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An unprecedented molecular polyanionic metal oxide cluster of eleven-FeIII substituted
antimoniotungstate Na27[Fe11(H2O)14(OH)2(W3O10)2(α-SbW9O33)6]  103H2O(1) based on earth
abundant elements has been successfully synthesized. A careful physical investigation of this
molecule reveals that VB = 6.34 eV/CB = 4.39 eV, this unique physical properties ensures
that 1 can be deﬁned as a new type of nanoscale molecular semiconductor. This compound
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showed remarkable catalytic property for light driven H2 evolution activity. A H2 evolution rate
of 820 μmol h 1 g 1 was achieved in the presence of 1 without adding any co-catalyst at
neutral condition, which is a very high rate among all polyoxotungstate photocatalysts reported
thus far. Six evidences proved that 1 is a true stable molecular catalyst during the
photocatalytic hydrogen evolution.
& 2015 Elsevier Ltd. All rights reserved.

Introduction
Replacing fossil fuels by an energy system that employs
sustainable, green, and safe energy sources is among the
greatest technological challenge on this planet. In this
context, the production of H2 via water splitting by sunlight
(Eq. (1)) is envisioned as one of the most promising
approaches with regard to energy security and sustainability, and also to avoid CO2 emissions. Water splitting consists
of two half reactions (Eqs. (2) and (3)), the reduction and
oxidation of water to give hydrogen and molecular oxygen,
respectively.
(1)
(2)
(3)
The development of efﬁcient catalysts for hydrogen
evolution in the ﬁnal large scale production driven by visible
light is the central topic in artiﬁcial photosynthesis [1].In
order to be economically viable, the catalysts should be
made from earth abundant materials. So far, hydrogen
evolution catalysts of cobalt [2–5], manganese [6], nickel
[7,8], iron [9–11], niobium [12,13] and thallium [14] have
been reported. Interestingly, it is worth to mention that iron
is the most abundant element among all transition metals
on the earth and development of iron-based catalysts are
intriguing regarding its lower cost, higher eco-benignity, and
low-to-zero toxicity in comparison with other extensively
used transition metals.Therefore, design and development
of catalysts using iron metals as the redox centers for
efﬁcient hydrogen production are of great value. For the
speciﬁc case of well-deﬁned iron-based catalysts, only
handful examples were reported for hydrogen evolution.
Our aim is to combine advantages of stability and efﬁciency
as a whole in one catalytic species. Insight into the way how
the catalysts function at the molecular level can provide
essential information to accelerate the discovery process.
Therefore, design and development of molecular level catalysts would potentially beneﬁt the understanding of the
electronic nature and inherent catalytic activity of these
materials because their structural parameters including compositions, as well as size and charges, can be ﬁnely-tuned at
molecular level. Polyoxometalates (POMs) are a large class of
well-deﬁned transition metal oxide clusters and have
unmatched range of physical and chemical properties, which
has been widely explored in catalysis, materials science,
medicine and nanotechnology [15–20].
Herein, we report a novel molecular polyanionic
cluster of eleven-Fe III substituted antimoniotungstate

Na 27 [Fe 11 (H 2 O) 14 (OH) 2 (W 3 O 10 ) 2 (α-SbW 9 O 33 ) 6 ]  103H 2 O
(1) (Figure 1). This iron-containing polyoxometalate
(POM), which could be deﬁned as a new molecular
semiconductor based on its physical property, is the
ﬁrst example for exceptional photocatalytic hydrogen
evolution catalysis for antimoniotungstate. This ironcontaining polyoxometalate (POM) exhibits photocatalytic H 2 evolution activity. Under the optimal conditions, a H 2 evolution rate of 820 μmol h 1 g 1 was
achieved over 1 without any photosensitizers and cocatalysts at neutral conditions. Eleven-Fe III substituted polyoxometalate of 1 can be conveniently and
reproducibly synthesized using simple iron salt of FeCl 3
and trilacunary Keggin-ligand of Na 9 [α-SbW 9 O 33 ] in
aqueous solution. The structure of 1 was conﬁrmed
by multiple characterizations including X-Ray, X-ray
photoelectron spectroscopy (XPS), Thermal weight
analysis (TGA), scanning electron microscopy (SEM),
IR, UV–vis diffuse reﬂectance spectra and elemental
analysis.

Results and discussion
Crystallographic data and structural reﬁnements of 1 are
summarized in Table S1 (Figures S1–S3, Tables S1–S3). There
are multiple intriguing structural features in this crystal. The
anionic skeleton of 1 consists of an unique eleven-FeIII
substituted gigantic aggregate [Fe11(H2O)14(OH)2(W3O10)2(αSbW9O33)6]27– (1a) (Figure 1a) that is constructed by six
trilacunary Keggin [α-SbW9O33]9– fragments linked by an
electrophilic [Fe11(H2O)14(OH)2(W3O10)2]27 + cluster unit. To
the best of our knowledge, such particular eleven-FeIII substituted gigantic aggregate with a nanoscale size of
1.75  2.48  2.50 nm3 is for the ﬁrst time observed in polyoxometalate chemistry and a rare example in coordination
chemistry. Interestingly, the distribution motif of the six
segments resembles the chair conﬁguration of cyclohexane
in its low energy form (Figure 1b), and similar chair conﬁguration has been observed in a hexameric tungstoarsenate
26–
[AsIII
reported by Kortz [21] in 2001. Con6 W65O217(H2O)7]
sidering the charge balance and the reaction conditions, two
protons are directly added to the formula of 1. In order to
locate the possible positions of these two protons and fourteen
coordination water molecules in 1a, bond valence sum (BVS)
calculations of all oxygen atoms in 1a have been performed
(Table S4).[22] The BVS value (1.09) of O94/O94A (symmetrical
code A: –x, 1–y, 1–z) atoms is signiﬁcantly lower than 2,
indicative of two possible positions binding protons (Figures 2a
and 3a). The BVS values of O1W/O1WA, O2W/O2WA, O3W/
O3WA, O4W/O4WA, O5W/O5WA, O6W/O6WA and O7W/O7WA
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Figure 1 (a) Combined polyhedral/ball-and-stick representation of 1a; (b) The chair-like conﬁguration of 1a. Color scheme:
[α-SbW9O33]9 polyhedra (turquoise, pink, orange), the bridging WO6 octahedra (blue), Fe (yellow), O/H2O/OH (red), Sb (bright green).

Figure 2 (a) Combined polyhedral/ball-and-stick representation of the [Fe5.5(H2O)7(OH)(W3O10)(α-SbW9O33)3]13.5– half-unit of 1a;
(b) the [Fe5.5(H2O)7(OH)(W3O10)]13.5 + core in the trimeric [Fe5.5(H2O)7(OH)(W3O10)(α-SbW9O33)3]13.5– half-unit. The atoms with “A”
in their labels are symmetrically generated (A: –x, 1–y, 1–z). Color scheme: [α-SbW9O33]9– polyhedra (turquoise, pink, orange), Fe
(yellow), O (red), H2O (violet), OH (blue), Sb (bright green), W (light blue).

are 0.42, 0.34, 0.41, 0.42, 0.45, 0.38 and 0.34, respectively,
which suggest that these positions are occupied by water
ligands (Figures 2a and 3a). In addition, BVS calculations show
that the valences of all iron atoms in 1a are +3 (Supplementary information). Moreover, the XPS result (Figure S9) further
consolidates the assignment of the valences in all iron atoms.
It is noteworthy that the eleven-FeIII substituted aggregate
1a is centrosymmetric and can be regarded as a combination
of two crystallographically equivalent [Fe5.5(H2O)7(OH)
(W3O10)(α-SbW9O33)3]13.5– half-units (Figure 2a) related by an
inversion center (Fe1) with the atomic coordinate of (0, 0.5,
0.5) through Fe1 and four W–O–W connectors. In the
[Fe5.5(H2O)7(OH)(W3O10)(α-SbW9O33)3]13.5– half-unit, each of
the Fe2, Fe6 and W2 centers are connected with two lacunary
oxygen atoms from one [α-SbW9O33]9– fragment (as shown in
orange). The Fe3, Fe4, Fe5 and Fe6 ions are in junction with
six lacunary oxygen atoms from the other [α-SbW9O33]9–
fragment (as shown in turquoise) where each of the Fe4 and
Fe5 ions only links one lacunary oxygen atom. While each of
the Fe3 and Fe6 cations are combined with one lacunary
oxygen atom, and each of the Fe2, Fe3 and W1 atoms join to

two lacunary oxygen atoms from the third [α-SbW9O33]9–
fragment (as shown in pink). Then Fe2, Fe3, Fe4, Fe5, Fe6,
W1 and W2 centers are bridged together by the W3 atom. At
the meantime, the Fe1 atom concatenates the W1 and W2
atoms, thus giving rise to the windmill-shaped trimeric
[Fe5.5(H2O)7(OH)(W3O10)(α-SbW9O33)3]13.5– half-unit, which is
completely distinct from the recently reported windmillshaped trimeric GdIII-substituted germanotungstate fragment
in
Na3H7[Cu(en)2]5[Cu(en)2(H2O)]2[Gd4Ge4W46O164(H2O)3] 
25H2O [23]. It should be pointed out that Fe2, Fe3 and Fe6
cations also play an important connection role in the construction of the trimeric half-unit, in which each of Fe2, Fe3
and Fe6 cations simultaneously bridge two adjacent [αSbW9O33]9– fragments together. Another intriguing feature is
that the Fe1 cation concurrently links the W1 and W2 centers
forming a rare {W3FeO4} eight-member ring to enhance the
chemical stability of this cluster (Figure 2b).
The most remarkable construction trait of la is that there is an
eleven-FeIII containing electrophilic [Fe11(H2O)14(OH)2(W3O10)2]27+
cluster unit (Figure 3a). In this {Fe11} cluster unit, there are two
kinds of coordinate geometries for the iron ions. The Fe2 cation is
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Figure 3 (a) Combined polyhedral/ball-and-stick representation of the electrophilic [Fe11(H2O)14(OH)2 (W3O10)2]27 + cluster in 1a;
(b) the octahedral conﬁguration of the hexa-coordinate Fe3 + cations; (c) the square pyramidal geometry of the penta-coordinate
Fe3 + cation. Color scheme: Fe (yellow), O (red), H2O (violet), OH (blue).

ﬁve-coordinate and the remaining are six-coordinate (Figure 3b and
c). Speciﬁcally speaking, the octahedral Fe1 ion is deﬁned by four
oxygen atoms from four WO6 octahedra for the basal plane [Fe–O:
1.948(16)–1.951(14) Å] and two oxygen atoms from two water
ligands for two axial positions [Fe–Ow: 2.081(14) Å]. The Fe2 cation
resides in a square pyramid established by one oxygen atom from
the W3O6 octahedron [Fe–O: 1.844(18) Å] and four oxygen atoms
from two adjacent trilacunary Keggin [α-SbW9O33]9– fragments [Fe–
O: 1.930(17)–1.983(17) Å]. The Fe3 and Fe6 cations exhibit the
octahedral geometries in which four oxygen atoms from two
adjacent [α-SbW9O33]9– fragments constitute the basal plane [Fe3–
O: 1.956(16)–1.992(19) Å] and [Fe6–O: 1.978(19)–2.020(15) Å], and
one O atom from the W3O6 octahedron [Fe3–O: 1.955(17) Å, Fe6–O:
1.971(16) Å] and a water ligand [Fe3–Ow: 2.161(17) Å, Fe6–Ow:
2.163(16) Å] occupy two axial sites. The octahedral Fe4 and Fe5
cations are edge-shared via a OH and a μ3–O groups and their
octahedral coordination spheres are completed by two water
ligands [Fe–Ow: 2.057(18)–2.116(17) Å], two μ2–O atoms from
W2O6 or W1O6 octahedra and [α-SbW9O33]9– fragments [1.981(15)–
1.986(17)Å], one μ3–O atom from W3O6 octahedron [Fe–O: 2.026
(15)–2.073(14) Å] and a OH group [Fe–O: 1.983(17)–1.986(17) Å].
X-ray photoelectron spectroscopy (XPS) of Fe 2p in compound 1 (Figure S9) displays the binding energy regions of Fe
2p3/2 and Fe 2p1/2 peaks at 711.5 eV and 725.4 eV, respectively. The 13.9 eV difference between Fe 2p3/2 and Fe 2p1/2
peaks and the presence of a satellite peak at near 720.3 eV
are characteristics of Fe (III) in {Fe11} cluster [24]. To

determine the relative positions of valence band (VB) and
conduction band (CB) edges, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels are calculated from the ionization potentials
(Figure S26) and by assuming the energy level relative to that
normal hydrogen electrode (NHE) potential is - 4.5 eV below
the vacuum level [25]. The UV vis diffuse reﬂectance
spectrum of 1 revealed that the band gap (Eg) (Figures S10
and S11) of 1 was approximately 1.95 eV (VB= 6.34 eV and
CB= 4.39 eV). As soluble metal oxides, the electronic and
light-absorption characteristics of POMs are also similar to
metal oxide semiconductors (MOSs) because of the similarities
in composition and structure. For instance, VB and CB in MOSs
are equivalent to the HOMO and the LUMO of POMs,
respectively. Upon irradiation, electrons in POMs are promoted from the low-energy electronic states to the highenergy electronic states, as from the VB that are mainly
comprised of oxygen 2p orbitals to CB in the band model that
are mainly comprised of metal d orbitals in MOSs. However,
no deﬁnition of polyoxometalate as a molecular semiconductor has been reported so far. In addition, molecule 1 exhibits
an intrinsic conductivity of 1.1  10 4 Ω 1 cm 1 as measured
by conductivity meter, which is in the semiconductor range
[26]. Under a certain temperature, production and recombination of electron – hole exist at the same time and achieve a
dynamic balance; the intrinsic semiconductor has certain
carrier concentration exhibiting the electrical conductivity.

Efﬁcient photocatalytic H2 evolution
Based on the above analysis, molecule 1 can be deﬁned as a
molecular semiconductor.
Light-driven hydrogen evolution was thoroughly investigated in neutral aqueous solution containing triethanolamine (TEOA) as the sacriﬁcial electron donor (TEOA/H2O,
V/V= 5/95, pH= 7.0, concentrated HCl was used to adjust
the solution as neutral medium). Compound 1 demonstrated
remarkable photocatalytic activity for hydrogen production.
H2 evolution rate of as high as 820 μmol h 1 g 1 was
achieved under the optimized conditions. Photocatalytic
hydrogen evolution was ﬁrst examined under different
concentrations of 1 (Figure 4). The maximum amount of
H2 formation was obtained when the concentration of 1 was
60 μM. Photogenerated electrons that derived from the
excited state of Fe11-POM might be insufﬁcient under lower
concentrations of 1 (less than 60 μM) in which process the
H + was reductive to H2, resulting in the poor activity of
hydrogen evolution. On the contrary, a decreased activity
for hydrogen evolution was observed when high catalyst
concentrations (more than 60 μM) were used. Therefore,
60 μM of 1 was used for further optimization of the
hydrogen evolution.
We also tested the dependence of photocatalytic hydrogen production activity on the TEOA concentrations
(Figure 5). The reaction gave the highest amount of hydrogen evolution when the concentration ratio of TEOA/H2O is
5: 95 (V/V). The activity of hydrogen evolution reaction was
substantially affected by the electron-donating ability of
the sacriﬁcial reagent. A series of control experiments were
conducted for photocatalytic hydrogen evolution. No hydrogen was detected when the photocatalytic reaction was
carried out in pure water, indicating that the sacriﬁcial
electron donor is an indispensable component. No hydrogen
was detected without light irradiation for 1 and TEOA
solution, indicating the reaction of H2 evolution is only
driven by light (Table S7).Under the optimized condition,
that is 60 μM of 1 in the aqueous TEOA solution (TEOA/H2O,
V/V = 5/95) at pH 7.0 (Figure 6), compound 1 demonstrated
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remarkable photocatalytic activity for H2 evolution. In the
continuous three-run reaction, the H2 production rates of 1
can arrive at 820, 802, and 786 μmol h 1 g 1, irrespectively. The total amount of H2 for 12 h is 938 μmol with a
TON of 156 and TOF of 13 h 1. No obvious change of the
hydrogen evolution rate was detected within 12 h (Figures 6
and S22). In our unique photocatalytic H2 evolution system,
it should be noted that no Pt source or other cocatalysts
such as Eisenberg’s cobaloximes [13] was used, which is
completely different from other reported hydrogen production system. Especially, TEOA is the ﬁrst example as the
sacriﬁcial electron donor for the hydrogen evolution over
POM under the UV light illumination. This H2 evolution rate
of 1 is moderately comparable to that of the {Ta12} cluster

Figure 5 Effect of TEOA amount on the hydrogen evolution. 1
(60 μM) was dissolved in 100 mL 0%, 2.5%, 5%, 7.5% TEOA/H2O
(V/V) (pH =7.0) solution in a quartz cell. Other conditions were
the same as in Figure 4.

Figure 4 Hydrogen production over different concentrations of 1. 1 (50, 60, 70 μM) was dissolved in 100 mL 5%TEOA/H2O (V/V)
(pH=7.0, concentrated HCl was used to adjust the solution as neutral medium) solution in a quartz cell. The reaction solution was
irradiated under a 250 W high pressure mercury lamp.
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Figure 6 Time course of photocatalytic H2 evolution in presence of 1 (60 μM) in TEOA/H2O (100 mL, V/V =5/95, pH =7.0)
solution. Other conditions were the same as in Figure 4.

Figure 7 The time course of H2 evolution over different
catalysts. Conditions: Black: 6 μmol Compound 1; Red: 66 μmol
FeCl3; Green: 117 mg P25 TiO2; Blue: 66 μmol Fe(ClO4)3; Cyan:
66 μmol K5SiFe(OH)2W11O39  14H2O; Magenta: 36 μmol Na9[α–
SbW9O33]  17H2O; Yellow: 33 μmol Fe2O3 nanoparticles. Other
conditions were the same as in Figure 4.

containing polytantalotungstates in the presence of H2PtCl6
under UV illumination, which is the highest among all
polyoxotungstate photocatalysts reported thus far reported
by Liu [14].
Multiple control experiments were performed in the
presence of simple iron salts (FeCl3 and Fe(ClO4)3), iron
oxide nanoparticles (Fe2O3 nanoparticles), typical semiconiron-containing
POM
(K5SiFe
ductor
P25
TiO2,
(OH)2W11O39  14H2O), and the POM without irons (Na9[α–
SbW9O33]  17H2O) (Figure 7). Under the identical hydrogen
evolution conditions, compound 1 exhibits the highest
catalytic activity with the H2 amount of 328 μmol in 4 h
(Figure 7). Both FeCl3 and Fe(ClO4)3 showed very low
catalytic activities in H2 evolution producing 137 μmol and
111 μmol H2, which are almost 2–3 times lower than that of
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compound 1. Interestingly, in the ﬁrst 1 h, the photocatalytic efﬁciency of FeCl3 is similar to the one of 1. Here, both
1 and FeCl3 are used at the same equivalent amount of Fe
atoms (as is shown in Figure 7 caption). However, FeCl3 will
transform to heterogeneous metal oxide and hydroxide
when the reaction continues, so the hydrogen evolution
rate became slower compared with that of 1. Catalyst 1 is
stable for photocatalytic hydrogen evolution in the neutral
conditions, so the hydrogen production rate remains constant in reaction duration. The superior catalytic activity of
1 should be due to the special coordination environment of
Fe atoms. Compared to two POM compounds, either ironcontaining K5SiFe(OH)2W11O39 or iron-free Na9[α–SbW9O33],
both POMs showed even much less catalytic activities. αFe2O3 nanoparticles with size of about 60 nm are catalytically inactive; whereas, P25 TiO2 show a relatively lower
activity. These results indicates that the coordination
geometry and condition of Fe elements centered in Fe11POM cluster plays a signiﬁcant role in determination of
(both the transmission and efﬁcient separation) electrons
and holes generation and transfer.
The excellent catalytic activity of 1 in hydrogen production could be ascribed to the following mechanism. First,
under the UV light irradiation, electrons in catalyst 1 are
excited from O 2p (VB) to Fe 3d (CB). The electrons ﬁlled in
the 3d5 orbital (CB) of FeIII in 1 are half-ﬁlled and therefore
in the stable state. The 3d5 orbital (CB) are not prone to
accept those photogenerated electrons. Thereby, the electrons in the CB could easily escape from 1 and become
external free electrons [1], resulting in the production of
hydrogen. Second, it is well documented that the dipole
moment originated from the distortion of metal–O polyhedra plays a key role in electron and hole separation in the
photolytic process and consequently the increasing catalytic
activities of POMs [14,27]. In compound 1, two FeO5
tetragonal pyramids (Figure 3c) are severely distorted due
to the space steric effect, which is different from the rest of
the nine normal FeO6 octahedra (Figure 3b). The distortion
of FeO5 square pyramids are clearly evidenced by the Fe–O
bond lengths between 1.844(18) Å and 1.983(17) Å and the
O–Fe–O bond angles between 85.71 and 155.71. Third, two μOH and fourteen aqua ligands are bonded directly to the
FeIII centers in compound 1 (Figures 2a and 3a), resulting in
a viable pathway for electron transfer and the subsequent
reduction of proton to H2.
The stability of 1 in photocatalytic hydrogen evolution
was thoroughly investigated. First, as shown in Figure 6,
kinetics proﬁle of three continuous runs nearly remain the
same and H2 evolution rates are tightly close to each other,
indicating that 1 is very stable during photocatalytic
process. Second, dynamic light scattering (DLS) study shows
that no colloidal nanoparticles can be detected after light
illumination, revealing that the photocatalytic hydrogen
evolution reaction is a homogeneous system (Figure S23).
Third, no change is observed in the UV–vis spectra of 1 in
the reaction solution aged over 12 h (Figure 8b), which
supports that 1 is stable in the study conditions. Moreover,
catalyst aged in the reaction solution for 12 h showed the
same photocatalytic H2 evolution performance as the
freshly-prepared one (Figure 9). Fourth, UV–vis spectra of
1 before and after the photocatalysis are identical (Figure
S24), suggesting compound 1 remains intact during the H2
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Figure 8 (a) Time-dependent UV–vis absorption spectra of 1 (60 μM) over 6 h, in 5%TEOA/H2O (V/V) (pH =7.0) solution. (b) Time
proﬁle of UV–vis spectra (λ =420 nm) of 1 (60 μM) in TEOA/H2O (100 mL, V/V =5/95, pH =7.0) solution over a 12-h period.

Figure 9 Kinetics of H2 evolution in the photocatalytic system
using freshly-prepared 1 (black) and 12 h-aged 1 (60 μM) (red).
The reaction conditions are the same as in Figure 4.

generation reaction. Fifth, the cyclic voltammograms of 1 in
TEOA/H2O (V/V =5/95, pH= 7.0) solution can be reproduced
in multiple scans (Figure S25), revealing that 1 is stable
during the reversible redox process. Sixth, The FT-IR spectra
of Fe11-POM isolated from post-reaction solution after 4 h
remain unchanged with comparison to the spectrum before
photocatalytic reaction (Figure 10).
To understand the mechanisms of O2 or H2 evolution
(Figure 11), the electronic band structure of 1 is investigated. UV–vis diffuse reﬂectance spectrum of 1 (Figure S10)
shows that one absorption edge is observed at ca. 635 nm
(Eg = 1.95 eV). Quantum mechanical calculations were
further employed to obtain the electronic properties of 1.
The optimized geometry for 1 is depicted in Figure S27. The
calculated energies for the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are 7.05 and 5.70 eV, respectively. The HOMOLUMO energy gap is 1.35 eV. It is well known that photocatalytic hydrogen evolution often requires the CB of

Figure 10 FT-IR spectra of pure 1 (black); 1 (blue) isolated from
the reaction solution containing TEOA using [Ru(bpy)3]2 + as the
precipitants before light illumination; and 1 (red) isolated from
post-catalytic reaction solution after illumination for 4 h.

Figure 11 Proposed mechanism for the photocatalytic hydrogen evolution over 1. CB: conduction band; VB: valence band;
LUMO: Lowest Unoccupied Molecular Orbital; HOMO: Highest
Occupied Molecular Orbital.
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semiconductor to meet the thermodynamic potentials for
the reaction, in which the bottom level of the CB should be
more negative than the potential of H + /H2 (0 V vs. NHE). As
for 1, the CB locates at 4.39 eV (Figure S26), which is
more negative than the reduction potential of H + /H2.
Therefore, 1 is thermodynamically capable for photocatalytic H2 production.
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Appendix A.
Conclusion
In summary, an unprecedented molecular eleven-FeIII substituted antimoniotungstate Na27[Fe11(H2O)14(OH)2(W3O10)2(αSbW9O33)6]·103H2O (1) based on earth-abundant elements has
been successfully synthesized for the ﬁrst time and carefully
characterized. Our thorough study demonstrates that 1 is an
efﬁcient photocatalyst for hydrogen evolution. This elevenFeIII-containing nanocluster showed remarkable photocatalytic
activity for hydrogen production at neutral pH without adding
any Pt or other cocatalysts and photosensitizers. Molecule 1 is
extremely stable during the turnovers in the photocatalytic
hydrogen evolution system. The discovery of the novel ironbased catalysts described herein clearly ﬁll a gap in the design
and development of water-splitting systems, which aim to be
eventually used in artiﬁcial photosynthetic schemes to enable
efﬁcient and sustainable solar fuel conversion and storage.

Experimental section
Synthesis of Na27[Fe11(H2O)14(OH)2(W3O10)2(αSbW9O33)6] . 103H2O (1)
1.16 g (7.2 mmol) of FeCl3 was dissolved in 80 mL of H2O,
and then 9.45 g (3.3 mmol) of Na9[α-SbW9O33]  17H2O was
added. The pH of the solution obtained was 3.0. Then, the
solution was heated to 90 1C for 1 h and ﬁltered after
cooling to room temperature. Slow evaporation of the clear
ﬁltrate at room temperature led to yellow crystals which
are suitable for X-ray diffraction within 8–9 days (yield
1.0 g, 10.0%). Thermogravimetric analysis (TGA) gave 103
water molecules of hydration. FT-IR: 953, 896, 818, 765,
676, 518, 480, 432 cm 1. Anal. calcd (Found) for 1: Na 3.23
(3.14), Fe 3.14 (3.17). Sb 3.92 (3.86), W 59.2 (58.4).

Photocatalytic hydrogen evolution
Photocatalytic hydrogen generation was performed as follows. The desired concentration of catalyst (50–70 μM) was
added to 5% TEOA/H2O (V/V= 5/95, pH = 7.0) solution in a
quartz cell. The above solution was deaerated by purging
with Ar gas for 10 min in a ﬂask (150 mL) sealed with a
rubber septum (the volume of reaction solution was
100 mL). The reaction was then started by irradiating the
solution with a 250 W high pressure mercury lamp. After
each irradiation time, 150 μL of Ar was injected into the
ﬂask and then the same volume of gas in the headspace of
the ﬂask was withdrawn by a SGE gas-tight syringe and
analyzed by gas chromatography (GC).

Supplementary information

Supplementary data associated with this article can be
found in the online version at http://dx.doi.org/10.1016/
j.nanoen.2015.06.025.
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