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ABSTRACT: Effective CO2 capture and activation is a prerequisite step for
highly efficient CO2 reduction. In this study, we reported a case of Cu2+ in a
porphyrin based MOF promoted enhanced photocatalytic CO2 conversion
to methanol. Compared with the sample without Cu2+, the methanol
evolution rate was improved as high as 7 times. In situ FT-IR results
suggested that CO2 chemical adsorption and activation over Cu2+ played an
important role in improving the conversion efficiency.

KEYWORDS: photocatalysis, CO2 capture, CO2 reduction, chemical adsorption, and MOFs

1. INTRODUCTION

The energy crisis and global warming are two severe problems
worldwide. CO2 has received much attention as one of the
primary greenhouse gases. Its conversion to valuable fuels offers
a way to alleviate the above two problems. Photocatalytic
conversion of CO2 by utilizing solar energy is regarded as one
of the most green and economic methods. Up to now,
conversion of CO2 into small organic molecules (i.e., carbon
oxide, methane, methanol, ethanol, etc) over various photo-
catalysts has been reported, such as TiO2,

1 BiVO4,
2 Bi2WO6,

3

Zn2GeO4,
4 etc. However, the efficiency is still low, since CO2 is

a highly stable molecule. The CO bond energy in CO2 is 750
kJ/mol, much higher than that of C−C (336 kJ/mol), C−O
(327 kJ/mol), and C−H (411 kJ/mol). Therefore, effective
CO2 capture and activation is a prerequisite step for highly
efficient CO2 reduction. Oxygen vacancy was reported to
enable SrTiO3 to chemically adsorb and activate CO2, which
would lower the energy barrier of CO2 and facilitate the
subsequent photoreduction.5

Coordination to transition metals is another known method
to activate CO2, which results in a net transfer of electron
density from the metal to the LUMO of CO2. The LUMO of
CO2 is an antibonding orbital, and therefore, electron transfer
should result in a weakened C−O interaction.6 Copper organic
complexes are well-known for their assistance in CO2 capture
and activation.7,8 For example, Angamuthu reported a copper
complex, which could spontaneously capture and reductively
couple CO2 from air, yielding an oxalate-bridged copper
tetramer in acetonitrile solution.9 Liu reported that copper ions

in TiO2 could help the activation of CO2 via the coordination
with the π orbital of CO2 and enhance the adsorbed CO2

−

dissociation.10 In addition, copper-containing photocatalysts
were reported to be able to improve the CO2 capture capability
and photocatalytic activity, because Cu appeared to be active
toward CO2 adsorption and photoreduction. Yang et al.
reported that both the CO2 capture capability and the
photocatalytic activity of ZIF-67 were improved by doping
Cu to ZIF-67.11 Cu-containing LDHs were also found to
display better performance than those without Cu.12,13

Porphyrins are important naturally occurring organic
compounds, and widely applied in dye-sensitized solar cells
and photodynamic therapy, etc.14−16 Co porphyrin and Fe
porphyrin have been well-studied for their photocatalytic and
electrocatalytic activity in CO2 reduction as homogeneous
catalysts.17,18 Recently, Fateeva synthesized a water stable metal
organic framework (MOFs) using porphyrin and Al3+, and the
as-prepared sample was found to display photocatalytic activity
toward hydrogen production from water.19 MOFs are a class of
crystalline micromesoporous hybrid materials with an extended
3D network and have drawn extensive research interests in
recent years due to their large surface areas, tunable porous
structures, desired functionality, and promising capacity for
CO2 capture.20,21 In addition, MOFs are heterogeneous
photocatalysts, which can be easily recycled.
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In this study, we mimic the photosynthesis using a Cu
porphyrin (5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin,
TCPP) based MOF (denoted as SCu). SCu exhibits better
performances of both CO2 capture and photocatalytic CO2
conversion to methanol than the samples without Cu (denoted
as SP). The presence of Cu induces chemical adsorption of CO2
on SCu, as identified by FT-IR characterization. Through
chemical adsorption, CO2 activation is achieved, which results
in enhanced CO2 capture capability and higher photoreduction
efficiency.

2. EXPERIMENTAL SECTION
2.1. Materials. All reagents were analytical grade and were used

without further purification. 5,10,15,20-Tetrakis(4-carboxyphenyl)
porphyrin (TCPP) was purchased from TIC.
2.2. Synthesis of SP and SCu. SP and SCu were synthesized

according to the literature.19

Synthesis of SP. A 200 mg portion of (TCPP) and 120 mg of AlCl3·
6H2O were introduced into 20 mL of deionized water. The suspension
was stirred for 30 min at room temperature and then transferred into a
80 mL Teflon-lined autoclave and kept at 180 °C for 24 h. After
cooling down to room temperature, the solid was centrifuged, and
washed with DMF and acetone several times. Finally, the obtained
power was dried at 60 °C.
Synthesis of SCu. A 2 mmol portion of CuSO4·5H2O was dissolved

into 20 mL of DMF, and 50 mg of SP was added into the solution. The
mixture was allowed to react at 100 °C for 48 h. The resulting solid
was washed with DMF and water several times, and dried at 60 °C.
2.3. Characterizations. X-ray power diffraction analysis (XRD) of

the samples was recorded on an X-ray diffractometer (Bruker AXS
D8). The morphology and microstructure and energy dispersive
spectra (EDS) of the sample were determined by scanning electron
microscopy (SEM, Hitachi S-4800 microscope), and its diffuse
reflectance spectra (DRS) by UV/visible spectroscopy (UV-2550,
Shimadzu). The chemical states of the samples were characterized by
XPS (Thermo Fisher Scientific Escalab 250), and C 1s (284.6 eV) was
used to calibrate the peak positions. A Micromeritics ASAP 2020
apparatus was used to measure the BET surface area and the pore-size
distributions. CO2 adsorption/desorption measurements were con-
ducted under the ambient condition of 298 K at low pressure (1 atm,
Builder SSA-4200C), and the pressure can be altered stepwise by the
gas flow rate. In situ Fourier transform infrared (FT-IR) spectra were
recorded using an in situ sample cell, an accessory of the FT-IR
spectrometer (Nicolet Nexus 670). The window in the in situ sample
cell is ZnSe. The spectra were detected at room temperature (25 °C)
and 1 atm. Before spectra detection, the samples were under heat
treatment at 100 °C under vacuum overnight to remove the adsorbed
gas molecules from the air, and CO2 was slowly inlet into the sample
cell for an hour before the cell was sealed.
2.4. Photocatalytic CO2 Reduction Evaluation. In the photo-

catalytic conversion of CO2, 30 mg of SP or SCu was dispersed in 100
mL of water containing 1 mL of triethylamine (TEA) with magnetic
stirring, and high-purity CO2 gas was continuously bubbled through
the solution at the rate of 0.2 mL min−1. A 300 W Xe arc lamp (PLS-
SXE300, Beijing Trusttech Co., Ltd.) equipped with an ultraviolet
cutoff filter to provide visible light (λ ≥ 420 nm) was used as the light
source. The photocatalytic CO2 reduction experiments were
conducted in a closed vessel at 5 °C, and the suspensions were
irradiated through the quartz window. Prior to irradiation, CO2 gas
was bubbled to the solution for 10 min to expel the dissolved air in the
vessel. The solution products were qualitatively analyzed by a Varian
CP-3800 gas chromatograph (FID detector, Propark Q column)
through observing and comparing the chromatographic peaks with
those for the authentic methanol standard. The injection temperature
was 100 °C, and the detection temperature was 200 °C. The
temperature of the column first remained at 40 °C for 3 min and then
increased to 200 °C with a rate of 20 °C/min.

3. RESULTS AND DISCUSSION
XRD analysis was first carried out to investigate the crystal
structure of the as-prepared samples, as can be seen from
Figure 1a. All the diffraction peaks for SP are indexed to an

orthorhombic structure with Cmmm symmetry, and no
impurity peaks are observed.19 The relatively strong diffraction
intensity indicates good crystallinity of SP. The cell parameters
have been known with a = 31.978 Å, b = 6.5812 Å, and c =
16.862. Therefore, the main peaks observed at 2θ = 7.43° and
13.67° could be indexed as the (201) and (110) reflections,
respectively. In SP, each oxygen in the carboxylate group is
coordinated with one Al3+, and Al3+ coordination consists of
four carboxylate-derived oxygen atoms in the equatorial plane
and two μ2 axial OH− bridging adjacent Al3+ centers to form an
infinite Al(OH)O4 chain, as shown by Figure 1b. Compared
with SP, the diffraction peaks of SCu do not change, which
suggests that Cu insertion does not destroy the framework
structure. However, the intensity of the diffraction peaks
decrease, indicating that Cu insertion into the porphyrin has a
negative effect on the crystallinity. Additionally, no traces of
characteristic peaks corresponding to CuO or Cu2O are
observed in SCu, indicating that no impurity is introduced
after Cu insertion.
Figure 1c shows the DRS spectra of SP and SCu. As can be

seen, both SP and SCu display strong absorption from 200 to
800 nm. SP displays a strong S band and four Q bands, which
are characteristic for the porphyrin family. After the metalation
of the porphyrin ring with Cu2+, the four Q bands in SCu
become two due to the higher symmetry of SCu. Compared
with SP, SCu displays a slight red shift of the S band (from 420
to 430 nm), which is a common phenomenon for metalated
porphyrin.22 Analysis of the SEM image shows that both SCu

Figure 1. (a) XRD patterns of the as-prepared SP and SCu. (b) Linkage
of Cu porphyrin to Al3+ in SCu. (c) DRS spectra of SP and SCu.
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and Sp are composed of nanoplates, with a thickness of 20−30
nm. No distinguishable difference can be observed between SP
and SCu (Figure 2). The energy-dispersive spectrum (EDS)
displays an Al/Cu ratio of 2, indicating 100% occupancy of the
porphyrin center sites by Cu2+ (Figure S1, Supporting
Information).
XPS is known to identify the surface composition and local

chemical environments of a compound. As can be seen from
the structure, the free base porphyrin in SP contains two
chemically different types of nitrogen atoms, (N−, and
−NH). After the introduction of Cu into the porphyrin ring,
however, all the nitrogen atoms in porphyrin bind to Cu ions.

Thus, there should be one N 1s signal. The N 1s XPS spectra of
as-prepared SP and SCu are displayed in Figure 3a. Obviously,
two signals for SP at 399.9 and 397.7 eV are observed, which are
ascribed to −NH− and N−, respectively. For SCu, only one
signal at 398.4 eV is detected, which is in good agreement with
the above discussion. Therefore, it can be concluded that Cu
indeed inserted into the porphyrin ring. Figure 3b shows the
Cu 2p spectra of SCu. The Cu 2p 3/2 and 1/2 locate at 934.9
and 954.8 eV, respectively, each peak with a broad satellite
structure toward higher binding energies. It was reported that
the satellite peak was due to the open-shell 3d character of

Figure 2. SEM images of SCu (a) and SP (b).

Figure 3. XPS spectra of the as-prepared samples: (a) N 1s spectra of SP and SCu, and (b) Cu 2p spectra of SCu.

Figure 4. (a) N2 adsorption−desorption isotherms and (b) CO2 adsorption and desorption isotherms of SCu and SP.
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Cu2+. Both the binding energy and the peak shape of Cu 2p
suggest that Cu remains in its 2+ valence state in SCu.

23,24

Figure 4a shows the nitrogen adsorption−desorption
isotherms measured at liquid nitrogen temperature. Both SP
and SCu exhibit a typical type II N2 adsorption isotherm, which
is often observed in nonporous materials or materials with
macropores or open voids.25 This is in good agreement with
the framework structure of SCu and SP, which display two
distinct channels (6 × 11 Å elliptical pore and 5 Å rectangular
pore). The Brunauer−Emmett−Teller (BET) surface areas
were 1187 and 932 cm2/g for SP and SCu, respectively. The
smaller BET surface area of SCu could be due to the insertion of
Cu2+ into porphyrin, which blocks the porphyrin pores in SP.
The pore volume is 0.625 and 0.776 cm3/g for SCu and SP,
respectively. The smaller pore volume of SCu again indicates the
Cu insertion into the porphyrin ring. According to the CO2
adsorption−desorption isotherm shown in Figure 4b, the
amount of CO2 adsorption capacity over SCu is 277.4 mg/g (1
atm, 298 K), which is much higher than that of Sp (153.1 mg/
g). This result is consistent with that reported in the literature;
that is, at P < 1 bar, CO2 uptake is not related to surface area.26

Rosi synthesized metal-adeninate based MOFs, showing a CO2
uptake capacity of 4.5 mmol/g at 1 atm (ca. 198 mg/g).27 Snurr
systematically investigated 14 M/DOBDC MOFs, and the
biggest CO2 uptake was about 350 mg/g.28 Obviously, our
results are comparable with the reported results. The
desorption process is completely reversible over SP, indicating
physical interaction between CO2 and SP. In contrast, the
desorption process over SCu is irreversible, which stops at 20
kPa and results in an unclosed loop. The adsorption−
desorption cycle is repeated three times, and no noticeable
changes are observed for SP. However, the unclosed loop is
observed at each run for SCu, suggesting that it is not an
accidental phenomenon (Figure S2, Supporting Information).
As we all know, the hysteresis loop is normally induced by the
capillary action. However, the possibility that capillary action
induced the unclosed loop for SCu can be ruled out considering
the two facts: (1) SCu has the same framework structure as SP,
and (2) the unclosed loop is not observed for SP. The open
adsorption−desorption isotherm of SCu could indicate the
chemical adsorption of CO2 on SCu, which is also accordant
with the enhanced adsorption capacity for SCu.
The chemical adsorption of CO2 on SCu was confirmed by

FT-IR measurements, which is widely used to monitor the
interaction between a gas and a solid. As can be seen in Figure

5a, SCu under a CO2 atmosphere displays three new peaks at
1780, 1656, and 1225 cm−1, compared with fresh SCu. The
peaks at 1780 and 1656 cm−1 are due to the asymmetric
stretching vibrations νas(OCO) of the “end-on” and “C-
coordination” coordination states, respectively (Figure 5b). The
peak at 1225 cm−1 corresponds to the symmetric stretching
vibration of CO2 for both of the two coordination modes on
SCu.

29 No changes are observed from the FT-IR spectra for
fresh SP and SP under a CO2 atmosphere (Figure S3,
Supporting Information). This indicated that CO2 could be
chemically adsorbed on SCu at the Cu site by the “end on” or
“C-coordination” mode. It is noteworthy that, due to the
chemical adsorption, the linear CO2 molecules would bend,
which is believed to lower the reaction barrier and, therefore,
improve the photocatalytic efficiency during the photo-
reduction process.
To verify the above assumption, photocatalytic CO2

reduction was carried out in aqueous solutions under visible
light irradiation. Methanol is the predominant product during
the photocatalytic reaction. As expected, the methanol
evolution rate for SP is 37.5 ppm g−1 h−1, while that for SCu
is 262.6 ppm g−1 h−1, about as high as 7 times that of SP (Figure
S4, Supporting Information). This result confirms the above
discussion; that is, CO2 chemical adsorption on Cu2+ in SCu is
beneficial for high photoreduction efficiency.
To exclude the influences of other factors during the

photocatalytic experiments, three control experiments were also
carried out: (1) N2 instead of CO2 was introduced; (2) with
visible light irradiation, but without photocatalysts; (3) with
photocatalyst, but without visible light irradiation. Negligible
methanol is detected in the above three experiments, indicating
that methanol generation is really based on the photopromoted
reduction of CO2.

4. CONCLUSION

In conclusion, the assumption of CO2 activation and its benefit
for subsequent photoreduction is proved via a Cu porphyrin
based MOF. The presence of Cu in a porphyrin based MOF
promotes CO2 chemical adsorption and activation, as
evidenced by CO2 adsorption curves and FT-IR spectra. The
CO2 chemical adsorption bends the linear CO2 molecule, and is
believed to lower the photoreduction barrier and, consequently,
improve the efficiency. This study highlights the importance of
CO2 chemical adsorption on a photocatalyst in improving the
photocatalytic activity, which provides a strategy for designing

Figure 5. (a) In situ FT-IR spectra of fresh SCu and SCu under a CO2 atmosphere. (b) Schematic representation of “end-on” and “C-coordination”
adsorption geometry of CO2 on SCu.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4019675 | ACS Appl. Mater. Interfaces 2013, 5, 7654−76587657



efficient photocatalysts for CO2 capture and reduction in the
future.
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