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Theoretical and experimental studies on three
water-stable, isostructural, paddlewheel based
semiconducting metal–organic frameworks†

Xiaowei Yang,‡a Yuan Zhang,‡b Feng Li,a Tiantian Guo,a Yong Wu,a Fengyan Jin,a

Min Fang, *a,c,d Yaqian Lan, a Yafei Li,*a Yong Zhou *b and Zhigang Zoub

Three water-stable isostructural metal–organic frameworks (MOFs) of the general formula [M2(TCS)(BPY)]

(M = Co(1), Ni(2) and Cu(3); H4TCS = tetrakis(4-carboxyphenyl) silane, BPY = 4,4’-bipyridine) were syn-

thesized and fully characterized. MOFs 1–3 are stable in pH = 5–11, 2–11, 3–11 aqueous solution respect-

ively for at least 24 h at room temperature. Although H4TCS absorbs only UV light, MOFs 1–3 absorb both

UV and visible light in broad ranges (250–800 nm) and absorb more visible light than the ligand BPY. The

rapid anodic photocurrent responses of MOFs 1–3 under UV and visible light illumination were observed.

The photocurrent densities increase in the order of MOF 3 < 1 < 2 under visible light illumination

(430 nm). The band gaps of MOFs 1–3 determined based on UV-Vis diffuse reflectance spectra and

electrochemical (EC) analysis are 1.28, 1.35 and 0.67 eV, respectively. MOF 1 is able to photocatalyze the

reduction of CO2 to CH4 under visible light, producing CH4 (1.44 μmol g−1 in 8 h), which is unprecedented

in MOFs. The catalytic activity of MOF 1 (0.75 μmol g−1 after 4 h) under the irradiation of a 300 W xenon

lamp is significantly better than those of MOFs 2 and 3 (0.14 μmol g−1 after 4 h). The band structures,

density of states and band gaps of MOFs 1–3 were calculated by the GGA-PBE and GGA-PBE+U method

implemented in VASP code. The calculations show that all the three compounds can be viewed as bulk

intermediate band (IB) materials. The density of states of the IB in MOF 1 is high, which could suppress the

non-radiative recombination. The density of states of the IB levels in MOFs 2 and 3 are low, making these

levels very effective recombination centres, thus jeopardizing the photocatalytic activities of MOFs 2 and 3.

The calculated results are in good agreement with experimental results and explain the photocatalytic

activity differences. This study is the first to successfully address the question of how the types of unpaired

electron containing electron-rich metal ions (i.e. Cu(II), Co(II), Ni(II)) affect the band gaps and band struc-

tures of MOFs and thus their photoelectronic properties.

Introduction

Solar energy is an inexhaustible and clean energy source world-
wide. Semiconductors can convert sunlight into electricity or
be photocatalysts utilizing sunlight in important chemical pro-
cesses, for example in water splitting to hydrogen and oxygen,
in CO2 reductions which convert the greenhouse gas to fuels
(such as CH4, CH3OH, CO, C2H6 and so on) or in making
other valuable chemicals.1,2 Most of the reported photocata-
lysts are active only in the ultraviolet (UV) region. Given that
UV light accounts for only 4% while visible light contributes
43% of solar energy, it is rather imperative to develop visible-
light-responsive photocatalysts.3 Metal–organic frameworks
(MOFs), also called coordination polymers (CPs) are com-
pounds consisting of metal ions or clusters coordinated to
organic ligands to form two-, or three-dimensional structures.
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These materials can be synthesized as narrow-band semi-
conductors due to their designability.4,5 Studies relating to the
semiconducting behaviours of MOFs are still in their initial
stages, and further investigations are highly desired.5 There
have been only a few reports on the optoelectronic properties
of semiconducting MOFs.6–13 The photocatalytic reduction of
CO2 to CH4 in the presence of H2O involves the transfer of
8 electrons (eqn (1)), making CH4 harder to observe than other
CO2 reduction products such as HCOOH. Few studies were
published on the CO2 reduction to CH4 using MOFs as photo-
catalysts,14,15 and no results under only visible light were
reported.

How to decrease the band gaps of MOFs to make visible
light absorbing semiconductors has become an important
issue. Based on experimental and theoretical results, Lu et al.5

concluded that the band gap of semiconducting MOFs can be
decreased by: (i) increasing the conjugation in the linker,
(ii) selecting electron-rich metal nodes and organic molecules,
and (iii) functionalizing the linker with nitro and amino
groups. However, few examples of using electron rich metal
ions to make narrow-band MOFs were reported.5 In addition,
the question of how the types of unpaired electron containing
electron-rich metal ions (i.e. Cu(II), Co(II), Ni(II)) affect the band
gaps and band structures of MOFs is yet to be answered. DFT
calculations on these metal ion-based MOFs are expensive and
few reports have been published.16

On the other hand, relatively low water and thermal stabi-
lities of most MOFs could be the key limitations for their prac-
tical applications.17 Our group aims to synthesize and charac-
terize water-stable MOFs.18–20 Generally, MOFs containing tri-
or tetravalent metal cations, such as Cr3+, Al3+, Fe3+, Ti4+ or
Zr4+ and ZIFs (zeolitic imidazolate frameworks) display a high
degree of stability toward water.18,21–31 Generally, MOFs based
on paddlewheel structures of divalent metal ions are found
unstable towards water.32–35 Nonetheless, we have recently
reported a water-stable, paddlewheel based Zn(II) MOF,
[Zn2TCS(BPY)] (H4TCS = tetrakis(4-carboxyphenyl) silane, BPY
= 4,4′-bipyridine) (4).19

H4TCS is an easily-prepared,36 rigid and large tetrahedral
ligand, which favours the formation of large pore MOFs. Many
MOFs based on this ligand have been reported.19,20,37–50 It is
worth noting that H4TCS only absorbs UV light. Herein
through applying electron-rich metal ions and the electron
rich ligand BPY, we obtained three visible-light absorbing,
water-stable isostructural, two-fold interpenetrated paddle-
wheel MOFs of the general formula [M2(TCS)(BPY)] [M = Co(1)
and Ni(2) and Cu(3)]. MOFs 1–3 absorb both UV and visible
light in broad ranges (250–800 nm), and absorb more visible
light than the ligand BPY. The three MOFs exhibit semicon-
ducting behaviours, with the photocurrent density increasing
in the order of MOF 3 < 1 < 2 upon visible light (430 nm) illu-
mination, being consistent with their experimental band gaps
of 1.35, 1.28 and 0.67 eV for MOFs 2, 1 and 3, respectively.
Moreover, they are found to catalyze the reduction of CO2 to
CH4 under visible light irradiation in the presence of H2O
vapour, which is rarely reported amongst MOFs. The band

structures, orbital populations and band gaps of MOFs 1–3
were calculated by the GGA-PBE and GGA-PBE+U method
implemented in VASP code. The calculated results are in good
agreement with the experimental results, and account for
photocatalytic properties and activity differences of MOFs 1–3.

Experimental
Materials and general methods

H4TCS was prepared by a procedure previously reported in the
literature,36 other chemicals and reagents were obtained from
commercial sources and used without further purification.
Elemental analyses for C, H and N were performed on a Vario
EL III elemental analyzer. Infrared spectra (FTIR) were
recorded in the range 4000–400 cm−1 on a NEXUS670 (resolu-
tion: 0.01 cm−1) gas chromatography-infrared spectrometer.
The Raman spectra were recorded on a Jobin Yvon LabRam
HR800 Confocal Micro-Raman Spectrometer using an Ar
514.5 nm laser line, with a resolution of 3 cm−1. TG analyses
were carried out using the SDT 2980 thermal analyzer under
an air flow of 15 mL min−1 over a temperature range from 25
to 800 °C at a heating rate of 5 °C min−1. Powder X-ray diffrac-
tion (PXRD) patterns were recorded on a Bruker D8 Advance
instrument using Cu Kα radiation (λ = 1.54056 Å) with a scan
speed of 0.1 s per degree at room temperature. The solid-state
UV/Vis diffuse reflectance spectra were recorded with a Varian
Cary 5000 UV-Vis-NIR in the range λ = 200–800 nm. Gas
adsorption/desorption measurements were performed with a
Quantachrome Instruments Autosorb AS-6B extended pressure
adsorption analyzer. The as-synthesized samples were acti-
vated for 10–12 h at 150 °C under vacuum prior to gas adsorp-
tion–desorption measurements.

Chemical stability tests. About 20 mg of an as-synthesized
sample was soaked in different pH aqueous solutions
(obtained by adding a suitable amount of HCl or NaOH
aqueous solution) at room temperature for 24 h. The sample
was then filtered and heated at 60 °C for 12 h. PXRD measure-
ments were performed to check the structural stability.

Syntheses

Synthesis of MOF 1, Co2(TCS)(BPY) in H2O. H4TCS (12.8 mg,
0.025 mmol), BPY (7.8 mg, 0.05 mmol) and CoCl2·6H2O
(23.8 mg, 0.100 mmol) in 9.0 mL H2O were stirred for 30 min
in a glass vial. The glass vial was then placed in an autoclave
equipped with a Teflon liner (25 mL) and put into an oven.
The temperature of the oven was then raised to 150 °C at a rate
of 1 °C min−1, kept at 150 °C for 3 d, and was cooled down to
room temperature at a rate of 0.2 °C min−1. Large dark-blue,
block-like crystals were obtained with small amounts of colour-
less needle crystals. The colourless needle crystals were broken
into small pieces by ultrasonication and then were decanted,
leaving block-like crystals of 1. The crystals were washed with
water, filtered and dried at 40 °C for 6–7 h (yield: 17.8 mg,
89% based on H4TCS). Its purity was checked by PXRD
(Fig. S6(a) in the ESI†). FT-IR and Raman spectra are given in
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Fig. 3(a) and (b) and tentative assignments are given in
Table S1.† Elemental analysis of [Co2(TCS)(BPY)]·H2O, calcd
(%): C 56.3, H 3.2, N, 3.4; found (%):C 56.0, H 3.2, N, 3.5.

Synthesis of MOF 2, Ni2(TCS)(BPY) in H2O. H4TCS (6.4 mg,
0.0125 mmol), BPY (3.9 mg, 0.025 mmol), Ni(NO3)2·6H2O
(14.6 mg, 0.050 mmol) and 50 μL HCl aqueous solution
(2.0 mol L−1) in 4.0 mL H2O were stirred for 30 min in a glass
vial. The glass vial was then placed in an autoclave equipped
with a Teflon liner (25 mL) and put into an oven. The tempera-
ture of the oven was then raised to 170 °C at a rate of 1 °C
min−1, kept at 170 °C for 2 d, and was cooled down to room
temperature at a rate of 0.2 °C min−1. Green, block-like crystals
were obtained with small amounts of colourless needle crys-
tals. The colourless needle crystals were removed and the
green crystals (washed with H2O) of MOF 2 were recovered as
described for MOF 1 (yield: 7.8 mg, 78% based on H4TCS). Its
purity was checked by PXRD (Fig. S6(b)†). FT-IR and Raman
spectra are given in Fig. 3(c) and (d) and tentative assignments
are given in Table S1.† Elemental analysis of [Ni2(TCS)
(BPY)]·H2O, calcd (%): C 56.3, H 3.2, N, 3.4; found (%): C 55.9,
H 2.9, N, 3.6.

Synthesis of MOF 3, Cu2(TCS)(BPY) in water. The procedure
is identical to the synthesis of MOF 2 in water except that
Ni(NO3)2·6H2O was replaced by Cu(NO3)2·6H2O (14.8 mg,
0.050 mmol) and 100 μL instead of 50 μL HCl aqueous
solution (2.0 mol L−1) was added. Blue crystals of MOF 3 were
recovered (yield: 8.8 mg, 87% based on H4TCS). Its purity
was checked by PXRD (Fig. S6(c)†). FT-IR and Raman
spectra are given in Fig. 3(e) and (f ) and tentative assignments
are given in Table S1.† Elemental analysis of [Cu2(TCS)
(BPY)]·H2O, calcd (%): C 56.3, H 3.2, N, 3.4; found (%):C 56.0,
H 3.2, N, 3.5.

Large scale synthesis of MOF 1 in DMF. H4TCS (64 mg,
0.125 mmol), BPY (19.5 mg, 0.125 mmol) and Co(NO3)2·6H2O
(145.5 mg, 0.50 mmol) in 20 mL DMF (dimethylformamide)
were stirred for 10 min in a glass vial and then placed in an
autoclave equipped with a Teflon liner (50 mL) and put into an
oven. The temperature of the oven was then raised to 150 °C
from room temperature, kept at 150 °C for 3 d, the heat was
turned off, and the autoclave was cooled down to room temp-
erature naturally in the oven, resulting in dark-blue powder.
The powder was filtered and washed with DMF and then H2O,
dried at 60 °C for 12 h (yield: 80 mg, 80% based on H4TCS). Its
purity was checked by PXRD (Fig. S5(a)†).

Large scale synthesis of MOF 2 in H2O. H4TCS (51.2 mg,
0.100 mmol), BPY (16.0 mg, 0.100 mmol) and Ni(NO3)2·6H2O
(116.3 mg, 0.40 mmol) in 32 mL H2O were stirred for 10 min
in a glass vial and then placed in an autoclave equipped with a
Teflon liner (50 mL) and put into an oven. The temperature of
the oven was then raised to 170 °C from room temperature,
kept at 170 °C for 3 d, the heat was turned off, and the auto-
clave was then cooled down to room temperature naturally in
the oven, resulting in dark-green block crystals. The crystals
were washed with H2O, dried at 60 °C for 12 h (yield: 55 mg,
69% based on H4TCS). Its purity was checked by PXRD
(Fig. S5(b)†).

Large scale synthesis of MOF 3 in H2O. 96.8 mg
Cu(NO3)2·6H2O (0.40 mmol) was added, and other synthetic
procedures are the same as those of the large scale synthesis
of MOF 2. Blue powder (yield: 50 mg, 62% based on H4TCS)
was obtained and its purity was checked by PXRD (Fig. S5(c)†).

X-ray crystallography

All MOFs with appropriate dimensions were chosen under an
optical microscope, transferred into a glass fibre, and
mounted onto a loop for single crystal X-ray data collection.
Suitable crystals of three MOFs were selected for single crystal
X-ray diffraction. The data were collected at 296 K on a Bruker
Smart CCD diffractometer with graphite-monochromatic Kα
radiation (λ = 0.71073 Å) from an enhanced optic X-ray tube.
Raw data for the structure were obtained using SAINT, and
absorption correction was applied using SADABS programs.
The structure was solved by direct methods and refined by full
matrix least-squares on F2, using the SHELXS-2014 and
SHELXL-2014 programs. Details of data collection, refinement
parameters, and crystallographic data for the MOFs 1–3 and 5
(the non-interpenetrated counterpart of MOF 4) are summar-
ized in Table S2.† The selected bond distances and angles of
MOFs 1–3 are given in Table S3 of the ESI.† The crystallo-
graphic material can also be obtained from the CCDC, the
deposition numbers are CCDC 1440032 (1) and 1445198 (2).†

Electrochemical (EC) analysis to determine conduction and
valence band edges

MOF 1 (1.75 mg) (or MOF 2 (1.56 mg) or MOF 3 (1.77 mg)) was
put into 0.5 mL water and sonicated for 3–4 h under 100 W.
Then 20 μL of the above mixture was dropped to the indium
tin oxide (ITO) electrode, the geometrical area of which was
0.28 cm2. The electrode was then dried at room temperature in
a desiccator over silica gel for 2–3 days before applying it in EC
analyses. The EC measurements were performed with a CHI
660D electrochemical workstation (CH Instruments Inc, USA).
All experiments were carried out at room temperature
using a conventional three-electrode system with the ITO elec-
trode (sheet resistance 20–25 Ω per square) as the working
electrode, a platinum wire as the auxiliary electrode, and an
Ag/AgCl (saturated KCl) electrode as the reference
electrode. Two different electrolytes were used, a Tris-HCl-
buffered saline (0.1 mol L−1, pH 7.4) and a pH 5.01 H2SO4

aqueous solution. A linear potential scan (100 mV s−1) was
conducted to determine the conduction- and valence-band
edges of MOFs 1–3.

The photoelectrochemical (PEC) measurements

The modified ITO electrodes were prepared as described
above, except for the applied amounts of MOFs 1–3. In this
case, MOF 1 (1.50 mg), 2 (1.54 mg) or 3 (1.46 mg) was put into
0.5 mL water and sonicated. The photoelectrochemical (PEC)
measurements were performed with a Zahner PEC workstation
(Zahner, Germany). All experiments were carried out at room
temperature using a conventional three-electrode system with
the above modified ITO electrode (sheet resistance 20–25 Ω

Paper Dalton Transactions

8206 | Dalton Trans., 2017, 46, 8204–8218 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
1/

9/
20

23
 7

:4
8:

50
 A

M
. 

View Article Online

https://doi.org/10.1039/c7dt01560g


per square) as the working electrode, a platinum wire as the
auxiliary electrode, and an Ag/AgCl electrode as the reference
electrode. Every cycle was operated with the light-on time of
20 seconds and light-off time of 30 seconds and continued for
4–5 cycles. PEC measurements were carried out under 385 or
430 nm light irradiation at a constant potential (versus Ag/
AgCl) in Tris-HCl buffered saline (0.1 mol L−1, pH 7.4).

Measurement of the photocatalytic activity

MOFs 1–3 used in photocatalytic studies were synthesized by
large scale synthetic methods. 0.10 g of the as-prepared
sample was uniformly dispersed on the circular glass reactor
with an area of 4.2 cm2. A 300 W xenon arc lamp was used as
the light source and a 420 nm cutoff filter was used to obtain
visible light. The volume of the reaction system was about
230 ml. The reaction setup was evacuated at room temperature
for 3–4 h, and then at ambient pressure, high purity CO2 gas
was introduced into the reaction setup. 0.4 mL of deionized
water was injected into the reaction system as the reducing
agent. The as-prepared photocatalyst was allowed to equili-
brate under the CO2/H2O atmosphere for several hours to
ensure that the adsorption of gas molecules was complete.
During the irradiation, about 1 mL of gas was continually
taken from the reaction cell at given time intervals for sub-
sequent CH4 concentration analysis by using a gas chromato-
graph (GC-2014, Shimadzu Corp., Japan).

Computational methodology

Density functional theory (DFT) computations were performed
using the plane-wave technique implemented in the Vienna
ab initio simulation package (VASP).51 The ion–electron inter-
action is described using the projector-augmented plane wave
(PAW)52 approach. The generalized gradient approximation
(GGA)53,54 expressed by the Perdew, Burke, and Ernzerhof
(PBE)55 functional and a 500 eV cutoff energy for the plane-
wave basis set were adopted in all computations. The conju-
gated-gradient algorithm based on Hellmann–Feynman forces
was used to relax the ions into their instantaneous equilibrium
positions.

Because we deal with relatively large systems (150 atoms per
unit cell), we used the G-point to sample the Brillouin zone
using the Monkhorst–Pack scheme during geometry optimi-
zations. Static electronic structure and DOS calculations were
performed on the fully optimized structure with the k-point
grid of 2 × 2 × 1 using the Monkhorst–Pack scheme. We set the
convergence criteria for energy and force to be 0.1 × 10−4 eV
and 0.02 eV, respectively, for all calculations. In all calcu-
lations, the precision parameter was set as medium. Brillouin-
zone integration is performed with a Gaussian broadening of
0.2 eV.

Since Co2+, Cu2+ and Ni2+ contain partially filled d orbitals,
compounds 1–3 could have open shell configurations and be
strongly correlated electron materials (SCEMs). It was reported
that the DFT method cannot describe SCEMs accurately.56 We
therefore used both the GGA-PBE method and GGA-PBE+U
formalism as implemented in VASP following Dudarev’s

method57 to calculate the SCF, DOS and BS of compounds 1–3.
This method divides the electrons into two classes: delocalized
s and p electrons, which can be well-described by the GGA-PBE
method, and the localized d electrons, which are described by
Coulomb and exchange corrections. Different U values are
applied besides the reported U values (3.3, 6.4, and 4.0 eV for
Co, Ni, and Cu, respectively;58 U = 4 and J = 1 for transition
metal d orbitals).59,60

Results and discussion
Syntheses

MOFs 1–3 can be synthesized in H2O and other organic sol-
vents. The reaction temperatures in H2O need to be higher
than those in organic solvents, probably due to the poor solu-
bility of H4TCS in water. Pure crystals and powder of MOF 1
were synthesized in H2O and DMF, respectively. Pure MOF 2
was only obtained when using water as the solvent. Pure
MOF 3 can be obtained in both water and the 1 : 1 volume
ratio of DMA (dimethylacetamide) and DMF mixed solvent
(Fig. S6†). Convenient and large scale syntheses of MOFs 1–3
were achieved, which is important for further investigations
for their applications in various fields.

Structures

MOFs 1–3 are isostructural, and isostructural to our recently
published two-fold interpenetrated Zn2(TCS)(BPY) (4)

19 based
on PXRD (powder X-ray diffraction) evidence. The brief
description of the crystal structure of MOF 3 and Zn2(TCS)
(BPY) (5) which is the non-interpenetrated counterpart of 4,
are also given in ref. 19. The coordination environments of the
ligand and metal ions of MOF 1 are given in Fig. 1. Every two
metal ions and 4 carboxylate groups form a paddlewheel sub-
structural building unit (SBU). Each paddlewheel unit also
coordinates with two BPY ligands. Each TCS4− ligand connects
with 4 paddlewheel SBUs. Although connectivities are the
same, MOFs 1 and 3 crystallize in the tetragonal P42/mmc
space group, while MOF 2 crystallizes in a lower symmetry,
orthogonal space group (Pccm). Correspondingly, the asym-
metric unit of MOF 2 is different from those of MOFs 1 and 3

Fig. 1 The coordination environment of the metal ions and ligands of 1.
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as shown in Fig. S7.† In contrast, the reported paddlewheel
[M2(BTB)4/3(BPY)] (M = Co, Cu, Zn)61,62 all crystallize in the
same Pm3̄n space group. The phenyl ring and BPY ring carbon
atoms are disordered in MOFs 1–3, which is most severe in
MOF 2. Our efforts (growing single crystals of better quality
and collecting diffraction data at 100 K) to alleviate the dis-
order of 2 were not successful.

The packings of MOFs 1 and 2 are given in Fig. 2 (the view
along b and c directions are given in Fig. S8†). MOFs 1 and 2
have two-fold interpenetrated structures as illustrated in
Fig. 2(c) and (d). They belong to the 3D binodal (4,6)-con-
nected sqc422 net with a point symbol of (42·510·72·8)(42·54).19

The porosity and pore sizes of MOFs 1–3 are measured and
given in Table S4.† The pore sizes of MOFs 1–3 are similar and
are very small, not more than 3.6 Å. The porosities of
MOFs 1–3 are very similar, not more than 17%.

IR and Raman spectra

Vibrational spectra are very useful to monitor the structural
changes of MOFs in various processes. DeCoste et al.63,64

studied the water stability of Cu3(BTC)2 and Zr-MOFs by both
PXRD and IR spectroscopy. Their results indicate that IR is
slightly more sensitive to the structure changes than the PXRD
patterns. The IR and Raman spectra of 1–4 (Fig. 3) are very
similar to each other, and the tentative assignments of the
vibrational frequencies are given in Table S1.† The details of
the assignments are given in the ESI.†

Water and thermal stability

Thermogravimetric (TG) analysis was carried out to examine
the thermal stability of MOFs 1–3 (Fig. 4). MOFs 1–3 undergo a
weight loss of 2.1, 2.5 and 3.1% respectively before 100 °C,
corresponding to the loss of free lattice water molecules within
the pores or on the surface of the material. The decomposition

of the frameworks occurs at about 450 °C for MOFs 1 and 2,
and 320 °C for MOF 3 according to the TG analysis.

The robustness and thermal stability of the framework of
1–3 were further checked by powder X-ray diffraction. During
the gas adsorption measurements, we found that MOF 3
decomposes after heating at 150 °C for 10–12 h under vacuum
several times, but MOF 2 remains intact under the same treat-
ment. MOF 3 after heating at 200 °C for 12 h shows signs of
decomposition in its IR spectrum (appearance of the band at
1703 cm−1 (ν(CO) of COOH as shown in Fig. S10 of the ESI†)

Fig. 2 The 3D packing of MOFs 1 and 2, viewing along the a ((a) (1) and
(b) (2)), a + b ((c) (1) and (d) (2)) axes. (c) and (d) show the two-fold inter-
penetration structures of MOFs 1 and 2, respectively.

Fig. 3 FT-IR and Raman spectra of 1–3 and 4 (4000–400 cm−1 in
Fig. S2 of the ESI,† IR of MOF 4 are from the ESI of ref. 19).

Fig. 4 Thermogravimetric analysis of the as-synthesized MOFs 1–3.
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and decrease of the band at 1611 cm−1), but not in its PXRD
spectrum, indicating that IR is more sensitive than PXRD.
PXRD (Fig. S9†) and IR spectra (Fig. S10†) indicate that MOFs
1 and 2 are stable after heating at 200 °C for 12 h and DMF in
MOF 1 can be completely removed under these conditions.
These studies indicate that the thermal stability of MOFs
decrease in the order of 2 ≈ 1 > 3.

MOFs 1–3 are found to be stable in pH = 5–11, 2–11, 3–11
aqueous solution for at least 24 h indicated by PXRD patterns
shown in Fig. 5. The PXRD pattern of MOF 2 shows changes
after the MOF was put into pH = 11 aqueous solution for 24 h.
We recovered the sample (washed with pure water) and heated
the sample at 200 °C for 12 h, and the PXRD of the heated
sample has the same pattern as those of the simulated based
on structural information (Fig. S9(e)†) and its IR spectrum is
also just like that of the as-synthesized sample (Fig. S10†),
indicating that MOF 2 is stable in pH = 11 aqueous solution.
After MOF 3 was put into pure water for 24 h, the sample was
recovered and its CO2 adsorption at 298 K remains the same
(Table 1 and Fig. S13†), indicating that it is stable in water.

Adsorption properties

The as-synthesized samples were activated for 10–12 h at
150 °C under vacuum prior to any gas sorption measurement.
N2 gas sorption isotherms at 77 K of MOFs 1–3 (Fig. S11†) indi-
cate that only surfaces of MOFs 1–3 adsorbed N2 molecules.
The N2 uptake of MOFs 1–3 is 70, 60 and 110 cm3 (STP) g−1,
respectively; and the Brunauer–Emmett–Teller (BET) specific
surface area is 28, 21 and 46 m2 g−1, respectively.

The sorption isotherms for H2 (at 77 K), CO2 (298 and
273 K) and CH4 (298 and 273 K) are shown in Fig. S12† and
the adsorption capacities at 1 atm are given in Table 1. The
adsorption capacities are good considering their small porosity
(<17%).65–67 The adsorption capacity of H2 at 77 K and 1 atm
is MOF 4 (Zn(II)) > 2 (Ni(II)) > 3 (Cu(II)) > 1 (Co(II)). The adsorp-
tion capacities for CH4 and CO2 at 273 and 298 K increase in
the order 4 (Zn(II)) > 1 (Co(II)) ≈ 3 (Cu(II)) > 2 (Ni(II)). Dincǎ
et al.68 also reported that Cu3(BTC)2 has higher CO2 adsorption
capacity than that of its isostructural MOF, Ni3(BTC)2, consist-
ent with our finding. As reported, the adsorption capacity of
CO2 (296 K, 1 atom) and H2 (77 K, 1 atom) of MOF-74 (M =
Zn(II), Co(II), Ni(II)) increases in the order of Co(II) > Ni(II) >
Zn(II)69 (consistent with our finding) and Ni(II) > Co(II) > Zn(II),70

respectively.

UV-Vis diffuse reflectance spectra

UV-Vis diffuse reflectance spectra of MOFs 1–3 and ligands
H4TCS and BPY in the form of absorbance versus wavelength
are shown in Fig. 6(a). The spectra in the form of R% (reflec-
tance) versus wavelength are given in Fig. S14.† MOFs 1–3
absorb broadly in the visible light region. MOF 3 absorbs more
visible light than MOF 1, which absorbs more visible lightFig. 5 Stability of 1 (a), 2 (b) and 3 (c) in water checked by PXRD.

Table 1 Adsorption capacities of MOFs 1–4

N2 H2 CO2 CO2 CH4 CH4
77 K cm3 g−1 (%) 77 K cm3 g−1 (%) 298 K cm3 g−1 (%) 273 K cm3 g−1 (%) 298 K cm3 g−1 (%) 273 K cm3 g−1 (%)

1 70 91.9 (0.82) 36.9 (7.25) 56.7 (11.1) 5.7 (0.41) 13.7 (0.98)
2 60 104.2 (0.93) 28.0 (5.50) 42.8 (8.41) 3.7 (0.26) 10.1 (0.72)
3 110 97.2 (0.87) 34.2 (6.72) (35.8) (7.03)b 52.7 (10.4) 6.2 (0.44) 12.9 (0.92)
4 a 156 150 (1.34) 47 (9.2) 85 (16) — 19 (1.4)

aData are from ref. 19. b The adsorption capacity of MOF 3 recovered after putting in water for 24 h.
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than MOF 2; and they all adsorb more visible light than H4TCS
and BPY. The band gaps of MOFs 1–3 can be determined as
the intersection point between the energy axis (hν) and the
line extrapolated from the linear portion of the adsorption
edge in the plots of the Kubelka–Munk function (F(R)) versus
energy (hν) (Fig. 6(b)).71,72 F(R) equals (1 − R)2/(2R) where R is
the reflectance in the UV-Vis diffuse reflectance spectra.
Alternatively, the band gaps of materials can be calculated by
using the following equation:73–76

αhν ¼ Aðhν� EgÞn=2

where α, ν, Eg, and A are the absorption coefficient, light fre-
quency, band gap, and a constant, respectively. n is deter-
mined by the optical transition type of the semiconductor (i.e.,
n equals 1 for direct allowed transition and 4 for indirect for-
bidden transition).75 Because α is proportional to F(R),75,76 the

energy intercept of a plot of (F(R)hν)2 versus energy (hν) yields
Eg for a direct allowed transition when the linear region is
extrapolated to zero coordinate, and the energy intercept of a
plot of (F(R)hν)1/2 versus energy (hν) yields Eg for an indirect
allowed transition (Fig. 6(c) and (d)). We calculated the band
gaps in the above three ways and the results are given in
Table 2. It is found that the Eg determined by the plots of
(F(R)hν)1/2 versus hν < Eg determined by the plots of F(R) versus
hν < Eg determined by the plots of (F(R)hν)2 versus hν. When
the semiconductor type of material is not clear, the results
suggest it is better to use the plots of F(R) versus hν to deter-
mine the Eg.

Determination of the conduction and valence band edges of
MOFs 1–3 using the electrochemical (EC) method

This study subjected the conduction band edge (LUMO) and
valence band edge (HOMO) positions of MOFs 1–3 to analyses
with linear potential scans according to the method given in
the literature.77,78 The band edge positions vs. Ag/AgCl elec-
trodes and the normal hydrogen electrode (NHE) are given in
Table 2. The detailed method of obtaining these results is
given in the ESI.† Band gaps and band edges determined with
the EC methods for MOFs 1 and 3 (see below) are consistent
with the band gaps determined by the plots of (F(R)hν)1/2

versus hν, much less with the results by the plots of (F(R)hν)2

versus hν suggesting that MOFs 1 and 3 are indirect band-gap
semiconductors. The experimental results cannot explain the
semiconductor type of MOF 2, and are most consistent with
the results obtained by the plot of (F(R)) versus energy (hν).
Consistently, the calculated band structure of MOF 2 shows
that the top of the VB and the bottom of the CB of MOF 2 are
very flat. Thus, by using the EC method and UV-Vis reflectance
spectra, we are able to obtain the band gaps, the valence and
conduction band edge positions, and some information about
the semiconductor types of materials. The determined values
are presented in Table 2.

Fig. 6 (a) UV-Vis reflectance spectra of MOFs 1–3 in the form absor-
bance versus wavelength; (b)–(d) band gaps of MOFs 1–3 determined by
plots of (F(R)), or (F(R)hν)1/2 or (F(R)hν)2 versus hν.

Table 2 Theoretically and experimentally determined band gaps (Eg in eV) and band positions (eV)

MOF Calcd band positionsa Calcd Eg

Exp. Eg by
plots of F(R)
vs. hνb,c

Exp. Eg by plots
of (F(R)hν)1/2

vs. hνb,c

Exp. Eg by
plots of
(F(R)hν)2

vs. hνb,c

Exp. Eg and the HOMO
and LUMO band
positions vs. Ag/AgCl
electrodec

Exp. band
positions vs.
NHE electrode

1 GGA-PBE: 1.74–2.18,
0.58–1.13, −0.70, −0.96,
−1.25, −1.52, −1.66,
U = 4.0, J = 1.0: 0.86, −0.87

1.29, 1.74 1.45 1.23 1.96 1.28 (−0.23, 1.05) −0.03, 1.25

2 U = 3.3: spin up: 2.14–2.61,
1.63, 0.30, −1.13, −1.33,
−1.43, −1.55–−3.19

Spin up: 1.42 1.32 1.10 1.57 1.35 (−0.35, 1.00) −0.15, 1.20

Spin down: 2.16–3.31, 1.59,
−0.30, −0.68, −1.32,
−1.54–−1.94, −2.15–−2.56

Spin down: 1.89

3 U = 4.0: 2.96–3.50, 1.86–2.44,
0.22, −0.20, −0.43, −1.27,
−1.55–−2.50

0.42 0.58 0.24 1.26 0.67 (0.13, 0.80) 0.33, 1.00

GGA-PBE: −0.13, 0.19 0.32

a The Fermi levels are set to zero. b Based on UV-Vis reflectance spectra. cData are obtained using the Tris-HCl-buffered saline electrolyte.
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Band structures of MOFs 1–3

In an attempt to further investigate the band structures of
MOFs 1–3, spin-polarized DFT theoretical calculations were
carried out using VASP software as described in the
Experimental section. MOFs 1–3 were found to be paramag-
netic, ferromagnetic and antiferromagnetic, respectively
(Table S5†). Since Co2+, Cu2+and Ni2+ contain partially filled
d orbitals, this could result in strongly correlated electron
materials (SCEMs). We therefore used both the GGA-PBE
method and GGA-PBE+U formalism as implemented in VASP
following Dudarev’s method57 to calculate the band structures
of MOFs 1–3.

The different U values (U = 3.3,58,79 4.0; U = 4.0, J = 1.0;59

U = 5.0, J = 1.0) have nearly no effect on the band structure and
band gap of the paramagnetic MOF 1 (Table S6†). However,
the plus U method was found less accurate than the simple
GGA-PBE method for the Eg calculation of MOF 1 (Table S6†
and Table 2). The band gap calculated using U = 4.0, J = 1.0, is
1.73 eV, while the GGA-PBE method gives 1.29 eV, perfectly
consistent with the 1.28 eV found by the EC method. Tilset
et al.80 calculated the bandgap of the paramagnetic MOF-5
(Zn4O(BDC) (BDC = 1,4-benzenedicarboxylate)) using the
GGA-PBE method. The calculated result (3.5 eV) is in excellent
agreement with the experimental value of 3.4–3.5 eV. Using the
same method, the calculated band gap of a paramagnetic
Sr-MOF, [Sr(HBTC)(H2O)]n (H3BTC = 1,2,4-benzenetricarboxylic

acid) is 2.04 eV,81 close to the experimental value (2.17 eV)
obtained by the plot of F(R) versus hν. These results suggest
that the GGA-PBE method can accurately calculate the band
gap of a paramagnetic material even if the metal ions contain-
ing unpaired electrons. The calculated band structure of MOF 1
by the GGA-PBE method is given in Fig. 7(a). As shown in
Fig. 7(a), the top of the VB and the bottom of the CB of MOF 1
are flat and with very small dispersion (0.040 and 0.080 eV,
respectively). As shown in Fig. S15,† the lowest energy of the
CB and the VB maximum for MOF 1 are located at different
points (G and X, respectively), indicating that MOF 1 has an
indirect band gap. The calculated Eg according to the method
for an indirect band gap semiconductor based on UV-Vis
reflectance spectra was found to be 1.23 eV, consistent with
the calculated values.

Similar to the calculations of MOF 1, the different U values
(U = 3.0, 3.3, 4.0,58,79 5.0; U = 4.0, J = 1.0 (ref. 59)) have nearly
no effect on the band structure and the band gap of the anti-
ferromagnetic MOF 3 (Table S6†). The band gaps are in the
range of 0.39–0.40 eV, which is slightly more accurate than the
value (0.32 eV) calculated by the GGA-PBE method (Table 2).
The calculated band structure of 3 by the GGA-PBE+U (U = 4.0)
method is given in Fig. 7(b). As shown in Fig. 7(b), the top of
the VB and the bottom of the CB of MOF 3 are very flat and
with very small dispersion (0.0030 and 0.0035 eV, respectively).
As shown in Fig. S17,† the lowest energy of the CB and the VB
maximum for MOF 3 are located at different points (X and G,

Fig. 7 Band structures and TDOS of MOFs 1 (a, PBE), 3 (b, U = 4.0) and 2 (spin-up: c, spin-down: d, U = 3.3). The Fermi levels are set to zero.
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respectively), indicating that MOF 3 has an indirect band gap.
The calculated Eg according to the method for an indirect
band gap semiconductor based on UV-Vis reflectance spectra
was found to be 0.24 eV, consistent with the calculated results
(0.39–0.40 eV), however less accurate than the value (0.58 eV)
calculated by the plot of F(R) versus energy (hν) which is very
similar to the Eg determined by the EC method (0.67 eV).

Different from the calculations of MOFs 1 and 3, the
different U values (U = 3.0, 3.3, 4.0, 6.4 (ref. 58 and 79)) have a
large effect on the band structure and band gap of the ferro-
magnetic MOF 2 (Table S7†). It was found that the calculated
band gap 1.42 eV (Vmax = −1.130, Cmin = 0.292) of the spin-up
electrons of 2 calculated using GGA-PBE (U = 3.3) is very close
to the experimental result (1.35 eV), while the value of the spin
down electrons is 1.89 eV (Vmax = −0.300, Cmin = 1.594), much
larger than the experimental value (1.35 eV). The band gap
considering all the electrons of MOF 2 is 0.292 − (−0.300) =
0.59 eV. The experimental values fit with the band gap of the
spin-up electrons, which might be due to the reason that the
states of spin-up electrons are the majority states. The calcu-
lated band structure of 2 by the GGA-PBE+U (U = 3.3) method
is given in Fig. 7(c) and (d). As shown in Fig. 7(c), the top of
the VB and the bottom of the CB of MOF 2 are very flat and
with very small dispersion (the spin-up electrons: 0.0040 and
0.0015 eV, respectively; the spin down electrons: 0.0030 and
0.0047 eV, respectively). As shown in Fig. S16,† the lowest
energy of the CB and the VB maximum for the spin-up and
spin-down electrons of MOF 2 are located at different points
(G and X, respectively), indicating that MOF 2 has an indirect
band gap. The calculated Eg according to the method for an

indirect band gap semiconductor based on UV-Vis reflectance
spectra was found to be 1.10 eV, consistent with the calculated
results (1.42 eV), however less accurate than the value (1.32 eV)
calculated by the plot of F(R) versus energy (hν) which is very
similar to the Eg determined by the EC method (1.35 eV).
Thus, when the top of the VB and bottom of the CB are very
flat like in the cases of MOFs 2 and 3, the experimental values
of Eg determined by the plots of F(R) versus energy (hν) seem to
be the most accurate value compared to the value determined
by the plots of [F(R)hν]1/2 versus energy (hν) or the plots of
[F(R)hν]2 versus energy (hν) as shown in Table 2. The band
structure of MOF [Sr(HBTC)(H2O)]n was found to be very flat,
however showing that it has an indirect bandgap.81 Its calcu-
lated band gap is 2.04 eV, which fits better with the Eg deter-
mined using the plot of F(R) versus hν (2.17 eV) than with the
Eg determined using the plot of [F(R)·hν]1/2 versus hν (1.83 eV).
Thus, we propose that when the top of the VB and bottom of
the CB of a material are very flat (<0.005 eV), the experimental
value for Eg should be determined using the plots of F(R)
versus energy (hν).

Since the calculated band gaps of MOFs 1–3 are close to the
experimental values, we assume that the band structures of
MOFs 1–3 were also determined correctly by the calculations.
Based on the calculated band structures and the experi-
mentally determined conduction and valence band-edge posi-
tions, the energy levels of MOFs 1–3 relative to the Ag/AgCl
electrode (saturated KCl solution) and NHE (standard hydro-
gen electrode) were deduced and are given in Fig. 8. The band
structures of MOFs 1–3 (shown in Fig. 7 and 8) are not con-
tinuous. They can all be regarded as semiconductors having

Fig. 8 Schematic energy level diagrams of MOFs 1–3 in comparison with the potentials for water oxidation to O2 and CO2 reduction to CH4 in the
presence of H2O. Valence bands are in red, and conduction bands in green. The energy levels were determined based on experimental and calcu-
lated results. Numbers shown are vs. Ag/AgCl electrode. The valence and conduction band edge positions of MOF 1, spin-up electrons of 2, and 3
are determined by EC experiments; the valence and conduction band edge positions of the spin-down electrons of 2 are determined based on the
calculated results and the experimental value of the conduction band edge of the spin-up electrons (−0.35 eV); and the rest positions are based on
the calculated band structures. EF1, EF2, EF3 are the Fermi levels of MOFs 1–3 vs. the Ag/AgCl electrode, determined based on the calculated band
structures and experimental values of the conduction band edge positions.
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intermediate bands (IB) (MOF 1) or levels (MOF 2 and 3). The
use of intermediate bands (IB) or levels lying within the band
gap of a semiconductor has been proposed as a means of man-
ufacturing solar cells with efficiencies of up to 63.3% under
ideal conditions.82 IB materials can not only utilize the
photons which could pump electrons from the VB to the CB as
the cases for traditional semiconductors, but also utilize
photons which could pump electrons from the VB to the IB or
from the IB to the CB.83 For example, due to the existence of
the IB (−0.23–−0.91 eV) in MOF 1, electrons can be excited
from the VB at 1.05–2.01 eV to the IB, from the IB to the CB at
−1.39–−1.83 eV and from the VB to the CB at −1.39–−1.83 eV
(Fig. 8), thus increasing the visible light utilization efficiencies.
MOFs 1–3 are bulk IB materials without impurity doping,
which reduces densities and therefore lowers absorption levels
when utilized in solar cells.84

The positions of the valence and conduction band edges or
levels of MOFs 1–3 relative to the potential of the reduction of
CO2 (in the presence of H2O) to CH4 (eqn (1)) and the oxi-
dation of H2O to O2 (eqn (2)) (Fig. 8) suggest that the photo-
generated electrons and holes in MOFs 1–3 can reduce CO2 to
CH4, and at the same time oxidize H2O into O2 under visible
light. For example, MOF 3 can absorb visible light with
2.31–3.0 eV energy and cause electrons in the orbitals at 0.80
or 1.03 eV to the conduction band at −1.51–−2.09 eV (Fig. 8).
The excited electrons can reduce CO2 to CH4, and the holes
left in the orbitals at 0.80 eV can oxidize H2O into O2 as shown
in Fig. 13. The Fermi levels of MOFs 2–3 are close to their
intermediate levels, suggesting that these states might be par-
tially filled with electrons at room temperature. In contrast,
the Fermi level of MOF 1 is relatively far away from the band
edges of the IB and VB (Fig. 8).

Mid-gap levels in semiconductors have been well known for
a long time. They can act as very effective recombination
centres, thus jeopardizing the potential of IB solar cells.85–89

However, Antolín et al. found that when the densities of these
levels are sufficiently high, it will suppress the non-radiative
recombination and thus can increase the solar cell efficiency.82

Fig. 7 and 8 show that the band structure of MOF 1 has an
extended IB, but MOFs 2 and 3 have discrete intermediate
levels. In addition, the density of states of the VB, IB and CB
bands of MOF 1 are much higher than those of MOF 2 and
MOF 3 (Fig. 9). The band structures of MOFs 1–3 also reveal
that the thermodynamic driving force for H2O oxidation is
greater for MOF 1 than for MOFs 2–3 since its valence band
edges are much lower with respect to the water oxidation level
than the cases for MOFs 2–3.90 The above results suggest that
the photocatalytic activity of MOF 1 should be significantly
better than those of MOFs 2 and 3. Consistently, experimental
results (see below) did find that MOFs 2 and 3 have low photo-
catalytic activity and MOF 1 has high photocatalytic activity for
CO2 reduction to methane.

CO2 þ 8e� þ 8Hþ ! CH4 þ 2H2O E°′ ¼ �0:24 V ð1Þ

O2 þ 4e� þ 4Hþ ! H2O E°′ ¼ 0:82 V ð2Þ
CO2 þ 2H2O ! CH4 þ 2O2ð3Þ ð3Þ

(E°′ is the reduction potential in pH = 7.0 aqueous solution).

Orbital populations of MOFs 1–3

The total and partial density of states (DOS) of MOFs 1–3 are
shown in Fig. 9 and 10. Since the DOS patterns of the spin-up
electrons are identical to those of the spin-down electrons for
MOFs 1 and 3, only the DOS patterns of the spin-up electrons
of MOFs 1 and 3 are given. The top of the VB in MOF 1 is
mainly composed of Co 3d states, and the bottom of the CB
in MOF 1 is dominated by C 2p, N 2p, O 2p and Co 3d states
as shown in Fig. 10(a). As shown in Fig. 10(b), the top of the
VB of the spin-up and spin down electrons in MOF 2 is
mainly composed of Ni 3d states and some O 2p states, and
the bottom of the CB of the spin-up and spin-down electrons
of 2 is dominated by Ni 3d states and some N 2p states. As
shown in Fig. 10(c), the top of the VB in MOF 3 is mainly
composed of Cu 3d states, and some N 2p and O 2p states,
and the bottom of the CB in MOF 3 is dominated by Cu 3d
states and some O 2p states. Thus, the 3d states of Cu(II),
Co(II) and Ni(II) contribute significantly to the valence band
and conduction band edges of MOF structures.

Photoelectric properties of MOFs 1–3

Photovoltaic applications of MOFs belong to a relatively new
area of research and there have been only a few reports on the
optoelectronic properties of MOFs.8–13,91,92

The photoelectrical properties of MOFs 1–3 were studied in
a three-electrode set-up. Fig. 11 shows the rapid photocurrent
responses of MOFs 1–3 for each switch-on and switch-off event
under UV and visible light illumination and the signals are
stable. MOFs 1–3 exhibit anodic photocurrent, and the photo-
current increases with increasing anodic potential, suggesting
a quick recombination of photogenerated electrons and holes
under a lower potential bias. Under the same conditions, we
found that the photocurrent intensities generated using
430 nm light increase in the order of MOF 3 < 1 < 2, respect-

Fig. 9 The comparison of the TDOS of MOF 1 (spin-up electrons, red
line), 2 (spin-up electrons: green; spin-down electrons: black) and
3 (spin-up electrons, blue).
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ively. Although MOFs 1–3 absorb widely in the UV and visible
light region, it is found that the photocurrent densities in the
visible light region are lower than those values under UV light
for all the three MOFs, suggesting the faster recombination of
the photogenerated electrons and holes under visible light
illumination.11

Photocatalytic reduction of CO2 to methane

Consistent with theoretical predictions, all of the three MOFs
were found to be able to catalyze the reduction of CO2 to CH4

under xenon light, the spectrum of which is very similar to
sun light. The catalytic activities of MOF 1 (0.75 μmol g−1 after
4 h) are significantly better than those of MOFs 2 and 3
(0.14 μmol g−1 after 4 h) (Fig. 12). The catalytic activity of
MOFs 1 and 3 under visible light was further checked. The
photocatalytic CH4 evolution amounts using MOF 1 increase
to 1.44 μmol g−1 after 8 h, which is higher than the 0.95 μmol g−1

obtained under the whole spectrum light of the Xe lamp
due to its higher activation temperature (150 versus 60 °C). The
higher activation temperature can make the sample absorb
more CO2 in the experiment, leading to higher catalytic
activity. The above observation also suggests that UV light con-
tributes little to the catalytic process. The catalytic activity of
MOF 1 decreases when the samples were heated at a lower
temperature (120 °C).

The mechanism was proposed as shown in Fig. 13. The
photogenerated electrons and holes in the illuminated MOFs
1–3 reacted with the adsorbed CO2 and H2O to produce CH4

and O2 according to eqn (1)–(2), giving the overall reaction as
shown in eqn (3). Due to the test limitation of our GC instru-

Fig. 10 TDOS and PDOS of MOFs 1 (a) and 2 (b) and 3 (c). In the PDOS,
cyan, red, and orange lines represent spin-up s, p and d orbitals,
respectively; and green, blue and magenta lines represent spin-down s,
p and d orbitals, respectively. The Fermi levels are set to zero.

Fig. 11 MOF 1 (a), 2 (b) and 3 (c) irradiated with 385 or 430 nm light at
0.4 and 0.6 V.
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ment, we only detected CH4 in our experiments. The photo-
catalytic efficiency of MOF 1 is much better than that of our
previously reported pure Na2V6O16·xH2O nanoribbons
(0.07 μmol g−1 after 8 h) and similar to the 1 wt% RuO2 and
1 wt% Pt coloaded Na2V6O16·xH2O nanoribbons (1.51 μmol g−1

after 8 h), the results of which are obtained under the same
experimental conditions as those of MOF 1.93 The higher
activity of MOF 1 could be due to its CO2 storage capability,
making CO2 readily available to react with the electrons pro-
duced during the illumination under light. Li et al. also
reported that the high storage capability of CO2 can increase
the efficiency of photocatalysts.14

The photocatalytic reactions were carried out at 298 K and
1 atm. The diameters of the channels of MOFs 1–3 are not more
than 1.6 × 3.6 Å (Table S4,† a + b direction). The kinetic dia-

meters of N2, CH4, CO2 and H2O are 3.64, 3.80, 3.30 and 2.65 Å
respectively.94 Consistently the isotherms of the adsorption of
N2 and CH4 of MOFs 1–3 at 298 K are nearly linear, indicating
that the adsorption of these molecules occurred on the sur-
faces of the materials, not in the pores. The isotherms of the
adsorption of CO2 of MOFs 1–3 at 298 K are not completely
linear, indicating that a small portion of CO2 adsorption
occurred in the channels. The CO2 in the channels would not
be significant due to the small diameters of the channels and
the low porosities of MOFs 1–3 (Table S4†). Thus we deduce
that the majority of the photocatalytic reactions occurred on
the surfaces of MOFs 1–3. The small amounts of CO2 in the
pores could receive 8e− and 8H+ to form CH4 and 2H2O.
However, the formed CH4 in the pore would have difficulty in
coming out of the pores due to the small diameters of the
channels.

Probably because of the involvement of the transfer of
8 electrons, the photocatalytic reduction of CO2 to CH4 using
MOFs has seldom been reported.14,15 Li et al. reported that a
MOF CPO-27-Mg/TiO2 nanocomposite shows no CO2 reduction
properties under visible light, but produced 40.9 μmol g−1 of
CO and 23.5 μmol g−1 of CH4 after 10 h irradiation with
365 nm UV light.14 Strunk and Fischer et al. reported that
NH2-MIL-125 (a Ti-containing MOF) derived TiO2/GNPs (gold
nanoparticles) produced 61 ppm CH4 (0.0024–0.0032
μmol g−1 h−1) after 6 h illumination with a 200 W Hg/Xe
(250–750 nm) lamp.15 The unusual photochemical properties
of MOFs 1–3 can be related to their band structures. The calcu-
lations show that all the three MOFs can be viewed as bulk IB
materials. MOF 1 is a better photocatalyst than MOFs 2 and 3
since the density of states of the IB in MOF 1 is high, which
could suppress the non-radioactive recombination.82 The
density of states of the IB levels in MOFs 2 and 3 are low,
making these levels very effective recombination centres, thus
jeopardizing the photocatalytic activities of MOFs 2 and 3.85–89

Conclusions

Three water-stable isostructural, two-fold interpenetrated pad-
dlewheel MOFs of [M2(TCS)(BPY)] [M = Co(1) and Ni(2) and
Cu(3)] were synthesized and characterized. MOFs 1–3 are stable
in pH = 5–11, 2–11, 3–11 aqueous solution, respectively. They
are stable after heating at 150–200 °C for at least 12 h, which
are sufficient to remove the trapped solvent molecules. Their
gas storage properties for H2, CO2 and CH4 have been studied,
showing good H2, moderate CO2 and CH4 storage capacity.
MOFs 1–3 absorb visible light in broad ranges with the band
gaps of 1.28, 1.35 and 0.67 eV, respectively. The photocurrent
densities generated by these MOFs upon visible light (430 nm)
illumination increase in the order of MOF 3 < 1 < 2.

All the three MOFs exhibit rare photocatalytic activities
toward CO2 reduction to CH4 under visible light, producing
0.75 μmol g−1 (MOF 1) and 0.14 μmol g−1 (MOFs 2 and 3)
under xenon light after 4 h, respectively. Calculations suggest
that the better photocatalytic properties of MOF 1 than those

Fig. 12 Photocatalytic CH4 evolution amounts for MOFs 1–3 as a func-
tion of light irradiation time with a Xe lamp. (a) Without filter. MOFs 1–3
were heated in a 60 °C oven for 12 h before carrying out the photo-
catalytic experiments. (b) Under visible light (wavelength: ≥420 nm).
Samples were heated in a 120 °C or 150 °C oven for 12 h before carrying
out the photocatalytic experiment.

Fig. 13 Proposed mechanism for the photocatalytic reduction of CO2

by water.
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of MOFs 2 and 3 are likely due to the higher density of states
of the intermediate band in MOF 1. Our results show that the
photo-physical and chemical properties of MOFs can be tuned
by using electron-rich metal ions. This work demonstrates for
the first time that calculations can be successfully applied to
address the question of how the types of unpaired electron con-
taining electron-rich metal ions (i.e. Cu(II), Co(II), Ni(II)) affect
the band gaps and band structures of MOFs. More semicon-
ducting MOFs with excellent photo-physical and chemical pro-
perties could be designed and prepared by using this approach.
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