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Heterojunction of FeOOH and TiO2 for the Formation of Visible Light Photocatalyst
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FeOOH/TiO2, a heterojunction structure between FeOOH and T1O2, was prepared by covering the surface of the 
~100-nm-sized FeOOH particles with Degussa P25 by applying maleic acid as an organic linker. Under visible light 
irradiation (X > 420 nm), FeOOH/TiO2 showed a notable photocatalytic activity in removal of gaseous 2-propanol 
and evolution of CO2. It was found that FeOOH reveals a profound absorption in the spectral range of 400 - 550 nm, 
and its valence band (VB) level is located relatively lower than that of TiO2. The considerable photocatalytic 
efficiency of the FeOOH/TiO2 under visible light irradiation was therefore deduced to be caused by the hole transfer 
between the VB of FeOOH and TiO2.
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Introduction

Remediation of environmental pollutants in water and air 
through photocatalytic reaction has drawn extensive interest 
over the last few decades.1-3 Among various semiconductors, 
TiO2 has been known as an excellent photocatalyst with its 
unique characteristics in band position and surface structure, 
as well as its extended chemical stability and non-toxicity.4-7 
TiO2 can only utilize the photons in the UV region (X < 380 
nm) due to its large band gap (Eg = 3.2 eV), which limits its 
practical applications in sun light or indoor.8-11

In order to overcome this drawback, a new promising stra
tegy would be the coupling of TiO2 with other narrow bandgap 
semiconductors capable of harvesting the photons in the visible 
range.12-14 Thus far numerous studies have been reported on 
the sensitizer-loaded TiO2 showing photocatalytic activity 
under visible light irradiation, such as CdS/TiO2, Cu2O/TiO2, 
CdSe/TiO2, and others.15-29 In most of these composites, the 
conduction band (CB) of the loaded sensitizer is located higher 
than that of TiO2. Thus the electrons photogenerated by the 
sensitizer are transferred to CB of TiO2 and these transferred 
electrons on TiO2 can initiate various reduction reactions. We 
classified this as “type-A heterojunction” structure,37 and this 
system will be eligible for the reduction reaction. In the oxida
tion reaction, however, the electrons in CB of TiO2 can only lead 
to a partial decomposition of organic compound, and are diffi
cult to induce CO2 evolution.

Previously, we reported the FeTiOs/TiO2 system,37 which is 
conceptually different from the conventional coupled photo
catalysts. In this system, VB of FeTiOs and TiO2 was very close. 
With a visible light irradiation FeTiO3 is excited and its VB 
becomes partially vacant. Then, the hole in VB of FeTiO3 can 
be transferred to that of TiO2, and the holes induced in TiO2 

VB can be used to the oxidation of organic compounds as a 
result. We classified this system as “type-B heterojunction” and 
found that FeTiO3/TiO2 provides a high photocatalytic activity 
under visible light irradiation in evolving CO2, which is evident 
for the complete mineralization.

FeOOH is considered to be an appropriate candidate for the 
construction of type-B heterojunction structure, since its VB 

is located lower than that of TiO2 and its band gap of 2.6 eV 
allows sufficient visible light utilization.30-33 In this work, we 
prepared the FeOOH/TiO2 heterojunctions by coupling FeO- 
OH and Degussa P25 nanoparticles using an organic linker. 
The photocatalytic behavior of FeOOH/TiO2 composites in de
composing gaseous 2-propanol was investigated, and the me
chanistic role of FeOOH was also discussed.

Experimental Section

Preparation of FeOOH/TiOz composites. Iron oxyhydroxide 
(FeOOH) was prepared by a hydrothermal reaction.34-36 100 
mL of 3.0 x 10-2 M ferrous sulfate (FeSOWH?。)aqueous solu
tion was placed in a round-bottomed flask, and the separately 
prepared 100 mL aqueous solution containing 0.30 mmol hy
droxylamine and 5.0 mmol ammonium acetate was added to 
this solution. The mixture was refluxed at 85 oC for 2 hr, and 
the created precipitate was washed with de-ionized water several 
times and dried overnight in air at 60 oC. The particle size of the 
synthesized FeOOH was ~100 nm.

For the formation of FeOOH/TiO2 heterojunction structure, 
Degussa P25 with an average particle size of ~25 nm was cho
sen as the standard TiO2. Typically, in preparing 2/98 FeOOH/ 
TiO2 (the composite consisting of 2 mol% FeOOH and 98 
mol% TiO2), 22.6 mg FeOOH and 1.00 g TiO2 were separately 
suspended in each beaker containing 30 mL ethanol. 0.10 M 
maleic acid in 10 mL ethanol was added to the FeOOH suspen
sion, and stirred vigorously for 5 hr. Then, the prepared TiO2 

suspension was poured to this solution, and vigorously stirred 
for another 10 hr. The suspension was precipitated by centrifu
gation, and the collected precipitate was dried overnight in air 
at 60 oC and subsequently annealed at 220 oC for 4 hr.

Characterization. X-ray diffraction (XRD) patterns were 
obtained for the FeOOH/TiO2 powder samples by using a 
Rigaku Multiflex diffractometer with monochromated Cu Ka 
radiation. XRD scanning was performed under ambient condi
tions over the 20 region of 15 - 60o at a rate of 2 o/min (40 kV, 
20 mA). UV-visible diffuse reflectance spectra were acquired 
by a Perkin-Elmer Lambda 40 spectrophotometer. BaSO4 was 
used as the reflectance standard. Transmission electron mi
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croscope (TEM) images were obtained by a Philips CM30 
operated at 250 kV One milligram of FeTiO3/TiO2 was dis
persed in 50 mL of methanol, and a drop of the suspension was 
then spread on a holey amorphous carbon film deposited on 
the copper grid.

Evaluation of photocatalytic activity. The prepared FeOOH/ 
TiO2 samples were tested as visible light photocatalyst in de
composing 2-propanol in gas phase. 1.0 mL aqueous colloidal 
suspension containing 8.0 mg of FeOOH/TiO2 (or other photo
catalyst) was spread on a 2.5 x 2.5 cm2 Pyrex glass in a smooth 
film form and subsequently dried at room temperature. The gas 
reactor system used for this photocatalytic activity has been 
described elsewhere.38 For the measurement of photocatalytic 
activity under visible light, the whole FeOOH/TiO2 film area 
was irradiated by a 300 W Xe lamp through a UV cut-off filter 
(< 420 nm, Oriel) and a water filter. After evacuating the reac
tor, 1.6 卩L of 10% aqueous 2-propanol (v/v) was added to the 
200 mL gas-tight reactor and the total pressure of the reactor 
was then controlled to 750 Torr by addition of oxygen gas. The 
gas mixtures in the reactor were magnetically convected during 
the irradiation. After a certain time of irradiation, 0.5 mL of the 
gas sample was automatically picked up from the reactor, and 
sent to a gas chromatograph (Agilent Technologies, Model 
6890N). The remnant 2-propanol and evolved CO2 during the 
photocatalytic reaction were monitored by a gas chromato
graphy. For the detection of CO2, a methanizer was installed 
between the GC column outlet and the FID detector.

Results and Discussion

Iron oxyhydroxide (FeOOH) particles were prepared by the 
reaction of Fe2+ salt with hydroxylamine in aqueous solution in 
the presence of ammonium acetate buffers. The average size of 
the synthesized FeOOH nanoparticle was ~100 nm, and most 
of particles were mutually separated without aggregation. For 
the formation of hetercjunction structure, FeOOH and Degussa 
P25 nanoparticles were combined by introducing maleic acid 
as an organic linker, and the prepared sample was finally heat- 
treated at 220 oC to evaporate the organic components. Finally, 
UV light was irradiated for 4 hr to remove the residual organics 
in this system. TEM images, shown in Figure 1, describe the 
heterojunction structure of 2/98 FeOOH/TiO2. It is shown that 
the TiO2 nanoparticles in the size of ~25 nm were coupled to 
the large FeOOH particles, while some of them were mutually 
aggregated. The high resolution TEM images in Figure 1c and 
1d suggest that a tight contact is formed between the TiO2 and 
the large FeOOH particles.

Figure 2 shows the XRD patterns for the pure FeOOH, TiO2 

and FeOOH/TiO2 heterojuction structures in different com
positions. All the samples were heat-treated at 220 oC for 4 hr. 
In the pure FeOOH, the diffraction peaks appeared at 14.14o, 
27.08o, 30.06o, 36.34o, 38.10o, and 46.86° correspond to the 
(020), (120), (011), (031), (111), and (200) peaks, respectively, 
of the orthorhombic FeOOH structure (JCPDS, No. 08-0098). 
In the Degussa P25 TiO2, the diffraction peaks at 25.31o, 37.90o, 
48.05o, and 53.95o correspond to the (101), (004), (200), and 
(105) peaks of the anatase phase, respectively, whereas the 
peaks at 27.49o and 36.15o correspond to the (110) and (101)

Figure 1. TEM images of the 2/98 FeOOH/TiO2 heterojunction struc
tures (a, b), and their high magnification TEM images (c, d).

Two Theta (Degree)

Figure 2. XRD patterns for FeOOH and TiO2 (Degussa P25) nanopar
ticles, and FeOOH/TiO2 heterojunction structures in several composi
tions.

peaks of the rutile phase, respectively. This suggests that the 
Degussa P25 is a mixed phase of the anatase and rutile. The 
diffraction peaks in Figure 2 also indicate that the FeOOH/TiO2 

composites are mixture of the orthorhombic FeOOH and TiO2 

with no impurity phases within detection limit, suggesting that 
there is no noticeable chemical reaction occurred between 
FeOOH and TiO2 during the heat-treatment at 220 oC.

Figure 3 shows UV-visible diffuse reflectance spectra for 
TiO2, FeOOH and several FeOOH/TiO2. Owing to its wide 
band gap, TiO2 shows a high reflectance in visible region, 
whereas FeOOH reveals a notably strong absorption up to the 
spectral range of ~550 nm. Therefore, the FeOOH/TiO2 com
posites possess two different band edges at ~360 and ~550
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Figure 3. UV-visible diffuse reflectance spectra for FeOOH and T1O2 

(Degussa P25) nanoparticles, and FeOOH/TiO2 heterojunction struc
tures in several compositions. A, FeOOH; B, 1/99 FeOOH/TiO?; C, 
2/98 FeOOH/TiO?; D, 3/97 FeOOH/TiO?; E, 4/96 FeOOH/TiO?; F,
TiO2.

0

0

0

0

0

 

0
 

9
 

8
 

7
 

6
 

(%
)  

-
o
u
d
 은

옽

u
 쯜

M

. △.
•A-

■A

…•“ FeOOH
一■一 1/99 FeOOH/TiO2

-O- 2/98 FeOOH/TiO2

—A— 3/97 FeOOH/TiO2 

一。一 4/96 FeOOH/TiO2 

…△“ TiO2 (P25)

40 600 8020

Figure 4. Photocatalytic decomposition of gaseous 2-propanol as a 
function of irradiation time. Percentage of remnant 2-propanol (a), 
and amount of CO2 evolved (b).

Figure 5. Schematic diagram describing the visible light photoca- 
talytic reaction for the FeOOH/TiO2 system. All potential levels 
were indicated versus vacuum level.

nm, and show significant absorption in the visible region up to 
~550 nm. The absorbance was further enhanced with increa
sing FeOOH content. Notable absorption of the FeOOH/TiO2 

composites in the visible region implies efficient utilization of 
visible light for the photocatalytic reaction.

The photocatalytic activity of the FeOOH/TiO2 composites 
in decomposing 2-propanol in gas phase was evaluated under a 
visible light irradiation (Z > 420 nm). As shown in Figure 4a, the 
photocatalytic activities of Degussa P25 and FeOOH were very 
low under visible light irradiation. By contrast, the FeOOH/ 
TiO2 composites in several compositions showed appreciably 
higher photocatalytic activity than their end-members. Especi
ally, the 2/98 FeOOH/TiO2 exhibits the highest photocatalytic 
activity. That is, about 42% of 2-propanol was decomposed 
after an irradiation of 90 min, whereas only 9.0% was decom
posed by pure TiO2 (Degussa P25). At higher concentration of 
FeOOH exceeding 2 mol%, the photocatalytic activity of the 
composites was gradually decreased.

The photocatalytic activity was also evaluated according to 
the amount of CO2 evolved during the visible light irradiation. 
As shown in Figure 4b, several FeOOH/TiO2 heterojunction 
structures reveal higher photocatalytic activity than the Degussa 
P25. The highest photocatalytic activity was observed from 
2/98 FeOOH/TiO2. After an irradiation of 90 min, the evolved 
CO2 was 2.04 ppmv, which is approximately twice that of 
Degussa P25.

To enhance the photocatalytic activity of TiO2, the coupling 
with other semiconductors has been frequently investigated in 
order to promote the separation of photogenerated charge car
riers and/or to extend the absorption wavelength up to the visi
ble region. In the present study, both TiO2 and FeOOH showed 
a very low photocatalytic activity under a visible light irradia
tion, but their heterojunction showed notably enhanced photo- 
catalytic activity. It is deduced that the high catalytic effici
ency of the FeOOH/TiO2 composite originates from the unique 
relative band positions of these two semiconductors.30-33 Figure 
5 describes a schematic diagram for the energy band position 
of FeOOH and TiO2. Differently from most of semiconductors, 
VB level of FeOOH (-7.68 eV) is relatively lower than that of 
TiO2 (-7.41 eV). Hence, the FeOOH/TiO2 system is considered 
to be a typical example of type-B heterojunction structure. With 
visible light irradiation, the electrons in VB of FeOOH are exci
ted to its CB, which induces partial vacancy in VB. Then, the
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holes in VB of FeOOH can move to that of TiO2, since VB of 
FeOOH is positioned lower than that of TiO2. As a result, the 
holes generated in VB of TiO2 can initiate various oxidation 
reactions. By this inter-semiconductor hole-transfer mecha
nism, the photogenerated charge carriers can be separated effi
ciently so that the composite can utilize the visible light to mine
ralize organic pollutants completely.

Conclusions

A visible light photocatalyst was formed by heterojunction 
between FeOOH and TiO2. The 2/98 FeOOH/TiO2 composite 
showed the highest photocatalytic activity in the decomposition 
of 2-propanol and evolution of CO2 under visible light irradia
tion. Due to the unique band positions of these two semiconduc
tors and the profound absorption of visible light by FeOOH, 
the FeOOH/TiO2 composite exhibited high photocatalytic effi
ciency. Relatively lower VB level of FeOOH (-7.68 eV from 
vacuum level) than that of TiO2 (-7.41 eV) enables the hole 
transfer from VB of FeOOH to that of TiO2. As a result, the ab
sorption of visible light by FeOOH induces the generation of 
holes in VB of TiO2, which leads to the mineralization of orga
nic compounds.
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