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ABSTRACT: Scandium fluoride (ScF3) microtubes with
nanoscale wall thickness were for the first time
successfully synthesized by an interface-assisted technique
at the surface of a scandium nitrate aqueous solution
without the addition of any surfactant as a result of
interaction with hydrofluoric acid from the gaseous phase
in only 30 min. X-ray diffraction analysis, scanning
electron microscopy, helium ionic microscopy, trans-
mission electron microscopy (TEM), and high-resolution
TEM (HRTEM) were used to examine the morphology
and crystal structure of ScF3 microtubes. The results show
that the ScF3 microtube is single-crystalline and has a
hexagonal structure. A hypothetical model of thin-walled
microtube formation is proposed.

The synthesis of inorganic nano- and microtubes is an
important area of modern chemistry and materials science

because of the great potential applications of such materials.
Typically, such materials have high specific surface areas, which
is important for catalyst and sorbent preparation. Moreover,
single nano- or microstructures can be used in nano- and
microdevices as individual components.1 Various methods are
used to obtain inorganic microtubes: hydrothermal synthesis,2

rolled-up technology,3 a template-assisted route,4 vapor-phase
deposition,5 and crystallization from an aqueous solution.6

Scandium fluoride (ScF3) is a unique representative of a class
of compounds with negative thermal expansion (NTE).7 It can
be present in composite materials with zero thermal expansion
(ZTE),8 can be used in optical and luminescent materials,9 in
catalysts,10 and as a component of fluoride solid electrolytes.11

To date, there have been no reports on the preparation of ScF3
nano- or microtubes. Moreover, tubular structures of inorganic
materials with NTE have not yet been demonstrated.
The aim of the present work is the synthesis of single-

crystalline ScF3 microtubes by a simple interface-assisted one-
step method.
All of the chemicals were of analytical grade and were used as

received without further purification. All of the aqueous
solutions were prepared using Milli-Q high-purity water with a
resistivity of more than 18 MΩ cm−1. The synthesis was carried
out using the gas-solution interface technique (GSIT).12

Earlier,13 the synthesis of ScF3 nanorods was carried out on
the surface of a scandium chloride (ScCl3) solution with
concentrations in the range of 0.01−0.10M and pH values in the
range of 1.0−3.0. In this work, a strongly acidic nitric acid
(HNO3) solution of the 0.02 M scandium nitrate [Sc(NO3)3]
salt was used as the reagent. In a typical procedure, scandium
oxide (Sc2O3; 69 mg) was dissolved in 25 mL of a 1 M HNO3
water solution. Then 3 mL of the Sc(NO3)3 solution obtained
was transferred into a flat beaker and put into a reactor. A vessel

with 3 mL of a 40% hydrofluoric acid (HF) aqueous solution,
which was taken as a gaseous reagent, was placed near the
scandium salt solution. All of the vessels and the reactor were
made of Teflon. The scandium salt solution under steady-state
conditions was exposed to gaseous HF for 20−60 min. After
processing, a white film was obtained on the surface of the
solution. It was washed several times with deionized water and
dried at room temperature for 2 h.
The product was examined by X-ray diffraction (XRD)

employed using a Rigaku “Miniflex II” diffractometer with Cu
Kα radiation (λ = 1.5418 Å). Scanning electron microscopy
(SEM) images were obtained by a Zeiss Merlin microscope
equipped with an INCAx-act energy-dispersive X-ray analyzer
(Oxford Instruments). A helium ionic microscopy (HeIM)
study was performed by a Carl Zeiss Orion microscope using
helium ions as a probe. Transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and selected-area
electron diffraction (SAED) measurements were taken using a
Zeiss Libra 200 field-emission transmission electron micro-
scope.
After a 60 min of synthesis, a discrete film is formed on the

surface of the scandium salt solution; the film consists of 1D
crystals with lengths of up to several micrometers (Figure 1a).

Most of the crystals are hollow microtubes with diameters of up
to 1 μm and lengths of up to 5 μm (Figure 1b). It is very difficult
to estimate the ratio of the tubes and rods in the sample
considering that, in each part of the sample, we observed both
hollow tubular structures and rodlike crystals whose orientation
was such that we could not precisely define their structure. The
thickness of the tube wall does not exceed 70 nm (Figure 1b,c).
It is clear (Figure 1c) that the tubes have a hexagonal

structure. One can also note the presence of an insignificant
amount of cubic crystals with a facet length of up to 400 nm
(Figure 1b).
The results of the investigation of the synthesized sample by

powder XRD are seen in Figure 2. They agree with the SEM data
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Figure 1. SEM images of ScF3 microtubes: (a and b) overview images
with different magnifications; (c) view of the open end of the single
tube.
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and confirm the formation of a mixture of two ScF3 crystalline
modifications, namely, of a cubic one with space group Pm̅3m
(ICSD 77071)14 and a hexagonal one with space groupP6/
mmm.15

Figure 3 shows a detailed morphology of the ScF3 microtubes.
The HeIM images of the microtubes synthesized after 40 min of

treatment are presented in Figure 3a−c. A typical open-ended
crystal prismatic hexagon structure with well-defined crystallo-
graphic facets can clearly be seen. Thus, Figure 3b shows a tube
with a diameter of about 850 nm and a wall thickness of 25 nm;
Figure 3c shows a tube with a diameter of about 780 nm and a
wall thickness of about 15 nm. It is obvious that the tube
diameters are practically similar to the diameters of the tubes
synthesized after 60 min of treatment (Figure 1), yet the wall
thickness is smaller. One can also note the presence of cubic
crystallites both as such and on the tube walls.
The results of TEM, HRTEM, and SAED measurements of

the microtubes synthesized after 20 min of reaction are
demonstrated in Figure 4. As is seen, the ScF3 microtube is of
single-crystalline nature. SAED revealed that the characteristic
orientation of the microtube corresponds to the c-axis direction
(the zone axis is [001]). It can be assumed from Figure 4b that

the thickness of the tube wall does not exceed 10 nm. The
HRTEM image (Figure 4c) confirms the tube orientation along
the c axis with a characteristic d(001) = 0.40 nm.
On the basis of the experimental data, one can propose the

following model of ScF3 microtube formation at the interface
between the Sc(NO3)3 solution and gaseous HF. At the initial
moment, free-floating hydrophobic nanocubes of ScF3 are
formed on the surface of the solution; they can act as
crystallization sites for further crystal growth of the microtubes,
similar to the data of the work.16 There are two possible causes
for the growth of microtubular single-crystalline structures. First,
a deficiency of scandium cations can be observed after formation
of the cubic crystals in the microarea close to these crystals. It is
known17 that formation ofthe tubes arose from the low
concentration of the precursor during deposition. In addition,
the composition of the solution is a major factor in the formation
of the tubular structures. To confirm this fact, we carried out
interfacial reactions on the surfaces of (i) a highly acidic ScCl3/
HNO3 solution with a higher concentration of scandium salt
(0.05 M) and (ii) a solution of Sc(NO3)3 with the usual 0.02 M
concentration and a higher pH of 2. In both cases, the formation
of rod crystals of different sizes was observed, and no tubular
structure was found. The role of theHNO3 action in the solution
composition can consist of both the increasing of the solubility
of the initial ScF3 crystals

18 and a competitive action of a large
quantity of active ions in solution. At the second stage of the
process, the growth rate is lower because of a smaller
concentration of scandium cations. According to the exper-
imental data, at this stage the thickness of the tube wall slowly
increases because of the deposition of ions diffusing into the
reaction zone from the solution. A hypothetical scheme of the
tube formation process is presented in Figure 5. The hypothesis

of microtube formation is supported by the fact that, after 20
min of reaction, we observe microtubes with characteristic
diameters and lengths. An increase in the reaction time from 20
to 60 min leads only to an increase in the wall thickness from 10
to 70 nm. Upon a further increase in the treatment time to 24 h,
we did not observe any change in the tubular morphology.
Apparently, this fact can indicate a natural end of the reaction as
a result of the full deposition of poorly soluble ScF3.
It is known15 that both cubic and hexagonal polymorphs of

ScF3 display strong NTE in a wide temperature range at normal
pressure. The microtubes synthesized can be used not only in
the design of materials with NTE or ZTE but also as a
transparent optical array or as individual components in
microelectronic devices, for example, to provide protection for
highly sensitive units in microelectronic systems against thermal
variation.
In conclusion, ScF3 nanowalled microtubes have been

successfully synthesized by the GSIT route, based on the
interface-assisted chemical reaction between gaseous HF and
the surface of a Sc(NO3)3/HNO3 water solution without the

Figure 2. XRD pattern of the ScF3 sample.

Figure 3.HeIM images of the ScF3 microtubes: (a) overview image; (b
and c) views of the open ends of different tubes.

Figure 4. TEM and HRTEM images of the single ScF3 microtube: (a)
overview image of a single tube and the corresponding SAED pattern in
the inset; (b and c) HRTEM images of selected areas of a tube with
different magnifications.

Figure 5.Hypothesized model of ScF3 microtube formation at the gas−
solution interface.
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addition of any surfactant. The results of the investigation of the
morphologies and crystal structures of the microtubes using
XRD, SEM, HeIM, TEM, HRTEM, and SAED confirm that
ScF3 microtubes have a single-crystalline nature with hexagonal
structure. Variation of the interaction time from 20 to 60min is a
major factor influencing the microtube wall thickness.
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