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a b s t r a c t

Monodisperse FeWO4 nanoparticles with specific spindle-like morphology have been synthesized in the

presence of citric acid through hydrothermal process. In the synthesis route, citric acid played four roles

such as the reducing agent, chelating regents, structure-directing agent and stabilizing agents. In

addition, the morphology of FeWO4 was dramatically tuned by the pH value of the precursor medium.

The optical properties of FeWO4 were investigated with UV–Vis spectra and photoluminescence

spectroscopy. The photocatalytic experiments demonstrated that the decomposition efficiency of the

monodisperse spindle-like FeWO4 nanoparticles is 74% after 30 min of UV irradiation, which displayed

remarkable enhanced photodegradation activity compared with ordinary FeWO4 sample (57%) and

normal TiO2 photocatalysts P-25 (56%).

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

Monodisperse particles, especially uniform monodisperse nano-
particles with specific shape and size have attracted increasing
interest because of their significant catalytic, biological, ceramic,
mechanical, optical and magnetic properties [1–6]. Thus, a number
of methods such as Sol–Gel, precipitation, microwave-assisted,
hydrothermal, solvothermal, templating, top-down and microflui-
dic synthesis have been employed for the synthesis of monodis-
perse particles [7–14]. Among them, hydrothermal method is one of
the suitable methods for synthesis of nanoparticles since the
preparation conditions, such as pH value, temperature, composition
of precursor and application of template, are easily tunable [15–17].

In recent years, metal tungstates have been on the focus of
intensive research due to their high application potential in various
fields such as photoluminescence, optical fibers, scintillator mate-
rials, humidity sensors, magnetic properties and catalysis [18–21].
As one of the important families of inorganic materials, FeWO4 has
been proven to display significant magnetic and optical properties
[22,23]. Many efforts have been made for the synthesis of FeWO4

with various morphologies such as hierarchical plate, nanorods and
hierarchical microstructures [15,23–25]. It is well known that the
electrical, magnetic, optical and some other properties of inorganic
nanoparticles greatly depend on their particle size and shape, but
pursuing a rational solution pathway for assembling individual
atoms into special microstructures is still a challenge. Penn et al.
ll rights reserved.
have proposed a new growth mechanism termed as ‘‘oriented
attachment’’ [26]. In this crystal growth progress, the adjacent
small primary nanoparticles are self-assembled into bigger parti-
cles by sharing a common crystallographic orientation, in which
the surface free energy is lower than other crystallographic
orientations. As the absorption of ion or surfactant molecular on
the crystallographic surface could change its free energy, the
surfactant-assisted hydrothemal method has been selected for
the synthesis of novel FeWO4 microstructures through the oriented
attachment progress.

In this paper, we reported an effective surfactant-assisted hydro-
thermal method for the preparation of monodisperse FeWO4 nano-
particles with uniform spindle shape-specific for the first time. The
possible crystal growth mechanism has been proposed. The optical
properties were examined with photoluminescence spectra (PL).
UV–Vis spectra were employed to estimate the band gap energy of
monodisperse spindle-like FeWO4 nanoparticles. In addition, the
photodegradation of methyl orange (MO) was conducted to inves-
tigate the photocatalytic activities of monodisperse spindle-like
FeWO4 nanoparticles under UV irradiation. It is indicated that
monodisperse spindle-like FeWO4 nanoparticles exhibit an excellent
photocatalytic performance.
2. Experimental

All chemicals were of analytical grade and were used as purchased
without further purification. Na2WO4 �4H2O, FeSO4 �7H2O, citric acid
and NaOH were all obtained from Shanghai Chemical Reagent
Company. Deionized water was used throughout.

www.elsevier.com/locate/jssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2012.07.026
dx.doi.org/10.1016/j.jssc.2012.07.026
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Fig. 1. XRD patterns of monodisperse spindle-like FeWO4 nanoparticles.
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FeWO4 products were prepared via a hydrothermal synthesis
method. The typical hydrothermal progress of monodisperse
spindle-like FeWO4 nanoparticles was presented as follows: FeS-
O4 �7H2O (0.01 M) and citric acid (0.01 M) were mixed together in
50 mL of deionized water to get a jade-green solution. The
stoichiometric amount of Na2WO4 �4H2O was dissolved into
another 50 mL of deionized water. The Na2WO4 �4H2O solution
was added into the FeSO4 �7H2O and citric acid solution with
magnetic stirring. After the pH value of the mixed solution was
tuned to be 7 with NaOH (1 M) solution, the color of the solution
became bottle-green. Then the resulting homogeneous solution
was transferred into Teflon-lined stainless-steel autoclaves. The
autoclave was sealed and maintained at 1801 C for 24 h, and cooled
to room temperature naturally. The obtained brown products were
collected and washed with absolute ethanol and deionized water
several times to remove impurities, and they were dried at 801 C
for 4 h.

In order to estimate the effect of pH values, the FeWO4 products
obtained from different precursor with pH values such as 6.5,
7.5 and 8 were synthesized for comparison. And the experiment
following the same synthesis route of spindle-like samples but
without citric acid was designed to investigate the influence of
citric acid on the morphology of final FeWO4 products.

The samples obtained under different experimental conditions
were characterized with X-ray powder diffraction (XRD), scanning
electron micrographs (SEM), transmission electron micrographs
(TEM) and other techniques. XRD was recorded by a Philips X0-
pert X-ray diffractometer in the 2y range from 101 to 601 with Cu
Ka radiation (l¼1.5418 Å). SEM images were obtained with a
JEOL JSM-6700F scanning electron microscope. TEM and selected
area electron diffraction (SAED) patterns were taken on a JEOL
JEM-1200EX transmission electron microscope. High-resolution
TEM (HRTEM) analysis was performed with a FEI TECNAI F30.
PL spectra were measured with a Hitachi F-2700 Fluorescence
Spectrophotometer at room temperature.

The photocatalytic activities of FeWO4 samples were evaluated
in the process of the degradation of MO in an aqueous solution
under UV irradiation of a 10 W UV lamp. Before the photocatalytic
test, the obtained FeWO4 samples were irradiated under UV light
for 24 h to remove the remains of surfactant. The reaction cell was
placed in a sealed black box. In each experiment, the aqueous
suspension of MO (100 mL, 10 mg/L) containing 100 mg photo-
catalyst was dispersed in a vessel. Before exposure to UV light
irradiation, the suspension was continuously stirred for 3 h in
the dark to ensure that adsorption/desorption equilibrium had
been reached. The concentration of MO during the degradation
was analyzed with Hitachi U-3010 UV–Vis spectrophotometer at
464 nm every 10 min.
3. Results and discussion

3.1. Characterization of monodisperse spindle-like FeWO4

nanoparticles

The typical powder XRD pattern of as-prepared monodisperse
spindle-like FeWO4 nanoparticles was shown in Fig. 1. It is shown
that all diffraction peaks of the spindle-like FeWO4 nanoparticles
can be indexed to a pure, well-crystalline, monoclinic wolframite
tungstate structure with lattice parameters of a¼4.739 Å,
b¼5.718 Å, c¼4.965 Å, which are in good agreement with the
reported values (PDF 46-1446). There is no other impurity
peaks appeared in Fig. 1, indicating the high purity of the
products prepared through this progress. Moreover, the good
crystallization of the obtained FeWO4 nanoparticles is proven by
the strong and sharp reflection peaks of the XRD pattern.
The low-magnification SEM images of the as-obtained pro-
ducts were shown as the images a and b in Fig. 2, which clearly
indicates that the products are composed of uniform spindle-like
nanoparticles. As is displayed in these images, all these spindle-
like nanoparticles are monodisperse particles with equatorial
diameters of ca. 150–200 nm and lengths ranging from ca.
250 nm to 400 nm. As is shown in the TEM image of Fig. 2c, the
surfaces of these monodisperse spindle-like nanoparticles are not
smooth but rough. The single spindle-like FeWO4 nanoparticles
are composed of smaller aggregated nanoparticles, which can be
further testified by higher magnification SEM image in Fig. 2e.
This result indicates that these spindle-like nanoparticles possess
high surface area and potentially have many defects. The selected
area electron diffraction (SAED) pattern on the spindle-like
nanoparticles was recorded and shown in Fig. 2d. It is revealed
that the prepared precipitate is well-crystalline, which agrees
well with the results of XRD. Interestingly, the SAED pattern
suggests that the spindle-like nanoparticles, which are made of
smaller particles, also exhibit a single crystalline property.

The pH value of the precursor medium is a crucial factor on the
morphology of the products. Thus, controlled experiments have
been carried out to investigate the influence of pH value on the
morphology of final FeWO4 crystals. SEM images a–d in Fig. 3
revealed the morphology evolution of resultant FeWO4 nano-
structures obtained from different precursor pH values after
hydrothermal treatment at 1801 C for 24 h. Obviously, the mor-
phology of FeWO4 nanostructures can be tailored by adjusting the
pH values of the precursor medium, which was filled into the
autoclave. When pH value was 6.5, the as-prepared FeWO4

crystals are nanoparticles with diameters of several tens nan-
ometers (Fig. 3a). When the pH value was increased to 7.0,
monodisperse spindle-like morphology of FeWO4 could be
obtained as shown in Fig. 3b. As is shown in Fig. 3c, the products
retain their spindle-like morphology when the pH value was 7.5.
But the boundaries of these spindle-like FeWO4 nanoparticles are
unclear, and the particles combine with each other, which are
marked with white arrows in Fig. 3c. When the pH value was
adjusted to 8.0, the products are large quantities of irregular
aggregates and no spindle-like particles are visible (Fig. 3d).

Besides pH values, other influencing factors such as the
introduction of surfactant can also tune the samples’ morphology.
To declare the effect of surfactant citric acid on the morphology of
the final FeWO4 particles, different samples have been prepared
by adjusting the hydrothermal synthesis process with and with-
out surfactant. As is shown in Fig. 3e, there are no monodisperse
spindle-like FeWO4 nanoparticles detected without the addition



Fig. 2. SEM images and TEM images of monodisperse spindle-like FeWO4 nanopar-

ticles prepared hydrothermally at 1801 C for 24 h in the presence of citric acid. (a, b)

low-magnification SEM images; (c) TEM images, (d) the SAED pattern recorded from

the fringe indicated by the white arrow and (e) high-magnification SEM image.
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of citric acid. The FeWO4 nanoparticles agglomerate severely,
which indicated that citric acid acted as stabilizing agent for the
synthesis of monodisperse spindle-like nanoparticles by absor-
bance on their surface.
TEM and HRTEM observations have been carried out to determine
the crystal orientation and declare the microstructure of the spindle-
like nanoparticles. As is shown in the HRTEM image of Fig. 4a,
the spindle-like nanoparticles with rough surface are composed of
primary nanoparticles, which is consistent with the conclusion drawn
from the SEM images. Fig. 4b depicts the enlarged lattice-resolved
HRTEM images of the area marked with white ellipse in Fig. 4a, which
indicates that the product is well crystallized and exhibits a clear
crystal lattice. The interplanar spacing of the observed lattice planes
could be finely detected as about 0.565 nm, 0.505 nm and 0.385 nm,
which are consistent with the spacings for the (0 1 0), (0 0 1) and
(0 1 1) planes of the monoclinic phase FeWO4, respectively. The
parallelism and overlap of the lattice fringes observed along the same
crystallographic directions suggests the oriented attachment growth
mechanism of the products. As is proposed by Penn and Banfield [26],
when the attachment occurred between two or more nanoparticles,
they would share a common crystallographic orientation and join at
the planar interface. The area marked with white rectangle in Fig. 4a
is the attachment area of two nanoparticles. An enlarged lattice-
resolved HRTEM image was recorded for this area and shown in
Fig. 4c. The broken line denotes the boundary of the adjacent two
nanocrystals. The lattice planes at the planar interface between two
nanocrystals could be determined to be 0.385 nm, which depicts that
this region is structurally uniform with an oriented crystallographic
direction. The same crystal lattice value observed at the planar
interface of two nanocrystals suggests that the attached building
nanoparticles share the same crystal direction. So the single crystal-
line property of spindle-like nanoparticles which is approved by the
SAED pattern is understandable.

3.2. Possible growth mechanism

The actual formation mechanism of monodisperse spindle-like
FeWO4 nanoparticles is not distinct. But on the basis of the above-
mentioned experimental observations, we present a oriented
self-assembly progress accompanying Ostwald ripening for the
possible growth process, which is shown in Scheme 1.

Initially, Fe2þ was stabilized by the adherent of citric acid to make
a homogeneous solution. When the WO4

2� was added into the
solution, the citric acid could prevent the formation of FeWO4 nuclei.
In the hydrothermal progress, citric acid acted as reducing agent to
prevent the oxidation of Fe2þ by the oxygen left in the autoclave.
When the hydrothermal treatment time went on, the temperature of
the solution increased. Chelation between the Fe2þ and citric acid
would become weak and the WO4

2� would replace citric acid to form
FeWO4 nuclei. In order to lower the surface energy, the FeWO4 nuclei
grew up into nanocrystals through self-assembly growth mechanism.
In the HRTEM image, the parallelism and overlap of the lattice fringes
are observed along the same crystallographic directions. According to
this result, the FeWO4 nanocrystals in the solution preferred to
aggregate with each other in (0 1 1) planes based on the oriented
attachment growth mechanism. We believed that citric acid played
the key role in the oriented attachment crystal growth progress.
Murphy has claimed that the preferential adsorption of molecules
and ions onto different crystal facets directed the growth of particles
into various shapes by controlling the growth rates along different
crystal axes [27]. In the present sample, the nanocrystals attached to
each other along the (0 1 1) plane at the planar interface sharing the
same crystal direction. It is indicated that the surface energy of the
(0 1 1) plane is different from the surface energies of (0 1 0) and
(0 0 1) planes. The citric acid preferred to absorb onto the (0 1 0) and
(0 0 1) planes, preventing facet-to-facet crystal aggregation along
these planes with an electrostatic inhibition, which would lead to
preferential attachment of the nanocrystals along the (0 1 1) plane.
However, the spindle-like morphology would not form when the pH
values changed slightly. It is indicated that there is a strong



Fig. 3. SEM images of FeWO4 crystallites prepared hydrothermally at 1801 C for 24 h in the presence of citric acid: (a) pH¼6.5, (b) pH¼7, (c) pH¼7.5, (d) pH¼8; and the

absence of citric acid: (e) pH¼7.

J. Guo et al. / Journal of Solid State Chemistry 196 (2012) 550–556 553
competitive effect between citric acid and OH�/Hþ , which would
result in anisotropic crystal growth and be disadvantageous to
morphologically controlled growth of FeWO4. Once the spindle
particles formed, the citric acid absorbed on their surface acted as
stabilizing agents to prevent the aggregation of monodisperse parti-
cles. Finally, the continuous growth of FeWO4 evolved into single
crystalline spindle-like nanoparticles through the Ostwald ripening
progress with prolonged reaction time.

Based on the above analyses, the directing growth of FeWO4

nuclei chelated with citric acid is proposed in the starting period.
Subsequently, the oriented self-assembly attachment along the
particular direction might lead to the formation of spindle-like
architectures. In this period, the change of pH values could tune
the growth direction of the nanocrystals. With the hydrothermal
time prolonging, the Ostwald ripening process will result in fully
developed crystals.
3.3. Optical properties and photocatalytic activity

The optical properties of these spindle-like FeWO4 nanoparti-
cles were examined with UV–Vis spectra. The results are shown in
Fig. 5. As is demonstrated in Fig. 5, FeWO4 showed a shoulder
absorption at 340 nm, which can be identified as tungstate group.
For an indirect gap semiconductor, the optical band gap energy of
FeWO4 can be calculated with the following formula:

ðahnÞ2 ¼ Kðhn�EgÞ

In this formula, a is the absorption coefficient, K is the
characteristic constant of semiconductors, hn and Eg are photo
energy and optical band gap energy, respectively. According to
the equation, (ahn)2 has a linear relation with the hn. The Eg

values of FeWO4 were thus determined by extrapolation of the
linear relation to (ahn)2

¼0. As is illustrated in the inset of Fig. 5,
the band gap of monodisperse spindle-like FeWO4 nanoparticles
is estimated to be about 2.17 eV. This value is narrower than the
indirect band gap of 2.59 eV for hexangular FeWO4 architectures
and slightly wider than 2.0 eV for bulk FeWO4 [25–28], that might
be due to the effect of the morphology and particle size of the
monodisperse spindle-like particles.

Room-temperature photoluminescence spectra of the FeWO4

samples have also been examined with the excitation line at
300 nm. Fig. 6 contains the PL spectra of FeWO4 products
obtained at pH 7 and pH 8, respectively. As is shown in Fig. 6,
pure spindle-like FeWO4 nanoparticles obtained at pH 7 display a
blue emission band in the range of 420–520 nm with two strong
peaks centered at about 452 nm and 469 nm (curve a). Compared



Fig. 4. (a) TEM image of a typical spindle-like FeWO4 nanoparticles, (b, c) HRTEM

images of the two areas marked with the ellipse and rectangle, respectively.
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with the PL spectra of spindle-like FeWO4 nanoparticles, the
position of the emission peaks of the irregular nanoparticles,
which were obtained at pH 8, remained almost unchanged (curve
b). The spectral characteristics of FeWO4 are very similar to those
of other scheelite tungstate crystals MWO4 (M¼Pb, Ca, Ba, Sr),
which consist of two emission components [29]. It is revealed that
the emission intensity of emission peaks at 452 nm shows no
obvious difference between these two kinds of samples. The blue
emission peaks around 450 nm (2.75 eV) is ascribed to the regular
lattice center, which is affected with the crystallization. The same
luminescence intensity indicates that crystallization of these two
samples are good, which is in good agreement with the conclu-
sion approved by the XRD pattern and SAED. However, at the
position of 469 nm, the absolute luminescence intensity of
spindle-like FeWO4 nanoparticles is higher than that of products
obtained at pH 8. The emission intensity at the position of 470 nm
(2.64 eV) has been understood as a defect-related emission. The
higher intensity of the peak at 470 nm indicated that spindle-like
FeWO4 nanoparticles possess higher surface area and more
defects than the products obtained at pH 8, which is a positive
factor for the photocatalytic properties.

MO molecules, a widely used dye, were selected as the
representative pollutant for the photocatalytic efficiency test
of the as-prepared pindle-like FeWO4 nanoparticles. Temporal
changes in the concentration of MO have been monitored by
examining the variation of the maximal absorption band at about
464 nm. Under UV irradiation of a 10 W UV lamp, its temporal
evolution of spectral changes in the process of the photodegrada-
tion of MO was displayed with white hollow circles in Fig. 7a.
There is a gradual decrease of MO absorption at the wavelength of
464 nm under the irradiation of UV light. The absorption peaks
corresponding to MO completely disappeared after about 50 min.
In addition, the color of the dyes solution changed from initial red
ly
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to a light yellow, and then to transparent, which can be observed
by the naked eye, suggesting the complete photocatalytic deco-
lorization of MO aqueous solution during the reaction.

To reveal the photocatalytic activity of the pindle-like FeWO4

nanoparticles, the MO photodegradation test with normal photo-
catalysts TiO2 (P-25) has also been performed for comparison. The
temporal evolution of the absorption spectra with the presence
of P-25 was shown with white hollow triangles in Fig. 7a. In this
figure, the absorption spectra of these two solutions are overlap
when the experiments just begin. With the irradiation time
increasing, the absorption peak intensity of these two solutions
decreased. But every line of absorption spectra with FeWO4

decreases faster than its corresponding line of P-25, which means
that spindle-like FeWO4 nanoparticles show better photocatalytic
activities than P-25. For example, the intensity of absorption
spectra of FeWO4 at 20 min is even lower than that of P-25 at
30 min.

Another FeWO4 sample obtained at pH 8 was also employed as
photocatalysts for photodegradation of MO to investigate the
relationship of the sample’s morphology and its photocatalytic
efficiency. The results of the MO degradation with different
photocatalysts were concluded in Fig. 7b. The blank test (curve
D) displays that the degradation of MO can be ignored after
50 min of UV irradiation without photocatalyst, indicating that
FeWO4 photocatalyst is the key factor in the photodegradation of
MO. Curve A and B show that the photodegradation was appar-
ently enhanced, when the FeWO4 photocatalysts obtained under
different pH values were dispersed in MO solutions. After expo-
sure under UV light for 30 min, 74% of MO molecules were
degraded with monodisperse spindle-like FeWO4 photocatalysts,
and the decomposition efficiency increased to 91% after 50 min.
After 30 min and 50 min UV irradiation with FeWO4 particles
obtained under pH 8, the decomposition efficiency is 57% and
81%, respectively. As for P-25 photocatalysts, the decomposition
efficiency is 56% for 30 min and 85% for 50 min. The monodis-
perse spindle-like FeWO4 particles show higher photocatalytic
efficiency for the degradation of MO than irregular FeWO4

particles and normal TiO2. The enhanced photocatalytic activity
of monodisperse spindle-like FeWO4 particles should be attrib-
uted to more defects and higher surface area which is derived
from its monodisperse spindle-like structures. This result is
consistent with the conclusion drawn from the PL spectra. This
experimental result demonstrates that the photocatalytic activity
of FeWO4 photocatalysts is susceptible to their morphology.

Thermal stability is the key role for the recycled application of
the photocatalyst. The monodisperse spindle-like FeWO4 nano-
particles are very stable and cannot be broken into individual
particles even after ultrasonication for 1 h. The catalytic activities
of FeWO4 were measured by the photodegradation of MO for five
recycles. It is shown in Fig. 8 that the catalytic activity displays no
significant decrease after five recycles. It is indicated that the
stability of monodisperse spindle-like FeWO4 is excellent and it
can keep its high photocatalytic activity after the photocatalytic
reaction and recycling process. After reused for five cycles, this
kind of photocatalysts was subjected to be characterized with the
XRD, SEM and TEM techniques in order to detect the possible
changes in crystal structure and morphology. It was indicated
that the crystal structure and morphology of the reused spindle-
like FeWO4 nanoparticles remained.
4. Conclusions

In summary, a surfactant-assisted hydrothermal method was
developed to synthesize monodisperse spindle-like FeWO4
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nanoparticles. It is found that the presence of citric acid is
essential for the formation of such specific FeWO4 morphology.
The pH values appear to play a determining role in the morpho-
logical construction of monodisperse spindle-like FeWO4 nano-
particles. The growth mechanism for this monodisperse spindle
was proposed as a combination of the initial aggregation of nuclei
adhered with citric acid, an oriented self-assembly attachment of
nanobuilding particles and the Ostwald ripening progress. It is
interesting that the PL spectra of monodisperse spindle-like
FeWO4 nanoparticles shows higher emission intensity at the
position of 469 nm than that of ordinary FeWO4 sample obtained
at pH 8, which is related to higher surface area and more defects
of monodisperse spindle-like nanoparticles. And the band gap
energy of the monodisperse spindle-like FeWO4 nanoparticles
was estimated to be about 2.17 eV with UV–Vis spectra. The
monodisperse spindle-like FeWO4 nanoparticles exhibited excel-
lent photocatalytic activity and good stability for the photode-
gradation of MO. This unique form of FeWO4 microstructure may
find applications in decontamination field.
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