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this study.

The influence of supercritical drying and the europium oxide content on the physicochemical properties
and the resultant photocatalytic activity of Eu-TiO, aerogels for the degradation of salicylic acid were
explored for the first time. It was demonstrated that the efficiencies might be influenced by a combina-
tion of factors such as enhanced adsorption, presence of trap states, and/or suppression of rutile phase
formation. The well dispersed europium oxide dopants may act as trap states. A subsequent enhancement
of charge separation avails electrons for oxygen attack to form superoxide ions, from which *OH radicals
can be generated, and are postulated to be primary contributors toward the degradation efficiencies in

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Air, land, and water pollution is one of the main environmen-
tal concerns facing our world today that is taking precedence in
the natural resource sustainability debate. The use of contaminated
ground water, for example, is a likely source of human contact with
potentially toxic organic pollutants such as phenols, aromatic car-
boxylic acids, dyes, surfactants, pesticides, pharmaceutical waste,
and endocrine disrupting compounds (EDCs). Traditional methods
of water treatment (such as adsorption, filtration, and ozonation)
are still limited because they are energy intensive, tedious, may
produce toxic by-products, and require several elaborate steps for
the remediation process. One emerging approach to mitigate these
challenges has been the use of photocatalysis, an advanced oxida-
tion process (AOP) that promises the use of abundant sunlight for
the complete mineralization of toxic pollutants.

Titanium dioxide (TiO,) is a popular photocatalyst of choice
due to its unique physicochemical properties, high mechanical and
thermal stability, ease of synthesis, relatively low cost, and high
degradation efficiencies [1]. The anatase polymorph of TiO, has
been widely preferred for various heterogeneous reactions and has
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exhibited enhanced activities compared to the brookite or the rutile
forms. However, a major drawback to TiO, is that it absorbs light
only in the UV region, which accounts for less than 5% of the solar
radiation that reaches the Earth’s surface.

Current research efforts are focused on more practical and
widespread use of the photocatalyst and its derivatives for detoxi-
fication and other light driven applications by examining means of
extending the response of the titania into the visible region so as to
utilize light from larger portions of the electromagnetic spectrum.
Another approach has been to maximize the activity of TiO, under
UV irradiation by utilizing preparation methods, which optimize
structural and electronic properties that are considered relevant
for mineralization processes. This work attempts to address the
latter approach by exploring the role of incorporating rare-earth
ions/oxides such as lanthanides in the titania matrix. Such ions have
been proposed to form strong interactions via their f-orbitals with
functional groups, which increases the propensity to adsorb more
pollutant molecules at the surface of the photocatalyst, and thus
enhance photocatalytic efficiency of titania [2-4].

Here, different loadings of Eu-TiO, were prepared using the
sol-gel method, and the resulting wet gels were dried under super-
critical conditions to form aerogel powders. This drying method
was preferred because solvent removal in the supercritical state
minimizes the formation of the liquid-vapor meniscus, and subse-
quently minimizes the likelihood of occurrence of the pore collapse
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phenomenon. This approach promises materials of high porosities,
high surface areas, low density, and relatively low agglomeration
[5-7]. In this study, the role of high temperature supercritical dry-
ing (HTSCD) on the dispersion of the europium ions in the anatase
support for the improvement of the photocatalytic degradation of
salicylic acid was investigated. HTSCD involves use of hot alco-
hol solvents in the supercritical state, and is attractive because it
shortens the processing time from several days to a few hours [8],
and promises thermodynamically stabilized materials of enhanced
crystallinity [7,9-11].

Previous studies have primarily explored the change in elec-
tronic and physicochemical properties due the modification of
the titania nanoparticles using europium ions [12-21], and some
reports have demonstrated their application for organic pollut-
ant degradation [2,22-36]. However, the preparation methods
influence the structural properties as well as the photocatalyst effi-
ciencies as a result. A comprehensive literature search reveals only
one report that investigates the role of aerogel synthesis and it
simply addresses the effect of dopant concentration on the lumi-
nescence properties [37]. The demonstration of the efficacy of
Eu-TiO, aerogel based photocatalysts for organic pollutant degra-
dation in aqueous phase is still missing in the literature and thus
this work is the first attempt in using supercritical drying method
to prepare europium oxide dopants in titania aerogel materials.
The enhancement in the photocatalytic activity on modification
with rare earth metal ions/oxides such as europium ions/oxides
have been ascribed to a combination of several factors that include:
(1) enhanced adsorption of the organics by the formation of Lewis
acid-base complexes [27]; (2) the prolonged separation of elec-
trons and holes facilitated by the formation of defects (Ti3*) and
oxygen vacancies on the surface can act as trap states (3); the
enhancement of surface hydroxyl groups (arising from the charge
imbalance in the event of isomorphic substitution of Eu3* for Ti**)
that react with the holes to form hydroxyl radicals and facili-
tate the photocatalytic reaction; (4) the inhibition of the anatase
to rutile phase transformation, which permits the more nega-
tive conduction band edge and the open structure of the anatase
phase to facilitate higher photoactivity in comparison to the rutile
phase; and (5) the ability of europium ions to trap electrons
and minimize charge carrier recombination under UV irradiation
[38].

Thus, this manuscript presents the first report of the
preparation of surfactant template free Eu-TiO, aerogel photo-
catalysts obtained under HTSCD that is utilized for the degra-
dation of salicylic acid as a probe molecule. In addition, a
probe into the overriding physicochemical factors that influ-
ence the photocatalytic activity is attempted by incorporating
scavenging experiments. The resultant aerogel photocatalysts
were also characterized by powder X-ray diffraction, nitro-
gen physisorption, electron microscopy, X-ray photoelectron
microscopy, photoluminescence, and diffuse reflectance spec-
troscopy.

2. Experimental
2.1. Materials

The following chemicals were purchased from Acros Chemi-
cal Company, USA; toluene (C7Hg, ACS grade), methanol (CH30H,
99.8%), titanium isopropoxide (Ti|OCH(CHs3 ), 14, 98+ %), europium
nitrate (Eu(NOs3)-6H,0), salicylic acid (C;HgO3, ACS grade), sodium
hydroxide (NaOH), and terephthalic acid (TPA, ACS grade) were
used as received. The deionized water was obtained from a NANO
ultrapure water system manufactured by Barnstead International,
USA.

120 mL Toluene
¥

80 mL CH3;0H
v

12,25,47, and 95 mg
Eu(NO);e6H20

Y

5 mL Ti(OCH(CHs)z)4

v

0.6 mL H,O

v

Stirred Ovemight

v

Supercritical Drying

v

Calcination

Scheme 1. Schematic illustration of the synthetic procedure for the preparation of
Eu-TiO; aerogel photocatalysts.

2.2. Synthesis of the photocatalysts

2.2.1. Preparation of europium oxide doped TiO, aerogels

Europium oxide doped titania aerogels of our different molar
ratios of Eu/Ti were synthesized using the sol-gel method, prior to
high temperature supercritical drying, and the preparation proce-
dure is summarized in Scheme 1. 120 mL of toluene was mixed with
80 mL of methanol. An appropriate amount of europium nitrate
and then 5 mL of titanium isopropoxide was added to the solvent
mixture under a stirring rate of 300 rpm. Finally, 0.6 mL of deion-
ized water was added drop-wise to initiate the hydrolysis reaction.
Stirring was continued overnight (~12 h) at room temperature to
provide sufficient time for the suspension to gel. The gel was trans-
ferred to a glass liner (600 mL capacity) and the autoclave (Parr
Model 5500 high pressure compact stirred reactor with tempera-
ture controller 4836) was assembled, sealed and nitrogen gas was
admitted into the chamber at about 100 psi. Heating was carried
out at a rate of 1 °C/min until 265 °C. This was chosen as the super-
critical temperature for the methanol and toluene solvents based
on previous reports that promise good results under similar condi-
tions, and the necessity to avoid any thermal decomposition of the
solvent [39]. The pressure inside the autoclave gradually increases
up to 1200 psi as the supercritical temperature is achieved. Such
supercritical conditions were maintained for at least 15 min, and
the solvent was rapidly removed thereafter by opening the out-
let valve to vent. The autoclave was then allowed to cool to room
temperature and disassembled. Alight yellow colored aerogel pow-
der was obtained, and was found to be amorphous at this stage.
Thus, it was ground into a finer powder and calcinated at 550°C
for 6 h in a tubular furnace (Thermolyne Barnstead Model 21100)
in order to impart crystallinity. A color change from yellow to a
white europium doped titania (Eu-TiO,) was observed after cal-
cination, and subsequently, the resultant aerogel powders were
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Table 1

Phase composition, unit cell parameters, unit cell volume, and crystallite sizes of Eu** doped TiO, materials determined from the XRD analysis. The value preceding Eu-TiO,

represents the wt.% of Eu, 03 loaded into the TiO,.

Aerogel Crystal phase Unit cell parameters (nm) Unit cell volume (nm)3 Crystallite size (nm)
aand b c

TiO, Anatase 0.3782 0.958 13.781 12.0 £2.0

0.72-Eu-TiO, Anatase 0.3783 0.949 13.591 10.6 + 2.0

1.48-Eu-TiO, Anatase 0.3784 0.951 13.609 9.9 + 2.0

2.71-Eu-TiO, Anatase 0.3788 0.946 13.581 9.1 +£20

5.30-Eu-TiO, Anatase 0.3785 0.951 13.622 10.7 £ 2.0

characterized in addition to photocatalytic efficiency evaluation.
Four different europium oxide doped titania materials were pre-
pared and the number (0.72, 1.48, 2.71, and 5.30) in the sample
label refer to the weight percent of europium oxide in the final
calcined material determined by ICP-MS technique.

2.3. Characterization techniques

The europium oxide containing TiO, nanomaterials were char-
acterized by several techniques as detailed in this section of
the manuscript. Information on the nature of the phase of the
photocatalysts was determined by using powder X-ray diffraction
(XRD) from a Rigaku Ultima IV diffractometer. The diffraction pat-
terns were obtained at room temperature using Ni filtered CuK,
(A=1.5418 A) radiation as an X-ray source. The diffractometer was
operated at a voltage of 44 kV and a current of 40 mA. The diffrac-
tion patterns was measured from 20 to 74° (20) with the following
parameters: a step size of 0.02°, divergence and scattering slit of
2°, receiving slit of 0.45 mm, and divergence height limiting slit of
10 mm. The diffractograms obtained were analyzed by using PDLX
software provided by Rigaku, from which we can identify the crys-
tal phases formed, the unit cell parameters, the crystallinity of the
material, and the crystallite size. Prior to running the XRD analysis,
the samples were dried overnight in an oven at 804+ 10°C.

The textural properties (such as surface area, pore volume, and
pore size) were estimated by nitrogen physisorption analysis at
77 Kusing a Nova 2200e surface area and pore size analyzer. Prior to
N, adsorption, the samples were degassed extensively at 100 °C for
several hours to ensure that any water molecules or gases adsorbed
in the pores were expelled. The Brunauer-Emmett-Teller (BET)
method was used to determine the surface area from the N, adsorp-
tion isotherm within the relative pressure (P/Py) range of 0.05-0.30.
The pore volume was calculated at the highest relative pressure
of (P/Py)~0.99. The pore size distribution was determined using
the Barrett-Joyner-Halenda (BJH) method that was applied to data
from the desorption isotherms.

Transmission electron microscopy (TEM) was used to obtain
information about the morphology (size and shape) of the aerogel
materials. The samples were prepared for analysis by suspending
a few mg of the nanomaterial powder in ethanol, and sonicated
to form a uniform suspension. Then, a few drops of this suspen-
sion were carefully placed on a carbon-coated copper grid (200
mesh size). The grid was allowed to dry overnight before conduct-
ing the TEM analysis. Microimages were acquired from a Hitachi
(H7000FA) instrument operating at a voltage of 100 kV.

Scanning electron microscopy (SEM) was also used to examine
the microscopic features such as surface properties, shape and tex-
ture of the nanomaterials. The samples were placed on a double
side carbon paper that was adhered to an alumina mount in order
to prevent charging effect prior to imaging on a Zeiss Supra (40 VP
FESEM), which was operated at 4 keV. The working distance from
the microscope lens was about 6 mm. The condenser aperture was
set at 20 wm, and a standard secondary electron detector was used
for acquiring the high resolution SEM images.

Diffuse reflectance spectroscopy (DRS) was used to estimate the
band gap energy of the Eu-TiO, aerogels. The spectra were obtained
by using a Cary 100 Bio Spectrophotometer that was equipped with
a DR accessory. All data were taken at room temperature in the
wavelength range of 190-600 nm. The band gap energy (EST (eV))
was determined by a linear extrapolation of the wavelength at
which the absorbance was equal to zero. This wavelength (Agff)
estimated from a graphical plot was then used in the equation:
EST(eV) = 1239.6/A (nm) to estimate the band gap of the photo-
catalysts [40].

The X-ray photoelectron spectroscopic (XPS) measurement was
carried out using a custom-designed Kratos Axis Ultra instru-
ment. The samples were placed in a surface analysis chamber
under monochromatic radiation at 1486.6eV from an aluminum
K, source using a 500 mm Rowland circle silicon single crystal
monochromator. The X-ray gun was operated with a current at
15mA and at an accelerating voltage of 15kV. Low energy elec-
trons were used for the charge compensation to neutralize the
samples, after which they were transferred to the indium foil and
mounted on the copper stub. High resolution spectra were acquired
in the region of interest using the following parameters: 20-40 eV
energy windows, pass energy of 20 eV, step size of 0.1 eV, and dwell
time of 1000 ms. The absolute energy scale was calibrated to the
Cu 2py 3 peak binding energy of 932.6 eV using an etched copper
plate. All spectra were calibrated using C 1s peak at 284.6 eV, and a
Tougaard-type background was subtracted from each spectrum.

2.4. Photocatalytic studies

A calibration plot was derived from a serial dilution of a
1 x 1073 M stock solution of salicylic acid. 7+0.5mg of TiO, or
Eu-TiO, photocatalyst were suspended in 3 mL of 2 x 104 M sali-
cylic acid were in a quartz cuvette (3.5 mL capacity, Sigma-Aldrich,
10mm light path). The suspension was stirred for 30 min in the
dark under oxygen purging. After the 30 min period of equilibra-
tion (to establish adsorption-desorption equilibria), the suspension
was irradiated with a 1000 W Xe-Hg lamp (Newport) power source
attached to a water circulation bath in order to filter IR radiation.
A Pyrex filter (with transmission in the 350-550 nm range) was
used for the photocatalytic studies. All samples were irradiated
for specific amounts of time i.e. 30, 45, and 60 min, and the sus-
pension was centrifuged to remove the suspended photocatalyst
particulates. The UV-vis (Cary 100 Bio spectrophotometer) spec-
tra of salicylic acid were then recorded and exhibited a peak at
A =296 nm, which is monitored and used in conjunction with the
calibration plot to estimate the concentration remaining after the
photocatalytic reaction.

Additional experiments were carried in the presence of N, flow
(absence of oxygen) in order to eliminate molecular O,, with a
purpose of determined the species that play a significant role in
the salicylic acid degradation under our experimental conditions.
In addition, the contribution of hydroxyl radicals (*OH) on the
photocatalytic reaction was studied by applying the fluorescence
technique that detects the amount of *OH formed on illuminated
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Fig. 1. XRD patterns of Eu-TiO, aerogels. The value preceding Eu-TiO, represents
the wt.% of Eu; 03 loaded into the TiO,.

Eu-TiO, aerogel surfaces. Terephthalic acid (TPA) was used as a
chemical trap for the *OH radicals, which are known to react readily
with TPA to produce highly fluorescent 2-hydroxyterephthalic acid
(2-HTPA). In this reaction, 20 mg of photocatalyst were added to
50mL of 5 x 10~4 M TPA solution in 2 x 10-3 M NaOH, prior to UV
irradiation. 3 mL aliquots were drawn every 20 min for a duration
of 80 min, filtered through a 0.45 wm Millipore filter membrane,
and analyzed using Flouromax-4 (JY Horiba) fluorometer. The flu-
orescence emission intensity of the 2-hydroxyterephthalic acid
produced a peak at 425 nm after excitation at 315 nm. The intensity
of the peak at 425 nm is expected to be proportional to the amount
of *OH formed.

2.5. Dark adsorption

Adsorption studies were performed in the dark for all samples
in order to investigate the relationships between photocatalytic
degradation and the amount of organics that adsorb onto the sur-
face in solution. About 10 mg of the Eu-TiO, photocatalysts were
suspended in 10 mL of 2 x 10~4 M solution of salicylic acid in an
amber glass tinted bottle. Each bottle was wrapped with aluminum
foil to prevent absorption of ambient light. The suspensions were
keptin the dark and stirred at 300 rpm for 6 h, centrifuged 3-5 times
in order to remove the solid particulates completely. UV-vis spec-
tra were then recorded to determine the amount of salicylic acid
that was adsorbed onto the aerogel particles.

3. Results and discussion
3.1. Powder X-ray diffraction studies

XRD provides information pertaining to the identity of the
phase, crystallinity and allows for an estimation of the crystal-
lite sizes of the titania phase. Fig. 1 displays the X-ray diffraction
patterns for the Eu-TiO, aerogels prepared in this study. The photo-
catalysts exhibit sharp peaks of high diffraction contrast that is
characteristic of small crystallites of the anatase crystal phase of
TiO, (I41/amd, JCPDS 21-1272). Our results indicate that the anatase
was the most predominant phase, and was preserved at calcination
temperatures as high as 550 °C. The absence of peaks due to Eu,;03
phases in the XRD patterns suggests that the sol-gel method used

for preparation led to the formation of a highly uniform, homo-
geneous, and highly dispersed species. The absence of any peaks
due to Eu, 03 indicate that the Eu, O3 species are either amorphous
and/or small (<3 nm) in size such that they are below the detec-
tion limits of the instrument. The unit cell parameters, a, and c,
and the unit cell volumes were also calculated and the results are
shown in Table 1. It can be noted that the unit cell volumes of the
Eu-TiO, aerogel derived photocatalysts are lower than that of the
pure titania, although the ionic radii of Eu3*(0.0947 nm for 6-fold
coordination) is much larger than that of Ti4* (0.0605 nm for 6-fold
coordination). Thus, we can infer that the Eu3* ions are dispersed on
the surface of the titania nanoparticle and probably exist as small
clusters of europium oxide (<3 nm) since the solubility of Eu3* ions
in the TiO, lattice is limited because of its (Eu3* ions) relatively
large ionic radius. However, the trends in the unit cell volume, crys-
tallite size, and Eu content appear to be independent, and do not
necessarily follow any trends in accordance to our previous reports
[2].

The crystallite sizes of the anatase phase were calculated using
the Debye-Scherrer equation i.e. D=0.89)/Bcos 6, where D is the
crystallite size (A), A =1.5408 A, which is the wavelength of the Cu
Ka radiation, Bis the corrected full width at half maximum (FWHM)
of the diffraction peak, and 6 is the peak angle at which the diffrac-
tion occurs. This equation was applied to the dyqg diffraction peak,
and the results are summarized in Table 1. All the Eu-TiO, aero-
gel materials prepared in this study have crystallite sizes of TiO,
in a fairly narrow range (9.1-10.7 &2 nm), which is very close to
the threshold value of 10 nm. This is probably due to a combina-
tion of quantum size and surface stress effects. It has been reported
that quantum size effects are more pronounced when the crystal-
lite size of titania is less than 10 nm. Our results are in contrast to
the results obtained by Li et al. [ 16] who observed an enhancement
in the wt.% of the rutile to as high as 52% as the amount of Eu3*
ions were increased. Furthermore, the crystallite size of titania was
also found to be about 3 times higher in their study compared to
our study. This suggests that the supercritical drying method is a
facile method for stabilizing titania crystallites of sizes ~10 nm. In
general, there is a reduction in the lattice volume with decrease
in crystallite size [14,41], with exception of the least Eu;03 loaded
aerogel, 0.72-Eu-TiO5.

3.2. Physisorption studies

Fig. 2 shows the isotherms of the Eu-TiO, aerogels, and they are
all representative of type IV isotherms according to the IUPAC clas-
sification. These isotherms are typical of mesoporous materials. At
low relative pressures of P[Py, the volume of nitrogen adsorbed
varies linearly with the relative pressure. At moderate to high
values, the amount of nitrogen physisorbed increases due to for-
mation of multilayers and eventually capillary condensation occurs
at high relative pressures of P/Py ~ 1.0. When the pore filling and
the pore emptying mechanisms are different and occur separately
(due to pore connectivity and network effects), the isotherms do not
coincide and result in hysteresis. The hysteresis loops were of H3
classification (according to which the volume of nitrogen adsorbed
do not level off at saturation values of the relative pressures near
P|Pg~1) for the Eu-TiO, aerogels and these types of loops are
characteristic of materials comprised of aggregates of plate-like
particles that form slit like pores [42].

The pore size distributions were analyzed in order to under-
stand the influence of supercritical drying on the pores of the
aerogels. Fig. 2 displays the BJH pore distributions and indicates
that the aerogel samples demonstrate uniformity of pores cen-
tered around 114 A, with the broadest distribution exhibited by the
aerogel with the least amount of Eu,03 content, i.e. 0.72-Eu-TiO5.
The BET isotherm and BJH pore size distribution for the undoped
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Table 2

53

Textural properties Eu-TiO, aerogels determined from N, physisorption analysis. The value preceding Eu-TiO, represents the wt.% of Eu, 03 loaded into the TiO,.

Aerogel Sger? (m2g~1) Pore volume (cm3 g-1) Average pore diameter (A) BJH pore diameter® (A) Band gap© (eV)
TiO, 82.0 0.25 150 110 3.22
0.72-Eu-TiO, 96.0 0.36 150 114 3.05
1.48-Eu-TiO, 87.7 0.31 141 115 3.10
2.71-Eu-TiO, 78.3 0.22 123 114 3.05
5.30-Eu-TiO, 62.1 0.23 146 114 3.10

2 Surface area determined by applying Brunauer-Emmett-Teller (BET) equation to a relative pressure (P/Py) range of 0.05-0.35 of the adsorption isotherm.
b Pore diameter is calculated from the Barrett-Joyner-Halenda (BJH) equation using the desorption isotherm.

¢ Band gap energies estimated from Kubelka-Munk derived Tauc plots.
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Fig. 2. (A) N, isotherms and (B) pore size distribution plots of Eu-TiO, aerogels. The
value preceding Eu-TiO, represents the wt.% of Eu,03 loaded into the TiO,.

TiO, aerogel are shown in Fig. S1, and exhibit profiles similar to
that of the Eu-TiO, aerogels. The isotherm of TiO, aerogel shows
that the adsorption and desorption do not coincide at low relative
pressures indicating presence of some micropores and/or strong
adsorbate-adsorbent interactions. Comprehensive data of the
textural properties obtained from the N, physisorption analysis
at 77 K are summarized in Table 2. The aerogels exhibited surface
areas ranging from 62 to 96m2g-! and appear to decrease with
increased doping amounts of Eu,03. The average pore diameters of
the aerogels are greater than 140 A on average, indicating that the

pores are in the mesoporous range. The BJH pore diameters of the
Eu-TiO, photocatalysts are identical suggesting the high dispersion
of the small Eu,03 clusters on the titania surface.

3.3. Transmission electron microscopy (TEM)

The TEM micrographs of a representative aerogel, 0.72-Eu-TiO,
are shown in Fig. 3 for two different magnifications. The low mag-
nification in Fig. 3A suggests the presence of porous particles with
dark spots from high density electrons probably due to Euy0s.
Fig. 3B is a high magnification micrograph that exhibits large parti-
cle size distribution in the estimated range of 6-33 nm in diameter.
The corresponding electron diffraction pattern is shown as an inset
and indicates that the material is crystalline. This observation is
consistent with the XRD analysis that exhibits diffraction patterns
of crystalline anatase phase only.

3.4. Scanning electron microscopy (SEM) studies

Fig. 4 shows the scanning electron micrographs for arepresenta-
tive aerogel, 0.72-Eu-TiO,. The higher magnification microimage in
Fig. 4A shows smaller fiber-like particles on the surface which may
be the europium oxide (Eu,03). The particles may cluster together
to form fairly large non-uniform agglomerates of irregular shapes
as observed in the lower magnification image displayed in Fig. 4B.
The aerogel agglomerates are estimated to range in sizes from 3 to
136 pm.

3.5. UV-vis diffuse reflectance spectroscopy (DRS) studies

Diffuse reflectance spectroscopy (DRS) was used to calculate the
optical band gap of the aerogel materials. The DR spectra and cor-
responding Kubelka-Munk function derived Tauc plots are shown
in Fig. 5A and B respectively, and were used to estimate the band
gap energy by extrapolating the linear portion of the spectra to
[K x E]”2=0. All samples exhibited a lower band gap energy com-
pared to that of anatase TiO,, which was estimated to be 3.2 eV. The
band gap energies for the metal-oxide aerogels ranged from 3.05
to 3.10eV. The spectrum of titania exhibits a similar profile with
the absorption edge achieved at ~420 nm. The strong absorption at
300 nm is attributed to the excitation of electrons from the valence
band to the conduction band of titania suggesting that the titania is
octahedrally coordinated (Fig. S2A and S2B). Incorporation of rare
earth metal ions such as Eu3* leads to a slight shift in the onset of
absorption. This may be attributed to the formation of sub-bandgap
states that lie below the conduction band edge of titania. Thus, elec-
tronic states are inserted into the bandgap from 4f electrons from
Eu3* that lie closer to the lower edge of the conduction band of
titanium dioxide. These sub-bandgap states may trap electrons and
minimize charge-carrier recombination. In addition, it is noted that
the absorbance of the photocatalysts in the UV range (200-350 nm)
range for the 0.75-Eu-TiO; and 1.48-Eu-TiO, samples are similar;
however on increasing the loading, the samples 2.71-Eu-TiO; and



54 H.S. Kibombo et al. / Journal of Photochemistry and Photobiology A: Chemistry 269 (2013) 49-58

Fig. 3. TEM images of 0.72-Eu-TiO, of the least Eu, 05 loading at different magnifications shown as a representative for the aerogels prepared in this study. The image in the
middle shows the electron diffraction pattern, depicting the crystalline nature of the aerogel.

5.30-Eu-TiO, show far lower absorbance. This may indicate that
the europium oxide clusters that are formed in these two sam-
ples are effectively occluded in the pores of the titanium dioxide
such that they are “screened” by the absorbance due to titanium
dioxide particles. Evidence for this comes from the pore volumes
of these materials. The pore volumes of 0.75-Eu-TiO; and 1.48-Eu-
TiO, samples are fairly close whereas there is a sharp drop in the
pore volumes of 2.71-Eu-TiO; and 5.30-Eu-TiO, suggesting that the
europium oxide particles are occluded in the pores of titania, thus
reducing the pore volumes.

3.6. Photoluminescence spectroscopy (PL) studies

Photoluminescence spectroscopy (PL) was carried out to investi-
gate the electronic properties of the Eu-TiO, aerogels. Anatase TiO,
nanoparticles are known to exhibit an emission band in the region
of 360-550 nm on UV excitation at room temperature. In this study,
the materials were first excited at 385 nm and a broad emission
was observed in the range of 400-550 nm (Fig. 6A), which could
be attributed to the band edge free excitons in TiO, [43,44]. The
difference in intensities may be due to varying amounts of defect
sites into which excitons are trapped and recombine.

Upon excitation of the Eu-TiO; aerogels at 465 nm (wavelengths
longer than the absorption of TiO,), characteristic peaks that cor-
respond to radiative relaxations (4f-4f transitions) from the 5Dg
level to low-lying Russell-Saunders multiplet levels of Eu3* acti-
vators, 5Fj (j=1, 2, 3, 4) are observed in the 500-720 nm range.
Under our experimental conditions, peaks are observed at 594,
613, 652, and 700 nm that are attributed to °Dg — ’F;, °Dg — "F;,
5Dg — ’F3, and °Dg — “F4 transitions, respectively. The °Dg — 7F;

and the >Dy — “F, lines arise from the magnetic dipole transition
and electric dipole transitions respectively. These observations are
consistent with those observed in previous reports for europium
doped titania materials [14,22,37,45-48]. Some of the peaks exhibit
broadening which may be indicative of the presence of detectable
amorphicity in the oxide environment [48] or high disorder of the
crystalline environment [49]. The most intense emission band at
613 nm due to the °Dy — ’F, transition appears to be proportional
to amount of europium ions present in the materials suggesting
efficient non-radiative energy transfer from the TiO, host to Eu3*
ions. The energy transfer mode is defect mediated. According to
this model, absorption of UV light by titania causes energy to be
relaxed to the defect states. Since, the defect energy levels of tita-
nia are higher than that of the Eu3* ions (emitting state of °Dg),
energy is transferred from TiO, to Eu3*, resulting in photolumine-
scence. The defects in titania could be oxygen vacancies, interstitial
Ti** ions etc.

3.7. X-ray photoelectron spectroscopy (XPS) studies

XPS was used to further investigate the oxidation state of
europium species present in the aerogel materials. Fig. 7 shows
the Eu 4d XPS spectra for the 5.30-Eu-TiO, sample after calcina-
tion. The survey spectra (not shown) indicated the presence of
elemental Eu, Ti, O, and C. The carbon detected in these materi-
als may be primarily due to adventitious carbon. The absence of
nitrogen was confirmed, suggesting the complete decomposition
of europium nitrate during the calcination conditions of 550°C as
described earlier in the manuscript. The Eu 4d region of the photo-
electron spectrum consists of two peaks corresponding to the 4ds,

Fig. 4. SEM images of 0.72-Eu-TiO, at different magnifications (A) 0.5 wm and (B) 100 wm shown as a representative for the aerogels prepared in this study.
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Fig. 5. (A) UV-vis diffuse reflectance spectra and (B) corresponding Tauc plots of
Eu-TiO; aerogels. The value preceding Eu-TiO, represents the wt.% of Eu, 03 loaded
into the TiO,.

and 4ds), transitions with a ratio of 3 to 2. The peaks are located at
135.2 and 140.7 eV respectively and are ascribed to the presence of
Eu,03. These results are consistent with previous reports [12,50].

3.8. Photocatalytic performance of Eu-TiO, aerogels

The photocatalytic performance of the Eu-TiO, aerogels was
elucidated by using the degradation of salicylic acid as a model
pollutant. The loss in intensity of the peak at 296 nm of the UV-vis
spectra was monitored, and used to calculate the amount of salicylic
degraded after UV irradiation in the presence of aerogel photo-
catalyst for a specified period. Fig. 8 shows the UV-vis spectra of
the 0.72 wt.% Euy03 doped TiO, (0.72-Eu-TiO;), used as a repre-
sentative aerogel after being irradiated at 0, 30, 45, and 60 min.
It is evident that the amount of salicylic acid degraded decreases
with irradiation time as observed by the decrease in intensity of the
peak at 296 nm. This trend was observed for all degraded solution
samples of the other photocatalysts. The salicylic acid degradation
activity using undoped TiO,, 0.72, 1.48, 2.71 and 5.30-Eu-TiO, aero-
gels were determined to be 4.4+2,84.8+4,78.1+4,79.6+4, and
100% after 60 min of UV irradiation. These results are consistent
with the TOC data that indicates a reduction in total organic carbon
due to photocatalytic degradation of salicylic acid.
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Fig. 6. Photoluminescence emission spectra of Eu-TiO, aerogels (A) under exciti-
ation of 385 nm and observed in the 400-550 nm range, and (B) under excitation
of 465nm and observed in the 500-720 nm range. The value preceding Eu-TiO,
represents the wt.% of Eu, 05 loaded into the TiO,.

The origin of the degradation efficiencies is often debated
for several photocatalytic systems and is dependent on several
factors that may include preparation and drying methods, calci-
nation temperatures, crystallinity, dispersion, adsorption, particle
(or crystallite) sizes, and crystal structure or phases. Since the
photocatalytic efficiency is a synergetic function of several factors,
it is challenging to model all of these factors to design an ideal
photocatalyst. However, the results of this study forms a basis in
guiding future research using rare-earth doped photocatalysts. In
this work, the influence of adsorption capacity on the photocat-
alytic activity was investigated. The dark adsorption experiments
over a 6h period indicated that negligible amounts (<1 pmolg-1)
of salicylic acid molecules were adsorbed by undoped TiO, aero-
gel. Under similar experimental conditions, the 0.72, 1.48, 2.71,
5.30-Eu-TiO, photocatalysts exhibited adsorption amounts of 33.5,
35.3, 33.2, and 31.8 umolg~! of salicylic acid, which are signif-
icantly higher capacities to that compared to the undoped TiO,
(Fig. 9). Thus the low activity of undoped TiO, aerogel (4.4%) may
be attributed to the low adsorption capacity of the photocatalyst.
In turn, the enhanced activities of Eu-TiO, photocatalysts may be
due to higher adsorption capacities. The amounts adsorbed by the
doped materials are in somewhat similar range with the 5.30-Eu-
TiO, photocatalyst showing complete degradation of salicylic acid.
This indicates that, apart from adsorption, there could be other
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Fig. 7. XPS spectrum showing a representative photocatalyst of highest Eu,03
doped TiO; aerogels, 5.30-Eu-TiO,.

physico-chemical factor(s) that is influencing the resultant photo-
catalytic activity. Since, the crystallite sizes of titania in the Eu-TiO,
photocatalysts are in the same ranges of 9.1-10.7 +2.0 nm, the
crystallite size of titania cannot be a factor affecting the photocat-
alytic activities. The specific surface areas of titania decrease with
increase in Eu content and hence any effects due to surface area is
marginal.

In order to verify the role of reactive oxidation species (ROS),
the degradation of salicylic acid was investigated by carrying
out scavenging experiments. The most and the least active Eu-
TiO, photocatalysts were used as representative photocatalysts.
N, purged experiments were carried out to establish the role of
molecular oxygen on the degradation of salicylic acid and UV-vis
spectra results are summarized in Fig. S3. The presence of N5 signif-
icantly reduces the photocatalytic activity to 25% for 5.30-Eu-TiO,
photocatalyst which suggests that the presence of O, is crucial fac-
tor for the formation of superoxide radicals (0,°~), from which
highly reactive *OH radicals may be generated. Since *OH radicals
are believed to be the most reactive oxidative species responsi-
ble for photocatalysis, *OH trapping experiments were carried out
to estimate the formation of *OH under these UV light irradiation
conditions and confirm their role in the degradation of salicylic
acid. Fig. 10 shows a plot of 2-hydroxyterephthalic acid vs. time
for the photocataytically less efficient 1.48-Eu-TiO, and the more
active 5.30-Eu-TiO,. Within the first 20 min of the reaction, it is
evident that the amount of *OH generated is lower for 1.48-Eu-
TiO, due to more charge-carrier recombination, and this produces
lesser amounts of 2-hydroxyterephthalic acid as compared to the
5.30-Eu-TiO, photocatalyst. It is observed that the *OH formation
is maintained even after 60 min in the 5.30-Eu-TiO, photocatalyst.
Since the ionic radii of Eu3* is higher than that of Ti#*, it is not possi-
ble for Eu3* to substitute for Ti4* in the titania lattice. Thus, it is most
likely that the rare earth exist as oxides that are well dispersed on
the titania matrix as discussed previously. It is possible that some
of the Ti** can substitute in the rare earth metal oxide, Eu,03. Since,
Euions are trivalent, substitution by altervalent cation such as Ti*",
will lead to a charge imbalance. The excess charges may be balanced
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Fig. 8. Absorption spectra of salicylic acid remaining after degradation using 0.72-

Eu-TiO; at different time intervals. The value preceding Eu-TiO, represents the wt.%
of Eu, 03 loaded into the TiO;.
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Fig. 9. Plots summarizing amount (pmol g=1) of salicylic acid adsorbed in the dark

after 6 h. The value preceding Eu-TiO, represents the wt.% of Eu,03 loaded into the
TiO,.
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loaded into the TiO,.

by adsorption of water, i.e. i.e. hydroxyl groups. Thus, the addition of
Eu3* can lead to an enhancement in surface hydroxyl groups. If this
is true, the surface hydroxyl groups can react with the photogenera-
ted holes to form hydroxyl radicals and initiate the photocatalytic
reaction. This implies that the europium oxide trap electrons from
TiO,, which are then transferred to the dissolved oxygen to eventu-
ally form more reactive oxidative species that degrade salicylic acid
more efficiently. Similar trends were observed for the other series
of photocatalysts. Thus, the presence of more *OH radicals invoked
by the appropriate amounts of dispersed europium ions is respon-
sible for the slightly enhanced activity in 5.30-Eu-TiO, compared
to the rest of the samples.

4. Conclusions

Synthetic strategies for the preparation of rare earth europium
oxide doped TiO, aerogel photocatalysts were developed for the
first time and show enhanced photocatalytic activities compared
with undoped TiO, from the degradation of salicylic acid. The
sol-gel method provides a convenient method to prepare doped
TiO, photocatalysts. One of the objectives of this study was to
explore the influence of the supercritical drying method and the
Eu, 03 content on the physicochemical properties and the resultant
photocatalytic activity of the aerogels obtained. We demonstrate
that the photocatalytic activity was dependent on the presence
of the active anatase phase. In addition, well dispersed europium
dopants may lead to the formation of surface oxygen defects that
can serve as trap states and minimizes recombination of charge car-
riers. The availability of electrons facilitates the formation of *OH
radicals that are crucial for the photodegradation process as evi-
dence by the fluorescence scavenging experiments. Future studies
will explore and compare the photocatalytic efficiencies of other
rare-earth metal ions such as La3*, Nd3*, Pr3* etc. with Eu3*.
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