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Abstract 
 

The scientific community's interest in two-dimensional (2D) materials has been 

increasing since the appearance of graphene. Among the great variety of these 

nanomaterials, the elements of group 15 have attracted increasing attention 

due to their outstanding physical and chemical properties and their potential 

technological applications ranging from electronics to medicine. However, 

obtaining these materials in large quantities with the necessary quality remains 

challenging. For this reason, in this PhD thesis, different production methods 

of these materials have been explored, analyzing the synthetic parameters and 

the quality of the obtained materials exhaustively. 

The introduction of this work aims to give a state-of-the-art overview of the 

large variety of 2D materials that currently exist, focusing on the elements of 

group 15 of the periodic table, and more specifically on antimonene and 

bismuthene, which are the main objectives of this work. This section points out 

the exceptional properties that these materials present compared to their bulk 

counterparts. In addition, a vision of the different approaches that can be 

followed for the preparation of these materials is given, and several examples 

of their use in a broad range of applications. 

The first work presented in this book describes the optimization of the liquid 

phase exfoliation process to obtain few-layer antimonene nanosheets. 

A selection of the experimental parameters affecting the preparation process 

has been analyzed to obtain high-quality suspensions in high concentrations. 

In the second study, chemical synthesis is used for the production of 

high-quality antimonene nanolayers. To this end, the reaction parameters 

working in a discontinuous process have been analyzed, and the 

morphological and structural characteristics of the obtained material. Likewise, 

the same process is presented in a continuous flow procedure, which is 

developed to increase the yield of the reaction. Finally, the mechanical and 

electrical properties of the synthesized antimonene nanosheets are analyzed. 
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The third work describes a procedure to synthesize bismuthene nanosheets of 

hexagonal shape using a colloidal synthesis approach. This new method is 

carried out through a two-step process under moderate conditions. In this 

study, the analysis of the synthetic parameters and an in-depth 

characterization of the obtained material is carried out. 

Finally, two additional works have been carried out with the aim to show the 

potential of these 2D materials as biosensors. The first study shows the 

modification of gold electrodes with antimonene nanosheets and the 

fabrication of simple devices able to detect mutations in specific sequences of 

DNA. The second study describes the fabrication of NADH biosensors by 

modifying graphene electrodes with bismuthene nanosheets. These two works 

suggest the high potential of these novel 2D materials for selected 

applications. 
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Resumen 
 

El interés de la comunidad científica por los materiales bidimensionales (2D) 

ha ido en aumento desde la aparición del grafeno. Entre la gran variedad de 

estos nanomateriales, los elementos del grupo 15 han atraído mucho interés 

debido a sus extraordinarias propiedades y su potencial utilización en una gran 

variedad de aplicaciones que van desde la electrónica hasta la medicina. 

Sin embargo, la obtención de estos materiales con la calidad necesaria y en 

grandes cantidades es todavía difícil. Por este motivo, en esta tesis doctoral 

se han explorado diferentes métodos de producción de estos materiales, 

analizando exhaustivamente los parámetros de síntesis y la calidad de los 

materiales obtenidos.  

La introducción de este trabajo tiene como objetivo dar una visión general de 

la gran variedad de materiales 2D que existen en la actualidad, centrándose 

en los elementos del grupo 15 de la tabla periódica, y más concretamente en 

el antimoneno y bismuteno, los cuales son el objeto de estudio de este trabajo. 

En este apartado se señalan las excepcionales propiedades que presentan 

estos materiales en comparación con sus homólogos tridimensionales. 

Además, se da una visión de las diferentes estrategias que se pueden seguir 

para la preparación de estos materiales, así como varios ejemplos de su uso 

en una amplia gama de aplicaciones. 

El primer trabajo que se presenta en esta tesis doctoral describe la 

optimización del proceso de exfoliación en fase líquida para la obtención de 

nanoláminas de antimoneno. Se estudia la influencia de gran cantidad de 

parámetros del proceso con la idea de obtener suspensiones con la mayor 

concentración y nanoláminas con la mejor calidad.  

En el segundo estudio se presenta la obtención de nanoláminas de 

antimoneno a través de una síntesis química. Para ello se ha realizado un 

estudio de los parámetros de la reacción trabajando en discontinuo, así como 

de las características morfológicas y estructurales del material obtenido. 
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Asimismo, se presenta el mismo proceso en flujo continuo, que se desarrolla 

con el fin de incrementar el rendimiento de la reacción. Por último, se analizan 

las propiedades mecánicas y eléctricas de las nanoláminas de antimoneno 

sintetizadas. 

El tercer trabajo describe el procedimiento para sintetizar nanoláminas de 

bismuteno por medio de síntesis coloidal. En este estudio se desarrolla un 

nuevo método de síntesis de bismuteno por medio de un proceso de dos 

etapas bajo condiciones moderadas. Además, se muestra el análisis de los 

parámetros de síntesis y una caracterización en profundidad del material 

obtenido.  

Por último, se describen dos trabajos en los que se ha utilizado estos dos 

materiales, a modo de prueba de concepto, en biosensores. En uno de los 

estudios se muestra la modificación de electrodos de oro con nanoláminas de 

antimoneno que dan lugar a dispositivos para la detección de mutaciones en 

el ADN. El otro trabajo describe la fabricación de biosensores de NADH 

mediante la modificación de electrodos de grafeno con nanoláminas de 

bismuteno. Con estos dos trabajos se demuestra una de las muchas 

potenciales aplicaciones de estos materiales 2D.
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Chapter 1. Introduction 
 
1.1. Two-dimensional materials 

The understanding of material systems is fundamental to develop 

technological solutions. Depending on the application, specific material 

properties are required. Hence, the development of technology depends on 

our capacity to increase the knowledge of the properties of the materials. There 

is a tendency to relate the material properties to the material composition. 

However, the size can also play a fundamental role in material properties, 

mainly when at least one of its dimensions is reduced to the nanoscale. When 

the material presents three, two, or one nanometric dimensions, they are called 

zero-dimensional (0D) or nanoparticle, monodimensional (1D) or nanotube, 

and two-dimensional (2D), respectively.1 Properties such as electrical 

conductivity, chemical reactivity, mechanical properties, and even how the 

material interacts with light can all change at the nanoscale. This has prompted 

a new field of research that is the future of technology, known as 

nanotechnology.  

Among nanomaterials, the 2D feature is unique and indispensable to access 

unprecedented physical, electronic, and chemical properties due to electron 

confinement in two dimensions. The most known bidimensional material is 

graphene, a single layer of carbon atoms packed into a 2D honeycomb lattice. 

Theoretical calculations predicted the outstanding properties of this material a 

very long time ago,2, 3 but it was considered exclusively theoretical. However, 

the group headed by Geim and Novoselov was able to isolate graphene 

experimentally in 2004.4 This achievement led to an incredible revolution in the 

fields of nanomaterials and nanotechnology. Moreover, after the tremendous 

initial fervor around graphene, the materials science community started to 

search for other 2D structures with complementary properties to those found 

for graphene. Nowadays, there are many different 2D materials, and they are 

classified based on their structural similarities.5 
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Graphene is a thin layered material with sp2 bonds in-plane, hexagonal 

network, and van der Waals interaction between the planes. There are some 

materials that present a close related structure to graphene, and the most 

important examples are hexagonal boron nitride (h-BN) and graphitic carbon 

nitride (g-C3N4). The first one, h-BN, consists of alternating boron and nitrogen 

atoms forming the honeycomb arrangement.6 On the other hand, g-C3N4 is 

made up of carbon and nitrogen atoms, like an N-substituted graphite 

framework.7  

In terms of composition, the most simple 2D materials are formed by just an 

element. This family is known as Xenes, and they typically form distorted 

hexagonal or trigonal lattices. Xenes can be made up of groups 13, 14, and 15 

elements, called borophene, silicene, germanene, stanene, phosphorene, 

arsenene, antimonene, and bismuthene.8 Unlike the ideally flat structure of 

graphene, 2D Xenes prefer alternating out-of-plane atomic arrangements, 

resulting in an anisotropic lattice structure.9 2D Xenes have attracted much 

attention since they present interesting physical and chemical properties such 

as ultrahigh specific surface area, ultra-thin thickness, high carrier mobility, 

tunable bandgap, and in-plane anisotropy among many others.10 

Another family is composed of transition metal dichalcogenides (TMDs). This 

group has attracted considerable interest owing to their layered structure 

analogous to graphene with visible-wavelength bandgap, high carrier mobility, 

high on/off current ratio, and unique valley-spintronic properties.11 Bulk TMDs 

are layered materials with a general formula of MX2, where M is a transition 

metal such as Mo, W, Re, Nb, Hf, etc, and X is a chalcogen as S, Se, or Te. 

Each layer is three atoms thick, consisting of the metal layer sandwiched 

between two chalcogenide layers. Depending on their chemical compositions 

and structural configurations, TMDs can be divided into insulators (HfS2), 

semiconductors (MoS2, WSe2), semimetals (WTe2), and superconductors 

(NbSe2, TaS2).12 While there is a strong covalent bond between the metal atom 

and its neighboring chalcogen atoms, the interaction between two chalcogen 

planes is a weak van der Waals interaction. Thus, bulk TMDs materials can be 
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exfoliated to prepare 2D layers consisting of one or several X-M-X triple 

planes.11  

Similar to TMDs, III–VI layered materials are another significant group of 2D 

semiconductors. They have recently gained renewed interest because of their 

tunable bandgaps, efficient light absorption, and large carrier mobility.13 

In general, based on different stoichiometries, layered III–VI materials can be 

divided into two main subgroups, which are MX (e.g., GaSe, GaTe, InSe, etc.), 

and MaXb (e.g., In2Se3, In2S3, In3Se4, etc.), exhibiting different crystalline and 

electronic structures.14 

There is also a group of 2D layered transition metal carbides, nitrides, and 

carbonitrides that were labeled MXenes because they are produced by 

selective etching of the A layers from their corresponding three-dimensional 

(3D) MAX phases.15 The MAX general formula is Mn+1AXn, where M is an early 

transition metal (Ti, V, Cr, Nb, etc.), A is mainly an element from group 13 or 

14 (Al, Si, Sn, In, etc.), X is carbon and/or nitrogen, and n = 1, 2, or 3. Many 

MXenes have been produced nowadays, such as Ti3C2, Ti2C, Nb2C, V2C, 

(Ti0.5Nb0.5)2C, (V0.5Cr0.5)3C2, Ti3CN, Ta4C3, and Nb4C3 among others, and there 

are many more predicted theoretically.16 

In the metal oxide family, only some oxides can be naturally found as layered 

crystals (e.g., metal trioxides with the general formula MO3),5 however many 

of them do not present stacked platelets with weak atomic bonds (e.g., sub-

stoichiometric titanium and zinc oxides).17 However, many 2D metal oxides of 

both types have been prepared nowadays, such as MoO3, WO3, V2O5, TiO2, 

ZnO, Co3O4, and Fe2O3 among others.18-23  

Layered double hydroxides (LDHs) are a class of ionic lamellar compounds 

made up of positively charged brucite-like layers with charge compensating 

anions and solvation molecules located in interlayer galleries. The metal 

cations occupy the centers of edge-sharing octahedra, whose vertexes contain 

hydroxide ions that connect to form infinite 2D sheets.24 Due to their unique 2D 

structure, LDHs are versatile in both host layers and interlayer anions.25  
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There is also a family composed of organic and metal-organic polymers. 

Among this group, Covalent Organic Frameworks (COFs) and Metal-Organic 

Frameworks (MOFs) have attracted a lot of attention due to their large surface 

area, their structural variety and physico-chemical properties.26 In particular, 

COFs are polymeric porous materials constructed by light elements (H, B, C, 

N, and O) bonded covalently,27 while MOFs are classified as organic-inorganic 

porous materials with organic linkers and metal-containing nods forming a 

regular network-like structure.28 The organic feature provides tunable 

properties through structural modification, which makes these materials ideal 

candidates for a broad range of applications.29-31 Some 2D COFs and MOFs 

structures are a source of novel 2D materials.  

As it could be seen, there are many 2D different families with a huge variety of 

materials with interesting diverse properties and applications. This work is 

focused on Xenes, and more specifically, in two materials of group 15 of this 

family, antimonene and bismuthene. To better understand the advances made 

during this research it is necessary first to introduce this group of 2D materials 

and its other members, phosphorene, and arsenene. 
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1.2. Group 15 

Among the monoelemental family of Xenes, 2D crystals derived from group 15 

(phosphorene, arsenene, antimonene, and bismuthene), also called 

pnictogens, have attracted great attention because of their potential 

applications.32 In contrast to semimetallic group-14 (graphene, silicene, 

germanene, and stanene) and metallic group-13 (borophene) materials, 

2D nanosheets of the group 15 elements are semiconductors with a broad 

range of band gaps, thus rendering them potential candidates for future 

nanodevices in several electronics and optoelectronics applications.32, 33  

The layered bulk materials of group-15 possess a structural variety due to their 

rich allotropes. For example, phosphorus exists in many allotropes as white 

phosphorus, red phosphorus, blue phosphorus, violet phosphorus, and black 

phosphorus (BP), in which BP is nontoxic and the most thermodynamically 

stable under ambient conditions.34 Similarly, bulk arsenic has three allotropes: 

gray, yellow, and black arsenic, with gray arsenic being the most common 

phase and the most stable form.35 In the case of antimony, there are also three 

primary allotropes named gray, black, and explosive antimony, but the most 

stable and common form is gray antimony.35 The most widely studied forms 

are the α (puckered) and β (bucked) phases due to their high stability. Both of 

these phases are theoretically predicted to be stable for all the pnictogens,36 

but the most stable phosphorus is the α-phase while the other elements of the 

group (As, Sb, and Bi) crystalize in the β-phase at ambient conditions. 

Accordingly, BP crystallizes in a puckered orthorhombic lattice structure with 

space group 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. Each atom is covalently bonded in an individual layer by 

sp3 hybrid orbitals, with two adjacent in-plane atoms and another atom in a 

neighboring interplane (Figure 1.1.a). Hence, each puckered layer can be seen 

as a bilayer of two parallel atomic planes where the atoms on each plane 

constitute a zigzag and armchair chain running along y and x-axes, 

respectively. The individual BP layers are stacked through relatively weak van 

der Waals (vdW) interactions.32, 37 Additionally, each phosphorus atom has a 

lone pair of electrons, making 2D BP highly reactive to air. Under 
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approximately 5 GPa, black phosphorus transforms into a semimetallic 

β-phase with space group 𝑅𝑅3�𝐶𝐶. The β phase crystallizes in a layered 

rhombohedral structure, which adopts a double-layered structure consisting of 

interlocked, ruffled, and six-membered rings.38 

On the other hand, gray arsenic, gray antimony, and metallic bismuth present 

the rhombohedral layered structure with space group 𝑅𝑅3�𝐶𝐶.36 In the monolayer, 

each atom is bonded to three adjacent atoms and built as a stable buckled 

honeycomb structure layer-by-layer (Figure 1.1.b). Moreover, in the case of 

arsenic, a layered orthorhombic structure (α phase), which is similar to that of 

BP, can be obtained upon heating at ca. 370 K.32  

 

 

Figure 1.1. Main crystal structures of layered materials of group-15. a) Puckered 

orthorhombic lattice structure with space group 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (α-phase). b) Buckled 

rhombohedral layered structure with space group 𝑅𝑅3�𝐶𝐶. Adapted from reference 23. 

 

Among 2D group-15 family members, the first and most explored is the 

bidimensional form of BP, phosphorene.39 Like many 2D materials, 

phosphorene exhibits a direct bandgap with large tunability. According to both 

experiments and theoretical results, the bandgap presents thickness 

dependency ranging from 0.3 eV in bulk to 2.0 eV for the monolayer.40-42 

Remarkably, phosphorene acts like a bridge between the zero-gap graphene 

and TMDs with a relatively large bandgap and extends the applications on 

a b
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photonics and optoelectronics to the mid-infrared region. Furthermore, BP 

exhibits excellent carrier mobility of up to ca. 1000 cm2 V–1 s–1, a good current 

on/off ratio (ca. 104–105), and an exotic in-plane anisotropy that renders this 

2D material unique for thermal imaging, thermoelectrics, sensing, fiber optics 

communication, and photovoltaics, to name only a few.39, 43-46  

However, one major challenge for performing such applications is to overcome 

the intrinsic instability of mono- and few-layer nanosheets of BP, which can be 

obtained by mechanical exfoliation of the bulk crystals and solvent 

exfoliation.39, 47, 48 This instability, especially against ambient oxygen and 

moisture, leads to a fast oxidative degradation.49 In addition, light irradiation 

can foster degradation through photo-oxidation.50 Although bulk crystals of BP 

are more stable, thin flakes of BP with less than 10 nm thickness degrade in 

days, whereas single- and few-layer samples may even degrade within 

hours.49 In principle, the great availability of P-based lone pairs at the 2D 

material surface may indicate an easy functionalization. In fact, BP has been 

functionalized with many different compounds such as diazonium salts,51, 52 

ionic liquids,53 nucleophilic reagents,54 and azides,55 to mention a few. 

However, although the considerable effort made to achieve the surface 

passivation, the results are still limited.51, 52, 54-58  

For this reason, the other elemental layered materials from group 15 have 

recently attracted much attention due to their reported environmental stability 

and their suitable band gap for several applications. The other three 

pnictogens are still little developed, but many theoretical studies have 

predicted stability to ambient conditions and interesting physical properties in 

the last years.36, 59-61 Similarly, all of them have been prepared at laboratory 

scale by different methods, using top-down62-67 and bottom-up methods.68-70 

Nowadays, the effort is focused on obtaining high-quality nanosheets of these 

materials on a large scale to pass from the laboratory to the industry. 
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1.3. Antimonene 

Among the heavy pnictogens, antimonene is the most studied material due to 

its high stability under ambient conditions and its physical properties, which 

open new attractive applications for this novel material.71 Nevertheless, the 

knowledge on antimonene is currently unbalanced because the amount of 

theoretical work largely exceeds its experimental counterpart. Density 

functional theory (DFT) has allowed researchers to make several quantitative 

predictions of the electronic and structural properties of antimonene, promoting 

the synthesis of this material and its use in many different applications.32 

 

1.3.1.  Structure 

As is mentioned above, the most stable, and therefore, the most studied 

structure is β-antimonene, but it is not the only possible one. Theoretical 

studies have been performed for the other allotropic forms.36, 60 The results of 

the DFT calculations have shown that α-antimonene is also stable, in addition 

to the β-phase. This phase presents an orthorhombic structure with two atomic 

sublayers similar to phosphorene. The two-unit cell atoms that belong to the 

same sublayer are not precisely located in the same plane. 

The relative stability of both phases has been studied by comparing the binding 

energy and the phonon-free energy of each allotropic form. These calculations 

suggest that both phases are comparable in their structural stability, and in 

principle, both could be found experimentally.60 However, only β-antimonene 

has been found in the experiments. 

 

 

 



Chapter 1. Introduction 

17 

1.3.2.  Properties 

Outstanding physical and chemical properties have been predicted for 

antimonene, but the majority of them are still not proved experimentally.72 

These unique properties arise from anisotropic and surface effects as the 

material is thinned down to a single or few-layer thickness.  

 

 Electronic properties 

As a promising 2D semiconductor, the band structure of monolayer 

antimonene has attracted much attention and promoted many theoretical 

studies. In 2015, Zhang et al. reported DFT calculations of the band structure 

of β-antimonene monolayer featuring an indirect gap of 2.28 eV.73 This result 

spotlights the potential use of this material for optoelectronic applications in the 

ultraviolet (UV) regime. A similar study was carried out simultaneously, 

showing an indirect bandgap but a smaller calculated value of 0.76 eV.60 The 

difference in the gap value can be related to the different nature of the 

functionals used. After those approximations, an intermediate indirect gap 

value of 1.55 eV was reported, following the method of Zhang et al.,73 but 

taking into account spin-orbit-coupling, which seems to play an important 

role.74 Subsequently, many similar studies have evaluated the monolayer 

antimonene gap, trying to find the most accurate value. Additionally, a direct 

bandgap of the α-antimonene has been calculated and lower than those 

calculated for the β-phase.74, 75 These studies provided a wide range of values 

derived from the use of different theoretical tools and the consideration or not 

of the spin-orbit-coupling, but all of them agree with the indirect nature of the 

gap for this new material.76, 77 An experimental measure is needed to clarify 

the dispersion of the theoretically predicted values. 
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 Optical properties 

The optical properties of antimonene have been explored by calculating the 

dielectric function, which becomes negative between 5.1 eV and 9.0 eV for 

α-antimonene and between 6.9 and 8.4 eV for β-antimonene, showing the 

metallic character in the UV part of the electromagnetic spectrum. Electron 

energy loss spectroscopy (EELS) analysis revealed plasmon energies around 

9 eV, suggesting a metallic behavior.76 Moreover, a high refractive index of up 

to 3.6 is found in the UV region of the electromagnetic spectrum. These 

properties show the high potential of antimonene for fabricating optical 

nanodevices, microelectronic devices, and solar cells.  

 

 Thermal properties 

Thermal management is a significant factor to consider in applications such as 

electronics, spintronics, and optoelectronics. Indeed, thermoelectric devices 

require low thermal conductivity to be thermally resistive, while electronic 

devices need to dissipate heat efficiently. Thus, it is worth examining the 

thermal transport properties of materials. A theoretical study developed by 

Wang et al.78 predicted that antimonene has a low lattice thermal conductivity 

of 15.1 W m−1 K−1 at a temperature of 300 K. The low thermal conductivity of 

antimonene originates from the small group velocities of the carriers, low 

Debye temperature, and large buckling height. This thermal conductivity can 

be reduced effectively through minimizing the sample size and by chemical 

functionalization.78, 79 Besides, to evaluate the performance of thermoelectric 

materials, a dimensionless parameter known as a figure of merit (ZT) is 

adopted, being typically around the unit. Based on a DFT study, thermoelectric 

factors have been calculated for antimonene, finding an excellent 

thermoelectric performance with a maximum ZT of 2.15 at room temperature.80 

The value obtained for antimonene is very high and postulates antimonene as 

a promising candidate for thermoelectric devices. 
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 Mechanical properties 

Many theoretical studies suggest the tunability of the bandgap of antimonene 

by tensile strain, being its mechanical properties an important fact to take into 

account.60, 73, 81, 82 Antimonene presents a considerable enhancement (∼25%) 

of its Young’s and shear moduli, and significant shrinkage (∼5%) of its lattice 

comparative to its bulk counterpart, revealing the presence of strong interlayer 

coupling. Additionally, geometric analysis suggests a higher critical strain in 

the armchair direction during the deformation process. Interestingly, the nature 

of the bandgap remains unaltered when a strain is applied in the zig-zag 

direction, while if the strain is applied in the armchair direction, an indirect-

direct bandgap transition occurs at a moderate strain level. Thus, uniaxial 

strain presents a direction-dependent trend in the electronic band structure. 

Hence, β-antimonene is a promising candidate for practical strain engineering 

applications.83 
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1.4. Bismuthene 

In the past decades, bismuth nanomaterials have attracted great attention due 

to their unique and excellent physicochemical properties, among others: high 

surface area, ease functionalization, low toxicity, high electrical conductivity, 

magnetoresistance, catalytic activity, and high stability. Compared to the 

remarkable progress in the fabrication of 0D and 1D bismuth nanostructures, 

much less is known about the preparation and properties of 2D bismuth 

nanostructures.84 Although the interest in the bidimensional forms of bismuth 

has increased in the last few years there is still a lack of information that needs 

to be addressed. 

 

1.4.1.  Structure 

As all of the pnictogens, the structure of the bismuth monolayer has been 

theoretically predicted based on DFT calculations, and the results displayed 

three phases of bismuthene (α, β, and γ) with similar binding energies.36 

However, the most explored phases are α and β since they have also been 

experimentally isolated.85, 86 According to the other elements of the group, the 

α-phase shows a puckered orthorhombic structure. This form is also known as 

Bi(110) in the literature. On the other hand, the β-phase displays a buckled 

rhombohedral structure, which is also called in the literature as Bi(111). It 

should be mentioned that both allotropes of bismuthene are composed of 

atoms at two different heights in the monolayer.  

Further studies have been carried out to confirm the thermodynamic stability 

of these two allotropes of bismuthene. Calculations of the phonon spectra of 

both phases show no appreciable imaginary phonon modes, suggesting good 

dynamic stability.36 Additionally, the ab initio molecular dynamics calculations 

carried out from 300 to 1000 K indicate that the structures maintain their 

stability at high temperatures, with an instability appearing at 700 K due to the 

thermal excitations.61   
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1.4.2.  Properties 

The recent interest in the 2D form of bismuth has prompted an interest in its 

properties and potential applications.87 However, studies with bismuthene are 

still in their infancy, and most of its properties have only been predicted 

theoretically.  

 

 Electronic properties 

Similar to antimonene and the rest of the elements of group 15, the bandgap 

of bismuthene is one of its most explored properties. Many theoretical studies 

demonstrate the influence of spin-orbit coupling (SOC) in the predicted band 

gaps of the β-phase of bismuthene. Calculations using the Perdew-Burke-

Ernzerhof (PEB) functional indicate different values whether SOC is included 

in the calculations (0.51 eV) or not (0.55 eV).61 Still, the values are normally 

underestimated using only PEB functional, so the band gap values have been 

corrected using the screened hybrid functional method at the HSE06 level. 

This method predicted a direct bandgap of 0.8 eV for a monolayer of 

β-bismuthene without SOC consideration, decreasing to 0.32 eV when SOC is 

considered.61 A parallel study performed using DFT calculations at the HSE06 

level reported a direct bandgap of 0.99 eV for the single layer. This 

disagreement in the bandgap values could be related to the slight difference in 

the parameters and calculation packages used in the studies. The electronic 

properties of the bilayer β-bismuthene have been studied as well. The two 

layers of bismuthene exhibit a bandgap of 0.23 eV, which changes to the metal 

if SOC is taken into account, suggesting the semiconductor to semimetal 

transition with increasing layers of 2D bismuth. 

 

 

 

 



Chapter 1. Introduction 

22 

 Optical properties 

Due to the recent interest in this nanomaterial, its optical properties have not 

been studied in depth yet. There are few reports on optical properties, electric 

field applications, and potential as a photonics-based devices. A theoretical 

study reported an optical band gap of 0.35 eV,88 slightly different than the 

theoretically calculated band gaps of bismuthene. However, an experimental 

calculation by the Tauc plot determined an optical band gap of 1.028 eV, 

a much larger value.89 In this experimental work, Zhang et al. also reported a 

linear refractive index of a few-layer bismuthene (FLB) suspension in the range 

of 3.71, 3.85, 3.90, 3.92 at wavelengths of 400 nm, 532 nm, 633 nm, and 

800 nm, respectively. Thus, bismuthene is a promising candidate for optical 

switching and optical communication applications. 

 

 Thermal properties 

During the last few decades, thermoelectric materials have gained much 

attention due to their promising power generation and cooling applications. 

Bismuthene presents a lattice thermal conductivity of 3.9 W m−1 K−1 at room 

temperature, around half of its bulk counterpart value.90 This lower thermal 

conductivity and the electronic transport properties of monolayer bismuthene 

are exceptionally favorable toward its thermoelectric performance. 

Additionally, the power factor of bismuthene can reach a considerable value of 

0.39 W m−1 K−2. The lower thermal conductivity and the large power factor 

suggest enhanced thermoelectric performance compared with bulk bismuth. 

Moreover, the ZT value of bismuthene at room temperature is estimated to be 

as high as 2.4 but can be further improved to 4.1 at 500 K due to its 

temperature dependence, pointing out the high thermoelectric efficiency.90 
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 Mechanical properties 

The mechanical properties of both α- and β-phase of bismuthene have been 

analyzed by calculating the in-plane stiffness and the Poisson’s ratio. 

Remarkably, the in-plane stiffness affects the robustness of the material 

structure. Likewise, Poisson’s ratio influences the variation of the electronic 

structure, specifically in the possible metal-insulator transitions under tensile 

strain. The α-bismuthene phase presents 8.0 N m−1 and 22.6 N m−1 of in-plane 

stiffness in the x and y plane, respectively. On the other hand, the in-plane 

stiffness of β-bismuthene is homogeneous in both directions with a value of 

23.9 N m−1. Similarly, the Poisson’s ratio of β-bismuthene is uniform. 

It presents a value of 0.32, while the Poisson’s ratio of α-bismuthene is 

directional and presents values of 0.33 along the x-direction and 0.93 along 

the y-direction.    
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1.5. Production methods 

Since the discovery of 2D materials, the most difficult task has been to obtain 

them efficiently and with high quality. In the antimonene and bismuthene case, 

a large variety of fabrication methods have been developed and improved 

during the last years. These methods can be classified into top-down and 

bottom-up.  

 

1.5.1.  Top-down methods 

The top-down methods involve the exfoliation of the bulk crystals into thin layer 

2D crystals. This process is assisted by an external force that can be supplied 

in different ways.  

 

 Mechanical cleavage 

The first method introduced to delaminate crystals down to the single-layer was 

mechanical cleavage, also known as the scotch tape method. This method was 

the first method employed to obtain graphene4 and has been used for decades. 

Antimony presents stronger interlayer interactions than graphite, making the 

mechanical exfoliation of the bulk crystals harder. Nevertheless, the first single 

layer of antimonene was isolated and characterized in 2016 by Ares et al. using 

this approach.62 They observed that the concentration of antimony flakes 

deposited on the substrate was very low using the regular scotch tape. 

To improve the yield, they transferred the exfoliated antimony flakes from the 

scotch tape to a viscoelastic polymer and then from the viscoelastic polymer 

to the substrate. Although mechanical exfoliation confirms the existence of 

antimonene, large quantity synthesis through this procedure is complicated. 

The bismuthene case is even more complicated because the interlayer 

interactions become stronger than antimony. For this reason, the regular 

mechanical cleavage cannot successfully be used to produce bismuthene. 
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In this context, a mechanical cleavage after Bridgman synthesis was reported, 

but in this work, the bismuthene samples were cleaved at room temperature in 

ultra-high vacuum conditions.91 

 

 Liquid phase exfoliation 

Liquid phase exfoliation (LPE) is another top-down method that has been used 

to obtain antimonene.71 Liquid phase methods are easy techniques that have 

been successfully applied to prepare single or few-layer of several 2D 

materials on a large scale. They are based on the solubility parameters, and a 

large variety of solvents can be used to obtain suspensions of layers of 

different materials. The process is very simple, the layered material is 

immersed into an appropriate solvent, and ultrasonic waves provide the energy 

needed to overcome the interlayer forces. The ultrasonic waves produce 

turbulence, cavitation bubbles, and shear forces inside the suspension, 

generating the energy necessary to make the exfoliation process occur. Once 

the exfoliation is done, the suspension presents a brand of mono- and 

few-layer nanosheets with a different number of layers, and the role of the 

solvent is to stabilize these flakes and avoid aggregation. In order to improve 

the stability of the suspension, sometimes other liquid media such as 

surfactants, molecules, or polymer agents are used.  

This powerful approach was employed by Gibaja et al. to produce few-layer 

antimonene (FLA) nanosheets.64 A very stable dispersion was obtained by the 

sonication of ground antimony crystals in a 4:1 isopropanol/water mixture. The 

resulting suspensions consist of FLA nanosheets micrometer lateral 

dimensions and nanometer thickness. Moreover, the suspensions are stable 

for weeks under ambient conditions, showing the Faraday-Tyndall effect. After 

the solvent selection and optimizing both the exfoliation and the centrifugation 

parameters, the suspensions presented a concentration of about 

1.74 x 10−3 g L−1. Atomic force microscopy (AFM) images showed that 

antimonene nanosheets exhibit a general lateral dimension in the range of 

1-3 µm2 and well-defined structures with heights being multiples of 
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around 4 nm (Figure 1.2.a-b). Besides, high-resolution AFM topographic and 

Fast Fourier transform (FFT) images displayed an atomic periodicity indicating 

β-phase antimony (Figure 1.2.c-d). 

 

 

Figure 1.2. a) AFM image of the general FLA nanosheets prepared by LPE. b) Height 

histogram of the AFM image in (a) where the different thicknesses can be seen. 

c) High-resolution AFM image showing the atom periodicity. d) FFT image captured 

from (c), showing the agreement with a hexagonal lattice of β-phase antimony. Adapted 

from reference 54. 

 

Similarly, few-layer β-bismuthene nanosheets were prepared by LPE by 

Zhang et al.89 The bulk bismuth powder was ground with isopropanol before 

the sonication process. After that, the bismuth powder solution was mixed with 

isopropanol and kept under ice-bath sonication and subsequently probe 

sonication for 10 h on each step (Figure 1.3.a). The characterization revealed 

nanosheets with 0.8 µm length and 4 nm height, additionally to an 

inter-distance of the lattice fringes of 0.322 nm (Figure 1.3.c-d), in agreement 

to the (111) interplanar distance of the rhombohedral symmetry with A7 

structure.92 
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Figure 1.3. a) Schematic representation of the procedure to prepare FLB by LPE. b) 

Scanning electron microscopy (SEM) image of an FLB nanosheet. c) AFM image and 

height profile of an FLB nanosheet. d) HRTEM image of an FLB nanosheet. Adapted 

from reference 74. 

 

 Electrochemical exfoliation 

Another interesting top-down method to produce 2D materials on a large scale 

is electrochemical exfoliation since it can have a lower cost when compared 

with other methods.93-95 FLA has been prepared by electrochemical exfoliation 

connecting an antimony crystal directly to the conducting wire of a direct 

current (DC) power supply.96 The counter electrode used was made of Pt wire 

with a diameter of 0.5 mm and as the electrolyte, a Na2SO4 aqueous solution 

was used. To ensure the full intercalation and exfoliation of Na+ ions into the 

cathodic Sb layers, the whole process was carried out at −6 eV constant 

voltage for 1 h. Subsequently, the resulting electrolyte with the exfoliated 

antimonene nanosheets was centrifuged and washed with deionization water 

by sonication. After that, the suspension was dried under vacuum and 

redispersed in N-methyl-2-pyrrolidone (NMP).  

a

b c d
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As in the antimonene case, bismuthene also has been prepared by 

electrochemical exfoliation.97 The electrochemical system consisted of two 

electrodes, a counter electrode of Pt and a working electrode of bulk bismuth, 

which were adopted as the anode and cathode, respectively. The process was 

carried out by immersing the two-electrode system in an electrolyte solution of 

tetraheptylammonium bromide and potassium hydroxide dissolved in 

N,N-dimethylformamide. The exfoliation process was done for 8 h, applying 

15 V by a DC power. During the whole process, ultrasonication was applied to 

provide agitation and increase the exfoliation yield by improving the migration 

of the cations. Finally, the product was collected and washed by filtration before 

drying in a vacuum oven.  

 

1.5.2.  Bottom-up methods 
 

Bottom-up techniques are considered a great way to obtain a significant 

amount of high-quality 2D materials. These approaches can be divided in 

epitaxial growth and wet chemical synthesis.  

 

 Epitaxial growth 

In these methods, the evaporation of the bulk material source provides a direct 

growth of the 2D form on a specific substrate. Antimonene with polygonal 

morphologies was grown for the first time by Ji et al. using van der Waals beam 

epitaxy (vdWE).69 In this technique, the particularity is that the substrates used 

to grow the 2D material are free of dangling bonds on their surface. For this 

reason, the epitaxial layers are linked to the substrate by weak van der Waals 

forces. The epitaxial growth was developed in a two-zone tube furnace with 

different temperatures in each one (Figure 1.4.a). The first zone contained the 

bulk antimony powder and was heated up to 660 °C to produce antimony 

vapor. The antimony atoms in vapor phase were transported through an Ar/H2 

flow to the second zone, in which the substrate was placed, and the 
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temperature was lower (380 °C) to condense the antimony. The process was 

carried out for 1 h, and then the furnace temperature was slightly cooled down 

to room temperature. The antimonene polygons growth presented various 

polygonal shapes like triangles, hexagons, rhombuses, and trapezoids, which 

display lateral sizes around 5-10 µm and thicknesses down to 4 nm (Figure 

1.4.b-g).  

 

 
Figure 1.4. a) Schematic representation of the procedure to grow antimonene by vdWE. 

b) AFM image of a typical triangular antimonene sheet. Scale bar of 1 µm. c) AFM 

image of a tiny antimonene sheet. Scale bar of 50 nm. d-g) Optical images of typical 

antimonene polygons. Scale bar of 5 µm. Adapted from reference 59. h) Schematic 

representation of the procedure to prepare antimonene by MBE. i) STM topographic 

image of antimonene island on PdTe2. Inset: Low-energy electron diffraction pattern of 

antimonene. j) Atomic resolution STM image of monolayer antimonene with enhanced 

visibility showing the graphene-like honeycomb. Adapted from reference 80.  
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Molecular beam epitaxy (MBE) was also successfully used to prepare a 

monolayer antimonene on a PdTe2 substrate (Figure 1.4.h).98 Scanning 

transmission microscopy (STM) images reveal an antimonene island that 

remained unaltered after the sample was exposed to the atmospheric 

conditions, demonstrating the air-stability of antimonene (Figure 1.4.i). The 

monolayer of antimonene presented a quasi-perfect (111) orientation, a 

graphene-like honeycomb, and an apparent height measured of 0.28 nm 

(Figure 1.4.i inset and 1.4.j). 

 

Figure 1.5. a) STM image of α-bismuthene film on HOPG. Inset: Atomic resolution STM 

image of the film surface. Adapted from reference 71. b) STM image of β-bismuthene 

on NbSe2. Inset: Atomic resolution STM image taken from the surface in (b). c) Line 

profile taken from the blue dashed line in (b). Adapted from reference 72. d) 

Topographic STM overview map showing β-bismuthene flakes covering the substrate. 

e) Substrate step height profile taken along the red line in (d). f) Close-up STM image 

showing the hexagonal-shaped lattice. Adapted from reference 60.  

 

The synthesis of bismuthene by epitaxial growth methods has also been 

achieved, and in fact, thin films have been reported as far back as 1966.99 

Moreover, bismuthene has been grown in its α- and β-phase. The puckered 

a b c
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bismuthene structure was prepared by evaporation of high purity bulk bismuth 

and deposited onto highly oriented pyrolytic graphite (HOPG) substrate 

(Figure 1.5.a).85 On the other hand, bismuthene with the buckled structure was 

grown on a superconducting substrate of NbSe2.86 STM and atomic resolution 

STM images of this work reveal a truncated triangle island bismuthene with 

height steps of 3.94 Å and a hexagonal-shaped lattice (Figure 1.5.b-c). 

Furthermore, Reis et al. were able to epitaxially grow monolayer bismuthene 

on a SiC(0001) substrate.70 Due to the SiC substrate strain effect, bismuthene 

displayed a fully planar honeycomb configuration instead of the typical buckled 

or puckered structure. STM and close-up STM images show that the whole 

substrate is covered by bismuthene flakes of around 25 nm diameter and a 

hexagonal pattern (Figure 1.5.d-f). It should be mentioned that the SiC(0001) 

substrate stabilizes the planar configuration of bismuthene monolayer and also 

plays a crucial role in achieving a large bulk gap of approximately 0.8 eV. 

 

 Wet chemistry methods 

Chemical synthesis has largely been used to prepare nanomaterials since the 

control of the reaction parameters allows modulating the particle size. 

Likewise, soft-template methods have been widely applied to produce 2D 

materials such as CdSe, InSe, WSe2, and MoSe2.100-102 Solution-phase 

synthesis methods have been recently developed to prepare antimonene and 

bismuthene. This approach uses antimony- or bismuth-based compounds to 

produce 2D sheets by chemical reactions.  

Thus, antimonene was firstly prepared using this approach by Peng et al. 

through a hot injection method (Figure 1.6).103 To carry out the reaction, initially 

a complex with an antimony salt and dodecanethiol (DDT) was prepared. After 

that, the complex is added into a mixture of oleylamine (OA) and octadecene 

(ODE) at 300 °C for only 10 s. This study analyzed the influence of the 

antimony salt and the halogen ions. They obtained antimony nanocrystals with 

tetrahedral shapes using antimony acetate as antimony precursor. However, 

they obtained FLA nanosheets with hexagonal shapes when they used 
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antimony acetate but with halogen ions in the reaction medium. Moreover, FLA 

hexagons with lateral dimensions in the range of 0.5-1.5 µm and thicknesses 

down to 5 nm were obtained using antimony chloride as the antimony source 

(Figure 1.7.a-c). This fact demonstrated the crucial role of the halogen ions in 

the anisotropic growth of antimonene nanosheets. 

 

 

Figure 1.6. Schematic illustration of the wet chemical preparation of cubic Sb2O3, 

antimony tetrahedrons, and antimonene nanosheets with hexagonal shape. Adapted 

from reference 82. 

 

Another similar work by Zhang et al.104 reported the preparation of the 

rhombohedral phase of antimonene and bismuthene. In this work, they 

replaced the thiol by alkyl phosphonic acids to avoid the formation of antimony 

sulfide or bismuth sulfide. Similar to the previous study, antimony or bismuth 

salt was mixed with an alkyl phosphonic acid to obtain a complex, which is 

introduced in a flask with the reaction medium at 270 °C. In this case, the 

growth time was 1 min, and the reaction medium is only OA, which acts as the 

reducing agent. The so-formed antimonene nanosheets, shown in 

Figure 1.7.d, displayed hexagonal shape with lateral sizes from 0.5 to 1 µm 
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and thicknesses around 46 nm. Likewise, multilayered bismuthene nanosheets 

with a hexagonal shape and lateral dimensions between 100 and 500 nm were 

also prepared using this method (Figure 1.7.e). Both studies have opened the 

door to explore the synthesis of the monoelemental 2D materials of group 15 

using these procedures. 

 

 

Figure 1.7. a) Scanning transmission electron microscopy (STEM) image of antimonene 

nanosheets prepared by Peng et al. method (left), and corresponding element mapping 

of antimony (right). b) AFM image of antimonene nanosheet prepared by Peng et al. 

c) Height profile of the antimonene nanosheet in (b) along the white arrow. Adapted 

from reference 82. d) STEM image of antimonene nanosheets prepared by Zhang et al. 

method (left), and the corresponding element mapping of antimony (right). e) STEM 

image of bismuthene nanosheets prepared by Zhang et al. method (left), and the 

corresponding element mapping of bismuth (right). Adapted from reference 83.  
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1.6. Applications 

Currently, although the study of the potential applications of antimonene and 

bismuthene is still emerging, some interesting works show the high potential 

of these novel materials in different applications.  

 

1.6.1.  Electronics 

2D pnictogens have demonstrated promising properties, such as tunable 

moderate bandgap between graphene and TMDs, suggesting that they are 

suitable for next-generation device applications with high speed and energy 

efficiency, like field-effect transistors (FETs). Although most of the works report 

theoretical calculations,73, 105, 106 some experimental studies have also been 

published.  

Thus, the first experimental transistor using antimonene was reported in 2016 

by Ji et al.69 To fabricate the antimonene devices, the authors grew 

antimonene on mica substrates and added electrical contacts of Cr/Au by 

standard electron beam lithography. Then, a 15 nm thick layer of HfO2 was 

grown as the top gate dielectric, followed by one 50 nm thick layer of gold as 

the top gate electrode (Figure 1.8.a-b). The device channel was 1 µm in width 

and 3.5 µm in length. Three different devices with antimonene thicknesses of 

30, 40, and 50 nm were measured at zero gate bias, showing good ohmic 

behavior (Figure 1.8.c). Additionally, the devices with the thinnest antimonene 

(30 nm) presented a calculated electrical resistance of 600 Ω and electrical 

conductivity of 1.6 x 104 S m−1, comparable to the typical conductivity values 

for semimetals. 

More recently, a bismuthene FET has also been experimentally fabricated.107 

The FLB films for the transistor device were prepared by pulsed laser 

deposition on highly doped p-type silicon substrates covered by a 300 nm thick 

SiO2 layer. As the source and drain electrodes, a patterned 80 nm thick Au 

with channels of 30 µm length and 500 µm width was employed 
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(Figure 1.8.a-b). The FET device displayed a linear relationship between 

drain-source current (Ids) and drain-source bias (Vds), indicative of the ohmic 

contact at the interface of Au/Bi film (Figure 1.8.c). Additionally, the field-effect 

mobility of the 10 nm bismuthene transistor device was about 220 cm2 V−1 s−1, 

which is a larger value than those of other 2D materials prepared by bottom-up 

methods.  

These studies with experimental devices pave the way to explore further the 

potential application of both antimonene and bismuthene in electronic 

applications.  

 

 
Figure 1.8. a) Schematic illustration of top-gated antimonene transistor. b) Optical 

image of a typical device fabricated on a triangular antimonene sheet. c) Ids−Vds 

characteristics of three tested devices. Adapted from reference 59. d) Schematic 

illustration of bismuthene FET. e) Digital image of bismuthene transistor with patterned 

Au electrode. Scale bar 1 cm. Inset: Optical image of the electrode pattern of the device. 

Scale bar 100 µm. f) Ids−Vds characteristic of 10 nm thick bismuthene FET. Adapted 

from reference 86.  
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1.6.2.  Energy 

One of the main scientific issues nowadays is searching for an environmental, 

economic, and efficient energy storage system. The energy demand is 

increasing, and renewable and sustainable energy sources are required to 

satisfy this need.  

The fabrication of composite films made of antimonene nanosheets and 

graphene has been reported.108 The antimonene nanosheets were prepared 

by a facile and cost-effective liquid exfoliation procedure. Uniform and compact 

films were fabricated with antimonene and graphene nanosheets, obtaining 

hybrid films with good flexibility due to graphene and whole density improved 

by antimonene. Consequently, the enhanced films present a high volumetric 

capacity of 1226 mA h cm−3, high-rate capability, and good cycle performance 

for sodium storage. Moreover, our group has recently reported using 

antimonene as electrode material in supercapacitors.109 The addition of 

antimonene into a carbon electrode substrate enhances the energy 

capabilities, reaching a capacitance value of 1578 F g−1 at a high charging 

current density of 14 A g−1. Additionally, the fabricated system exhibited highly 

competitive energy and power densities. 

Bismuthene nanosheets have also been used to fabricate energy storage 

devices.110 Xu et al. prepared ultrathin bismuthene nanosheets with 

thicknesses of ca. 4 nm by a one-step chemical reduction of Bi2O2CO3, 

allowing the so-formed nanosheets to absorb and immobilize soluble 

polysulfides. These bismuthene nanosheets were used as the separator in a 

modified Li-S cell, displaying rate capacities in the range of 1305 to 

710 mA h g−1 at 0.2−4C, respectively. These values are higher than those of 

the cell using the bismuth precursor or a normal PP separator. Besides, FLB 

prepared by an ultrasonication-assisted electrochemical exfoliation method 

was employed in K-ion batteries.97 Its use in this kind of batteries increases the 

electrode/electrolyte contact area, stimulates the K-ion diffusion ability and 

reduces the volume change during the potassiation/depotassiation process. 

The electrode displayed high stable capacities from 423 to 182 mA h g−1 at 
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current densities of 2.5 to 20 A g−1, respectively. Furthermore, after 100 cycles 

under a current density of 7.5 A g−1, the capacity is still 318 mA h g−1, and after 

2500 cycles under a high current density of 20 A g−1, the specific capacity 

remained above 200 mA h g−1, which is a significantly better performance than 

the KIB anodes reported. 

These examples of energy storage devices based on antimonene and 

bismuthene point out the potential application of these materials in the energy 

field. 

 

1.6.3.  Biosensors 

The great progress of the last years in nanoscience and nanotechnology has 

promoted semiconductor nanomaterials for sensing applications.111 Among 

these types of materials, pnictogens have attracted extensive interest in the 

biosensing field due to their low toxicity and electrocatalytic properties.  

Mayorga-Martínez et al. reported using pnictogens as a platform to improve 

the electron transfer in a phenol enzymatic biosensor.112 The biosensors were 

fabricated using layer-by-layer drop-casted pnictogen nanosheets obtained by 

shear-force exfoliation, tyrosinase, and glutaraldehyde onto a glassy carbon 

electrode. Among all the pnictogens, the phenol biosensor based on 

antimonene showed the best analytical performance with high sensitivity, 

selectivity, reproducibility, and specificity. Furthermore, the antimonene based 

biosensor displayed a phenol limit of quantification (LOQ) of 850 nM and a limit 

of detection (LOD) of 255 nM, which is 10 times below the recommended limit. 

Recently, another study has been published using antimonene to fabricate a 

biosensor.113 Xue et al. prepared a surface plasmon resonance (SPR) chip 

modified with FLA nanosheets prepared by liquid phase sonication. The single-

stranded DNA (ssDNA) was connected with gold nanorods to amplify the SPR 

signal. This complex was absorbed onto the antimonene nanosheets due to 

the strong interaction between ssDNA and antimonene. When the 

complementary micro RNA (miRNA) is added, the hybridized targets are easily 
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desorbed since double-stranded DNA has a low affinity to antimonene. The 

antimonene based SPR sensor demonstrated efficiency and high sensitivity 

for quantitative detection of cancer. This biosensor presented LOD of 10 aM 

for miRNA-21 and miRNA-155, which is the highest sensitivity reported in 

miRNA detection on direct detection.   

Additionally, Xue et al. also reported the fabrication of a bismuthene based 

biosensor for miRNA detection.114 The ultrathin bismuthene used to build the 

sensor was produced by LPE, as in the case of antimonene. Besides, the 

biosensor used bismuthene as a fluorescence quencher to detect miRNA-21, 

a biomarker related to lung cancer. The ssDNA was labeled with fluorescein 

amidite due to the strong interaction between dye molecules and bismuthene. 

When the labeled ssDNA is mixed with the bismuthene nanosheets a 

fluorescence quenching occurs, while after the complementary miRNA was 

added, the fluorescence was recovered.  

 

 

Figure 1.9. a) Schematic illustration of the fabrication of a miRNA sensor integrated with 

antimonene. Adapted from reference 91 b) Schematic illustration of bismuthene 

nanosheet-based miRNA detection c) Fluorescence image of the labeled ssDNA probe 

solution before mixing with bismuthene. d) Fluorescence image of the labeled ssDNA 

probe solution after mixing with bismuthene. e) Fluorescence image of the labeled 

ssDNA after mixing with bismuthene and incubation with miRNA-21. Adapted from 

reference 92.  
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1.7. Closing remarks 

This introduction chapter summarizes the state-of-the-art of 2D materials, 

focusing on the layered form of the two heaviest elements of group 15, 

antimonene and bismuthene. Their exceptional physical and chemical 

properties, in addition to their potential applications, have been revised. Their 

predicted properties indicate that these materials seem suitable for many 

different applications in various technological fields ranging from electronics, 

optoelectronics, or energy storage to sensing, catalysis, or biomedical to 

mention just a few of them. However, it is still necessary to explore in-depth 

the production and properties of these new 2D materials. 

Nowadays, the high quality in large-scale and high yield production is one of 

the major goals in the monoelemental 2D materials field to go from the 

laboratory to the industrial scale. This PhD work focuses on exploring 

alternatives to this problem, finding different methods to develop a scalable 

procedure to prepare these materials and preliminary results of their use in 

different applications. 
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1.8. Objectives 

The main objective of the present PhD thesis consists of developing potentially 

scalable methods to produce high-quality antimonene and bismuthene on a 

large scale. To this goal, top-down and bottom-up approaches will be studied. 

Additionally, the properties and potential applications of the resulting materials 

will be tested. 

Thus, the first objective involves obtaining antimonene nanosheets using 

liquid-phase exfoliation. We will evaluate and tune the parameters involved in 

this procedure, including the preprocessing, solvent, and ultrasonic source to 

optimize the quality of the nanosheets and the concentration of the resulting 

colloids. 

We will also prepare antimonene and bismuthene by wet chemical synthesis. 

This bottom-up approach will be explored by tunning the synthetic parameters 

to control the growth of the nanosheets. Similarly, adjusting the parameters of 

the wet discontinuous synthesis, we will design and implement a tubular 

reactor to prepare antimonene nanosheets in a continuous-flow synthesis. The 

structure and morphology of these materials will be characterized by the usual 

spectroscopic and microscopic techniques, respectively. In addition, the 

mechanical and electrical properties of the prepared nanosheets will be 

evaluated experimentally. 

Finally, as a proof of concept, these materials will be used to modify sensors, 

evaluating their potential use in the biosensing field. Thus, antimonene will be 

employed to fabricate devices for the detection of mutations in DNA, while 

NADH biosensors will be prepared by modifying the devices using bismuthene. 
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Chapter 2. Results and 
discussion 

 
2.1. Overall summary 

The production of high-quality 2D materials on a large scale is the main issue 

to pass from the laboratory to the industry. Features such as chemical 

composition and morphology depend on the method used to produce these 

nanomaterials. In this PhD work, we have studied potentially scalable 

top-down and bottom-up procedures to obtain antimonene and bismuthene 

and their potential application in sensing (Figure 2.1).  

 

 
Figure 2.1. Schematic illustration of the research summary. 
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Among the top-down methods, one of the most used techniques to produce 

2D materials in large amounts is LPE. The simplicity of the procedure and the 

flexibility to produce nanosheets of many different materials have made this 

method very promising to scale up. This method is based on the sonication of 

layered bulk materials in organic solvents, surfactants, or polymer solutions to 

obtain suspensions of single- or few-layer nanosheets. An appropriate liquid 

media is crucial to promote the exfoliation, reducing the energy required and 

stabilizing the nanosheets avoiding aggregation.  

Our research group reported the first method to produce FLA nanosheets 

using an LPE procedure assisted by ultrasonication but using pure solvents or 

a mixture of pure solvents, avoiding using surfactants.1 Nevertheless, the 

resulting FLA suspensions presented a low concentration and production yield, 

reducing their possible use in potential applications. For this reason, we started 

this thesis by carrying out a systematic study of the most critical parameters of 

the LPE process to control the FLA production. The parameter analysis 

consisted of three successive steps in which the initial particle size, the solvent 

used, and the ultrasound process were optimized (Figure 2.2.a). The 

optimization goal was to obtain FLA suspensions with the highest 

concentration and dimensional anisotropy (DA), the ratio between the length 

and height of the nanosheets. 

The preprocessing analysis revealed that wet ball-milling is more suitable than 

dry ball-milling and manual grinding to adjust the initial particle size. The XRPD 

spectra suggested a preliminary exfoliation due to the decrease of intensity of 

the peak corresponding to the (003) plane, and the absence of oxidation during 

the procedure. Additionally, the SEM characterization showed sharper edges 

and larger lateral sizes in the powder submitted to the wet ball-milling process 

(Figure 2.2.b). Using the three different antimony preprocessed powders as 

the starting material for LPE, the powder obtained using the wet ball-milling 

procedure gave the largest particles and the highest concentration; therefore, 

it was selected as the best option to preprocess the antimony bulk crystals.   
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Figure 2.2. a) Schematic illustration of the strategy followed to optimize the liquid phase 

exfoliation process of antimonene. b) SEM image of the antimony powder wet ball-

milled. Scale bar of 5 µm. c) AFM image of the FLA nanosheets obtained by the LPE 

procedure. Scale bar 500 nm. d) TEM image of the FLA nanosheets obtained by the 

LPE procedure. Scale bar of 100 nm. 

 

Subsequently, the solvent used in the LPE procedure was analyzed in depth 

because it is known to be the most critical parameter.2 For that, an evaluation 

of 28 pure solvents and their mixtures with water was carried out. 

Consequently, the highest concentration achieved is 0.368 g L−1, using a 

mixture of NMP/H2O in a 4:1 ratio. This value is ca. 30 times higher than the 

highest previously reported and represents a yield of 37%. Additionally, 

recycling the antimony sediment obtained after centrifugation and using it as 
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starting material again in the LPE procedure, a similar yield is obtained up to 7 

cycles. Thus, the final yield after the whole process is improved up to 

approximately 90%. 

Besides, the morphology and particularly the aspect ratio of the FLA 

nanosheets is also an important issue to be considered. An AFM study reveals 

that the FLA nanosheets with the highest DA were obtained using 2-butanol 

as the solvent, with a DA ratio of 27.6. 

Additionally, the ultrasonic source was analyzed, comparing the ultrasonic tip 

and the ultrasonic bath performance, being the concentration of the 

suspensions and the DA ratios higher using the ultrasonic tip.  

Once the LPE procedure was fully optimized, the FLA nanosheets were 

characterized in deep. AFM and TEM images revealed FLA nanosheets with 

an average lateral dimension in the range of 250-375 nm and a minimum 

thickness of 4 nm (Figure 2.2.c-d). For further characterization, one of the 

areas measured by AFM was examined by scanning Raman spectroscopy 

mapping, confirming the antimonene nature of the particles.  

Hence, the optimized procedure consisted of a wet ball-milling preprocess of 

the antimony powder, followed by tip ultrasonication in a 2-butanol or 

NMP/H2O (4:1). The FLA nanosheets prepared with this method present 

lateral dimensions around 300 nm and thicknesses down to 4 nm. Besides, the 

suspensions obtained using NMP/H2O as solvent provide a concentration 

30 times higher than the highest concentration reported at this time. Moreover, 

the best compromise between concentration and DA ratio was achieved using 

2-butanol as solvent. Thus, both solvents can be suitable for most of the 

potential applications of antimonene. 

In spite of the incredible enhancement in the concentration and the production 

yield of the LPE optimized procedure, the FLA nanosheets still present small 

lateral dimensions to study some properties such as the electrical conductivity. 
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It is well known that bottom-up approaches provide higher quality and lateral 

dimensions than top-down techniques. Among these techniques, a wet 

chemical synthesis is an excellent option for the production of 2D materials in 

high yields and large quantities. These methods are a powerful strategy for the 

production of nanosheets with controlled size and thickness, being potentially 

scalable procedures due to their control and reproducibility. Moreover, the 

synthesized 2D materials can easily be dispersed in organic or aqueous media 

with the desired concentration, making them very appropriate for several 

applications. 

Therefore, we decided to explore the production of antimonene by wet 

chemical synthesis. A solution-phase synthesis based on a hot injection 

procedure to obtain FLA nanosheets with hexagonal shape was reported by 

Peng et al.3 However, the yield of this method was very low, reducing its 

potential use in the industry. Hence, we decided to analyze the synthetic 

parameters, with the aim of improving the quality and the aspect ratio of the 

FLA nanosheets in addition to the yield of the procedure.  

The systematic optimization study implied the evaluation of six experimental 

parameters, which are the precursor synthesis, antimony salt, thiol, hot 

injection temperature, injected volume, and cooling procedure. The optimized 

parameters were chosen based on the best-defined FLA hexagons with larger 

lateral size dimensions and lower thicknesses. Thus, the best results were 

obtained using antimony chloride as antimony salt and a long-chain thiol such 

as DDT or octadecanethiol to produce the antimony-thiol complex, heating the 

mixture at 150 °C for 2 h. After that, 1 mL of this solution injected in the ODE 

and OA mixture at 300 °C followed immediately by a slow cooling were the 

most suitable conditions. 

Microscopy techniques such as TEM and AFM revealed the hexagonal shape 

and the well-defined bidimensional aspect ratio of the prepared FLA 

nanosheets, displaying lateral dimensions in the range of 0.5-3 µm and 

thicknesses between 5 and 20 nm. Additionally, the Raman analysis showed 
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a noticeable blue shift that increases as the thickness decreases, according to 

theoretical predictions and experimental studies previously reported.1, 4  

Additionally, the surface chemistry of the FLA hexagons was examined by XPS 

and EELS, finding the presence of Sb0 in addition to surface oxidation. The 

FLA nanosheets are mainly composed of antimony, but a significant quantity 

of oxygen at the surface and edges is appreciated, suggesting the presence of 

an oxidation layer.  

Nevertheless, despite the increased lateral dimensions obtained, and 

achieving a better 2D aspect ratio of the FLA hexagons, the yield of the 

procedure was still lower than 10%. Besides, when the process was scaled up, 

increasing the amounts of reactants, the yield did not increase, and the size 

and the quality of the FLA hexagons decreased drastically. Henceforth, an 

alternative strategy was used changing the batch-to-batch method to a 

continuous flow synthesis approach.  

We designed and fabricated a homemade tubular stainless-steel reactor to 

perform the continuous-flow synthesis study (Figure 2.3.a). The synthesis 

conditions were adjusted to change from the hot injection to the continuous-

flow method. The best results were obtained flowing the antimony-thiol 

complex through the tubular reactor at 11 mL min−1 and 250 °C. The FLA 

nanosheets got using these conditions were characterized by TEM and AFM 

images, showing lateral sizes in the range of 0.5-6 µm, areas over 2.5 µm2, 

and the majority of the FLA hexagons presenting thicknesses below 20 nm 

(Figure 2.3.b-c). Moreover, XRPD and Raman analysis confirmed the quality 

of the structure and nature of the FLA hexagons (Figure 2.3.d). Thus, the 

continuous-flow procedure was adapted successfully to produce FLA 

nanosheets with the same quality as those obtained by the hot injection 

procedure. Additionally, this new method gave rise to a procedure yield of 

around 18%, doubling up the yield obtained using the batch-to-batch method. 

Thus, in this work we presented a new procedure to obtain high-quality FLA 

nanosheets on a large scale, opening the door to using this promising material 

in several applications.  
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Figure 2.3. a) Schematic illustration of the tubular reactor used in the continuous-flow 

synthesis. b) TEM image of a typical FLA hexagon prepared by the continuous-flow 

procedure. Scale bar of 1 µm. c) AFM image of a typical FLA hexagon prepared by the 

continuous-flow procedure. Scale bar of 1.5 µm. d) Raman single-point spectra of two 

FLA hexagons, which present thicknesses of 60 nm (black line) and 8 nm (red line). 

 

As the heaviest element of group 15, bismuth presents stronger interlayer 

interactions than the other elements of this group, hindering the yield of 

top-down procedures used to prepare its 2D counterpart. Consequently, 

bottom-up approaches seems to be a better option to produce this 2D material.  

Hence, the wet chemical synthesis used to prepare antimonene seems an 

interesting method to obtain bismuthene. As elements of the same group, they 

present similar physicochemical properties, but a comprehensive adjustment 

of the parameters of the procedure is required. Therefore, we evaluated the 

reaction time, bismuth salt concentration, and reaction temperature with the 

aim of finding the best reaction parameters. Thus, we developed a two-step 

wet chemistry method to synthesize high-quality FLB nanosheets under mild 

conditions in spite of the hot injection procedure used for FLA production 
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(Figure 2.4.a). To carry out the procedure, BiCl3 is dissolved in a mixture of 

DDT and ODE at 60 °C under vacuum for 1 h. Then, the solution is heated up 

to 150 °C under Ar for 3 h. Lastly, OA is added, and the reaction continues at 

150 °C for an additional 90 min. This process gives rise to a yield of around 

90-98%, based on the weight of the FLB nanosheets powder.  

During the parameters study, three different morphologies were found: 

2D hexagons, nanospheres, and sticks. When the bismuth precursor 

concentration, the reaction times, and reaction temperatures are too low the 

formation of spherical nanoparticles is stimulated while if they are too high the 

sticks are formed. These results point out the influence of the reaction 

conditions on the morphology of the final product. Thus, after adjusting the 

parameters, TEM and AFM images showed the hexagonal shape of the FLB 

nanosheets, which presented large lateral dimensions of 0.5-7.5 µm, areas 

from 0.2 to 30 µm2, and thicknesses between 5 and 45 nm (Figure 2.4.b-c). 

The structure of the synthesized FLB nanosheets obtained by this procedure 

was fully characterized. The isolated powder was analyzed by XRPD, showing 

the typical peaks of the rhombohedral β-bismuth structure. Besides, the 

Raman analysis reveals the main phonon bands of bismuth and a considerable 

blue shift that increase as the thickness decrease (Figure 2.4.d), which is in 

agreement with the thickness dependence observed also for antimonene.5 

In addition, the surface composition of the FLB nanosheets was analyzed by 

XPS and ELLS, displaying the presence of metallic and oxidized bismuth. 

However, the observation of the metallic bismuth is indicative that the 

thickness of the bismuth oxide layer is very thin, and probably does not cover 

all the crystalline planes but is concentrated in more reactive areas such as 

the edges. 

Therefore, we reported a new approach to prepare high-quality FLB hexagons, 

using a two-step procedure under mild conditions, which gives rise to a very 

good yield. This study points out the complexity of the bismuthene synthesis 

since a minor change in the reaction parameters dramatically influences the 

size and aspect ratio of the product. The FLB hexagons present a well-defined 
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2D aspect ratio with larger areas than the bismuthene nanosheets obtained by 

top-down procedures and thicknesses comparable to other more complex 

bottom-up approaches. This new method paves the way to new potential 

applications for bismuthene-based technologies. 

 

 

Figure 2.4. a) Schematic illustration of the two-step method used to prepare FLB 

nanosheets. b) TEM image of an FLB hexagon obtain by wet chemical synthesis. Scale 

bar of 500 nm. c) AFM image of an FLB hexagon obtain by wet chemical synthesis. 

Scale bar of 1 µm. d) Raman spectra of two FLB nanosheets of 25 nm and 5 nm 

thickness.  

 

Once the scalable methods were developed and optimized, we explored the 

properties and the potential applications of the synthesized antimonene and 

bismuthene nanosheets. Most properties of these materials have not been 

experimentally demonstrated since the difficult task of obtaining high-quality 

nanosheets. To shed some light on this, we studied the mechanical resistance 

and the electrical conductivity of antimonene and bismuthene nanosheets 

prepared by wet chemical synthesis. The nanosheets obtained by this method  
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present a high degree of crystallinity and quality in addition to low surface 

oxidation and large lateral dimensions, features that are needed for the 

experimental study of its properties.  

The resistance of the antimonene and bismuthene nanosheets was evaluated 

by indenting an AFM tip on their surface, measuring the deformation of the 

cantilever as a function of the applied normal force. The samples were 

submitted to a maximum pressure of 5 GPa by nanoindentation with the AFM 

tip, showing no traces of damage on the antimonene and bismuthene 

hexagons surface, demonstrating their strength. Additionally, the electrical 

transport measurements were performed by placing one antimonene or 

bismuthene nanosheet on an insulating SiO2 substrate and connecting them 

to a pair of gold microelectrodes. The corresponding current versus voltage 

curves exhibits a clear linear tendency with a low electrical resistance of 2.5 

kΩ and 1.25 kΩ (including the contact resistance) for antimonene and 

bismuthene, respectively. Thus, both electrical and mechanical studies remark 

on the exceptional quality of the FLA and FLB hexagons synthesized by this 

new method.  

The main and final goal of the newly developed materials is to prove their 

outstanding properties to enable their use in several applications. During our 

studies and in collaboration with specialized groups, we demonstrated the 

potential use of antimonene and bismuthene in some different applications. 

Here, we have focused on the use of antimonene and bismuthene in the 

biosensing field. 

Currently, classic Sanger methods are used to detect DNA mutation in spite of 

their arduous work and high cost. Consequently, rapid assays with simple 

protocols, short times, and low cost are necessary for easier and earlier 

recognition of DNA alteration diseases.6-8 With the aim of solving this problem, 

the FLA nanosheets produced by LPE were functionalized with ssDNA, and 

the functionalized material was used as a biosensor to recognize the 

complementary strain (Figure 2.5). We demonstrated theoretically and 

experimentally the strong noncovalent interaction between antimonene and 
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the oligonucleotides of DNA. Hence, this interaction allows the fabrication of 

an electrochemical DNA sensor to recognize a specific DNA sequence of the 

BRCA1 gene and detect a mutation in this gene, which is related to breast 

cancer.  

To fabricate the DNA sensor, the FLA nanosheets suspension was drop casted 

onto a gold screen-printed electrode (AuSPE). Subsequently, a synthetic 

single-strained 100-mer sequence of the wild-type (WT) BRCA1 gene 

(PROBEBRCA1) was immobilized by drop-casting onto the antimonene-AuSPE 

(Sb/AuSPE). Finally, the electrochemical responses of both WT and mutated 

(MUT) DNA samples from healthy and diseased patients respectively, were 

evaluated.  

 

 

 

Figure 2.5. Schematic illustration of the supramolecular functionalization of antimonene 

with oligonucleotides and the developed DNA biosensor. 
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The developed device was tested as a fast screening method to detect specific 

gene mutation using genomic DNA from clinical patients without sample 

treatment. The samples were extracted from human blood cells of patients 

having a mutation in the BRCA1 gene. The mutation detection was carried out 

by comparison of the electrochemical response of the hybridization reaction 

between the PROBEBRCA1 and the denaturized DNA samples of the WT and 

MUT from healthy and diseased patients, respectively. The differential pulse 

voltammetry curves display the biosensor signal before and after the samples 

hybridization. These results point out that the current intensity is more than 

double in the WT samples in comparison with the current intensity obtained for 

the MUT hybridization. Additionally, the reliability in terms of reproducibility was 

evaluated, being the reproducibility around 95% in both cases. Consequently, 

the fabricated device seems to be very efficient as a fast and easy screening 

method to identify diseased patients.  

Similarly, as a proof of concept, an NADH sensor was developed where FLB 

nanosheets deposited on graphene electrodes are used as electrocatalytic 

platforms (Figure 2.6). FLB hexagons were synthesized by the wet synthesis 

method described above to fabricate the device. These FLB nanosheets 

dispersed in isopropanol were deposited onto the graphene electrode (SPGrE) 

by drop-casting. This device allows the determination of the NADH 

concentration based on the oxidation reaction of NADH to NAD+. 

 

 

Figure 2.6. Schematic illustration of the NADH sensor fabrication and performance. 
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The analytical properties of the NADH sensor were evaluated through 

chronoamperometric measurements. The current transients reveal that the 

steady-state is reached in less than one min, suggesting a fast charge transfer 

on the electrode surface and good permeability of the sensing layer. The 

analytical parameters of the NADH sensor, like the sensitivity, LOD, and LOQ 

were calculated, presenting a LOD value of 1.8 µM and a LOQ value of 6.0 µM, 

which are 10 times lower than those reported for glassy carbon electrodes 

modified by chemically reduced graphene oxide.9 Hence, the resulting sensor 

reveals an excellent analytical performance in terms of sensitivity, selectivity, 

and reproducibility. 

In summary, this PhD thesis has focused on exploring top-down and bottom-up 

approaches to produce antimonene and bismuthene nanosheets. Thus, we 

have developed and optimized new procedures to obtain these 2D pnictogens 

with high quality and in a large scale. Moreover, we have fabricated biosensors 

modifying devices with these 2D materials, confirming experimentally their 

potential application in biosensing. Taking into account the results reported in 

this PhD thesis, we envision that the following steps of this research could be 

studying scale up these processes to pass from the laboratory to the industry. 

Antimonene and bismuthene have demonstrated exemplary performance in 

various fields such as electronics, optoelectronics, energy storage, sensing, 

catalysis, and biomedical, among others. Hence, the industrial production of 

these materials would produce an outstanding technological advance. 
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Liquid phase exfoliation of antimonene: systematic 
optimization, characterization and electrocatalytic 
properties† 
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Antimonene, a novel group 15 two-dimensional material, is attracting great attention due to its outstanding 
physical and chemical properties. Despite its thermodynamic stability, the pronounced covalent character 
of the interlayer interactions imposes severe limitations on its exfoliation into mono- and few-layer. Here, 
we develop a systematic study of liquid phase exfoliation (LPE) with the aim to optimize antimonene 
production in terms of concentration and dimensional anisotropy, investigating the most relevant 
experimental factors affecting the exfoliation: pre-processing of pristine antimony, solvent selection 
based on Hansen solubility parameters and ultrasound conditions. Moreover, exhaustive characterization 
by means of turbidimetry, XRD, Raman spectroscopy, XPS, AFM, SEM, XEDS and TEM has been carried 
out. Indeed, we achieved concentration values of ca. 0.368 g L—1 (~yield of 37 wt%), up to ~30 times 
higher compared to the highest value so far reported, with ca. 50% of the nanolayers with heights 
between 2 and 10 nm and lateral dimensions in the 40–300 nm range. Furthermore, it has been 
demonstrated that the yield of the process can be enhanced up to ~90 wt% by recycling the sediment 
to perform a maximum of 7 cycles. Moreover, we have illustrated the usefulness of this approach by 
characterizing the electrochemical behaviour of antimonene as a catalyst for the hydrogen evolution 
reaction (HER). This study provides important insights into the LPE and electrochemical properties of 
antimonene, allowing its large-scale production and paving the way for its application in fields of utmost 
importance such as energy storage and conversion or catalysis. 

 
Introduction 
Two-dimensional (2D) materials, such as graphene,1 h-BN2 and 
TMDs,3 have attracted great attention in materials science due 
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to their outstanding properties and their applications in elec- 
tronic devices and energy storage, among others.4–7 However, 
for some specific applications it is necessary to find materials 
with a band-gap in the range of 0.1–1 eV. Black phosphorus (BP) 
was the first candidate to show thickness-dependent band-gap 
values between 0.3 and 2 eV.8 Unfortunately, BP is particularly 
sensitive to environmental conditions and degrades when in 
contact with water and oxygen in both the presence and the 
absence of light.9–13 In the meantime, other elemental layered 
materials from group 15, also called 2D-pnictogens, have 
recently attracted much of the attention due to their reported 
environmental stability as well as their suitable band-gap for 
several applications.14 

Among these group-15 semiconductors, antimonene is the 
one that has been more intensely studied so far, due to its 
similarities to BP.15 Since it was initially predicted16 and exper- 
imentally isolated,17,18 great efforts to find new applications for it, 
beyond (opto)-electronics, have been made.19–25 For most of 
these applications, large quantities of antimonene nanolayers 
need to be produced in a scale-up manner.18 

Liquid phase exfoliation (LPE) has been extensively used to 
produce suspensions of many 2D materials mainly because it is 
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the most suitable method to produce single or few-layer (FL) 
materials on a large-scale.26 LPE is a straightforward technique, 
appropriate for industrial scale-up and based on solubility 
parameter theory. Ideally, the layered material is immersed into 
a suitable solvent, i.e. the surface energy of the solvent and the 
layered material should match with each other. The amount of 
energy necessary to overcome the van der Waals cohesive force 
between the layers of the crystal is usually, but not always,27 
supplied in the form of ultrasonic waves. Furthermore, LPE can 
also be applied to non-van-der-Waals solids such as iron ore 
hematite,28 indeed it is appropriate for 2D materials exhibiting 
strong interlayer interactions with a greater covalent character such 
as heavy pnictogens (As, Sb and Bi). These ultrasonic waves 
generate turbulence, shear forces and cavitation bubbles within the 
suspension. When the energy released is enough  to over- come the 
cohesive energy of the material, exfoliation occurs generating a 
variety of mono- and few-layers, which  are dispersed in the 
solvent. The stability of the so-formed suspension depends on the 
nanolayer interaction with  the solvent since it may prevent 
particle aggregation.29,30 Therefore, LPE is also affected by 
features such as the crystal size of the starting material, solvent 
selection and the source of energy required to assist in the 
exfoliation process. 

We reported for the first time in 2016 the isolation of FL 
antimonene nanolayers using LPE.18 Despite the high quality of 
the FL antimonene nanolayers obtained in that work, we 
consider that developing a methodical study for enhancing the 
concentration of the suspensions (0.00174 g L—1) can contribute 
to spreading their potential applications. Herein, we report on 
a systematic analysis of the most significant parameters that 
control the LPE process, in order to rationalize the production 
of FL antimonene suspensions. We have studied the effect on 
the LPE of antimony crystals of (i) the initial crystal size, (ii) 
solvent used and (iii) ultrasound parameters. In order to 
perform this fundamental study, we have designed a strategy 
based on three successive steps. We have tried to optimize each 
step to use the best material for the next one, with the aim to 
produce suspensions with a higher FL antimonene concentra- 
tion and “dimensional anisotropy” (DA) ratio. We have defined 
the DA parameter as the ratio between the length and height of 
the nanolayers. DA provides a good estimation of the 
morphology of the nanolayers (the higher the DA ratio is, the 
thinner and larger the layers are). It is worth remarking here 
that in the case of antimonene, the short out-of-plane atom-to- 
atom distances result in strong interlayer interactions and pose 
an additional limitation to the exfoliation. 

The results obtained show that we can enhance the 
concentration of the FL antimonene suspensions up to ca. 30 
times, ca. 0.368 g L—1 (~yield of 37 wt%), compared to the 
highest concentration value reported so far, ca. 0.014 g L—1.24 
This has been achieved using a pre-processing step for the bulk 
antimony to reduce the crystallite thickness along the c-axis 
based on wet-ball milling in 2-butanol, followed by an LPE step 
in an NMP/H2O (4:1) mixture with a sonication tip. We have 
also observed that the DA ratio of the nanolayers becomes larger 
when using 2-butanol as the solvent (DA ~ 27.6) maintaining 
good concentration values (ca. 0.279 g L—1). Besides, we also 

observed  that  the  exfoliation  yield  can  be  enhanced  up  to 
~90 wt% by recycling the sediment to perform a maximum of 7 
cycles. Moreover, we found different oxidation degrees 
depending on the solvent used. Last but not least, we have tested 
the electrochemical behaviour for the hydrogen evolution 
reaction (HER) on selected samples with disparate oxidation 
degrees and DA values showing significant differences. These 
results provide important knowledge about the exfoliation of 
antimonene and pave the way for the development of applica- 
tions in fields of utmost importance such as energy storage and 
conversion or catalysis, to name a few. 

 
Experimental section 
 

Preparation of ball-milled Sb 

This procedure involves a pre-grinding process of the Sb crystals 
(Smart Elements, 99.9999% purity) with an agate mortar resulting 
in so-called ground Sb. A 20 mL ball mill reactor (IKA Ultra-
Turrax Tube Drive Control) was charged with 200 mg of ground 
Sb and 30 stainless steel balls, to a total volume of 7.5 mL. 
Then, the mixture was stirred in the reactor for 60 min at 3000 
rpm, and the resulting Sb particles were separated from the 
stainless-steel balls. 

After the grinding process, a stainless-steel reactor with a 
volume of 5 mL (Retsch 1.4112) was filled under ambient 
conditions with 300 mg of ground Sb powder, 3 stainless steel 
balls of 4.74 mm diameter and 0.5 mL of butan-2-ol (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 butan-2-ol to obtain all of the grey  
metallic  Sb   paste,   which  was   then  centrifuged   at 13 000 
rpm for 30 min. The sedimented Sb was dried on a hot plate at 
100 ◦C for 12 hours and for another 24 hours in a drying oven at 
75 ◦C and a few mbar. 

 
 

Tip sonication of Sb crystals 

10 mg of “wet ball-milled” Sb crystals were added in 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. 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 recov- 
ered. 20 mL of the suspension were cast on a SiO2 surface and 
dried under an argon flow before drying completely. Sonication 
was performed using a Hielscher UP400S ultrasonic processor 
equipped with a 3 mm sonotrode. Centrifugation was carried 
out in an MPW-350R centrifuge using 2 mL Eppendorf tubes. 

 
 

Bath sonication of Sb crystals 

10 mg of “wet ball-milled” Sb crystals was added to a 20 mL vial 
with 10 mL of solvent. The mixture was sonicated for 40 min in 
an 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. 20 mL of the suspension were cast 
on a SiO2 surface and dried under an argon flow before drying 
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completely. Sonication was performed using an Elmasonic 
P300H ultrasonic bath. Centrifugation was carried out in an 
MPW-350R centrifuge using 2 mL Eppendorf tubes. 

 
Materials characterization 

Turbidity measurements were carried out using an HI-88713 
Bench Top Turbidity Meter  (Hanna  Instruments).  A  calibration 
curve of turbidity vs. concentration was   established based on 
samples with  determined  concentration  (Fig.  S1†). The value of 
the latter was obtained by vacuum-drying one FL antimonene 
sample overnight and the obtained solid was weighed to know the 
exact amount of Sb  that  was  in  the sample. Atomic Force 
Microscopy (AFM) measurements were carried  out  using  a  
Cervantes  Fullmode  AFM  from  Nanotec Electronica  SL.  
WSxM  software  (www.wsxmsolutions.com) was employed 
both for data acquisition and image processing.31    PPP-NCHR    
cantilevers    (nanosensors.com)    with  a nominal spring 
constant of 42 N m—1 and tip radius of less than 7 nm were 
employed. The tapping mode was used for imaging to ensure 
that the nanolayers would not be damaged by the tip.32 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 wave- length of 532 nm, with an 
acquisition time of 5 s and a grating of 1800 grooves per mm. 
To minimize photo-induced laser oxidation of the samples, the 
laser intensity was maintained at 10% (1.6 mW). The step sizes 
in Raman mapping 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/A1g – ratio can be slightly influenced. Transmission Electron 
Microscopy (TEM) images were obtained on 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  
Electron Microscopy (SEM) analysis was performed using a 
Philips XL 30 S-FEG microscope operating at an accelerating 
voltage of 10 kV. X-ray diffraction patterns were obtained on a 
Bruker D8 Advance with Cu Ka radiation with a rapid detector 
(Lynxeye). 

 
Electrochemical characterization 

For electrode preparation, several aliquots of 50 mL were drop 
cast on a previously polished (sequentially with 1.0, 0.3 and 0.05 
µm alumina powder) 3 mm Glassy Carbon (GC) electrode 
achieving a total mass loading of about 0.18 mg cm—2. Further, 
4 µL of Nafion solution (5%) were added. Solvents were allowed to 
evaporate at room temperature. Electrochemical measure- 
ments were carried out in a typical three electrode cell using 
a modified GC electrode as the working electrode, a platinum 
wire  as  the  counter  electrode  and  a  silver–silver  chloride 

electrode (Ag/AgCl (3 M)) as the reference electrode. All poten-
tials were converted to the reversible hydrogen electrode (RHE). 
The measurements were performed using an Autolab PGSTAT 
128N potentiostat/galvanostat. To analyse the electrocatalytic 
performance of the samples, linear sweep voltammetry (LSV) 
measurements were carried out at 5 mV s—1 in a previously N2 
purged 0.5 M H2SO4 aqueous solution. Cyclic voltammetry (CV) 
curves  were  recorded  before and after LSV  measurements,  at a 
100 mV s—1 scan rate between —0.6 and 0.6 V vs. Ag/AgCl (3 M). To 
further investigate the electrochemical behaviour, CV curves 
were recorded at 50 mV s—1, fixing the cathodic/anodic potential 
and varying the anodic/cathodic limit, respectively. The charge 
(Q) was estimated using the following formula: 
 

𝑄𝑄 = � 𝐼𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝑓𝑓

𝐼𝐼𝑜𝑜
 

 
X-ray photoelectron spectroscopy (XPS) measurements 

XPS experiments were performed in an Ultra-High Vacuum 
chamber. Mg Kα radiation excites core level photoelectrons, 
which are detected using a Specs Phoibos-150 electron analyzer 
with a constant pass energy of 20 eV. The core level binding 
energies were calibrated using the binding energies of C 1s and 
Au 4f as references 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 algo- 
rithm with a routine run in IGOR Pro (WaveMetrics Inc.).33 The 
quality of the fit was judged using a reliability factor, the 
normalized χ2. 

 
Results and discussion 
Fig. 1 summarizes our strategy to optimize the formation of 
concentrated suspensions containing high-quality FL anti- 
monene nanolayers with a high DA ratio. 

 
Pre-processing of bulk Sb crystals 

One issue to be solved regarding the LPE of Sb crystals is the low 
concentration of the final suspensions. In order to enhance the 
FL antimonene concentration, a fundamental criterion is the 
manner of processing the bulk Sb crystals before the LPE 
process starts, by reducing the particle size and the thickness of 
the starting crystallites. Thus, in this first step, the goal is to 
analyse the effect of the initial particle size of Sb crystals in the 
final concentration of FL antimonene suspensions. In this 
section, we have analysed three different ways of pre-processing 
bulk Sb crystals and the concentration of the suspensions 
formed after LPE. 

The three selected approaches are based on previous inves- 
tigation in this field:18,24,25,34,35 (i) grinding the  bulk  Sb  crystals, 
(ii) dry ball-milling the bulk Sb crystals, and (iii) wet ball-milling 
the bulk Sb crystals. For all of these experiments we used 
reference LPE conditions to  analyse the final  concentration of 
FL antimonene suspensions: initial Sb concentration of 0.1 g 
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Fig. 1 Summary of the strategy followed to optimize the liquid phase exfoliation process of bulk antimony, involving different but consecutive steps. 
Firstly, 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, 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 few-layer antimonene with the 
highest concentration. The optical image shows a typical highly concentrated FL antimonene suspension. 

 
tip sonication for 40 min at 400 W and 24 kHz with ultra- sound 
power in pulses 0.5 s long every 1 s and centrifugation at                             3000 
rpm for 1 min.18 

The three pre-processed Sb crystals were characterized by X- 
ray Powder Diffraction (XRPD) and Scanning Electron Micros- 
copy, in order to analyse its structure and morphology, respec- 
tively. In Fig. 2a the corresponding XRPD patterns of the three 
pre-processed Sb crystals are depicted, showing the typical 
crystalline  structure  of  Sb.  The  obtained  pre-processed  Sb 
crystals could be classified as a rhombohedral structure, β - 
phase. There are no new peaks, discarding the appearance of 
side species such as antimony oxides. 

Fig. 2a confirms the absence of significant changes between 
the three XRPD patterns, meaning that these processes do not 
affect the in-plane crystalline structure of Sb. The only notice- 
able change between the three XRPD patterns is the relative 
diminishing of the peak at 23.7◦ corresponding to the (003) 
facet, indicative of a greater degree of exfoliation along the c- 
axis in the wet ball-milled sample compared to the other two 
(see Fig. 2a, inset). 

The morphology of the three pre-processed Sb crystals was 
analysed by SEM, obtaining length histograms for the three 
samples and showing clear differences between the processes. 
In the case of ground Sb crystals (Fig. 2d), the edges seem to be 
sharper than in the other two cases, exhibiting lateral sizes of 
ca. 5.78 µm. The dry ball-milled Sb crystal (Fig. 2e) images show 
undefined edges and smaller sizes (ca. 2.07 µm) compared to 
the ground ones, suggesting an excessive downsizing of the 
particles. Remarkably, the sample obtained by wet ball-milling 
in 2-butanol (Fig. 2f) has crystals with larger lateral dimen- 
sions (ca. 9.25 µm) and also smaller thicknesses. After having 
analysed the crystal structure and morphology of the three pre- 
processed  Sb  crystals,  it  seems  that  none  of  the processes 

induce changes either in the crystal structure or in composition, 
while the particle size of the Sb crystals changes from one to 
another. In order to choose the best option between the different 
processes, the three crystals were used as starting materials to 
generate suspensions in 2-butanol by sonication, and then the 
final FL antimonene concentration was checked. The 
concentration values were obtained by measuring the turbidity 
of the samples, which is directly related to the concentration 
(see Fig. 2b and the Experimental section for details). Fig. 2c 
shows that the most concentrated sample is the one that used the 
powder obtained by wet ball-milling as the starting material. 
Therefore, the most suitable pre-processing approach in order 
to enhance the concentration of FL antimonene suspensions is 
the wet ball-milling of Sb crystals using  2-butanol. 

 
 
Solvent selection 
It is well established that the solvent used to exfoliate layered 
materials is probably the most critical parameter during the LPE 
process.36 The aim of this section is to analyse the influence of the 
solvent used in the LPE of Sb crystals on both the final 
concentration of FL antimonene suspensions and the DA ratio. 
In order to increase the concentration and/or the DA ratio of the 
samples, a survey of 28 pure solvents and their mixtures with 
water has been performed. All the experiments were per- 
formed using wet ball-milled Sb crystals in 2-butanol as the 
starting material, optimized in the previous section. In these 
experiments, we have fixed the sonication time and the centri- 

fugation parameters according to our previous LPE results.18 
Therefore, we used 40 min of sonication and 3000 rpm for 1 min 
of centrifugation for all the experiments. 

On the other hand, it is well established that the concen- 
tration of the suspensions is maximized when the energy cost of 



Chapter 3. Articles 

77 

 

 

 
 

Fig. 2 (a) PXRD patterns of ground Sb crystals (black), dry ball-milled Sb crystals (green) and wet ball-milled Sb crystals (blue). The inset shows a 
magnification of the area coloured in grey in Fig. 1a. (b) Calibration of the turbidity (NTU units) versus concentration (g L—1). (c) Concentration of 
the samples using different starting materials. The inset displays a photograph of the three different suspensions with a clear change of colour 
due to changes in the concentration. SEM images (scale bar of the SEM images is equal to 5 µm) of (d) ground Sb, (e) dry ball-milled Sb, and (f) wet 
ball-milled Sb crystals. Length histograms of the corresponding SEM images in µm of (g) ground Sb, (h) dry ball-milled Sb, and (i) wet ball-milled 
Sb crystals. 

 
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 eqn (1). 

∆𝐻𝐻𝐶𝐶𝑚𝑚𝑚𝑚
𝑉𝑉𝐶𝐶𝑚𝑚𝑚𝑚

≈
2

𝑇𝑇𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙
�𝛿𝛿𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙 − 𝛿𝛿𝑠𝑠𝑜𝑜𝑙𝑙𝑠𝑠𝑙𝑙𝑠𝑠𝐼𝐼 �

2∅  

information).39 In our initial survey we have chosen a selection 
of solvents with a wide variety of surface tensions,30 but we 
intentionally included some solvents known to be good 
dispersants for layered materials and surfactants to complete

where 𝛿𝛿𝑚𝑚 = �𝐸𝐸𝑠𝑠𝑠𝑠𝑙𝑙𝑚𝑚  is the square root of the component surface energy, 
Tlayer is the thickness of antimonene nanolayer and ∅ is the volume 
fraction  

Typical solvents used in LPE have surface tension values 
within a well-defined range;30,36–38 therefore we need to calculate 
the surface energy of antimony in order to select the most 
suitable solvent. Fig. S1† shows the results of the theoretical 
calculations  we  have  carried  out  for  obtaining  the  surface 
energy of an Sb (111) crystal surface, leading to a value of 148.8 
mJ m—2. This calculated value is an overestimate since it is 
obtained under ideal static conditions which do not consider the  
dynamics  of  the  LPE  process  (see  ESI.  2†  for  more 

averages. Fig. S2a† shows the concentration values of FL anti- 
monene obtained after sonication and centrifugation (40 min of tip 
sonication and 3000 rpm for 1 min of centrifugation) as a 
function of the surface tension of each solvent. The concen- 
tration values of the suspensions increase for those solvents 
with surface tensions in the range of 23–42 mJ m—2, indicating 

surface energy values in the range 52–71 mJ m—2. These values 
are relatively close to the surface energy value calculated for Sb 
(ca. 149 mJ m—2). 

However, Fig. S2a† also shows some solvents with surface 
tension values within the range suitable for the exfoliation of 
antimonene,  but  they  yielded  a  rather  low  concentration 

the total survey of 28 solvents (see Table S1†). The experiments 
were  run  in  triplicate  and the  concentration represents  the 

(1) 
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suspension. This is commonly observed in the LPE of other 
layered materials and it often indicates that other factors need to 
be considered in order to rationalize the effect of the solvent on 
the exfoliation of our material.26,40 The factors to be considered 
include the solute–solvent molecular interactions, namely 
dispersion forces (δD), polar interactions (δP), and specific inter- 
actions such as hydrogen bonding (δH). In this regard, we used 
both the Hildebrand (δT) and Hansen solubility parameters that 
account for all the molecular interactions involved as criteria to 
assess the suitability of the investigated solvents for the exfolia- 
tion of antimonene (see ESI. 1† for details). 

Fig. S2b† depicts a defined peak of the FL antimonene 
concentration between 22 and 30 MPa1/2 for the δT parameter. 
However, clearly the dT parameter cannot be considered inde- 
pendently as the key parameter, because some solvents showing 
similar δT values present low concentration values. Therefore, 
the Hildebrand parameter is too vague to fully describe the 
exfoliation/dispersion process. Fig. S2c–e† display Hansen's 
model parameters versus concentration in which a defined peak of 
the FL antimonene concentration at ca. 17 MPa1/2 for δD and 
7–22 MPa1/2 for δP and δH can be observed. These results clearly 
show that the best solvents for the production of a high 
concentration of FL antimonene match with these sets of 
Hansen solubility parameters (Table S2†). 

It is remarkable that the use of NMP/H2O (4 : 1) results in 
a concentration of 0.368 g L—1, which means an approximate 
yield of 37 wt%, which is ca. 30 times higher than the highest 
previously reported for LPE of antimony crystals (ca. 0.014 g 
L—1).24 Even though the obtained yield is the highest reported so 
far for antimonene, if we want to scale-up the process for 
industrial application it is necessary to obtain greater values. 
For  this  reason,  we  recycled  the  sediment  obtained  after 
centrifugation to the first step of the LPE process, obtaining 
almost the same yield values for each cycle, up to a maximum of 
7 cycles. A total of 8.94 mg of antimonene was finally exfoliated 
which  means  that  the  final yield  of  the  whole  process  is 

~90 wt% after recycling the sediment 7 times. 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 proportions of 
solvent/water mixtures, in the NMP case, match well with the set 
of Hansen solubility parameters described above and in 
consequence yield higher concentrations (Fig. S2c–e†). 

Therefore, the solvents that give rise to the highest concen- 
tration values are NMP, IPA and 2-butanol, and some mixtures 
of them with water. This result is a consequence of two factors: 
the rational matching of the solvents (i) 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 determining the potential use of the 
antimonene suspensions for several applications is their 
stability with time, i.e. particle aggregation/sedimentation. 
Therefore, we tested the samples with the higher FL anti- 
monene concentration from the initial survey and measured 
their concentration decay at different times (1, 24, 48 and 168 
h). Fig. 3a shows that most of the evaluated suspensions 
underwent a concentration decrease of 10–20% and ca. 50% 
upon leaving  the suspensions undisturbed at 20 ◦C for 1 or 2 days, 
respectively, and almost became stable for weeks after 2 days. 
In  terms  of  suspension  usability,  this  seems  to  be                                                  a 
reasonably good result for most of the applications, but it is 
even better because we have observed that after long times of 
sedimentation, the  suspensions  recover  their initial concen- 
tration values by re-sonicating them for just 5 min. 

Another important issue is the effect on the concentration of 
the suspension caused by the solvent/water ratio. Fig. 2a shows 
that for NMP/H2O, 4 : 1 and 2 : 1 ratios tend to yield optimum 
values of concentration, but in the case of IPA/H2O the differ- 
ences between using diverse ratios are almost neglectable. 

The morphology of the nanolayers obtained in the suspen- 
sions has been evaluated using atomic force microscopy (AFM). 
Fig. S3†–S5† show statistical AFM analysis of the drop-cast 

 
 

 

Fig. 3 (a) Concentration of FL antimonene in suspension after centrifugation, [Sb] (g L—1), plotted versus sedimentation time of the samples prepared 
with the solvents described in the legend. (b) Plot of the DA ratio of the FL antimonene nanolayers as a function of the volume fraction (%) of water in 
the solvent mixtures shown in (a). 
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suspensions on SiO2 with the highest antimonene concentra- 
tion, based on histograms over 150 antimonene nanolayers for 
each sample. The histograms show that the mean length, L, of 
most FL antimonene nanolayers contained in the samples is 
~300 nm while the mean height, H, is ~20 nm. It should be 
considered that when using AFM we are evaluating the apparent 
thickness, which overestimates the real nanolayer height due to the 
adhesion and capillary forces involved.32 A closer examination 
of the LPE results collected in Fig. S3–S5† shows a limiting 
minimum height of ca. 4–6 nm using 2-butanol as the 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 values, ca. 
250–375 nm. The highest DA ratio (Fig. 2b) corresponds to the 
nanolayers isolated from the suspensions obtained using 2- 
butanol as the solvent (DA ca. 27.6), while for the samples 
prepared with IPA and NMP the optimal proportion of the 
solvent/water mixture is 4:1, resulting in DA ratios of ca. 15.7 
and ca. 18.5, respectively. 

Therefore, considering all the factors analysed so far we 
observe that the best results in terms of concentration correspond 
to those obtained using a mixture of 4 : 1 NMP/H2O as the exfo- 
liating solvent, with a final concentration of 0.368 g L—1 and a DA 
ratio of ca. 18.52. However, 2-butanol seems to be the most 
suitable solvent because it exhibits an excellent compromise 
between the concentration (0.279 g L—1) and DA ratio (ca. 27.6). 

 
Ultrasound parameters 

Finally, in order to improve the LPE process we have evaluated 
the  effects  on the  concentration  and  DA  ratio  of  the  FL 

antimonene suspensions using different ultrasound tech- 
niques: sonication tip and ultrasonic bath. 

It is well known that for layered inorganic materials, tip 
sonication is preferred over bath sonication due to the higher 
production rates. However, bath sonication may offer a lower- 
cost alternative to tip sonication and a lower energy input into 
the sample, as it is less localized. 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 reproducible.37 

For this analysis we have used wet ball-milled Sb crystals as 
the starting material, 2-butanol as the LPE solvent, 40 min of 
sonication and 3000  rpm for 1  min  of centrifugation.  The 
results show that using an ultrasonic tip the obtained concen- 
tration (~0.289 g L—1) is higher than the one obtained using an 

ultrasonic bath (~0.262 g L—1). Fig. 4 displays the DA ratio for 
both samples from the mean statistic values of morphology, 
obtaining a much lower DA ratio when using the ultrasonic bath 
(ca. 7.8) than when using the sonication tip (ca. 27.6). The lower 
DA ratio means a decrease in the lateral dimensions of the 
nanolayers while they show similar thicknesses (Fig. 4). Both 
these results can be rationalized considering the experimental 
differences between both techniques. Thus, while the tip soni- 
cation approach delivers energy to the dispersion medium 
directly, when using the ultrasonic bath the energy needs to go 
through the solvent medium and the flask in which the material 
is present to exfoliate it.37 

Finally, we have also tested the effect of the ultrasonic wave 
amplitude of the sonication tip. Fig. S6† shows that the higher 
the amplitude, the higher the concentration: [Sb]100% = 0.289 g 

L—1; [Sb]50% = 0.274 g L—1 and [Sb]20% = 0.252 g L—1. Moreover, 

 
 

 

Fig. 4 Height histogram, length histogram and plot of the length as a function of the height of the FL antimonene nanolayers contained in the 
samples prepared using different devices: (a)–(c) sonication tip and (d)–(f) ultrasonic bath. 
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the DA ratio also increases with the amplitude value: DA100% = 
27.6;  DA50%  = 23.2;  and  DA20%  = 19.9.  Therefore,  100% 
amplitude yields the best results in terms of the concentration 
and DA ratio. 

 
FL antimonene nanolayer characterization 

The energy used to perform the exfoliation in the LPE process 
can affect the 2D material quality generating atomic defects in 
the structure of the nanolayer or inducing some chemical 
changes (e.g. partial oxidation). In this section we have char- 
acterized the FL antimonene nanolayers isolated under LPE 
optimal experimental conditions – i.e.: wet ball-milled Sb crys- 
tals in 2-butanol as the starting material; 2-butanol as the LPE 
solvent with 40 min of sonication and 3000 rpm for 1 min of 
centrifugation using a sonicator tip at 100% amplitude – by 
means of AFM, Raman spectroscopy and TEM. 

Fig. 5 shows the characterization of a representative sample 
prepared using the aforementioned optimal conditions, showing 
the highest DA value. The dispersions observed in the 

optical image show an intense turbidity with a characteristic 
grey colour, indicative of high concentration. AFM analysis of 
samples deposited on SiO2/Si substrates exhibits particles with 
a minimum thickness of 4 nm and average lateral dimensions of 
ca. 250–375 nm, as previously reported. To further charac- 
terize the quality of the sample, we have performed scanning 
Raman  microscopy  (SRM)  mapping  (>14 000  single  point 
spectra) immediately after the exfoliation and correlated the 
results with AFM. 

Fig. 5d shows the single point spectra for FL antimonene of 
ca. 20 nm of thickness revealing the representative main 
phonon peaks, the A1g mode at 149.8 cm—1 and Eg mode at 

110.0 cm—1. The single point spectra obtained from the pixel 
associated to the ca. 4 nm flake, which is close to the diffraction 
limit of our Raman spectrophotometer, suggest a phonon 
relaxing effect when the sample thickness decreases, in good 
agreement with theoretical predictions  and  recent  reports (Fig. 
5d).15,41 The correlation between SRM and AFM images         
shown   in   Fig.   5b   and   c   represents   the   state-of-the-art 

 
 

 

Fig. 5 (a) Optical image of the FL antimonene suspension prepared using 2-butanol as the solvent. (b) Representative topographic AFM image 
(scale bar is equal to 2 µm) of the exfoliated FL antimonene nanolayers contained in the suspension in (a). (c) Corresponding Raman A1g (λexc = 
532 nm) map (scale bar is equal to 2 µm) of the exfoliated FL antimonene nanolayers contained in the area dotted in white in (b) (>14 000 single 
point spectra over a surface area of 13 µm2 using a step size of 0.2 µm). (d) Single-point spectra measured at different thicknesses according to 
the topographic AFM image (inset scale bar is equal to 500 nm) of the small area (A) dotted in orange in (a) and (b) showing the height profiles of 
ca. 4, 5 and 20 nm, respectively. (e) TEM image (scale bar is equal to 100 nm) of FL antimonene nanolayers contained in the suspension in (a). 
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antimonene nanolayer prepared by LPE with the smaller 
thickness reported so far.15,18 Even though all the FL anti- 
monene nanolayers shown in Fig. 5b can be easily correlated 
with the A1 signals from Fig. 5c, it is worth mentioning that the 
resolution of the mapping in some cases shows a broadening in 
the signal that can be attributed to nanolayer aggregation, 
according to AFM images. The crumpled morphology observed 
by AFM has been further confirmed by transmission electron 
microscopy  measurements,  showing  lateral  dimensions  of 
~300 nm (Fig. 5e). Selected area X-ray energy dispersive spec- 
troscopy measurements corroborated their composition, 
showing small signals of oxygen (Fig. S7†). Indeed, a careful 
examination of the Raman maps reveals that for some flakes 
exhibiting high intensity, it is possible to detect some Raman 
signatures attributed to antimony oxides, ca. 255 cm—1, tenta- 
tively related to the Ag mode of Sb2O3. 

In order to corroborate the oxidation, we have investigated 
this sample by X-ray photoelectron spectroscopy analysis, 
showing weak 3d3/2,5/2 signals of antimony in the zero oxidation 
state 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 (Fig. 6, see also ESI.3†). Moreover, among the 
solvents showing optimal Hansen  parameters  investigated  in this 
work, NMP has been reported as an excellent protective solvent 
against oxidation for 2D materials. In this regard, other 2D-
pnictogens such as black phosphorus have  been  success- fully 
passivated with NMP for several days under environmental 
conditions.13,42,43 Therefore, we have investigated this sample by 
XPS to reveal if there is an analogous effect in antimonene. 

Similarly to the ionic-liquid protected few-layer anti- 
monene,25 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 

 
 

Fig. 6 XPS Sb 3d and O 1s regions of the FL antimonene samples 
prepared using NMP and 2-butanol; spectra are offset and rescaled for 
the 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 result of the fit, and solid lines are individual 
components. 

3d3/2,5/2 signals at slightly lower binding energies (see the inset 
in Fig. 6). These results suggest a less oxidized antimonene and, 
therefore, the formation of a protective NMP layer a few nano- 
meters thick on the surface of the antimonene flakes. 

Last but not least, in order to further investigate the effect of 
this superficial oxidation on the properties of antimonene 
prepared by LPE, we took advantage of the high sensitivity of 
electrochemical measurements towards oxidation. Specifically, 
we have studied the electrochemical behaviour of the FL anti- 
monene samples produced in 2-butanol and NMP, named Sb- 
BuOH and Sb-NMP, respectively, as electrocatalysts for the 
hydrogen evolution reaction (HER) under acidic pH. 

To analyse the electrocatalytic performance of the samples, 
linear sweep voltammetry measurements were carried out at 
5 mV s—1 in a previously N2 purged 0.5 M H2SO4 aqueous 
solution (Fig. 7a). In order to compare the electrochemical 
performance, two parameters were explored: the Tafel slope 
value and the overpotential required at a current density of 10 
mA cm—2 (Fig. 7b and c). Sb-NMP possesses a lower Tafel slope 

and Sb-BuOH has a lower overpotential value (—0.70 V), which is 

similar to that previously reported by Gusmão and co-workers 
for shear-exfoliated few-layer antimonene.44 The reduction in 
the onset potential could be attributed to both the dimensions of 
the sheets and the oxidation degree. Thus, in regard to the 
former, Sb-BuOH exhibits lower thickness and a superior 
anisotropic ratio leading to a larger number of edges as well as 
electroactive sites. However, the marked differences observed 
would not be explained only taking into account this effect. 

To investigate the influence of oxidation, we have recorded 
cyclic voltammetry curves before and after the LSV measure- 
ments. Interestingly, CV curves recorded after LSV exhibit redox 
peaks located between 0.3 and 0.6 V vs. RHE with a significant 
current difference (at least 4 times higher), showing much more 
pronounced redox activity for the Sb-BuOH sample (Fig. 7d and 
e). In contrast, when measuring the CV curves first, no peaks 
were observed for the Sb-NMP sample, except a small one at 
0.1 V attributed to Sb0 oxidation in the Sb-BuOH sample, con- 
firming the highest degree of exfoliation, which is related to a 
higher number of more reactive edge atoms (Fig. 7f and g). 
Moreover, the intensity of the observed peaks significantly 
decreases with cycling, indicative of the presence of irreversible 
processes and/or progressive mass loss. Based on the peaks 
observed after the HER experiments, it could be deduced that 
the sample is reduced from its initial oxidized form and this 
oxidized species cannot be reduced at potentials greater than 
—0.3 V vs. RHE. Once the reduction takes place, the reduced Sb 
is able to undergo redox processes in this potential range. 

To shed light on this point, we have recorded CV curves 
fixing the cathodic  potential  and  varying  the  anodic  limit (Fig. 
7h). The first oxidation peak is obtained at 0.20–0.25 V vs. RHE 
but without its corresponding reduction peak. This could be 
related  to  the  oxidation  of  Sb  to  Sb3+.  The  absence  of a 
reduction peak could be explained by the formation of SbO+ 
which is dissociated in the solution and/or hydrogen oxidation, 
explaining the decrease in intensity observed in the CV curves. 
At 0.30 V vs. RHE, a second oxidation peak (or combination of 
several ones) is observed with a reduction peak located between 
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Fig. 7 (a) LSV curves of the different FL antimonene samples, Nafion 
modified glassy carbon blank and platinum blank. (b) Tafel slope values 
and (c) overpotentials required for 10 mA cm—2 calculated from LSV 
data. CV curves recorded after LSV measurements of Sb-BuOH (d) and 
Sb-NMP (e). CV curves recorded before LSV measurements of the Sb- 
BuOH (f) and Sb-NMP samples (g). (h) Voltammograms obtained 
between –0.9 V and different anodic potential limits measured using 
50 mV s—1. (i) Voltammograms obtained between 0.5 V and different 
cathodic potential limits measured using 50 mV s—1. The insets show 
the calculated charges obtained when a positive current is passed 
(Qox) or negative current is passed (Qred). 

—0.30–0.00 V vs. RHE. This reduction does not appear until the 
oxidation reaction shows up revealing the connection between 
both peaks. The involved reaction could be the oxidation of Sb 
and the progressive reduction of Sb2O3 and/or other antimony 
oxides with higher oxidation degrees (i.e. Sb2O4 and Sb2O5). In 
order to evaluate the reversibility of the redox processes, the 
charge was calculated by integrating the oxidation and the 
reduction peaks. Comparing the two processes, one can 
conclude the occurrence of irreversible oxidation with a coeffi- 
cient Qox/Qred value of 1.5–2 (Fig. S8†). Even if the oxidation 
charge involves the two reactions, the peak at 0.25 V vs. RHE has 
a charge of ca. 0.04 mC, inferior to the ox/red difference, and 
therefore indicative of the irreversible formation of antimonene 
oxides. Another issue to remark on is the improvement of the 
HER upon the anodic limit increase. Thus, it is possible that 
irreversible oxidation and the subsequent formation of Sb2O3 
lead to higher electrocatalytic performance, being responsible 
for the better electrocatalytic behavior exhibited by the 2- 
butanol sample, highlighting the importance of controlling the 
oxidation degree in antimonene when exploring energy storage 
and conversion applications. 

Furthermore,  CV  curves  were  recorded  fixing the  anodic 
potential and varying the cathodic limit (Fig. 7i). Before reduc- 
tion, only an oxidation process can be observed. Indeed, 
another oxidation reaction appears when reduction potentials 
are reached proving again that these peaks are related. As 
described above, the sample could be in the form of a mixture of 
antimony oxides (Sb3+ and Sb5+) being partially reduced to Sb0. 

The initial oxidizing peak present in the pristine 2-butanol 
sample should be attributed to the oxidation of Sb0, and it can 
be explained by the highest degree of exfoliation. In addition, 
similar to the previous case, irreversible oxidation can be 
observed. This is very interesting, as it indicates that the 
oxidation of antimonene may result in the formation of novel 

surface antimonene oxides with specific structural and physical 
properties. 

In summary, Sb-BuOH exhibits higher HER performance 
than Sb-NMP likely due to its better exfoliation and anisotropic 
ratio yielding a large number of edges and thus electroactive 
sites. Moreover, the HER performance seems to be related to the 
irreversible formation of superficial antimony oxides, which is 
much more pronounced in the case of the Sb-BuOH sample than 
of the Sb-NMP one, in good accordance with the XPS results. 

 
Conclusions 
We have reported on a systematic study that optimizes several 
parameters of the exfoliation process of antimony bulk crystals 
with the aim to produce stable FL antimonene suspensions with 
a high nanonlayer concentration as well as a high DA ratio. 

The results show that the pre-processing of the material 
affects both the concentration and morphology of the suspen- 
sion of FL antimonene, the optimal process being “wet-ball 
milling” with 2-butanol. 

We have also observed that the solvent plays a crucial role in 
the LPE process. From the 28 solvents preselected based on 
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Hansen parameters as well as other experimental observations, 
the highest concentration value reported so far was obtained 
using a mixture of NMP/H2O in a (4 : 1) ratio, ca. 0.368 g L—1 
(~yield of 37 wt%), while the largest DA value was obtained 
using 2-butanol (ca. 27.6). Nonetheless both solvents seem to be 
suitable for most of the potential applications. Characterization 
of the nanolayers produced with these solvents shows that in (i) 
2-butanol L = 326.38 nm and H = 11.81 nm with ~50% of the 
nanolayers with heights between 2 and 8 nm and lateral 
dimensions between 40 and 300 nm, with nanolayers with the 
smallest height of ca. 3.6 nm and lateral dimensions of ca. 
98 nm; and (ii) NMP/water (4 : 1) L = 292.51 nm and H = 
15.79 nm with ~50% of the nanolayers with heights between 2 
and 10 nm and lateral dimensions between 60 and 250 nm, with 
nanolayers with the smallest height of ca. 4.3 nm and lateral 
dimensions of ca. 72 nm. 

Finally, we have observed that using tip sonication compared 
to bath sonication yields better results, and when employing an 
ultrasonic wave amplitude of 100% the concentration and the 
DA of the samples also increase. In conclusion, the HER activity 
of both Sb-BuOH and Sb-NMP has been characterized to illus- 
trate the usefulness of this optimized LPE process, where Sb- 
BuOH exhibits higher performance likely due to its better 
exfoliation and anisotropic ratio yielding a large number of 
edges and electroactive sites. Interestingly, the HER perfor- 
mance seems to also be related to the irreversible formation of 
superficial antimony oxides, which is more pronounced in the 
case of Sb-BuOH. 

This work provides an important insight into the factors 
influencing the LPE of antimonene, its structural characteriza- 
tion and electrochemical properties. Furthermore, these results 
serve as a guideline for the large-scale production of few-layer 
antimonene of great interest in catalysis, biomedicine, or 
energy storage and conversion. 
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SI.1 Solvent Selection 

It is well-known that successful LPE solvents have surface tension within a well-defined 

range.1,2,3 Therefore, the concentration of the suspension 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).  

 

Where  is the square root of the component surface energy, Tlayer is the 

thickness of an antimonene flake and ∅ is the volume fraction.   

We calculated a value of surface energy for antimony equal to 148.8 mJ·m-2 (Figure S4 and 

“Theoretical Surface Energy Calculations” section, see below). Obviously, this theoretical 

value does not consider the dynamics of the liquid-phase process, so we expect it to be 

reasonably higher compared to the one reported experimentally.4 For this reason, in our 

initial survey we have 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),2 but intentionally we also included some solvents 

known to be good dispersants for layered materials (Table S1).  

Every experiment was run by triplicate and the concentration values represent the mean 

value of the three results. Samples prepared with SDS and SC were discarded from the 

initial survey because we do not observe Tyndall effect in their colorless suspensions.  

To choose the most suitable solvent from the initial survey, we focused at first in the final 

FL antimonene concentration obtained after centrifuging the samples. Figure S5a shows 

the values of concentration, using turbidity measurements (Figure S1), as a function of the 

surface tension of each solvent.  

eq (1) 
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Table S1. Solvents used in the study and their surface tension (at 20 ºC).  

Solvent Surface tension 
(mJ/m2) Solvent Surface tension 

(mJ/m2) 

IPA/H2O (4/1) 22.62 NMP/H2O (2/1) 44.01 

IPA/H2O (2/1) 24.1 NMP/H2O (1/1) 45.26 

IPA/H2O (1/1) 24.25 NMP/H2O (1/4) 48.05 

IPA/H2O (1/2) 27.92 SC/H2O (2 g/L) 57.5 

IPA/H2O (1/4) 32.26 SC/H2O (4 g/L) 53.1 

H2O 72.7 SC/H2O (6 g/L) 51.24 

IPA 21.15 DMF 37.1 

2-Butanol 22.6 DMSO 42.9 

Ethanol 22.1 Hexane 18.43 

Acetone 25.2 Ethyl acetate 23.2 

CHCl3 27.5 PEG/H2O (0.5%) 71.8 

THF 26.4 PEG/H2O (5%) 62.37 

NMP 41.26 SDS/H2O (0.5%) 38.3 

NMP/H2O (4/1) 42.78 SDS/H2O (5%) 38.3 

 

*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.  

First, we observe that almost all the solvents tested can disperse some amount of Sb. 

However, the concentration of the dispersions increases for solvents with surface tensions 

in the range of 23-42 mJ·m-2, what means surface energy values in the range of 52-71 mJ·m-

2. These values are reasonably close to the surface energy value that we calculated for Sb 

(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 could be easily seen in the large spread of 

surface energy values for graphite reported in bibliography.5,6  
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Even though the analysis of the suspension concentration as a function of the surface 

tension is a good starting point, there is an evident problem with the data from Figure S5a, 

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.7,8 To further investigate the mechanism of the exfoliation/dispersion process, is 

necessary to take a look into 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. We calculate these parameters for the initial survey of solvents and plotted 

them against the concentration values (Figure S5b-e).   

If we take a look to Figure S5b, it can be easily seen that there is 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 could be answered saying that, as well as with the surface 

tension, the Hildebrand parameter is too rough to fully describe the exfoliation/dispersion 

process. However, we can easily observe 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 could 

also be found a peak between 7-22 MPa1/2. This results clearly show that the best solvents 

to enhance the concentration of FL antimonene suspensions should match with this set of 

Hansen solubility parameters (Table S2).  
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Table S2. 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  

  

 

SI.2 Theoretical Surface Energy Calculations.   

First-principles calculations within the density functional theory (DFT) formalism are 

carried out using the Quantum-ESPRESSO package.9 The Perdew-Burke-Ernzerhof (PBE) 

functional within the generalized gradient approximation (GGA) is used.10 For the Brillouin-

zone integration, we use a Monkhorst-Pack set of special k-points.11 A normconserving 

pseudopotential is used for Sb with electrons in a 5s25p34d105d-1 configuration. The kinetic 

energy cutoff for the plane wave basis are 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 are 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 is 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 𝐸𝐸𝑠𝑠𝑙𝑙𝐶𝐶𝑠𝑠𝐼𝐼𝑜𝑜𝐼𝐼𝐶𝐶𝑙𝑙 and  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  

𝐸𝐸𝑠𝑠𝑙𝑙𝐶𝐶𝑠𝑠𝐼𝐼𝑜𝑜𝐼𝐼𝐶𝐶𝑙𝑙 has two surfaces.  

  

SI.3 XPS results and data analysis  

XPS data on the samples prepared using 2-butanol and NMP appear in Figures S9 and S10, 

respectively. The figures show the deconvolution in different components of the same data 

presented in Figure 5, corresponding to the O 1s and Sb 3d region. A weak signal coming 

from Sb 3d5/2.in oxidation state zero is seen near 582.5 eV. Oxidized Sb 3d5/2 appears at 

530.9 eV. The main O 1s peak is seen at 532.5 eV, and secondary peak attributed to the 

presence of hydroxide species appears at 534 eV.   
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SI.4 Figures  

  

 

Figure S1. Calculated surface energies for Sb(111) slabs in both unrelaxed and fully relaxed 
geometries.  
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Figure S2. Concentration of FL-antimonene in suspension after tip sonication and 
centrifugation, [Sb] (g/L), plotted as a function of: a) surface tension of the solvents (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 S2a-d.   
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Figure S3. Length histogram of the Sb nanolayers 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.  
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 Height (nm) Height (nm) Height (nm) 

  

Figure S4. Height histogram of the nanolayers 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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Figure S5. Plot of the length as a function of the height, of the nanolayers 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).  
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Figure S6. Height histogram, length histogram and plot of the length as a function of the 
height of the nanolayers 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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Figure S7. a), b) TEM image of FL-antimonene obtained using 2-butanol as solvent, c) X-Ray 
Energy Dispersive Spectroscopy (XEDS) microanalysis of FL antimonene.  

  

1 0 0   n m 

a ) b ) 

1 0 0   n m 

c ) 
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Figure S8. Charge ratio (Qox/Qred) depending on the anodic limits (a) and depending on the 
cathodic limits (b).  
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Figure S9. XPS Sb 3d and O 1s region of the FL antimonene sample prepared using 
2butanol, deconvoluted in different components (see 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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Figure S10. XPS Sb 3d and O 1s region of the FL antimonene samples prepared using NMP, 
deconvoluted in different components (see 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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1. Introduction 

Since the discovery of graphene in 2004,[1] different 2D mate- 
rials such as hexagonal boron nitride,[2] transition metal 
dichalcogenides,[3] metal carbides, and nitrides (MXenes)[4] 

have been prepared because of their outstanding physical and 
chemical properties and potential technological applications. In 
fact, despite the extraordinary properties of graphene, its use 

for (opto)electronic device fabrication is 
hindered by the absence of a band gap. 
In this context, monoelemental materials 
of group 15 of the periodic table (Pnicto- 
gens) have gained increasing attention 
due to their semiconducting behavior with 
thickness-dependent band gaps, that can 
be modulated by strain, doping, or chem- 
ical functionalization.[5] Additionally, these 
2D-Pnictogens offer unique photonic, 
catalytic, magnetic, and electronic prop- 
erties.[6] For instance, black phosphorus 
(BP) is the first isolated 2D-Pnictogen to 
exhibit a band gap thickness dependency, 
ranging from ≈0.3 to 2 eV for bulk and 
monolayer, respectively, therefore being 
an excellent candidate for (opto)electronic 
applications.[7] However, its high reac- 
tivity with ambient water and oxygen has 
prompted the interest in exploring other 
elements in group 15. Despite arsenene 

and bismuthene has been successfully prepared by different 
methods and present interesting properties,[8] antimonene is 
nowadays the most promising alternative to BP. Antimonene 
is a monoatomic 2D material with a buckled structure showing 
exceptional physico-chemical properties suggesting promising 
applications in top-notch technologies. Although some of its 
theoretically predicted properties have already been experi- 
mentally demonstrated, for example, in supercapacitors[9] or 
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2D materials show outstanding properties that can bring many applica- 
tions in different technological fields. However, their uses are still limited by 
production methods. In this context, antimonene is recently suggested as a 
new 2D material to fabricate different (opto)electronic devices, among other 
potential applications. This work focuses on optimizing the synthetic param- 
eters to produce high-quality antimonene hexagons and their implementation 
in a large-scale manufacturing procedure. By means of a continuous-flow 
synthesis, few-layer antimonene hexagons with ultra-large lateral dimensions 
(up to several microns) and a few nanometers thick are isolated. The suit- 
able chemical post-treatment of these nanolayers with chloroform gives rise 
to antimonene surfaces showing low oxidation that can be easily contacted 
with microelectrodes. Therefore, the reported procedure offers a way to solve 
two critical problems for using antimonene in many applications: large-scale 
preparation of high-quality antimonene and the ability to set electrical con- 
tacts useful for device fabrication. 
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for fiber lasers,[10] many others remain a challenge due to the 
absence of suitable synthetic methodologies to produce the 
required high-quality material.[11] 

Antimonene was first prepared using micromechanical 
exfoliation, giving rise to mono-layers with limited lateral 
dimensions.[12] Soon after, different physical methods based 
on sublimation and on-surface deposition have been devel- 
oped to provide high-quality antimonene.[11,13] On the other 
hand, liquid-phase exfoliation (LPE) of antimony has been suc- 
cessfully used to prepare significant quantities of antimonene 
suspensions.[14] However, we have recently proven that partial 
surface oxidation occurs during the LPE process hampering the 
practical use of this material in electronics.[15] Additionally, the 
chemical synthesis of antimonene has been recently reported 
using a flash injection method giving rise to the formation of 
crystalline hexagons of antimonene with nanometric thick- 
ness.[16] Although this method provides a significant advance, it 
is limited to a batch-to-batch synthesis. 

Moreover, the antimonene hexagons obtained by this proce- 
dure are hampered for some practical applications, for example, 
(opto)electronics, because of the residual surfactant retained on 
their surface after the reaction process. Herein, we have per- 
formed a systematic study on the experimental parameters 
governing the chemical synthesis of antimonene hexagons. We 
have also discovered the tremendous influence of the solvent 
used on their final surface oxidation. Furthermore, we have 
designed a continuous-flow synthesis (CFS) that allows the pro- 
duction of high-quality few-layer antimonene (FLA) hexagons 
in large quantities. The FLAs obtained preserve their physical 
features, that is, electrical conductivity, thus paving the way for 
its large-scale production and laying the groundwork for devel- 
oping antimonene-based electronic devices. 

 
 

1. Results 
When producing antimonene or other 2D materials, it is of 
critical importance to control features such as the thickness 
(i.e., number of layers), lateral dimensions, crystallinity, or sur- 
face properties. A thorough chemical design turns out to be 
crucial to study the properties of the material as well as point 
toward specific applications. In broad strokes, one can divide 
the methods of synthesizing nanomaterials into two different 
groups: top–down and bottom–up approaches.[17] In the case of 
antimonene, both approaches have been reported in the lit- 
erature. In this context, all micromechanical, liquid phase, or 
electrochemical exfoliation have demonstrated the ability to 
produce highly exfoliated antimonene nanoflakes.[12,14a,18] How- 
ever, one of the main challenges in this sort of synthesis relies 
on their lack of obtaining well-defined hexagonal morphologies. 
On the other hand, successful bottom–up approaches such as 
those based on epitaxial growth (i.e., molecular beam epitaxy 
(MBE) and van der Waals epitaxy approaches[13]) have led to 
high-quality antimonene flakes, but fail for the high-scale syn- 
thesis of this material. 

Herein, we use as a starting point a colloidal bottom–up 
approach that has been recently reported by Peng et al.[16] In 
that work, the authors propose the direct synthesis of few-layer 
and well-defined hexagonal antimonene nanosheets starting 

from SbCl3 precursor by promoting their anisotropic growth 
in a colloidal solution using oleylamine (OA), dodecanethiol 
(DDT) and 1-octadecene (ODE).[19] Some of the advantages of 
using solution-phase methodologies rely on their simple pro- 
cedures, the tunability of the material from the point of view 
of size, morphology, composition, and the monodispersity of 
the sample.[20] Therefore, mastering these colloidal approaches 
allowing CFS may open the door to a large-scale synthesis of 
antimonene. 

 
 

2.1. Effects of the Synthetic Parameters on the Colloidal 
Synthesis of Few-Layer Antimonene Hexagons 

 
The choice for a colloidal route in the synthesis of well-defined 
hexagonal antimonene allows for overcoming the limitation in 
the sample quantity characteristic of bottom–up approaches like 
MBE[13b] and the morphology degradation caused by top–down 
approaches such as LPE.[14b] Nevertheless, there are some unclear 
aspects of the precise role of the involved reactants and the exact 
experimental conditions in some steps during the antimonene 
colloidal synthesis which remain unclear since this procedure 
gives rise to a high amount of non-hexagonal morphologies.[16,21] 

In this sense, by following the same procedure reported in the 
literature,[16] we obtain hexagonal antimonene flakes with sizes 
ranging from 1050 to 250 nm and a high amount of Sb non- 
hexagonal particles (around 50%), but without any noticeable 
impurity. Transmission electron microscopy (TEM) data of the 
resulting hexagonal particles, and the respective size distribution 
histogram, can be found in Figure S1, Supporting Information. 

In this context, we have carried out a thorough study focused 
on the influence of the main experimental parameters during 
the antimonene formation. By better understanding the forma- 
tion mechanism, we aim at gaining more control over the par- 
ticle morphology. The synthetic scheme and parameters under 
study are depicted in Figure 1. 

 
 

2.1.1. Precursor Solution 
 

In order to prepare the FLA hexagons, it is necessary to reduce 
the Sb(III) from the SbCl3 to Sb(0). Surprisingly, we have 
observed that a partial Sb reduction occurs even during the first 
step, that is, the synthesis of the Sb(III) precursor. As it can 
be observed in the X-ray photoelectron spectroscopy (XPS) data 
shown in Figure 2a, peaks corresponding to Sb(0) arise from 
the Sb spectrum at 528.1 (Sb 3d5/2) and 537.4 eV (Sb 3d3/2), as 
well as a new peak at 162.3 eV (S 2p) in the S spectrum which 
corresponds to a   covalent   metal-sulphur   bonding,   which is 
expected since DDT has been reported to act as a capping 
agent.[16] These data also point toward DDT being one of the 
Sb's reducing agents, combined with OA, as stated in the most 
recent reports.[16,21] As previously described in the synthesis of 
several perovskites and nanoparticles (NPs) via a similar col- 
loidal approach, OA can act as a reducing agent because of its 
multifunctionality, as a solvent or as a morphology directing 
agent, among others.[19b,22] 

Regarding the reduction triggered by the DDT, its thiol 
groups get oxidized to disulfides, while Sb(III) is reduced to 
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Figure 1. General scheme of the FLA hexagons preparation process. a) Synthesis of the hexagonal antimonene via colloidal approach. b) Experimental 
parameters whose influence on the overall reaction is studied. 

 

Sb(0), as evidenced by gas chromatography coupled to mass 
spectrometry measurement of the precursor solution (Figure S2, 
Supporting Information), which highlights the appearance of 
disulfide species. Besides, TEM images suggest the presence 
of aggregates of small NPs with average sizes of ≈20–50 nm, 
which are expected to act as seeds for the subsequent formation 
of anisotropic morphologies such as hexagons (Figure S2, Sup- 
porting Information).[23] Besides, by means of energy-dispersive 

X-ray spectroscopy, the presence of Sb in these NPs was clearly 
confirmed (Figure S3, Supporting Information). 

In this line, the appearance of Sb(0) in the absence of    
heating motivated us to perform the hot injection of the pre- 
viously prepared at room temperature SbCl3-DDT solution. As 
seen in Figure 2b, hexagonal FLAs are obtained even when no 
heating of the precursor solution is applied. Henceforth, the 
reduction of Sb(III) by both the thiol reagent and OA, which 

 

 
Figure 2. Role of the antimony precursor in the synthesis of few-layer antimonene hexagons. a) XPS spectra of (left) Sb and (right) S at different reaction 
conditions. Sb(0) and M–S bonding peaks are highlighted in grey and yellow, respectively. b) TEM image of antimonene nanosheets obtained without 
heating during the first step (t = 0 h). Sb particles obtained after precursor reaction times of c) 2 and d) 48 h at 150 °C. Scale bar 1 µm. 
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takes place already at room temperature, is revealed as a cru- 
cial step for obtaining the hexagonal morphology. In this con- 
text, it is of utmost importance to carefully degas the reagents 
for at least 12 h before starting the reaction to avoid the pres- 
ence of any impurities in the final material. Nevertheless, the 
absence of heating during the first step gives rise to hexagonal 
nanosheets with lateral dimensions of 800 ± 300 nm (Figure S4, 
Supporting Information). Still, with a high number of unde- 
sirable morphologies, only 33% of the particles are hexagons. 
In fact, as shown by XPS (Figure 2a), Sb―S bonding peak 
increases by applying temperature, and the amount of Sb(0) 
reaches its maximum after heating at 150 °C for 2 h. Thus, 
optimum conditions are achieved by heating the precursor 
solution at 150 °C for 2 h after purifying the reagents. TEM 
confirms the presence of well-defined hexagonal nanosheets 
with a lower number of irregular morphologies (Figure 2c). 
Nevertheless, if the synthesis time continues increasing up to 
48 h, this leads to the formation of many irregularly shaped 
antimony particles of ≈50 nm and the absence of any hexag- 
onal nanosheets (Figure 2d). In line with that, different times 
were also tested during the additional heating steps in the syn- 
thesis of the SbCl3-DDT precursor, that is, the heating time at 60 
°C before the hot injection phase. In this context, heating at 60 
°C for longer times than 1 h leads to quite similar hexagonal 
nanosheets (Figure S5, Supporting Information). Therefore, 
adequate precursor formation is revealed as a crucial step in the 
formation of the resulting structure; however, the heating time 
before hot injection does not play a critical role. 

 
 

2.1.1. Antimony Salt 
 

In order to analyze the influence of the antimony salt on the 
overall morphology of the resulting antimonene, two different 
additional reagents were tested as the primary sources of 
antimony, namely Sb(AcO)3 and SbF3. As has already been 
reported, the combination of the antimony salt Sb(AcO3) and 
dodecyldimehtylammonium bromide gave rise to hexagonal 
nanosheets.[16] Here, the use of only Sb(AcO)3 does not lead to 
the growth of hexagonal nanosheets, but the formation of NPs 
of about 100 nm (Figure S6, Supporting Information). Addi- 
tionally, if the growth time is extended up to 120 s, the small 
particles evolve to antimony tetrahedrons of ≈350 nm in size. 
On the other hand, the use of SbF3 resulted in NPs having 
irregular morphology with an average size of 100 nm at 10 s of 
growing time (Figure S6, Supporting Information). According to 
these results, the most prominent finding is that halogenated 
salts are not the sole condition to obtain the final hexagonal 
shape. 

 
 

2.1.2. Thiol 
 

Due to the synthetic conditions and the heating step at 150 °C, 
the selected thiol must exhibit a boiling point above that tem- 
perature. This feature neglects simple thiols with an alkyl chain 
lower than 12 carbons. Nevertheless, a thiol larger than DDT 
was used to analyze the influence of the organic ligand in the 
formation of the hexagonal morphology. Therefore, 

octadecanethiol (ODT)[24] was tested. In this synthesis, the pre- 
heating temperature before the hot injection was set at 72 °C, 
instead of the typical 60 °C, due to the higher melting point 
of the ODT compared to the DDT. When the SbCl3-ODT was 
chosen as the precursor, the results were in good agreement (in 
terms of morphology) with the expected hexagonal nanosheets 
found in the case of SbCl3-DDT (Figure S7, Supporting Infor- 
mation). Nonetheless, the resulting hexagonal antimonene 
exhibited smaller average lateral dimensions of ≈300 nm, half 
the size of the hexagons synthesized with DDT. This fact high- 
lights the importance of the thiol ligand for the formation of 
the desired morphology since the absence of DDT or ODT gives 
rise to non-hexagonal particles[16] while showing a route to obtain 
FLA hexagons of smaller sizes. 

 
 

2.1.3. Hot Injection Temperature 
 

The hot injection temperature shows up as a critical para- meter 
during the synthesis of the FLA hexagons. However, although 
the typical synthesis is carried out at 300 °C during the hot 
injection step, lower and higher temperatures have also been 
tested. The resulting hexagons exhibit a clear dependence of 
the lateral dimensions with the temperature. While 280 °C 
gives rise to smaller hexagonal flakes (200 ± 100 nm), 320 °C 
leads to larger hexagons of 1300 ± 400 nm but with a higher 
degree of polydispersity as well as irregular morphologies 
(Figure S8, Supporting Information). It is also noticeable that an 
increase in the injection at temperatures up to 320 °C (Figure 
S8d,e, Supporting Information) leads to the presence of 
nanorods corresponding to Sb2O3.[25] These Sb2O3 will be fur- 
ther highlighted and characterized in Figure S12, Supporting 
Information. Therefore, lowering the hot injection temperature 
produces FLA hexagons of a few hundred nanometers in lateral 
dimensions. 

 
 

2.1.4. Injected Volume 
 

In general, parameters such as concentration and metal/ 
surfactant ratio strongly affect the size of NPs. It was found    
that the reduction of the metal concentration usually leads to 
larger NPs. Therefore, the purpose of the present study was 
to vary the amount of SbCl3-DDT precursor solution to maxi- 
mize the lateral dimensions of the hexagonal nanosheets while 
keeping constant the amount of the OA (0.5 mL) and ODE    
(4.0 mL) mixture. In a typical synthesis, 1 mL of SbCl3-DDT 
solution is injected during the hot injection. Both decreasing 
and increasing the injected volume (0.5, 0.7, and 2 mL of Sb 
precursor) leads to the formation of FLA hexagons. Figure S9, 
Supporting Information shows that there are clear differences 
among the tested volume: lower quantities give rise to larger 
particles of ≈1.2 µm in lateral size (1.1 ± 0.3 and 1.3 ± 0.4 µm for 
0.5 and 0.7 mL, respectively). The larger size can be ascribed to 
the smaller quantity of nucleation seeds, as reported in the lit- 
erature, to grow NPs.[26] Regarding the percentage of hexagonal 
versus non-hexagonal particles, we have estimated a 30% and 
35% ratio for 0.5 and 0.7 mL, respectively. On the other hand, the 
sample with 2 mL of injected volume gives rise to the smallest 
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antimonene hexagons with an average size of 500 ± 100 nm 
but with the highest percentage of hexagonal morphologies 
reaching 70% compared to non-hexagonal shapes (Figure S9, 
Supporting Information). With this in mind, 1 mL precursor 
addition seems to be an ideal condition to get a higher yield of 
hexagonal morphology (70%) with larger dimensions, ranging 
from ≈1050 to 650 nm. 

 

2.1.1. Reaction Time and Cooling Procedure 
 

The reaction time is one of the most critical parameters in the 
synthesis of FLA hexagons and the most challenging to control 
since differences of just a few seconds can significantly affect 
the quality of the final product. In this sense, a parameter that 
severely affects the crystallization process is the cooling-method 
after the reaction takes place. According to work already pub- 
lished,[16] the growth of these NPs preferentially occurs at 300 °C 
on the basal facet of the nanosheets. The evidence from this 
study suggests that if the antimonene nanosheets are quickly 
cooled down to room temperature, thinner and monodisperse 
hexagonal nanosheets could be obtained. We have analyzed the 
differences between reducing the reaction temperature from 
300 to 50 °C using a dry ice bath (≈1 min) versus allowing the 
reaction to reach 50 °C under ambient conditions (≈5 min). The 
resulting TEM images can be seen in Figure S10, Supporting 
Information, pointing out the well-defined hexagonal mor- 
phology obtained in both approaches (slow and fast cooling). 
Furthermore, we have seen that when the cooling-time becomes 
shorter, the FLA hexagons show lower lateral dimensions of 
≈900 nm compared to those obtained with longer cooling-times 
(≈1400 nm). When using a dry ice bath, the reaction abruptly 
stops, avoiding the FLA growth in all directions. This observa- 
tion agrees with a conventional crystallization process in which 
a lower rate in the decrease of the temperature produces larger 
crystals. In contrast, a faster process provokes the formation of 
more nuclei giving rise to smaller crystal sizes. 

Therefore, we carried out new experiments to maximize the 
lateral dimensions without increasing the hexagon thickness. 
To do so, we study the slow cooling method when the reaction 
was stopped at t = 0 s, 10 s, and 2 min. We have observed that 
the optimal results are obtained when the reaction is stopped 
immediately after the precursor is injected (denoted as t = 0 s). 
Thus, for instance, longer reaction times, for example, 10 s, 
give rise to FLA hexagons of shorter lateral dimensions while 
the height, measured by AFM, dramatically increases from ≈5 
to 70 nm upon increasing the reaction time (Figure S11a,b,d,e, 
Supporting Information). These observations agree with 
forming a larger amount of Sb(0) after a longer reaction time 
(10 s vs 0 s) that provokes more crystallization nuclei giving 
rise to smaller crystal sizes. We have also observed that longer 
reaction times (2 min) produce thicker and shorter FLA hexa- 
gons together with stick-like morphologies that correspond to 
antimony oxide of a side oxidation reaction, as confirmed by 
Raman spectroscopy showing peaks at 187, 254, and 450 cm−1 

(Figures S11c,f, S12, Supporting Information). 
Therefore, the minimum height measured by AFM (overesti- 

mated the material thickness[14a]) in these experiments for FLAs 
was 5 nm, using the shorter reaction time and slow cooling. 

Figure S13, Supporting Information summarizes the opti- 
mized experimental parameters found to produce the best- 
defined FLA hexagons with larger lateral size dimensions. These 
parameters combine the use of antimony chloride salt with a 
long-chain thiol such as DDT or ODT under an inert atmosphere 
(Ar), followed by 2 h heating at 150 °C. Afterward, the precursor 
can be stored at 60 °C. Concerning the hot injec- tion step at 300 
°C, 1 mL is found to be the optimum volume needed for the 
successful synthesis of high-quality hexagonal nanosheets. 
Then, an aggressive cooling with dry ice leads to a reduction of 
the lateral dimensions. On the other hand, slow cooling in 
combination with an abrupt stopping of the reaction at t = 0 
results in large lateral sizes without compromising the 
thickness. 

 
 

2.2. Morphological and Spectroscopic Characterization 
of Few-Layer Antimonene Hexagons 

 
With the synthetic methodology previously reported, well- 
defined FLA hexagons were obtained.[16] Hitherto, with our 
optimized experimental parameters, we have been able to syn- 
thesize pure thin antimonene hexagons with lateral dimen- sions 
up to several microns. Specifically, flakes of ≈900 nm are 
obtained (40% bigger than the reported particles), exhibiting 
higher monodispersity (deviation of 300 vs 400 nm). A typical 
flake obtained with our optimized procedure as observed under the 
optical microscope and the atomic force microscopy (AFM) is 
shown in Figure 3a,b, respectively. The antimonene flake 
exhibits a perfect hexagonal structure with a flat and relatively 
smooth surface. The height profile extracted from the AFM data 
displays a thickness of 5 nm with a lateral size of 2.8 µm    (Figure 
3a). Statistical analysis of the height and length of pro- duced 
hexagons is shown in Figure S14, Supporting Informa- tion, 
considering only the flakes with a thickness no exceeding 20 nm. 
The structure of the hexagonal flakes was investigated using 
scanning Raman microscopy. Spatial mapping of the char- 
acteristic A1g mode with a step size of 200 nm has yielded the 
Raman map shown in Figure 3b, which is in perfect correlation 
with the optical and AFM images. The mean Raman spectrum  of 
the whole antimonene hexagon was extracted and compared to 
the Raman spectra of the bulk Sb (Figure 3c). In the bulk Sb, the 
two main vibrational modes of bulk antimony can be seen at 112 
cm−1 (Eg) and 150 cm−1 (A1g), ascribed to the in-plane and the out-
of-plane vibrations, respectively. While in the case of the 5 nm FLA 
hexagons, the same Raman modes are observed at 140 and 168 
cm−1, respectively, thus revealing a pronounced blue shift (28 cm−1 

for the Eg mode and 18 cm−1 for the A1g mode),   in perfect 
agreement with previous theoretical predictions as well as 
recent experimental observations.[14a,27] Additional AFM images 
of antimonene hexagons with thicknesses of 6–8 nm   and their 
corresponding average Raman spectra are shown in Figure S15, 
Supporting Information. Moreover, TEM images                 of the as-
synthesized material can be found in Figure S16, Supporting 
Information. 

The produced FLA hexagons exhibit larger lateral dimen- 
sions than those produced with top–down approaches, such as 
LPE and scotch-tape method, and have thicknesses comparable 
to those made using chemical vapor deposition or MBE. This 
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Figure 3. Morphological and spectroscopic characterization of few-layer antimonene hexagons. a) AFM profile of individual Sb nanosheet with overlaid 
thickness profile (5 nm height over 2.8 µm diameter). Scale bar of 1 µm. b) Raman mapping of A1g (150 cm−1) intensity with optical micrograph given 
as inset. c) Comparison of the Raman signal of bulk antimony and the Sb hexagonal nanosheet. d) Typical XPS line spectra of Sb 3d 5/2 and 3/2 region 
forSb hexagonal nanosheets (under environmental conditions) showing contributions from both metallic and oxidized Sb components. Individual 
contributions from the fitting are highlighted. e) HAADF STEM image of individual nanosheet with indicated regions in the center and at the rim of 
the flake used for the extraction of EEL spectra in Figure 2j–m. f) Colorized high resolution STEM-HAADF image to emphasize the amorphous edge 
surrounding the particles. Inset shows the FFT demonstrating the crystallinity of the material. Scale bar of 5 nm. g–i) Elemental compositional EELS 
maps (Sb M4,5, O K, and C K) of the hexagon shown in (e). Scale bar (e–i) of 100 nm. j–m) Comparison of EELS signatures of the nanosheet extracted 
from the edge and the inner region of the crystal. Carbon and oxygen are highly enriched at the edge, indicating terminal oxidation and residual car- 
bonaceous material presumably from the synthesis acting as a capping layer. In the central part of the crystal, the amount of carbon and oxygen is 
strongly reduced and not measurable. 

 

technique stands out by allowing comparatively larger quanti- 
ties while maintaining excellent morphological and structural 
quality. 

Another essential aspect that should be considered is the 
surface chemistry of the FLA hexagons, even more so when 
it comes to synthetic methods based on wet chemistry. In this 
sense, XPS reveals the presence of Sb0 plus significant surface 

oxidation (Figure 3d). The native oxidation layer is further con- 
firmed by aberration-corrected scanning TEM (STEM) and elec- 
tron energy-loss spectroscopy (EELS). 

A high-magnification high angle annular dark field (HAADF) 
image near the edge of the nanosheet is displayed in Figure 3f 
with the fast Fourier transformation (FFT) depicted as the 
inset. The  FFT distinctly  demonstrates  the  high  degree of 
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crystallinity, and from the image data, no significant defects 
within the nanosheet can be observed. In the colorized high- 
resolution HAADF image, the presence of a nanometric        
(3–5 nm) thick amorphous layer at the edges of the nanosheet 
becomes visible. The amorphous rim shows an increased 
EELS signature in regard to carbon and oxygen (Figure 3j,k), 
while these elements cannot be measured in the central part 
of the crystal (Figure 3l,m). The chemical composition of the 
sample was determined by EELS over the hexagon shown in 
Figure 3e, which allowed the construction of the Sb M4,5, O K, 
and C K elemental maps as depicted in Figure 3g–i. The hex- 
agon is mainly composed of Sb and a noticeable amount of 
oxygen located at the surface and edges of the nanosheet, indi- 
cating a native oxidation layer of Sb2O3.[15,27,28] Additionally, a 
significant C signal was detected on the edges of the nanosheet, 
most probably as a result of the presence of capping agents 
as well as contamination from residual solvents.[29] The pres- 
ence of S was not detected on the surface, in good agreement 
with XPS and thermogravimetric analysis coupled to gas chro- 
matography and mass spectrometry (TG-GC-MS), in which 
ODE, OA, and 9-octadecenenitrile (an impurity from the OA) 
were the predominant species detected (Figure S17, Supporting 
Information). 

 
 

2.1. Upscaling the Reaction 
 

Once these optimal synthetic parameters have been estab- 
lished, our focus was on determining whether antimonene 
production can be scaled up, as these types of batch-to-batch 
reactions usually provide very low yields. Then, we study the 
possibility of scaling up the reaction to obtain higher amounts 
of antimonene. First, we increased the concentration of all 
components by a factor of two and ten. Both cases lead to the 
successful synthesis of FLA hexagons (Figure S18, Supporting 
Information), but if the scale-up factor increases from ×2 to 
×10, larger quantities of additional irregular shaped particles 
are found. Alongside that, we also observed some issues related 
to the homogeneity of the sample. In this context, the average 
size of the nanosheets after the upscaling processes exhibited 
extremely polydisperse sizes (i.e., 700 ± 200 and 1500 ± 700 nm 
for scaling up by a factor of 2 and 10, respectively). Besides, the 
percentages of observed hexagons were 44% and 36% for the ×2 
and ×10 samples, evidencing a more significant amount of non- 
hexagonal morphologies as the scaling process goes up (Figure 
S18, Supporting Information). This major polydispersity could 
be associated with the cooling method, which is not effective 
with such high volumes. Henceforth, a simple and scalable 
method solely based on increasing the reagent quantity is not 
possible, and alternative strategies are highly desirable. 

 
 

2.1.1. Continuous-Flow Synthesis 
 

To avoid the scale-up issue, we decided to explore a CFS approach 
using a continuous-flow reactor. We used a home-made tubular 
stainless-steel reactor consisting of a 50 cm long tube with 
inner diameter of 6 mm (see Experimental Section for details) 
as  schematically  represented  in  Figure  4a  and  Figure  S19, 

Supporting Information. Optimizing the CFS synthetic param- 
eters requires the readjustment of some of the parameters used 
in the batch method. Indeed, in the continuous synthesis, we do 
not use the hot injection method, but instead, the precursor and 
reaction medium are mixed at 30 °C before introducing the mix- 
ture in the tubular reactor. This modification directly affects the 
reaction temperature, which decreases from 300 °C used in the 
hot injection method to 250 °C in the continuous one. We have 
noted that further reduction of the reaction temperature pro- 
duces a significant decrease in the reaction yield or the absence 
of this process (below 200 °C). We have also observed that the 
use of temperatures over 250 °C promotes the appearance of 
stick morphologies corresponding to antimony oxide (Sb2O3), as 
has been explained before (Figure S12, Supporting Informa- 
tion). Finally, the reaction product is collected and cooled down 
under ambient conditions to stop the antimony growth. Then, 
the suspension is centrifuged and washed up with chloroform to 
isolate the FLA hexagons for further characterization. 

Figure 4b shows a typical AFM image of an FLA flake with its 
characteristic hexagonal morphology. The flake shows ≈4.5 µm 
in lateral dimensions and 5 nm in thickness. The morphology 
and thickness of the FLA hexagons show good homogeneity 
in size and shape (Figure S20, Supporting Information). With the 
aim of obtaining information about the area and the thick- ness 
distribution of the synthesized FLA hexagons, we have 
performed a statistical AFM study on 120 FLA hexagons. Figures 
S21,S22, Supporting Information show that the lateral size 
varies from 0.5 to 6 µm, with areas over ≈2.5 µm2, and most of the 
flakes show a thickness below 20 nm. An inversely pro- portional 
relationship between the area and the thickness is also observed. 
This suggests that the FLAs present a similar mass with preferential 
growth in the basal plane. Stability of FLA hexagons was 
confirmed by AFM (Figure S23, Supporting Information). Figure 
4c shows a TEM image of a typical FLA hexagon obtained by the 
continuous method confirming that the morphology is similar to 
those FLA hexagons obtained in the flask injection discontinuous 
approach (Figure S24, Supporting Information). The diffraction 
pattern recorded on the same FLA flake obtained in the 
continuous process and shown in Figure 4c, presents the 
hexagonal ordering characteristic of the rhombohedral atomic 
structure. The single point Raman spectrum of an FLA flake with 
60 nm of thickness, excited at 532 nm, reveals the representative 
main phonon peaks, the A1g mode at 149.8 cm−1 and Eg mode at 
110.0 cm−1 (Figure 4d). However, the single point spectrum of an 
8 nm thick FLA hexagon shows a significant blue shift exhibiting 
the A1g mode at 160.1 cm−1 and Eg mode at 125.8 cm−1, which 
agrees with recent reports.[30] Furthermore, in the same way as 
was done for the samples prepared by hot injection (Figure S15, 
Supporting Information)—a study was carried out on six FLA 
hexagons of different thicknesses that confirmed the increase in 
a blue shift as the thickness decreases (Figure S25, Supporting 
Information). Additionally, Figure 4e shows the       X-ray powder 
diffraction (XRPD) pattern of the FLA hexagons featuring 
diffraction peaks indexed to rhombohedral β-phase of 
antimony (JCPDS No. 35-0732), suggesting the high purity of 
the reaction product. We do not observe any significant change 
in both Raman spectra and XRPD of FLA hexagons storage under 
ambient conditions, suggesting material stability (Figure S26, 
Supporting Information). 
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Figure 4. Continuous-Flow Synthesis of few-layer antimonene hexagons. a) Schematic representation of the FLA synthesis by a continuous process. 
b) AFM image of an FLA hexagon showing the height profile of ≈5 nm. Scale bar of 1.5 µm. c) TEM image of FLA hexagon synthesized by the con- 
tinuous method. Scale bar of 1 µm. d) Raman single-point spectra of two FLA hexagons whose thicknesses are 60 and 8 nm, respectively. e) XRPD 
pattern of the powder of FLA synthesized by the continuous procedure. f) Plot of the yields as a function of the flow in the continuous process and 
amount of precursor in the discontinuous process. g) Plot of the area as a function of the height of the FLA hexagons synthesized by both continuous 
and discontinuous procedures. 

 

The optimized synthetic parameters for the continuous pro- 
cess use reactant flow rates between 9 and 14 mL·min−1. We 
have observed that lowering the reaction flow provokes the 
appearance of antimony oxide sticks while increasing the flow 
induces a significant reduction in the reaction yield. The opti- 
mized reaction parameters give rise to a maximum yield close 
to 18%, at 11 mL·min−1, which is significantly higher than the 
best yield obtained with the batch method (12%; Figure 4f). 
Using this flow, we produce ≈0.964 mg h−1. For comparison, we 
have optimized the yield for the discontinuous batch method. 
Figure 4f shows that the maximum yield is achieved when    
the reaction is carried out with 5 mL of the precursor, while a 
decrease in the reaction yield is observed as far as the amount 
of reactants increases. Therefore, this is a clear limitation to the 
scale-up of FLA hexagons preparation on a much larger scale.  
In addition, the typical deviation of the yields is far higher in    
the batch method, which implies that the reproducibility of the 
process in terms of yield is very low. Figure 4g shows the rela- 
tion between the area and the thickness of the FLA hexagons 
obtained using the conditions to get the best yield in the two 
different methods. In both cases, it can be seen the inversely 
proportional relationship between the area and the thickness 

commented before (Figures S21,S22,S27,S28, Supporting Infor- 
mation). When the synthesis was carried out in a continuous way, 
the FLA hexagons present larger areas and lower thicknesses, 
which implies the formation of a more defined 2D material. 

 
 

2.1. Post-Synthetic Treatment versus Oxidation 

After the continuous process, the obtained FLA hexagons are 
covered with capping agents as well as contamination from 
residual solvents.[29] In order to isolate FLA hexagons, we 
thoroughly washed them to remove any contamination from 
reaction solvents and surfactants. Thus, we have observed inter- 
esting differences between the use of chloroform or isopropanol 
as washing and redispersing solvents to prepare FLA disper- 
sions. We have selected these solvents because they represent 
some of the most used solvents to obtain FLA dispersions.[14b] 

 
2.1.1. Surface Characterization 

 
The HAADF image of the FLA hexagons washed with chloro- 
form confirms that they are flat and exhibit hexagonal shape 
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Figure 5. Morphological, structural, and surface characterization of few-layer antimonene. a) HAADF image of FLA hexagon acquired at an accelera- tion 
voltage of 80 kV. Scale bar of 200 nm. b) High-magnification annular bright field (ABF) image of the material surface showing the high degree   
of crystallinity. Scale bar of 2 nm. c) ABF image near the edge of the FLA hexagon showing the amorphous few nanometers thick layer at the flake 
edge. Scale bar of 5 nm. d) EEL spectrums of FLA hexagon dispersed in chloroform (black) and dispersed in IPA (red). e) Typical XPS line spectra of 
FLA hexagons synthesized by continuous procedure dispersed in chloroform. f) Typical XPS line spectra of FLA hexagons synthesized by continuous 
procedure dispersed in IPA. 

 
(Figure 5a). Furthermore, a high-magnification annular bright 
field (ABF) image of the material surface (Figure 5b) shows the 
high degree of crystallinity, with the (111) direction coming out 
of the plane of the 2D flakes. Moreover, no significant defects 
or secondary phases are observed. However, the edges exhibit 
a nanometric thick amorphous layer, as observed in the ABF 
images (these are more sensitive to local crystallinity), and 
very likely this layer affects the top and bottom surfaces, very 
similar to that shown above for hexagons made by hot injection 
(Figure 5c). A similar morphology and crystallinity is observed 
in FLA flakes washed with isopropyl alcohol (IPA), and a few 
nm thick layer is again observed at the flake edges (Figure S29, 
Supporting Information). EEL spectrum images exhibit a small 
degree of oxidation, in the form of a small O K edge contribution, 
in both FLA hexagons washed with chloroform and with IPA 
(Figures S30b,d, S31b,d, Supporting Information). Unfor- 
tunately, it is not possible to carry out an O/Sb relative com- 
position quantification due to the overlap of the O K and Sb 
M4,5 edges (Figures S30c,S31c, Supporting Information). Inter- 
estingly, a comparison of the EEL spectra between those FLA 
flakes washed with chloroform to those washed with IPA shows 
that EEL spectra exhibit more intense O K edge features in the 
IPA sample (Figure 5d, red line), pointing to a slightly higher 
oxidation degree on the surface of the flake than the sample in 
chloroform (Figure 5c, black line). 

In order to study the composition of FLAs at the surface 
level, we have used XPS. The results of the FLA flakes deposited 
on highly oriented pyrolytic graphite surfaces (Figure 5e) reveal 
the presence of antimony oxides besides metallic antimony. 

The O 1s peak is also detected, as it happens to appear very 
near to Sb 3d. It includes a component related to antimony 
oxides (at 532.1 eV) and a component associated with OH 
(at 534.0 eV). This is due to the exposure of the sample 
to the atmosphere before performing XPS. As it can be 
observed in the XPS, the FLA hexagons present more anti- 
mony oxide in those samples redispersed in IPA rather than 
in those redispersed in chloroform, in agreement with EELS. The 
composition of the antimony oxide layer is also different, with 
approximately 35% more Sb2O5 (at 531.9 eV) in the case of 
samples dispersed in IPA than in samples dispersed in chlo- 
roform. The Sb2O3 fraction (at 530.4 eV) is the same in both 
cases. Furthermore, the samples dispersed and sonicated in 
IPA have a significantly smaller metallic antimony peak (39% 
less) compared to samples dispersed in chloroform (Figure 5f). 
These results agree with the oxidation study reported in FLA 
hexagons prepared by LPE. It shows that the chemical syn- 
thesis method provides FLA flakes with less surface oxidation 
due to the metallic antimony peak being significantly higher.[15] 

 

2.1.1. Mechanical and Electrical Properties 
 

Electron microscopy, Raman, XPS, and AFM strongly suggest a 
high degree of crystallinity and purity for the synthetized FLA 
hexagons. However, it is not clear to what extent the hexagonal 
flakes preserve their mechanical properties. To gain information on 
this aspect, we have performed for the first time nanoindenta- tions 
on both types of Sb flakes, synthetized FLA hexagons, and 
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Figure 6. Mechanical and electrical characterization of FLA hexagons. a) AFM topography image showing an antimony microexfoliated flake on SiO2. 
In the image, it is marked the tip-sample contact point on the substrate (green dot) and on the flake (blue dot). Sale bar correspond to 1 µm. b) Force 
versus distance plots performed at the regions pointed by dots in (a). c) AFM topography image showing a FLA flake on SiO2. In the image, it is 
marked the tip-sample contact point on the substrate (green dot) and on the flake (blue dot). d) Force versus distance plots performed at the regions 
pointed by dots in (c). e) AFM topography image of a microexfoliated antimonene flake on SiO2 with an average thickness of 100 nm connected to 
a gold electrode (left region) for cAFM measurements. f) AFM topography image of a FLA flake on SiO2 with 90 nm average thickness connected to 
a gold electrode (upper region) for cAFM measurements. g) AFM topography image of a FLA flake with 16 nm thickness connected to a pair of gold 
microelectrodes (lower and upper regions; the yellow line indicates the flow of current for the red IV curve). h) Current versus voltage characteristics 
for: violet (e), cyan (f), and red (g) lines. FLAs showed in (f,g) were resuspended in chloroform. The dots in (e,f) point to the IVs contact region in 
the cAFM measurements. 

 

those obtained by microexfoliation. More specifically, we select 
random spots on the flake surfaces, and then we indent the 
AFM tip loading the sample up to a maximum force. Figure 6a 
shows an AFM topography image of a microexfoliated flake with 
dots pointing to the areas where nanoindentations were done. 
Figure 6b portrays a force versus distance curve where the can- 
tilever bending, hence the applied force, is basically the same as 
in the silicon oxide substrate. The same situation is observed in 
FLA flake (Figure 6c,d), where indeed both coincide within the 
experimental error. According to Hertz's model the maximum 
contact pressure Pmax between the AFM tip and the sample 
is about 5 GPa (Section S3, Supporting Information for addi- 
tional details). Magnification of the topographies AFM images 
in the region where we performed the force versus distance 
plots show no traces of damage on the surface of the flake, con- 
firming the strength of the FLA. 

On the other hand, it has been already reported that LPE of 
antimony gives rise to FLA in which a passivation oxidation 
layer and antimony oxide is formed at the surface level.[15,31] We 
have observed that the insulating nature of the antimony oxide 
prevents a good electric contact hampering the electrical charac- 
terization of the antimonene layers so-produced. However, the 
obtained results suggest the possibility of establishing electrical 
contacts to characterize the FLA surface electrical conduction. 
To this end, we have initially carried out two electrode experi- 
ments with conductance AFM in exfoliated flakes (Figure 6e) 
and FLA redispersed in chloroform (Figure 6f) with similar 
thicknesses of about 90 nm (Methods S4, Supporting Informa- 
tion for additional details). The corresponding current versus 
voltage characteristics (IVs) exhibit lower conductance for the 
FLA hexagon than for the microexfoliated one (Figure 6h blue 
and green curve, respectively). As the thicknesses of the flakes 

are similar, we attribute this result to the different contact resist- 
ances between the flakes and the electrodes. Contact resistance 
is always present in electrical transport measurements and is a 
major concern in nanosystems.[31] Therefore, we confirm that 
the FLAs prepared by our CFS method can successfully be elec- 
trically contacted. Notably, the IV curves are linear as expected 
for metal contacts. These experiments strongly suggest that 
FLA hexagons exhibit excellent electrical conductance compa- 
rable to that of microexfoliated flakes. 

We confirmed these results further by performing electrical 
transport measurement with an alternative experimental set 
up where we connected a 16 nm thick FLA flake to a pair of 
microelectrodes evaporated using a stencil mask (Figure 6g; 
Figure S32, Supporting Information). In this case, the flake 
does not withstand any kind of mechanical pressure, as in 
the case of conductive AFM (cAFM). The corresponding IV 
(red line in Figure 6h) shows a clear linear tendency with a low 
electrical resistance of 2.5 kΛ, including the contact resistance, 
confirming the cAFM measurements again. 

We applied the same methodology for electrical charac- 
terization of FLA redispersed in IPA with negative results 
(Figure S33, Supporting Information). This evidence further 
confirms the growth of an insulating layer on top of the flake, 
preventing electrical contact.[31] 

 
 

1. Conclusion 

A thorough analysis of the experimental parameters involved 
in the colloidal synthesis of antimonene hexagonal nanosheets 
has been carried out. The optimized conditions have been 
established by means of a combined characterization involving 
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XPS, HRSTEM-EELS, AFM, Raman spectroscopy, TG-GC-MS, 
and XRD. We have demonstrated that the control of the experi- 
mental conditions allows the formation of FLA hexagons with 
lateral dimensions that can be modulated from ≈200–300 nm 
to 2–3 microns, allowing selecting the material size for each 
specific application, for example, biomedical, (opto)electronics, 
catalysis or energy storage, to name a few. 

However, this conventional batch-to-batch synthetic approach 
is restricted to low yields and cannot be scaled up. To face this 
challenge, we developed a continuous flow synthesis that allows 
the large-scale production of antimonene nanosheets with 
excellent morphological and structural quality. Indeed, our 
optimized synthesis yields antimonene hexagons with lateral 
dimensions up to 6 microns—larger lateral dimensions than 
those produced with top–down approaches, such as LPE and 
scotch-tape methods and thicknesses in between 4 and 20 nm, 
comparable to those made using chemical vapor deposition or 
MBE. Furthermore, the high quality of these chemically pro- 
duced antimonene hexagons is reflected in their mechanical 
properties and the low degree of surface oxidation, allowing the 
nanosheets to be successfully contacted with microelectrodes. 

The literature already envisions different potential applica- 
tions for antimonene.[9,10] Some of them require relatively large 
amounts of antimonene even to prepare devices at the lab scale 
(e.g., supercapacitors, biosensors, drug delivery, catalysis, etc.), 
and those applications can hardly be satisfied with existing tech- 
nologies (i.e., LPE). Moreover, applications requiring good elec- 
trical contacts cannot be performed with LPE antimonene flakes 
due to the presence of oxidation layers on the top of antimonene 
surface,[15] and more sophisticated technologies such as MBE 
are required. However, these processes can hardly be scaled up. 
Additionally, the current size of the FLA hexagons here 
reported covers some microns (up to 6 µm), despite these 
are still sizes relatively small for some specific applications in 
which continuous films are necessary, but surpass the flakes 
obtained using MBE, LPE, or micromechanical exfoliation. 
Moreover, our FLA hexagons are large enough for some realiza- 
tions, such as micro-sensors or FETs. 

In summary, this work plays a crucial role in providing 
an alternative preparation with the higher yields reported to 
date. These results open the door for the development of anti- 
monene-based technologies since it allows for the first time the 
large-scale synthesis of high-quality nanosheets for applications 
in electronics and beyond. 

 
 

1. Experimental Section 
Materials: Technical grade ODE (90%), DDT (99.9%), ODT (98%), 

OA (70%), antimony trichloride (SbCl3, 99.999%), antimony triacetate 
Sb(AcO)3 (99.99%), and antimony trifluoride SbF3 (99.8%) were 
purchased from Sigma Aldrich. Chloroform was obtained from Alfa 
Aesar. HPLC grade chloroform was obtained from Scharlab. Isopropyl 
alcohol (IPA, 99.8%) was obtained from Panreac. DDT, ODE, and OA 
were dried with molecular sieves overnight, degassed at 110 °C under 
vacuum overnight (12 h) and store under argon before use. The dried 
and degassed solvents were used as feedstock for each injection. 

Pre-Treatment of the SbCl3: The synthesis of both the antimony 
precursor and the resulting antimonene was carried out following the 
methodology described by Peng et al.[16] For the SbCl3-DDT precursor, 
SbCl3 (0.912 g, 4 mmol), DDT (4 mL), and ODE (6 mL) were added into 

a 50 mL 3-neck flask, degassed under vacuum for 2 h at 110 °C, and 
purged with Ar. Afterward, the mixture was heated under Ar to 150 °C 
until all SbCl3 reacted with DDT. The signal that the reaction had taken 
place was a color change from transparent to yellowish. Since SbCl3-DDT 
precursor solution precipitated out of ODE at room temperature, it was 
preheated at 60 °C before its use. 

Synthesis of Hexagonal Antimonene Nanosheets: In a typical synthesis, 
OA (0.5 mL), and ODE (4.0 mL) were added in a 50 mL three-necked 
flask. The reaction mixture was degassed under vacuum for 30 min at 
110 °C and purged with argon. Next, the flask was heated up to 300 °C, 
and then 1 mL of SbCl3-DDT precursor solution was injected swiftly into 
the reaction system. After 10 s, the reaction was stopped and cooled down 
by immersing the flask into a water bath, and the final FLA was obtained 
by centrifugation. In order to isolate the thickest nanosheets, the mixture 
was centrifuged twice at 13 400 rpm for 20 min and redispersed in CHCl3. 
Synthesis of Few Layer Antimonene Hexagons in Continuous Flow: The 

reaction medium, ODE and OA, were degassed under vacuum for 30 min 
at 110 °C. After that reaction medium and precursor, in a 5:1 ratio, were 
mixed under Ar in a flask. The tubular steel reactor used was 50 cm long, 
6 mm internal diameter, and 8 mm external diameter and was heated up 
through Joule effect. The reactor was preheated at 250 °C, and then the 
mixture was pumped in the reactor by a peristaltic pump with an 11 mL 
min−1 flow. The product was cooled down at room temperature in the 
collector flask. FLA hexagons were centrifuged at 8000 rpm for 5 min. and 

washed with chloroform three times to remove the reaction solvents. 
Supporting information provides a detailed description of the 

methods used in this work. 
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S1. Materials and Methods 

Atomic Force Microscopy (AFM) imaging: AFM measurements were carried out using a 

Cervantes Fullmode AFM from Nanotec Electronica SL. WSxM software (www. 

wsxmsolutions.com) was employed both for data acquisition and image processing[1]. Contact 

mode were used for acquired all the topographical images shown in this work to avoid possible 

artefacts in the flake thickness measurements[2]. PPP-NCHR cantilevers (nanosensors.com) 

with a nominal spring constant of 42 N m-1 and tip radius of less than 7 nm were employed. Low 

forces of the order of 1 nN were used for imaging to ensure that the flakes would not be 

deformed by the tip. Figure S15 was taken with a Bruker Dimension Icon microscope in scan-

assist–mode. Bruker Scanasyst-Air silicon tips on nitride levers with a spring constant of 0.4 

N·m-1 were used. All images have a resolution of 1024 x 1024 pixel and were recorded with a 

scanning rate of 0.40 Hz. Post-processing was performed by using Gwyddion for image 

correction, flattening and extraction of the height profile. 

Substrate preparation: Si surfaces (with 300 nm of SiO2 covering layer) were sonicated in 

acetone for 15 min, subsequently in 2-propanol for other 15 min and then dried under an 

argon flow. 

Electrode preparation: With the FLA flakes deposited on the substrate, we proceed to fabricate 

the electrodes by evaporating Au/Cr (80 nm/5nm). Previously, we covered the flake with a 

stencil mask (Figure S28) guided by an optical microscope. This procedure allows us to obtain 

two different configurations with one or two electrodes. The first one is suitable for 

conductance atomic force microscopy that uses a metallized AFM tip as a second mobile 

electrode. The second one is directly used in a home-made probe station. 

Optical microscopy: Optical images were acquired on a Zeiss Axio A1.m optical microscope 

using white light illumination at normal incidence with a 100× objective (0.9NA). 

Raman spectroscopy: Raman spectroscopic characterization was carried out on a LabRAM HR 

Evolution confocal Raman microscope (Horiba). The measurements were conducted with 
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an excitation wavelength of λexc= 532 nm. The laser was focused using a 100× objective (0.8 

NA), thus leading to a laser spot with a diameter of ca. 1 μm. A CCD camera was employed 

to collect the backscattered light that was dispersed by an 1800 grooves per mm grating 

providing a spectral resolution of ~ 1 cm-1. The corresponding Raman spectra were then 

constructed by processing the data using Lab Spec 5 software. 

Thermogravimetric analysis (TGA) coupled to gas-chromatography (GC) and mass 

spectrometry (MS): Thermogravimetric analysis was carried out on a Netzsch TG 209 F1 

Libra instrument. Mass loss and time-dependent temperature profiles in the range of 30 and 

700 °C (10 °C min-1 heating rate) were recorded under a constant flow of He (20 mL min-1). 

The evolved gases detached from the respective samples in combination with the He carrier 

gas is transferred into the GC system through a preheated collector, transfer line and loop 

injector Netzsch TRG 004 at a constant temperature of 300 °C. The gas-chromatographic 

separation was achieved by an Agilent 8890 GC system equipped with a polysiloxane-coated 

Elite-5MS capillary column: 30 m length, 0.25 mm diameter, 0.25 μm film thickness. In all 

the cases the injections were performed with the column at 45 oC. The samples were measured 

injecting at 300 °C from TG using the following parameters: split ratio = splitless, split flow 

= 1:10 mL min-1, flow rate helium = 9 mL min-1, temperature profile with a dynamic ramp of 

10 oC min-1 from 45 to 350 °C. MS measurements were performed on an Agilent 5977B 

GC/MSD. The obtained data was processed with the Agilent MassHunter Qualitative 

Analysis10.0 Software and Bibliographic searches where performed with NIST MS Search 

2.3. 

Transmission Electron Microscope (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. For the preparation of transmission 
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electron microscopy (TEM) samples, the product obtained by centrifugation was dispersed in 

CHCl3 and deposited on lacey formvar/carbon copper grids (300 mesh). 

Scanning transmission electron microscopy (STEM): High-resolution STEM, high angle 

annular dark field (HAADF) and annular bright field (ABF) images were obtained in a JEOL 

ARM200cF microscope equipped with a spherical aberration corrector and a Gatan Quantum 

electron energy loss spectrometer (EELS), at the National Center of Electronic Microscopy 

(ICTS ELECMI) at UCM, Spain. Elemental composition maps were produced using a multiple 

linear least squares fit of the data to reference EEL spectra. All data were acquired at an 

accelerating voltage of 80 kV. 

Scanning Electron Microscopy (SEM): The SEM images were acquired in a FE-SEM Hitachi 

S-4700 operating at an accelerating voltage of 25 kV. 

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed in an ultrahigh 

vacuum system ESCALAB210 (base pressure 1.0 × 10−10 mbar) from Thermo VG Scientific. 

Photoelectrons were excited by using the Mg Kα line (1253.6 eV). All spectra were referred to 

the Fermi level. The line shape of the core levels was fitted using a Shirley background and 

asymmetric doublet pseudo-Voigt functions for Sb 3d and a single function for O 1s. The fit 

was optimized using a Levenberg-Marquardt algorithm with a routine running in IGOR Pro 

(WaveMetrics Inc.)[3]. The quality of the fit was judged from a reliability factor, the normalized 

χ2. XPS peaks coming from the substrate and satellite lines from the X-ray source have been 

taken into account in the analysis. 
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S2. Additional characterization data 
 

 
Figure S1. a) TEM image and b) histogram (100 particles) of the antimonene particles obtained 
via the as-reported colloidal synthesis reported by Peng et al.[4] Scale bar of 1 µm. 
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Detected species: 
RT: 16.9 – 17.0 min : DDT 

 
RT: 19.7 – 19.9 min; 21.7 – 22.1 min : ODE 

RT: 29.3 – 29.4 min : 1,2-didodecyl disulfide 

 
 
 
 

 
Figure S2. a) GC/MS of the precursor solution (SbCl3 + DDT + ODE) with the detected 
species and b-c) TEM images. Scale bar of 200 nm. 
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Figure S3. a) TEM image of the resulting nanoparticles obtained in the precursor. Scale bar 
of 200 nm. b-c) EDX of the selected points of the TEM image highlighting the presence of Sb 
in the sample. 

 

 
Figure S4. a) Additional TEM image and b) histogram (100 particles) of antimonene flakes 
after performing the precursor synthesis at room temperature. Scale bar of 1 µm. 
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Figure S5. TEM images and histograms of the obtained antimonene after modifying the heating 
time at 60 oC prior to the hot injection: (a and b) 1 h, (c and d) 2 h, (e and f) 6 h and (g and h) 
19 h. Scale bar of 600 nm. 
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Figure S6. TEM images of the resulting antimonene using different Sb salts: Sb(AcO)3 with a 
growth period of (a) 10 s and (b) 120 s after the hot injection; (c) SbF3 with a growth period of 
10 s. Scale bar of 300 nm. 
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Figure S7. a-b) TEM images of the resulting antimonene using ODT as the capping agent. c) 
Corresponding histogram. Scale bar of 1 µm. 
 

 
 
Figure S8. TEM images of the resulting antimonene with hot injection temperature of (a, b and 
c) 280 oC and (d, e and f) 320 oC. 
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Figure S9. TEM images and histograms of the resulting antimonene after injecting (a, b and c) 
0.5, (d, e and f) 0.7, (g, h and i) 1 mL and (j, k and l) 2 mL of Sb precursor. Scale bar of 1 µm. 
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Figure S10. TEM images of the resulting FLA hexagons after (a and b) cooling at room 
temperature and (c and d) using a dry ice bath. In the light of these images, the darker the 
hexagons, the higher the thickness. Scale bar of 100 nm. 

 

 
Figure S11. TEM images of the resulting FLA hexagons using the slow cooling method and 
reaction time of a) t = 0, b) t = 10 s and c) t = 2 min. AFM images of the resulting FLA using 
the slow cooling method and reaction time of d) t = 0, e) t = 10 s, c) t = 2 min. Scale bar of 1 
µm. 
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Figure S12. a) Optical microscopy image of antimony oxide sticks. b) Raman single-point 
spectra of an antimony oxide stick. c) AFM image of a typical antimony oxide stick on SiO2. 
d) SEM image of an antimony oxide stick. Scale bar of 1 µm. 

 
 
 

 
Figure S13. Scheme with the optimized synthetic parameters. 
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Figure S14. Statistical analysis of the height and size of produced FLA hexagons considering 
only the flakes with a thickness of less than 20 nm. 
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Figure S15. a) (black square), b) (red square), d) (blue square) and e) (green square) AFM 
images of different Sb hexagonal nanosheets with a corresponding optical picture in the top 
right corner. c) Height profile and f) the Raman spectra of the four hexagons shown in a,b,d and 
e marked with their corresponding color. 

 
Additional AFM images are depicted in Figure S15a, b, d and e, showing four different Sb 
hexagonal nanosheets sorted by thickness. The corresponding heights can be seen in Figure 
S15c. Optical images (insets) indicate that the color of the hexagons changes with decreasing 
thickness from a kind of yellowish color at 8 nm to dark purple color at 6 nm. This suggests 
that the thickness of each hexagon can be estimated by eye, which helps in differentiating and 
characterization of different Sb hexagonal nanosheets. Furthermore, a blueshift of the Raman 
signal with decreasing thickness can be observed in Figure S15f. The A1g signal shifts from 162 
cm-1 (8 nm) to 168 cm-1 (6 nm). The blueshift is more pronounced with the decrease in the 
thickness of the flake. Also, the Eg signal blueshifts with decreasing thickness from 130 cm-1 to 
138 cm-1. Moreover, the ratio of Eg to A1g increased from 0.3 (8 nm) to 0.4 (6 nm). These results 
agree well with previously published reports.[5] 
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Figure S16. Additional TEM images of antimonene flakes after optimizing the synthetic 
parameters. Histogram obtained with 100 particles. Scale bar of 200 nm. 
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Detected species: 
-1-Octadecene (rt: 13.086-13.247 min, 15 scans) 

-Oleylamine (rt: 18.494-18-781 min, 15 scans) 
 

-9-Octadecenenitrile (rt: 19.263-19.539, 15 scans) 

 
Figure S17. TG (left) coupled with GC-MS (right) with the detected species on top of 
hexagonal antimonene nanosheets. 
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Figure S18. Additional TEM images of antimonene flakes after scaling up the reaction by (a 
and b) two and (c and d) ten times. Histograms (100 particles) of the (e) x2 and (f) x10 samples. 
Scale bar of 2 µm 
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Figure S19. Digital photograph of the continuous flow reactor setup. 

 
 
 
 
 
 
 

 
Figure S20. General SEM (a) and AFM (b) images of FLA hexagons synthesis by continuous 
procedure. Scale bar of 2 µm. 
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Figure S21. Statistical AFM study of FLA hexagons synthesis by continuous procedure. a) 
Area histogram. b) Height histogram. c) Lateral dimension histogram. d) Plot of the area as a 
function of the height. e) Plot of the lateral dimension as a function of the height. 

 
 
 
 

 
Figure S22. Representative AFM images used in the statistical study of FLA hexagons 
synthesized by continuous procedure. Scale bar of 1 µm. 
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Figure S23. a) AFM image of FLA hexagon prepared by continuous flow procedure measured 
freshly. b) AFM image of FLA hexagon prepared by continuous flow procedure measured after 
keeping the samples under ambient conditions for 15 months. Scale bar of 1 µm. 

 
 
 

 
Figure S24. a), b) TEM images of FLA hexagons synthesized by continuous procedure 
confirming the hexagonal morphology. c) X-Ray Energy Dispersive Spectroscopy (XEDS) 
microanalysis of FLA hexagon. Scale bar of 1 µm. 
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Figure S25. Raman spectrum of FLA hexagons with different thicknesses from 60 to 8 nm 
revealing a blue shift dependence as the number of layers decrease. 

 

 

Figure S26. a) XRPD patterns of the powder of FLA synthesized by the continuous procedure 
measure freshly (black) and more than 4 months later under ambient conditions (red). b) Raman 
signal of thick (>100nm, bulk) and different FLA hexagons spin coated on silicon oxide 
substrates. All samples were measured after being exposed to air for 18 months. No oxidation 
peaks were detected, indicating the high stability of the samples. The measurements have been 
carried out using a LabRAM HR Evolution confocal Raman microscope (Horiba), with an 
excitation wavelength of λexc= 532 nm using an acquisition time of 5 s and a filter of 10 % for 
all samples except the 8 nm Sb hexagon where the acquisition time was increased to 10 s. The 
laser was focused using a 100× objective leading to a laser spot with a diameter of ca. 1 μm. A 
CCD camera was employed to collect the backscattered light that was dispersed by 1800 
grooves per mm grating. The corresponding Raman spectra were then constructed by 
processing the data using Lab Spec 6 software. 

b)
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Figure S27. Statistical AFM study of FLA hexagons synthesis by discontinuous procedure. a) 
Area histogram. b) Height histogram. c) Lateral dimension histogram. d) Plot of the area as a 
function of the height. e) Plot of the lateral dimension as a function of the height. 

 
 

 
Figure S28. AFM images used in the statistical study of FLA hexagons synthesized by 
discontinuous procedure. Scale bar of 1 µm. 
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Figure S29. a) High-angle annular dark field (HAADF) image of a FLA hexagon dispersed in 
IPA acquired at an acceleration voltage of 80 kV. b) High-magnification annular bright field 
(ABF) image of the material surface of a) showing the high degree of crystallinity. c) High- 
magnification of the high-angle annular dark field (HAADF) image near the edge of the FLA 
hexagon shown in a) exhibiting the amorphous few nm thick layer at the flake edge. 

 
 

 
Figure S30. a) High-angle annular dark field (HAADF) image of FLA hexagon dispersed in 
chloroform acquired at an acceleration voltage of 80 kV. b) EEL spectrum image of oxygen 
corresponding to the area marked with a green rectangle in a). c) EEL spectrum of the FLA 
hexagon dispersed in chloroform. d) EEL spectrum image of antimony corresponding to the 
area marked with a green rectangle in a). 
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Figure S31. a) High-angle annular dark field (HAADF) image of FLA hexagon dispersed in 
IPA acquired at an acceleration voltage of 80 kV. b) EEL spectrum image of oxygen 
corresponding to the area marked with a green rectangle in a). c) EEL spectrum of the FLA 
hexagon dispersed in IPA. d) EEL spectrum image of antimony corresponding to the area 
marked with a green rectangle in a). 
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S3. Mechanical properties 

The Hertz’s model used: 

 
 
 

1   6𝐹𝐹𝐸𝐸∗2 

 
 
 
 

1/3 

𝑃𝑃𝐶𝐶𝐶𝐶𝑚𝑚 = 𝜋𝜋 ( 𝑅𝑅2  ) 
 

Being F the applied force, E* the effective young modulus (E*= ESample*Etip/( ESample+Etip) and 

R the AFM tip radius. In our case, the maximum force applied in the indentation experiments 

is 600 nN, ESample= 55 GPa (Young modulus of bulk antimony), Etip= 66 GPa Young modulus 

of SiO2. With these parameters, we obtain a maximum pressure of about 5 GPa. 
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S4. Electrical characterization 

An important requirement to perform cAFM experiments is the fabrication of microelectrodes 

to connect the sample with the macroscopic world. In our case, we used a masking technique 

to evaporate gold contacts in specific sample areas. Figure S28 shows a stencil mask ready for 

metal evaporation. Several motives allow different geometries for the microelectrodes. We 

used this methodology to fabricate electrical connection topologies, like these shown in Figure 

S29. In the same figure, we also show up to 4 characteristic examples of FLA redispersed in 

IPA (Figure S29 b and c) and chloroform (Figure S29f and g)) and the corresponding current 

vs, voltage measurements (Figure S29 d, for IPA, and h, for chloroform). As commented in the 

main article, these FLA redispersed in IPA show infinite electrical resistance. 
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Figure S32. Design of stencil masks used to fabricate electrodes by thermal evaporation. 



Chapter 3. Articles 

146 

 

  

 
 
 
 

 
 
Figure S33. Experimental characterization of the electrical transport properties of FLA hexagons. The 
flakes were contacted on either one or two sides using a stencil mask. a) Conductance AFM 
experiment. A schematic circuit where the second electrode is a conducting AFM tip. b), c) 
Representative examples of FLA hexagons redispersed in IPA studied in conductance AFM 
configuration. d) No current is detected above our noise limit. e) Same as in a), but now the flake is 
connected in the two electrodes configuration. f), g) Representative examples of FLA hexagons 
redispersed in chloroform studied with two electrodes configuration and conductance AFM, 
respectively. h) Current vs. voltage characteristics for the flakes shown in f) (green) and g) (black). The 
different slopes are a consequence of the different electrical contact resistances. 
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Many different two-dimensional (2D) materials have been reported and studied so-far showing outstand- 
ing physico-chemical properties that are expected to create many applications in various technological 
fields. However, the fabrication of many (opto)electronic devices and other components for different ap- 
plications requires the availability of the material in large quantities. This work reports on a two-step pro- 
cedure under mild conditions, preparing high-quality few-layer bismuthene (FLB) hexagons in good yield. 
The FLB hexagons so-formed show ultra-large lateral dimensions, over microns (ca. 2.75 to 4.5 μm), areas 
up to 30 μm2, while a few nanometers thick (5–20 nm). The chemical post-treatment of these nanolay- 
ers with chloroform produces bismuthene surfaces with very low oxidation that can be easily contacted 
with microelectrodes. FLB hexagons show high conductivity and excellent electrical properties, enabling them 
to fabricate an adenine dinucleotide (NADH) sensor where FLB hexagons act as electrocatalytic plat- forms 
with high capacity for improving the charge transfer process. The resulting sensor revealed high analytical 
performance in terms of sensitivity, selectivity, and reproducibility. 

© 2021 Published by Elsevier Ltd. 

 
 

 

1. Introduction 
 

In recent years, two-dimensional (2D) materials have attracted 
significant attention due to their different properties compared to 
their bulk  counterpart.  Currently,  2D  materials  can  be  grouped into 
five prominent families, including transition metal dichalco- 
genides, metal carbides (MXenes), nitrides, organic materials, e.g., 
metal-organic frameworks, and covalent organic frameworks, and 
elements (Xenes) [1]. Some show potential applications in many 
different technological fields such as electronics, optoelectronics, 
thermoelectrics, catalysis, energy, sensing, and medicine [2,3]. The 
Xenes, are the simplest materials in composition, just one element 
and  structure  while  showing  outstanding  physical  properties  and 
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potential applications [4,5]. Graphene represents the paradigmatic  
case in 2D materials. Still, more recently, monoelemental materials 
of group 15 of the periodic table, also called pnictogens,  demon- 
strate that they are great candidates to be useful for many ap- 
plications such as  (opto)electronics,  energy,  medicine,  and  sens- 
ing among others [6]. The first isolated pnictogen was BP, an al- 
lotrope of the element phosphorus with an intrinsic bandgap that 
triggered the interest for (opto)electronic devices [7,8].  Neverthe- 
less, BP is highly reactive with oxygen and water, being  very  un- 
stable  under ambient conditions. Therefore, other pnictogens have 
attracted recent attention because of their higher stability to ambi- 
ent conditions. Thus, some preliminary works report on the prepa- 
ration, the interesting physical properties, and the potential appli- 
cations for arsenene [9–11]. Similarly, bismuthene  has  been  stud- 
ied, showing better properties than the bismuth-based compounds, 
suggesting its potential use in photonic and thermoelectric devices 
[12–19]. Despite these works, only antimonene has begun to study 
to  some  extent  showing  remarkable  physico-chemical  properties 
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[6], pointing towards potential applications in top-notch technolo- 
gies [20–26]. 

The arsenene and antimonene have mainly been prepared using 
top-down methods [27–29]. However, very recently, antimonene 
has been successfully synthesized using wet chemistry [30,31], 
opening the potential use of these 2D materials for applications 
requiring large material quantities. However, bismuthene has been 
prepared using top-down procedures as liquid-phase exfoliation 
[32–34], electrochemical exfoliation [35,36], and ionic liquid as- 
sisted grinding [37]. Even though bismuth crystallizes with a 
rhombohedral layered structure, like the arsenic and antimony, 
the stronger interlayer interactions hamper the yield of these top- 
down processes. Alternative physical methods based on bottom-up 
approaches like epitaxial growth have also obtained high-quality 
bismuthene [38,39]. The problem with these methods is that scala- 
bility is very difficult due to the extreme temperature and pressure 
conditions. 

Several wet syntheses of bismuth nanostructures have been re- 
ported but mostly giving rise to nanoparticles [40–42]. The only 
method to report the formation of few-layer bismuthene (FLB) 
hexagons produces materials with a difference in thickness and as- 
pect ratio of one order magnitude far to be considered a 2D mate- 
rial [43]. Additionally, the reported method is based on a hot injec- 
tion procedure at 270°C, hampering its operability and scalability. 

The graphene and transition-metal dichalcogenides have fo- 
cused most studies on sensing platforms because of their ex- 
ceptional physico-chemical properties [44,45]. The layered struc- 
ture and properties of the pnictogens make them also very in- 
teresting as potential sensing platforms, but still little developed 
[24,46,47]. In this sense, Cui et al. have successfully used bis- 
muthene nanosheets as fluorescence quenchers in the develop- 
ment of sensing platforms to quantitatively and selectivity detects 
a cancer biomarker such as miRNA [48]. Remarkably, the pnicto- 
gens show high electrochemical activity being precious for elec- 
troanalytical purposes. However, only in a seminal work, FLB pro- 
duced by LPE has been used to fabricate modified electrodes and 
successfully applied as metal ion sensors [49]. Additionally, few 
studies have applied FLB, or bismuthene based electrodes, to de- 
velop organic compound sensors [50]. Indeed, one of the high- 
interest cases is the electrochemical sensors for the direct detec- 
tion of adenine dinucleotide (NADH), since more than 300 en- 
zymes have been identified as NADH-dependent dehydrogenases 
[51,52]. 

The present work reports on the preparation of high-quality 
FLB hexagons, in good yield, based on a two-step wet-chemistry 
method. We also evaluate the excellent electrical and mechanical 
properties of so-formed FLB hexagons. These results prompted us 
to develop, optimize, and implement an NADH sensor where FLBs 
deposited on graphene electrodes have been used as electrocat- 
alytic platforms showing a high capacity for the charge transfer in 
donor-acceptor processes. The resulting sensor reveals an excellent 
analytical performance in terms of sensitivity, selectivity, and re- 
producibility. These results suggest that the reported FLB hexagons 
are unique nanostructures with high potential applications in the 
development of electrochemical sensors. 

 
1. Experimental section 

 
1.1. Materials and solutions 

 
Bismuth trichloride (BiCl3, 99.999%), technical grade octadecene 

(ODE, 90%), dodecanethiol (DDT, 99.9%) from Alfa Aesar. Oley- 
lamine (OA, 70%) and β-Nicotinamide adenine dinucleotide re- 
duced disodium salt hydrate (NADH) from Sigma Aldrich. HPLC     
grade Chloroform from Scharlab. 0.1 M Acetate buffer (pH 4.8) 
and 0.1 M phosphate buffer were prepared by dissolving sodium 

acetate (Merck) and glacial acetic acid (Fluka) or the adequate 
amounts of Na2 HPO4 (Merck) and NaH2 PO4 (Merck) to obtain the 
desired pH in water, respectively. Ultrapure water obtained from a 
Millipore Milli-Q system was used in all experiments. 

 
1.2. Synthesis of few-layer bismuthene hexagons 

 
In a typical synthesis, BiCl3 (315  mg,  1  mmol)  is added  in  a  

100 mL three-necked flask. Once the powder is under argon DDT 
(4 mL) is added, and after that, the solution is put under vacuum 
until the salt is absolutely dissolved. Subsequently, ODE (6 mL) is 
added under argon. The solution is degassed under vacuum for 1 h 
at 60 °C. Then, the yellow solution is heated under Ar to 150 °C for 
3 h. After that, OA (1 mL) is added, and it is left reacting at 150 °C 
for 90 min. The resultant is diluted with chloroform (40 mL), then 
centrifuged at 8000 r.p.m. for 3 min and washed up three times with 
chloroform (50 mL each) centrifuging with the same condi- 
tions. After that, the solid is isolated by vacuum. 

 
1.3. Modification of SPGrEs with FLB hexagons 

 
Before the electrode modification, the FLB hexagons dispersion 

in isopropanol (1.0 mg mL−1) was vortexed for 2 min to avoid par- 
ticle aggregation and ensure the homogeneity of the dispersion. 
Immediately after this previous step, 10.0 μL  of  this  dispersion             
was carefully drop-casted onto the SPGrE working electrode sur- 
face and was left to dry at room temperature. Afterward, the modi- 
fied electrodes (FLB/SPGrEs) were stored at room temperature, pro- 
tected from light until use. ESI provides a detailed description of 
the methods used in this work. 

 
2. Results and discussion 

 
2.1. Synthetic parameters analysis 

 
The use of wet synthesis enables the formation of high-quality 

2D materials by simple procedures and, in some cases, even their 
large-scale production. In this study, we present a new method 
that solves the low-quality materials in the top-down approaches 
and the scalability of the bottom-up process. With this method, 
we have prepared FLB hexagons by a solution-phase synthesis us- 
ing a precursor solution of BiCl3 and dodecanethiol (DDT), and  
1-octadecene (ODE) and oleylamine (OA) as solvents. It is well- 
known that the fine adjustment of the reaction parameters is, in 
many cases, crucial for preparing many nanomaterials with the 
correct size and aspect ratio. 

Thus,  we  started  this  study  using  similar  reaction  parameters 
to those previously reported for the precursor solution of the FLA 
hexagons  synthesis  [30,31],  but  using  1  mmol  of  BiCl3  instead  of 
4 mmol because of the lower solubility of the bismuth salt in the 
reaction media. Thus, 1 mmol  of  BiCl3  was  dissolved  in  4  mL  of 
DDT and 6 mL of ODE. However, in this case, the solution changed 
to  yellow  when  the  thiol  mixed  with  the  bismuth  salt  and  then 
to black upon heating at 150 °C, indicating the reduction of the 
bismuth. TEM images  were  used  to  evaluate  the  morphology  of 
the final products setting four different reaction times (1,  3,  6,  and 
24 h) at 150 °C. The shorter reaction time (1 h) gives rise primar- 
ily to spherical nanoparticles with  diameter  sizes  ranging  between  
40 and 150 nm and some sticks of ca. 500 nm length and 40 nm 
width (Fig.  S1a–c).  Nevertheless,  when  the  time  is  increased  to  
3 h, most spheres and sticks have changed to FLB hexagons of 1– 
7 μm length and very light contrast, suggesting small thickness and 
their bidimensional morphology (Fig.  S1d–f).  Reactions  carried  out  
at longer times (6 and 24 h) also form FLB hexagons and spherical 
nanoparticles, but the length of the sticks increases as the reaction 
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time is extended (Fig. S1g–l). The different morphologies were an- 
alyzed by energy-dispersive X-ray (XEDS) to identify the nature of 
each one. Both hexagonal and spherical shapes are only bismuth, 
while the sticks also reveal the presence of sulfur and chlorine (Fig. 
S2). Thus, to obtain FLB hexagons, the most suitable reaction time 
is 3 h, as the time is enough to get the bidimensional particles, 
avoiding the formation of the sticks. 

The concentration of the bismuth precursor is another critical 
parameter that was analyzed, evaluating lower (0.05 M) and higher 
(0.2 M) concentrations to  the  initial  one  (0.1  M).  The  TEM  im- 
ages show that using a lower  bismuth  concentration,  the  forma- 
tion of the spherical nanoparticles is preferred (Fig. S3a–c). On the 
other hand, the sticks are formed preferentially (Fig. S3d–f) using  
higher bismuth concentration. Hence, low concentration  solutions 
give rise to more nanoparticles while high concentration solutions 
afford more sticks. 

Additionally, the effect of the temperature reaction was also 
tested. Thus, reactions were running at lower, 130 °C, and higher, 
180 °C, temperatures. TEM images showed the formation of some 
FLB hexagons when the reaction was carried out at 130  °C,  but 
mainly the formation of spherical nanoparticles and sticks are ob- 
served (Fig. S4a–c). Therefore, this result suggests that 130 °C is not 
enough temperature to form FLB hexagons preferentially. In con- 
trast, FLB hexagons are formed upon increasing the reaction tem- 
perature at 180 °C, but mainly the formation of irregular particles 
is observed, probably due to faster growth (Fig. S4d–f). 

Once these parameters were optimized, the product so-formed 
was analyzed by X-ray powder diffraction (XRPD). The main  
diffraction peaks can be assigned to the bismuth structure (PDF: 
04-006-7762), however, some additional peaks suggest the pres- 
ence of bismuth sulfochloride (BiSCl) (PDF: 04-008-3229)  (Fig.  S5).               

The  low  solubility  of  BiSCl  hamper  further  purification  of  the 
final product, therefore, a synthetic modification was needed to   
avoid it. In the antimony synthesis, OA acts as a reducing agent, 
hence, we evaluated if it plays the same role for bismuth prepa- 
ration. The OA can be added before the reaction takes  place  to 
avoid the formation of additional species or, immediately after to 
reduce the appearance of undesirable side-products. Thus, two re- 
actions were carried out to explore potential differences by adding 
1 mL of OA before and after the reaction took place, respectively. 
In the second reaction, the solution was heated at 150 °C and al- 
lowed to react for 90 min after  OA  addition.  TEM  images  reveal 
that the  addition  of  OA  before  the  reaction  takes  place  produces 
a fast reduction of the bismuth  salt  and  the  formation  of  spher- 
ical bismuth nanoparticles (Fig. S6a–c). On  the  other  hand,  when 
the OA is added immediately after the reaction takes place, FLB 
hexagons morphology remains  together  with  some  minor  amount 
of spherical bismuth nanoparticles, but the  presence  of  sticks  is 
not detected (Fig. S6d–f). This was also confirmed by XRPD, where 
peaks assigned to BiSCl are almost inappreciable (Fig. S7). 

It is worth mentioning that the formation of FLBs do not re- 
quire the addition of OA to start the reduction process, which is 
needed for the FLA formation [30,31], while the complex formed 
with DDT and the temperature is enough for the formation of FLB 
and OA is just needed to avoid BiClS formation. Therefore, the sys- 
tematic analysis of the reaction parameters allows us to set the 
most favorable experimental condition to form FLB hexagons. 

In summary, the most suitable procedure to synthesize FLB 
hexagons consists of  a  two-step  synthesis, schematically  displayed 
in Fig. 1a.  In  the  first  step,  1  mmol  of  BiCl3  is  dissolved  in  4  mL 
of DDT and 6 mL of ODE at 60 °C for 1 h. Subsequently, the mix- 
ture is heated up to 150 °C under Ar for 3 h. Finally, 1 mL of OA 
is added, and  the  reaction  continues  at  150  °C  for  an  additional 
90 min. After that, the reaction mixture is diluted with chloroform 
(40 mL), then centrifuged and washed up three times with chloro- 
form (50 mL each) (Experimental Section for details), and the solid 

is isolated by vacuum. This procedure gives to ca. 90–98 %  yield, 
based on weighing the FLBs dry powder. 

 
1.1. Spectroscopic characterization of FLB hexagons 

 
Once the reaction conditions were adjusted, an exhaustive char- 

acterization of the FLB hexagons was performed. The XRPD analy- 
sis determines that the FLB hexagons present the bismuth rhom- 
bohedral β-phase structure (PDF: 04-006-7762)  (Fig.  1b).  The  sin- 
gle point Raman spectrum of an FLB with 25 nm of thickness, ex- 
cited at 532 nm, reveals the representative main phonon peaks of 
bulk bismuth assigned to  the  Eg  mode  at  71  cm−1,  and  A1g  mode at 
98 cm−1 (Fig. 1c black line) [53]. Interestingly, the single point 
spectrum of an  FLB  with  5  nm  of  thickness  shows  a  significant 
blue  shift  exhibiting  the  Eg  mode  at  85  cm−1  and  A1g  mode  at 
109 cm−1 (Fig. 1c red line), which agrees with the thickness de- 
pendence observed for the antimonene [31]. This thickness depen- 
dence of the Raman signal was studied on seven FLB hexagons of 
thicknesses between 5 and 25 nm, confirming  an  increase  in  the 
blue shift as the thickness decreases (Fig. S8). 

Additionally, the  composition of  the FLB at the surface level 
was evaluated by XPS. FLBs synthesized as described before, and 
deposited on an Au  surface,  were  analyzed  ex-situ  using  XPS. 
Fig. 1d shows a typical XPS spectrum of Bi 4f. The spectrum shows 
the presence of metallic Bi (at 157.0 eV BE) and oxidized Bi (at 
159.5 eV BE). The core-level shift of the oxidized 4f component 
is 2.5 eV, compatible with the formation of Bi2O3 [54]. The elec- 
tron kinetic energy is in the range of 1100 eV. Thus, the electron 
mean  free  path  is  close  to  2  Å .  Importantly,  this  small  value  and 
the observation of the metallic Bi indicate that if the oxide layer 
is homogeneous over the FLB flakes, the thickness of the Bi oxide 
layer must be very thin, in the range of one monolayer of oxide. 
Alternatively, it is possible that oxidized Bi does not cover all the 
crystalline planes of the FLB flakes homogeneously and is concen- 
trated in more reactive areas, like e.g. edges [55]. 

 
1.2. Morphological characterization of FLB hexagons 

 
The morphology of the product particles was also analyzed in 

depth. TEM low magnification images of typical FLB flakes display 
the hexagonal morphology and the large lateral size of the parti- 
cles obtained by the wet chemical synthesis (Figs. 2a and S6d–f). 
After adjusting the parameters, the spherical nanoparticles of bis- 
muth are still seen but in small quantities (10% of the FLB area). 
The selected area electron diffraction (SAED) pattern confirms the 
high crystalline hexagonal structure seen by XRPD (Fig. S9). To con- 
firm the bidimensional morphology, it was also examined by AFM, 
revealing that the FLB hexagons present several microns in lateral 
size and only a few nanometers in height (Figs. 2b and S9). To fur- 
ther evaluate the aspect ratio, a statistical study of the area and 
height of the FLB hexagons was done using AFM images (Fig. S10). 
The synthesized FLBs display lateral size from 0.5 to 7.5 μm, with 
area values between ca. 0.2 and 30 μm2, and thickness from 5 to 
45 nm (Fig. S11a–c). However, the majority of the FLB hexagons, 
around 70%, show lateral size larger than 2.75 μm, areas above 
4.5 μm2, and thicknesses below 20 nm. Besides, there is a ten- 
dency of increasing the area as the thickness decrease (Fig. S11d), 
as happens in the few-layer antimony (FLA) synthesis [31]. Thus, 
the synthesized FLBs exhibit a very well-defined 2D aspect ratio. 
The hexagonal morphology and the lateral size of the FLBs were 
also confirmed by SEM (Fig. S12). 

The FLB hexagon structure was analyzed by scanning Raman 
microscopy. Spatial mapping of the characteristic A1g mode with 
a step size of 200 nm has generated a Raman map which is in 
perfect correlation with the typical morphology of the FLB shown 
in the rest of the microscopy techniques (Fig. 2c). 
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Fig. 1. Spectroscopic characterization of FLB hexagons. (a) Schematic representation of the FLB synthesis. (b) XRPD pattern of the FLB powder. (c) Raman spectra of two FLB 
hexagons of 25 and 5 nm height. (d) XPS spectrum of FLB hexagons showing metallic and oxidized Bi components (see text for details). The minor peak at ∼154 eV BE is 
due to the Mg Kα satellite lines. 

 
Annular bright-field (ABF) scanning transmission electron mi- 

croscopy (STEM) images of the FLB hexagons reveal that the edges 
are flat and regular in shape. Still, they exhibit a damaged layer of 
thickness in the 10 nm range (Fig. 2d). A higher magnification ABF 
image of the surface (Fig. 2e) confirms the high-crystalline struc- 
ture that presents the (111) plane in the flake. Nevertheless, the 
higher magnification ABF image of the edge (Fig. 2f) shows that the 
edges are nanocrystalline, more disordered, and less dense than 
the surface of the FLB hexagons. Electron energy-loss spectroscopy 
(EELS) measurements averaged along the direction of the blue ar- 
row on the HAADF image (Fig. S13) exhibit a large bismuth signal 
(bulk-like). No major sulfur signal can be observed, but a bit of ox- 
idation can be detected near the edges, which is correlated with 
the results obtained by XPS. 

 
1.1. Electrical and mechanical characterization of FLB hexagons 

 
The large lateral dimensions and low surface oxidation of the 

FLB hexagons allow studying their electrical properties. Fig. 2g,h 
portray the electrical characterization of a 12 nm thickness FLB 
hexagon. Fig. 2g is an AFM topography image displaying an FLB 
hexagon adsorbed on an insulating SiO2 substrate electrically con- 
nected to gold microelectrodes (left and right structures), fabri- 
cated by thermal evaporation through a convenient stencil mask 
(Schematic representation in Figs. S14 and S15). We identify the 
features observed across the FLB hexagon as bubbles that appear 
during the deposition process. Fig. 2h shows a typical current vs. 
voltage characteristic with a marked linear dependence. The cor- 
responding electrical resistance inferred from the plot is 1.25 kΩ. 
This figure includes the gold-FLB hexagon contact resistance that 
we attribute to the presence of a thin passivation  layer  (oxide 
layer as shown by XPS) that grows during the synthesis. We have 
also studied the transversal conductivity of the FLB hexagons. Fig. 
S16a,b, show an FLB hexagon with several terraces deposited on a 
gold-coated SiO2 substrate. Using conductive AFM tip (setup shown 
in Fig. S16c), we obtain the transversal current vs. voltage charac- 
teristic at different thicknesses (Fig. S16d). Here, we also have a 
contribution of the tip-sample contact resistance and behavior that 
suggests a thin passivation layer on top of the FLB hexagon. 

Furthermore, the mechanical resistance of the FLB hexagons has 
been studied. It is not evident that the FLB hexagons obtained by 
chemical synthesis are mechanically stable. Therefore, we perform 
a preliminary study by indenting and AFM tip on the flakes and 
comparing the corresponding curve with one obtained in hard SiO2 
substrate (Fig. S17). The data show a similar response in both the 
SiO2 substrate and the FLB hexagons, even for pressures in the 
range of gigapascals (Figs. 2i and S17, also see Section 4 in ESI for 
details). Ulterior AFM images did not show any appreciable dam- 
age on the FLB surface. The electrical and mechanical characteriza- 
tion confirms the excellent quality of the FLB obtained by our wet 
chemistry approach. 

 
1.2. FLB modified sensor 

 
Therefore, the high quality of the FLB hexagons and their excel- 

lent electrical conductivity, prompted  us  to  investigate  its  poten- 
tial in sensing applications [24,46,47]. Thus, as a proof-of-concept, 
we have developed, optimized, and implemented an NADH sensor 
where FLB hexagons are used as electrocatalytic platforms capable 
of reducing the high overvoltage associated with the oxidation of 
NADH at solid electrodes and allowing  NADH  oxidation  at  poten- 
tials as low as +0.2 V. 

The sensor described in this work is schematically depicted in 
Fig. 3a. The FLB deposited on the graphene electrode (SPGrE) is ox- 
idized to Bi3+, which oxidizes the NADH present in the solution to 
NAD+. This charge transfer process is regulated by the electrocat- 
alytic charge transfer constant (kcat). The reduced bismuth gener- 
ated in this reaction is subsequently oxidized back at the electrode 
surface, giving rise to an electrocatalytic current and a new cycle. 
The enhanced electrocatalytic current obtained is therefore propor- 
tional to the NADH concentration present in the solution. 

As described in the experimental section, the surface morphol- 
ogy of SPGrEs  modified with FLB hexagons is observed by scan- 
ningç electron microscopy (SEM). Fig. 3b shows the FLB hexagons 
deposited on the electrode surface with their typical morphology 
and some small bismuth nanoparticles produced in the prepara- 
tion. Notice that under the FLB hexagons, the graphene substrate 
of the SPGrE working electrode is observed in a darker tone. 
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Fig. 2. Morphological, electrical, and mechanical characterization of FLB. (a) TEM image of an FLB hexagon. Scale bar of 500 nm. (b) AFM image of an FLB hexagon. Scale bar 
of 1 μm. (c) Raman mapping image of A1 g intensity of an FLB. Scale bar of 1 μm. (d) High-resolution ABF-STEM image of a corner of an FLB hexagon. Scale bar of 50 nm. (e) 
High-resolution ABF-STEM image of the surface of an FLB hexagon. Scale bar of 5 nm. (f) High-resolution ABF-STEM image of the edge of an FLB hexagon. Scale bar of 5 nm. 
(g) AFM topography image of an FLB flake on SiO2 with an average thickness of 12 nm connected to two gold microelectrodes (left and right regions). Scale bar of 1 μm. (h) 
Current vs voltage characteristic of the device in (g). (i) Force vs. distance plots performed on regions of FLB (red line) and SiO2 substrate (green line) (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.). 

 
 

 
Fig. 3.  Characterization of FLB nanosheets modified SPGrEs. (a) Scheme of NADH sensor development. (b) SEM image of FLB/SPGrE surface. Scale bar of 1 μm. (c) Raman 
spectrum of  SPGrE (a) and FLB/SPGrE (b). (d) CVs at FLB/SPGrEs in 0.1 M acetate buffer solution, pH 4.5 (1) or 0.1 M phosphate buffer solution, pH 7.0 (2) and pH 8.5 (3). 
Scan rate: 100 mVs−1 . 
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The EDX spectrum of the working electrode areas modified with 
the FLB structures (Fig. S18a) clearly shows the elements Bi and 
C. The  presence  of  carbon  on  the  surface  suggests  the  presence 
of graphene as the base of  the  electrode.  In  contrast,  the  pres- 
ence of Bi confirms the modification of the electrode with the FLB 
hexagons. The EDX mapping  (Fig.  S18b)  corroborates  the  individ- 
ual components in the nanostructured modified electrode surface, 
and it confirms the presence  of  bismuth  over  the  carbon  atoms 
that correspond to the graphene surface of the electrode. Raman 
spectroscopy gives additional information about the FLB/SPGrE sur- 
face  showing  two  bands  at  69  and  97  cm−1,  corresponding  to 
the Eg in-plane vibration phonon and A1g mode of metallic bis- 
muth, respectively (Fig. 3c) [53]. The other bands observed in the 
spectrum correspond to graphene bands. In particular, the band 
at approximately 1356 cm−1 (D-band) corresponds to the defects 
caused by sp3 hybridized carbons in the graphene, while the band 
at 1590 cm−1 (G-band) is characteristic of the graphite domains of 
carbon typical of sp2 hybridized carbons present in the graphene 
lattice structure [56]. The similarity between both spectra seems to 
indicate that FLB hexagons are adsorbed on the graphene electrode 
without an additional interaction between them. 

The electrochemical characterization of the FLB/SPGrE was car- 
ried out by cyclic voltammetry (CV) at different pH. As can be 
observed in Fig. 3d, all CVs show a well-defined anodic process 
ascribed to the oxidation of Bi0 to Bi3+. This process strongly 
depends on pH. The peak potential  shifts  towards  more  nega- 
tive values as the pH increases, while the peak current decreases. 
This result suggests that the oxidation of metallic bismuth of FLB 
hexagons is a process strongly influenced by the presence or not 
of protons in the solution due to the formation of bismuth oxides 
on the nanomaterial surface, which limits the reaction kinetic. In 
the subsequent cathodic scan, a poorly defined reduction wave as- 
sociated with the reduction to metallic bismuth of Bi3+ generated 
during the anodic scan is observed in all cases. This cathodic pro- 
cess overlaps with the reduction of molecular oxygen present in 
the solution, particularly at neutral and moderately alkaline solu- 
tions. Besides, it should be noted that oxidation and reduction of 
FLB/SPGrEs show high peak currents in both the anodic and ca- 
thodic processes. The large currents observed can be attributed to 
the high electrode surface coverage with the FLB, a nanomaterial 
with a much higher electroactive specific surface area than their 
bulk bismuth counterpart. 

Results obtained from CV pointed to an efficient electrical 
connection between the  FLB  hexagons  and  the  graphene  flakes 
that form the working electrode and  a  synergistic  effect  from 
the combination of two nanomaterials that is in  good  agreement 
with results previously reported by other authors in which bis- 
muthene/graphene nanohybrids are prepared and deposited on GC 
electrodes [57]. Due to this synergistic effect, SPGrEs have been 
chosen, instead of other materials, as a support to build the modi- 
fied electrodes with FLB hexagons. 

 
1.1. NADH electrocatalytic oxidation 

 
NADH is a well-known cofactor and prosthetic group necessary 

for the catalytic activity of many enzymes involved in redox pro- 
cesses at the cellular level. The direct oxidation of NADH at most 
solid electrodes presents kinetic impediments to the charge trans- 
fer, giving rise to a high overvoltage associated with the oxidation 
process [58]. The way to avoid these kinetic problems is to use 
modified electrodes with different types of redox mediators capa- 
ble of electrocatalyst the oxidation process [59,60]. To test the elec- 
trocatalytic activity of FLB/SPGrEs towards NADH oxidation, the CV 
response of these modified electrodes in 0.1 M phosphate buffer 
(pH 7.0) in the absence and in the presence of 1.0 mM NADH was 
studied. Fig. 4a shows CVs obtained at 10 mVs−1 to promote the 

electrocatalytic process. In the absence of NADH (Fig. 4a, line 1), 
the CV of FLB/SPGrE shows the typical redox response due to the 
oxidation and subsequent reduction of Bi0 previously described. 
Upon addition of 1.0 mM of NADH, there is a dramatic increase of 
the anodic current, starting at -0.1 V (Fig. 4a, line 2) and showing 
a peak potential centered at + 0.2 V. In the subsequent cathodic 
scan, no current is observed, which is consistent with a potent 
electrocatalytic effect. Under the same conditions, NADH is also ox- 
idized at unmodified SPGrEs, but in this case, the oxidation starts 
at +0.1 V, and the peak appears at +0.4 V (Fig. 4a, line 4). These 
results corroborate the ability of SPGrEs to reduce the overvolt- 
age required for NADH oxidation compared to other solid carbon- 
based electrodes. However, the modification of the graphene elec- 
trodes with FLB hexagons leads to a potent electrocatalytic effect, 
as demonstrated by the significant enhancement of the electrocat- 
alytic current and the overvoltage decrease. 

The peak oxidation potential of NADH at FLB/SPGrEs slightly 
shifts toward more positive values with the increase of the scan 
rate (data not  shown),  indicating  certain  kinetic  limitations  in 
the reaction. However, the catalytic peak currents (Icat) increase 
linearly with the square root of the scan rate (Fig. 4b), as one 
would expect for an electrocatalytic process that is transport- 
limited and controlled by NADH diffusion towards the electrode 
surface. Furthermore, the plot of the normalized catalytic peak cur- 
rent (Icat/v½) as a function of the scan rate has the typical shape 
described for an ECcat process (Fig. 4b). 

From chronoamperometric measurements carried out in 0.1 M 
phosphate buffer (pH 7.0) at several concentrations of NADH, and 
using the formalism described by Heusler and Galus [61], the cat- 
alytic constant for the electrooxidation of NADH at FLB/SPGrEs was 
found to be (5.3 ± 0.7) × 105  M−1s−1. This high value confirms 
that the platforms developed have a high electrocatalytic effect to- 
wards the oxidation of NADH. Therefore, they can be applied to the 
design of NADH sensors and biosensors based on redox enzymes 
capable of generating the reduced form of this cofactor. 

The analytical properties of the NADH sensor based on 
FLB/SPGrEs were obtained from chronoamperometric measure- 
ments carried out in non-stirred solutions containing increasing 
amounts of NADH in 0.1 M phosphate buffer (pH 7.0) and giving, 
in each case, a single pulse of potential at +0.2 V. As can be seen 
in Fig. 4c, the current transients obtained reach steady state in less 
than one minute, indicating a fast charge transfer on the electrode 
surface and good permeability of the sensing layer.  The  constant 
state currents (Iss) obtained 50 s after the potential step show a 
linear dependence with NADH concentration present  in  the  solu- 
tion in the concentration range from 10.0 μM to 1.00 mM (Fig. 4c, 
inset). From the linear part of the calibration curve, analytical pa- 
rameters of the NADH sensor, such as the sensitivity and the limits 
of detection (LOD) and quantification (LOQ), were determined. The 
sensitivity, given by the slope of the linear section of the calibra- 
tion curve obtained of three replicate analyses, was  found  to  be 
(1.66 ± 0.03) × 10−3 μA μM−1. The LOD and LOQ were calculated, 
using  the  criteria  3σ  m−1  (LOD)  and  10  σ  m−1  (LOQ),  where  σ 
is  the  standard  deviation  of  the  blank  (obtained  from  of  the  sig- 
nal in the absence of NADH) and m the  slope  of  the  calibration 
curve. Values of 1.80 and 6.00 μM were found for the LOD and the 
LOQ, respectively. These values are 10 times lower than those re- 
ported for chemically reduced graphene oxide modified glassy car- 
bon electrodes [62], and compare well (Table S1) to those reported 
for electrodes modified with a combination of graphene and other 
material (ruthenium nanoparticles, MoSe2). Moreover,  the  operat- 
ing potential of our sensor is one of the lowest. 

Concerning the stability of the device, batches of FLB/SPGrE 
stored  at  4  °C  in  the  absence  of  light,  show   similar   re- 
sponse to 0.10 mM NADH for at least one month after being   
stored.
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Fig. 4.  NADH Electrocatalytic Oxidation. (a) CVs at FLB/SPGrE in 0.1 M phosphate buffer, pH 7.0, in the absence (1), and in the presence (2) of 1.0 mM of NADH. (3) Similar to 
(1) and (4) similar to (2) at an unmodified SPGrE. Scan rate: 10 mVs−1 . (b) Catalytic current normalized to the square root of scan rate (Icat /v½) vs the scan rate (left-bottom) 
and electrocatalytic current (Icat ) vs the square root of the scan rate (right-top) for FLB/SPGrE. (c) Chronoamperometric responses to NADH oxidation at FLB/SPGrE kept at 
+0.2 V. Inset: Calibration curve. 

 
Reproducibility was evaluated by comparing analytical signals 

obtained using three different sensors prepared following the same 
procedure for NADH solutions of different concentrations. Under 
these conditions, a relative standard deviation (RSD) of 5 % was ob- 
tained. These results suggest that the electrocatalytic properties of 
FLB/SPGrEs show great potential in designing sensors and biosen- 
sors. 

 
1. Conclusion 

 
The colloidal synthesis of bismuthene hexagonal nanosheets has 

been carried out in a two-step process under mild experimental 
conditions. The FLB hexagons obtained have been characterized us- 
ing a combined set of techniques involving HRSTEM-EELS, AFM, 
Raman spectroscopy, XPS, and XRD. The high chemical and struc- 
tural quality of the FLBs, and their low degree of surface oxidation, 
have allowed the FLBs to be contacted with microelectrodes to per- 
form their electrical characterization. 

This method yields FLB hexagons with areas up to 30 μm2, lat- 
eral dimensions up to 5 microns larger lateral dimensions than 
those produced with top-down approaches, such as LPE– and 
thicknesses between 5 and 20 nm, comparable to those made us- 
ing more complex procedures as molecular beam epitaxy. Although 
our FLB hexagons are still relatively small in size for some applica- 
tions in which continuous films are required, they surpass the sizes 
of the flakes achieved using other procedures as LPE. Moreover, the 
size of these FLB hexagons is large enough for some insights, as 
micro-sensors or FETs. 

Many potential applications have already been  suggested  in 
the literature for bismuthene as ultrafast photonic devices [32,36], 
high-performance batteries [63,64], and efficient carbon dioxide 
electroreduction reaction [65], among others. However, most of 
them involve reasonably large amounts of bismuthene, even for 
devices fabrication at the laboratory scale (e.g. biosensors, nanocar- 
riers, catalysts…). Those applications can hardly be satisfied with 
existing technologies (i.e. LPE). Moreover, the nanostructure con- 
nection with good electrical contacts in many cases is a non-trivial 
task mainly due to the presence of oxidation layers on the top 
of the surface [66], and more sophisticated technologies such as 
molecular beam epitaxy (MBE) are required, which are hardly be 
scaled up. In this context, we have presented a potential applica- 
tion of the FLB hexagons fabricating a sensor in which the mate- 
rial has been used to modify a graphene-based electrode. The ob- 
served improvement in the electrocatalytic oxidation of NADH al- 
lows affirming that FLB graphene-modified electrodes offer a fea- 
sible means toward its sensitive detection at a low potential. FLB 
modified graphene electrode configuration exhibited an NADH de- 
tection and quantification limit of 1.80 and 6.00 μM, respectively. 

The 2D structure of the FLB hexagons showcases the potential of 
this 2D material in future biomedical sensing and biosensing ap- 
plications. 

In summary, these results open the door for the development of 
bismuthene-based technologies since it provides a mild procedure 
for the high-quality nanosheets preparation and their applications 
in electronics and beyond. 
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S1. Materials and Methods 

Atomic Force Microscopy (AFM) imaging: AFM measurements were carried out using 
a Cervantes Fullmode AFM from Nanotec Electronica SL. WSxM software (www. 
wsxmsolutions.com) was employed both for data acquisition and image processing [1, 
2]. Contact mode was used for acquired all the topographical images shown in this work 
to avoid possible artefacts in the flake thickness measurements [3]. PPP-NCHR 
cantilevers (nanosensors.com) with a nominal spring constant of 42 N m-1 and tip radius 
of less than 7 nm were employed. Low forces of the order of 1 nN were used for imaging 
to ensure that the flakes would not be deformed by the tip.  

 
Substrate preparation: Si surfaces (with 300 nm of SiO2 covering layer) were sonicated 
in acetone for 15 min, subsequently in 2-propanol for another 15 min, and then dried 
under an argon flow. 

 
X-Ray Powder Diffraction (XRPD): PXRD patterns were measured on a Bruker D8 
Advance with Cu Kα radiation with a rapid detector (lynxeye). 
 
Raman spectroscopy: Raman spectroscopic characterization was carried out on a 
confocal Raman microscope with a spectral resolution of 0.02 cm−1, coupled with an 
AFM instrument (Witec ALPHA 300RA), with laser excitation at 532 nm and a 100× 
objective lens (NA = 0.95). The incident laser power was 0.5 mW. The optical diffraction 
resolution was about 200 nm laterally and 500 nm vertically. The samples were mounted 
in a piezo-driven scan platform with 4 nm lateral and 0.5 nm vertical positioning 
accuracy, also equipped with an active vibration isolation system (0.7–1000 Hz). The 
spectra and images were processed and analyzed with the WiTec Project Plus 2.08 
software. 
 
Transmission Electron Microscope (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. For the preparation of 
transmission electron microscopy (TEM) samples, the product obtained by 
centrifugation was dispersed in CHCl3 and deposited on lacey formvar/carbon copper 
grids (300 mesh). 
 
Scanning transmission electron microscopy (STEM): High-resolution STEM, high angle 
annular dark-field (HAADF), and annular bright-field (ABF) images were obtained in a 
JEOL ARM200cF microscope operated at 200 kV equipped with a spherical aberration 
corrector and a Gatan Quantum electron energy loss spectrometer (EELS), at the 
National Center of Electronic Microscopy (ICTS ELECMI) at UCM, Spain.  
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X-ray photoelectron spectroscopy (XPS): XPS measurements were performed in an 
ultrahigh vacuum system ESCALAB210 (base pressure 1.0 × 10−10 mbar) from Thermo VG 
Scientific. Photoelectrons were excited by using the Mg Kα line (1253.6 eV). All spectra 
were referred to the Fermi level. The line shape of the core levels was fitted using a 
Shirley background and asymmetric doublet pseudo-Voigt functions for Sb 3d and a 
single function for O 1s. The fit was optimized using a Levenberg-Marquardt algorithm 
with a routine running in IGOR Pro (WaveMetrics Inc.) [4]. The quality of the fit was 
judged from a reliability factor, the normalized χ2. XPS peaks coming from the substrate 
and satellite lines from the X-ray source have been taken into account in the analysis.  
 
Scanning Electron Microscopy (SEM): The SEM images were acquired in an FE-SEM 
Hitachi S-4700 operating at an accelerating voltage of 20 kV.  
 
Electrode preparation: With the FLB flakes deposited on the substrate, we proceed to 
fabricate the electrodes by evaporating Au/Cr (80 nm/5nm). Previously, we covered the 
flake with a stencil mask guided by an optical microscope. This procedure allows us to 
obtain two different configurations with one or two electrodes. The first one is suitable 
for conductance atomic force microscopy that uses a metalized AFM tip as a second 
mobile electrode. The second one is directly used in a homemade probe station. 
 
Electrochemical measurements: electrochemical experiments were performed with a 
Metrohm-Autolab PGSTAT 30 potentiostat/galvanostat controlled by GPES 4.9 
software. Graphene modified screen-printed electrodes (SPGrEs, ref. DRP-110GPH; 
Metrohm-Dropsens) were used as an integrated electrochemical cell containing the 
three electrodes necessary for the electrochemical experiments. The working 
electrode (4.0 mm of diameter) consists of graphene sheets deposited on a conductive 
ink, a silver ink is a pseudo-reference electrode and a carbon ink serves as the counter 
electrode. The connection of SPGrEs to the potentiostat was carried out with a specific 
connector (ref. DRP-CAC; Metrohm-DropSens). The screen-printed electrodes were 
used in two different ways: directly in the air in direct drop tests (100 µL of working 
solution were directly placed on the surface of the electrode); or immersed in solutions 
contained in a home-made electrochemical cell equipped with a system to remove 
molecular oxygen by bubbling N2. 
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  S2. Additional characterization data 

 

 

Fig. S1. TEM images of the reaction product obtained with different reaction times: 1 h 
(a-c), 3 h (d-f), 6 h (g-i), 24 h (j-l). 
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Fig. S2. TEM images of the different morphologies of the particles obtained in the 
reactions: hexagonal shape (a), spherical shape (c) and, sticks (e) and their XEDS spectra 
(b, d, f) respectively.  
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Fig. S3. TEM images of the reaction product obtained with different amounts of 
precursor: 0.5 mmol (a-c) and, 2 mmol (d-f). 

 

 

 

Fig. S4. TEM images of the reaction product obtained with different reaction 
temperatures: 130°C (a-c) and, 180°C (d-f). 
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Fig. S5. XRPD spectrum of FLB powder without OA (red line) and theoretical spectra of 
Bi (black line) and BiSCl (green line). 
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Fig. S6. TEM images of the reaction product obtain adding 1 mL of OA before (a-c) and 
after (d-f) the reaction takes place.  
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Fig. S7. XRPD spectra of FLB powder before (red line) and after (black line) OA addition.  
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Fig. S10. Statistical AFM study of FLB hexagons. a) Lateral dimension histogram. b) Area 
histogram. c) Height histogram. d) Plot of the area as a function of the height. 

 

 

Fig. S11. a-c) Some representative SEM images showing the typical morphology of the FLB 
hexagons. Scale bars of 2 µm. 
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Fig. S8. Raman single-point spectra of seven FLB hexagons which thicknesses ranging 
from 5 to 25 nm.  

 

 

 

Fig. S9. a-c) Some representative AFM images of FLB hexagons used for the statistical 
analysis. Scale bars of 1 µm. 
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Fig. S12. a) HAADF image of a FLB hexagon. Scale bar of 5 nm. b) Average EEL spectrum measured 
while moving the electron beam along the direction of the blue arrow on the HAADF image (a). 
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S3. Electrical characterization 

 
 

 
 

Fig. S13. Schematic representation of the stencil mask used for gold microelectrode 
deposition. 
 
 

 

 

Fig. S14. Schematic representation of the electrical circuit setup. 
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Fig. S15. Electrical characterization of FLB hexagons. a) AFM topography image showing a 
bismuth flake on gold coated SiO2 substrate. Scale bar of 5 µm. b) Zoom in a region with several 
terraces of flake in a). The thinnest terrace is about 13 nm height. Blue, black and red dots 
correspond to the tip-sample contact point on the flake, and the yellow one on the gold 
substrate. Scale bar 1 µm. c) Schematic of the conductance AFM setup. In this circuit, we used a 
conductive Cr/Pt AFM tip as a second electrode to measure the transversal current of FLB 
hexagons. d) Current vs voltage characteristic performed at the regions pointed by dots in b). 
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S4. Mechanical properties 

 

The Hertz’s model used: 

 

𝑃𝑃𝐶𝐶𝐶𝐶𝑚𝑚 =
1
𝜋𝜋 �

6𝐹𝐹𝐸𝐸∗2

𝑅𝑅2 �
1/3

 

 

Being F the applied force, E* the effective young modulus (E*= ESample*Etip/( ESample+Etip) and R 
the AFM tip radius. In our case, the maximum force applied in the indentation experiments is 
600 nN, ESample= 32 GPa (Young modulus of bulk bismuth), Etip= 66 GPa Young modulus of SiO2. 
With these parameters, we obtain a maximum pressure of about 4 GPa.  
 

 

Fig. S16. a) AFM topography image showing a bismuth flake on SiO2. Red and green dots 
correspond to the tip-sample contact point on the flake and the substrate, respectively. Scale 
bar of 1 µm. b) Force vs. distance plots performed at the regions pointed by dots in a). 
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S5. FLB modified Screen-printed Electrode characterization 

 

 

Fig. S17. a) EDX spectrum of FLB/SPGrE. b) EDX mapping showing bismuth (green) over the 
graphene substrate (red) in FLB/SPGrE. 

 

Table S1. Analytical properties of different NADH sensors based on carbon nanostructures 
modified electrodes 

 

Electrode Technique Em (V) Supporting 
electrolyte 

Linear 
Range 
(µM) 

LOD 
(µM)  

CRGO/GCE DPV 0.15 
(vs Ag/AgCl) 

0.1 M PBS 
(pH 7.4) 50 – 650 21.85  

GNSs/GCE CA 0.32 
(vs Ag/AgCl) 

0.1 M PBS 
(pH 7.0) 10 – 4690 0.23  

MoSe2/HEG@GCE CA 0.15 
(vs Ag/AgCl) 

PB 
(pH 7.0) 1 – 280 1  

ERGO-PAH/SPCE CA 0.45 
(vs Ag pseudo RE) 

0.1 M PBS 
(pH 7.4) - 6  

AuNR@rGO/GCE CA 0.54 
(vs SCE) 

0.1 M PB 
(pH 7.2) 1– 31 0.22  

Gr-W/GCE CV 0.15 
(vs Ag/AgCl) 0.1 M PBS 10– 270 2.188  

RuNPs/PoPD/SPEGPH CV 0.51 
(vs Ag pseudo RE) 

0.05 M PBS 
(pH 7.2) 5.0 –5000 4.0  

FLB/SPGrE CA 0.2 
(vs Ag pseudo RE) 

0.1 M PB 
(pH 7.0) 

10.0 – 
1000 1.80  

 
 

CRGO: chemically reduced graphene oxide, GCE: glassy carbon electrode, GNSs: exfoliated 
graphite nanosheet, HEG: hydrogen exfoliated graphene, ERGO: reduced graphene oxide, PAH: 
poly(allylamine hydrochloride), SPCE: screen-printed carbon electrodes, AuNR: gold nanorods, 
rGO: reduced graphene oxide, Gr-W: graphene-WO42-, RuNPs: triangular ruthenium 
nanoplates, PoPD: o-Phenylenediamine polymer, SPEGPH: screen-printed graphene electrodes, 
SCE: saturated calomel electrode. 
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Methods 

Turbidity measurements were carried out using a HI-88713 Bench Top Turbidity Meter 
Hanna Instruments. 

AFM measurements were carried out using a Cervantes Fullmode AFM from Nanotec 
Electronica SL. WSxM software (www. wsxmsolutions.com) was employed both for 
data acquisition and image processing.1 PPP-NCHR cantilevers (nanosensors.com) with 
a nominal spring constant of 42 N/m and tip radius of less than 7 nm were employed. 
Tapping mode were used for imaging to ensure that the flakes would not be damaged by 
the tip.2 

Raman measurements during the characterization of FL-antimonene flakes 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/A1g ratio can 
be slightly influenced. Raman experiments for the characterization of FL-antimonene 
flakes on AuSPE were performed in a He-Ne laser excited at 633 nm, in an Andor SR-
303i-B spectrograph and a charge-coupled device (CCD) camera coupled with a Nikon 
Eclipse Ti-U optical microscopy. SEM micrographs were obtained using a Hitachi S-
3000N microscope. Resolution 3 nm to 25Kv and voltage from 0.3 to 30Kv with ESED 
detector coupled an X-ray Dispersive Energy (EDX) analyzer from Oxford Instruments, 
model INCAx-sight. The morphology and the characterization of the gold screen-printed 
electrodes was studied using a scanning electron microscopy. Microscope Philips XL30 
S-FEG, microscope with very high resolution. TEM images were obtained in a JEOL 
JEM 2100 FX TEM system with an accelerating voltage of 200 kV. The microscope has 
a multiscan CCD camera ORIUS SC1000 and an OXFORD INCA X-Ray Energy 
Dispersive Spectroscopy (XEDS) microanalysis system. 

Cyclic Voltammetry (CV) experiments were carried out on a potentiostat/galvanostat 
PGSTAT 30 analyzer controlled by GPES 4.9 software (Eco Chemie, Netherlands). 
Measurements were carried out using an AuSPE which contains a gold working and 
counter electrode and a silver pseudoreference electrode, was supplied by DropSens, 
Metrohm. Absorbance was measured on a double beam PharmaSpec UV-1700 series 
Shimadzu spectrophotometer operating from 200 nm to 800 nm in quartz cuvettes with 
1 cm path length. 
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Calculation of the concentration of the Antimonene suspension: Turbidity 
measurements were carried out to estimate the concentration of the samples. To change 
between turbidity measurements to concentration values was needed to make a 
calibration (Figure S1). The real value of concentration to make the calibration was 
obtained by vacuum drying overnight one FL-antimonene sample and the obtained solid 
was weighted to know exactly the amount of antimony that was in the sample.3 

 
 

 
Figure S1. Calibration of the turbidity (NTU units) versus concentration (g/L). 

 
Y = 2473,1·X + 28,81 
R2 = 0,996 
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Figure S2. a) Representative topographic AFM images of FL-antimonene flakes contained in the samples 
obtained on SiO2. b) Height histogram of the FL-antimonene flakes in (a). c) Area histogram of the FL- 
antimonene flakes in (a).
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Figure S4. a-c) TEM images of FL-antimonene flakes. d) A magnified image of the red rectangle of Figure S4c 
showing atomic resolution. e) X-Ray Energy Dispersive Spectroscopy (XEDS) microanalysis of FL- 
antimonene flakes. 
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Table S1. DNA sequences used in this work. 
 

DNA SEQUENCES 
 

CTAAATAGGAAAATACCAGCTTCATAGACAAAGGTTCTCTTTGACTCA 
CCTGCAATAAGTTGCCTTATTAACGGTATCTTCAGAAGAATCAGATCCT 
AAA PROBE BRCA1 

 

GGGGAAATTTTTTAGGATCTGATTCTTCTGAAGATACCGTTAATAAGGC 
AACTTATTGCAGGTGAGTCAAAGAGAACCTTTGTCTATGAAGCTGGTA 
TTT 

 

BRCA1 C 

 

GGGGAAATTTTTTAGGATCTGATTCTTCTGAAGATACCGTTAATAAGGC 
AACTTATTGTAGGTGAGTCAAAGAGAACCTTTGTCTATGAAGCTGGTA 
TTT 

 

BRCA1 SM 

 
 

GAAAACTTTTATTGATTTATTTTTTGGGGGGAAATTTTTTAGGATCTGA 
TTCTTCTGAAGATACCGTTAATAAGGCAACTTATTGCAGGTGAGTCAA 
AGAGAACCTTTGTCTATGAAGCTGGTATTTTCCTATTTAGTTAATATTA 
AGGATTGATGTTTCTCTCTTTTTAAAAATATTTTAACTTTTATTTTAGGT 
TCAGGGATGTATGTGCAGTTT 

 
GAAAACTTTTATTGATTTATTTTTTGGGGGGAAATTTTTTAGGATCTGA 
TTCTTCTGAAGATACCGTTAATAAGGCAACTTATTGTAGGTGAGTCAA 
AGAGAACCTTTGTCTATGAAGCTGGTATTTTCCTATTTAGTTAATATTA 
AGGATTGATGTTTCTCTCTTTTTAAAAATATTTTAACTTTTATTTTAGGT 
TCAGGGATGTATGTGCAGTTT 

 

WT BRCA1 

 
 
 
 
 
 

MUT BRCA1 
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Figure S5. a) Absorption spectra of 50 µM ssDNA in 0.1 M PB pH 7.0 in the absence (black line) and in the 
presence of increasing amounts of antimonene (0 to 0.04 g L-1). b) Plot of ([FL-antimonene]/ ɛb -ɛf ) vs [FL- 
antimonene] calculated from Figure S5a. 
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Figure S6. Top and side views of different possible adsorption geometries for the monophosphate DNA bases on 
antimonene: a) Cytidine, b) Thymidine, c) Guanosine and d) Adenosine. 
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Figure S7. Optical microscope images of: a) bare AuSPE and b) Sb/AuSPE. 
 
 
 
 
 
 
 

 
Figure S8. SEM images of bare AuSPE (a) with analysis EDX (b). 
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Figure S9. Raman spectra of FL-antimonene on AuSPE. 
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Figure S10. Cyclic voltammograms of a AuSPE (black line) and Sb/AuSPE (red line) in 0.1 M PB pH 7.0. 
Scan rate: 0.100 V s-1. 
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Figure S11. Cyclic voltammograms of 1.0 mM thionine in 0.1 M PB pH 7.0 at a: bare AuSPE (black line), Sb/AuSPE (red 
line) and BRCA1C/PROBE BRAC1/Sb/AuSPE (blue line). Scan rate: 0.1 V s-1. 
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Figure S12. Consecutive cyclic voltammograms of 1.0 mM thionine in 0.1 M PB pH 7.0 at a: BRCA1C/ 
PROBEBRCA1/Sb/AuSPE. Scan rate: 0.100 V s-1. 
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Conclusions 
 
This PhD thesis has been focused on the development and optimization of 

scalable procedures to synthesize antimonene and bismuthene. To achieve 

this goal, two different approaches, such as LPE and wet chemical synthesis, 

have been used. Additionally, the potential use of these 2D materials in 

applications in the field of sensing has been also explored. 

The first work has provided a systematical optimization of one of the most used 

methods to produce 2D materials, such as the LPE. In this study, we have 

shown that an appropriate preprocessing of the bulk powder offers an 

important improvement in the concentration of the suspensions. Besides, our 

results suggest that the more suitable solvent for this method in terms of 

concentration is a mixture of NMP and water with a ratio of 4:1. However, if a 

compromise between the concentration and aspect ratio is needed the best 

choice is 2-butanol. Additionally, it was demonstrated that tip sonication gives 

rise to better concentrations and aspect ratio of the FLA nanosheets than bath 

sonication. This study reveals the influence of the different parameters of this 

method, providing a scalable procedure to prepare FLA nanosheets. 

With the aim of enhancing the quality of the FLA nanosheets we also studied 

a wet chemical approach. In that work, we exhaustively analyzed the reaction 

parameters, obtaining FLA hexagons with large lateral dimensions and a few 

nanometers thicknesses. Despite the optimization of the parameters, the yield 

of the process remains low, and scaling up is not possible. To solve this 

problem, we developed a continuous-flow procedure, obtaining FLA 

nanosheets with exceptional structural and morphological quality, that could 

be produced on a large scale. Hence, this method provides larger lateral 

dimensions than the LPE method, allowing their use in various applications 

such as micro-sensor or FETs.  

As the heaviest pnictogen, bismuth is the most difficult element of the group to 

be exfoliated by LPE. Consequently, we developed a two-step colloidal 
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synthesis to prepare FLB nanosheets under mild conditions. This procedure 

gives rise to FLB hexagons with the same structural and morphological quality 

as the FLA hexagons prepared in the previous work. Moreover, their 

mechanical stability and electrical conductivity were confirmed, suggesting that 

this material can also be used to fabricate micro-sensors or FETs. 

Finally, both 2D materials explored during this PhD thesis have been used as 

a proof of concept in biosensors. The FLA nanosheets obtained by LPE have 

been used to modify an AuSPE, with which DNA sensors were fabricated. 

These devices are able to detect a mutation in a DNA sequence, particularly 

in our study of a mutation in the BRCA1 gene, which is related to breast cancer. 

Furthermore, FLB hexagons prepared by wet synthesis have been employed 

in the fabrication of an NADH sensor by the modification of an SPGrE. The 

built biosensor presents good sensitivity, and low detection and quantification 

limits working at low potentials. Thus, the potential application of these 

materials in the field of sensing has been demonstrated. 

In summary, antimonene and bismuthene nanosheets have been prepared by 

different approaches, providing new procedures to obtain these 2D materials 

with high quality and on a large scale. Additionally, these materials have been 

used to fabricate biosensors, confirming experimentally their potential use in 

this field. 
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Conclusiones 
 
Esta tesis doctoral se ha focalizado en el desarrollo y optimización de 

procedimientos escalables para sintetizar antimoneno y bismuteno. Para llevar 

a cabo este objetivo, se han utilizado dos aproximaciones diferentes, como 

son la exfoliación en fase liquida y la síntesis química. Adicionalmente, se ha 

explorado la potencial utilización de estos materiales bidimensionales en 

aplicaciones en el campo de los sensores. 

El primer trabajo realizado proporciona una optimización sistemática de uno 

de los métodos más utilizados para producir materiales bidimensionales, como 

es la exfoliación en fase líquida. En este estudio, se pone de manifiesto la 

importancia de un preprocesado apropiado del polvo de antimonio para 

obtener una mejora significativa en la concentración de las suspensiones. 

Además, nuestros resultados sugieren que el disolvente más adecuado para 

este método en términos de concentración es una mezcla de NMP con agua 

en proporciones 4:1. Sin embargo, si se necesita un compromiso entre la 

concentración y la relación de aspecto la mejor opción es usar 2-butanol. 

Adicionalmente, se demostró que la punta de sonicación da lugar a mejores 

concentraciones y relaciones de aspecto de las nanoláminas de antimoneno 

que el baño de ultrasonidos. Por todo ello, este estudio muestra la influencia 

de los diferentes parámetros de este método, proporcionando un 

procedimiento escalable para preparar nanoláminas de antimoneno.   

Con el propósito de mejorar la calidad de las nanoláminas de antimoneno 

estudiamos su síntesis por medio de química húmeda. En este trabajo, 

analizamos exhaustivamente los parámetros de la reacción, obteniendo 

nanoláminas de antimoneno con forma de hexágonos, grandes dimensiones 

laterales y espesores de pocos nanómetros. A pesar de la optimización de 

parámetros, el rendimiento del proceso continúa siendo bajo, y el escalado no 

es posible. Para resolver este problema, desarrollamos un procedimiento de 

flujo continuo, obteniendo nanoláminas de antimoneno con calidad 

excepcional tanto a nivel de estructura como de morfología, que se puede 
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producir a gran escala. Por lo tanto, este método proporciona dimensiones 

laterales mayores que la exfoliación en fase líquida, permitiendo su uso en 

muchas aplicaciones como por ejemplo los microsensores o transistores de 

efecto de campo.  

Dado que es el pnictógeno más pesado, el bismuto es el elemento del grupo 

más difícil de exfoliar por medio de la exfoliación en fase líquida. Por este 

motivo, hemos desarrollado una síntesis coloidal en dos pasos para preparar 

nanoláminas de bismuteno en condiciones moderadas. Este proceso da lugar 

a nanoláminas de bismuto hexagonales con la misma calidad estructural y 

morfológica que las nanoláminas de antimoneno preparadas en el trabajo 

anterior. Además, su estabilidad mecánica y su conductividad eléctrica fueron 

confirmadas, sugiriendo que este material también puede ser utilizado para 

fabricar microsensores o transistores de efecto de campo. 

Finalmente, los dos materiales bidimensionales explorados en esta tesis 

doctoral han sido utilizados como prueba de concepto en biosensores. Las 

nanoláminas de antimoneno obtenidas por exfoliación en fase líquida han sido 

utilizadas para modificar electrodos de oro, con los cuales se fabricaron 

sensores de ADN. Estos dispositivos son capaces de detectar mutaciones en 

una secuencia de ADN, en nuestro estudio concretamente una mutación en el 

gen BRCA1, el cuál está relacionado con el cáncer de mama. Asimismo, las 

nanoláminas de bismuteno preparadas por síntesis química se han utilizado 

en la fabricación de sensores de NADH mediante la modificación de 

electrodos de grafeno. El biosensor presenta buena sensibilidad, así como 

bajos límites de detección y cuantificación trabajando a potenciales bajos. De 

esta manera, se ha demostrado la potencial aplicación de estos materiales en 

el campo de los sensores. 

En resumen, se han preparado nanoláminas de antimoneno y bismuteno por 

diferentes aproximaciones, proporcionando nuevos procedimientos para 

obtener estos materiales bidimensionales con gran calidad y en gran escala. 

Además, se han utilizado estos materiales para fabricar biosensores, 

confirmando experimentalmente su potencial uso en este campo. 
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List of abbreviations 
 
 
0D: Zero-dimensional 

1D: Monodimensional 

2D: Two-dimensional 

3D: Three-dimensional 

AFM: Atomic force microscopy 

AuSPE: Gold screen-printed electrode 

BP: Black phosphorus 

DA: Dimensional anisotropy 

DDT: Dodecanethiol 

DFT: Density functional theory 

EELS: Electron energy loss spectroscopy 

FETs: Field-effect transistors 

FFT: Fast Fourier transform 

FLA: Few-layer antimonene 

FLB: Few-layer bismuthene 

FLB/SPGrE: SPGrE modified by FLB nanosheets 

g-C3N4: Graphitic carbon nitride 

h-BN: Hexagonal boron nitride 

HOPG: Highly oriented pyrolytic graphite 

IV: Current versus voltage 

LDHs: Layered double hydroxides 

LOD: Limit of detection 

LOQ: Limit of quantification 

LPE: Liquid phase exfoliation 

MBE: Molecular beam epitaxy 

miRNA: Micro RNA 

MUT: Mutated 

NMP: N-methyl-2-pyrrolidone 
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OA: Oleylamine 

ODE: Octadecene 

PEB: Perdew-Burke-Ernzerhof 

PROBEBRCA1: Single-strained 100-mer sequence of the wild-type BRCA1 gene 

Sb/AuSPE: Antimonene-AuSPE 

SEM: Scanning electron microscopy 

SOC: Spin-orbit coupling 

SPGrE: Graphene electrode 

SPR: Surface plasmon resonance 

ssDNA: Single-stranded DNA 

STEM: Scanning transmission electron microscopy 

STM: Scanning transmission microscopy 

TMDs: Transition metal dichalcogenides 

UV: Ultraviolet 

Vds: Drain-source bias 

vdW: van der Waals 

vdWE: van der Waals beam epitaxy 

WT: Wild-type 

XPS: X-ray photoelectron spectroscopy 

XRPD: X-ray powder diffraction 

ZT: Figure of merit 

 


	Abstract
	Resumen
	Chapter 1. Introduction
	1.1. Two-dimensional materials
	1.2. Group 15
	1.3. Antimonene
	1.3.1.  Structure
	1.3.2.  Properties

	1.4. Bismuthene
	1.4.1.  Structure
	1.4.2.  Properties

	1.5. Production methods
	1.5.1.  Top-down methods
	1.5.2.  Bottom-up methods

	1.6. Applications
	1.6.1.  Electronics
	1.6.2.  Energy
	1.6.3.  Biosensors

	1.7. Closing remarks
	1.8. Objectives
	1.9. References

	Chapter 2. Results and discussion
	2.1. Overall summary
	2.2. References

	Chapter 3. Articles
	Liquid phase exfoliation of antimonene: systematic optimization, characterization and electrocatalytic properties
	Continuous-Flow Synthesis of High-Quality Few-Layer Antimonene Hexagons
	Preparation of high-quality few-layers bismuthene hexagons
	Functionalization of a Few-Layer Antimonene with Oligonucleotides for DNA Sensing

	Conclusions
	Conclusiones
	Other publications
	List of abbreviations

