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Abstract
A new compound [CuICuII

2(bpy)(pzta)2][HMo10O34] {CuICuII
2-Mo10, pzta = 3-(pyrid-4-yl) pyrazole and bpy = 

4,4’-bipyridine} was obtained by a hydrothermal reaction method and characterized by various tests
including XPS, IR, UV, PXRD, luminescent spectroscopy and single crystal X-ray diffraction. The CuICuII

2-
Mo10 shows an unusual decamolybdate-encapsulated nanocage framework structure. Beside the novel

structure, the CuICuII
2-Mo10 was father used for photocatalytic hydrogen generation and it possesses an

improved catalytic H2 productivity compared with its parent POM (NH4)6Mo7O24·4H2O (Mo7) under

identical experimental conditions. Namely, the CuICuII
2-Mo10 can reach 99.5 µmol− 1 g− 1 h− 1, which is

obviously higher than 42.35 µmol g− 1 h− 1 of Mo7.

1. Introduction
Hydrogen (H2) energy with various bene�ts such as high combustion value and clean pollution-free is
expected to become one of the best suitable choices to meet the future global energy requirements (Zou
et al., 2015). H2 production from light-driven H2O splitting is a sustainable and renewable route (Pang et
al., 2021; Hou and Li, 2020). Nevertheless, the rate of H2 generation is slow in most cases because of the
high activation energy barrier of H-O bond in H2O (Lewis et al., 2006). Hence, the development of
photocatalysts with broad carrier separation rate and sensitive light-driven response is the key to realize
the high conversion e�cient of solar energy and to �nally achieve effective H2 production (Lv et al., 2014;
Zhou et al., 2019; Han et al., 2017; Benjamin et al., 2013).

Polyoxometalate (POM)-encapsulated metal organic nano-cage framework (PEMONCF) is composed of
POM guest and metal-organic nano-cage framework (MOF) host (Du et al., 2014). Such material
possesses numerous advantages such as structural diversity, good environmental benignity as well as
rapid and reversible electron transfer, makes it well suitable for application as photocatalysts (Zhang et
al., 2019). However, it is di�cult to purposefully construct PEMONCFs because this requires a control of
the growing direction of the coordination bonds between the metal ions and the organic ligands (Li et al.,
2018). The control of the assembly processes for constructing PEMONCFs is obviously a very interesting
synthetic challenge.

It is well-known that organic ligands play signi�cant roles in the construction of inorganic-organic hybrids
with novel structures and improved properties (Wang et al., 2005; Wang et al., 2020). Compared with
single ligands, mixed-ligands can provide more variability to build much more fascinating structures.
Recent trends for the controlled synthesis of inorganic-organic hybrids, is a use of a new mixed-ligand
system which aim to control the resulting structure and lead to further diversi�cation of the frameworks
with fascinating structures (Lisnard et al., 2005).

Herein, we study on a hydrothermal reaction system of pzta/bpy mix-ligands (Chart S1) as well as copper
and polymolybdate salts in detail. Consequently, a new compound showing novel PEMONCF structure,
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[CuICuII
2(bpy)(pzta)2][HMo10O34] {CuICuII

2-Mo10, pzta = 3-(pyrid-4-yl) pyrazole and bpy = 4,4’-bipyridine},
was obtained. Also, the photocatalytic H2 generation properties for the title compound were investigated.

2. Materials And Methods
The compound was obtained by a hydrothermal reaction process of (NH4)6Mo7O24·4H2O, CuCl2·2H2O,
bpy and pzta. The detailed experimental section is shown in ESI (Electronic supplementary information).

3. Results And Discussion

3.1. Structural Description of CuICuII
2-Mo10

The structure of the compound CuICuII
2-Mo10 is characterized by single-crystal X-ray diffraction. The

CuICuII
2-Mo10 crystallizes in the triclinic space group p-1 (please see the crystallographic data of the

compound in Table 1).
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Table 1
Crystallography data of CuICuII

2-Mo10

Compound CuICuII
2-Mo10

Formula C22H16Cu5N10O34Mo10

Formula weight 2241.55

Crystal system Triclinic

Space group P-1

a/Å 9.688(5)

b/Å 11.209(5)

c/Å 13.409(5)

α/o 75.708(5)

β/o 86.246(5)

γ/o 87.415(5)

V/Å3 1407.4(11)

Z 2

Dcalcd/g cm− 3 3.106

T/K 293(2)

µ/mm− 1 7.615

Re�. Measured 10369

Re�. Unique 7006

Rint 0.0180

F(000) 1209

GoF on F2 1.052

R1/wR2 [I ≥ 2σ(I)] 0.0366/0.1080

R1 = ∑ Fo│─│Fc /∑│Fo│. wR2 = ∑[w(Fo
2─Fc

2)2]/
∑[w(Fo

2)2]1/2
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The CuICuII
2-Mo10 is formed by bpy and pzta ligand molecules, Cu+/Cu2+ cations and [Mo10O32]4- anion

(Fig. 1a). For further details, there are three crystallographic independent Cu cations (Cu1, Cu2 and Cu3).
Both Cu1 and Cu2 are �ve-coordination in a tetrahedral geometry (Fig. 1a), while the Cu3 is six-
coordination in an elongated octahedral geometry. The bond lengths around Cu cations are in the range
of 1.947 Å to 2.841 Å, which are in the normal ranges for the Cu-organic complexes. On the hand, the
[Mo10O32]4- (Mo10) anion consists of a β-Mo8 cluster and two additional {MoO4} tetrahedra. The β-Mo8

cluster shows the most compact structure of eight edge-sharing [MoO6] octahedra with two [Mo4O13]
subunits stacking together. Thus, the β isomer contains fourteen terminal, six doubly bridging, four triply
bridging, and two �ve-fold bridging oxygen atoms. Further, the β-Mo8 cluster and the two additional
{MoO4} tetrahedra are linked together by sharing two terminal oxygen atoms of the β-Mo8 to construct the
Mo10 anion.

The most fascinating structural feature of 1 is its novel decamolybdate-encapsulated nanocage
framework (Fig. 1c), and the speci�c formation of such framework can be understood in the following
description. First, as shown in Fig. 1b, the Mo10 is encapsulated in a metal-organic nanocage that is
formed by four bpy and four pzta molecules as well as sixteen Cu cations (four Cu1, eight Cu2 and four
Cu3). Each the nanocage shows a nearly cubic skeleton with volume of 13.4 × 9.6 × 11.2 Å3 (Fig. 2).
Subsequently, the adjacent cages are fused together by the linkages of Cu-N bonds to �nally achieve a 3D
framework (Fig. 1c). After exhaustively reviewing previous references and the CSD database, only several
examples of POM encapsulated nanocage frameworks were observed till now (Kuang et al., 2010; Hou et
al., 2019) and most of these materials are based on Keggin polyoxoanions. Thus, the CuICuII

2-Mo10 is an
exceptional rare example based on decamolybdate polyoxoanion.

3.2. Analyses of XPS, IR and PXRD.
Firstly, the valence state of metal atoms (Cu and Mo) in the CuICuII

2-Mo10 was con�rmed by the high-
resolution XPS spectra. Firstly, the analysis result of the Cu 2P spectrum indicates that partial Cu(II)
atoms in the CuICuII

2-Mo10 are reduced to Cu(I). Namely, as shown in Fig. 3a, the four main peaks at
952.19 eV, 932.60 eV, 995.16 eV and 935.12 eV of the Cu 2P spectrum can be temporarily corresponding
attributed to CuI 2p1/2, CuI 2p3/2, CuII 2p1/2 and CuII 2p3/2, respectively. Also, from the Cu 2P spectrum, we
can infer that the proportion of Cu(I) atoms to Cu(II) is about 1:2. Additionally, as shown in Fig. 3b, two
characteristic peaks at 232.21 and 235.16 eV are attributed to Mo 3d3/2 and Mo 3d5/2 of Mo6+,
respectively (Chai et al., 2019). Moreover, the IR and PXRD measurements were also done (see the
corresponding description in ESI). In all, the results of XPS, IR and PXRD tests are consistent with the
structural analysis of single-crystal X-ray diffraction.

3.3. Photocatalytic measurements
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Before photocatalytic tests, several preliminary measurements were investigated to judge the catalytic
performance of the CuICuII

2-Mo10. As a result, by the measurements, we can deduce that the CuICuII
2-

Mo10 is expected to be an ideal photocatalyst for H2 evolution reaction (HER). First, the optical properties

of CuICuII
2-Mo10 were conducted by the UV-Vis diffuse re�ectance spectrum (DRS). The DRS shows two

broad absorption peaks in the ranges of 200–450 nm and 550–800 nm, respectively (Fig. S4). The �rst
peak is attributed to the Mo10 polyanion while the other one is corresponding to d-d transition of

Cu+/Cu2+ species and electron transfer among Cu ions and Mo10 polyanions (Sun et al., 2019; Gawande

et al., 2016). Furthermore, the joint tauc-plot method was used to obtain band gap width of the CuICuII
2-

Mo10 and the result shows that its band gap width is ca. 2.74 eV (Fig. S5). The recombination of
photogenerated electrons and photogenerated holes is an exothermic process, and consequently the heat
energy will be re�ected in the form of �uorescence. Therefore, the �uorescent performance of the CuICuII

2-

Mo10 and its parent POM (NH4)6Mo7O24·4H2O (Mo7) were explored. As illustrated in Fig. S6, the CuICuII
2-

Mo10 and the Mo7 exhibited a similar �uorescent peak around 360 nm, however, the �uorescent intensity

of CuICuII
2-Mo10 is much lower than that of Mo7. Hence, the CuICuII

2-Mo10 has a superior photo generated
electron hole separation property. This result can be also veri�ed by photocurrent tests measurements.
Namely, the CuICuII

2-Mo10 has higher transient photocurrent response than that of Mo7 during many on-
off cycles (Fig. 4 right).

Encouraged by the results above measurements, the photocatalytic HER tests of the CuICuII
2-Mo10 were

carried out (500W Xe light irradiation, sacri�cial agent triethylamine, see the speci�c experimental process
in ESI). Additionally, a comparison experiment of Mo7 was investigated under identical experimental

conditions. As a result, the photocatalytic H2 productivity of the CuICuII
2-Mo10 can reach 99.5 µmol− 1 g− 1

h− 1, which is obviously higher than 42.35 µmol g− 1 h− 1 of Mo7 (Fig. 4 right). A possible photocatalytic
mechanism is listed in ESI.

4. Conclusion
In summary, a new POM-based metal–organic compound CuICuII

2-Mo10 exhibiting a novel
decamolybdate-encapsulated nanocage framework structure was prepared and it was father used for
photocatalytic hydrogen generation. The CuICuII

2-Mo10 as photocatalyst shows improved catalytic H2

productivity compared with its parent POM Mo7 under identical conditions. Namely, the CuICuII
2-Mo10 can

reach 99.5 µmol− 1 g− 1 h− 1, which is obviously higher than 42.35 µmol g− 1 h− 1 of Mo7. To some extent,
this work shows a promising strategy for boosting the photocatalytic HER performance of POM
materials.
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Figures

Figure 1

View of structural motifs in the CuICuII
2-Mo10 

Figure 2
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Detailed view of the nanocage in the CuICuII
2-Mo10

Figure 3

The XPS spectra of the CuICuII
2-Mo10

Figure 4

The photocurrent spectrum (left) and time vs photocatalytic H2 production (right) of the CuICuII
2-Mo10

and Mo7
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