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ABSTRACT

In the present study, zirconium and cerium co-doped mesoporous TiO, photocatalysts were pre-
pared by sol-gel technique using Pluronic P123 as the structure-directing agent. The prepared
catalytic materials were characterized by X-ray diffraction, high-resolution transmission electron
microscopy, N, sorption studies, diffuse reflectance UV-vis absorption spectroscopic analysis and
X-ray photoelectron spectroscopy. Zirconium and cerium co-doping on TiO, induces visible-light
absorption and decreases the bandgap energy. Zirconium and cerium co-doped mesoporous titania
exhibit a high surface area with a large pore diameter. The photocatalytic activity has been evalu-
ated for the photodegradation of 2,4-dinitrophenol under visible light illumination. The optimum
loading of Zr* and Ce* to TiO, was found to be 0.5 wt.%. Ce* and Zr*" active sites are good elec-
tron scavengers, which can easily trap the excited electrons and shift the electrons to the adsorbed
oxygen molecules and therefore efficiently extending the lifetime of the electron-hole pair. Moreover,
Zr*/Ce*-TiO, showed excellent photocatalytic activity towards the degradation of 2,4-dinitrophenol
under visible light irradiation due to the formation of a large quantity of *OH and O;" radicals.
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1. Introduction

Photodegradation of organic contaminants has been
induced broad attention for both potential applications
and scientific understanding due to greater environmen-
tal contamination in recent decades. Particularly, phenols
are considered as a hazardous pollutant because of their
potential to harm human health. The heterogeneous pho-
tocatalysis using TiO, as photocatalyst considered the most
emerging technology for phenol degradation [1]. TiO, has
been demonstrated as a promising universal photocatalyst
owing to its superior photocatalytic efficiency, chemical and
biological inertness, strong oxidizing ability, resistance to
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photo-corrosion, nontoxicity, and low cost [2-4]. However,
titanium dioxide has disadvantages like the low capac-
ity to utilize solar energy (not more than 5%) due to its
broad bandgap and high rate of recombination of the pho-
to-generated electron-hole pairs. In order to enhance the vis-
ible-light photocatalytic activity of TiO,, various strategies
such as doping with nonmetal [5-7] and metal [8-10] dye
sensitization [11] and coupling with other semiconductors
[12,13] have been reported to address these issues. Earlier
studies have shown that doping of TiO, with other metal
ions could be beneficial to shift the absorption capability
of TiO, from UV to the visible light region (400-800 nm)
[14-18]. It is reported that metal and non-metal ions doped
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mesoporous TiO, could effectively induce the visible light
absorption, which occurs mainly excitation of smaller
bandgap metal oxides and partially from the excitation of
the introduced localized states in the bandgap of doped
TiO, [19].

Among the various metal ion dopants, zirconium was
found to be a suitable dopant for TiO, owing to its simi-
lar electronegativity, ionic radius and valence states which
are beneficial sure to dope the preferred amount of Zr into
TiO, without any defects [20]. For example, Gao et al. [21]
reported that the Zr-loaded TiO, showed better catalytic
efficiency than bare titanium dioxide for photodegradation
of bisphenol A under visible-light illumination. Liu et al.
[22] have prepared Zr incorporated TiO, nanotube clusters
on the Ti sheets and the improved photocatalytic activity
was studied. Goswami and Ganguli [23] explained the effi-
cient photodegradation of quinalphos pesticide due to the
bandgap modification of mesoporous TiO, by Zr doping.

In other words, it is reported that doping of lantha-
nide metal ions can produce defect levels in the band-
gap, which traps the excited electrons easily and thereby
increasing the lifetime of photo-generated charge carriers.
In addition, these cerium ions doped oxides are identified
to be excellent thermal stability because of their unique 4f
electron configuration [24]. Among the lanthanide metal
ions, cerium ions have considerable interest due to their
high optical transparency in the visible region by Ce*/Ce*
redox couple [25]. In general, cerium doped TiO, materi-
als have been prepared by the hydrothermal and sol-gel
methods and identified to improve the photodegradation
of organic pollutants under visible light. Hence, most of
the researchers have focused on preparing mesostructured
cerium ions doped TiO, with vast surface area and conve-
nient pore dimension to enhance the catalytic activity of tita-
nia. The doping of cerium ions (Ce*/Ce*") leads to enhance
the number of defects or O, vacancies in the titanium diox-
ide crystal and also to increase the light absorption ability
into the visible region [26]. The biggest advantage is that
the photo-excited electrons trapped in Ce*/Ce® sites can
be simply transferred to oxygen on the cerium introduced
TiO, catalyst surface, which successfully restricts the rate
of electron-hole recombination and hence enhanced the
TiO, quantum yield. In recent years, co-doping of metal
ions such as Ag and La [27], silver and V [28], Au and Ir
[29], N and Ni [30], N and In [31], Sn and Zn [32], N and Zr
[33], into semiconductor metal oxides have gained much
attention because of its higher photocatalytic activity and
unique optical and structural characteristics compared
with the doping of one metal ion into semiconductor oxide.

In the present study, zirconium and cerium ions co-doped
mesoporous TiO, was prepared by sol-gel process. The resul-
tant photocatalyst showed the light absorption in the visible
region and expected to increase the photocatalytic activity.
The efficiency of the synthesized photocatalyst was evalu-
ated by the photocatalytic degradation for 2,4-dinitrophenol
under the illumination of visible light. Further, the optical
properties of the photocatalysts and the photocatalytic mech-
anism was also explained in detail in the manuscript. To the
best of our knowledge, zirconium and cerium ions co-doped
mesoporous TiO, is a better photocatalyst for degradation
for 2,4-dinitrophenol under the illumination of visible light.

2. Experimental
2.1. Materials

All the analytical grade reagents and chemicals
were used without additional purification. Titanium(IV)
isopropoxide (Merck, India), zirconyl nitrate (Merck, India)
and cerium(IIl) nitrate hexahydrate (Merck, India) were
used as the chemical sources for Ti, Zr and Ce respectively.
Triblock copolymer (Pluronic P123, MW =5800, EO, PO, EO,;
Aldrich), [poly(ethylene glycol)-block-poly(propylene gly-
col)-block-poly(ethylene glycol)] was used as a structure-di-
recting agent. Double distilled water, pure ethanol (Merck,
India) were utilized for the synthesis of the photocatalyst.
The organic pollutant 2,4-dinitrophenol (Merck, India) was
used for the photodegradation study.

2.2. Preparation of mesoporous bare TiO, and Zr*/Ce*-TiO,

Mesoporous bare TiO, catalyst was prepared by sol-
gel technique using Pluronic P123 as a structure-directing
material with soft template mechanism. The preparation
was carried out in a closed lid polypropylene bottle. 1 g of
Pluronic P123 triblock copolymer was added into 32 mL of
pure ethanol. Then stirring continued for another 4 h, a solu-
tion was attained in clear form. Titanium(IV) isopropoxide
(3 mL) was added to the clear solution at ordinary room
temperature and stirred another 2 h. Then water (18 mL)
was added to the synthetic mixture and the stirring was con-
tinued at ordinary room temperature for 24 h. Afterwards,
the obtained mixture was kept in dark for 12 h nucleation.
The settled product was centrifuged in order to remove the
template from the ethanol-water solution. In order to get
fine catalyst powder, the solid precipitate was dried and
powdered. This powder material was calcined nearly at
400°C in the nitrogen atmosphere for 6 h to eliminate the
remaining structure-directing agent [34]. The prepared
mesoporous bare TiO, catalyst was noted as meso-TiO,.
Three different wt.% of Zr and Ce incorporated TiO, were
prepared in the same synthetic procedure by adding the
stoichiometric quantity of zirconyl nitrate and cerium(III)
nitrate hexahydrate as the Zr and Ce sources.

2.3. Catalyst characterization

The high angle X-ray diffraction patterns were recorded
on the PANalytical X'Pert Pro X-ray diffractometer using
CuKa radiation. The low angle X-ray diffraction patterns were
analyzed on a Bruker D8 advanced powder X-ray diffractom-
eter using CuKa (A = 1.5418 A) as the radiation source in the
20 range 0.5°-6° with a step size of 0.01° and step time of 5 s.
The N, sorption isotherms were analyzed by Micromeritics
analyzer (ASAP 2020). Earlier to measurement, the samples
were 3 h degassed at 300°C under vacuum (10~ mbar) in the
degas compartment of the adsorption analyzer. Surface area
(specific) was measured by the Brunauer-Emmett-Teller
technique and the distribution of pore dimension was mea-
sured using the Barrett-Joyner-Halenda technique. The mor-
phology of prepared catalysts was studied by transmission
electron microscopy (TEM) images were captured using a
JEOL TEM-3010 electron microscope functioned at 300 keV
accelerating voltage. X-ray photoelectron spectroscopy (XPS)
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was recorded with MS Omicron nanotechnology using
Monochromator XM-1000, K-alpha surface analyzer by AlKa
as the source of radiation worked at 200 W semi-circular
electron force analyzer. The DR UV-Vis spectra of the pre-
pared catalysts were analyzed at the 200-800 nm range by
Shimadzu UV-visible spectrophotometer (model 2450) with
BaSO, as reference material. The Fourier-transform infra-
red (FTIR) spectroscopic studies were recorded by Nicolet
Avatar 360 FTIR spectrometer with KBr pellet type technique.

2.4. Photocatalytic degradation studies and investigation

The catalytic activity of the prepared photocatalytic
materials was examined by the photodegradation of aque-
ous 2,4-dinitrophenol (2,4-DNP) solution. Photodegradation
was carried out in a slurry batch photocatalytic reactor
under visible-light. A cylindrical photocatalytic reactor
(2 cm diameter x 30 cm height) was used in all the exper-
iments. The water circulation arrangement was used to
maintain the reactor temperature range from 25°C to 30°C.
A tungsten lamp (300 W) built into the reactor with polished
aluminum reflectors was used as the source for visible-light
and positioned near the reactor tube. These tungsten
lamps emit only visible light above 400 nm wavelength.

In this experiment, 100 mg of the prepared catalyst was
added to 100 mL aqueous 2,4-dinitrophenol solution of
30 ppm in a reaction glass tube. Earlier, the catalyst pollut-
ant suspension ware stirred another 30 min without light
conditions to achieve adsorption-desorption equilibrium.
Then catalyst pollutant suspension exposed to visible-light
above 410 nm wavelength with continuous purging of air
with an air pump. At the definite instant, an aliquot of
5 mL of samples was withdrawn and to remove the cata-
lytic particles centrifugation process followed by filtration
(0.2 pm membrane) process was carried out. The photo-
catalytic degradation was investigated by identifying 2,4-
DNP in wavelength of 358 nm by using the Elico SL218
double beam UV-Visible spectrophotometer. The amount
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of mineralization of 2,4-DNP was measured by (TOC) total
organic carbon analyzer (Analytik Jena multi N/C 2100).

3. Results and discussion
3.1. Catalysts characterization

The low angle X-ray diffraction (XRD) patterns of
meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5
and 1 wt.% Zr*/Ce*-TiO, photocatalysts are presented in
Fig. 1a. An intense reflection that occurred between 0.5° and
1° (20) reveals the presence of mesoporous structure in all
materials. The higher angle XRD patterns of meso-TiO,,
0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.%
Zr*[Ce*-TiO, are shown in Fig. 1b. All XRD patterns
proved the existence of an anatase form of TiO, (JCPDS No.
21-1272). No characteristic diffraction peaks matching to
Zr* and Ce*" species were identified because of the lower
concentration dopant metal. The possibility of CeO,-TiO,
solid solution was ignored because of the comparative large
ionic size difference of Ce* cation (1.02 A) with Ti* cation
(0.68 A). Tt is complicated for 8 coordinated cerium present
to substitute 6 coordinated titanium in tetragonal TiO, [35].
Therefore, may be cerium ions vastly dispersed on the TiO,
surface in the type of amorphous metal oxides. However, the
doping of Zr*-ions are likely to occur in Ti* as the differ-
ence between the ionic boundary of the Ti* (0.68 A) and Zr*
(0.78 A) is minute and therefore six coordinated Ti* can be
replaced by six coordinated Zr*. As a result, the Zr* ions
doping into titania lattice over the substitutional approach
can be expected. Thus, it is reasonable to conclude that Zr*
ions may be substituted into the TiO, lattice and Ce*-ions
may exist in the form of amorphous metal oxides. The size of
the prepared crystallite materials has been calculated using
Scherrer’s equation from the (101) crystal plane and the crys-
tal sizes are 11.8, 10.6, 10.2, 9.4, 8.3 and 7.4 nm meant for
meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and
1 wt.% Zr*/Ce*-TiO, respectively. The dimension of particle
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Fig. 1. (a) High angle XRD patterns of bare meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-TiO,.

(b) Low angle XRD patterns of bare meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.%

Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-TiO,.
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reduced with an increase of the dopant metal concentration,
because zirconium and cerium ions doping on TiO, lattice
controlled the growth of crystallite of the TiO, nanoparticles.

The textural parameters of bare meso-TiO,, 0.5 wt.% Zr*-
TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-TiO,
photocatalysts were attained from N, sorption analyses are
exhibited in Fig. 2. All the obtained isotherms reveal type
IV adsorption isotherms with H, hysteresis loop at a higher
relative pressure (p/p, = 0.8-0.9), which confirmed the char-
acteristics of the mesoporous structure in all materials. The
surface area (specific), pore diameter and pore capacity of
prepared catalytic materials are exhibited in Table 1. The sur-
face area enhances with an increase in co-metal ion doping
till 0.5 wt.% and after decreases. Since the size of the parti-
cle reduces with an increase of dopant metal concentration,
the surface area enhanced up to 0.5 wt.% co-doped TiO,. At
high dopant metal concentration, though grain size reduces,
the well-dispersed Zr* and Ce* crystals on the TiO, surface
block the active sites and hence the surface area of Zr*/Ce*-
TiO, decreased above 0.5 wt.% loadings. It is well reported
that a larger surface area and pore size can enhance the pho-
tocatalytic performance of the TiO, photocatalysts.

The high-resolution transmission electron microscopy
images and selected area electron diffraction patterns of bare
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Fig. 2. N, sorption isotherms of meso-TiO,, 0.5 wt.% Zr*-TiO,,
0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-TiO,.

Table 1

meso-TiO, and 0.5 wt.% Zr*/Ce*-TiO, photocatalysts were
analyzed and exhibited in Fig. 3. The catalytic particles are
nearly spherical in nature, and the grain size distributions are
5-12 nm range. These values are similar to the typical parti-
cle sizes calculated from X-ray diffraction patterns. The TEM
image of 0.5 wt.% Zr*/Ce*-TiO, (Fig. 3d) shows the highly
dispersed Zr* and Ce* ions on the TiO,. The ultimate con-
tact of Zr* and Ce* ions on TiO, is more advantageous to
increase the interfacial electron transfer process. The Zr*
and Ce* ions on TiO, undergo the interfacial charge transfer
process increases significantly. The well-determined lattice
fringes were observed in Figs. 3b and e, this explained the
crystalline character of TiO, catalyst. The Selective Area
Electron Diffraction (SAED) patterns by electron beam focus-
ing on the crystalline nano-particles are exhibited in Figs. 3c
and f, point out the distinct diffraction rings of the tetrago-
nal phase of anatase TiO,. The polycrystalline nature of the
composite materials was confirmed by the SAED patterns.
XPS analysis was carried out to identify the chemical
oxidation states of the elements in 0.5 wt.% Zr*/Ce*-TiO,
catalyst. As shown in Fig. 4a, the XPS survey scan spec-
trum clearly indicates the existence of Ti, O, C, Ce and Zr
elements in 0.5 wt.% Zr*/Ce*-TiO, nanocomposites. The
carbon atom could be attributed to the extrinsic C-based
impurity, and the peak at 284.3 eV was the binding energy
of C 1s taken as reference. The binding energy around
470 eV for the Ti 2p state was exhibited in Fig. 4b. The peak
situated at 464.59 eV matches Ti 2p,, then another one
peak situated at 458.91 eV was allocated to Ti 2p,, this con-
firmed the tetragonal arrangement of Ti* [36]. The splitting
between the Ti 2p,, and Ti 2p,, is 5.68 eV, also confirms
the state of Ti* ion [37,38]. The peak at 529.49 eV for Ols
core level (Fig. 4c) can be ascribed to TiO, lattice oxygen,
whereas the Ti-OH surface OH groups confirmed by a peak
at 532.0 eV [39,40]. The photoelectron spectra of Ce 3d is
exhibited in Fig. 4d. The spectra of Ce 3d can be allocated
to be 3d,,, spin-orbit states as specified u and 3d,, states as
specified v. The doublet u”/v™ is appropriate to elementary
photoemission from Ce* -O,. The doublets u/v, as well as,
u"/v" are shakedown characteristics resulting from the shift
of 1 or 2 electrons from completely filled O,p orbital to the
empty or unfilled Ce 4f orbital. The doublet u'/v’ is suitable
for the Ce* cations photoemission. The existence of doublet
u'/v' peaks in the spectrum shows that the Ce*-TiO, sam-
ples contain some O, vacancies and cerium ion as partially

Textural and physicochemical properties of meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-TiO,

Photocatalysts Particle Bandgap Specific surface Pore Pore
size (nm) energy (eV) area (m%/g) diameter (nm) volume (cm?/g)
Meso-TiO, 11.8 3.13 80 9.8 0.40
0.5 wt.% Zr*-TiO, 10.6 3.0 87 10.7 0.47
0.5 wt.% Ce*-TiO, 10.2 2.93 90 11.8 0.51
0.1 wt.% Zr*/Ce*-TiO, 9.4 273 92 12.2 0.53
0.5 wt.% Zr*/Ce*-TiO, 8.3 2.49 98 12.9 0.55
1 wt.% Zr*/Ce*-TiO, 7.5 2.40 96 11.7 0.57
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Fig. 3. HRTEM images (a) meso-TiO,, (b) magnified image of meso-TiO,, (c) SAED pattern of meso-TiO,, (d) 0.5 wt.% Zr*/Ce*-TiO,,
(e) magnified image of 0.5 wt.% Zr*/Ce*-TiO,, and (f) SAED pattern of 0.5 wt.% Zr*"/Ce*-TiO,.

reduced Ce™ state. The incomplete photoreduction of Ce*
in the time of XPS analysis is a notorious fact in the litera-
ture [25,41-43]. Thus, the Ce 3d spectrum of the Ce*-TiO,
concludes that the presence of Ce*" oxidation states. The Zr
3d XPS spectrum is shown in (Fig. 4e). The Zr* of zirco-
nium was confirmed by the spectral lines at 183.3 eV and
185.5 eV matching respectively to the Zr 3d;, and Zr 3d,,
[24]. The splitting between the Zr 3d,, and Zr 3d,, is 2.2 eV.
The XPS spectra results conclude that cerium and zirco-
nium ions exist as +4 oxidation state in TiO, photocatalyst.
The differential reflectance spectroscopy-ultraviolet-vis-
ible absorption spectrum of bare meso-TiO, and doped
meso-TiO, are exhibited in Fig. 5. Commencement of
absorption lines for meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.%
Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-TiO, were obtained
at 396, 413, 423, 454, 497 and 516 nm respectively. The val-
ues of bandgap energy determined using Kubelka—Munk
equation Eg =1,240/A (A is the wavelength in nm) based on
the beginning of absorbance were established to be 3.13,
3.0, 2.93,2.73, 2.49 and 2.40 eV for bare meso-TiO,, 0.5 wt.%

Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/Ce*-
TiO,. Zirconium and cerium co-doping on TiO, caused a
redshift in the absorption edge of TiO, from 413 to 516 nm.
The redshift within TiO, revealed the existence of Zr—O-Ti
and Ti-O-Ce bonds [44]. The redshift may be caused due
to the fresh energy level produced within the bandgap,
which diminished the TiO, bandgap. All the synthesized
nanocomposite materials apart from meso-TiO, proved the
proper red shift in optical absorption spectroscopy stud-
ies with energies of bandgap varies from 3.1 to 2.45 eV,
which is expected to induce visible light absorption TiO,.
The FTIR spectra of bare meso-TiO, and doped TiO, pho-
tocatalysts are shown in Fig. 6. All the photocatalysts exhibit
a wide absorption band between 3,300 and 3,450 cm™ that
corresponds to the stretching vibration of OH groups. The
absorption band peaks at 1,627 and 2,365 cm™ are associ-
ated with the bending vibration peaks of OH groups and
surface adsorbed CO, respectively. The large absorption
band detected at around 550-750 cm™ for all the photo-
catalysts corresponds to the characteristic vibrations of
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Fig. 4. XPS spectra of meso-0.5 wt.% Zr*/Ce*-TiO, (a) survey, (b) Ti 2p, (c) O 1s, (d) Ce 3d, and (e) Zr 3d.

TiO, [45]. The nonexistence of CH, bending and stretch-
ing vibrations in all calcined catalytic materials specify
the complete elimination of solvent (alcohol) and polymer
template at 400°C.

3.2. Evaluation of photocatalytic activity

The photocatalytic rates of meso-TiO, 0.5 wt.%
Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/

Ce*-TiO, photocatalysts were estimated for the degrada-
tion of 2,4-dinitrophenol using irradiation of visible light
beyond 400 nm are calculated and plotted against metal
ions loading as shown in Fig. 7. The speed of photodegra-
dation of 2,4-DNP under visible light was established to be
extremely low on bare meso titania due to lack of absorp-
tion of visible light by TiO,. The photocatalytic performance
of TiO, increases with an increase in metal ion loading and
shows a maximum at 0.5 wt.% and then decreases. The
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band-gap narrowing and improved visible light absorp-
tion of TiO, by co-doping (Zr and Ce) lead to enhanced
photocatalytic activity of the TiO, under visible light.
Among the different wt.% loading of Zr*" and Ce*,
0.5 wt.% of Zr*/Ce* on TiO, exhibited much enhanced
photocatalytic activity towards 2,4-DNP, this could be
recognized to the increase in surface area with large pore
diameter. These textural parameters improve the adsorp-
tion of 2,4-DNP molecules into the pores of TiO,. The
rate of degradation increased with an increase of dop-
ant concentration up to 0.5 wt.% of Zr* and 0.5 wt.% of
Ce* on meso-TiO,. Since the surface area decreases with
an increase in dopant concentration, the degradation
rate decreased. The superior catalytic activity of 0.5 wt.%
Zr*/Ce*-TiO, photocatalytic material was confirmed by
the analysis of the TOC. The analysis of TOC was carried

0. = 0.5 wt% Ce"-TiO,
¥ 0.5w%2Zr"-TiO,

= mesoTiO,

V.U 0.2 U4 U.b U8 1.0
Z** and Ce* loading on TiO, (Wt%)

Fig. 7. Degradation rates of 2,4-dinitrophenol with meso-TiO,,
0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5 and 1 wt.% Zr*/
Ce*-TiO,.

out and the plot of TOC vs. irradiation time is exhibited in
Fig. 8. The photodegradation of 2,4-DNP was established
to be a higher rate at 0.5 wt.% Zr*/Ce*-TiO, photocatalyst
compared with meso-TiO, and doped meso-TiO,,.

3.3. Photocatalytic mechanism

The proposed mechanism for photocatalysis on Zr*'/
Ce*-TiO, is shown in Fig. 9. It is well recognized that the
doping of zirconium and cerium ions on TiO, plays a sig-
nificant role as a visible-light activated photocatalyst [46].
When the co-doped TiO, irradiates by visible light, the
electrons and holes are generated and are assisted by the
degradation of pollutants through photocatalytic redox
reactions. Since the bandgap of co-doped TiO, photocat-
alysts is reduced, all TiO, are activated in a visible light
region. Since the photoexcited electrons are caught by Ce*'
ions, the photogenerated negative electrons and positive
holes were efficiently separated on the surface of the TiO,
to increase the electron-hole lifetime. On zirconium dop-
ing, the photo-generated electrons are likely to build up the
energy level at the surface state and photo-generated holes
are captured together on the surface of the TiO, valence
band. Consequently, the adsorbed hydroxyl groups on the
surface of TiO, were also increased. This was also disclosed
by XPS analysis where the spectral lines at 532.0 eV are
allocated to Ti-OH surface OH- groups. During the photo-
catalytic degradation, 2,4-DNP pollutant adsorbed on the
alive exterior sites of doped TiO, and readily oxidized by
photogenerated positive holes into *OH radicals. Therefore,
the electron-hole recombination was suppressed by the
introduction of Ce* ions into the TiO, lattice.

Cerium doping creates an impurity energy level within
the bandgap of TiO,. Therefore, the agitated electrons at the
conduction band or an impurity energy level can diminish
Ce*" to Ce® ions in the presence of visible light irradiation.
The CB of TiO, or the impurity energy level is extra negative
compared to the reduction potential of Ce* ion to Ce* ion
(+1.61 eV). The electrons captured in the Ce* ionic sites can
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Fig. 8. Photocatalytic degradation of 2,4-dinitrophenol with
bare meso-TiO,, 0.5 wt.% Zr*-TiO,, 0.5 wt.% Ce*-TiO,, 0.1, 0.5
and 1 wt.% Zr“*/Ce“—TiOz.

be simply shifted to adsorbed O, molecules on the surface of
Ce doped TiO, photocatalysts to formation oxidizing species
(Oy"). Also, VB of TiO, has a probable of +2.9 V this is more
positive compared to the oxidation potential of the Ce* ion
to Ce* ion (-1.61 eV). The valence band positive holes can be
oxidized Ce* ion to Ce* ion. These oxidized Ce* ions can
consequently shift the holes to OH groups, which create a
more number of extremely active hydroxyl (*OH) radicals
[47]. The Ce* and Ce*" coexisting in ZrO,/CeO,-TiO, influ-
ence the photoreactivity by withholding the electron-hole
pair recombination time. However, the positive holes and
excited electrons can be captured by Ce* ion and Ce* ion
respectively.

The valence band in the TiO, has an affinity to undergo
further reduction, therefore the photogenerated positive
holes can simply oxidize the adsorbed hydroxyl group and
formation of *OH radicals, which was a potent oxidizing
agent to degradation of 2,4-DNP. The formation of a large
number of O;* and *OH by zirconium and cerium ultimately
enhanced the photocatalytic activity of TiO, utilizing visible
light irradiation.

4. Conclusion

In this study, Zr*/Ce*-TiO, nanocatalysts were pre-
pared by sol-gel technique using Pluronic P123 as
structure-directing template. The resulting co-doped TiO,
photocatalysts showed extended absorbance in the visi-
ble light region and subsequently reduced the bandgap of
TiO, in comparison with bare meso-TiO,. The zirconium
and cerium co-doped photocatalytic materials proved
better photocatalytic activity than meso-TiO, Zr*-TiO,
and Ce*-TiO, under visible light irradiation. Among all
the prepared photocatalytic materials with different dop-
ant concentration, 0.5 wt.% co-doped TiO, nanocatalyst
proved the maximum photocatalytic activity due to the
enhanced surface area with large pore diameter. The large
mesopores provide more pathways for a 2,4-DNP pollut-
ants to easily access the active sites inside the pores of TiO,.

Impurity
energy level

light .
0y -on
@j vB 2,4 -DNP
one—" "OH l
€O, +H,0
Fig. 9. Proposed mechanism for photocatalysis on

meso-Zr*/Ce*-TiO,.

Ce*" is the best electron scavenger and reduces the adsorbed
O, molecules to produce superoxide anion radicals and
enhanced the photocatalytic performance by preventing
the electron-hole pair recombination. The incorporation
of Zr* in TiO, led to small particle size, large surface area
and also led to form more electron capture traps, which
contribute to high separation efficiency of photogenerated
carriers. Co-doped meso-TiO, ultimately enhanced the
photocatalytic activity by the synergistic effect of trap-
ping, suppressing the electron-hole pair recombination
and improved light absorption in the visible light region.
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