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Abstract: Based on the newly designed ligand 4’-(3,5-dicar-
boxyphenyl)-4,2’:6’,4’’-terpyridine (DCTP), a unique semi-
conductive 3D framework {[CuICuII

2-
(DCTP)2]NO3·1.5 DMF}n (1) with a narrow band gap of
2.1 eV, was obtained and structurally characterized. DFT
calculations with van de Waals correction employed to explore
the electronic structure of 1, clearly revealed its semi-con-
ductive behavior. Furthermore, we found that 1 exhibits
a superior band alignment with water to produce hydrogen
and degrade organic pollutants. Without adding any photo-
sensitizers, 1 displays an efficiently photocatalytic hydrogen
production in water based on the photo-generated electrons
under UV/Vis light. 1 also exhibits excellent photo-degradation
of methyl blue under visible-light owing to the strong
oxidization of excited holes. It is the first example of MOFs
with doubly photocatalytic activities related to photo-generated
electrons and holes, respectively.

With increasing concern about the problems of environ-
mental pollution and energy, the photo-driven water splitting
as a sustainable pathway for solar energy conversion, is
receiving considerable attention, because photocatalytic
hydrogen evolution, as a long-term alternative to replace
fossil fuels, provides clear and high-performance energy
sources.[1–3] In the past few years, various semiconductor
materials were employed for photocatalytic hydrogen evolu-
tion. To be an ideal photoelectrode in the single-light-
absorber setup, the semiconductor must satisfy several
fundamental requirements, including suitable band alignment
with water redox potentials, reasonable band gap (ca. 2.0 eV),
long-term stability against the photo-corrosion in water.[4] In
these studies, the metal–organic frameworks (MOFs) were

first identified by MoriÏs group as a new class of materials for
photocatalytic hydrogen production,[5] and recently the
intense interests in this area have been focused on porous
MOFs because of their large surface areas, small metal-oxide
clusters, and the tunable band gaps.[6] To date, some hydrogen
production photocatalysts based on MOFs have been
explored, such as UiO-66, [Ru2(H2TCPP)BF4], [Zn{Pd-
(INA)4}]n, [Zn2(H2O)3{PdCl2(pydc)2}]n, Pt/MIL-101.[7] The
UiO-66 was tested as a good photocatalyst for hydrogen
evolution in a methanol/water mix solution, and enhanced
activity was observed when Pt nanoparticles were introduced
as co-catalysts into the framework. Most of the photocatalytic
water splitting into hydrogen based on MOFs materials was
realized by employing an additional photosensitizer, such as
[Ru(bpy)3]

2+, methyl viologen, or RhB, and simultaneously,
the metal ions in constructing the MOFs mentioned above are
almost focused on expensive metals Ru, Pd, Ti, and Zr.
Therefore, to avoid using additional photosensitizers and
expensive metals, it is crucial and necessary to seek new MOF
photocatalysts constructed from cheap metal ions, such as Cu,
Zn, and organic ligands with large electron delocalization
systems as effective photosensitizers. Importantly, to our
knowledge, MOF materials with doubly photocatalytic activ-
ities in splitting water into hydrogen by using photo-gener-
ated electrons and degrading organic pollutant based on
holes, have not been reported so far.

Herein, based on a newly designed ligand 4’-(3,5-dicar-
boxyphenyl)-4,2’:6’,4’’-terpyridine (DCTP, synthesis was given
in Supporting Information, the structure is shown in Fig-
ure S1), a novel semi-conductive copper–organic framework
{[CuICuII

2(DCTP)2]NO3·1.5DMF}n (1) was synthesized and
structurally characterized. Theoretical calculations of the
electronic structure and work function display that this
specific compound shows a semiconducting behavior (Eg =

2.1 eV) with a superior band alignment with water redox
potentials to produce hydrogen and degrade organic pollu-
tants. Experimentally, this compound is shown to exhibits
efficient photocatalytic hydrogen evolution and degradation
of organic dyes.

Single-crystal X-ray diffraction analyses revealed that
compound 1 is a 3D twofold interpenetrated framework with
mixed-valence dinuclear Cu subunits, crystallizing in mono-
clinic space group C2/c. The asymmetric unit consists of one
CuII ion, half of one CuI ion, and one DCTP anion. The two
crystallographically independent CuI and CuII ions form
a “paddle-wheel”-type motif with only two carboxyl bridges
(Figure 1a), rather than the standard “paddle-wheel”
arrangement bridged by four carboxyl groups. In the dinu-
clear Cu subunits, the CuI is two-coordinated by two oxygen
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atoms (O2 and O4) from different carboxyl groups of the
DCTP2¢ anions. The four-coordinated CuII center displays
a tetrahedral coordination environment, which is formed by
two carboxylic oxygen atoms (O1 and O3) and two nitrogen
atoms (N1 and N3) from four DCTP2¢ anions. The two-
coordinate Cu(I) center has never been reported in similar
mixed-valence dinuclear copper compounds,[8] and provides
a potential catalytic platform. The Cu–Cu distance is 3.014 è.
All the dinuclear subunits are linked by DCTP2¢ anions to
form a 3D framework (Figure 1b), then two nets of the
independent 3D frameworks interpenetrate each other,
exhibiting a one-dimensional channel along the c axis (Fig-
ure 1c). The regular window of the channel is 13.96 × 6.95 è2.
Upon solvent removal, the total solvent-accessible volume is
approximately 23.2%, calculated with PLATON software.[9]

However, owing to the low N2 absorption capacity at 77 K, the
surface area of 1 was not experimentally determined (Fig-
ure S2). The network topology of 1 is also investigated by the
computer program TOPOS.[10] The dinuclear Cu subunit is
considered as a four-connected node which is linked by four
DCTP2¢ anions, and the whole structure can be simplified as
a 4-connected neb topology, with the Schl�fli symbol of 66 and
the vertex symbol of (6·6·6·62·62·62) and (6·6·6·62·62·62) (Fig-
ure 1d).

The oxidation states of Cu ions are further confirmed by
X-ray photoelectron spectroscopy (XPS). The XPS spectra of
1 show the characteristic peaks of 2p3/2 and 2p1/2 at 932.4 and
952.3 eV, respectively, indicating the presence of CuI in 1, and
the remaining peaks at 939.4 and 960.4 eV correspond to the
CuII ions in compound 1 (Figure S3).[11]

To explore the solvent stability of 1, the powder X-ray
diffraction (PXRD) pattern of 1 dispersed in various solvents
for 12 h, including acetone, methanol, ethanol, CH3CN, DMF,
DMA, CH2Cl2, and DMSO, was performed at room temper-
ature (Figure S4). The simulated PXRD of 1 coincided with
the corresponding experimental ones, indicating that 1 has
excellent solvent stability. Additionally, thermogravimetric

analysis (TGA) was carried out in the temperature range of
30–800 88C (Figure S5). It displays a weight loss of 10.3% from
room temperature to 245 88C, corresponding to the release of
guest DMF molecules. The framework is stable up to about
300 88C, indicative of good thermal stability of compound 1.

The investigation on UV/Vis spectra of ligand DCTP and
1 revealed that the adsorption band of DCTP in 1 appears
red-shift, maybe caused by the effect of coordinated Cu ions
on the excited state of the ligand. The weak band between 600
and 800 nm arises from the d–d transitions of the Cu2+ in
1 (Figure S6). The diffuse reflectance spectra of 1 was also
studied (Figure S7), and the band-gap energy (Eg) of 1 deter-
mined from Tauc plot is 2.1 eV, which is more smaller than
TiO2 (3.2 eV for anatase and 3.0 eV for rutile) and some other
reported MOFs, such as MIL-125-NH2 (2.6 eV), UiO-66
(3.05 eV), and MIL-125 (3.6 eV), but slightly larger than
MOF NTU-9 (1.72 eV) and MIL-88A (2.05 eV).[7a, 12] The
result revealed that 1 can be considered as an ideal semi-
conductive MOFs material and that such a low Eg value is rare
for a MOF.

To understand the fundamental electronic structures of 1,
first-principles calculations were performed by density-func-
tional theory (DFT), as implemented in plane-wave basis
code Vienna ab initio Simulation Package (VASP). The
generalized gradient approximation (GGA) in the Perdew–
Burke–Ernzerhof (PBE) forms was employed. It is well
known that DFT underestimates the band gap of semi-
conductor materials, a screened-exchange hybrid functional
Heyd–Scuseria–Ernzerhof (HSE) was thus used to resolve
this issue. Additionally, the standard GGA-type density
functions are unable to describe the weak long distance
interactions, and an empirical dispersion-corrected density
functional theory (DFT-D2) method proposed by Grimme
was thus adopted in our calculations. The model of 1 was
constructed based on the single-crystal X-ray diffraction
analyses (Figure S8). As the directivity of solvent in the
channel of 1 is uncertain, solvent is not included in our model.

As illustrated in Figure 2, compound 1 indicates an
insulating behavior with a band gap of 2.04 eV, which is
consistent with UV/Vis results. Local density of states
(LDOS) and partial density of sates (PDOS; Figure S9)
analysis display that the valance-band maximum (VBM) is
mainly composed of Cu 3d orbitals. The conduction-band
minimum (CBM) is dominated by 2p orbitals of C and N.

Figure 1. a) The coordination environments of the copper atoms in
compound 1. b) One net of the 3D framework and c) twofold inter-
penetrating 3D framework in 1 viewed along the c axis(C gray; N blue;
O red; H atoms and free DMF molecules are omitted for clarity).
d) The simplified topological structure, colors indicate the two nets.

Figure 2. Normalized total and partial DOS of compound 1. The Fermi
level is at 0 eV.
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When compound 1 is solar irradiated, the carriers are excited.
Consequently, electrons jump into conduction band (CB) and
holes are generated in valence band (VB). Intuitively, the
excited electrons produced by Cu transfer to its neighboring C
and N atoms, leaving Cu as the active site to provide holes. To
predict the photocatalytic activity, band alignment with the
water redox potentials is required. Herein, we set the vacuum
level as the reference, and the work function of 1 needs to be
precisely determined to essentially attain the energy-level
alignments between compound 1 and water.

Theoretically, it is a long-term challenge to obtain the
work function of MOF materials. Thanks to recent contribu-
tion from Butler, et al. ,[13] it is now feasible to calculate the
work function of MOF structures with a large porous
diameter. In their work, the vacuum potential reaches
a constant with an error range of 0.1 eV (0.01 eV) when the
pore radii is as large as 5 è (8 è). In our work, we adopt this
method to explore the structure of 1. The spherical average of
the electrostatic potential was calculated [Eq. (1)]:

FavðrÞ ¼
1
V

Z
V

F r0ð Þd3r0 ð1Þ

where V and r are the volume and radius of the sphere,
respectively.

With the distribution of electrostatic potentials, work
function of 1 could be determined from the valence-band
edge. Noted that this method would be valid for materials
with a porous diameter larger than 1 nm. Nevertheless, the
pores in 1 displays an ellipse shape with a shortest diameter of
0.7 nm, which definitely decreases the work function. To
suppress this issue, we randomly scanned over 50 different
electrostatic potentials (left panel in Figure 3) within the pore
to obtain a highest work function which is ultimately close to
the real value. From Figure 3, the work function of 5.3 eV was
derived, and this value is in principle smaller than real one. In
any case, we adopted this value for further analysis of
photocatalytic origin. We aligned the water redox potentials
with the band structures of 1. Interestingly, we found that the
conduction-band minimum of 1 is higher than H+/H2 level and
CuI valance-band maximum is lower than O2/H2O energy
level.[14] As a result, when this material is exposed to solar
radiation, the photo-generated electrons transfer into H+/H2

to reduce H+ into H2, and OH¢ is oxidized into O2 with the

help of excited holes. From the photocatalytic point of view,
CuI serves as the active point to provide holes and its
neighboring C and N atoms are the sites to accept electrons.
One point that caught our attention is that we underestimated
the work function based on current calculation methods. In
practice, the CuI VBM should be even lower than the OH-

oxidation level, and in other words, the photocatalytic
performance should be even better and the photocatalytic
mechanism we proposed should not change even if the work
function is underestimated here. These results imply that
1 can be expected to have bifunctional photocatalytic activity
in water splitting and photo-degradation of organic pollu-
tants.

Based on the above theoretical investigations, the photo-
catalytic hydrogen evolution reactions were performed over
1 under UV-visible-light irradiation with methanol as a sacri-
ficial agent and H2PtCl6 (1 mL, 0.1 wt %) as a co-catalyst. The
amount of H2 generated from the system increases with time
(Figure S10), and reaches about 160 mmolg¢1 with 5 h irradi-
ation. In contrast, no detectable hydrogen was observed
under only addition of H2PtCl6 and without 1 (Figure 4),

indicating that compound 1 plays a crucial role in the
photocatalytic reaction. After completing the photocatalytic
hydrogen evaluation, the powder 1’’ was characterized by X-
ray photoelectron spectroscopy (XPS) and PXRD. In the XPS
spectra of 1’’, the peaks at 71.1 and 74.8 eV can be clearly
observed (Figure S11), corresponding to Pt 4f7/2 and Pt
4f5/2,

[15] which indicates that Pt has been embedded onto
frameworks of 1. By comparison, the oxidation states of Cu
ions do not change (Figure S3). The PXRD patterns of 1’’ are
consistent with the experimental and simulated ones of
1 (Figure S12), suggesting the introduction of Pt onto frame-
work have no significant influence on the crystallinity and 3D
frameworks of 1. The absence of the characteristic Pt peak in
the PXRD pattern was due to the low Pt loadings. Moreover,
the morphology of the Pt in 1’’ was further characterized by
scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS). As shown in Supporting Information
Figures S13 and S14, the results indicate that the Pt was
dispersed onto the framework of compound 1 as nano-
particles (NPs). Furthermore, when the reaction was per-
formed for 7 h, the framework of 1 is still stable, confirmed by

Figure 3. Linear scan of the spherical average electrostatic potential
across the pore of compound 1. Fermi level locates at 0 eV.

Figure 4. Photocatalytic H2 production over 1+ H2PtCl6, 1, and
H2PtCl6.
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the results of PXRD (Figure S15). However, the evolution
rate slightly decreased (Figure S16), mainly due to the
decrease in the concentration of sacrificial electron donor.
The apparent quantum efficiency of 1 was calculated to be
2.3% at 420 nm, which is higher than the material GC40
(QE = 0.6%),[16] but lower than that of [2Fe2S]-based cata-
lysts (QE = 18–28 %).[17]

The possible mechanism for H2 production of this system
is illustrated in Supporting Information Scheme S1. When the
UV/Vis light is absorbed by the organic linker of 1, the excited
photoelectron is formed and transfer to the Pt centers as
a result of the lower Fermi level locations of Pt. Subsequently,
the protons which gather on the surface of MOF by hydrogen
bonding are transferred to the Pt centers or unsaturated CuI

by water, and react with the photoelectrons to produce H2. In
this system, the compound 1 serves as a photo-electron
generator to enhance the activity of H2 production, and the Pt
centers are good electron traps and can inhibit the recombi-
nation of photogenerated electrons and holes, providing
redox reaction sites for hydrogen evolution and lower the
over potential.

To date, various MOFs-based photocatalysts were used in
photocatalytic hydrogen generation, [2c,7,18] extending the
applications of MOFs into the photocatalysis field
(Table S2). Mori and co-workers detect the photochemical
reduction of water into hydrogen in a multicomponent system
consisting of MOFs, [Ru(bpy)3]

2+ as a photosensitizer, methyl
viologen, and EDTA-2Na.[5] Li et al. incorporate Pt NPs and
Au NPs into NH2-MIL-125(Ti) to inhibit the recombination of
photogenerated electrons and holes in MOFs, promoting the
photocatalytic hydrogen evolution to different degrees.[18a]

Moreover, He and co-workers embedded Pt NPs into the
cavities of Zr-based MOFs for hydrogen evolution with RhB
as photosensitizers.[7a] Below, we demonstrate that compound
1 based on comparatively cheap copper metal exhibits an
efficient photocatalytic behavior without any photosensitiz-
ers.

According to the calculation results, 1 may serve as
a catalyst to degrade organic dyes. Thus the catalytic
degradation of methylene blue (MB) in aqueous solution
(10 mg L¢1) in the presence of visible light was carried out.
The photocatalytic activity of compound 1 was monitored by
measuring maximum absorbance of MB at 590 nm (Fig-
ure S17). The concentration of MB is nearly unchanged in the
absence of visible light and compound 1, and only slight MB
degradation was observed under light irradiation. In contrast,
70% of the MB can be decomposed under the introduction of
1 without visible light. Interestingly, up to 80 % MB is
decomposed under the presence of both 1 and visible light
(Figures S18 and S19a). After repeating the photocatalytic
degradation of MB three times, the solid residues in the
reaction still displayed a similar photocatalytic efficiency as
that of 1 (Figures S19b and S20–S22). Furthermore, the
kinetics for MB degradation were also investigated. To our
knowledge, not much effort has been devoted to kinetic
studies for this system.[19] The data for MB degradation was
fitted with first- and second-order reaction rate equations.
The plots of ¢ln([At]/[A0]) and 1/[At]¢1/[A0] versus time are
shown in the Supporting Information Figure S23, and the

relationship of 1/[At]¢1/[A0] versus time displays a straight
line, suggesting the MB degradation obeys a second-order
process. Owing to the large size of the dye molecule, it is very
difficult for MB to completely enter into the pore of
1 (Figure S24). The degradation mechanism for MB could
be explained based on the semiconductor theory, which has
been confirmed by the theoretical calculation above. The
excited photo-electron moves from the VB to the CB when
1 is under illumination, meanwhile, the excited holes in the
VB at the CuI sites help produce hydroxyl radicals (COH)
along with other oxidants, such as O2

¢ , H2O2, to decompose
the organic pollutants.

In summary, a novel CuI/II-based two-fold interpenetrated
MOF was synthesized and structurally characterized. Com-
pound 1 displays strong absorption in the visible light region
with a narrow band gap of 2.1 eV, making it a potential semi-
conductive MOF material. Theoretical studies, based on the
calculations of the work function of MOFs, exhibited a good
band alignment with the water redox energy levels. The
results revealed that 1 is an efficient catalyst in the photo-
catalytic hydrogen evolution reaction without adding photo-
sensitizers. MOF 1 has also been demonstrated to display
promising visible-light-driven catalytic activity in degrading
MB. To our knowledge, it is the first report that MOF
materials display two photocatalytic activities through
employing photo-generated electrons and holes.

Experimental Section
1: A mixture of DCTP (0.0397 g, 0.1 mmol), Cu(NO3)2·6H2O
(0.0483 g, 0.2 mmol), DMF (5 mL), and 65% HNO3 (200 mL) was
sealed in a Teflon-lined stainless vessel (25 mL) and heated at 160 88C
for 48 h, and then the vessel was cooled slowly to room temperature at
5 88Ch¢1, affording as red needle like crystals. The yield was 76%
based on the ligand DCTP. Elemental analysis (%) calcd for
C50.5H36.5Cu3N8.5O12.5 : C 52.62, H 3.16, N 10.33; found: C 52.49,
H 2.97, N 10.43. Crystal data from single-crystal diffraction studies
for DCTP and 1 are given in Supporting Information.
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