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A B S T R A C T

The use of photocatalytic technology in VOCs pollutants removal has caused great attention. Fe2O3 possesses
some unique advantages among diverse visible-light driven photocatalysts due to its narrow bandgap, abundant
reserves and favorable biosafety. In this work, Fe2O3/TiO2 composites was fabricated by a facile impregnation
method and their photocatalytic performance towards acetaldehyde and o-xylene was detected. TEM, EDS,
photoluminescence spectra and UV-Vis were used to characterize the morphology and properties of the Fe2O3/
TiO2 composites. It was proved that the photocatalytic ability of TiO2 was greatly improved by coupling with
Fe2O3. Interestingly, the Fe2O3/TiO2 composites showed deactivation in the degradation of acetaldehyde while
no such phenomenon in the o-xylene case. The reason could be that Fe3+ accepted the photo-induced electrons
of TiO2 and was reduced to Fe2+, which can easily combine with the intermediate product of acetaldehyde and
generated Fe(CH3COO)2. Moreover, the deactivated photocatalyst can be regenerated by heat treatment, since
Fe(CH3COO)2 can be decomposed into Fe2O3 in air. ESR was further used to demonstrate this mechanism. This
work reveals the coupled redox reactions in the photocatalytic process, which is benefit for the design of new
photocatalysts.

1. Introduction

Volatile organic compounds (VOCs), as common pollutants in the
air, have attracted great attention recently, mainly because of their
potential to cause some health problems [1–6]. Among the air pur-
ification methods, photocatalytic oxidation process has been widely
studied about its applications due to its non-toxic, broad-spectrum and
longevity of service [7–10]. TiO2 is generally used as a semiconductor
photocatalyst because it is physicochemical stable, non-toxic, low-cost
and with excellent photocatalytic activity under ultraviolet irradiation
[11]. However, TiO2 has low light response range and high photo-
electron hole recombination rate, which limits its application in pho-
tocatalysis [12–17]. Many studies have focused on solving the two
disadvantages of TiO2, such as constructing heterostructure with
narrow band gap semiconductor [18–21]. Fe2O3 is currently considered
as one of the most promising semiconductor materials for photo-
catalytic process due to a series of desirable properties, including ade-
quate absorption from visible light region in solar spectrum (bandgap is
about 2.3eV), excellent stability in the air, and earth-abundant [22–24].

Therefore, Fe2O3 modified TiO2 heterojunction composites have
been widely reported. For instance, Alireza Banisharif et al. synthesized
Fe2O3-TiO2 by an ultrasonic-assisted coprecipitation method and used it
to degrade 500 ppm trichloroethylene (TCE) in air [25]. Amarjargal
et al. prepared TiO2 decorated α-Fe2O3 microflowers heterostructure,
which obtained much better photocatalytic efficiency about 92% to-
wards Methyl blue (MB) degradation after 80min under visible light
irradiation [26]. Hua Tang et al. synthesized the novel α-Fe2O3/TiO2

composite hollow spheres, which showed an excellent performance in
the photocatalytic degradation of Rhodamine B (RhB) in aqueous so-
lution under visible light [27]. Although Fe2O3 modification has been
widely demonstrated to effectively improve visible light response of
catalysts, the photocatalytic process is still unclear. According to some
reports, the mechanism of promoting the separation of photo-induced
electron hole pairs is mainly due to that Fe3+ was reduced to Fe2+ by
trapping electrons. However, this hypothesis is devoid of direct ex-
perimental evidence. Electron spin resonance (ESR) is a magnetic re-
sonance technique that generates magnetic moments of unpaired elec-
trons, which can be used to qualitatively and quantitatively detect the
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unpaired electrons in atoms or molecules and explore the structural
characteristics. ESR has been widely used to explore the processes of
charge transfer in the photocatalytic reaction [28,29]. Peng et al. used
ESR signals at ultra-low-temperature (1.8 K) to study TiO2/Fe2O3 na-
nocomposites and observed the generation of Ti3+ after illumination
[30,31]. However, since the paramagnetism of Fe3+ has an intervention
to the signal of ESR, few work try to detect the signal of ESR after
photodegradation process, which may directly probe the generation of
Fe2+.

In this work, TiO2/Fe2O3 composites with different Ti/Fe molar
ratios were prepared and their photocatalytic properties towards dif-
ferent polluted gases (acetaldehyde and o-xylene) were tested under
260 w fluorescent lamps. Interestingly, the oxidation product of acet-
aldehyde can combine with Fe2+ and cause the deactivation of the
photocatalyst while there was no such phenomenon in the case of o-
xylene degradation. The supposition of Fe3+ reducing to Fe2+ by
trapping electrons preliminarily confirmed by the change of ESR signal.
This result provides a new idea for characterizing the mechanism that
variable valence metal ions promote the separation of electrons and
holes in photocatalytic process.

2. Experimental section

2.1. Materials preparation

All the chemicals are commercially available and used as received
without any further purification, including P25 bought from Evonik
Industries AG, Iron nitrate nonahydrate (Fe(NO3)3·9H2O, AR,65–68%,
Sinapharm Chemical Reagent Co., Ltd) and ethanol (C2H6O, AR, 99.7%,
Zhenxing No.1 Chemical Plant).

The Fe2O3-TiO2 composites were prepared by a simple impregna-
tion and calcination method. Typically, 2.0 g P25 TiO2 powder and a
certain amount of Fe(NO3)3·9H2O were added into 50ml deionized
water, then the suspension was stirred for 1 h at the room temperature.
The powder was collected and washed with deionized water for 3 times
by centrifuging. Then the collected solid was dried at 100 °C for 24 h in
the drying oven. The dry powder was then calcinated in a muffle fur-
nace at 350 °C for 3 h. For comparison, the Fe2O3/TiO2 composites with
the different Ti/Fe atomic molar ratio were prepared using the above-
mentioned method by adjusting the amount of Fe(NO3)3·H2O to 0,
0.012, 0.025 and 0.05 g, which were marked TiO2, FT0.125, FT0.25
and FT0.5, respectively. The preparation steps are shown in Fig. 1.

2.2. Materials characterizations

The crystalline structure of the photocatalysts was investigated by
wide-angle X-ray diffractometer (XRD; Ultima IV 2036E102, Rigaku
Corporation, Japan) with Cu Kα radiation at 50 Hz at the rate of 5 °C/
min. The surface morphology and microstructure of the materials was
measured by a field-emission scanning electron microscopy (SEM;
SU8220, Hitachi, Japan). The adsorption of light was collected by
UV–Vis spectra on a Perkin –Elmer Lambda 950 spectrometer

(300–800 nm). Photoluminescence spectra (PL) of the samples was
characterized by a Perkin–Elmer Luminescence spectrometer 55 (LS55).
X-ray photoelectron spectra (XPS) was obtained on a spectrometer
(Microlab 310 F Scanning Auger Microprobe, VG SCIENTIFIC LTD) with
a constant pass energy of 50 eV by a monochromatic Al-Ka (1486.6 eV)
X-ray. Electron spin resonance (ESR) signal of active radicals trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was measured by a spectro-
meter (JES-FA200, JEOL, Japan) at 77 K. Fourier transform infrared
spectroscopy (FTIR) spectra were recorded by a Thermofisher iN10
iZ10 infrared spectrophotometer.

2.3. Photocatalytic performance test

The photocatalytic performance of the sample was tested in a con-
tinuous flow reactor system. Herein, the gases used in the test were
acetaldehyde and o-xylene. 4*65 W fluorescent lamps were used as
light irradiation source, which were placed 20 cm above the photo-
catalysts. In order to be closer to the actual application, the temperature
of the photocatalytic reaction was ambient temperature and the hu-
midity in the chamber was the humidity in the air. 0.1 g as-prepared
photocatalyst was coated on a 7.5 cm * 15 cm glass pane. Then this
glass pane was put into the sealed reaction chamber with a transparent
quartz cover and to reach an adsorption-desorption equilibrium under a
continuous flow. After that, the fluorescent lamps were turn on. The
removal ratio (η) of test gas was calculated through the following
equation:

= − ×η C C(1 / ) 100%0

where C0 is the initial concentration and C is the concentration of test
gas at different time intervals. The initial concentration values of
acetaldehyde and o-xylene were 500 ppm and 50 ppm, respectively.

3. Results and discussion

3.1. Characterization of morphology and chemical composition

Fig. 2a and b shows the SEM image and EDS spectra of the sample
FT0.25. There were aggregated TiO2 nanoparticles in the vision and the
size of TiO2 nanoparticles was around 20–30 nm in diameter. Since by
the impregnation method, a very low content of Fe2O3 was coupled
with TiO2. The EDS spectra showed that there were traces of Fe in the
composites and proved the existence of Fe2O3. From the insert table it
could be found that the weight percentage of Fe was 0.49% and the
atomic percentage was only 0.19% for the FT0.25 sample.

XRD spectra was used to reveal the crystal structure of the samples.
From Fig. 3a, the 2θ=25.3°, 37.8°,48.0°, 54.0°, 54.9° and 62.8° are
typical anatase peaks and 27.4°, 36.1°, 54.3° are typical rutile peaks. It
was reported that by this impregnation method maghemite phase of γ-
Fe2O3 was coupled with TiO2 [32]. However, there were no additional
peaks of Fe2O3 (typical peaks of γ-Fe2O3 appears at 2θ of 35.56° and
62.76°), since the low Fe2O3 content did not reach the detection lim-
itation of XRD (no less than 5%). However, when magnify the peak

Fig. 1. The preparation steps of Fe2O3/TiO2composites.
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around 25.5°, it is clearly that the peak shifts to lower angle with the
addition of Fe2O3, indicating that some lattice distortion occurred on
the TiO2 surface.

XPS spectra (Fig. 4a–d) was further used to confirm the presence of
Fe, Ti and O elements. Fig. 4a shows Fe 2p1/2 (722.96 eV) and 2p3/
2(709.69 eV). The weak peak of Fe2p proved the low content of Fe2O3,
which was in line with the SEM image and XRD spectra. Ti 2p3/2 was
around 458.32 eV and the Ti2p1/2 was around 464.18eV. The three
peaks of O1s were ascribed to Ti-O bond, C=O bond and C-O bond
respectively. Besides, there was C1s spectra (C-C, 284.8 eV; C-O,
286.5 eV; C=O, 288.5 eV) since the impurity of carbon was inevitable.

3.2. Photoelectrical properties of Fe2O3/TiO2 composites

UV–vis absorption was used to detect the adsorption ability towards
light of the samples. As illustrated in Fig. 5a, when coupling with Fe2O3,
an improvement of UV–vis absorption were observed. To be specific,
raw TiO2 mainly adsorb light below 350 nm and had very weak ad-
sorption in the visible range (λ > 400 nm). In contrast, the FT samples
not only shows stronger adsorption of the light under 400 nm but also
greatly prompt the visible light(400 nm< λ < 600 nm). Since the
band gap of Fe2O3 is about 2.3 eV [30], it can better make use of the
visible light. Photoluminescence (PL) spectra (Fig. 5b) is an effective
method of detecting the combination of photo-induced carriers. The
pristine TiO2 showed strong PL intensity since the photo-induced
electrons and holes are easy to combine. When coupled with Fe2O3, the
intensity of the PL decreased a lot. It could be explained by the structure
of the composites. Fe2O3 and TiO2 fabricated heterojunction and the
built-in electric field were conductive to prevent electrons and holes

from combing. Besides, Fe2O3 has lower conduction band and higher
valence band than TiO2, which means that the electrons of the TiO2 can
jump to the conduction band of Fe2O3 while the holes of the TiO2 to the
valence band of Fe2O3 [33].

3.3. Photocatalytic performance of Fe2O3/TiO2 composites

After the properties detection, the photocatalytic performance of
Fe2O3/TiO2 composites towards two kinds of volatile organic com-
pounds were further investigated. Acetaldehyde and o-xylene are ty-
pical aldehyde and benzenes. Although they both contains methyl
(-CH3), the function groups of acetaldehyde and o-xylene are formyl
group (-CHO) and benzene ring (-C6H5), the mechanism of degradation
should be different.

Fig. 6 shows that real-time C/C0 after illumination. The initial
concentration of acetaldehyde was 500 ppm and the flowing speed was
20 sccm. Clearly, all Fe2O3/TiO2 composites showed higher photo-
degradation efficiency than pristine TiO2 and FT0.25 attained the best
photocatalytic performance. It means that when flowing through the
surface of the photocatalyst, 80% of the acetaldehyde could be de-
graded by FT0.25. The initial concentration of o-xylene was 50 ppm and
the flowing speed was 4 sccm. When reached a balance, the photo-
degradation efficiencies of pristine TiO2, FT0.125, FT0.25 and FT0. 5
were 56%, 91%, 72% and 70% respectively (Table 1). Fe2O3/TiO2

composites had better photocatalytic ability towards both acetaldehyde
and o-xylene, since the composites can make better use of the visible
light and promote the separation of photo-induced electrons and holes.

Notably, after 25min, the C/C0 increased after a decrease in the
degradation of acetaldehyde while the C/C0 of o-xylene kept stable

Fig. 2. (a) SEM and (b) EDS image of the sample FT0.25.

Fig. 3. (a) XRD spectra and (b) partial magnification spectra of Fe2O3/TiO2 composites.
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even after 2 h. It was ascribed to the deactivation of the photocatalyst.
After illumination, the photo-induced electrons transferred to Fe2O3

composite and Fe3+ was reduced to Fe2+ [34,35]. At the same time,
acetaldehyde was oxidized to acetic acid. Since it is easy for Fe2+ to
combine with acetate (-COOH), Fe2O3 was gradually consumed and Fe
(CH3OO)2 was produced. To further prove this assumption, the sample
FT0.25 was put into muffle with 350 °C for 3 h and a recovery of the
photocatalyst was found. Fe(CH3OO)2 can easily decompose under heat
treatment in air and the final product is Fe2O3, thus it could be used for
the regeneration of Fe2O3/TiO2 photocatalyst. In contrast, o-xylene was
oxidized into benzoic acid, which cannot react with Fe2+ or Fe3+. As a
result the photocatalyst could stay stable. ESR was also used to prove
the different reaction mechanism (Fig. 7). There are two peaks in the
graph, g= 2 and g=4.3 respectively, contributed by the Fe2O3. Since
Fe3+ was paramagnetic and can disturb the ESR signal, the peak at

324mT (g= 2) of FT0.5 was broad [36,37]. After the degradation of
acetaldehyde, the peak became sharp as a result of the consumption of
Fe3+. Meanwhile, the peak of FT0.5 had little change after degradation
of o-xylene because the Fe3+ could keep dynamic equilibrium in the
photocatalytic process. The photodegradation curve and ESR signal
corporately demonstrated that the deactivation of the Fe2O3/TiO2 cat-
alyst in the degradation of acetaldehyde was caused by the consump-
tion of Fe3+ and the production of Fe(CH3OO)2.

3.4. Mechanism of photocatalytic reaction

On the basis of the aforementioned properties and photodegrada-
tion performance investigation, a reasonable mechanism was proposed.
As shown in scheme 1, when coupled with Fe2O3, the photo-induce
electrons and holes on the TiO2 can transfer to the Fe2O3 with lower

Fig. 4. XPS spectra of Fe2O3/TiO2 composite.

Fig. 5. (a) UV–Vis spectra and (b) Photoluminescence spectra of Fe2O3/TiO2 composite.
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energy level, thus preventing the combination of them and promoting
the photocatalytic ability of the catalysts. Besides, receiving the elec-
trons, the Fe3+ was reduced to Fe2+. For the degradation of acet-
aldehyde, CH3CHO was first oxidized to CH3COOH. Some acetate
combined with Fe2+ to produce Fe(CH3COO)2 and lead to the con-
sumption of Fe2O3. As a result the photocatalytic efficiency of Fe2O3/
TiO2 composite decreased. The reaction equations are as follows:

+ → +
− +νTiO h e h2 (1)

+ →
− −e O •O2 2 (2)

+ →
+h H O ·OH2 (3)

+ →
+ − +Fe e Fe3 2 (4)

+ →
−CH CHO ·O / ·OH CH COOH3 2 3 (5)

+ →
+ −Fe CH COO Fe (CH COO)2

3 3 2 (6)

→ + +Fe (CH COO) Δ Fe O CO H O3 2 2 3 2 2 (7)

+ →
−C H (CH ) ·O /·OH C H COOH6 5 3 2 2 6 5 (8)

+ + → …→ + +
− + +C H COOH ·O /·OH Fe Fe CO H O6 5 2

2 3
2 2 (9)

In contrast, the intermediate product of o-xylene was benzoic acid
[38,39], which could not combine with Fe3+ or Fe2+, so the photo-
catalytic reaction could keep stable.

4. Conclusions

In this work, Fe2O3/TiO2 composites were fabricated by the im-
pregnation method. By coupling with Fe2O3, the adsorption of visible
light was promoted and the combination of electrons and holes was
prevented, thus the photodegradation efficiency of the composites was
improved a lot. In the degradation of acetaldehyde and o-xylene, all
Fe2O3/TiO2 composites showed better photocatalytic efficiency than
pristine TiO2. Notably, the deactivation of the Fe2O3/TiO2 catalysts
occurred in acetaldehyde degradation process after 25min while there
was no such phenomenon in the degradation of o-xylene. It was as-
cribed to that acetaldehyde was oxidized to acetic acid and combined
with the produced Fe2+, which caused the consumption of Fe2O3. In
contrast, the intermediate product of o-xylene did not react with Fe2+

or Fe3+, thus the photocatalyst could keep dynamic stable. ESR signal
was further used to demonstrate the process of the photocatalytic re-
action. This work not only provide a feasible method of improving the
photocatalytic ability of the catalyst, but also help us deeply understand

Fig. 6. Photodegradation of (a) acetaldehyde (500 ppm, 20 sccm) and (b) o-xylene (50 ppm, 4 sccm) under fluorescent lamp irradiation.

Table 1
Photodegradation efficiency of TiO2 and Fe2O3/TiO2 samples towards acet-
aldehyde and o-xylene.

Sample TiO2 FT0.125 FT0.25 FT0.5

Acetaldehyde (500 ppm) 48% 78% 80% 55%
O-xylene (50 ppm) 56% 91% 72% 70%

Fig. 7. ESR spectra of Fe2O3/TiO2 composite before and after photocatalytic
reaction towards acetaldehyde and o-xylene.

Scheme 1. Schematic structure of the Fe2O3/TiO2 composite and the main process of photodegradation for acetaldehyde and o-xylene.
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the process of the photodegradation.
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