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Facile synthesis of scandium fluoride oriented
single-crystalline rods and urchin-like structures
by a gas-solution interface techniquet

L. B. Gulina, @* V. P. Tolstoy, @ 1. A. Kasatkin @ and I. V. Murin ®

A facile and effective method to obtain urchin-like structures and ordered arrays of rod-like crystals of
scandium fluoride by an interfacial interaction between solution and gaseous reagents (Gas-Solution Inter-
face Technique, GSIT) is reported. The rod crystals with tetragonal crystal lattice can be as thin as ca. 200
nm and as long as ca. 7 um. The effect of solution concentration and reaction time on the morphology of
the product is reported. The synthesized crystals were characterized by SEM, TEM, HRTEM, XRD analyses,
EDS, XPS, and FT-IR spectroscopy. A hypothesis is proposed on the formation of rod crystals during the

rsc.li/crystengcomm GSIT process.

Introduction

Currently, interface-mediated synthetic approaches, in which
the interface determines the transport behaviour of ions and
molecules, are widely applied to controlled crystal growth and
fabrication of nano- or microstructures." In particular, the
air-water interface is used for characterization of surfactant
molecules and for obtaining Langmuir films.> Self-assembly
of building blocks such as molecules, ions, particles, micelles,
etc. at the surface of water is the main driving force of Lang-
muir layer formation. Usually, surface-active molecules assist
in this process. For example, mineralization with the assis-
tance of an amphiphilic block copolymer® and silk fibroin-
mediated biomineralization® were carried out at the air-water
interface. Alternatively, isothermal evaporation can be applied
to fabrication of organic crystals by a drop-casting method at
the air-liquid interface.” In this way, the solvent polarity is
used to control the morphology of the product. Hydrolysis
and decomposition of a complex compound have been used®
to obtain a self-assembled film formed from oriented inor-
ganic crystals at the air-liquid interface. In the same way, the
aminolytic reaction in solution along with the self-assembly
process allowed the formation of three-dimensional hierarchi-
cal inorganic architectures.”

Recently, a facile gas-solution interface technique (GSIT)
was successfully applied to synthesize well-known inorganic
materials in the form of thin films or microtubes® " at room
temperature under soft chemistry conditions without surfac-
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tants. The interaction between a gaseous reagent and
dissolved cations at the surface of solution plays a key role in
this type of synthesis. The opportunity to obtain inorganic
fluorides by GSIT was first demonstrated in ref. 12 and 13
with the example of 2D oriented strained LaF; crystals with
high ionic mobility. The effect of solution doping on modify-
ing the properties of lanthanum fluoride was studied."*™°

In this work, we applied GSIT to synthesize rod-like crys-
tals of scandium fluoride (ScFs). ScF; is an important compo-
nent of materials with ionic conductivity.'”'® Doped ScF;
demonstrates up/down-conversion fluorescence properties,’
and can be applied to bioimaging.>® Importantly, scandium
fluoride belongs to a very specific and narrow group of mate-
rials demonstrating negative thermal expansion (NTE) in the
broad temperature range from 10 K to 1100 K.>'> It is
known that the magnitude of NTE is reduced with decreasing
crystal size.** Crystal morphology is also known to affect the
optical, mechanical, electrochemical, catalytic and other
properties of materials.”>>® Tuning of NTE in crystals by
tuning the phase composition and crystal morphology allows
designing new materials with controllable thermal properties.
We focus here on demonstrating the potential of the GSIT
method to synthesize ScF; rod-like crystals. In our future
work, we are planning to optimize the synthesis strategy and
perform deeper and detailed characterization of the phases
obtained.

Results and discussion

As a result of the interaction between a 0.01 M solution of
scandium chloride and gaseous HF, separated microclusters
of solid particles are formed on the solution surface, which
are not connected to each other. When a 0.02 M ScCl;
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solution is used as a reagent, a fractal network of solid parti-
cles is formed on the surface (Fig. 1la). After washing and
transferring onto a silicon wafer, the structures were charac-
terized by SEM (Fig. 1b-f). As seen in the images, the synthe-
sized network consists of urchin-like structures formed from
rods with lengths up to 6-7 micrometers. The rod length de-
pends on the treatment time. During the first 30 min of reac-
tion, the crystals grew up to a size of 3-4 micrometers
(Fig. 1c). After 60 min, the maximum length was 6-7 micro-
meters (Fig. 1d). It is seen that several rod-like crystals grew
from a single seed. In some photographs, one can also see
crystals with a cubic morphology (Fig. 1e) up to 500 nm in
size. In some images of the largest rod-like crystals, faceting
characteristics can be observed (Fig. 1f).

A typical X-ray diffraction (XRD) pattern of the urchin-like
structures is shown in Fig. 2. A couple of high-intensity dif-
fraction peaks at the Bragg angles 26 = 22.1 and 26 = 45.2 de-
grees and other peaks are assigned to the crystal planes of
ScF; with a cubic crystal lattice and the Pm3m space group
[ICDD PDF #00-046-1243] showing a strong [100] texture. The
additional series of diffraction peaks marked by blue color
and asterisk in the figure can be assigned to the crystal
planes of tetragonal scandium fluoride [ICDD PDF #00-050-
0238]. We carried out additional GSIT synthesis of scandium
fluorides from ScCl; and Sc(NO;); solutions with pH = 1 and
pH = 3. In each case, the XRD patterns were identical to that
presented in Fig. 2.

The TEM images of the urchin-like structures are shown
in Fig. 3. As seen in Fig. 3a-c, the structure synthesised over
20 min consists of rods with lengths up to 2 micrometers.

Fig. 1 Images of urchin-like structures synthesized from 0.02 M ScCls
solution: a) optical reflection image; b and c) SEM images of structures
synthesized over 30 min with different magnifications; d-f) SEM images
of structures synthesized over 60 min with different magnifications.
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Fig. 2 X-ray diffraction pattern of scandium fluoride crystals.

The SAED patterns (insets in Fig. 2d and e) agree with the
XRD results and show a tetragonal lattice with parameters
close to those reported in ref. 29 for ScF, ;s @ = 0.379 nm
and ¢ = 0.674 nm. The crystals are elongated along the [001]
direction.

When a more concentrated 0.1 M scandium salt solution
was used as a precursor, a continuous film was formed. The
surface of the film consisted of cubic crystals (Fig. 4a and c)
on the atmosphere side, but the oriented rod crystals grew
on the opposite side facing the solution (Fig. 4b). Fig. S17
shows SEM images of the non-continuous film grown on the
surface of a 0.05 M solution. The islands in which the film is
continuous have diameters up to 20 pm, and the rod-like
crystals in the central parts are preferably oriented with their
long axes along the normal direction to the film surface. The
ordering is disturbed on the edges of these areas, where
urchin-like rims are formed. The diameters of the islands
and the overall degree of the solution surface coverage by the
film can be adjusted by changing the solution concentration
within the range of 0.02-0.1 M.

The elemental compositions of the synthesized structures
were determined with EDS (Fig. 5). A typical EDS spectrum is
shown in Fig. 5b; only Sc and F were detected. The resulting
average ratio of Sc/F is 23/77 which corresponds to stoichio-
metric ScF;.

The X-ray photoelectron spectroscopy (XPS) results are
plotted in Fig. 6. The binding energies of Sc (2p;/,, 410.3 eV
and 2ps/,, 406.0 eV) and F (1s, 686.3 eV) can be readily ob-
served in the spectra (Fig. 6b and c). The Sc 2p peak has sig-
nificantly split spin-orbit components (A = 4.3 eV), which
correspond to Sc**.*° The F 1s peak centered at 686.3 eV may
be attributed to the metal-fluorine bonds.*' According to the
XPS analysis, the Sc/F ratio is close to 24/76 which conforms
to the nominal composition of ScF;.

The results of FT-IR spectroscopy investigation (Fig. 7)
agree with these data. The absorption bands in the 600-480

CrysttngComm, 2017, 19, 5412-5416 | 5413
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Fig. 3 TEM and HRTEM images of scandium fluoride crystals
synthesized over 20 min of reaction: a and b) overview images of the
urchin-like structure with different magnifications; c) single rod crystal;
the marked area is magnified in d and e; d) HRTEM image of the side
edge of the rod crystal with the corresponding SAED pattern in the in-
set; ) HRTEM image of the top edge of the rod crystal with the SAED
pattern in the inset; f) magnified HRTEM image of the marked area in e.

cm™" region can be related to the Sc-F vibration, particularly
the band at 605 ecm™" corresponding to the v;(a’;) fundamen-
tal frequency in ScF; (ref. 32-34) and the two components,
495 cm™" (s) and 550 cm ™" (v), associated with the rotation of
the octahedral [ScFq] group.®>*® The absorption bands with
maxima at 3380 cm™* and 3230 cm ™" in this spectrum should
be attributed, respectively, to the valence oscillations of the
0O-H bonds of the water molecules®” and the HF stretching
bands of the hydrogen fluoride species.*®*’

The following model of formation of oriented ScF; crystals
may be suggested. In the initial time of interaction, cubic
crystals are formed on the solution surface, and they acted as
parent crystals or nucleation centers of rods. When the con-
centration of the scandium salt in solution was low, the
cubes floated on the solution surface freely and separately
from each other, and growth of tetragonal crystals occurred
in a disordered manner in all directions. In the case of more
concentrated solutions, the surface was completely covered

5414 | CrysttngComm, 2017, 19, 5412-5416
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Fig. 4 SEM images of scandium fluoride rod crystals synthesized from
0.1 M ScCl; solution: a) top view image; b) bottom view image; c and
d) cross-sectional views under different angles and with different
magnifications.
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Fig. 5 EDS analysis of scandium fluoride crystals: a) SEM image
showing the points of analyses; b) EDS spectrum of area 3.

with oriented cubic crystals and the growth of oriented rods
was observed in the direction orthogonal to the gas-solution
interface towards the liquid phase. The uniform preferred
orientation of the rods which is clearly seen in Fig. 4 can be
easily explained by the evolutionary mechanism of geometric
selection: among the randomly nucleated crystals of the te-
tragonal phase, only those that had chances to grow further
nucleated in the preferred orientation.

To support the suggested model, we can mention the
fact that the cubic phase concentration detectable with
XRD is lower in urchin-like clusters than that in complete
films (Fig. S21). In the SEM images, it is clearly seen that
the cubes in the clusters are hidden in the centers of the
“urchins” (Fig. S31) and only rarely appear outside them
(Fig. 1e, upper right corner, for instance). Since the rods grow
only on one side of the complete films, the concentration of
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Fig. 6 The XPS spectra of scandium fluoride crystals: a) general
spectrum, b) Sc 2p and c) F 1s XPS spectra.
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Fig. 7 FT-IR spectrum of scandium fluoride crystals.

4000

the cubic phase is higher. On the other hand, only short rods
of 1.0-1.4 micrometers in length and a large quantity of cubic
crystals are observed in the initial step (10 min) of synthesis
from a highly concentrated solution (Fig. S4t). This demon-
strates that the cubic phase crystallizes first and provides the
centers of heterogeneous nucleation of the rods.

Experimental
Chemicals and materials

Sc,03 (extra pure) and a concentrated solution of 40% HF
(extra pure) provided by Vekton were taken as the reagents.
All aqueous solutions were prepared using Milli-Q high-purity
water with a resistivity more than 18 MQ ecm™. The aqueous
solutions of the corresponding ScCl; or Sc(NO;3); were
obtained by dissolving the stoichiometric oxide in dilute HCIl
or HNOj; solution. The concentration of the scandium salt so-
lutions used for the synthesis varied in the range of 0.01-0.10
M and their pH values in the range of 1.0-3.0.

Single-crystal silicon wafers served as the substrates in
performing the analysis of the synthesized crystals. The sub-
strates were treated in “piranha” solution, ie. a mixture of
30% H,0, and concentrated H,SO, (3:7 by volume), for 10
min and then rinsed thoroughly in water.

Synthetic procedures

The synthesis of the ScF; crystals by GSIT was carried out at
room temperature in a Teflon hermetically sealed reactor
similar to that described in ref. 40 for LaF; nanocrystals.
Briefly, the surface of a water solution of the scandium salt
was brought into contact with a HF-containing atmosphere
in the reactor. The processing time varied from 10 to 60 min.

The experiments have shown that a transparent colorless
film was formed on the surface of the scandium salt solution
during the HF treatment. After that, the film was transferred
to the surface of pure distilled water in order to remove the
excess solution and left there for 10 min of exposure. This
procedure was repeated twice. Next, the film was transferred

This journal is © The Royal Society of Chemistry 2017
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to a silicon substrate surface, dried at room temperature and
analysed by optical microscopy, X-ray diffraction, SEM, EDS,
FT-IR spectroscopy and XPS. The urchin-like structures were
investigated as-synthesized on silicon; the continuous film
with oriented rods was fixed on the support with carbon con-
ductivity tape for SEM and XPS analyses. For the TEM and
HRTEM investigation, the as-synthesized structures were
transferred onto an Au grid coated with an amorphous car-
bon supporting film.

Characterization

X-Ray powder diffraction analysis was performed on a Rigaku
“Miniflex II” diffractometer using CuKo radiation under 30
kv voltage. The morphologies of the samples were deter-
mined using an optical microscope (Carl-Zeiss Axio Scope A1)
and a scanning electron microscope (Zeiss Merlin) at an ac-
celerating voltage of 2 kV. The chemical composition of the
samples was defined by EPMA using a SEM equipped with an
INCAx-act Energy EDX analyzer (Oxford Instruments). TEM
and HRTEM investigations were performed with a Zeiss Libra
200 FE TEM. XPS analysis of the surface was conducted with
a Thermo Fisher Scientific ESCAlab 250Xi. Infrared spectra
were obtained on a Bruker Vertex 70 infrared spectrometer.

Conclusions

In this study, large-area free-standing rods and urchin-like
structures of scandium fluoride have been prepared success-
fully in the absence of catalysts or templates under soft
chemistry conditions.

ScF; rods can be synthesized by interfacial growth from
the solution and gaseous reagents. The as-prepared ScF; sam-
ples exhibit a mixed phase composition consisting of cubic
and tetragonal crystals. The composition of the samples cor-
responds to scandium trifluoride with a possible excess of
fluorine originating from HF occlusion. The morphology of
the product depends on the concentration of solution and
the reaction time. The longest ScF; rods were over 7 micro-
meters long.

Non-cubic crystals will most probably exhibit anisotropic
thermal expansion, the property which can be utilized when
designing new materials with controllable thermal expansion
(CTE). In our future work, we are planning to perform a de-
tailed study on the thermal behavior of this phase.
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