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ABSTRACT: A quadrilateral disk-shaped FeWO4 nanocrystal
(NC) with an average size of ∼35 nm was prepared via
hydrothermal reaction. The obtained dark brown FeWO4 NC
with a bandgap (Eg) of 1.98 eV was then coupled with TiO2 to
form FeWO4/TiO2 composites. The valence band (VB) of
FeWO4 (+2.8 eV vs NHE) was more positive than that of TiO2
(+2.7 eV); thus this system could be classified as a Type-B
heterojunction. Under visible-light irradiation, 5/95 FeWO4/TiO2
(by wt %) exhibited remarkable photocatalytic activity: the
amount of CO2 evolved from gaseous 2-propanol (IP) and the
decomposition rate of aqueous salicylic acid (SA) were,
respectively, 1.7 and 2.5 times greater than those of typical
nitrogen-doped TiO2 (N-TiO2). This unique catalytic property
was deduced to arise from the intersemiconductor hole transfer
between the VBs of FeWO4 and TiO2. Herein, several experimental evidence were also provided to confirm the hole-transfer
mechanism. To further enhance the catalytic efficiency, double-heterojunctioned FeWO4/TiO2/CdS composites were prepared
by loading CdS quantum dots (QDs) onto the FeWO4/TiO2 surface. Surprisingly, the catalytic activity for evolving CO2 from IP
was 2.6 times greater than that of bare FeWO4/TiO2 and 4.4 times greater than that of N-TiO2, suggesting that both holes and
electrons were essential species in decomposing organic compounds.
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■ INTRODUCTION

The removal of organic contaminants via photocatalytic
processes has been recognized as a potential strategy for
treating environmental pollutions in air and water. TiO2 has
been known to be the most efficient photocatalyst among
various semiconductors, because of its unique characteristics in
band position and surface structure, as well as its high electron
mobility, chemical stability, and nontoxicity.1−6 Because of its
large bandgap (Eg = 3.2 eV), however, TiO2 is only functional
in the UV region, occupying less than 4% of the solar
spectrum.7−11 Thus, designing novel photocatalysts that can
utilize visible light is prerequisite in enhancing photocatalytic
efficiency and extending the range of applications.
Major strategies for designing visible-light photocatalysts

include modifying or narrowing the TiO2 Eg by doping cations
such as Cr, Fe, Ni, or V ions,12−17 to Ti sites and/or by doping
anions such as N, S, C, or B,18−22 to O sites. Another notable
approach involves combining narrow Eg semiconductors or
molecular sensitizers with the TiO2.

23−28,32−38

Two types of heterojunctions can be designed for the visible-
light photocatalysis, depending on the location of the relative
energy band between the narrow Eg semiconductors and TiO2.
First, the conduction band (CB) of the visible-light sensitizer is
more negative than that of TiO2 (which is classified as a Type-A
heterojunction). For example, several metal chalcogenide
quantum dots (QDs) or molecular dyes are loaded on the

TiO2 surface to form Type-A heterojunctions.24−28 With
visible-light irradiation to this system, the sensitizer is excited,
and the electrons are then transported to the TiO2 CB. These
electrons can induce reduction reactions or participate in
oxidation reactions by forming •O2

− and HO2•, as shown in
eqs 1−3.29,30

+ → • = −− − EO e O 0.284 V (vs NHE)2 2 0 (1)

• + → • = −− + EO H HO 0.046 V (vs NHE)2 2 0
(2)

• + → → → +HO organic compounds CO H O2 2 2 (3)

Second, the valence band (VB) of the sensitizer is more
positive than that of TiO2 (which is classified as a Type-B
heterojunction). With the irradiation of visible light to this
coupled system, the electrons in the sensitizer VB are excited to
its CB. Thereby, the holes in the sensitizer VB can be
transferred to that of TiO2, as shown in Scheme 1a.
Consequently, holes are generated in the TiO2 VB by an
intersemiconductor hole-transfer mechanism, which, in turn,
initiate oxidation reactions by generating •OH radicals on the
TiO2 surface, as shown in eqs 4 and 5.31
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+ → + •+ +(H O) h H OH2 ads (4)

+ → •− +(OH ) h OHads (5)

The holes created in the TiO2 VB are more powerful than
the •O2

− or HO2• in oxidizing organic compounds. Thus,
Type-B heterojunction systems are considered to be more
efficient than Type-A systems for completely decomposing
organic pollutants, as discussed by Rawal et al.32 Thus, far
several Type-B heterojunction structures such as WO3/TiO2,

33

FeTiO3/TiO2,
34 Bi2O3/TiO2,

35 Sb-doped SnO2/TiO2,
36

Ag3PO4/TiO2,
37 and W18O49/TiO2,

38 have been reported to
exhibit significant visible-light photocatalytic activities, and
some of them demonstrate catalytic activity comparable to that
of nitrogen-doped TiO2 (N-TiO2).
In designing efficient visible-light photocatalysts based on

Type-B heterojunction structures, the following properties are
required for narrow Eg semiconductors (sensitizers):

(a) The VB level of sensitizers must be more positive than
that of TiO2 for efficient hole transport.

(b) A small Eg and a high molar absorption coefficient are
necessary for the efficient utilization of visible light.

(c) The inherent hole-diffusion coefficient should be high
with a low charge recombination rate.

(d) The CB level of the sensitizer should be sufficiently high
that the accumulated electrons in the CB can be
effectively scavenged.

Considering the CB level of sensitizer, direct electron transfer
to the oxygen molecules, as shown in eqs 1 and 2, will be
difficult. Thus, the electrons in the sensitizer CB might be
transported to the oxygen species via multielectron processes
shown in eqs 6 and 7, suggesting that the sensitizer CB level
must at least be higher than +0.682 or +1.23 V (vs NHE).39,40

+ + → = ++ − EO 2H 2e H O 0.682 V2 2 2 0 (6)

+ + → = ++ − EO 4H 4e 2H O 1.23 V2 2 0 (7)

Herein, we report a novel FeWO4/TiO2 system that exhibits
significantly higher visible-light photocatalytic efficiency than
N-TiO2. FeWO4 belongs to the wolframite-type family, which
has potential applications in scintillation detectors, optical
fibers, humidity sensors, photoanodes, optical devices, catalysts,
and pigments.41,42 Thus far, however, FeWO4 has not been
applied to fabricate visible-light photocatalytic systems. In the
literature, the Eg of FeWO4 is reported to be in the range of
1.78−2.35 eV,43−46 depending on the particle morphology and
the measurement method. In this work, ∼35-nm-sized FeWO4
NC was prepared via the hydrothermal method. Its Eg was
determined to be 1.98 eV, while the VB level is significantly
more positive than that of TiO2. Moreover, it exhibits profound
absorption in the visible-light range and extensive chemical and
thermal stability, thereby satisfying most of the requirements
for a sensitizer in designing efficient visible-light photocatalyst.
Hole transport from FeWO4 to TiO2 is considered to be the
main catalytic mechanism in this system, and several pieces of
evidence have been provided to support this mechanism. To
enhance the photocatalytic activity further, a double hetero-
junction structure of FeWO4/TiO2/CdS was fabricated and its
catalytic mechanism (Scheme 1b) was also discussed.

■ EXPERIMENTAL METHODS
Synthesis of FeWO4 NC. Two millimoles (2 mmol) of sodium

tungstate (Na2WO4·2H2O, Aldrich) and 2 mmol of ferrous
ammonium sulfate [(NH4)2Fe(SO4)2·6H2O, Aldrich] were dissolved
in 25 mL of distilled water in separate beakers. The ferrous ammonium
sulfate solution was then added to the sodium tungstate solution
dropwise, accompanied by vigorous stirring. The solution was
stabilized by adjusting the pH to 8 by adding aqueous NaOH
solution. The entire mixture was then transferred to a 100 mL Teflon-
lined autoclave and reacted at 180 °C for 12 h. The resulting dark
brown-colored precipitate was washed several times with a water/
ethanol mixture and dried at 80 °C for 12 h.

Synthesis of FeWO4/TiO2 Composites and Other Catalytic
Materials. A quantity of 3.67 g of titanium isopropoxide (97%,
Aldrich) was stabilized in a mixed solution of 40 mL of ethanol, 1.0
mL of concentrated nitric acid, and 1.0 mL of water. Then, the
prepared Ti-precursor solution was gently stirred for 4 h. A
stoichiometric amount of the as-prepared FeWO4 was then added to
this solution. Typically, the 5/95 FeWO4/TiO2 composite (5 wt %
FeWO4 and 95 wt % TiO2) was obtained by adding 53 mg of FeWO4
NC presuspended in 10 mL of ethanol to the prepared Ti-precursor
solution, which was gently stirred overnight. The resulting mixture was
completely dried at 80 °C for 24 h. The obtained powder was
resuspended in 50 mL of ethanol in a closed vessel and then stirred for
24 h on a hot plate kept at 110 °C. This aging process facilitated the
conversion of amorphous titania to the anatase phase. The suspension
was then centrifuged, dried, and subsequently heat-treated at 330 °C
for 5 h. Bare TiO2 was prepared as a blank sample by the same
procedure without adding FeWO4 NC. A typical N-TiO2 sample was
used as a standard to compare the visible-light activity of various
photocatalytic materials. The N-TiO2 sample was prepared by flowing
NH3 gas (flow rate: 0.07 L min−1) over 1.0 g of Degussa P25 at 550 °C
for 3 h.47

Scheme 1. Diagram for Charge Flows Occurring in (a)
FeWO4/TiO2 and (b) Double-Heterojunctioned FeWO4/
TiO2/CdS Composites upon Visible-Light Irradiation; (c)
Schematic Diagram of the Preparation Strategy for the
FeWO4/TiO2/CdS Composite
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Synthesis of CdS and Surface Modification. Cadmium sulfide
(CdS) quantum dots (QDs) were synthesized in octadecene (ODE,
Aldrich) by adding oleic acid as a capping agent. The procedure
consisted of mixing 0.0128 g of CdO, 0.113 g of oleic acid, and 1.51 g
of ODE in a three-necked flask and heating the mixture to 300 °C
under an anhydrous N2 flow. A solution containing 0.0016 g of sulfur
and 2.36 g of ODE in a beaker was quickly injected into the heated
solution. The temperature of the mixture was then adjusted to 260 °C
to induce the growth of CdS. After 10 min, the reaction was quenched
by adding 30 mL of cold toluene. Fifty milliliters (50 mL) of an
ethanol/chloroform mixture was added to the entire reaction mixture
to extract the unreacted reactants or impurities, and finally, 30 mL of
acetone was added to the remaining solution to precipitate the oleic
acid-capped CdS.
To attach CdS QD to the TiO2 surface, the oleic acid on the surface

of CdS QD was exchanged for the mercaptopropionate group,
following a procedure reported by Leschkies et al.48 Next, 0.2 mmol of
mercaptopropionic acid (MPA, Aldrich) was dissolved in 100 mL of
anhydrous methanol, and the pH of the resulting solution was adjusted
to 11.4 by adding tetramethylammonium hydroxide (TMAH, Aldrich).
Forty milligrams (40 mg) of oleic acid-capped CdS was then added to
this solution. The mixture was heated to 63 °C under an argon
atmosphere and refluxed for 24 h in darkness. The formed MPA-
capped CdS QD was precipitated by adding a 1:1 mixture of ethyl
acetate and diethyl ether. The collected precipitate was washed several
times with ethyl acetate to remove residual MPA or oleic acid. The
prepared CdS QD was then readily soluble in protic solvents.
Preparation of FeWO4/TiO2/CdS Composites. A stoichiometric

amount of the MPA-capped CdS was added to a 50-mL ethanol
suspension containing 1.00 g of the 5/95 FeWO4/TiO2 composite,
and the resulting solution was stirred vigorously at 60 °C for 6 h. The
1 wt % CdS loaded FeWO4/TiO2 composite was prepared by adding
10.1 mg of MPA-capped CdS (see Scheme 1c). During the stirring, the
MPA-capped CdS QD was bound to the TiO2 in FeWO4/TiO2. The
resulting FeWO4/TiO2/CdS composite was then precipitated by
centrifugation, and the collected sample was heated at 200 °C for 2 h
to facilitate tight binding.
Characterizations. X-ray diffraction (XRD) patterns of the

prepared photocatalytic samples were obtained using a Rigaku
Multiflex diffractometer with monochromatic Cu Kα radiation. XRD
scanning was performed under ambient conditions over a 2θ region of
20°−60° at a rate of 2 °/min (40 kV, 20 mA). UV visible diffuse
reflectance spectra were acquired using a Perkin−Elmer Model
Lambda 40 spectrophotometer. BaSO4 was used as the reflectance
standard. Transmission electron microscopy (TEM) and EDX
elemental mapping images were obtained using a JEOL Model
JEM2100F operated at 200 kV. Brunauer−Emmett−Teller (BET)
surface areas of the samples were measured using a surface area and
porosimetry analyzer (UPA-150, Microtrac, lnc.). The flat-band
potentials (Vfb) of FeWO4 and TiO2 were determined using the
Mott−Schottky method.49 Each powdered sample was coated as a film
on a 1 cm × 1 cm Pt-coated Pyrex glass. The flat-band potential of
each semiconductor was determined by extrapolating the plot of the
inverse square of the capacitance (1/Csc

2) versus the applied potential
(V) for 0.2 M LiClO4 in acetonitrile. Ag/AgCl and Pt were used as the
reference and the counter electrode, respectively.
Evaluation of Photocatalytic Activity. First, the visible-light

photocatalytic activities of the samples were estimated by monitoring
the decomposition of gaseous 2-propanol (IP). An aqueous suspension
containing 8.0 mg of the photocatalytic samples was spread on a 2.5
cm × 2.5 cm Pyrex glass as a film and subsequently dried at room
temperature. Prior to the photocatalytic measurement, the prepared
film was irradiated by a 300 W Xe lamp for 3 h, to remove potential
organic residues. The net volume of the gas-tight reactor was 200 mL,
and the photocatalytic film was located at the center of the reactor.
The entire area of the photocatalytic film was irradiated by a 300 W Xe
lamp that was installed with a UV cutoff filter (λ ≥ 420 nm, Oriel) and
a water filter to cutoff the IR spectrum. After the reactor was
evacuated, 1.6 mL of the water-diluted IP (IP:H2O = 1:9 in volume)
was injected into the reactor. The initial concentration of gaseous IP in

the reactor was maintained at 117 ppm by volume (ppmv). Thus, the
ultimate concentration of CO2 evolved, after complete decomposition
of the IP, should have been 351 ppmv, as shown by the following
equation:

+ = +g g g g2(CH ) CHOH( ) 9O ( ) 6CO ( ) 8H O( )3 2 2 2 2 (8)

The total pressure of the reactor was then increased to 750 Torr by
adding oxygen gas. Under these conditions, the IP and H2O remained
in the vapor phase. For every 30 min of irradiation, 0.5 mL of the gas
in the reactor was collected and sent to a gas chromatograph (Agilent
Technologies, Model 6890N) using an auto sampling valve system. A
methanizer was installed between the gas chromatography (GC)
column outlet and the flame ionization detection (FID) device for
CO2 detection.

Second, for the photocatalytic degradation of salicylic acid (SA) in
aqueous solution, 10 mg FeWO4/TiO2 of composites or other
photocatalytic samples were suspended in 50 mL of a 50 μM SA
aqueous solution. After the irradiation of visible light, the residual SA
was identified by its characteristic absorption peak using an
ultraviolet−visible light (UV-vis) spectrophotometer (Perkin−Elmer,
Model Lambda 40).

■ RESULTS AND DISCUSSION
FeWO4 NC was prepared by a hydrothermal reaction under a
basic condition at 180 °C for 12 h. Figure 1 shows the XRD

patterns of the as-prepared FeWO4 NC in the highly
crystallized monoclinic phase (JCPDS File Card No. 21-
0436) in which there were no noticeable impurity phases. The
average crystallite size of the as-prepared FeWO4 NC,
determined from the (011) and (110) peaks by applying the
Scherrer equation, was ∼30 nm.
The TEM images in Figure 2 show that the as-prepared

FeWO4 NC had a quadrilateral disk-type structure that was
∼35 nm in size. The individual NCs were separated from each
other, and no heavy agglomeration was observed. The dashed
square in Figure 2b is magnified in Figure 2c. The spacing of
the fringe patterns was measured to be 0.473 nm,
corresponding to d100 of the monoclinic FeWO4 phase.
Selected-area electron diffraction (SAED) patterns were also
monitored over the entire area of a single particle, as shown in
Figure 2b. The uniformly aligned spot patterns in Figure 2d

Figure 1. XRD patterns of several powder samples. Ratio of
FeWO4:TiO2 in FeWO4/TiO2 was 5:95 (based on wt %), and the
loaded amount of CdS was 1 wt % in the FeWO4/TiO2/CdS
composite.
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confirmed that the individual FeWO4 NCs were a single crystal
in the monoclinic phase.
As shown in Figure 2e, the as-prepared FeWO4 is dark brown

in color, suggesting that it can absorb a considerable portion of
visible light. Figure 3a shows the UV-vis diffuse reflectance
spectrum of FeWO4 that was obtained in absorption mode,
indicating that the FeWO4 NC exhibit profound absorption
over the entire visible region. The direct Eg of FeWO4 NC was
estimated by the Kubelka−Munk (KM) plot, as shown in the
inset of Figure 3a. The Eg of the FeWO4 NC was determined to
1.98 eV, which was quite close to the reported value of 2.0
eV.50 The Vfb value of the FeWO4 NC, which is considered to
be an n-type semiconductor, was obtained using a Mott−
Schottky plot (see Figure 3b). The CB of FeWO4 was +0.82 V
(vs NHE). Using the Eg of FeWO4 of 1.98 eV, the VB level was
then estimated to be +2.80 V (vs NHE), suggesting that the
FeWO4 VB was more positive than the TiO2 VB, which is
known to be +2.70 V (vs NHE).
The FeWO4/TiO2 composites were prepared by using a sol−

gel method to cover the relatively large FeWO4 NC with TiO2,
as described in Scheme 1c. The X-ray diffraction (XRD)
patterns of 5/95 FeWO4/TiO2 (5 wt % FeWO4 and 95 w%
TiO2) and blank TiO2 are also included in Figure 1. The blank

TiO2, prepared by calcining the sol−gel processed Ti-precursor
at 330 °C, exhibits a pure anatase phase. Its crystallite size was
determined to be ∼7 nm by applying the Scherrer equation.
The TEM images in Figures 4a and 4b show the 5/95 FeWO4/
TiO2. A few FeWO4 NCs were embedded in the sol−gel-
derived TiO2. Figure 4c is a high-magnification image
describing the interface between TiO2 and FeWO4, showing
that the sol−gel derived TiO2 is tightly bound to the FeWO4
NC. The dashed square in Figure 4c is magnified in Figure 4d
to analyze the fringe patterns. The spacing of 0.352 nm was
identified as the (101) plane of the anatase TiO2 phase,
indicating that the sol−gel-derived TiO2 covering the FeWO4
NC had a polycrystalline structure.
The photocatalytic activities of several composites were

evaluated by monitoring the decomposition of gaseous 2-
propanol (IP) under visible-light irradiation (λ ≥ 420 nm). By
photocatalytic reaction, the gaseous IP is initially oxidized to
acetone, and ultimately mineralized to CO2. The decom-
position reaction of IP was approximated to the first-order
kinetics. Hence, the photocatalytic reaction can be described by
−d[c]/dt =k[c], where [c] is the IP concentration, and k
denotes the degradation rate constant. Figure 5a shows the
removal of IP as a function of visible-light irradiation time in
the presence of several photocatalytic samples. Table 1 lists the
determined degradation rate constants (kIP) and those per unit
area (kIP/A, where A is the surface area of the catalyst) in

Figure 2. TEM image of (a) as-prepared FeWO4 NC, (b) magnified
image for a single particle, and (c) high-resolution image for dashed
square in panel b. (d) SAED patterns obtained from single FeWO4
NC shown in panel b, and (e) photographic image of the as-prepared
FeWO4 NC.

Figure 3. (a) UV-vis absorbance spectra of several powder samples
acquired in reflection mode. Kubelka−Munk (KM) plot of the FeWO4
NC is included in the inset. (b) Mott−Schottky plot of FeWO4. Active
area of semiconductor films deposited on Pt/Pyrex was 1 cm2, and 0.2
M LiClO4 in acetonitrile was used as an electrolyte. Pt wire was used
as the counter electrode, and the saturated Ag/AgCl was used as the
reference electrode.
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decomposing IP with several photocatalytic samples. The
FeWO4/TiO2 composites exhibited remarkably higher kIP
values than bare FeWO4 or blank TiO2, and the 5/95
FeWO4/TiO2 exhibited the highest efficiency among the
composites in various compositions: the kIP value of the 5/95
FeWO4/TiO2 was 39 and 63 times greater than that of the bare
FeWO4 and TiO2, respectively. Furthermore, the kIP of 5/95
FeWO4/TiO2 was 6.2 times that of N-TiO2. In 2 h, ∼90% IP
was removed by 5/95 FeWO4/TiO2, whereas only 34% was
removed by N-TiO2.
The photocatalytic activity was also evaluated by monitoring

the CO2 evolution under visible-light irradiation. As shown in
Figure 5b, the FeWO4/TiO2 composites also exhibit the greatly
enhanced efficiencies in CO2 evolution. The optimal efficiency
was obtained from the 5/95 FeWO4/TiO2 composite: 14.7
ppmv of CO2 was evolved in 2 h, whereas 8.7 ppm was evolved
using N-TiO2.
Figure 5c shows the photocatalytic activities for several

catalytic systems in decomposing SA in aqueous solution under
visible-light irradiation. As in the gaseous IP decomposition, the
5/95 FeWO4/TiO2 exhibited the highest photocatalytic activity
of all the systems. The rate constant for SA decomposition was
∼15 times higher than that of bare FeWO4 or TiO2. The
detailed results are given in Table 1. The surface areas of the
FeWO4/TiO2 composites decreased somewhat as the compo-
sition of FeWO4 in the composite increased, indicating that the
surface area was not a crucial factor in determining the catalytic
activity of the FeWO4/TiO2 composites.
It is deduced that the remarkably high photocatalytic activity

of FeWO4/TiO2 was primarily caused by the unique energy
band location of FeWO4. The VB level of FeWO4 (+2.80 V vs
NHE) was found to be more positive than that of TiO2 (+2.70
V vs NHE). Under visible-light irradiation, the electrons in the
VB of FeWO4 are excited to its CB. Then, the holes in the
FeWO4 VB could be transferred to the TiO2 VB, as shown in
Scheme 1a. This intersemiconductor hole-transport process

generated holes in the TiO2 VB, producing •OH radicals that
decomposed the organic compounds.
Several pieces of experimental evidence were used to confirm

the hole-transfer mechanism for the FeWO4/TiO2 composite
in this study. First, the generation of holes in TiO2 VB was
analyzed by monitoring the chemical reaction of the iodide ion
(I−), which is known as a hole scavenger. Generally, the I−/I3

−

Figure 4. (a, b) TEM images of 5/95 FeWO4/TiO2 composite, (c)
corresponding high-resolution image, and (d) magnified image of
dashed square in panel c.

Figure 5. (a) Remnant IP concentration, and (b) amounts of CO2
evolved as a function of irradiation time in the photocatalytic
decomposition of gaseous IP under visible-light irradiation (λ ≥ 420
nm). (c) Remnant SA concentration as a function of irradiation time
in photocatalytic decomposition of aqueous SA.
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redox couple has been used as an electrolyte to mediate the
charges in dye-sensitized solar cells, where the I− ions accept
holes from the HOMO of the dyes.51,52 Hence, the I− ions are
expected to be oxidized to triiodide (I3

−) by reacting with the
holes generated in FeWO4 or TiO2 (see eq 9), because the
redox potential of I−/I3

− is +0.536 V, which is much higher
than the VB levels of FeWO4 (+2.80 V) or TiO2 (+2.70 V).53

+ →− + −aq aq3I ( ) 2h I ( )3 (9)

Fifty-milliliter (50-mL) samples of 0.01 M KI solution
containing a suspension of FeWO4, 5/95 FeWO4/TiO2, or
TiO2 (20 mg each) were irradiated for 2 h under visible light (λ
≥ 420 nm). Then, the I3

− formed in the solution was identified
from its characteristic absorption peaks at 286 and 345 nm.
Figure 6 shows the UV-vis absorption spectra of the KI
solution, after the reaction with FeWO4, FeWO4/TiO2, and
TiO2. The pure 0.01 M KI solution did not show any
characteristic absorption peak after visible-light irradiation for 2
h. No characteristic I3

− absorption peak was observed when the
KI solution was irradiated in the presence of bare FeWO4,
indicating that bare FeWO4 could not oxidize I− under visible-

light irradiation. For bare FeWO4, electron and hole pairs were
generated in its CB and VB, respectively, but the holes
generated in FeWO4 were not consumed in the formation of
I3
−, presumably because the electron−hole recombination was

faster than the reaction between a hole and I−. There was no
characteristic I3

− absorption peak when the KI solution was
irradiated in the presence of bare TiO2 under visible-light.
However, under UV light irradiation, strong absorption peaks
appeared at 286 and 345 nm, indicating the formation of a large
quantity of I3

‑. Thus, the TiO2 could not be excited by visible
light, because of its wide Eg, but the holes that were generated
in the VB by UV light could induce I3

− formation. Notably, the
characteristic I3

− absorption peak was observed when the KI
solution was irradiated in the presence of the 5/95 FeWO4/
TiO2 (see Figure 6), clearly indicating that holes were
generated in the TiO2 VB. This result provides strong evidence
that the visible-light photocatalytic activity of Type-B
heterojunction systems originates from intersemiconductor
hole transport.
Second, the presence of •OH radicals on the FeWO4/TiO2

surface during visible-light irradiation was also examined to
provide further evidence of the hole-transfer mechanism,
because holes in the TiO2 VB spontaneously react with water
or hydroxide to form •OH radicals, as shown in eqs 4 and 5.54

Equation 10 shows that •OH readily reacts with 1,4-
terephthalic acid (TA) to form 2-hydroxy terephthalic acid

(TAOH), which emits a unique fluorescence peak at 426 nm by
UV light excitation. This method has frequently been used to
detect •OH in aqueous solution.55 Herein, 20 mg of FeWO4,
TiO2 or 5/95 FeWO4/TiO2 were suspended in 60 mL of an
aqueous solution containing 0.01 M NaOH and 3 mM TA. The
suspension was stirred in darkness for 30 min, and then
irradiated for 1 h by visible light (λ ≥ 420 nm). As shown in
Figure 7, bare TiO2, suspended in TA solution, did not show an

Table 1. BET Surface Area, Degradation Rate Constants for
IP (KIP) and SA (KSA), and Constants Per Unit Catalytic
Surface Area (A) for Various Catalytic Systems

2-Propanol, IP Salicylic Acid, SA

photocatalytic
sample

BET surface
area (m2 g−1)

KIP
(h−1)

KIP/A
(h−1

m−2)
KSA
(h−1)

KSA/A
(h−1

m−2)

FeWO4 15.0 0.034 0.283 0.003 0.025
TiO2 191.3 0.021 0.014 0.003 0.002
N-TiO2 62.1 0.211 0.425 0.021 0.042
3/97 FeWO4/
TiO2

145.5 0.879 0.755 0.043 0.037

5/95 FeWO4/
TiO2

140.3 1.314 1.171 0.053 0.047

7/93 FeWO4/
TiO2

137.5 0.821 0.746 0.034 0.031

FeWO4/TiO2/
CdS-0.5%

135.4 1.677 1.548 0.086 0.079

FeWO4/TiO2/
CdS-1.0%

128.9 1.917 1.859 0.099 0.096

FeWO4/TiO2/
CdS-1.5%

121.5 1.586 1.632 0.076 0.078

Figure 6. Ultraviolet−visible light (UV-vis) spectra of 0.01 M aqueous
KI solution in the presence of different catalytic systems after visible-
light (λ ≥420 nm) or UV-light irradiation for 2 h.

Figure 7. Fluorescence spectra of 3 mM TA solutions containing
several catalytic systems after 1 h of irradiation with visible light; the
wavelength of the excitation light used to obtain the fluorescence
spectra was 312 nm.
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appreciable fluorescence peak upon visible-light irradiation.
Bare FeWO4 exhibited a very low intensity peak, indicating that
the photogenerated electron−hole pairs mostly recombined
before the holes were utilized to form •OH. In contrast, the 5/
95 FeWO4/TiO2 induced an intense fluorescence peak, whose
intensity increased with the irradiation time. This result clearly
indicates that holes formed at the TiO2 side were transported
from FeWO4 by the intersemiconductor hole-transport
mechanism.
A third experiment was performed, in which 0.10 g of bare

FeWO4 or 5/95 FeWO4/TiO2 were separately suspended in 20
mL of a 1.0 mM HAuCl4 aqueous solution: each suspension
was then irradiated by visible light (λ ≥ 420 nm) for 1 h.
FeWO4 was excited by the irradiated visible-light in both
samples. Considering that the standard reduction potential of
Au3+/Au is +1.498 V (vs NHE) and the CB level of FeWO4 is
+0.80 V (vs NHE), the generated electrons in FeWO4 CB have
sufficient chemical potential to reduce Au3+ to metallic Au, as
shown in eq 11.

+ → = ++ −aq s EAu ( ) 3e Au( ) 1.498 V(vs NHE)3
0

(11)

However, no metallic Au was deposited on the FeWO4
surface, when bare FeWO4 was used. This result indicates that
the excited electrons on the FeWO4 CB were not consumed in
the Au3+ reduction reaction, because of the fast recombination
of the electron−hole pairs. In contrast, a significant amount of
metallic Au was deposited on the 5/95 FeWO4/TiO2. Figure 8

shows a TEM image of the Au-deposited FeWO4/TiO2 and the
corresponding elemental mapping images for Au, Ti, and W.
The mapping image of Au in Figure 8b coincides with that of
W in Figure 8d, clearly indicating that metallic Au was
deposited only on the FeWO4 side. The lifetime of the
photoexcited electrons in FeWO4 CB appears to have been
significantly elongated by coupling with TiO2, thereby inducing

these electrons to participate in the Au3+ reduction reaction.
Thus, the significantly longer lifetime resulted from the transfer
of holes from the FeWO4 VB to the TiO2 VB. This result also
supports the hole-transfer mechanism in this coupled system.
According to visible-light irradiation to the FeWO4/TiO2, the

electron−hole pairs are formed in FeWO4. These holes were
found to be transferred to the TiO2 VB and consumed in the
oxidation reaction. For the catalytic reaction to continue,
electrons in the FeWO4 CB must be scavenged. Considering
that the CB level of FeWO4 (+0.80 V vs NHE) is significantly
lower than the standard hydrogen potential, electrons cannot
be directly transferred to oxygen molecules, as shown in eqs 1
and 2. Hence, we surmise that the electrons in the FeWO4 CB
are transported to the oxygen species through the multielectron
process described in eqs 6 and 7.
Thus, far, several Type-B heterojunction structures have been

developed, some of which, such as Ag3PO4/TiO2 and Sb-doped
SnO2/TiO2, have demonstrated visible-light photocatalytic
activity that is comparable to that of N-TiO2.

36,37 Herein, we
found that the FeWO4/TiO2 system exhibited considerably
higher catalytic activity than the previously reported systems. In
designing efficient catalytic system, FeWO4 offers the advantage
of a narrow Eg that facilitates sufficient utilization of visible light
and a suitable band location for efficient hole-transport.
Moreover, because of its extended thermal stability, the
annealing temperature can be elevated, thereby forming more
crystallized TiO2 and achieving tight binding between FeWO4
and TiO2. Fast hole diffusion and a low charge recombination
rate are also required for the sensitizer, but these properties
have not yet been reported for FeWO4. Therefore, further
investigation is necessary to understand the unique photo-
catalytic property of this system.
Herein to further increase the photocatalytic activity, a

double heterojunction structure of FeWO4/TiO2/CdS was
formed by loading the CdS QD onto the surface of the 5/95
FeWO4/TiO2 composite. Scheme 1c describes the preparation
strategy for the double heterojunction structure. Figure 9a

shows TEM image of the CdS QD after surface modification by
3-mercaptopropionic acid (MPA). The as-prepared CdS QD
was monodispersed with an average size of 6 nm. The high-
resolution transmission electron microscopy (HRTEM) image
in Figure 9b shows a CdS QD with uniform fringe patterns over
its entire area. The fringe spacing of 0.351 nm was determined
to be (111) plane of the CdS in the cubic F43m space group.
Figure 10a shows a TEM image of the 1 wt % CdS-deposited

FeWO4/TiO2, showing that the FeWO4 NCs are located in the
core and covered by TiO2. Thus, the CdS QDs and FeWO4

Figure 8. (a) TEM image of FeWO4/TiO2 after photodeposition of
Au using visible-light and (b−d) EDX elemental mapping images to
the corresponding area ((b) Au, (c) Ti, and (d) W).

Figure 9. (a) TEM image of as-prepared MPA-capped CdS QD and
(b) the corresponding high-resolution image.
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NCs were spatially separated by the TiO2 layer and did not
contact each other. The EDX elemental mapping images were
obtained for the 1-wt %-CdS-loaded FeWO4/TiO2 composite
in the TEM image of Figure 10a. The Ti-mapping image shown
in Figure 10b was very similar to the original image. Figure 10c
shows the W-mapping image, indicating that FeWO4 particles
were embedded in the TiO2 structure. Figure 10d shows the Cd
elemental mapping image. The Cd signal was weak, but its
overall image was similar to the original TEM image, indicating
that the CdS QDs were uniformly distributed over the surface
of the FeWO4/TiO2 composite. Thus, the CdS QDs were
located on the TiO2 surface, considering that the FeWO4
surface was fully covered by TiO2.
The photocatalytic activities of the FeWO4/TiO2/CdS

composites with different CdS compositions were evaluated
by monitoring the decomposition of gaseous IP. The 1 wt %
CdS-deposited FeWO4/TiO2 (FeWO4/TiO2/CdS-1%) ex-
hibited the highest catalytic activity of all of the composites.
The IP was completely removed in 100 min, whereas ∼10% of
the IP still remained for bare FeWO4/TiO2 after 2 h of visible-
light irradiation (see Figure 11a). The amount of CO2 evolved
under visible-light irradiation was also monitored, as shown in
Figure 11b. In 2 h, 37.9 ppm of CO2 was evolved, which was
2.6 and 4.4 times greater than that evolved for bare
FeWO4/TiO2 and N-TiO2, respectively. In decomposing
aqueous SA, FeWO4/TiO2/CdS-1% also exhibited greatly
enhanced catalytic activity: the rate constant was 4.7 times
greater than that of N-TiO2, as listed in Table 1.
Scheme 1b outlines the photocatalytic mechanism of the

FeWO4/TiO2/CdS composite system. Under visible-light
irradiation, both the FeWO4 and CdS are excited. Then, the
holes in FeWO4 VB can move to TiO2 VB,32 while the
photoexcited electrons in the CdS CB move to TiO2 CB.

56−58

Thus, both electrons and holes can be generated in the CB and
VB, respectively, of TiO2. In general, the photoexcited
electron/hole pairs in bare TiO2 can quickly recombine.59 In

this double heterojunction structure, however, the e−−h+ pairs
generated in the TiO2 have a relatively longer lifetime, because
the electrons and holes are space-charge-separated.36 That is, in
the FeWO4/TiO2/CdS, FeWO4 NCs are embedded in the
core, and CdS QDs are loaded onto the surface of the TiO2

structure. Thus, the electrons are generated in the region
neighboring the CdS, whereas the holes are formed near the
FeWO4. Therefore, the space-charge-separated holes and
electrons in the TiO2 have more opportunities to participate
in photocatalytic reactions.
In the present study, we demonstrated that a double-

heterojunctioned FeWO4/TiO2/CdS composite, generating
both electrons and holes on the surface of TiO2, exhibited
considerably higher efficiencies in decomposing IP and evolving
CO2 than the FeWO4/TiO2 system, generating the holes only.
This strongly suggests that both the holes in the TiO2 VB and
the electrons in the TiO2 CB play important roles in the
complete decomposition of organic compounds. As indicated in
eqs 1 and 2, HO2• can be formed from the electrons in the
TiO2 CB. Therefore, both •OH and HO2• are key components
in expediting the decomposition reactions.

Figure 10. (a) TEM image of FeWO4/TiO2/CdS (CdS:1 wt %) and
(b−d) EDX elemental mapping images to the corresponding area: (b)
Ti, (c) W, and (d) Cd.

Figure 11. (a) Remnant IP concentration as a function of irradiation
time and (b) amount of CO2 evolved in 2 h during photocatalytic
decomposition of gaseous IP under visible-light irradiation (λ ≥ 420
nm). A FeWO4/TiO2 with a composition of 5/95 was used in all of
the experiments.
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■ CONCLUSIONS
5/95 FeWO4/TiO2 demonstrated remarkable photocatalytic
activity under visible-light irradiation in removal of gaseous IP
and in evolution of CO2, whereas negligible activities were
observed from bare FeWO4 or TiO2. The CO2 evolved in 2 h
was 14.7 ppmv, which was 1.7 times greater than that evolved
using N-TiO2. Thus, this notable catalytic performance
originated from the intersemiconductor hole-transfer between
the valence bands (VBs) of FeWO4 and TiO2. That is, the
generated holes in the sensitizer VB are transported to that of
TiO2, thereby inducing the formation of •OH radicals.
Evidence for hole transport between the sensitizer and TiO2
were acquired from the following three experiments. First, it
was found that I− was converted to I3

− by irradiating visible
light in the presence of FeWO4/TiO2. Second, an aqueous
suspension of FeWO4/TiO2 was found to convert 1,4-
terephthalic acid (TA) to 2-hydroxy terephthalic acid
(TAOH) in the presence of visible light. Third, metallic Au
was only deposited on the FeWO4 side of the FeWO4/TiO2
composite during the photodeposition of Au3+. Notably,
double-heterojunctioned FeWO4/TiO2/CdS demonstrated a
remarkably enhanced activity in decomposing IP: the amount
of CO2 evolved was 37.9 ppmv after 2 h of irradiation, which
was 2.6 and 4.4 times greater than that of bare FeWO4/TiO2
and typical N-TiO2, respectively. The unusual catalytic property
of this novel double-heterojunction structure resulted from the
generation of both electrons and holes in the conduction band
(CB) and VB, respectively, of TiO2. Therefore, both the holes
in the VB and the electrons in the CB play important roles in
the complete decomposition of organic compounds.
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