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Abstract Photocatalytic reduction of CO2 to useful fuel

has been identified as a promising strategy to address the

energy and environmental issues. Development of well-

defined photocatalysts toward CO2 reduction has attracted

increasing interest to gain insight into the reactive mech-

anism. Herein, by post-synthetic ligand exchange, a

bifunctional Re-based metal–organic framework (MOF)

was successfully prepared. It not only serves as a photo-

sensitizer but also acts as a catalyst for photochemical

reduction of CO2. Furthermore, it is found that a Re-based

MOF containing 30% Re-based ligands displays improved

activity compared to MOF with 100% Re-based ligands.

This work provides clues to the design and synthesis of

bifunctional MOFs toward photocatalytic CO2 reduction.

Keywords Photocatalysis; Metal–organic framework

(MOF); CO2 reduction; Post-synthesis

1 Introduction

With the development of human activities, the excessive

emission of carbon dioxide (CO2) results in an increasingly

serious environmental problem. Artificial photosynthesis

using abundant natural resources such as H2O and CO2 to

produce hydrogen and value-added fuels has been consid-

ered as the most promising solution to address this issue

[1–10]. One of the most promising processes is the direct

photochemical reduction of CO2 into chemicals or fuels

such as methane, methanol, carbon monoxide, and formic

acid [11–14]. Among these products, the two-electron

reduction of CO2 to CO is of great significance for the

chemical industry. To date, considerable effort has been

devoted to develop the catalysts for selective reduction of

CO2 to CO [15–17]. It has been demonstrated that precious

metals such as Ag, Au, and its alloys are the most active

co-catalysts for CO2 reduction to CO [18–20]. Develop-

ment of well-defined catalysts with high efficiency and

selectivity still remains great challenges.

Metal–organic frameworks (MOFs) are widely

employed as promising materials for gas storage, mag-

netism, luminescence, adsorption, and heterogeneous

catalysis [21–27]. Owing to their controllable chemical and

physical properties, MOFs are also attractive candidates

toward photocatalytic solar fuel production [22]. A few

MOFs have been employed as photocatalytic hydrogen

evolution materials [28, 29]. To construct this type of

functional materials, two common strategies have been

developed so far. One approach is the introduction of vis-

ible-light absorbing organic ligands into the framework

such as porphyrin [30–35]. Another method is doping MOF

with visible-light absorbing metal complex. For example,

Lin’s group [36, 37] has reported a photocatalytically

active MOF by doping the Ir-based complex into the UiO-

67 framework. However, in these reported systems, Pt

nanoparticles are often used as co-catalysts [30, 37]. In our

group, we developed a new strategy to synthesize a
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bifunctional photocatalytically active MOF (MOF-253-Pt),

which serves as not only a photosensitizer but also a

photocatalytic site by inserting platinum species into MOF-

253 that has an accessible 2,20-bipyridine unit on the

framework [38]. By the coordination of Pt ions to bipyr-

idine unit, the MOF possesses extra ultraviolet–visible

(UV–Vis) absorbing edge centered at 410 nm with addi-

tional extended absorption edge of 650 nm. This result

indicates that MOF-253-Pt can serve as a photosensitizer.

Under the optimization condition, the MOF-253-Pt dis-

plays the amount of hydrogen evolution almost five times

greater than the corresponding metal complex.

However, only a few MOFs and MOF-derived nano-

materials were reported for photocatalytic CO2 reduction

[33, 35, 39–43]. One of the bottlenecks is the limitation in

introducing active metal sites capable of photocatalytic

CO2 reduction into the MOF framework. Recently, Li’s

group [44] reported the introduction of Ti into UiO-66,

which displays more efficient CO2 reduction compared to

TiO2 due to the improved electron transfer into the MOF.

Consequently, by doping Re complex into MOFs, many

groups also reported such MOFs capable of CO2 reduction

[36]. One of the drawbacks of the strategies mentioned

above is to synthesize the functional MOF through

solvothermal method, which restricts the introduction of

thermally unstable metal complexes.

In this work, we report a new approach to construct Re-

based MOF by post-synthetic ligand exchange (PSLE) at

room temperature (Fig. 1). This strategy can be employed

to introduce some active metal complexes into MOF which

are instable under hydro- or solvothermal conditions

[45, 46]. Furthermore, the strategy allows us to systemat-

ically study the reaction mechanism through tuning the

amount of the introduced metal complexes by means of

controlling the reaction time.

2 Experimental

2.1 Materials and methods

2,20-bipyridine-5,50-dicarboxylic acid, 4,40-biphenyldicar-
boxylic acid, and pentacarbonylchlororhenium(I) were

obtained from Sigma-Aldrich and used as received.

ZrCl4, benzoic acid, and triethanolamine (TEOA) were

obtained from Alfa Aesar. CH3CN was purchased from

Kanto Chem. Co., Inc. All other chemicals were obtained

from Merck and used without further purification.

Fourier transform infrared spectroscopy (FTIR) spectra

were collected with a PerkinElmer FTIR Spectrum GX

in the range of 4000–400 cm-1. Elemental analysis (C,

H, N) was performed on an Elementary Vario El III

instrument. Powder X-ray diffraction (XRD) patterns

were obtained on a Bruker AXS D2 Advanced X-ray

diffractometer with monochromatized Cu Ka radiation

(k = 0.154056 nm, 40 kV and 20 mA). The data were

collected in a range of 5�–65� and a step size of

0.01 (�)�s-1. All measurements were performed at room

temperature and atmospheric pressure. UV–Vis diffuse

reflectance spectra (UV–Vis DRS) were obtained by

UV–Vis absorption spectroscopy (UV-2450, Shimadzu).

Brunauer–Emmett–Teller (BET) surface area was mea-

sured by N2 adsorption and desorption at 77 K using a

Micromeritics ASAP 2020 apparatus and a Quan-

tachrome Autosorb-6 sorption system. Samples were

degassed over offline system at 150 �C for 12 h under

vacuum before analysis. Field emission scanning elec-

tron microscopy (FESEM) specimen was prepared

through dropping the samples on a silicon substrate

followed by air-drying at room temperature. The mea-

surements were performed on a JSM-6700F (JEOL)

microscopy.

Fig. 1 Schematic representation of post-synthetic exchange (PSE) of UiO-67-Re MOF
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2.2 Preparation of UiO-67

UiO-67 was prepared according to the reported procedure

with slight modifications [47]. ZrCl4 (24 mg), 4,40-
biphenyldicarboxylic acid (25 mg), and benzoic acid

(67 mg) were dissolved in 5 ml N,N0-dimethylformamide

(DMF). After ultrasonication for 30 min, the mixture was

heated to 120 �C in an oven in a 20 ml glass vial. After

24 h, the vial was cooled to room temperature. The pre-

cipitates were obtained by centrifugation. Then, the pow-

ders were suspended in DMF (10 ml). After stirring at

room temperature for 2 h, the suspension was isolated by

centrifugation and the obtained powders were re-dispersed

in 10 ml ethanol. After standing at room temperature for

12 h, the powders were obtained by centrifugation and

dried under vacuum at 150 �C.

2.3 Post-synthetic exchange between UiO-67 and Re

complex

Tris-carbonyl-chloro(5,50-dicarboxyl-2,20-bipyridine)rhe-
nium(I) (referred to as Re complex) was synthesized

according the previously described method [36]. Re com-

plex (100 mg, 0.2 mmol) was dissolved in aqueous 4%

KOH solution (4 ml) at room temperature. After stirring

for 6 h, the mixture was neutralized to pH 7 with

1 mol�L-1 HCl, and then UiO-67 (71 mg, 0.2 mmol) was

added to the solution. The mixture was left standing for

5 days, and the precipitates were isolated by centrifugation

and washing with methanol three times. The final solids

were re-dispersed in 10 ml methanol. After 24 h, the solid

was centrifuged and the methanol was decanted. The fresh

methanol (10 ml) was re-added to the solids. This methanol

soaking procedure was repeated three times (24 h each).

Finally, after centrifugation, the powders were dried under

vacuum overnight at 50 �C. Then, the powders were sus-

pended in 10 ml methanol-d4 at room temperature for 1, 2,

or 5 days. The mixture was centrifugated and the metha-

nol-d4 was collected and used for 1H nuclear magnetic

resonance (NMR) analysis. Finally, the powders obtained

(referred to as UiO-67-Re-30%) were dried under vacuum

overnight at 50 �C. The solids (9.4 mg) were digested with

40 ll 48% HF which was diluted with 580 ll DMSO-d6
and used for 1H NMR.

2.4 Preparation of UiO-67-Re-100%

Re complex (171.5 mg, 0.343 mmol) and ZrCl4 (84 mg,

0.343 mmol) were dissolved in 20-ml DMF in a Teflon-

lined stainless steel autoclave (23 ml). Then, 0.7 ml acetic

acid was added. The mixture was stirred for 30 min and

then heated to 120 �C for 24 h. After cooling to room

temperature, the yellow precipitates were collected by

centrifugation and washed with ethanol three times. The

final yellow powders were dried under vacuum at 150 �C
overnight and used as photocatalyst for CO2 reduction.

2.5 Photocatalytic CO2 reduction measurement

Visible-light-driven CO2 reduction reaction was performed

in a closed gas circulation and evacuation system with a

Pyrex cell. The photocatalysts were added to a 50-ml

mixture consisting of triethanolamine (TEOA), H2O, and

CH3CN under vigorous stirring. The pH value of the

TEOA solution was adjusted to 8.5 by adding concentrated

HNO3 solution (69 wt%). A 300-W Xenon lamp was

employed as the light source with cut-off filter ([ 420 nm).

The reaction temperature remained around 20 �C with a

cooling water jacket. Before reaction, the mixed solution

was saturated with CO2 at 100 kPa. The photocatalytic

product was detected using an online gas chromatography

(Agilent 7820B).

2.6 Calculation of number of moles of MOF catalyst

(UiO-67-Re-30%)

Based on the molecular formula and 30% (0.30769) replace-

ment of 4,40-biphenyldicarboxylic acid (BPDC) linkers by cat-
alyst, the molecular formula is defined as Zr6O4(OH)4�
[0.6(C14H8O4)�0.4(C15H6ClN2O7Re)]6�10H2O. And the mass

of elements was calculated as: C, 34.14; H, 2.23; Cl, 2.80; N,

2.21; O, 25.90; Re, 14.70; Zr, 18.01.

3 Results and discussion

The UiO-67 framework (Zr6O4(OH)4(BPDC)6), consisting

of Zr(IV)-based secondary building units (SBUs) and the

4,40-biphenyl dicarboxylic acid (BPDC) ligand, was chosen
as the prototype for preparation of the functional MOF

because it displayed high structural stability with respect to

water. The crystalline UiO-67 was synthesized using ZrCl4,

BPDC, and benzoic acid in DMF for 24 h under

solvothermal conditions. After cooling to room tempera-

ture, the crystals were washed with MeOH (methanol) and

then activated under vacuum. FESEM indicated an octa-

hedral morphology of the UiO-67 crystals obtained with a

particle size ranging from 50 to 100 nm (Fig. 2a). For

comparison, the Re complex [Re(CO)3(dcpy)Cl] (H2L4)

was also synthesized by refluxing the mixture of (2,20-
bipyridine)-5,50-dicarboxylic acid (DCPY) and pentacar-

bonylchlororhenium(I) according to the method in Ref.

[36]. The H2L4 was characterized by NMR spectroscopy.

Then, the reaction between the metal complex H2L4 and

ZrCl4 in DMF produces UiO-67-Re-100% (referred to as

UiO-67-Re). Taking the advantage of the structural
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homology of the BPDC ligand in UiO-67 and dcpy ligand

in Re complex, theoretically we could employ PSLE to

access a series of Re-based MOF with different contents of

Re complexes (Fig. 1). According to the literature method

[48], the use of ultrapure water produced a series of UiO-

67-Re at room temperature with the reaction time changing

from 24 to 120 h. In this work, the ligand-exchanged MOF,

UiO-67-Re-30%, was isolated as an orange microcrys-

talline powder after exchanging for 2 days. The resultant

powders were washed thoroughly with fresh MeOH and

activated under vacuum. As a result, the activated UiO-67-

Re-30% displays a BET surface area of 490 m2�g-1

(Fig. 3a). The value is lower than that of other MOF UiO-

67 (1015 m2�g-1), suggesting that PSLE process indeed

has occurred between UiO-67 and Re complex, implying

that the Re complex was not simply inserted in the MOF

pores. Thus, the PSLE process would result in a much

lower surface area. FESEM images show that the UiO-67-

Re-30% preserves the morphological features of UiO-67

with slight variation in size, indicative of a solid-state

PSLE mechanism (Fig. 2b). However, powder XRD pat-

terns before and after PSLE confirm that the framework of

UiO-67 remains unchanged (Fig. 3b).

To confirm the degree of PSLE, proton magnetic reso-

nance spectroscopy (1H NMR) was characterized. Treatment

of UiO-67-Re-30% with dilute HF/d6-DMSO was used to

digest the MOF and decompose Re-complex to DCPY. The
1H NMR confirmed the degree of PSLE is 30%, giving an

overall formula of Zr6O4(OH)4(bpdc)4.2(Re(CO)3(dcpy)

Cl)1.8�2CH3OH (Fig. 4a). To further confirm that Re complex

was incorporated into the framework instead of trapping in

the pores of the MOF, additional experiments were car-

ried out. The UiO-67-Re-30% was soaked in the d4-CH3OH.

As shown in Fig. 4b, the absence of 1H NMR of the dcpy

was observed in the supernatant. The observations are also

indicative of a ligand exchange process and exclude the

presence of Re complex trapped in the pores of the MOF.

Based on the observation above, these results provide con-

sistent evidences with the reported PSLE studies. This

observation indicates the Re complex anchors on the UiO-67

framework through a ligand PSLE process.

To further demonstrate the successful incorporation of the

Re complex into MOF, FTIR and UV–Vis DRS were

employed. FTIR spectrum of UiO-67-Re exhibits two obvi-

ous CO-stretching vibration bands at 2033 and 1905 cm-1.

By contrast, such absorption bands were not observed for the

UiO-67 between 2100 and 1900 cm-1 (Fig. 5a). Furthermore,

Fig. 2 FESEM images of a UiO-67 and b UiO-67-Re-30%

Fig. 3 a N2 absorption/desorption isotherms of UiO-67 and UiO-67-Re-30% and b XRD patterns of UiO-67 and UiO-67-Re-30%
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the relative intensity of these characteristic bands is identical

to that of the complex, indicating that the Re complex is intact

in the MOF. UV–Vis spectroscopy of UiO-67-Re displays an

extra absorption edge centered at 410 nm with an additional

extended edge at 650 nm (Fig. 5b), consistent with the

spectral features of the Re complex.

Considering the Re complex incorporated in the MOF,

we expected that the UiO-67-Re can act as a catalyst in

photocatalytic CO2 reduction. Thus, UiO-67-Re was sus-

pended in an aqueous solution containing 15% TEOA as the

electron donor at pH = 8.5. As shown in Fig. 6a, UiO-67-Re

is indeed a photocatalytic CO2 reduction catalyst. Under the

reaction conditions described above, CO product was

detected. Comparing the activity of UiO-67-Re with that of

Re complex at an equivalent concentration with Re metal

center in UiO-67-Re, it shows that the photocatalytic activity

of the MOF is preserved. Control experiments without Re

complex detected no CO production. Additionally, we

investigated the effect of the degree of PSLE on the activity

of UiO-67-Re. The CO evolution rate of 100% Re complex

incorporated into MOF is lower than that of 30% Re MOF,

probably suggesting that the activity could depend on the

extent of photon absorption by MOF [38]. However, more

works needed to be carried out to further reveal the mech-

anism of the reduction reaction. Furthermore, in a photo-

catalytic system, the properties of solvent are also of

importance. To this end, we investigated the influence of the

solvent on the reaction activity of UiO-67-Re (Fig. 6b). As

shown in Fig. 6b, the highest activity of UiO-67-Re was

obtained using H2O as solvent. On the contrary, the low

activity was observed with CH3CN, which is often

employed as solvent in photocatalytic CO2 reduction sys-

tem. This result could be due to the decrease of the static

dielectric constant of the mixture solution [38]. However,

the stability of this system needs to be further improved.

Further systematic studies are necessary to optimize the

reaction condition and investigate the reaction mechanism.

4 Conclusion

PSLE process was developed as a mild and efficient

method to build the functional MOF containing Re com-

plex as CO2 reduction catalyst. The resultant UiO-67-Re

can be identified as a functional MOF that combines the

advantages of molecular catalyst with an ordered and

Fig. 4 1H NMR spectra of a HF/d6-DMSO digested UiO-67-Re and b UiO-67-Re soaked in d4-CH3OH

Fig. 5 a FTIR spectra of UiO-67-Re, UiO-67, Re complex and BPDC and b UV–Vis DRS of UiO-67-Re and UiO-67
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stable MOF substrate. The structure of UiO-67-Re was

confirmed by FTIR, NMR, XRD, and UV-vis. It exhibits

efficient CO production. Incorporation of the Re complex

in MOF can be expected to produce highly stable and

easily recyclable material under the photocatalytic

conditions.
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