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This article reports the synthesis and characterization of pure and N-, B-, and Ag-doped TiO,
and the ability of these oxides to photodegrade methylene blue (MB) under sunlight or UV-ABC
radiation. The compounds were synthesized using the sol-gel method and characterized by scanning
electron microscopy, X-ray diffraction, diffuse reflectance spectroscopy, Fourier transform infrared
spectroscopy, thermogravimetric analysis, and X-ray photoelectron spectroscopy. Photocatalytic
efficiency was significantly increased by N-doping, resulting in 98% MB decomposition under
UV-ABC irradiation for 180 min. Ag- and B-doped TiO, lowered MB degradation rates to 52 and
73%, respectively, compared with pure TiO,. The same behavior was observed with exposure to
UV-Vis, with 88, 65, 60, and 42% MB removal with N-doped, pure, B-doped, and Ag-doped TiO,,
respectively. Under visible light alone, N-doped TiO, exhibited higher photocatalytic efficiency
than commercial P25-type TiO,. Photocatalysis with N-doped TiO, proved to be a promising
alternative for MB degradation, given the potential of employing solar energy, thus minimizing
operating costs.
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Introduction

Incomplete removal of organic compounds in
conventional wastewater treatment plants (WWTPs)
has been identified as one of the principal routes
whereby anthropogenic pollutants can reach aqueous
environments.! Use of advanced oxidation processes
(AOPs), however, has proved a satisfactory approach to
the treatment of wastewater containing biorecalcitrant
organic pollutants.>?

AOPs are based on physical and chemical mechanisms
that produce powerful oxidizing species, primarily, but
not limited to, hydroxyl radicals (HO"), generated under
atmospheric or sub-supercritical conditions of temperature
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and pressure with the aid of catalysts, reactive energy
(electrochemical, UV-Vis, ultrasound), both, or neither.*3
The versatility of AOPs also stems from the availability
of several routes for HO" production, imparting high
adaptability to environmental recovery approaches,*®
including methods based on UV, H,0,/UV, O,/UYV,
and H,0,/0,/UV, which rely on UV-C photolysis of
H,0,, ozone, or both to produce active species. UV-Vis
irradiation is employed in methods such as photo-
Fenton, in which H,0, is added to dissolved iron salts
and heterogeneous photocatalysis, while a powder or a
supported semiconductor is used as the active material.”
In heterogeneous photocatalysis, which involves
photoreaction acceleration in the presence of a
semiconductor, irradiation with energy higher than
bandgap (300 < A < 390 nm for TiO,), generates valence
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band holes, (/%;;) and conduction band electrons (egg) on
the semiconductor surface (equation 1).2*” Photoexcited
electrons can in turn recombine with electron holes,
reducing the overall efficiency of the photoprocess
(equation 2).* Unrecombined holes can subsequently
oxidize organic pollutants through redox reactions
(equation 3) or react with species adsorbed onto the catalyst
surface, such as water or hydroxide ions (HO"), to generate
HOr radicals (equations 4 and 5).*° Electrons ejected to the
conduction band can react with electron acceptors, such
as molecular oxygen adsorbed onto the catalyst surface,
forming superoxide anion radicals, O, (equation 6),*
which react with protons to form hydroperoxyl radicals
(HO,). Coupling of these radicals generates H,0,, which,
undergoing photolysis, yield additional HO" radicals.*
During photocatalysis, free electrons/holes and the
reactive oxidizing species generated (HO*, O,™, ii5, HO,")
are the principal species responsible for the degradation
of organic pollutants present in the medium (equation 7).'°

Semiconductor + v —> ey, + Ay (1)
ey +hyy, — energy 2)
hiys +R—> R 3)
hyy + H,0,,, > HO;  +H" 4)
hys + HO,,, —> HO, ®)
e+ 0, > OF (6)
ROS + pollutant - — — HO, +CO, @)

Titanium dioxide (TiO,) is the most extensively used
photocatalyst, owing to advantageous properties such as
significant photocatalytic activity, operation under ambient
conditions, thermal and chemical stability, low cost, low
toxicity, abundance, and resistance to most chemicals and
photocorrosion.'™!! Heterogeneous photocatalysis using
TiO, has received considerable attention as an AOP for
photodegradation of organic pollutants in water.'*!3

Despite being a promising technology, photocatalysis
with TiO, has disadvantages, including low degradation
kinetics and a high probability of electron-hole
recombination. Removal of catalysts at the end of the
process is a major requirement in photocatalysis, albeit
one difficult to meet, as it involves a solid-liquid separation
step that adds to the overall capital and running costs in
WWTPs.!617 AOP application to full-scale water treatment
is therefore under development. Combining catalysis
with renewable energy resources, however, as in solar
photocatalysis, is expected to cut down treatment costs and
make AOPs more attractive to the water industry.'

An example of treatment of washing waters
from pesticide containers is provided by a plant in
Almeria (Spain) that uses solar energy.!” Another is the
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Mané Garrincha Stadium in Brasilia (Brazil), renovated
for the 2014 FIFA World Cup and often cited as a
sustainable building for its self-cleaning roof consisting of
a TiO,-coated polytetrafluoroethylene membrane.?

AOQOPs have proved advantageous even when complete
degradation and mineralization of contaminants is not
required, since doing so would not be cost-effective.
Instead, the process can be aimed at partial degradation, to
decrease the toxicity of organic pollutants, increase their
biodegradability, or both,*' while letting byproducts of the
reaction be degraded by microorganisms in a biological
post-treatment step.?

Investigating the efficiency of TiO, photocatalysis
can provide a timely contribution to water treatment
approaches, particularly in view of water scarcity at the
global scale.

In semiconductors, photocatalytic efficiency depends
mostly on the ability of the material to generate longer-
lived electrons and holes that can lead to generation of
reactive species.'” Recombination of electron-hole pairs has
been described as the chief factor limiting photocatalytic
reactions.

A number of strategies to improve the photocatalytic
activity of TiO, by modifying its physical and chemical
properties have been explored. These include increasing
surface area, reducing particle size, generating structured
mesoporous materials, creating a double-phase structure
containing anatase and rutile, decreasing bandgap, and
extending the light absorption range by incorporating
metals or non-metals into a titania matrix.>* Since pure
TiO, absorbs virtually no visible light, or does so only
slightly, incorporation of non-metals can extend absorption
to the visible range.?® Doping with non-metals (such as N,
E S, or B) or metals (among them Ag, Fe, Pd, Pt, Rh, or
Ru) has improved the photocatalytic reactivity of TiO,.”

Doping with noble metals such as Ag improves TiO,
photocatalytic activity by modifying its surface properties
(e.g., surface area per mass, porosity) and extending the
radiation absorption range to the visible spectrum.!*2¢
Doping TiO, with non-metals, such as nitrogen and boron,
has received special attention.?*”?® The use of these
anionic dopants leads to bandgap narrowing or formation
of localized mid-bandgap states, effectively extending the
absorption threshold of TiO, into the visible range* and/or
causing physical and chemical changes in the particles,
including increased surface area, formation of mesoporous
structures, uniformity in particle surface size, formation of a
double-phase structure of anatase and rutile, and decreased
crystal and particle sizes.?

N-doped TiO, is the most widely investigated anion-
doped form of this oxide, since nitrogen has structural
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properties similar to those of oxygen, the principal
component of TiO,.” Furthermore, production of the
compound is simple (a controllable synthesis process) and
has low cost.?” On the basis of electronic band structure
modification, the sufficient overlapping of N 2p states with
O 2p states at maximum valence band provides efficient
bandgap narrowing for visible-light absorption.” S-doping
can produce similar bandgap narrowing, yet sulfur, for its
large ionic radius, is not easily incorporated into O sites
in TiO,.” C- or P-doping, on the other hand, can introduce
states too deep within the gap, which might serve as
undesired recombination centers.? Therefore, N-TiO,
remains the leading visible-light-sensitive photocatalyst.
However, Nishijima et al.’*® have demonstrated that
S-doping renders TiO, more efficient than its N-doped
counterpart as a photocatalyst under visible light for H,
evolution. Ivanov et al.*! reported that S- and C-codoped
TiO, showed excellent photocatalytic performance during
degradation of organic dyes (rhodamine B, methylene
blue), gas-phase oxidation of ethanol under visible light,
and photocatalytic hydrogen generation from ethanol under
UV radiation.

Wang et al.** reported that doping TiO, with boron
promotes photogenerated electron-hole separation,
improving photocatalytic efficiency. In experiments
conducted by Liang et al.,®* B-doped TiO, exhibited high
photocatalytic efficiency, attributed to decreased bandgap
energy, during rhodamine B degradation under simulated
sunlight.

Zaleska et al.** reported that B-doping a TiO, matrix
using the sol-gel method facilitated transformation of
the amorphous structure into anatase. Quifiones et al.*
demonstrated that the presence of boron reduced anatase
crystal size in TiO, particles and increased pore volume
and surface area, relative to the pure oxide.

Cavalcante et al.'> demonstrated a substantial
improvement in TiO, photocatalytic efficiency by B-doping.
Factors responsible for the improved performance included
large surface area, mesoporous structure, anatase-rutile
crystalline structure, formation of Ti™, introduction of
boron as a B-O-Ti species, uniformity in particle surface
size, and decreased crystal and particle sizes.

Elghniji et al.* synthesized N-doped TiO, nanoparticles
using the sol-gel reverse micelle method and investigated
their visible-light photocatalytic activity in methylene blue
(MB) discoloration. Experimental results revealed that
N-doped TiO, with a N/Ti atomic ratio of 0.05 required
shorter irradiation time for complete discoloration of
MB than did pure nano-TiO, or commercial TiO, P-25
(Degussa). This remarkable photocatalytic efficiency
was attributed to synergistic effects of nitrogen species,
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high specific surface area, and a pure anatase crystalline
framework.

Using single-step flame spray pyrolysis, Fujiwara et al.’’
synthesized Ag-doped TiO, particles that proved highly
effective catalysts in MB degradation under visible light.

Although many advantages have been reported for the
incorporation of various elements into titania matrices,
few studies have compared the efficiency of the resulting
catalysts with that of TiO, P25 powder, one of the most
efficient commercial photocatalysts. This scarcity warrants
comparing the photocatalytic efficiencies of commercial
P25-type and laboratory-synthesized TiO,.

Metal doping can have disadvantages: doped materials
exhibit low thermal stability, while metal leaching and
possible toxicity diminish potential applicability to water
treatment. Furthermore, metal centers can act as deep
electron traps, reducing photocatalytic efficiency.*® Further
studies are thus necessary to ascertain optimal doping doses
and their effect on TiO, photocatalytic activity.

In this study, X-doped TiO, synthesis (X = N, B, or
Ag) was examined as a strategy to increase the rate of MB
photodegradation under irradiation with visible light. MB
was selected as a pollutant model for its relative stability,
which hampers its degradation by traditional wastewater
treatment methods. Newly developed dyes are typically
more resistant to photolysis, oxidation, and biodegradation
than traditional counterparts.* MB is also the most common
compound employed in cotton, wood, and silk dyeing. MB
inhalation can lead to breathing problems; direct contact
can cause eye damage, local burns, nausea, vomiting,
hyperhidrosis, and mental disorders.*

In the present study, the oxides were characterized
by thermogravimetric analysis (TGA), X-ray diffraction
(XRD), scanning and transmission electron microscopy
(SEM and TEM), specific surface area calculation using the
Brunauer-Emmett-Teller (BET) method, Fourier transform
infrared spectroscopy (FTIR), diffuse reflectance UV-Vis
spectroscopy (DR-UV-Vis), and X-ray photoelectron
spectroscopy (XPS).

Experimental
Materials

All reagents were of analytical grade. MB (82%) and
titanium(IV) isopropoxide (97%) were purchased from
Sigma-Aldrich. Isopropyl alcohol (99.8%), silver nitrate
(99.8%, PA), and ammonia (25%) were obtained from
Merck. Nitric acid (65% v/v) and glacial acetic acid (99.7%)
were acquired from Synth, boric acid from Dindmica, and
TiO, P25 from Evonik. Millipore Millex syringe-driven,
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0.45 um pore size polyethersulfone membrane filters were
employed. Deionized water was used in all experiments.

Synthesis of catalysts

Pure TiO, and B-, Ag-, and N-modified TiO, nanoparticles
were synthesized from titanium(IV) isopropoxide using the
sol-gel method, adapted from Cavalcante et al.'

A 19.10 mL volume of titanium(I'V) isopropoxide was
mixed with 16.10 mL of glacial acetic acid (molar ratio
1:4) under constant stirring until a metal acetate complex
was formed. The acid acted as a chelant agent, controlling
the hydrolysis process. After homogenization, 19.10 mL
of isopropyl alcohol (Ti/alcohol ratio 1:1, v/v) were added
and the solution was stirred for 1 h, after which a solution
consisting of 30 mL of water and 1 mL of nitric acid was
added to the mixture, followed by another 2 h stirring
while keeping the molar ratios of H,O/Ti at 25 and H*/Ti
at 0.5. The system was subsequently maintained at 40 °C
for around 48 h. The resulting TiO, solution was then dried
in an oven at 100 °C for 24 h and the powder thus obtained
was macerated in a mortar and calcined at 450 °C for 4 h.

Preparation of B-, N-, and Ag-doped TiO, followed
the same procedure, but employing 1.44 g of boric acid,
1.34 mL of ammonia, and 0.40 g of silver nitrate as the
boron, nitrogen, and silver precursors, respectively. Each
precursor was dissolved in a solution containing 30 mL of
water and 1 mL of nitric acid. These amounts of dopants
were calculated to yield catalysts at a 5% ratio (m/m),
based on previous investigations by our research group.'>!3

Characterization

Surface morphology was examined using a JSM-
7100F scanning electron microscope and a JEM-2100
transmission electron microscope (both Jeol). For SEM, the
samples were mounted on carbon tape and sputter-coated
with gold. For TEM, the samples were dispersed in ethanol
with the aid of ultrasound and deposited onto copper grids.
Particle diameter was determined using ImageJ software
to count the particles seen in TEM images acquired from
different fields in each sample.*!

The crystal structures of powders were investigated
by XRD from 8° to 70° (20) at 0.02° increments with
a measuring time of 5 s per step, employing a D2
Phaser diffractometer (Bruker) with a CuKo radiation
source (A = 1.15418 nm). Rietveld** parameters were
calculated using Von Dreele and Toby’s General Structure
Analysis System-II Crystal Structure Refinement package
(GSAS-II).# Thermogravimetric measurements were
performed on a thermobalance, with samples placed in
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an alumina crucible and analyzed on a TGA Q50 device
(Shimadzu) at a heating rate of 10 °C min™' and scan
temperatures from 25 to 900 °C, under a N, flow rate of
50 mL min™' in the furnace.

UV-Vis diffuse reflectance electronic spectra of the
powders were obtained using a Lambda 650 UV-Vis
spectrometer (PerkinElmer) equipped with an integrating
sphere for diffuse reflectance. Scans were performed at
200 and 800 nm. The UV-Vis spectra recorded in diffuse
reflectance (R,,,.) mode were transformed using the
Kubelka-Munk function, which is based on determination
of Kubelka-Munk absorption (K) and scattering (S)
coefficients, using equation 8:%43

(1-R) K
F(R)=~—2l == 8
( °°) 2R, S ®
where R, is defined as R,/ Ricterences With Rigperence 88

the diffuse reflectance value obtained for BaSO, using
equation 9:%

(F(R,) hv)i =C(hv-E,,) 9)

where C is a constant and m is a constant that depends
on the optical transition mode. Indirect optical bandgap
values (E,,,; €V) were obtained from a Tauc plot,
(F(R,)hv)'”, as a function of photon energy hv, considering
the intersection of the linear portion of the curve with the
x-axis.® For FTIR, the samples were shaped into pellets
using potassium bromide and spectra recorded on a
PerkinElmer 100 spectrophotometer in the 4000-450 cm™
range. Elemental composition was determined by XPS. The
experiments were performed in a K-Alpha spectrometer
(Thermo Scientific) with a monochromatic X-ray source
(AlKa). The carbon contamination C1s peak appearing at
284.80 eV was used as the reference for binding energy
calibration. All acquired spectra were treated with CasaXPS
software. Specific surface areas were determined via
nitrogen adsorption analysis based on BET isotherms.
Pore size distribution and total volume, based on Brunauer-
Joyner-Hallenda (BJH) isotherms, were determined on a
TriStar 300 instrument (Micrometrics).

Photodegradation assays

Photocatalytic efficiency was evaluated by monitoring
the degradation rate of MB under UV-ABC radiation
and simulated sunlight. In an annular glass photoreactor
(working volume, 0.5 L), a quartz tube was employed
to insert the UV-ABC radiation source (Figure 1A), an
80 W HPL-N, high-pressure mercury vapor lamp (Orsan,
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222-578 nm, 254 nm maximum absorbance).* Photon
flux inside the photoreactor was 3.71 x 10" photons s7!,
experimentally determined by chemical actinometry
with 0.15 mol L' potassium ferrioxalate complex.*” A
magnetic stirrer homogenized the solution throughout the
experiment. The jacket temperature (25 °C) of the stirred
tank was controlled with the aid of a thermostatic bath.
Photodegradation experiments employed a MB aqueous
solution (120 mg L") containing 0.5 g L' of catalyst.
The experiments were performed without pH control
(pH ca. 5.0 £0.2). Reaction time was 180 min and aliquots
were collected at predetermined intervals and filtered
with Millipore Millex syringe-driven, 0.45 pm pore-size
polyethersulfone membrane filters to remove the catalyst
before the analytical procedures. MB degradation was
monitored by UV-Vis absorption, with measurements at
664 nm (the longest wavelength of MB) on a U-3000
UV-Vis spectrophotometer (Hitachi). To monitor MB
concentration, a calibration curve was obtained, which
obeyed Beer’s law in the 0.25-4.0 mg L' range, with
Abs (a.u.) =0.00509 + 0.32156 [MB, mg L™'], R=0.9971,
SD = 0.036.

Artificial sunlight irradiation was performed with a
solar simulator (Abet Technology; Figure 1B) equipped
with a 150 W XOP xenon lamp (Abet Technology). For
runs performed under visible light, a 400 nm cutoff filter
was placed between lamp and reactor. The experiments
were conducted in a borosilicate glass container positioned
immediately below the lamp, at a height adjusted to collect
the desired radiation, while the solution was continuously
homogenized using a magnetic stirrer. Irradiation intensity
was calibrated at 200 mW cm™ using a 15151 reference
cell (Abet Technologies) with direct incidence of photons
on the liquid surface on top of the glass container. A
25 mL volume of solution containing 40 mg L' of MB and
12.5 mg of catalyst was photoirradiated. Prior to irradiation,
the solution was slurred with an appropriate amount of
catalyst and allowed to equilibrate in the dark for 60 min.
The experiments were performed without pH control
(pH ca. 5.0). Reaction time was 180 min and aliquots were
collected at predetermined intervals. MB degradation was
monitored by UV-Vis absorption.

Results and Discussion
Characterization results

The materials were morphologically characterized to
evaluate the influence of B, N, and Ag incorporation into

synthesized TiO,. SEM images of pure and N-, B-, and
Ag-doped TiO, (Figure 2) revealed oxides constituted of
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Figure 1. Schematic depiction of degradation systems: (A) photochemical
reactor with UV-ABC lamp; (B) solar simulator and experimental
instruments.

large aggregate particles, each in the nanometer range,
although not individually discernible because of insufficient
image resolution.

Representative TEM images and histograms of
estimated particle size (Feret diameter) distribution for
pure and N-doped TiO, are shown in Figure 3. TiO,
particles were polydisperse. Their dimensions could not be
accurately determined, but most ranged from 5 to 30 mm,
in both samples.

The synthesized samples were subjected to TGA to
evaluate stability or thermodecomposition (Figure 4). TGA
curves for pure, N-doped, and Ag-doped TiO, revealed a
final weight loss (up to 900 °C) of only 3-4%. Weight loss
was more pronounced between room temperature and
ca. 100 °C, a phenomenon attributed to evaporation of
water adsorbed onto the catalyst surface. Weight loss in the
200-400 °C range possibly resulted from decomposition
of organic solvents and organic matter, organic residues
are often present in samples synthesized by the sol-gel
method. Above 400 °C, no major weight loss was observed,
which demonstrates the stability and purity of the prepared
catalysts.

As shown by the thermogravimetric curve for B-doped
TiO,, mass loss was greater than for other samples up to
ca. 300 °C. In this range, roughly 10% of the original mass
was lost, which can be attributed to thermal decomposition
of residual organic groups in B-doped TiO,. Boron may be
incorporated into a TiO, matrix as a Ti-O-B bond and/or
transformed into a B,0; phase.'>!* Having only three
valence electrons, boron can behave as a Lewis acid,*
facilitating surface adsorption of water, with subsequent
diffusion into the bulk of the material. This may explain
the higher weight losses associated with water elimination
from this catalyst up to 200 °C.

Diffuse reflectance spectra of pure and doped TiO, are
shown in Figure SA. For the doped samples, the typical
absorption edge (due to electronic transitions from valence
band to conduction band in TiO,) was modified by the onset of
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Figure 3. TEM images and particle distribution of (A) pure and (B) N-doped TiO,.

arelatively broad absorption band in the visible region, whose of tangent lines of Kubelka-Munk functions vs. photon
intensity depended on sample type.*’ This modification in the energy provided E,,, values for each oxide (Figure 5B).
absorption edge was less pronounced for B- and N-doped For all catalysts, the estimated E,,, values remained within

samples, and more evident for Ag-doped TiO,. Extrapolation the 3.0-3.2 eV range (see values in Figure 5B), which is in
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Figure 4. Thermogravimetric curves of synthesized photocatalysts.

agreement with other studies.*> Ag-doped TiO, exhibited
lower E,,, than the other catalysts investigated, which is
consistent with a study by Ramos et al.,' who found E,,,
values to decrease with rising amounts of added silver. In
our case, it should be noted that the absorption intensity
of Ag-doped TiO, did not converge to zero beyond
band edge, extending absorption into the visible range.

The infrared spectra of pure and doped TiO, nanoparticles
(Figure 6) showed broad bands in the 3000-3400 cm™' range
(with a maximum at 3200 cm™) that probably represent
O-H stretching vibration from adsorbed water. A band in
the 1610-1650 cm™' range corresponded to the OH bending
vibration mode of water adsorbed onto the oxide surface.®
After B-doping, the O—H stretching vibration band became
broader, possibly owing to the larger amount of water
adsorbed onto the TiO, surface. This is in accordance with
TGA results.

Absorption bands were also found at 600 cm™" and
might be attributed to typical Ti—O-Ti vibration.’' After
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N-doping, the Ti-O stretching vibration band became
broader, possibly as a result of interaction with the doping
nitrogen and the hydrogen from the hydroxyl group.®

In the FTIR spectrum of B-TiO, nanoparticles, the
pronounced intensity observed in the 1300-1500 cm™
region (with a maximum at 1400 cm™) was ascribed to
asymmetric B-O stretching on the surface.’?> Boric acid
species possibly ascribed to the presence of tricoordinated
interstitial boron (in the form of B 3p), as well as outer-
sphere boric acid, are potential sources of the peak seen
around 1300-1400 ¢m™'.3%52 The band at 1200 cm™,
commonly attributed to stretching vibration of B-O bonds,
corroborates these findings.*>%

Phase compositions and crystal structures of pure and
doped TiO, were investigated by XRD (Figure 7). All
diffraction peaks of the annealed powders were indexed to
the anatase phase of TiO,, with characteristic occurrences
at 25.4, 37.8, 48.1, 54.2, 55.2, and 62.7°,'>% except for
B-doped TiO,, where a peak characteristic of the rutile
phase was observed at 27.8°,'23 indicating that boron may
be incorporated into this phase, as observed earlier."?

Rietveld refinements were performed for a detailed
examination of phase compositions and structural features
of pure and N-doped TiO,. For comparison, the procedure
was also applied to commercial TiO, P25. Refined
parameters that include crystallite size and unit-cell
parameters were calculated (Table 1).

Anisotropic equatorial and axial crystal sizes were
estimated at 13.3 and 14.4 nm for pure TiO, and at 17.0 and
20.4 nm for N-doped TiO,, respectively. The synthesized
oxide is therefore constituted of smaller crystals than
those of commercial TiO,. This confirms that both pure
and N-doped TiO, crystallizes in the tetragonal pattern of
anatase. Figure 8 shows the final Rietveld refinement plots.

10
pure TiO, (Egalp =3.11¢eV)
1 —B-doped TiO, (E_ =3.17 V)
8- —N-doped TiO, (E_, =3.29eV)
—— Ag-doped TiO, (Egap =3.03eV)

< 6
=
S
S

2]

0 T T T T T T T T

1.5 2.0 25 3.0 3.5 4.0

Energy / eV

Figure 5. (A) UV-Vis absorption spectra and (B) Tauc plots of the square root of the Kubelka-Munk function R, (F(R,)hv)"* vs. photon energy for

determining indirect bandgap energy values.
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Figure 6. FTIR spectra of pure and doped TiO,.
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Figure 7. Diffractograms of pure and doped TiO, calcined at 450 °C.

Surface chemical compositions and oxidation states
of pure and N-doped TiO, were also analyzed by XPS. In
the XPS spectra shown in Figure 9, Ti, O, and C peaks are
evident. The Cls peak located at 284.6 eV results mainly
from environmental contamination. For the N-doped

Table 1. Rietveld refinement parameters of TiO, samples
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catalyst, an N1s peak is observed (see Figure 9, insert),
revealing presence of nitrogen in the sample. Table 2
summarizes the surface chemical compositions.

Figures 10A and 10B show Ti2p and Ols high-
resolution spectra obtained for pure and N-doped TiO,. The
principal binding energies contributing to the Ti2p,, spectra
of pure and N-doped TiO, appear at 458.77 and 457.91 eV,
respectively. The 5.72 eV distance between Ti2p,, and
Ti2p,, peaks indicates that titanium is present mostly as
Ti*,>* corresponding to relative TiO, concentrations of
93.44 and 94.12% in pure and N-doped TiO,, respectively
(Table 3). Deconvolution of Ti2p XPS data also revealed
presence of Ti** in both catalysts. Ti2p,, binding energies
corresponding to Ti** are centered at 457.37 and 456.51 eV,
respectively, indicating relative Ti,O;* concentrations of
6.56 and 5.88% for pure and N-doped TiO,, respectively.

Figures 10C and 10D depict the Ols spectra of pure
and N-doped TiO,. The O1s regions of both catalysts were
very similar, showing two peaks (see binding energy values
in Table 3) corresponding to Ti—O and surface-adsorbed
0O,/OH groups.™

For N-doped TiO,, N1s appeared at 399.0 eV (Figure 11
and Table 3), which may be ascribed to N-doped TiO,.**%’
Low intensity precluded reliable assignment of the peak
at 399.0 eV (only 0.41%, Table 3), which, however, can
be attributed to a number of Ti-N bonding environments,
such as formation of O-Ti—N (substitutional N) and TiO-N
(interstitial N) structures,®® and/or to traces of surface-
chemisorbed ammonium®® residual from sol-gel synthesis.

BET surface areas (Sggr), pore volumes (V,) and pore
diameters (D)) are shown in Table 4. Mean D, lies within the
18.36-6.96 nm range. B-doped TiO, exhibits larger specific
surface areas than the other catalysts, an advantageous
trait for photocatalytic performance. These results are in
agreement with data from our previous paper'? reporting

Parameter / sample Pure TiO, N-doped TiO, Commercial P25-type TiO,
Phase anatase anatase 75% anatase 25% rutile
a=b/A 3.77972 3.78059 3.78626 4.59446
clA 9.48467 9.50321 9.50680 2.95812
o =P =7/ degree 90.000 90.000 90.000 90.000
Space group l4llamdz 4l/lamd z Al/amdz pA2/mnm
Volume / A 135.501 135.828 136.287 276.145
Crystallite size / nm D, =133 D, =17.0 D,,=23.1 D,,=38.8

D, =144 D, =204 D, =20.6 D, =353
Refinement parameters Wr=9.73 Wi =9.31 Wi =13.06

Chi> =238 Chi? =222 Chi? = 847

GOF =0.36 GOF =0.35 GOF =0.51

D,, and D,,: equatorial and axial diameters of crystallites, respectively.
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Table 2. Surface chemical compositions of pure and N-doped TiO,

N-doped TiO,

XPS surface chemical composition / %

Catalyst

N O Ti O/Ti
Pure TiO, - 69.72 30.28 2.30
N-Doped TiO, 0.41 70.41 29.18 2.41

XPS: X-ray photoelectron spectroscopy.

that boron presence increases specific surface areas. Pore
widths between 2 and 50 nm correspond to mesopores, and
the standard isotherm (Figure 12) is in good agreement with
the typical pattern for mesoporous materials (Type IV in the
TUPAC classification of physical adsorption isotherms).*

For N-doped TiO,, maximum mean pore size
distribution, as derived from the desorption branch (BJH
model), was found at 18 nm, larger therefore than for
B-doped TiO, (6.96 nm). Monomodal pore size distribution
in the mesoporous region was mainly associated with
primary intra-aggregation of nanocrystals of uniform size.*

Sger values are strongly dependent on nitrogen
source. The surface area of N-doped TiO, (68.1 m? g™!)
was significantly smaller than for the B-doped oxide
(126.4 m? g'), indicating that using ammonia in the
preparation may result in particle aggregation. These results
are in agreement with data obtained by He et al.®°

Investigation of photocatalytic efficiency

The photocatalytic activities of the synthesized oxides
were investigated under UV-ABC radiation (maximum
emission at 254 nm) and with a solar simulator, using MB as
an organic model compound at natural pH (pH ca. 5.0). For
comparisons, experiments were also performed using TiO,
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Figure 10. High-resolution XPS Ti2p and Ols spectra of pure (A and C) and N-doped TiO, (B and D).

Table 3. Binding energies (eV) obtained through XPS for pure and
N-doped TiO,

Region / sample Pure TiO, N-doped TiO,
C-C,C-H 284.80 284.80
Cls C-OH, C-0-C 286.30 286.30
0-C=0 288.80 288.80
O-Ti 529.95 529.09
Ols
Ti-OH 530.55 529.74
i TiO, 458.77 457.91
Ti2p;,, .
Ti, 0, 457.37 456.51
] TiO, 464.49 463.63
Ti2p,, .
Ti, 0, 461.36 460.50
Nls - - 399.0

XPS: X-ray photoelectron spectroscopy.

P25 (Evonik) having 75% anatase and 25% rutile (Table 1).

The photocatalytic activities of pure and doped
TiO, were first investigated under UV-ABC radiation
(120 mg L' of MB and 0.5 g L' of catalyst) (Figure 13A).
Experiments conducted in the absence of catalyst showed
that MB degradation via photolysis was low, relative to

5.8

o a
- (o))
1 1

o
N
1

Intensity / cps x 10°

5.0 - T T T T 1
405 402 399 396 393
Binding Energy / eV

Figure 11. High-resolution N1s XPS spectrum of N-doped TiO,.
Table 4. Surface area data for pure and doped TiO,

Catalyst Sger / (m* g™) Vil (em’g™) D,/ nm
Pure TiO, 69.5+0.2 0.197 11.35
N-doped TiO, 68.1 £0.14 0.313 18.36
B-doped TiO, 126.4 +0.17 0.220 6.96
Ag-doped TiO, 67.4+0.16 0.227 13.47

“Obtained from the volume of N, adsorbed at P/P; = 0.98.
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Figure 12. Nitrogen adsorption-desorption isotherms for pure and doped TiO,.

the corresponding photocatalysis, resulting in ca. 37%
decomposition with 180 min UV-ABC irradiation
(Table 5). In the presence of B- or Ag-doped TiO,, MB
decomposition decreased, compared with pure TiO,.
MB removal using pure TiO, as a photocatalyst reached
89% at 180 min of irradiation, while only 52 and 73%
of MB were decomposed with Ag- and B-doped oxide,
respectively, possibly owing to excess dopant, resulting in
poorer photocatalytic activity probably consequent to the
appearance of new sites for electron-hole recombination.
Working with phenol degradation under UV radiation,
Zaleska et al** reported lower photocatalytic activity of
B-doped TiO,, compared with pure TiO, synthesized by
the sol-gel method. A higher amount of boron dopant
resulted in the appearance of a sassolite phase (H;BO;),
which decreased the photocatalytic activity, depending on
the type of organic compound tested.®'

Increased adsorption capacity of TiO, with Ag-doping
has been reported,® but this effect has not been consistently
observed.®*% For the photocatalysts synthesized in this
present study, a reduction in degradation rate was observed.
According to Ramos et al.,'* this possibly occurs because
maximum saturation is reached on the semiconductor
surface and excess silver occupies active sites in the catalyst,

J. Braz. Chem. Soc.
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decreasing catalytic activity by lowering the incidence of
radiation on TiO, particles and decreasing the number of
active sites for substrate adsorption.

Lin et al.% prepared TiO,/Ag composites and evaluated
the effect that operational pH of the synthesis process had
on the zeta potentials of TiO, and Ag carrier. Isoelectric
points (pH values at which the compound has a zero
net charge) of 4.0 and 6.8 were found for Ag and TiO,,
respectively. Morphological surface analysis via SEM of
TiO,/Ag thus prepared revealed that, at pH 3.0, TiO, and Ag
had the same surface electrical charges, repelling each other
and precluding TiO, nanoparticles from easily attaching to
the Ag surface, although not preventing mutual aggregation
of TiO, nanoparticles. By maintaining the synthesis solution
atpH 5.8, TiO, and Ag particles exhibited opposite surface
charges with maximum difference, resulting in high TiO,
dispersibility and optimal combination between TiO, and
Ag, with best performance in photodegrading acetone, the
model compound employed. Conversely, TiO,/Ag prepared
at pH 3.0 proved the least efficient. In the present study,
synthesis was carried out in acidic medium and TiO, and
Ag exhibited the same electrical properties, causing TiO,
to aggregate or disperse only partially on the Ag surface,
which explains the low rate of MB removal observed.
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constant calculation.

In the present study, by contrast, N-doping significantly
improved TiO, performance (95% degradation for N-doped
TiO, vs. 74% for pure TiO, with 90 min irradiation).
Compared with TiO, P25, the N-doped oxide proved
efficient, completely removing MB with 180 min UV-ABC
irradiation (A, = 254 nm). The high activity of TiO, P25
results from the optimization of parameters such as phase
composition, crystallite size, and surface area.®’

Non-metal dopants have been described as more
efficient than most metal ions, owing to less pronounced
formation of recombination centers.!® Nitrogen in N-doped
TiO, leads to formation of Ti** species, which can trap
photogenerated electrons in the conduction band and
prevent recombination of electron-hole pairs.® Therefore,
formation of Ti** species enhances photocatalytic activity,
which is evident from XPS spectra (see Figure 10B).
Crystallite size also has a pronounced effect: the enhanced
photocatalytic activity of N-doped TiO, can be attributed
to its smaller crystal size (seen with Rietveld refinement),
which accelerates surface charge transfer, decreasing the
likelihood of recombination of photoinduced electron-hole
pairs.>

To quantify differences in degradation rates, MB
oxidation data were employed to calculate k,,, the pseudo-
first-order kinetic constant (Table 5), from the slope of
the regression line representing —In ([MB]/[MB],) vs.
time (Figure 13B), where [MB], and [MB], are the initial
concentration and the concentration after t minutes of
irradiation, respectively. The magnitude of k,, follows the
order TiO, P25 > N-doped TiO, > pure TiO, > Ag-doped
TiO, > B-doped TiO,. N-doped TiO, proved roughly
2.2 times more effective than pure TiO, in degrading MB.
The photocatalytic efficiency of synthesized N-doped TiO,
was quite similar to that of TiO, P25.

To investigate photocatalytic activity under visible-
light irradiation, experiments were performed in a solar
simulator using 40 mg L~ of MB and 0.4 g L' of catalyst

Table 5. Methylene blue degradation rates and respective pseudo-first-
order kinetic constants (k,,) for experiments conducted under UV-ABC
radiation

Photocatalyst Degradation / % k,, / min! R

Photolysis 37 0.23 x 10 0.996
TiO, P25 99 4.95x% 10 0.994
Pure TiO, 89 1.78 x 10 0.988
B-doped TiO, 73 0.74 x 102 0.994
Ag-doped TiO, 52 0.85 x 102 0.996
N-doped TiO, 98 3.47 %107 0.996

(Figure 14 and Table 6). N-doped TiO, exhibited the
highest photocatalytic activity (88% of MB removal with
180 min irradiation), with a kinetic constant (calculated
from Figure 14B data, using In (C/C,) vs. time fitting) of
1.12x 102 min™! (Table 6), roughly 3.6 times that for pure
TiO, (0.31 x 102 min™") and similar to the kinetic constant
for TiO, P25 (1.61 x 102 min™).

Incorporation of non-metals to the catalyst creates
heteroatomic surface structures, modifying the properties
and activity of TiO, under visible light.* N-doping
accounts for the red shift observed at the light absorption
edge, narrowing the bandgap.* For comparison, simulated
UV-Vis irradiation for 180 min in the absence of
photocatalyst failed to degrade MB. Pure and Ag-doped
TiO, led to lower MB degradation, of roughly 60 and
42%, respectively, with 180 min treatment, while for the
B-doped oxide this rate reached ca. 65%. Over the same
period, ca. 92% degradation was achieved with TiO, P25.

To investigate catalyst efficiency under visible radiation
alone, a 400 nm longpass filter was employed. As shown in
Figure 15, negligible (5%) MB degradation was observed
for photolysis (A > 400 nm) conducted in the absence
of catalysts, while N-doped TiO, proved more efficient
than TiO, P25. The high activity of N-doped TiO, under
visible-light irradiation has been attributed to nitrogen



1800 Synthesis, Characterization, and Photocatalytic Activity of Pure and N-, B-, or Ag-Doped TiO,

—=— photolysis
—=—TiO, P25
0.2 —v—pure TiO,
-4 7|—»—B-doped TiO,
—e— N-doped TiO,
—A— Ag-doped TiO,

0.0

-In/ (IMB]/[MB] )

Irradiation time / min

0 20 40 60 80 100 120 140 160 180

J. Braz. Chem. Soc.

= photolysis
209 = Tio, P25
v pureTiO,
» B-doped TiO,
® N-doped TiO,
1.5 4 Ag-doped TiO,
1.0
0.5
] —ii )

0. : ; . — :
0 20 40 60 80 100 120 140 160 180
Irradiation time / min

Figure 14. (A) Methylene blue (MB) degradation in a solar simulator device: [MB], = 40 mg L'; [catalyst] = 0.5 g L™'; (B) pseudo-first-order kinetic

constant calculation.

Table 6. Methylene blue removal rates and pseudo-first-order kinetic
constants (k,,) obtained in a solar simulator device

Photocatalyst Degradation / % k,, / min™ R

None (photolysis) 9 0.03 x 102 0.990
TiO, P25 92 1.61 x 1072 0.997
Pure TiO, 60 0.31x 10 0.996
B-doped TiO, 65 0.34x 102 0.983
Ag-doped TiO, 42 0.29 x 10 0.995
N-doped TiO, 88 1.12x 10 0.997

species responsible for the red shift detected at the light
absorption edge.*® Hurum et al.™ reported that presence
of a rutile phase in TiO, P25 extends photoactivity into
the visible range, which explains why the photocatalytic
activity observed under visible light (A > 400 nm) was low.

0.80 { —=— photolysis
—=—Ti0, P25
—=&— N-doped TiO,

0 20 40 60 80 100 120 140 160 180
Irradiation time / min

Figure 15. Methylene blue (MB) degradation by TiO, P25 and N-doped
TiO, in a solar simulator device using a longpass filter (> 400 nm):
[MB], =40 mg L'; [catalyst] = 0.5 g L.

Conclusions
In this investigation of novel photocatalysts synthesized

using the sol-gel method, TGA and FTIR measurements
showed surface water absorption to be most pronounced for

B-doped TiO,, without major changes to bandgap energy
values. E,,, of Ag-doped TiO, was slightly lower than for
the other catalysts. Rietveld refinement data revealed the
powders to have a 100% anatase crystalline structure. XPS
data indicated the presence of Ti* in pure and N-doped
TiO,.

Degradation efficiency was evaluated by MB removal
and pseudo-first-order kinetic parameters in experiments
carried out under UV-ABC and solar light radiation. MB
photodegradation results showed that the photocatalytic
efficiency of TiO, was substantially enhanced by
N-doping, for both radiation sources. Despite its ability
to absorb radiation in the visible region, Ag-doped TiO,
exhibited lower photocatalytic performance than the other
synthesized catalysts.

Under visible radiation, N-doped TiO, showed
higher photocatalytic efficiency than TiO, P25. The
superior activity of N-doped TiO, relative to pure TiO,
can be attributed to synergic effects of nitrogen species,
small crystallite size, and the consequent decrease in
photoinduced electron-hole pair recombination.

The results showed synthesis by the sol-gel method to
be a simple method to produce efficient photocatalysts for
removal of organic compounds. In addition, the efficiency
demonstrated by these catalysts under sunlight irradiation
allows lowering the cost of photocatalytic processes.
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