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ABSTRACT In this article, ferrous ferric oxide and Fe3O4-doped titanium dioxide have been synthesized by a low-temperature sol-gel
process. In particular, we studied the structural characteristics of newly synthesized photosensitive catalysts and their photocatalytic
abilities under UV and visible light irradiation. The elemental composition, surface area, crystallinity, and morphology of synthesized
catalysts were characterized by Fourier transformation infrared spectrophotometry, X-ray photoelectron spectroscopy, X-ray diffraction,
and transmission electron microscopy with selected area electron diffraction and energy-dispersive X-ray spectroscopy. The UV-vis
transmission, �-potential, and cytotoxicity of the synthesized catalysts are also discussed. It is anticipated that the synthesized ferrous
ferric oxide arrays a prospective photocatalyst substitute for titanium dioxide.
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INTRODUCTION

Purification from organic contamination is one of the
most interesting challenges in catalysis today. De-
struction of pollutants, organic contaminants, and

hazardous microorganisms through advanced oxidation
process using photosensitive semiconductors with the aid
of solar light forms an emerging area of concurrent research,
owing to their environmental-friendly benefits in the saving
of resources such as water, energy, chemicals, and other
cleaning materials (1-8).

Titanium dioxide nanostructures have consistently drawn
much attention for their fascinating potential in environ-
mental applications, such as self-cleaning, air/water purifica-
tions, water disinfection, hazardous waste remediation,
sterilization, and deodorization (9-15). Although titanium
dioxide has proven to be the most promising candidate
among various photocatalysts (16-20), its use is limited due
to its large photonic band gap (3.2 eV) and possible recom-
bination of the generated electron-hole pairs by rapid
charge-transfer process (21). Extensive research endeavors,
therefore, have been devoted to develop heterogeneous
photocatalysts with greater photocatalytic activities, by
extending the effective absorption range of titanium dioxide
from ultraviolet to visible region or by searching for new
potential photosensitive catalysts as substitutes of titanium
dioxide. Today, only few potential heterogeneous photo-
catalyst have been found (22), and some doped titanium
dioxide catalysts have been reported (23-32).

Iron, one of the mostly used dopants, has been exten-
sively investigated in boosting up the photocatalytic ef-

ficiency of titanium dioxide under visible light irradia-
tion (33-37). Some researchers reported that, by creating
a shallow trap in the titanium dioxide lattice because of its
half-filled electronic configuration (38), iron-doped titanium
dioxide shows high photocatalytic activities in visible light
condition (400-800 nm) thanks to inhibiting electron/hole
pair recombination in titanium dioxide and/or shifting the
optical absorption range of titanium dioxide to lower energy
(38). However, other researchers argued that there is no
direct relationship between optical absorption features and
photocatalytic behavior (37), and that iron ion doping de-
creases the photooxidation by acting as impurities in tita-
nium dioxide (39, 40). Because of this controversy, the use
of iron ion as a promising dopant remains controversial.
Although the mechanism of narrowing the band gap and
reducing the recombination rate of titanium dioxide with the
aid of iron remain in the realm of debate (41-44), in general,
it is believed that the photocatalytic behavior and efficiency
are greatly affected by the type of iron dopant (i.e., Fe(II),
Fe(III), or iron oxides), iron ion ratio, iron loading, and
synthesis methods (38-40). Hence, further investigations
are still required to explore iron as a doping catalyst through
appropriate synthesis processes.

To the best of our knowledge, although iron, ferric oxide
and ferrite oxide have been known as effective dopants for
photocatalyst, ferrous ferric oxide has never been consid-
ered. In this paper, a systematic investigation in the synthe-
sis of ferrous ferric oxide and ferrous ferric oxide-doped
titanium dioxide nanostructured particles by a simple low
temperature sol-gel process is reported. The structural and
photocatalytic properties of the resulting materials were
investigated. The results suggest that the synthesized ferrous
ferric oxide arrays a prospective photocatalyst substitute for
titanium dioxide.
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EXPERIMENTAL SECTION
Sol-Gel Process. Titanium dioxide, ferrous ferric oxide, and

iron-doped titanium dioxide colloids were prepared using the
precursors, 97% titanium tetraisopropoxide (Sigma-Aldrich,
Germany) and 98% iron(III) nitrate nonahydrate (Alfa Aesar,
England) in aqueous acidic conditions.

In the preparation of ferrous ferric oxide sol, 37% hydro-
chloric acid (Rowe Scientific, Australia) was added to aqueous
mixture of glacial acetic acid (Rowe Scientific, Australia) and
iron(III) nitrate nonahydrate. The molar ratio of the precursor,
acetic acid, and hydrochloric acid was 1:5:1. Titanium dioxide
sol was prepared according to the above-described method
using titanium tetraisopropoxide precursor.

Iron-doped titanium dioxide sols were synthesized in two
different molar ratios (Fe/Ti ) 1 and 0.5). A mixture of glacial
acetic acid and titanium tetraisopropoxide was added into
iron(III) nitrate nonahydrate, followed by addition of water and
37% hydrochloric acid.

All resulting mixtures were heated at 60 °C under vigorous
stirring for 2 h. The solid powders were obtained after precipi-
tating the formulations using sodium carbonate (Rowe Scien-
tific, Australia), followed by rinsing with distilled water and
drying in oven at 60 °C for 24 h. Titanium dioxide and ferrous
ferric oxide formulations are termed TO and FO, respectively.
Iron-doped titanium dioxides with titanium dioxide/iron ratio
of 1:1 and 1:0.5 are termed TF1 and TF2, respectively.

Optical Absorption. The UV-vis transmission was acquired
on a UV-vis spectrometer (Varian Cary 300, Varian Techtron
Pty Ltd., Australia) in a wavelength range of 200-700 nm.

Fourier Transformation Infrared (FT-IR) Spectrophoto-
metry. FT-IR spectra were recorded on Varian FTS 1000 FT-IR
spectrophotometer (Scimitar Series, Varian Australia Pty Ltd.,
Australia) using KBr discs in the range of 400 to 4000 cm-1 at
a resolution of 4 cm-1.

Morphology and Crystallinity. The surface morphology,
structure, and grain size of the samples were studied by means
of transmission electron microscopy (TEM), selected area elec-
tron diffraction (SAED), and energy-dispersive X-ray spectros-
copy (EDX) using a JEOL JEM-2010 (JEOL, Japan) equipped with
X-ray analysis of elements with EDX detector, operating at 200
kV of accelerating voltage.

Information on the chemical states of the samples was
obtained using X-ray photoelectron spectroscopy (XPS; SKL-12,
Sengyang, China), modified with a VG CLAM 4 MCD electron
energy analyzer. The pressure inside the ion-pumped sample
analysis chamber was 8 × 10-8 Pa with a dual anode source
from VG (type XR3E2) using nonmonochromatic Mg KR X-ray
radiation (1253.6 eV) at 10 kV and 15 mA.

The crystallinity of solid powder extracted from the synthe-
sized colloids was studied by X-ray diffractometer (Bruker D8
Advance, Bruker AXS, Germany) in the region of 2θ ) 20-80°
using detector scan mode and operating at 40 kV and 40 mA
with 2.2 kW Cu anode long fine focus ceramic X-ray tube. The
phase composition of the catalysts was identified by calculating
the lattice spacing according to the Bragg equation as below

�-Potential. The �-potential was determined on a ZetaPlus
analyzer (Brookhaven Instruments Corp., USA) using electro-
phoretic light scattering and Laser Doppler Velocimetry tech-
niques. The samples were mixed with 1 mM potassium chloride
(KCl) in appropriate dilution for the measurement. Ten replicate
analyses were performed and the results were expressed in
millivolts as the mean values.

Cytotoxicity. Cytotoxicity test was conducted using a mouse
embryonic fibroblast (cell line NIH 3T3), which is commonly
found in human skin and other connective tissues. Test solu-

tions containing synthesized catalysts were applied to the
fibroblast cell line, where the cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
new born calf serum with 100 U/m gentamycin. Exponentially
growing cells were then dispersed for identifying the extent of
cell decay induced by the test solutions. The cell counts reported
are the average of triplicate runs.

Photocatalytic Activity. The dynamic wet-state photocata-
lytic effectiveness was evaluated by examining the change of
concentration of a colorant solution. 1.25 × 10-3 mol solid
powder of synthesized catalysts were mixed with 50 mL acetic
acid aqueous solution (5 mg/L, pH 1) of 3,7-bis(dimethylami-
no)phenazathionium chloride (methylene blue). The mixed
colorant solutions were stored in dark condition for 1 h for the
organic chemisorption on the surface of the catalysts. The oxide-
containing colorant solution was vigorously shaken under UV
irradiation (blacklight blue lamp, F18W/BLB-T8, Sylvania), op-
erating at 18 W with 1.2-1.3 mW cm-2 irradiance, or visible
light irradiation (cool white lamp, F18T8/840, Crompton),
operating at 18 W with 0.19 mW cm-2 irradiance (UV intensity
) 0.014 mW cm-2). The spectral irradiance of the UV light
sources is shown in Figure S1 in the Supporting Information.
The UV-vis absorption spectra of the colorant solutions were
recorded on Varian Cary 300 (Varian, Varian Techtron Pty Ltd.,
Australia), and the change of colorant concentration was ana-
lyzed following the intensity of the characteristic absorption
peak of methylene blue at 655-664 nm.

Brunauer-Emmett-Teller (BET) Surface Area. The specific
surface area of the catalysts was determined from nitrogen
adsorption and desorption isotherms at 77 K using Micromer-
itics ASAP 2020 surface area and porosity analyzer (Micromer-
itics Instrument Corporation, U.S.A.). Prior to BET measure-
ment, all catalysts (1 g) were degassed with nitrogen at 120 °C
under vacuum for 10 h and backfilled with helium gas to remove
excessive moisture or adsorbed contaminants on the samples’
surface. The obtained data were automatically calculated by the
BET equation with the computer-aided system.

RESULTS AND DISCUSSION
Optical Absorption. UV-vis transmission spectra of

titanium dioxide doped with iron are shown in Figure 1. The
synthesized TO and FO displayed a cutoff at 365 and 419
nm, respectively. FO showed greater UV-vis absorbency
than TO in both UV and visible light regions. It can be seen
that the absorption range of titanium dioxide can be ex-
tended to visible light region by doping with iron. Doping

Lattice Parameter (d) ) λ/2 sin θ (1)

FIGURE 1. UV-vis transmission of TO (green solid line), FO (blue
dashed line), TF1 (aqua dotted line) and TF2 (pink dash-dot line).
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with iron effectively increased the absorption of TF1 and TF2
by showing new absorption cutoff at 642 and 614 nm,
respectively. It is clear that the presence of iron greatly
enhanced the light absorption in both UV and visible regions,
wherein the absorption increased with increasing iron con-
tent. The improvement in absorption could be attributed to
the charge transfer transition of interacting iron ion electrons
within titanium dioxide band gap, and/or excitation of 3d
electrons of iron to the titanium dioxide conduction
band (45-47). Accordingly, it is anticipated that the photo-
catalytic efficiency of titanium dioxide would be significantly
enhanced after doping with iron.

Fourier Transformation Infrared Spectro-
photometry. FTIR spectroscopy was applied to identify
the chemical structure of synthesized catalysts. Figure 2a,b
shows the spectra of individual oxides (TO and FO). Figure
2c,d shows the spectra of doped oxides (TF1 and TF2).

Figure 2e shows the spectra of iron oxide precursor. In the
spectrum of TO, absorption bands were observed at 3327,
1624, 479, and 473 cm-1. The absorption peak at 3327 cm-1

relates to the stretching vibration of hydroxyl groups, whereas
the band at 1624 cm-1 is attributed to the bending vibration
of H-OH groups and Ti-OH bond. In addition, the Ti-O-O
bond was found at 650 cm-1 and the bands at 479 and 473
cm-1 were assigned to Ti-O-Ti bonds (48-50). In the
spectrum of FO, the absorption bands observed at 3402 and
1625 cm-1 were ascribed to the stretching and bending
vibrations of free or bonded OH and H-O-H hydroxyl
groups respectively. The absorption peaks detected between
450 and 600 cm-1 were assigned to the stretching vibration
of Fe-O-Fe in Fe3O4 (51). In addition, N-O stretching
bands were identified at 1385 and 1496 cm-1. These bands
are probably attributed to nitrogen-containing byproduct
generated during the synthesis process or due to the pres-
ence of a trace amount of unreacted iron(III) nitrate non-
ahydrate precursor. Referencing from TO and FO, the
spectra of TF1 and TF2 showed the O-H stretching and
H-O-H bending vibrations at ∼3400 and ∼1600 cm-1,
wherein the former is associated with basic hydroxyl groups
and the latter corresponds to adsorbed molecular water (52).
Similar to FO, N-O stretching bands were observed at
∼1550 and ∼1385 cm-1 in both TF1 and TF2; however, the
intensity regarding N-O stretch was higher than FO indicat-
ing a possibility that more nitrogen-containing byproduct
was generated or the presence of unreacted iron(III) nitrate
nonahydrate precursor. The assignment of titanium dioxide
and iron oxide were located in the region 450-650 cm-1.
Because of extensive overlap with the coordinated Ti-O-O,
Ti-O-Ti, and Fe-O-Fe bonds in this region, correspond-
ing bands could not be separately identified. On the other
hand, the -CH3 band observed at 1340-1342 cm-1 in
Figure 2b-d could be attributed to acetic acid used in the
formulation preparation process. Traces of acetic acid de-
rivatives could only be completely removed by thermal
treatment at elevated temperatures. However, this study
aims at understanding the behavior of the photocatalysts
synthesized at low temperature, thus it is expected that
impurities may exist in the catalyst.

Morphology and Crystallinity. Transmission elec-
tron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDX), X-ray photoelectron spectroscopy (XPS), and
X-ray diffraction (XRD) were used to analyze the surface
morphology, grain size, chemical composition, and crystal-
linity of synthesized catalysts.

The structure and grain size of titanium dioxide, iron
oxide, and iron-doped titanium dioxide powders were ob-
served by TEM as shown in Figure 3. The images exhibited
that TO, FO, TF1, and TF2 consisted of agglomerates of
primary particles with average grain size of 3.83, 2.95, 3.79,
and 4.55 nm respectively, confirming that all synthesized
catalysts are nanostructured. The grain size of doped tita-
nium dioxide was apparently affected by the presence of
iron. The crystal size decreased with increasing ratio of iron
content, implying that the iron ions suppressed the growth

FIGURE 2. FI-IR spectra of (a) TO, (b) FO, (c) TF1, (d) TF2, and (e) FO
precursor.
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of particles. The bright-field low resolution TEM micrographs
were captured for verifying the chemical structure of the
synthesized catalysts through identifying the crystallographic
lattice spacing. After calculation, the TO’s lattice spacing
(Figure 3a) of 3.51, 2.33, and 1.89 nm were matched with
that of the (101), (112), and (200) crystallographic planes of
anatase titanium dioxide, and FO’s lattice spacing (Figure
3b) of 2.53 and 1.48 nm were associated with that of the
(311) and (440) crystallographic planes of iron(II, III) oxide
(Fe3O4). For TF1 and TF2 (Figure 3c,d), the lattice spacing
corresponded to that of the (101), (004), and (105) crystal-
lographic planes of anatase titanium dioxide and (331) and
(440) crystallographic planes of iron(II,III) oxide. These
results are consistent with the FTIR analysis, confirming that
TO and FO were of anatase and Iron(II,III) oxide form,
respectively. It is also evident that the new oxide composites,
TF1 and TF2, were successfully synthesized through the
simple and low temperature chemical doping technique
employed.

The elemental composition of synthesized catalysts was
examined using EDX analysis. The EDX spectra are shown
in Figure 4 and the corresponding atomic ratio is listed in
Table 1. In agreement with the FTIR and TEM observations,
iron(II,III) oxide and iron-doped titanium dioxide were
evident as EDX results demonstrated that TO (Figure 4a) was
composed of the elements of Ti and O; while FO (Figure 4b)

was composed of the elements of Fe and O. Ti, Fe, and O
were identified in TF1 (Figure 4c) and TF2 (Figure 4d). In
TO, the approximate atomic ratio of 4:1 of O/Ti was similar
to that in FO. Besides, the atomic ratio of O/Ti and O/Fe in
TF1 and TF2 appeared to be consistent with that in TO and
FO, which showed a 1:4 ratio of Ti/O. The measured atomic
ratios are higher than the expected stoichiometric ratios of
O/Ti and O/Fe, which are 2:1 and 4:3, respectively. The
higher oxygen content could be attributed to the amorphous
structure of the low-temperature synthesized catalysts as
revealed by XRD analysis and/or to the presence of nitrogen-
containing and coordinated acetic acid impurities as evident
by FTIR. Comparing the Fe/Ti ratio between doped titanium
dioxides, TF1 (synthesized with 1:1 molar ratio of titanium/
iron oxide precursors) had an atomic ratio of 1:1 Fe/Ti,
whereas TF2 (synthesized with 1:0.5 molar ratio of titanium/
iron oxide precursors) had an atomic ratio of 0.5:1 Fe/Ti,
confirming that the actual elemental composition of pure
iron(II,III) oxide and iron-doped titanium dioxide is in line
with the assumed nominal elemental composition.

To verify the EDX results, XPS surface analysis was used
to quantify the amount of titanium and iron present in the
near surface region of the oxides. Details of the XPS surface
elemental composition of synthesized catalysts are shown
in Table 2. All catalysts exhibited typical binding energies
at the characteristic peaks of Ti(2p), Fe(2p) and O(1s) in the

FIGURE 3. TEM images of (a) TO, (b) FO, (c) TF1, and (d) TF2.
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region of 458.5, 530, and 711 eV, respectively (53). In all
oxides, the amount of oxygen calculated from XPS data was
slightly higher than that obtained from EDX, which showed
a 1:5.5 ratio of titanium or iron to oxygen. However, the XPS
data of the titanium-to-iron ratio of doped oxides was
consistent with those of EDX data as well as with the
assumed nominal ratio in which the elemental composition
ratio of TF1 and TF2 (titanium/iron) were 1:1 and 1:0.5.
Similar to EDX analysis, the relatively higher oxygen content
might be due to the presence of nitrogen-containing and
derivatives of acetic acid impurities and/or to the hydroxyl
groups of the catalysts due to limited crystallization. More-
over, XPS usually measures the elemental composition of
the substance surface up to 1-10 nm depth. Therefore, XPS
could be regarded as a bulk technique due to the small
particles size of the catalysts (3-5 nm). Nevertheless, the
combined results from FTIR, XRD, TEM, EDX and XPS
suggest that the synthesized catalysts were composed of
iron(II,III) oxide and iron-doped titanium dioxide.

The phase composition and crystallinity of synthesized
catalysts were examined by X-ray diffraction characteriza-

tion. The XRD patterns of TO, FO, TF1, and TF2 are il-
lustrated in Figure 5. Anatase with high crystallinity was the
dominant phase in TO as evident by sharp diffraction peaks
at the lattice parameters of 3.51 (101), 2.33 (112), 1.88
(200), 1.66 (211), 1.48 (204), 1.34 (220), and 1.26 (215). The
lattice parameters of 2.96 (220), 2.52 (311), 2.09 (400), 1.71
(422), 1.60 (511), 1.48 (440), and 1.27 (533) were barely
identified in the XRD spectrum of FO. The presence of weak
diffraction peaks also suggested limited crystallization of FO.
Although the XRD pattern of FO indicated a rather amor-
phous nature, the identified diffraction peaks are well in-
dexed to the spinel phase of iron(II,III) oxide. On the other
hand, the XRD spectra of TF1 and TF2 demonstrated the
formation of both titanium dioxide and iron oxide without
significant structural changes because both anatase and
spine iron(II,III) oxide phases were traced at similar 2θ to
those of TO and FO. Comparing doped titanium dioxide
samples, the anatase characteristic peaks are of greater
intensity with decreasing iron content, particularly in the
(101) anatase lattice plane. Conversely, the spinel charac-
teristic peaks associated with iron oxide are more evident
at higher iron content, particular in the (220) lattice plane.
Moreover, the anatase crystallinity was greatly reduced after
doping, which may be attributed to the fine dispersion of
iron in the titanium dioxide lattice restricting crystallite
growth. The XRD analysis is thus supported by the results
obtained from FTIR, TEM, EDX, and XPS studies.

FIGURE 4. EDX spectra of (a) TO, (b) FO, (c) TF1, and (d) TF2.

Table 1. EDX of TO, FO, TF1 and TF2
atomic % atomic ratio

sample Ti Fe O O/Ti O/Fe Fe/Ti O/TiFe

TO 20.23 79.77 3.94 3.94
FO 21.84 78.16 3.58 3.58
TF1 9.71 10.22 80.07 8.25 7.83 1.05 4.02
TF2 12.69 6.36 80.95 6.38 12.73 0.50 4.25

Table 2. Surface Elemental Composition and XPS Binding Energies of TO, FO, TF1, and TF2
chemical composition (%); in parentheses, binding energy (eV) atomic ratio

sample Ti (2p) Fe (2p) O (1s) O/Ti O/Fe Fe/Ti O/TiFe

TO 15.65 (457.6) 84.3 (529.2) 5.38 5.38
FO 15.45 (711.1) 84.55 (531.2) 5.46 5.46
TF1 7.61 (460.4) 7.72 (707.5) 84.67 (527.8) 11.14 11.00 1.01 5.54
TF2 10.43 (458.0) 4.96 (710.6) 84.61 (529.8) 8.13 16.92 0.48 5.49

A
R
T
IC

LE

www.acsami.org VOL. 1 • NO. 11 • 2453–2461 • 2009 2457



�-Potential. �-potential was conducted to indicate the
potential stability of synthesized colloidal dispersions. The
results are listed in Table 3. The data displayed that all oxides
have positive �-potentials, wherein FO showed the highest,
followed by TO, TF1, and TF2. The most important factor
affecting �-potential is pH; addition of an acid can lead to a
buildup of positive charges. Accumulation of positive charges
causes �-potential to be positive. Since all the oxides were
synthesized under strong acidic condition (pH 1), they
exhibited positive �-potential. In �-potential, a dividing line
between stable and unstable dispersion is taken at (30 mV.
It was found that a good stability behavior was demonstrated
in FO by showing 50 mV �-potential, which was even greater
than that of TO. This indicates that the particles in the FO
colloids are able to resist aggregation by repelling surround-
ing particles demonstrating practical usability. On the other
hand, TO, TF1, and TF2 showed inferior instability due to
the lower �-potential. This implies that the TO, TF1, and TF2

colloids are electrically unstable because the attraction
between particles exceeds repulsion and that the colloidal
particles tend to coagulate or flocculate. However, in view
of practical application of suspensions of these catalysts, TO,
TF1, and TF2 tend to coagulate and flocculate may be an
obvious benefit rather than a drawback, when it comes to
retrieve or remove the catalyst after use. Among iron-doped
titanium dioxide, the oxide with higher iron content (Fe/Ti
) 1 mol) showed better stability than that with lower iron
content (Fe/Ti ) 0.5 mol). With the support of grain size
analysis from TEM, TF1 has smaller particle size than TF2.
It is believed that the iron ions helped to stabilize the formed
nanosized particles, thus preventing aggregation.

Cytotoxicity. Cell proliferation was determined using
MTS assay against a hormone-sensitive fibroblast cell line
(NIH 3T3). A well-known anticancer drug, CDDP (Cisplatin),
has been used as a positive control, and the cytotoxicity of
synthesized catalysts was compared as illustrated in Figure
6. The relative MTS activity of all catalysts (TO, FO, TF1, TF2)
had an insignificant drop when the appropriate-diluted
catalyst-containing testing solution was first injected to the
hormone-sensitive fibroblast cell line. This could be at-
tributed to the change of the living environment for the
fibroblast cells after being in contact with the synthesized
particles, thus a variation of the relative MTS activity resulted
during the first contact. Among all synthesized catalysts, the
cell viability for both TO and TF2 increased with increasing
concentration of test solution, indicating that anatase and
iron-doped titanium dioxide (Fe/Ti ) 0.5 mol) have no
harmful effect on the tested mouse embryonic fibroblast cell.
On the other hand, by increasing the concentration of FO
and TF1 test solution in MTS assay, the amount of fibroblast
cells decreased. Although FO and TF1 led to some reduction
of relative MTS activity, the cell viability remained in the
acceptable range since the relative MTS activity remained
above 0.5. This signifies that the cells were still able to adapt
and survive in the iron oxide and iron-doped titanium
dioxide (Fe/Ti ) 1 mol) testing solutions. The results suggest
that the synthesized oxides do not have an effect on the
viability of the fibroblast cell, implying a nonantiproliferative
and noncytotoxic character.

FIGURE 5. XRD pattern of solid powder (a) TO, (b) FO, (c) TF1, and
(d) TF2.

Table 3. �-Potential of TO, FO, TF1, and TF2
TO FO TF1 TF2

�-potential (mV) 27.45 49.98 27.26 24.91
standard deviation 2.11 4.61 1.88 2.58
pH value 2.12 1.59 1.70 1.92

FIGURE 6. Cytotoxicity Evaluation of CDDP (---black square---), TO
(···green triangle···), FO (sblue circles), TF1 (s··aqua dia-
monds··) and TF2 (s· pink Xs·).
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Photocatalytic Activity. The photocatalytic activity
was examined by a colorant decomposition test using me-
thylene blue (Figure 7). The change in concentration of
methylene blue pure solution and that in contact with
different catalysts is demonstrated in Figures 8 and 9.
Degussa P-25 (Degussa AG, Germany), labeled as P25, was
used as received for comparison purpose in this experiment.

After exposure to UV irradiation, the concentration of
pure methylene blue solution remained unchanged, whereas
the concentration of all catalyst-containing methylene blue
solutions decreased significantly. TF1 (Fe/Ti ) 1 mol) showed
the highest photocatalytic activity and was able to complete
the colorant degradation process within 50 min, followed
by TF2 (Fe/Ti ) 0.5 mol), FO, P25, and TO which required

4 h to complete the degradation process. On the other hand,
the catalysts performed differently under visible light irradia-
tion. Similar to the results obtained under UV irradiation, the
concentration of catalyst-containing methylene blue solution
was greatly reduced, while that of pure methylene blue
solution remained intact after exposure to visible light
irradiation. However, when compared to the degradation
rate under UV irradiation, the photoactivity of all catalysts
considerably decreased under visible light irradiation, wherein
all catalysts were unable to complete the decomposition
process within 40 h. FO showed the highest photocatalytic
property, followed by P25, TF2, TO, and TF1. While P25 and
TF2 showed comparable colorant degradation rate, the
activity of TO and TF1 was also similar. It is noteworthy to
mention that under UV irradiation, TF1 and TF2 showed a
significant enhancement in the photocatalytic activity,
wherein iron-doped titanium dioxide was 4 times faster than
pure titanium dioxide (TO) and pure iron(II,III) oxide (FO),
and the commercial P25 catalyst. The improved photocata-
lytic activity may be attributed to the retardation of recom-
bination of electron-hole pairs by introducing iron ions in
the anatase lattice. Our finding is in good agreement with
Zhu et al., who reported that the recombination rate can be
decelerated by using iron ion as hole or electron traps in the
titanium dioxide lattice, resulting in improvement of pho-
tocatalytic activity (54). In addition, to stabilize the photo-
bleaching of methylene blue induced by visible light, acetic
acid was added to the colorant solution. Araña et al. reported
that the photocatalytic decomposition rate of dihydroxyben-
zenes can be modified using titanium dioxide in acetic acid
(55), suggesting that the improved photoactivity may be
correlated to the presence of acetic acid in the methylene
blue solution. Nevertheless, the results also revealed that the
photoacatalytic activity of doped titanium dioxide increased
with increasing iron content, which is in disagreement with
Hung et al., who stated that increasing doping level of iron
ions can lead to reduction of photocatalytic activity in UV
light condition as more recombination centers are created
by the presence of iron species (36). The improved photo-
catalysis in presence of acetic acid was attributed the forma-
tion of additional O2

·- radicals (55). These radicals may
offset the slowdown of the photocatalytic activity caused by
increasing iron content as found by Hung et al. (36) It is
believed that not only titanium dioxide, iron oxide also
reacted differently in the presence of acetic acid.

On the other hand, in visible light condition, the photo-
cataltyic behavior of the catalysts changed. The results
showed that pure iron(II,III) oxide possessed excellent pho-
tocatalytic property and outperformed P25. Besides, the
photocatalytic activity of synthesized titanium dioxide (TO)
can be made comparable to P25 after iron doping at 0.5 mol
ratio (TF2); however, no photocatalytic enhancement was
observed when iron doping was at 1 mol (TF1). From these
results, it is believed that although the doping concentration
played no adverse effect on the photocatalytic activity of
doped titanium dioxide under UV light; the formation of
recombination sites by the presence of iron ions had direct

FIGURE 7. Molecular structure of methylene blue.

FIGURE 8. Decomposition of colorant under UV light: methylene
blue solution (---black square---), P25 (s···red circles···), TO
(···green triangle up···), FO (sblue triangle downs), TF1 (s··aqua
diamonds··) and TF2 (s·pink triangle lefts·).

FIGURE 9. Decomposition of colorant under visible light: methylene
blue solution (---black square---), P25 (s···red circles···), TO
(···green triangle up···), FO (sblue triangle downs), TF1 (s··aqua
diamonds··) and TF2 (s·pink triangle left·).
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effect on the photoactivity of titanium dioxide in visible light
condition (36). The findings indicate that the photocatalysts
reacted differently according to the type of light irradiation.
Hence, suitable photocatalysts have to be selected based on
the particular application in order to achieve maximum
photocatalytic function.

Besides, dissolution of iron was observed during the pho-
tocatalytic evaluation. Atomic absorption spectrometry has
been conducted and the results are in agreement with Araña
et al. (56-58) that the iron-containing catalysts release iron ions
into the MB solution as shown in Table S1 in the Supporting
Information. Given that a complete photocatalysis requires
a complete degradation of acetic acid, which was presented
at high concentration, it was not possible to establish
whether iron ions return to the catalyst surface at the end
of photocatalysis as previously reported (56-58).

BET Surface Area. Table 4 summarizes the BET
surface area of synthesized catalysts. TO showed the largest
BET surface area followed by TF2, TF1, FO, and P25. Among
iron-doped titanium dioxides, the BET surface area de-
creased slightly by increasing the dopant concentration,
indicating the presence of iron ion would lower the surface
area of the catalyst. Although TO had the largest BET surface
area (283 m2/g), the photocatalytic ability under visible light
was lower than P25 (70.23 m2/g). Moreover, FO with surface
area of 90 m2/g exhibited the best photocatalytic perfor-
mance. Iron-doped titanium dioxide with higher BET surface
area (TF2) presented greater photocatalytic ability in the
decomposition of methylene blue under visible light than
that of TF1 with lower BET surface area. However, TF1
showed greater photocatalytic performance than TF2 in the
decomposition of methylene blue under UV light irradiation.
Although the surface area of catalysts is regarded as one of
the most crucial factors in terms of photocatalytic efficiency,
the results suggested that type of light irradiation plays a
more important role than the surface areas in this study.

CONCLUSIONS
Nanosized noncytotoxic iron(II,III) oxide and Fe3O4-

doped titanium dioxide were successfully synthesized in 2 h
of preparation time using a simple low temperature sol-gel
process. This process resulted in not only nucleation of
iron(II,III) oxide but also introduction of iron dopant to
titanium dioxide in a precise doping ratio. While Fe3O4-
doped titanium dioxides showed greater photocataltytic
activity than synthesized anatase titanium dioxide as well
as Degussa P-25 under UV irradiation, iron(II,III) oxide
showed greater decomposition rate than Degussa P-25 in
both UV and visible light conditions. The obtained results
demonstrate potential of iron(II,II) oxide and Fe3O4-doped
titanium dioxides particularly in solar-driven purification
systems.
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