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Solvothermal Temperature Drives Morphological and
Compositional changes through De-Hydroxyfluorination in

Anatase Nanoparticles

Wei Li,™ Monique Body, Christophe Legein, Olaf J. Borkiewicz,®d and Damien Dambournet*®

Abstract: The reaction system employing titanium alkoxide and
hydrofluoric acid treated under solvothermal conditions has been
widely used to prepare anisotropic anatase crystals featuring a large
percentage of reactive {001} facets. Nevertheless, such a reaction
system yields to the stabilization of both fluoride and hydroxide
substituting oxide in the anatase network. The presence of both
anions is compensated by the stabilization of titanium vacancies. In
this work, we demonstrated that the synthesis temperature impacts
not only the morphology of the as prepared nanoparticles but also
their chemical composition/structural features. Depending on the
reaction temperature, two main crystal growth mechanisms that are
anisotropic and/or driven by oriented attachment were observed.
The morphological changes were associated with a variation of the
composition. Particularly, high temperature allows to eliminate most
of the OH groups through oxolation reactions but fluorine was shown
to be thermally more stable as demonstrated by *H and °F solid-
state NMR spectroscopy. This work confirms that the above
mentioned reaction system does not lead to pure titanium dioxide
which is an important aspect in corroborating
composition/morphological features to the physico-chemical
properties.

Owing to its particular physico-chemical properties, titanium
dioxide is currently investigated for a large set of applications
ranging from photocatalysis to energy storage.! Over the years,
several approaches have been developed to modify/improve the
properties of this compound. One of the current trends in
solution-based processes is to employ morphology-controlling
agent enabling the stabilization of highly reactive crystal facets
featuring unique properties.? In this field, a significant
breakthrough was achieved in 2008 by Yang et al who have
stabilized micrometer anatase single crystals with 47 % of (001)
surface using hydrofluoric acid as a morphology-controlling
agent.Bl Anatase is one of the polymorphs of titanium dioxide
and its name “anatase” derived from the Greek with the word «
ana » = “elongated” which refers to the mineral crystal’'s shape.
Using Wulff construction and calculated surface energies, the
equilibrium shape of a TiO, anatase crystal has been predicted
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to consist of a truncated octahedra which agrees with
experimental observations.™ This crystal exposes only two types
of surfaces with 96 % of (101) and 4 % of (001) surfaces.
Calculations of surface energies indicate 0.44 J.m? and 0.90
J.m? for (101) and (001) surfaces, respectively, highlighting the
highest stability for the (101) type surface. The difference of
stability of the two types of surfaces has been explained in terms
of density and nature of under-coordinated Ti species. The
stable (101) surface exhibits 50 % of titanium in a 6-fold
coordination mode and 50 % of titanium in a 5-fold coordination
mode while the metastable (001) surface contains only 5-fold
coordinated Ti featuring enhanced interfacial properties. Such a
difference in surface reactivity has led to extensive researches
on the preparation of TiO, crystals with specific facets.?

The presence of fluoride adsorbed on surfaces was shown to
weaken the Ti—O bonds in (101) but strengthens them in (001),
explaining the highest stability of the (001) for the F-adsorbed
surfaces.”! Nevertheless, the possible presence of fluoride in the
anatase’s lattice has not been discussed in the literature so far.
It is generally considered that fluoride anions are not stabilized
within the anatase crystal lattice because x-ray diffraction
patterns refer to “TiO,” anatase and also because of inadequate
characterization techniques, i.e. the fluorination is often
characterized by x-ray photoelectron spectrometry (XPS) which
probes only the surface of the particles. Recently, we showed
that the reaction between titanium alkoxide and HF under mild
solvothermal conditions leads to the stabilization of
nanoparticles of anatase featuring an oxy-hydroxyfluoride
composition  Ti1xyOxs+yOz.axsy)Fax(OH)ay where [ represents
titanium vacancies.®! The formation mechanism of this
compound revealed that titanium alkoxide undergoes both
hydrolysis and fluorolysis (“fluorolysis” was introduced by
Kemnitz et all"®) vyielding an anatase phase with an
hydroxyfluoride composition which further evolved into an oxy-
hydroxyfluoride phase by oxolations reactions.! Moreover, the
impact of the solvent characteristics and fluorine concentration
has been investigated with respect to the structure/composition
of the stabilized phases and were shown to be key
parameters.*? Finally, increasing the reaction temperature (from
90 to 160 °C) induced the decrease of the titanium vacancies,
i.e., the extent of the hydroxyfluorination, as revealed by real-
space refinements of pair distribution function (PDF) data.[®
Nevertheless, the reaction temperatures typically used in the
literature commonly range from 150 to 200 °C.[*¥-%6] |n order, to
understand how the temperature affects both the composition
and the morphology of anatase nanopatrticles, we systematically
investigated both aspects in the reaction temperature range of
110-190 °C. A good knowledge of the composition and the
morphology is critical in controlling and modifying the reactivity
of nanomaterials.
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Results and Discussion

It is generally believed that the reaction system employing
titanium alkoxide, water and HF leads to the formation of TiO;
featuring 2D morphology with fluoride anions adsorbed on the
surface. Our previous work showed that fluoride is actually
incorporated within the anatase’s lattice yielding the formation of
titanium vacancies, i.e. TitxyOxryOzaxsy)Fax(OH)4y.® For a
reaction temperature of 90 °C, a time dependent study revealed
that an hydroxyfluoride composition first formed and further
evolved through a solid state transformation, to an oxy-
hydroxyfluoride phase by oxolation reactions.[®! To understand
the effect of the temperature on the reactivity of titanium
alkoxide and HF, a time-dependent study was performed at
higher temperature, i.e., T = 150 °C. Following our previous
study, we employed high-energy synchrotron-based total
scattering measurements and acquired data from which the PDF
was obtained for samples prepared at different reaction times.
PDF can be defined as a histogram of all the atom-atom
distances obtained by Fourier transform of total scattering data
(both diffuse and Bragg) and is therefore perfectly suited for
characterization of amorphous/nanostructured materials.*”l At
the early stage of the reaction (0.5h), the sample contains a
small amount of amorphous TiOF,-like phase. Thereafter,
samples are composed of a single phase of anatase. PDF data
were refined against structural model based on the tetragonal
symmetry of anatase using a real-space refinement (see
experimental section). The PDF refinements are shown in
Figure 1. The Ti (4a) site occupancy was refined and the results
are plotted as a function of the duration time (Figure 2). At the
early stage of the reaction, a large content of titanium vacancies
was obtained indicating the predominance of OH and F anions
over 0% in TiyOxyOz-axey)Fax(OH)ay compounds. This indicates
that titanium alkoxide readily reacted by hydrolysis and
fluorolysis reactions which is similar to what was obtained at low
temperature (T= 90 °C).®! Thereafter, the vacancy content
decreased progressively indicating a composition change upon
reaction. Moreover, the particle size increased upon reaction.
The morphological evolution of the particles with time was
followed assuming a truncated octahedra, i.e., built from eight
{101} and two {001} facets.*® Prolonging the reaction yields to
an increase of the calculated percentage of exposed {001}
facets (Figure 2) highlighting an anisotropic crystal growth which
differs from what occurs at 90 °C.
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Figure 1. PDF refinements of the samples prepared at 150 °C at different
reaction time.
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Figure 2. Evolution of the titanium vacancy concentration and the percentage
of exposed {001} facets upon reaction at T = 150 °C.



To examine the impact of the reaction temperature on the
morphology, samples were prepared at different temperatures
ranging from 110 to 190 °C for 12h. X-ray diffraction data
confirmed the preparation of single phases of anatase (Figure
S1in supporting information).

The evolution of the average crystallite size (estimated using the
Debye-Scherer equation based on the Full Width at Half
Maximum (FWHM) of the (101) reflection) and the percentage of
exposed {001} facets are presented in Figure 3. On one hand,
the average crystallite sizes gradually increased upon increasing
the temperature, from 5 nm to about 19 nm for T = 110 and
190 °C, respectively. On the other hand, the evolution of the
percentage of exposed {001} facets showed three distinct
regions: (i) from 110 to 130 °C, the percentage of exposed {001}
facets remains constant to about 60 %, (ii) from 130 to 150 °C,
the percentage progressively increased to 70 %, (iii) from 150 to
190 °C, the percentage remained constant at 70 %. Thus,
depending on the temperature, crystal growth occurred via
different mechanisms in this reaction system.
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Figure 3. Evolution of the coherence length determined by using the Debye-
Scherrer equation and the percentage of exposed {001} facets as a function of
the reaction temperature. The duration time of the synthesis was set to 12
hours.

To understand the temperature-dependent crystal growth
mechanism, transmission electron microscopy was conducted
on selected samples prepared at 110, 130, 150, 160, 175 and
190 °C (Figure 4). Table 1 gathers the morphological
characteristics of the samples. As it can be observed, the
temperature strongly impacts the morphology. The sample
prepared at 110 °C showed aggregated platelet-like particles
with mean length of 11 nm and thickness of around 2 nm. Upon
increasing the reaction temperature up to 150 °C, the platelet
like aspect of the particles become more pronounced as shown
by the increase of the aspect ratio highlighting an anisotropic
growth of the particles. At T > 150 °C, both the side length and

the thickness of the particles increase (the aspect ratio
decreases) showing that the growth process becomes more
isotropic. Moreover, at T > 150 °C, we observed the presence of
Moiré patterns which are due to the interference between the
crystalline lattices as emphasized in Figure 3 by dotted circles.
This indicates that stacking of particles occurs along a similar
direction, (001), and suggests that the crystal growth follows an
oriented attachment (OA) mechanism.*Y Indeed, in such a
mechanism, the interface of two stacked particles re-arrange
and fuse to form a crystal two times thicker than the original
ones. Strikingly, the percentage of exposed {001} facets remains
constant after 150 °C showing that both OA and anisotropic
growth occur concomitantly.

Figure 4. Transmission electron microscopy images of temperature-
dependent anatase nanoparticles. Yellow dotted circles in panel mark Moiré
patterns.



Table 1. Morphological characteristics of samples prepared at different
temperatures.

Synthesis Particle Thickness Aspect % of
Temperature  length (nm)  (nm) ratio® exposed
(°C) {001} facets
110 11+3 2+05 55 60

130 15+ 3 25+0.3 6.0 62

150 22+3 3.6+05 6.1 70

160 28+5 47+0.8 5.9 70

175 32+6 6.2+1 51 70

190 34+6 71 4.9 70

[a] obtained by dividing the particle length by the thickness.

The OA mechanism was further evidenced by the visualization
of holes/gaps that are due to incomplete surface fusion between
nanoparticles (Figure 5). Moreover, the measured interplanar
distance of 0.235 nm shows that the OA mechanism proceeds
along the [001] direction which agrees with literature data.l*%
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Figure 5. High-resolution TEM image of the samples prepared at 190 °C. Red
dotted rectangles shows the holes/gaps within a particle.

In the following, the impact of the synthesis temperature on the
chemical composition was studied. According to Yang et al who
investigated the “Hydrothermal Stability of {001} Faceted
Anatase TiO;”, the OA mechanism is driven by the modification
of the surface composition.*Y! The hydrolysis of fluorine bonded
to the surface allows further condensation of OH groups to form
oxo bridges in the newly formed crystal. The aforementioned
results showed that OH groups and fluorine atoms are also
present in the bulk. Therefore, *H and °F solid-state MAS NMR
spectroscopies were used to understand the composition
changes occurring upon increasing the reaction temperature.

Fluorine was quantified by °F NMR (see experimental section)
for samples prepared at different temperatures (Figure 6). At
110 °C, the sample contains a large amount of fluorine, i.e. 10.1

wt %, emphasizing a large content of titanium vacancies. Upon
increasing the reaction temperature, the fluorine weight
percentage largely decreases to 5 wt% at 160 °C. Strikingly, at T
= 190 °C, the fluorine content still reached around 4 wt %. It
should be noted that the titanium vacancies content is too low to
be detected by PDF refinements. Nevertheless, °F solid state
NMR was shown to be a suitable probe to identify the presence
of titanium vacancies. 610
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Figure 6. Fluorine weight percent as a function of the synthesis temperature.

F MAS NMR non-normalized spectra of samples prepared at
different temperatures are shown in Figure 7. The fits of these
spectra (Figure S2-S7, Table S1-S6) and the masses of each
sample in the rotor are given as supporting information. All
spectra show three distinct lines which have been previously
assigned in anatase Tio.78[]0.2201.12F0.4(OH)o.4s to Tis-F (-88 ppm),
Ti.O-F (-4 ppm) and Tild,-F (98 ppm) species.®! These three
fluorine environments clearly demonstrate the presence of
titanium vacancies in these Tiyxy[xyO2.4x+y)Fax(OH)ay Samples.
Due to the decrease of the amount of fluorine the integrated
intensities of all the *°F NMR lines decrease upon increasing the
reaction temperature. Moreover, the relative intensities of the °F
NMR lines assigned to the species Tis-F (from ~4% to ~6%) and
Ti,O-F (from ~60% to ~65%) increase whereas the relative
intensities of the °F NMR lines assigned to the species Til,-F
(from ~36% to ~29%) decrease when the reaction temperature
increases (Figure S9). Finally, as shown by the decrease of the
line widths of the °F NMR lines, the disorder around the fluorine
atoms decreases upon increasing the reaction temperature.
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Figure 7. *°*F MAS (64 kHz) solid state NMR spectra of samples prepared at
different temperatures. The dashed lines indicate the three main lines
assigned to Tis-F, Ti2O-F and TiO2-F environments. The arrow indicates an
unidentified impurity.

H MAS NMR non-normalized spectra of samples prepared at
different temperatures are shown in Figure 8. The fits of these
spectra (Figure S9-S11, Table S7-S9) and the masses of each
sample in the rotor are given as supporting information. The
intensities of the proton resonances markedly decrease upon
increasing the reaction temperature (by about 60 % between T =
110°C and T = 190 °C) in agreement with a decrease of the
titanium vacancies. Spectra have been fitted with three (or four)
distinct NMR resonances one at 1.2 ppm, one at ~4 ppm and
one (or two) broader one(s) in the range 6.7-7.9 ppm. Crocker et
al assigned in anatase signals observed at 2.3 and 6.7 ppm to
terminal and bridging OH groups, respectively.*®! This suggests
that chemical shift values increase upon increasing the number
of Ti surrounding OH groups. Similarly to fluorine environments,
three different environments are expected based on the number
of surrounding titanium and vacancy which are Tis-OH, Ti,[(J-OH
and TiO,-OH. The NMR resonances at 1.2 ppm, ~4 ppm and in
the range 6.7-7.9 ppm are therefore tentatively assigned to
Tild,-OH, Ti.d-OH and Tiz-OH species, respectively. The
relative intensities of these NMR resonances point out that OH
groups preferentially formed Tild,-OH and Tis-OH species. This
agrees with the preferential location of fluorine in single vacancy
system, i.e., Ti;[J-F. Moreover, the tentative assignment of the
IH NMR resonances is supported by the variations of their
proportions since the relative intensities of the *H NMR lines
assigned to the species Ti,[d-OH (from 37% to 13%) and Ti[d,-
OH (from ~6% to ~4%) decrease whereas the relative intensities
of the 'H NMR lines assigned to the species Tiz-OH (from ~57%
to ~83%) increase when the reaction temperature increases,
that is, when the titanium vacancy rate decreases.
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Figure 8. *H MAS (64 kHz) solid state NMR spectra of samples prepared at
different temperatures.

Overall, this work shows that the temperature largely impacts
both the composition and the morphology of the nanoparticles.
The reaction system used in this study including titanium
alkoxide and HF is similar to other studies and therefore the
results obtained are likely applicable to others. Particularly, the
presence of fluoride and hydroxide anions associated with
titanium vacancies was shown to be present even at high
temperature. The study of the mechanism of formation at 150 °C
points out a rapid hydrolysis and fluorolysis of the titanium
alkoxide. Increasing the reaction temperature was shown to
decrease the titanium vacancies’s content highlighting a
dehydroxyfluorination according to:

TizxyOxsyO2-ax+y)Fax(OH)ay > (1-%-y): TiO2 + 4x-HF + 2(y-x)-H.0
Nevertheless, the above reaction was shown to be incomplete
even at high temperature and the chemical processes tend to
favor the stabilization of an oxyfluoride-based composition.

In addition to a structural re-arrangement inducing a
compositional change, the temperature was shown to modify the
morphology of the nanoparticles. Our study showed that two
sets of temperature range can be distinguished. Up to 150 °C,
anisotropic crystal growth was observed with mean length and
thickness ranges of 11-22 and 2-3.6 nm, respectively. At T>
150 °C, both anisotropic and oriented attachment crystal growth
occurred yielding mean length and thickness ranges of 22-34
and 3.6-7 nm, respectively. This study provides complementary
information on how to control the aspect ratio of 2D nanocrystals
of anatase.*!!

Conclusions

Using the reaction system based on titanium alkoxide, water and
HF, we have investigated the effects of the reaction temperature
on the composition and morphological aspects of anatase
nanoparticles. We demonstrated that in the temperature range
of 90 to 190 °C, the prepared anatase contained both fluoride
and hydroxide substituting oxide anions compensated by the



formation of titanium vacancies. *H and °F solid-state NMR
spectroscopy clearly demonstrated the presence of titanium
vacancies and further enables the identification through distinct
spectroscopic  signatures of proton and fluorine local
environments whose chemical shift values have been related to
the different numbers of surrounding titanium and vacancies.
Upon increasing the temperature the de-hydroxyfluorination of
the lattice is accompanied by morphological changes via
different mechanisms which identity/nature depends on the
temperature. Up to 150 °C, anisotropic crystal growth was
observed and for T> 150 °C, both anisotropic and oriented
attachment crystal growth have been observed. This study
further proves the complexity of such a system and provides
novel tools to optimize the material’s properties by tuning the
composition and morphology of nanoparticles.

Experimental Section

Synthesis. The synthesis method used is similar to our previous work in
reference.®! Briefly, a solution containing 27 mmol of HF (Rectapur, 40%)
and 25 mL of isopropanol (Sigma-Aldrich) was added to 13.5 mmol of
titanium isopropoxide ((Sigma-Aldrich) in a Teflon line container. Caution:
HF solution is highly hazardous and special protective equipments are
required. The Teflon liner cup was placed inside a stainless steel
autoclave and then heated in an oven at a desired temperature ranging
from 110 to 190 °C for 12 h. After the reaction, the autoclave was left to
cool down to room temperature. The resulting white precipitate was
washed twice with ethanol and subsequently recovered by centrifugation
at 4400 rpm for 15 min. Finally, the powder was dried at 80 °C for 2 h.

Characterization methods. X-ray powder diffraction analysis was carried
out using a Rigaku Ultima IV X-ray diffractometer equipped with a Cu Ka
radiation source (A = 1.54059 A). Transmission Electron Microscopy
analysis was performed using a JEOL 2010 UHR microscope operating
at 200 kV equipped with a TCD camera.

Synchrotron diffraction data were collected at the 11-ID-B beamline at
the Advanced Photon Source at Argonne National Laboratory, using high
energy X-rays (A = 0.2128 A) allowing high values of momentum
transfer.2%21 - One-dimensional diffraction data were obtained by
integrating the raw 2D total scattering data in Fit2D.[?2 PDFs, G(r), were
extracted from the background and Compton scattering corrected data
following Fourier transformation using PDFgetX2.[28] The PDFs were
subsequently modelled using PDFgui.?4!

'H and °F solid-state magic angle spinning (MAS) NMR experiments
were performed on a Bruker Avance 300 spectrometer operating at 7.0 T
(*H and *°F Larmor frequencies of 300.1 and 282.2 MHz, respectively),
using a 1.3 mm CP-MAS probe head. The room temperature H and '°F
MAS spectra were recorded using a Hahn echo sequence with an
interpulse delay equal to one rotor period. The 90° pulse length were set
to 2 ps and 1.55 (or 1.25) ys and the recycle delays were set to 10 s and
20 s, for *H and °F, respectively. *H and *°F spectra are referenced to
TMS and CFCls, respectively and they were fitted by using the DMFit
software.[? 19F solid state NMR was used to quantify the fluorine content
by using reference samples.[®91 19F solid-state MAS NMR (Hahn echo)
spectra were also recorded for YF3 and LaFs and the masses of each
sample in the rotor were measured. The fits of the spectra allow to
determine the integrated intensities (I) for each sample. Since, for each
sample, the recycle delays were chosen to ensure that the amount of

signal detected is maximum (420 s for YFs and 120 s for LaFs), we
assume that the integrated intensities are proportional to the number of
scans (256 for the studied samples and 16 for YFz and LaFz) and to the
molar quantity of fluorine atoms (n) in the rotor. This assumption is
verified since the calculated I/n ratio for YFs and LaFz are equal. The
intensities per scan of the NMR signals of the studied samples, I1, and of
YFz (or LaFgs), I2, allow to calculate the fluorine wt. % in the studied
samples using the following formula where m and M are the mass and
the molar mass, respectively:

L ng
I, - 3myp,
Myr,

Punsp <o _Tebe 3, oy
m

m Myp, 1 m
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