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Abstract

We report herein the fabrication of nanostrustuand mesoporous iron-cerium mixed oxides for gtagtlytic application.
Phase, electronic structure and other propertiethefproducts were characterized by both low-amglé wide-angle X-ray
diffraction, diffuse reflectance spectroscopy, smission electron microscopy, raman spectroscopyayXphotoelectron
spectroscopy, and JNadsorption-desorption isotherm methods. Analytiesiults demonstrate that the catalyst is in th@na
order and mesoporous in nature. These samplessesgened for photocatalytic degradation of phemethylene blue (MB)
and congo red (CR). About 13 % (phenol) and 93 9B)hotodegradation were observed where as compigteralization
was obtained in case of CR. The reason for hightlytic activity of 1:1 (Fe/Ce) sample is ascriltedheir higher surface area,
surface acidity which determines the active sifah® catalyst and accelerates the photocatalgtiction.

Keywords: Mixed oxide, photocatalyst, photodegradation.

1. Introduction

Energy and environment related topics are cemsitl as thrust areas of today’'s research. Thetgdsieery much conscious
about the adverse impacts of various human madssirids on the environment. Since a large quaafityyes were produced as
effluents from various textile industries, it iscessary to remove/decompose/degrade these unusefafials to make them
toxic-free (Zollinger, 1991; Galindet al., 2001). Due to its efficient and cost effectiveunat solar-light driven photocatalysis for
dye degradation has found widespread applicationvaiious industries. One more advantage of phtabds over other existing
technology is that there is no requirement of sdaondisposal. In this process a photoactive naltéirequired to initiate the
catalytic reaction. A lot of work has been donevanious photocatalytic materials such as JiZnS, ZnO, W@ V,0s, CdSe,
CdS etc (Yoneyamet al., 1979; Huet al., 2005; Khalilet al., 1998; Liet al., 2006; Harris and Kamat, 2008ta et al., 2008).
Iron oxide having outstanding stability, cost-effeeness, oxidative power, high resistance to @om and environmentally
friendly properties could fulfill many requiremeat a good photocatalyst. One more significant ath@a of this material is its
absorbance in the visible region, which covers 48%olar light. However, this semiconductor matehizas low band gap energy,
poor conductivity and high chances for electroreh@ -h") recombination, which limit its photocatalytic digation. In order to
address these issues, many attempts have beerso@das incorporation of heteroatom (e.g., Si;TBiMn, Pt and Ta), quantum
confinement, and architectural control (Cesiaal., 2006; Luoet al., 2009; Huet al., 2008; Aroutiounianat al., 2002; Vayssies
et al., 2005).

Ceria is known to be the best material duest@dtiox behaviour (Ce. Ce"), oxygen storage capacity (OSC) etc (Dehgl.,
2004a). Ce@based materials have various applications suctihrag-way catalysts (TWC), fuel cell processesalgiac wet
oxidation, de-SOxatalysis, hybrid-solar cell etc.(Donegt al., 2004b; Sahibzadet al., 1997; Larachgt al., 2002; Trovarelliet al.,
1999; Lira-Cantu and Krebs, 2006). Band gap ofecerB.1 eV as reported by many researchers whithamsparent to the visible
light and absorbing only UV light from the solaresfrum where only 5 % solar light is available (fakaet al., 2003; Reddyet
al.,, 2009). The mixed oxides systems have the abitityolbtain structures in combinations with the préperthat neither
individual oxide possesses. Coupling of two semicmtors é.9., CdS/TiQ, CdS/ZnO, TiQ/SnG,, CdSe/TiQ) with suitable
energetics can significantly improve the selegtidhd enhance the charge separation yield (daab, 2008; Shvalagiret al.,
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2007; Liuet al., 2007; Kimet al., 2009). The combination of ceria with &g would be an efficient photocatalyst and will filllf
the seeking property of individual material. To ante the redox property and thermal stability ofepGeQ, FeO; is often
mixed as an additive to form mixed oxides (Redtgl., 2004). Here in, we report the synthesis of iroritae mixed oxides by
co-precipitation method and evaluated the soldrt ldyiven photocatalytic activity towards dyes grtibnol degradation. The
novelty of synthesis and highly photocatalytic @tyi of nanosized materials (Ce®Be,0;) are explained with the help of various
spectroscopic techniques. To the best of our kribgedethis is the first ever report on fabricatidriron-cerium mixed oxide for
photo degradation of phenol, methylene blue, amfjcoed.

2. Materialsand Methods
2.1. Materials

All the chemicals and reagents are of analyticatle and used without further purification. Irdih) (hitrate nonahydrate, cerium
nitrate hexahydate, sodium carbonate, deionisedrwadre used for the sample preparation.

2.2. Methods

Pure iron oxide and ceria were prepared by pitation method where as their mixed oxides weepared by co-precipitation
technique by taking the same precipitating ageatCis. All the preparations were performed at room terapee. lron oxide
nanoparticles were prepared according to a metimoiths to Kudoet al. (2010). In a typical experiment, predeterminedmdjtya
of Fe(NG);.9H,0 and Ce(NG)s.6H,0 were taken individually and added to the aquenligtion of NaCO; and were denoted as
100Fe,0Fe respectively. Mixed oxides were prepasechaintaining the molar ratio of Fe(N@9H,O/Ce(NQ):.6H,0 i.e., 90:10
(90Fe), 60:40 (60Fe), 50:50 (50Fe), 40:60 (40F@)QQ (10Fe). The pH of the above solution was ddglby the slow addition of
0.25 M of NaCQ;, which is a slow precipitating agent. After theatment, the products were collected by filtratiashed
several times with deionized water, and dried &°Clfor overnight. The dried samples were calcine¢08fC for 3 h.

2.3. Characterization

2.3.1. X-Ray Diffraction: Powder X-ray diffraction studies were performedestablish the phase purity and crystallinity lbfrse
samples by using Rigaku X-ray diffractometer with Ko radiation § = 1.54 A) in the B range from 20 to 70. Low-angle
XRD was done using the same model and scanneceimathge from 0 to fOto establish the mesoporous structure of the
material.

2.3.2. Electron microscopic studies: Surface morphology of the samples was studiezlitiir a transmission electronic microscope
(TEM) using model FEI, TECNAI &20, TWIN, Philips operating at 200 kV. The samgteselectron microscopy were prepared
by dispersing in ethanol and coating a very dilsttepension in carbon coated Cu grids. TEM imageas wecorded by using
Gutan CCD camera.

2.3.3. UV-Vis DRS studies: The optical absorbance was observed by UV-vidiiffese reflectance spectra (Varian, Cary 100).
Boric acid was used as the reference.

2.3.4. Raman study: Raman spectra were recorded in a backscatteoinfigcration at room temperature using an RENISHAW
InVia Raman spectrometer. An argon ion laser wasl as the excitation source and the wavelengtibd@sm.

2.3.5. N, adsorption-desorption studies: N, adsorption—desorption studies were performed @it °C in Automated Surface area
and Porosity Analyser (ASAP 2020, Micromeritics, A)SPrior to the analysis, samples were degassddrwacuum (18 torr)
at 300°C for 4 h.

2.3.6. X-ray photoelectron spectroscopy: The electronic states of Fe and Ce were exanbiyedray photoelectron spectroscopy
(XPS, Kratos Axis 165 with a dual anode (Mg and Apparatus) using the MgKsource. All the binding energy values were
calibrated by using the contaminant carbon (C184-2eV) as a reference. Charge neutralizationef 2vas used to balance the
charge of the sample. Binding energy values ot#raples were reproducible within £0.1eV.

2.3.7.NH;-TPD: TPD was performed to calculate the surface acafithe sample using CHEMBET-3000 (QuantachronteA))
instrument in the temperature range of 40-850 About 0.1 g of powdered sample was contained guartz “U” tube and
degassed at 25t for 1 h with ultra pure nitrogen gas. After coglithe sample to room temperature, for TPD ;N&0% NH;
balanced with helium) gas was flowed through thepsamaintaining a heating rate of %/min to record the profile.
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2.4. Photocatalytic reaction

The photoefficiency of all synthesized catalys&se tested towards degradation of phenol, condpaed methylene blue under
solar radiation. In a typical experiment, 40 mgabatt with 20 ml of 10-ppm phenol solution was take a 100 ml closed Pyrex
flask. The solutions were exposed to sunlight weitimstant stirring for 4 h. In a similar fashion, #@y of catalysts were
suspended in 20 ml of 100 ppm MB and CR solutionpfiooto experiments under identical condition. effirradiation, the
suspensions were centrifuged and the concentrafitime supernatants were analyzed quantitative§0dt nm Enax for phenol),
664 nm .« for methylene blue) and 500 ninfor congo red) using a Cary-100 (Varian, Austradipgctrophotometer. All the
catalytic results were reproducible with = 4% vadia. Total organic carbon (TOC) analysis was performgedRNATOC.

The intensity of solar light was measured usingitBl llluminance Meter (TES-1332A, Taiwan). Thensor was always set in
the position of maximum intensity and solar lightensity was measured for every hour between 18r@014:00. The average
light intensity was around 100000 lux, which waanheconstant (LOAM-2PM) during the experiments.

3. Results and Discussion

3.1.  Nucleation and growth of iron-cerium mixed oxides

Precipitation and co-precipitation methods are #mpnd easier technique to prepare nano struchaterials. The size of the
nanoparticles can be controlled by choosing a Isigitprecipitating agent. So choice of precipitatagent has a crucial role to
design the desired size controlled material.,0\& a slow precipitating agent was choosen to detfigrtarget material. It was
observed that the nucleation as well as precipitastarts at pH range form 3-3.5. The precipitatonurs when the hydrolysis
starts with the increasing of pH. Here the pH wdjssted to 8.2 to get the desired mixed oxide.

32. XRD

The powder X-ray diffraction of all the catalystalcined at 406C is shown in Figure 1. Crystalline nature of ak tmaterials
are confirmed from the diffraction peaks. The oledrreflection patterns were assigned either t®ker CeQ. The obtained
peaks were sharper and intense in case of pureiatdttO0Fe and OFe) whereas the mixed phase gespliess intense peaks.
Both the FgO; and CeQ reflection peaks were observed on 90Fe, 60Fe, ,506fke, 10Fe which concludes the formation of
mixed phases.

Figurel. X-ray diffraction patterns of 100Fe, 90Fe, 60F@f&, 40Fe, 10Fe and OFe samples calcined at@00
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Figure2. Low angle X-ray diffraction (LAXRD) of sample 50Felcined at 40(.

With the increase of both Ce and Fe content onnthed oxide, the diffraction peaks gradually becentess intense which
indicates the development of amorphous nature efntlaterial. In sample 50Fe, the intensity of bothOF and CeQ peak
dramatically less intense compared with that oeoamples. It can be explained that geOwell dispersed on E®; and the
amorphous nature is well developed. A diffracticdal appeared for 50Fe sample @t=20.7 is the characteristic features of
mesoporous material (Figure 2).

3.3. TEM analysis

TEM analysis of FC5 sample was done to deterihieesize and morphology of the particles. TEM ingdg®AED patterns and
EDAX were shown in fig. 3(a) and 3(b) respectiveéfyg 3 (a) showed the presence of agglomerated-siaed particles with
diameters ranging from 10 to 20 nm. Kaliszewsk letckaimed that, the material synthesized in théewanedium becomes
agglomerated due to high capillary forces and hyeinobonding of water (Kaliszewski and Heuer, 1928t et al., 2009). The
agglomeration may be due to the same reason aaimeglabove. From the SAED pattern (inserted in3bg it is apparent that
highly crystalline nanoparticles are obtained. ED&néalysis indicates the presence of all Fe, Celartements.

(C) DADEVDHYANKEMPGajendr alGeFe Oledicspe
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Figure 3. (a) Typical TEM micrograph, (b) SAED pattern (dp&X of 50Fe sample calcined at 40
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3.4. UV-visDRSstudies

The optical spectra of all the samples are prteskein Figure 4. The band appeared at 342 nmsigjidgted as the charge transfer
spectra of @, Cey of CeQ, (Fangxinet al., 1997). There are two significant peaks obsereed=80; at 524 and 875 nm. The
first is assigned to 2&,) - 2(*T,) and the later one is due %8, - “T; transition (Cornell and Schwertmann, 2003). In cafse
50Fe, the spectra are quite different from all @sevell as their mixed phase spectra. Also n isdtween CeQand FgO; peaks.
This suggests that both Fe and Ce are incorpolatedthe oxide matrix and shows unique propertiEsis is also in good
agreement with XRD study.

Figure 4. UV-Vis spectrum of samples 100Fe, 90Fe, 60Fe, 586%e, 10Fe and OFe samples calcined af@00

3.5.  Raman spectra study

The raman spectra of 50Fe sample is depicted ur&i§. Several Raman active modes were observdzbtbrFgO; and
CeQ.. There are two bands appeared for €at3454 crit and 594 cm. According to Webeet al the first peak is due tofmode
of the ceria cubic lattice (Webet al., 1993). Similarly for FgD; three bands were observed at 282 and 1067 fomhematite
and 713 cni is for maghemitgLeon et al, 2004). Shifting of peaks by some units from theiginal value of parent material
from references, ascertains the formation of miggitle between E®; and CeQ@ The formation of F&®; and CeQ® is well
agreed with the XRD and DRS results.

Figure 5. Raman spectrum of 50Fe sample.
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3.6. N, adsorption-desorption studies

The surface areas of all the catalysts are shovable 1. It is observed that the pure sample® lsarface area 35.73 (100Fe)
and 26.05 iy’ (OFe). However, the surface area gradually ine@®adth increase of both Ce and Fe content in #se enixed
oxides. 50Fe sample having equimolar ratio of Fé @e shows highest surface area of 94.6§'mThe amorphous nature
explained in the XRD part strongly affects the soef area of the catalyst. So 50Fe sample haviry dmgorphous character
exhibits high surface area compared to others.r€iga shows type IV like nitrogen adsorption—desompisotherms with an
inflection of nitrogen-adsorbed volume at P/PO = @ype IV, H hysteresis loop), indicating the presence of weiteloped
mesoporosity which is well agreed with the low &nilray diffraction data. From the BJH curve (Figudb), the pore volume
and average pore diameter of 50Fe catalyst wasdféarbe 0.359 cfig’ and 15 nm. The pore diameter is in the range of
mesoporous which is well agreed with the low angiay diffraction data.

Table.l Comparison of surface properties of photo catalysts

Catalyst Surfg\ce areg Surface a&:idity
(m“g) (meq g’)
100Fe 35.7 0.122
OFe 26.0 0.110
90Fe 27.7 0.256
60Fe 45.8 0.282
50Fe 94.6 0.312
40Fe 42.8 0.263
10Fe 31.0 0.211
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Figure6b. Pore size distribution curve of 50Fe sample cattiae400C.

3.7. X-ray photoelectron spectroscopy
To know the chemical environment and oxidatitetes of the elements present in the material, RS carried out. The

representative photoelectron peaks of Ols, Fe i3h,Ge 3d pertaining to 50Fe sample are depicteéigares 7a, 7b and 7c¢
respectively. Generally Oappeared at BE value 529.2 eV. But in our sample,O 2p BE peak was observed at 529.4 eV

corresponds to

Figure7(a).
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Figure 7(b).

Fig. (7¢)
Figure7. XPS spectra of 50Fe sample (a) High-energy-réisol®® 1s core-level spectra (b) High-energy
resolution Fe 2p core-level spectra, and (c) Higérgy-resolution Ce 3d core-level spectra

There must be some change of electronic environmer® by the coordination with other elements for whible BE value
shifted to higher. A peak at 530.9 eV is assigsudace hydroxyl group(Oi (Bhargabaet al., 2007). Generally, £F®; shows
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two peaks in the region 710.7 and 724 eV. But Begpand 2p,, peaks were observed at 710.5 and 724.4 respectiaedgldition
to the above two peaks, a satellite peak is apdestré18.8 (Yamashita and Hayes, 2008). This awmsfithe +3 oxidation state of
iron in the material. Also no characteristic peakere found for Feand Fé&". The peak separation between,2and 2p, is
approximately 13.9, which confirms that Fe is ie thxide phase rather than in metallic form. Ingpectrum of Ce 3d, ten peaks
were displayed (Fig.7c). Among them, six peaksesponding to three pairs of spin—orbit doublets@e(IV) and four peaks
corresponding to two pairs of spin—orbit doublets@e(lll). These peaks were divided into five grsu(v, W) , (v ,u) , (v, u),
(v',u), (v, u). Conventional designations were assigned to VWdraf Ce 3d,and 3d), respectively (Alonset al., 2006;
Becheet al., 2008; Burroughst al., 1976). The doublets (v ,u) ,(w') , (v, u) were assigned to Eewhereas (y w) and (v,
u) are character of €& The intensity of XPS peak reflects the quantftpio element. However in our sample, the peak€&t

is less intense. This confirms that the materigidasing both C& and C&" with very minute quantity of G& Again the peak
separation (V and U) is found to be 18.1 whicheany equal to peak separation of Gg@W/agneret al., 1979; Grosvenoet al.,
2004). The peak separation is 3 units higher i cdd-e spectra from @; where as it is 2 units less than the Ce of Cdis
infers that there must be some electronic intevactind synergistic effect between Fe and Ce. Theeabvidences of formation
of both Fe-O and Ce-O bond as well as the shifbhgll O 1s, Fe 2p and Ce 3d from its original watonfirm the formation of
Fe-O-Ce bond.

3.8. NH;-TPD

Surface acidity is one of the key factor whaffects the photocatalytic property. MAPD was carried out to determine the
surface acidity of all the samples and is depiatetdble 1. 50Fe sample shows the highest surfeidéyawith equal proportion of
both the metal content. The charge imbalance ia oasnixed oxide is one of the reason for the enbarent of surface acidity
compared to single component (Besl., 2002). This also enhances the photocatalytivigct

3.9. Photocatalytic studies

The photocatalytic mechanism is shown in thees@hl. The degradation of organic dyes mainly aecuby the attack of OH
radical (Zhangget al., 2009). So how these are formed to initiate thgraldation mechanism is explained briefly here whsch
shown in the scheme. Electron and holes are canisiy generated when the solar light illuminatetioa surface of mixed metal
oxide. The metal oxide containing surface hydraygup as confirmed from XPS study, directly attatkg the hole to generate
the OH radicals whereas peroxide*§Os formed when the electron reacts with dissalxggen present in the medium (water).
This peroxide takes one proton to yield a supemXldO,) followed by the formation of hydrogen peroxide,Q4). Hydrogen
peroxide again can split to give hydroxide radaradl hydroxyl ion.

FC+hy —— FC+e +ht (1)
OH+h* ——> OH (2)
O.+e- —  ~ O~ (3)
O, +H* —— HO, (4)
2HO, —— H,0,+ O, (5)
H,O0,+e- —> OH +O0H (6)

(Scheme: | Schematic illustration of photocatalysis mechanism

Decolourization of MB and CR were studied ingangce of solar light and monitored by UV-vis spagtiotometer. Fig 8 shows
the percentage of degradation with the variationirari to cerium ratio. There are several factorshsas carrier recombination,
size of the particles, surface area, surface gcidiesence of higher number of hydroxyl group \whédfects the photocatalytic
activity. Pure material (R®; and Ce@) shows very low percentage of degradation as cozdpto the mixed phase. However
with gradual increase in both metal content, thet@tatalytic activity increases and reaches maximitim equal molar ratio of
Fe/Ce (50Fe). Ceria and its mixed oxides contaihigher percentage of cerium can only utilize Uyhti (4% of solar light) for
photo degradation of dyes.
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Figure 8. Photocatalytic degradation of Phenol, MB and CR d@9Fe, 90Fe, 60Fe, 50Fe, 40Fe, 10Fe and @kdysts in
solar light.

For FeO,, there is a chance of electron-hole recombinatibere both the charge carriers could not propenylve in the
generation of hydroxyl radicals. The same reasanlm applied in the higher Fe content catalyst. &l@r when the ratio of
cerium and iron is equimolar, the recombination vl minimized as well as the catalyst could abspaximum solar light from
visible region as compared to others. This is whghiows higher percentage of photodegradationpite of this, the size of
particles is also in the nano order. In case oflemparticle size, both the electron and hole iEach to the catalyst surface within
a shorter period as compared to bulk sample dfeelight illumination. Surface area plays anothigotal role for the activity of a
catalyst. Higher the surface area higher will be ghrface active sites. Our maximum efficient gatal50Fe) has highest surface
area as compared to other pure phases as wekia®ther mixed phases. Although it is not cleat the effect of surface acidity
towards the photocatalytic activity, however in dast catalyst (50Fe) having the highest surfamitacshows the greater degree
of degradation.

The maximum degradation of phenol, MB and Chhliis catalyst after 4 h were 13, 93 and 100 Ypeaetively. Figures 9 and
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Figure 9. Effect of time over the photodegradation of MB
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Figure 10. Effect of time over the photo degradation of CR

10 show the time dependent photodegradation of RBGR. In this part, we have studied the decoltiomébehaviour in each 30
minutes interval. With increase of degradation fithe % of degradation is increasing. In case of, & maximum degradation
obtained after 4 h is 93 % whereas it is 100 %CfBr

TOC was performed to know how much percentagergdinic carbon converted to @he percentage of total organic carbon
removal was found to be 9, 77, and 85 % for phevi@, and CR respectively, after 4 h of reactionrd»@ Fe catalyst.

4, Conclusions

The following conclusions are drawn from the preasstudies:

1. The paper highlights for the first time the $wtis of mesoprous and nano structured iron-cemiidad oxides for
photodegradation of phenol, methylene blue and Goad by direct illuminating to sun light.
2. A mixed phase of two opposite character catalgaipensate with the synergistic effect to becomefficient photo
catalysts.
3. XRD, UV-vis DRS, Raman, XPS revealed the foromatf mixed oxide.
4. Mesoporosity was confirmed from both LAXRD andHBisotherm.
5. TEM evidenced the nano nature of the particles.
6. 50Fe catalyst with 50:50 content of both Fe @edacted as an efficient catalyst when comparedthers and
showed highest percentage of degradation ovehaligsted dyes.
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