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Synthesis and characterization of nanostructured photocatalysts based
on the nitrogen- and sulfur-doped titania for the water pollutants
degradation under visible light
Abstract
A nonmetal-doped titania has attracted considerable attention in recent years due
to its photocatalytic activity in the visible part of the solar spectrum, which is beneficial
with regards to pure TiO2. Among the explored nonmetal dopants, nitrogen and sulfur
have been shown to be the most promising for the enhancement of photocatalytic
activity of TiO2 under visible light. These nonmetals can be introduced to the TiO2
lattice by employing various precursors and preparation methods.
In this dissertation, non-hydrolytic sol–gel method coupled with solvothermal
treatment, starting from titanium(IV) chloride and titanium(IV) isopropoxide dissolved
in different aprotic solvents, was applied for the synthesis of undoped and N,S-doped
titania photocatalysts. The photocatalytic efficiency of the synthesized titania powders
was tested by measuring the pVIhotocatalytic degradation of the azo dye C.I. Reactive
Orange 16, under UV or visible light. The efficiency of undoped powder, synthesized
by using carbon tetrachloride and by gel annealing in air at 500 ºC for 3 h, was
investigated in different types of water in comparison to the efficiency of commercial
photocatalyst P25, under UV light. Undoped powders were synthesized also by using
chloroform and cyclohexane, and annealing at different temperatures was applied to
achieve the best performances of the photocatalyst and to avoid using of toxic solvent
for the synthesis. For doping by sulfur, solvent dimethyl sulfoxide (DMSO) was used,
while annealing of gel or powder in ammonia or ammonia/air mixture at 500 ºC for 3 h
was applied for N-doping. The ammonia-treated powders were post-annealed in air at
different conditions to attain the best visible-light activity.
The efficiency of undoped titania, synthesized by using CCl4 as a solvent, was
slightly better than the efficiency of a standard TiO2 powder Degusa P25, under UV
irradiation, in deionized water, as well as in saline waters. Both photocatalysts had
significantly lower efficiency in natural and artificial seawater than in deionized water.

Photodegradation rate constant for these photocatalysts, obtained from the dependence
of the initial degradation rate on the initial dye concentration, had similar values in all
types of water due to similar properties of the photocatalysts. According to the textural
properties, crystallite sizes, morphology and photocatalytic efficiency of the powders
obtained by using carbon tetrachloride, chloroform, or cyclohexane, it was concluded
that type of aprotic solvent had no influence on the titania properties if the solvents are
of similar boiling points.
Significant S-doping was achieved by using DMSO as a solvent, where S(IV+)
and/or S(VI+) substituted Ti4+. However, this substitution caused a very small band-gap
narrowing and just slightly better visible-light activity in comparison to the undoped
titania. Doping with nitrogen provided a much better photocatalytic activity than the Sdoping, regardless of the lower quantity of incorporated nitrogen, It was shown that
annealing of the gel in ammonia flow was much more efficient way for nitrogen
incorporation in the TiO2 structure than the annealing of crystalline titania powder. The
XPS analysis revealed that nitrogen was incorporated interstitially in the titania
structure as N3- anion. Post-annealing in air of the samples obtained by annealing in
ammonia or ammonia/air mixture was necessary in order to achieve a good visible-light
activity. Treatment in static air atmosphere at 400 ºC for 30 min was determined as the
optimal for the post-annealing. The highest photocatalytic activity under visible light
was achieved with N,S-co-doped titania, as a result of high specific surface area,
appropriate mesoporosity and efficient N,S-co-doping.

Keywords: Titania, Non-hydrolytic sol-gel method, Aprotic solvents, Mesoporosity,
Annealing, Photocatalysis, UV light, N-doping, Ammonia, S-doping, Dimethyl
sulfoxide, N,S-co-doping, Visible-light activity, C.I. Reactive Orange 16, Textural
properties, XPS, Optical properties.
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Sinteza i karakterizacija nanostrukturnih fotokatalizatora na bazi
azotom i sumporom dopiranog titan(IV)-oksida za razgradnju
zagađujućih supstanci u vodi pod dejstvom vidljive svetlosti
Izvod
Dopiranjem titan(IV)-oksida nemetalima omogućuje se fotokatalitiĉka aktivnost
pod dejstvom vidljive svetlosti, što predstavlja veliku prednost dopiranog u odnosu na
ĉist TiO2. Najznaĉajniji nemetalni dopanti su azot i sumpor, koji se mogu inkorporirati u
strukturu TiO2 primenom razliĉitih prekursora i postupaka sinteze.
U ovoj disertaciji je za sintezu fotokatalizatora na bazi nedopiranog i N,Sdopiranog TiO2 primenjen nehidrolitiĉki sol-gel postupak u kombinaciji sa
solvotermalnim tretmanom, polazeći od titan(IV)-hlorida i titan(IV)-izopropoksida u
razliĉitim neprotonskim rastvaraĉima. Fotokatalitiĉka efikasnost sintetisanih prahova je
ispitana merenjem stepena fotokatalitiĉke razgradnje azo-boje C.I. Reactive Orange 16,
pod dejstvom UV zraĉenja ili vidljive svetlosti. Efikasnost nedopiranog praha, koji je
sintetisan korišćenjem ugljenik(IV)-hlorida i kalcinacijom dobijenog gela na 500 ºC u
toku 3 h, je ispitivana u razliĉitim vrstama vode, u poreĊenju sa efikasnošću
komercijalnog fotokatalizatora P25, pod dejstvom UV zraĉenja. Nedopirani prahovi su
takoĊe sintetisani korišćenjem hloroforma i cikloheksana, pri ĉemu su gelovi kalcinisani
na razliĉitim temperaturama, da bi se postigla najbolja fotokatalitiĉka efikasnost i
izbeglo korišćenje toksiĉnih rastvaraĉa. Za dopiranje sumporom korišćen je rastvaraĉ
dimetil-sulfoksid (DMSO), dok je dopiranje azotom izvedeno kalcinacijom gelova ili
kristalnog TiO2 praha u struji amonijaka ili mešavine amonijaka i vazduha, na 500 ºC u
toku 3 h. Prahovi kalcinisani u atmosferi amonijaka su naknadno kalcinisani u atmosferi
vazduha, pri razliĉitim uslovima, da bi se obezbedila najbolja aktivnost prahova pod
dejstvom vidljive svetlosti.
Efikasnost nedopiranog TiO2, sintetizovanog korišćenjem CCl4 kao rastvaraĉa,
je nešto veća od efikasnosti standardnog fotokatalizatora Degusa P25, pod dejstvom UV
zraĉenja, u dejonizovanoj vodi, kao i u slanim vodama. Efikasnost oba fotokatalizatora
je bila znaĉajno manja u slanim vodama nego u dejonizovanoj vodi. Konstanta brzine
fotokatalitiĉke razgradnje, odreĊena iz zavisnosti poĉetne brzine razgradnje od poĉetne

koncentracije boje, je bila pribliţno ista u svim tipovima vode, zahvaljujući sliĉnim
svojstvima fotokatalizatora. Na osnovu teksturalnih svojstava, veliĉine kristalita,
morfologije i fotokatalitiĉke efikasnosti prahova koji su sintetisani korišćenjem
ugljenik(IV)-hlorida, hloroforma ili cikloheksana zakljuĉeno je da vrsta neprotonskog
rastvaraĉa nema bitnog uticaja na svojstva sintetisanog praha ako su taĉke kljuĉanja
rastvaraĉa pribliţno iste.
Korišćenjem DMSO kao rastvaraĉa postignuto je znaĉajno dopiranje TiO2
sumporom, pri ĉemu je Ti4+ zamenjen ĉetvorovalentnim i/ili šestovalentnim sumporom.
MeĊutim, ova supstitucija je dovela do veoma malog suţavanja zabranjene zone i malog
povećanja fotokatalitiĉke efikasnosti pod dejstvom vidljive svetlostu u poreĊenju sa
nedopiranim TiO2. Dopiranje azotom je obezbedilo mnogo bolju aktivnost TiO2 pod
dejstvom vidljive svetlosti nego dopiranje sumporom, bez obzira na manji stepen
dopiranja. Pokazano je da je kalcinacija gela u struji amonijaka mnogo efikasniji naĉin
inkorporiranja azota u strukturu TiO2 nego kalcinacija kristalnog praha. XPS analiza je
pokazala da je azot inkorporiran intersticijski, kao N3- anjon. Post-kalcinacija u vazduhu
prahova koji su dobijeni kalcinacijom u struji amonijaka ili mešavine amonijaka i
vazduha je bila neophodna da bi se postigla dobra aktivnost pod dejstvom vidljive
svetlosti. UtvrĊeno je da su optimalni uslovi post-kalcinacije tretman u statiĉkoj
atmosferi vazduha na 400 ºC u toku 30 min. Najveća fotokatalitiĉka aktivnost pod
dejstvom vidljive svetlosti je postignuta u sluĉaju istovremenog dopiranja azotom i
sumporom, zahvaljujući velikoj specifiĉnoj površini dobijenog praha, odgovarajućoj
mezoporoznosti i efikasnom istovremenom N,S-dopiranju.
Ključne reči: Titan(IV)-oksid, nehidrolitiĉki sol-gel postupak, neprotonski rastvaraĉi,
mezoporoznost, kalcinacija, fotokataliza, UV zraĉenje, N-dopiranje, amonijak, Sdopiranje, Dimethil sulfoksid (DMSO), N,S-kodopiranje, Aktivnost pod dejstvom
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1.

Introduction
The

heterogeneous

photocatalysis

is

an

efficient,

economical

and

environmentally friendly advanced oxidation process (AOP) for the degradation and
mineralization of a wide range of organic contaminants in water. It is based on the
formation of very reactive radicals as a result of photo-induced charge separation in the
photocatalyst [1-4]. Metal oxides and sulphides (TiO2, ZnO, Fe2O3, CdS, ZnS etc.)
represent a class of semiconductor materials suitable for photocatalytic purposes.
Among them, TiO2 has proven to be the most promising photocatalyst because of its
strong oxidizing power, cost effectiveness, high catalytic activity, long-term stability,
lack of toxicity, high photochemical corrosive resistance, and abundance of the raw
materials needed [5,6]. The photocatalytic activity of TiO2 as a solid material is
unavoidably influenced by the structural and textural properties, such as: phase
composition, crystallinity, crystallite size, specific surface area, pore size distribution
and morphological characteristics, which are dependant on the synthesis conditions. In
addition, the efficiency of a photocatalyst depends on environmental factors, in other
words some components found in water that processed may affect the efficiency [7].
The applicability of pure TiO2 is limited by its large band gap (3.0 eV for rutile
TiO2 and 3.2 eV for anatase TiO2), meaning it can be activated only under UV
irradiation (λ<380 nm) [8-10]. To overcome this drawback, the doping of TiO2 by
nonmetals, such as N, S, P, C and F, has been applied in order to shift the absorption
onset of TiO2 from UV to the visible region [11-16]. Among the explored nonmetal
dopants, nitrogen and sulfur have been shown to be the most promising for the
enhancement of photocatalytic activity of TiO2 under visible light. Nitrogen can be
incorporated in TiO2 structure as a N3- anion, interstitially or by substituting O2- anions,
while sulfur can be incorporated either as a S2- anion, substituting the lattice oxygen, or
as a cation S(IV+)/S(VI+), substituting Ti4+ [17-19]. Apart from studies about N-doped
and S-doped TiO2, recently a focus has been placed on N,S-co-doped TiO2, which can
further extend the absorption range into the visible-light region improving the
photocatalytic efficiency as a result of the synergy effect of the multiple ions [20–22].
Nitrogen and sulfur can introduced to the TiO2 lattice by employing various
precursors and preparation methods. In general, S-doped titania powders are synthesized
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by different wet-chemical methods, using mainly thiourea as a source of sulfur [23,24],
while N-doped TiO2 can be synthesized by either gas phase annealing (usually in
ammonia atmosphere) [25-27] or by wet-chemical routes, using urea, thiourea,
ammonia, hydrazine etc. as a source of nitrogen [28,29]. Among the wet-chemical
methods for titania preparation, the sol–gel techniques [30-32] have been widely applied
because of the simplicity, low-cost and possibility to control the synthesis conditions. In
addition, the sol-gel methods can provide appropriate textural properties of titania, i.e.
high specific surface area and porous frameworks, which is essential for the
photocatalytic efficiency. Since the small pore size hinders the diffusion of the large
molecules of the organic pollutant into microporous titania, the synthesis of mesoporous
titania is highly desirable to achieve a good photocatalytic degradation of organic
pollutants in water [33-35]. It was shown [7,36] that nonhydrolytic sol–gel process
coupled with solvothermal treatment may produce mesoporous nanocrystalline titania
powders of narrow particle and pore size distributions, with a high photocatalytic
activity under the UV irradiation [33-35].
In this dissertation, a non-hydrolytic sol-gel method was applied for the
synthesis of undoped and N,S-doped and co-doped mesoporous titania. The
photocatalytic activity under UV light of the undoped powder in saline waters and the
influence of the type of solvent used in the synthesis on the properties and
photocatalytic efficiency of the titania, were also investigated. As a precursor for Sdoping, an aprotic solvent dimethyl sulfoxide (DMSO) was used during the gel
synthesis, while the annealing in ammonia stream was applied for N-doping. The
common precursors for N and/or S (i.e. urea, thiourea) were not used during the gel
preparation, because of their low solubility in aprotic solvents used in the synthesis. The
post-annealing in air of ammonia treated TiO2 was optimized in order to achieve the
best photocatalytic activity under visible light [37].
The scientific goals of the research in this dissertation were:
-

sinthesys of mesoporous TiO2 powders by non-hydrolitic sol-gel proces combined
with solvothermal treatment for the application in the photocatalytic degradation
of organic supstances in water under UV and visible light

-

investigation of the influence of the type of solvent used in the synthesis on the
properties and photocatalytic efficiency of undoped powders under UV light,
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-

investigation of the influence of some ions present in salline water on the
photocatalytic efficiency of undoped powders under UV light,

-

investigation of the influence of the type of doping (N-doping, S-doping or N,Sco-doping) and method of N-doping (gel or powder annealing, annealing in pure
ammonia or in a mixture ammonia/air at different ratious) on the properties and
photocatalytic efficiency of the powders under visible light

-

investigation of the influence of conditions of post-annealing in air after
annealing in ammonia on the properties and photocatalytic efficiency of the
powders under visible light

-

determination of the mechanism of TiO2 dopping.

3

THEORETICAL PART

2. Heterogeneous photocatalysis
Heterogeneous photocatalysis is one of the advanced oxidation processes (AOPs)
that involves a semiconductor photocatalyst for the production of radicals, having
stronger oxidation power than ordinary oxidants normally used in water treatment.
When a semiconductor is irradiated by light with energy matching or greater than its
band gap, conduction band electrons (eCD–) and valence band holes (hVB+) are generated.
These excited charge carriers are mobile and capable of initiating many chemical redox
reactions at the semiconductor surface. The excited electrons and holes, however, tend
to recombine quickly, dissipating the energy as heat. Therefore, the photocatalytic
activity of semiconductors is largely dependent on the competition between the surface
charge-carrier transfer and the electron-hole recombination. Thus, in order to carry out
effective semiconductor photocatalysis, two essential criteria need to be satisfied: (1)
optimum light absorption by the semiconductor; and (2) sufficiently long-lived
photoexcited charge carriers to enable the occurrence of the desired reactions [38].
Among a wide spectrum of semiconductors, titanium dioxide (TiO2) has proven
to be the most promising photocatalyst for a wide range of applications because of its
high photoreactivity under UV light irradiation, relatively low cost, nontoxicity,
chemical and biological inertness, and long-term stability against photocorrosion
[4,39].Like other semiconductors, TiO2 bears the inherent drawback of a rapid electron–
hole recombination, and its photocatalytic activity is thus limited. To improve the
photoefficiency of TiO2 photocatalysis, the eCB––hVB+ recombination rate must be
reduced. In addition, TiO2 is a solid-state material, thus its photocatalytic activity is
influenced by particle size and particle size distribution, surface area, crystal and surface
structure. Hence, the strategy to design and prepare TiO2-based photocatalysts with high
photoefficiency has become a major topic leading to intensive research in the field [38].

2.1.

Fundamentals of heterogeneous photocatalysis

A semiconductor (SC) is characterized by an electronic band structure in which
the highest occupied energy band, called valence band (VB), and the lowest empty
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band, called conduction band (CB), are separated by a bandgap, i.e. a region of
forbidden energies in a perfect crystal [40]. When a semiconductor absorbs a photon of
energy equal to or higher than its bandgap, an electron is promoted from its VB to its
CB, within a femtosecond timescale (pathway a in Fig. 1):
SC + hν → e-CD + h VB

(1)

The electrons and holes can be trapped in surface states where they can react
with donor (D) (pathway c in Fig. 1), or acceptor (A) (pathway d in Fig. 1) species
adsorbed or close to the surface of the particle (interfacial charge transfer). In the
absence of suitable electron and hole scavengers, the stored energy is dissipated as heat
within a few nanoseconds by recombination on the surface (pathway e in Fig. 1) or in
the bulk of the particle (pathway b in Fig. 1) [40,41]:

e-CD + h VB → heat (Δ)

(2)

Fig. 1. Mechanism of semiconductor photocatalysis [42].

If a suitable scavenger or surface defect state is available to trap the electron or
hole, recombination is prevented and redox reactions may occur. The valence band
holes are powerful oxidants (+1.0 to +3.5 V vs. normal hydrogen electrode, NHE,
depending on the semiconductor and pH), while the conduction-band electrons are good
reductants (+0.5 to -1.5 V vs. NHE). Most organic (R) photodegradation reactions
utilize the oxidizing power of the holes either directly or indirectly:
5

Direct oxidation:
R + h VB → R   → degradation products

(3)

Indirect oxidation:
Oxidation of adsorbed water:
H2O + h VB → OH  + H+

(4)

Oxidation of adsorbed OH−:
OH− + h VB → OH 

(5)

Hydroxyl radicals are extremely powerful oxidants (Table 1) that react rapidly
with organic species with mineralization producing mineral salts, CO2 and H2O [43].
Table 1. Standard electrochemical reduction potentials of common oxidants [43]
Oxidant

Half-cell reaction

Oxidation potential (V)

OH 

OH  + H+ + e- → H2O

2.80

O3

O3 + 2H+ + 2e- → O2 + H2O

2.07

H2O2

H2O2 + 2H+ + 2e- → 2H2O

1.77

Cl2 + 2e- → 2 Cl-

Cl2
HClO

2HClO + 2H+ + 2e- → Cl2 +2H2O

1.49
1.36

However, to prevent a buildup of charge during the holes reactions, it is
necessary to provide a reducible species to react with the electrons [41]. The electrons
can be rapidly trapped by molecular oxygen adsorbed on the SD particle [43], which is
reduced to form superoxide radical anion ( O2- ) (Eq. 6) that may further react with H+ to
generate hydroperoxyl radical ( HO2 ) (Eq. 7) and further electrochemical reduction
yields H2O2 (Eq. 8). These reactive oxygen species may also contribute to the oxidative
degradation of a pollutant.
O2 + e-CD → O2-

(6)

O2- + H+ → HO2

(7)

O2- + HO2 → OH  + H2O2 + O2

(8)
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The probability and rate of the interfacial charge transfer processes for electrons
and holes depends upon the respective positions of the band edges for the conduction
and valence bands and the redox potential levels of the adsorbate species [44]. The
energy level at the bottom of the CB is actually the reduction potential of photoelectrons
and the energy level at the top of the VB determines the oxidizing ability of photoholes
[40]. The relevant potential level of the acceptor species (species that are reduced) is
thermodynamically required to be below (more positive than) the conduction band
potential of the semiconductor. The potential level of the donor (species that are
oxidized) needs to be above (more negative than) the valence band position of the
semiconductor in order to donate an electron to the vacant hole [44]. The lower edge of
the conduction band, upper edge of the valence band, and band gap of some
semiconductors, are presented in Fig. 2 [44]. The energy scale is indicated in electron
volts using either the normal hydrogen electrode (NHE) or the vacuum level as a
reference. On the right side, the standard potentials of several redox couples are
presented against the standard hydrogen electrode potential.

Fig. 2. Band positions of several semiconductors in contact with aqueous electrolyte at
pH 1 (red colour - the lower edge of the conduction band, green colour - upper edge of
the valence band). [44]
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Apart from possessing suitable band gap energy, an ideal semiconductor should
also be easy to produce and use cost effective, photo stable, nonhazardous for humans
and the environment, effectively activated by solar light and able to catalyze the
reaction effectively [45,46]. TiO2 is close to being an ideal photocatalyst and the
benchmark for photocatalysis performance: it is cheap, photostable in solution and
nontoxic; its holes are strongly oxidizing and redox selective. The single drawback of
TiO2 as a photocatalyst is that it does not absorb visible light. To overcome this
problem, several approaches including dye sensitization, doping, coupling and capping
of TiO2 have been studied extensively [45,46].

2.2.

Structure and photocatalytic properties of titania

2.2.1. Structure of titania

TiO2 exists in nature in several crystallographic forms: anatase, rutile, brookite
and TiO2(B), where brookite and TiO2(B) are much rare polymorphs. Besides these
crystallographic forms, two additional high-pressure forms have been synthesized from
the rutile phase. These are TiO2(II) with a PbO2 structure and TiO2(H), with a hollandite
structure [45,46].
Rutile and anatase have been able to be synthesizing in pure form at low
temperatures until recent days, while other polymorphs are synthesized only under
sensitive conditions [47,48]. Therefore, only rutille and anatase play any role in the
applications of TiO2.
The local order in each phase is represented by an octahedron constituting
oxygen ions at its vertices and titanium atoms at the center with different spatial
arrangements sharing the edges and corners in a different manner [48]. Rutile is
composed of corner-sharing octahedra with each octahedron surrounded by ten
octahedra, in which two are edge-shared and eight are corner-shared (Fig. 3). In anatase,
[TiO6] octahedron is surrounded by eight octahedra (four edge-shared and four cornershared) (Fig. 3). Thus, the fraction of edge-sharing octahedra required to form anatase is
greater compared to rutile [48,49]. The tetragonal unit cell of rutile has the dimensions a

8

= b = 4.587 Å and c = 2.953 Å, while the one of anatase a = b = 3.782 Å and c = 9.502
Å. These differences in lattice structures cause different mass densities and electronic
band structures between the two forms of TiO2 [50]: the density of rutile is higher (4.25
g cm-3) than of anatase (3.894 g cm-3), while the band gap is narrower (3.0 eV) than of
anatase (3.2 eV).

Fig. 3. Crystalline structures of anatase and rutile. The bond length and angles of the
octahedrally coordinated Ti atoms are indicated and the stacking of the octahedral in
both structures is shown on the right side [49].

Rutile is thermodynamically the most stable phase at all temperatures and
pressures up to 60 kbar, where TiO2(II) becomes the thermodynamic favourable phase.
The small differences in the Gibbs free energy (4–20 kJ·mole-1) between the rutile and
anatase suggest that anatase is almost as stable as rutile at normal pressures and
temperatures. The relative phase stability may reverse when particle sizes decrease to
sufficiently low values due to surface-energy effects [45,46]. Anatase is kinetically
stable, i.e., its transformation into rutile at room temperature is so slow that the
transformation practically does not occur. The transformation reaches a measurable
speed at T > 600 oC [51,52], which could explain its higher surface area and its higher
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surface density of active sites for adsorption and for catalysis. The reaction rate of
anatase→rutile transformation is determined by different parameters, such as particle
shape/size [53], the properties of starting material [54], atmosphere [55], reaction
conditions [56], purity [57], surface defect concentration [58], grain boundary
concentration [59], etc.
Inorganic additives, such as alumina [60], and zirconia [61], have been
successfully used to control the anatase→ rutile phase transformation in the preparation
of titania. However, it is difficult to remove the additives from the final products and/or
avoid the possible influence of additives on photocatalytic activity. Recently, authors
investigated controllable synthesis processes of crystalline nanosized titania without any
inorganic additives. Luo et al. [62] synthesized some bicrystalline (anatase and rutile)
and tricrystalline (anatase, rutile, and brookite) mesostructured titania by varying the
solvent and cosolvent (methanol, ethanol, 1-butanol, or 1-octanol, with or without
water). Wang et al. [63] synthesized pure anatase, pure rutile and their mixed phases
under alcohol solvothermal conditions. The amount and configuration of CH2 in
alcohols and the reaction temperature play two key roles in controlling the crystal
structures, grain sizes and morphologies of the final products. Petrović et al. [7]
synthesized mesoporous nanocrystalline titania powders by nonhydrolytic sol–gel
process coupled with solvothermal treatment. The solvothermal treatment temperature
had manifold influences on the structural, textural and photocatalytic properties of the
gels and titania powders obtained by gel calcination. It was shown that by altering the
gelation and calcination temperatures, it is possible to influence and, practically, control
the phase transformation anatase→rutile.

2.2.2. Photocatalytic properties of titania

TiO2 is a wide-bandgap semiconductor that requires the excitation light
wavelength shorter than 386 nm for anatase and 416 nm for rutile. The absorption edge
(threshold) of anatase is therefore in the near UV range, while the absorption of rutile is
extended to visible range. The mentioned values concern single crystals or wellcrystallized samples. Higher values are usually obtained for weakly crystallized thin
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films or nanosized materials. This so-called blue shift of the fundamental absorption
edge in TiO2 nanosized materials has been observed amounting to 0.2 eV for crystallite
sizes in the range 5–10 nm [64,65].
The band positions of TiO2 (Fig. 4) are suitable for achieving the redox
transformation of environmental pollutants. The TiO2 VB places far lower (more
positive) than the oxidation potentials of most organic and inorganic compounds
(electron donors). Most metal oxide semiconductors have the similar EVB potential edge
because VB is primarily composed of O 2p atomic orbitals [66]. Nevertheless, TiO2 is
considered the most active among the metal oxide semiconductors probably because of
the proper position of ECB for the facile transfer of eCB− to O2. In fact, the CB electron
transfer to dissolved oxygen molecule has been considered as the rate-determining step
in semiconductor photocatalysis. Therefore, the presence of alternative stronger electron
acceptor often enhances the photocatalytic reactions significantly. Higher driving force
of electron transfer to O2 for anatase than for rutile, because of the higher ECB of anatase
by ~0.2 eV (Fig. 4), is probably reason for the higher photocatalytic activity of anatase
for most reactions, regardless of the wider band gap. Reactions in which both crystalline
phases have the same photoreactivity or rutile a higher one, are also reported.
Furthermore, there are also studies, which claim that a mixture of anatase (70–75%) and
rutile (30–25%) is more active than pure anatase. The disagreement of the results may
lie in the intervening effect of various coexisting factors, such as specific surface area,
pore size distribution, crystal size, and preparation methods, or in the way the activity is
expressed [46].
In the Fig. 4, primary reaction mechanism of TiO2 photocatalysis is presented:
1- bandgap excitation and electron–hole charge pair creation (Eq. 1),
2: the charge pair recombination (Eq. 2),
3: electron transfer to electro n acceptor (A is usually dissolved oxygen, but
some substrates may undergo the reductive transformation through their direct
reaction with CB electrons),
4: electron transfer to oxygen molecule (Eq. 6),
5: formation of hydroperoxyl radical (Eq. 7),
6: formation of hydrogen peroxide (Eq. 8),
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7: formation of hydroxyl radicals through the reactions of hydrogen peroxide
with the CB electrons
8: hole transfer to electron donor (D is usually organic pollutant) (Eq. 3),
9: hole transfer to surface hydroxyl group (adsorbed water or OH-) to generate
OH radicals (Eqs. 4 and 5)
10: hydroxyl radical-mediated oxidation of organic substrate (DH).

Fig. 4. Schematic illustration for energetics and primary reaction mechanism of TiO2
photocatalysis [66]

As it shown in Fig. 4, organic substances can be oxidized directly by holes or by
radicals. Generally, strongly adsorbed molecules tend to be oxidized directly by hVB+,
while weakly adsorbed ones can be more favorably degraded by OH radicals.
The processes 1-10 take places at different rates. The band gap excitation creates
electrons and holes in femtosecond time scale, which are subsequently trapped in 100 ps
(shallow trap) to 10 ns (deep trap) and recombines with each other in the range of 10–
100 ns:
Charge-carrier trapping:
hVB+ + >TiIVOH → >TiIVOH•+

fast (10 ns)

e-CD + >TiIVOH ↔ >TiIIIOH

very fast (100 ps)

(9)
(10)

(shallow trap, dynamic equilibrium)
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e-CD + >TiIV → >TiIII

fast (10 ns)

(11)

hVB+ + >TiIIIOH → >TiIVOH

fast (10 ns)

(12)

e-CD + >TiIVOH•+ → >TiIVOH

slow (100 nm)

(13)

(deep trap, irreversible)
Surface charge-carrier recombination:

Environmental applicability of semiconductor photocatalysts is directly related
to the interfacial charge transfers of (trapped) holes and electrons, which occur more
slowly in 100 ns and ms ranges, respectively:
TiIVOH•+ + D → >TiIVOH + D•+
III

IV

Ti OH + A → >Ti OH + A

•-

slow (100 nm)

(14)

very slow (ms)

(15)

Obviously, the slow interfacial charge transfer (Eqs. 14 and 15), especially the
electron transfer to oxygen, limits the overall photocatalytic reaction rate.

2.3.

Influence of some fundamental parameters on the TiO2 photocatalysis
Photocatalytic activity of TiO2 depends primarily on structural and textural

properties of the photocatalyst, such as phase composition, crystallite size, surface area,
pore size distribution and morphological characteristics. In addition to the nature of the
photocatalyst, it has been demonstrated that catalyst dosage, character and initial
concentration of the target compound, coexisting compound, light intensity, oxygen
concentration, presence of supplementary oxidizable substance, temperature, circulating
flow rate and pH of aqueous treatments, are the main parameters affecting the
photocatalysis rate.

2.3.1. Properties of the photocatalyst

The photocatalytic activity is not necessarily dependent on catalyst surface area,
but rather on the availability of active sites. Therefore, properties like crystalline
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structure, pore size, density of OH groups, surface acidity, number and nature of trap
sites (both in lattice and at surface), and adsorption/desorption characteristics play an
important role in photocatalytic efficiency [46].
A large surface area can be the determining factor in certain photodegradation
reactions, as a large amount of adsorbed organic molecules promotes the reaction rate.
However, powders with a large surface area are usually associated with large
amounts of crystalline defects, which favour the recombination of electrons and holes
leading to a poor photoactivity. Then, a balance between surface area and crystallinity
must be found in order to obtain the highest photoactivity.
Particle size is an important parameter for photocatalytic efficiency, since the
predominant way of electron–hole recombination may be different depending on the
particle size. Small variations in particle diameters lead to great modifications in the
surface/volume ratio, thus modifying the significance of volume and surface electron–
hole recombinations. Experimental investigations support the existence of an optimum
particle size of TiO2, where photocatalytic oxidation rates of organic substrates are
maximized.
The surface hydroxyl groups play an important role in the photodegradation
process due to: i) direct participation in the reaction mechanism by trapping of
photogenerated holes that reach the catalyst surface producing surface HO•, and ii) a
change in the adsorption of reactant molecules both by acting itself as active sites for
pollutant adsorption and by covering the sites where electron trapping by adsorbed
oxygen takes place. This process is not only important for producing oxygen radicals
but also for hindering electron–hole recombination.

2.3.2. Photocatalyst concentration

The overall photocatalytic reaction rate is directly proportional to the amount of
TiO2 [1], in both (i) the complete-mixed slurry batch reactor where TiO2 particles are
suspended in the aqueous solution, and (ii) the fixed media reactor where TiO2 particles
are attached onto stationary surfaces within the reactor [67]. The increase in the
photocatalyst concentration increases the number of photons absorbed on the
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photocatalyst surface and also increases the number of the organic compound adsorbed
on the surface of photocatalyst and facilitates the photocatalytic activity. However,
when the photocatalyst dosage increases above the optimum level, the photocatalytic
activity decreases due to:
- Aggregation of TiO2 particles that leads to decrease in the number of surface active
sites [68]
- Increase in turbidity of the solution, which reduces the light transmission through the
solution [69].
- When all organic compound molecules are adsorbed on the surface of the catalyst, the
addition of photocatalyst quantities will have no effect on the degradation efficiency
[70].
For applications, this optimum mass of catalyst has to be chosen in order to
avoid excess of catalyst and to ensure a total absorption of efficient photons. The
optimum amount of catalyst for efficient degradation depends mainly on the geometry
and working conditions of the photo-reactor, type of the organic compound and the
morphology and textural properties of the catalyst [71].

2.3.3. Initial compound concentration

Photocatalytic reaction rate is dependent on the concentration of the compound
to be treated: under similar operating conditions, a variation in the initial concentration
of the compound will result in different irradiation time necessary to achieve reaction
completion. Owing to the photonic nature of the photocatalytic reaction, excessively
high concentration of organic substrate is known to simultaneously saturate the TiO2
surface and reduce the photonic efficiency leading to photocatalyst deactivation
[72,73,74]
Generally, the kinetics of photocatalytic reactions follows a LangmuirHinshelwood (L-H) mechanism [75-78], confirming the heterogeneous catalytic
character of the system with a reaction rate r varying proportionally to the fraction of
surface covered θ by the reactant:
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r

dC
K C
 k  k
dt
1 K C

(16)

where k is the rate constant, which is dependent on the diffusion of the reactant into the
pores and the reaction at the interface [41], C is the concentration of the reactant at time
t and K is the Langmuir adsorption to desorption equilibrium constant.
According to the L-H model, the reaction rate is maximum and of the zero order
(r = k) at high reactant concentrations (KC >> 1). When the adsorption is relatively
weak and/or the reactant concentration is low (KC << 1), Eq. (16) can be simplified to
the pseudo-first order kinetics with an apparent first-order rate constant kapp [79-81]:

C
 ln   kKt  kappt
 C0 

(17)

where C0 is the initial concentration of the reactant and C is the concentration after
illumination time t.

2.3.4. Temperature

An increase in temperature is found to be detrimental to the process of
photocatalysis for two main reasons: i) it promotes recombination of photogenerated
electrons and holes, and ii) it promotes desorption of adsorbed reactants [82]. The
increase in temperature above 80 °C highly enhances recombination of charge carriers
and desorption process of adsorbed reactant species, resulting in high decrease of
photocatalytic activity. On the contrary, a temperature below 80 °C favours adsorption,
which is a spontaneous exothermic phenomenon, resulting in enhancing the adsorption
of final reaction products. A further reaction in temperature down to 0 °C will cause an
increase in the apparent activation energy. As a consequence, the optimum reaction
temperature for photocatalysis is reported to be in the range of 20- 80 °C [83].
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2.3.5. Light wavelength and intensity
The variations of the reaction rate r as a function of the wavelength λ follows the
absorption spectrum of the catalyst (Fig. 5a), with a threshold EG corresponding to its
band-gap energy (EG = hc/λ).
Intensity of light affects the rate of transfer of electrons from its VB to CB, and
hence the rate of formation of e-/h+ pair. Higher the intensity, higher is this rate and so
is the rate of photocatalysis. However, with increase in light intensity beyond an
optimum, the rate of photogeneration of e- and h+ becomes more than the rate of the
subsequent redox reactions. The rate of photogeneration is then no longer the controlling
step and hence it gradually becomes less dependent on the intensity of light [82], so the
linear dependency of reaction rate on light intensity is changed to a square-root
dependency above certain threshold value (Fig. 5b). At high intensities, the dependency
of the photocatalytic reaction rate on radiant flux reduced to zero. The optimal light
power utilization corresponds to the domain where the degradation rate is proportional
to light intensity.

Fig. 5. The dependence of photocatalytic reaction rate on: a) light wavelength, b) light
intensity [82].

2.3.6. pH

In heterogeneous photocatalytic water system, pH is one of the most important
operating parameters that affect the charge on the catalyst particles, size of catalyst
aggregates and the positions of conduction and valence bands.
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Catalyst surface charge is determined by solution pH value and value of point of
zero charge, pHpzc. The solution pH value at which the surface charge density of the
catalyst is equal to zero is called the point of zero charge. The point of zero charge for
TiO2 particles is pHpzc= 6.8 [84].
The surface titanol groups of TiO2 (>Ti-OH) undergoes the following acid–base
equilibrium reaction.
TiOH(surface) + H+  TiOH2+ (surface)

(18)

TiOH(surface)+ OH  TiO- (surfase) + H2O

(19)

When operating pH < pHpzc, the surface of the catalyst becomes positively
charged and gradually exerted an electrostatic attraction force towards the negatively
charged compounds. Such polar attractions between catalyst and charged anionic
organic compounds can intensify the adsorption onto the photon activated catalyst
surface for subsequent photocatalytic reactions [85]. At pH > pHpzc, the catalyst surface
will be negatively charged and repulse the anionic compounds in water.
Besides, the interaction between the catalyst particles itself also exists and is
dependent on the operating pH. At pH = pHpzc, the neutral surface charge of the catalyst
particles is unable to produce the interactive rejection for solid - liquid separation. Thus,
this induces catalyst aggregation where the catalyst particles become larger, leading to
catalyst sedimentation.
The solution pH also alters the TiO2 energy levels according to the Nernstian
behavior (−59 mV/pH) due to the pH-dependent surface charge [66]:
ECB(V vs. NHE) = −0.1 − 0.059pH

(20)

2.3.7. Oxygen

Dissolved oxygen plays an important role in photocatalysis reactions because
molecular oxygen acts as a conduction band electron scavenger, suppressing totally or
-

partially the surface electron-hole recombination. The superoxide radical ( O2 ) formed
in this way (Eq. 6) is an effective oxidant agent, as well as hydrogen peroxide (Eq. 7)
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hydroxil radicals (Eq. 8). But, higher concentrations of oxygen lead to a downturn of the
reaction rate, which is attributed to the fact that the TiO2 surface becomes highly
hydroxylated to the extent of inhibiting the adsorption of pollutant at active sites [46].
The total amount of dissolved oxygen in a reactor depends on a few technical
considerations. For the complete-mixed slurry batch photoreactor, the total delivered
dissolved oxygen not only acts as an electron sink but also provides sufficient buoyant
force for complete suspension of TiO2 particles. Photoreactor sparging with pure
oxygen in TiO2 slurry reactor is usually a cost-ineffective solution, as the amount of
dissolved oxygen being held-up is a function of the photoreactor geometry. The
difference between the two sparging media of air and oxygen is usually not very drastic
as the mass transfer of oxygen to the close vicinity of the surface is the rate dependent
step. Generally the Henry‘s law can be assumed to give a good approximation of the
amount of oxygen dissolved under the experimental conditions. In this equilibrium law,
it is also necessary to account for the decrease in oxygen solubility with increasing
reaction temperature. As discussed, it is preferential to operate the photoreactor under
ambient conditions to prevent the elevate cost of air or oxygen sparging for enhanced
electron sink [72].

2.3.8. Water quality

The efficiency of the photocatalyst could be greatly influenced by the components
found in water that processed.
Turbidity is determined by the presence and quantity of contaminants which lead
to losing the water its transparency, and therefore affect the TiO2 photocatalyst process
where reduce the penetration of UV light by strong scattering and absorption of the rays
[86]. The suspended solids in the target water that are retained on the filter medium after
filtration, high concentrations of organic matter and high catalyst concentrations lead to
decline the overall photocatalytic efficiency for water treatment, so the pre-treatment
methods as sedimentation, rapid and slow sand filters, chemical coagulation and
flocculation, and ceramic filters are necessary to reduce turbidity beforeTiO2
photocatalytic processes.
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To ensure rapid photocatalytic reaction rate, the turbidity of the targeted water
should be kept below 5 nephalometric turbidity units (NTU) for optimal UV light
utilization and photocatalytic reaction. The limit of 5 NTU is arbitrary and depends on
the receiving water bodiesand the treatment levels required [87].
Inorganic ions: A number of studies have been conducted on the effects of
different inorganic anions or cations on TiO2 photocatalysis. To date, the effects of both
inorganic cations (i.e. Na+, K+, Ca2+, Cu2+, Mn2+, Mg2+, Ni2+, Fe2+, Zn2+, Al3+) and
inorganic anions (i.e. Cl-, NO3-, HCO3-, ClO4-, SO42-, HPO42-, PO43-) on the
photocatalytic water treatment have been investigated [88,89]. A general consensus
from these studies concludes that Cu2+, Fe2+, Al3+, Cl-, PO43- at certain levels may
decrease photocatalysis reaction rates, while Ca2+, Mg2+, Zn2+ may have negligible
effects.
Several mechanisms for fouling effects of inorganic ions on TiO2 photoactivity
have been proposed. These include UV screening, competitive adsorption to surface
active sites, competition for photons, surface deposition of precipitates and elemental
metals, radical and hole scavenging [90,91] and direct reaction with the photocatalyst.
To resolve TiO2 photocatalyst fouling issue, preventative or regenerative
strategies can be adopted, depending on the nature of the photocatalysts deactivation in
the water matrix. Fouling preventative strategies by means of water pretreatment,
complexation and photocatalyst surface modifications can be addressed, while rinsing
the TiO2 surface with different chemical solutions constitutes the regenerative
strategies.

3. Synthesis of titania powders
The performance of titania materials is strongly dependent on their structural
characteristics, i.e. crystal phase, particle and pore sizes and surface structure, which is
closely related to the method of synthesis. Thus, the synthesis of titania materials has
received increasing attention in recent years [92], because the properties of TiO2 can be
manipulated via careful monitoring of the processing conditions. Among the several wet
and dry methods, synthesis from a homogeneous solution seems to be very promising as
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multiple reaction parameters like precursor concentration, chelating agents, solvents,
mineralizer, pH of the solution, aging time, reaction temperature, and kinetics of
precursor hydrolysis, can be easily adjusted to tailor the intrinsic properties of the final
product. The solution approach offers the possibility to control the reaction pathways on
a molecular level during the transformation of precursor species into final products,
enabling the synthesis of well-defined crystal polymorphs and morphologies, without
impurities [48]. Untill now, a variety of wet methods have been developed for the
synthesis of titania materials, such as: hydro(solvo)thermal method [90], microwave
hydrothermal process [91], the sol–gel process [93-95], the sol–gel process coupled
with hydro(solvo)thermal treatment [96], microwave assisted sol–gel process [97],
ultrasonic-induced precursor hydrolysis [98], etc. The sol–gel techniques [30-32] have
been widely applied because of the possibility to control the synthesis conditions in
order to achieve appropriate textural properties of titania, i.e. high specific surface area
and porous frameworks, which is essential for the photocatalytic efficiency.

3.1.

Production of the TiO2 powders by sol-gel method

In conventional, so-called hydrolytic sol-gel processes [99], sol and gel formation is
due to the formation of Ti-O-Ti bridges through hydrolysis and polycondensation
reactions of the precursors, which are usually inorganic metal salts or metal organic
compounds such as metal alkoxides. Complete polymerization and loss of solvent leads
to the transition from the liquid sol into a solid gel phase.
On the other hand, any reaction leading to the same bridges in good yields could
afford an alternative sol-gel route [100]. Thus, in the so-called non-hydrolytic sol-gel
processes, Ti-O-Ti bridges result, from the condensation between different compounds,
under exclusion of water: alkoxide and halide, acetates and alkoxides, ether and halide,
halide and alcohol, etc. [101]
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3.1.1. Hydrolytic sol-gel method

The hydrolityc sol-gel process can be defined as the conversion of a precursor
solution into an inorganic solid via inorganic polymerization reactions induced by
water. In general, the precursor or starting compound is either an inorganic metal salt
(chloride, nitrate, sulfate, ...) or a metal organic compound such as an alkoxide,
M(OR)n. Metal alkoxides are the most widely used precursors, because they react
readily with water.
In general, the sol-gel process consists of the following steps [102]: i)
Preparation of a homogeneous solution either by dissolution of metal organic precursors
in an organic solvent that is miscible with water, or by dissolution of inorganic salts in
water; ii) conversion of the homogeneous solution into a sol by treatment with a suitable
reagent (generally water with or without any acid/base); iii) aging; iv) shaping; and v)
thermal treatment/sintering.
The route that starts from inorganic salts involves the formation of condensed
species by adjusting the pH, by increasing the temperature or by changing the oxidation
state. Nevertheless, this method has several disadvantages. The aqueous chemistry of
metal ions can be rather complicated because of the formation of a large number of
oligomeric species, depending on the oxidation state, the pH or the concentration. The
role of the counter anions, which are able to coordinate the metal ion giving rise to a
new molecular precursor with different chemical reactivity towards hydrolysis and
condensation, is difficult to predict. These ions can influence the morphology, the
structure and even the chemical composition of the resulting solid phase. In addition,
the removal of these anions from the final metal oxide product is often a problem. Many
of these issues can be avoided by using metal alkoxides as precursors. They are often
soluble in organic solvents, providing high homogeneity, and they can easily be
converted to the corresponding oxide [102].
The main step in a sol-gel reaction is the formation of an inorganic polymer by
hydrolysis and condensation reactions, i.e., the transformation of the molecular
precursor into a highly crosslinked solid. Hydrolysis leads to a sol, a dispersion of
colloidal particles in a liquid, and further condensation results in a gel, an
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interconnected, rigid and porous inorganic network enclosing a continuous liquid phase.
This transformation is called the sol-gel transition.
Hydrolysis of metal alkoxides in excess water leads to the formation of insoluble
hydroxides or hydrated oxides. However, when restricted amounts of water are added,
metal alkoxides undergo partial hydrolysis reactions, yielding soluble species that can
take part in polymerization reactions [103]:
M(OR)n + H2O → M(OH)(OR)n-1 + ROH

(22)

Subsequent condensation reactions involving the hydroxy metal alkoxide
produces polymerizable species with M–O–M bonds and alcohol (ROH) or water as a
by-product:
M(OH)(OR)n-1 + M(OR)n → (RO)n-1M –O–M(OR)n-1 + ROH

(23)

2 M(OH)(OR)n-1 → (RO)n-1M–O–M(OR)n-1 + H2O

(24)

The chemical reactivity of metal alkoxides towards hydrolysis and condensation
depends mainly on the electronegativity of the metal atom, its ability to increase the
coordination number, the steric hindrance of the alkoxy group, and on the molecular
structure of the metal alkoxides (monomeric or oligomeric).
The gels can be dried in two ways. Upon removal of the pore liquid under
hypercritical conditions, the network does not collapse and aerogels are produced.
When the gel is dried under ambient conditions, shrinkage of the pores occurs, yielding
a xerogel [102].
The dry gels are typically amorphous, exhibiting a rather high specific surface
area. A transition from the amorphous to the crystalline phase is typically induced by a
calcination step, leading in most cases to a deterioration of the pore system and an
increase of the particle size associated with a decrease of the specific surface area [104].
The major problem of sol-gel methods based on the hydrolysis and condensation of
alkoxide is the control over the reaction rates. For most alkoxides of titanium, these
reactions are very fast, resulting in loss of morphological and structural control over the
final oxide material. One possibility to decrease and to adjust the reactivity of the
alkoxides is the use of organic additives like carboxylic acids, β -diketones or functional
alcohols, which act as chelating ligands and modify the reactivity of the precursors
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[105]. An alternative strategy involves the slow release of water by chemical or physical
processes, allowing control the local water concentration and thus the hydrolysis of the
alkoxide. In spite of these efforts, the strong sensitivity of hydrolytic sol-gel processes
towards any slight changes in the synthesis conditions and the simultaneous occurrence
of hydrolysis and condensation reactions make it still impossible to fully control the
hydrolytic sol-gel processing of metal oxides. One alternative strategy is provided by
nonhydrolytic sol-gel processes, in which precursors, solvents, experimental conditions,
catalysts, and reaction mechanisms are changed [101].

3.1.2. Non-hydrolytic sol-gel method

In non-hydrolyitic sol-gel chemistry, the transformation of the precursor takes
place in an organic solvent under exclusion of water. Discarding reactions where water
is produced in situ, non-hydrolytic sol-gel methods fall into two groups, depending on
whether they involve hydroxylation reactions or not. In the latter case, rigorously
aprotic conditions are preserved by the use of heterofunctional condensation reactions
excluding hydroxyl groups; such reactions will be referred to as aprotic condensation
reactions [101].
Non-hydrolytic hydroxylation reactions include: i) thermal decomposition of metal
alkoxide precursor (in the temperature range 200-300 °C), where hydroxyl groups are
produced via a cyclic elimination mechanism with liberation of alkene, ii) action of
certain alcohols on halides, iii) reaction of carbonyl compounds such as ketones with
basic metal alkoxides, etc.
In aprotic condensation reactions, formation of an oxo bridge is provided by the
condensation reaction between two different functional groups bonded to two metal
centers by eliminating a small organic molecule. The main important reactions are
[106]:
- reaction between two alkoxides, where dialkil eter is eliminate
M(OR)n + M(OR‘)n → (RO)n-1M–O–M(OR‘)n-1 + ROR‘

(25)
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- reaction between alkoxide and alkoxide modified by carboxylic acid, where ester
is eliminate
M(OR)n + M(OR)n-1COOR‘ → (RO)n-1M–O–M(OR‘)n-1 + ROCOOR‘

(26)

- reaction between alkoxide and metal halide, where alkyl halide is eliminate
MXn + M(OR)n → Xn-1M–O–M(OR)n-1 + RX

(27)

- reaction between metal halide and an organic ether, where alkyl halide is
eliminate
MXn + ROR → RO–MXn-1+ RX

(28)

The reactions of formation of the M-O-M bridges are usually quite slow at room
temperature; in most cases, the oxide formation requires heating between 80 and 150
°C. The only reaction that takes place at room temperature is the redistribution of the
ligands around the metal atoms. In the case of the reaction between TiCl4 and Ti(OR)4,
which is usually applied for the titania synthesis [7,101,106,107], the substituent‘s
around the titanium atoms redistribute at room temperature, which leads to the
formation of an equilibrated mixture of TiCl4-x(OR)x species with 0≤x≤4. Further
heating of the reaction mixture provides formation of a three-dimensional TiO2 network
(gelation) with the by-product of the reaction RCl enclosed in its pores [108], which can
be removed by heating to temperatures over 500°C or by an UV-illumination treatment
[109]. The temperature of the gelation has manifold influences on the structural and
textural properties of the gels and titania powders obtained by gel calcination: the
crystallinity level, the specific surface area and the total pore volume increase, while the
average pore size decreases with increasing gelation temperature [7].

3.2.

Production of mesoporous titania

Titania has been widely used as a photocatalyst for the removal of large organic
molecules from water. Since the small pore size hinders the diffusion of the large
molecules of the pollutant into microporous titania, the synthesis of mesoporous titania
is highly desirable to achieve a good photocatalytic degradation of organic pollutants in
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water. If mesoporous titania could be prepared with an anatase crystalline wall, it would
be a useful material applicable as a high performance photocatalyst [34].
Lots of work has been done in the controllable synthesis of mesoporous titania
with various mesostructures (lamellar, two-dimensional (2D) hexagonal, threedimensional (3D) hexagonal and cubic), pore-wall parameters, morphology (nanotubes
[110], nanoparticles (NPs) [111], nanowires [112], nanosheets [113]), as well as
compositions [114].
There are mainly two pathways to synthesize ordered mesoporous titania, one is
soft-templating method and the other is hard-templating nanocasting approach [114]. In
addition, there are several routes to prepare disordered mesoporous TiO2.
The soft-templating method usually undergoes a coassembly process of the
precursor and surfactant templates. Since the success in the synthesis of ordered
mesoporous silica, there is a tendency to extend this methodology to transition metal
oxide analogues. However, as it already stated, it is not easy to control the reactivity of
transition metal oxide precursors as that of silicates, because they are highly sensitive to
water or even moisture and tend to fast hydrolyze and form dense precipitates prior to
assembly with the surfactant templates. So the key issue in the synthesis of mesoporous
TiO2 is to control the hydrolysis of Ti precursors for the co-assembly with the
surfactants. Since it is not easy to control the hydrolysis and polymerization of Ti
precursors in aqueous solution, the obtained TiO2 materials usually do not have high
mesostructural regularity over large domains.
The hard-templating approach is usually to prepare mesoporous materials in a
confined space, in which the growth of the precursor is restricted to the surface, cages,
channels, or substrate of a ‗hard template‘. The nanoparticles, colloidal crystals and
mesoporous materials have been used as the hard template. If a highly ordered
mesoporous material is used as the template, an ordered mesoporous replica can be
obtained by a controllable nanocasting process [114].
In methods in which a surfactant was used to arrange the mesoporosity, the wall
of the synthesized materials is normally amorphous. Crystallization of these materials
under heat treatment or UV light irradiation could easily destroy the three-dimensional
mesostructure and reduce the photocatalytic activity [91]. Also the removal of surfactant
from the gel pores by extraction was hindered by metallo-surfactant interactions,
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thereby seriously deteriorating the end product. To avoid the collapse of the
mesostructure, several methods have been applied to prepare mesoporous titania
materials without templates. The combination of sol-gel and hydro/solvothermal metods
has been shown as successful in obtaining of mesoporous titania [107-109,115-117]. It
is shown that that hydro/solvothermal treatment significantly affects the physical
properties of porous TiO2, particularly crystal composition, crystallinity, thermal
stability, surface area, pore size distribution and photocatalytic activity.
Guo et al. [118] fabricated two types of 3D mesoporous TiO2 microspheres
using various titanium sources via a one-step solvothermal process without templates.
They investigated the photodegradation of bisphenol A [2,2-bis(4-hydroxyphenyl)
propane, BPA] in aqueous suspension under UV irradiation. The experimental results
revealed that the photocatalytic effect of the two 3D mesoporous TiO2 microspheres
was superior to the commercial P25 TiO2.
The Caruso group [119] studied the synthesis of crystalline, mesoporous TiO2
beads through a facile combination of sol-gel and solvothermal processes. Dyesensitized solar cells made from these mesoporous beads gave a total power conversion
efficiency of 7.2 % under sunlight higher than that obtained using Degussa P25 films of
similar thickness (5.7%).
Tanasković et al. [107] demonstrated that mesoporous titania with well-crystallized
anatase phase can be synthesized by nonhydrolytic sol-gel process combined with
solvothermal treatment, followed by annealing at 500 ºC. They found that the increasing
of gelation time doesn‘t increase the crystallinity of the dry gel and titania powder
obtain by the annealing of the gel. The increasing temperature of the solvothermal
treatment caused increase of the crystallinity level, the specific surface area and the total
pore volume, while the average mesopore size decreased. The photocatalytic activity of
the titania powder tested by measuring the photocatalytic degradation of the azo dye
C.I. Reactive orange 16, was sufficiently high and attained the photocatalytic activity of
the broadly accepted commercial powder P-25 produced by Degussa.
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4. Development of visible light active photocatalysts by titania
modifications
A major shortcoming of pure TiO2 is related to its wide band gap energy of about 3
eV, meaning that only near-ultraviolet radiation can be used for its photo-activation.
This limits the use of zero-cost natural sunlight since solar radiation reaching the
surface of the earth contains only about 3-5% UV radiation [10,120-122]. Therefore, it
is of great interest to find ways to extend the absorbance wavelength range of TiO 2 to
the visible region without lowering its photocatalytic activity.
In addition, the recombination of photo-generated charge carriers is the important
limitation in semiconductor photocatalysis as it reduces the overall quantum efficiency
[123,43]. Smaller band gap of visible light active photocatalysts often results in rapid
recombination and conversion of photonic energy into non-usable heat. As it already
stated, recombination can occur either in the bulk or on the surface and is induced by
defects, impurities and other crystal bulk/surface imperfections [124,125].
Therefore, the main aim of titania modifications is to shift its optical response to
the visible-light region and to reduce the rate of electron-hole pair recombination to
increase its photoreactivity [126]. The common techniques used for TiO2 modifications
[127-137] can be classified into two groups: surface and bulk modifications.
Surface modifications include anchoring colored inorganic semiconductors, for
example CdS and CdSe [127], or organic dyes on the TiO2 surface [128], where they act
as sensitizers. However, most of these sensitizers are susceptible to photocorrosion or
degradation in aqueous solutions and are not suitable for photocatalytic water treatment
applications. In addition, metallic nanoparticles including Pt, Pd, Au, Ag, Ru, and Fe
have been used to enhance the photocatalytic activity by suppressing the e-/h+
recombination behaviors. The photo-induced electrons migrate to the metal due to the
relatively low Fermi level of metals, which make the photo-induced holes stable on the
TiO2 surfaces by increasing the lifetime of the charge carrier [138].
Bulk modifications are mainly effected by doping metals or non-metals into bulk
TiO2. The modified catalysts appear to be photo-stable in aqueous solution and can be
used in photocatalytic water purification.
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The doping is one of the most promising methods to extend the light-absorbing
properties of TiO2, which can also bring other advantages, such as low recombination
rate of electrons and holes and high anatase crystallinity.

4.1.

Mechanism of photoactivity of TiO2 doped with metal cations
Various transition and rare earth metal dopants, including copper (Cu) [139],

zinc (Zn) [140], cobalt (Co) [141], manganese (Mn), nickel (Ni), iron (Fe), chromium
(Cr), vanadium (V), etc., have been analyzed to change titania bandgap and shift the
photo-response into visible spectrum. Another benefit of transition metal doping species
is the improved trapping of charge carriers to inhibit electron-hole recombination during
illumination [44,114,142].
In transition-metal-doped titania, there are two different positions that the dopant
ions can occupy in the lattice, i.e., substitutional and interstitial. If the ionic radius of the
dopant is similar to that of Ti4+, the dopant will conveniently take the substitutional
mode. If the dopant radius is much smaller than the Ti4+, interstitial doping is also
possible. The dopant ions should be within an appropriate concentration to exclude
phase separation between the dopant and the matrix.
Upon metal-ion doping, new energy states can be formed either within or
beyond the band gap of TiO2 (Fig. 6). Due to the formation of intra-band-gap energy
levels, the light absorption edge can be red-shifted (shifted to higher wavelength) by
electronic transitions from the VB to these levels and/or from these levels to the CB
[143].
In the Fig. 6, the energy states formed by doping with chromium and iron are
presented. The most frequently employed valence states of Cr and Fe ions are Cr3+ and
Fe3+, respectively. If these cations are incorporated into the TiO2 lattice by substituting
Ti4+, the electroneutrality as a whole requires the simultaneous formation of oxygen
vacancies, the amount of which should be equal to half of the incorporated cations:
M2O3 → 2 M'Ti + VO + 3Oo

(29)
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where M refers to the corresponding metal (Fe or Cr), M'Ti is dopant metal in the Ti4+
position, VO represents the oxygen vacancy, the energy level of which lies slightly
below the CB edge (Fig. 6); OO denotes the oxygen atom at its normal lattice site.

ECD

EVB

Fig. 6. Energy states in TiO2 after being doped by Fe, Cr and V ions [143].
Similarly, for pentavalent dopants such as V5+,
2M2O5 → 4 M T i + VT4i' + 10Oo

(30)

where VT4i' represents cation vacancies that are good hole acceptors (as shown in Fig. 6;
after excitation, holes in the VB can be trapped at these sites to form VT'''i and VT'' i states
above the VB edge); M T i denotes the defect sites that are good electron acceptors (upon
acceptance of one or two photoelectrons, V4+ and V3+ states can be formed within the
bandgap).
Although quite a large number of examples exist in the literature on materials
exhibiting enhanced light absorption properties, it should be pointed out that the
absorption of light is a necessary but not a sufficient condition to promote
photocatalytic activity. It is important that metal-ion dopants can greatly alter the
lifetime of photogenerated charge carriers and thus photocatalytic activities. At
appropriate concentrations, the dopants can selectively trap one charge carrier and allow
another one to reach the particle surface to be able to take part in the desired redox
reactions. On the other hand, dopant ions can also act as recombination centers for the
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photoelectrons and holes and thus decrease the photocatalytic performance. The
frequently reported decrease in photoactivity of metal-ion-doped TiO2 with increasing
dopant concentration above a certain doping level is a good illustration of this
phenomenon [143].
Many examples seemingly suggest that a direct relationship exists between the
charge carrier lifetime and the photoactivity of metal-ion-doped photocatalysts. The
longer the lifetime, the higher the photoactivity. However, such a statement should not
be generalized because the relationship between the charge carrier lifetime and the
photoactivity is not straightforward and unambiguous. For examples, photogenerated
holes could be trapped either deeply or shallowly. Those deeply trapped holes that were
rather long-lived exhibited almost no activity. On the other hand, shallowly trapped
holes had strong activity. Moreover, there are also other effects caused by metal-ion
doping on the photoactivity of catalysts, such as changes in the surface hydrophilicity,
changes in the adsorption ability towards reactant molecules, changes in the thickness of
the space charge region near the surface, etc. Sometimes, these factors may exhibit
opposite effects when present simultaneously [143].

4.2.

Mechanism of photoactivity of TiO2 doped with nonmetal species
Compared with metal dopants, nonmetal dopants, such as carbon [15,144],

sulfur [13], phosphorous [145] and nitrogen [11,12,146,147], may be more appropriate
for the extension of the light absorbance of TiO2 into the visible region because their
impurity states are near the valence band edge, but they do not act as charge carriers,
and their role as recombination centers might be minimized. Among all nonmetal-doped
TiO2 materials, N- and S-doped TiO2 nanomaterials have been found to exhibit superior
photocatalytic activity under visible light irradiation.
Generally, mechanisms of non-metal doped TiO2 photocatalysis include (Fig. 7):
narrowing band gap (hv1: pure TiO2; hv2: non-metal doped TiO2); facilitating electron
transfer from the bulk of the TiO2 structure to the surface region (reaction sites); and
enhancing adsorption of contaminants (RH) [147].
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Fig. 7. Mechanisms of non-metal doped TiO2 photocatalysis [147].
A high level of doping does not necessarily correspond to a high photocatalytic
performance [148,149]. The dopant element, in fact, usually leads to active species for
photocatalysis under visible light but, at the same time, it can form species having a
detrimental effect on the material photoactivity [150].

4.2.1 Nitrogen doped TiO2 (N-TiO2)
Among anionic dopants, nitrogen is one of the most effective elements to
promote visible light photoactivity. Due to atomic size comparable to oxygen, low
ionization ebergy and high stability, nitrogen can be easily introduced in the TiO2
structure.
Sato et.al [151] investigated the first non-metal doped TiO2 in 1986 where they
obtained N-TiO2 powders from a commercial titanium hydroxide by calcination. The
powders showed higher photocatalytic activity for oxidation of carbon monoxide and
ethane than standard TiO2 in the visible region. However, at that time, this result did not
attract attention. Later on, Asahi et al. [152] reported the band-gap narrowing of
titanium dioxide by nitrogen doping where they prepared TiO2-xNx films by sputtering
the TiO2 target in a N2(40%)/Ar gas mixture and by treating anatase powder in the
NH3(67%)/Ar atmosphere at 600°C for 3 h. Since then, dopping of titania by nitrogen
has been intensively investigated.
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The efficiency of N-TiO2 under visible light depends on many factors: the
synthesis procedure (sol–gel, ion implantation, magnetron sputtering, oxidation of
titanium nitride, etc), dopant position and concentration [153], the crystal phase of the
TiO2 [154], the interaction between the N centers and oxygen vacancies [155], the
intensity of light irradiance [27], the type of pollutants, etc. [23].
Recently, significant efforts are being devoted to investigating the structural,
electronic and optical properties of N-doped TiO2, understanding the underlying
mechanisms and improving the photocatalytic and self-cleaning efficiency under visible
and solar light [156,157].

4.2.1.1.

Electronic structure of nitrogen-doped TiO2

There are different opinions regarding the origin of visible-light absorption for
nitrogen-doped TiO2:
a) Band gap narrowing: Asahi et al. [152] proposed that the narrowed band gap of TiO2
contributes to the visible light absorption of nitrogen-doped TiO2 by mixing O 2p states
with the N 2p states (Fig. 8A) that cause elevating the valence band edge.
b) Impurity energy level: Irie et al. [158] stated that TiO2 oxygen sites substituted by
nitrogen atom form isolated impurity energy levels above the valence band. Irradiation
with UV light excites electrons in both the VB and the impurity energy levels, but
illumination with visible light only excites electrons in the impurity energy level (Fig.
8B).
c) Oxygen vacancies: Ihara et al. [159] suggests that the visible-light absorption of
nitrogen-doped TiO2 originates from the localized states of the oxygen deficiencies
caused by nitrogen doping, observed at ~ 0.8 eV below the bottom of the conduction
band [128], rather than from the nitrogen dopant itself (Fig. 8C).
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Fig. 8. The possible origin of visible light absorption in doped TiO2 by non-metal
doping [160].

4.2.1.2.

Incorporation of nitrogen in TiO2 matrix

Nitrogen can be incorporated into the crystal lattice either substitutialy or
interstitialy (Fig. 9).

Fig. 9. Substitutional (a) and interstitial (b) incorporation of nitrogen in TiO2 lattice
[161]

In substitutional doping, nitrogen atom is bound to three Ti atoms and replaces
lattice oxygen, where every two nitrogen sites create one oxygen vacancy in the lattice
due to charge balancing. In the case of nitrogen gas as a source of nitrogen, reaction of
vacancy creation can be written as:
N2(g) + 3 OOx ↔ 2 N'O + VO + 3/2 O2(g)

(31)

Therefore, nitrogen incorporation promotes oxygen loss. The state of
substitutional nitrogen appearing slightly above the valence band edge (0.14 eV) as
shown in Fig. 10 [17,162].
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Fig. 10. Electronic band structure for: a) pure anatase, b) substitutional N-doped
anatase, and c) interstitial N-doped anatase TiO2 [163].
In interstitial doping (Fig. 9b), nitrogen binds to the oxygen forming N—O type
bond surrounded by three atoms of Ti, where the NO bond generates localized states
with π character. The two bonding states are deep in energy and lie below the top of O
2p band, while the two antibonding states lie above the O 2p band (0.74 eV), shown in
Fig. 10 as inter-band site. Some authors describe the interstitial nitrogen as Ti —O —N
or Ti —N —O, but without defining a geometric arrangement of atoms [164].
The interstitial doping also creates oxygen vacancies, but the concentration is
three times higher than in substitutional doping:
N2(g) + 3 OOx ↔ 2 N'O'' + 3 VO + 3/2 O2(g)

(32)

The binding energy ranges from 396 to 398 eV for substitutional nitrogen, and
400 to 406 eV for interstitial nitrogen [164,165].
The location of nitrogen doping in TiO2 is critical to its behavior as a
photocatalyst, but there is controversy regarding which position is most beneficial.
The state of N in titania depends upon the way it is introduced through several
preparation methods/techniques. On the other hand, many reports have shown that a
combination of both substitution and interstitial doping generally occurs during nitrogen
doping of the TiO2 lattices [166].
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4.2.1.3.

Synthesis of nitrogen-doped TiO2

N-doped TiO2 materials have been prepared by various methods, either physical
(ion implantation [167,128], magnetron sputtering [168], chemical vapor deposition
[169], annealing under N2 or NH3 flow at high temperatures (>550 ◦C) [170,171]) or
chemical (solvothermal treatment [172], sol-gel synthesis [173], chemical treatment of
TiO2 [127], oxidation of titanium nitride). The most common methods for preparing NTiO2 powders are: the hydrolysis of organic and inorganic titanium compounds with
ammonia water (sol-gel methods) followed by heating the resultant precipitates or their
mixtures with urea [174,175], the nitridation of TiO2 colloidal nanoparticles with
alkylammonium salts at room temperature [23], the mechanochemical reaction of titania
with hexamethylenetetramine or urea [24], the spray pyrolysis from a mixed aqueous
solution containing TiCl4 and nitrogen precursor [25], and the heat treatment of a TiO2
precursor in an ammonia atmosphere [8,26,27,176].
The most versatile technique for the synthesis of N–TiO2 powders is the sol–gel
method, which requires relatively simple equipment and permits good control of the
material‘s nanostructure, morphology and porosity. The incorporation of nitrogen in the
TiO2 matrix could be achieved by two ways:
- Adding of the dopant in the sol during the gelation stage [128].
- Synthesis of TiO2 first, then nitrogen doping by using various nitrogen containing
compounds (e.g. urea, thiourea, ethylamine and NH3 or gaseous nitrogen at high
temperatures [177-179].
An often-used heat treatment of TiO2 under NH3 atmosphere as a nitrogen
source has various advantages, such as no residual organic material and improvement of
specific surface area [180].
Fang et al. [176] prepared N-doped TiO2 photocatalysts by annealing two
different precursors, P25 and a TiO2 xerogel powder under NH3/Ar flow at 500, 550,
and 600 oC. The xerogel powder prepared by peptizing Ti(OH)4 with HNO3 was
composed of nanoparticles and had large specific surface area. During the annealing
process, the xerogel powder underwent increase in crystallinity, grain growth and phase
transformation, whereas P25 did not show obvious changes. The N-doped TiO2
photocatalysts obtained from the xerogel powder possessed higher concentrations of the
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substitutional nitrogen and exhibited more obvious visible-light activities for
photodegrading methylene blue than P25. The sample prepared at 500 ºC achieved the
best performances.
Mozia et al. [181] prepared N-doped TiO2 photocatalysts by heating amorphous
TiO2 in gaseous NH3 atmosphere at 200-100 oC. The photocatalytic activity of the
investigated catalysts was determined on a basis of a decomposition rate of nonionic
surfactant. N-doping narrowed the band-gap of TiO2 in case of catalysts prepared at
temperatures 800–1000 oC For catalysts prepared at temperatures 400–1000 oC an
additional absorption edge in the vis-range occurred. The most photoactive catalysts
were those obtained by calcination at 300, 500 and 600 oC.
Kang et al. [182] prepared N-TiO2 by the grinding of TiO2 in gaseous NH3 at
room temperature, followed by heating at low temperature as 200 ◦C for 60 min. The
doping behaviors could be regulated by adjusting NH3 amount and grinding periods and
the rotational speed of planetary ball mill as well. NH3 atmosphere helped to improve
surface area due to the delay of aggregation, and post-heating treatment enhanced
photocatalytic activity through improving of surface area by removal of surface
impurities such as NH3 and NH4+ related compositions.
Balcerski et al. [183] prepared N–TiO2 by high temperature ammonia treatment
of anatase TiO2. The TiO2 powders were first treated between 500 and 600 °C under
NH3/Ar (80:20) gas flow at 1 atm for 3 h and then treated under air for 1 h. The Ndoped TiO2 powders were found to be active for the degradation of formic acid under
visible light. However, the catalytic efficiency of the N-doped TiO2 under UV light
alone is less than that of the pure TiO2 starting material. An optimal synthesis
temperature of 550 °C can be seen as a balance point between catalyst crystallinity and
the presence of defect sites that can absorb visible-light photons.
Chen et al. [26] synthesized N-doped and oxygen-deficient TiO2 photocatalysts
by heating commercial TiO2 in NH3 atmosphere, followed by a postcalcination process.
The photocatalytic efficiency of the samples was analyzed by the degradation of gasphase benzene under visible light irradiation. The NH3 heat treatment of TiO2 resulted
in not only nitrogen doping but also creation of oxygen vacancies with optical
absorption in visible-light region. The postcalcination is found to be positive by
dramatically removing surface amino species, decreasing surface Ti3+ defects,
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facilitating the generation of O2•−radicals, improving the separation of photogenerated
carriers on the NH3 treated catalyst and exhibiting a high visible-light activity toward
benzene degradation. The photocatalytic conversion rate of benzene over the
postannealed catalyst was much higher than that on the NH3-treated TiO2 before
postcalcination. The visible-light photoactive centers of doped TiO2 were identified to
be substitutional N species and oxygen vacancies.

4.2.1.4.

Synthesis and photoactivity of substitutional and interstitial N-doped TiO2

Preparation methods and conditions largely affect the position of N in the TiO2
matrix [161]. In excess of oxygen and nitrogen, interstitial nitrogen doping is definitely
preferred. However, under highly reducing conditions, as it is after annealing at high
temperature, substitutional nitrogen species in parallel with oxygen vacancies could be
favored.
Peng et al. [184] compared the photocatalytic properties of substitutional
nitrogen doped TiO2 prepared by physical method (calcination in ammonia) and
interstitial nitrogen-doped TiO2, prepared by chemical method (microwave synthesis).
Both substitutional and interstitial N can enhance the photoactivity of TiO2 in visible
light. Moreover, the visible light activity of interstitial N-doped TiO2 is higher than that
of substitutional N-doped TiO2.
Nitrogen-doped anatase titania nanobelts [185] are prepared via hydrothermal
processing and subsequent heat treatment in NH3. Both the nitrogen content and the
oxygen vacancy concentration increase with increasing the NH3 treatment temperature.
Nitrogen atoms were induced on the interstitial site at a low N doping level. It was
shown that at 1.53 at % level, the interstitial sites became saturated and extra N atoms
were located on the substitutional sites in the anatase lattice. The visible light responsive
photoactivity of the N-doped titania originated from the excited electrons from the N 2p
states on the edge of the valence band maximum (VBM) and the local N 2p levels above
the VBM. The 3d states of Ti3+ below the conduction band, which were associated with
oxygen vacancies, acted as the electron-hole recombination centers, leading to the
reduction of photocatalytic activity.
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Kalantari et al. [186] synthesized N-TiO2 photocatalyst via a direct impregnation
reaction using urea as nitrogen source, which was assisted by ultrasonic irradiation from
TiO2–P25 precursor. Nitrogen was effectively incorporated into the TiO2 lattice as both
substitutional and interstitial forms. N doping caused narrowing the band gap of the
TiO2 and a red shift in the absorption edge was observed toward visible light by
formation of a new energy level in the TiO2 band gap. The N–TiO2 photocatalyst
exhibited efficient photocatalytic activity for dibenzothiophene oxidation under the
visible light irradiation compared with the TiO2–P25. N doping resulted in a decrease in
the crystallite size and an increase in the specific surface area of TiO2.
Zeng et al. [17] prepared both substitutional and interstitial nitrogen doped TiO2
by a simple annealing method, assisted by adjusting gas composition to control the
positions of nitrogen dopants in TiO2 lattice. The presence of oxygen in the atmosphere
really affects the location of nitrogen dopant in the lattice. In this case, the nitrogen
dopants favor to occupy the interstitial sites in the lattice. In pure NH3, substitucional NTiO2 was formed.
The authors proposed, according to results and previous investigations, that the
visible light response in the case of substitutional N-doped TiO2, arise from occupied N
2p localized states which is located slightly above the valence band edge. In the case of
interstitial N-doped TiO2, the visible light response arise from occupied π* character NO localized states located slightly above the valence band edge. Both substitutional and
interstitial N doped TiO2 could respond to visible light, since the band gap of TiO2
become narrow after annealing in NH3 or NH3/air mixture. Nonetheless, strong light
harvesting does not mean excellent photocatalytic property. Many factors including
phase structure, specific surface area, recombination rate of electron-hole pairs and
crystalline size et al. can affect the photocatalytic performance. In the experiment,
substitutional N-TiO2 possessed higher photocatalytic activity than the interstitial NTiO2. The difference in photocatalytic activity is attributed to the different location of
nitrogen in the lattice of TiO2 and the proportion of surface hydroxyl group for the
samples. For pure TiO2, gaseous benzene cannot be decomposed under visible light
illumination since the width of bandgap has not changed (Fig. 11B). However, both
doped samples can respond to visible light since the band structure have been narrowed
by nitrogen doping (Fig. 11 A and C). In Fig. 11A, the oxygen vacancy energy level
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lies below the bottom of the conduction band and the N 2p state mixes with valence
band for N-TiO2, whereas, the isolated Ni-energy level is formed in interstitial N-TiO2.
The recombination of electron-hole pairs occurs in isolated Ni-energy level. In addition,
the surface hydroxyl group plays an important role in improving photocatalytic activity.
The proportion of surface hydroxyl group in substitutional N-TiO2 was higher than that
in interstitial N-TiO2. Therefore, the substitutional N-TiO2 possessed better
photocatalytic property than interstitial N-TiO2.

Fig. 11. Electronic band schematics of photocatalytic degradation of benzene for
substitutional N-TiO2 (A), pure TiO2 (B) and interstitial N-TiO2 [17].

4.2.2. Sulfur doped TiO2 (S-TiO2)
Sulphur doping into TiO2 crystal structure has been widely studied as it
produced alike band gap narrowing as observed in case of other non-metals doping.
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4.2.2.1.

Chemical nature and structural location of sulphur in TiO2

The origin of the visible-light responsive S-doped TiO2 still remains unclear
because of several issues. The most important one concerns the chemical nature and the
structural location (substitutional, interstitial, etc.) of the S-doping species responsible
for the enhanced photoactivity. Some authors suggested that the observed red-shift of
the optical absorption edge in S-doped TiO2 is due to a band gap narrowing induced by
a rigid shift of the valence band resulting from a mixing between S 3p and O 2p orbitals
[18,187]. On the other hand, some authors have attributed the observed visible-light
sensitization of S doped TiO2 to an excitation from localized impurity states in the band
gap to the conduction band [188,189-191]
Sulfur was detected as hexavalent (SVI+), tetravalent (SVI+), or sulfide (S2−),
depending on the preparation condition and the sulfur precursor [192,193,18]. In
cationic S-doped TiO2, sulfur is incorporated as a SIV+/SVI+ cation, substituting Ti4+ to
form Ti-O-S bonds [194]. The unit cell parameters decrease because of smaller ionic
radius of SVI+/SVI+ compared to that of Ti4+. In anionic S-doped TiO2, sulfur
incorporated as S2-anion, substituting the lattice oxygen to form O-Ti-S bonds [18,19].
Unit cell parameters increases due to larger ionic radius of S2− compared to that of O2−.
[195,196]. The binding energy is around169.2 eV for SVI+ and around163.6 eV for the
S2− species.
Successful insertion of anionic sulfur into the TiO2 lattice is far more difficult to
achieve than nitrogen, due to its larger ionic radius. The insertion of cationic sulfur
(SVI+/SIV+) is chemically favorable over the anionic form (S2−) [43], because of
smaller ionic radius of SIV+/SVI+ compared to that of Ti4+ [197]. It has also been
proved that cationic S-doping of TiO2 is much more stable than anionic doping and its
exothermicity is significantly higher than for anionic doping. Consequently, the cationic
doping appears as the most probable state, while anionic doping is metastable [190].
Irrespective of sulphur oxidation state, the photocatalytic activity was found to be
enhanced.

41

4.2.2.2.

Synthesis and photoactivity of S-doped TiO2

S-doped titania powders have been synthesized by different methods, using
different sources of sulfur.
In 2002, Umebayashi et al. [187] successfully synthesized S-doped TiO2 by
oxidation annealing of TiS2 [10,17]. According to their report, the S atoms replaced O
atoms and the S-doped TiO2 showed optical absorption red-shift. The authors stated that
the mixing of the S3p states with the valence band contributed to the band gap
narrowing.
Later researches have shown parallel findings when taking TiS2 or CS2 as sulfur
sources [21]. According to them, most of the sulfur in TiS2 or CS2 was oxidized and the
residual sulfur would naturally remain as S2− that favors the replacement of oxygen
atoms in the O–Ti–O framework [144,13].
Sulfur-doped anatase TiO2 nanoparticles with sulfur atoms occupying oxygen sites
were also realized by low-temperature (120 oC) hydrothermal oxidation of titanium
disulfide (TiS2) with deionized water as the solvent [161]. The authors stated that S
doping can effectively narrow the bandgap of TiO2 because S 3p level is higher than O
2p orbital. The large surface area caused by this doping method induces higher
photocatalytic activity in the visible regime compared with S-TiO2 oxidized at high
temperature.
On the contrary, Ohno and other groups [13] found that sulfur atoms were
incorporated as cations and replaced Ti ions when taking thiourea or sulfate as sulfur
sources in the S-doped TiO2 nanopowders. They confirmed that the substitution of Ti4+
by S6+ was chemically more favorable than replacing O2− with S2−, due to the different
ionic radius among them.
Periyat et al. [198] successfully developed cationic S-doped TiO2 through
modification of titanium isopropoxide with sulphuric acid. Sulfur doping in hightemperature stabilized anatase titania was easily achieved by the decomposition of
TiOSO4 formed by the initial reaction between titanium isopropoxide and sulfuric acid.
Sulfur-modified samples showed extended anatase phase stability up to 900 °C and
increased visible light photocatalytic activity.
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Cationic S–TiO2 was also prepared by the reaction of titanium butoxide and
thiourea in methanol [199]. It was showed, similar as in research of Periyat et al. [198],
that anatase structure was stabilized up to 700 °C, as sulphate groups (from
decomposition of thiourea) anchored on TiO2 delayed the anatase to rutile
transformation. In addition, the increase of the calcination temperature led to a decrease
of the sulphur content. It caused a formal blue shift of the edge of corresponding diffuse
reflectance spectra from visible to UV range.
Ma et al. [13] synthesized, by using electrospinning method, both cationic and
anionic S-doped TiO2 nanofibers, employing thiourea and CS2 as the sulfur sources. In
cationic S-doped sample synthesized by using thiourea, the crystalline reduced in size
via Ti4+ substitution by S6+, because its smaller ionic radius compared to that of Ti4+.
Similarly, the crystalline sizes increased when O2− was substituted by S2− in anionic Sdoped sample synthesized by using CS2. Both types of S-doped TiO2 nanofibers showed
significant photodegradation and mineralization of organic compounds. Results showed
that photoinduced holes (h+) and chemisorbed hydroxyls (OHads−) on catalyst surface
played a vital role in the photocatalysis obtained with thiourea, but photoinduced holes
(h+) and electrons (e−) had the nearly equal importance in the case of samples
synthesized with CS2.
Abu Bakar et al. [191] prepared also both cationic and anionic S-doped TiO2 via
template free and low-temperature oxidant peroxide method (OPM) assisted
hydrothermal treatments. As a sulphur source, thiourea was used for cation doping,
while CS2 was used for anionic doping, similar as in other researches. Similar as in the
research of Ma et al. [13], the authors found that SVI+ substituted for Ti4+ in cationic Sdoped sample reduced the crystalline size due to a smaller ionic radius of SVI+ as
compared to Ti4+, whereas S2− substitution for O2− increased the crystalline sizes in
anionic S-doped TiO2 samples. The anionic S-doped TiO2 photocatalysts showed higher
photocatalytic activity due to reduced crystallite size and scavengers test revealed that
holes and electrons played the nearly equal role for its higher photocatalytic activity.
Whereas, in the case of cationic S-doped TiO2 photocatalysts the creation of new
impurity levels could be mainly responsible for enhanced higher photocatalytic
efficiency due to oxidation of surface chemisorbed hydroxyl ions by photoinduced
holes. Therefore, it was revealed that doping levels and degree of surface chemisorbed
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hydroxylation are largely accountable for the enhanced photocatalytic activity of Sdoped TiO2 photocatalysts.

4.2.3. Non-metal co-doping

Although the monodoped nonmetal or metal atoms can obviously enhance
photocatalytic performance, they always act as the recombination centers because of the
partially occupied impurity bands. It has been recognized theoretically that codoping
using two or more foreign atoms can passivate the impurity bands and decrease the
formation of recombination centers by increasing the solubility limit of dopants [200].
Co-doped systems involve combinations of cations and anions [201] or two
anions together within the oxide lattice that may modify conductivity and optical
properties of titania or introduce new electronic states that may lie closely to conduction
or valence band of titania. TiO2 with an appropriate combination of nonmetals doping
would result in more visible light sensitive photocatalysts for a desired application,
because of the synergistic effect tuning the electronic structure [202,203].
The modified N-doped TiO2 usually showed favorable effects for improving the
photocatalytic activity in the range of visible light compared to N-doped TiO2.
The (N,S)-co-doping TiO2 can play a vital role in significantly improving
photocatalytic activity because of the strong synergistic interaction between S and N, in
which the surface separation of photoexcited electron-hole pairs is promoted.
Consequently, the VB of TiO2 shifts to a positive direction, which leads to higher
oxidative ability and degradation ability towards pollutant under visible light irradiation
[200]. Etacheri et al. further proved that the formation of isolated S 3p, N 2p, and π* NO states between the VB and CB was responsible for the visible light absorption
(Fig.12) [204]. As it already stated, the energy states created by substitutional nitrogen
(N 2p) is positioned 0.14 eV above the valence band, whereas interstitial nitrogen (π*
N-O) states lie higher in the gap at 0.73 eV. It is also reported that cationic S-doping
creates an additional S 3p level positioned 0.38 eV above the valence band of TiO2 (Fig.
12).
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Fig. 12. Electronic structure of Ti1-xSxO2-yNy [204].
N,S-co-doped TiO2 materials have been usually prepared by addition of urea,
thiourea or other N,S containing substances to the initial solutions containing titanium
precursor [18,205], or by treatment of crystallized TiO2 with such modifiers [206,207].
Naik et al. [208] synthesized sulfur and nitrogen incorporated mesoporous TiO2
(SNT)

nanocomposites

by

a

template-free

homogeneous

coprecipitation

of

TiOSO4·xH2SO4·xH2O, thiourea, ethanol, and water. The photocatalytic activities of the
catalysts were evaluated for the degradation of methyl orange and phenol under direct
solar light. SNT shows about a 2-fold higher photocatalytic activity than singly N-doped
or S-doped mesoporous TiO2 and 3-fold higher than Degussa P25. The authors
concluded that high visible-light-driven photocatalytic activity is mainly due to the
narrowing of the band gap. High surface area, small crystallite size, wormhole
mesoporosity with a narrow pore size distribution, and large pore volume are also the
determining factors for the enhanced photocatalytic activity. Besides all of the above
facts, the electronic environment of the SNT nanocomposites having N-Ti-O and O-TiNO environments is mainly responsible for visible light absorption. The presence of
Ti3+ states produced through substitutional N-doping has also a leading role for high
photocatalytic activity. Sulfate species anchored on TiO2 as a cocatalyst contribute to an
enhancement of surface acidity, separation and transfer of charge carriers, increase in
surface area, inhibition of phase transformation, and hence contribute to an overall
increase in the photocatalytic activity.
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Yau et al. [209] prepared mesoporous N,S-co-doped TiO2 by a solvothermal
method starting from tetrabutyl orthotitanate and thiourea as the sources of the nitrogen
and sulfur doping. The results confirm that N and S have been incorporated into the
lattice of anatase TiO2, N replacing O site and S replacing Ti site in anatase lattice,
which brings an obvious red-shift of the absorption edge into visible-light region.
Moreover, the codoped products exhibit high photocatalyticactivity under the visiblelight irradiation.
Zhang et al. [210] prepared the N,S-co-doped TiO2 nanowires by a hydrothermal
route, using titanium sulfate as a precursor and isopropanol as a protective capping
agent. Photocatalytic activity evaluation demonstrated that the N,S-codoped TiO2 NWs
calcined at 600 ºC exhibited the best photocatalytic performance for the degradation of
atrazine under visible light irradiation and had a good ability of recyclable and cycling
use. This benefit comes from the synergistic effect of N and S on narrowing the band
gap and separating electron–hole pairs of photocatalysts, and prohibition of the anataseto-rutile transformation temperature at 600 ºC.
Behpour et al. [211] prepared homogeneous and transparent N,S-co-doped TiO2
nanocrystalline thin films by sol-gel dip coating method using thiourea as a source of
sulfur and nitrogen. The surface structure of the films was modified by addition of
different concentrations of polyethylene glycol (PEG) into the TiO2. The results showed
only the anatase TiO2 was formed in both film and powder and N,S-codoping led to
lower crystallite size, red-shift absorption and high photocatalytic activity under
irradiation of both visible and sun light.
Ju et al. [212] prepared successfully N,S-co-doped TiO2 photocatalysts at a
nanometer scale by hydrothermal process, and photocatalytic activity of the obtained
powders for degradation of methyl orange under sunshine irradiation was studied.
Experimental results indicate that the nitrogen was incorporated into the lattice of TiO2
substitutionally or interstitially, while sulphur existed as SVI+. The incorporation was
responsible for narrowing the band gap of TiO2 and shifting its optical response from
ultraviolet to the visible-light region.
Yu et al. [213] prepared highly photoactive nanocrystalline mesoporous N,S-codoped TiO2 powders by hydrolysis of Ti(SO4)2 in a NH3·H2O solution at room
temperature. The photocatalytic activity was evaluated for the photocatalytic oxidation
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of acetone and formaldehyde under UV light and daylight irradiation in air,
respectively. The results showed that the as-prepared TiO2 powders exhibited a stronger
absorption in the UV–vis light region and a red shift in the band gap transition due to
N,S-co-doping. Sulphur was incorporated anion and cation, while nitrogen was
interstitially incorporated. The photocatalytic activities of the as-prepared N,S-co-doped
TiO2 powders calcined at a temperatures 400–700 °C were higher than that of
commercial Degussa P25. The high activities of the N,S-co-doped TiO2 can be
attributed to the results of the synergetic effects of strong absorption in the UV–vis light
region, red shift in adsorption edge, good crystallization, large surface area and two
phase structures of undoped TiO2 and N,S-co-doped TiO2.
N,S-co-doped titania powders were also prepared by thermal treatment of TiO2
with N,S-containing substances, thiourea and ammonium thiocyanate and the properties
of the obtained powders were compared with the N-doped TiO2, synthesized by using
urea. The N and S were introduced preserving the crystalline structure, morphology and
specific surface area of the initial TiO2. The level of N,S-co-doping varied depending on
the modifier. In all samples, N was found interstitially incorporated in the TiO2 lattice. S
was recorded in ionic states SVI+ and SIV+. All modified powders exhibited enhanced
visible light absorption and narrower energy band gap in comparison to the initial
titania. The photocatalytic activity in NOx oxidation under UV light decreased after
doping, while the activity under visible light did not increase for all modified samples.
This outcome was related to the high level of N and S doping and intense e−–h+
recombination on dopants sites. The activity of the photocatalysts in NOx oxidation
processes was also connected to the type of non-metal dopant in the lattice of TiO2. The
beneficial effect of N-doping was ascribed to the preferential formation of •OH species
on N-doped surface, whereas the detrimental effect of N,S-co-doping was credited to
the suppressed •OH production on S-doped surface.
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EXPERIMENTAL PART

5.

Experimental procedure

5.1.

Materials and reagents

The following reactants of p.a. grade were used for the titania synthesis:
- Titanium(IV) chloride (TiCl4) produced by Sigma-Aldrich
- Titanium(IV) isopropoxide (Ti (OiPr)4) produced by Sigma-Aldrich
- Dimetyl sulfoxide (DMSO) produced by Sigma-Aldrich
- Carbon tetrachloride (CCl4) produced by Acros Organic
- Chloroform (CHCl3) produced by Merck and
- Cyclohexane (C6H12) produced by Merck
The azo dye C.I. Reactive Orange 16 (RO16) was used in the photocatalytic
experiments, as a model for dissolved organic substances. It was obtained from
CHT/Bezema (commercial name Bezaktiv Orange V-3R) and used without any
purification. The structure of the dye is shown in Fig. 13, and the general characteristics
are presented in Table 2.

Fig. 13. The structure of dye C.I. Reactive Orange 16

Table 2. The general characteristics of dye C.I. Reactive Orange 16 (λmax - the
wavelength of the most intense UV/Vis absorption, Mw – molecular weight)
Chemical formula

IUPAC name

C20H17N3Na2O11S3

disodium (3Z)-6-acetamido-4-oxo-3[[4(2-sulfonatooxyethylsulfonyl)
phenyl]hydrazinylidene]naphthalene-2
sulfonate

λmax
(nm)
494

M
(g·mol-1)
617.5

Appearance
Red
powder
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Three types of water were used in the photocatalytic experiments:
-

deionized water (DIW), produced by Milipore Waters Milli Q purification unit,
resistance 18 MΩ cm

-

natural seawater (SW), obtained off the coast of Greece and passed through 2
μm filter, and

-

artificial seawater (ASW)
The concentration of major cations and anions in natural seawater was

determined on a Metrohm ion chromatography instrument, 861 Advanced Compact IC
MSM II and the results are presented in Table 3. The instrument specifications are:
conductivity detector with chemical suppression; controlled flow ranging from 0.2 to
2.5 cm3·min-1; maximum pressure of 35 MPa. The columns specifications are: Metrosep
A Supp 5-150 (for anion analysis), anion eluent - 3.2 mmol Na2CO3/1.0 mmol
NaHCO3; Metrosep C2-150 (for cation analysis), cation eluent - 4 mmol taric acid/0.75
mmol dipicolinic acid; suppressor solution - 50 mmol H2SO4. Prior to the analysis, all
samples were filtered through 0.45 μm filters and degassed in the S100 ELMASONIC
ultrasonic bath. The standard solutions were prepared from deionized water and the
standard ion solutions.

Table 3. Ionic composition of NSW
Concentration (mmol·dm-3)

Ion
Cl-

564.1

Na+

488.9

K+

8.74
2+

Mg

45.22

Ca2+

8.56

SO42-

27.91

The quantities of salts for ASW preparation were calculated according to the
composition of NSW given in Table 3. The prepared ASW had the following
composition: 488.9 mmol·dm-3 NaCl, 8.74 mmol·dm-3 KCl, 25.91 mmol·dm-3
MgCl2·6H2O, 19.36 mmol·dm-3 MgSO4·7H2O and 8.56 mmol·dm-3 CaSO4.
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5.2.

Synthesis of undoped TiO2 powders
Undoped TiO2 powders were prepared by the non-hydrolytic sol–gel method

coupled with solvothermal treatment, starting from TiCl4 and Ti(OiPr)4, by using
different solvents: CCl4, CHCl3 or C6H12. The reactants were mixed in the molar ratio
1:1:1 (10 cm3 Ti(OC3H7)4, 3.7 cm3 TiCl4 and 3.3 cm3 solvent) in a glove box under a
protective atmosphere of nitrogen. The initial experimental stage comprised the mixing
of Ti(OiPr)4 and solvent, followed by adding of TiCl4, drop by drop. The obtained
mixture was subsequently heated in an autoclave, in the presence of excess solvent (45
cm3), at 160 °C for 3 h in order to form a gel. The so-synthesized gels were dried at 100
°C under a nitrogen flow and the dry gels were donated as G160(CCl 4), G160(CHCl3)
or G160(C6H12), according to the temperature of gelation and the solvent used in the
synthesis. All gels were dark-brown.
The dry gels were annealed in air atmosphere, at different temperatures (T =
350, 400 or 500 °C) for 3 h to obtain undoped titania powders (P160/T(CCl4),
P160/T(CHCl3) or P160/T(C6H12)). The denotation of the powders includes letter P
(powder), temperature of gelation (160 °C), temperature of annealing (350, 400 or 500
°C) and solvent used in the synthesis (CCl4, CHCl3 or C6H12). All the obtained powders
presented a typical bright white color.

5.3.

Synthesis of doped TiO2 powders

5.3.1. Doping by sulfur

Sulfur-doped TiO2 was synthesized by the same procedure as undoped ones
(section 5.2), only the solvent was DMSO, used as a source of sulfur, and the gelation
temperature was 200 °C (gel G200(DMSO)) [214]. As in the case of undoped titania,
the dry gel was annealed in air at 500 °C for 3 h, and the obtained white powder was
denoted as P200DS (P – powder, 200 – temperature of gelation, DS – doped by S).
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5.3.2 Doping by nitrogen
5.3.2.1.

Annealing in ammonia flow

For nitrogen doping, gels G160(C6H12) and G200(DMSO) were annealed in
ammonia flow, in a tube furnace [214]. Initially, the air in the furnace was pumped out
by flow of nitrogen for 60 min and then ammonia flowing was stabilized at a rate of 200
cm3·min−1. Afterwards, the furnace was heated from room temperature to 500 ºC and
annealing at this temperature lasted 3 h, followed by natural cooling to room
temperature under the NH3 gas. Both obtained powders were black.
The same procedure of annealing was applied for the undoped powder
P160/500(C6H12), and dark yellow powder was obtained [214].

5.3.2.2.

Post-annealing in air

The black powder obtained by G160(C6H12) annealing in ammonia flow was
post-annealed in a static air atmosphere, at different temperatures (T = 350, 400 or 450
o

C), during 30 or 60 min. The obtained powders were denoted as P160DN/T(30 or 60

min).
The powders obtained by G200DMSO and P160/500(C6H12) annealing in
ammonia flow were further annealed in a static air atmosphere at 400 °C for 30 min and
denoted as P200DNS (doping by N and S) and P160PDN (powder doped by N),
respectively.

5.3.2.3.

Annealing in ammonia flow followed by annealing in air flow

To avoid the two-step process of annealing and post-annealing in two furnaces,
the gel G160(C6H12) was annealed and post-annealed in a tube furnace. First, annealing
was performed in ammonia flow at 500 ⁰C for 3 h, and then the temperature was
lowered to 400 ⁰C, where the ammonia flowing was stopped and the stream of air was
turned on at the same flow rate as ammonia. In the air stream, annealing was performed
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for 30 or 60 min. The obtained TiO2 powders were denoted as P160DN*(30min) and
P160DN*(60min), respectively.

5.3.2.4.

Annealing in a mixture of air and ammonia

The gel G160(C6H12) was annealed in a tube furnace, in a mixture of air and
ammonia, at ratio 1:3, 1:5 or 1:15. The obtained black powders were further annealed at
400 °C for 30 min in a static air atmosphere and denoted as P160DNR1, P160DNR2 and
P160DNR3, respectively.

5.4.

Characterization methods

5.4.1. X-ray diffraction (XRD) analysis

The phase composition of the samples was determined by a BRUKER D8
ADVANCE, with a Vario 1 focusing primary monochromator (CuKα1 radiation, λ=
1.54059 Å). The average crystallite size was determined by using the Scherrer‘s
equation:

D

K
 cos

(33)

where:
λ is wavelength of X-ray radiation,
β is the width of the X-ray diffraction line at its half maximum,
K is the Scherrer constant and
θ is the angle of diffraction

5.4.2. Nitrogen adsorption-desorption isotherms

The specific surface area, pore volume and pore size distribution of the samples
were determined according to nitrogen adsorption–desorption isotherms obtained at ~
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196 °C by using a Micrometrics ASAP2020. Before the measurements, the samples
were degassed at 150 °C for 10 h under the reduced pressure (< 1 Torr). The specific
surface area was calculated according to (BET) method (SBET) from the linear part of the
nitrogen adsorption isotherm.
Calculation of the specific surface area is based on the direct application of the
Brunauer, Emmett, Teller (BET) equation:

p
1
(c  1) p


V ( p0  p) Vmc
Vmc p0

(34)

where:
- p is the partial pressure of the adsorbate (Pa)
- p0 is saturation vapor pressure of the adsorbate (Pa)
-V is volume of gas adsorbed at standard temperature and pressure (273.15 K and
atmospheric pressure)
- Vm is volume of gas adsorbed at standard temperature and pressure to produce an
apparent monolayer on the sample surface
- c is a constant equal to the quotient of the molar enthalpy of the adsorbate and the
universal gas constant multiplied with T at which adsorption takes place
The dependence of 1/V[(p0/p)-1] of p/p0 is usually linear in the range 0.05 ≤ p/ p0
≤ 0.35. The value of the slope and the intercept of the line are used to calculate Vm and
the c constant. The specific surface area, SBET, of the powder is calculated from the
equation:

S BET 

Vm  N  A
M

(35)

where:
N is Avogadro's number, 6.02·1023 (mol-1)
M is the molar mass of nitrogen (g∙mol-1)
A is a cross section of nitrogen molecule (16.2∙10-20 m2).
The total pore volume (Vt) was given at p/p0 = 0.998. The volume of the
mesopores (Vmeso) and the pore size distribution were determined according to the
Barrett, Joyner and Halenda (BJH) method from the desorption isotherm.
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5.4.3. Field emission scanning electron microscopy (FESEM)

The morphology of the powders was characterized by a Tescan MIRA3 FESEM,
with the electron energies of 20 kV in a high vacuum. The samples were coated with
thin layer of Au/Pd using a standard sputtering technique.

5.4.4. Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HR-TEM)

The TEM and HR-TEM micrographs were obtained using a Jeol JEM-2010
operating at 200 kV. The samples were prepared by dispersing the material in ethanol.
A drop of the dispersion was placed on a carbon coated copper grid and they were let to
dry under ambient condition. The Digital Micrograph 3.7.1 software was used for the
micrographs analysis.

5.4.5. X-ray photoelectron spectroscopy (XPS)

The XPS analyses were carried out on the PHI-TFAXPS spectrometer produced
by Physical Electronics Inc. The samples in the form of powders were pressed onto an
adhesive carbon tape. The sample surfaces were excited by X-ray radiation from
monochromatic Al source at the photon energy of 1486.6 eV. During data processing
the spectra were aligned by setting the C 1s speak at 284.6 eV, characteristic for C–
C/C–H bonds. The high-energy resolution spectra were acquired with energy analyzer
operating at the resolution of about 0.6 eV and the pass energy of 29 eV. The accuracy
of binding energies was about 70.3 eV. The quantification of the surface composition
was performed from XPS peak intensities taking into account the relative sensitivity
factors provided by instrument manufacturer. The XPS spectra were fitted using the
Gaussian-Lorentzian functions.
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5.4.6. Fourier transform infrared (FTIR) spectroscopy

The FTIR analysis was performed on a MB BOMAN HARTMANN 100
instrument in the wave number range from 4000 to 400 cm-1. The samples were
prepared by the KBr disc method, at the sample: KBr ratio of 1:100.

5.4.7. UV–Vis diffused reflectance spectra

The UV–Vis diffuse reflectance spectra were recorded on a Shimadzu 2600UV–
Vis spectrometer with an integrating sphere attached and using BaSO4 as a reference.
The spectra were recorded in the wavelength range 300–600 nm. The diffuse reflectance
measurements were converted into the equivalent absorption coefficient by applying the
transformation based on the Kubelka–Munk function (Eq. (36)):

F ( R ) 

(1  R ) 2
2 R

(36)

where R∞=R/Rref is the reflectance of the sample.
The band gap energy was determined using the Tauc plot of the transformed
Kubelka-Munk function of [F(R∞)hν]1/2 (for the indirect energy transition) versus the
photon energy hν, by extrapolation of the linear part of the curve to the F(R∞)=0
[215,216].

5.5.

Photocatalytic activity determination under UV and visible light
A batch –type quartz reactor (cylindrical shape, inner diameter 4 cm, volume 50

cm3) was used for the catalytic runs. The setup was in a closed housing to prevent the
external light effect. The reactor had a water-cooling jacket, and the illumination was
provided by a Philips HPR 125 W lamp (having the strongest emission wavelength of
364 nm). The lamp was placed 10 cm from the surface of the reaction mixture. For the
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visible light, an appropriate filter (GG400 Farbglass SCHOTT), which cuts off the
wavelength below 400 nm, was placed on top of the reactor at about 20 cm above the
liquid level. The catalyst's suspended form was sustained by using a magnetic stirrer
(500 rpm) (Fig. 14).
The photocatalytic efficiency of the titania powders was investigated in the
process of degradation of dye C.I. Reactive Orange 16 (RO 16), at the dye concentration
of 50 mg·dm-3 for experiments with UV light and 20 mg·dm-3 for experiments with
visible light. The concentration of TiO2 powder was 1 g·dm-3. In all the experiments, 25
cm3 of the dye solution and 25 mg of the titania powder were placed in the reactor,
mixed ultrasonically for 10 min, followed by magnetic stirring for 30 min in dark, to
attain the adsorption/desorption equilibrium. The concentrations of dye in the starting
solutions and the concentrations of the dye remaining in the solutions after stirring in
dark and after 15, 30, 45, 60, 75 and 90 min of irradiation were determined by UV–Vis
spectroscopy (Shimadzu UV-160A 145 instrument). The solutions for UV–Vis
spectroscopy analysis were prepared by passing the solution through a syringe filter
(pore size of 0.22 mm) in order to remove the particles of the photocatalyst.

UV lamp
Filter
Batch reactor
Magnetic stirrer

(a)
(b)
Fig. 14. Experimental set-up used for the photodegradation of RO16 under: (a) UV
light, (b) visible light.

The photocatalytic experiments were performed:
-

at initial dye concentrations 20, 40, 60, 80 and 100 mg·dm-3, in deionized
(DIW), natural (NSW) and artificial (ASW) sea water; in order to compare
the efficiency under UV light of titania P160/500, previously synthesized by
non-hydrolytic sol-gel process with CCl4 as a solvent [7], with the efficiency
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of commercial powder P25 at initial dye concentration 50 mg·dm-3 in order
to compare the efficiency of titania powders synthesized by using different
solvents and annealed at different temperatures, under UV light
-

at initial dye concentration 20 mg·dm-3 in order to compare the efficiency of
doped titania powders under visible light.
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6. Results and discussion
6.1. Comparison of photocatalytic efficiency of powder P160/500 synthesized by
nonhydrolytic sol-gel method and commercial P25

In this dissertation, non-hydrolytic sol-gel method coupled with the solvothermal
process [7] was applied to synthesized doped TiO2 powders, since the previous
investigations proved that this method produces mesoporous, nanocrystalline pure TiO2
powders of narrow particle and pore size distribution, with the activity under UV light
comparable to the activity of commercial powder Degusa P25. In order to confirm high
photocatalytic efficiency of such synthesized powder P160/500 [7] at different
conditions, the photocatalytic experiments with P160/500 and P25 were performed at
different concentrations of dye RO16 in three types of water, DIW, NSW and ASW.
Photocatalytic activity is usually investigated in deionized water, but the
photocatalyst efficiency could greatly depend on the environmental factors, in other
words, some components found in the processed water may affect the photocatalyst
efficiency [217-219]. Saline waters were chosen for testing of P160/500 and P25
photocatalytic activity due to its high content of ions and some other compounds, i.e.
organic matter, which can influence the activity of photocatalysts.
Specific surface area of P-25 is 45.7 m2∙g-1, the pore volume is 0.177 cm3∙g-1, the
average pore size is 7.57 nm, the crystalline size is 29.5 nm and it consists of 72.7 %
anatase and 27.3 % rutile [220], while the point of zero charge, pHPZC, is 6.4 [221].
Powder P160/500 consists of pure anatase and its specific surface area is 52.8 m2∙g-1,
the average pore size is 11.1 nm, the pore volume is 0.209 cm3∙g-1 and the crystalline
size is 26.4 nm [7]. The point of zero charge [222] of P160/500 is 6.5. Scanning electron
micrographs (SEM) of the titania powders are presented in Fig. 15.
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Fig. 15. Scanning electron micrographs (SEM) of: a) P160/500 and b) P25.

6.1.1. The comparison of the photocatalysts efficiency in different types of water

The results of photodegradation of dye in DIW, NSW and ASW by P25 and
P160/500 are presented as a dependence of normalized concentration, C/C0 = C/Cdark,
vs. time illumination t, where Cdark is the concentration of RO16 after 30 min stirring in
dark and C is the concentration of RO16 after illumination time t (Figs. 16 and 17). The
dependences of -ln(C/Cdark) vs. t for data in Figs. 16 and 17 are linear (insets of Figs. 16
and 17), as confirmed by the value of correlation coefficient R2 almost equal to 1
(Tables 4-6). The derived kapp values (Eq. 17) corresponding to their respective initial
dye concentration, Co, is also presented in Tables 4-6.
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Fig. 16. Photocatalytic degradation of dye RO16 by P25 powder in: a) DIW, b) NSW
and c) ASW (UV irradiation at room temperature; P25 concentration was 1 gdm-3). The
corresponding linear plots of the photocatalytic decolorization kinetics are given in the
insets.
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Fig. 17. Photocatalytic degradation of dye RO16 by P160/500 powder in: a) DIW, b)
NSW and c) ASW (UV irradiation at room temperature; P160 concentration was 1
gdm-3). The corresponding linear plots of the photocatalytic decolorization kinetics are
given in the insets.
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Table 4. The kapp values of photodegradation of RO16 by P25 and P160/500 in DIW
depending on the initial dye concentration (UV irradiation at room temperature; TiO2
concentration was 1 gdm-3)
Type of titania

P25

P160

kapp (min−1)

R2

kapp (min−1)

R2

20

0.3109

0.9902

0.4267

0.9934

30

0.2207

0.9999

0.2389

0.9917

40

0.1545

0.9936

0.1874

0.9983

60

0.0898

0.9887

0.0962

0.9966

80

0.0512

0.9988

0.0846

0.9959

C0 (mgdm-3)

Table 5. The kapp values of photodegradation of RO16 by P25 and P160/500 in NSW
depending on the initial dye concentration (UV irradiation at room temperature; TiO2
concentration was 1 gdm-3)
Type of titania

P25

P160

kapp (min−1)

R2

kapp (min−1)

R2

20

0.1173

0.9902

0.1590

0.9671

30

0.0890

0.9995

0.1260

0.9810

40

0.0700

0.9926

0.0827

0.9974

60

0.0470

0.9887

0.0620

0.9915

80

0.0322

0.9988

0.0310

0.9955

C0 (mgdm-3)
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Table 6. The kapp values of photodegradation of RO16 by P25 and P160/500 in ASW
depending on the initial dye concentration (UV irradiation at room temperature; TiO2
concentration was 1 gdm-3)
Type of titania

P25

P160

kapp (min−1)

R2

kapp (min−1)

R2

20

0.1299

0.9969

0.2651

0.9973

30

0.1062

0.9917

0.1380

0.9964

40

0.0723

0.9980

0.0699

0.9774

60

0.0426

0.9908

0.0441

0.9841

80

0.0306

0.9831

0.0341

0.9683

C0 (mgdm-3)

From the results presented in Figs. 16 and 17, it can be seen that the efficiency
of photocatalytic degradation of RO16 by both P25 and P160/500 in DIW, NSW and
ASW decreases as the initial concentration increases, which is in good agreement with
decreasing trend of kapp values, shown in Tables 4-6. This can be explained in terms of
the saturation of limited number of accessible active sites on photocatalytic surface.
When dye concentration is increased, the amount of dye adsorbed on the catalyst
surface also increased, resulting in a reduction of light intensity reaching the
photocatalyst [223], since the absorption of RO16 [224] well matches the absorption of
titania [220] in the UV part of spectrum. The absorption edge of titania powders is 387
nm [220], while the RO16 has three absorption bands in the UV region, centered at 388
nm, 302 nm and 254 nm [224].
Both photocatalysts showed the highest photocatalytic activity in DIW, where
the dye concentration decreased more rapidly with time than in NSW and ASW, as seen
in Figs. 16 and 17. Consequently, kapp values are much higher for the dye
photodegradation in DIW than in SW and ASW. The observed decrease of dye
photodegradation efficiency in salt waters is explained by fouling effects of inorganic
ions on titania photoactivity. Several mechanisms for fouling effects of inorganic ions
on titania photoactivity have been proposed [218]. These include UV screening,
competitive adsorption to surface active sites, competition for photons, surface
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deposition of precipitates and elemental metals, radical and hole scavenging and direct
reaction with the photocatalyst.
Furthermore, according to kapp values for photodegradation in saline waters, it
can be seen that the photocatalytic efficiency is higher in ASW at lower concentrations
(20 and 30 mg·dm-3), while at higher concentrations the efficiency is slightly higher in
NSW, for both photocatalysts. It could be assumed that the better efficiency in ASW
than in NSW is because NSW contains, besides major cations and anions (Table 3),
some other ions (carbonate and bicarbonate) and organic substances. It was reported
that carbonate and bicarbonate ions act as electron scavengers and thus they are
expected to be responsible for lowering the degradation rate [225]. However, when the
photocatalysis takes place in air atmosphere, oxygen is more powerful scavenger of
electrons formed in TiO2 after illumination than carbonate and bicarbonate ions. In
addition, the reaction rate constants of hydroxyl radicals with carbonate and bicarbonate
ions are much smaller than the values given for the other ions [226]. Therefore, it is
likely that organic substances present in NSW influence the activity of titania powders
by adsorption and blocking active sites onto their surface. The differences in
photocatalytic activity in ASW and NSW may be also the result of different pH values
of the suspensions during the reaction. The pH values of the suspensions in NSW were
higher than pHPZC of the titania, while in the case of suspension in ASW, the pH values
were aproximately equal to the titania pHPZC. Accordingly, adsorption of the dye anions
should be less favorable at negatively charged titania surface in NSW than in ASW.
These results show that, besides major ions, organic compounds naturally present in
seawater have a large influence on photocatalytic activity of titania powders.
Consequently, the artificial seawater that contains major seawater ions cannot be used
as a model for prediction of photocatalysts activity in natural seawaters.
By comparing the photocatalysts P25 and P160/500, it can be observed that
P160/500 had slightly better photocatalytic efficiency than P25 in all three types of
water. The values of kapp in all three types of water for P160/500 are higher than for P25
(with experimental uncertainty for higher concentraction of dye). It is well known that
the efficiency of semiconductors is influenced by many factors, such as crystalline
structure, particle size, specific surface area, adsorption capacity, and prevention of
electron–hole pair recombination reactions. In comparison with P25, powder P160/500
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has slightly higher specific surface area, higher pore volume and larger pores, which
contributes to its better photocatalytic efficiency with respect to P25. On the other hand,
P25 crystallites are slightly larger than of P160/500 and P25 contains 72.7 % anatase
and 27.3 % of rutile, while P160/500 contains pure anatase. These features contribute to
better photoactivity of P25. It was shown [227] that, in comparison to pure anatase,
mixed-phase titania catalysts show greater photoeffectiveness in UV region due to the
stabilization of charge separation by electron transfer from rutile to anatase, which
slows recombination. Despite the fact that P160/500 contains pure anatase, its
photocatalytic efficiency is slightly higher comparing to P25, probably due to higher
specific surface area and larger pores. For the same quantity of adsorbed dye, surface
coverage will be higher in the case of TiO2 with lower specific surface area, which
causes higher reduction of light intensity reaching the photocatalyst and consequently
lower photocatalytic activity. In addition, different types of aggregation of the primary
particles of P160/500 and P25 (Fig. 15) caused different pore volumes and pore sizes of
the powders. Pore size is very important parameter for photocatalysis, because large dye
molecules cannot enter small pores and, in that way, surface of such pores is
inaccessible for the reaction.

6.1.2. The influence of initial dye concentration on the initial photodegradation rate

The effect of initial dye concentration, after 30 minutes in dark, Cdark, on its
initial photodegradation rate ro with P25 and P160/500 in DIW, NSW and ASW is
demonstrated in Fig. 18. Values of r0 (in mgdm-3min-1) were obtained according to the
results presented in Figs. 16 and 17, as the dye concentration decay at 5 minutes of
photoreaction. It can be observed from Fig. 18 that the initial degradation rate increased
with increasing the initial dye concentration and then remained almost constant.
According to the L-H model [228,229] (Eq. 16, r = r0 and C = Cdark), such dependence
of r0 on Cdark indicates that the oxidation rate is first-order at lower concentrations and
becomes zero-order at higher concentrations, where the reaction rate becomes
independent of the dye concentration (meaning a saturation-type Langmuir kinetics).
Such Langmuir-type relationship between the initial degradation rate and concentration
indicates that adsorption plays a role in the photocatalytic reaction.
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From Fig. 18 it is obvious that the highest values of initial reaction rate for both
photocatalysts were observed for the DIW, than for the ASW, and the lowest for NSW,
as it was found for the efficiency of the photocatalysts according to the overall reaction
rate for the different dye concentrations.
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Fig. 18. Effect of initial RO16 dye concentration on its initial photodegradation rate
with: a) P25 and b) P160/500 in DIW, NSW and ASW (UV irradiation at room
temperature; RO16 concentration was in the range of 20 - 80 mgdm-3; TiO2
concentration was 1 gdm-3).

The experimental data presented in Fig. 18 were fitted to the hyperbolic
function, expressed by equation (37) [230]:
(37)
in which Y = ro, x = Cdark, b = K and a = k.
The parameters K and k were estimated by an optimization procedure using
MATLAB and presented in Table 7.
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Table 7. The parameters k and K obtained by fitting the experimental data of the
photocatalytic dye degradation by P25 and P160/500 in DIW, SW and ASW (UV
irradiation at room temperature; RO16 concentration was in the range of 20 - 80
mgdm-3; TiO2 concentration was 1 gdm-3)
Type of

P25

titania

P160

Type of

K

water

-3

(mg·dm ·min )

(dm·mg )

mes

DIW

4.4364

0.0669

ASW

3.5383

SW

2.4275

*

K
-1

K

K

(mg·dm ·min )

(dm·mg-1)

mes*

0.0487

4.9546

0.0695

0.0362

0.0622

0.0119

3.1995

0.1964

0.0035

0.0786

0.0631

2.2746

0.0975

0.0005

-1

*

-3

-1

(mes) mean standard error

The results given in Table 7 show that the values of the photodegradation rate
constant k for both types of photocatalysts is higher in DIW than in saline waters, which
indicates that inorganic ions have inhibiting effect on the photoactivity of both titania
powders. In addition, the values of photodegradation rate constant for both
photocatalysts are lower in natural seawater than in artifitial seawater. The value of k for
the photocatalytic decolorization in DIW by using P160 is slightly higher than with P25,
probably because of higher surface area and larger pores. But the values of k for
P160/500 in ASW and NSW are lower than for P25 in these waters, indicating that
influence of inorganic ions is slightly more pronounced for P160/500 than for P25.
Presented results showed that the photocatalytic efficiency of powder P160/500
in deionized and saline waters under UV irradiation is comparable and even slightly
higher than the efficiency of standard TiO2 powder Degusa P25. Higher specific surface
area, higher pore volume and larger pores of P160/500 with respect to P25 contributed
to its better photocatalytic efficiency.
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6.2. Characterization and photocatalytic activity of undoped TiO2 synthesized by
using different solvents

Considering very good photocatalytic efficiency of titania powder P160/500
under UV light, non-hydrolytic method coupled with solvothermal treatment was
chosen as a method for the synthesis of doped titania powders. In trying to avoid
previously used carbon tetrachloride regarded as highly toxic, the synthesis was
performed also by using chloroform and cyclohexane, aprotic solvents of similar boiling
points as CCl4. The gels synthesized with CCl4, CHCl3 or C6H12 were annealed at 350,
400 or 500 °C in order to investigate the influence of both the temperature of gel
annealing and the type of solvent used in the synthesis on the properties and
photocatalytic activity of the titania powders.

6.2.1. X-ray diffraction analysis

The XRD patterns of all prepared undoped TiO2 powders are shown in Figs. 19-21.
All diffraction peaks can be assigned to the tetragonal anatase phase (JCPDS file no.01078-2486(C)). As it was shown previously, the annealing temperatures were low to
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provide anatase → rutile transformation [7].
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Fig. 19. XRD patterns of TiO2 powders synthesized using CCl4, annealed at different
temperatures.
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Fig. 20. XRD patterns of TiO2 powders synthesized using CHCl3, annealed at different
temperatures.
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Fig. 21. XRD patterns of TiO2 powders synthesized using C6H12, annealed at different
temperatures.

Upon annealing at temperatures from 350 to 500 ºC, a progressive enhancement of
the crystallization degree of the anatase phase is identified, as reflected from a
continuous sharpening and intensification of the diffraction peaks (Fig. 19-21). The
influence of annealing temperature on the crystallization degree can be better seen from
69

the dependence of the crystallite size, calculated by using the Sherrer's equation (Eq.
(33)), on the annealing temperature (Table 8). Obviously, the size of crystals increased
almost linearly with the temperature of annealing.
The crystal sizes of the samples obtained with different solvents at the same
annealing temperature were very similar, although the ones obtained with CHCl 3 were
slightly larger than of samples obtained with CCl4 and C6H12 (Table 8). It was shown
previously [7] that the conditions of solvothermal treatment, e.g. temperature and
duration of treatment, influence the size of crystals of both the gel and the powder
obtained by the gel annealing. Having in mind that the boiling point of CHCl3 (61.2 °C)
is lower than of C6H12 (80.7 °C) and CCl4 (76.8 °C), it can be concluded that higher
pressure was achieved in the autoclave during solvothermal synthesis when CHCl3 was
used and the larger crystals were formed. Anyway, by using aprotic solvents of similar
boiling points, titania powders of similar crystallite sizes were obtained.

Table 8. Crystallites sizes of TiO2 powders
TiO2 sample

Crystallite size (nm)

P160/350(CCl4)

7.1

P160/400(CCl4)

9.3

P160/500(CCl4)

14.2

P160/350(CHCl3)

7.7

P160/400(CHCl3)

9.4

P160/500(CHCl3)

14.6

P160/350(C6H12)

7.0

P160/400(C6H12)

8.6

P160/500(C6H12)

14.1

6.2.2. Textural parameters

The textural parameters of the synthesized titania powders were determined via
nitrogen adsorption/desorption isotherms presented in Fig. 22a-24a. The pore size
distributions of the powders are presented in Fig. 22b-24b and the values of textural
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parameters, the specific surface area (SBET), total pore volume (Vt), the volume of
mesopores (Vmeso) and the mean diameter of mesopores (Dmean), are given in Tables 911.
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Fig. 22. a) N2 adsorption-desorption isotherms, b) pore size distribution of TiO2
powders synthesized using CCl4.
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Fig. 23. a) N2 adsorption-desorption isotherms, b) pore size distribution of TiO2
powders synthesized using CHCl3
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Fig. 24. a) N2 adsorption-desorption isotherms, b) pore size distribution of TiO2
powders synthesized using C6H12.
Adsorption-desorption isotherms for all powders belong to type IV isotherms
according to the IUPAC classification that are characteristic of mesoporous material.
The plots of the pore size distribution show also that all powders have obvious
mesoporous structure, with pore sizes mainly in the range 3-12 nm.

Table 9. Textural characteristics TiO2 powders synthesized using CCl4
TiO2

P160/350(CCl4)

P160/400(CCl4)

P160/500(CCl4)

SBET (m2·g–1)

130.9

94.5

61.9

Vt (cm3·g–1)

0.249

0.236

0.178

Vmeso (cm3·g–1)

0.251

0.236

0.179

5.6

6.9

8.3

Dmean (nm)

Table 10. Textural characteristics TiO2 powders synthesized using CHCl3
TiO2

P160/350(CHCl3)

P160/400(CHCl3)

P160/500(CHCl3)

SBET (m2·g–1)

129.6

109.8

62.0

Vt (cm3·g–1)

0.311

0.294

0.190

Vmeso (cm3·g–1)

0.312

0.296

0.191

6.8

7.7

8.6

Dmean (nm)
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Table 11. Textural characteristics TiO2 powders synthesized using C6H12
TiO2 sample

P160/350(C6H12) P160/400(C6H12) P160/500(C6H12)

–1

2

SBET (m ·g )

131.9

106.9

60.3

Vt (cm3·g–1)

0.275

0.266

0.185

0.276

0.267

0.185

5.9

7.0

8.2

3

–1

Vmeso (cm ·g )
Dmean (nm)

It is seen that the SBET of the samples (Tables 9-11) decreases continuously with
increasing annealing temperature. The variation of the sample pore volume with the
annealing temperature followed the same trend of the surface area. In addition, with the
annealing temperature increasing, the pore size distribution of samples exhibited a
systematic shift toward larger mesopores, which can be associated with the collapse of
the initial porous structure and growth of crystallites (Table 8). Sizes of pores and
crystallites indicate that the pores were formed mainly between crystallites: the larger
the crystallites, larger the pores.
The comparison of the textural properties of the samples obtained by annealing
at the same temperature indicate the small influence of solvent type, although values of
Dmean, Vmeso and Vt are slightly higher for samples obtained by using CHCl3 than for
samples obtained by using CCl4 and C6H12. Obviously, because of slightly larger
crystallites of the CHCl3-samples (Table 8), slightly larger pores were formed. In
addition to boiling point, it is possible that differences in dipole moment have an
influence on the powders properties, having in mind that CCl4 and C6H12 are non-polar
(dipole moment is 0), while CHCl3 is polar (dipole moment is ~1). Generally, different
aprotic solvents of similar boiling points will produce powders of similar crystallite
sizes and textural properties.

6.2.3. SEM analysis
The SEM micrographs of the powders obtained by the gels annealing at 500 ºC are
shown in Fig. 25.
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Fig. 25. SEM micrographs of TiO2 powders: (a) P160/500(CCl4), (b) P160/500(CHCl3),
(c) P160/500(C6H12)

SEM analysis showed similar morphology of the powders: spherical particles,
sizes of about 30 - 50 nm (inset in Fig. 25), are aggregated to form approximately
spherical particles, which further aggregate and form larger irregular particles.
Obviously, the type of solvent did not have significant influence on the morphology of
the powders.
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6.3. Photocatalytic activity under UV light
The photocatalytic activity of the powders synthesized by using CCl4, CHCl3
and C6H12 was tested by measuring the degradation of dye C.I. Reactive Orange 16
(RO16) under UV light irradiation. The results are presented in Fig. 26 as a dependence
of relative concentration, C/Co, on time, where Co is the starting concentration of RO16
and C is the RO16 concentration after 30 minutes stirring in dark or after time t of
irradiation. The negative time (- 30 min) is the time where the reactor was not irradiated
and just adsorption of the dye took place. Preliminary experiments (not presented)
showed that 30 min was enough time to attain adsorption/desorption equilibrium. In
addition, results are presented in Fig. 27 as the dependence of dye concentration relative
to concentration after 30 min in dark (Cdark), where the corresponding linear plots of the
kinetics of photocatalytic dye degradation are given in the insets. The derived kapp (Eq.
(17)) values are presented in Table 11.
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Fig. 26. Adsorption and photocatalytic degradation of RO16 dye under UV light
irradiation in the presence of the powders synthesized by using CCl4, CHCl3 and C6H12
annealed at: a) 350 °C, b) 400 °C and c) 500 °C.
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Fig. 27. Photocatalytic degradation of RO16 dye under UV light in the presence of the
powders synthesized by using CCl4, CHCl3 and C6H12 annealed at: a) 350 °C, b) 400 °C
and c) 500 °C.

Table 12. The kapp values of photocatalytic degradation of RO16 dye under UV light
irradiation by the powders synthesized by using CCl4, CHCl3 and C6H12 annealed at: a)
350 °C, b) 400 °C and c) 500 °C.
kapp (min-1)

R2

P160/350(CCl4)
P160/350(CHCl3)
P160/350(C6H12)
P160/400(CCl4)

0.0436
0.0530
0.0449
0.0442

0.9953
0.9979
0.9919
0.9991

P160/400(CHCl3)
P160/400(C6H12)
P160/500(CCl4)
P160/500(CHCl3)
P160/500(C6H12)

0.0609
0.0645
0.0802
0.1001
0.0988

0.9966
0.9879
0.9943
0.9905
0.9285

TiO2 sample
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The results (Fig. 26) showed that powders obtained by gels annealing at 350 ºC
had higher adsorption capacity for the dye (C/Co for P160/350 powders was about 0.50.6) than powders obtained at higher annealing temperatures (C/Co for P160/500
powders was about 0.9). On the other hand, powders P160/500 had the highest
photocatalytic activity (Fig. 27). Obviously, high specific surface area of P160/350
powders (Tables 9-11) provided high adsorption capacity, but small crystallites caused
lower photocatalytic efficiency of these powders in comparison to P160/500 powders
with larger crystallites. It is known that the performance of a TiO2 photocatalyst is
influenced by many factors, such as crystalline structure, degree of crystallinity, particle
size, specific surface area, adsorption capacity, and prevention of electron–hole pair
recombination reactions. In addition, the carbonaceous residues of the catalyst also play
an important role in the photocatalytic performance of TiO2-based materials [231].
Generally, thermal treatment at elevated temperatures is beneficial for the photocatalytic
efficiency because of a progressive elimination of the surface organic residue along with
a further crystallization of the anatase phase. Smaller anatase crystals provided higher
specific surface area, but also caused higher content of surface defect, where electron–
hole pair recombination reactions take place, causing lower photocatalytic efficiency.
The powders obtained by using different solvents and annealed at the same
temperature had approximately the same adsorption capacities and photocatalytic
activities owing to similar structural and textural properties. It can be seen that powders
obtained by using CHCl3 had slightly better photocatalytic activities, probably due to
larger crystals of the powders (Table 8).
Considering the highest photocatalytic efficiency of the powders obtained by
gels annealing at 500 ºC and similar textural, structural and photocatalytic properties
under UV light of the powders obtained by using different solvents, powder
P160/500(C6H12) was chosen for further investigations due to the lowest toxicity of
C6H12.
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6.4. Optimization of conditions of nitrogen-doping

An often-used method for nitrogen doping is annealing of TiO2 in NH3
atmosphere. Recently, it has been reported that a post-annealing in air can improve the
visible-light activity of NH3-treated TiO2 in the photocatalytic degradation of organic
compounds [162,163]. The effect of post-annealing is found to be positive by
dramatically removing surface amino species, decreasing surface Ti3+ defects,
facilitating the generation of O2•− radicals, improving the separation of photogenerated
carriers on the NH3-treated catalyst. In addition, O2● radicals participate in the reaction
of the dye degradation.
The conditions of post-annealing in air were optimized by varying temperature
and duration of the treatment, as well as the type of air atmosphere (static or dynamic)
in order to achieve the best photocatalytic efficiency under visible light. The efficiency
of the post-annealing treatments was tested also by DRS analysis of the treated powders.
In addition, annealing in a mixture of NH3 and air was applied trying to avoid two-step
process, i.e. annealing in ammonia followed by post-annealing in air.

6.4.1. Post-annealing in static air atmosphere

6.4.1.1.

Visible-light activity of N-TiO2 powders obtained at different post-

annealing conditions

Fig. 28 shows the results of photocatalytic degradation of dye under visible light
in the presence of undoped powder P160/500(C6H12) and N-TiO2 powders obtained at
different post-annealing conditions in static air atmosphere, as well as the powder
without post-annealing treatment.
Obviously, the undoped powder P160/500(C6H12) was completely inactive in the
dye degradation process under visible light. The powder obtained by gel annealing in
NH3 atmosphere, but without post-annealing (sample P160DN-NoPA), had high
adsorption capacity, but very low photocalatlytic activity, because almost the same
dependence on time was observed in dark (sample P160DN-NoPAdark), which
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indicated that the decreasing of dye concentration was the results of prolonged
adsorption, not of photocatalysis.
The photocatalytic efficiency of N-doped powders was higher when postannealing was performed at 400 ºC than at 450 ºC (Fig. 28), probably because the
removal of nitrogen from the TiO2 structure was more intensive at higher temperatures.
The efficiencies of the powders obtained by post-annealing at 350 ºC and 400 ºC were
similar, which indicate that these temperatures were high enough to remove surface
amino species, but no nitrogen from the TiO2 structure. According to the results, 400 ºC
and 30 min were chosen as the optimal conditions for post-annealing in static
conditions.
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Fig. 28. Photocatalytic efficiency of undoped powder P160/500(C6H12), N-TiO2
powders obtained at different post-annealing conditions and powder obtained without
post-annealing (P160DN-NoPA); sample P160DN-NoPAdark is sample P160DNNoPA without light (in dark)
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6.4.1.2.

DRS analysis of the N-TiO2 powders obtained at different postannealing conditions
The band gap energies (Eg) of the samples were determined from the diffuse-

reflectance spectra (Fig. 29a) by plotting [F(R∞)hν]1/2 against the photon energy, hν
(Tauc plot), as shown in Fig. 29b.
The results showed that doping with nitrogen lead to the band gap energy
decreasing in comparison to undoped TiO2 and that the Eg value depends on the postannealing conditions. Obviously, post-annealing at 350 and 400 ºC provided lower
band-gap energies than the treatment at 450 ºC, while the lowest Eg was achieved by
post-annealing at 400 ºC for 30 min. The results are in accordance with the
photocatalytic efficiency determination, because the powder with the lowest band gap
(P160DN/400(30min)) (Fig.29b) had the best efficiency in the process of photocatalytic
degradation of dye (Fig.28). Therefore, the optimal conditions for post-annealing in
static air atmosphere are temperature 400 ºC and duration 30 minutes.
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Fig. 29. Plot of UV–Vis diffuse reflectance spectra (a) and Tauc plots (b) for the NTiO2 powders obtained at different post-annealing conditions in static air atmosphere.

6.4.1.3.

Morphology of the N-TiO2 powders obtained at different post-annealing
conditions

SEM micrographs of powders obtained by annealing in ammonia and postannealed for 30 min at 350, 400 and 450 ºC, as well as of powder obtained without post-
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annealing, are shown in Fig. 30. All the powders have similar morphology as the
powder P160/500(C6H12) (Fig. 25c), obtained by the annealing in air at 500 ºC.
Obviously, type of annealing atmosphere (air or ammonia) and post-annealing
conditions do not have distinct influence on the powders morphology.

Fig. 30. SEM micrographs of the powders: a) obtained by G160(C6H12) calcination in
ammonia at 500 ºC for 3 h, without post-annealing b) P160DN/350(30min), c)
P160DN/400(30min) and d) P160DN/450(30min)
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6.4.2. Visible-light activity of N-TiO2 powders obtained by post-annealing in dynamic
air atmosphere

In Fig. 31, photocatalytic efficiency of the powders obtained at the optimal postannealing temperature in static air atmosphere is compared with the efficiency of the
powders obtained by post-anneling in air flow at the same temperature, but without
cooling to room temperature after annealing in ammonia. Both the adsorption and
photocatalytic degradation of dye were higher in the case of powder obtained by postannealing in static air atmosphere. It can be assumed that air flow immediatelly after
ammonia flowing caused lower specific surface area and intensive removal of nitrogen
from the titania structure, which caused lower photocatalytic efficiency.
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Fig. 31. The efficiency of N-TiO2 powders obtained by post-annealing at 400 ºC in
static and dynamic air atmosphere.

6.4.3. Visible-light activity of N-TiO2 powders annealed in air/NH3 mixture followed by
post-annealing in static air atmosphere

Gel annealing in a mixture of air and NH3, at different ratios, was performed in
order to achieve doping by nitrogen and the removal of ammonia species, at the same
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time. However, so obtained powders were inactive under visible light, the same as the
powder obtained by annealing in pure ammonia without post-annealing. Consequently,
the powders obtained by annealing in air/NH3 mixtures were also post-annealed in static
air atmosphere at optimal conditions (400 oC and 30 min) and the activity of these
powders are presented in Fig. 32, together with the activity of the powder
P160DN/400(30min).
Samples obtained by annealing in air/NH3 mixtures with the ratio 1:3 and 1:5
(P160DNR1 and P160DNR2, respectively) had very low visible-light activity, regardless
of the post-annealing. Obviously, very low quantity of nitrogen was incorporated in the
titania structure during annealing due to the presence of air in the mixture. Activity of
the sample P160DNR3 was much higher owing to much lower content of air in the
mixture (ratio air/NH3 = 1:15), but still lower than of sample P160DN/400(30min),
which was obtained by gel annealing in pure ammonia.
The presented results showed that the best N-doping and visible-light activity
was achieved by gel annealing in pure ammonia flow and post-annealing, after cooling
to the room temperature, at 400 oC for 30 min in static air atmosphere.
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Fig. 32. The visible-light activity of N-TiO2 powders obtained by annealing in
air/NH3 mixtures at 500 ºC for 3 h and post-annealed at 400 oC and 30 min
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6.5. Characterization of doped TiO2
Doped titania powders were synthesized by annealing of:
-

gel G200(DMSO) in air at 500 oC for 3h to obtain S-doped (P200DS) titania
powder,

-

gels G160(C6H12) and G200(DMSO) in ammonia flow at 500 oC for 3h,
followed by post-annealing at 400 oC for 30 min in air to obtain N-doped
(P160DN) and N,S-co-doped (P200DNS) titania powders, respectively,

-

powder P160/500(C6H12) in ammonia flow at 500 oC for 3h, followed by
post-annealing at 400 oC for 30 min in air to obtain powder N-doped
(P160PDN) titania.

The experimental conditions for the preparation of doped titania powders are
systematized in Table 13, together with the undoped powder P160/500(C6H12), which is
labeled as P160 in the following text. The characteristics of the doped titania powders
will be given in comparison to the properties of undoped powder P160.

Table 13. The experimental conditions for the TiO2 samples preparation
TiO2 samples
Solvent
Gelation

P160
C6H12

P160DN
C6H12

P160PDN
C6H12

P200DS
DMSO

P200DNS
DMSO

160

160

160

200

200

Air

NH3 flow

Air then NH3

Air

NH3 flow

temperature (oC)
Annealing at 500oC
for 3 h in:
Post annealing in air

flow
No

Yes

Yes

No

Yes

White

Yellowish

Light yellowish

White

Beige

o

at 400 C for 30 min:
Powder‘s color
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6.5.1. X-Ray diffraction analysis

The XRD patterns of the synthesized TiO2 powders are shown in Fig. 33. All
diffraction peaks can be assigned to the tetragonal anatase phase (JCPDS file no.01078-2486 (C)).
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Fig. 33. XRD patterns of theTiO2 powders.
The average crystallite sizes of the samples, calculated using the Scherer
equation (Eq. 33), according to the broadening of (101) peak at 2θ = 25.3º, are given in
Table 14.
Table 14. Crystallite sizes of TiO2 powders
TiO2 sample

Crystallite size (nm)

P160

14.1

P160DN

8.2

P200DS

10.5

P200DNS

5.1

P160PDN

15.3
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The crystallite size of the samples obtained by annealing of gels G160(C 6H12)
and G200(DMSO) decreases in the following order: P160>P200DS>P160DN>
P200DNS. Obviously, the samples obtained by the gels annealing in air (P160 and
P200DS) have larger crystallites than the samples obtained by the gels annealing in
ammonia (P160DN and P200DNS), which indicates a faster growth of crystallites in the
presence of oxygen during the annealing. Additionally, the presence of sulfur in both
cases (annealing in air and ammonia) causes the decrease of the crystallite size: the
sample P200DS has lower size crystallites than the sample P160 and also the sample
P200DNS lower than the sample P160DN. It can be supposed that the presence of
doping agents inhibits the crystallite growth during the gels annealing [27,185,210,233],
similarly as additives and impurities suppress grain growth during sintering. The
crystallite size of the sample P160PDN, obtained starting from the powder
P160/500(C6H12), i.e. P160, is slightly higher than of the parent sample, owing to the
further growth of crystallite during P160 annealing in ammonia and post-annealing in
air.

6.5.2. Textural parameters
The textural parameters of the synthesized titania powders were investigated via
nitrogen adsorption/desorption isotherms shown in Fig. 34a. The pore size distributions
of the powders are presented in Fig.34b and the values of textural parameters of the
powders are given in Table 15.
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Fig. 34. a) N2 adsorption-desorption isotherms, b) pore size distribution of TiO2
powders.

Table 15. Textural properties of TiO2 powders
TiO2 sample

P160

P160DN

P160PDN

P200DS

P200DNS

SBET (m2·g–1)

60.3

100.1

53.2

69.7

144.8

Vtotal (cm3·g–1)

0.185

0.200

0.120

0.174

0.169

0.185

0.201

0.121

0.175

0.167

8.2

5.9

6.4

7.7

3.9

3

–1

Vmeso (cm ·g )
Dmean (nm)

All the isotherms exhibited the type IV behavior with H2 hysteresis loop,
indicating the presence of mesopores in the samples [234,235]. The comparison of the
total pore volume, Vtotal, and the volume of mesopores, Vmeso (Table 15) clearly shows
that only the mesopores are present in the samples. Taking into account the crystallite
and the pore sizes (Tables 14 and 15), it can be stated that the mesopores were formed
among the crystallites. The approximately equal values of Dmax and the mean diameter
of the mesopores, Dmean (Table 15), indicate a narrow mesopore size distribution, which
is also evident from the Fig. 34b.
The specific surface area, SBET, of the samples is in agreement with the
crystallite size: the samples with larger crystals have lower SBET. The crystallite size
decreased in the following order: P160PDN > P160 > P200DS > P160DN > P200DNS
and SBET increased in the same order. The samples obtained by gel calcinations in
ammonia, P160DN and P200DNS, have the highest SBET.
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6.5.3. SEM analysis

The SEM images of the doped titania are presented in Figs. 35 and 36. The
morphology of samples P160, P160DN and P160PDN are similar as of undoped powder
P160 (P160/500(C6H12)) (Figs. 25 and 35) a cauliflower-like aggregates are formed
from the relatively spherical particles of different sizes, which are composed of smaller
spherical particles, whose sizes are ~ 50 nm (inset in Figs. 25 and 35). Regardless the
similar morphology, the samples differ in the specific surface area, as it was shown,
owing to different crystallite sizes (Table 14 and 15).

Fig. 35. SEM images of the samples: a) P160DN and b) P160PDN.

The morphology of the samples P200DS and P200DNS (Fig. 36) are similar, but
different from the morphology of the samples P160, P160DN and P160PDN: the
particles are smaller and less aggregated. Obviously, higher temperature of gelation in
the case of synthesis with DMSO caused a formation of smaller, less aggregated
particles [7]. Similarly as in the case of P160, P160DN and P160PDN, the samples
P200DS and P200DNS have similar morphology, however the specific surface area of
the sample P200DNS is higher than of the sample P200DS due to smaller crystallites
(Table 14 and 15).
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Fig. 36. SEM images of the samples: a) P200DS and b) P200DNS

6.5.4. TEM analysis

Figs. 37 a-d show the representative TEM images of the samples P160,
P160DN, P160PDN and P200DNS. In all cases, the interconnection of the small
primary particles, i.e. crystallites, results in the aggregates with significant framework
of void space. This is consistent with the textural mesoporosity observed in N2
adsorption isotherms. The HRTEM images (Figs.37 e-h) showed the interplanar spacing
of about 0.35 nm (measured on the particles marked by arrow), corresponding to the
(101) plane of anatase TiO2, which is in agreement with the results obtained from XRD.
The average size of anatase crystallites, determined by a manual measurement of the
size of about twenty crystallites per sample, decreases in the following order: P160PDN
(11.0 nm) > P160 (8.3 nm) > P160DN (6.9 nm) > P200DNS (4.8 nm). The order is the
same as obtained by XRD analysis, but the values obtained by TEM are smaller than
obtained by XRD (Table 14). Since TEM images directly visualize irregularities such
as variations of the crystallite shape or the presence of some considerably larger or
smaller crystallites, generally TEM characterization provides better estimation of the
crystallite size than calculation by the Scherrer formula.
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Fig. 37. TEM and HRTEM images of samples: P160 (a, e), P160DN (b, f), P160PDN
(c, g) and P200DNS (d, h).
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6.5.5. XPS analysis

The surface chemical composition and the chemical states of the titania samples
were analyzed by means of XPS. As an example, XPS full survey spectra of the sample
P200DNS is presented in Fig. 38. Besides Ti and O, C is present in all the samples, as a
result of surface contamination and the use of organic precursors during the synthesis.
The quantity of carbon in all samples was about 25 at.%.
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Fig. 38. XPS survey spectra from the sample P200DNS.

The high-resolution XPS spectra confirmed the presence of sulfur in the samples
P200DS and P200DNS (Fig. 39a) and nitrogen in the samples P160DN and P200DNS
(Fig. 39b).
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Fig. 39. XPS spectra of: a) S 2p from P200DS and P200DNS, b) N 1s from P160DN
and P200DNS, where the curve fittings are shown as dashed lines.

The S 2p XPS spectra (Fig. 39a) are composed of doublet 2p3/2 and 2p1/2,
separated by 1.18 eV [47]. The binding energy of the maximum of S 2p3/2 is at ~ 169.6
eV, which is related to both S(IV+) and S(VI+) oxidation state [20,23,236]. From this, it
was concluded that sulphur from DMSO was incorporated in TiO2 lattice, during the
synthesis, as a cation in IV+ and/or VI+ valences, substituting Ti4+ [237]. There was no
peak present at ~163 eV, related to S(2-) oxidation state, suggesting that the anion-type
incorporation of S atoms by replacement of O atoms was not involved [238,239]. The
content of sulfur in P200DS was ~2.0 at.%, which is significantly higher than in the
sample P200DNS (~0.5 at.%). Both samples were obtained by annealing of gel
G200(DMSO), but in different atmosphere. It can be assumed that the annealing in air
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caused the oxidation of sulfur from the gel to higher oxidation states, S(IV+) and
S(VI+), while this oxidation is suppressed when the annealing was performed in
ammonia. Therefore, the substitution of Ti4+ by S(IV+) and S(VI+) is favourable in air
atmosphere and the content of sulphur in the sample P200DS was higher than in the
P200DNS.
The N 1s XPS spectra from the samples P160DN and P200DNS, obtained by
gels annealing in ammonia, are shown in Fig. 39b. The signal of nitrogen was not
visible in the spectrum of sample P160PDN, obtained by annealing titania powder in
ammonia. That means that the nitrogen incorporation in titania was more efficient by
the gel annealing than by the powder annealing in NH3. The maximums of N 1s spectra
of the samples P160DN and P200DNS are located at ~ 400 eV, which indicates the
interstitial integration of N3- ion into TiO2 lattice, being a usual type of nitrogen
incorporation in TiO2 lattice by annealing in ammonia [27,240]. The atomic content of
nitrogen in P200DNS (~0.5 at.%) is slightly higher than in P160DN (~0.3 at.%).
The XPS Ti 2p spectra from all the samples are shown in Fig. 40. The Ti 2p3/2
and Ti 2p1/2 peaks for undoped TiO2 (P160) are located at 458.5 and 464.2eV,
respectively, which are the characteristic positions for pure TiO2 [27,241]. It can be seen
that doping by sulfur causes the peaks shifting to higher binding energies (samples
P200DS and P200DNS), while the positions of the peaks for N-doped samples
(P160DN and P160PDN) are the same as for P160. Moreover, the peak shifting to
higher binding energies is more pronounced for the sample with higher quantity of
sulfur (P200DS).
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Fig. 40. XPS spectra of Ti 2p from all the TiO2 powders.
It is known [194,242] that shifting of Ti 2p3/2 peak to lower binding energy is a
result of the increase in electron density around the titanium cation and it can be related
to the lowering of valence state level of Ti4+ to Ti3+ due to the formation of oxygen
vacancies. In the oxygen atmosphere, reduction of Ti4+ to Ti3+ is suppressed, but it is
stimulated in ammonia atmosphere [243]. In our experiments, the post-annealing in air
was applied after annealing in ammonia, that caused a decrease of concentration of Ti3+
and oxygen vacancies formed during the annealing in ammonia. That is the reason why
the Ti 2p3/2 peak is at the same position for the samples P160, P160DN and P160PDN:
the concentration of Ti3+ in these samples is low and approximately the same.
On the other hand, higher Ti 2p3/2 binding energies for S-doped samples in
comparison to P160 can be explained by the decrease in the electron density around the
titanium cation due to the substitution of Ti4+ by S(IV+) and/or S(VI+) [194,242]. Both
substitutions can cause decreasing of electron density around the titania cation: i)
substitution by S(VI+) because of higher valence state of S(VI+) in comparison to
Ti(IV+) and ii) substitution by S(IV+) because of higher electronegativity of sulfur (2.5)
in comparison to titanium (1.5). Therefore, increasing of Ti 2p3/2 binding energies for Sdoped samples in comparison to undoped TiO2 clearly indicates the substitution of Ti4+
by sulfur, but it can not be said with certainity if S(IV+) or S(VI+) or both are present.
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6.5.6. FTIR analysis

The FTIR spectra of all the samples are displayed in Fig. 41. The broad peak in
the range 3000 - 3600 cm−1 and peak at 1627 cm−1 are present in all the spectra,
corresponding to the stretching and bending vibration of O-H bonds, respectively, from
either water molecules or surface hydroxyl groups [185,244,245]. The strong band in
the range of 900-400 cm–1 encompasses several bands for Ti-O and Ti-O-Ti bonds in
the TiO2 lattice: stretching vibration of Ti-O bonds at higher wave numbers and
stretching vibrations of Ti-O-Ti bonds at lower wave numbers [246,247]. In addition,
small peaks at 2960, 2925, 2858, 1726, 1380 and 1275 cm-1 are observable in all the
samples. The peaks at 2960, 2925 and 2858 cm-1 can be assigned to the C-H stretching
vibration and the peak at 1380 cm-1 to the C-H bending vibration [20,244,248-250] of
the residual organic species from the alkoxide precursor and the solvent. The peaks at
1726 and 1275 cm-1 may be attributed to the vibration of C=O and/or C-O groups,
originated from organic species produced by oxidation of organic precursors during
annealing [248].
The spectra of the samples doped with nitrogen are practically the same as the
spectrum of sample P160. Only a very weak signal at 1090 cm-1 [12,251,252], which
can be assign to nitrogen atoms embedded interstitially in TiO2, i.e. to N-O bonds, is
visible in spectra of the samples P160DN and P160DNS. The presence of sulfur in the
samples P200DS and P200DNS is proved by the band at 1048 cm−1, which corresponds
to the Ti-O-S bond, formed by Ti4+ substitution with S(IV+) or S(VI+) [26,236,253].
The band at 1117 cm-1 is also possible to attribute to sulfur-oxygen bonds, but this band
is present in the spectra of all the samples. According to the literature [235], this band
can originate from Ti-O-C bond, as a result of the presence of some organic impurities
in all the samples.
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Fig. 41. FTIR spectra of the TiO2 powders.
6.5.7. DRS analysis

The band gap energies (Eg) of the samples were determined from the diffusereflectance spectra (Fig. 42a) by plotting [F(R∞)hν]1/2 against the photon energy, hν
(Tauc plot), as shown in Fig. 42b. The band gap energy of the sample P160 is 3.13 eV.
The reason for the band gap narrowing in respect to pure anatase (3.20 eV) can be the
presence of carbon [17,68,69], that is confirmed by FTIR spectroscopy. The band gap
energy of S-doped sample (P200DS) is just slightly lower than of P160, despite the
relatively high content of sulfur in the sample, as shown by XPS (~ 2.0 at. %). As
already mentioned, the substitution of lattice titanium by sulfur can narrow the band-gap
by the increases of the valence band width or by the formation of the localized midgap
states above the valence-band edge [187,195,254]. Generally, the formation of midgap
above the valence band causes larger band gap narrowing than the increasing of the
valence band width [255]. As commented by Serpone [156], it is hard to believe that a
low level of doping (<2 at. %) can rigidly shift up the valence band. Therefore, it can be
supposed that S-doping in our case caused small band gap narrowing due to small
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increase of the valence band width. [255] On the other hand, it is also possible that
sulfur was dominantly concentrated at the surface, but not in the lattice of TiO2, which
can explain the small band gap narrowing of the sample P200DS [254].
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Fig. 42. Plot of UV–Vis diffuse reflectance spectra (a) and Tauc plots (b) for the TiO2
powders.

The absorption of N-doped samples (P160DN, P160PDN and P200DNS) extends
well into the visible light region and displays two thresholds. The threshold at lower λ
values relates to the band gap, while the other at higher λ values might arise from
surface states or impurity energy bands. According to Lindgren et al. [70], the second
threshold absorption is not from a band-to-band transition, but due to excitation of
electrons from local states in the band-gap to unoccupied states. The values of the first
threshold, related to the band gap, for N-doped samples are significantly shifted to
higher λ values: 559.70 nm (P160PDN) < 609.09 nm (P160DN) < 625.15 nm
(P160DNS).The values of the energy band gap of N-doped samples decreased in the
following order: 2.74 eV (P160PDN) > 2.67 eV (P160DN) > 2.32 eV (P160DNS) (Fig.
42). It is obvious that the annealing in ammonia of both titania gel and powder (samples
P160DN and P160PDN, respectively) caused a significant narrowing of the band gap,
but the narrowing is larger for the sample P160DN, as a result of higher nitrogen
content in P160DN than in P160PDN, according to the XPS analysis. The XPS analysis
did not show the presence of N in the sample P160PDN, but the narrowing of the band
gap indicates the presence of nitrogen in P160PDN, whose content is obviously lower
than detection limit of XPS analysis. The significant narrowing of the band gap caused
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by a small content of nitrogen is a confirmation of the midgap formation [155,156,255],
which is consistent with the XPS revealing that nitrogen is interstitially incorporated in
the TiO2 lattice.
The highest band gap narrowing was achieved by titania co-doping by N and S
(sample P200DNS). Despite the fact that S-doping caused very small band gap
narrowing (sample P200DS), co-doping with nitrogen significantly reduced the band
gap (2.32 eV in comparison to 2.67 eV for sample P160DN), that causes the reduction
of the energy required for photoactivation. Indeed, lower Eg of the sample P200DNS in
comparison to P160DN can be a result of higher content of nitrogen, as determined by
XPS. However, it should be emphasized that the presence of sulfur, i.e. Ti4+ substitution
by S(VI+), promotes interstitial incorporation of nitrogen in TiO2 lattice due to
compensation of charge imbalance and causes higher nitrogen content and band gap
narrowing.

6.6. Photocatalytic activity under visible light

The photocatalytic activity of the powders was examined under irradiation with
> 400 nm light (simulated visible light) in the process of RO16 dye degradation. The
results are presented in Fig. 43, as a dependence of the relative dye concentration, C/Co,
on time. The negative time (- 30 min) indicates the time where the adsorption of dye
took place, while the reactor was not irradiated. The investigation of dye adsorption on
time, under identical conditions as during photocatalytic degradation, but without light
irradiation (the results are not presented) has shown that 30 min is enough time to reach
the adsorption/desorption equilibrium for all investigated titania powders.
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Fig. 43. Photocatalytic degradation of dye C.I. Reactive Orange 16 in the
presence of TiO2 powders.
As it already shown (Fig. 28), the undoped powder P160 was almost inactive in
the dye degradation process under visible light (Fig.40), as well as powders obtained by
gels G160(C6H12) and G200((CH3)2SO) annealing in ammonia without post-annealing
in air (Fig. 28).
The doped samples exhibited different both photocatalytic activity under visible
light and adsorption capacity for dye (Fig.43). The P200DNS had the highest adsorption
capacity, which was expected, having in mind the highest specific surface area of this
sample. However, despite the lower specific surface area, the sample P200DS had
higher adsorption capacity than the sample P160DN. It can be explained by higher
accessibility of the P200DS surface for the adsorption owing to smaller particles in
comparison to the sample P160DN. Generally, the samples obtained by gelation at 160
ºC had lower adsorption capacity than the samples obtained by gelation at 200 ºC. The
dye adsorption onto titania is important for its photocatalytic degradation, but the high
adsorption capacity of the photocatalyst is not a prerequisite for a good photocatalytic
activity, especially under visible light. For example, the adsorption capacity of the
P200DS sample was much higher than of P160PND, but the photocatalytic activities
were similar. On the other hand, the adsorption capacities of the samples P160DN and
P160PDN were similar, but the photocatalytic efficiency of the P160DN sample was
much higher than of P160PDN. It can be supposed that higher activity of P160DN
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under visible light in comparison to P160PDN is a result of higher content of nitrogen,
as confirmed by XPS analysis.
Besides crystalline structure, which is the same for all the samples, the
crystallinity, photoabsorption, recombination rate of electron-hole pairs and the dopants
concentration are the factors that influence the activity under visible light [251,256].
Photoabsorption is the most important factor, but strong light harvesting does not mean
excellent photocatalytic property. Generally, high visible light absorption is a result of
doping, but if the concentration is too high, the dopants can act as recombination centers
and then negatively affect the photocatalytic activity of doped TiO2 [251,256]
The best results of the dye degradation under visible light irradiation were
achieved by using the sample P200DNS, due to both high adsorption capacity and
photocatalytic activity. Owing to high adsorption capacity, high quantity of dye was
adsorbed on the sample surface, and by favor of high photocatalytic efficiency of the
sample, these molecules were oxidized fast, leaving the free space for the adsorption of
new dye molecules from the solution. High photocatalytic efficiency is a result of titania
doping with optimal concentration of N and S, providing in that way high visible light
absorption and prevention of electron-hole recombination.
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7. Conclusions
In this dissertation, undoped and N,S-doped titania powders were synthesized by
non-hydrolytic sol–gel route, starting from titanium(IV) chloride and titanium(IV)
isopropoxide dissolved in different solvents. Efficiency of thus synthesized undoped
powder was investigated in different types of water in comparison to the efficiency of
commercial photocatalyst P25, under UV light. In addition, undoped powders were
synthesized by using different solvents and by annealing at different temperatures in
order to achieve the best performances of the photocatalyst and to avoid usage of toxic
solvent during synthesis. Solvent dimethyl sulfoxide (DMSO) was used in synthesis for
sulphur doping, while annealing of gel or powder in ammonia at 500 ºC for 3 h was
applied for nitrogen doping. The post-annealing in air after annealing in ammonia was
optimized to attain the best visible-light activity.
According to the results of the characterization of the titania powders and the
photocatalytic degradation of dye C.I. Reactive Orange 16, the following conclusions
were made:


The efficiency of undoped titania, synthesized by using carbon-tetrachloride as a
solvent, in deionized and saline waters under UV irradiation was slightly better
than the efficiency of a standard TiO2 powder Degusa P25; the efficiency of both
photocatalysts in natural and artificial seawater was significantly lower than in
deionized water.



The dependence of the initial degradation rate on the initial dye concentration
followed the Langmuir–Hinshelwood model; the photodegradation rate constant
had similar values for the photocatalysts in all types of water due to similar
properties of the photocatalysts.



The textural properties, crystallite sizes, morphology and photocatalytic efficiency
of undoped powders obtained by using different types of aprotic solvents of
similar boiling points (carbon tetrachloride, chloroform, or cyclohexane), were
approximately the same.



Significant S-doping was achieved by using DMSO as a solvent, where S(IV+)
and/or S(VI+) substituted Ti4+; surprisingly, this substitution caused a very small
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band-gap narrowing and just slightly better visible-light activity in comparison to
the undoped titania.


Doping with nitrogen provided a much better photocatalytic activity than the Sdoping, where annealing of the gel in ammonia flow was much more efficient way
for nitrogen incorporation in TiO2 structure than the annealing of crystalline titania
powder.



The XPS analysis revealed that nitrogen was incorporated interstitially in the
titania structure as N3- anion.



Post-annealing in air of the samples obtained by annealing in ammonia or
ammonia/air mixture was necessary in order to achieve a good visible-light
activity; 400 ºC and 30 min were determined as the optimal conditions for postannealing in static air atmosphere.



The highest photocatalytic activity under visible light was achieved with N,S-codoped titania, as a result of high specific surface area, appropriate mesoporosity
and efficient N,S-co-doping.

In summary, non-hydrolytic sol–gel method coupled with solvothermal
treatment and annealing in air or ammonia was proved to be a convenient and powerful
way for the synthesis of N,S-doped and co-doped visible-light active mesoporous,
nanocrystalline anatase TiO2 photocatalysts.
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