. Even though the FLAs 

obtained in that work have an excellent quality, it is also true that an 

enhancement on the concentration of the suspensions can contribute to 

spread its potential applications. LPE processes are dramatically affected 

by the features of the crystal size of the starting material, solvent selection 

and source of energy to assist the exfoliation process2.  

Herein, it is carried out a systematic analysis of the most relevant 

parameters that govern LPE process, in order to rationalize the production 

of FLA suspensions. Thus, it is evaluated the outcome in the LPE of 

antimony crystals of: i) the initial crystal size, ii) solvent used and iii) 

ultrasound parameters.  
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In order to accomplish this fundamental study, it is proposed a strategy 

based on three enchained steps that have been optimized by maximizing 

the concentration and the “dimensional anisotropy” (DA) ratio of the FLAs 

contained in the samples. The DA ratio is a parameter defined as the ratio 

between the length value and height value of the nanosheets and offers a 

good approximation of their morphology. Thus, the higher the DA ratio is, 

the thinner and larger the nanosheets are. It is worth to remark here that in 

the case of FLA, the short out-of-plane atom-to-atom distances result in 

strong interlayer interactions and pose an additional limitation for the 

exfoliation. 

Results derived from this work confirm that the concentration of FLAs can 

be enhanced up to 30 times, ca. 0.368 g·L-1, compared to the topmost 

concentration value reported so far3, ca. 0.014 g·L-1. This result is achieved 

using a pre-processing step of the bulk antimony crystals based on a wet-

ball milling process in 2-butanol, followed by a LPE step in a NMP/H2O (4:1) 

mixture promoted with a sonication tip. Regarding the DA ratio of the 

obtained FLAs, it is observed that it became larger when using 2-butanol as 

a solvent in the LPE step (DA ~ 27.6), keeping good concentration values 

(ca. 0.279 g·L-1). 
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4.2. Results and Discussion 

The strategy designed to optimize the LPE process to obtain FLA 

suspensions is summarized in Figure 4.1. 

 

Figure 4.1 Schematic illustration of the strategy followed to optimize the LPE process to 

obtain FLA suspensions, involving different enchained steps. Firstly, the pre-processing 

using different approaches: i) grinding the bulk Sb crystals, ii) dry ball-milling the bulk Sb 

crystals, and iii) wet ball-milling the bulk Sb crystals. Secondly, a solvent selection based on 

the Hansen parameters using 28 different solvents, and thirdly, a comparison of ultrasound 

parameters, involving bath and tip sonication. The arrows highlight the optimum route for 

obtaining FLA suspensions with the highest concentration. The optical image shows a typical 

highly concentrated FLA suspension. 

As it can be observed in Figure 4.1, this study is done attending to the three 

most important parameters that influence the LPE of bulk antimony crystals: 

i) the initial crystal size, ii) solvent used and iii) ultrasound parameters.  

4.2.1. Pre-processing of bulk antimony crystals 

With the aim of opening up the possibilities of application of FLAs obtained 

by LPE techniques, one issue that needs to be solved is the low value of 

the final concentration of the suspensions.  
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In order to enhance the FLA concentration is critical the way to process the 

bulk antimony crystals before the LPE process begins. Thus, in this first 

step, the goal is to investigate the effect of the initial particle size of the bulk 

antimony crystals in the final concentration of FLAs suspensions. 

In this section, it is analysed three different methods of pre-processing bulk 

antimony crystals and how they affect in the final concentration of the FLA 

suspensions obtained after the LPE process. These three approaches have 

been selected based on previous research in this field3,4,5,6: i) grinding the 

bulk antimony crystals, ii) dry ball-milling the bulk antimony crystals and iii) 

wet ball-milling the bulk antimony crystals.  

For evaluating the results of this step, all of the experiments have been 

carried out using as reference LPE conditions to analyse the final FLA 

concentration the optimised conditions obtained in Chapter 2: an initial 

antimony concentration of 0.1 g·L-1 is mixed with a 4:1 mixture of IPA/H2O. 

Then, the mixture is sonicated using a tip sonicator for 40 min at 400 W and 

24 kHz developing the ultrasound power in pulses of 0.5 s long every 1 s. 

After the sonication process, suspensions are centrifuged for 3 min at 3000 

rpm. 

The first analysis of the three pre-processed antimony crystals is carried out 

by X-Ray Powder Diffraction (XRPD) and SEM to investigate if there is any 

change in the structure and/or the morphology. Figure 4.2 shows the XRPD 

patterns of the three samples, corroborating that the structure of the 

obtained pre-processed antimony crystals could be categorized as 

rhombohedral, β-phase. There are not new peaks indicating that any of the 

processes favour the formation of side species as antimony oxides. Figure 

4.2 also confirms no significant changes between the three XRPD patterns, 

indicating that these processes do not affect the crystalline structure of 

antimony.  
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The only significant change among the three XRPD patterns is the relative 

weakening of the peak at 23.7º corresponding to the (003) facet, revealing 

a higher degree of exfoliation along the c-axis in the wet ball-milled sample 

compared to the other two (see Figure 4.2, inset).      

 

Figure 4.2 XRPD patterns of: grinded antimony crystals (black), dry ball-milled antimony 

crystals (green) and wet ball-milled antimony crystals in 2-butanol (blue). The inset shows a 

magnification of the area coloured in grey. 
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The morphology of the three pre-processed antimony crystals is evaluated 

by SEM. The analysis of the length histograms for the three samples 

indicates some significant differences. Thus, in the case of grinded 

antimony crystals (Figure 4.3a), the edges appear to be sharper than in the 

other two cases, and their lateral size is much larger compared to the other 

ones, ca. 5.78 µm. While for the dry ball-milled antimony crystals (Figure 

4.3b) SEM images show amorphous edges and smaller lengths, ca. 2.07 

µm, compared to the grinded ones. Remarkably, those ones obtained by 

wet ball-milling in 2-butanol (Figure 4.3c) presents larger lateral dimension, 

ca. 9.25 µm, but also smaller thicknesses. 

Therefore, the analysis of the crystal structure and morphology of the three 

pre-processed antimony crystals samples, confirm that any process 

induced changes neither in the crystal structure nor in composition, while 

the particle size of the obtained antimony crystals changes from one to 

another. 
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Figure 4.3 SEM images (scale bar of the SEM images equal to 5 µm) of: a) grinded antimony 

crystals, c) dry ball-milled antimony crystals and e) wet ball-milled antimony crystals in 2-

butanol. Length histograms of the corresponding SEM images in µm of b) grinded antimony 

crystals, d) dry ball-milled antimony crystals and f) wet ball-milled antimony crystals in 2-

butanol. 
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In order to choose the best option among the different processes, the three 

pre-processed crystals are employed as starting material to generate 

suspensions in 2-butanol using the conditions described above, and then 

the final FLA concentration is evaluated. Figure 4.4 illustrates that the most 

concentrated sample is the one using the powder obtained by wet ball-

milling as starting material. The concentration values are obtained by 

measuring the turbidity of the samples which is directly related with the 

concentration (Figure A4.1, page 210).  

Therefore, the most appropriate pre-processing approach in order to 

enhance the final concentration of FLA suspensions, is the wet ball-milling 

of antimony crystals using 2-butanol. 

 

Figure 4.4 Concentration of the samples using different starting materials. The inset shows 

a photograph of the three different suspensions with a clear change of colour due to change 

on the concentration. 
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4.2.2. Solvent selection 

It is well-known that the solvent used to exfoliate layered materials is 

probably the most critical parameter during the LPE process7. The aim of 

this section is to evaluate the effect of the solvent used in the LPE of 

antimony crystals in both, the final concentration and the DA ratio of 

obtained FLAs. With a focus on increasing either the concentration and/or 

the DA ratio of the samples, a survey of 28 pure solvents and mixtures of 

them with water has been tested. All the experiments are carried out using 

as starting material wet ball-milled antimony crystals in 2-butanol and the 

same reference LPE conditions used in Section 4.2.1.  

It is acknowledged that in an LPE process the concentration of the 

suspensions is maximized when the energy cost of the exfoliation process 

is minimized, i.e. when the surface energy of the solvent matches with the 

surface energy of the layered crystals, as shown in Eq. (1). 

���

��� �����
  Eq. (1) 

Where, , is the square root of the component surface energy, Tlayer 

is the thickness of an antimonene nanosheet and  is the volume fraction. 

It has been theoretically calculated a value of surface energy for antimony 

equal to 148.8 mJ·m-2 (Figure A4.2, page 211). Obviously, this theoretical 

value does not consider the dynamics of the LPE process, so it is expected 

to be reasonably higher compared to the one reported experimentally8. For 

this reason, in the initial survey are selected solvents with a wide variety of 

surface tensions (the surface energy of the solvents can be calculated from 

, using an universal value for surface entropy of                 

∼0.1 mJ·m-2·K-1)9, but intentionally are also included some solvents known 

to be good dispersants for layered materials (Table A4.3, page 212). 
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Every experiment has been run by triplicate and the concentration values 

represent the mean value of the three results. Samples prepared with SDS 

and SC have been discarded from the initial survey because it could not be 

observed Tyndall effect in their colourless suspensions, indicating that the 

exfoliation did not occur. 

To choose the most suitable solvent from the initial survey, the focus is put 

at first in the final FLA concentration obtained after centrifuging the samples. 

Figure 4.5a shows the values of concentration, obtained using turbidity 

measurements as a function of the surface tension of each solvent. 

Firstly, it is observed that almost all the solvents tested can disperse some 

amount of antimony. However, the concentration of the dispersions 

increased for solvents with surface tensions in the range of 23-42 mJ·m-2, 

what means equivalent surface energy values in the range of                          

52-71 mJ·m-2. These values are reasonably close to the calculated surface 

energy value for antimony, ca.148.8 mJ·m-2. On the other hand, it is well-

known that surface energy calculations overestimate the surface energy of 

layered materials due to the assumptions of ideality in a heterogeneous 

process, what is our case. This can be easily seen in the large spread of 

surface energy values for graphite reported in literature so far10,11.  

Even though the analysis of the concentration as a function of the surface 

tension is a good starting point, there is an evident problem with the data 

from Figure 4.5a, many solvents are included with apparently correct 

surface tension value, but low concentration. This issue is something 

commonly observed in LPE of other layered materials, indicating that some 

other parameters need to be considered to rationalize the effect of the 

solvent in the material exfoliation 12,13.  
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To further investigate the mechanism of the exfoliation/dispersion process, 

it is necessary to evaluate the solute-solvents interactions, by calculating 

the Hansen solubility parameters (δH, δP, and δD), and also calculating the 

best well-known solubility parameter, the Hildebrand parameter (δT). Both 

group of parameters are related as shown in Eq. (2). 

             Eq. (2) 

Where δT is the Hildebrand parameter, δH is the H-bonding contribution, δP 

is the polar contribution and δD is the non-polar or dispersive contribution to 

the Hansen solubility parameters. These parameters are calculated for the 

initial survey of solvents and plotted them against the concentration values 

(Figure 4.5b-e).  

Figure 4.5b shows an almost a defined peak between 22-30 MPa1/2 for the 

δT parameter, but this result has the same problem of the surface tension, 

some solvents with a calculated value of δT within this range have low 

concentration. This problem can be rationalized considering that, as in the 

case of the surface tension, the Hildebrand parameter is too rough to fully 

describe the exfoliation/dispersion process. However, it can be easily 

observed how according to the Hansen’s model, there is a defined peak for 

δD parameter close to 17 MPa1/2, and for the other parameters it can also 

be found a peak between 7-22 MPa1/2. These results clearly show that the 

best solvents to enhance the concentration of FLA suspensions should 

match with this set of Hansen solubility parameters (Table 4.1). 

Table 4.1 Range of Hansen solubility parameters for promising solvents to obtain FL 

antimonene suspensions. 

Range of δD (MPa1/2) Range of δP (MPa1/2) Range of δH (MPa1/2) 

16-18 7-13 7-22 
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Figure 4.5 Concentration of FLA in suspension after tip sonication and centrifugation, [Sb] 

(g/L), plotted as a function of: a) surface tension of the solvents, γ (mJ/m2), b) Hildebrand’s 

solubility parameter, δT (MPa1/2), c) dispersive or non-polar contribution to the Hansen 

parameters, δD (MPa1/2), d) polar contribution to the Hansen parameters, δP (MPa1/2) and H-

bonding contribution to the Hansen parameter, δH (MPa1/2). f) Legend of solvents appearing 

in Figure 4.5a-e.  
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Taking all the discussed above into account, it is remarkable the case of 

NMP/H2O (4:1) that gives rise a concentration value of 0.368 g·L-1 which is 

ca. 30 times higher than the highest previously reported for LPE of antimony 

crystals (ca. 0.014 g·L-1).3 It is also worth mentioning that the adjustment of 

the ratio between the organic solvent and water in the mixtures determines 

the optimal concentration. Thus, the 4:1 and 2:1 ratios of solvent/water 

mixtures, in NMP case, matches better with the set of Hansen solubility 

parameters described above and in consequence gives higher 

concentration values (Figure 4.5b-e). 

Therefore, the solvents that give rise to the highest concentration values 

are NMP, 2-propanol (IPA) and 2-butanol, and some mixtures of them with 

water. This result is consequence of two factors: i) the rationally matching 

of the solvents with the surface energy of antimony and, even more 

remarkably, ii) with the set of Hansen solubility parameters. 

It is obvious that another important limiting factor that determine the 

potential use of the FLA suspensions for several applications is their stability 

with time, i.e. particle aggregation. Therefore, the samples with the highest 

FLA concentration from the initial survey are measured their concentration 

decay at different times (1, 24, 48 and 168 h). Figure 4.6 shows that most 

of the suspensions evaluated undergo a decrease of its concentration of ca. 

10-20 % and 50 % upon standing the suspension at 20 ºC for 1 or 2 days, 

respectively, and almost became stable for weeks after 2 days. In terms of 

suspensions usability, it seems a reasonably good result for most of the 

applications, but it is even better because it is observed that after long times 

of sedimentation, the suspensions recover their initial concentration values 

by re-sonicating them for 5 min. 
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Figure 4.6 Concentration of FLA in suspension after centrifugation, [Sb] (gL-1), plotted 

versus sedimentation time (h) of the samples prepared with the solvents described in the 

legend. 

Another important issue is the effect caused in the concentration of the 

suspension when the solvent/water ratio is changed. Figure 4.6 shows that 

for the mixture NMP/H2O, 4:1 and 2:1 ratios are optimum in terms of 

concentration compared to the other ratios, but in the case of IPA/H2O the 

differences between using different ratios are almost neglectable. 

The other aspect that has to be taken into account for the solvent selection 

is the DA ratio. The morphology of the nanosheets obtained in the 

suspensions has been evaluated using AFM.  
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Figure 4.7-8 show a statistical AFM analysis for the drop-casted 

suspensions on SiO2 with the highest FLA concentration, based on 

histograms over 150 FLAs for each sample. The histograms show that the 

mean length, <L>, of most of FLAs contained in the samples is ∼ 300 nm 

while the mean height, <H> is ∼20 nm.  

 

Figure 4.7 Length histogram of the FLAs contained in the different samples obtained using: 

a) 2-butanol, b) IPA, c) IPA/H2O (1:1), d) IPA/H2O (2:1), e) IPA/H2O (4:1), f) NMP, g) 

NMP/H2O (1:1), h) NMP/H2O (2:1) and i) NMP/H2O (4:1). <L> represents the mean length 

value in nm. 

It has to be considered that using AFM to measure heights it is being 

evaluated the apparent height, which overestimate the real nanosheet 

thickness14. 
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A closer examination of the results collected in Figure 4.8 shows a limiting 

minimum height coming from the LPE process which corresponds to ca. 4-

6 nm using 2-butanol as solvent which is associated with a maximum length 

of ca. 320 nm. However, the most typical apparent heights obtained for 

those solvents providing good concentration values are in the range of 15-

22 nm while their length almost shows similar lengths values, ca. 250-375 

nm. 

 

Figure 4.8 Height histogram of the FLAs contained in the different samples obtained using: 

a) 2-butanol, b) IPA, c) IPA/H2O (1:1), d) IPA/H2O (2:1), e) IPA/H2O (4:1), f) NMP, g) 

NMP/H2O (1:1), h) NMP/H2O (2:1) and i) NMP/H2O (4:1). <H> represents the mean height 

value in nm. 
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The highest DA ratio (Figure 4.9) corresponds to the nanosheets isolated 

from the suspensions obtained using 2-butanol as solvent (DA ca. 27.6), 

while for the samples prepared with IPA and NMP there is an optimal 

proportion of the solvent/water mixture that maximizes the DA ratio, and 

that is the 4:1 proportion resulting in DA ratios of ca. 15.7 and ca. 18.52, 

respectively. 

 

Figure 4.9 Plot of the DA ratio of the nanosheets as a function of the volume fraction (%) of 

water in the solvent mixtures. 
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Therefore, considering all the factors so far analysed, it is observed that the 

best results in terms of concentration, correspond to those obtained using 

as solvent a mixture of 4:1 NMP/H2O, with a final concentration of            

0.368 gL-1 and a DA ratio of ca. 18.52. However, 2-butanol seems to be the 

most suitable solvent because shows an excellent compromise between 

concentration, 0.279 gL-1, and DA ratio, ca. 27.6. 

4.2.3. Ultrasound parameters 

Finally, in order to improve the LPE process it is evaluated the effect, on the 

concentration and in the DA ratio of the FLA suspensions, using different 

ultrasound techniques: i) sonication tip and ii) ultrasonic bath. 

It is well-stablished that for layered inorganic materials, tip sonication is 

preferred over bath sonication mainly due to the higher production rates. 

However, bath sonication may offer a lower-cost alternative to tip 

sonication. The energy input into the sample is lower in the case of bath 

sonication, as it is less localized, for that reason less material fragmentation 

(breaking of bonds in the nanosheet) can be expected. With this technique, 

longer processing times are required, compared to tip sonication, to achieve 

an equivalent concentration of dispersed material and, in general, the 

process is less reproducible15. 

For this analysis is used as starting material, wet ball-milled antimony 

crystals in 2-butanol and also 2-butanol as LPE solvent. The rest of LPE 

parameters are exactly the same than in the previous two sections (0.1 gL-

1 of antimony initial concentration, 40 min of sonication time and 3000 rpm 

for 3 min of centrifugation). The results showed that using ultrasonic tip the 

obtained concentration (~ 0.289 gL-1), is higher than the one obtained using 

ultrasonic bath (~ 0.262 gL-1).  
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Figure 4.10 displays the DA ratio for both samples from the mean statistic 

values of morphology, obtaining a much lower DA ratio using the ultrasonic-

bath, ca. 7.76, than using the sonication tip, ca. 27.6. The lower DA ratio 

means a decrease in the lateral dimensions of the nanosheets while they 

show similar thicknesses (Figure 4.10). Both results can be rationalized 

considering the experimental differences between both techniques. Thus, 

while the sonication tip approach delivers energy to the dispersion medium 

directly, when using ultrasonic bath the energy needs to go through the 

solvent medium and the flask where is the material to exfoliate it2. 

 

Figure 4.10 Height histogram, length histogram and plot of the length as a function of the 

height of the FLAs contained in the samples prepared using different devices: a), b), c) 

sonication tip and d), e), f) ultrasonic bath. 

Finally, it is also tested the effect of the ultrasonic wave amplitude of the 

sonication tip in the LPE process. Results show that there are not many 

differences in terms of concentration between using one ultrasonic wave 

amplitude or another.  
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However, it seems that the higher is the amplitude, the higher is the 

concentration: [Sb]100% = 0.289 gL-1; [Sb]50% = 0.274 gL-1 and [Sb]50% = 0.252 

gL-1. While the DA ratios of the samples obtained at different ultrasonic 

wave amplitudes are slightly different for the nanosheets obtained at higher 

ultrasonic wave amplitude which showed the highest DA ratio: DA100% = 

27.6; DA50% = 23.2; and DA20% = 19.9. Therefore, lateral dimensions are 

larger when decreasing the sonication amplitude but also the thicknesses 

(Figure 4.11). 

 

Figure 4.11 Height histogram, length histogram and plot of the length as a function of the 

height of the FLAs contained in the samples prepared using different wave amplitudes: a), 

b), c) 100%, d), e), f) 50% and g), h), i) 20%. 
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4.2.4. FLAs quality 

The energy used to assist the exfoliation in the LPE process can affect the 

2D material quality generating atomic defects in the structure of the 

nanosheet or generating some chemical changes, e.g. partial surface 

oxidization as it is described in Chapter 3. In this section, it is evaluated the 

quality of the FLAs isolated under the LPE optimal experimental conditions: 

wet ball-milled antimony crystals in 2-butanol as starting material; 2-butanol 

as LPE solvent with 40 min of sonication and 3000 rpm for 3 min for 

centrifugation using an ultrasonic tip at 100 % amplitude. 

To further characterize the quality of the samples obtained using this 

optimal LPE parameters, it is performed SRM. The SRM mappings revealed 

the representative main phonon peaks, the A1
g mode at 149.8 cm-1 and Eg 

mode at 110 cm-1, even for the thinnest nanosheets ca. 4 nm, with no 

signature of oxidation (i.e. peaks related to the formation of Sb2O3 or 

Sb2O5). A phonon relaxing effect is detected when the sample thickness 

decreases from the bulk to ca. 4 nm, in good agreement with theoretical 

predictions and recent reports (Figure 4.12)16,17. The correlation between 

SRM and AFM shown in Figure 4.13 represents the state-of-the-art of FLA 

nanosheet obtained by LPE with the smaller thickness so far reported4,16. 
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Figure 4.12 Single-point spectra measured at different thicknesses according to the 

topographic AFM image (inset) of the same area studied in Figure 1.13c. 

Even though all FLAs shown in Figure 4.13a can be easily correlated with 

the A1
g signals from Figure 4.13b, it is worth mentioning that the resolution 

of the mapping has a broadening in the signal that could be assigned to 

nanosheet aggregation. However, this effect can be easily corrected by 

correlating it with the AFM measured distances. 
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Figure 4.13 a) Representative AFM image of the FLAs obtained using the optimal 

parameters of the LPE process. b) The corresponding Raman A1g (λexc=532 nm) mapping 

of FLAs contained in the area dotted in white in (a) (>14000 single point spectra over a 

surface area of 13 µm2 using a step size of 0.2 µm). c) AFM image of the small area (A) 

dotted in orange in (a) and (b) showing the height profiles of ca. 4 and 5 nm, respectively. 

The crumpled morphology observed by AFM has been further confirmed by 

TEM measurements, showing lateral dimensions of ca. 300 nm (Figure 

1.14a-b). XEDS measurements of a selected area corroborated their 

composition, showing small signals of oxygen (Figure 4.14c).  
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Indeed, a careful examination of the Raman mappings reveals that for some 

flakes exhibiting high intensity, it is possible to detect some Raman 

signatures attributed to antimony oxides, ca. 255 cm-1, tentatively related to 

the Ag mode of Sb2O3. 

 

Figure 4.14 a), b) TEM image of FLAs obtained using the optimal conditions of the LPE 

process, c) X-Ray Energy Dispersive Spectroscopy (XEDS) microanalysis of FLAs. 
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In order to verify the oxidation of FLAs, this sample has been also 

investigated by XPS analysis, showing weak 3d3/2 and 3d5/2 signals of 

antimony in oxidation state zero at 528.5 eV for the 3d5/2 level, along with 

significant contributions from Sb in higher oxidation states (mainly Sb2O3) 

at around 530.9 eV (Figure 1.15). Moreover, among the solvents showing 

optimal Hansen parameters investigated in this chapter, NMP has been 

reported as an excellent protective solvent against oxidation for 2D 

materials. Along this front, other 2D-pnictogens such as black phosphorus 

has been successfully passivized with NMP for several days under 

environmental conditions18–20. Therefore, sample prepared with pure NMP 

has been also analysed by XPS to investigate if it has the same effect in 

antimonene. Likewise to the ionic-liquid protected FLA21, next to the broad 

O 1s signal at 532.5 eV from the surface enriched NMP contamination, the 

Sb 3d region between 526 and 546 eV of the Sb-NMP sample reveals very 

weak Sb 3d3/2,5/2 signals at slightly lower binding energies (see inset in 

Figure 4.15). A better deconvolution of the XPS spectra for both samples 

can be seen in Figure A4.3 (page 210). These results suggest a less 

oxidized FLA, thus, the formation of a protective NMP layer a few-

nanometers thick on the surface of the FLAs. 
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Figure 4.15 XPS Sb 3d and O 1s region of FLA samples prepared using NMP and 2-butanol, 

spectra are offset and rescaled for sake of clarity. The inset shows a magnification of the Sb 

3d3/2 peak for both samples showing a shift to lower binding energies in the case of the 

sample prepared with NMP of ca. 0.4 eV. Dots are experimental points, the red line is the 

results of fit, and solid lines are individual components. 
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4.3. Conclusions 

In this chapter, it has been reported a systematic study that optimize several 

parameters of the exfoliation process of bulk antimony crystals with the aim 

to produce stable FLA suspensions with high nanosheets concentration as 

well as high DA ratio.  

The results show that the pre-processing of the material affects importantly 

to the final concentration of the suspension of FLA, being the optimal pre-

process the one that use “wet-ball milling” with 2-butanol. 

It has also been observed that the solvent plays a crucial role in the LPE 

process. From the 28 solvents preselected based on the Hansen solubility 

parameters as well as other experimental observations, the highest 

concentration value is obtained using a mixture of NMP/H2O in a (4:1) ratio, 

ca. 0.368 g/L, while largest DA value is obtained using 2-butanol, DA ratio 

of ca. 27.6. However, both solvents seem to be suitable for most of the 

potential applications of FLA. Characterization of the nanosheets obtained 

with these solvents showed that using: i) 2-butanol <L> = 326.38 nm, <H> 

= 11.81 nm with ~ 50 % of the nanosheet with heights between 2-8 nm, and 

lateral dimensions between 40-300 nm, being the nanosheets with smallest 

height those of ca. 3.6 nm. and lateral dimensions of ca. 98 nm; and ii) 

NMP/water (4:1) <L> = 292.51 nm, <H> = 15.79 nm with  ~ 50  % of the 

nanosheet with heights between 2-10 nm, and lateral dimensions between 

60-250 nm, being the nanosheets with smallest height those of ca. 4.3 nm, 

and lateral dimensions of ca. 72 nm. 

Finally, it is also noticed that using a sonication tip with an ultrasonic wave 

amplitude of 100%, the concentration and the DA of the samples also 

increases. It is carefully evaluated the high quality of the antimonene 

isolated from this optimal experimental set up using the state-of-the-art 

spectroscopic, analytical and microscopic techniques. 
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4.3.1. Future prospects 

This project has provided a complete understanding on the LPE of bulk 

antimony crystals. Taking into account the reported results in this study, the 

following step to continue with this issue would be the scale-up process of 

this technology. Furthermore, these results paved the way to new potential 

applications for antimonene-based technologies that are already being 

analysed. 
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Chapter 5: Study of Few-Layer 

Antimonene properties and its 

potential applications 

5.1. Introduction  

Antimonene has been recently prompted as a promising 2D material for a 

large variety of applications due to its outstanding expected properties. 

However, still only few of them have been experimentally demonstrated. 

This is a common question regarding the evolution period required for a 

novel material. For instance, if we have a look to graphene, which is a 

paradigmatic example in which both science and technology have made 

considerable efforts and resources including economical ones, it was 

firstly synthesized in 2004 but even today there is still a long way to walk 

for achieving some goals that are supposed to be already done1. This fact 

could give some light regarding the time and effort that are necessary to 

develop a specific application where a novel material could be applied. 

Nevertheless, our research group in collaboration with specialized groups 

has tried to demonstrate that antimonene is, in fact, this outstanding 

material that everyone is expecting. 

In this chapter, two different works related to this issue are shown. More 

precisely, it is experimentally studied the electrochemical capacitive 

performance of FLA and its successful application as a supercapacitor. 

 

 



Chapter 5. Study of Few-Layer Antimonene properties and its potential 
applications 

158 

On the other hand, it is described the formation of a 2D/2D heterostructure 

between graphitic carbon nitride (g-CN) and FLA, type I heterojunction,  

that improves the optical absorption, the charge separation under 

illumination, as well as the photoactivity in the degradation of organic 

pollutants to that showed for both pristine materials. 
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5.2. Results and Discussion 

5.2.1. FLA based supercapacitor  

It cannot be denied that the world is changing on its green energy 

demand. For that reason, the necessity of develop sustainable energy 

storage devices that fulfil the request of renewable energy sources is 

crucial2. 

It has been proved that electrochemical double-layer capacitors (EDLC), 

also called supercapacitors, are an energy storage platform with major 

potential due to their high-power density, good operational safety, long 

cycling life, competitive energy density and minimum charge separation. 

These devices have been largely explored and are already accepted as 

promising for energy storage applications, such as high-power electronics 

and fast charging electronic devices3. Recent advances in nanotechnology 

paved the way to a further investigation on the potential applications of 

EDLC and their performance. More specifically, the focus has been put in 

the development of new nanomaterials that allowed the fabrication of 

electrodes with major storage capacity4. Actually, 2D nanomaterials have 

specially attracted the interest in manufacturing EDLC, due to their high 

specific surface area that can contribute to a high double-layer 

capacitance. Besides, 2D nanomaterials usually have reactive basal 

planes and edges that can enhance the electrochemical performance of 

the device, i.e. pseudocapacitance5. 

Graphene was the first 2D nanomaterial that was successfully applied in 

different energy storage devices6. However, other 2D layered 

nanomaterials have shown promising applications as electrodes in energy 

storage devices where ion intercalation plays an important role7.  
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More recently, some studies have been successfully carried out regarding 

the supercapacitor application of black-phosphorus8, paving the way of 

using other pnictogens for such application. It has been recently 

demonstrated some outstanding properties of antimonene for 

electrochemical energy storage applications, such as, good electrical 

conductivity (1.6 x 104 S·cm-1)9, larger interlayer channel size (3.73 Ǻ)10, 

and fast ion diffusion capacity11. Moreover, it has also been recently 

demonstrated as an anode material in lithium and sodium ion batteries12, 

in principle, due to its ability to enable fast ionic diffusion over its surface11.  

Taking these observations as a starting point, in this work the focus has 

been put on the electrochemical capacitive performance of FLA and the 

possibility of applying this new 2D nanomaterial as a supercapacitor. 

5.2.1.1. FLA preparation and characterization 

In this work, FLA is obtained by introducing a modification of the LPE 

procedure described in Chapter 2 in order to increase the concentration of 

the samples. The modification consisted in processing the starting bulk 

antimony crystals by ball-milling for 3 h at 3000 rpm, trying to decrease the 

initial size of the crystals and facilitating the subsequent exfoliation. The 

rest of LPE conditions remained equal to those described in Chapter 2: an 

initial antimony concentration of 0.1 g·L-1, a 4:1 mixture of 2-propanol/H2O 

as solvent, tip sonication for 40 min at 400 W and 24 kHz, developing the 

ultrasound power in pulses of 0.5 s long every 1 s and centrifugation 

parameters of 3 min at 3000 rpm (746 g). 

SEM images of the antimony crystals obtained after ball-milling step 

confirm the formation of microcrystals with dimensions in the range of ca. 

1 µm (Figure 5.1a-b). Thus, confirming the successful decrease of the 

initial size of bulk antimony crystals (Figure 5.1c-d).  
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Figure 5.1 SEM images (scale bar of the SEM images equal to 5 µm) of: a) grinded 

antimony crystals and c) ball-milled antimony crystals for 180 min at 3000 rpm. Length 

histograms of the corresponding SEM images in µm of: b) grinded antimony crystals, d) 

ball-milled antimony crystals for 180 min at 3000 rpm. 

The concentration of FLA suspensions is measured using AAS, obtaining 

a mean value of ca. 0.014 g·L-1, significantly higher than the one reported 

in Chapter 2 (ca. 1.74 x 10-3 g·L-1). In this case, the enhancement of the 

concentration and the size of the crystals are critical to get a suitable 

electrode deposition. 

To confirm the successful exfoliation of bulk antimony crystals, AFM 

measurements are carried out (Figure 5.2), showing the typical 

topographic AFM image of FLA isolated onto SiO2 substrates.  
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Analysing the height histogram (Figure 5.2b), it can be seen how FLAs 

have periodic step heights that are multiple of ca. 4 nm. In agreement with 

what it is described in Chapter 2. Besides, the lateral dimensions of FLAs 

seem to be more homogenous and smaller (ca. 200-500 nm) than the 

FLAs obtained in Chapter 2, due to the ball-milling process. 

 

Figure 5.2 a) Representative AFM topographic image of FLAs casted onto SiO2 substrate. 

b) Height histogram of 150 different FLAs showed in (a). 

To further confirm the morphology and crystallinity of FLAs, TEM 

measurements are carried out (Figure 5.3). The morphology of FLAs 

showed in Figure 5.3a is in good agreement with the one obtained by 

AFM. In Figure 5.3b is depicted the electron diffraction pattern obtained 

from a magnified area of the same FLA showed in Figure 5.3a, confirming 

the hexagonal symmetry expected for the β-phase of antimony. 

Furthermore, XEDS spectra confirms the FLAs composition, which 

consists almost exclusively on antimony with a very low content of oxygen 

(Figure 5.3c). 
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Figure 5.3 a) TEM image of an isolated FLA (scale bar equal to 500 nm). b) Magnification 

of same FLA in (a) showing atomic resolution (scale bar equal to 10 nm). The inset shows 

electron diffraction pattern, displaying the expected hexagonal symmetry for β-phase in 

antimony (scale bar equal to 10 nm-1). c) XEDS spectra of the FLA in (a).    

5.2.1.2. FLA modified Screen-Printed Electrode (SPE) preparation 

and characterization 

Modified SPE are prepared by drop-casting aliquots of prepared FLAs 

suspension obtained by LPE, onto the required working electrode. The 

solvent is let it dry until it is completely evaporated under ambient 

conditions. Once the solvent is evaporated, the modified SPE with FLA is 

used without any further modification. 
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In order to confirm the correct modification of the printed electrodes with 

FLA, they have been characterized using SEM and Raman. Attending to 

Figure 5.4a, it can be easily seen how the electrodes are decorated with 

FLAs with lateral dimensions in the range of ca. 200-500 nm, which agree 

with the morphology observed by AFM and TEM.  

To further confirm that the nanosheets appearing in Figure 5.4a are 

indeed FLA, Raman spectroscopy measurements are carried out on 

modified SPEs with different amounts of FLA. Figure 5.3b confirms the 

existence of FLA, displaying the Raman bands associated to antimony: 

A1
g and Eg vibrational modes at 149.8 cm−1 and at 110 cm−1, respectively. 

The intensity of Raman bands in Figure 5.4b increases when higher 

amounts of FLA are drop-casted onto SPEs surface, indicating a greater 

coating of the electrodes, and maybe a larger thickness of the FLAs due to 

aggregation.     

 

Figure 5.4 a) SEM image of modified SPE with 36 ng of FLA obtained by LPE, b) Raman 

spectra of bare SPE and modified SPE with different amounts of FLA. 

 

 



Chapter 5. Study of Few-Layer Antimonene properties and its potential 
applications 

165 

5.2.1.3. FLA as a capacitive material 

In order to provide a benchmark value, the cyclic voltammetry (CV) of bare 

SPEs are obtained, using a two-electrode system in 0.5 M H2SO4 at 

different scan rates. After that, it is analysed the response exhibited upon 

drop-casting different amounts of FLA onto the bare SPEs, ranging from 

1.8 to 36 ng (Figure 5.5). The enhancement of capacitive current when 

small quantities of FLA are drop-casted onto the SPEs can be clearly 

detected. Even so, a redox process is observed at formal potential 0.0 V, 

which could be attributed to the oxidation and reduction of FLA, because 

of a Faradaic process, which also contributes considerably to the 

capacitance increase. The capacitance of the working electrode, Cwe, is 

calculated from the corresponding voltammograms, as shown in Figure 

5.5, using the following equation (Eq. 1): 

 Eq. 1 

Where Cwe is the specific capacitance exhibited by the working electrode 

in Faradays per gram (F·g−1), ∫I(V)dV is the area under the intensity 

current function between V2 and V1 potentials in Coulombs (C), i.e. a 

measure of the charge stored by the capacitor device. ∆V is the potential 

difference between V2 and V1 in volts (V), v is the voltammogram scan 

rate in volts per second (V·s−1), and m is the mass of FLA in grams.  

The obtained values of capacitance are shown in Table A5.1 (page 219). 

These values are excellent in terms of capacitance, ca. 8500 F·g-1, as a 

consequence of the combination of two factors: i) an increase of 

electrochemical active area, and ii) increase of the electrochemical double 

layer over the electrode surface as a result of the first factor.  
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On the other hand, the Faradaic process taking part, could also affect to 

these values due to the increment of the area under the current curves 

because of the redox peak. 

 

Figure 5.5 CVs obtained with a two electrodes system of SPE and different amounts of 

FLA (1.8, 3.6, 9, 18 and 36 ng of FLA) at a current of: a) 10 mV·s−1, b) 100 mV·s−1, and c) 

500 mV·s−1 in 0.5 m H2SO4. It becomes clear that the integral area of the CVs, a property 

that is indicative of the capacitance of the system, is directly proportional to the quantity of 

FLA present on the SPEs. 

In order to have more reliable capacitance values, galvanostatic 

charge/discharge analysis is accomplished using a two-electrode 

approach to complement the setup utilized for supercapacitors within the 

field.  
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Figure 5.6a illustrates the charge/discharge profiles obtained for bare 

SPE, and modified SPEs with increasing amounts of FLAs. The results 

clearly show that dV/dt decreases, which means that capacitance 

increases when SPE is modified with FLA. The obtained capacitance 

values are lower than those obtained by CV (Table A5.2, page 219), but 

they are considered more realistic because no Faradaic process is 

involved in this case. The specific capacitance value in the most suitable 

configuration, i.e. 3.6 ng FLA/SPE at a current of 14 A·g−1, is 1573 F·g−1 

(Figure 5.6c). This high value can compete with other 2D nanomaterials 

that are already being used for supercapacitor fabrication13,14, and also 

with other kinds of materials used for such application15. As can be seen in 

Figure 5.6b, the absolute capacitance values increase with the quantity of 

FLA drop-casted onto the SPEs surface until a specific FLA quantity of 

18.0 ng. From that mass of FLA, the absolute capacitance decreases, 

which could be a consequence of the nanomaterial aggregation due to a 

higher amount of FLA drop-casted, decreasing the electroactive surface 

area. 

For supercapacitors, cycling stability is also an important parameter. 

Therefore, the charge–discharge stability is studied over 10000 

galvanostatic cycles, applying a specific current of 14 A·g−1 on a 36 ng 

FLA/SPE (Figure 5.6d). The capacitance retention values establish that 

after a primary drop to 65 %, the following cycles retain the capacitance 

between 65 and 63 % of the initial capacitance over the entire range of 

cycles, showing the same capacitance between the scan 800 and the 

10000. It is probable that the drop in the first 1000 cycles can be attributed 

to some of the drop-cast FLA being liberated with charge cycling.  
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Figure 5.6 a) Representation of charge/discharge profiles obtained in 0.5 M H2SO4 with 

unmodified and FLA modified SPE (increasing the FLA quantity from 1.8 to 36.0 ng) 

applying 1.00 µA. b) Absolute capacitance values versus current applied obtained from 

charge–discharge profiles. c) Specific capacitance values versus specific current applied 

obtained from charge–discharge profiles. d) Relative capacitance for successive charge–

discharge cycles respect the first cycle capacitance. The capacitance of the bare SPE, on 

its first cycle, is also indicated.  

The constructed system also demonstrates a highly competitive energy 

and power densities of 20 mW·h·Kg-1 and 4.8 kW·Kg-1, respectively.  
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5.2.2. g-CN/FLA heterostructure: structural characterization 

and application in photocatalysis 

Graphitic carbon nitride (g-CN)16 is considered one of the most promising 

novel 2D semiconductors for the future energy-related applications, due to 

its extraordinary electronic and chemical properties. Nowadays, it has 

been experimentally proved as excellent candidate for electro- and 

photocatalysis17, organic pollutants degradation18, CO2 reduction19 and 

photoelectronic devices20. Furthermore, its structure composed of thin 

layers of carbon and nitrogen atoms, allows the formation of sandwiched 

heterostructures with other layered materials enhancing its remarkable 

properties. To name a few of them, recently it has been reported 

heterostructures between g-CN and MOFs21, TMDs22 and BP23. The 

demonstration of the photocatalytic performance enhancement due to the 

2D/2D heterojunctions between g-CN and other 2D materials, paved the 

way for the search of new ones24. In fact, the combination of layered 

materials that form this sandwich heterostructures, is an emerging 

research area due to the potential synergetic effect that a correct junction 

can create25. Recently, Abellán et al. reported the functionalization of 

antimonene with a perylene bisimide showing a more pronounced charge-

transfer behaviour than for phosphorene26. This preliminary result 

suggests the possibility to modulate the antimonene band-gap using 

different molecules and other materials due to its donor character. For this 

reason, antimonene can be considered as a good candidate to form a new 

heterojunction with g-CN, which is indeed the scope of this work. 
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The CNSb van der Waals heterostructure is formed via bath sonication of 

ball-milled antimony crystals and g-CN in an identical weight proportion, 

using a 4:1 mixture of 2-propanol/H2O as solvent to assist the process. 

After sonication, the so-formed dispersion is centrifuged for 10 min at 

10,000 rpm giving rise to a homogeneous and stable suspension which 

can be easily drop-casted on substrates (see section A5.2.2 to further 

information, page 217).  

Figure 5.8 shows a topographic AFM image of different CNSb 

heterostructures drop-casted onto a SiO2 substrate. It can be easily seen 

how these heterostructures have a consistent morphology that is 

composed of a typical g-CN layer holding small FLAs on it. Normally, a 

typical g-CN layer shows lateral dimensions over ~ 1 µm and thicknesses 

of ~ 5 nm17. The g-CN layer is decorated with small FLAs of ≈100 nm in 

lateral dimensions and thicknesses of ~ 4 nm (Figure 5.8). This 

morphology of FLAs is also consistent with the one observed in Chapter 4 

when using bath sonication. 
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Figure 5.8 AFM topographic image of two flakes of the CNSb heterostructure with their 

topographic profiles, showing the typical step height of g-CN (ca. 5nm) and FLA (ca. 4 nm). 

To further confirm the morphology of the CNSb heterostructure TEM 

measurements are carried out (Figure 5.9) TEM images show that the 

morphology of the CNSb heterostructure is in good agreement with the 

AFM images. TEM/XEDS analysis confirms that the small black flakes on 

the top of the heterostructure are FLAs and the large transparent flakes 

correspond to g-CN (Figure 5.9c).  
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Figure 5.9 TEM image at different magnification showing diverse CNSb heterostructures: 

a) scale bar equal to 2 µm, b) scale bar equal to 500 nm. c) TEM/XEDS spectra of the 

flake showed in (b). 

Furthermore, SEM analysis is carried out after drying the samples under 

vacuum conditions for 24 h at 60 °C, in order to eliminate the solvent and 

obtain a solid powder formed of several CNSb heterostructures. The 

drying process give rises to the formation of large individual grains that 

contain small FLAs decorating g-CN layers. The SEM images, in both 

secondary electrons (SE) and backscattered electrons (BSE) modes, 

confirm the coexistence of FLA and g-CN (Figure 5.10a-b).  
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This evidence is also confirmed by elemental mapping SEM/XEDS where 

it can be seen that the heterostructure grains show an elemental atomic 

ratio of ~ 9 % of Sb versus 91 % of g-CN (Figure 5.10 c-e). 

 

Figure 5.10 a) SEM image of a grain of CNSb heterostructure after vacuum drying 24 h at 

60 °C in SE mode. b) SEM image of the same grain in (a) in BSE mode. XEDS elemental 

mapping of the same grain in (a) of c) Sb atoms (red) and d) N atoms (green). e) XEDS 

spectrum of the CNSb grain composite showed in (a) and its atomic composition. 
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XPS measurements of CNSb heterostructure proves the presence of both 

2D materials and their interaction (Figure 5.11). C 1s spectrum displays 

the typical chemical states for g-CN. Three binding energies equivalent to 

adventitious C=C bond at 284.8 eV, C-O due to adsorbed oxygen from the 

environment at 286.5 eV, and one last contribution at 288.2 eV of N=C-N 

from the triazine units can be observed. In addition, N1s spectrum shows 

three different chemical species at 397.9 eV coming from C=N-C, 398.8 

eV of N-(C)3 groups and remaining amino groups at 400.3 eV. 

 

Figure 5.11 XPS spectra of CNSb heterostructure for a) C 1s, b) N 1s, c) Sb 3d regions, 

and of FLA for d) Sb 3d peaks.  
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XPS spectra of the heterostructure corresponding to the Sb 3d 

contribution shows three bands: one at 528.2 eV corresponding to metallic 

Sb, other at 530.0 eV from oxidized component of Sb (Sb2O3), and the last 

one at 531.5 eV that corresponds to the peak of the O 1s component. In a 

related work regarding the supramolecular interaction between FLA and 

perylene bisimide, it has been observed that the binding energy 

separation between metallic and oxidized contributions for pristine Sb (ca. 

2.26 eV) is greater than the separation of the functionalized FLA (ca. 1.87 

eV). Thus, indicating that there is a core-level shift of ca. 0.4 eV induced 

by the functionalization26. In the case of the obtained CNSb 

heterostructure, the observed binding energy separation between metallic 

and oxidized contributions for the pristine Sb sample is ca. 2.3 eV (Figure 

5.11d), while the difference for the CNSb sample is ca. 1.8 eV, and thus 

there is a core-level shift of about ca. 0.5 eV induced by charge transfer at 

the heterojunction between the two materials. The sign of the shift 

indicates that these Sb species are oxidized with respect to metallic Sb, 

but the charge transfer is less pronounced than in the oxide. This result 

indicates that the g-CN layer acts as an electron acceptor, which fits 

perfectly with the electron withdrawing behaviour of the g-CN layers. 

To further investigate the so-formed CNSb heterostructure, different mass 

ratios of both starting material (from 5 to 100% in weight in comparison to 

g-CN) are used to generate suspensions via bath-sonication for 1 h in a 

4:1 mixture of 2-propanol/H2O. After generating the suspensions, they are 

centrifuged for 10 min at 10,000 rpm and vacuum dried at 60 ºC for 24 h 

to isolate the powder labelled as CNSbx (x = 0.05, 0.1, 0.2, 0.25, 0.5, 0.75, 

1). Once the CNSbx powder is isolated, it is characterized by XRPD 

(Figure 5.12a-b).  

 



Chapter 5. Study of Few-Layer Antimonene properties and its potential 
applications 

176 

Attending to XRPD patterns of g-CN alone, they show its typical diffraction 

peaks at 13.0° and 27.1° which correspond to the (100) and (200) crystal 

planes. The formation of the CNSbx heterostructure vanishes the 

contributions of g-CN due to the higher crystallinity of antimony. 

Interestingly, the peaks corresponding to the crystal planes of antimony27, 

(003), (012), (104), and (110) are observable in the diffractograms of all 

the CNSbx heterostructures, while those belonging to g-CN are negligible, 

even so in the sample with lowest Sb content, CNSb0.5 (Figure 5.12b).  

For the sake of clarity, it is worth to point out that the label CNSbx (x = 

0.05, 0.1, 0.2, 0.25, 0.5, 0.75, 1) only mentions the CN:Sb ratio used to 

form the heterostructure in order to characterize it, and not to a different 

material. 

The optical properties of the CNSbx heterostructures are measured by 

performing photophysical studies. Photoluminescence spectroscopy is a 

useful technique for identifying electronic changes such as surface states 

in semiconductors. It is observed that the formation of a heterostructure, 

normally quenches the fluorescence emission of g-CN (Figure 5.12c), and 

this fact proposes that there is a solid interaction between both 2D 

semiconductors which may lead to the creation of a heterojunction and to 

enhanced charge separation of the photoexcited charges due to new non-

radiative recombination paths. On the other hand, UV–vis absorbance 

spectroscopy (Figure 5.12d) shows the typical absorption peak for g-CN at 

ca. 480 nm28. However, the presence of antimony in the heterostructure 

induces a new peak at ca. 650 nm, which intensity is enhanced when the 

amount of Sb in the CN:Sb ratio is higher.  
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Figure 5.12 a, b) XRD patterns, c) photoluminescence spectra, and d) UV–vis absorbance 

spectra of CNSbx heterostructures. 

In order to clarify the energy band position and, thus, the kind of 

heterojunction between both materials as well as the charge flow, it is 

combined Mott–Schottky measurements with the Tauc plot, using the 

theoretical bandgap value of Sb mimicking ambient conditions (1.2 eV)29. 

Tauc plot representation for g-CN (Figure 5.13a) shows a bandgap of 2.22 

eV, slightly lower than the usual value of 2.7 eV due to the insertion of 

barbituric acid in the initial supramolecular assembly during the g-CN 

synthesis (see section A5.2.2, page 217)30. The flat band potential 

measured at three different frequencies (1, 2, and 3 KHz) indicate a 

conduction band of −0.98 eV for g-CN and −0.91 eV for Sb (Figure 5.13b–

d).  
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Figure 5.13 a) Tauc plot of g-CN. Mott-Schottky measurements for g-CN and Sb at b) 1 

KHz, c) 2 KHz, and d) 3 KHz. 

Then, it can be concluded that the interaction between both 2D 

semiconductors results in a heterojunction type I, where after the 

photoexcitation happening in g-CN, both electron and hole migrate to the 

conduction and valence band of Sb, respectively (Figure 5.14). 
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Figure 5.14 Derived band structure of the CNSbx heterostructure. 

In order to check the photoactivity of the heterostructure, it is evaluated as 

photocatalyts for the degradation of two typical organic pollutant: 

rhodamine B (RhB) and of p-nitrophenol (p-NP) (Figure 5.15). The 

exposure of bare RhB to irradiation do not lead to any degradation of the 

dye. The CNSbx (x = 0.25, 0.5, 0.75, 1) heterostructures demonstrated 

improved photocatalytic activity compared to the pristine g-CN and Sb. In 

particular, using the CNSb0.25 heterostructure, the RhB dye is fully 

degraded in just 20 min. The mechanism of RhB degradation is clarified 

by performing the experiment in the presence of a hole scavenger, 

triethanolamine (TEOA), and an electron acceptor, AgNO3
31. The addition 

of 0.1 mL TEOA, caused an important decay on the photodegradation 

process, while adding 0.1 mL of 0.1 m Ag+ (aq) slightly suppressed the 

process. These results suggest that the photochemical degradation of 

RhB to the completely noncolored compound (rhodamine) occurs mostly 

via oxidation of the photogenerated holes from the valence band of g-CN. 

However, it seems that electrons transferred from the conduction band of 

g-CN to the conduction band of Sb also take part in the degradation 

process (Figure 5.15b).  
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An additional proof of the enhanced photocatalytic activity is given by the 

degradation of the other organic pollutant, p-NP, as a function of time 

under white light illumination, trying different CN:Sb ratios. Attending to 

Figure 5.15c, it is clear that different CNSbx heterostructures showed 

similar photoactivity and degraded p-NP faster than bare g-CN.  

 

Figure 5.15 a) RhB degradation curves for CNSbx heterostructures. b) RhB degradation 

curves for CNSb0.25 with different scavengers. c) p-NP degradation curves of CNSbx 

heterostructures.  
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5.3. Conclusions 

In this chapter, it has been described two different studies regarding the 

FLAs properties and its application in different fields.  

In the first presented work, FLA has been characterized for the first time 

as a material for application in energy storage, being used to modify a 

SPE for supercapacitor application. Interestingly, FLA has shown an 

improvement in the energy capabilities of a carbon electrode substrate in 

cyclic voltammetry and galvanostatic charging, proving a remarkable 

performance with a capacitance value of 1578 F·g-1 at a high charging 

current density of 14 A·g-1. Furthermore, FLA modified SPEs show a 

pseudocapacitive Faradaic voltammetric response, enhancing the 

electrochemical capacitive performance of the electrodes. Additionally, 

compared to a device constructed with bare graphitic electrodes the 

capacitive performance of the supercapacitors increases significantly 

when using FLA, even with small quantities as 1.8 ng of material. The built 

system also demonstrated a highly competitive energy and power 

densities of 20 mW·h·Kg-1 and 4.8 kW·Kg-1, respectively. 

Concerning the second work, it has been demonstrated the fabrication 

and characterization of a 2D/2D van der Waals heterostructure between g-

CN and FLA. To achieve this result, FLA is exfoliated using LPE 

techniques together with g-CN, in order to create the heterojunction at the 

same time of the exfoliation. The interaction and close contact between 

both 2D nanomaterials are demonstrated by solid electron coupling within 

the heterostructure, resulting in an enhancement of light harvesting and 

charge separation properties due to the formation of a type I 

heterojunction.  
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The heterojunction also improves the photocatalytic performance of the 

whole structure, compared to each individual material. This work implies 

the first reported van der Waals heterostructure obtained using FLA and 

may open new possibilities in the creation of 2D/2D nanocomposites 

towards their photochemical application. 

5.3.1. Future prospects  

Both works presented in this chapter opened up two different fields where 

FLA can be experimentally applied. Besides, the demonstration of some of 

the outstanding properties of FLA paved the way to fully characterize this 

novel 2D material. However, is needed a deeper investigation on the 

potential applications of FLA in order to develop devices that could satisfy 

the needs that industrial production demands.  
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Conclusions 

This Thesis has been focused on the study and development of a scalable 

process to obtain FLA, using LPE techniques, and the exploration of its 

potential applications in the field of energy storage.   

Indeed, one of the most important advances derived from this Thesis is 

the development of the first method to obtain high-quality FLAs using LPE 

procedures. The development of this procedure drastically opened up the 

possibilities regarding the application and production of FLA, as before 

that moment, this new 2D material had been only synthesized by 

micromechanical exfoliation.  

In order to fully understand the insights that take place within the 

exfoliation process, it has been carried out a second work focused on 

investigate the oxidation behaviour of FLAs obtained following the 

developed LPE procedure. It has been demonstrated the formation of an 

antimonene oxide layer (Sb2O3-like) on the surface of the nanosheets as a 

result of the LPE of bulk Sb crystals, and more interestingly, that this oxide 

layer can be partially removed upon annealing at moderate temperatures 

under UHV conditions, leaving behind a Sb2O3-like/antimonene 

heterostructure with a band gap of ca. 1 eV.  

Additionally, in order to optimize the FLAs production, it has been done a 

systematic analysis of the most significant LPE parameters (i.e. initial 

crystal size, solvent used and ultrasound parameters) concludes that: i) 

the pre-processing of the material affects significantly to the final 

concentration of FLA suspensions, being the optimal pre-process the one 

that uses “wet-ball milling” with 2-butanol; ii) the use of NMP/H2O in a 4:1 

ratio as a solvent during the LPE process, produces high-quality FLA with 



Conclusions 

188 

the highest concentration value, while using 2-butanol gives rise to the 

FLAs with the largest DA ratio and a decent final concentration; iii) the use 

of a sonication tip with an ultrasonic wave amplitude of 100 % enhances 

the concentration and the DA ratio of the FLA suspensions.   

Finally, the controlled production of FLAs by LPE allows to search different 

potential applications. Thus, as a proof-of-concept, it has been 

demonstrated the electrochemical capacitive performance of FLA and its 

successful application as a supercapacitor. Furthermore, it has also been 

described the formation of a 2D/2D heterostructure between graphitic 

carbon nitride and FLA which enhances the optical absorption as well as 

charge separation under illumination. 

In summary, a complete study on the LPE process of bulk antimony 

crystals to obtain FLAs has been developed. And thanks to that, two 

potential applications in the energy storage field have been experimentally 

demonstrated. 
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Conclusiones 

Esta tesis se ha focalizado en el estudio y desarrollo de un proceso de 

obtención de FLA usando técnicas LPE y sus potenciales aplicaciones en 

el campo del almacenamiento de energía. 

De hecho, uno de los avances más relevantes que derivan de esta tesis 

es el desarrollo del primer método para obtener FLAs de alta calidad, 

mediante el uso de técnicas LPE. El desarrollo de este procedimiento ha 

permitido incrementar exponencialmente las posibilidades de aplicación y 

producción del FLA, ya que hasta ese momento este nuevo material 2D 

sólo había sido sintetizado mediante exfoliación micromecánica.  

Por ello, para entender y poder describir por completo todos los aspectos 

del procedimiento de exfoliación que se estaba llevando a cabo, se realizó 

un segundo trabajo centrado en investigar el proceso de oxidación que 

sufrían las FLAs obtenidas siguiendo el procedimiento LPE que se había 

desarrollado. Este segundo trabajo demostraba la formación de una capa 

de óxido de antimonene (del tipo Sb2O3) en la superficie de las 

nanoláminas como resultado del proceso de exfoliación que se estaba 

llevando a cabo. Además se descubrió que la citada capa de óxido podía 

ser parcialmente removida mediante un proceso de “annealing” bajo 

condiciones de UHV, dejando de este modo una heteroestructura del tipo 

Sb2O3/antimonene con un band gap igual a 1 eV. 

Además, con el fin de optimizar la producción de FLAs, se ha realizado un 

análisis sistemático de los parámetros más significativos que controlan el 

procedimiento LPE desarrollado, como por ejemplo: el tamaño inicial del 

cristal, el disolvente utilizado o los parámetros de ultrasonidos empleados, 

que concluye que: i) el pre-procesado del material afecta de manera 
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significativa a la concentración final de FLA, siendo la molienda en base 

húmeda usando 2-butanol el modo de pre-procesado óptimo, ii) el uso 

como disolvente durante el proceso LPE de una mezcla NMP/H2O en la 

proporción 4:1, da lugar al valor de concentración final de FLAs de alta 

calidad más elevado, mientras que el uso de 2-butanol da lugar a valores 

de DA más altos junto con valores aceptables de concentración iii) el 

empleo de una punta de ultrasonidos para asistir el proceso LPE con una 

amplitud de onda del 100 %, aumenta los valores de DA de las FLAs así 

como su concentración final. 

Finalmente, la producción controlada de FLAs mediante técnicas LPE 

permite la exploración de potenciales aplicaciones. Es por esto que, a 

modo de prueba de concepto, se ha demostrado experimentalmente el 

comportamiento capacitivo del FLA, así como su aplicación como 

supercapacitor. Además, se ha descrito también la formación de una 

heteroestructura 2D/2D entre nitruro de carbono grafítico y FLA, y cómo 

esta mejoraba la absorbancia óptica y la separación de cargas bajo 

iluminación.  

En resumen, se ha desarrollado un estudio completo sobre el proceso de 

exfoliación en fase líquida de cristales de antimonio para obtener FLAs. Y 

gracias a ello, se han podido demostrar experimentalmente dos 

potenciales aplicaciones en el campo del almacenamiento de energía.  
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Appendix 

A1. General materials and methods 

A1.1. Materials 

All the general chemicals and solvents were obtained from commercial 

sources and used without further purification unless otherwise specified. 

All solutions were prepared with deionized water of resistivity not less than 

18.2 MΩ·cm. The antimony crystals used in all of the works presented in 

here, were purchased from Smart Elements with a purity of 99.9999%.  

A1.2. Methods 

Atomic Force Microscopy (AFM): AFM measurements were carried out 

using a Cervantes Fullmode AFM from Nanotec Electronica SL, operating 

at room temperature in ambient air conditions. The images were 

processed using WSxM (freely downloadable scanning probe microscopy 

software from www.nanotec.es)1. All the topographical images shown in 

this work were acquired in dynamic mode. For AFM measurements, 

commercial Olympus OMCL-RC800PSA cantilevers were used with a 

nominal spring constant of 0.39 N/m and tip radius of 15 nm. Low forces of 

the order of 1 nN were used for imaging to ensure that the flakes would 

not be deformed by the tip2.  
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A1.2.1. AFM Sample preparation 

Prior to sample preparation, the SiO2 (300 nm thick)/Si substrates were 

cleaned by ultrasonication at 380 W in acetone for 15 min and in 2-

propanol for another 15 min, and then dried under an argon flow.  

Samples were prepared by drop-casting 20 µL of the resulting Sb 

suspension on a SiO2/Si substrate at 20ºC and dried after 15 min under an 

argon flow. 

A1.2.2. TEM sample preparation 

Samples were prepared by drop-casting 20 µL of the resulting FLA 

suspension on copper TEM grids coated with lacey carbon film (200 

mesh, EMS). 
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A2. Chapter 2 methods, experimental procedures and 

additional data 

A2.1. Methods 

Atomic Absorption Spectrometry (AAS):  The amount of antimony in the 

samples was determined by flame atomic absorption spectrometry using a 

ContrAA 700 high-resolution atomic absorption spectrometer (Analitik 

Jena, Germany). The main line for antimony at 217.5815 nm was 

employed for all the analysis. The atomization was performed using an air 

acetylene flame with an acetylene flow rate of 60 L·h-1 and at a 6.0 mm 

burner height. The aspiration rate was fixed at 5 mL·min-1. All 

measurements were carried out in triplicate. 

Transmission Electron Microscopy (TEM) : Images were obtained in a 

JEOL JEM 2100 FX TEM system with an accelerating voltage of 200 kV. 

The microscope has a multiscan charge-coupled device (CCD) camera 

ORIUS SC1000 and an OXFORD INCA X-Ray Energy Dispersive 

Spectroscopy (XEDS) microanalysis system. 

Scanning Transmission Electron Microscopy (STEM): Images were 

obtained at 80 kV in a JEOL ARM200cF equipped with a spherical 

aberration corrector and a Gatan Quantum EEL spectrometer. This 

equipment was combined with electron energy-loss spectroscopy (EELS).  

Field-Emission Scanning Electron Microscopy (FESEM):  Studies were 

performed on a Philips XL 30 S-FEG microscope operating at an 

accelerating voltage of 10 kV. Samples were previously coated with gold 

in a sputter Caoter SC502. 
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Raman spectroscopy:  Scanning Raman Microscopy (SRM) on individual 

flakes was performed using a Horiba Jobin Yvon LabRAM HR Evolution 

confocal Raman spectrometer equipped with a microscope and an 

automated XYZ–table (excitation wavelengths 785, 633, 532, 473, 457 

and 405 nm) with a laser spot size of 1 µm (Olympus LMPlanFl 100x, NA 

0.80). The incident laser power was kept as low as possible to avoid 

structural sample damage and the grating was 1800 g·mm–1. The spectra 

were recorded under ambient conditions. Relocalization was achieved by 

using the optical contrast of nanomaterials deposited on opaque bilayered 

substrates. 

DFT Calculations : The phonon frequencies at the Γ-point and Raman 

cross sections were calculated in the frame of density functional 

perturbation theory on the level of the local-density approximation (LDA) to 

the exchange-correlation functional as implemented in the Quantum 

Espresso suite3. The electron-ion interaction was modelled through norm 

conserving pseudopotentials generated with the ONCVPSP package4, 

where the 4d, 5s, and 5p states were included in the set of valence 

electrons and applied a cutoff-energy of 1200 eV. The primitive cells of 

studied systems were used, i.e. of hexagonal symmetry in case of the 2D 

materials and rhombohedral in case of the β-phase of bulk Sb, and fully 

optimized the atomic positions and the lattice vectors in the periodic 

directions until the residual forces between atoms were smaller than 0.01 

eV/ Å. Here, ABC stacking for all structures was employed. Interactions of 

the few-layer systems with residual periodic images due to the 3D 

boundary conditions were minimized by maintaining a vacuum layer of at 

least 25 Å. It was used 17x17x1 (17x17x17) Monkhorst-Pack k-point 

samplings for ground state calculations, geometry optimizations and 

frequency calculations for the few-layer (bulk) materials. For the Raman 

calculations, the grid densities were reduced to 14x14x1 (14x14x14), as 

the relative intensities were the interesting ones. 
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For the bulk system, the Raman intensities were calculated in the 

approximation of fixed occupation of the electronic bands, i.e. as a 

semiconductor. 

A2.2. Experimental procedures 

A2.2.1. Liquid-Phase Exfoliation of Antimony Crystals 

Commercial antimony crystals were first grinded down to a fine powder 

using an agate mortar under ambient conditions.10 mg of grinded 

antimony were put on a 20 mL vial with 10 mL of a (4:1) 2-propanol/H2O 

mixture. The mixture was sonicated for 40 min. at 400 W and 24 kHz 

delivering the ultrasound power in pulses 0.5 s long every 1 s. Then, the 

resulting black suspension was centrifuged at 3000 rpm (746 g) for 3 min, 

giving rise the so-called FLA suspensions. Sonication was performed 

using a Hielscher UP400S ultrasonic processor equipped with a 3 mm 

sonotrode. Centrifugation was carried out in a MPW-350R centrifuge using 

2 mL Eppendorfs. 

A2.3. Additional data 

A2.3.1. Optimization of LPE process 

- Solvent optimization: several pure solvents and mixtures of them with 

water are tested in order to achieve the liquid-phase exfoliation of bulk 

antimony crystals (see Table A2.1). The best solvent is chosen attending 

to the one that gives the highest FLAs concentration measured by AAS. 

Results showed that a 4:1 mixture of IPA/H2O is the best solvent. 
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Table A2.1 Solvents tested with their surface tensi on (at 20 ºC) and their FLAs 
concentration (centrifugation after sonication was used to get a homogeneous 
suspension at 3 min and 3000 rpm). 

Solvent 
Surface Tension  

(mJ·m -2) 

Final FLAs 

concentration (g·L -1) 

Acetone 25.2 0.18 x 10-3 

NMP 41.26 0.85 x 10-3 

IPA 21.15 0.74 x 10-3 

IPA/H2O (4:1) 22.62 1.74 x 10-3 

IPA/H2O (2:1) 24.1 0.71 x 10-3 

IPA/H2O (1:1) 24.25 0.57 x 10-3 

H2O 72.7 0.01 x 10-3 

 

- Sonication time optimization: in Table A2.2 it can be seen the effect of 

the sonication time in the final FLAs concentration, measured by AAS. 

Results obtained show that the concentration of FLAs increases with the 

sonication time up to a point (40 minutes) where the suspension is 

probably saturated and longer sonication times would significate a 

dramatic decrease of the concentration. For these experiments the solvent 

used is the one that gives the highest FLAs concentration (IPA/H2O (4:1)), 

and the initial quantity of Sb stay fixed at 10 mg. 
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Table A2.2 Study of FLAs concentration (gL -1) found in suspension versus 
sonication time (centrifugation after sonication wa s used to get a homogeneous 
suspension at 3 min and 3000 rpm). 

Time 
Final FLAs 

concentration (g·L -1) 

10 1.41 x 10-3 

20 1.50 x 10-3 

30 1.59 x 10-3 

40 1.74 x 10-3 

50 1.71 x 10-3 

60 1.73 x 10-3 

120 0.86 x 10-3 

 

- Initial concentration optimization: It can be observed in Table A2.3 that 

an increase of the initial amount of antimony does not cause a significant 

effect on the final concentration of FLAs. For these experiments the 

solvent used, and the sonication time are the ones that give the highest 

FLAs concentration (IPA/H2O (4:1) and 40 min, respectively). 

Table A2.3 Analysis of the initial quantity of Sb ( mg) powder in the final FLAs 

concentration (gL -1) (centrifugation after sonication was used to get a homogeneous 

suspension at 3 min and 3000 rpm). 

Initial quantity of Sb 

(mg) 

Final FLAs 

concentration (g·L -1) 

1 1.43 x 10-3 

10 1.74 x 10-3 

20 1.56 x 10-3 

50 1.67 x 10-3 
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Figure A2.1. (a) AFM topographic image of a FLA nanosheet taken immediately after 

exfoliation. (b) Same as in (a) but two weeks later. (c) Profiles taken along the lines drawn 

in a- b. Please notice the similarity of the corrugation on the FLA nanosheet confirming the 

absence of environmental degradation. 
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A3. Chapter 3 methods, experimental procedures and 

additional data 

A3.1. Methods 

Raman spectroscopy: Raman spectroscopy measurements were carried 

out at room temperature using a Horiba LabRam HR Evolution confocal 

Raman microscope equipped with an automatic XYZ stage. The 

measurements were conducted in a backscattering configuration excited 

with solid state green laser (λexc=532 nm). The laser has nominal power of 

14 mW that can be adjusted using filters, thus allowing a good control of 

the excitation laser intensity reaching the surface of the sample. The 

incident laser was focused using a 100× objective (0.8NA) leading to a 

laser spot with a diameter of ca. 1 µm. The backscattered light was then 

collected through the same objective and dispersed by a 1800 grooves 

per mm grating providing a spectral resolution of ~ 1 cm-1. Raman 

mappings were recorded with the 532 nm laser (1.6 mW) using an 

acquisition time of 5s and a step size of 200 nm. The obtained data were 

processed by employing Lab Spec 5 as evaluation software, which 

enabled the extraction of individual intensities of A1g Raman mode from 

the range of 140–160 cm-1 subsequently used to construct Raman maps.  

Optical Microscopy:  Optical images of the FLA were acquired in a Zeiss 

Axio M1m Imager using white light illumination at normal incidence with a 

100× objective (0.9NA), equipped with automated XY-stage which allows 

recording the exact X and Y coordinates of desired spots.  

Scanning Transmission Electron Microscopy (STEM):  High resolution 

STEM micrographs were obtained on a JEOL ARM200cF microscope 

equipped with a spherical aberration corrector and a Gatan Quantum 

electron energy loss spectrometer (EELS). 
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Elemental composition maps were produced using a multiple linear least 

square fit of the data to reference EEL spectra. All data were acquired at 

an accelerating voltage of 80 kV. 

X-ray Photoelectron Spectroscopy (XPS): XPS characterizations were 

carried out using SPECS XR-50 X-ray Mg Kα (1253.7 eV) source with a 

pass energy of 30 eV and a spot size of 5 mm. Detection is done by a 

PHOIBOS 150 hemispherical energy analyser (SPECS, GmbH) and Delay 

Line Detector 3D-DLD4040-150. The binding energies of the XPS spectra 

were calibrated using Au 4f7/2 peaks. XPS peak fitting was carried out 

using a mixed Gaussian-Lorentzian function after a Shirley background 

subtraction. An area ratio of 3:2 between the Sb 3d5/2 and 3d3/2 peaks was 

employed in the fit with same FWHM. UPS measurements were 

performed with a monochrome photon energy of 21.2 eV (He I) through a 

toroidal mirror monochromator (SPECS GmbH). The detector utilized is 

the same as the one used in XPS characterizations and the experiments 

were performed in a chamber of base pressure better than 8 × 10-10 mbar. 

The UPS binding energies were calibrated and referenced to the Fermi 

level of a gold sample. The analysis spot size is 3×5 mm. 

DFT Calculations : All calculations are performed using density functional 

theory (DFT) as implemented in Quantum Espresso using the local 

density approximation (LDA) to the exchange-correlation3, interaction. We 

used ultrasoft pseudopotentials from the GBRV library with an energy 

cutoff of 800 eV and employed a Monkhorst-Pack grid with 14 x 14 x 1 k-

points for integration in reciprocal space. To ensure that interaction 

between the structures is negligible, we added a vacuum layer of 20 in 

direction perpendicular to the two-dimensional layers. Using these 

parameters, we optimized the atomic positions and lattice vectors until the 

forces on every atom and the stresses on the unit cell were less than 

0.005 eV/A and 0.01 GPa, respectively.  
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The phonon spectra were then calculated using a density functional 

perturbation theory (DFPT) approach, where we interpolated the 

frequencies along the high-symmetry directions from the explicitly 

calculated vibrations on a regular 6 x 6 x 1 q-point grid. 

A3.2. Experimental procedures 

A3.2.1. Liquid-Phase Exfoliation of Antimony Crystals 

Commercial antimony crystals were first grinded down to a fine powder 

using an agate mortar under ambient conditions. 300 mg of the grinded 

antimony was then introduced into a 20 mL ball-mill stainless steel 

grinding jars (Retsch 213) charged with 30 stainless steel ball (0.5 cm 

diameter).  

Subsequently, the mixture was treated at 30 Hz for 180 min at ambient 

atmosphere using a Retsch MM 400 mixer mill. 10 mg of the dry ball-

milled antimony were mixed with 10 mL of a mixture of isopropanol and 

water in a 4:1 proportion (IPA/H2O) and put in a 20 mL glass vial. Then, 

using an ultrasonic processor equipped with a 3 mm tip (Hielscher 

UP400S), the mixture was sonicated for a chosen time (ranging from 5 

min to 45 min) at 400 W and 24 kHz delivering the ultrasound power in 

pulses 0.5 s long every 1 s. Temperature of the sonication process was 

controlled by an ice bath and kept at 0 °C to prevent unwanted 

evaporation of the solvent and avoid possible degradation of the material 

during exfoliation. The resulting suspension was then centrifuged at 3000 

rpm (746 g) for 3 min to remove unexfoliated material settled to the bottom 

of the Eppendorf and the clear supernatant was recovered. Centrifugation 

was carried out in a MPW-350R centrifuge using 2 mL Eppendorf. 
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A3.3. Additional data 

 

Figure A3.1 Evolution of XPS line spectra of as-prepared FLA samples as a function of 

sonication time ranging from 5 min to 45 min. 
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A4. Chapter 4 methods, experimental procedures and 

additional data 

A4.1. Methods 

Turbidimeter:  Turbidity measurements were carried out using a HI-88713 

Bench Top Turbidity Meter Hanna Instruments. To change between 

turbidity measurements to concentration values was needed to make a 

calibration (Figure A4.1). The real value of concentration to make the 

calibration was obtained by vacuum drying overnight one FLA sample and 

the obtained solid was weighted to know exactly the amount of antimony 

that was in the sample. 

X-Ray Powder Diffraction (XRPD): X-ray diffraction patterns were 

measured on a Bruker D8 Advance with Cu Kα radiation with rapid 

detector (lynxeye). 

Raman Spectroscopy:  Raman spectra were acquired on a LabRam HR 

Evolution confocal Raman microscope (Horiba) equipped with an 

automated XYZ table using 0.80 NA objectives. All measurements were 

conducted using an excitation wavelength of 532 nm, with an acquisition 

time of 5 s and a grating of 1800 grooves/mm. To minimize the photo– 

induced laser oxidation of the samples, the laser intensity was kept at 10 

% (1.6 mW). The step sizes in the Raman mappings were in the 0.2–0.5 

µm range depending on the experiments. Data processing was performed 

using Lab Spec 5 as evaluation software. When extracting mean 

intensities of individual Sb Raman modes, it is important to keep each 

spectral range constant, e.g. from 90–110 cm-1 and from 140–160 cm-1 

because otherwise the resulting value of the Eg/A1
g – ratio can be slightly 

influenced. 
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Transmission Electron Microscopy (TEM) : Images were obtained in a 

JEOL JEM 2100 FX TEM system with an accelerating voltage of 200 kV. 

The microscope has a multiscan charge-coupled device (CCD) camera 

ORIUS SC1000 and an OXFORD INCA X-Ray Energy Dispersive 

Spectroscopy (XEDS) microanalysis system. 

Field-Emission Scanning Electron Microscopy (FESEM):  Studies were 

performed on a Philips XL 30 S-FEG microscope operating at an 

accelerating voltage of 10 kV. Samples were previously coated with gold 

in a sputter Caoter SC502. 

DFT Calculations: First-principles calculations within the density 

functional theory (DFT) formalism were carried out using the Quantum-

ESPRESSO package3. The Perdew-Burke-Ernzerhof (PBE) functional 

within the generalized gradient approximation (GGA) was used5. For the 

Brillouin-zone integration, was used a Monkhorst-Pack set of special k-

points6. A norm-conserving pseudopotential was used for Sb with 

electrons in a 5s25p34d105d-1 configuration. The kinetic energy cutoff for 

the plane wave basis were 40 Ry for the wave function and 400 Ry for the 

charge density. Surfaces were constructed using a supercell with a thin 

slab of Sb (111) separated from its periodic images by a layer of vacuum. 

The size of this region is such that there were always  20 of vacuum 

between the surfaces. For the Sb (111) surface a hexagonal cell with a 

base defined by a0[110] and a stacking of ABCABC was used, where a0 is 

the equilibrium lattice parameter. The surface energy is defined as the 

energy required to create a new surface. In our calculations the surface 

energy can be determined by taking the energy difference between the 

total energy of a slab and an equivalent bulk reference amount: 
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Where  and  are defined as the total energy of the slab and the 

total energy of the bulk reference, respectively. A is the surface unit area, 

and the factor 1/2 is used because the  has two surfaces. 

X-ray photoelectron spectroscopy (XPS) characteriza tion:  XPS 

experiments were performed in an Ultra-High Vacuum (UHV) chamber. 

Mg Kα radiation excites core level photoelectrons, which are detected 

using a Specs Phoibos-150 electron analyser with a constant pass energy 

of 20 eV. The core level binding energies were calibrated using as 

references the binding energies of C 1s and Au 4f in contact with the 

sample. The line shape of core levels was fitted using a Shirley 

background and asymmetric singlet pseudo-Voigt functions. The fit was 

optimized using a Levenberg-Marquardt algorithm with a routine running in 

IGOR Pro (WaveMatrix Inc.)7. The quality of the fit was judged from a 

reliability factor, the normalized χ2. 

A4.2. Experimental procedures 

A4.2.1. Dry Ball-Milling of Antimony Crystals 

This procedure involves a pre-grinding process of the commercial bulk 

antimony crystals with an agate mortar giving rise to a so-called grinded 

antimony. A 20 mL ball mill reactor (IKA Ultra-Turrax Tube Drive Control) 

was charged with 200 mg of grinded antimony and 30 stainless steel balls, 

to complete a total volume of 7.5 mL. Then, the mixture stirred in the 

reactor for 60 min. at 3000 rpm, and the resulting antimony particles were 

separated from the stainless-steel balls. 
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A4.2.2. Wet Ball-Milling of Antimony Crystals  

This step involves a pre-grinding process of the commercial bulk antimony 

crystals with an agate mortar giving rise to a so-called grinded antimony. 

After the grinding process, a stainless-steel reactor with a volume of 5 mL 

(Retsch 1.4112) were filled under ambient conditions with 300 mg of 

grinded antimony, 3 stainless steel balls of 4.74 mm diameter and 0.5 mL 

of 2-butanol (99.5 %, Sigma Aldrich). Subsequently, the samples were 

milled for 120 min. at 30 Hz in a Retsch MM 400 mixer mill. After milling, 

the reactors were washed with 2-butanol to obtain all of the grey metallic 

antimony slurry which was then centrifuged at 13000 rpm for 30 min. The 

sedimented antimony was dried on a hot plate at 100 ºC for 12 hours and 

another 24 hours in the drying oven at 75 ºC and a few mbar. 

A4.2.3. Sonication Tip Exfoliation of Antimony Crystals  

10 mg of “wet ball-milled” (See Appendix A4.2.2.) antimony crystals were 

put on a 20 mL vial with 10 mL of solvent. The mixture was sonicated for 

40 min. at 400 W and 24 kHz delivering the ultrasound power in pulses 0.5 

s long every 1 s. Temperature of the sonication process was controlled by 

an ice bath and kept at 0 °C to prevent unwanted evaporation of the 

solvent and avoid possible degradation of the material during exfoliation. 

Then, the resulting black suspension was centrifuged at 3000 rpm (746 g) 

for 3 min, in order to eliminate the unexfoliated crystals, and the clear 

supernatant was recovered. Sonication was performed using a Hielscher 

UP400S ultrasonic processor equipped with a 3 mm sonotrode. 

Centrifugation was carried out in a MPW-350R centrifuge using 2 mL 

Eppendorf. 
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A4.2.4. Bath Sonication Exfoliation of Antimony Crystals  

10 mg of “wet ball-milled” (See Appendix A4.2.2.) antimony crystals was 

put on a 20 mL vial with 10 mL of solvent. The mixture was sonicated for 

40 min in the ultrasonic bath at 380 W and 37 kHz. Then, the resulting 

black suspension was centrifuged at 3000 rpm (746 g) for 3 min, in order 

to eliminate the unexfoliated crystals, and the clear supernatant was 

recovered. Sonication was performed using an Elmasonic P300H 

ultrasonic bath. Centrifugation was carried out in a MPW-350R centrifuge 

using 2 mL Eppendorf. 
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A4.3. Additional data 

 

Figure A4.1 . Calibration of the turbidity (NTU units) versus concentration (gL-1). See 

Appendix A4.1 (Methods). 
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Figure A4.2 Calculated surface energies for Sb (111) slabs in both unrelaxed and fully 

relaxed geometries. 

 

 

Figure A4.3 XPS Sb 3d and O 1s region of the FLA samples prepared using NMP (a) and 

2-butanol (b), deconvoluted in different components (see main text for identification). Dots 

are experimental points and the red line is the results of fit. Dashed lines correspond to the 

split components for 3d peaks (3d5/2 and 3d3/2 ) and solid lines are used for the Shirley 

background and for the sum of the individual components of 3d peaks and the single 

component of 1s peaks. 
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Table A4.3 Solvents used in the study and their surface tension (at 20 ºC). 

 

*IPA: 2-propanol, THF: Tetrahydrofuran, NMP: N-Methyl-2-pyrrolidone, SC: Sodium 

cholate, DMF: Dimethylformamide, DMSO: Dimethyl sulfoxide, PEG: Polyethylene glycol 

and SDS: Sodium dodecyl sulfate. 
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A5. Chapter 5 methods, experimental procedures and 

additional data 

A5.1. Methods 

A5.1.1. FLA based supercapacitor 

Atomic Absorption Spectroscopy (AAS):  The amount of antimony in 

the samples was determined by flame atomic absorption spectrometry 

using a ContrAA 700 high-resolution atomic absorption spectrometer 

(Analitik Jena, Germany). The main line for antimony at 217.5815 nm was 

employed for all the analysis. The atomization was performed using an air 

acetylene flame with an acetylene flow rate of 60 L·h-1 and at a 6.0 mm 

burner height. The aspiration rate was fixed at 5 mL·min-1. All 

measurements were carried out in triplicate. 

Transmission Electron Microscopy (TEM) : TEM images were obtained 

in a JEOL JEM 2100 FX TEM system with an accelerating voltage of 200 

kV. The microscope has a multiscan charge-coupled device camera 

ORIUS SC1000 and an OXFORD INCA X-Ray Energy Dispersive 

Spectroscopy (XEDS) microanalysis system. 

Scanning Electron Microscopy (SEM):  SEM images and surface 

element analysis of antimonene/SPE were carried on using a JEOL JSM-

5600LV model equipped with an EDX microanalysis package. Samples 

were previously coated with gold in a sputter Caoter SC502. 
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Raman Spectroscopy : Raman spectroscopy analysis of antimonene 

modified SPE surfaces was done using a “Renishaw InVia” spectrometer 

with a confocal microscope (50× objective) spectrometer with an argon 

laser (514.3 nm excitation) at a very low laser power level (1.2 mW) to 

avoid any heating effects. Spectra were obtained using a 10 s exposure 

time for three accumulations. 

Electrochemical characterization:  All electrochemical measurements 

were performed with an Autolab TYPE III (Autolab, The Netherlands). It 

was noted that the charge–discharge curves and cyclic voltammetry for 

capacitances measures were obtained using a two-electrode 

configuration. 

A5.1.2. g-CN/FLA heterostructure: structural characte rization and 

application in photocatalysis 

Transmission Electron Microscopy (TEM) : TEM images were obtained 

in a JEOL JEM 2100 FX TEM system with an accelerating voltage of 200 

kV. The microscope has a multiscan charge-coupled device camera 

ORIUS SC1000 and an OXFORD INCA X-Ray Energy Dispersive 

Spectroscopy microanalysis system. 

Scanning Electron Microscopy (SEM): SEM images were acquired in a 

JEOL JSM 6335F equipped with a backscattering electron detector and an 

OXFORD X-Max XEDS microanalysis system. Samples were previously 

coated with gold in a sputter Caoter SC502. 

X-Ray Powder Diffraction (XRPD): X-ray diffraction patterns were 

measured on an EMPYREAN instrument using CuKα radiation. 
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X-ray Photoelectron Spectroscopy (XPS): XPS results were processed 

by using the AVANTGE software. Electrochemical measurements were 

recorded using a three-electrode system on an Autolab potentiostat 

(Metrohm, PGSTAT 101). A Pt foil electrode and an Ag/AgCl (3 M KCl) 

electrode were used as the counter and reference electrode, respectively. 

Optical Absorption Spectroscopy (OAS): Optical absorbance spectra 

were measured using a Varian Spectrophotometer equipped with an 

integrating sphere. 

Fluorescence Spectroscopy: Fluorescence measurements were 

performed using a FLS920P Spectrofluorimeter. 

Mott-Schotky plot: Mott–Schottky (1/C2 vs V) measurements were 

carried out in 1 m Na2SO4 aqueous solution as the electrolyte at a 

frequency of 2.48 kHz. Photocurrent measurements were conducted with 

KOH (0.1 m) as electrolyte, saturated Ag/AgCl as reference electrode and 

Pt plate as counter electrode. 

A5.2. Experimental procedures 

A5.2.1. FLA based supercapacitor 

Dry Ball-Milling of Antimony Crystals: Bulk antimony crystals were 

grinded with an agate mortar to initially decrease their particle size. Then, 

a 20 mL ball mill reactor (IKA Ultra-Turrax Tube Drive Control) was 

charged with 100 mg of grinded antimony and 30 stainless steel balls, to 

complete a total volume of 7.5 mL. Then, the mixture was stirred in the 

reactor for 180 min at 3000 rpm, and the resulting antimony particles were 

separated from the stainless-steel balls. 
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Sonication Tip Exfoliation of Antimony Crystals: 10 mg of the dry ball-

milled antimony crystals was mixed with 10 mL of a 4:1 2-propanol: water 

mixture in a 20 mL vial and sonicated for 40 min at 400 W and 24 kHz, 

delivering the ultrasound power in pulses 0.5 s long every 1 s. The 

resulting suspension was centrifuged at 3000 rpm (746 g) for 3 min and 

the clear supernatant collected as final suspension. Sonication was 

performed using a Hielscher UP400S ultrasonic processor equipped with 

a 3 mm sonotrode. Centrifugation was carried out in a MPW-350R 

centrifuge using 2 mL Eppendorf. 

Screen-Printed Electrodes (SPE) preparation:  The working electrodes 

used were SPEs. The SPEs, which have a 3 mm diameter working 

electrode, were fabricated in-house with appropriate stencil designs using 

a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK). The 

SPE design was previously reported8. For the case of each fabricated 

electrode, first a graphite ink formulation (Product Code: C2000802P2; 

Gwent Electronic Materials Ltd, UK), which was utilized for the efficient 

connection of all three electrodes and as the ink material for both the 

working and counter electrodes, was screen- printed onto a polyester 

(Autostat, 250 mm thickness) Flexible film. After curing the screen-printed 

graphite layer in a fan oven at 60 °C for 30 min. Finally, a dielectric paste 

(Product Code: D2070423D5; Gwent Electronic Materials Ltd, UK) was 

then screen-printed onto the polyester substrate to cover the connections 

and define the active electrode areas, including that of the working 

electrode (3 mm diameter). After curing at 60 °C for 30 min, the SPEs 

were ready to be used. 
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FLA modified SPE electrodes: modified electrodes were prepared by 

drop-casting aliquots of the 0.014 g·L−1 FLA suspension onto the required 

working electrode with a micropipette. After a few minutes, the solvent 

completely evaporated (at ambient temperature) and the modified 

electrodes were utilized without further modification.  

A5.2.2. g-CN/FLA heterostructure: structural characte rization and 

application in photocatalysis 

Dry Ball-Milling of Antimony Crystals: Bulk antimony crystals were 

grinded with an agate mortar to initially decrease their particle size. Then, 

a 20 mL ball mill reactor (IKA Ultra-Turrax Tube Drive Control) was 

charged with 100 mg of grinded antimony and 30 stainless steel balls, to 

complete a total volume of 7.5 mL. Then, the mixture was stirred in the 

reactor for 180 min at 3000 rpm, and the resulting antimony particles were 

separated from the stainless-steel balls. 

Synthesis of g-CN: Photoactive g-CN was synthesized as described in 

the literature9. A supramolecular assembly was prepared by using a 

1:1:0.1 (molar ratio) of cyanuric acid:melamine:barbituric acid (CMB) in 50 

mL of an acidified solution with 5 % (v/v) of HCl 37 %. The complex was 

mixed for 4 h with an automatic shaker and centrifuged for 5 min at 6000 

rpm. The resulting powder was dried overnight at 60 °C in a vacuum oven 

and then calcined at 500 °C for 4 h (heating rate: 2.3 °C min−1) under an 

inert nitrogen atmosphere. 
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Preparation of CNSb heterostructure: A mixture of 10 mg of g-CN, and 

10 mg of ball-milled Sb in 10 mL of 2-propanol: water (4:1 v/v) was first 

mixed with a Vortex, in order to produce a homogeneous suspension 

incorporating both materials to the liquid media. The mixture was then 

exfoliated using bath sonication (380 W, 37 KHz, Elmasonic P 300H) for 1 

h, and centrifuged 10 min at 10 000 rpm in order to remove residual larger 

aggregates resulting in colloidal suspensions with high transparency. 

Organic pollutants photodegradation: The photocatalytic activity was 

evaluated by the degradation of RhB and p-NP under white light 

irradiation. In a typical photocatalytic degradation experiment, RhB or p-

NP (20 mL, 20 mg·L−1 in H2O) and CNSbx composite were mixed in a 

glass vial and exposed to sonication in a water bath for 30 min and then 

kept in darkness with continuous stirring until the adsorption–desorption 

equilibrium between the dye and the catalyst is obtained. After turning on 

the light, aliquots were withdrawn from the suspension at a given time 

interval. The concentration of remaining RhB or p-NP in the solution was 

spectrophotometrically monitored by optical absorption values (at 554 nm 

of UV–vis absorption spectra for RhB and 314 nm for p-NP) on a UV–vis 

spectrophotometer during the photodegradation process. 

 

 

 

 

 



Appendix: A5 Chapter 5 methods, experimental procedures and additional data 

219 

A5.3. Additional data 

Table A5.1 Specific capacitance data at F g -1 obtained during CVs measurements 

using different amounts of FLA onto the modified SP Es at different scan rates.  

 Antimonene mass (ng) 

Scan rate (V/s) 1.8 3.6 9.0 18.0 36.0 

0.025 8549 6747 2816 2789 1587 

0.050 8361 6091 2679 2536 1442 

0.075 8246 5790 2537 2365 1347 

0.100 8187 5609 2428 2249 1277 

0.250 7975 5075 2113 1909 1102 

0.500 7538 4498 1843 1617 957 

 

Table A5.2 Specific capacitance values (Fg -1) obtained from charge-discharge 

profiles for different amounts of FLA onto the modi fied SPEs at different specific 

currents (Ag -1). 

 

1.8 ng 

Antimonene 

3.6 ng 

Antimonene 

9.0 ng 

Antimonene 

18.0 ng 

Antimonene 

36.0 ng 

Antimonene 

I (Ag-1) C (Fg-1) I (Ag-1) C (Fg-1) I (Ag-1) C (Fg-1) I (Ag-1) C (Fg-1) I (Ag-1) C (Fg-1) 

28 1547 14 1573 6 848 3 499 1 196 

56 1446 28 1514 11 765 6 427 3 163 

278 1115 139 1316 56 613 28 433 14 123 

556 994 278 1005 111 475 56 304 28 111 

1111 923 556 932 222 439 111 277 56 104 

2778 878 1389 895 556 413 278 229 139 99 
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List of abbreviations 

2D: Two-dimensional 

3D: Three-dimensional 

AFM: Atomic Force Microscopy 

AMQDs: Antimonene Quantum Dots 

BP: Black Phosphorus 

COF: Covalent Organic Frameworks 

DA: Dimensional Anisotropy 

DFT: Density Functional Theory 

DLS: Dynamic Light Scattering 

DMF: N, N-dimethylformamide 

DMSO: Dimethylsulfoxide 

EDLC: Electrochemical Double-Layer Capacitors 

EELS: Electron Energy Loss Spectroscopy 

EQE: External Quantum Efficiency 

FESEM: Field Emission Scanning Electron Microscopy 

FET: Field-Effect Transistor 

FFT: Fast Fourier Transform 

FLA: Few-Layer Antimonene 

FLAs: Few-Layer Antimonene Flakes/Nanosheets 

g-CN: Graphitic Carbon Nitride 

HAADF-STEM: High Angle Annular Dark Field - Scanning Transmission Electron 
Microscopy 

h-BN: Hexagonal Boron Nitride 

HOPG: Highly Oriented Pyrolytic Graphite 

HRTEM: High Resolution Transmission Electron Microscopy 

HTL: Hole Transport Layer 
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ICP‐MS: Inductively Coupled Plasma Mass Spectrometry 

IPA: 2-propanol 

LDHs: Layered Double Hydroxides 

LOD: Limit of Detection 

LPE: Liquid-Phase Exfoliation 

MBE: Molecular Beam Epitaxy 

MOF: Metal Organic Frameworks 

MOSFETs: Metal Oxide Semiconductor Field-Effect Transistor 

MOX: Transition Metal Oxyhalides 

NMP: N-Methyl-2-pyrrolidone 

PEG: Polyethylene Glycol 

p-NP: p-nitrophenol 

PTA: Photothermal Agents 

PTCEs: Photothermal Conversion Efficacies  

RhB: Rhodamine B 

SANs: Semiconducting Antimonene Nanosheets 

SbNS: Antimony Nanosheets 

SEM: Scanning Electron Microscopy 

SIB: Sodium Ion Batteries 

SPE: Screen Printed Electrode 

SRM: Scanning Raman Microscopy 

STM: Scanning Tunneling Microscopy 

STEM: Scanning Transmission Electron Microscopy 

TEM: Transmission Electron Microscopy 

TFETs: Tunnelling Field Effect Transistor 

THF: Tetrahydrofuran 

TMDs: Transition Metal Dichalcogenide 

TPV: Thermophotovoltaic 

UHV: Ultra High Vacuum 



List of abbreviations 

224 

UPS: Ultraviolet Photoelectron Spectroscopy 

UV-Vis: Ultraviolet-Visible Spectroscopy 

vdWE: van der Waals Epitaxy 

XEDS: X-ray Energy Dispersive Spectroscopy 

XPS: X-ray Photoelectron Spectroscopy 

XRPD: X-ray Powder Diffraction 
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