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A novel molybdophosphate-based FeII,III-metal organic framework (FeMoP-MOF) has been synthesized under
hydrothermal condition and structurally characterized by elemental analysis, infrared spectroscopy, TGA, and
single-crystal X-ray diffraction, namely, {Na6(H2O)12[Fe

II
2]2[Fe

III
4(PO4)][Fe

II(Mo6O15)2(PO4)8]2}(OH)3·33H2O
(1). In 1, every four adjacent sandwich-type FeII[P4Mo6O31]2 clusters are connected into a huge secondary build-
ing unit (SBU) with a large trigonal-tapered cage by [PO4] tetrahedra, further being extended into a porous 3D
framework by FeII2 dimers with cross-shaped channels. The central 4-fold [PO4] tetrahedron spirally bridging
four FeIII centers resides in the cage and was connected into the SBU. The most interesting feature is that the po-
rous framework exhibits excellent selective degradation for Rhodamine B (RhB) dye as a photocatalyst under vis-
ible light irradiation.

© 2014 Elsevier B.V. All rights reserved.
The design and synthesis of polyoxometalates (POMs), a typical class
of metal-oxygen clusters, have received great interest not only for their
potential applications inmany fields ranging from catalysis, medicine to
electrochemistry, etc., but also for their intriguing architectures [1–5].
Recently, POMs have been studied as green and cheap photocatalysts
for the removal of organic pollutants from water [6–10], which are at-
tributed to their unique structural features, such as oxygen-rich surfaces
and high negative charges, and a number of features in common with
semiconductor metal oxide clusters: (1) POMs are photostable and
non-toxic; (2) POMs have similar photochemical characteristics of
semiconductor photocatalysts, such as TiO2. But TiO2-photocatalyst is
only activated by UV light due to its band gap, which limits its practical
application. POMs are superior, because they have excellent redox prop-
erties and visible light-excited POMswith high oxidizing ability are able
to completely degrade organic pollutants [11–19]. Organic pollutants
such as various dyes in the wastewater are often from textiles, papers,
leathers, food, and cosmetics, which are regarded as one of major seri-
ousworldwide problems because of their non-biodegradability, toxicity
and unpleasant coloring as well as a harmful effect on the water envi-
ronment. The removal of these organic pollutions has been an urgent
and important task. Therefore, many researchers have attempted to
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develop an effectivematerial to improve thewater purification efficien-
cy. Photocatalytic system iswell known to be a desirablemethod for the
degradation of environmental pollutants among various methods for
wastewater treatment. POMs as economic and effective photocatalysts
exhibit excellent photochemical activities in homogeneous reactions
or heterogeneous processes. So it is essential to developmore POMs cat-
alyst for dye waste-water treatment. In particular, porous three-
dimensional and high-connected POMs are more attractive and a
challengeable endeavor to broaden applications of POMs inmaterial sci-
ence [20,21]. So far, some low-dimensional structures from zero-
dimensional (0D) clusters to two-dimensional (2D) layers have been
reported [22,23], however, three-dimensional porous POMs are ob-
served rarely. Most of three-dimensional POMs-based hybrids were
constructed based on the metal ions and chosen POMs subunits, it is a
rare and challenging issue by in-situ assembling. Based on the afore-
mentioned considerations, we started the exploration of a new POM-
basedMOF by virtue of in situ assembly. Herein, we reported a new po-
rous molybdophosphate-based FeII,III-metal organic framework
(FeMoP-MOF) with cross-shaped channels under hydrothermal condi-
tions, which was constructed by FeII[P4Mo6O31]2 cluster, [FeIII4PO4] tet-
rahedra, and [FeII2] dimers. The compound represents the first porous
3D framework in Fe–Mo–P system. The further studies have shown
that it exhibits not only selective active photocatalytic for degradation
of RhB under visible light irradiation, but also very stable and easily sep-
arated from the reaction system for reuse.

The compound 1 was hydrothermally synthesized by reaction of
FeCl2, Na2MoO4, H3PO4, and imidazole at 180 °C for 3 days [24]. In this
reaction system, imidazole as a basic adjustment plays an important
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role in the synthesis of 1, despite that it was not contained in the final
structure. In additon, reaction temperature was also optimized to
180 °C for phase purity. Themeasured XRD pattern of the bulk material
for 1 is in good agreement with the corresponding simulated pattern,
demonstrating its phase purity, as shown in Fig. S1.

The single crystal X-ray analysis reveals that complex 1 crystal-
lizes in the tetragonal space group I41/acd [25] (Table S1). As
shown in Figs. 1 and 2, the structure of 1 consists of sandwich-type
{Fe(1)II[P4Mo6O31]2} cluster (Fig. 2a), [Fe(3)III4(PO4)] helical blade
(Fig. 1b), [Fe(2)II2] dimer (Fig. 2c), six sodium cations, three hydrox-
yl anions, twelve coordinated water molecules and thirty-three lat-
tice water molecules. Each Mo atom shows a [MoO6] octahedral
environment by one terminal μ1-O, one μ3-O, and four μ2-O atoms
with the Mo–O distances in the ranges of 1.669(5)–2.393(4)Å
(Fig. 1a, S2 and Table S2). These Mo–O values lie within the normal
range [26–28]. Adjacent [MoO6] octahedra are linked into a
[P4Mo6O31] ring (abbreviated as [P4Mo6], Fig. 1a) by edge-sharing
oxygen bridges from four [PO4] tetrahedra with Mo…Mo distances
(2.582(1)–2.618(1) Å). The six molybdenum centers lie approxi-
mately in the same plane. The central [P(5)O4] tetrahedron bridges
alternately the [Mo6] ring by μ3-η1η1η1η0 oxygen atoms; each of
the other three [PO4] tetrahedra containing P(2), P(3), and
P(4) bridges two [MoO6] octahedra by μ2-η1η1η0η0 oxygen atoms,
forming a trigonal symmetry mode. Fe(1)II lies on an inversion
center with 1/2 occupancy, bridging two [P4Mo6] units into a
sandwich-type {Fe(1)II[P4Mo6O31]2} (abbreviated as [FeII(P4Mo6)2])
cluster by six edge-sharing oxygen atoms from [MoO6] octahedra,
and completing an octahedral geometry. The unique P(1) lies
on 41-fold spiral axis with 1/4 occupancy, and links four [Fe(3)IIIO6]
octahedra by its four oxygen atoms in a spirally arranged mode (ab-
breviated as [FeIII4(PO4)]), at the same time, the unique Fe(3)III is six-
coordination with five [P(1–5)O4] tetrahedra and one terminal coor-
dinated water molecule (abbreviated as [FeIII(PO4)4]) (Fig. 1c). Each
of [FeIII4PO4] units connects four neighboring [FeII(P4Mo6)2] clusters
into a large SBU {[FeIII4PO4][FeII(P4Mo6)2]4}with a trigonal-tapered
cage and resides into the cavity (Fig. 1d). Such large SBUs are
further extended into 2-fold interpenetrating 3D porous framework
with ellipsoid cylindrical channels (15.58(1) × 20.54(1) Å2)
(Fig. 2b). Each single net was connected to each other into the
whole 3D porous framework (Fig. 2d) with cross-shaped channels
by dimer [Fe(2)II2] units (Fig. 2c). Free water molecules occupy the
pores of the channels. In the [Fe(2)II2] unit, each unique Fe(2)II is oc-
tahedrally coordinated by four phosphate oxygen atoms from four
[PO4] tetrahedra and two coordinated water molecules, and links
each other by edge sharing. Each [Fe(2)II2] unit is connected into
Fig. 1. The polyhedral representation of [Mo6O15(PO4)4]6− cluster abbreviated as [P4Mo6]6− (a
connected intofive [PO4] tetrahedra, and a huge secondary building unit (SBU) (d) constructed
shaded in dark green, gold, and pink, respectively. (For interpretation of the references to colo
six [FeII(P4Mo6)2] clusters by six [PO4] tetrahedra to form the target
framework.

The oxidation states of P, Mo, and Fe are confirmed by XPS spectra,
which were carried out in the energy region of P 2p, Mo 3d5/2, Mo
3d3/2, Fe 2p3/2, and Fe 2p1/2 (Fig. S3). The peak at 132.9 eV is attributed
to P5+ ions, the peaks at 231.9 eV and 235.0 eV are ascribed to Mo6+

ions. In the energy region of Fe 2p3/2, two clearly split peaks at 711.7
and 713.1 eV should be ascribed to Fe2+ and Fe3+ ions, respectively.
The peak ~725 eV is very weak for Fe 2p1/2. These results are in accor-
dance with the results of bond valence sum (BVS) calculations [29],
which show that all Mo and P centers are in the oxidation states of
+6 and +5, repectively, Fe(1) and for Fe(2) are in the +2 oxidation
state, Fe(3) is in the +3 oxidation state (BVS results: +1.90 for Fe(1),
+2.06 for Fe(2), +2.96 for Fe(3)).

TGA result indicates that compound 1 undergoes amajorweight loss
of 11.0% from 25 °C to 227 °C which corresponds to the losses of free
water molecules (calcd. 10.1%) (Fig. 3a). Its main framework structure
is stable up to 392 °C. Such high thermal stability also set a solid founda-
tion for the further study of photocatalytic applications.

Photocatalytic activity is an attractive property of POMs for the re-
moval of organic pollutants fromwater [6–10]. In the process of photo-
catalytic degradation by POMs, the organic dye chromophore is
damaged and broken down into nonpolluting small molecules. In this
work, methyl orange (MO) and rhodamine-B (RhB) as the common or-
ganic pollutant target are selected for evaluating the photocatalytic ac-
tivities of compound 1 under visible light irradiation. The experiment
with a typical process [30], a suspension containing 1 (20 mg) and a
100 mL dye (MO or RhB) solution was stirred in the dark for about
30 min. In the dark, there is negligible degradation of dye solution
even in the presence of catalyst. Then, the visible light irradiation
started under xenon-lamp irradiation. Every 30 min, 3.0 mL sample
was taken out of the reactor for analysis. As illustrated in Fig. 3b, the
concentration of RhB versus reaction time was plotted. It can be seen
that the RhB degraded slowly at the beginning and only reaches 50%
until 2 h, then rapidly degraded to achieve 100% in following 1 h. By
contrast, only limited photodegradation about 10% of the MO after 3 h
irradiation was observed in the presence of 1 (Fig. S4). These results
imply that FeMoP-MOF (1) is an effective photocatalyst for RB, and
shows excellent selective catalysis among RhB and MO.

The repeatability of the photocatalytic activity for the photocatalyst
is a very important parameter to assess the photocatalyst practicability.
Four catalyst cycles in repetitive degradation of RhB with a constant
concentration in the presence of FeMoP-MOF (1) have been examined
(Fig. S6). After each cycle of RhB degradation, the 1-photocatalyst can
be separated by simple centrifugation for its insoluble properties in
), the central Fe(3)III4P(1) unit (b), Fe(3)III[PO4]5 unit (c) in which Fe(3)III octahedron are
by four adjacent [P4Mo6]6− clusters. [MoO6] and [FeO6] octahedra, and [PO4] tetrahedra are
r in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) A sandwich-type FeII[P4Mo6]2 cluster; (b) A 3Dporous framework along [100] direction; (c) A Fe(2)II2 dimer; (d) the total 3Dporous framework along [001] directionwith cross-
shaped channel. The free water molecules are omitted for clarity.
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water, and was dried at 80 °C for 12 h, then being used next catalyst
cycle. The UV–vis spectra show that 1-catalyst did not exhibit a
significant loss of activity after four cycles of photocatalytic tests. The re-
sults suggest that 1-catalyst is considerably stable during the
photodegradation of RhB. Furthermore, the PXRD pattern after each cat-
alyst cycle alsomatcheswell with the simulated pattern generated from
the result of single-crystal diffraction data and as-synthesized product
(Fig. S1), indicating that the structure of FeMoP-MOF (1) remains intact,
which also confirms its good stability. The above results illustrate the
FeMoP-MOF (1) is reusable. In a word, the photocatalyst-1 not only dis-
plays good photocatalytic activity under visible light irradiation, but also
exhibits good reproducibility. The foregoing two aspects are of great sig-
nificance for practical use of the photocatalyst.

In summary, a water-stable and insoluble photocatalyst was synthe-
sized by in-situ hydrothermal synthesis and characterized. The
Fig. 3. (a) The TGA–DTA curves of compound 1 under air atmosphere. (b) The UV–vis spe
compound 1 represents the first porous 3D framework with cross-
shaped channel in Fe–Mo–P system. Most strikingly, the 3D compound
1 shows photocatalytic activities and can effectively degrade RhB in the
visible light irradiation. In addition, it is very stable and easily recovered
from the reaction system for reuse. This research may supply a new
strategy for constructing the POM-based photocatalytic materials, and
further encourage us to more explore the high dimensional POM sys-
tems by in-situ reaction.
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Appendix A. Supplementary material

Crystallographic data for compound 1 have been deposited at the
Cambridge Crystallographic Data Center with the deposition number
of CCDC 1015166. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
conts/retrieving.html. Supplementary data associated with this article
can be found, in the online version, at http://dx.doi.org/10.1016/j.
inoche.2014.09.033.
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