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Abstract—In this work, a series of TiO2 nanostructures doped with well-selected transition metals (Cr, Fe,
Co and Zr) was prepared using a simple “one-pot” sol-gel process, followed by a drying under supercritical
conditions of solvent. Herein, we carefully highlighted the effect of doping with ions exhibiting higher size
than that of Ti4+ host ion, on physicochemical properties of TiO2 aerogel nanomaterials, and its photocata-
lytic behavior in the methylene blue degradation under solar light irradiation. Textural properties revealed
materials with high surface areas given by supercritical drying process. TEM analysis of pristine oxide showed
quantum-sized, well-dispersed and highly ordered particles. XRD analysis evidenced an increase in anatase
lattice volume after doping. A reduction in gap energy can be seen for Cr, Fe and Co doped TiO2 samples,
which is related to the involvement of intermediate energy levels related to dopant ions. Photocatalytic activity
of TiO2 solid shows an apparent improvement when doped with zirconium compared to other doped TiO2
materials and pristine oxide, which may be mainly correlated to the increase in the amount of oxygen defects
given its larger size as shown by PL spectroscopy. Oxygen vacancies act as electron traps thus provide a charge
separation enhancing the photoactivity. The low photoactivity of Cr–TiO2, Fe–TiO2, and Co–TiO2 materials
was mainly related to the dopant energy levels appearing as charge recombination centers, which can nega-
tively affect the catalytic efficiency. Hence, the efficiency of photocatalysis seems determined by the compe-
tition between these two process; charge separation and charge recombination.
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INTRODUCTION

Environmental pollution has become a standout
amongst the most difficult issues facing humanity and
other forms of life on our planet today. Thus, chemical
pollutants contaminate water, air and soil, endanger-
ing human health and threatening ecosystems [1–3].
Water pollution in a huge part of the planet is attract-
ing increasing attention from specialists around the
world, pushing them to find solutions to this issue [4,
5]. In particular, textile industries pollute water
sources, because of the irregular use and release of dif-
ferent kinds of dyes [6]. Several processes are imple-
mented to eliminate or reduce the harmful effects of
water pollutants, such as the advanced oxidation pro-
cesses (AOPs), which are environmentally friendly
and hygienic depolluting technologies. AOPs are prac-
tically efficient and promising for the treatment of var-
ious toxic and organic pollutants and the complete
destruction of contaminants of emerging concern
such as pesticides, dyes, pharmaceutical compounds
and other harmful contaminants [7]. AOPs are essen-
tially based on the production of powerful oxidizing
agents that react non-selectively with most organic

compounds, degrading even the most recalcitrant
ones. Among AOPs, heterogeneous photocatalysis in
the presence of titanium dioxide TiO2 has proven to be
a promising technology for the degradation of organic
pollutants with high removal and mineralization rates
compared to other AOPs. This “green” process is
based on the generation of highly reactive oxygen spe-
cies (  ) by photoexcitation of a semiconduc-
tor, absorbing energy radiation equal to or greater than
its gap energy. These highly oxidizing species react
with organic compounds, the redox reactions are
responsible for the destruction of pollutants [8]. Tita-
nium dioxide TiO2 nanomaterials have been widely
studied over the last two decades due to their attractive
properties and potential applications [9]. TiO2 has
proven to be an ideal photocatalyst because of its many
advantages such as photostability, chemical inertness,
non-toxicity and relatively low cost [10–12]. However,
its catalytic activity limited to the UV region and the
rapid recombination of electron-hole charges restrain
its efficiency [13]. TiO2 is active in the UV region (λ <
400 nm) which represents 3 to 5% of the sunlight
reaching the earth, from an energy point of view, these
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radiations are not profitable [13]. To overcome this
problem, doping TiO2 with metallic [14–16] and non-
metallic [17–19] elements has proved to be an alterna-
tive that may improve the photocatalytic activity of
titania by decreasing the band gap and thus extending
its absorption to the visible region, and by reducing the
recombination of photogenerated charges. Various
methods can be used for the preparation of TiO2 such
as precipitation [20], hydrothermal [21], electrochem-
istry [22], microemulsion [23] and deposition [24].
The optimization of the catalyst requires its synthesis
in nanometric form, this requirement explains the sol-
gel approach used in this work. The sol-gel process was
used because of its simple, easy, f lexible and highly
efficient operating conditions. This process enables
the elaboration of a wide variety of oxides of different
forms (powders, thin films, fibers, etc.). It also has the
ability to control a large number of parameters such as
homogeneity, purity, porosity and particle size [25].

We report in this work the effect of doping TiO2
with a series of transition metals : chromium, iron,
cobalt and zirconium, using a simple “one-pot” sol-
gel method followed by a supercritical drying of sol-
vent. The method of preparation as well as the drying
process are hardly used in the literature, hence the
originality of the work. Specifically, the effect of dopant
ions having higher size (ionic radii) than the Ti4+ host ion
(Ti4+ (74.5 pm) < Cr3+ (75.5 pm) < Fe3+ (78.5 pm) <
Co2+ (79 pm) < Zr4+ (86 pm)), on physicochemical
properties and photocatalytic activity of titanium
oxide is studied. The catalytic performance of synthe-
sized photocatalysts were evaluated in the photodegra-
dation reaction of the methylene blue (MB), a toxic
dye posing a real problem of water contamination gen-
erated by the activity of textile industries. The methy-
lene blue dye has been the subject of several research
projects around the world as a pollutant model, the
research teams have tried to degrade it using various
methods [26–29] especially over doped TiO2 catalysts
prepared via different methods. They have shown that
cationic doping with transition metals improves the
catalytic activity of TiO2 in several cases [30–33].
However, in other cases, the doping resulted in a ham-
pered efficiency of the TiO2 photocatalyst [34–37]. To
the best of our knowledge, few comparative studies,
based on our approach and relating the photodegrada-
tion of methylene blue dye over TiO2 solids doped with
selected transition metals, has been described in the
literature. Subsequently, the materials obtained were
characterized by means of X-ray diffraction, High res-
olution transmission electron microscopy, Nitrogen
physisorption at 77K, UV-Vis diffuse reflectance
spectroscopy and photoluminescence spectroscopy.
Finally, the performances of the catalysts were dis-
cussed.
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EXPERIMENTAL
Materials. Titanium(IV) isopropoxide (97%,

Aldrich), cobalt nitrate (97%, LOBA Chemie), zirco-
nyl nitrate (99.5%, LOBA Chemie), chromium nitrate
(99%, Sigma-Aldrich) and iron nitrate (98%, Sigma-
Aldrich) have been used as sources of titanium, cobalt,
zirconium, chromium and iron, respectively, for the
preparation of doped nanomaterials. Isopropyl
alchool (99.5%, Acros) was used as a solvent. Ethyl
acetoacetate (98%, Fluka) and nitric acid (65%,
Scharlau) were included during the sol-gel route. The
methylene blue dye was used as a pollutant model in
the photodegradation reaction. Distilled water was
used in all catalyst preparations.

Preparation of the photocatalysts. The TiO2
nanoparticles were prepared using simple sol-gel
“one-pot” method as follows. First, titanium(IV) iso-
propoxide was mixed with isopropyl alcohol under
stirring at 30°C. Then ethyl acetoacetate (Eacac) was
added as complexing agent with n(Eacac)/n(Ti) = 2
molar ratio. The mixture was kept under stirring at
30°C for 1 h. An appropriate amount of the dopant
precursor (2% mol) was dissolved in an aqueous solu-
tion of nitric acid (0.1 mol L–1). The solution was then
added dropwise to the above mixture for insuring
hydrolysis and condensation reactions. The stirring
was continued until a translucent gel was formed (Fig. 1).
The gel thus obtained (after about 6 min) was aged for
24 h, dried under supercritical conditions of the sol-
vent (T = 245°C, P = 47.5 bar), ground to a fine pow-
der and then calcined in a tubular furnace under pure
oxygen flow of 30 cm3/min and heating at a tempera-
ture rise of 2 deg/min up to 450°C for 4 h. Undoped
TiO2 was prepared following the same procedure as
doped materials, without the addition of dopant pre-
cursors.

Characterization. The X-ray powder diffraction
(XRD) patterns of each sample were recorded with an
automated PHILIPS PANALYTICAL diffractometer
equipped with a CuKα radiation source (λ = 1.5405 Å)
and operating at a voltage of 40 kV and a current of 30 mA.
The angular range selected for recording is between 5°
and 70° and the scanning speed is 2° min–1. The dif-
fractograms were processed using the X’Pert High
Score Plus program. The crystallite size was estimated
by the Scherrer equation:

where D is the average crystallite size (nm), k is the
Scherrer constant (0.9), λ is the X-ray radiation wave-
length (0.154 nm), β is the full width at half maximum
of the selected peak and θ is the diffraction angle.

Measurements of specific surface areas as well as
porosity were estimated according to the Brunauer–
Emmett–Teller (BET) method using an automated
MICROMERITICS device type ASAP 2020. Prior to

λ ,
β cos θ

kD =
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Fig. 1. Aspect of the gel of TiO2 doped materials: (a) Pure TiO2, (b) Cr–TiO2, (c) Co–TiO2, (d) Fe–TiO2, and (e) Zr–TiO2.
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analysis, the samples were degassed under vacuum at
200°C for 5 h in order to remove away all adsorbed and
absorbed molecules in the pores. The results are given
automatically by the software installed on the instru-
ment.

The UV-Visible absorption spectra were obtained
using a Perkin-Elmer Lambda 45 spectrophotometer
with an integrating sphere of RSA-EP-20 type allow-
ing the measurement of the diffuse reflectance and
controlled by a microcomputer which ensures the
acquisition of the spectra and their mathematical pro-
cessing. The spectra were recorded at room tempera-
ture between 200 and 800 nm.

The device used for photoluminescence spectros-
copy (PL) consists of a pulsed laser whose emission
wavelength can be changed. The laser allows measure-
ments with an excitation ranging from 410 to 710 nm.
The laser beam is guided to the sample by sets of mir-
rors. The emitted light then converges via lenses to a
monochromator and then a photomultiplier and the
output signal can then be analyzed via a computer.

Photocatalytic activity studies. Photocatalytic per-
formances of the as-prepared catalysts were evaluated
in the degradation reaction of methylene blue (MB)
dye under solar irradiation. Photocatalytic experi-
ments were carried out at room temperature and at
neutral pH. Before starting the photocatalytic reac-
tion, 50 mg of the catalyst powder was added to 100 ml
of the methylene blue in aqueous solution (10 mg L–1).
The suspension was stirred in the dark for 30 min to
reach the adsorption-desorption equilibrium condi-
tions prior to irradiation [38]. The solution was then
exposed to solar irradiation. The whole series of exper-
RUSSIAN JOURNAL O
iments was carried out simultaneously in order to be
under the same reaction conditions of solar light
intensity. After 1 h of irradiation, the samples were fil-
tered and absorbance measurements were performed
using a Hanon Instruments type I3 spectrophotome-
ter at a wavelength of 665 nm which is the maximum
absorption of methylene blue (λmax). The percentage
of photodegradation was calculated as follows:

where A0 and A are the absorbance of MB solution
before and after irradiation, respectively.

RESULTS AND DISCUSSION
Characterization Results

The XRD diffractograms of pristine and doped
TiO2 samples are displayed in Fig. 2. XRD patterns
show that all TiO2 nanomaterials exhibit the similar
pattern with only the characteristic peaks of the TiO2
pure anatase phase. The main XRD diffraction peaks
are assigned to the (101), (004), (200), (105), (211)
and (204) crystal planes of anatase phase of TiO2
(JCPDS card no. 21-1272). The diffraction peaks are
intense and sharp highlighting a good crystallinity of
the TiO2 nanomaterials. Markedly, no other peaks
related to doping metal phases are detected. This sug-
gests that Cr3+, Fe3+, Co2+ and Zr4+ ions are either well
incorporated into the TiO2 lattice structure and/or
well dispersed on the surface of TiO2 catalyst. The
TiO2 cell parameters, the increase in cell volume (%)

( ) 0

0

Photodegradation % 100,A A
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Fig. 2. XRD patterns of bare and metal-doped TiO2 catalysts.
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[39], and the ionic radii of dopant ions are given in

Table 1. The results show a variation in cell parameters

after insertion of the dopant ions, and thereafter an

increase in TiO2 cell volume. These findings may be

attributed to the size of the dopant ions larger than that

of Ti4+ [40]. The insertion of dopant ions could be

accompanied by the introduction of oxygen vacancies

to preserve electronic neutrality. For Cr3+, Fe3+ and

Co2+ doping, the creation of oxygen vacancies is pos-

sible since their lower valence than the host ion Ti4+.

However, for Zr4+ doping, the creation of oxygen

vacancies is mainly attributed to the size of zirconium

ion (86 pm) larger than that of the titanium host one

(74.5 pm). According to Swetha et al. [41] the forma-

tion of complex defects with Zr atoms and an oxygen

vacancy in close proximity is energetically more favor-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Table 1. Cell parameters, Increase in cell volume, ionic radii
catalysts

Materials
Cell parametrs Increas

voluma = b, Å c, Å

TiO2 3.7818 9.3193 0

Cr–TiO2 3.7828 9.3789 0.6

Fe–TiO2 3.7821 9.3996 0.8

Co–TiO2 3.7824 9.3642 0.5

Zr–TiO2 3.7850 9.4317 1.3
able and this for steric reasons. In Kröger and Vink
notation, the probable chemical reaction can be repre-
sented in a favorable way.

where  is the Zr ion at a Ti lattice site with a single

charge deficiency,  is a doubly ionized oxygen
vacancy, Oo is an oxygen ion in the normal lattice site

where the concentration of the intrinsic defect 
becomes equal to the concentration of the extrinsic
impurity [41].

Moreover, a variety of research works have reported
the creation of oxygen vacancies through Zr-doped
TiO2 material [42–45].

O
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 of the dopant ions, crystallite size and gap energy of the TiO2

e in cell

e, %

Ionic radii, 

pm [40]

Crystallite 

size, nm
Gap energy, eV

74.5 7.9 3.28

93 75.5 14.2 2.77

82 78.5 9.5 3.15

14 79.0 10.1 2.70

77 86.0 12.9 3.26
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Fig. 3. Evolution of the cell volume variation after substi-
tution compared to pristine TiO2 anatase cell volume for
the various doped catalysts.
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Figure 3 shows the variation of the cell volume after

doping compared to pristine TiO2 as a function of the

ionic radius of the dopants. It is clearly seen from Fig. 3

that the overall trend of the curve shows an increase in

the cell volume of TiO2 by increasing the ionic radius

of the dopant ions compared to the cell volume of pris-

tine oxide. However, cobalt escapes this trend which

might be attributed to the presence of a part of the

cobalt on the catalyst surface in addition to the substi-

tution of Ti4+ cations in TiO2 network [46]. Similar

observations were reported by Wang et al. [47] where

the authors revealed an increase in TiO2 cell parame-

ters accompanied by a shift in the diffraction angle for

TiO2 matrix doped with zirconium. Furthermore, the

average crystallite size of TiO2 nanomaterials is calcu-

lated using Scherrer’s formula and the obtained values

are given in Table 1. It can be seen that all the samples
RUSSIAN JOURNAL O

Fig. 4. High resolution TEM

5 nm
are characterized by a nanometric size and that the
addition of dopants contributes to a crystal growth
compared to pristine titanium oxide. Similar results
have been reported in the literature [48] and attributed
to the size of dopant ions according to Liu et al. [49].
As is clear, the average crystallite size values can
explain the presence of the anatase phase according to
the literature [50] which indicates that this phase is
stable for an optimal particle size below 14 nm.

In order to get inside the structure of the as-pre-
pared pure TiO2 nanomaterials, high resolution TEM

measurement was conducted and the results are pre-
sented in Fig. 4. As can be seen, the pure TiO2 particles

are morphologically well-dispersed and highly
ordered, and most of the particles are of spherical
shape. The average particle size turns out to be 6–8 nm
highlighting a quantum-sized TiO2 particles. The

average particles size obtained from the high-resolu-
tion TEM micrograph matches well with that obtained
by XRD analysis which may also confirm the nano-
metric size of all the doped TiO2 catalysts. It is worthy

to point out that, the preparation method used in the
present work, rarely used in literature, is ideally suited
to synthesize quantum sized TiO2 materials efficient in

various applications.

Textural properties were evaluated by N2 adsorp-

tion-desorption analysis at 77 K. The evolution of tex-
tural properties of pristine and doped TiO2 catalysts is

detailed in Fig. 5. According to the obtained results, it
is clearly seen that doping does not significantly affect
the textural properties and that TiO2 catalysts conserve

after doping, high surface areas ranging from 173 to

197 m2 g–1 and relatively high pore volumes. The high
surface areas obtained is mainly related to the process
of solvent evacuation during the drying of gels. In fact,
the simple evaporation in an oven is not controlled,
thereby a liquid-vapour interface is created inside the
F INORGANIC CHEMISTRY  Vol. 67  No. 8  2022
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Fig. 5. Evolution of TiO2 textural properties of pristine and metal-doped TiO2.
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gel pores which can create a surface tension resulting
in a shrinkage of the pores of the xerogel solid and then
a decrease in specific surface area. However, when the
solvent is removed under its supercritical conditions,
which is the case in this work, the evaporation is con-
trolled thus the liquid–vapour interface and the
shrinkage phenomenon are prevented, which leads to
an aerogel solid characterized by a large porosity and a
low density. Interestingly, the aerogels abtained in this
work, are characterized by surface areas considerably
higher than xerogels reported in literature [51–53].
Nevertheless, a slight decrease of the surface area and
pore volume and diameter of metal-doped TiO2 com-

pared to the pristine material is observed. This finding
might be attributed to the increase of the crystallite
size of titanium dioxide after its modification and to
the partial obstruction of some pores of catalysts by
dopant species. These results seem to be in good
agreement with the work of Romero [54] on iron-
doped TiO2 and Hamadanian et al. [35] in the case of

cobalt-doped TiO2 catalyst, where the authors explain

the reduction in surface area by the agglomeration of
particles due to the dopant. Based on N2 physisorption

analysis results, it can be concluded that doping seems
to have the effect of promoting the creation of larger
particles by the agglomeration of smaller ones and thus
reducing the porosity of the matrix.

The N2 adsorption–desorption isotherms of TiO2

samples are shown in Fig. 6a. According to IUPAC
classification [55], the as-prepared catalysts exhibited
a type IV(a) isotherm characteristic of mesoporous
solids with a uniform and structured surface. Further-
more, all samples exhibit H2(b) type hysteresis loops,
typical of sample with narrow ink-bottle type inter-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
connections. H2 type hysteresis loops are given by

complex pore structures in which network effects are

important. Particularly, the H2(b) type hysteresis loop

is characterized by a much larger pore size distribu-

tion. This type of loops and the monomodal and wide

porous distribution shown in Fig. 6b, might prove that

our materials are derived from the agglomeration of

particles of relatively similar sizes but with pores of ill-

defined sizes and distributions [55].

In order to investigate the effect of doping on opti-

cal response of TiO2-based nanostructures, a series of

UV-Vis diffuse reflectance measurements were per-

formed in the range 200–800 nm and the results are

given in Fig. 7. It is clearly seen that bare and doped

TiO2 samples show a strong absorption in the UV

region. The spectra of photocatalysts show that the

absorption of metal-doped TiO2 into visible region

depends to a large extent on the dopant nature.

A marked shift towards higher wavelengths is observed

for Cr, Fe and Co doped TiO2 samples compared to

the pristine oxide. This finding obviously reveals a

modification in electronic band structure of TiO2.

Actually, the shift of absorption towards the visible

region suggests probably the creation of intermediate

energy levels between conduction and valence bands

and thus a decrease in gap energy. The red shift is more

pronounced for samples doped with cobalt and chro-

mium, which might be attributed to the presence of

Ti–O–M bonds and the incorporation of dopants in

the TiO2 matrix. However, no significant shift towards

the visible region is observed for Zr doped-TiO2 cata-

lyst, suggesting that zirconium doping does not mod-

ify the electronic structure of TiO2.
l. 67  No. 8  2022
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Fig. 6. (a) N2 adsorption–desorption isotherms and (b) BJH pore size distribution of pristine and metal-doped TiO2 photocata-
lysts.
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The band gap energies of the materials are deter-
mined from Tauc plot method and presented in Fig. 8
and Table 1. The results show that doping decreases
the gap energy of TiO2 for the materials containing Cr,

Co and Fe as dopants, which could be related to the
involvement of new energy levels in the band gap, as
previously reported [56, 57]. For metals such as chro-
mium and iron, the energy intensity of the d electrons
is lower than that of the 3d orbit of TiO2 and lies

between the conduction and valence bands of the
semi-conductor. Therefore, their addition could lower
the conduction band and reduce the gap energy of
RUSSIAN JOURNAL O
TiO2 [58]. On the other hand, zirconium doping does

not significantly modify the gap energy of TiO2 which

is in good agreement with the works of Wang et al. [59]
and D’yachkov et al. [60].

Based on the color of the powder samples, it was
noticed that the Cr, Co and Fe doped TiO2 are colored

while the color of Zr-doped TiO2 powder did not

change and remains white. Therefore, pure and Zr-
doped TiO2 do not absorb in the visible light region.

It is well known that surface defects as well as an
effective charge separation are quite crucial in the
F INORGANIC CHEMISTRY  Vol. 67  No. 8  2022
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Fig. 7. UV-visible reflectance diffuse spectra of TiO2 catalysts.
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photocatalytic processes. Such results could be evi-
denced by photoluminescence spectroscopy (PL). PL
spectra of the as-prepared samples are displayed in
Fig. 9. It is found that the spectra of all samples
showed emission peaks at 405, 421, 446 and 486 nm
and a broad peak centered at 520 nm. Following pre-
vious reports in the literature, emission peaks shown at
405, 421 and 446 nm are probably attributed to the
recombination of excited electrons–holes inside the
bulk lattice of TiO2 [61, 62]. The emission band at 486

nm is observed owing to the charge transfer from Ti3+

to oxygen anion in  octahedral complex associ-
ated with oxygen vacancies [63]. The peak at ~520 nm
can be attributed to the recombination of the surface
oxygen vacancies with trapped electrons [64]. It was
observed that doping leads to a decrease of the emis-
sion bands intensity, in particular emission bands

related to the recombination of photogenerated e–/h+

suggesting a decrease in recombination rate of photo-

generated e–/h+ compared to undoped oxide. These
results are in good agreement with the work of Jaimy
et al. [65]. Nevertheless, the decrease observed in the
intensity of emission bands originated from recombi-
nation with oxygen vacancies may negatively affect the
performance of the catalysts in photocatalysis. How-
ever, in the case of zirconium doping, the intensity of
the band around 520 nm increases compared to that of
all other samples, which might enhance the catalyst
performance compared even to pristine oxide [66].
Indeed, the insertion of zirconium leads to the largest
increase in cell volume as observed by XRD analysis
and then a cell distortion which favors the creation of
high amount of oxygen defects. This finding is parti-

cally related to the size of Zr4+ (86 nm) larger than that

of titanium Ti4+ (74.5 nm). Similar results have been
obtained in the literature where authors have reported

2

6TiO
−
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the creation of oxygen vacancies through Zr-doped
TiO2 material [42–45].

Therefore, PL results show that the role of zirco-
nium consists mainly in generating surface oxygen
vacancies able to trap photogenerated electrons thus
providing a charge separation that can enhance photo-
activity. Zirconium also limits the bulk recombination
rate compared to bare TiO2 oxide, which is related to

the creation of surface defects.

Photocatalytic Studies

Blank test. A blank test was performed without cat-
alyst to evaluate the reactivity of methylene blue under
photocatalytic reaction conditions. After 1 h of solar
irradiation, the results obtained showed that the deg-
radation of MB is exceedingly slow without photocat-
alyst under visible light and ambient temperature since
the percentage of photodegradation does not exceed
9%. It can be concluded that the photodegradation of
dyes requires the introduction of a catalyst into the
reaction medium.

Effect of doping on the photocatalytic properties of
TiO2 nanostructures in the degradation reaction of MB.
The collected results of MB photodegradation are
shown in Fig. 10. It is clearly seen that all doped TiO2

catalysts are active in MB photodegradation and that
the nature of the dopant affects activity. According to
the experimental studies, the effectiveness of doped
titanium dioxide is not correlated to the value of gap
energy. In fact, the catalyst zirconium doped TiO2

exhibits the highest photocatalytic efficiency, although
its gap energy was not reduced compared to pure and
doped TiO2. Consequently, the optical properties are

not the main factor affecting the photocatalytic degra-
dation of MB.
l. 67  No. 8  2022
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Fig. 8. Tauc plots for band gap estimations of pure and doped TiO2 catalysts.
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The improvement of the photocatalytic activity of

Zr–TiO2 compared to doped TiO2 catalysts could be

correlated to its textural properties. Indeed, it has been

shown by nitrogen physisorption at 77 K that zirco-

nium doped TiO2 catalyst has the largest specific sur-

face area (197 m2/g) and the best porosity compared to

other doped catalysts. A relatively high surface area

could increase the available active sites surface, and
RUSSIAN JOURNAL O
consequently leads to a higher charge separation rate
for photocatalysis.

The study of optical properties show that doping
decreases the gap energy and shifts the absorption to
the visible region for Cr, Co and Fe doped TiO2. How-

ever, although the optical properties of these catalysts
are better than those of undoped TiO2, the reduction

of oxygen defects seems to significantly affect their
F INORGANIC CHEMISTRY  Vol. 67  No. 8  2022
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Fig. 9. Photoluminescence spectra of the TiO2 photocatalysts.
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Fig. 10. Photodegradation conversion of MB over undoped and doped TiO2 nanomaterials.
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photocatalytic efficiency. However, the higher photo-
activity of zirconium doped TiO2 compared to pure

oxide, may be attributed to a combination of a lower

recombination rate of photogenerated e–/h+ and
mainly a higher concentration of oxygen defects given

its higher size and same charge than that of Ti4+. The
increase in cell volume, in the case of zirconium
doped TiO2, seems to have a positive effect on photo-

catalytic activity.

Therefore, the photocatalytic efficiency in our
case, cannot be explained by optical properties.
A reduction in gap energy does not seem to improve
photocatalytic activity as shown in the case of chro-
mium, cobalt and iron doping. On the other hand, zir-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
conium doping shows the highest catalytic efficiency

even if it doesn’t improve the optical properties of

TiO2. Thus, it is worthy to point out that photocata-

lytic efficiency is significantly affected by the density

of oxygen defects; an increase in the concentration of

oxygen defects, in addition to favorable charge separa-

tion and textural properties, improves photoactivity as

shown in the case of zirconium doped TiO2. Actually,

the photogenerated electrons will be able to be cap-

tured by these oxygen vacancies producing strong oxi-

dizing species like  or  enhancing in fine the

photocatalytic activity. Our findings leads to conclude

that the increase or reduction of oxygen defects den-

OH
i

2O
−i
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sity seems to be a key parameter of photocatalytic effi-
ciency.

Interestingly, the efficiency of as-prepared zirco-
nium doped TiO2 catalyst has been compared with

existing compounds. The photocatalytic activity
achieved in this work is found to be substantially
higher than that reported in previous works [67, 68]. It
is worthy to point out that, the preparation method
used in the present work, hardly used in the literature,
allows the preparation of nano-sized and even quan-
tum-sized materials with an efficient particle distribu-
tion and ordering, high surface areas and an extended
absorption towards visible region. This could reveal
promising materials useful in several potential applica-
tions. Therefore, it seems interesting to find the opti-
mal amount or precursor of chromium, iron and
cobalt dopant to obtain the highest photocatalytic
efficiency. In this context, Wang et al. [37] reported for
the iron-doped catalyst that the highest catalytic activ-
ity was achieved with 1% iron. However, a very small
amount of iron (0.05%) seems detrimental to the pho-
tocatalytic decomposition of methyl orange.

Suggested photocatalytic mechanism. It is generally
acknowledged that heterogeneous photocatalysis on
TiO2 involves four processes; charge-carrier genera-

tion, charge-carrier recombination, charge-carrier
trapping, and photocatalytic reactions. Present exper-
imental results evidence the formation of intermediate
energy levels within the band gap of TiO2 following

doping with Cr, Co and Fe. This is probably resulting
from the injection of electrons from TiO2 to the dop-

ant d level. Nevertheless, a significant decrease in

photoactivity is observed for these catalysts. This sug-
gests that the intermediate levels in the band gap are

more likely to behave as e–/h+ recombination centers
than as trap sites, thus preventing the production of
free radicals responsible for the degradation of pollut-
ants. In the case of zirconium doping, the results high-
lighted a significant enhancement of photocatalytic
properties of titania material. The incorporation of

Zr4+ in TiO2 matrix, did not lead to the formation of

intermediate levels in its band gap, and generates sur-
face oxygen vacancies due to its larger ionic radius and

same charge than Ti4+. The surface oxygen vacancies
can participate in the capture of photogenerated elec-
trons thus increasing the charge carriers lifetime. This
helps to maintain a high photocatalytic activity. Sub-
sequently, the reduction of oxygen by injected elec-
trons allows the formation of superoxide anion radi-

cals ( ), which in turn react with H2O molecules to

form hydroperoxyl radicals  and hydroxyl ions

(OH–). While, the hydroxyl radicals  were gen-
erated by the reaction of positive holes with electron

donors such as H2O and OH– anions adsorbed on the

surface of the semi-conductor. The powerful species

(  and ) will participate in the degradation of
the pollutants adsorbed on the surface of the catalyst.

This proposed mechanism of the photocatalytic
decomposition of methylene blue is summarized in
Scheme 1.

Scheme 1. Proposed photocatalytic mechanism of methylene blue degradation.
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CONCLUSIONS

A comparative study of the effect of chromium,
iron, cobalt and zirconium doping on the structural,
textural, optical and photocatalytic properties of TiO2

nanomaterials prepared by the sol-gel “one-pot”
route is presented in this work. It was revealed that the

addition of zirconium with higher size than Ti4+

improved the photocatalytic features compared to
undoped and doped TiO2 catalysts. TEM analysis of

pristine oxide revealed quantum-sized, well-dispersed
and highly ordered particles. All the catalysts showed
the presence of the anatase phase and high surface
areas. In addition, an increase in cell volume was
demonstrated by increasing the size (ionic radius) of
the dopant ion. Optical characterizations indicated
that doping with Cr, Co and Fe reduced the gap energy
and thus significantly shifted the absorption to the vis-
ible region. However, Zr doping did not modify the
eletronic structure of TiO2. Photoluminescence anal-

ysis showed that doping reduces the amount of oxygen
vacancies which might reduce photocatalytic activity.
An exception was made for zirconium doping which
increases the oxygen defects, thus can improve its

photocatalytic activity. Interestingly, Zr4+ having a

larger size and same charge than Ti4+ causes a cell dis-
tortion as can be seen by XRD analysis, thus allowing
the creation of a large amount of oxygen vacancies and
enhances the photocatalytic activity. Despite the
improvement of optical properties, a limited photoac-
tivity is found for the other catalysts which was mainly
attributed to the intermediate levels acting as recombi-
nation centers and the low amount of oxygen vacan-
cies. According to the mechanism, the overall catalytic
efficiency is determined by two critical processes.
These are the competition between charge recombina-
tion, and charge trapping ensuring a charge separation
which is provided in the present work by oxygen
defects. The increase in the lifetime of charge carriers
is expected to result in higher catalytic efficiencies for
photocatalysis.
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