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ABSTRACT: Two hourglass-type molybdophosphate hybrids with the
formulas [Cd(H2O)2DABT]4[Cd(H7P4Mo6O31)2]·19H2O (1) and
(C2H5OH)(C3H5N2)6[Co3(H6P4Mo6O31)2]·H2O (2) (DABT= 3,3′-
diamino-5,5′-bis(1H-1,2,4-triazole)) have been successfully designed and
synthesized via a hydrothermal method. Structure analysis revealed that the
inorganic moieties in compounds 1 and 2 are made up of hourglass-type
{M[P4Mo6]2} (M = Cd/Co) structure, which were constructed by two
(P4Mo6) units with single transition metal (TM) (Cd/Co) atom as the
central metal. The {M[P4Mo6]2} (M = Cd/Co) structures were then fur-
ther connected by TM to constitute a 2D layered structure. Surprisingly,
under the condition of 60 °C and 98% RH, compounds 1 and 2 exhibited
excellent proton conductivity of 1.35 × 10−3 and 3.78 × 10−3 S cm−1,
respectively. Furthermore, compound 2 can act as heterogeneous catalyst
for CO2 photoreduction, which indicates that it may be a bifunctional
POM-based material with great promise.

■ INTRODUCTION

Polyoxometalates (POMs), as one important member of metal
oxides cluster materials with nanosized structural integrity,
have triggered widespread attention from both academia and
industry in recent years.1−7 This phenomenon is not only due
to their diverse structure, but also their potential practical values
in various areas, such as optics, electrics, medicine, catalysis, and
magnetism.8−16 It is worth mentioning that in numerous kinds
of POMs, there is a unique POM that called [P4Mo6O28−x-
(OH)3+x]

(9−x)− cluster (P4Mo6) which exerts aesthetically
fantastic structures.17−19 Distinct from the classical POMs with
{PO4} groups in the center, such as Keggin and Dawson-type
POMs, the P4Mo6 cluster has four {PO4} groups located at the
external of the cluster. Meanwhile, fully reduced MoV center
and abundant phosphoric acid groups endow the P4Mo6 cluster
with important electrical and catalytic properties.20−22 Thus,
based on above unique structure and potential application, the
design and synthesis work of P4Mo6 cluster have been one of
the significant tasks of researchers engaged in POM-based
materials synthesis.
As is well-known, POM-based complexes displayed fabulous

performances of proton conduction because of its high proton
mobility supplied by oxygen-rich surface, abundant H-bonds,
and water-retaining ability.23−25 For example, Nakamura used
the Keggin structural complex {H3PM12O40} (M = Mo, W) as
the proton conducting material, which was the first report on
POM-based proton conductive materials.26 Among the reported

proton conductive materials based on POMs, the introduction
of N-containing ligands (e.g., imidazole or triazole) could effec-
tively improve proton conductivity via providing more mobile
protons and smoothing transfer channel.27,28 For instance,
Lan’s group synthesized the solid spherelike structural
(HIm)24(NH4)20[MoVI72MoV60O372(CH3COO)30(H2O)72]·
90H2O (Im = imidazole) and obtained excellent proton con-
ductivity of 4.98 × 10−2 S cm−1, which was one of the highest
proton conductivities among POM-based proton conductive
materials.29 Recently, Liu and co-workers reported a P4Mo6
cluster with the formula H3{[Na2(H2O)2Na4Fe

III
4(H2O)4(PO4)]-

[Na0.5(H2O)Fe
II
0.5MoV4MoVI2(OH)O14(PO4)4]4[Fe

III
4(H2O)8]}·

12H2O, exhibiting a high proton conduction performance of
1.33 × 10−2 S cm−1 because of the existence of rich phosphonic
acid groups that have strong hydrophilicity and acidic property and
vast proton donor and acceptor sites.30 On the basis of the above-
mentioned, the P4Mo6 cluster decorated with N-containing ligands
(e.g., imidazole or triazole) may be an attractive candidate for
proton conductive materials.
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What’s more, because of the potential applications of POMs
in optical, catalytic, electrical, and magnetic properties, an
increasing number of researchers pay attention to the synthesis
of bifunctional POM-based materials in recent years.31−35

As one of the most important parts of the catalytic properties,
photocatalytic properties were investigated for the reported
molybdophosphate hybrids,22,36−38 from which it was disput-
able that the unique redox property and excellent photo-
catalytic activity made the P4Mo6 cluster a potential promising
photocatalyst for the CO2 photoreduction.
On the basis of above considerations, we successfully designed

and synthesized two P4Mo6-based compounds [Cd(H2O)2-
DABT]4[Cd(H7P4Mo6O31)2]·19H2O (1) and (C2H6O)-
(C3H5N2)6[Co3(H6P4Mo6O31)2]·H2O (2). It is worth men-
tioning that the P4Mo6 cluster with abundant H-bonds endows
compound 1 and 2 with excellent proton conductivity. Under
the condition of 60 °C and 98% RH, the values of proton con-
ductivity for compound 1 and 2 were 1.35 × 10−3 and 3.78 ×
10−3 S cm−1, respectively. Meanwhile, the protonated imidazole
molecules in compound 2 could provide more mobile protons
and smooth the proton transfer pathway, leading to higher
proton conductivity than that of 1. Besides, the photocatalytic
performances of compound 2 exhibits the yield of CO was
5789 μmol g−1 under 8 h irradiation through examining the
photocatalytic reduction of CO2, which indicates the potential
of bifunctional POM-based material.

■ EXPERIMENTAL SECTION
Materials and Physical Property Studies. 3,3′-Diamino-5,5′-

bis(1H-1,2,4-triazole) (DABT) was prepared on the basis of a known
literature method,39 and other drugs and solvents were purchased
with no further refinement. The content of C, H, and N were deter-
mined by a PerkinElmer 2400 elemental analyzer. PXRD analysis of
two compounds was carried out on Smartlab TM 9KW diffractometer
with monochromatized Cu−Kα (λ = 0.15418 nm) radiation, from
5 to 50°. FTIR spectrum was performed on Nicolet Impact 410 FTIR
spectrometer through pressing KBr pellets, and the range was 400 to
4000 cm−1. Thermogravimetric (TG) measurements of samples were
completed on the Diamond thermogravimetric analyzer, and the tem-
perature rose from 25 to 1000 °C in a N2 atmosphere, with the
heating rate of 10 °C min−1. The UV−vis diffuse reflectance spectra
was carried on SHIMADZU UV-2600 spectrophotometer, and the
wavelength range was 200−800 nm.
Synthesis of Compounds. Preparation of [Cd(H2O)2DABT]4[Cd-

(H7P4Mo6O31)2]·19H2O (1). A mixture of Cd(OAc)2·2H2O (0.1332 g,
0.5 mmol), MoO3 (0.0432 g, 0.3 mmol), L-alanine (0.0802 g, 0.9 mmol),
DABT (0.0498 g, 0.3 mmol), H3PO4(0.2 mL), and H2O (8 mL) was
stirred for 120 min, and the pH value was controlled at 2.5 using 2 M
NaOH. Subsequently, the above mixture was put in a 25 mL stainless-
steel autoclave and kept the autoclave at the temperature of 170 °C
for 96 h. After falling to ordinary temperature, the red strip crystals of
compound 1 were obtained (yield: 31% based on Mo). Elemental
analysis result (%): C 4.45, H 2.26, N 10.42 (Calcd (%):C 4.49, H
2.20, N 10.48).
Preparation of (C2H6O)(C3H5N2)6[Co3(H6P4Mo6O31)2]·H2O (2).

A mixture of Co(OAc)2·4H2O (0.1245 g, 0.5 mmol), MoO3 (0.0716 g,
0.5 mmol), imidazole (0.0666 g, 0.98 mmol), H2O (4 mL), C2H5OH
(4 mL), and tetrabutyl-ammonium hydroxide (1 mL) was stirred for
120 min, and the pH value was controlled at 4.5 using H3PO4. Sub-
sequently, the above mixture was put in a 25 mL stainless-steel auto-
clave and kept the autoclave at the temperature of 180 °C for 120 h.
After falling to ordinary temperature, the blue block crystals of com-
pound 2 were obtained (yield: 35% based on Mo). Elemental analysis
result (%): C 7.28, H 1.45, N 5.64 (Calcd (%):C 7.22, H 1.40,
N 5.61).
X-ray Crystallography. The data of single-crystal X-ray diffraction

for two compounds was performed on a Bruker SMART Apex II

CCD diffractometer with Mo−Kα radiation (λ = 0.71073 Å). The
structures of two compounds were then analyzed using direct methods
and refined by the full-matrix least-squares minimization through the
SHELX-2018/3 program package. All the crystallographic information
for compound 1 and 2 is listed in Table 1.

■ RESULTS AND DISCUSSION
Synthesis. As is known to all, the hydrothermal method has

been confirmed as an effective way to synthesize POM-based
complexes. In the synthesis process, numerous factors have an
influence on the growth of the crystal. To perfect the crystal
quality, we optimize the kind of solvents, pH values, reaction
time, and temperature to synthesize compounds 1 and 2, leading
to different preparation conditions of two compounds. Mean-
while, we chose N-containing ligands (DABT and imidazole) as
building units to address the instability of POMs on the condi-
tion of high relative humidity and to supply more mobile pro-
ton.40 Although L-alanine does not appear in the structure of
compound 1, we could not get the final products without
adding L-alanine in the synthetic steps. In addition, it should be
noted that two compounds all have high repeatability in the
preparation process and can be distinctly distinguished by the
shape and color, as shown in Figure S1.

Structure of [Cd(H2O)2DABT]4[Cd(H7P4Mo6O31)2]·19H2O
(1). Single-crystal X-ray analysis showed that compound 1
crystallizes in the monoclinic P2(1)/n space group. As shown
in Figure 1d and Figure S2, compound 1 is composed of one

Table 1. Crystal Data and Structure Refinements for 1 and 2

1 2

formula C16H92Cd5Mo12N32O89P8 C20H50Co3Mo12N12O64P8

form wt 4118.25 3058.55
T (K) 296(2) 296(2)
cryst syst monoclinic triclinic
space group P2(1)/n P1̅
a (Å) 13.7816(10) 12.999 (4)
b (Å) 22.0296(15) 13.862(4)
c (Å) 18.3385(12) 14.711(4)
α (deg) 90 95.522(3)
β (deg) 98.1640(10) 107.507(3)
γ (deg) 90 117.104(3)
V (Å3) 5511.2(7) 2163.7(11)
Z 2 1
Dc (mg m−3) 2.482 2.347
μ (mm−1) 2.502 2.490
F (000) 3976 1471
θ range (deg) 1.454−25.010 1.510−25.001
limiting indices −16 ≤ h ≤ 16, −15 ≤ h ≤ 14,

−25 ≤ k ≤ 26, −16 ≤ k ≤ 16,
−21 ≤ l ≤ 21 −17 ≤ l ≤ 17

no. of reflns
collected

39019 14534

no. of
independent
reflns

9713 [R(int) = 0.0576] 7493 [R(int) = 0.0761]

data/restraints/
params

9713/211/790 7493/128/556

GOF 1.138 1.020
R1
a R1 = 0.0440 R1 = 0.0494

wR2
b[I > 2σ(I)] wR2 = 0.1233 wR2 = 0.1310

R1, wR2 R1 = 0.0599 R1 = 0.0638
(all data) wR2 = 0.1299 wR2 = 0.1398
aR1 = Σ||F0| − |Fc||/Σ|F0|. bwR2 = Σ[w(F02 − Fc

2)2]/Σ[w(F02)2]1/2.
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[Cd(H7P4Mo6O31)2]
8− anionic unit, four [Cd(H2O)2DABT]

2+

cations, and 19 free water molecules. The most basic unit of
compounds 1 is (P4Mo6), which is formed by four {PO4} tetra-
hedral and six {MoO6} octahedral (Figure 2a). There are three
types of Cd atoms with distinct coordination modes: the mid-
dle Cd1 (Figure 1a) and the pendant Cd2/Cd3 (Figure 1b, c).
The Cd1 atom bridges two (P4Mo6) units via six μ3-O atoms
with a six-coordinated configuration to construct a hourglass-
type Cd[P4Mo6]2 dimer (Figure 2b, c). Meanwhile, the Cd2
and Cd3 atoms are all six-coordinated with two water oxygen,
two nitrogen atoms from DABT, and two oxygen atoms from
two {PO4} tetrahedral, respectively. The lengths of Cd2−O
and Cd3−O bond vary from 2.227 (6) to 2.345 (8) Å, and the
range of angles of O−Cd2−O and O−Cd3−O is from 83.1 (2)
to 178.5 (2)° (Tables S1 and S2). Different from Cd3, the Cd2
atom can act as a linker to connect the two adjacent Cd[P4Mo6]2
dimers in a two-dimensional (2D) arrangement (Figure 1e).
Besides, the adjacent layers interact with each other by hydrogen

bonds of N−H···O (Table S5) to build up a 3D supramolecular
structure, as shown in Figure S4.

Structure of (C2H6O)(C3H5N2)6[Co3(H6P4Mo6O31)2]·H2O
(2). Different from compound 1, the compound 2 crystallizes
in the triclinic P1̅ space group. As shown in Figure S3, com-
pound 2 consists of one [Co3(H6P4Mo6O31)2]

6− anionic unit,
six protonated imidazole molecules, one free water, and one
ethanol molecule. There are two kinds of Co atoms in compound
2. Concretely, the Co1 atom as the center metal, connecting two
(P4Mo6) units to form a hourglass-type Co[P4Mo6]2 dimer unit
(Figure 2b, c), and the Co2 is four-coordinated configuration
that links four μ2-O atoms (μ2-O9, μ2-O20, μ2-O29, and μ2-O31)
from four {PO4} tetrahedral (Figure 3b, c). The lengths of Co2−O
are in the range of 1.937 (6)−1.951 (5) Å, and the angle range of
O−Co2−O varies from 98.7 (3) to 123.0 (2)° (Tables S3 and S4).
Slightly different from compound 1, every Co2 atom in compound
2 is connected with three adjacent Co[P4Mo6]2 dimers to generate
a two-dimensional (2D) structure (Figure 3c, d), and this layered

Figure 1. (a−c) Different coordination environment of Cd ions in 1. (d) Ball−stick and polyhedral representations of the structural unit in 1.
(e) Ball−stick and polyhedral views of two-dimensional (2D) layer in 1. The free water molecules and hydrogen atoms are omitted for clarity.

Figure 2. (a) Polyhedral presentation of the hourglass-type unit of {M[P4Mo6]2} (M = Cd in compound 1 and Co in 2). (b) Side and (c) top
views of the {M[P4Mo6]2} cluster.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01941
Inorg. Chem. 2020, 59, 12876−12883

12878

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01941/suppl_file/ic0c01941_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01941/suppl_file/ic0c01941_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01941/suppl_file/ic0c01941_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01941/suppl_file/ic0c01941_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01941/suppl_file/ic0c01941_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01941?ref=pdf


structure further connects with protonated imidazole by the
H-bond of C−H···O and N−H···O (Table S6) to construct a
3D supramolecular structure (Figure S5), which may indicate
that compound 2 has an excellent proton transfer ability due
to the existence of abundant proton sources and hydrogen
bonds.41

IR, XRD, and TG Analysis. As shown in Figures S6 and S7,
the IR analysis of compound 1 and 2 showed some semblable
stretching vibration peaks that are attributed to phosphomo-
lybdate hybrids and organic ligands. Take compound 1 as
an example; the characteristic peaks at 495 and 740 cm−1 can
be thought to be v (Mo−O−Mo).42 The peaks at 955 and
1015 cm−1 are ascribed to ν (Mo = O) and ν (P−O), respec-
tively. In addition, the peak at 1640 cm−1 belongs to the stretch-
ing vibrations of the CN bonds from DABT, whereas the
peaks at 1480, 2856, and 2925 cm−1 belong to the v (C−H).
Meanwhile, the strong peak at 3345 cm−1 is attributed to the
stretching vibrations of O−H.
The XRD analysis of two compounds is shown in Figured S8

and S9. Notably, the measured values maintain high consis-
tency with the corresponding theoretical spectra, which confirm
that the two compounds have high phase purities.
The weight loss analysis of the two compounds is shown in

Figures S13 and S14. For compound 1, the weight loss curve
consists of three parts. Originally, the weight loss of 12.17%
with the temperature range is 25−190 °C, which is ascribed to
the loss of coordination water and free water molecules (theo-
retical 11.8%). Because the structure of compound 1 is stable
in this temperature range, the curve of the second part is
almost unchanged between 190 and 340 °C. Then, with the
further increase of temperature, the weight of compound 1
decreases 17.11% (theoretical 16.12%) because of the decom-
position of organic ligands. In addition, the TG curve of com-
pound 2 is similar to 1, and the weight loss of 17.7% for 2 is

mainly attributed to the decomposition of imidazole and
partial collapse of the skeleton (theoretical 15.64%).

Proton Conductivity. Proton conductivity of two com-
pounds was investigated through an alternating current (AC)
impedance spectrum. As shown in Figure 4, b, the conductivity
of compound 1 and 2 was measured at 25 °C with different
humidity to conform the correlation between relative humidity
(RH) and proton conductivity. The conductivity of compound
1 was 1.13 × 10−9 S cm−1 at 40% RH, which could be con-
sidered as a negligible value. With the RH increasing to 98%,
the proton conductivity of compound 1 increased to 1.55 ×
10−4 S cm−1, whereas compound 2 was 3.53 × 10−4 S cm−1. Obvi-
ously, the increase in humidity is conducive to the increase in
conductivity, so we examined the effect of different temper-
atures on the conductivity based on a RH of 98%, and the
range of temperature was 25−60 °C with 5 °C intervals
(Figure 4c, d). Under the conditions of 60 °C and RH of 98%,
the conductivity value of compound 1 was 1.35 × 10−3 S cm−1,
whereas that of compound 2 was 3.78 × 10−3 S cm−1, which was
much higher than that of 1. It should be noted that the proton
conductivity of compound 2 was greater than those of most
reported POM-based proton conductive materials (Table S7).
What’s more, the PXRD patterns (Figures S10 and S11) confirmed
that compounds 1 and 2 are stable during the measurements.
Moreover, to strengthen our understanding of the proton

conduction mechanism, we calculated the activation energy
(Ea) of compound 1 was 0.53 eV and 2 was 0.57 eV at 98%
relative humidity through the Arrhenius equation, as shown in
Figure 5. Classically, the Grotthuss mechanism and the vehicle
mechanism are extremely related to conductivity, which can be
used to explain proton conduction. In general, the range of
activation energy was 0.1−0.4 eV and mainly follows the
Grotthuss mechanism, whereas the range of 0.5−0.9 eV mainly
follows the vehicle mechanism, which may exit in two com-
pounds.43 For compound 1, the number of hydrogen bonds

Figure 3. (a, b) Coordination environment of Co1 and Co2 ions in 2; (c) ball-and-stick and polyhedral representations showing the linkage of
Co ions in 2; (d) polyhedral views of 2D layer in 2. The hydrogen atoms, protonated imidazole molecules, free water, and ethanol molecules are
omitted for clarity.
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could facilitate proton conduction, which was consistent with
the Grotthuss mechanism, leading to low activation energy.
Meanwhile, the free water molecules may receive protons from
four-coordinated DABT ligands and transfer protons via self-
diffusion, leading to a partial vehicle mechanism.44 It can then
be speculated that the protonated imidazole molecules of 2 are
conducive to constructing continuous and rich hydrogen bonds,
which could be used as the smooth pathway for proton migration
and thus bringing about low activation energy. Simultaneously,
because the channel in 2 was mainly occupied by free imid-
azole molecules, the guests have the possibility to move or
rotate dynamically in the proton conduction, which was the rea-
son for the high activation energy. Thus, the partial Grotthuss

mechanism and vehicular mechanism may all exit in two
compounds.
The reason for the high proton conductivity and the dif-

ference between two compounds were utilized to further inves-
tigate through the results of structural analysis and activation
energy. First, according to the test results, POMs possess an
oxygen-rich surface, which could promote proton to alter
pathway via transport on the oxygen-rich surface of POMs.
Second, the existence of the phosphonic acid group is conducive
to improving the proton conductivity by virtue of its strong
hydrophilicity and acidic property and vast proton donor and
acceptor sites. Third, abundant H-bonds of two compounds
are instrumental in providing path for proton translocation.
What’s more, the presence of protonated imidazole molecules
not only could easier provide more mobile protons but also admin-
ister a smooth proton transfer pathway in compound 2,27,45 result-
ing in higher proton conductivity than 1. Hence, compared to
1, the higher value of proton conductivity for compound 2
should be attributed to protonated imidazole molecules.

Photoreduction Property. The photocatalytic properties
of compound 1 and 2 were investigated by examining the CO2
photoreduction under visible-light illumination. In the system
of CO2 photocatalytic reduction, we put photocatalyst (10 mg)
into a mixed solvent of triethanolamine and acetonitrile (1:4 v/v,
50 mL) and used [Ru(bpy)3]Cl2·6H2O (11.3 mg) as photo-
sensitizer. The whole reaction system was then irradiated
through a Xe lamp, and the range of wavelength of light was
greater than 420 nm. As shown in Figure 6a, when the reaction
was carried out with a lack of photocatalyst, only traces of CO
could be observed. In addition, the result also showed an
extremely weak activity of the CO yield when we used com-
pound 1 as photocatalyst (Figures S15 and S16). In contrast,

Figure 4. Impedance spectra of (a) compound 1 at 25 °C with different RH conditions, compound 2 at 25 °C with different RH conditions,
(c) compound 1 at 98% RH with different temperatures, and (d) compound 2 at 98% RH with different temperatures.

Figure 5. Arrhenius plots of proton conductivity for compound 1
(red) and 2 (blue) under 98% RH conditions.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01941
Inorg. Chem. 2020, 59, 12876−12883

12880

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01941/suppl_file/ic0c01941_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01941?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01941?ref=pdf


when we replaced compound 2 with 1, the CO yield was
obviously higher than previously (Figure S17). When the light
time increases, the number of moles of CO gradually increase
and the turnover number (TON) of CO was 17.7 under 8 h irra-
diation. Meanwhile, the relevant CO yield was 5789 μmol g−1,
which was greater than those of most reported POM-based
photocatalysts (Table S8). In response to this phenomenon,
we concluded that cobalt metal can provide more photo-
catalytic active sites for compound 2 to deliver high activity for
CO2 photoreduction.46,47 After the reaction, the PXRD pat-
terns of compound 2 confirmed that the photocatalysts are
stable during the reaction and proved to be heterogeneous
catalysts (Figure S12).
To further understand the CO2 photoreduction mechanism,

we investigated the solid-state UV−vis diffuse reflectance spec-
tra and Mott−Schottky spots of compound 2 (Figure 6b, d).
As shown in Figure 6b, the absorption edge of compounds 2
can reach nearly 700 nm, which may be attributed to the
combination of coordinated Co atom and {P4Mo6} cluster.48

Then, the band gap (Eg) of compound 2 was calculated via
UV−vis data with the Kubelka−Munk eq (Figure 6c), and the
value of band gap was 2.77 eV, which explained the excellent
photocatalytic property for compound 2. Meanwhile, Mott−
Schottky plots with different frequencies were determined that
the LUMO position was −1.15 V vs. NHE for compound 2
(Figure 6d). It should be noted that the LUMO position of
compound 2 was more negative than the reduction potentials
of CO2 photoreduction (CO/CO2 = −0.53 V vs. NHE), indicat-
ing that compound 2 could theoretically be a photocatalyst for
CO2 to CO reduction.
On the basis of the results of CO2 photoreduction experiments,

we proposed a reaction mechanism about CO2 photoreduction

over compound 2 (Figure 7). First, the photosensitizer (PS)
absorbs visible light to produce photoelectrons from the
HOMO and transfers them to the catalyst via the matched
LUMO positions. At the same time, TEOA plays the role of
sacrificial agent in the system and consumes the photoinduced
holes that generated from the valence band. Second, under the
excitation of photoreduction, reductive {P4Mo6} clusters con-
tinuously transport electrons to the active metal sites. Third,
the absorbed CO2 molecules accept electrons from the catalyst
and eventually turn into CO.

■ CONCLUSION
In summary, two inorganic−organic hybrid materials based on
the P4Mo6 cluster, possessing a two-dimensional (2D) structure,

Figure 6. (a) Amount of CO produced as a function of the time of visible-light irradiation over compound 1 and 2. (b) Solid-state UV−vis diffuse
reflectance spectra of compounds 2. (c) (αhν)2 vs hν curve of compound 2. (d) Mott−Schottky plots of compound 2.

Figure 7. Proposed mechanism for the photoreduction of CO2 to CO
catalyzed by compound 2.
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have been synthesized under hydrothermal conditions. Under
the condition of 60 °C and 98% RH, the excellent proton con-
ductivities of compound 1 and 2 were 1.35 × 10−3 and 3.78 ×
10−3 S cm−1, respectively, resulting from abundant H-bonds
that facilitate fast proton migration. For compound 2, the
introduction of protonated imidazole molecules provides more
mobile protons and smooth proton transfer pathway in its
structure, leading to higher proton conductivity than that of 1.
Notably, compound 2 can also act as a heterogeneous catalyst
for CO2 photoreduction and the CO yield was 5789 μmol g−1

under 8 h irradiation, which indicates it may be a decent
bifunctional POM-based material with great promise.
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