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Abstract

Titania mesocrystals, prepared using a polyethylene template, were studied by a
combination of electron microscopy, XPS and EPR techniques. The electronic structure
and local environment of point defects in the TiO, mesocrystals were deduced from
experimental and simulated EPR data. The Ti’"/F centers and oxygen defects were shown
to be the most photosensitive. The presence of carbon radicals was also demonstrated.

Since the point defects govern TiO, photosensitivity and photocatalytic activity in the
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visible spectral range, the data obtained provide new insights into photocatalytic

reactions engineering using titania mesocrystals.

Introduction

Engineering of self-assembled hybrid mesocrystals is one of the leading trends in
synthetic materials. This unique type of material has a tremendous potential to
revolutionize materials/devices based on inorganic components. Seeking to benefit from
improved functional characteristics, many research groups have fabricated mesocrystals
of different sizes, shapes and microarchitectures demonstrating enhanced effects in the
properties of the resultant materials.'™ Interestingly, most studies so far have revealed
that the characteristics of the self-assembled materials depend strongly on the synthetic
procedures used in their generation.” The origin of specific functional properties (optical
response, photocatalytic activity, mechanical hardness, elasticity, etc.) in these entitites
has been attributed to the fine interplay of crystal structure and surface state.’

Titania mesocrystals have only recently been described and are best viewed as an

719 Microstructural features of TiO, mesocrystals have

entirely new class of materials.
been investigated thoroughly by several research groups.'' ™ Obviously, to provide a
complete understanding, it is necessary to supplement these data with the
crystallographic information on titanium and oxygen coordination environments in the
TiO, mesocrystals that would help to explain correctly the physical and chemical
properties of these materials. Here, we provide a first report on the crystalline and defect
structure of pure anatase TiO, mesocrystals prepared using poly(ethylene glycol)-6000
g/mol (PEG-6000). A complex analysis of mesocrystal formation conditions was
performed to understand how they affected the structure and determined electronic
structure and local environments of the mesocrystals. TiO, mesocrystals are seen as
promising candidates for the generation of new photocatalytic devices due to the
simplicity of their synthesis and high catalytic activity in degrading toxic compounds
under illumination in the visible spectral range. Since paramagnetic defects (oxygen-

14-16
, electron

related radicals) are responsible for the photodegradation of compounds
paramagnetic resonance (EPR) technique combined with electron microscopy and X-ray

photoelectron spectroscopy (XPS) were chosen as a primary source of information on the
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structure of TiO, mesocrystals. This analytical strategy gave us the opportunity to better

evaluate possible practical applications of the mesocrystals.

Experimental

Our approach to the synthesis of Ti-based mesostructures using a poly(ethylene
glycol) 6000 (PEG-6000) templating agent includes several stages. At first, (NH,),TiFg
(Sigma-Aldrich UK) 0.1 mol L", PEG-6000 (Alfa Chemicals Ltd.) and gelation agent
H;BO; (Alfa Chemicals Ltd.) 0.2 mol L™ were dissolved in distilled water (30 mL) under
continuous stirring. Upon complete dissolution of the reagents, the resultant gel was kept
at 35 °C for 20 hours. This process led to the formation of a precipitate which was
isolated by centrifugation/decantation and subsequently washed with water (3 x 20 mL)
and acetone (3 x 20 mL). It is to be noted that higher concentrations of PEG-6000
template led to mesocrystal agglomeration while lower concentrations resulted in
centralized defects.'' Therefore, precise control over PEG-6000 concentration is crucial
for fabrication of non-agglomerated and defect-free NH,TiOF; mesocrystals. In our
previous study'', it was established that for the synthesis of mesocrystals with the highest
photocatalytic activities, the optimal molar ratios of the reagents should be as follows:
PEG-6000:(NH,),TiFs:H;BO; =1:2:4."" The resultant NH,TiOF; mesocrystals were
heated in air at 450 °C for 2, 4 or 8 hours. Gaseous HF evolved during this thermally-
induced, multi-step transformation of NH,TiOF; mesocrystals into TiO, mesocrystals.

X-ray photoelectron spectroscopy (XPS) measurements were performed using an
Axis Ultra DLD (Kratos, UK) spectrometer equipped with a monochromatic Al Ko X-ray
source. The spectra were fitted by the Gaussian—Lorentzian convolution functions with
simultaneous optimization of the background parameters.

Scanning electron microscopy (SEM) studies were performed on a Carl Zeiss
NVision 40 high resolution scanning electron microscope.

Low temperature nitrogen adsorption measurements were conducted using an
ATX-6 analyzer (Katakon, Russia). Before the measurements, samples (30—60 mg weight)
were degassed at 200 °C for 30 min under a dry helium flow. Determination of the
surface area was carried out by using the 5-point Brunauer, Emmett and Teller (BET)

method at the relative pressure range of P/Py = 0.05 — 0.25.
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Electron paramagnetic resonance (EPR) spectra were recorded using a Bruker
ELEXSYS E500 EPR spectrometer with a working frequency of 9.5 GHz; X-band,
sensitivity of about 5x10'" spin/G; modulation frequency 100 kHz. A CuCl,-2H,0
standard with a known number of spins was used to calculate the concentration of defects
in the samples. A standard procedure was used to determine the defect concentration with
reference to a standard sample.'” The samples were irradiated in the optical cavity of the
EPR spectrometer with a 50 W high-pressure mercury lamp (the spectral range is 245—
900 nm) and a halogen lamp (the spectral range is 400—800 nm). The measurements were
performed in the temperature range 10-300 K using a Bruker ER4112HV temperature
control system. Computer simulation of the EPR signal was carried out using an
EasySpin module of the MATLAB software package.'® This procedure is necessary to

obtain the most accurate values of the EPR spectral parameters (g, AH values, etc.).

Results and Discussion

In the present paper, a series of samples was investigated: initial NH4TiOF;
mesocrystals and those heat-treated at 450 °C for 2, 4 and 8 hours (samples denoted as
Ti0,-2T, TiO,-4T and TiO,-8T, respectively). The NH,TiOF; mesocrystals were
generated from (NH,4),TiF¢ and H;BO; in the presence of a PEG-6000 templating agent
using methodology developed previously."'

Figure 1(a) shows the typical smooth form of a pristine NH,TiOF; mesocrystal.
The morphology of the samples changed gradually upon annealing the pristine NH,TiOF;
sample at 450 °C (Fig. 1, b-d). Smooth surfaces of the NH,TiOF; mesocrystals became
rougher and considerably more porous. With an increase in the annealing time of the
samples, the size of the TiO, mesocrystals decreased. This can be explained by a loss of
by-products from the thermally-mediated transformation of NH4TiOF; into TiO, (e.g. HF)
together with water and by-products from PEG-6000 decomposition (see XRD and

atomic concentration of components of MCs at ESI S2 and S3 )."".
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Figure 1. SEM images of Ti-based mesostructures: initial NH,TiOF; mesocrystals (a);
Ti0,-2T (b), TiO,-4T (c) and TiO,-8T (d) samples. Scale bar is 1 (a, b, c,) and 2 (d)

micron.

According to the BET measurements (N, isotherm for TiO, MCs presented at ESI,
S4), the surface area of the samples at first increased with the annealing time and then it
decreased (from 1 m*/g for NH4TiOF;, up to 20 m?/g for TiO,-2T and TiO,-4T and then
down to 7 m’g for TiO,-8T). These observations are consistent with the
decomposition/loss processes, referred to above, giving a more porous open structure
followed by loss of structural integrity upon prolonged heating resulting in a more
condensed, collapsed nanocrystalline material with a concomitantly lower surface area.
The SEM images in Figure 1 also support these findings.

Elemental composition of the samples under investigation was studied by XPS.

Obtained results are shown in Figure 2 and Figure 3.
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Figure 2. XPS spectra of the Ti 2p region of initial NH,TiOF; mesocrystals (a) and TiO,-
4T (b) and TiO,-8T (c) samples.
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XPS spectra in the Ti 2p binding energy range could be represented by
contributions of two states: Ti 2p 3/2 and Ti 2p 1/2 (Figure 2). The Ti 2p peaks were
symmetric and of high intensity, indicating that the samples contained only Ti*" surface
species. After 8 hours of annealing, according to SEM images of the samples
(Figure 1, d), almost complete destruction of the mesocrystals and formation of
nanocrystal ensembles occurred, which was expected to be accompanied by an increase
in the number of Ti** surface centers. In the XPS spectra, due to the low concentration of
Ti’", it was not possible to deconvolute the corresponding lines from the bulk Ti’* centers
(their positions are marked with arrows (Figure 2,c)).

Figure 3 shows XPS spectra corresponding to the O 1s binding energy range and is
entirely consistent with previous studies so demonstrating the reproducibility of the
synthetic process.'' The main central line in all spectra refers to lattice oxygen. The
relatively small right shoulder of the spectrum (532.2 eV) has previously been attributed
to fluorine replacing oxygen in the titania lattice.'' The intensity of this band decreases
with increasing annealing time, which can be explained by a decrease in the fluorine
content in the samples.'’ Similarly we have previously attributed the relatively minor left
shoulder of the spectrum (529.9 eV) to the presence of carbonaceous admixtures from the
PEG-6000 template, used during the synthesis. A decrease in the intensity of this line was

also explained by the removal of PEG-6000 matrix residues during the annealing
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Figure 3. XPS spectra of the O 1s region of initial NH,TiOF; mesocrystals (a) and TiO,-
4T (b) and Ti0,-8T (c) samples.
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Let us now discuss the features of the point defect formation in titania
mesocrystals and their variations in the process of mesocrystal transformation into
ensembles of nanocrystals during sample annealing. An EPR study of all samples at 300
K showed the absence of paramagnetic defects in these structures. The possible reason
can be as follows: (i) the samples contained no paramagnetic defects; (ii) some of the
defects were in a non-paramagnetic state, and, as a result, the concentration of defects
was below the sensitivity limit of the EPR spectrometer; (iii) the relaxation times of
defects were too short, which led to the large width of the lines in the EPR spectrum (due
to the Heisenberg uncertainty principle) and, consequently, the impossibility of their
detection. A simple way to change the charge state of defects was to illuminate the
samples by a wide range of wavelengths to initiate both fundamental and impurity
absorption of light. Trapping of photoexcited electrons and holes can lead to a change of
the paramagnetic state of defects to a non-paramagnetic one and vice versa. This effect
was reliably demonstrated in our previous papers.'” ' The illumination (245-900 nm) of
the samples did not lead to the appearance of any EPR signals. Yet, another reason
existed for the absence of signals in the EPR spectrum. It is well known that the spin-
lattice relaxation time can be controlled by changing the recording temperature of the
EPR spectra.”>* A decrease in temperature leads to "freezing out" of phonon modes, the
energy transfer from excited electron spins to phonons proceeds more slowly, and the
width of the EPR signal line decreases. For TiO, mesocrystals, such a behaviour is quite
typical: EPR signals were reliably recorded in the TiO, meso- and nanocrystals at low
temperatures (Figure 4, 5). No paramagnetic defects were found in the initial NH4TiOF;
mesocrystals (Figure 4, inset). This is supposedly due to a very low specific surface area
(see above) and the presence of a high quantity of PEG-6000, which prevented the
generation of point defects with unpaired electron spins. Indeed, the smaller the specific
surface area, the lower the concentration of surface defects.” In turn, the presence of
PEG promotes the formation of chemical bonds and a reduction in the number of

unpaired electrons.
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Figure 4. EPR spectra of TiO,-2T sample: (1) in the dark, (2) under illumination (5 min),
(3) after illumination (10 min). T=20 K. Inset to Figure 4. EPR spectra of NH;TiOF;

mesocrystals in the dark (1) and under illumination (2). T=20 K.

As follows from Figures 4 and 5, the EPR spectra of titania samples had a
complex shape that was a result the anisotropy of the EPR signals and the superposition
of several EPR signals originating from various defect species. In addition, the shape and
the intensity of the EPR lines underwent changes under illumination. Moreover, this
effect was reversible (Figure 4), which is evidence of photoinduced processes of defect
recharging. In turn, control experiments revealed that all TiO, samples were very
photosensitive under both UV and VIS illumination, i.e. their EPR spectra underwent
photoinduced changes. Taking into account possible practical application, the following
experiments were conducted under visible light illumination (400-800 nm). To analyze
these EPR spectra, computer simulation was used (EasySpin module of MATLAB

software). The corresponding results are shown in Figure 5.
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Figure 5. Normalized experimental and theoretical EPR spectra of TiO,-2T (a), TiO,-
4T (b), TiO,-8T (c) in the dark (1) and under illumination (2). T = 20 K.
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From computer simulations of EPR spectra the main parameters of the EPR
signals — g-tensor and line width values were deduced: g;=1.9896 + 0.0002,
g2, =1.9600+0.0002, AH,=6 G, AH,=6 G (EPR signal of I type); g; =2.022310.0002,
g2, =2.009440.0002, g; =2.0031+0.0002, AH,=4.8 G, AH,=3.8 G, AH;=5.3 G (EPR
signal of II type); g;=2.02012 £+ 0.0002, g, =2.0090 £+ 0.0002, gz =2.0020 £ 0.0002,
AH,=7.4 G, AH,=6.1 G, AH;=8.1 G (EPR signal of III type); g=2.0040+0.0002, AH=8.8
G (EPR signal of IV type). Comparing obtained g-factor values with literature data, we
concluded that the samples contained the following paramagnetic centers: type I
corresponded to the Ti’" spin center in Ti*'—F—Ti>" species®; type II corresponded to O,
radicals®™’; type III corresponded to O radicals®~'"% type IV corresponded to Cs
radicals.”® There is a little trace of Ti’" spin center in Ti*"~Vo—Ti’" species™>** (here,
Vo 1is oxygen vacancy) in the samples — EPR signal of type V with parameters: g,
=1.9784 £ 0.0002, g, =1.9490+0.0002, AH,=10 G, AH,=10 G. A contribution of
Ti**~Vo—Ti’" species is maximal for TiO,-8T samples. It is notable that the most
intensive EPR signal (type I) belongs to the Ti’/F defects, which were observed in all
Ti0,-2T, TiO,-4T, TiO,-8T samples. The left shoulder of the Ti**/F EPR signal is due to
C- radicals. The Ti’"/V, defects (very weak peaks on right shoulder of Ti**/F EPR signal)
were detected in TiO,-8T nanocrystals only, which was attributed to the fluorine loss
during long-term sample annealing. Because of the very low number of Ti**/Vo centers
we could not extract them from the XPS data (see above).

At 20 K the EPR signal from Ti’*/F defects has a high intensity. Therefore it is
very complicated to observe an appearance of EPR signals attributed to the oxygen
radicals (O,’, O") under illumination. Because of this we have measured the EPR spectra
of all of the samples at 120 K (Figure 6). We can see from Fig. 6 that the Ti**/F EPR
signal intensity is comparable with one of the oxygen radicals. As Fig. 6 indicates, our
samples are very photosensitive under illumination: this results in the appearance of EPR
signals from oxygen radicals and simultaneously Ti*" centers and the EPR signal

intensity growing.
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Figure 6. Experimental EPR spectra of Ti0,-2T (a), TiO,-4T (b), TiO,-8T (c) in the dark

The concentration of the Ti*'/F defects increased under illumination (Figure 4).

11

We assumed that the defects were partly in non-paramagnetic state (Ti*'/F). Under
illumination, a large number of photoexcited electrons were formed, which were captured

by the non-paramagnetic Ti*"/F centers. The latter transformed to the paramagnetic Ti*/F
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state, and the growth of the EPR signal intensity was observed (Figure 4). Oxygen-related
radicals (O, and O ) were formed mainly under illumination (Figures 5 and 6) according
to the following reactions: hv +Ti0O, - e~ +h, O, + e~ = 0O, and 0 +h-0,
respectively.*

We have calculated the overall concentrations of all the defects in the samples
under investigation (Table 1). It should be noted that the highest concentration of defects
was detected in TiO,-4T samples. These samples exhibited the best photocatalytic
activity according to our previous data.'' The main contribution to the EPR signal is
given by Ti’'/F and O, , O defects (see Figure 6). Therefore, comparing the results
obtained in this paper with ones from our previous work'', we suppose, that the Ti**/F
and oxygen radicals in TiO, mesocrystals could play a key role in photocatalytic

degradation of organic pollutants.

Table 1. Concentration of defects in the samples.

Concentration, g

Under
Sample In the dark illumination
(20 min)

TiO,-2T  (8.9+0.9)-10"*  (1.5+0.2)-10"
TiO,-4T  (2.3+0.2)-10°  (6.5+0.3)-10"
TiO,-8T  (1.940.1)-10"°  (3.740.2)-10"

Conclusions

Titania mesocrystals were synthesized by a previously established technique, based on
thermal decomposition of PEG-6000 templated mesocrystals of NH,TiOF;. The key
advantage of this method is that it uses simple chemical transformations to create smooth,
regular and uniformly-sized NH4TiOF; mesocrystals and that this general mesostructure
is retained in thermally-mediated conversion into TiO, mesocrystals as long as heating
times are not overly long. EPR-spectroscopy was shown to be an efficient tool for the
identification and quantitative analysis of the defects in TiO, mesocrystals. TiO,
mesocrystals were found to contain mainly Ti*" defects having fluorine in the local
environment which replaced the oxygen atoms in the titania lattice. Long-term annealing
of TiO, mesocrystals led to an increase of Ti3+/0xygen vacancy defects. Besides, TiO,

mesocrystals were characterized by the presence of some quantity of carbon radicals. It
12
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was established that under visible illumination, the density of Ti**/F centers was
increased and oxygen-related radicals are generated. This result correlates well with our
previous reported data on the photocatalytic activity of titania-based nanostructures.''
Collectively, these are important experimental facts that will help inform techniques for
the generation of TiO, mesocrystals, for use in photocatalytic applications, with superior

properties to those available currently.
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