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Observing the formation of TiO, mesocrystals from NH,TiOF;
microparticles using in situ thermo-WAXS measurements
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Real-time in situ X-ray analysis was used to shed light on the
topotactic transformation of NH,TiOFj; into nanostructured
TiO, mesocrystals. Specifically, for the system formed in the
presence of the PEG-2000 templating polymer, XRD analysis
showed that the overall transformation occurs through four
separate transitions, consistent with previous reports. The
applicability of synchrotron wide-angle X-ray scattering
(WAXS) to real-time in situ analysis has enabled precise
temperature mapping of these four transitions and the
identification of stability boundaries for the first time.

Stability zone of nanostructured TiO,

150 200 250 300 350 400 450
t/min

Keywords: anatase, TiO,, mesocrystal, composites, WAXS, NH,TiOF;.

Mesocrystals are crystallographically ordered arrays of
nanoparticles. Consequently, micron-sized mesocrystals can still
exhibit the properties inherentin their constituent nanoparticles.'-3
Titanium dioxide mesocrystals have been widely studied in
many energy and environmental fields such as solar cells,*
photocatalysis®® and lithium-ion batteries.>!? This interest is
due to their high chemical stability, non-toxicity, low cost,
elemental content and unique physicochemical properties. As a
result, significant progress has been made in the controlled
synthesis of TiO, nanomaterials with tunable compositions,
phases, sizes, shapes and architectures, since these parameters
can significantly influence the properties of TiO,
nanomaterials.''=!5 In particular, anatase TiO, nanosheets with
highly active {001} facets have attracted considerable attention
as they usually exhibit improved photocatalytic properties.'® In
addition, TiO, nanosheets with exposed {001} facets, combined
into sandwich layers or mesocrystals with a similar structure,
enable such materials to have excellent lithium-ion storage
performance.!” Interestingly, for systems in which ordered arrays
of anatase nanocrystals are obtained by topotactic transformation
from ammonium oxofluorotitanate, the boundaries of the stable
state, i.e., a state in which crystallite growth is possible only in
the {001} direction, have not yet been reported.':1?

Here, we report a facile method to synthesize mesocrystals of
TiO, nanosheets with dominant {001} facets and present X-ray
diffraction (XRD) data on the mechanism of topotactic
transformation of NH,TiOF; to TiO, and the influence of
annealing parameters on the properties of the resulting
mesocrystals. Most notably, for ordered arrays of anatase
nanocrystals, obtained from NH,TiOF; mesocrystals formed in
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the presence of a PEG-2000 template, we determined regions of
a stable mesostate and conditions for further growth of titanium
dioxide nanoparticles inside the Type 1 mesocrystals.?’ Thus,
mapping the stability of ordered arrays of anatase nanocrystals
made it possible to predict the conditions for the synthesis of the
most effective nanophotocatalyst in particular and functional
orientation-sensitive nanomaterials in the form of mesocrystals
in general (see Online Supplementary Materials). This knowledge
could be useful for generating mesocrystalline materials
consisting of arrays of one or more types of nanoparticles, with
specific properties configured to enable their use in practical
applications of mesocrystals or any metamaterials.

A sample of NH,TiOF; mesocrystals was synthesized in the
presence of PEG-2000 using a previously described synthetic
procedure.?! This protocol results in the formation of micron-sized
NH,TiOF; particles of a specific shape, separated from each other
by a polymer additive, in this case PEG-2000. When analyzed by
XRD, this sample showed a typical XRD pattern of NH,TiOF;
[Figure 1(a)], having lattice parameters a=7.5526(1) A,
b =6.3051(1) A and ¢ = 7.5845(1) A.2! The scanning electron
microscopy (SEM) images show that the NH,TiOF;
microparticles have the shape of a regular rectangular prism with
a length/width of about 4 um and a height varying in the range of
approximately 1.7-2.0 um [Figure 1(b),(c)].

Understanding where the boundaries of stability of intermediate
nanoparticles lie during the transformation of NH,TiOF; into
titanium dioxide mesocrystals is a key. To determine the stability
boundaries for the conversion of NH,TiOF; into ordered arrays of
TiO, nanocrystals, we performed thermogravimetric analysis
(TGA) [Figure 1(d)] and differential thermal analysis (DTA)
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Figure 1 (a) XRD pattern of NH,TiOF;. (b),(c) SEM micrographs of
NH,TiOF; mesocrystals formed in the presence of PEG-2000. (d) TGA and
(e) DTA curves of NH,TiOF; in (/) an air atmosphere and (2) an argon
atmosphere. Arrows indicate mesocrystal generation zone.

[Figure 1(e)] both in air (curve /) and in an argon atmosphere
(curve 2). In both cases, four different stages were observed,
which is consistent with previous research.?>2> When heated in
air in the first stage (25-230 °C), water and other volatile
components are removed [reaction (1)]. At the second stage
(230-340 °C), the conversion of NH,TiOF; to HTiOF; occurs
with the loss of NH; [reaction (2)]. The third stage (340-380 °C)
corresponds to the transition of HTiOF; into TiOF, with the
concomitant loss of HF from the mixture (absorption of
fluoride by boric acid) [reaction (3)]. At the final fourth stage
(380480 °C) TiOF, is converted into TiO, [reaction (4)].

NH, TiOF;-H,O,,1, = NH,TiOF; + HyO ., T 1)
NH,TiOF; = HTiOF; + NH; T ©)
HTiOF; = TiOF, + HE? 3)
TiOF, + H,O = TiO, + 2HF 4)

Conversion processes in the temperature ranges of 380—
480 °C in air and 380-510 °C in argon, associated with the
transition from TiOF, to TiO,, shows differences in stability
limits. Oxygen in the air can accelerate the final stage of
decomposition. Thus, when NH,TiOF; is heated in air for two
and four hours at a temperature of 450 °C, lozenge-shaped TiO,
mesocrystals are formed [Figure 2(a),(b)]. In stark contrast,
annealing an identical NH,TiOF; sample in air at a temperature
of 500 °C leads to the destruction of mesocrystals and the
formation of individual nanocrystals of titanium dioxide, which

1 pm I um
—_— —_—

Figure 2 SEM images of (a)—(c) ordered arrays of TiO, nanocrystals and
(d),(e) TiO, mesocrystals with thicknesses of (d) ~1.90 and (e) ~1.66 um
obtained from (a)—(c) random or (d),(e) identical NH,TiOF; samples by
annealing in (a)—(d) air and (e) argon at (a),(b),(d),(e) 450 and (c) 500 °C for
(a),(c) 2 and (),(d),(e) 4 h. For additional SEM images, see Figure S6 in
Online Supplementary Materials.

Table 1 Main characteristics of samples of ordered arrays of TiO,
nanocrystals obtained by annealing NH,TiOF; mesocrystals.

Annealing conditions Crystallite size

Sample Atmosphere  t/h 7/°C (by XRD)/nm
450_2 Air 2 450 40+2
450_4 Air 4 450 372
450_8 Air 8 450 44 +4
500_2 Air 2 500 42+2
500_4 Air 4 500 45+3
500_8 Air 8 500 -
450_2_Ar Ar 2 450 47+2
450_4_Ar Ar 4 450 402
450_8_Ar Ar 8 450 43 +4
500_2_Ar Ar 2 500 44 +2
500_4_Ar Ar 4 500 46+3
500_8_Ar Ar 8 500 -

¢ No mesocrystals formed.

is confirmed by SEM [Figure 2(c)]. Moreover, the duration of
annealing at a certain temperature affects the size of titanium
dioxide crystallites (Table 1).

Thermal XRD data are in satisfactory agreement with the
TGA data and confirm the above scheme of reactions (1)—(4) for
the conversion of NH,TiOF; to TiO,. The final powders obtained
are single-phase and have an anatase structure (Figures S1 and
S2, see Online Supplementary Materials). The lattice parameters
of TiO, were estimated to be a =3.793 A and ¢ =9.485 A, which
is in excellent agreement with the published data.>* The
mesocrystallinity and high-order orientation of the nanoparticles
composing the TiO, mesocrystals were confirmed by SEM
(Figure S3), transmission electron microscopy (TEM) (Figure
S4) and selected area electron diffraction (SAED) (Figure S4).
Moreover, TEM and SAED data confirmed the 001-directed
growth of TiO, mesocrystals formed from NH,TiOF; single
crystals that were prepared in the presence of the PEG-2000
template (Figure S4). The single-crystal diffraction pattern
obtained for one of these TiO, mesocrystals is consistent with
that previously reported for Type I mesocrystals.?

Inspired by such well-defined reaction steps as evidenced by
TGA and XRD, we sought to shed further light on these
transitions by conducting a series of real-time XRD studies.
Specifically, NH,TiOF; samples were subjected to annealing at
temperatures up to 600 °C in air, and real-time XRD patterns
were recorded during heating. Clear structural changes can be
seen in four different temperature ranges (Figure 3). These are
consistent with an initial reversible phase transition of NH,TiOF;
(Pca2; to Pma2) at about 180 °C, as described in our recent
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Figure 3 Superimposed in situ XRD patterns of an NH,TiOF; sample
gradually heated from 225 to 385 °C in air. The heat flow to the sample and
the weight loss from it under the same conditions are shown in the inset on
the right.
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Figure 4 (a) Raman spectra of (/) NH,TiOF; before annealing and (2)
anatase TiO, obtained by annealing NH,TiOF; in air at 450 °C for 2 h.
(b) Raman spectra of TiO, mesocrystal samples prepared by heating
NH,TiOF; mesocrystals in (/)—(5) air and (6)—(/0) argon at ({)—(3),(6)—(8)
450 and (4),(5),(9),(10) 500 °C for (1),(4),(6),(9) 2, (2),(5),(7),(10) 4 and
(3),(8) 8 h. Two arrows indicate the shifts of the E, signals when heating was
carried out in an argon atmosphere.

work,?! followed by three structural transitions in the temperature
range 225-385 °C. These transitions are brought about by three
distinct chemical reactions (2)—(4) as NH,TiOF; is converted to
TiO, by the action of heat. It is notable that these structural/
chemical transitions occur at very specific temperatures and that
real-time in situ XRD can accurately measure these temperatures
(Figures 3 and S5).

All samples were investigated by Raman spectroscopy [Figure
4(a),(b)]. The spectra of the annealed samples demonstrate only
anatase reflections [Figure 4(b)].?° In the spectra of samples
annealed in an argon atmosphere, shifts of the E, lines at 100 and
200 cm™! are observed, while the remaining lines do not change
their positions. The shift in the E, line of TiO, may be associated
with a change in particle size in the lateral direction, which likely
reflects a change in the mechanism of thermally mediated
transition from NH,TiOF; to TiO, and a concomitant increase in
the volume of TiO, nanoparticles that make up the TiO,
mesocrystal. The change in nanoparticle growth is consistent with
SEM data [Figure 2(d),(e)]. This is consistent with SEM and XRD
data, according to which, when the annealing temperature changes
from 450 to 500 °C, the stabilization of the dioxide mesocrystal by
the polymer is impaired and the isotropic growth of titanium
dioxide crystallites begins. This transition from nonclassical to
more classical growth probably leads to a decrease in the area of
photoactive {001} planes.

In more specific comparative analyses, it was shown, mainly
by SEM, that with increasing annealing temperature from 450 to
500 °C in an argon atmosphere, the ordering of crystallites in the
layers is completely destroyed, although in general overall
structural terms the mesocrystals largely retain their overall
structural integrity (Figure S7). Among other changes that
occurred, the thickness of the ordered arrays of TiO, nanocrystals
changed from 1.2 + 0.2 ym to 1.4 + 0.2 uym upon annealing at
450 and 500 °C, respectively.

In summary, three factors that affect the formation of
nanostructured TiO, photocatalyst from NH,TiOF; mesocrystal
precursors were evaluated: annealing temperature, annealing
time and annealing atmosphere. TGA and X-ray phase analysis
data made it possible to establish the stability limits of anatase
mesocrystals obtained from ammonium oxofluorotitanate. These
observations were complemented by SEM analysis, and together
these data allowed us to determine the influence of processing
parameters (annealing temperature, time and atmosphere) on the
boundaries of formation of stable titanium dioxide mesocrystals.
Our results have more general implications as they are likely to
be applicable to nanoparticle arrays generated in other
mesocrystal-forming reaction systems, where a range of variable
reaction conditions and parameters are used to produce
nanostructured mesocrystals for the desired application.
Reconstruction of the stability map of mesocrystals makes it
possible to predict the conditions for the synthesis, in particular,
of a highly efficient nanophotocatalyst for water splitting.
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