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Abstract:

1. Introduction:

The need to protect the environment and the need for a renewable energy source are the two major problems the world has been facing.  In this regard photocatalysis is an important branch of catalysis, which can have a dramatic impact.  A photocatalyst capable of utilizing sunlight to decompose the various pollutants present in air, water and surfaces can create a pollution free world.  In addition, a photocatalyst which can split water to produce hydrogen utilizing sunlight can solve the energy problems of this world.  TiO2 has been a widely used and studied photocatalyst because of its desirable properties like stability, low cost, high light absorption, favorable band position and inertness. However the bandgap of TiO2 is large [1] and can function only by absorbing UV light, whereas sunlight contains only 6-7% UV radiation.  For a catalyst to be able to work using sun light, it should absorb light in visible region.  This can be achieved by reducing the bandgap of available materials like TiO2 by doping various cations [1-7] or anions [8-10] or by coupling with other materials [11-15] having a lower bandgap. 
Various attempts have been made to reduce the bandgap of TiO2 by doping various transition metal ions like V, Cr, Fe, Co, Ni and Cu.  However the results are conflicting with both increase [1-7] and decrease [16, 17] in activity with compared to TiO2 have been reported.  Recently, there are reports dealing with rare earth elements like Ln, Nd, Eu and Ce mixed with TiO2 showing activity in the visible region [18-27].  Rare earth elements mixed with TiO2 show a red shift due to doping of rare earth elements leading to the formation of interband states [18, 25].  Moreover addition of rare earth was found to reduce recombination of the electrons and holes effectively by trapping them effectively as well facilitating faster movement of them along the surface of TiO2 [20, 21, 26, 27].  Among the various rare earth elements Ce has been reported to be consistently showing activity in visible region when mixed with TiO2 [28-31].   The advantage associated with Ce is that it is one among the four most abundant rare earth elements.  CeO2 is widely used in fuel cells and pollution control applications because of its redox behavior, oxygen defects and catalytic activity [32-35].  Catalytic properties of CeO2 have been attributed to the formation of Ce3+ defect sites and subsequent oxygen vacancies.  CeO2 is an n-type semiconductor whose bandgap has been reported to be varying from 2.7 to 3.4 eV depending on the method of preparation [36-38].  In this work Ce modified TiO2 was prepared by a simple and economical route and studied its photocatalytic activity for the degradation of methylene blue (MB).  A polyacrylamide gel route was used to synthesize the nanoparticles of the catalyst [39-41].  With polymeric chains forming a network, metal ions are entrapped evenly within the polyacrylamide gel, which prevents the agglomeration of the particles.  Although various reports deal with visible light activity of Ce modified TiO2, the mechanism has not been convincingly reported yet. Understanding the mechanism involved in the observed visible light activity of Ce modified TiO2 will be of immense help in developing catalysts with a still higher activity in visible light in the future.  The insights developed in such a study will also be useful in other fields where cerium oxides and TiO2 are used.
Some of the reports claim Ce being doped into the lattice of TiO2 leading to the formation of interband states and subsequent visible light activity [29, 30].  But the size difference between Ce (Ce4+ - 0.093 nm : Ce3+ - 0.103 nm) and titanium (Ti4+ - 0.068nm) is large so that Ce cannot be accommodated into the TiO2 lattice and vice versa.  The aim of this study is to explain the mechanism involved in the observed visible light activity of Ce modified TiO2.  We have also convincingly proposed the mechanism leading to the visible light activity based on the various studies which were carried out.  
In addition previous reports claim that modifying TiO2 with Ce will reduce the recombination of charge carriers because of the redox behavior exhibited by the Ce4+/Ce3+ couple [29, 30].  In such a case Ce modified TiO2 should have a higher activity than TiO2 when the reactions are carried out in UV light alone.  In order to confirm that Ce3+/Ce4+ couple reduce the recombination rate the reactions in UV light alone was also carried out.
2. Experimental

2.1. Preparation
Nanoparticles of Ce modified TiO2 were synthesized in an aqueous solution of polyacrylamide (M. Wt. 5000000, Otto kemi, India).  pH of the aqueous solution of polyacrylamide was adjusted to 12.7 using aqueous ammonia.  Titanium (IV) isopropoxide (Sigma – Aldrich) and ammonium ceric nitriate (SD fine chemicals, India) were taken as the source of titanium and cerium respectively.  Titanium (IV) isopropoxide dissolved in dichloromethane (E. Merck, India) and ammonium ceric nitrate dissolved in double distilled water were added dropwise to the basic polyacrylamide solution at the rate of 1.5 ml per min and 0.5 ml per min respectively under vigorous stirring.  The obtained gel was stirred for 12 h and then washed 3 times with double distilled water.  It was then dried at 70 (C and calcined in air for 6 h at 600 (C.  Various Ce loadings such as 0.25% (1 g catalyst = 0.025 g CeO2 + 0.975 g TiO2), 0.5%, 1.0%, 2.0%, 3.0%, 5.0% and 9.0% were prepared.  Pure CeO2 and TiO2 were also prepared by the same method by precipitating only ammonium ceric nitrate and titanium (IV) isopropoxide, respectively under similar conditions as used for Ce modified TiO2 preparation. 
2.2. Characterization
Cerium modified TiO2, pure CeO2, and TiO2 were characterized by X-ray diffraction (Rigaku D/max 2400 instrument, Ni-filtered Cu Kα radiation, ( = 1.5418 Å) ; Thermogravimetric analysis (Perkin-Elmer TGA, Delta Series TGA 7) at a heating rate of 20 (C per min in air ; Scanning electron microscopy (FEI Model: Quanta 200) ; Transmission electron microscopy (Philips CM12, 100 kV) ; Diffuse reflectance spectroscopy (Varian Cary 5E).  Degradation of methylene blue and colorimetric estimation of Ce were carried out using a Jasco V-530 UV-Visible spectrophotometer.  

2.3. Photocatalytic studies

Photocatalytic degradation of methylene blue (Loba Chemie, India) in visible light was carried out in a glass reactor (9 cm x 3.5 cm) with an outer jacket for water circulation.  Glass reactor was chosen since it absorbs light upto 380 nm and light of wavelength greater than 420 nm was used for the experiments.  0.1 g of the catalyst was suspended by stirring magnetically in 80 ml of 53.49 x 10-6 mol L-1 (42.79 x 10-7 mol / 80 ml) aqueous MB solution.  The solution was stirred in dark for 30 minutes to attain the adsorption-desorption equilibrium and it was irradiated using a 400 W high pressure mercury lamp (ORIEL Corporation, USA) where light of wavelength < 420 nm was cutoff using a filter (HOYA L-42).  The irradiation was carried out for 90 minutes.  The samples were then centrifuged at 12,000 rpm to remove the suspended catalyst particles and then analyzed using UV-Visible spectrophotometer after required dilution.  The degradation of MB was monitored by measuring the absorbance at 662 nm ((max).  In another study, reactions were also carried out in ultraviolet light in a photocatalytic apparatus which contains eight 8 W Hg lamp which emit only light of wavelength 365 nm using a quartz reactor (18 cm x 3.5 cm).  Concentration of MB, amount of catalyst, equilibration time, and irradiation time were same as that of studies using visible light. 
2.4. Adsorption and desorption experiments

To study the reduction in concentration of MB due to its adsorption on catalyst surface, reactions were also carried out in dark under the same conditions as irradiation reactions.  Desorption experiments were carried out to confirm that all MB were only adsorbed on the catalyst surface.  Desorption was done by separating the used catalyst from the reaction mixture by centrifugation followed by drying at 60 (C.  This was followed by sonicating the catalyst in dimethyl sulfoxide (DMSO) (E. Merck, India) for 30 mins followed by centrifugation to remove the catalyst.  The process of sonicating the catalyst in DMSO followed by centrifugation was repeated two more times.  The obtained clear solution was made upto known volume and analyzed by UV-Visible spectrophotometry. 
2.5. Estimation of cerium by colorimetry
To estimate the exact amount of Ce loaded onto the various samples, colorimetric estimation of Ce was carried out [42, 43].  Cerium ion in its oxidation state of 4+ has absorption at 320 nm.  By monitoring the absorbance at 320 nm, the amount of Ce was estimated.  This was carried out by dissolving the catalyst in hot concentrated sulfuric acid.  The resulting solution was diluted and all the Ce was oxidized to Ce4+ using potassium persulfate (E. Merck, India) as the oxidizing agent in presence of silver sulfate (CDH, India) as the catalyst.  The resulting solution was boiled for 15 minutes to decompose the excess persulfate since persulfate also absorbs at 320 nm.  Then the amount of cerium was estimated by UV-Visible spectrophotometry.
3. Results and discussion

3.1. X-ray diffraction study

X-ray diffraction patterns of all the prepared samples are given in Fig. 1. Ce-TiO2 shows peaks corresponding to the presence of both anatase (JCPDS File No. 21-1272) and rutile (JCPDS File No. 21-1276) phases upto a Ce loading of 1%.  At 2% loading of Ce (Fig. 1e) and above the rutile peaks disappear and peaks due to cubic CeO2 phase are found to appear (Fig 1b-d).  This is well in agreement with the reported ability of Ce to suppress the anatase to rutile phase transformation [44].  This is significant since anatase phase of TiO2 is photocatalytically more active than rutile phase.  Furthermore, this shows that the loaded Ce is present in the form of CeO2 in the prepared catalyst.  XRD patterns of all the samples irrespective of the Ce loading show line broadening which indicates the formation of nanoparticles. To further confirm the presence of CeO2 in samples with low amount of Ce, XRD measurements were performed for all the samples at a slow scan rate of 0.25o per min and 0.01o step size.  The corresponding XRD patterns were given in Fig. 2, where the presence of CeO2 peaks can be observed even at 0.5 and 1 % loading of Ce.
3.2. UV-Visible spectra

UV-Visible absorption spectra of TiO2, CeO2 and Ce modified TiO2 are given in Fig. 3.  From the onset of the absorption edge, the bandgap of the various samples were calculated using the method adopted by Tandon and Gupta [45]. UV-Visible absorption spectrum shows an absorption onset of 400 nm for pure TiO2 and 450 nm (Bandgap = 2.76 eV) for pure CeO2.  Patsalas et al. found that bandgap of CeO2 varies and lower bandgap can be attributed to the presence of Ce3+ ions in the grain boundaries depending on the preparation method [46].  Hence, the lower bandgap of CeO2 in the prepared samples can be attributed to the presence of Ce3+ ions in the grain boundaries.  For the Ce loaded TiO2 samples the absorbance shows a redshift with increase in the Ce loading which shows that CeO2 is responsible for the observed shift in Ce modified TiO2 samples.  A redshift of upto 50 nm was observed for Ce loaded samples.
3.3. TEM and SEM analysis

TEM images of the Ce modified TiO2 samples in different magnifications are given in Fig. 4.  TEM analysis shows nanoparticles are not having any specific shape.  Particles are present closely in the form of chains which are typically observed in most of the reported microscopic images of TiO2 [47-50].  The particle sizes were distributed in wide grange (10-50 nm) and majority of the particles were of 25 nm in size.  SEM images of Ce modified TiO2 samples are given in Fig. 5.  Aggregates of particles measuring from 40 nm to 1 µm were observed in the SEM images.  These large aggregates are composed of the particles which were observed in the TEM images which is similar to what is typically observed in previously reported images of TiO2 [51].   This is due to the fact that the particles were well dispersed by sonication in acetone before taking TEM images.  
3.4. TGA and Elemental analysis

The TGA profile of as-synthesized TiO2 is given in Fig 6.  It shows weight loss upto 450 (C which can be attributed to the decomposition of the polyacrylamide.  Based on this observation the samples were calcined at 600 (C for 6 h in air.  Energy Dispersive X-ray (EDX) spectrum of Ce modified TiO2 is given in Fig. 7.  EDX spectrum confirms the presence of titanium, oxygen and cerium in the prepared oxides. Percentage of cerium estimated by colorimetry is given in Table 1.  The results are well in agreement with the cerium taken in the precursors.
3.5. Adsorption and photocatalytic studies
The reduction in concentration of MB under visible light irradiation is presented in Table 2.  Considerable reduction in concentration was observed in case of pure TiO2 which does not have visible light absorption.  In order to check whether adsorption of MB on the photocatalyst has a role in its reduction in concentration, reactions were carried out in the absence of irradiation, under similar conditions as that under irradiation.  Reactions carried out under in dark help in establishing the reaction mechanism involved as well.  Table 3 shows the concentration of MB adsorbed on the catalyst in the absence of irradiation.  It can be seen that pure TiO2 has an adsorption of 9.1 x 10-7 mol per 80 ml  per 0.1g of catalyst and the concentration of MB adsorbed was found to decrease with increasing concentration of CeO2.  The reason for adsorption could be as follows:  Methylene blue (Fig. 8), which chemically is 3,7-Bis(dimethylamino)phenazathionium chloride trihydrate has a positively charged sulfur atom.  Electrophoresis experiments show that MB remains positive in the pH range 4 to 9 [52].  TiO2 in aqueous solutions has a Point of Zero Charge (PZC) of pH 6, so that at pH > 6, the surface of TiO2 becomes negatively charged.  Since the reactions are carried out in neutral medium, positively charged MB becomes adsorbed on negatively charged surface of TiO2 by electrostatic attraction [52-54].  To further confirm that MB is adsorbed on TiO2 by purely electrostatic interactions, desorption experiments were carried out by dispersing the catalyst in a more polar solvent, DMSO, results of which are presented in Table 4.  It can be seen that almost all the MB adsorbed on the catalyst is recovered during desorption experiments.  The studies further show that TiO2 has 3 times more adsorption of MB compared to CeO2.      

The reduction in MB concentration solely due to photocatalytic degradation is thus obtained by subtracting the concentration of MB reduced in dark from that under irradiation (Table 2).  It can be seen that the photocatalytic degradation of MB was found to increase with increasing Ce amounts up to 1%, beyond which the concentration of MB degraded was found to decrease.  It is important to note that the photoactivity of all Ce modified TiO2 samples was found to be higher than that of pure TiO2 and CeO2, indicating that Ce and TiO2​ have a synergistic effect in the photodegradation of MB.

3.6. Mechanism for the visible light activity
There are two possible mechanisms for the observed visible light photocatalytic activity of the Ce modified TiO2.  Firstly, the substitution of Ce into the TiO2 lattice leading to the formation of mixed oxides.  This may result in the formation of additional energy states belonging to partially filled Ce 4f levels between the conduction and valence band (VB) of TiO2.  Visible light can excite the electrons from the VB to the interband Ce 4f levels or from the Ce 4f levels to the conduction band (CB) leading to the formation of electrons and holes.  Formation of mixed oxides of Ce and Ti can be revealed by studying the XRD patterns.  There are six phases of mixed oxides which are reported in the JCPDS database.  X-ray diffractions patterns for the prepared Ce modified TiO2 show no peaks corresponding to any of these six phases of Ce-Ti mixed oxides even at the highest loading of 9 % of Ce.  In addition, doping of Ce into the lattice of TiO2 should lead to an increase in d-values between the corresponding planes.  The calculated d-values for both the anatase and rutile peaks of the various Ce modified TiO2 are listed in Table 5 and are found to be the same as pure TiO2.  This can be attributed to the non-existence of mixed oxides of Ce and Ti in the prepared Ce modified TiO2 samples.  Doping of Ce into TiO2 lattice is not possible due to the fact that Ce and Ti have different coordination numbers of 8 and 6 in CeO2 and TiO2 respectively.  It is difficult for the 8 coordinated Ce present in cubic CeO2 lattice to replace 6 coordinated Ti in tetragonal TiO2 lattice [45].  Further the ionic size of Ce4+ and Ti4+ are 0.093nm and 0.068nm, respectively the difference in ionic radius being very high to effect a substitution.  This shows that Ce is present as CeO2 on the surface of TiO2 [44].  

The second mechanism which can explain the observed visible light activity is the coupled semiconductor mechanism.  Band energy positions of the various oxides involved like CeO2, Ce2O3 and TiO2 were required to establish the coupled semiconductor mechanism.  The band energy positions of Ce2O3 and TiO2 were already reported by Xu and Schoonen [56].  To calculate the band positions of CeO2, we have followed the same method used by Xu and Schoonen, which was first reported by Butler and Ginley [57].  This method was verified for more than 30 metal oxides and sulfides and was found to be well in agreement with the experimentally determined values.  This method is based on the idea that electronegativity of a compound is the geometrical mean of the electronegativity of the various elements involved.  For example the electronegativity of TiO2 can be given by

((TiO2) = [((Ti) (2(O)]1/3
where ((TiO2), ((Ti), and ((O) are the electronegativities of TiO2, titanium, and oxygen respectively.  The electronegativity, electron affinity (EA), and ionization energy (IE) of the compound were equivalent to that of the Fermi level energy, CB energy, and VB energy respectively.  By adding and subtracting half of the bandgap value (i.e., Eg/2) from the electronegativity of the compound, the VB energy (IE) and CB energy (EA) respectively of the compound can be calculated.
It can be represented by

IE(TiO2) = EVB(TiO2) =  ((TiO2)  + ½ Eg
EA(TiO2) = ECB(TiO2) =  ((TiO2) – ½ Eg
where Eg, EA, IE, ECB, and EVB represent the bandgap, electron affinity, ionization potential, conduction band energy position and valence band energy position of the compound respectively.  
The values obtained which are in absolute vacuum scale (AVS) can be converted to the normal hydrogen electrode (NHE) scale by substracting 4.5 from them.
ECB(TiO2) (in NHE) = ECB(TiO2) – 4.5 eV (in AVS)
The energy values of the bands calculated based on the above equation are listed in Table 6.  The calculated energy position values show that both the oxides of Ce i.e., CeO2 and Ce2O3 have their CB energies more negative than that of TiO2.  It is already clear from the recorded UV-Visible spectrum (Fig. 3) and literature reports [56] that CeO2 and Ce2O3 have bandgaps which can absorb light in the visible region upto 450 nm and 516 nm respectively.
Since CeO2 and Ce2O3 absorbs light in the visible region and have CB energy more negative than that of TiO2, they will transfer excited electrons to the CB of TiO2.  Ce2O3 is an unstable compound and gets oxidized to CeO2 in presence of trace amounts of O2.  Even though the presence of Ce2O3 has not been confirmed it may exist in aqueous medium under the photocatalytic reactions conditions.  The electrons present on CB of TiO2 will then be used for the various processes leading to formation of hydroxyl radicals which will then oxidize the adsorbed MB.  In case of CeO2 even though it can form the oxidizing species like hydroxyl radicals there is lesser availability of MB on CeO2 surface as compared to TiO2 (Tables 3 and 4).  Thus the hydroxyl radicals formed through CB of CeO2 get recombined to form H2O2 or react with other species without oxidizing the MB.  Since the excited electrons in CeO2 are immediately transferred to TiO2 the recombination of charge carriers is significantly reduced in the coupled CeO2-TiO2 compared to pure CeO2.  A pictorial representation of the coupled semiconductor mechanism responsible for visible light activity is given in Scheme 1.  
3.7. Reason for observed optimum loading of cerium

Photocatalytic activity in visible light among the various Ce modified TiO2 catalysts compared to TiO2 increases when 0.25% Ce is loaded and reaches a maximum with 1.0% Ce loading.  Further loading decreases the activity and at 9% Ce loading, the activity becomes equal to that of CeO2.  This can be explained as follows.  Cerium in Ce modified TiO2 is uniformly dispersed on the TiO2 surface in the form of CeO2.  CeO2 can absorb visible light and then transfer the excited electrons to TiO2 whereas TiO2 can adsorb MB efficiently.  At 0.5% and 1.0% loading of Ce, the coverage of TiO2 surface by CeO2 is optimum so that enough CeO2 can be in contact with TiO2 as well as there is enough uncovered surface of TiO2 where MB can get adsorbed.  This leads to a situation where absorption of light by CeO2, transfer of electrons to TiO2, adsorption of MB on TiO2, and the oxidation of MB by hydroxyl radicals are taking place simultaneously in an optimum manner.  When the loading of Ce is increased, more amount of CeO2 has covered the surface of TiO2 and lesser surface of TiO2 is in contact with the MB solution.  Thus even though the absorption of light by CeO2 increases, the adsorption of MB by TiO2 decreases due to lowering of available surface area, hampering the reaction of MB with the hydroxyl radicals.  Ce modified TiO2 (2-5%) catalysts still give a higher activity than pure TiO2 but less than 1% Ce modified TiO2.  At a loading of 9% of Ce, the surface is almost fully covered by CeO2 and even though there is enough visible light absorption there is very little adsorption of MB on TiO2.  Thus 9% cerium loaded samples gives almost the same activity as that of pure CeO2.
Optimum loading can also be attributed to the higher reduction in recombination while there is 1% Ce on TiO2.  When there is a thin layer of CeO2 present on the surface of TiO2, the excited electrons created in CeO2 due to visible light irradiation can be immediately transferred to TiO2.  This leads to an efficient separation of the electrons and holes across the boundary between TiO2 and CeO2 thereby reducing the recombination.  Above the optimum loading of CeO2, the thickness of CeO2 layer becomes higher, and the electrons and holes created on the CeO2 at the surface get recombined before the electrons travel and reach the CeO2-TiO2 interface.  These results demonstrate that the poor visible light photocatalytic activity of CeO2 inspite of having a suitable bandgap and bandposition is because of very high recombination as well as poor adsorption towards MB.  But it should be remembered that CeO2 shows far better activity in visible light compared to pure TiO2.    
3.8. Photocatalytic activity in UV light

There are some reports which claim that the Ce3+/Ce4+ redox couple can reduce the recombination by enabling faster electron transfer along the TiO2 surface [44, 58].  Since increase in activity of Ce modified TiO2 in visible light can be attributed to the coupled semiconductor mechanism, we have carried out the reactions using only UV light to study the effect of Ce3+/Ce4+ couple in reducing recombination.  The results are tabulated in Table 7.  The results show that modifying TiO2 with Ce considerably enhanced activity in the UV light as well.  Even with 0.25% Ce loading, an increase in activity compared to pure TiO2 is observed.  The optimum Ce loading was found to be between 0.5 - 2.0%.  With further increase in Ce loading the activity was found to decrease and was found to be lesser than that of pure TiO2.  Pure CeO2 showed negligible activity in UV light.  These observations can be explained as follows.  The reduction of Ce4+ to Ce3+ requires a potential of +1.61 V (vs NHE) and oxidation of Ce3+ to Ce4+ requires -1.61 V (vs NHE).  The CB of TiO2 has a potential of – 0.29 V which is more negative than that of Ce4+ to Ce3+ reduction potential.  Hence the CB electrons of TiO2 are able to reduce Ce4+ to Ce3+.  Also, the VB of TiO2 has a potential of + 2.91 V which is more positive than Ce3+ to Ce4+ oxidation potential.  The VB electrons can hence oxidize Ce3+ to Ce4+.  These reduced Ce3+ and oxidized Ce4+ species can subsequently transfer the charges to the species present in the reaction medium [21].  This way the Ce ions reduce the recombination of the charge carriers enhancing the activity in the UV light as well.  The reason for the observed optimum loading in this case can be attributed to CeO2 being less active than TiO2.  Below 3% Ce loading, the amount of Ce4+/Ce3+ present on the TiO2 surface is favorable for faster charge transfer and at the same time allows light to reach the TiO2 surface.   But above 3% Ce loading the amount of CeO2 on the surface of TiO2 is very high such that it blocks absorption of light by TiO2 showing lesser activity than that of pure TiO2.
4. Conclusions
Ce modified TiO2 nanoparticles were prepared by a simple polymer assisted method.  Prepared Ce modified TiO2 samples show red shift compared to TiO2 in UV-Visible spectrophotometry and was active in visible light for the photocatalytic degradation of MB with 0.1% Ce-TiO2 showing the highest activity.  The mechanism of visible light photocatalytic activity has been clearly established.  Added Ce is present as CeO2 on the surface of TiO2 and has its CB energy position more negative than that of TiO2.  CeO2 absorbs visible light and transfers the excited electrons to CB of TiO2 which was utilized for the photocatalytic degradation of MB.  CeO2 having a suitable bandgap and bandposition is less active in visible light compared to Ce modified TiO2 because of high recombination and poor adsorption of MB.  Higher amount of Ce loading leads to a decrease in activity because of the blocking of TiO2 surface by CeO2 as well as due to increase in recombination of charge carriers. Reactions in UV light confirm that Ce loading reduces the recombination of charge carriers because of the easy redox nature of Ce4+/Ce3+ couple.  
Although redshift in Ce modified TiO2 is less, insights obtained in this work while studying the mechanism will be helpful in developing coupled semiconductor photocatalysts.  Moreover the importance of adsorption in determining the photocatalytic activity shows that it should be given consideration before selecting the photocatalysts for different target compounds.  This study also shows that coupling a photocatalyst with high recombination rate to a suitable material will enhance its activity.
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Fig.1. X-ray diffraction patterns of (a) CeO2 (b) 9% Ce-TiO2 (c) 5% Ce-TiO2 (d) 3% Ce-TiO2 (e) 2% Ce-TiO2 (f) 1% Ce-TiO2 (g) 0.5% Ce-TiO2 (h) 0.25% Ce-TiO2 (i) TiO2
Fig. 2. XRD patterns of the samples scanned at a slow rate

Fig. 3. UV-Visible absorption spectrum of the samples

Fig. 4. TEM images of 3% Ce modified TiO2
Fig. 5. SEM images of 3% Ce modified TiO2
Fig. 6 TGA profile of as-synthesized TiO2 

Fig. 7. EDX spectrum of 3% Ce modified TiO2
Table 1. Results of cerium estimated by colorimetry
	Catalyst
	% Ce by colorimetry

	0.25 % Ce-TiO2
	0.23

	0.50 % Ce-TiO2
	0.46

	1.00 % Ce-TiO2
	0.93

	2.00 % Ce-TiO2
	1.87

	3.00 % Ce-TiO2
	2.84

	5.00 % Ce-TiO2
	4.70

	9.00 % Ce-TiO2
	8.55


Table 2. Reduction in MB concentration during irradiation and photocatalytically under visible light

	Catalyst
	Concentration reduced ( x 10-7 mol/80ml/0.1g)

	
	Under irradiation
	Photocatalytic (Under irradiation – Dark)

	TiO2
	9.63
	0.53

6.31

9.74

10.27

8.87

8.66

6.74

5.55

5.24

	0.25 % Ce-TiO2
	14.65
	

	0.50 % Ce-TiO2
	17.01
	

	1.00 % Ce-TiO2
	16.80
	

	2.00 % Ce-TiO2
	14.65
	

	3.00 % Ce-TiO2
	14.12
	

	5.00 % Ce-TiO2
	11.34
	

	9.00 % Ce-TiO2
	9.73
	

	CeO2
	8.66
	


Table 3. Concentration of methylene blue adsorbed in dark
	Catalyst
	Concentration reduced in dark  (x 10-7 mol/80ml/0/1g)

	TiO2
	9.10

	0.25 % Ce-TiO2
	8.34

	0.50 % Ce-TiO2
	7.27

	1.00 % Ce-TiO2
	6.53

	2.00 % Ce-TiO2
	5.78

	3.00 % Ce-TiO2
	5.46

	5.00 % Ce-TiO2
	4.60

	9.00 % Ce-TiO2
	4.18

	CeO2
	3.42


Table 4. Concentration of methylene blue desorbed using DMSO

	Catalyst
	Concentration desorbed

(x 10-7 mol/80ml/0.1g)

	TiO2
	8.55

	0.25 % Ce-TiO2
	7.81

	0.50 % Ce-TiO2
	6.74

	1.00 % Ce-TiO2
	5.88

	2.00 % Ce-TiO2
	5.46

	3.00 % Ce-TiO2
	4.82

	5.00 % Ce-TiO2
	4.28

	9.00 % Ce-TiO2
	3.74

	CeO2
	3.10


Table 5. d-values for anatase and rutile  peaks of various TiO2 samples
	(2( (plane in brackets)
	d-values (Anatase)

	
	TiO2
	0.25% 

Ce-TiO2
	1% 

Ce-TiO2
	3% 

Ce-TiO2
	9% 

Ce-TiO2

	25.20 (101)
	3.5311
	3.5037
	3.5201
	3.5201
	3.5298

	37.68 (004)
	2.3853
	2.3744
	2.3817
	2.3817
	2.3844

	47.96 (200)
	1.8953
	1.8894
	1.8931
	1.8923
	1.8968

	53.76 (105)
	1.7037
	1.6979
	1.7008
	1.7014
	1.7013

	54.98 (211)
	1.6687
	1.6682
	1.6671
	1.6665
	1.6681

	62.62 (204)
	1.4823
	1.4759
	1.4814
	1.4814
	1.4830

	d-values (Rutile)

	27.34 (110)
	3.2564
	3.2408
	3.2523
	-
	-

	36.02 (101)
	2.4913
	2.4833
	2.4887
	-
	-

	41.14 (111)
	2.1923
	2.1822
	2.1883
	-
	-

	54.26 (211)
	1.6892
	1.6852
	1.6880
	-
	-

	56.46 (220)
	1.6285
	1.6232
	1.6248
	-
	-

	82.58 (321)
	1.1673
	1.1639
	1.1669
	-
	-


Table 6. Bandgap, conduction and valence band energy positions of the various oxides
	Semiconductor
	Bandgap (in eV)
	ECB in NHE (in eV)
	EVB in NHE (in eV)

	TiO2
	3.20
	-0.29
	2.91

	CeO2
	2.76
	-0.32
	2.44

	Ce2O3
	2.40
	-0.47
	1.93


Table 7. Reduction in MB concentration during irradiation and photocatalytically under UV light

	Catalyst
	Concentration reduced ( x 10-7 mol/80ml/0.1g)

	
	Irradiation
	Photocatalytic

 (Irradiation – Dark)

	TiO2
	 32.40
	23.30
26.22
30.01
33.92
33.44
26.18
23.57
22.65
1.76

	0.25 % Ce-TiO2
	34.56
	

	0.50 % Ce-TiO2
	37.28
	

	1.00 % Ce-TiO2
	40.45
	

	2.00 % Ce-TiO2
	39.22
	

	3.00 % Ce-TiO2
	31.61
	

	5.00 % Ce-TiO2
	28.17
	

	9.00 % Ce-TiO2
	26.83
	

	CeO2
	5.18
	


[image: image1.png]Intensity (a.u.)

A A A -Anatase
A A R - Rutile
A
AA
R R
1
h
~ g
f
e
d
[+
l b
A M aJ\
T T T T T T
20 30 40 50 60 70 80 90

20 (Degrees)




Fig. 1. 

[image: image2.png]Intensity (a.u.)

TiO, Rutile (110)

0.25% Ce-TiO,

0.50% Ce-TiO,

1.00% Ce-TiO,

Cubic CeO, (111)

2.00% Ce-TiO,

3.00% Ce-TiO,

5.00% Ce-TiO,

9.00% Ce-TiO,

T
29
2 0 (Degrees)
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Scheme 1. Coupled semiconductor mechanism in Ce modified TiO2 leading to visible light activity
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