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a  b  s  t  r  a  c  t

Nano-particles  of  homogeneous  solid  solution  between  TiO2 and  Fe2O3 (up  to  10  mol%)  have  been  pre-
pared by  mechanochemical  milling  of TiO2 and  yellow  Fe2O3/red  Fe2O3/precipitated  Fe  (OH)3 using
a  planetary  ball  mill.  Such  novel  solid  solution  cannot  be prepared  by  conventional  co-precipitation
technique. A  preliminary  investigation  of  photocatalytic  activity  of  mixed  oxide  (TiO2/Fe2O3)  on  photo-
oxidation  of  different  organic  dyes  like  Rhodamine  B (RB),  Methyl  orange  (MO),  Thymol  blue  (TB)  and
Bromocresol  green  (BG)  under  visible  light  (300-W  Xe  lamp;  � >  420  nm)  showed  that  TiO2 having  5 mol%
of Fe2O3 (YFT1)  is 3–5  times  higher  photoactive  than  that of  P25  TiO2. The  XRD  result  did  not  show  the
peaks  assigned  to  the  Fe  components  (for  example  Fe2O3, Fe3O4, FeO3, and  Fe  metal)  on  the  external
surface  of  the anatase  structure  in  the Fe2O3/TiO2 attained  through  mechanochemical  treatment.  This
meant  that  Fe  components  were  well  incorporated  into  the  TiO2 anatase  structure.  The  average  crystallite
size and  particle  size  of  YFT1  were  found  to  be 12  nm  and  30 ± 5 nm  respectively  measured  from  XRD
and  TEM  conforming  to nanodimensions.  Together  with  the  Fe  component,  they  absorbed  wavelength
of  above  387  nm.  The  band  slightly  shifted  to  the  right  without  tail  broadness,  which  was  the  UV  absorp-

tion  of Fe  oxide  in  the  Fe2O3/TiO2 particle  attained  through  mechanochemical  method.  This  meant  that
Fe  components  were  well  inserted  into  the  framework  of  the  TiO2 anatase  structure.  EPR and  magnetic
susceptibility  show  that  Fe3+ is  in  low  spin  state  corresponding  to  �B =  1.8  BM.  The  temperature  variation
of  �B shows  that Fe3+ is  well  separated  from  each  other  and  does  not  have  any  antiferromagnetic  or
ferromagnetic  interaction.  The  evidence  of  Fe3+ in  TiO2/Fe2O3 alloy  is  also  proved  by a  new  method  that
is  redox  titration  which  is again  support  by the  XPS  spectrum.
. Introduction

Photocatalytic oxidation of organic compound by wide band gap
emiconductor studies is an important area of investigation. In this
egard studies with TiO2 and modified TiO2 are area of intense
nvestigation [1–10].

The photocatalytic property of a multicomponent system is
trongly influenced by the composition and the preparation
rocedure. In recent years, the application of heterogeneous pho-
ocatalysis on the removal of contaminants in air and wastewater
as fetched some interest [11–15].  Due to the high photocatalytic

ctivity and stability of titanium dioxide, it is generally used as a
hotocatalyst for the removal of organic pollutants from water or
ir [16–20].
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However, TiO2 follows a relatively high electron–hole recombi-
nation rate, which is detrimental to its photoactivity. The doping
of TiO2 with transition metal ions like Ni(II) [21], Cu(II) [22], Nb(V)
[23], Cr(III) [24,25], Fe(III) [26–29],  and metal molybdates [13] were
reported to improve the photocatalytic properties with enhanced
absorption of visible/ultraviolet light. Binary metal oxides such
as TiO2/WO3, TiO2/MoO3, TiO2/SiO2 and TiO2/ZrO2 have been
widely studied for their unique chemical, physical and photo-
catalytic properties [30–33].  Studies with a Fe2O3/SrTiO3 mixed
oxide photocatalyst have shown improved photocatalytic activ-
ity for photo-oxidizing methanol under visible light irradiation
[34]. Adel Ali Ismail has prepared the ternary heterogeneous mixed
oxides i.e. Y2O3/Fe2O3/TiO2 nanoparticles [35], which showed bet-
ter photooxidation for EDTA than pure TiO2. Recently, Fe2O3/TiO2
heterogeneous mixed oxides [36–39] have shown better photo-
catalytic activity than pure TiO2 for oxidation of different organic

compounds such as methylene blue, chloroform and formaldehyde
but it is inferior to Degussa P 25. In this study a homogeneous
solution between Fe2O3 and TiO2 has been made by high energy
mechanical milling using various source of Fe3+ which shows high
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hotochemical activity and it is more active than Degussa P 25 in
isible light for oxidative degradation of various dyes. It is observed
hat the photocatalytic activity of Fe–Ti oxides alloy largely depends
n iron content, preparative condition and sintering temperature
aving optical adsorption edge around 2.2 eV, which facilitates a
trong absorption of visible light. The Fe2O3/TiO2 alloys in dif-
erent mole ratio were prepared by mechanical milling method
using a ball mill) and their photocatalytic activities were evaluated
y the photooxidations of different dyes like Rhodamine B (RB),
ethyl orange (MO), Thymol blue (TB) and Bromocresol green (BG)

nder visible light (300-W Xe lamp; � > 420 nm) irradiation. The
lloy of Fe2O3 (5 mol%) with TiO2 (anatase) is a better photoactive
aterial compared to Degussa P25 TiO2 and other compositions of

e2O3/TiO2.

. Experimental

.1. Synthesis of Fe2O3/TiO2 photocatalysts

A stoichiometric mixture of TiO2 (Aldrich, 99.99%) and yellow/red Fe2O3 (5, 7
nd  10 mol%) (99.9%, Tata-Pigment, India) was  prepared by mechanical grinding
n  a planetary ball mill using small amount of water. This mechanical milling was
llowed for 4 h for complete mixing of the oxides forming a solid solution. The milling
as performed in Fritsch Pulverisette No. 6 planetary ball mill, using a rotational

peed of 250 rpm at a constant rotation direction and a ball to powder weight ratio
f  10:1. Both the container and balls were made of aluminium oxide. The prepared
amples were dried at 100 ◦C for 15 h in an oven and photocatalytic activity was
tudied. The sources of Fe3+ were yellow iron oxide, red iron oxide and precipitated
erric hydroxide. The heat-treatment of the sample at a temperature higher than
00 ◦C had poor photocatalytic activity. Rhodamine B (RB), Methyl orange (MO),
hylmol blue (TB), Bromocresol green (BG) were A.R. reagents procured from MERCK
ndia.

.2.  Photocatalytic experiment

Photocatalytic experiments were conducted using nanophotocatalysts in pres-
nce of photocatalytically degradable different dyes in water solution. The
hotocatalytic reaction was carried out under visible light irradiation with slow
tirring (using magnetic stirrer) of the solution mixture and Fe2O3/TiO2 photocat-
lysts. The light source was a 300-W Xe lamp (ILC technology; CERMAX LX-300F).
he container was made of Petridis of volume 200 ml.  The reactions were performed
y  adding nano powder of each photocatalyst (0.1 g) into each set of a 100 ml  of
ifferent solution of dyes.

.3. Analytical methods

A small volume (1 ml)  of reactant liquid was  siphoned out at regular interval of
ime for analysis. It was then centrifuged at 1100 rpm for 15 min, filtered through a
.2  �m-millipore filter to remove the suspended catalyst particles and concentration
f  dye was measured by absorption spectrometry using UV-VIS spectrometer (UV-
601, SHIMADZU) at its wavelength of maximum absorption.

.4. Characterization

The crystal structure of the prepared samples was determined by the X-ray
iffractometer (XRD) (Model: Philips PW 1710) equipped with a Cu K� radiation.
he  accelerating voltage and current used were 40 kV and 20 mA,  respectively. The
�  ranged from 15 to 70◦ .

Crystallite sizes (D) of the obtained powders were calculated by the X-ray line
roadening technique performed on the direction of lattice using computer software
APD 1800, Philips Research Laboratories) based on Scherer’s formula [40].

 = 0.89�

 ̌ cos �
(1)

here D is the crystallite size, � is the X-ray wavelength, � is the Bragg’s angle and ˇ
s  half width. The stoichiometry of Fe2O3/TiO2 alloys have been examined by energy
ispersive X-ray spectroscopy (EDX) (JEOL JMS-5800) which is consistent with the
mount taken of Fe2O3 and TiO2 during synthesis.

The FT-IR analysis was  performed using a Perkin-Elmer Paragon 1000 FT-IR spec-
rometer and BET surface area measurements were carried out using a BECKMAN
OULTER SA3100 through nitrogen adsorption–desorption isotherm at 77 K. X-ray
hotoelectron spectroscopy (XPS) measurements were carried out in an Axis-Ultra

-ray photoelectron spectrophotometer in vacuum (1 × 10−5 Pa).

The UV–vis diffuse reflectance spectra of the prepared powders were obtained
y  a UV–VIS spectrophotometer (UV-1601 Shimadzu) at room temperature.
he average sizes of nanoparticles were measured in the transmission electron
icroscopy (TEM) (Model Philips TM-30, Philips Research Laboratories).
Fig. 1. A comparison of X-ray diffraction patterns of TiO2, YFT1, YFT2, YFT3, YFT4,
RFT1, RFT2, YF and RF nanopowders prepared by mechanochemical method after
heat treatment at 100 ◦C for 15 h.

The magnetic susceptibility was measured by Guoy balance. The ESR spectrum
was  obtained by BRUCKER ER083CS model at room temperature (ca. 298 K).

3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of TiO2, YFT1, YFT2, YFT3, YFT4,
RFT1, RFT2, YF and RF (abbreviation presented in Table 1) mixed
oxides nanopowders after heat treatment at 100 ◦C for 15 h in air
atmosphere. It has been observed that the phases prepared at dif-
ferent molar ratios of mixed oxides TiO2 and Fe2O3 (YFT1, YFT2,
YFT4, RFT1 and RFT2) have anatase phase up to 5 mol% of Fe2O3 (as
per JCPDS no. 84-1285), and YF, RF are hexagonal phases (as per
JCPDS no. 86-0550). The XRD pattern of TiO2 sample shows dis-
tinct peaks of the anatase phases, without any indication of rutile
phases. XRD of YFT1, YFT2, YFT3, YFT4, RFT1 and RFT2 indicate no
change of crystallographic characteristics before and after the pho-
tocatalytic reactions, which is shown in Fig. 1. XRD also indicate
that the final products after ball milling have anatase phase of TiO2
and Fe ions are well inserted into the framework of the TiO2 anatase
structure. The small incorporation of Fe3+ in TiO2 will not change
much of the XRD peaks. The change will be in first or second dec-
imal of theta value, because ionic radius of Ti4+ and Fe3+ are very
close (0.68 Å  and 0.64 Å). Moreover magnetic data and EPR data
does not infer any aggregation of Fe3+ as Fe2O3 crystal. Due  to broad
peaks of XRD we  are unable to evaluate the accurate d – values of
lattices. After photochemical reaction no metal ion leaching was
observed. The sample prepared with red Fe2O3 and yellow Fe2O3
or precipitated Fe(OH)3 gave same chemical and physical charac-
teristics. Average crystallite sizes of the prepared photocatalysts
were calculated according to Scherer’s formula and indicated that
the crystallite sizes of the samples were approximately (12–15 nm).
The atomic level dispersion Fe2O3 in TiO2 have been presented in
Fig. 2 through energy dispersive X-ray spectroscopy,

3.2. Specific surface area (BET) analysis
The BET surface area of Fe2O3/TiO2 composite powders (YFT1)
calcined at 100 ◦C was  58.5 m2/g, while the surface area of P25 is
49.1 m2/g and the surface area of other prepared photocatalysts are
presented in Table 1. Though surface area of YFT1, RFT1 and Degussa
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Table  1
Resultant properties of YFT1, YFT2, YFT3, RFT1, RFT2, YFT4, FT, P25, YF and RF composites.

Sample Acronym SBET (m2/g) Anatase crystal size
(nm)

Absorption edge
(nm)

Effective band gap
energy (eV) (from
optical spectra)

Yellow Fe2O3 (5 mol%)/TiO2 YFT1 58.5 12.17 548 2.26
Yellow Fe2O3 (7 mol%)/TiO2 YFT2 52.2 12.38 520 2.38
Yellow Fe2O3 (10 mol%)/TiO2 YFT3 48.6 12.43 508 2.48
Red  Fe2O3 (5 mol%)/TiO2 RFT1 55.2 12.35 540 2.29
Red  Fe2O3 (7 mol%)/TiO2 RFT2 50.3 12.63 470 2.63
Yellow Fe2O3 (5 mol%)/TiO2 (after reaction) YFT4 58.5 12.22 548 2.26
Fe(OH)3 (5 mol%)/TiO2 FT 56.6 12.22 548 2.26
Degussa P25 P25 49.1 12.46 387 3.2
Yellow Fe2O3 YF 4.8 20.05 563 2.2
Red  Fe2O3 RF 4.1 

BET surface area measured by dinitrogen adsorption desorption isotherm at 77 K.
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1

into the pure phases of TiO2 and Fe2O3. It shows that the alloys are
metastable phases between TiO2 and Fe2O3.
Fig. 2. EDX spectra of Fe2O3 (5 mol%)/TiO2 (YFT1).

25 are comparable, but photocatalytic activity of YFT1/RFT1 is
erginally times greater than P25. Therefore, among all the pre-

ared photocatalyst the YFT1/RFT1 is more photoactive for faster
egradation of different dyes like RB, MO,  TB and BG under visible

ight (300-W Xe lamp; � > 420 nm).

.3. Transmission electron microscopy (TEM) analysis

Nanoparticles with average size about 30 ± 5 nm were observed
n the transmission electron microscopy (TEM) of YFT1. This has

een shown in Fig. 3. The calculated crystallite size of YFT was about
2–13 nm obtained from XRD (shown in Table 1).

Fig. 3. TEM images of YFT1.
21.26 558 2.23

3.4. FT-IR spectra analysis

FT-IR spectra shown spectrum of YFT1, RFT1 and YFT4 are sim-
ilar to TiO2 shown in Fig. 4. This indirectly indicates that Fe2O3 has
been dissolved into the TiO2 lattices. The two bands observed at
about 3400 and 1600 cm−1 are characteristic of the H–O bending
mode of hydroxyl groups present on the surface due to moisture.
These are crucial to the photocatalytic reactions since they can
react with photoexcited holes generated on the catalyst surface
and produce hydroxyl radicals [41], which act as powerful oxidant.
The absorption band around 1200 cm−1 may  be assigned to the
Ti–O–Ti bending [37]. The absorption band at 609 cm−1 attributes
to the Ti–O stretching vibrations of TiO2 anatase phase and their
small peaks around 1405 and 1050 cm−1 of samples YFT1, RFT1 and
YFT4 were detected. There were no eminent peaks of undissolved
Fe2O3. This indirectly indicates that Fe2O3 has been dissolved into
the TiO2 lattices and form solid solution. The new peaks (1405
and 1050 cm−1) may  be assigned to Ti–O–Fe hetero bond. In fact,
a vibration frequency reduction would indicate a higher ioniza-
tion of the metallic atom on which the molecule is adsorbed. The
band at 1405 cm−1 is attributed to adsorbed dyes on Fe atoms
and 1050 cm−1 attribute to carbonates. The presence of carbon-
ate vibrations can be well resolved in all metastable alloy samples
as shown in Fig. 4. The alloys on heating above 600 ◦C segregate
Fig. 4. FT-IR spectra for RFT1, YFT1, YFT4, and TiO2 samples.
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Fig. 5. EPR spectrum of YFT1.

.5. EPR spectrum study

Electronic paramagnetic resonance spectrum (EPR) of YFT1
hown in Fig. 5, reflected a signal at a g-tensor value of 1.991, indi-
ating the presence of low spin state of Fe3+ in TiO2 [42]. Due to
bsence of any hyperfine line in ESR spectra, it can be suggested
hat Fe3+ cations are well separated. No EPR signal was  detected
n pure TiO2. The magnetic moment of YFT1/RFT1 is found to be
.73 BM measured by Guoy’s method. It indicates that the Fe3+ in
FT1/RFT1 alloy contains one unpaired electron. This infers that

ron exists as a Fe3+ ion in the system under strong crystal field
nvironment producing low spin Fe3+. The magnetic moment does
ot change reasonably with lowering temperature which indicates
hat Fe–Fe spin interaction is absent (shown in Fig. 6) at 5 mol% of
e2O3.
.6. Oxidation states of Fe ion (XPS study)

The oxidation states of Fe3+ have been determined by redox
itration and XPS. Known amount of catalyst is treated with HF

Fig. 6. Magnetic susceptibility measurement of YFT1.
Fig. 7. XPS spectrum of YFT1 (a) Ti(2p) and (b) Fe(2p) core levels.

and KBr in absence of air (under argon atmosphere and was  back
titrated with Mohr salt solution (Fe2+)). No Fe2+ of Mohr salt solu-
tion was consumed in the titration. This indicates the absence of
any higher oxidation states (4+/5+/6+) of Fe. Any higher oxidation
of Fe could liberate Br2 and would have been consumed by Fe2+.
Fig. 7a shows the XPS analysis of Fe2O3/TiO2 covering the Ti pho-
toemission peaks. The binding energy of Ti 2p1/2 was  observed
to be at approximately 464.5 eV, which corresponds well with the
handbook data for Ti4+. However, the binding energy of Ti 2p3/2
was  458.9 eV, which is slightly lower than the handbook data. The
splitting data between the Ti 2p1/2 and Ti 2p3/2 core levels is 5.6 eV
indicating a normal state of Ti4+ in the anatase TiO2. Fig. 7b shows
the XPS spectra covering the Fe(2p) peaks. The Fe(2p) core level are
split into Fe2p1/2 and Fe2p3/2 due to spin orbit coupling and appear
at their normal positions that is 724.7 eV and 710.8 eV respectively.
The XPS spectra do not show any elemental Fe peak. A hump at
∼719 eV is characteristic of presence of Fe3+. However, this result
may  be due to formation of only Ti4+ and Fe3+ chemical states in the
samples (as can be seen from the Ti(2p) and Fe(2p) core levels XPS).
The XPS data are in line with earlier observations and strongly sup-
port the formation of TiO2/Fe2O3 alloy [43–46].  The surface atomic
concentration of the Fe2O3 (5 mol%)/TiO2 alloy estimated from XPS
are shown in Table 2. The surface atom concentrations for oxygen,
titanium and iron atoms and the atomic ratio for Fe/Ti (10.24) were
obtained from the results of XPS analysis. The atomic ratio data
were in conformity with the EDAX data.

3.7. Photocatalytic activity of the prepared samples

The photooxidation of different coloured dyes solution like RB,
MO,  TB and BG to colourless solution under prepared photocata-
lysts and visible light (300-W Xe lamp; � > 420 nm) irradiation is
shown in Figs. 8–11 respectively. UV–vis spectra of RB, MO, TB
and BG taken after the irradiation with Fe2O3/TiO2 compositions
(YFT1, YFT2, YFT3, RFT1, RFT2, P25, YF and RF) were measured
and corresponding absorbance of dyes were found at 554, 464,
597 and 616 nm respectively. The different dyes were found to
be completely decolorized after the irradiation. It required about
60 min  for RB, 90 min  for MO,  105 min  for TB, and 150 min  for BG

for complete decolorization. Comparatively the rate of degrada-
tion of Rhodamine B is faster among all the four dyes. For all the
cases the catalysts were taken at 1 g/l and different dye concentra-
tion was  about 10 mM.  The photocatalytic activities have presented
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Table  2
The surface atom concentration for oxygen, Fe and Ti atoms of the Fe2O3 (5 mol%)/TiO2 alloys by XPS.

Sample Atomic surface concentration (%) Surface atomic ratio (%)

O Ti Fe Fe/Ti

Fe2O3 (5 mol%)/TiO2 67.29 29.67 3.04 10.24

Table 3
Degradation rate constants of different organic dyes in different pH using different photocatalysts of YFT1, YFT2, YFT3, RFT1, FRT2, FT, P25, YF and RF.

Dyes pH Reaction rate constant k (×10−3 min−1)

YFT1 YFT2 YFT3 RFT1 RFT2 FT P25 YF RF

RB 7.01 84.30 61.40 50.10 62.67 49.51 70.65 15.09 1.33 0.89
MO 6.99  39.44 31.28 20.63 34.38 20.24 33.83 11.75 0.98 0.58
TB 8.01  37.12 23.20 14.29 27.80 15.85 26.36 10.74 0.38 0.23
BG  8.03 13.87 10.51 5.10 12.13 6.70 12.81 7.86 0.54 0.26

RB, Rhodamine B; MO,  Methyl orange; TB, Thymol blue; BG, Bromocresol green.
The concentration of the different dyes is ∼10 mM.
The catalyst concentration is Ccatalysts = 1 g/l. Time required for 50% decolorization of different organic dyes solution. All photocatalysts are calcined at 100 ◦C for 15 h.

Fig. 8. The Rhodamine B oxidation in UV–vis absorption spectra at 554 nm as a
function of visible light irradiation time in the prepared photocatalysts calcined at
100 ◦C for 15 h, and absence of catalyst (Abcatalyst), 300-W Xe lamp with a cutoff filter
(�  > 420 nm).

Fig. 9. The Methyl orange oxidation in UV–vis absorption spectra at 464 nm as a
function of visible light irradiation time in the prepared photocatalysts calcined at
100 ◦C for 15 h, and absence of catalyst (Abcatalyst), 300-W Xe lamp with a cutoff filter
(�  > 420 nm).

Fig. 10. The Thymol blue oxidation in UV–vis absorption spectra at 597 nm as a
function of visible light irradiation time in the prepared photocatalysts calcined at
100 ◦C for 15 h, and absence of catalyst (Abcatalyst), 300-W Xe lamp with a cutoff filter
(� > 420 nm).

Fig. 11. The Bromocresol green oxidation in UV–vis absorption spectra at 616 nm
as  a function of visible light irradiation time in the prepared photocatalysts calcined
at 100 ◦C for 15 h, and absence of catalyst (Abcatalyst), 300-W Xe lamp with a cutoff
filter (� > 420 nm).
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Fig. 12. The effect of calcinations temperature for 15 h for 100 ◦C, 200 ◦C and other
temperature is for 2 h on the photocatalytic activity of YFT1, the catalyst concentra-
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is sensitized and the dye cation is formed with the help of irradi-
ion is Ccatalysts = 1 g/l. Rhodamine B concentration is CRB = 10 mM,  300-W Xe lamp
ith a cutoff filter (� > 420 nm).

n Figs. 8–11. Under visible light irradiation, the alloy YFT1/RFT1
owder exhibited highest photocatalytic activity than that of other
ompositions of Fe2O3/TiO2 mixed oxides, P25 TiO2, and pure yel-
ow/red Fe2O3 for all the four dyes solutions. It is also observed
hat in absence of catalyst the degradation of dyes is not possi-
le under visible light (shown in Figs. 8–11). The YFT1/RFT1 alloy
owders have shown five times higher photocatalytic activity than
hat of P25 in case of Rhodamine B and three times higher pho-
oactivity than that of P25 in case of other three dyes (MO, TB and
G). The increment of Fe2O3 concentration beyond 5 mol% leaded

ower photocatalytic activity. The degradation rate constant (k) for
B, MO,  TB and BG using YFT1, YFT2, YFT3, RFT1, RFT2, P25, YF
nd RF photocatalysts have been presented as the time required
or 50% decolourization of dyes solutions in Table 3. The photocat-
lytic activity is independent of source of Fe3+ like yellow oxide or
ed-oxide or precipitated ferric hydroxide.

.8. Effect of heat-treatment for photocatalyst on the
hotocatalytic activity

The effect of heat-treating temperature of alloys on the photo-
atalytic activity was also investigated. Fig. 12 shows the profiles
f the photooxidations of Rhodamine B to CO2 under visible light
� > 420 nm)  irradiation using YFT1 alloy calcined at 100 ◦C, 200 ◦C,
00 ◦C, 400 ◦C and 500 ◦C. The samples calcined at 100 ◦C showed
ighest photocatalytic activity than that calcined at other temper-
tures. It seems that the increase of the calcination temperature
ecreases the defect-states on the surface. Above 100 ◦C the activ-

ty of catalyst decreases with rise of calcination temperatures and
ecrease of specific surface area. This may  be due to the change
f the particle size and surface area. The IR spectrum does not
how presence of any absorbed lattice water. It is also observed that
dsorption of dye (RB, MO,  TB, and BG) decreases with increase of
eat treatment temperature of the catalyst. This is probably due to
ecrease of defect-structure on the surface of solid catalyst. Thus
efect structure signifies its crucial role for photocatalytic activity.
he effect of calcination temperature on the adsorption of dyes by

hotocatalysts is presented in Fig. 13.  It indicates that adsorption
f photocatalysts is maximum when calcinations temperature is
00 ◦C.
Fig. 13. Adsorption of dyes on photocatalysts calcined at different temperature.

3.9. UV–vis diffuse reflectance spectrum

The UV–vis diffuse reflectance spectrum of alloys of Fe2O3/TiO2
and pure TiO2 have been presented in Fig. 14.  It has reflected dis-
tinct absorption edges at 548 nm,  540 nm,  nm, 520 nm,  508 nm,
470 nm,  563 nm,  558 nm and 387 nm for YFT1, RFT1, YFT2, YFT3,
RFT2, YF, RF and pure TiO2 respectively and corresponding band
edge energies are 2.26, 2.29, 2.38, 2.44, 2.63, 2.2, 2.22 and 3.20 eV
respectively as presented in Table 1. With increase of Fe3+, the band
end edge position shifted to slightly higher energy value possi-
bly due to more inclusion of defect structures. With increasing the
dopant concentration, the band edge energy increases, as a conse-
quence the photocatalytic activity decreases. This may  be assigned
to the absorption edge increases to higher wave length, then it cover
more frequency and transition probability at higher frequency will
be more (it easily understood from the spectra). This causes the
increase of efficiency. YFT1 photocatalysts has lower band gap
energy (2.26 eV) with highest photocatalytic activity compared to
other Fe2O3/TiO2 alloys and P25. Further decrease of concentration
of Fe3+ may  decrease the band edge but it may reduce kinetics of
reaction resulting in lower photo-catalytic activity.

3.10. Tentative mechanism of photosensitization of Fe2O3/TiO2
(YFT/RFT) under visible light irradiation

The tentative mechanism of photooxidation may  be as follow.
As the band edge of Fe3+ is lower than TiO2, which means that Fe3+

is situated in between conduction band (CB) and valence band (VB).
The optical absorption leads to the formation of hole on Fe3+ and
the liberated electron goes to conduction band. This charge sepa-
ration is facilitated by visible light rather than UV or near UV light
due to lesser energy gap between Fe3+ and bottom of conduction
band. The role of the TiO2 in the second photocatalytic process in
Fig. 15 is in presence of visible light, Fe(III) in TiO2 matrix gener-
ates Fe2+, Fe4+ and charge-pair (e−/h+) and at the same time Fe3+

is also regenerated through electron or hole trapping by reversible
reaction [44–48].  The exited electron is trapped in CB through the
formation of super oxide radical anion O2

•− using O2 from the
atmosphere on the surface and e−(Fe2+). On the other side the dye
ation of visible light of � > 420 nm and e−(Fe2+). The dye cation is
unstable and decomposes injecting an electron in the conduction
band of Fe2+. The Fe2+ initiates the oxidative degradation of organic
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Fig. 14. UV–vis diffuse reflectance spectra of synthesized YFT1, YFT2, YFT3, RFT1,
RFT2, RFT3, TiO2, YF and RF powders.
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ig. 15. Tentative schematic diagram of reaction mechanism of YFT/RFT photocat-
lysts under visible light irradiation.

ompounds further assisted by super oxide radical. The schematic
iagram of reaction mechanism is presented in Fig. 15.

. Conclusions

Synthesis of nano-sized homogeneous solid solution between
e2O3 and TiO2 with high photocatalytic activity for oxidative
egradation of different dyes was successfully obtained through
echanochemical synthesis. XRD data shows the formation of solid

olution having anatase structure with no free Fe2O3 up to 5 mol%
f Fe2O3. The chemical and physical natures of the materials remain
ame irrespective of source of Fe2O3. Fe2O3/TiO2 catalyst have crys-
allite size about 12–13 nm measured from XRD and particle size
bout 30 ± 5 nm measured from TEM. FT-IR of all Fe2O3/TiO2 pre-
ared catalysts is similar to pure TiO2. This indicates that Fe2O3 is

issolved into the TiO2 lattices. The maximum solubility of Fe2O3

n TiO2 is 5 mol% of Fe2O3 irrespective of source and this compo-
ition has highest photocatalytic activity that is 3–5 times higher
han P25 TiO2 for the oxidation of different dyes. We  also observed

[
[
[

[

ompounds 509 (2011) 8158– 8164

that the rate of degradation of Rhodamine B is faster among all the
four dyes under prepared catalyst and visible light.
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