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Abstract Anatase mesoporous TiO, films doped with Ca
were prepared by sol-gel and deposited onto glass slides.
The influence of the dopant in the textural and structural
properties of the films was studied together with their
photocatalytic activity. Titania sols w/o and with Ca were
synthesised from titanium isopropoxide as TiO, precursor,
acetic acid as complexing agent, and polyethylene glycol
hexadecyl ether (Brij58) as pore-generating agent. The
TiO, films were characterised by Fourier transform infra-
red spectroscopy, Raman spectroscopy, and transmission
electron  microscopy. Environmental ellipsometric
porosimetry was used to obtain the adsorption—desorption
isotherms and the total pore volume, for determining the
pore size distribution and specific surface area (S;) of the
films, crucial parameters that govern the photocatalytic
behaviour. The photocatalytic activity was evaluated
through the degradation of methyl orange (MO) in aqueous
solution using a Xe lamp that simulates solar radiation. The
photocatalytic activity depends on the dopant amount. The
dopant creates levels within the band gap that improving
the charge separation, and reduces the recombination e /h™
pairs. The best results of MO degradation were obtained for
the films sintered at 450 °C for 90 min and doped with 3 %
of Ca’*.
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1 Introduction

Titanium dioxide (TiO,) is considered a good semicon-
ductor because of its exceptional optical and electronic
properties, strong oxidising power, non-toxicity, easily
available, low cost, and long-term stability against photo-
corrosion and chemical corrosion, along with its high
photocatalytic efficiency. The most important application
of TiO, is related with the degradation of pollutants in
water and gas phase by advanced oxidation processes,
together with bactericidal applications when TiO, is doped
with silver nanoparticles [1-4]. In the industrial sector, the
use of TiO, particles is not always feasible due to the high
costs of the filtration facilities needed to recover the cata-
lyst after use. Therefore, processes focused on supported
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catalysts with high catalytic performance are considered.
Deposition of TiO, films on transparent substrates is a
suitable procedure to immobilise the photocatalyst avoid-
ing the release of nanoparticles into the medium [5, 6].

A large variety of methods have been developed to
prepare TiO, films, but sol-gel is one of the most widely
used since it permits obtaining coatings at much lower
temperatures than conventional processing. The use of
templates allows the self-assembly of organised micelles
and creates mesoporous films with high specific surface
area. The textural and morphological properties greatly
affect the photocatalytic properties. Different studies indi-
cate that photocatalytic activity mainly depends on the total
surface effectively irradiated with UV photons [7, 8] and
on the size of the pores [9].

A disadvantage of using TiO, with solar illumination
resides in its bandwidth; the radiation absorption threshold is
around 380 nm (3.2 eV), this means that titania takes very
little advantage of the solar spectrum; only between 4 and
6 % of the total intensity of sunlight [ 10] can photoactivate to
produce charge carriers. Considering that the reaction rate of
the photocatalytic process is proportional to irradiation, this
is a significant limitation. Thus, it is important to look for
routes to shift the optical gap towards lower energy or extend
the wavelength range absorption of TiO, into the visible
region. On the other side, the increasingly stringent regula-
tions open up opportunities for novel green photocatalytic
routes leading to the substitution or modification of TiO,, an
ultraviolet (UV) absorber, in order to allow the use of sun-
light (UV-Vis light) as the energy source for fine chemical
production processes. The goal was to produce enhanced
photocatalysts adapted to the solar spectrum by developing
new semiconductors or modifying the TiO, by doping with
transition metals, cations, or anions to arrive to better per-
formances. Different reports [11, 12] showed that the pro-
duction of metal-doped TiO, can enhance photoinduced
surface redox reactions even in visible light region.

The efficiency of a dopant depends on different
parameters such as its concentration and distribution in
TiO, matrix, the creation of additional energy levels in the
band gap, and the electron donor concentration. For
example, an excess of dopant concentration could produce
a detrimental effect decreasing the photocatalytic activity,
because the charge recombination is favoured [13].

The doping of TiO, with noble metals, such as Au, Ir,
Os, Rh, Ru, Pt, and Pd, generates structural changes in the
coatings, like smaller TiO, crystal size and changes in the
interplane distances of the crystalline network. Their main
effect is usually to increase the acceptance capacity of
photogenerated electrons, preventing the recombination
processes and, at the same time, enhancing the reduction
processes on the metal surface [14]. However, the energy
level and d-electron configuration of the dopants are

critical factors to consider in the process of generating
electron—hole pairs in TiO,.

The most popular transition metals used as dopants are
W, V, Cr, Fe, Co, Mn, and Cu which modify the optical
and photoelectrochemical properties of TiO,, shifting the
light absorption of TiO, to the visible region and pro-
longing the lifetime of electron and holes, thus increasing
the photocatalytic activity [15—-17]. The principal effect of
these dopants is to create additional intermediate energy
levels that modify the electrical and optical properties of
the TiO, matrix and inhibit the recombination of photoin-
duced e /h" pairs and shifts the TiO, band gap. Iketani
[18] highlighted the importance of the oxidation state of V;
V> reduces the photocatalytic activity as compared to the
high photocatalytic efficiency of V**. In other cases, the
increment of dopant content favours the crystallisation of
rutile phase [19], and the photocatalytic activity decreases.

On the other hand, the photocatalytic properties of TiO, are
modified when doped with alkaline and alkaline earth ions.
Al-Salim et al. [20] considered that the photocatalytic activity
of TiO, films doped with Ca*" increases because Ca®" ions
could create oxygen vacancies or interstitial substitutions. The
development of oxygen vacancies by metal ion doping leads
to new phase formation, which acts as a sensitiser. The size
distribution of such sensitiser in the TiO, matrix plays a sig-
nificant role in visible light degradation.

Many studies have demonstrated the effectiveness of
Ca”* dopant for enhancing the photocatalytic activity of
TiO, under UV radiation or visible light [12, 21, 22], but a
few reports analyse the properties under solar irradiation
[23]. Furthermore, it is difficult to obtain definite conclu-
sions on the effects of Ca doping on the photoactivity.

The aim of this work was to explore the potential of using
Ca®", with valence lower than Ti*", for doping TiO, to
improve its visible photocatalytic activity. Mesoporous
nanocrystalline TiO,-anatase films doped with Ca®" were
prepared using Brij58 as surfactant. The photocatalytic activity
of Ca-TiO, films was studied by varying the Ca amount and the
heat treatment of the coatings. The different parameters ruling
the photoactivity, such as film thickness, crystallinity, total pore
volume, specific surface area, and total surface exposed to
illumination, were considered, along with the analysis of the
textural properties that allow advancing in the relationship
between photocatalytic properties and film structure.

2 Experimental section

2.1 Synthesis and characterisation of undoped
and Ca-doped TiO, sols

Ca-doped TiO, sols were prepared using titanium iso-
propoxide (TISP, Aldrich, 284.22 g/mol, 97 %) as
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precursor via acid catalysis. TISP was chemically modified
by mixing with acetic acid (AcOH, Aldrich, 60.05 g/mol,
99.99 %) and absolute ethanol, in order to control the
hydrolysis and condensation reactions. After 1 h of stirring,
polyethylene glycol hexadecyl ether P5884 (Brij58,
Aldrich, 1124 g/mol) was added to the solution TISP/
EtOH/AcOH. Then, Ca(NOj), (Aldrich, 236.15 g/mol,
99 %) was incorporated using different molar ratios
Ca(NO3),/TISP = 0.01 and 0.03. Finally, a mixture of
ethanol and acidified water (0.1 M HCl) was added drop by
drop onto the solutions, up to a final oxide concentration of
30 g/L.

The final molar ratio was fixed to 1 TISP:1 AcOH:40
EtOH:0.07 Brij58:2 H,0:(0.01-0.03) Ca. All the sols were
aged for 2 days before coating deposition.

Two reference sols were prepared: TiO,—Brij58—SD sol
was obtained following the same process without the
addition of Ca and TiO,—SD sol without Ca and Brij58.

The stability of the sols was studied through the evo-
lution of viscosity with time, using an Ostwald viscometer
(Pobel, Oc model, viscosity range 0.6-3 mPas).

2.2 Deposition of undoped and Ca-doped TiO, films

Undoped and doped TiO, thin films were deposited by dip-
coating combined with evaporation-induced self-assembly
(EISA) method onto glass slides and silicon wafers. The
films were obtained at 35 cm/min and 20 % relative
humidity (RH), and heat-treated in air at 450 °C for 60 or
90 min using a heating ramp of 10 °C/min. In the case of
multilayer coatings, the same withdrawal rate was used
along with an intermediate heat treatment of 350 °C/1 h
between coatings followed by a final treatment of 450 °C
for 60 or 90 min.

The glass slides used to measure the photocatalytic
activity were coated with a first layer of SiO,, using a SiO,
sol prepared in two steps using TEOS (tetraethoxysilane).
SiO, coatings were sintered at 450 °C for 30 min, obtain-
ing a thickness of ~210 nm, and a refractive index of
~1.44, corresponding to 98 % of theoretical density of
Si0,. The quite dense SiO, coating avoids the diffusion of
Na' cations from the glass substrate to the TiO, coating
during firing and the possible inhibition of photocatalytic
activity [24, 25].

2.3 Characterisation of doped films

The coatings were characterised by optical microscopy
(Zeiss, HP1, Germany) to detect the presence of precipi-
tates, impurities, bubbles, or cracks, and studied by trans-
mission electronic microscopy (TEM) (Hitachi H-7100,
Japan) to confirm the homogeneity and porous structure of
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the films. TEM samples were obtained by scratching the
films and depositing the scaled fragments onto carbon-
coated copper grids.

Ellipsometry and environmental ellipsometric porosimetry
(EEP) measurements were taken using a spectral Ellipsometer
(M-2000UTM, J.A. Co., Woollam) modified with a system
that allows controlling the relative humidity (RH) (Humidity
Generator HG-1, Michel Instruments) to characterise films
deposited onto glass slides. The spectra were taken between
250 and 900 nm at a fixed incident angle of 70°. The data
were fitted using the WVASE32 software with a Cauchy
model. From the fitting data, the refractive index (n) (taken at
/A = 700 nm) and the thickness (e) of the films were obtained
as a function of relative humidity RH (from 0 % to 100 %).
The total pore volume and the adsorption—desorption iso-
therms were further obtained by considering the Bruggeman
effective medium approximation model (BEMA) and a ref-
erence TiO, coating obtained using the TiO,—SD sol. The
pore size distributions were calculated utilising a modified
Kelvin equation taking into account ellipsoidal pore geometry
[26]. Finally, specific surface area and exposed surface area
per cm® of sample were calculated [9].

The hydrophobic—hydrophilic character of the coatings
was evaluated through the variation in the contact angle
using an Easy Drop equipment (“Drop Shape Analysis
System” Kruss DSA 100).

Raman spectra were measured in back-scattering using a
confocal Raman microscope (Witec alpha-300R). The
samples were excited with 514.5-nm line of an Ar* ion laser.

The crystallisation behaviour was followed by grazing
incidence X-ray diffraction (GIXRD) of undoped and
doped TiO, coatings deposited on Si wafers. GI-XRD
spectra were obtained using synchrotron radiation with a
wavelength of 4 = 0.62 A in the BM25B Spanish Line
(SpLine), at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The 28 scanning angle was
varied between 8° and 25° with a step of 0.034°, a counting
time of about 5 s, and varying the grazing angle between
0.08° and 0.15°.

UV-Vis absorption spectra of TiO, layers deposited on
quartz glass were recorded using a Lambda 950 spec-
trophotometer (PerkinElmer Inc., USA) equipment in the
range of 200-2000 nm. The band gap was determined
using the Eq. (1).

(«E)"/"= A (E — E,) (1)

where a is the absorption coefficient, E, is the band gap
energy, E is the energy of the incident photon, A is a
constant, and m is a parameter that depends on the elec-
tronic transition of the semiconductor; for indirect transi-
tion semiconductor such as TiO,-anatase phase, m = 2
[4, 27].
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The photocatalytic activity was evaluated by the
degradation of methyl orange (MO) [28, 29] in aqueous
solution using the films deposited onto glass slides on top
of a first layer of SiO,. The light source (Oriel, model
96000) is equipped with a solar light simulating Xe-arc
lamp (Osram XBO 450 W) with commercial AM 6197
filter.

The tests were performed using 25 mL of aqueous
solution of methyl orange (MO) with a concentration of
¢ = 3 mg/L. The pH of the solution was adjusted to 2
using HCI [30], and the total surface tested was equal to
25 cm?. The quartz reactor vessel is covered with win-
dow glass to prevent solution evaporation. First, pho-
tolysis and dark tests (adsorption) were performed to
confirm that the degradation of MO is only associated
with the TiO, film and not to light irradiation and/or
adsorption.

Photocatalytic measurements were taken introducing
the TiO, samples in the MO solution and maintained
under continuous stirring and irradiation. The degrada-
tion was monitored using a home-made system depicted
in Fig. 1. Beyond the sample, a narrow bandpass filter
with centre at 500 nm and bandwidth of 10 nm (Thorlabs,
FB-500-10 full width at half maximum) was placed in
front of a biased Silicon Photodetector (Thorlabs
DET100A). The filter limits allow the light transmission
in a wavelength range that matches the absorption band
of the MO (508 nm). Therefore, the intensity of light at
the detector allows measuring the degradation of MO. All
the elements were mounted on an optical table to ensure
stability and optically isolated in the dark to avoid the
presence of other light sources. The output signal from
the detector (voltage) was sent to a Keithley 2010 mul-
timeter. The signal at the multimeter was recorded every
10 min with a PC computer using a Visual Basic home-
made code.

Fig. 1 Device to monitor the
degradation of MO

3 Results and Discussion

3.1 Characterisation of doped TiO, sols
and structure of the films

The stability of undoped and doped TiO, sols was evalu-
ated following the evolution of viscosity with ageing time
at 25 °C. In all the cases, a Newtonian behaviour was
observed with initial viscosities between 1.5 and 2 mPa s,
without significant change for at least 1 month, thus
revealing an excellent stability. The doping does not affect
the stability of TiO, sols.

Multilayer TiO, films deposited onto glass slides from
undoped and doped TiO,—Brij58 sols were characterised by
Raman spectroscopy. Figure 2 shows the Raman spectra of
undoped and Ca-doped mesoporous TiO,—Brij58—Ca films
treated at 450 °C for 60 min. The bands observed in Fig. 2
reveal the presence of anatase phase with tetragonal
structure that corresponds to the space group Djp, (I4/amd)
[31, 32]. The Raman-active modes are clearly distin-
guishable, indicating the crystallisation of anatase phase
without the presence of brookite and rutile phases. How-
ever, the dopant concentration and the heat treatment time
affect the intensity and broadness of the peaks and there-
fore the structure (crystal size and crystalline fraction) [33].
In order to evaluate the differences among samples, the
position and the full width at half maximum [FWHM] of
the E, mode at 144 cm~ ! were established (Table 1). A
slight shifting of the bands to lower frequencies is observed
suggesting an alteration in the crystal symmetry and/or a
lattice distortion, originating a non-stoichiometric material
that affects the photocatalytic activity. On the other hand,
the FWHM increases for 1 % mol of Ca2+, but decreases
again for 3 % mol Ca®", indicating small changes in the
crystal size. In general, the change in width and shift of the
Raman bands is associated with the presence of impurity
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Fig. 2 Raman spectroscopy spectra of doped and undoped meso-
porous TiO, films heat-treated at 450 °C for 60 min

Table 1 Position of E, Raman-active mode and FWHM for TiO,
anatase

—— TiO,_Bij58_SD
—— Ti0, Brij58_1Ca
—— TiO,_Brij58_3Ca

® Si-wafer
% anatase

u.a

6 8 10 12 14 16 18 20 22 24 26
2 Theta

Fig. 3 GIRDX measurement of TiO,—BrijS8—Ca films heat-treated at
450 °C/90 min

Table 2 Crystal size for doped and undoped TiO, films heat-treated
at 450 °C

Sample Position of the FWHM (cm™!)
E, mode (cm") Composition Position of peak (101) Crystal size (nm) £ 0.3

TiO>~AcOH-Brij58; 60 min TiO,—AcOH-Brij58; 60 min

Undoped 145.25 16.11 Undoped 10.126 8.9

1% Ca 145.10 16.61 1 % Ca 10.073 10.2

3 % Ca 144.69 16.02 3% Ca 10.050 10.9
TiO,—AcOH-Brij58; 90 min TiO,—AcOH-Brij58; 90 min

Undoped 145.07 14.62 Undoped 10.192 9.8

1 % Ca 144.93 15.20 1% Ca 10.179 9.9

3 % Ca 144.67 14.80 3 % Ca 10.122 10.9

atoms, as well as with the number of defects. In this case,
the introduction of Ca*" as an impurity in the TiO, net-
work could explain the different intensity and broadness of
the peaks between undoped and doped coatings and explain
the photocatalytic behaviour.

Crystal size was obtained by GIXRD as a function of
dopant and sintering time for coatings deposited onto Si
wafer. Figure 3 shows the diffraction patterns of TiO,—
Brij58—Ca film treated at 450 °C/90 min, where anatase
was identified as the only crystalline phase present, con-
firming the Raman studies. Peaks associated with the Si
wafer substrates were observed and identified. The crystal
size was calculated using the Scherrer’s equation and
considering the peaks of anatase (101) and (004) (Fig. 3).
For undoped TiO, films, the average crystal size increases
with the sintering time, going from 8.9 to 9.8 nm for TiO—
SD-60 min and TiO,—SD-90 min, respectively. The
incorporation of Ca®" slightly increases the crystal size
(Table 2) with respect to undoped coatings, but this size
does not significantly change with the sintering time. The
position of (101) peak of anatase was estimated using
GIXRD spectrum and is shown in Table 2. The (101) peak
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is shifted to lower angles for Ca-doped TiO, films com-
pared to TiO, films, this shift increases with the increment
of Ca>*. Some reports associate this displacement with the
insertion of Ca?" cation within the anatase matrix [21].
This inclusion produces the distortion of TiO, lattice as
observed by Raman and would be advantageous for the
photocatalytic activity.

The lattice parameters for TiO,—Brij58—SD and TiO,—
Brij58-3%Ca 60-min samples were determined consider-
ing a tetrahedral crystal structure and a single anatase phase
(Table 3). The lattice parameter “a” decreases in the doped
sample respecting to undoped coating, whereas the
parameter “c” increases, indicating a deformation of
TiO, tetrahedra. This deformation could be related with the
incorporation of Ca®" ions in intersticial sites in de TiO,
network [12, 22] and with the generation of defects.

The band gap (E,) of Ca-doped TiO, films was deter-
mined from UV-Vis spectral data and using the Eq. 1. For
TiO,-Brij58-SD and TiO,-Brij58—Ca samples, values of
3.64 and 3.7 eV were obtained. Considering an error of
0.05 eV, the E, maintains near constant, and the intro-
duction of Ca*" did not affect the final values.
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Table 3 Lattice parameters for undoped and 3 % Ca-TiO,—Brij58
films heat-treated at 450 °C/60 min

Composition Lattice parameters A)

a (£0.0025) ¢ (£0.0025)
TiO>-Brij58 60 min 3.787 9.437
TiO-Brij58—Ca 60 min 3.768 9.472

These results indicate that the introduction of Ca®* in
TiO,-anatase films does not greatly affect the structure of
the coatings. The crystal size remains unchanged, as the
band gap. Only slight changes in the symmetry of the
crystals are appreciated, likely originated by distortions of
the lattice produced by defects associated with Ca*™.

3.2 Textural characterisation of TiO, films

Spectral ellipsometry and environmental ellipsometric
porosimetry (EEP) permit to characterise properties such as
optical constant, thickness, refractive index, and porosity
properties of the films. Cauchy model for transparent films
was used to obtain thickness and refractive index.

The textural properties are summarised for doped and
Ca-doped TiO, films in Table 4 together with the contact
angle.

The thickness (e) and refractive index (n) of the coatings
were measured as a function of sintering conditions and
dopant amount. Increasing the sintering time does not
significantly change e and n. The refractive index varies
between 1.67 and 1.73 and the thickness between 308 and
335 nm. Thus, Ca doping of the coating does not sub-
stantially change the optical parameters.

On the other hand, the total pore volume fraction (Vpore)
was calculated by Bruggeman effective medium approxi-
mation (BEMA) model. All the coatings presented high
Vpore around 30-35 %. The pore size distribution was
calculated through the variation in the refractive index and

thickness with the relative humidity and using the modified
Kelvins equation.

Figure 4a, b shows the water adsorption—desorption
isotherms and the pore size distribution for TiO,—Bri-
j58-1%Ca 60-min film respectively. A reversible type IV
adsorption—desorption isotherm with hysteresis loop is
observed (Fig. 4a), indicating the presence of pores in the
mesoporous range (2-50 nm). TiO,—Brij58-1%Ca 60-min
film presents a total pore volume of 35 % (Fig. 4a) and a
pore size of 6.1 nm (Fig. 4b). The rest of the samples
exhibit isotherms with similar shapes (not shown).

All the films presented pore sizes between 4.7 and
6.1 nm (Table 4), the increment of Ca dopant slightly
increasing the pore size; however, when the sintering time
increases, the pore size remains near constant (~ 6 nm).
Longer sintering times could stabilise the network of TiO,
avoiding the deformation or collapse of the pores.

The specific surface area (S;) and the exposed area (Seyp)
were also calculated [26] (Table 4). This last parameter
represents the total area exposed to irradiation, thus being
relevant for photocatalytic behaviour. All the coatings
present S; and S.., between 200-233 m%cm’®  and
60-75 cm’.

Finally, the Ca-doped TiO, films present significantly
lower contact angles (0) with respect to undoped coatings
(~25°), showing that dopant increases the hydrophilicity
of the films; this behaviour agrees with the results reported
by Yuan et al. [34] and is significant for the photocatalytic
properties since it improves the contact between the pol-
lutant containing solution and the material, facilitating the
catalytic reactions.

Transmission electronic microscopy (TEM) confirmed
the porous structure of the coatings. Figure 5 shows the
micrographs of TiO,—Brij58-SD and TiO,—Brij58—Ca
films. All the films present similar mesoporous structures in
agreement with the porosity characterisation obtained by
EEP. The mesoporosity is homogeneously distributed not
presenting a defined order.

Table 4 EEP characterisation for doped and undoped TiO, films heat-treated at 450 °C for 60 and 90 min

Composition e (mm) £ 0,02 172005 Vo (B £5% ¢ m)£10% S, (m7em®) £10%  Sexp (cm>) £ 10% 0 (%)
60 min
Undoped 331 1.73 29.7 47 227 68 27
1% Ca 308 1.69 35.1 6.1 214 70 99
3% Ca 310 1.74 32.1 5.8 218 70 95
90 min
Undoped 335 1.66 34.0 5.7 212 71 25
1% Ca 315 1.70 35.0 6.1 210 71 155
3% Ca 318 1.69 349 6.2 215 68 10.1

@ Springer



488 J Sol-Gel Sci Technol (2016) 78:482-491
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Fig. 5 TEM micrographs of
undoped films —TiO,—Brij58
(a) and TiO,—Brij58-1%Ca
60 min (b)

The results included in Table 4 indicate that Ca doping
of titania-anatase mesoporous films does not significantly
affect their optical properties (n and e) and texture. Similar
pore volume, pore size, S, and S.,, were obtained for
doped films. The only parameter with a significant change
was the contact angle that clearly decreases for doped
samples.

3.3 Photocatalytic activity of TiO, films

The photocatalytic activity of undoped and doped TiO,
films was evaluated through the degradation of methyl
orange (MO) [9]. The preliminary tests showed that neither
photolysis nor adsorption processes occur.

Figures 6 and 7 present the photocatalytic behaviour of
undoped and Ca-doped TiO,-Brij58 films sintered at
450 °C for 60 and 90 min.

The photocatalytic efficiency of TiO, films is clearly
enhanced by the incorporation of Ca*" doping, the final
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performance depending on Ca content and sintering time.
TiO,—Brij58-1%Ca sintered for 60 min and TiO,—Bri-
j58-3%Ca treated during 90-min films showed decom-
posing rates of 79 and 83 % of MO after 2.5 h under solar
irradiation, respectively (Figs. 6, 7), corresponding with
the highests degradation performance. Undoped TiO,—
Brij58 films present the lower degradation rate (37 %)
compared to Ca-doped TiO, films in both sintering con-
ditions (79-83 %, respectively).

For obtaining the kinetic parameters, the photocatalytic
decomposition of MO was described by a first-order kinetic
model [35], —In (Cy/C) = kt, where Cy and C are the
concentrations at ¢t = 0 and at time t. The plots of In (Cy/
C) versus t show a straight line with a slope k that is the
apparent first-order reaction constant (Fig. 8). On the other
hand, heterogeneous catalysis is a surface phenomenon, so
it is well known that the overall kinetic parameters are
dependent from the real (exposed) surface of the active
semiconductors. A possible approach to the photocatalytic
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Fig. 6 Photocatalytic degradation of methyl orange (¢ = 3 mg/L) for
doped and undoped TiO,-Brij58 films heat-treated at 450 °C/60 min
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Fig. 7 Photocatalytic degradation of methyl orange (¢ = 3 mg/L) for
doped and undoped TiO,—Brij58 films heat-treated at 450 °C/90 min
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Fig. 8 First-order kinetics for Ca-doped and undoped TiO,-Brij58
films sintered at 450 °C for 60 min

efficiency is described for a new kinetic parameter, K,
which would express the degradation efficiency per unit
area of the catalyst, defined as K' = k/(Sexp) [36]. Table 5
shows the first-order rate constants, k, together with the

Table 5 Kinetic constants and lifetime for all the TiO, coatings heat-
treated at 450 °C

Composition k (k/min) K (K/Sexp) t1> (min)
60 min

Undoped 0.0031 45 x 107° 223

1% Ca 0.0105 1.5 x 107 66

3% Ca 0.0068 9.4 x 1073 101
90 min

Undoped 0.0046 6.4 x 1073 150

1% Ca 0.0100 15 x 107 69

3% Ca 0.0118 1.8 x 107 58

normalised rate constants, K’, and the #,,, (the time at
which the remaining concentration of MO is half of the
initial concentration) for the different TiO, films used in
this study.

The k value parameter of TiO,—Brij58-3%Ca 90-min
film was 0.0118 min~', the highest value among all the
photocatalysts considered and associated with a t;, of
58 min. This photocatalyst has specific reactive sites that
act as efficient traps favouring the formation of reactive
hydroxyl radicals. Ca-doped TiO, films show a stronger
effective degradation rate together with TiO,—Bri-
j58-1%Ca 60-min (0.0105 min~") film. Undoped TiO,
films present the lowest efficiency, with #;,, of 223 and
150 min.

The differences in the reaction rates are usually due to
morphological and/or structural changes induced by the
incorporation of a dopant. But new arguments should be
taken into account because these changes are not relevant
in Ca-doped titania films obtained in this study as described
in previous sections.

Indeed, to explain the photocatalytic behaviour, two
main aspects have to be considered: one associated with the
structural, textural, and porous structure of the coatings,
and other related with the nature of the dopant and the
effect in the electronic structure of titania-anatase. One
main objective of doping was to induce a change in spectral
band position that results in the increased absorption of
visible light. This change could be induced by (1) a
decrease in the band gap or (2) a modification of intra-band
gap states, both changing the electronic structure of TiO,.

In this case, the band gap is not affected by the incor-
poration of Ca** and it cannot explain the enhanced pho-
tocatalytic behaviour of doped samples.

With respect to the textural properties (Table 4), TiO,—
Brij58—Ca 90-min films present a pore size ~6.0 nm
associated with a high specific exposed surface area
(S; ~ 70 cm?). Chen and Dionysiou [37] demonstrated
that the photocatalytic activity depends on the pore size
photocatalysts with pore size around 5 nm being the most

@ Springer



490

J Sol-Gel Sci Technol (2016) 78:482-491

adequate to obtain high degradation rates. However, all the
studied coatings present a similar structure (pore size, S
and S.,,). Therefore, these parameters are neither deter-
minant to explain the better performance of doped photo-
catalysts. Only the contact angle is significantly lower for
Ca-TiO,; coatings, which could explain a larger wettability
and an increase in the photocatalytic activity.

So, the most probable origin of the enhanced photocat-
alytic activity should be related with the intercalation of
Ca>" cation into the TiO, network and the modification of
electronic states within the band gap. Different authors
report that Ca”™ could be isomorphously substituted or
interstitially introduced into the matrix inducing oxygen
vacants or interstitial Ti>* ions [21, 22]. Both effects can
increase the photocatalytic activity. However, considering
that the radius of Ca®* (0.99 A) is much bigger than that of
Ti*" (0.68 A) and closer to O*~ (1.26 A) [38], the more
probable situation according to Raman and GIXRD results
points to the location of Ca®" in interstitial sites in TiO,-
anatase crystals, thus producing a lattice deformation and/
or generating defects in the semiconductor structure.
Impurity bands are likely created within the band gap that
will increase the photocatalytic activity. These defects
might improve the charge separation and reduce the
recombination e /h* pairs, acting as bridge for electron
transitions, likely explaining the enhanced photocatalytic
activity of photocatalyst doped with Ca [39].

The much enhanced efficiency of Ca*"-doped meso-
porous titania films converts these materials into suit-
able and cost-effective candidates for indoor and outdoor
applications.

4 Conclusions

The incorporation of Ca®" ions in the network of TiO,
films prepared by sol-gel greatly increase the photocat-
alytic degradation of methyl orange (MO) and its kinetic
when measured under simulated solar irradiation Xe lamp.

The incorporation of Ca*" in the TiO, network modifies
the unit cell, as observed by Raman and GIXRD.

The highest efficiency was found for the films TiO,—
Brij58-1%Ca sintered for 60 min and TiO,-Brij58-3%Ca
treated during 90 min. Neither the band gap measurements
nor the structural and textural properties change apprecia-
bly with the Ca doping of the coating; therefore, they
cannot explain the differences in the photocatalytic
activity.

The substitution of Ti*" ions by Ca®" in the TiO, matrix
likely modifies the impurity level of electronic bands
increasing the stabilisation of the anatase phase.

@ Springer

The introduction of Ca®' ions in interstitial positions
of Ti** in the TiO, matrix likely contributes to
enhance the photocatalytic activity.
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