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[W10O32]4�-based POMOFs with different nuclear
cobalt clusters for photoreduction of CO2 to
produce syngas†
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The CO2 emissions from flue gases in traditional electricity generation and industrial sectors account for the

main source of global emissions. The direct conversion of CO2 in flue gases into value-added carbon

production is a low-cost and simple process to realize a carbon neutral cycle, yet the development of an

efficient catalyst to treat the CO2 in flue gases is still in its infancy. Here, we present two polyoxometalate-

based metal organic frameworks (POMOFs) with [W10O32]4� as the connecting node, named

Co2(W10O32)(BIA)4(CH3CN)4 (compound 1) and Co4(W10O32)(INA)6(CH3CN)4(TBA)2 (compound 2), as catalysts

for the photoreduction of CO2 in exhaust gases. Under a pure CO2 atmosphere, syngas is the main

product and the yield of compound 1 is 72.7 mmol h�1, which is B40% higher than that of compound 2

(54.2 mmol h�1). Notably, the yield of compound 1 reaches 42.7 mmol h�1 with 15% CO2 in the flue gas,

which indicates that the catalyst can not only overcome the low CO2 concentration but also tolerate the

harsh gas composition in the flue gas. In addition, density functional theory (DFT) calculations show that

the charge distribution and steric hindrance of compound 1 were conducive to the reduction reaction.

Introduction

In recent years, rapid urbanisation and industrialisation have
led to an increasing trend of CO2 emissions.1 The increasing
concentration of CO2 in the environment is an important
factor affecting global climate change.2–4 Photocatalytic CO2

reduction technology driven by solar energy is considered as
one of the favourable ways to address CO2 due to its clean
energy and mild reaction conditions.5,6 Currently, photocata-
lysts are mostly used to obtain high purity CO2. However, CO2

in the flue gases of the electricity generation and industrial
sectors accounts for the majority of global CO2 emissions. The
concentration of CO2 in the flue gas is relatively low.7,8 There-
fore, direct conversion of CO2 from flue gas to carbonaceous
fuels or other value-added products using photocatalysts is an
inexpensive and simple way to achieve the carbon cycle.9

At present, the development of low concentration CO2 photo-
catalysts in flue gas is in the initial stages and the application of
CO2 photocatalysts for flue gas applications is imminent. Such
catalysts must not only overcome the limitation of CO2 concen-
tration, but also tolerate the remaining components in the flue
gas.10 Therefore, the development of photocatalysts for direct
application of CO2 in flue gas is a great challenge.

Polyoxometalate-based metal organic frameworks (POMOFs)
are extended architectures that introduce polyoxometalate
(POMs) units into metal organic frameworks (MOFs), which
contain two types of integration, either using the cavities
present in the MOF structure to encapsulate the POMs or using
the POMs as a building block in the MOF structure.11 The
POMs are a class of inorganic metal cluster bridged by oxygen
atoms with structural adjustability, composition diversity
and efficient electron transfer storage ability.12–19 The MOFs
are crystalline materials with intramolecular pores formed
by the self-assembly of organic ligands and metal nodes
using coordination bonds with an excellent light absorption
ability, abundant porosity and internal tunability.20–27

Combining the advantages of POMs and MOFs, POMOFs are
widely used in battery,28 detection,29 photochromism,30 and
photoelectric catalysis applications.31–34 Despite the advan-
tages of POMOFs, their application in the field of CO2 photo-
reduction is still in its infancy,35–37 let alone photoreduction of
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CO2 in low CO2 concentration or even direct use of industrial
waste gas.

Here, we present two new POMOFs based on ([W10O32]4�)
named as Co2(W10O32)(BIA)4(CH3CN)4 (compound 1) and
Co4(W10O32)(INA)6(CH3CN)4(TBA)2 (compound 2). The syngas
yield of compound 1 with a mononuclear cobalt cluster is
72.7 mmol h�1, which is higher than that of compound 2 with
a binuclear cobalt cluster (54.2 mmol h�1). compound 1
retained its high reactivity in dilute CO2 (5–30%). In particular,
the syngas yield in 30% CO2 is 53.3 mmol h�1, which is 75% of
the pure CO2 yield. Furthermore, the syngas yield of compound
1 in the simulated industrial flue gas system is 42 mmol h�1,
which indicates that the catalyst is resistant to poisoning from
the exhaust gases. This work provides a promising photocata-
lyst for the preparation of syngas at a low CO2 concentration
and under flue gas conditions.

Experimental section
Synthesis of (TBA)4[W10O32]

The (TBA)4[W10O32] was synthesised according to a method pub-
lished in the literature and with slight modifications.38,39 Tetra-
butylammonium bromide (TBAB) (0.97 g, 3 mmol) and deionised
water (300 mL) were added to a 1 L beaker. The Na2WO4�2H2O (2 g,
6 mmol) and deionised water (300 mL) were added to another 1 L
beaker. The two solutions were stirred and heated to 90 1C.
Concentrated hydrochloric acid was added to both solutions until
the pHs were both 2. After acidification, the solutions from the two
beakers were mixed and the stirring was continued at 90 1C until all
the dissolved white solids were precipitated. After the reaction, the
solution was cooled to room temperature and subsequently filtered
to obtain a white solid sample. The solid was washed 2–3 times
with water and ethanol, and then dried at 60 1C under vacuum. The
dried sample was dissolved in 10 mL of hot acetonitrile (CH3CN)
and then placed in a freezer at �20 1C for 12 h. After filtration, the
filtrate was collected and then evaporated to obtain the product as a
white solid.

Synthesis of Co2(W10O32)(BIA)4(CH3CN)4 (compound 1)

The (TBA)4[W10O32] (0.01 mmol, 33 mg), CoCl2�6H2O (0.1 mmol,
23.8 mg), 1H-benzimidazole-5-carboxylic acid (BIA, 0.1 mmol,
20 mg) and CH3CN (5 mL) were added to a Teflon lined
autoclave (15 mL). The solvent mixture was stirred for 30 min
at room temperature and then kept at 75 1C for 24 h. The
autoclave was cooled to room temperature and brown-black
crystals appeared (47% yield based on Co).

Synthesis of Co4(W10O32)(INA)6(CH3CN)4(TBA)2 (compound 2)

The (TBA)4[W10O32] (0.01 mmol, 33 mg), Co(NO3)2�6H2O
(0.1 mmol, 29.1 mg), isonicotinic acid (INA) (0.1 mmol,
13 mg) and CH3CN (5 mL) were added to a Teflon lined
autoclave (15 mL). The solvent mixture was stirred for 30 min
at room temperature and then kept at 85 1C for 24 h. The
autoclave was then cooled to room temperature and purple
crystals appeared (61% yield based on Co).

Results and discussion
Catalyst characterisation

Single-crystal X-ray diffraction data (XRD) showed that com-
pound 1 crystallises in the triclinic space group P%1 (Table S1,
ESI†). The asymmetric unit of compound 1 contained two Co2+,
two CH3CN molecules, two BIA ligands and 1/2 [W10O32]4�.
Both Co2+ in compound 1 adopted a coordination number of
six and exhibited an octahedral geometry. The Co1 coordinated
with two nitrogen atoms from the BIA ligands, two nitrogen
atoms from the CH3CN molecules and two oxygen atoms from
[W10O32]4� to form a twisted octahedron. The coordination
geometry of Co2 was similar to that of Co1, with the difference
that two oxygen atoms provided by [W10O32]4� were in different
positions. The Co–O bond length ranged from 2.07 (3) �2.09 (3) Å
and the range of the Co–N bond lengths were 2.086 (19) �2.17 (4)
Å. Each Co2+ was linked to two adjacent [W10O32]4�, two BIA
ligands and two CH3CN molecules to form a mononuclear cobalt
cluster (Fig. 1a). Each [W10O32]4� was connected to four mono-
nuclear cobalt clusters via oxygen atoms (Fig. 1b). For ease of
description, the [W10O32]4� and mononuclear cobalt clusters are
simplified as a 4-connected node and a 2 connected node,
respectively. [W10O32]4� and the mononuclear cobalt clusters
interconnect to form a topological structure (Fig. 1c).

Fig. 1 (a) The coordination environment of the mononuclear cobalt
cluster in compound 1. (b) The coordination environment of [W10O32]4�

in compound 1 (green balls: Co, red balls: O, blue balls: N, grey balls: C,
blue polyhedron: [W10O32]4�). (c) Mononuclear cobalt clusters are simpli-
fied as dark green connected nodes, and [W10O32]4� was simplified as
orange connected nodes. The dark green and orange connected nodes
were connected to form a topological structure.
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Compound 2 crystallised in the monoclinic P21/n space group
(Table S2, ESI†). The asymmetric unit of Compound 2 contained
two Co2+, two CH3CN molecules, three INA ligands and one half of
the [W10O32]4

�
polyanion. Based on the charge balance, the unit

should contain one disordered tetrabutylammonium (TBA). This
was a by-product from the decomposition of (TBA)4[W10O32])40

Both the Co2+ ions in compound 2 adopted a coordination
number of six with an octahedral configuration. The Co1 coordi-
nated with one nitrogen atom from an INA ligand, four oxygen
atoms from INA ligands and one oxygen atom from [W10O32]4�.
The Co2 atoms connected with one nitrogen atom from an INA
ligand, three oxygen atoms from an INA ligand and two nitrogen
atoms from a CN3CN molecule. The Co–O and Co–N bond lengths
ranged from 2.008 (8) �2.246 (8) Å and 2.089 (8) �2.163 (12) Å,
respectively. Three INA acted as bridging ligands to link Co1 and
Co2 into a binuclear Co cluster with a distance of 3.5168 (21) Å
between Co–Co. As shown in Fig. 2a, two oxygen atoms provided
by a [W10O32]4� connected two binuclear Co clusters. Each
binuclear Co cluster connected one [W10O32]4� and four adjacent
binuclear Co clusters (Fig. 2b). The binuclear cobalt cluster and
[W10O32]4� were connected to each other to form a 3D POMOF
structure (Fig. 2c). Compound 2 can be viewed as a 3D column-
supported pillared structure. The binuclear Co clusters are
bridged by INA ligands to form 2D grids (as shown in the
Fig. 2d), and adjacent 2D grids are bridged by [W10O32]4� as
column support agents to form a 3D column support structure,
which has the advantage of structural tunability and stability.

The crystallinity and phase purity of compounds 1 (Fig. 3a)
and 2 (Fig. 3b) were characterised by XRD. The experimental
patterns of compound 1 and 2 were in good agreement with the
simulated data, and showed the phase purification in com-
pound 1 and 2. The compositional structures of compound 1
(Fig. 3c) and compound 2 (Fig. 3d) were characterised by Fourier

transform infrared (FT-IR) analysis. The IR spectra of both vs.
showed the characteristic vibrations of the [W10O32]4�. The spectral
bands at 959 cm�1 in Fig. 3c and 955 cm�1 in Fig. 3d were
attributed to W = Ot. The two peaks observed at 898 cm�1 in
Fig. 3c and at 894 cm�1 in Fig. 3d originates from W–O–W. In
addition, the peaks at 797 cm�1 in Fig. 3c and at 794 cm�1 in
Fig. 3d were associated with W–Oe–W.41,42 The optical absorption
and electronic structures of compounds 1 and 2 were studied by
UV-Vis diffuse reflectance spectroscopy. As shown in Fig. 3e and f,
both compounds had two sets of absorption bands. The strong
absorption bands located at approximately 310 nm in Fig. 3e and at
340 nm in Fig. 3f can be attributed to the charge transfer from the
oxygen atom to the tungsten atom in [W10O32]4�.43 In addition, the
broad absorption bands from 500 to 700 nm in compound 1
(Fig. 3e) and from 430 to 700 nm in compound 2 (Fig. 3f) may
originate from the 3d–4d electronic transitions of Co2+.44,45 The
absorption spectra of the two POMOFs with [W10O32]4� as the
connecting node showed partial overlap with the solar emission
spectrum. This provides the possibility for use in a subsequent
application of photocatalysis.46 The energy band gaps of compound
1 and compound 2 were calculated to be 2.73 (Fig. 3e, insert) and
2.91 eV (Fig. 3f, insert), respectively, using the Tauc plot equation.

Photocatalytic performance tests

Photocatalytic experiments were performed in 6 mL of a mixed
solution (water/CH3CN/TEOA; v/v/v = 1 : 4 : 1). [Ru(bpy)3]Cl2

Fig. 2 (a) The coordination environment of [W10O32]4� in compound 2.
(b) The coordination environment of a binuclear Co cluster in compound 1
(green balls: Co, red balls: O, blue balls: N, and grey balls: C, blue
polyhedron: [W10O32]4�). (c) A 3D view of compound 2. (d) Schematic
diagram of the pillared structure of compound 2.

Fig. 3 (a) and (b) Experimental and simulated PXRD patterns of com-
pound 1 and 2. (c) and (d) Fourier transform infrared spectroscopy (FT-IR)
of compound 1 and 2. (e) the UV-Vis diffuse reflectance spectroscopy of
compound 1, and Tauc plot of compound 1 for band gap calculation based
on the UV-vis diffusion spectrum (insert); (f) UV-Vis diffuse reflectance
spectroscopy of compound 2, and a Tauc plot of compound 2 for band
gap calculation based on the UV-vis diffusion spectrum (insert).
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(7.5 mg, 0.01 mmol) was added to the solution as a photo-
sensitiser and pure CO2 was utilised as the reaction condition.
To determine the optimal input mass of the system, different
masses of catalyst were input into the system with [Ru(bpy)3]Cl2

(7.5 mg, 0.01 mmol) as a fixed value. As shown in Fig. 4a, the
syngas yield increased from 61 mmol h�1 to 72.7 mmol h�1 when
the mass of compound 1 was increased from 0.5 to 1 mg
(Fig. 4a). However, a further increase in the mass of compound
1 caused a decrease in the catalytic activity. The yield of
compound 1 (2 mg) was 59.3 mmol h�1 and there was a yield
of 43.5 mmol h�1 with a mass increase to 3 mg. A similar yield
trend appeared in the catalytic system of compound 2. The
previous trend may be due to the fact that the increase of the
photocatalyst in the system will hinder the number of photons
absorbed per unit of photosensitiser, which eventually leads to
a decrease in the activity of the catalytic system.47 Therefore,
there is an optimal ratio between the catalyst mass and the
photosensitiser in the catalytic system, and the optimal mass
ratio of compounds 1 and 2 to [Ru(bpy)3]Cl2 was 0.13 (1/7.5, m/m).
Subsequent catalytic experiments were carried out using 1 mg of
catalyst as a standard. The time course reaction plots for the
catalysts are shown in Fig. 4c and d. The CO and H2 yields of both
catalytic systems showed time-dependent trends. A significant
decrease in yield was detected after 45 min for compound 1 and

after 30 min for compound 2. These results may be attributed to
the partial deactivation of the photosensitiser.48 The H2 : CO
ratio of compound 1 was found to be approximately 1 and this
ratio could be used to produce low carbon hydrocarbons.49–51

Meanwhile, the quantum efficiency (QE) value was measured for
CO at 420 nm over 1 h (0.63% for compound 1, and 0.59% for
compound 2), which were higher than those of many others
reported in the literature (Table S3, ESI†). Cycling experiments
were used to explore the catalytic stability of compound 1 and 2.
The two catalysts still maintained a high activity after three
rounds of catalytic experiments (Fig. S1a and S1b, ESI†).

Subsequently, the catalytic activity of POMOF was investi-
gated at low CO2 concentrations using compound 1 as a
catalyst. The CO2 concentrations were set to 0.03% (air condi-
tions), 5%, 15% and 30%. As shown in Fig. 4e, the syngas yield
of 30% CO2 reached 53.3 mmol h�1, which was 75% of the
syngas yield under pure CO2 conditions. Even at lower CO2

concentration conditions, compound 1 still maintained a high
activity, with syngas yields of 5.9, 23.6 and 45 mmol h�1 for
0.03%, 5% and 15% CO2 concentration conditions, respec-
tively. These results indicate that the syngas yield was not
completely affected by the CO2 concentration, which leads to
the possibility of a low CO2 concentration reduction.

In order to verify the activity of compound 1 under flue gas
conditions, the composition of the flue gas was simulated,52

and this including CO2 (15%), H2S (0.2%), SOx (0.2%), NOx

(0.2%) and N2. As shown in Fig. 4f, the yield of the syngas under
flue gas conditions was 42.7 mmol h�1, which was close to the
15% CO2 yield. This result indicates that compound 1 is
tolerant to other components in the exhaust gases.

Controlled experimental tests were performed to verify the
necessity of each component. The product was barely detect-
able in the absence of [Ru(bpy)3]Cl2, indicating that the
reduction process may require photosensitisation by a photo-
sensitiser (Fig. S2(II), ESI†). The composition of the reaction
medium also affected the catalytic effect. Almost no reaction
occurred in the photocatalytic system lacking triethanolamine
(TEOA), which may be attributed to the fact that TEOA acted
as a sacrificial agent for the catalytic system (Fig. S2(III), ESI†).
The syngas yield plummeted when the mixed solution changed
to TEOA (1 mL) and CH3CN (5 mL). This suggests that H2O may
be a key donor of hydrogen protons Fig. S2(IV), ESI†).53 Under
dark conditions, almost no gaseous products were detected,
suggesting that light was an important energy source (Fig.
S2(V), ESI†). No CO production was detected by replacing CO2

with N2, which suggested that the carbon-containing products of
the system originated from CO2 (Fig. S2(VI), ESI†). The isotope
labelling experiment of compounds 1 and 2 proves that the
reduction of CO2 occurred in the system (Fig. S3a and S3b, ESI†).

Possible photocatalytic mechanism

In order to reveal the photoreaction process of compounds 1
and 2, in situ IR tests were performed on both of the catalysts to
determine the reaction intermediates. The experimental data
were collected for analysis at different times. The peaks belong-
ing to compound 1 at 1132 cm�1 (Fig. 5a) and to compound 2 at

Fig. 4 (a) and (b) Syngas evolution with different quantities of compound
1 and 2. (c) The time course reaction plots of compound 1 (1 mg). (d) The
time course reaction plots of compound 2 (1 mg). (e) the photocatalytic
catalytic test plots of compound 1 (1 mg) under different concentrations of
CO2: I was air conditions (containing 0.03% CO2) and II–V were different
concentrations of CO2/Ar gas. (f) Photocatalytic control chart of com-
pound 1 (1 mg) under 15% CO2/Ar gas and 15% CO2 simulated flue gas
conditions with 0.2% H2S, 0.2% NOx and 0.2% SOx in a 15% CO2/N2 system.
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1135 cm�1 (Fig. 5b) were attributed to H2CO, and the peaks at
1338 cm�1 (Fig. 5a) and 1326 cm�1 (Fig. 5b) were ascribed to m-
CO3

2�. The characteristic peaks observed at 1518 cm�1 (Fig. 5a)
and 1529 cm�1 (Fig. 5b) belonged to COOH*, which was a key
intermediate in the conversion of CO2 to CO. The intensity of
the COOH* peaks attributed to compounds 1 and 2 gradually
increased with the extension of the time of light irradiation,
indicating that CO2 was continuously converted to CO.54–59

The energy level structure and the charge transfer mecha-
nism of compounds 1 and 2 were inferred from the Mott–
Schottky plots (Fig. 5c and d). The flat-band potential of
compound 1 was tested at frequencies of 1200, 1500 and
2000 Hz as �0.92 V vs. Ag/AgCl. The Mott–Schottky plot showed
that the slope of the tangent line of compound 1 was positive,
indicating that compound 1 was an N-type semiconductor. For
the N-type semiconductor, the bottom of the conduction band
(CB) is about 0.1 V negative to the flat band potential,60 so the CB
of compound 1 was �0.82 V vs. NHE. The flat band potential of
compound 2 was �0.85 V vs. Ag/AgCl (�0.65 V vs. NHE) and the
CB was �0.75 V vs. NHE. According to the equation: ECB = EVB �
Eg, the valence bands (VB) of compounds 1 and 2 were found to
be 1.91 V and 2.16 V vs. NHE, respectively. The energy level
structures of compound 1 and 2 indicated that both could be
used for syngas generation (CO2/CO = �0.53 vs. NHE; H+/H2 =
�0.42 vs. NHE).61 One of the reasons for the difference in
catalytic effect may be that there was a larger energy level
difference between compound 1 and the reduction products,
which may be more conducive to the occurrence of a reduction
reaction.62

The electronic orbital distribution of compounds 1 and 2
was determined by DFT calculations. As shown in Fig. 6a and b,
the lowest unoccupied molecular orbitals (LUMO) of com-
pounds 1 and 2 were mainly distributed on the cobalt ion
directly connected to [W10O32]4� (Co1). This type of cobalt ion
can be an active centre and would easily accept electrons from

the photosensitiser. To investigate the reason for the difference
in catalytic effect of compounds 1 and 2, we combined the
interaction region indicator (IRI) in the Multiwfn software to
visually exhibit the interaction regions corresponding to covalent
bonds and weak interactions. Fig. 6c and d shows that the red
region around Co1 in compound 1 circled in yellow is significantly
smaller that around Co1 in compound 2, indicating that the
notable repulsion of Co1 in compound 1 was weaker than that in
compound 2. Therefore, the active center Co1 in compound 1 may
facilitate the initiation of the reduction reaction.63,64

To investigate the quenching mechanism of the CO2 photo-
reduction. The catalyst and TEOA were placed into the CH3CN
solution of [Ru(bpy)3]Cl2 to investigate the fluorescence emis-
sion spectra. As shown in Fig. 7a and b, the CH3CN solution of
[Ru(bpy)3]Cl2 exhibited an emission band centred at 620 nm at
an excitation wavelength of 382 nm. The fluorescence intensity
gradually grew weaker when different masses of compound 1 or
2 were used. However, the fluorescence intensity did not
change significantly with the addition of different volumes of
TEOA (Fig. 7c). These results suggest that the excited electrons
of [Ru(bpy)3]Cl2 were transferred to the catalysts rather than to
the TEOA.65 To further elucidate the electron transfer beha-
viour of compounds 1 and 2 during the reaction, cyclic voltam-
metry (CV) was conducted on compounds 1 and 2.66,67 The CV
curves obtained showed that compounds 1 and 2 presented
reduction waves at �0.88 (Fig. S4a, ESI†) and �0.83 V vs. Ag/
AgCl (Fig. S4b, ESI†), which were generally considered to be

Fig. 5 (a) and (b) In situ IR tests of compounds 1 and 2 were performed
using a 300 W xenon lamp with an AM1.5 filter as the light source. (c) and
(d) The Mott–Schottky plots for compound 1 and 2 at frequencies of 1000,
1500 and 2000 Hz.

Fig. 6 (a) and (b) Schematic diagrams of the LUMO orbital of compounds
1 and 2, (c) and (d) the IRI analysis (IRI = 0.8) of compounds 1 and 2; blue
represents attraction, green represents a weak interaction, and red repre-
sents a steric effect.
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CoII/CoI.68–70 The LUMO of compounds 1 and 2 were mainly
distributed on cobalt ions, and was analysed used DFT calcula-
tions. The process of electron transfer may be that the excited
photoelectrons from [Ru(bpy)3]Cl2 transferred to the Co site by
the internal transfer of the catalyst, and further reduced the
Co2+ to Co+.71 In this process the CO2 and H+ were reduced to
produce CO and H2 at the metal cobalt active sites.72 The
charge separation of compounds 1 and 2 was investigated
using a photocurrent test. As shown in Fig. 7d, the photocur-
rent value rose rapidly under light conditions and fell rapidly
when the light was turned off, indicating that both materials
responded well to light. The highest current value of compound
1 was about 0.043 mA cm�2 and this could be cycled stably for
five rounds. The highest current value of compound 2 was
about 60% lower than that of compound 1 (0.027 mA cm�2). The
higher photocurrent value of compound 1 indicated the better
charge separation of the material. This may make compound 1
more effective in catalysis compared to compound 2.

Based on the previous experimental results, a possible
reaction mechanism of the catalytic system is proposed. The
LUMO and the highest occupied molecular orbital (HOMO) of
[Ru(bpy)3]Cl2 were �1.25 and 1.24 V vs. NHE, respectively. The
[Ru(bpy)3]Cl2 was illuminated to produce an excited state with
the potential of �1.09 V vs. NHE (E(Ru(bpy)3

2+*/Ru(bpy)3+)).72,73

The CBM of compounds 1 and 2 were obtained from the Mott–
Schottky plots as �0.82 and �0.75 V vs. NHE, respectively.

Therefore, both catalysts had suitable potentials to accept
electrons to effect the CO2 and H+ reduction. From the DFT
calculations, it was found that the active centres of compounds
1 and 2 were mainly distributed on cobalt ions.74,75 The
electron transfer process may be that [Ru(bpy)3]Cl2 was excited
by light irradiation to generate Ru(bpy)3

2+*, followed by the
Ru(bpy)3

2+* being quenched to form Ru(bpy)3
3+ by the electron

transfer to the catalysts, and Co2+ was reduced to Co+ by the
internal transfer of electrons by the catalysts. In which process
the CO2 and H+ were reduced to produce CO and H2, respec-
tively, at the metal cobalt active sites. Finally, the oxidised
Ru(bpy)3

3+ was reduced to Ru(bpy)3
2+ by TEOA as well as

completing the whole cycle (Fig. 7e and f).76

Conclusions

This work presents two POMOFs named Co2(W10O32)(BIA)4

(CH3CN)4 (compound 1) and Co4(W10O32)(INA)6(CH3CN)4

(TBA)2 (compound 2) with [W10O32]4� clusters as the connecting
nodes. Notably, the syngas yield of compound 1 is 42.7 mmol h�1

in a flue gas with a 15% CO2 concentration, which occupies 58%
of the syngas yield under pure CO2 conditions. Furthermore,
compound 1 remained active in dilute CO2 (5–30%) with syngas
yields of 23.6–53.3 mmol h�1. Under pure CO2 conditions, the
syngas yield of compound 1 (72.7 mmol h�1) was higher than that
of compound 2 (54.2 mmol h�1). Photocurrent tests and Mott–
Schottky plots showed that the electron–hole separation and
energy level structure of compound 1 were better than those of
compound 2, so that compound 1 was more beneficial for the
reduction reaction to give syngas. The density functional theory
calculations show that the charge distribution and steric
hindrance of compound 1 were also conducive to the reduction
reaction. This work provides a suitable catalyst for the prepara-
tion of syngas directly from flue gas under photocatalytic
conditions.
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