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A multifaceted application of designed coulomb
explosion occurring on oxidized topological
crystalline insulator SnTe†

Guofeng Zhang * and Jianbin Chen *

Coulomb explosion, characterized by Coulomb repulsion between particles with the same charge on the

surface of a material, has been used to realize exquisite nano-manipulation, however, researchers usually

found only one aspect of the application of Coulomb explosion when they utilized it. Herein, we

successfully design a “metal@insulator” based Coulomb explosion process by irradiating oxidized

topological crystalline insulator SnTe under an electron beam. The occurrence of Coulomb explosion

mainly due to the oxide-encapsulated SnTe retained the metallic surface state, which not only can be

positively charged but also can realize charge accumulation through the shielding effect of the insulating

oxide layer. By changing experimental conditions and carefully studying various experimental phenomena,

we conclude six aspects of the application, namely, speculating the metallic surface state of the oxide-

encapsulated SnTe, controllable fabricating nanoplates, observing the PVD (physical vapor deposition)

process under low temperature, rapid coating film, unraveling the oriented attachment and self-

recrystallization of larger nanocrystals and fabricating hollow structure. Our findings are important for

utilizing Coulomb explosion as well as other EBI techniques to conduct nano-manipulation.

Introduction

Electron beam irradiation (EBI) has been widely proven to be
a powerful technique to engineer nanostructures and modify
their physical properties.1,2 When electron beam irradiates
materials, some complex processes occur, such as excitation
of one or more photons, excitation of plasma, and ejection of
the inner- and outer-shell electrons,3 accordingly inducing the
heating, sputtering and amorphization of experimental
materials, during which one or more mechanisms (e.g.,
decomposition, kinetic collision and diffusion, formation and
motion of vacancies, Coulomb explosion) are involved.4–6

Among those, the Coulomb explosion is an interesting
physical phenomenon usually resulting from positive
charging, which has been observed in a variety of materials
when they are irradiated by an electron beam.7–11 It has been
used to exquisitely manipulate nanostructures of some
experimental species. For example, Chen et al. fabricated
nanoscale Ga balls through a Coulomb explosion that
occurred on insulating silica-covered Ga balls when they were

irradiated by electron-beam;12 Wang et al. prepared a single
copper atom on amorphous carbon via Coulomb explosion;13

Zhang et al. have used Coulomb explosion strategy to tailor
nano-architectures of α-MoO3 nanobelts.14 Although these
researchers all made excellent use of the Coulomb explosion
and obtained interesting scientific results, they only found
one aspect of the application of the Coulomb explosion
individually.

When the Coulomb explosion was used to manipulate
nanostructures, the selected experimental species were
usually conventional metals or insulators.10,12–14 Topological
crystalline insulators, which were discovered in IV−VI
semiconductors, such as thermoelectric materials SnTe,
Pb1−xSnxSe, and Pb1−xSnxTe,

15–19 and featured by a gapless
metallic surface state and insulating bulk gap, have never
been selected as experimental species for Coulomb explosion
studies. So, it is worth expecting whether some interesting
phenomenon will occur when their unique electronic band
structure is encountered Coulomb explosion.

Herein, we report six aspects of the application of the
designed Coulomb explosion that occurred on the oxidized
SnTe topological crystalline insulator. The first aspect was
demonstrating the metallic state of the inner SnTe, which
can be easily realized merely by the successful occurrence of
the Coulomb explosion process. Then, by changing the
experimental conditions the other five aspects of the
application were realized, namely, controllable fabricating
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nanoplates, observing the PVD (physical vapor deposition)
process under low temperature, rapid coating film,
unraveling the oriented attachment and self-recrystallization
of larger nanocrystals and fabricating the hollow structure.
We believe that our work will not only provide some
inspiration to fellow readers for more new findings but also
can promote the applications of the Coulomb explosion as
well as other phenomena based on the EBI technique.

Experimental
Synthetic procedures

Synthesis of Te nanorods. In a typical synthesis, 0.08 g
NaTeO3 and 0.08 g glucose were dissolved in a mixture of 12
mL ethanolamine and 8 mL H2O under vigorous stirring to
obtain a transparent solution. After that, the total solution
was transferred in a stainless-steel autoclave with a capacity
of 25 mL, sealed, and heated at 180 °C for 2 h. When the
reaction was completed, the autoclave was cooled to room
temperature naturally. The resultant product was collected
and washed with deionized water and anhydrous ethanol
several times. The final gray product was dried in a vacuum
at 60 °C for 12 h.

Synthesis of SnTe microcrystals. In a typical synthesis, 2 g
1-n-butyl-3-methylimidazolium chloride ([Bmim][Cl]) and 130
mg triphenylphosphine were dissolved into 6 mL ethanol
under vigorous stirring, followed by adding 0.5 mmol Te
nanorods and a whole bulk of tin granular, which was in
ultra-excess compared to the stoichiometry of SnTe and can
be easily picked out from the solution after the reaction was
completed. After that, the total solution was transferred in a
stainless-steel autoclave with a capacity of 25 mL, sealed and
heated at 180 °C for 24 h. When the reaction was completed,
the autoclave was cooled to room temperature naturally. The
resultant product was collected and washed with anhydrous
ethanol several times. The final product was dried in a
vacuum at 60 °C for 12 h.

In situ EBI processing synthetic procedures. In situ
observation of the Coulomb explosion process was performed
using transmission electron microscopy (Tecnai G2 20S-Twin,
FEI, USA) with an acceleration voltage of 200 kV. According to
different experimental objectives, a series of beam current
intensities of 2–105 A cm−2 was used. The components of
nanocrystals ejected during the Coulomb explosion were
characterized using energy-dispersive X-ray spectroscopy
(EDS).

Results and discussion

As shown in the scanning electron microscopy (SEM) image
(Fig. S1†), the newly prepared SnTe microcrystals presented
polyhedral morphology with an angular and smooth surface.
The powder X-ray diffraction (XRD) pattern (Fig. S2†)
demonstrates the obtained sample was well crystallized pure
cubic SnTe, corresponding to the standard JCPDS card No.
46-1210.

In order to realize the Coulomb explosion on SnTe, a
“metal@insulator” experimental model was adopted as
depicted in ref. 12 on the condition that the metallic state of
the overlayed SnTe did not change. Then, we exposed the
prepared samples in air for about two weeks and six months,
guaranteeing the surface of SnTe was encapsulated by
oxidized species. The X-ray photoelectron spectroscopy (XPS)
spectrum was employed to characterize the oxidized samples.
As we can see (Fig. S3 and S4a†), the peak position of C 1s
was nearly unchanged when the sample was exposed to air
for two weeks and six months, demonstrating that the
element C mainly came from the conducting resin. The O 1s
of the two samples showed obvious peaks of TeOx and SnO2.
As for the Te 3d fitting peaks, we can see that the oxidation
products of Te2− were major TeO2 and Te0 when exposed to
air for two weeks.20–24 When the exposure time was
prolonged to six months, the oxidation products were mainly
TeO2, furthermore, the fitting area ratio of TeO2 increased.
The Sn 3d fitting peaks clearly demonstrated the oxidation
process of SnTe to SnOx.

20–24 These obvious changes
indicated further oxidization of the surface of SnTe by
prolonging the exposure time. After oxidation, the samples
were irradiated by the electron beam from the transmission
electron microscope (TEM) used in our research.

The actual irradiating results were recorded using time-
dependent TEM images. Fig. 1 was recorded using the
carbon-supported membrane as a sample holder, exhibiting
the evolution process of a sample exposed to air for about
two weeks with a 60 s interval. As we can see, the selected
area on the sample was nearly unchanged with increasing
exposure time and electron beam density, demonstrating that
neither thermal explosion nor Coulomb explosion had
occurred.

When the samples exposed to air for six months were
irradiated, the recorded evolution process under an electron
beam density of 4.5 A cm−2 (the following experiments also
took the value) is as shown in Fig. 2. In the initial period, no
obvious change can be observed on the carbon substrate,
while, just after 15 s, a noticeable difference from the initial
period can be detected and numerous minor nanocrystals or

Fig. 1 (a–f) Time and beam density-dependent TEM images of
irradiating a SnTe sample oxidized in air for two weeks, the
corresponding beam densities were 4.5, 6.0, 7.5, 9.0, 10.5 and 12 a
cm−2.
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clusters were distributed around the parent body. These
nanocrystals grew up to a maximum size of 200 nm rapidly
within 180 s, after which they no longer continue to develop
with increasing time, leaving a porous thin shell apart, away
from the inner solid for about 200 nm. The size of these
nanocrystals decreased with increasing distance from the
parent body, and the furthest extended distance was about 10
μm (Fig. S5†). The selected area electron diffraction (SAED)
shown in Fig. S6† contains only one diffuse set of well-
defined concentric rings corresponding to almost all planes
of cubic SnTe, indicating that these minor nanocrystals
possess phase purity and good crystallinity. The energy-
dispersive X-ray spectroscopy (EDS) merely displayed the
energy signal of Sn, Te, C and Cu, and no obvious oxygen
signals were found (Fig. S7†), further demonstrating SnTe
was the only ejected species.25

Although Te and SnO2 possess excellent conductivity, they
still cannot be compared to metal. If the interfacial SnTe
retains a metal state, a Coulomb explosion will occur when
the electron beam was used to irradiate the model sample,
which should be induced by the Coulomb repulsion of
accumulated positive charges.7–11 Otherwise, the Coulomb
explosion phenomenon cannot be observed, which was due
to the nonmetal state SnTe possesses relative to the poor
conductivity. Even though the heterostructure may induce
electron transfer and rearrangement in the interface, it
should not surpass Te and SnO2.

Based on the above experimental results, we can speculate
the reason for the occurrence of the Coulomb explosion.
When irradiated with the electron beam, SnTe samples were
charged followed by charge accumulation. If the accumulated
charges cannot be timely transferred away, a Coulomb
explosion will occur. In our experiments, we used a carbon-
supported membrane as a sample holder, which is a good
conductor and can timely transfer away from the generated
charge. For the two-week sample, the oxidation layer was thin
and not continuous enough (induced by different oxidation
rates or ultrasonication for sample customize) to entirely

cover the entire sample surface, because the oxidation of SnTe
was slow. So, when the two-week sample was irradiated with
the electron beam, the generated charge on the oxide surface
can be timely transferred away, and the charge generated on
the metallic part also can be transferred away through the
non-continuous part contact with the carbon-supported
membrane. As for the six-month sample, the oxidation layer
was thick enough to entirely cover the whole sample surface
and not easily shatter by ultrasonication. So, when the six-
month sample was irradiated with the electron beam, the
generated charge on the oxide surface can be timely
transferred away, but the charge generated on the metallic
part could not be timely transferred away due to the poor
electrical conductivity of the thick oxidation layer (herein we
define the phenomenon as shielding effect of the oxide layer).
As a result, the charge on the metallic part was continuously
accumulated and the repulsion gradually increased. When the
repulsion was huge enough to inject SnTe species out of the
oxide surface, the Coulomb explosion phenomena occurred.

In brief, we considered that the interior SnTe part
experienced a Coulomb explosion process that occurred
mainly due to the oxide-encapsulated SnTe retaining the
metallic surface state, which not only can be positively
charged but also can realize charge accumulation through
the shielding effect of the insulating oxide layer in an
extremely short irradiating period. In the following, we will
present six aspects of the application of the designed
Coulomb explosion process.

Speculating on the metallic surface state of the oxide-
encapsulated SnTe surface

When it was exposed to air for a long time, the surface of
SnTe suffered an oxidation process, and several new species
were formed, namely SnO2, TeOx and Te element,21,26

constituting a complicated heterostructure with the inner
SnTe part, which may induce the electron transfer and
rearrangement in the interface, thereby changing the
electronic band structure and influence its topological
surface state. Naturally, a problem arose, namely, whether
the surface state of the inner part may keep the gapless
metallic property or not when the SnTe microcrystals were
encapsulated by the oxide layers.

As the above experimental results show, the expected
Coulomb explosion occurred, so we can consider that the
interface should still retain a metallic state and that the
interface state has not been influenced by the in situ formed
oxide layer. In another case, similar Coulomb explosion
processes were observed for various shapes and sizes of
nanocrystals (Fig. S8†), indicating the occurrence of the
Coulomb explosion process was only dependent on the
shielding effect of the oxide layer.

Controllable fabricating nanoplates

Different crystal surfaces contain their own topological
surface states in TCIs, therefore, precisely controlling the

Fig. 2 (a–i) Time-dependent TEM images of irradiating a SnTe sample
oxidized in air for six months.
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morphology of TCIs to obtain particular topological surface
states is significant. In various nanostructures, nanoplates
show a distinct advantage over others due to the large aspect
ratio, which can achieve the selective enhancement of surface
states of a particular crystal surface. However, the control
fabricating of SnTe nanoplates has rarely been reported, just
represented by J. J. Cha's work on the synthesis of SnTe
nanoplates with {100} and {111} surfaces through a vapor–
liquid–solid growth method using Au as a catalyst.27 The
main reason for its difficult to prepare is that SnTe belongs
to cubic crystal system, of which the crystal growth
orientation determined the preferential extension of a
specific crystal plane in two-dimensional direction is hard.

Herein, we have used the Coulomb explosion process to
synthesize SnTe nanoplates. As demonstrated in the above
case at the moment of the 40s, as shown in Fig. 3, we can
obtain regular rectangle nanoplates, and that their size
distribution characteristic was the same as that at the
moment of the 180 s. Although the size of these nanoplates
is distributed in a wide range (from several to hundreds of
nanometers), it is really a simple and effective method to
obtain 2D SnTe nanocrystals, especially the preparation of
regular rectangle nanoplates, which differed from usually
obtained Coulomb explosion products (balls or irregular
particles),12,13 and it should be able to enrich the cognition
to the synthesis of 2D materials with a nonlayered crystal
structure.

Observing the PVD process under low temperature

PVD is a widely used technique to deposit physically
vaporized materials to functional film on a targeted substrate
in a vacuum, which, usually needs high temperature. The
deposition under low temperature has rarely been studied as
it usually needs high energy to vaporize common metals,
metal alloys, or metal compounds, which was accompanied
by generating a huge amount of heat. As we know, a

Coulomb explosion usually occurs due to the drastic
Coulomb repulsion between the aggregated particles with the
same charge, and it can break the bonds that hold solids
together. Theoretically, the relatively stationary atoms/
molecules on a material surface are emitted as single atoms/
molecules under Coulomb repulsion. Unlike thermal
ablation, Coulomb explosion is “cold” – it is completed by
the time the heat has traveled far enough, moreover,
Coulomb explosion usually occurred under a much lower
beam density that cannot generate huge heat to vaporize the
experimental samples. Therefore, the PVD process under low
temperature can be realized through the Coulomb explosion
process. Accordingly, the crystallization on the carbon film
substrate mentioned above should be a PVD process at low
temperatures.

In order to study the morphological transformation
process during deposition, we have recorded the time-
dependent images of the first 40 s in a focused area apart
from the parent body for about 1 μm as shown in Fig. 4. Only
irradiation initiated for 5 s, the blank carbon film was

Fig. 3 Representative TEM images of fabricated SnTe nanopaletes as
the Coulomb explosion proceeded to 40 s.

Fig. 4 (a–h) Time-dependent TEM images of the deposition process of
the ejected SnTe species on the carbon film substrate; right column is
the corresponding magnified images of the left.
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covered with numerous irregular nanoparticles
(Fig. 4a and b), the size of which ranged from less than 1 nm
to more than 3 nm. Nearly all of these nanoparticles showed
no evidence of crystallization except fewer larger ones (Fig.
S9†), among which some smaller cluster-like nanodots were
merging into nanoparticles (as shown in the yellow circles),
indicating that the initially-ejected SnTe species should be in
the shape of single molecules or clusters. After 15 s, SnTe
species in the view became denser and larger with some well-
configured rectangular nanoplates emerging as shown in
Fig. 4e and f, meaning that the nanoparticles should have
experienced atomic oriented arrangement and crystallization
(Fig. S10†), and we observed that most of the formed
nanocrystals showed the same fringe spacing of 0.316 nm,
corresponding to the (200) crystal plane of SnTe, which is the
lowest energy crystal surface. The transformation seems like
the crystallization process in the saturated solution, during
which the formation of rectangular morphology of
nanocrystals should be resulting from the “NaCl-typed”
crystal characteristic of SnTe, but the growth along the z-axis
was restrained by the substrate. As marked in the orange
circles, some irregular smaller nanoparticles still can be
observed in the interstices between the rectangular-shaped
nanoplates, indicating the deposition of the ejected single
molecules or clusters was a process of “first aggregating, then
crystallization”. The next time, with the Coulomb explosion
continuously proceeding, the nanoplates rapidly grew up and
became thicker with some coalesced, and numerous irregular
nanoparticles constantly appeared in the interstices
(Fig. 4g and h).

From the observation results of the deposition process, we
can see that the PVD process under low temperature was an
analogy to that under high temperature. The difference is
that the former is dominated by the kinetic energy
transmitting, while the latter is the conduction of heat.

Rapid coating film

Vacuum coating is a mature vacuum application technology,
which is based on the techniques operated at high
temperatures for the gasification of target materials. It
involves vacuum evaporation, vacuum sputtering, vacuum
ion plating, vacuum beam deposition and chemical vapor
deposition. Using Coulomb explosion to achieve vacuum

rapid coating has not been reported, then, herein we will
present a case to demonstrate the interesting operation.

As described above, we can obtain dispersedly distributed
SnTe nanoplates around the parent body along the radial
area for several microns. Based on this, if we soak the
oxidized parent sample in ethanol for one month, and then
properly prolong the ultrasonic treatment time before
samples are customized, we can observe a different result as
shown in Fig. 5, namely, coating a continuous film. The
coating process was motivated just during the process of
focusing, and that the parent body was rapidly surrounded
by a continuous film just in 10 s. In our opinion, the coating
phenomenon was due to the fact that the soaking process
and prolonged ultrasonic treatment should have enlarged the
porosity (Fig. S12†), which made the eruption of SnTe species
much easier and faster. The coating scope can also be
extended for more than ten microns apart from the parent
body, and the extended distance should rely on the thickness
and porosity of the oxidation layer, while it cannot be
preciously controlled. Nevertheless, the coating phenomenon
can inspire some readers to develop extensive applications
using it.

Unraveling the oriented attachment and self-recrystallization
of larger nanocrystals

Oriented attachment is a well-recognized process for crystal
growth from primary nanoparticles,28–32 of which the studied
sizes were usually small (2–10 nm)33,34 so that they can rotate
freely to satisfy the demand for the perfect aligning of their
crystallographic orientations parallel to each other for
coalescing to a lattice single domain. As for larger
nanoparticles, especially for 2D nanoplates, their free
rotations were difficult to realize, therefore, the “rotate for
parallel aligning” mechanism for coalescing was almost
invalid, which should be replaced by the “grain boundary
migration” mechanism that generally exists in the sintering
process and is controlled by the solute. Therefore, observing
the oriented attachment and self-recrystallization of larger

Fig. 6 (a–f) Time-dependent TEM images of the oriented attachment
and self-recrystallization of formed SnTe nanocrystals; yellow circles
locked the evolution process of a selected area; (g) HRTEM image of
the circled single-crystal SnTe nanoplate in the figure.

Fig. 5 TEM images of the continuous SnTe film rapidly coated in ∼10
s after focusing the electron beam on the sample: (a) close to the
parent body; (b) ∼10 μm away from the parent body.
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nanoparticles using transmission electron microscope was
rarely seen in the past research works.

Herein, by controlling the Coulomb explosion process, we
have realized the in situ observation of the phenomena at low
temperatures. Fig. 6 clearly presents the oriented attachment
and self-recrystallization of SnTe nanocrystals, whose
maximum size approaches 100 nm (circled in orange dotted
box). Firstly, we have randomly selected an area (as circled in
the yellow box) containing several free-standing minor
nanocrystals (in size of 10–20 nm, Fig. 6a) in the initial 30 s
of the Coulomb explosion process that occurred on another
experiment sample (Fig. S13†). As time goes on, these minor
nanocrystals experience growth, oriented attachment, and
then self-recrystallizing to a rectangular single crystal domain
(Fig. 6b–g). In other selected areas (Fig. S14 and S15†), the
oriented attachment and self-recrystallization from more
primary nanocrystals can be observed that form larger single
crystals.

In our opinion, after the grain boundary is formed, the
ejected SnTe species carry not only energy but also
momentum that may reach the surface and grain boundary
of the aggregates accompanied by energy transfer. To realize
energy minimization, the primary surfaces continuously
enlarge by extending the low-energy crystal surfaces
dominated by (200). If the aggregates possess minor size as
recorded in Fig. 6f, the self-recrystallized single crystals were
in the form of a rectangle, otherwise, the morphology is
prone to be round-cornered as depicted in Fig. S14f.† As for
grain boundaries, their migration and elimination lead to the
formation of a single lattice domain, hence after the ejected
SnTe species reach the grain boundaries, they carried the
energy, and momentum may be transferred to the atoms at
grain boundaries, thereby accelerating their migration rate.
At last, the atomic arrangements of the high-energy crystal
surface were assimilated to that of the contacted low-energy
crystal surface, meanwhile, their crystallographic orientations
are aligned parallel to each other and then further coalesced.
The boundary structure of this case is shown in Fig. 7a,
which is in the minority and hard to be founded. If the
crystal faces in contact have the same crystallographic
orientation but are not perfectly aligned parallel to each
other, as shown in Fig. 7b and c, the atoms newly reached to
grain boundaries will form an intermediate atomic
arrangement state, whose crystallographic orientation is
mismatching to a minor extent with the attached two primary
crystals (circled in the boxes). Just through the formation of
the intermediate state, the grain boundary can continuously
migrate and be gradually eliminated, and then the two (or
more than two) mismatching primary nanocrystals ultimately
coalesced.

This section has displayed the oriented attachment and
self-recrystallization of larger nanocrystals, which may serve
as a supplement for the non-classical theories of crystal
growth, meanwhile, it is a reminder for us to pay attention to
the influence of energy or momentum of the solute on the
growth of crystals in an intermediate or metastable state.

Fabricating hollow structure

Inorganic micro- and nanosized hollow structures have
attracted sustained attention and exhibit potential
applications in a number of areas,35–39 due to their well-
defined interior voids, low density, large surface area,
stability, and surface permeability. Common synthetic
strategies for the fabrication of hollow structures include
hard templating,40 soft templating,41 selective etching of
“soft@hard” particles,42–46 ostwald ripening,47–49 ion
exchange50,51 and thermally induced matter relocation
methods.52–57 EBI have also been utilized to synthesis hollow
structures,58 while using EBI-induced Coulomb explosion to
conduct the synthesis of hollow structures have not been
reported as far as we know.

If we use a micrograte as sample-load support to decrease
the conductive efficiency, we can realize the fabrication of
the hollow structure. The recorded results under the same
electron beam intensity as that of using a carbon-supported
membrane as shown in Fig. 8 and S15,† as we can see that
the Coulomb explosion process became more violent, which
also further demonstrates the metallic state of the interfacial
SnTe, meanwhile, we can more intuitively observe the
Coulomb explosion process. The whole sample was quickly
entirely evacuated and the generated numerous minor
nanocrystals coalesced together along the organic films
supported on the micrograte, leaving a completely hollow
thin conformal shell in about 90 s, which should be the oxide
layer. The structural transformation process seems like the
transformation of highly crystalline iron–iron oxide core–
shell nanoparticles to hollow iron oxide nanostructures in
Richard's report,59 in which they attribute the phenomenon

Fig. 7 HRTEM images of the grain boundary between two
nanocrystals: (a) having different, (b and c) having the same
crystallographic orientation; green boxes circled areas present the
lattice changing in the grain boundaries.
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to the excess of stabilizing molecules. They thought that
these stabilizing molecules created a reasonably thick
medium that trapped the incident electrons, leading to a
localized, high electron density region that induced a mass
transport process within nanomaterials. The difference is
that the Coulomb explosion method needs much lower
energy. This method may provide new ideas for the
nanofabrication of hollow structures using an electron beam
or laser technique.

Conclusions

In summary, we have realized multifaceted applications of
the designed Coulomb explosion model for six aspects,
namely, speculating on the metallic surface state of oxide-
encapsulated SnTe, controllable fabricating nanoplates,
observing the PVD process under low temperature, rapid
coating film, unraveling the oriented attachment and self-
recrystallization of larger nanocrystals and fabricating hollow
structures by changing various experimental conditions.
Although we merely, concisely, described the six-aspect
application, the perspectives of thinking in our report may
inspire some researchers to develop new and interesting
utilisations of the Coulomb explosion as well as other EBI
techniques.
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