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Introduction

Generally, size, shape, and dimensionality are strongly relat-
ed to the property of a material.[1] For example, isotropic or
anisotropic behavior and region-dependent surface reactivi-
ty, which may be useful for the application in the field of
micro- and nanomaterials.[2] Therefore, synthesis of three-di-
mensional (3D) micro- and nanostructures with complex
shapes and architectures has been an exciting field because
of their great potential applications.[3] Branched nanocrys-
tals, nanowires, and nanoribbon structures have been report-
ed previously;[4,5] for example, bipod, tretrapod, multi-arm
CdS nanostructures,[5] tetrapod-shaped CdTe,[4a] tetrapod-
like and dumbbell-shaped ZnO,[6] tadpole-like ZnO branch
nanoarrays,[4b] and hierarchical ZnO branch nanostructur-
es.[4c] Other different 3D micro- and nanocrystals with com-
plex architectures include, for examples, multipod-like Pt,[7]

dendritic-like Cu(OH)2,
[8] complex concaved cuboctahe-

drons of CuS crystals,[9] and other minerals[10] have also been
prepared. Exploration of reasonable synthetic methods for

construction of complex 3D architectures of other functional
materials has been an intensive and hot research topic.[11]

Synthesis of metal tungstates and molybdates has received
much attention over the past two decades, because of their
important properties and applications. For example, these
materials can be used for industrial catalysts,[12,13] photolumi-
nescence,[14,15] optical fibers,[16] and humidity sensors;[17] their
magnetic properties are also of great interest.[18] Most of
previous tungstates and molybdates need high temperature
and rigorous reaction conditions, such as the solid-state
metathesis reaction at 1000 8C,[19] and sol–gel methods.[20]

Metal molybdates were traditionally synthesized by a harsh
reaction for the MoO3/metal oxide system.[21] A few papers
have reported catalytic property of metal molybdates;[13, 22]

for example, the outstanding catalytic performance of bis-
muth molybdate has been described.[23]

Recently, our group has developed a general synthesis of
tungstate and molybdate nanorods/nanowires by hydrother-
mal process.[24] Some 3D metal molybdates have been pre-
pared by different methods.[25] Iron molybdate is a kind of
catalyst in oxidation of methanol to formaldehyde[26] and a
good example for studying geometrical effects on the super-
superexchange couplings Fe-O-O-Fe.[27] For its catalytic ap-
plication, it is desirable to prepare pure iron molybdate be-
cause the products prepared by normal preparation methods
often contain MoO3 phase, which is much less active for the
selective oxidation of methanol than iron molybdate.[26]
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In this paper, we report an efficient template-free hydro-
thermal approach to selectively synthesize monoclinic and
orthorhombic Fe2ACHTUNGTRENNUNG(MoO4)3 with novel 3D architectures. The
influence of pH and reaction time on the phase formation
and shapes has been investigated. The magnetic properties
of the different phases of Fe2ACHTUNGTRENNUNG(MoO4)3 has also been investi-
gated.

Results and Discussion

Phase selective synthesis and morphosynthesis of iron mo-
lybdate with different microstructures : The pH value has a
significant influence on the formation of crystallized iron
molybdate and on the particular phase formation. Hydro-
thermal treatment of amorphous particulate dispersion
made of Fe ACHTUNGTRENNUNG(NO3)3 and (NH4)6Mo7O24 at 140 8C for 12 h at
pH 1–1.65 led to the formation of a pale green product,
which can be indexed as monoclinic Fe2ACHTUNGTRENNUNG(MoO4)3 with the
following cell parameters: a=15.73, b=9.231, c=18.22
(JCPDS Card number: 35–0183)[28] (Figure 1a,b). When the

pH value is increased up to 3, a brown product was ob-
tained, which can be also indexed as a pure orthorhombic b-
Fe2 ACHTUNGTRENNUNG(MoO4)3 with cell parameters: a=12.86, b=9.246, c=
9.333 (JCPDS Card number: 85–2287)[29] (Figure 1c). The
relative intensity ratio of the diffraction peaks (1̄ 14) at
pH 1–1.65, and (212) at pH 3 is much higher than the con-
ventional value, indicating that the samples tend to be pref-
erentially oriented. A further increase of the pH value up to
5 led to the formation of an amorphous phase (Figure 1d).

The pH value also has significant on morphology and mi-
crostructures of iron molybdate. The product obtained at
pH 1 (adjusted with dilute HNO3) was composed of mainly
spherical aggregates with rough surfaces and a size of
15 mm. Detailed surface observation implied that each mi-
crosphere was constructed by elongated prismatic blocks
aligned in a radial way. In addition, some still incomplete in-
termediate form, with dumbbell-like and quadrupole shapes,

existed in the sample. Hydrothermal treatment of an initial
solution with pH 1.65 obtained by simply mixing FeACHTUNGTRENNUNG(NO3)3
and (NH4)6Mo7O24 in aqueous solution resulted in the for-
mation of monoclinic Fe2 ACHTUNGTRENNUNG(MoO4)3 microspheres with a diam-
eter of about 70 mm, each of which is constructed by densely
packed a number of nanoflakes (Figure 2c,d).

When the pH value of initial solution was adjusted to 3
with aqueous ammonia solution, b-Fe2ACHTUNGTRENNUNG(MoO4)3 microspheres
with a diameter of 20 mm were obtained (Figure 2e). Each
microsphere is composed of a lot of loosely aligned nano-
flakes (Figure 2e). Some cracks appear on these spheres,
which could be caused during drying procedure. A magni-
fied SEM image (Figure 2f) indicated that the sawtooth-like
pattern usually has a diameter of about 20 mm with thin
nanoflakes radiating from the center. If the solution pH is
adjusted to 2, the hydrothermally obtained product is a mix-
ture of solid products with distinct pale green and light
yellow colour.

Generally, the growth process of crystals can be classified
into two steps: an initial nucleating stage and a crystal
growth stage. At the initial nucleation stage, the formation
of the seeds is crucial for further growth of the crystals. In
the subsequent step, the crystal growth stage is a kinetically
and thermodynamically controlled process that can form dif-
ferent shapes with some degree of shape tenability through
changes in the reaction parameters such as temperature, re-

Figure 1. XRD patterns of products prepared at different pH values after
reaction at 140 8C for 12 h. a), b) pH 1, pH 1.65, respectively, monoclinic
Fe2 ACHTUNGTRENNUNG(MoO4)3; c) pH 3, b-Fe2 ACHTUNGTRENNUNG(MoO4)3; d) pH 5.

Figure 2. SEM images of the products at 140 8C obtained at different pH
values. a), b) pH 1; c), d) pH 1.65; e), f) pH 3.
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action time, concentration, and pH value.[30] In the present
system, the pH of the solution is undoubtedly vital in the
formation of these 3D architectures as shown in Figure 2.

Typical FE-SEM images of the b-Fe2ACHTUNGTRENNUNG(MoO4)3 micro-
spheres obtained at pH 3, which were constructed by thin
nanoflakes radiating from the center, are shown in Fig-
ure 3a. Figure 3b shows a broken flake of the sphere ob-

tained by ultrasonic treatment for about five minutes. The
selected area electron diffraction (SAED) pattern and high-
resolution TEM were used to examine the crystal structure,
as shown in Figures 3c and 3d, respectively. The SAED pat-
tern of the nanoflake taken along h10 1̄i zone axis confirmed
that the nanoflake is a perfect single crystal. The calculated
angle between (121) and (202) is 62.38, which is consistent
with that observed in Figure 3c. The lattice resolved
HRTEM image in Figure 3d clearly shows the two-dimen-
sional crystal lattice patterns. The fringe spacings along the
different directions are determined as 3.94 and 3.77 M, re-
spectively, corresponding to the interplanar spacings of
(121) and (202) planes for b-Fe2 ACHTUNGTRENNUNG(MoO4)3. Energy-dispersive
X-ray (EDX) analysis on the b-Fe2ACHTUNGTRENNUNG(MoO4)3 microspheres
suggested that the molar ratio (Fe versus Mo) of the sample
is 1:1.53 (Figure 3e), which is near the standard stoichiomet-
ric composition.

Temperature has been found to play an important role in
the crystallization and shape control of iron molybdate. If
the reaction temperature was below 110 8C, no product can
be obtained. At pH 1, compact microspheres were obtained
at 180 8C that are similar to those obtained at 140 8C (Fig-
ure 4a–c and Figure 2c,d). At pH 3, ball-like spherical aggre-
gates composed of thin nanoflakes were obtained at 180 8C
(Figure 4d–f). Compared with that obtained at 140 8C, the
spherical aggregates become smaller.

At constant initial pH value of the solution, decreasing
concentration of Fe ACHTUNGTRENNUNG(NO3)3 up to 8N10�3 molL�1 (the molar

ratio of [Mo6+]: ACHTUNGTRENNUNG[Fe3+]=1.5) results in the increasing of the
particles size up to 120–140 mm (Figure 5a). All particles are
in a form of flower-like aggregates constructed by branching
of sheets with thickness of 800 nm (Figure 5b,c), and the
thickness of the sheets increases relative to those obtained
at higher concentration of FeACHTUNGTRENNUNG(NO3)3.

Different molybdenian reagents were tested to check
their different effects on the syntheses. The results indicated
that the use of Na2MoO4 only results in the formation of b-
Fe2 ACHTUNGTRENNUNG(MoO4)3 in the pH range of 1–3. When the initial pH
value of the solution changed from 1 to 3, the morphologies
of the products did not change so much (Figure 6). Fig-
ure 6a–c shows that the particles obtained at pH 1 are
spheres with an average diameter of about 70 mm and each
sphere was constructed by densely packed nanosheets grow-
ing in an radial way from the center. The results implied
that the use of Na2MoO4 instead of (NH4)6Mo7O24 as molyb-
denian source is more favorable for the formation of b-Fe2-
ACHTUNGTRENNUNG(MoO4)3 phase.

Table 1 summarizes the BET surface area data for Fe2-
ACHTUNGTRENNUNG(MoO4)3 microparticles produced at 140 8C under other dif-
ferent conditions (The molar ratio of [Mo6+]:ACHTUNGTRENNUNG[Fe3+] was kept
as 1.5). The results indicate that the b-Fe2 ACHTUNGTRENNUNG(MoO4)3 particles
with 3D architectures are composed of loosely packed nano-
sheets, which were produced at 140 8C and pH 3, show high-
est BET surface area (24.0 m2g�1), which is much larger
than that reported previously.[31] For the monoclinic Fe2-
ACHTUNGTRENNUNG(MoO4)3, the BET surface area is smaller due to that the
spheres were constructed by densely packed building units.

Figure 3. a) FE-SEM images of the product obtained at 140 8C, pH 3.
b)–e) are a broken nanoflake, its SAED pattern, HRTEM image of the
broken nanoflake and the corresponding EDX spectrum taken on it, re-
spectively.

Figure 4. SEM images of the products at 180 8C obtained at different pH
values. a)–c), pH 1.65; d)–f) pH 3.

Figure 5. SEM images of the product at 140 8C obtained at pH 1.65.
[Fe3+]=8N10�3 molL�1.
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Time-dependent shape evolution experiments indicated
that the particles grew very fast. A highly supersaturated so-
lution was adopted and amorphous fine particles acted as
the precursor for the synthesis of crystallized 3D b-Fe2-
ACHTUNGTRENNUNG(MoO4)3 architectures. At first, the formation of tiny crystal-
line nuclei in a supersaturated solution occurred and then
followed by crystal growth. The bigger particles grew at the
cost of the smaller ones, because there is different solubility
between relatively larger and smaller particles according to
the Gibbs–Thomson law.[32] Figure 7a shows that many tiny
nanoparticles formed and aggregated before the hydrother-
mal treatment. The electron diffraction pattern (ED) con-
firmed that these nanoparticles are amorphous (see insert in

Figure 7a). After hydrothermal treatment for 3 h, bigger
particles made of many thin flakes appeared and tend to
bend toward the ends of the nanosheets (Figure 7b); then
the flakes grow bigger and fuller (Figure 7c) and finally,
nearly full spherical particles made of many nanoflakes
formed after reaction for 9 h (Figure 7d).

The alignment of either prismatic building blocks or thin
flakes in this radial way could fit aligned with the electric
line principles as proposed previously in the mineralization
of metal carbonates and hydroxyapatite.[33,34,35] Apparently,
on the basis of the above analysis, the formation process of
3D b-Fe2ACHTUNGTRENNUNG(MoO4)3 architecture can be schematically shown
in Scheme 1.

Thermogravimetric analysis of monoclinic and orthorhombic
Fe2ACHTUNGTRENNUNG(MoO4)3 microparticles : The thermogravimetric (TG)

analysis of monoclinic Fe2-
ACHTUNGTRENNUNG(MoO4)3 and b-Fe2 ACHTUNGTRENNUNG(MoO4)3
products indicates that the
products obtained by hydro-
thermal reaction obtained are
quite stable at high tempera-
ture, which are different from
traditionally obtained metal
molybdates.[22, 28] Figure 8
shows both monoclinic Fe2-

ACHTUNGTRENNUNG(MoO4)3 and orthorhombic b-Fe2ACHTUNGTRENNUNG(MoO4)3 obtained at 140 8C
(the samples shown in Figure 1a,c) lose about 1%wt,
0.5%wt water, respectively, in the temperature range from
room temperature up to 600 8C, which could be due to sur-
face water on the particles.

Magnetic properties : Monoclinic Fe2ACHTUNGTRENNUNG(MoO4)3 and ortho-
rhombic b-Fe2 ACHTUNGTRENNUNG(MoO4)3 possess interesting magnetic proper-
ties. Up to now, very few investigations on the magnetic
properties of the different three-dimensional structures of
iron molybdate have been reported.[27] Herein, the magnetic
properties of the as-obtained monoclinic Fe2ACHTUNGTRENNUNG(MoO4)3 and or-
thorhombic b-Fe2ACHTUNGTRENNUNG(MoO4)3 microspherical particles with
complex 3D architectures were investigated by using a su-
perconducting quantum interference device (SQUID). Mag-
netization was measured in the temperature range between
4 and 250 K by using a SQUID (Quantum Design) magne-
tometer with 1 kG field strength.

Figure 9 shows temperature dependence of the magnetiza-
tion and inverse magnetization obtained monoclinic Fe2-
ACHTUNGTRENNUNG(MoO4)3 particles at pH 1 and pH 1.65. Ferromagnetic or-

Figure 6. SEM images of the b-Fe2 ACHTUNGTRENNUNG(MoO4)3 particles obtained at 140 8C
using Na2MoO4 as molybdenian source. a)–c) pH 1; d)–f) pH 3.

Table 1. Summary of the products prepared under different conditions.

Reactant concentration pH Phase Color of
product

BET surface
area [m2g�1]

ACHTUNGTRENNUNG(NH4)6Mo7O24ACHTUNGTRENNUNG(0.095 mm) 1 monoclinic pale green 3.5
ACHTUNGTRENNUNG(NH4)6Mo7O24ACHTUNGTRENNUNG(0.095 mm) 1.65 monoclinic pale green 2.7
ACHTUNGTRENNUNG(NH4)6Mo7O24ACHTUNGTRENNUNG(0.019 mm) 1.65 monoclinic pale green 4.7
ACHTUNGTRENNUNG(NH4)6Mo7O24ACHTUNGTRENNUNG(0.095 mm) 3 orthorhombic light yellow 24.0

Figure 7. TEM and SEM images of the products at 140 8C obtained at dif-
ferent times at pH 3. a) Before hydrothermal treatment (inset shows its
corresponding ED pattern), b) 3 h, c) 6 h, and d) 9 h.

Scheme 1. Schematic illustration of the formation and shape evolution of
3D b-Fe2 ACHTUNGTRENNUNG(MoO4)3 superstructures in the whole synthetic process.

www.chemeurj.org � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 746 – 753750

S.-H. Yu et al.

www.chemeurj.org


dering is observed about 10.4 K and 10.5 K when pH is 1
and 1.65, respectively; these values are close to 12 K ob-
served by Ehrenberg.[27] High-temperature data of mono-
clinic Fe2ACHTUNGTRENNUNG(MoO4)3 have been fitted to the Curie–Weiss law
[Eq. (1)]:

c ¼ C
T�q

ð1Þ

The curve fits between 180 and 250 K gives negative
Curie–Weiss temperature q=�60 K and q=�61 K. The fer-
romagnetic component is determined to be 0.0458 mB and
0.0349 mB per Fe ion at 10 K for the samples obtained at
pH 1 and pH 1.65, respectively, based on the zero-field mag-
netization obtained by linear extrapolation of the high-field
behavior. This value of ferromagnetic component is ex-
tremely small relative to the paramagnetic moment of 6.1 mB

per Fe ion calculated from the Curie–Weiss fit to the mag-
netization data at 1 kG between 50 and 250 K.[22]

Figure 10 shows the hysteresis loop of the as-synthesized
products with the field sweeping from �10 to +10 kOe at
T=6 K. Below 10 K, hydrothermally obtained monoclinic
Fe2 ACHTUNGTRENNUNG(MoO4)3 particles show ferromagnetic performance.
Thus, the magnetic properties of monoclinic Fe2 ACHTUNGTRENNUNG(MoO4)3
products prepared at pH 1 and pH 1.65 are similar to that
obtained at high temperature.[36]

The magnetic properties of the b-Fe2 ACHTUNGTRENNUNG(MoO4)3 particles ob-
tained at pH 3 changed dramatically. Temperature-depen-

Figure 8. The TG and DTA curves of a) Fe2 ACHTUNGTRENNUNG(MoO4)3 and b) b-Fe2-
ACHTUNGTRENNUNG(MoO4)3. The products were prepared at pH 1 and 3, respectively, after
hydrothermal treatment at 140 8C for 12 h.

Figure 9. Temperature dependence of inverse magnetization and magneti-
zation: a) pH 1, b) pH 1.65.

Figure 10. The field dependence of magnetization in hysteresis loops.
Monoclinic Fe2 ACHTUNGTRENNUNG(MoO4)3 prepared by hydrothermal treatment at 140 8C
with initial pH value of a) pH 1 and b) pH 1.65. T=6 K.
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dent magnetization and the cmT for the b-Fe2 ACHTUNGTRENNUNG(MoO4)3 is
shown in Figure 11; antiferromagnetic ordering was ob-
served about 12 K. At higher temperatures, b-Fe2 ACHTUNGTRENNUNG(MoO4)3
began to follow the Curie–Weiss law. The curve fits between
180 and 250 K gives C=0.00013 emumol�1 and q=�70 K.

Conclusions

In summary, a template-free, facile hydrothermal method
has been developed for selective synthesis of novel 3D su-
perstructures of monoclinic Fe2ACHTUNGTRENNUNG(MoO4)3 and orthorhombic
b-Fe2ACHTUNGTRENNUNG(MoO4)3 under mild conditions. The phase formation,
shape evolution, and microstructures of iron molybdate
were found to be strongly dependent on the reaction condi-
tions such as the pH value, reaction time, temperature, and
molybdenian source. The magnetic properties of monoclinic
and orthorhombic Fe2ACHTUNGTRENNUNG(MoO4)3 complex spheres displays fer-
romagnetic and antiferromagnetic behavior, respectively.
Ferromagnetic ordering was observed at 10.4 K and 10.5 K
for monoclinic Fe2ACHTUNGTRENNUNG(MoO4)3 microparticles synthesized at
pH 1 and pH 1.65, respectively. Antiferromagnetic ordering
was observed about 12 K for orthorhombic b-Fe2ACHTUNGTRENNUNG(MoO4)3.
At higher temperatures than 12 K, it began to follow the
Curie–Weiss law with C=1.3N10�4 emumol�1 and q=

�70 K. These 3D architectures of monoclinic and ortho-
rhombic b-Fe2ACHTUNGTRENNUNG(MoO4)3 microparticles with unique shapes
and structural characteristics may find applications as cata-
lysts and in other fields.

Experimental Section

Materials and preparation procedures : Analytical grade Fe ACHTUNGTRENNUNG(NO3)3·6H2O
and (NH4)6Mo7O24·4H2O were purchased from Shanghai Chemical Re-
gents Co. and were used without further purification. The reaction was
carried out in a 30 mL capacity Teflon-lined stainless steel autoclave,
which was done in a digital type temperature controlled oven. In a typi-
cal procedure, (NH4)6Mo7O24 (0.021 mmol) and Fe ACHTUNGTRENNUNG(NO3)3 (1 mmol) were
each dissolved in distilled water (2N13 mL). The molar ratio of [Mo6+]:
[Fe3+] was kept as 1.5. Then (NH4)6Mo7O24 solution was slowly added
into the Fe ACHTUNGTRENNUNG(NO3)3 solution under magnetic stirring to form a homogene-
ous solution at room temperature. The pH was adjusted to a specific

value using NH3·H2O (25%, w/w%) or HNO3 (1 molL�1) solution. The
resulting precursor suspension was transferred into a Teflon-lined stain-
less autoclave. The autoclave was sealed and maintained in an oven at
140 8C for 12 h, then allowed to cool to room temperature naturally. The
products were filtered off, washed several times with distilled water and
absolute ethanol, and finally dried in a vacuum at 60 8C for 4 h.

Characterization : The products were characterized by X-ray diffraction
pattern (XRD), recorded on a MAC Science MXP 8 AHF X-ray diffrac-
tometer with monochromatized CuKa radiation (l=1.541874 M). The
field-emission scanning electron microscope (FE-SEM) measurements
were carried out with a field-emission microscope (JEOL, 7500B) operat-
ed at an acceleration voltage of 10 kV; transmission electron microscope
(TEM) photographs were taken on a Hitachi Model H-800 transmission
electron microscope at an accelerating voltage of 200 kV. High-resolution
transmission electron microscope (HRTEM) photographs, and selected
area electron diffraction (SAED) patterns were performed on a JEOL
JEM 2011 microscope at an accelerating voltage of 200 kV. Energy-dis-
persive X-ray (EDX) analysis was also done with a JEOL-2010 transmis-
sion electron microscope with an Oxford windowless Si (Li) detector
equipped with a four pulse processor. This detector enables elemental
identification down to boron, on areas as small as 1 nm2 and with typical-
ly �140 eV resolution. The magnetic properties of the as-obtained parti-
cles were studied by using a superconducting quantum interference
device (SQUID, Quantum Design Corp., MPMS-XL, USA). Thermo
gravimetric analysis (TGA) was carried out on a TGA-50 thermal ana-
lyzer (Shimadzu Corporation) with a heating rate of 10 8C min�1 in flow-
ing air. N2 adsorption was determined by BET measurements using an
ASAP-2000 surface area analyzer.
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