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The paper provides morphological and electro-physical characteristics of the set of structures of the core-shell type of 
antimony ranging from 10–4 to 10–6 m, obtained in a single-stage process as a result of spontaneous crystallization of the melt. 
It verifies that the structures obtained can be considered as an example of the new type of core-shell structures in a series of 
self-organized structures derived from their layered precursor. The structures consist of different forms of the same substance, 
where the core is represented by mono-crystalline gray antimony and the shell is a deformed two-dimensional film. Based on 
the overall data obtained, the shell of the structure can be described as a cover film with a variable thickness, which contains 
structural heterogeneities in the form of antimony allotropes, i.e. defective antimonene nano-layers with a high proportion 
of boundary atoms and dangling bonds. Structural heterogeneity foster electronic effects such as: localized charge contrast, 
which occurs when an electron beam is applied; emerging of conductive and non-conducting areas on the surface of the shell; 
electrostatic interaction of particles; ability of the structures to accumulate an excess charge and retain it for a long time. The 
change in the properties of the nano-shell of the spheroidal structure of the core-shell type of antimony can be considered as 
a consequence of its deformed structure.
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1. Introduction

Since the self-organized hollow carbon nanostructures, such 
as fullerenes and graphite nano-tubes were discovered, much 
attention has been paid to get non-carbon nanostructures 
from other layered materials [1 – 4]. Hollow and solid 
spherical nanostructures of various compounds with a 
core-shell structure are allocated in a separate group. 
Core-shell structures are highly functional materials with 
modified properties that can be changed by replacing 
constituent materials or the core-to-shell ratio. Due to the 
high variability of properties, the core-shell type structures 
have a wide range of possible applications at the junction of 
different areas [5 – 9].

Along with such materials as dichalcogenides, AIIIBVI 
semiconductors, halogen-containing materials, etc., the 
elements of group V and their compounds have a pronounced 
layer structure [10 – 12].

Currently, graphene-like structures formed by the 
elements of the V group are distinguished as a separate group. 
In overall scientific literature, the names of layered allotropes 
are already confirmed: the arsenene — the monolayer of gray 
arsenic [13, 14], the phosphorene — the monolayer of black 
phosphorus [15 – 17], and the antimonene — the monolayer 
of gray antimony [18]. From both — scientific and practical 

point of view  — the greatest interest is represented by 
antimony as a material with the most stable structure.

Unlike graphene, antimonene demonstrates the presence 
of a band gap of 0.2 to 2.28 eV, depending on configuration of 
the layers, which creates high potential for its use in electronics 
and optoelectronics [19 – 22]. In addition, antimony, as a 
heavy element, which can serve as a pattern for investigating 
topological effects, depending on the thickness of the layer of 
crystalline material [23 – 26].

It is theoretically verified that antimonene is sensitive to 
deformations of the layer, which influence the formation of 
topological phases. The paper [27] shows the change in the 
electronic structure of antimonene affected by deformations 
and its transition to the state of topological insulator (TI) at 
the critical value of tensile stresses.

Moreover, a similar response of the 2D allotrope to 
the distortion of the structure is characteristic not only of 
antimony, but of other pnictides and its compounds [28, 
29]. The antimonene bilayer also demonstrates the change 
in the electronic structure as well as in the formation of the 
quantum spin and anomalous Hall phase during deposition 
of atomic hydrogen, fluorine or nitrogen [30].

At present, the topological context of the properties of 
elementary 2D materials is undergoing its initial stage of 
research. It requires development of the new theoretical and 
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experimental approaches, which should consider the specific 
interlayer interaction in the original crystalline materials.

It remains crucial to obtain stable modifications of 2D 
materials with reproducible properties and to distinguish 
them, as well as to create composite materials that enhance 
the stability of layered modifications and expand the range of 
their functional properties.

In the papers [31, 32] an array of core-shell structures 
was first obtained from a layered precursor with a strong 
interlayer interaction — antimony via its self-formation from 
the melt.

This paper studies structural features and properties of 
self-organized structures of the core-shell type antimony 
obtained from the melt.

2. Characteristics of the object under research

Spheroidal structures of Sb, obtained as a result of 
spontaneous crystallization of the melt could be used as the 
subject matter, provided the following conditions are met:

•  The weight of the initial antimony sample does not 
exceed 3 g and depends on the size of the particular vessel. It 
has 99.999 % purity;

•  Vacuumed 10–4 Pa quartz vessel of special shape  — 
coaxially connected cylindrical quartz vessels of 14 and 7 mm. 
The inner vessel is open and used to control the temperature 
in the reactor;

•  Average cooling rates of the melt are 1 – 100 K / second.
As the melt cools down and all the above conditions are 

met, spontaneous granulation of the melt is observed, which 
leads to the formation of an array of unbound spheroidal 
antimony particles in the ranging from 10–4 to 10–6 m.

The array was fractionated into different sizes using 
standard laboratory sieves. The number of particles in the 
array obtained during one technological cycle is about 17  000, 
whereas more than 50 % of particles are 10–6 m size.

The antimony particles obtained as a result of spontaneous 
crystallization are stable chemically, morphologically 
and functionally if stored for a long-term in the open air 
conditions and do not form agglomerates.

The particles easily break off along the cleavage plane of 
antimony (0001), forming a single-crystal flattish cleavage. 
As a result of diffraction studies, the increase in parameters 
and volume of the unit cell and the loosening of the structure 
of Sb spheroidal particles [31] were observed.

On the surface of spheroidal particles of antimony an 
insignificant amount of locally concentrated of impurities of 
oxygen and carbon were detected (Fig. 1). Local concentration 
areas of the impurity in the volume of spheroidal particles 
were not detected.

If studied visually and macroscopically, the electrostatic 
interaction of individual antimony particles in the form of 
repulsion of particles when moving close to each other is 
observed, although they show no interaction during the 
storage, since electrostatic equilibrium is being established at 
this stage.

The most intense repulsion of particles appears as we try 
to grind the particles mechanically. Separate particles also 
interact with polymer and metal substances and preserve an 
excess charge for a long time.

3. Research method

Since the subject is still poorly studied the research on 
spheroidal antimony particles was carried out as a complex 
of complementary, experimental and theoretical methods:

•	 Scanning electron microscopy (SEM) of spheroidal 
Sb particles ranging from 10–4 to 10–6 m was carried out with 
Jeol JSM-6380LV microscope; Element analysis by INCA 
Energy 250 microanalysis system;

•	 Raman spectroscopy was carried out with Senterra 
"Bruker" spectrometer. To register the Raman spectra of 
spheroidal Sb particles ranging from 10–4 to 10–6 m, a laser 
λ = 532 nm was used as the radiation source. The spectra were 
obtained under the following conditions: the 20× objective, 
the spot diameter was 3 μm, the laser radiation power ranging 
from 0.2 to 20 mW, the signal accumulation of 100 units at 
the room temperature. Crystalline parent antimony was used 
as a reference;

•	 The quantum-chemical modeling of Raman 
spectra was carried out based on the density functional 
theory (DFT) using the Gaussian09 software complex at the 
“Supercomputer Center” of Voronezh State University. The 
subjects of the study were the fragments of graphene and 
5 × 5 antimonene elementary cells passivated with hydrogen 
at their ends. Antimony contained six-membered rings, 
where the distances between the atoms comprised 2.88 Å, 
which corresponds to the rhombohedral modification of 
R–3m antimony;

•	 Atomic Force Microscopy (AFM) was carried out 
with Solver Next microscope manufactured by NT-MDT 
Spectrum Instruments with additional hybrid controller. 
NSG10 cantilever coated with platinum. Spheroidal Sb 
particles fractions of 350 μm.

4. Main results

As the SEM method was applied with a change in the 
magnification ranging from of 5  000 to 200  000×, the presence 
of a non-continuous film of variable thickness forming the 
shell of the spheroidal particle was discovered in all the 
parts of the surface of the spheroidal particle (Fig. 2). The 
morphology of the film shows the wrinkled surface typical 
for graphene sheets. At the study of the film by SEM method 
in the regime of secondary electrons with magnification 
of 100  000× was recorded that the film on the surface of 
the spheroidal particle semitransparent for the electrons. 

a                                                            b
Fig. 1. (Color online) SEM image of the surface of spheroidal particles 
and elements distribution map on the surface. Antimony is marked 
in green and carbon in red.
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Estimating the size of the interaction area of the electron 
beam with the sample based on Kanaye and Okayama [33], 
and taking into account the maximum depth of the yield 
of secondary electrons, the smallest film thickness is about 
2 nm.

The phase micro-heterogeneities of the film are 
detected  — single flat crystallites (Fig. 3). The analogous 
antimony sheets were obtained in the process of Van der 
Waals epitaxy [34] and were interpreted by the authors as 2D 
allotrope of antimony — antimonene.

Analysis of the deformed surface of spheroidal antimony 
particles was carried out using the Raman spectroscopy 
method. Based on the Raman spectra of the surface of 
spheroidal Sb particles, regardless of the fraction, the 
vibration modes typical for crystalline antimony  — with 
the peaks of 115 and 152 cm–1 — are observed, along with 
intense diffuse peaks in the high-frequency area of 1344 and 
1604 cm–1 (Fig. 4).

The Raman spectrum of the volume of spheroidal particles 
does not contain high-frequency features and coincides with 
the spectrum of the reference crystalline material.

In some of the papers [35 – 37], when analyzing the 
Raman spectra of antimony-carbon composites, high-
frequency modes in the 1300 – 1600 cm–1 area are represented 
as D and G modes that are typical for graphite-like film 
on the sample surface. However, under the conditions of 
synthesis of spheroidal particles of antimony, the formation 
of a graphite-like film is unlikely, which is confirmed by the 
results of a microanalysis, where it is shown that carbon does 

not cover the surface of spheroidal particles everywhere as 
a film, but is concentrated in local nanoregions (Fig. 1). 
Therefore, the overall analysis of high-frequency peaks is 
difficult.

In order to identify the nature of the experimental high-
frequency doublet, quantum-chemical modeling of the 
Raman spectra of fragments of graphene and antimonene 
layers was carried out.

In order to take into account the heterogeneity and 
defectiveness of the deformed shell that was detected 
experimentally (Fig. 2, 3), the fragments of antimonene 
and graphene 5 × 5 layers measuring unit cells, which were 
passivated by hydrogen at their ends was used as a model of the 
theoretical investigation in the present study. For a fragment 
of the graphene layer, a series of additional peaks appear in 
the D- and G-mode areas, determined by the vibrations of 
the atoms of the layer boundaries, the most intense modes are 
observed in the areas of 1200, 1400, 1620 cm–1 and 1690 cm–1 
(Fig. 5a).

The spectra of the fragment of the antimony film contain 
antimony modes in the area of up to 200 cm–1 size, as well as 
in bulk samples. In addition, a series of modes were observed 
in the area of 1305 cm–1 and 1640 cm–1, which exceed the 
antimony mode intensity by 3 to 10 units, corresponding to 
the vibrations of the bonds of antimony and hydrogen atoms 
at the film boundary (Fig. 5b).

Thus, experimentally detected modes on the surface of 
spheroidal antimony particles can be referred to as modes 
of defective antimonene layers with high proportion of 

Fig. 2. Film on the surface of spheroidal particles of antimony, 
15  000×, 20 kV.

Fig. 3. Typical elements of the surface morphology of spheroidal 
particles of antimony: flat crystallites, 8  500×, 20 kV.

Fig. 4. (Color online) The Raman spectra of spheroidal particles of 
antimony and of the reference material.

a

b
Fig. 5. Calculated Raman spectra of the graphene fragment (a) and 
antimonene fragment (b).
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boundary atoms and dangling bonds, whereas the shell 
is considered as a multiphase multilayer structure of the 
antimony allotrope. By estimating the changes in the relative 
intensities of the peaks Eg and A1g based on the method 
proposed in the paper [20], the largest thickness of the multi-
antimony on the surface of the antimony spheroidal structure 
is about 19.5 nm.

In the theoretical studies conducted for the model of an 
infinite not deformed antimony sheet high-frequency peaks 
are not observed [38].

The film is thermally stable under normal conditions, 
but it destructed with increasing the temperature due to 
increasing laser radiation power of up to 20 mW, which is 
verified by the absence of the high-frequency doublet and the 
appearance of modes typical for antimony oxides.

Studying the properties of an array of core-shell structures 
based on antimony under normal conditions shows the 
unusual effect performed by the conductive material.

During the SEM measurements with magnification of 
the image resolution of the surface of antimony particles 
reaching 200  000×, a localized charge contrast is detected in 
the secondary electron mode. Thus, the film on the surface of 
antimony particles is no longer “semi-metallic”, but exhibits 
dielectric properties.

During the research of the surface of spheroidal antimony 
particles, the AFM method confirmed the developed 
morphology of the particle surface and detected its dielectric 
properties. In the spreading current regime at a voltage of 
1  V, the topological heterogeneity of the conductivity is 
detected, which is verified by the set of conducting and non-
conducting areas (Fig. 6). Moreover, the conducting areas 
are much smaller and could be caused by elastic stresses in 
the structure or by mechanical damages of the shell. Thin 
dielectric surface layer partially explains the visually observed 
electrostatic effects.

5. Discussion of the results

Currently, a huge number of core-shell structures has been 
obtained. The main features of such structures are:

•  various core / shell materials;
•  the overall goal is to form a defect-free boundary;
•  multi-stage sequential build-up or self-organization in 

high-energy flows.
Spheroidal antimony particles can be considered as a 

representative of a new type of core-shell structures in a 

series of self-organized structures deriving from a layered 
precursor. Structures of the core-shell type of antimony 
consist of different forms of the same substance: the core is 
represented by the single-crystal gray antimony, and the shell 
by the deformed 2D film.

Based on the overall morphological and spectral data 
obtained, the shell of the antimony spheroidal structure can 
be regarded as a quasi-independent cover film of variable 
thickness containing structural heterogeneities. Its structure 
is similar to the natural structures of the core-shell, such as 
nut, for example, which core is situated in some sort of a shell 
with the properties different of those of the nut itself.

The formation of structures of this type on one hand 
derives from the antimony’s polymorphism tendency, on 
the other, from its propensity to form “metastable phases”, 
including amorphous ones. This ability is determined by the 
nonequivalence of the bonds in the crystal structure of the 
material, which is due to the different values of the typical 
temperatures and frequencies [39].

Antimony atoms lie in two sheets and, thus, form some 
sort of a corrugated structure of layers, which predetermines 
the sensitivity of the structure to external influences — size 
effects and deformations [18].

As far as flat non-deformed structures are concerned, 
topological effects appear as dimensional ones. According to 
theoretical calculations, as the dimensionality decreases from 
3D to 2D material, a number of topo-electronic transitions 
occur in crystalline antimony: from the 3D topological 
semimetal to the 3D topological insulator (TI) with the 
thickness of 7.8 nm, which corresponds to 22 bilayers of the 
material, then to 2D TI at 2,7 nm (8 bilayers) and to a trivial 
semiconductor at 1 nm (3 bilayers) [23].

Topological effects deriving from the deformation process 
of the allotropic structure occur under the influence of 
external influences. As it was demonstrated in the papers [38, 
40] the starter mechanism of induced spin states in antimony 
differs significantly from other 2D materials: band inversion 
is not related to the elongation of covalent bonds but to the 
change in the bond angles.

Therefore, the promising perspective of such research is 
to study the properties of the non-planar deformed structure 
of antimonene and multi-antimonene. 

The impact of deformations on the properties of a nano-
shell of a structure of the core-shell type of antimony is 
represented in this paper by means of the following effects:

•  localized charge contrast arising when the electron 
beam is applied;

•  conductive and non-conducting areas on the surface of 
the shell;

•  electrostatic interaction of particles;
•  ability to accumulate excess charge and save it for a 

long time.
Thus, the results of our work can be considered as an 

experimental verification of the possibility to control the 
properties of antimony allotropes by deformation effects 
predicted by the papers [27, 38, 40].
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a                                              b
Fig. 6. AFM image of the surface relief (a) and current flow (b) of the 
spheroidal particle of antimony.
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