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Abstract

Rare earth elements (Gd, Lu, Tm, Tb, Pr) modification effects on two-phased TiO: (anatase-brookite) were
analyzed. The powders were synthesized by a one-step hydrothermal method. The phase composition,
crystalline size, and shape of the samples were studied by X-ray diffractometry, transmission and scanning
electron microscopies, and energy-dispersive X-ray spectroscopy. The decrease of the crystallite size and
increase of the lattice strain due to the modification were confirmed by the Scherrer, modified Scherrer,
Williamson-Hall, Size-strain plot (SSP), and Halder-Wagner methods. The textural characteristics of the
samples were determined from N2 adsorption-desorption isotherms using the methods of Brunauer—Emmet—
Teller and Barret—Joiner—Halenda and revealed their mesoporous structure. UV-Vis diffuse reflectance spectra
of the modified samples showed a blue shift compared to the unmodified sample. The values of band gap
energy of the modified powders increased due to a phenomenon of quantum confinement or size quantization.
The modification with rare earth elements improved the photocatalytic activity of the anatase-brookite
composite in the hydrogen evolution reaction, which was ascribed to physico-chemical properties.
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1. INTRODUCTION

Titanium dioxide (TiO2) is the most widely used photocatalyst, which exists in three main forms: anatase, rutile
and brookite. Anatase is considered the most active form, but it has some disadvantages, such as a wide band
gap, a high recombination rate of the photogenerated electron-hole pairs, etc.

To improve the photocatalytic properties of TiOz, researchers have tried two- or three-phased compositions
based on anatase, rutile, or brookite as photocatalysts. It was established that two-phased TiO2 (P25
Degussa), which contains anatase and rutile, shows high activity because it can effectively stimulate electron
transfer from one phase to another thereby improving photocatalytic properties [1].

Recent reports have indicated that anatase-brookite composites demonstrate better photocatalytic
performance due to the synergistic effect between these two phases [2]. Also, during the photocatalytic
reaction electrons transfer from the more cathodic conduction band of brookite to the anatase conduction band
favouring an effective electron—hole separation [3]. Besides, brookite has an appropriate electron trap depth
for prolongation of the lifetime of photogenerated electrons and holes and special connection of the octahedral
chain leads to exposed O atoms, which can be used as catalytic active atoms and enhance the catalytic activity
[1]. Therefore, two-phased TiO2 containing brookite is a promising material for photocatalysis.
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Another way to improve photocatalytic activity is modification, where rare earth elements deserve special
attention as dopants. Using these dopants allows to tune structural, optical, textural, morphological, etc.
characteristics of TiO2 [4-10]. Rare earth elements as modifiers for TiO2 can create defects and oxygen
vacancies [11], tuning the bandgap, extending the adsorption spectrum into the visible region, and enhancing
the charge separation and transfer processes that favour photocatalytic processes [4-10]. Such materials can
be active in the reaction of photocatalytic hydrogen (Hz) evolution. It is known that hydrogen has been
suggested as an alternative fuel because it can be eco-friendly and clean depending on its production method.
The use of hydrogen allows to avoid greenhouse gas emissions.

In this study the influence of modification of two-phased anatase-brookite TiO2 (AB) with rare earth elements
(RE) (Gd, Lu, Tm, Tb, Pr) on structural, optical, textural, and photocatalytic properties was analysed. The
photocatalytic activity was evaluated in the reaction of hydrogen evolution from water-ethanol solutions under
UV light.

2. EXPERIMENTAL

2.1 Samples synthesis

The unmodified and modified with RE (Gd, Lu, Tm, Tb, Pr) AB nanopowders were synthesized by a one-step
hydrothermal method. In a typical synthesis, 40 ml of distilled water or 40 ml solution of rare earth metal acetate
(Alfa Aesar) (~2% molar amount per titanium atoms) were applied for the synthesis of AB and RE/AB,
respectively. Then titanium butoxide (Ti(OBu)4) (Aldrich) was slowly added to this solution under continuous
stirring. Afterward, the solution was transferred into a Teflon-lined autoclave with a capacity of 100 ml for 24 h
at 150°C. The heating rate was 5°C/min. Synthesis was carried out at an initial pH of 10.5. After the cooling of
the autoclave to room temperature, the samples were washed with distilled water and dried in the oven at
60 °C for 24 h.

2.2 Characterization

The phase composition of the samples was determined by X-ray diffraction (XRD) method using an Aeris
diffractometer (PANalytical) with Cu Ka radiation (A = 1.5418 A). The crystallite size was evaluated by the
Scherrer (Dsch and Dschaven) and modified Scherrer equation (Dwusch), the Williamson-Hall method based on
uniform deformation model (Dw-+-ubm), uniform stress deformation model (Dw-+-uspbm), and Uniform deformation
energy density model (Dw-+-ubeom) approaches, Size-strain plot (Dssr) and the Halder-Wagner method (Dn-w).

Raman spectra of the prepared samples were recorded using an InVia Raman Spectrometer (Renishaw), UK
with laser emitting at the excitation wavelengths of 532 nm (100 mW max. power output. To record the
spectrum, the laser was set to 10 mW power, total excitation time was 15 seconds (3s x 5).

The morphology, crystallites size and element composition of the samples were studied by scanning electron
microscopy (SEM) using a Zeiss Merlin FEGSEM microscope, and a Tabletop TM3000 Hitachi SEM
microscope with EDS as well a transmission electron microscopy (TEM) using a Tecnai T20 G2 microscope
with a 200 kV accelerating voltage (DTU National Centre for Nano Fabrication and Characterization).

The room-temperature FT-IR spectra of the samples were recorded using a Bruker Tensor 27 FT-IR
Spectrometer. UV-Vis diffuse reflectance spectra (DRS) of the powders were measured using a Perkin-Elmer
Lambda Bio 35 spectrophotometer. The band gap values (Eg) was estimated using the Wood and Tauc
method.

The porous structure of the samples was studied by nitrogen adsorption using a Micromeritics 3Flex
instrument. Textural characteristics were determined from Nz adsorption—desorption isotherms using the
methods of Brunauer—-Emmet-Teller (BET) and Barret—Joiner—Halenda (BJH).
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2.3 Photocatalytic experiments

In a typical experiment of photocatalytic hydrogen evolution, a sample of photocatalyst (0.03 g) was dispersed
in 10.0 ml of aqueous solution containing 2 mol/l ethanol (electron donor) in cylindrical glass thermostatic
reactors. Co-catalyst Pd/SiOz (0.01 g,) was obtained employing PdCI2 reduction with hydrogen on the surface
of commercial silica in an alcohol solution (1 wt. % palladium on SiO2) and was added into the mixture. The
reaction mixture was degassed before irradiation using a vacuum pump. The suspension was stirred and
irradiated with a high-pressure mercury lamp (DRSH 1000; 1000 W; Amax = 365nm; 50 mW/cm?2), T = 40 °C.
The composition of the gas phase above the solution was determined every 30 min chromatographically. The
experiment with each sample was repeated three times.

3. RESULTS AND DISCUSSIONS

The synthesized powders consist of agglomerates containing roundly elongated crystallites (Figure 1a).
Figure 1b shows XRD patterns for AB and RE/AB. The diffraction peaks at the 26 ~ 25.3°, 37.8°, 48.0°, 54.0°,
62.7°, 75.1° were indexed to anatase phase according to standard JCPDS Card no. 96-900-9087 and assigned
to (101), (004), (200, (105), (204), (215) planes, respectively. The samples’ unit cell parameters, unit cell
volumes, and axial ratios indicated the tetragonal crystal structure of the samples which is characteristic for
anatase. Besides these peaks, the peak at 26 ~ 30.8° was fixed and related to the (121) crystal plane of
brookite according to JCPDS Card no. 96-900-4141. No characteristic peaks were detected for rutile phase.

The Raman spectra (Figure 1c) of the samples also showed anatase bands at 144, 199, 399, 517 and 639
cml. The peaks located at 144 (Eg), 199 (Eg) and 399 cm™" (B1g) are assigned to the Ti—O bending vibrations
of TiOz2, and the peaks at 639 cm™! (Eg) and 517 cm! (A1g + Bag) refer to Ti-O stretching vibrations [12, 13].
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Figure 1 TEM-image (a), XRD patterns (b) and Raman spectra (c) of the samples

According to XRD studies, the phase content of brookite in unmodified AB was ~6%. Modification with Gd
reduced the brookite content to ~4%, on the contrary modification with Pr increased it to ~9.4%. There were
no peaks related to rare earth elements in the spectra of RE/AB (Figure 1b) due to their low concentration in
the materials. The EDX spectra confirmed the presence of RE with the atomic ratio Ti:RE (Gd, Lu, Tm, Tb, Pr)
~1:0.013; 0.016; 0.016; 0.014; 0.012, respectively and Ti, O, C elements in RE/AB powders. The modified
samples had an O/Ti ratio higher (2.52; 2.31; 2.72; 2.69; 2.96) than the stoichiometric value (2.0) because of
water adsorption on the surface. The Ti-O and Ti-OH bonds in the samples were confirmed by FTIR analysis.

RE have larger ionic radii (0.0745—-0.1045 nm) than Ti** (0.064 nm) therefore they can be distributed, create
metal oxide clusters on the surface of TiOz, occupy interstitial sites in the lattice of TiOz or form RE-O-Ti bonds
[5, 6, 8, 9]. Such TiO> modification with RE can distort the crystal lattice, produce strain [14] and lead to
crystallite size reduction. Indeed, the unit cell parameters and the unit cell volume were slightly decreased for
RE/AB samples compared to AB. The broadening of the full width at half maximum (FWHM) and a slight shift
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of all peaks towards higher 26 were observed for modified samples in XRD patterns (Figure 1b) and can also
indicate the appearance of the strain and crystallite size reduction. To obtain reliable information different
methods were used for the calculation of these values (Figure 2a, Table 1).

All the methods confirmed the decrease of the crystallite size and increase of strain, stress, and energy density
for RE/AB compared to AB. The samples Pr/A-B and Tm/A-B had the smallest crystallite size and the highest
values of strain, stress, and energy density (Figure 2a, Table 1). Therefore, the modification of TiO2 with rare
earths induced stress in the lattice and inhibited the crystallites growth. Such decrease of the crystallite size
resulted in an increase of the samples dislocation density meaning that TiO2 modification with RE improved its
strength and hardness [15].
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Figure 2 Crystallite size of the samples calculated by different methods(a), UV-Vis spectra (b) and
photocatalytic hydrogen evolution from aqueous/ethanol solution in the presence of the obtained samples

Table 1 Strain (¢), stress (o, MPa) and energy density (U, KIm-2) of the samples calculated by different

methods
Sample W-H SSP H-W
UDM USDM UDEDM
£€x 1073 €x 107 o x 1072 €x 107 o % 1072 Ux10-3 €% 1072 €x 1072
AB 0.80 0.66 8.37 0.73 9.30 0.034 1.56 1.01
Pr/A-B 3.72 3.05 38.69 3.36 42.65 0.716 4.10 2.66
Gd/A-B 1.50 1.20 15.01 1.33 16.85 0.112 3.00 1.95
Th/A-B 1.08 0.84 10.63 0.95 12.03 0.057 2.57 1.67
Tm/A-B 2.68 2.10 27.29 2.30 30.39 0.364 3.68 2.39
Lu/A-B 2.21 1.70 22.09 1.95 24.78 0.242 3.38 2.19

Table 2 Textural characteristics of the samples

Sample External Mesopore Specific Micropore Mesopore | Total pore Pore
surface surface area, surface area, volume, volume, volume, diameter,
area, m3/g m?ig m?ig cmd/g cmd/g cm¥g am
AB 28 140 168 0.0074 0.211 0.273 6.6
Pr/AB 32 153 185 0.0051 0.248 0.309 6.5
Gd/AB 27 165 192 0.0046 0.246 0.298 6.2
Th/AB 36 154 190 0.0041 0.233 0.302 6.4
Tm/AB 33 153 186 0.0033 0.220 0.286 6.1
Lu/AB 38 150 188 0.0038 0.220 0.299 6.3




2024
NAN OCON® October 16 - 18, 2024, Brno, Czech Republic, EU

Decreasing the crystallite size can also favour increasing the surface area of the samples. Indeed, the specific
surface area for undoped AB was 168 m?/g and higher for RE/AB (Table 2). The isotherms of the samples
belong to type IV in accordance with IUPAC classification, namely type IVa with H2b type of hysteresis loop
which is characteristic for mesoporous materials. In addition to mesopores the samples contained a negligible
volume of micropores that decreased twice for RE/AB compared to AB.

Changes in the structural and textural characteristics of the RE/AB samples affected their optical band gap
properties. The UV-Vis absorption spectra of the samples are shown in Figure 2b. The absorption edge of
RE/AB samples was shifted to a shorter wavelength compared to AB that indicates an increase in the optical
bandgap Eg of the composites. The bandgap for the direct and indirect transitions for AB were 3.33 and 3.11
eV, for RE (Gd, Lu, Tm, Tb, Pr)/AB — 3.37; 3.31; 3.34; 3.33; 3.41 eV and 3.13; 3.12; 3.13; 3.10; 3.16 eV,
respectively. Such band gap widening of the nanomaterials is attributed to the dimensional limitation of
photogenerated charge carriers in the nanoparticles. This phenomenon is known as quantum confinement or
size quantization. The powders Pr/AB and Tm/AB had the smallest crystallites and the largest Eg.

The samples RE/AB demonstrated better photocatalytic performance in the photoreduction reaction of H>
formation compared to AB (Figure 2c). The photocatalytic activity of AB modified with Gd, Tb and Tm is
approximately twice as high than for unmodified and does not change for 5 consecutive cycles. The increase
of photocatalytic activity of RE/AB samples seemed to be associated with the decrease of the crystallites size
and increasing the specific surface area, i.e. the number of active reaction sites on the surface of
photocatalysts increases. Rare earth elements can act as electron scavengers and consequently generate
more electrons (e’) available for the reaction, prevent their recombination and increase their lifetime [2].
Besides, brookite has a higher cathodic potential than anatase, which energetically favours the reduction of
protons to produce Hz [16]. Moreover, the presence of anatase—brookite heterojunctions has a positive effect
on the activity of the samples mostly due to the increase of the number of charge carrier species available to
participate in photoreactions at the photocatalyst surface [17].

4. CONCLUSION

In this work two-phase TiO:2 (anatase-brookite) modified with (Gd, Lu, Tm, Tb, Pr) was obtained by a one-step
hydrothermal method. The influence of rare earth elements on morphology, crystal phase, optical, textural,
and photocatalytic properties of AB was analysed. It was established that the modification inhibited the
crystallite growth and induced stress in the TiO2 lattice. The decreasing of crystallite size and increasing of
strain, stress, and energy density values for RE/AB were confirmed by the Scherrer equation, modified
Scherrer equation, the Williamson-Hall method based on a uniform deformation model, uniform stress
deformation model, and uniform deformation energy density model approaches, size-strain plot (SSP) and the
Halder-Wagner method. The IVa type of N2 adsorption-desorption isotherms and H2b type of a hysteresis loop
confirmed mesoporous structure of the prepared samples. Modification of TiO2 with RE led to the increase of
specific, external and mesopore surface area, total pore volume and mesopore volume. UV-Vis diffuse
reflectance spectra of the modified samples showed a blue shift compared to AB. The band gap of the modified
samples was increased due to a phenomenon of quantum confinement or size quantization. The modified
samples showed higher photocatalytic activity in the reaction of photoreduction compared to AB.
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