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Abstract

Cobalt, Iron & Cerium co-doped CoxFeo.02Ce0.02Tio.96xO2; X = 0.02, 0.03 & 0.04 mol % nanoparticles were
fabricated by following sol-gel process. Characterization of synthesized samples was carried out through
X-ray diffraction, UV-visible and Fourier transform infrared spectroscopy, Transmission electron and
Field-emission scanning electron microscopy and Electron dispersive X-ray spectroscopy. Anatase phase
of fabricated nanoparticles was estimated by XRD and further verified by EDXS measurements. Using
Debye Scherrer’s formula the particle size of synthesized nanoparticles calculated was 24.8 to 10.3 nm.
With growing cobalt concentration (x) shifting of absorption edge towards region of higher wave length
correspond to blue shift as noticed from UV—Visible absorption spectra indicate the generation of energy
sub states within forbidden gap and reduction in energy band gap from 2.57 eV to 1.69 eV. Structural
formation of the synthesized nanoparticles was studied by FTIR spectroscopy which confirm that formed
TiO nanoparticles have stable anatase pahse. Photocatalytic degradation activity against congo red and
methyl orange dyes was detected by visible light illumination. Observations showed that with rise in
cobalt concentration (x) the photocatalytic activity rises which is ascribed to decreasing rate of carrier
recombination and increasing surface area of the fabricated nanoparticles.
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1. Introduction

Photocatalysis is a chemical reaction steped up in presence of a catalyst and light photons [1]. In recent
years Researchers have focused more attention on Photocatalysis process because it is inexhaustible,
nonhazardous, clean, safe source of energy and economically viable, facile process towards organic
transformation using light [2-3]. Photocatalysis based on semiconductor metal oxides as photocatalysts
used for wastewater treatment and degradation of toxic and non biodegradable organic pollutants to
harmless compounds [4-5]. Semiconductor metal oxides e.g TiO> is most suitable because of its tuneable
band gap, band edge positions, low cost, non-toxicity, high chemical and thermal stability, non-toxicity,
resistance to photochemical and chemical erosion etc. [6]. TiO, nanoparticles can exist in both anatase as
well as in rutile phase. It has been accepted that the photocatalytic efficiency exhibited by anatase phase is
higher compared to rutile one [7]. It was reported that doping of iron in TiO; can help in conversion of
phase from amorphous to anatase as TiO; as amorphous is not photoactive because of having broad band
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gap (3.2 eV) and quick electron-hole recombination [8-9]. Researchers have made significant
contributions in tailoring the band gap on substitution of suitable dopent in TiO, nanoparticles
synthesized by different techniques in order to enhance the photocatalytic activity. Chekuri et al. have
synthesized TiO, nano materials doped with cobalt, assisted by gemini surfactant and observed enhance
photocatalytic activity [10]. Synthesized cobalt doped TiO, nanoparticles leads to excellent photocatalytic
degradation activity for methyl orange when irradiated with both UV as well as visible light [11]. Ganesh
et al. prepared different amount of Fe doped TiO: nanoparticles fabricated by conventional co-
precipitation technique and dried at temperature range 400 -800°C. It was reported that the lower amount
of iron doped TiO, nanoparticles gives higher response towards degradation of Methylene blue [12].
Xiao-Jun Li et al. reported that individual substitution of iron and cerium in TiO; iron gets introduced
however cerium does not enter in the framework of TiO,. On co-doping of iron and cerium, both were
introduced in TiO, framework and provides much more intense surface hydroxyl concentration having
high photocatalytic degradation as compared to the separately doped TiO; [13]. This work comprises the
study of consequence of doping of cobalt on degradation efficiency against methyl orange and congo red
dye. We have planned to synthesize CoxFeo02Ceo.02Tio.96x02; X = 0.02, 0.03 & 0.04 mol % nanoparticles
by following sol-gel process. Following techniques have been used to study structural, morphological and
optical characteristics of the fabricated nanoparticle samples; X-ray Diffraction, Field emission scanning
electron microscopy, Energy dispersive X-ray spectroscopy, Transmission Electron Microscopy, UV-
Visible spectroscopy and Fourier transform infrared spectroscopy. Photocatalytic degradation activity
against congo red and methyl orange dyes was detected under visible light illumination.

2. Experimental Details
2.1 Sample preparation

For the synthesis of present nanoparticles we have used all AR grade chemicals e.g. Titanium (IV)
tetraisopropoxide (Ci2H2s04Ti, 97%), Cobalt (1I) Nitrate (Co(NOs3)2.6H20, 99%), Cerium (Ill) Nitrate
hexahydrate (Ce(NOs3)3.6H20, 99%) and Ferric Chloride (FeCls, 98%). All compositions were prepared
using DI water and methanol (CHsOH, 99.8%). All glassware were washed properly with DI water and
dried well before use. Different composition of TiO, nanoparticles co-doped with cobalt, iron and cerium
were prepared by controlled sol-gel technique using an appropriate amount of pure metal salts as
mentioned above. Details of synthesis process as follows; titanium (IV) isopropoxide (13 ml) in
methanol (50 ml ) was poured drop by drop under vigorous stirring into small amount of DI water
containing 0.29 gm of Cobalt (I1) Nitrate (adjusted to appropriate pH with 0.8 ml conc. HNO3). Then after
violent stirring of 1 hr a solution consisting of 0.16 gm of Cerium (I11) Nitrate hexahydrate and 0.43 gm
of Ferric chloride in DI water (small amount) was poured to it drop by drop with continuous stirring and
mixture for 4 h was stirred at room temperature until it became a transparent greenish sol. Then the sol
was kept overnight to form gel, which was then dried at 100°C for 24 h in vacuum oven to eliminate the
solvents from gel. After that it was grinded to powder by agate mortar. Finally the resulted powder was
annealed at 400°C in an electric furnace for 4 h to obtain crystalline powder of codoped TiO;
nanoparticles. Other compositions were also prepared at same experimental conditions. Figure 1 is
displaying graphical representation of fabrication process.
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2.2 Characterization of synthesized nanoparticles

By making use of Cu-Ko radiation having wavelength, A= 1.5406 A at room temperature XRD patterns
were recorded to verify single phase formation of fabricated nanoparticle samples. FTIR spectra were also
recorded at room temperature to further confirm the stable phase formation of co-doped nanoparticles of
TiO.. By using Scanning Electron Microscope (Zeiss Evo 40 analytical), synthesized nanoparticles were
studied for surface morphology. The presence of elements in all fabricated samples was detected using
EDX spectrometer. To verify nanoparticle formation the TEM images using Hitachi (H-7500) microscope
were recorded. Utilising UV-visible absorption spectroscopy, optical band gap of synthesized samples
have been found. Photocatalytic degradation activity against congo red and methyl orange dyes was
determined as follows: To attain an adsorption/desorption equilibrium, 100 ml dye solution (10°°
mol/liter) containing 0.05 gm of co-doped TiO. nanoparticles was stirred in dark for 1 hr. The suspension
was then stirred by illuminating from the top for 120 minutes by phosphorus coated mercury vapour lamp
having cut off filters consisting 420 nm to 520 nm wavelength. After regular intervals (20 min) of
illumination, about 3 ml sample from the dye dissolved solution was taken out and then centrifuged on
after filtration analyzed by UV-Vis spectrophotometer taking DI water as a reference. No degradation of
dyes was observed in absence of light.
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FIG 1. Pictorial representation of synthesis process. FIG 2. X-ray Diffraction pattern of fabricated

nanoparticles.

3. Results and Discussion
3.1 Structural analysis

XRD pattern of fabricated CoxFeo02Ceo.02Tio96xO2; x = 0.02, 0.03 & 0.04 mol % nanoparticle samples is
displayed in Figure 2. In co-doped TiO, nanoparticles anatase phase formation was verified from
diffraction peaks appeared at 20 values 25.41°, 38.1°, 48.1° 54.2° 55.1° 62.9° 68.9° 70.4° and 75.3°
corresponding to the crystal planes (101),(004),(200),(105)(211)(204)(116)(220)and (21
5) respectively. All diffracted peaks are found to be in accordance with standard diffraction data of the
anatase phase (JCPDS file no. 84-1285). Using FWHM of most dominated (101) peak of XRD the

calculation of size of nanoparticles was browned by using Debye-Scherrer equation [14].
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kA
D= B cos6O (1)

Here K = 0.89 (shape factor), A represents wavelength of X-rays having value 0.154 nm, 6 represents
diffraction angle in radians,  is FWHM of (101) peak and D is size of nanoparticles in nm. Particle size
of synthesized co-doped TiO, nanoparticles found to be 24.8 nm to 10.3 nm are listed in Table 1. The
calculated particle size decreases slightly with increasing molar concentration of dopant. Moreover, the
diffraction peaks got broaden after doping which indicates that the particle size of synthesized
nanoparticles decreases on further doping.

3.2 Elemental analysis

The elemental presence in prepared samples was detected by EDXS. Figure 3(a-c) shows approximately
1:2 peak ratio of Ti and O as estimated from the O peak at 0.523 keV and the Ti peaks at 0.4 and 4.51
keV. The present analysis confirmed that the amount of cobalt, iron and cerium are in good agreement
with the base compositions and positions of peaks for Co at 0.798 and 6.95 keV, Fe at 0.7 and 6.4 keV
and Ce at 0.89 and 4.85 keV were found to be same for all synthesized nanoparticles
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FIG 3(a). EDXS spectra of synthesized CoxFeo.02 Ceo.oz2 Ti.96xO2 nanoparticles for x=0.02 mol %.

During synthesis process the concentrations of all the dopant were dissolved thoroughly to obtain
homogenous solution to avoid aggregation effect of Co, Fe or Ce (most probably occur in oxide forms).
3.3 Morphological analysis

The surface morphology of the reaction products formed as nanoparticles was estimated by FESEM

images displayed by Figure 4(a-c), which shows presence of small agglomeration. On further doping
agglomeration increases could be ascribed to high surface energy of nanoparticles having decrease in
particle size.
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3.4 TEM analysis

The nanostructural formation of prepared nanoparticles for final composition was estimated from
transmission electron microscopy (TEM) displayed in Figure 5. The estimated value of particles size is in
well agreement with particle size determined from XRD.
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FIG 3(b). EDXS spectra of synthesized CoxFeo.02 Ceo.o2 Ti(o.96-O2 nanoparticles for x=0.03 mol %.
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FIG 3(c). EDXS spectra of synthesized CoxFeo.02 Ceo.02Ti(0.06-xO2 nanoparticles for x= 0.04 mol %.
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FIG 4(c). SEM image of fabricated nanoparticles for FIG 5. TEM image of fabricated nanoparticles for
CoxFen02Ceo.02Tio.96x02; X = 0.04 mol %. CoxFe0.02Ce0.02Tio.96-x02; X = 0.04 mol %.

3.5 UV-Visible spectroscopy analysis

UV-Visible absorption spectra of co-doped TiO, nanoparticles is revealed by Figure 6 (a). On raising the
cobalt concentration (x), absorption edge of co-doped TiO, nanoparticles get shifted towards region of
higher wave length which corresponds to blue shift indicating formation of energy sub states within the
forbidden gap. Optical band gap of formed TiO. nanoparticles was estimated when absorption data
((ahv)¥™) plotted against the energy of photon (hv) and Tauc’s plot [Figure 6(b)] using following relation
[15]

(ahv)¥" =B(hv - Eg) 2
where v, a, Eg, n and B are frequency of radiation, absorption coefficient, band gap energy, index of
semiconductor transition ( n = 2 for indirect band transition), constant of proportionality respectively.
Observed optical band gap values are tabulated in Table 1.
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Table 1 Crystalline size and band gap values of co-doped TiO, nanoparticles.

Sample Angle of Crystalline size Crystalline size | Band gap
CoxFeo02Ceon2TiosxO2 | diffraction, 20 from XRD from TEM Eg (eV)
(degree) (nm) (nm)
x=0.02 mol % 25.41 24.8 - 2.57
x=0.03 mol % 25.41 17.2 - 2.06
x=0.04 mol % 25.41 10.3 10 1.69
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FIG 6(a). UV-Visible absorption spectra of

synthesized nanoparticles.

3.6 Fourier Transform Infrared analysis
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FIG 6(b). Tauc’s plot of synthesized nanoparticles.

The presence of structural bonds and functional groups of prepared nanoparticles was analyzed using
FTIR spectra noted between 4000 cm™ to 400 cm™ displayed in Figure 7. Absorption band observed in
spectral range 466.7 cm™ to 700 cm™ could attribute to (Ti-O-Ti) bending and stretching mode [16].
Absorption band observed at around 494 cm for x = 0.02 mol % shifted to 661 cm™ confirms Ti-O-Co
network formation in matrix of TiO, [17-18]. The stable anatase phase formation is confirmed by these
observations.
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FIG 7. FTIR spectra of synthesized nanoparticles FIG 8. Charge separation mechanism of synthesized

nanoparticles

Besides these vibrational bands a broad band appeared in all the samples in spectral range 4000-3200
cmtis because of (O—H) stretching vibration. Absorption peak present at 1617 cm™ represents (H-O—-H)
bending vibrations [19].

3.5 Photocatalytic degradation activity

The principle mechanism of photocatalytic degradation is based on Langmuir-Hinshelwood kinetic model
[20]. The energy level introduced by Co 3d lies below the CB (Ti 3d) and the incorporated energy level of
Ce 4f further decreases the band gap as it lies below the Co 3d energy level. The position of Fe3*/Fe** 3d
is just above the VB (O 2p). When the surface of TiO- is stimulated with photons having energy equal to
or higher than band gap of TiO, delocalization and excitation of electrons occurs from valence band to
Fe3*/Fe* 3d level and further from Fe®**/Fe** 3d to Ce 4f produces electron-hole pairs as shown below
TiO, + hv — e (CB) + h*(VB)
The charge separation mechanism is usually based on trapping of electrons by Ce** states to reduce in
Ce® state. The Ce**/Ce®" serves as an electron trap centre and gives superoxide radical anions (+O;) [21-
22]. These superoxide radical anions react with surface absorbed water molecules to form HO* which can
form hydrogen peroxide. Further reduction of hydrogen peroxide with trapped electron produces hydroxyl
radical (OHe) as given below
Ce* +e — Ce®

Ce**+ 0, — Ce*™+ Oy

*O; + HO/H* — HOy

2HO2"— H0:+ O

H20; + € (trapped) — OH* + H.O
The photo generated holes having high oxidation potential present in VB can oxidise adsorbed water
molecule to form hydroxyl radical (OH¢) as

h*(VB) + H,O — OH+ + H*
The hydroxyl radicals produced in oxidation and reduction can be used to degrade organic compounds
present at TiO. surface forms intermediates H,O/H*. Then these intermediates produce final products by
reacting with hydroxyl radicals as shown in above equations.
OHe + Organic compounds — Intermediates — H>O + CO>
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In case of iron, charge separation mechanism [10] is normaly based on trapping of electrons by Fe*
states, to reduce Fe*"in Fe®* state. The Fe**/Fe3* behaves as an electron trap centre and gives superoxide
radical anions (+O>") as given below
Fe3+ +e- — FeZ+
Fe?t +0, —» Fed* + O,
*O; + H,O/H" — HOy
2HO," — H,0, + O,
H.0, + e (trapped) — OHe + H,O
Fe3* + h* (VB) — Fe*
Fe** + OH~ — Fe*" + OHe
OH" + Organic compounds — Degradation product
Similarly the mechanism of charge separation [23] in case of cobalt is given below
Co?*[TiO, + hv — Co?'/TiO, h*(VB) + Co*/TiO, e (CB)
Co?* + &~ — Co* (unstable)
Co*(unstable) + O, — Co?* + +O;~
*O; + H,O/H* — HO2
2HO; — H20, + O,
H20, + e (trapped) — OHe + OH
OH + h* (VB) — OH*
The above mentioned photocatalysis mechanisms are displayed in Figure 8.
OH- + Organic dye — intermediates — Degradation product (CO- + H,0)
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FIG. 9(a) Degradation percentage of synthesized FIG. 9(b) Degradation percentage of synthesized
nanopaticles against cogo red. nanopaticles against methyle orange.

The efficiency of photocatalytic degradation of prepared samples was determined using relation
Co—Ct
= x 100 (3)

Where C, and C; represents concentration of photocatalyst dissolved dye solution before and after
illumination with visible light at time t respectively. Percentage degradation of both dyes with time are
shown in Figure 9 (a & b) and the degradation efficiency are listed in Table 2. All of the doped TiO;
nanoparticles exhibited higher photo degradation activity against both dyes, however the degradation
efficiency for congo red dye is higher than methyl orange.
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Table 2. Degradation efficiencies of co-doped TiO, (CoxFeoo2 Ceoo2Ti(es902; X = 0.02, 0.03 & 0.04 mol %)

nanoparticles.

Sample Percentage degradation efficiency (%) after 120 min of visible light
CoxFeoo2 Ceoon Ti.9602 illumination
Methyl Orange (MO) Congo Red (CR)
x=0.02 mol % 49 52
x=0.03 mol % 67 68
x=0.04 mol % 79 84

4  Conclusion

Co-Fe-Ce co-doped TiO, nanoparticles were successfully fabricated by sol-gel technique. The formation
of anatase phase and decrease in crystallite size from 24.8 nm to 10.3 nm estimated from X-ray
diffraction measurements and further verified by SEM and TEM measurements. Optical band gap
determined using UV-visible spectroscopy varies from 2.57 eV to 1.69 eV. The shifting of absorption
edge in higher wave length region corresponds to blue shift indicate the formation of energy sub states
within forbidden energy region. The presence of functional groups like (Ti-O-Ti), (Ti-O-Co), (O-H)
stretching vibration and (H-O-H) bending vibration found in FTIR spectrum confirms stable anatase
phase formation. Photocatalytic activitiy under visible light illumination was investigated for dyes (congo
red and methyl orange) degradation. Observations shows increase of photocatalytic activity with rising
concentration (x) of cobalt which is ascribed to lowering of carrier recombination rate and and increasing
surface area of the fabricated nanoparticles.
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