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A facile hydrothermal method was firstly employed to synthesize iron oxide coupled and doped titania
nanocomposites using an aqueous solution of titanium nitrate. The present nanocomposites exhibit
altered compositional, optical, electrical, magnetic and photocatalytic properties with respect to varying
dosage of iron in the titania matrix. The architecture of characteristic iron oxide such as Fe,Os coupled
with titania was confirmed by >’Fe Mossbauer spectroscopy and X-ray absorption fine structure
spectroscopic measurements. The enhanced photocatalytic activity was demonstrated by comparing

iizzgﬁ% Zzlg:h%iﬁyzgéfe with that of pure hematite, anatase TiO,, rutile TiO, and P25 in the degradation of methylene blue under
visible light (A > 480 nm) irradiation in an aqueous suspension. The strategy presented here gives

DOI- 10.1039/c6ral3212] a promising route towards the development of a metal oxide coupled and doped semiconductor
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1. Introduction

Metal oxide coupled semiconductor photocatalysts have
attracted much attention because of their applications in envi-
ronmental remediation, in which they are used in the photo-
catalytic degradation of pollutants in air and water."> Waste
water from various industries such as textiles, printing, food
processing and cosmetic units containing huge amounts of
toxic organic chemicals become harmful to human health.
Many methods such as adsorption, flocculation, photocatalysed
degradation and chemical oxidation have been used to remove
the persistent harmful chemicals released into aquatic envi-
ronments.>* Nowadays, TiO,, is used as an important functional
material and finds numerous applications as photocatalyst, in
electronic devices, in conversion devices as well as promising
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material for applied photocatalysis and related applications.

electrode material due to its attractive advantages of high
abundance, low cost, better safety, and environmental friend-
liness.® However, usage of TiO, photocatalysts in the waste-
water treatment is still limited because of major bottleneck
and methodology drawbacks associated with this. Titanium
dioxide has a high band gap energy (Eg = 3.2 eV) and this can be
triggered by UV or near UV radiation (A = 380 nm), which
accounts about 3-4% in the solar spectrum.® Thus, the possi-
bility of utilizing solar light as an energy source in TiO, pho-
tocatalysis is limited. However, it is very difficult to recycle
nanosized powdered materials in wastewater treatment which
may cause secondary pollution.

Recently, a number of attempts have been made to extend
the spectral response of TiO, into the visible light region but
also reduce the recombination of photogenerated electron-hole
pairs, thus enhancing its photocatalytic activity.”®* Among these
attempts, considerable effort has been devoted to the study of
iron doped TiO, particles in order to obtain better efficiency and
a possible structure-property relationships.® Litter and Navio*®
investigated a mechanistic aspect on the effect of Fe** in titania
during photocatalysed reaction. In fact, Fe,Ti;_,O, has been
proved as a highly efficient visible light tunable photocatalyst
and the catalyst illustrated more stability during the decom-
position of dyes or other water pollutants.'* At the same time,
numerous efforts have also been carried out on the develop-
ment of new materials with intrinsic photocatalytic activity
under visible light response such as nitrogen codoped Fe-
TiO,,"”” Caln,0,/Fe-TiO,,"* prussian blue/TiO,,"* Fe-Sn-TiO,
(ref. 15 and 16) etc.
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Among them, magnetic iron oxide nanoparticles have
attracted considerable research interests because of its
unique properties, including decent magnetic, electric,
catalytic properties, biocompatibility and low toxicity.”
Recently, several methods have been developed to prepare
various composite materials containing iron oxides
combined with TiO,,"”* which usually exhibit improved
properties. Liu et al.>* developed an efficient visible-light
photocatalyst based on matching the energy levels of
surface-grafted and bulk-doped iron ions with similar energy
states. This was identified from °’Fe Méssbauer and X-ray
absorption fine structure (XAFS) techniques. These tech-
niques are precious for identification of chemical states of
surface and bulk doped iron with TiO,. Our group has
developed iron containing titania nanocomposites by soft
chemical solution process, the results have been different for
using different precursors."*® Mossbauer results have shown
doublet patterns for highly dispersed and homogenous iron
doped titania and sextet patterns for iron cluster formation.**
However, it is essential to need to develop an efficient method
for controlling well the chemical states of dopant ions in
titania matrix and on the surface. Moreover, the efficiencies
of these photocatalysts are still far from satisfactory due to
a high recombination rate of the photogenerated electron-
hole pair. In our previous studies, ferromagnetic photo-
catalysts such as Sn-doped TiO,,** Fe codoped Sn-TiO, and
CuO coupled Sn-TiO, (ref. 23) were successfully developed
and used in the photocatalytic degradation of methyl orange
and phenol derivatives. According to the energy level theory
on semiconductors, presence of iron oxides can enhance
effectively in the photocatalytic activity of TiO,.** Although
there are a few reports on the preparation of Fe,03/TiO,
nanocomposites,**** there is none on the synthesis of weak
superparamagnetic iron oxide coupled and doped titania
nanocomposites by facile hydrothermal method using the
same precursor and reagents with a view to compare their
photocatalytic, optical and magnetic properties. Probable
implications of variations in the molar ratio of iron content
into TiO, and the magnetic characteristics in relation to the
photocatalytic activity of the composite particles have not yet
been investigated in detail.”®

In this investigation, XAFS and °’Fe Mdssbauer spectro-
scopic measurements were applied to investigate two different
form of iron such as iron oxide coupled and doped in titania.
The important issues, such as (i) enhancement in the photo-
catalytic activities of titania, (ii) effects of structural, optical,
electrical and magnetic properties of iron oxide coupled and
doped anatase-rutile mixed phases, and (iii) photo-
degradation of a model organic dye pollutant such as methy-
lene blue (MB) in an aqueous suspension system was
systematically investigated. Moreover, the photocatalytic
activity of the prepared nanocomposites after repeated utili-
zation cycles was also tested and discussed. The results re-
ported here will be a critical and necessary input for the
efficient development of photocatalytic degradation process in
water remediation.
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2. Experimental
2.1 Chemicals

Anhydrous ferric chloride (99%), titanium isopropoxide (99%)
and barium sulfate (spectral grade) were purchased from Sigma
Aldrich. Ammonium hydroxide, hydrogen peroxide, ferric
nitrate, oxalic acid and nitric acid were purchased from Hime-
dia and SD Fine Chemicals (India). Fe,O5 (particle size = 30 nm,
99.5%), P25, rutile TiO,, and MB were purchased from Aladdin
chemicals (China). All other chemicals are at least analytical
grade with no further treatment. All the solvents were distilled
and purified before use.

2.2 Instrumentation

X-ray diffraction (XRD) patterns were recorded in 26 ranging 10-
80° with step size 0.02° using CukK, radiation from X-Pert
PANalytical X-ray diffractometer. Raman spectra were recor-
ded on Jobin Yvon Horibra LABRAMR1100 micro-Raman spec-
trophotometer. X-ray photoelectron spectra (XPS)
measured on ESCALAB 250Xi X-ray photoelectron spectrometer
with monochromatic source Al Ko and the binding energy (B.E.)
was calibrated using contaminated carbon as an internal stan-
dard (C 1s B.E. 284.6 eV). Surface morphology and elemental
mapping were examined by scanning electron microscope-
energy dispersive X-ray detector (SEM-EDX, Hitachi, S-3400N
microscope). Brunauer-Emmett-Teller (BET) surface area
measurement was made by nitrogen adsorption at —196 °C
using a Micromeritics ASAP 2010 apparatus. HRTEM images
were taken on JEOL JEM-2000EX microscope. Ti and Fe contents
in the nanocomposites were determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES) on an IRIS
Intrepid II XSP instrument (Thermo Electron Corporation).
>’Fe Mossbauer spectra were separately collected on a Topo-
logic 500A system at room temperature. Rh(>’Co) source was
moved in a constant acceleration mode. Doppler velocity and
isomer shift were calibrated by metallic a-Fe foil. The spectra
were fitted with the appropriate superpositions of Lorentzian
lines using the MossWinn 3.0i computer program. In this way,
the *’Fe Mdssbauer spectral parameters could be determined,
including the isomer shift (IS), the electric quadrupole splitting
(QS), the full width at half maximum, and the relative resonance
areas of the different components of the absorption patterns.
Fe K-edge XAFS spectra were collected at the Beamline 4W1B
of the Beijing Synchrotron Radiation Facility (BSRF) with stored
electron energy of 2.5 GeV and accumulated currents dropping
from 250 to 150 mA. The incident beam is monochromatized
using Si(111) double crystal monochromator. The Fe K-edge
XAFS spectra of sample and standards were recorded in fluo-
rescence and transmission mode, respectively. The argon-filled
gas ion chambers and Lytle detector were adopted. The Fe K-
edge spectra were processed following the conventional proce-
dure using the IFEFFIT package.”” After subtracting the atomic
background, the spectra were normalized to unit edge jump.
The k* weighted EXAFS signals x(k) were subjected to the
Fourier transform within the k range of [2, 12.17]. Structural
fitting was conducted using Fe:8a site of Fe;0, model structure

were
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for first shell fitting. To simulate the doping of Fe in TiO,, we
carried out theoretical calculations using the full multiple
scattering (FMS) theory within muffin-tin approximation.> The
self-consistent field (SCF) potential and Hedin-Lundqvist
exchange correlation potential were employed. To achieve good
convergence, the cluster radius for SCF and FMS is 5 and 10 A,
respectively. The FEFF code allows us to extract the angular
momentum projected density of states for the atomic cluster
while calculating the XANES spectra. Owing to the finite cluster
size, the density of states is broadened with respect to the
ground states calculations based on density of functional theory
(DFT). Nevertheless, it is sufficient for interpreting the varia-
tions of electronic structure upon the doping.

UV-vis diffuse reflectance spectra (UV-vis DRS) were obtained
for dry-pressed disk samples using a Shimadzu UV 2450 double-
beam spectrophotometer equipped with an integrating sphere
(ISR-2200) assembly using BaSO, as a reference sample. Steady
state fluorescence emission spectra were recorded on Spex
FluoroLog-3 spectrofluorometer (Jobin-Yvon Inc.) using 450 W
xenon lamp equipped with a Hamamatsu R928 photomultiplier
tube. Time-resolved fluorescence decay measurements were
carried out using nano-LED (e = 295 nm) source for excitation
with repetition rate 10 kHz. Life times were determined by
fitting the data to exponential decay models using software
packages of the commercially available DAS6 v6.2-Horiba Jobin
Yvon. The goodness of fit was assessed by minimizing the
reduced chi-squared function (x?).

Jeol X-Band, JES X 310 EPR spectrometer is the state of the
art Electron Paramagnetic Resonance (EPR) used for the
measurement of species that contain iron ions in the nano-
composites with 9.4 GHz operating frequency at room temper-
ature. Magnetization measurements were carried out using
vibrating sample magnetometer (VSM) in powder form on
Lakeshore-7404 at room temperature. The temperature depen-
dent dc magnetization was measured using EverCool 7 Tesla
SQUID Magnetometer.

Mott-Schottky analysis was carried out in 0.5 M Na,SO, (pH
6.4) at a frequency of 1 kHz on CHI660E, using a Pt foil and an
SCE as counter electrode and reference electrode, respectively.
The working electrode was prepared on ITO via electrophoresis
deposition from the suspension of 20 mg of ground powder in 25
mL of 0.2 g~ 'L I,/acetone solution, and a negative bias of 20 V was
applied vs. the counter electrode (an FTO electrode) for 5 minutes
via a DC power supplier (Itech IT6874A), then the electrode was
washed with acetone carefully and dried at 60 °C before the test.

2.3 Preparation of iron oxide coupled and doped titania
nanocomposites

Samples were prepared by a facile hydrothermal method***
with some further modifications. Firstly, about 5 mol reddish
brown titanium nitrate aqueous solution was prepared.”® In
order to prepare various Fe loaded titania, 0.5, 1.0, 2.0, 3.0 and
4.0 M ferric nitrate (100 mL) aqueous solutions were introduced
separately into the titanium nitrate aqueous solutions under
magnetic stirring. Then 100 mL of oxalic acid solution (0.6 M)
was added drop wise within 2 h under magnetic stirring to

This journal is © The Royal Society of Chemistry 2016
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ensure complete precipitation. The resultant suspension was
transferred into Teflon lined stainless steel autoclave, sealed
and heated upto 110 °C for 4 h with a pressure maintained at 18
psi. Finally, the precipitates were filtered, washed with distilled
water followed by ethanol, and dried in air at 90 °C for 12 h. The
dried precipitates were calcined at 400 °C for 4 h in a muffle
furnace to get iron oxide coupled and doped titania nano-
composites. These nanocomposites are denoted as S1, S2, S3, S4
and S5, prepared using 0.5, 1.0, 2.0, 3.0 and 4.0 M ferric nitrate
(100 mL) in titanium nitrate solutions, respectively. Experi-
mental results reported for pure anatase TiO, sample in our
previous paper,> are referred for comparison.

2.4 Photocatalytic activity

The photocatalytic activity of the samples was evaluated by
photodegradation of methylene blue, MB (10> M) using the
light source of PE. ILC CERMAX xenon illumination system
model LX 175/300 attached with CX-04E power supply (10 A)
and with a 480 nm long-pass filter. The distance between the
lamp and the solution was about 8.0 cm. Photochemical
experiments were performed in a dark atmosphere in a box. In
a typical photocatalysis experiment, 50 mg of catalyst was
dispersed in 80 mL of aqueous solution of MB in a 100 mL glass
beaker at neutral pH and at room temperature. Then the
suspension was kept in darkness and magnetically stirred for 45
min to reach the adsorption-desorption equilibrium on solid
catalyst. Prior to irradiation, the solution was continuously
stirred with a magnetic stirrer for a thorough mixing. About 3
mL of aliquots was periodically taken out from the suspension
at regular interval of 60 min and centrifuged (15 000 rpm, 2
min) to separate the solution. The supernatants were measured
by GBC Cintra UV-vis spectrophotometer to record the changes
of absorption values at A = 665 nm in relation to the initially
taken aqueous solution of MB. The photocatalytic degradation
efficiency (PDE) was calculated using the formula PDE = (4, —
AAy) X 100%, where A, is the absorbance of MB at 0 time and 4,
is the absorbance of MB solution measured at various irradia-
tion time intervals. In a typical recycle experiment, the S5
catalyst was isolated from aqueous solution of MB under visible
light irradiation at 360 min through centrifuge, washed thor-
oughly with deionized water, further with ethanol and dried at
room temperature.

3. Results and discussion
3.1 Structural characterization

X-ray diffractograms and Raman spectra of the prepared samples
are displayed in Fig. 1. These imply that the composites are
basically composed of anatase and rutile forms of titania,*
whereas small impurity of iron exists as hematite (Fe,O3) phase.
It was observed that the intense anatase phase is combined with
impurity phase of rutile in S1-S3 samples, while rutile phase
decreases as increasing iron content in the case of S4 and S5
samples as shown in Fig. 1a. A perusal of Raman spectra reveals
the presence of residual amounts of the Fe,O; phase of iron,
such impurity phase is proposed to be responsible for the
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broadening and poorly resolved features of the X-ray diffracto-
gram detected from 30 to 60°. Average particle size of samples
was obtained from XRD peaks broadening using Scherrer
equation® and calculated to be approximately 6-17 nm (Table 1).
Moreover formation of Fe,O; crystalline phase was confirmed
from Raman spectral analysis as shown in Fig. 1b (insert), the
characteristic Raman peak positions are little different from that
of pure Fe,O; nanoparticles.** This indicates that iron exists as
oxide as a separate crystalline oxide phase, however, is coupled
with titania. Raman spectral analysis strongly supports the
results of XRD for the samples under study. Although, the
undoped TiO, was prepared by a similar experimental method**
the respective XRD pattern and Raman spectra differ and are
shown in Fig. Sla and b.f It could be concluded that pure
anatase phase was observed for undoped TiO, nanoparticles.
Moreover, we observed little higher peak shifting of prepared S1-
S5 samples with undoped TiO, in the both the XRD and Raman
spectra. These results led to the conclusion that iron ions
present in titanium lattice site, moreover, some of the Fe,O;
crystals are coupled on the surface of TiO,.

>’Fe Mossbauer, EPR and XAFS spectroscopic measurements
were used in determining the chemical state of iron in the
prepared nanocomposites. Liu et al** reported a detailed
account on the states of surface-grafted and bulk-doped iron
with TiO, in more detail on account of *’Fe Mossbauer spectra.
Both bulk doped and surface grafted iron with TiO, exhibited
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quadrupole splitting (QS) and showed isomer shifts (IS) of
around 0.38 mm s~ ', indicating that both the bulk-doped and
surface-grafted Fe** jons are in paramagnetic state with a quad-
rupole doublet as an octahedral structure. As shown in Fig. 2a,
the spectral peaks of S1-S5 samples could be fitted by the simple
addition of spectra for iron oxide coupled and doped TiO, in
equal proportion. It is noteworthy that the QS for the surface-
coupled and bulk-doped iron oxide are different. According to
the Mossbauer parameters listed in Table 2, the doublets were
assigned to Fe’* states and showed IS = 0.35-0.38 mm s~ ' and
QS = 0.50-0.61 mm s~ * for iron oxide doped TiO,, whereas IS =
0.33-0.36 mm s ' and QS = 0.94-1.08 mm s~ * for iron oxide
surface coupled TiO,, indicates surface iron oxide having a larger
structural degree of freedom as compared to that of doped iron
oxide. It may be due to the formation of higher symmetric state,
and oxygen vacancies or structural defects.”” The peak area of
bulk doped and coupled iron sites are 18.4-45.7% and 54.3-
81.6% for S1, S3, S4 and S5 samples, respectively. It could be
concluded that bulk doped iron sites are smaller than surface
coupled iron sites, however contrast behavior was observed for
S2 sample. Our group recently reported paramagnetic doublet
for Fe doped and Fe-Sn codoped TiO, by a soft-chemical solu-
tion process.”™** Alternatively, the value of isomer shift for the
superparamagnetic doublet is around 0.34 mm s~ " with larger
QS values of the sample with particle diameter of less than 10
nm, which is larger than those of the amorphous samples.*® This
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Fig.1 XRD patterns (a) and Raman spectra (b) (insert figure short range Raman spectra) of S1-S5 samples (where A = anatase, R = rutile and # =

hematite (Fe,O3)).

Table 1 Band gap energy (Eg) from DRS, particle size (D) from XRD, lifetime (Aemi = 448 nm) and BET data for S1-S5 samples

Lifetime BET
Surface area Langmuir surface Pore size
Sample Eg (eV) D (nm) 74, NS Ty, NS 73, NS X’ (m*g™) area (m> g ") (nm)
S1 3.04 17.25 1.99 32.92 0.005 1.88 74.87 517.55 7.70
S2 2.84 13.74 1.65 31.49 0.008 1.78 97.08 695.16 7.79
S3 2.26 10.33 1.38 29.06 0.009 1.78 95.51 632.84 7.29
S4 1.98 7.51 1.75 32.82 0.155 1.88 105.43 675.70 6.54
S5 1.95 5.65 2.42 33.19 0.103 2.00 97.06 601.64 6.08
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could be concluded that the nanoparticles begin to show
superparamagnetic behavior in the case of hematite. The
superparamagnetic behavior** of these nanoparticles leads to
a complete lack of magnetic hyperfine splitting of the spectrum
and represents in quadrupole doublet with IS of ~0.34 mm s *
and a QS of ~0.99 mm s~ '.* These results indicate that bulk
doped Fe*" ions are substitutionally introduced into TiO, crystal
at Ti** sites and superparamagnetic Fe,O; nanocrystals are in
coupled state with titania surface matrix.

Fig. 2b exhibits the EPR spectra of S1-S5 samples recorded at
room temperature. There appears broad signals with respect to
gyromagnetic factor (g) at 2.00-2.04 and 4.33-4.47 (Table 2),
whereas no such signals were observed for amorphous Fe,03, a-
Fe,03, TiO,, and a physically mixed oxide (10 wt% Fe,0;/TiO,).*®
The resonance lines at 2.00 (AH,, ~60-98 G), 2.00-2.16 (AH,,
~1000-800 G) and 4.30 are usually attributed to the isolated
octahedral Fe*" in anatase, Fe*" in iron oxides-type clusters and
isolated rthombic Fe*" ions segregated on the TiO, surfaces,
respectively.***” It suggests that iron oxide such as Fe,O; parti-
cles are present on the TiO, surfaces and furthermore isolated
rhombic Fe*' ions doped in the TiO, bulk in S1-S5 samples. As
Fe content increased, both the intensity and line width
increased. This is because the increase in iron oxide loading
would increase the magnetic interaction between Fe®" ions.

As shown in Fig. S2,1 the XAFS spectra were used to compare
in energy, k and R-space. Firstly, there are subtle variations in
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the intensity of the spectra in energy space. The iron K-edge
XANES probes the transition of 1s electrons to the 4p empty
states. All spectra show similar spectral features including the
pre-edge peak A’ and main peak A to peak C, followed by a broad
feature D and E. The pre-edge feature A’ originates from the
transition of 1s electrons to the Fe centred d states hybridized
with ligand p states. The subsequent features are contributed by
the electronic structure as well as the geometric structure due to
multiple scattering events of the photoexcited electrons. The
intensity of feature B gradually smeared out from S1 to S5,
suggesting that the structural disordering is increased in
samples with high iron content.

In Fig. 3, we compared the XANES spectra with the reference
iron compounds as well as the theoretically obtained spectra of
Fe doped TiO,. Judging from the spectral features, it is
concluded that the spectra of all species are quite similar to the
spectra of Fe,O3 and/or Fe;0,4, due to the excellent agreement of
intensity and position of peak features. On the other hand, the
intensity ratio between feature A and feature B of samples
(Fig. 3) is not in agreement with that of Fe,O; suggesting the
existence of another form of Fe besides iron oxide, for instance,
some of the Ti*" sites in titania are replaced by iron.

By resorting to the EXAFS fitting, one can extract the coor-
dinate structure of iron atoms. As shown in Fig. S3,t the first
shell in R-space EXAFS can be readily fitted using the Fe(8a site,
Fe**) coordinates of Fe;O, but with a phase shift for x(k) and the
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Fig. 2 ’Fe Mossbauer (a) and EPR (b) spectra of S1-S5 samples at room temperature.
Table 2 EPR, >’Fe Mdssbauer spectroscopic and VSM data of S1-55 samples at room temperature
EPR 5’Fe Mdssbauer VSM
Site 1 Site 2
I Qs LW Peak area IS Qs LW Peak area M

Sample g AH,, (G) g (mms™) (mms ') (mms') (%) (mms™) (mms') (mms') (%) (emug ') x 107°
S1 2.00 255 4.47 0.36 0.51 0.30 32.8 0.36 0.97 0.50 67.2 100.52
S2 2.00 920 4.43 0.38 0.61 0.39 54.4 0.34 1.08 0.48 45.6 90.18
S3 2.03 1718 4.33 0.37 0.50 0.28 18.4 0.33 0.94 0.58 81.6 147.04
S4 2.01 1225 4.36 0.37 0.56 0.38 39.7 0.34 1.00 0.53 60.3 187.64
S5 2.04 1616 4.36 0.35 0.61 0.41 45.7 0.33 1.03 0.57 54.3 181.35
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bond length difference in x(R). The iron is coordinated by four
oxygen atoms equally separated. To compare the results
consistently, the EXAFS fitting is performed using &° weight
with k and R range of [2, 12] A" and [1, 2.34] A, respectively. We
summarized the structural parameters including the number of
coordinates, Fe-O bond distances, and the mean square relative
displacement (MSRD) of Fe-O bond as presented in Table 3.
The coordinate number for first shell oxygen is 4.3-5.3 varying
with the concentrations and the Fe-O bond length varies from
1.96-1.97 A. The bond distance of samples measured is in
nearer value to that of the bond length of Fe,O; but coordinate
number is lower than that of the Fe,O3;, which are 6 for first
shell coordinates. Hence the iron atoms in the sample may have
oxygen vacancies, structural defects and small size of the
hematite makes large surface area with significantly reduced
coordinate number. The coordinate number of iron in samples
are in between 4 and 6; therefore we can, by combining XANES
and EXAFS analysis, conclude that there are two types of iron in
the compounds, one is the distorted Fe,O; and the other is iron
replacing Ti sites in titania. The surface elementary composi-
tion and chemical states of iron in titania nanocomposites were
characterized by XPS as shown in Fig. S4.}

3.2 Surface morphology analyses

The surface morphology and textural structure of the as-
prepared nanocomposites were characterized by SEM, HRTEM
and N, physisorption analysis. The SEM micrographs of
samples S1-S5 are in close resemblance in morphology as
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shown in Fig. S5.1 There were large aggregates of tiny particles
and the aggregates did not possess any definite shape. Hence
the growth of TiO, even in the presence of Fe did not form
different morphology. This can be attributed to the fact that the
nanoparticles themselves are composed of many smaller
particles, while composite becomes more agglomerated.
However, the size distribution of the powder was not calculated,
the size of the particles are varies in the range of 0.24-1.20 um
for S1-S5 samples, it could be indicated that the Fe,O; coupled
and doped with TiO, to form large agglomerated particles.
Although, we could not find separate Fe,O; particles in SEM
images. Additionally, EDX microanalysis yielded the elementary
composition of the material (Fig. S6-S91). The chemical
compositions of the samples were further ensured from ICP
elemental analysis. The EDX and ICP values are tabulated in
Table S1,T which shows the existence of a considerable amount
of iron present in the catalyst along with basic elements tita-
nium and oxygen. EDX results imply that coupled and doped
iron oxide primarily exists in the TiO, surface region. Moreover,
line spectra and X-ray mapping analysis were also performed to
locate the amount of each element in terms of percentage
distribution within the stipulated contour area. It is evident that
the growth of particle is restrained by iron oxide dispersion,
which is significant importance not only for the design of
surface properties and surface area,” but also for tuning the
electronic structure and characteristics.

Fig. S101 and 4 show the TEM, STEM, HRTEM images and
SAED patterns of the typical S1 and S5 samples, respectively. As
shown in Fig. 4a, the prepared samples are nearly spherical in
shape and did not have a core-shell structure. Closer observa-
tion of Fig. 4b and c reveals that most of the prepared nano-
composites belong to a Janus structure,*® and the single size of
the S5 nanocomposites was about 6-17 nm. In Fig. 4d, the
HRTEM image of typical S5 nanocomposite shows that Fe,0; is
coupled with anatase and/or rutile TiO, phase to form a Janus
structure. Moreover, the interplanar distance of three parts are
0.25, 0.32 and 0.35 nm, which corresponds well with the (110)
plane of Fe,O3, (110) plane of TiO,(R) and the (101) plane of
TiO,(A), respectively. The SAED patterns revealed a clear char-
acteristic rings corresponding to high crystallinity and addi-
tionally complicated bright spots are clearly observed for S1
sample (Fig. S10et), indicating the coexistence of anatase-rutile
or iron oxide-anatase-rutile crystalline phases. However, due to
the small interface between iron oxide and TiO, nanoparticles
in Janus structure, the recombination of light-induced electrons
and holes would be decreased, which could enhance the pho-
tocatalytic activity.*®

Table 3 Structural parameters of S1-S5 samples by fitting the EXAFS spectra

Sample N Rpe-o (A) MSRDyc_o (A%) R-Factor k weight k range R range
s1 5.3 1.969 + 0.007 0.008 = 0.0005 0.009 3 [2, 12.2] [1, 2.34]
S2 4.8 1.968 + 0.006 0.008 £ 0.0005 0.008 3 [2, 12.0] [1,2.34]
S3 4.6 1.964 + 0.005 0.008 £ 0.0004 0.006 3 [2,12.1] [1,2.34]
S4 4.4 1.961 + 0.005 0.008 £ 0.0004 0.005 3 [2,12.2] [1,2.34]
S5 4.3 1.959 + 0.005 0.009 + 0.0004 0.006 3 [2, 12.2] [1, 2.34]
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Fig.4 TEM (a) and (b), STEM (c), HRTEM (d) images and SAED pattern
(e) of S5 sample.

The textural properties were evaluated by N, physisorption
analysis as shown in Fig. S11.1 The BET surface area, Langmuir
surface area and pore size of the particles are calculated and
presented in Table 1. These parameters are important in the
application of this material as a catalyst. The pure TiO, phys-
isorption isotherm is classified as type IV with a H, hysteresis
loop, characteristic of mesoporous nanoparticles.* The N, sorp-
tion isotherm of S1-S5 samples (Fig. S11at) were also showed
a type IV isotherm and the pore size distribution curve which
indicates the predominance of pores 6.08-7.79 nm in diameter
(Fig. S11bt). This property implies the presence of mesoporous
structure. The adsorption equilibrium isotherms of all samples
are similar in the textural properties. However, when the iron
content is increased, the specific surface area shows a downward
trend. The structural, chemical and morphological characteriza-
tions performed mainly using °>’Fe Mossbauer spectroscopy, EPR,
XAFS and other conventional techniques have clearly explored
that iron oxide (Fe,O3) is coupled and doped with anatase-rutile
mixed phase of titania in the all five S1-S5 samples.
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3.3 Optical characterization

The optical properties of S1-S5 nanocomposites were measured
in absorbance mode. Absorption characteristics of TiO, are
greatly modified because of coupling and doping of iron oxide
with TiO,. Fig. 5a shows the DRS spectra of pure anatase TiO,
and S1-S5 samples. The spectrum of Fe,O; showed high energy
absorbance peaks at 550 and 650 nm (Fig. S12f). The DRS
spectra of S1-S5 samples illustrate that the materials absorb
more effectively in the 400-800 nm range. Three absorption
bands are observed in the UV region at 216, 250 and 320 nm as
shown in Fig. 5a, which are characteristic of TiO, nano-
particles.* However, the strong absorption of iron oxides causes
significant changes in the absorbance spectrum of composite
samples. The band range from 410 to 420 nm is probably due to
excitation of 3d electrons from Fe®* levels to the TiO, CB (a
charge transfer transition), whereas the broad band at ~500 nm
likely originates from *T,, — *Asg, Ty, d-d transitions of Fe®*
or from charge transfer between two Fe** ions as a form of iron
oxide.** Moreover, the shift in absorption edge maximum is due
to change in the band gap of titania, suggesting a significant
quantity of Fe*" ions doped into a few layers of titania tetrahe-
dral as well as octahedral coordination sites because of the
overlap of 3d orbital of Fe** with semiconductor lattice and in
addition cocatalyst of iron oxide coupled below the conduction
band of TiO,.** Absorption edge of S1-S5 samples illustrates
a red shift with significantly a strong absorption in comparison
with that of pure TiO, in the visible region. As the iron content
increases in titania composite system, the absorption edge
shifts towards longer wavelength side with simultaneous
reduction in band gap energy from 3.04 to 1.95 eV. This indi-
cates the existence of empty states of the iron oxide conduction
band, most probably from t,g Fe(B), are positioned above the
Fermi level and below the conduction band of TiO,.** It implies
that iron oxide coupled and doped titania nanocomposites
could absorb radiant energy in a wider range of wavelength,
most probably in the visible region, are excellent and suitable
materials than pure TiO,, which absorbs only UV light.

More precisely, optical absorption properties of photo-
catalysts are a chief driver on the efficiency and enhancement of
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— T v T
200 300 400 500 600
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Fig. 5 UV-vis DRS (a) and photoluminescence emission spectra (b) of anatase TiO, and S1-S5 samples at room temperature.
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activity of photocatalysts. In addition, photoluminescence (PL)
can be another indicator; the signals and their intensity are
closely related to the activities of photocatalysts.** Specifically,
PL can be an effective tool to study the lattice defects in the
metal oxides coupled and doped TiO, samples. The PL spectra
of TiO, based materials are attributed to three kind of physical
origins: self trapped excitons, oxygen vacancies, and surface
states (defects).** Photoemission spectra (Aexe = 320 nm) of S1-
S5 samples are depicted in Fig. 5b. The increase of ferric nitrate
content in the preparation process of S1-S5 samples may play
a major role and modifies the intensity of photoemission.
However, peak position is not sensitive to changes in nano-
composites, but the emission intensity is decreased consider-
ably due to the inclusion of iron oxide in titania. The S1-S5
samples show alarming and variable emission intensity
between 350 and 550 nm (3.55-2.26 eV) depending on the
conditions of preparations. It is observed from emission spectra
that the time duration curves of S1-S5 samples are similar to
that of TiO, (Fig. S13at). The emission band at 328 nm in the UV
region is associated with the intrinsic emission of TiO, lattice.
The peak at 418 nm in the blue-violet region originates from
charge recombination in the defect states of the surface. These
surface states arise due to the interaction of iron oxide and TiO,
matrix. This peak shows a slight blue shift in violet band
attributable to the charge transfer due to the interaction of iron
oxide and TiO,. The bands at 466 nm in the blue area are due to
different intrinsic defects in the TiO, lattice such as oxygen
vacancies, cation (Ti) vacancies, and interstitial defects. A green
emission observed at 490 nm is viewed because of donor-
acceptor recombination or charge transitions from the
conduction band to oxygen vacancies.

The excitation states of S1-S5 samples were further charac-
terized by lifetime measurements as shown in Fig. S141 and
respective parameters are presented in Table 1. The lifetime
decays were fitted in tri-exponential kinetics, in which the
prominent lifetime 7, is due to recombination of photoinduced
charge carriers radiantly. In an earlier study, we reported the
lifetime of pure anatase TiO, (7, = 1.48 ns, 7, = 10.07 ns and 13 =
0.22 ns).”? In response to the results, the t; values for the

024@®
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‘T:D 1
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Fig. 6 Magnetization curve of S1-S5 samples at room temperature (a
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currently prepared nanocomposites are longer than pure anatase
TiO,, it means the charge carriers could be relaxed in deep-trap
levels related to oxygen vacancies of the nanostructure. Conse-
quently, the charge carriers recombine in iron oxide coupled and
doped TiO, illustrates radiant process with lifetime (,), which is
fairly larger than that of radiant process life time of pure anatase
TiO,. The fast component 7; may be attributable due to near
band edge relaxation of TiO,. In general, it was observed that
emission lifetimes are altered and exist longer for the nano-
composites under study. It is a good indication on the lower
recombination rate of the photoproduced electron-hole pairs,
subsequently enhances the efficiency in photocatalytic perfor-
mance.* Therefore, photocatalytic activity of TiO, nanoparticles
may be altered and enhanced by combining titania lattice with
Fe’" ions and implantation of iron oxide, this can influence
a “charge separation effect”, of the photogenerated excitons.*®

3.4 Magnetic and electrochemical characterizations

Magnetic aspects of nanocomposites were investigated by room
temperature VSM and temperature dependent magnetization
measurements. Room temperature magnetization curves of the
as-prepared S1-S5 nanocomposites are presented in Fig. 6a. The
curve of the samples makes very weak saturation magnetization
(Mg) (Table 1) even at a magnetic field of 15 kG, and no
hysteresis is found. It can be understood that the as-prepared
nanocomposites perform weak paramagnetic with super-
paramagnetic behavior as noticed from both magnetic and
Mossbauer studies. Literature reports indicated that the
superparamagnetic TiO,-Fe,O; composites showed rapid
aggregation under the influence of a magnetic field, which can
be useful for separation of these particles after remediation and
in applications.”” In case the system is focused for magnetic
recovery and regeneration, then the M; value of the iron oxides
is anticipated to be no less than 1 emu g™, so as to separate
using external magnetic field.® In the present case, the M, value
(90.2-187.6 x 10 * emu g~ ') of nanocomposites are very weak
with absence of coercivity (H.) and remanence (M,), which
makes it very difficult to re-collect the composite particles

through an external magnetic field. This weak
0.18 o) R s4(¢)
4 5 4
4 ; ]
zond P
= 1 N
= P -
& [ = 04
2006‘ 0 <'() l(')O 1;0 2(')0 2;0 }‘30
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), temperature dependence of ZFC/FC magnetization plots measured

between 2 and 300 K (b), where the critical phase transition temperature (T.) is indicated on the ZFC/FC data set, and variation in inverse

magnetization with temperature (c) for the S5 sample.
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superparamagnetic behavior is also an indication that iron
oxide is not separately present in nanocomposites, but is in
coupled state with TiO, surface matrix. However, magnetic
hystereses loop of undoped TiO, as shown in Fig. S13b,f
implies that very weak ferromagnetic behavior may be found
due to the formation of oxygen vacancies.

Temperature-dependent zero field cooling (ZFC) and field
cooling (FC) magnetization data for typical S5 sample is shown
in Fig. 6b at 500 Oe. In proper scanning between 2 and 300 K,
magnetization decreased appreciably upto T, nearer to 23 K
then it has slowly decreased. No significant difference was
observed between ZFC and FC data, showing clear evidence of
paramagnetism, while magnetization values are less than 0.06
emu g~ at from the 23 to 300 K temperature range. It could be
concluded EPR and *’Fe Mdssbauer spectroscopic measure-
ments at room temperature supported the existence of weak
superparamagnetism. Further evidence of the weak super-
paramagnetism and the possible very weak ferromagnetic
behavior at below T, = 23 K can be observed by inspection of
magnetic moment vs. temperature plot and the reciprocal
susceptibility x * for sample S5 (Fig. 6b and c).

The electronic property of the modified S5 sample film on
ITO prepared via electrophoresis method was investigated by
using Mott-Schottky (M-S) plot as shown in Fig. 7, which was
obtained at room temperature under a dark condition at
a frequency of 1 kHz in 0.5 M Na,SO, (pH 6.4). The positive
slope of the M-S plot reveals the n-type property of the domi-
nant component of typical S5 sample. The flat band potential
can be estimated from M-S plot (Fig. 7) using the following M-S

relation:*®
_ kT
e

where Ny, is the donor density (electron donor concentration for
an n-type semiconductor), C is the capacitance of the space
charge region, ¢ is the dielectric constant of the semiconductor,
&o is the permittivity of free space, e is the elementary electron
charge, A4 is the interfacial area, kg is Boltzmann's constant, 7' is

1 2
—=— (V-
C?2  eeyA%eNp (

0.06 1
0.044
e .
=
U 0.02-
V,=-0.73 V-KkT/e
0.00 ——
-0.8 -0.6 -0.4 -0.2 0.0

Potential vs. SCE (V)

Fig. 7 Mott—Schottky plot of S5 sample obtained at frequency of 1
kHz with 0.5 M Na,SO, solution (pH 6.4), electrode area = 0.5 cm?.
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the absolute temperature, V is the applied potential, and Vy, is
the flat band potential. In general, the flat band can be deter-
mined from the intercept of the X-axis.** The Vj, of S5 is esti-
mated to be —0.76 V vs. SCE.

3.5 Photocatalytic activity characterization

To evaluate the photocatalytic activity of S1-S5 nano-
composites, MB solution was used as the model. The temporal
UV-vis spectral changes of MB aqueous solution during the
photocatalytic degradation reactions are depicted in Fig. S15.7
As seen from the figure, when the MB solution was irradiated
under the visible light, the main MB absorbance markedly
decreased with irradiation time and almost ~91% disappeared
in about 360 min of irradiation. MB solution could not be
degraded in the presence of prepared catalyst under the dark
conditions (Fig. S161), signifying that MB degradation in the
present study is indeed through a photocatalytic process.
Comparison experiments demonstrated that MB photolysis
(without any catalyst) was very slow. Further compared to pure
Fe,0;, rutile TiO,, anatase TiO, and P25 nanoparticles, the
photocatalytic activity (Fig. 8a) of our samples are efficient,
which may be due to the compositional modification.
Correlation analysis was performed between iron content,
photocatalytic activity, optical and magnetic behavior of
prepared samples. The band gap energy and PL peak intensity
values are correlated with Mg and photocatalytic activity results
for the as-prepared samples is illustrated in Fig. 8b. Therefore, it
can be concluded that implantation of iron oxides subsequent
electronic energy levels in the S1-S5 samples are mainly
responsible for optical, magnetic and photocatalytic activity of
present samples. It has been shown that high levels of iron
loaded TiO, can strongly reduce the band gap energy and PL
intensity, resulting in the formation of new trap level below the
conduction band of TiO,.*® This will reduce e -h" recombina-
tion rate and alternatively lead to high level of electron trans-
formation between neighboring metal oxides due to synergetic
effect,’ making the catalyst more efficient in photocatalytic
activity and strong magnetic behavior in metal oxides coupled
semiconductor nanocomposites.”*** An increase in the value of
M, can be attributed to the increase in the spin-spin trans-
formation at higher iron loading level in prepared nano-
composites. The increase in the photocatalytic activity at higher
iron loading level was also confirmed by PL spectroscopic and
lifetime profile results. The formation of trapping levels in
metal oxide semiconductors are found to be the main cause for
enhanced photocatalytic activity of metal oxide nanocomposite
structures,® due to stabilizing the excitation energy level in
semiconductor materials. These new and weak super-
paramagnetic in S1-S5 samples are extremely effective for the
MB degradation, and in maintaining relatively high activity. In
addition, the amounts of doped (site 1) and coupled (site 2) iron
oxides could be correlated with the M; and photocatalytic
activity as shown in Fig. S17.f It is indicated that magnetic and
photocatalytic activity increased as increasing doped and
coupled iron oxides and the optimum level was obtained for
40% doped (site 1) and 60% coupled (site 2) S4 sample. After
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Fig. 8 PDE of MB blank solution, with reference catalysts and prepared S1-S5 samples under visible light (A > 480 nm) irradiation at various time
intervals in water (a) and variation of band gap energy (Eg), PL intensity of emission band, magnetization (M) and PDE values of S1-S5 samples

with different Fe/Ti atomic ratio level obtained from ICP results (b).

increasing both sites decreasing trend was observed. It is
concluded that among all samples more efficient photocatalytic
and magnetic behavior was observed for S4 sample.

The suggested photocatalytic mechanism of Fe,O; coupled
and doped TiO, under visible light response is shown in Fig. 9.
Ultimately, it indicates that the major process could be the
formation, separation, and transfer of electron from trapped Fe
doped TiO, level to a similar energy level in coupled Fe,O3,*
which improves the multi-electron reduction in addition to
decomposition of MB. Photoinduced electrons in the doped
Fe®" states under visible-light efficiently are transferred to the
surface of the coupled Fe,O; co-catalysts, as the doped Fe** ions
in bulk produced energy levels below the conduction band of
TiO,, which matches well with the potential of Fe**/Fe*" redox
couple in the surface coupled Fe,O; particles. For the photo-
catalytic process, photoinduced electrons and holes exists over
a metal doped TiO, photocatalysts directly or indirectly react
with surface O, and OH™ to form ‘O, and "OH active oxidants,
respectively,® these active species are responsible for the
decomposition reactions.*® In this system, the real photo-
catalytic mechanism of the magnetic catalyst is still not clear
and further work need to be carried out.

In addition, as practical recyclable catalysts, high catalytic
activity in each cycle is necessary. Renewable photocatalytic
activity was also investigated, and the results are presented in

Fig. S18a.f We can see that the PDE of the typical S5 nano-
composite is very stable. After the degradation experiment was
carried out nearly five times, the PDE at different cycles is still
higher than 83%. In conclusion, the as-prepared nano-
composites have good photocatalytic activity in degradation of
MB in aqueous solution and the efficiency of this catalytic
activity can maintain 83% even after being reused five times.
Thus, the as-prepared catalyst can be used as a photocatalyst in
practical applications. In case of the decrease of the catalytic
activity after each recycle may partly result from incomplete
separation of the catalyst. Furthermore, the structure of S5
sample was also probed by *’Fe Mossbauer spectroscopy, TEM,
HRTEM and STEM-EDS analysis were made on the five times
used samples and are presented in Fig. S18b-f.7 No significant
difference was observed in the structure, surface morphology,
chemical states and elemental composition after waste water
treated with S5 sample compared with the fresh S5 sample.
Hence, prepared nanocomposites are proven to be stable and
renewable photocatalysts.

3.6 Theoretical calculation

As shown in Fig. 10, the partially projected density of states
(DOS) is compared for the Ti replacement by Fe in rutile and
anatase TiO,, respectively. The energy scale in DOS of rutile is
0.3 eV higher than that of anatase while the characteristic

visible light (, CB)
-EFEFEEEFFE TEEEFT
Fe-Ti02
MB —> Product
OH ~_v
(", VB)
H,0

Fig. 9 The charge transfer in a Fe,O3z coupled and doped TiO, photocatalyst induced degradation of MB under visible light irradiation in water.
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Fig. 10 DOSs for Fe replacing Ti in rutile and anatase TiO-.

electronic structure resembles with each other. It is found that
the valence band is dominated by O p states, while the
conduction band is mainly due to Ti d states, in consistent with
the DFT calculations.* Upon doping of Fe in place of Ti of TiO,,
the Fe 3d states introduce doped energy states within the energy
gap in both rutile and anatase TiO,, which is also in consistent
with the DFT calculations.”® There are number of hybridized
states between Ti d and Fe d states in the vicinity of the Fermi
energy level. The partial density of states calculations indicate
the drastic variation of the electronic structure upon doping of
Fe at Ti site in TiO,. However, previous report demonstrated
that surface-grafted and bulk-doped Fe** have nearly identical
energy levels.”

4. Conclusions

The visible light active iron oxide coupled and doped titania
nanocomposites were successfully synthesized by facile hydro-
thermal method. Various spectroscopic measurements exposed
the presence of structural, optical, magnetic and photocatalytic
effects in the system. The surface morphological analysis indi-
cates that the shape and uniformity of the nanomaterials
changes with different iron dosage on titania and elemental
composition of prepared nanocomposites. The electrochemical
study revealed the n-type semiconductor property of prepared
sample. The photocatalytic properties of prepared samples were
tested, and the results showed that all of the samples have the
improved photocatalytic activity due to an efficient separation
of photoinduced electron/hole pairs on its surface. The major
effects of iron loading are considered to induce: (i) formation of
iron oxide coupled and doped anatase-rutile mixed phases, (ii)
enhanced light absorption property in visible region and
predominantly reduced band gap energy, (iii) weak super-
paramagnetic character and absence of magnetic separation in
applied magnetic field of the iron oxide coupled and doped
titania and (iv) photocatalytic activity that mainly showed
structural, optical and magnetic dependences. Furthermore,
the iron oxide coupled and doped titania has an excellent long-
term stability and could perform renewable photocatalytic

This journal is © The Royal Society of Chemistry 2016
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activity. Results indicate that this material will be a promising
visible light active photocatalyst for the treatment of
wastewater.
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