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TiO2 nanoparticles were prepared via sol-gel method using a chemical reactor with ultra-rapid micromixing.
The as-formed nanoparticles atomic structure was characterized using the pair distribution function method
and compared to the structure of several titanium oxide based compounds (anatase, rutile, brookite, Ti-
lepidocrocite-type). The best agreement was obtained with the Ti-lepidocrocite-type structure. Connection
between photocatalytic properties and atomic structure of the nanoparticles was discussed.

1. Introduction

In the actual context of high-level pollution of both air and water, the development of efficient photocatalysts
able to degrade pollutants is a major field of research (Ohtani, 2010a) (Parrino et al., 2019). Titanium dioxide
(TiO2) nanostructured materials are one of the most efficient photocatalysts and have been widely studied
(Hashimoto et al., 2005). TiO2z is a wide band gap semiconductor (E¢g=3.0-3.2 eV) activated under UV light
illumination. Most of the studies have been dedicated to the crystalline TiO2 phases since amorphous phase
was generally considered as inactive. In fact, only a few reports showed a negligible activity of the amorphous
TiO2 phase. This is attributed to the inherent structural disorder of the amorphous phase, facilitating
recombination of photoinduced electron-hole pairs (Ohtani et al., 1997). However, a very thin disordered layer
is always present at the catalytic surface that can critically affect the activity (Soria et al., 2017). Photocatalytic
activity is strongly correlated to physical properties of TiO2 such as crystal structure, surface area, particles
size, etc. (Nakata and Fujishima, 2012). Among these properties, crystal structure of TiO2 (anatase, rutile,
brookite, amorphous) is supposed to be the most essential criterion to predict the photocatalytic properties,
since anatase has far higher photocatalytic activity than rutile or amorphous phases. In a previous study of the
group, Benmani et al. proposed an example of efficient non-crystalline TiO2 nanocatalyst (Benmami et al.,
2006). Thin nanocoatings were prepared by chemical deposition of small TiO2 nanoparticles (~5.0 nm) on
glass supports from a monodispersed colloidal suspension synthesized in a chemical sol-gel reactor with ultra-
rapid micromixing. These nanocoatings showed a great ability to degrade trichloroethylene in the gas phase
with an increased photocatalytic activity comparable with the best commercial crystalline powders. A high
surface-to-volume ratio of nanoparticles, total active surface accessible and role of support in the charge
separation process were the main explanation of these surprising high photocatalytic activity. Original
structural features induced by the synthesis method could also be responsible of the increase of photocatalytic
activity of these nanocoatings. These structural properties require further investigation with appropriate
methods. In the present communication, we report on structural characterization of the primary TiO2
nanoparticles used to prepare the photocatalytic nanocoatings developed by Benmami et al. (Benmami et al.,
2006). The pair distribution function (PDF) method was used to reveal the local order of the very small primary
TiO2 nanoparticles synthesized in the sol-gel T-mixer with ultrarapid micromixing. This method is especially
valuable since in nanoparticles lacking of long-range order conventional XRD methods are inefficient to
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provide reliable structural information about local arrangement (Billinge, 2019). The experimental PDF was
compared and refined against structural models of several TiO2 based compounds of anatase, brookite, rutile,
Ti-lepidocrocite-type. The photocatalytic properties of the nanocoatings were rediscussed regarding the nature
of the primary TiO2 nanoparticle’s structure.

2. Experimental
2.1 Chemicals

Titanium (IV) tetraisopropoxide (TTIP) with 98% purity and n-propanol with 99.5 % purity were purchased from
Sigma-Aldrich. Distillated water (H20) was filtered twice using syringe filter 0.2 pm porosity PALLs Acrodiscs).

2.2 Material preparation

The titanium oxide nanoparticles were prepared via a sol-gel method in a chemical reactor with ultra-rapid
micromixing (Azouani et al., 2009). The reactor used for the TiOz synthesis nanoparticles has been described
in previous studies of the team (Rivallin et al., 2005). All manipulations concerning the solution preparation
were carried out in a LABstar glovebox workstation MBraun under dry N2 atmosphere (O2 < 0.5 ppm, H20 <
0.5 ppm) to avoid any contamination by air humidity and dust particles promoting heterogeneous precipitation
of reactive colloids. Two stock solutions of 50 mL each containing A) TTIP in n-propanol and B) water in n-
propanol were prepared. The Ti4* concentration (Cri) was fixed to 0.3 M and the water concentration (Cw) was
chosen to obtain hydrolysis ratio (h = Cw/Cri) of 2.0. Each solution A) and B) were transferred via glass
syringes of 50 mL volume each to the reactor containers maintained under dry nitrogen flow to prevent any
contamination of the reactive media from environment. The solutions were then injected in the exocentric T-
mixer though two input tubes of 1 mm diameter and the mixed solution exited the mixer through the main tube
output of 2 mm diameter. The injection was triggered by applying a dry nitrogen gas pressure to the reactor
containers by synchronous valves opening. The reactions began at the contact of the injection stock solutions
in a T-mixer. The fluids were injected with a rate of 10 m/s (at the applied pressure of 4 bars) corresponding to
a strong turbulent flow in the mixing zone with Reynolds number Re = 6000 (Re = 4Qp/mnd, where Q, p and n
are flow rate, density and dynamic viscosity of the fluid respectively), forcing the solutions to mix at the
molecular level on a timescale tmix<10 ms, which is shorter than the characteristic time of chemical reactions
resulting in the particles nucleation tawc. This reactor regime corresponds to so-called small Damkéhler
numbers Da = tmix/tnue < 1, which assure point-like conditions in the reaction medium with perfectly
homogeneous composition. These optimal conditions also permit the narrowest polydispersity of the produced
nanoparticles. The reactor was maintained at the temperature of 20 °C with a thermocryostat Haake
DC10K15. The time of the stock solutions preparation and transfer to the thermostatic reactor after the glove
box operations was about 25 min. This procedure leads to the formation of stable colloidal suspension of very
small TiOz primary nanoparticles. The typical nanoparticles size obtained using the procedure described
above has been estimated 2R<5nm via Dynamic Light Scattering (DLS) measurements in previous studies of
the team (Azouani et al., 2009). The nanoparticles powders required for the structural characterization were
then obtained from the colloidal suspension by solvent evaporation at ambient temperature. This step does
not modify the atomic structure of the primary TiO2 nanoparticles. White powders were finally collected and
softly grounded for the following structural characterization.

2.3 Total scattering measurements, data processing and atomic pair distribution function analysis

Atomic pair distribution function. The reduced atomic PDF is defined as:
G(r)= 41[p(N)-p, ) @

where p(r) and p, are the local and average atomic number densities and r the radial distance.

The PDF signal, G(r), thus corresponds to the probability of finding a pair of atoms at a distance r in the
structure and it may be described as a real space one-dimensional function showing positive peaks at r values
corresponding to characteristics interatomic distance in the sample. PDF method provides quantitative
structural information about local structural order including all the deviations from the average structure
(Egami and Billinge, 2012). This method is powerful regarding the structural analysis of disordered materials.
The PDF of a sample can be obtained experimentally from total scattering (TS) X-ray measurements. After
correction and normalization of raw data, the structure factor S(Q) is extracted from TS measurements. The
experimental atomic PDF G(r) is finally obtained as a function of radial distance r through Fourier transform of
the structure factor:

Gexp(r)zé’[owQ[S(Q)-ﬂ sin(Qr) dQ 2)
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where Q corresponds to the magnitude of the scattering vector. Q is defined as:
_ 41rsin(8)
Q= —

with 26, the angle between the incident and diffused X-rays and A the wavelength of the X-rays beam (Egami
and Billinge, 2012).

@)

Total scattering measurements and data processing. Total scattering (TS) measurements were performed at
the high-energy beamline station P21.1, DESY, PETRA Ill, Germany. The X-ray wavelength was 0.122244 A
and the sample-to-detector distance was ~389mm. The exact distance was calibrated using a LaBs powder
standard. A few tens of milligrams of TiO2 nanoparticles powders were placed into a thin wall 1 mm diameter
borosilicate capillary and positioned in a capillary sample holder. The capillary holder was positioned inside a
chamber under vacuum at ambient temperature for transmission TS X-ray measurements. TS patterns were
acquired with a Q scattering vector range of 0.2-30 A. The TS patterns were captured by a Perkin Elmer plate
detector, with integration of the circularly symmetric scattering pattern about the transmitted beam direction.
The TS pattern of empty capillary was also acquired for background subtraction. Calibration and integration
were performed using Dioptas software (Prescher and Prakapenka, 2015). The structure factor S(Q) of the
sample was derived from experimental TS patterns after suitable data reduction. S(Q) is finally Fourier-
transformed into the experimental PDF Gexp(r). Data reduction and correction were performed using PDFgetx3
software (Juhas et al., 2013). TS data were used for powder X-ray diffraction (PXRD) pattern and for the PDF
analysis.PDF data analysis. The refinements of the experimental PDF of the TiOz nanoparticles were
performed using PDFfit 2 software implemented in its PDFgui interface (Farrow et al., 2007). The structural
models of the rutile, the brookite, the anatase and Ti-lepidocrocite-type were obtained from literature and
refined against the experimental PDF data. In each case, cell parameters, atomic positions, atomic
displacements factors, particle size attenuation factor and scale factor were refined.

3. Results and discussion

The synchrotron PXRD pattern for the as-synthesized TiO2 nanopatrticles is shown in Figure 1.
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Figure 1: Synchrotron PXRD pattern for as-synthesized TiO2 nanoparticles (A = 0.122244 A) d-spacing shown.

The PXRD pattern only shows very broad humps at corresponding d-spacing values of 2.7 A, 1.8 A, 1.5 A with
several much weaker very broad contributions. This features are typical of an amorphous sample with very
small coherence domains and in line with the characteristics of the very small as-synthesized TiO2
nanoparticles (2R< 5 nm). However, it is impossible to further analyze the PXRD pattern to obtain structural
information using conventional XRD methods since it is very diffuse in nature.

To overcome this limitation, PDF analysis method was used to investigate the local atomic structure of the
TiO2 nanoparticles. The experimental PDF of the as-synthesized TiO2 nanoparticles is shown in Figure 2. The
first peak in the PDF of the as-synthesized TiO2 nanoparticles visible at 1.93 A is quite narrow. It corresponds
to the Ti-O distance in Ti-Os octahedra, which are the main constituting units in most of the TiO2 polymorphs
such as anatase, brookite, rutile structure and also amorphous TiO2. This first observation shows that Ti-Os
octahedra are already formed inside the as-synthesized nanoparticles. Several less intense peaks are
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observed up to 7.0 A, which corresponds to middle range order and to the distances between first octahedral
units in the structure. For higher r values, the signal tends to 0 corresponding to a total loss of coherence. The
estimated coherence length was thus estimated to 10 A. As this distance is lower than the nanoparticle size, it
appears that the nanoparticle structure is heavily disordered. The experimental PDF presented here is
comparable to those reported by Gateshki et al. (Gateshki et al., 2007) and Grey et al. (Grey et al., 2021).
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Figure 2: Atomic PDF of as-synthesized TiO2 nanoparticles.

The experimental PDF was then compared to the three main TiO2 polymorphs, i.e. rutile, anatase and brookite
which can be described as a 3D network of TiOe octahedra edge- and corner-shared with precise corner to
edge connection ratio, and to the protonated Ti-lepidocrocite, HxTi2x4QO4, which has a layered structure built
from edge- and corner-shared octahedra with an interlayer distance of ~ 9 A (Sasaki et al., 1995). Those
structures are then all built of interconnected TiOs octahedra but with different number of neighboring units.
The calculated PDF from each models were simulated on the basis of unit-cell constants and atomic positions
found in the literature. The very limited coherence length was taken into account by applying an attenuation
factor corresponding to a very small particle size of around 10 A. The results are shown in Figure 3.
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Figure 3: Experimental PDF of as-synthesized TiO2 nanoparticles (red dot) compared with model PDFs (thick
black line) based on the rutile, anatase, brookite and lepidocrocite-type structures. Residuals are shown by
gray line. Rw values are given for each refinement.
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All the calculated PDF simulate quite well the two first peaks of the experimental PDF, which correspond
respectively to the first Ti-O and Ti-Ti distances, confirming that the nanoparticles are composed of TiOs
octahedral units. However for higher r values, the agreement between the simulated and experimental PDF is
getting worse, in particular for rutile (Rw=34.6%) and anatase (Rw=45.5%) models. Knowing that applying a
450°C heat treatment to those particles leads to their conversion into anatase (Mendez et al., 2021), this result
is surprising and imply that important restructuring process seems to occur during the crystallization of the
nanoparticles. For the calculated PDF from brookite models, the agreement is better (Rw=24.1%). However,
the best agreement was obtained for the model based on Ti-lepidocrocite-type structure (Rw=23.4%). This
observation indicates that the 3D network of connected TiOs octahedra is closer to the Ti-lepidocrocite-type
one. However, the agreement between the experimental and calculated PDF is not perfect meaning that the
model is not able to explain all the structural characteristics observed in the real nanoparticle atomic structure.
The results of the structural characterization of the as-synthesized nanoparticles are close to those structure
observed Gateshki et al. (Gateshki et al., 2007) and Grey et al. (Grey et al., 2021). They concluded that their
material was composed of nanosize fragments of TiOs octahedra connected according to the coupling scheme
observed in Ti-lepidocrocite type structure. We assume that this description is also well-suited for the as-
synthesized TiO2 nanopatrticles obtained in the sol-gel reactor with rapid micro-mixing. Finally, the structure of
the as-synthesized TiO2 nanoparticles is in accordance with that is usually described for amorphous TiO2
nanoparticle in literature.

The photocatalytic activity of nanocoatings elaborated from these amorphous TiO2 nanoparticles has been
studied earlier by Benmami et al. (Benmami et al., 2006) in the case of the trichloroethylene degradation in the
gas phase using a continuous-flow fix-bed reactor under UV illumination. Nanocoatings were obtained putting
into contact support and colloidal suspension of reactive primary TiO2 nanoparticles produced by sol-gel
reactor with rapid micromixing. They have reported that the photocatalytic activity of these nanocoatings was
higher than of the industrial product Degussa P-25 TiOz, which is composed of a mixture of anatase (70%),
rutile (30%) TiO2 and a small but not negligible amorphous component (Ohtani et al., 2010b). Moreover, they
have shown that the film thickness was a crucial parameter that can influence the material efficiency, as it
relates to the internal traps population. By reducing it to the thinnest submonolayer of amorphous TiO2
nanoparticles, the best intrinsic performances were obtained. As amorphous TiO2 was supposed to show only
a negligible activity, these results are very interesting. In a recent review, Sun et al. highlighted some unique
physical and chemical properties of the amorphous TiO2 which could be of great interest in the field of
photocatalysis (Sun et al., 2019). In particular, the presence of structural defects and oxygen vacancies
inherent to the structural disorder state of the nanoparticle could promote photochemical applications
improving the conductivity of charge holder. It is thus probable that the high photocatalytic properties observed
for the nanocoatings based on amorphous TiO2 nanoparticles synthesized in the sol-gel reactor with
micromixing rely on thin film characteristics, in particular on its very low thickness, provided by the reactive
chemical colloidal deposition developed by Benmami et al. and on the unique chemical and physical
properties of the amorphous TiO2 nanopatrticles.

4. Conclusion

The atomic structure of very small amorphous TiO2 nanoparticles synthesized in a sol-gel reactor with ultra-
rapid micromixing was analysed by the mean of PDF method. The experimental PDF was in line with an
amorphous network composed of relatively well-defined TiOes octahedra with a coherence length limited to 8-9
A. The experimental PDF was compared to simulated PDF calculated from structural model of rutile, anatase,
brookite and Ti-lepidocrocite type. The best agreement was obtained with the Ti-lepidocrocite-type structural
model meaning that the structural middle range order in the TiOz, i.e. the first TiOs octahedra coupling, was
close to the Ti-lepidocrocite-type structure. The structure of the amorphous TiO2 nanoparticles could then be
described as a disordered network of TiOs octahedra connected in the coupling scheme of the Ti-lepidocrocite
structure. The inherent structural disorder in the amorphous TiO2 nanoparticles could promote in some way
their photocatalytic activity by increasing the conductivity of charge carriers during the photochemical
processes. Further investigations are required to investigate the photochemical processes occurring during
photocatalysis.
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