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ABSTRACT

The aim of this paper is to study the effect of gamma-rays on structural,
physicochemical, optical and photocatalytic performance of TiO, nanoparticles doped with
different concentrations of copper ranging from 0 to 6 at.%. The powders have been prepared
by sol-gel technique and annealed at 400 °C. They were irradiated by gamma-rays with doses
varying from 14 to 60 KGy. These investigations confirm the formation of anatase TiO,
nanoparticles and Cu?* ion substitution for Ti*" sites within the TiO, structure. This study also
shows that, once the TiO, structure is saturated with copper, a metallic copper segregation is
formed at the crystallite surfaces. After gamma irradiation, samples present a crystalline core
and a disordered shell structure as a result of the formation of oxygen vacancies. Such oxygen
vacancies at the TiO, nanocrystal surface lead to a remarkable enhancement of the

photocatalytic activity of Cu-doped TiO, catalysts.

Keywords: Titanuim dioxide (TiO;), Sol-gel, Gamma irradiation, Photocatalysis, EELS,

Oxygen vacancy.



1. Introduction

Heterogeneous photocatalysts based on titanium dioxide (TiO;) have been widely
investigated in academic research and extensively involved in industrial applications.
However, their photo-conversion efficiency under solar illumination is very limited owing to
a too wide intrinsic band gap energy (3.06 eV for rutile and 3.23 eV for anatase). Using
sunlight more efficiently to provide energy or to initiate chemical reactions still remains a
challenge. Therefore, much effort has been made to extend the light absorption from UV
down to the visible region and improve the photoelectrochemical properties of TiO,. The
most widely adopted strategies are chemical modification by doping (including single metal
or non-metal elements, two-element co-doping or self-doping) leading to the extent of the
visible light absorption capability in addition to the introduction of cooperative catalysts, that
facilitate the separation of photogenerated carriers. Several investigations on doped TiO, [1-3]
have succeeded in providing some indication about the atomic level details of doping such as
the dopant location (e.g. substitutional or interstitial) and discussed the effects of doping on
the physical properties and electronic structure of TiO,.

Impurity-doped TiO, has been attracting a great deal of interest owing to its universal
applications especially in different processes for degradation of pollutants and water splitting
technologies for photoelectrochemical hydrogen production, see e.g. [4-14]. The presence of
non-metal and transition-metal ion dopants in the TiO, crystalline matrix significantly
influences photoreactivity, charge carrier recombination and interfacial electron-transfer rates.

However, the photoelectrochemical efficiency of doped TiO; is still limited by a relative
high electron-hole recombination rate. Optimum conditions should be fixed in order to
enhance absorption in the visible range and to reduce the charge recombination for an
improvement of the photo-response. Indeed, a compromise must be achieved between the

light-absorption capability and surface charge transfer rate of the TiO, photocatalyst. To avoid



these problems, one approach is to exploit doping or co-doping that involves oxygen
vacancies. Previous investigations have revealed that the band gap energy, the electron-hole
recombination process as well as the photoelectrical properties of TiO, can be effectively
tuned by oxygen vacancies [11, 15, 16].

Besides doping, several treatment methods are proposed to achieve visible light
absorption for titania catalysts. Some authors studied the effect of plasma treatment on the
photocatalytic activity of anatase [16]. They reveal that oxygen vacancies produced by plasma
treatment play an important role in the performance activity of treated Ti0O,.

Recently, reduction methods (e.g., by high-energy particle bombardment) showed
interesting results in producing catalysts with great photocatalytic performance [17-19]. Those
methods lead to generate disordered TiO, nanophases with simultaneously incorporated
oxygen vacancies self-dopants over a few atomic layers at the surface of TiO, nanocrystals. In
this context, some results, obtained by the application of gamma irradiation treatments on P25
(Degussa) TiO, photocatalyst commercial products, showed a surface effect with no
significant change on morphology and crystal structure. Optical property investigations
revealed an extension of the light absorption from UV down to the visible region, leading to
an improvement of the photo-response [18, 19]. These findings have been assigned to trapped
electrons in oxygen vacant sites or to Ti*" states formed in the few atomic layers at the
surfaces of TiO, crystallites. We also note that, according to these articles, both optical band
gap value and photocatalytic performance do not vary linearly with the applied gamma doses.

However, this research area is relatively unexplored and many questions deserve to be
clarified. In fact, there has been a lack of systematic nanoscale investigation on the nature of
the surface modification (structure and composition) in connection with the applied gamma

dose. Based on this, we investigated the changes caused by gamma irradiation on anatase



undoped and transition metal incorporated to TiO, by a combination of local and global scale
characterization techniques.

Doping with copper was chosen. In fact, Cu doped TiO, catalysts have recently
attracted enormous attention due to their visible light absorption high efficiency. Moreover,
the low cost of preparation together with improved catalytic performance, make copper-doped
TiO, a promising photocatalyst for wide environmental applications. It has been found that
the incorporation of copper Cu?* ions into the TiO, matrix could be at the origin of such high
photocatalytic activity, see e.g. [20-27], by reducing the band gap value down to 1.7 eV as
predicted theoretically for a 2 at.% Cu amount [27]. However, the nature of the active copper
species (CuO, Cu,0, metallic Cu, or Cu?* ions in the TiO, lattice) that govern photo-reactivity
processes is still under debate.

In addition, to further improve photocatalytic performance, it is important to reduce the
electron-hole pair recombination and assure a sufficiently long lifetime for this pair which
diffuses to the catalyst’s surface and initiate a redox reaction. Here, we propose to use Gamma
irradiation treatment as a viable way to improve the charge separation. We therefore present a
simple and economical method to synthesize efficient TiO, photocatalysts reactive to visible-
light.

The effect of sunlight illumination on the photocatalytic activity of prepared catalysts
was studied by removal of methylene blue (MB) as model of pollutant. To elucidate the
factors responsible for the observed effects, initial and gamma irradiated undoped and Cu
doped sol-gel TiO, products were examined. Changes in absorption properties were evaluated
by ultraviolet-visible spectroscopy (UV-vis). Electron paramagnetic resonance (EPR) was
used, as a powerful tool to characterize paramagnetic metal ions and defects in the oxyde

catalysts. The particle size, morphology and crystal structure for each sample type were



determined by transmission electron microscopy (TEM). Microanalysis studies were
conducted by electron energy-loss spectroscopy (EELS).

2. Experimental details

2.1. Catalysts Preparation

Pure and Cu?*-doped TiO, (Cu-TiO,) powders were prepared via a sol-gel technique
[28, 29]. Titanium isopropoxide (Ti(OC;H;) was used as TiO, precursor, while isopropanol
(CH3CH(OH)-CH3) and methanol (CH;OH) were used as solvent and acetic acid
(CH;COOH) as catalyst. Copper chloride (CuCl,'2H,0) was used as precursor for Cu®*
dopant. The atomic ratio of Cu to Ti were 3 and 6 at.%. Note that undoped TiO, samples were
prepared as a control in the same way. The obtained millimetric solids were ground in an
agate mortar to get fine nanopowders. As-made powders are amorphous. To obtain
crystallized samples, these powders were calcined in air at 400 °C during 6 hours. This
method allows to obtain powders of high chemical purity.

The synthesized sol-gel powders were exposed to gamma irradiation at ambient
temperature of 25 °C (£0.5 °C) using the Tunisian Cobalt-60 irradiator installed in the
Tunisian National Center for Nuclear Science and Technology (CNSTN, Technopole of Sidi
Thabet, Tunisia). The gamma source consists of eight ®*Co pencils like-sources arranged and
encapsulated in axial symmetry in order to have a better isotropy of gamma photon emission.
This source emits gamma photons of 1.2 MeV average energy. In a typical irradiation
experiment, 100 mg of each type of TiO, powder, undoped and doped with copper, were
inserted in eppendorf tubes placed at 15 cm from the gamma source. The applied irradiation
doses were 14, 28, and 60 kGy with a dose rate of 80 Gy/min, corresponding respectively to
2h55mn, 5h50mn, 12h30mn time of irradiation. This dose rate was determined by alanine

dosimeters irradiated by the facility and returned to aerial for dose rate assessment [30, 31].



2.2. Catalysts characterization

A test of the photocatalytic activity of the synthesized samples were carried outdoors
under direct sunlight illumination, during the period of May-June and under clear skies and
ambient temperature (25-30 °C) at the university of Tunis el manar (Tunisia, local latitude
36°49'8.29" N, longitude 10°9'56.84" E). The photocatalytic activity was evaluated on the
degradation of methylene blue (MB) in aqueous solution. In a typical experiment, the initial
concentration of MB aqueous solution was 10 mg/l. The solutions were prepared with
deionized water. Prior to irradiation, 60 mg of catalyst was dispersed in 200 ml of prepared
MB solution (the amount of catalyst was 0.3 g/L). The solution was magnetically stirred for one
hour in darkness to reach adsorption equilibrium. Then, it has been exposed to sunlight
illumination by maintaining a continuous magnetic stirring. MB concentration was estimated
with a UV-vis spectrophotometer (IC6400). The intensity of the MB absorption peak at about
664 nm was considered to estimate the MB concentration in the solution at the term of the
photocatalysis reaction. The efficiency of the degradation process was estimated with the
following relation: Degradation % = (C(-C)/C,, where C, is the initial MB concentration
(after one hour in the dark) and C is the MB concentration after certain solar irradiation time.

The optical measurements were performed by diffuse reflection over the 250 to 800 nm
wavelength range. The reflection spectrum was measured using a UV-vis-near infrared
spectrometer (Lambda-950) equipped with an integrating sphere.

For EPR analysis, the sample was inserted into a standard rectangular cavity in an EMX
71 X-band EPR spectrometer equipped with a 100 kHz magnetic field modulator operating at
room temperature.

Samples were investigated in a conventional TEM (TOPCON 002B at 100 keV) for
general microstructure characterization. Chemical and electronic properties were investigated

by means of EELS performed in two dedicated scanning transmission electron microscopes



(STEM): a probe Cs-corrected Nion Ultra-STEM microscope and a STEM-VG HB501, both
equipped with a field emission source operated at 100 keV and coupled to a Gatan EELS
spectrometer optically coupled to a high sensitivity (either nitrogen cooled or electron
amplifying) CCD camera. Chemical and electronic structure analyses were performed by
acquiring collections of EELS spectra in the spectrum-imaging Mode [32]. In such a mode,
the focused beam is scanned over a region of interest and a whole spectrum is acquired at
each spatial position of the scan. Such a spectrum-image contains typically 10000 spectra.
These spectra can be processed individually, usually by removing the background and
summing the intensity corresponding to a characteristic edge and thus building elemental
maps. However, as this data set contains a lot of redundant information, it is often very useful
to process it as a whole and to use multivariate statistical techniques. We used principal
component analysis (PCA) as a filtering method for separating meaningful signal components
from noise [33].

3. Results and discussion

3.1. Photocatalytic activity results: Outdoor experiments

The photocatalytic efficiency of the TiO, catalyst depends on many factors (crystal
structure, specific surface area, bulk and surface defects...). Controlling this performance
requires the control of the catalyst structural properties. Doping with transition-metal
elements affects the lifetime of the charge carriers. In fact, metal doping controls the
competition between the electron-hole pair recombination and the transfer rate of the charge
carriers from the bulk to the surface, favorable to the increase of photoctalytic activity of TiO,

catalyst. Therefore the optimization of the doping element concentration is necessary.

The photocatalytic activity evolution of undoped and Cu-TiO, initial sol-gel powders

and irradiated powders at 60 KGy gamma dose are presented in Fig. 1. For non-gamma



irradiated samples, undoped TiO, showed the better photocatalytic performance under
sunlight illumination as compared to Cu-TiO, sol-gel powders. The insertion of Cu at rates of
3 and 6 at.%, leads to a decrease from 40 to 30% (after 5 hours of exposure to sunlight) of the
photocatalytic efficiency. Gamma irradiation treatment seems to contribute in favor of
enhancing the photocatalytic activity of all prepared TiO, catalysts and especially of those at
3 at.% of Cu. The photocatalytic activity of those samples after 60 KGy gamma irradiation is

80% higher than that of the non-irradiated samples.
3.2. Optical and structural investigations
3.2.1. UV-visible diffuse reflectance spectroscopy

The optical properties were determined using diffuse reflectance spectra. The diffuse

reflectance data R% was converted to the Kubelka-Munk function F(R) by the equation: F(R)

_ (-Rr?

= —gr  Which is proportional to the absorption coefficient [28].The optical gap value is

estimated relying on the Kubelka-Munk method combined with the Tauc relation [34]. The
absorption spectra of non-irradiated and gamma irradiated undoped TiO, and
Cu-TiO, powders are represented in Fig. 2. For non-irradiated samples, undoped TiO,

exhibits strong absorption in the UV region and high transparency in the visible one.

Copper incorporation in the TiO, lattice leads to a general shift in the UV-visible
absorption spectra and an increase of the absorption broad band in the visible range. This
typical behavior and this type of electronic transitions is consistent with those obtained in the
literature [23-25] and argue in favor of the substitution of Cu?" for Ti*" ions that remain in
octahedral or pseudo octahedral configuration in the TiO4 framework. In our case, the most
reduced band gap (1.5 eV) was observed for samples synthesized with 3 at.% of Cu. This
finding is related to the appearance of new O2p-Cu3d hybridized states at the top of the

valence band and the bottom of the conduction band upon Cu?" doping [35]. According to
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experimental and theoretical investigations, the substitution of Cu?* for Ti*" in anatase (2 at.%
Cu-doped TiO,) should lead to a decrease in the band gap, down to 1.7 eV, and an increase in
the visible light absorption [26, 27]. Indeed, The Cu?" substitution within the crystalline
environment of TiO,, also leads to an absorption hump extending from 600 to 900 nm that is

attributed to d-d transitions [24].

When passing from a copper content of 3 to 6 at.%, the intensity of the absorption band
between 400 and 500 nm increases while the broad 600 - 900 nm absorption band decreases
(Fig. 2). This suggests that the effective doping rate of Cu in the 6 at.% Cu-TiO, samples is
lower than in 3 at.% Cu-TiO,. At a higher incorporation rate of Cu, segregated copper species
are observed on the surfaces of the crystallites. More details concerning the effect of doping
on structural and optical properties of Cu-TiO,; sol-gel powders annealed at 400°C have been

presented in our previous work [35].

Gamma irradiation treatment significantly affects the absorbance spectra of all studied
samples (Fig. 2). The absorbance of irradiated samples is always found higher than for non-
irradiated ones and an extra peak appears within the wavelength range between 465 nm and
500 nm. No such peak is seen for as prepared sol-gel powders. Also, it is noted that the value
of the applied gamma dose did not have much detectable effect on the absorption properties,
except for samples prepared with a high Cu level. However, it is known that gamma
irradiation leads to the desorption of oxygen from the crystallites surfaces. The extra oxygen
vacancies thus formed, may form donor levels in the forbidden band gap of TiO, [11, 15] and
also affect the electron-hole recombination therefore strongly affecting the
photoelectrochemical properties of these catalysts. We will come back to this statement in the
nanoscale analysis section.

3.2.2. EPR spectroscopy analysis



An EPR spectroscopy analysis has been performed in order to monitor the involved
paramagnetic centers with respect to the Cu incorporation rate and to gamma irradiation dose.
This investigation also allows for measuring the oxygen vacancy distribution that occurred
during internal incorporation of Cu?* ions in the TiO, lattice and gamma treatment. The
evolution, as a function of the gamma radiation dose, of the EPR signal of undoped and Cu-
TiO, samples (3 at.% and 6 at.%) are shown in Fig. 3(a, b, d) respectively. The sharp peak
observed at g = 2.001 is close to the free electron g value (g = 2.0003) [24]. In TiO,, this
value is reported to be due to a single electron trapped in an oxygen vacancy (V) [15].
Undoped samples display only this paramagnetic signal whose intensity slightly increases
with the dose of gamma irradiation, whereas the line width hardly changes (Fig. 3(a)).

After Cu insertion (Fig. 3(b, d)), an asymmetric EPR signal shape appears. This EPR
signal is present in all Cu-TiO, initial and gamma treated samples and corresponds to the
presence of Cu?" (3d9) ions in the distorted octahedral coordination of O* ions [24], which
confirms the substitution of Cu?* for Ti*" ions in the TiO, structure. These EPR peaks are also
broad suggesting that a dipolar interaction is taking place among neighboring Cu?*. The peak-
to-peak height (PPH) of Cu?' ion and oxygen vacancy (V) signals as a function of the
applied gamma dose are shown in Fig. 3(c) for undoped and 3 at.% Cu-TiO, samples.

For non-irradiated samples, we note that the intensity of the EPR peak assigned to V
decreases notably after addition of Cu in the TiO, samples [35]. After gamma irradiation such
EPR peak increases notably and especially for 3 at.% Cu-TiO,, while the 6 at.% Cu-TiO, EPR
spectrum changes radically. We speculate that a new Cu-rich phase is formed. It has been
disclosed that the substitution of Cu?* for Ti*" ions in the TiO, lattice leads to the formation of
oxygen vacancies inhibiting the formation of Ti** ions [24, 27]. Indeed, within the detection
limits of EPR spectroscopy, no signal corresponding to Ti** ions was detected. We also note

that these oxygen vacancy sites are electron traps. In fact, following the Cu?* doping, the
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place occupied by the O anion in the regular TiO, lattice is taken by one or two free
electrons, thus forming a donor level below the conduction band. It is demonstrated that the
number of such donor states in both anatase and rutile titania increases with increasing
number of oxygen vacancies and can overlap the conduction band [11]. This may explain the
great decrease of the TiO, band gap upon Cu?" doping. But, in our case the incorporation of
Cu?" ions in TiO; crystallites is accompanied by a significant decrease in oxygen vacancies or
rather in free electrons trapped in these vacant sites. In order to explain these findings, we
have performed a nanoscale investigation via EELS analysis.

3.2.3. Nanoscale analysis

Examples of bright Field (BF) images of 3 at.% Cu-TiO, annealed at 400°C, obtained
during spectro-microscopy measurements, are shown in Fig. 4(a). It can be seen that the
average diameter of the crystallites is between 10 and 15 nm and that these crystallites exhibit
high crystallinity and well-resolved lattice features throughout the whole polyhedral particles.
The application of the PCA technique to EELS performed at sub-nm resolution shows the
presence of metallic copper nanoparticles (1-2 nm in diameter) at the surface of the TiO,
crystallites (see Fig. 4(b, ¢)). From this doping level, the TiO, structure begins to be saturated
with Cu [35]. The electrons trapped in oxygen vacancies can be transferred to the Cu?* ions
segregated on the crystallite surface resulting in metallic Cu formation. This charge transfer

can explain the decrease of the VV; EPR signal PPH in comparison with undoped TiO,

samples. This decrease in the density of electrons trapped in oxygen vacancies close to the
surface may also explain the photocatalytic reactivity reduction of copper doped TiO,
catalysts.

In addition, in a previous work [35], we have shown by EELS elemental mapping that
the insertion of copper in the TiO, structure is homogenous within a grain. The amount of Cu

inserted (in substitution) in the TiO, structure does not exceed 1 at.%. When the copper
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solubility limitis exceeded, Cu?" ions are segregated to the grain surfaces in metallic or
oxidized form. The total (inserted or segregated) Cu amount varies from a fraction of a
percent to about 10% from one grain to another. The same behavior was observed when
doping the TiO; structure with Co?" ions as reported in a previous article [28].

We now discuss the use of gamma irradiation for the purpose of extra V creation. As

shown from the TEM observations (Fig. 4(d)) one advantage (at controlled doses) of this
method is the little damage at the surface of the crystallites.

For undoped TiO, samples, a 27% increase in V,; was estimated from EPR
measurements, which leads to an increase in absorbance in the visible range and an
improvement of 10% in photocatalytic efficiency. We have mentioned that 3 at.% Cu-TiO, is
saturated with less than 1 at.% Cu in substitutional site. In non-gamma irradiated samples, the
formation of the metallic copper nanoparticles, which neutralize the free electrons trapped in
the V sites created by Cu?" doping, inhibits the photocatalytic reactivity. As shown in
Fig. 3(a, b, ¢), in such relatively less stable structures with larger specific surface areas (25%
larger than the undoped TiO, samples [28]), the creation of VV; by gamma irradiation is
facilitated. In fact, we note that the Cu?" EPR signal intensity slightly decreases with gamma
irradiation dose, whereas the EPR peak assigned to VV ; increases notably. A 400% increase of
V o 1s accompanied by a 80% improvement in photocatalytic efficiency. The oxygen vacancy
density increase implies a charge carrier density increase on the surface of the crystallites.
Moreover, the transfer of the photogenerated electron to the catalyst surfaces can be further
facilitated via the Schottky barrier created by the metal-semiconductor interaction at the
metallic copper/TiO; interface. Also the excellent electric conductivity of metallic copper has
been shown to play an important role in improving photocatalytic activity of Cu-TiO,

samples.
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In order to get some insight about the effect of gamma irradiation at a nanometer scale,
anatase 3 at.% Cu-TiO, powders irradiated at 60 KGy gamma dose were analysed by high
spatially-resolved EELS. For these samples, the typical surface effect (amorphization) is
shown on the bright field image of Fig. 4(d). The corresponding EELS spectra for different
crystallites in the sample are shown in the energy regions of the TiL,; (Fig. S(a)) and OK
(Fig. 5(b)) edges and compared to non-gamma irradiated samples. Both TiL,3; Energy Loss
Near Edge Structures (ELNES) in non-gamma irradiated and irradiated samples, are in
agreement with Ti*" oxidation state in anatase. They exhibit a spin-orbit splitting into 2p*?
(L3) and 2p'2 (L,) levels, with a separation of 5 eV. The degree of crystallinity is reflected by
the further splitting of the L, and L; peaks into two peaks due to crystal-field effect: the
octahedral coordination of titanium atoms with oxygen splits the Ti3d states into the t,; and ¢,
symmetries. The right shoulder in the L., peak separated by about 1 eV from the maximum
is typical for anatase and has been interpreted as the signature of a structural long-range effect
within the crystal [36]. A similar spitting can be observed in the OK edge, which results from
the O2p-Ti3d hybridized states of t,, and e, symmetry [37]. The increase of the oxygen
vacancy concentration with applied gamma doses leads to the formation of a defective layer at
the TiO, crystallite surface. Tan et al. reported similar observations on colored TiO, [17].
Indeed, after gamma treatment, TiL, ;3 and OK ELNES show significant changes. The shape of
the TiL; edge is very sensitive to local disorder but also to long range order modification
induced by the desorption of oxygen. A broadening of the different features in both edges is
observed. Such broadening is the result of the superimposition of various crystal field splitting
effects and is an indication of the amorphisation of the structure (in the case of TiL,3, the
right shoulder on the Ls;., peak also vanishes as an indication of long range order
disappearance). We note that these spectral variations are also compatible with the appearance

of a small amount of Ti3".
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At high Cu incorporation level (6 at.% Cu-TiO,) the solubility limits of Cu in the TiO,
structure is exceeded and the titanium crystallites are mainly encapsulated by a Cu thin layer
(Fig. 4(e)). EPR investigations confirm that the 6 at.% Cu-TiO, non-gamma irradiated
crystallites are mainly undoped and that copper species are distributed over the surface of the
crystallites, in metallic or Cu,O forms [35]. Those copper species, by covering the surface of
the crystallites, may be at the origin of the photocatalytical efficiency drop by limiting the
interaction between the sunlight and the catalyst. According to EPR investigation (Fig. 3(d))
and TEM imaging (Fig. 4(f)), these copper species are unstable under gamma radiation and
transform into Cu-rich nanoparticles, which agglomerate on the surface of the TiO,
crystallites. TEM images (Fig. 4(f)), also show the destructive effect of gamma rays that
release the bare surfaces of crystallites. A photocatalytic efficiency improvement of 20% was
observed after gamma radiation treatment at 60 KGy.

We now come back to the previous discussion on the peak observed close to 500 nm
in the absorption spectra of gamma irradiated samples (Fig. 2). Our TEM investigations show
a gamma irradiation induced amorphization over thicknesses of a few atomic planes at the
surface of the Ti0O, crystallite (section 3. 2. 3). Gamma irradiation also leads to the desorption
of oxygen from the TiO, crystallite surface. A theoretical study [38] has shown that the
formation energy of oxygen vacancies reduces significantly (by a few eV) upon
amorphization. Formed oxygen vacancies introduce localized states in the band gap [39] and
can be related to the resolution of the extra induced visible band with gamma irradiation.

Other studies [40] showed that the gamma irradiation of borate glasses containing a
high TiO, content (10%) is responsible for the appearance of small peaks or a shoulder at 540
nm. This specific induced visible peak is ascribed to octahedrally coordinated trivalent

titanium (Ti**) ions. Surface Ti*" ions can capture released electrons during the irradiation
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process and are transformed to Ti3* ions leading to the generation of the low intensity visible
peak.

Our EPR investigation does not provide any evidence for the presence of Ti*" ions.
However, the local EELS analysis suggests the possible presence of such ions. Therefore, the
peak observed close to 500 nm for irradiated samples could also be related to trace Ti*" in the
crystallite surface (shell) amorphous layers.

Our photocatalytic experiments show that Cu-TiO, with higher oxygen vacancies is
more efficient as compared to pure TiO,, and we confirm that oxygen vacancies play a
significant role in both absorption of visible light and photocatalytic efficiency due to the high
mobility of their induced charge carriers. Several studies reported a similar synergetic effect
in TiO, when co-doped with V; and nitrogen: photogenerated carrier recombination was
shown to be reduced and visible light absorption improved in comparison to N-doped or

undoped TiO, [41, 42].

4. Conclusion

This study presented a simple and economical method to synthesize efficient visible-
light-responsive TiO, photocatalysts. Defective pure and Cu doped TiO, powders were
successfully prepared by combining sol-gel synthesis and gamma treatment. Such samples
were characterized by EPR, TEM, EELS and UV spectroscopies. The photocatalytic activity
of the obtained powders was evaluated by the photocatalytic degradation of MB. Compared to
the non-gamma irradiated TiO, powders, it was found that the introduction of defect sites at
the TiO, catalyst surfaces results in a significant improvement in the photocatalytic efficiency
due to the generation of oxygen vacancy electron trapping states. The enhancement of the
absorbance of visible light was attributed to both Cu?" substitution and to the presence of
extra oxygen vacancies induced by irradiation, which introduce isolated states in the band gap

of the TiO, catalyst.
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This study also showed a close relationship between the gamma irradiation dose and the
concentration of defect sites which are related to the destiny of photogenerated electrons and
holes. Indeed, the defective sites inhibit the recombination of these electron-hole pairs and
thereby increase the concentration of photogenerated carriers at the crystallite surface, leading
to an enhancement of the activities of the TiO, powders under sunlight irradiation. These

results demonstrate the relevance of a strategy exploiting (Cu?", V ;) cooperative effects for

promoting the photoelectrochemical properties of TiO, powders.

This preparation method by gamma treatment could be potentially used for large-scale
production of catalysts with remarkable visible light absorption and photocatalytic activity for

wide applications in environmental remediation.
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Figures captions:
Fig. 1: Photodegradation efficiency results of MB, under natural sunlight: without catalyst,
with initial undoped and Cu-TiO, catalyst powders and with undoped and Cu-TiO,

catalyst powders treated by 60 KGy gamma irradiation dose.

Fig. 2: Diffuse reflectance spectra as a function of gamma irradiation doses of (a) undoped

Ti0,, (b) 3 at.% Cu-TiO; and (c) 6 at.% Cu-TiO,.

Fig. 3: EPR spectra of Cu-TiO, catalysts annealed at 400°C as a function of gamma
irradiation doses: (a) undoped TiO,, (b) 3 at.% Cu-TiO, and (d) 6 at.% Cu-TiO,.
(c) Evolution of the peak-to-peak height of both EPR signatures for divalent copper
ions (Cu?") and oxygen vacancies (Vo) as a function of gamma doses for undoped

TiO, and 3 at.% Cu-TiO, catalyst.

Fig. 4: (a) High-resolution Bright Field (BF) image of a 3 at.% Cu-TiO, powder annealed at
400°C, (b) Cu elemental map and associated CuL, ; EELS signal extracted after PCA
(c) from the reduced area indicated in (a). (d) Bright Field (BF) image of a 3 at.% Cu-
Ti0, powder annealed at 400°C and treated by 28 KGy gamma dose. (¢) TEM
micrograph of a 6 at.%. Cu-TiO, powder annealed at 400 °C and (f) after treatment at

a 60 KGy gamma dose.

Fig. 5: (a) TiL, 5 and (b) OK edge fine structures of 3 at.% Cu-TiO, powders annealed at

400°C, before and after 60 KGy gamma treatment.
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Fig.3
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