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Structural Changes of Ti0, as a
Result of Irradiation by E-Beam
and X-Rays

The subject of this research was to monitor and evaluate the effect of X-rays and e-beam
irradiation on the structure of nanoscaled TiO, and its properties. The samples of
nanoscaled TiO, were synthesized using the sol-gel method and subsequently exposed to
thermal treatment to obtain the anatase crystalline structure. X-ray powder diffraction
(XRPD) and Raman spectroscopy revealed the following changes in the structure as a
result of the e-beam and X-ray irradiation: a decrease in the size of the crystallite of
TiO,, an increase of the distance between the crystalline planes and the lattice parameters
as well as the achievement of a certain degree of amorphization. As a consequence of the
structural changes, thermal stability decreased. Also, a shift of the light absorption toward
the visible end of the spectrum was detected and the energy of the band gap was reduced,
indicating a better photocatalytic activity, i.e., the photocatalytic action can be shifted to the
region of the visible light. [DOI: 10.1115/1.4046944]
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Introduction

Titania, the naturally occurring oxide of titanium, as inexpensive,
innocuous, physically and chemically stable with a variety of struc-
tural forms and environmentally friendly material, has demonstrated
a wide range of applications such as pigments, sunblocking material
in cosmetics, optical devices, sensors, and medicine for artificial
bones [1]. In recent decades, it attracts great attention in photocata-
lysis for the photocatalytic degradation of different degradable
organic pollutants, photocatalytic water splitting, and solar energy
conversion [2-6].

Among the three most known crystalline forms of TiO, (brookite,
anatase, and rutile), anatase and rutile are mostly exploited for
photocatalytic purposes. Anatase has been proven as a better photo-
catalyst than rutile despite its higher band gap energy (3.2 eV for
anatase versus 3.0 eV for rutile) [7] justified by the following clar-
ifications [7-9]: (i) as a result of the higher Fermi level compared to
those of rutile, anatase shows higher adsorption affinity to the
hydroxyl groups and lower affinity to oxygen adsorption; (ii) due
to lower temperatures of production, anatase has smaller particles
than those of rutile and consequently higher specific surface area
and surface adsorption capacity; and (iii) anatase has an indirect
band gap opposed to rutile’s direct band gap. In the case of the indi-
rect band gap, the excited electron can be stabilized at the lower
level in the conduction band, which causes its longer life and
higher mobility.

TiQ, is considered a semiconductor with wide band, and therefore,
activation might occur under ultraviolet (UV) light which limits its
photocatalytic application under visible light, especially for solar
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conversion purposes. Several approaches are suggested to overcome
these limitations such as (i) the addition (doping) of different anions
(N, C,F, and B) or cations (Fe, Co, Ni, and Cr), causing lattice defects
during the doping, mainly oxygen vacancies, which promote photo-
catalytic activity in the visible range of light [10]; (ii) using non-
stoichiometric titanium oxides (Magneli phases) filled with lattice
defects of oxygen vacancies type [11]; (iii) the treatment of TiO,
by hydrogen plasma [12]; or (iv) irradiation of TiO, by ionizing radi-
ation (electron beam, X-ray, or y-ray) [13—15].

During irradiation, an interaction between applied rays and mate-
rial arises at the atomic and crystalline lattice level, including the
following effects [16]: (i) the displacement of atoms from the
normal position, which can cause lattice vacancies, lodging intersti-
tial locations, or interchange of dissimilar atoms in the crystalline
lattice; (ii) ionization of atoms and formation of ion pairs; (iii) the
production of impurities, that is, transformation of nuclei into
other ones; and (iv) releasing high amount of energy at small
volumes, which causes heating of the material. The most used ion-
izing radiations for materials treatment are categorized in two
groups: corpuscular rays such as a-particles and f-particles (elec-
trons or positrons) as well as electromagnetic waves such as
X-rays and y-rays [17,18]. The former are characterized by lower
energy and penetration depth, while the latter demonstrate higher
energy and penetration depth.

There are numerous works concerned with the improvement of
photocatalytic characteristics of TiO, as a result of irradiation
with e-beam [19-22], where the change of the Ti valence state
(increasing of Ti**/Ti*" ratio), the formation of oxygen vacancies,
the decrease of band gap energy, and consequently, the increase of
the photocatalytic activity were observed. The photocatalytic activ-
ity of titanium dioxide under X-ray irradiation holds promising
opportunities for biomedical applications [23,24].

The subject of research in this study was observation of the struc-
tural changes and consequently changes of some properties (thermal
and optical) of TiO, nanoparticles produced by own sol-gel
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procedure, as a result of the effects caused by X-ray and e-beam
irradiation. lonizing irradiation treatments were performed in
order to establish whether they will be able to improve the photoca-
talytic characteristics of the nanostructured TiO,.

Experimental

The investigated TiO, samples were prepared by the sol-gel pro-
cedure presented elsewhere [25]. Titanium tetraisopropoxide
(TTIP) (Aldrich, 97%) was used as a precursor for the preparation
of TiO,. TTIP was dissolved in anhydrous ethanol (Merck, PA)
in the ratio Ethanol:TTIP=8:1. To provide the hydrolysis of
TTIP, 1M HNO; was added in a ratio of TTIP:HNO;=10:1.
This mixture was evaporated at 45 °C and ambient pressure with
continuous stirring with 600-900 rpm until a fine nanoscaled,
light yellow powder of Ti(OH), was obtained.

According the thermal analysis [26], the Ti(OH), powder was
heated for 2 h in a chamber furnace in air atmosphere at 400 °C,
as this is the temperature region of anatase stability.

The obtained TiO, powder was irradiated with a beam of 6 MeV
electrons from a linear accelerator (ELU-6, Eksma, Russia). The
dose rate was 100 Gy/s, as determined by calibrated polymer film
dosimetry (B3000, B3WINdose Dosimeters), and the total absorbed
dose was 50 and 500 kGy. A fraction of the TiO, powder was inde-
pendently treated with X-ray irradiation with a dose of ~7 mGy.
The tubes filled with nanoparticles were exposed to X-ray irradia-
tion in the medical computed tomography scanner (in air atmo-
sphere) separately. The tube voltage was set on 140 kV, and the
tube current fixed at 200 mA.

The identification of the present structure phases and structural
analysis was performed by X-ray powder diffraction (XRPD),
Raman spectroscopy, and transmission electron microscopy (TEM).

X-ray powder diffraction measurements were carried out by a
Rigaku Ultima IV diffractometer equipped with CuKea radiation (4
=1.54178 A) obtained from an X-ray tube operating at 40 kV and
a current of 30 mA. The Kp filter was used and the following
optics were applied: divergence slit 2/3 deg, divergence height slit
10 mm, and scattering slit 8§ mm. The diffraction data were collected
over a 20 range from 10 to 90 deg at a constant rate of 5 deg/min
using a D/teX Ultra high-speed, position-sensitive linear (1D) detec-
tor. The average crystallite size was calculated from the broadening
of the XRPD peaks using Scherrer’s equation [27]. Furthermore,
interplanar distance and lattice parameters were also calculated [28].

Non-polarized Raman spectra were recorded on micro-Raman
multichannel spectrometer Horiba JobinY vonLabRam 300 Infinity.
The Raman effect was excited by 632.8 nm laser line from a He:Ne
laser without the use of a filter. For magnification, a x50 objective
was selected from an Olympus MPlanN confocal microscope. In
order to focus the laser beam, a confocal hole of approximately
2 um was used and the position on the sample surface was adjusted
using a motorized x—y stage. The Raman shift was calibrated with
the Raman peak of silica wafer positioned at 520.7 cm™". The acqui-
sition time and the accumulation number were set at 4 s and 5 scans,
respectively, for achieving better signal-to-noise ratio.

The bright-field TEM analysis of the prepared samples was per-
formed on a FEI Tecnai G12 Spirit Twin (LaB6 source) at 120 kV
acceleration voltage. TEM images were collected on a FEI Eagle
4k charge-coupled device camera. Before the analysis, the
samples were dispersed in water, diluted at about 2 mg/mL, and col-
lected by immersing carbon coated TEM copper grids in the
aqueous dispersions [29].

The thermal stability of the TiO, samples was studied by means
of thermogravimetric analysis/differential thermal analysis (TGA/
DTA) measurements on a Perkin Elmer PYRIS Diamond Thermo-
gravimetric/Differential Thermal Analyzer. About 20 mg of the
studied material were heated at a temperature interval of
25-1000 °C by a heating rate of 10 °C/min in an atmosphere of
nitrogen. Optical properties were investigated by UV-Vis spectro-
scopy. The UV—Vis absorption spectra of TiO,—water suspension
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were collected using a Varian Cary Scan 50 spectrophotometer
(Switzerland) in 1 cm quartz cells, at 25 °C in the range of 200-
900 nm with a scan speed of 200 nm.

Results and Discussions

X-ray powder diffraction spectra of the studied TiO, nanoparti-
cles are shown in Fig. 1. For all studied samples, a total of 12
high or less pronounced peaks characteristic for the anatase crystal-
line form were detected. This means that the sol-gel procedure per-
formed in oxygen atmosphere at 400 °C resulted in the fabrication
of anatase as the sole product.

The non-irradiated sample showed more pronounced and inten-
sive diffraction peaks than the irradiated ones. The decrease of
intensity and the broadening of the peaks can be attributed to a
decrease in crystallinity of the irradiated samples and to lowering
the size of TiO, crystallites. The least pronounced peaks and the
noise of the XRPD spectrum of the sample irradiated with X-ray
point out to some degree of amorphization, especially evidenced
in the increase of the baseline curvature in the 20-35 deg section.
According to the literature [16,30], the disorder within the crystal-
line structure can be attributed mainly to atom displacement from
the normal position, creating lattice vacancies or interstitial loca-
tions [16]. Under ionizing irradiation, some of the Ti** ions can
be either reduced to Ti** or oxygen vacancies can be created
[30]. Table 1 summarizes the values of crystallite size (D), interpla-
nar distance (d (), and lattice parameters (a and c, for the tetrag-
onal system), calculated using the following equations:

K-2
D=——-—"— 1
FWHM - cos 6 M
2. d[h,k,l} -sinf=n-A (2)
1 P+kr P
= + 3)

dingy a? c?

where K is the constant (0.94), 1 is the X-ray wavelength
(1.54178 A), FWHM is full width at half maximum of the peak con-
sidered for calculation, @ is the angle of diffraction peak, n is the
positive integer, {hk/} are Miller indices of the corresponding
crystal plane, and a and ¢ are unit cell parameters of the tetragonal
crystal system of anatase.

As it can be seen from Table 1, the size of the crystallites of the
non-irradiated sample is ~17 nm. As a result of the action of
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Fig. 1 XRPD patterns of the studied TiO, samples
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Table 1 Changes of interplanar distance, lattice parameters, and crystallite size of the studied TiO, samples

Samples 20 {hk,1} FWHM d-space (A) aA) c(A) D (nm) D (nm)

Non-irradiated 25.31 {101} 0.494 3.5175 3.7832 9.5546 17.22 16.87
48.08 {200} 0.551 1.8916 16.52

E-beam 50 25.27 {101} 0.540 3.5229 3.7860 9.6182 15.76 16.01
48.04 {200} 0.559 1.8930 16.27

E-beam 500 25.30 {101} 0.556 3.5187 3.7844 9.5547 15.31 15.12
48.07 {200} 0.609 1.8922 14.94

X-ray 25.26 {101} 0.602 3.5245 3.7874 9.6278 14.12 14.525
48.02 {200} 0.6122 1.8937 14.85

ionizing radiation, the size of the crystallites decreases. The greatest
reduction of the crystallites, of more than 2 nm, associated to most
relevant peak broadening in the XRPD spectrum, is recorded for
samples treated by X-ray irradiation. The size reduction of the
TiO; crystallites is less pronounced in the case of e-beam irradia-
tion. Also, as a result of irradiations, interplanar distance and
lattice parameters show an increase and are most pronounced for
the X-ray irradiated sample. These changes in the crystalline

lattice are most probably a result of the previously mentioned phe-
nomena of the atom displacement and creation of lattice vacancies.

Figure 2 shows bright-field TEM images of the studied samples.
Samples are constituted by agglomerate of TiO, primary particles
with spherical shape, relatively uniform in size with some small
deviation toward larger or smaller particles. The dimensions of
the primary particles well fit the values of the crystallite sizes calcu-
lated by the Sherrer equation.

Fig.2 Bright-field TEM images of the studied TiO, samples: (a) non-irradiated, (b) irradiated with e-beam
(50 kGy), (c) irradiated with e-beam (500 kGy), and (d) irradiated with X-ray radiation (7 mGy)
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Fig. 3 Raman spectra of the studied TiO, samples

The exclusive existence of the anatase crystalline structure of the
studied samples was also confirmed by Raman spectroscopy
(Fig. 3). Namely, Raman spectra correspond to the well-known
spectrum of anatase single crystal identified by Oshaka et al. [31]
consisted of several Raman vibration modes: three E, positioned
at 144, 197, and 639 cmﬁl, B, positioned at 399 Cmﬁl, and
doublet of A, and B, at 514 cm ! [31]. Congruent to the XRPD
spectra, the non-irradiated sample shows most pronounced peaks
(Raman vibration modes). Following irradiation of the sample,
the spectra become less intensive and band broadening is observed,
which is most prominent in the sample irradiated with X-rays. Also,
it is evident that the positions of corresponding Raman vibration
modes are shifted to higher wave numbers for irradiated samples
compared to those of non-irradiated analog. According to the
phonon confinement model, highly ordered structure exhibits
phonon conservation, expressed with sharp and intensive peaks in
the Raman spectrum. As disordering in the crystals (vacancies
and interstitials) is evidenced, the crystallites size decreases in
line with the increase of the phonon momentum distribution,
which results in the broadening of the Raman peaks that shift to
higher wave numbers [32-34]. Because the difference in the crystal-
lites size between non-irradiated and irradiated samples is not so
pronounced, the shift of the Raman vibration modes can be ascribed
to the defects in the structure (oxygen vacancies and interstitials)
caused by the irradiation. Table 2 unites the positions of the first,
the most prominent E, band for the studied samples. The highest
shift is registered in the X-ray irradiated sample, which is in accor-
dance with XRPD analysis.

Figure 4 depicts the TG curves for studied TiO, samples. The
weight loss close to 100 °C corresponds to desorption of the phys-
ically adsorbed water in all studied samples as a result of the contact
with nitrogen flow [35]. Near 150 °C, desorption of the
surface-adsorbed water is complete and decomposition of the chem-
isorbed water (residual OH groups from Ti(OH), and residual
organic functional groups) took place [36]. The very low weight

Table 2 Shift of the first Raman vibration mode (E,, cm™) of the
studied TiO, samples

Sample E, (em™)
Non-irradiated 140.99
E-beam 50 141.89
E-beam 500 141.89
X-ray 144.45

041003-4 / Vol. 142, OCTOBER 2020
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Fig. 4 TGA spectra of the studied TiO, samples

loss in this region indicates low quantity of these groups in the
samples. From this temperature until ~500 °C, a small weight
increase (0.05-0.10%) was observed for the non-irradiated and
the e-beam irradiated samples. This increase can be ascribed to
the gas sorption into the amorphous fraction of TiO, before the
anatase/rutile transformation starts. This weight increase is most
pronounced for the X-ray irradiated sample (about 0.4%), which
points out that the structure of this sample is the most disordered
and more prone to adsorb gas before the phase transformation
occurs. Therefore, at higher temperatures, close to 650 °C, transfor-
mation of anatase to rutile can be observed [25,37], and at ~800 °C,
TiO, is completely transformed to rutile.

Figure 5 systematizes UV—Vis spectra of the studied samples. By
withdrawing tangents to the abscissa (inset in Fig. 5), the cutoff
wavelengths (absorbance maxima) were determined [38]. The
energy of band gap can be calculated using the following equation:

E,=— () )

where £ is the Planks constant (6.626 x 1074 I s), ¢ is the speed of
light (~3 x 10® m/s), and 1, is the cutoff wavelength. Replacing the
corresponding values for /4 and ¢, and considering the conversion
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o
T T
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Fig. 5 UV-Vis spectra of the studied TiO, samples
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Table 3 The values of the cutoff wavelength (1o, nm) and the
calculated energy of the band gap (E;, eV) for the studied
samples

Sample Ao (nm) E, (eV)
Non-irradiated 425 2.92
E-beam 50 453 2.74
E-beam 500 449 2.76
X-ray 482 2.57
factor for J to eV transformation, Eq. (4) obtains the form
1240.82
Ee=——"— (V) ®)

Corresponding values for the cutoff wavelength (49) and the
energy of band gap for each studied sample are shown in
Table 3. These results pinpoint that the absorbance maxima (1)
of the irradiated samples was shifted to the higher wavelength (red-
shift). As a consequence, the energy of band gap decreased
(Eq. (5)), i.e., the photocatalytic activity of TiO, was shifted
toward the region of the visible light. According to the literature
[39], red-shifts can be ascribed mostly to oxygen vacancies in the
crystal lattice acting as electron traps to yield Ti** and/or F-type
color centers. This shift is most pronounced after X-ray irradiation,
where the energy of band gap (E,) decreases from 2.92 eV for the
non-irradiated sample to 2.57 eV for the X-ray irradiated sample.
The higher effect of X-ray in promotion of photocatalytic activity
in the visible region, compared with that of e-beam irradiation, is
due to the higher energy and greater penetrating ability of X-rays.
Moreover, one can see that e-beam irradiation of 50 kGy has a
similar effect of the e-beam of 500kGy (E, of 2.74 versus
2.76 eV, respectively). This points out that a dose of 50 kGy is suf-
ficient to induce changes within the crystal structure of TiO, (the
creation of oxygen vacancies and Ti’™ sites), whereas an additional
dose of e-beam irradiation has no further influence on the structural
changes.

Conclusions

The research presented in this paper, motivated by the idea to
improve the photocatalytic activity of nanostructured TiO, pro-
duced by the sol-gel method using electron beam and X-ray irradi-
ation, brought into light the following conclusions:

(1) XRPD analysis and Raman spectroscopy pointed out that
electron beam and X-ray irradiation caused the reduction of
the crystallites size and changes in the TiO, crystal lattice,
probably such as the creation of oxygen vacancies and
Ti** sites. These disorders in the structure were observed
by the increase in interplanar distance, lattice parameters,
and a shift of the Raman vibrational modes.

(2) These structural changes caused a red-shift increase of the
absorbance maxima (4y) and consequently decreased the
band gap energy. This is expected to promote TiO, photoca-
talytic activity in the visible light region.

(3) Much greater effect was achieved using X-ray irradiation as a
result of its higher energy and greater penetration compared
to the e-beam irradiation, although applied in lower dose
(7 mGy of X-rays versus 50 or 500 kGy of e-beam).
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