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a b s t r a c t

Metal-organic frameworks (MOFs) as a type of crystalline heterogeneous catalysts have shown potential

application in photocatalytic CO2 reduction. However, MOF catalysts with high efficiency and selectivity

are still in pursuit. Herein, by a bimetallic strategy, the catalytic performance of a Co-MOF for photocat-

alytic CO2 reduction was enhanced. Specifically, the Co-MOF based on 4,5-dicarboxylic acid (H3IDC) and

4,4ʹ-bipydine (4,4ʹ-bpy) can catalyze CO2 reduction to CO, with high efficiency but relatively low selec-

tivity. After replacement of 2/3 Co(II) with Ni(II) within Co-MOF, the resulted isostructural Co1Ni2-MOF

not only retains high efficiency for photocatalytic CO2 reduction, but also shows enhanced CO selectivity.

The CO evolution rate reaches 1160 μmol g−1 h−1 and the CO selectivity reaches as high as 94.6%. The

enhanced photocatalytic CO2 reduction performance is supported by theoretical calculation results. This

case demonstrates that bimetallic strategy is an effective mean to optimize the catalytic performance of

MOF catalysts for photochemical CO2 reduction.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Converting atmospheric excessive carbon dioxide (CO2) into fuel

or useful chemicals driven by sunlight is a sustainable approach

to relieve energy shortage and environment deterioration [1–9].

The key is the development of efficient, selective and cheap cat-

alysts. Metal-organic frameworks (MOFs) are a class of crystalline

porous materials composed of metal ions (or metal clusters) and

organic linkers [10–18]. With structural diversity and ultrahigh sur-

face area, MOFs can serve as promising photocatalysts for CO2

conversion, especially for those constructed from transition metals

[19–23]. For instance, Wang group reported that Co-ZIF-9 can pho-

tocatalyze CO2 reduction to CO, with the yield rate of 83.6 μmol/h

and a selectivity of 58% [24]. Lan and co-workers developed a sta-

ble Co(II) MOF for CO2 reduction [25], which showed a CO evo-

lution rate of 1140 μmol g−1 h−1 and a selectivity of 47.4%. Obvi-

ously, although great progress in developing MOFs-based photocat-

alysts for photocatalytic CO2 reduction has been achieved, the ac-

tivity and selectivity of these catalysts still need to be further en-

hanced [26–33]. Very recently, we and others have demonstrated

that the catalytic performance of metal complexes for photochem-

ical CO2 reduction can be improved by changing the metal centers
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and ligand modification [34–36]. We have also found that the din-

uclear metal synergistic catalysis (DMSC) within dinuclear metal

complexes can greatly boost the photocatalytic CO2 reduction ac-

tivity [37–39].

To further improve the catalytic performance of molecule-based

materials for photochemical CO2 reduction, we tried to build het-

erogeneous catalysts with DMSC. Herein, we report a case well

demonstrating a bimetallic strategy for greatly increase the photo-

catalytic CO2 reduction performance. Specifically, a Co-MOF based

on mixed ligands of 4,5-dicarboxylic acid (H3IDC) and 4,4ʹ-bipydine
(4,4ʹ-bpy) [40] can efficiently catalyze CO2 reduction to CO, while

the selectivity to CO is relatively low. By gradually replacing the

Co(II) with Ni(II) within Co-MOF, the CO selectivity of the resulted

isostructural CoxNiy-MOFs (x and y represent the atomic ratio of Co

and Ni, respectively) remarkably increases. The optimized Co1Ni2-

MOF catalyst shows the best photocatalytic performance for CO2

reduction, with a CO evolution rate of 1160 μmol g−1 h−1 and a

selectivity of 94.6%. This work will pave a new way for develop-

ing high-performance MOFs-based catalysts for photocatalytic CO2

reduction.

The Co-MOF was synthesized according to the reported proce-

dure by Cao group [40]. The synthetic procedure of Ni-MOF was

similar to that of Co-MOF (see Supporting information). Single-

crystal X-ray diffraction indicated that Ni-MOF is isostructural with

Co-MOF (Tables S1–S3 in Supporting information), where the Ni(II)
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Fig. 1. (a) Three-dimensional pillar-layered structure of CoxNiy-MOFs; (b) PXRD

patterns of CoxNiy-MOFs.

are linked with H3IDC to form a two-dimensional (2D) layers with

hexagonal 24-membered rings, and the 4,4ʹ-bpy ligands pillar these

layers to yield a three-dimensional (3D) pillar-layered framework

(Fig. 1a). The powder X-ray diffraction (XRD) patterns of the as-

synthesized Co-MOF and Ni-MOF agree well with the simulated

ones (Fig. S1 in Supporting information), demonstrating the suc-

cessful syntheses of both MOFs. Simultaneously, a series of iso-

morphic bimetallic CoxNiy-MOFs were tried to be synthesized by

adding a certain amount of Ni(II) to the Co-MOF synthetic system.

A remarkable color change of the bimetallic CoxNiy-MOFs, from

orange to yellow green were observed with the gradual replace-

ment of the Co(II) with Ni(II) (Fig. S2 in Supporting information).

The similar cuboids morphology and powder XRD patterns (Fig. 1b

and Fig. S3 in Supporting information) indicate that the synthe-

sized bimetallic CoxNiy-MOFs maintained similar structures to that

of monometallic MOF. The similar fourier transform infrared spec-

trometer (FT-IR) spectra and thermogravimetric (TG) curves fur-

ther prove that these MOFs are isostructural (Figs. S4 and S5 in

Supporting information). The CO2 sorption experiments demon-

strated that they also exhibit similar CO2 uptake capacity (Fig. S6

in Supporting information). The element mappings of CoxNiy-MOFs

show that C, N, O, Co and Ni are uniformly distributed (Fig. S7 in

Supporting information), and the inductively coupled plasma mass

spectrometry (ICP-MS) further demonstrate that the Co/Ni atomic

ratio in CoxNiy-MOFs is consistent with the Co/Ni ratio used in

synthesis (Table S4 and Fig. S8 in Supporting information).

Photocatalytic CO2 reduction experiments were per-

formed at room temperature with CoxNiy-MOFs as catalysts,

[Ru(phen)3](PF6)2 as a photosensitizer, and triethanolamine

(TEOA) as an electron donor in a mixture of 5 mL CO2-saturated

CH3CN/H2O (v/v = 4:1), irradiated by a 300 W Xe lamp with

wavelengths over 420 nm (see Supporting information). The

gaseous products were detected by gas chromatography, and

the liquid products were examined by ion chromatography. As

shown in Fig. 2a and Tables S5 and S6 (Supporting information),

the monometallic Co-MOF exhibits good activity for CO2 reduc-

tion, with a CO generation rate of 1247 μmol g−1 h−1 and a CO

selectivity of 85.8%. Ni-MOF also displays catalytic activity for

photochemical CO2 reduction, with the CO generation rate of

597 μmol g−1 h−1 and almost 100% CO selectivity. Impressively,

the bimetallic CoxNiy-MOFs show enhanced catalytic performance

with the increase of the Ni content. Particularly for the CO se-

lectivity, when the Co/Ni ratio is 1/2 (Co1Ni2-MOF), a high CO

selectivity of 94.6% is achieved, higher than pure Co-MOF (85.8%).

The CO evolution rate reaches as high as 1160 μmol g−1 h−1,

twice than that of Ni-MOF (Fig. 2b and Tables S5 and S6), and

comparable to most reported MOFs-based catalysts (Table S7 in

Supporting information). No liquid product was detected by ion

chromatography (Fig. S9 in Supporting information). The results

demonstrated herein clearly illustrate that bimetallic strategy is ef-

fective to build high-performance MOF catalysts for photochemical

CO2 reduction.

Fig. 2. (a) Photocatalytic CO2 reduction with CoxNiy-MOFs; (b) Time profile of CO

and H2 evolution rate, (c) Mass spectrum of the gas generated from photocat-

alytic CO2 reduction by using 13CO2, (d) Cycle experiments of Co1Ni2-MOF for pho-

tocatalytic CO2 reduction. Reaction conditions: catalyst (2 mg), [Ru(phen)3](PF6)2
(0.43 mmol/L), TEOA (0.3 mol/L), CH3CN/H2O (v/v = 4:1; 5 mL), 300 W Xe lamp

(λ > 420 nm), 4 h, 25 °C.

A series of control experiments with Co1Ni2-MOF were per-

formed to identify the key factors for photochemical CO2–to–CO

conversion. As shown in Table S5, no product was detected in the

absence of photosensitizer, TEOA or illumination, suggesting that

the photosensitizer, sacrificial reductant, and light irradiation are

all indispensable to CO2–to–CO conversion (Table S5, entries 6–8

in Supporting information). In the absence of Co1Ni2-MOF, neg-

ligible CO was detected under the same condition (Table S5, En-

try 9 in Supporting information). In addition, no CO was detected

when Ar instead of CO2 (Table S5, Entry 10 in Supporting informa-

tion), illustrating that the CO was originated from the CO2 reduc-

tion. Furthermore, in order to provide direct evidence for the car-

bon source of evolved CO, we performed an isotopic tracing exper-

iment by replacing CO2 with 13CO2. As shown in Fig. 2c, the peak

of m/z = 29 assigned to 13CO was observed, solidly confirm that

the produced CO originates from photocatalytic CO2 reduction. To

get the possibly higher catalytic activity of Co1Ni2-MOF, 12 mg of

Co1Ni2-MOF was used for photocatalytic CO2 reduction. The results

show that the selectivity to CO also remains a high level of 94.7%,

and 41.7 μmol CO was generated, much higher than that gener-

ated by 2 mg of Co1Ni2-MOF (9.3 μmol) under similar conditions.

However, the CO yield rate did not increase accordingly (Fig. S10

in Supporting information). This may be ascribed to the small cat-

alytic reactor, where many Co1Ni2-MOF could not fully contribute

to the photocatalytic CO2 reduction activity.

The photocatalytic stability is also crucial for catalysts. The

cyclic catalytic experiments of Co1Ni2-MOF for photochemical CO2

reduction show no noticeable activity decrease after three runs

(Fig. 2d). The powder X-ray diffraction (PXRD) pattern, morphology

and IR spectra of Co1Ni2-MOF after photocatalytic reaction are also

similar to those freshly prepared. The above results illuminate that

Co1Ni2-MOF is robust during photocatalytic CO2 reduction process

(Figs. S11–S13 in Supporting information). To reveal the catalyti-

cally active sites within CoxNiy-MOF, the photochemical CO2 re-

duction experiments by Co1Ni2-MOF were carried out in the ab-

sence and presence of KSCN. The consistent PXRD pattern affirmed

that the Co1Ni2-MOF maintain original crystal structure after treat-

ment with KSCN (Fig. S14 in Supporting information). As Co1Ni2-

MOF show dramatic activity decrease in the presence of KSCN, the

Co/Ni in Co1Ni2-MOF can be assigned the catalytic centers for pho-

tocatalytic CO2 reduction (Fig. S15 in Supporting information).
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Fig. 3. (a) The band structures of CoxNiy-MOFs; (b) Steady state fluorescence spec-

tra of [Ru(phen)3]PF6 upon the addition of Co1Ni2-MOF; (c) Photocurrent response

of Co1Ni2-MOF and Co1Ni2-MOF containing [Ru(phen)3]PF6; (d) Nyquist plots of

CoxNiy-MOFs.

To reveal the reason of increased catalytic performance of

Co1Ni2-MOF, the optical properties and band gap energies of these

materials were investigated by UV-vis diffuse reflectance spec-

troscopy (DRS, Fig. S16 in Supporting information). According to

the Tauc plot, the corresponding band gaps were calculated to

be 1.95 (Co-MOF), 2.13 (Co2Ni1-MOF), 2.18 (Co1Ni1-MOF), 2.19

(Co1Ni2-MOF) and 2.49 (Ni-MOF) eV vs. NHE (Figs. S17–S21 in Sup-

porting information). By Mott Schottky plots (Figs. S22–S26 in Sup-

porting information), the flat band position (Vfb) were determined

to be −0.99 (Co-MOF), −0.8 (Co2Ni1-MOF), −0.83 (Co1Ni1-MOF),

−0.98 (Co1Ni2-MOF) and −0.88 (Ni-MOF) eV vs. NHE, respectively.

Since it is generally believed that the bottom of the conduction

band (CB) in many n-type semiconductors is more negative by

about 0.10 V than the Vfb, [41–45] the CB of Co-MOF, Co2Ni1-MOF,

Co1Ni1-MOF, Co1Ni2-MOF and Ni-MOF was estimated to be −1.09,

−0.9, −0.93, −1.08 and −0.98 eV, respectively. Combined with the

results of band gaps, the valence band (VB) of CoxNiy-MOFs were

estimated to be 0.86 (Co-MOF), 1.23 (Co2Ni1-MOF), 1.25 (Co1Ni1-

MOF), 1.11 (Co1Ni2-MOF) and 1.51 (Ni-MOF) eV vs. NHE. Based on

the above results, the energy-band alignment of Co-MOF, CoxNiy-

MOFs and Ni-MOF can be drawn in Fig. 3a. Obviously, the CB

potentials of CoxNiy-MOFs are more negative than the redox po-

tential of photocatalytic CO2 reduction to CO (−0.52 V vs. NHE),

indicating that CoxNiy-MOFs satisfy the thermodynamic require-

ment of CO2–CO conversion. In addition, the electrochemical ex-

periments of CoxNiy-MOFs measured in 0.5 mol/L Na2SO4 under

Ar/CO2 showed larger current in CO2 than in Ar, further indicat-

ing that CoxNiy-MOFs are potential catalysts capable of catalyzing

CO2 reduction (Figs. S27–S31 in Supporting information). The en-

hanced photocatalytic CO2 reduction performance of CoxNiy-MOFs

over Co-MOF/Ni-MOF also highlights the advantage of dimetallic

catalysts. Compared with monometallic catalysts, the introduction

of the second metal will change the interficial electronic structure

and charge dispersion, which thus affects the photocatalytic per-

formance.

In order to reveal the catalytic CO2 reduction mechanism,

room temperature photoluminescent (PL) quenching experiments

of [Ru(phen)3](PF6)2 were performed by addition of Co1Ni2-MOF

or TEOA in a CO2 degassed CH3CN/H2O solution (v/v = 4:1).

As shown in Fig. 3b, the PL intensity of excited [Ru(phen)3]
2+∗

gradually decreases with the increase of the amount of Co1Ni2-

MOF, which should be attributed to the electron transfer from

Fig. 4. Calculated free-energy diagrams for the conversion of CO2 to CO.

the excited [Ru(phen)3]
2+∗ to Co1Ni2-MOF. By contrast, no ob-

vious fluorescence decrease was observed with the addition of

TEOA (Fig. S32 in Supporting information). Therefore, the quenched

mode of the excited [Ru(phen)3]
2+∗ can be assigned to an ox-

idatively quenched pathway [46]. Photocurrent response measure-

ments performed in several on–off cycles at a bias of −0.2 V ver-

sus Ag/AgCl showed that the Co1Ni2-MOF exhibits a small pho-

tocurrent response, while the photocurrent was greatly enhanced

after addition of [Ru(phen)3](PF6)2 (Fig. 3c). This observation in-

dicates the rapid migration of photogenerated electrons of excited

[Ru(phen)3]
2+∗ to Co1Ni2-MOF [41], which is consistent with the

results of steady-state PL. In addition, electrochemical impedance

spectroscopy (EIS) measurements showed that Co-MOF possesses

a smallest capacitive loop diameter, Ni-MOF has a biggest one, and

CoxNiy-MOFs are between those of Co-MOF and Ni-MOF (Fig. 3d).

These results indicate that Ni-MOF has the largest charge-transfer

resistance, which is consistent with the relatively lower catalytic

activity of Ni-MOF.

Based on the above discussion, the photocatalytic mechanism of

CoxNiy-MOFs for CO2 reduction was proposed. Upon visible-light

irradiation, the photosensitizer [Ru(phen)3]
2+ is excited to form

[Ru(phen)3]
2+∗, which is immediately quenched by Co1Ni2-MOF

to generate the oxidized [Ru(phen)3]
3+. Meanwhile, the excited

electrons are transferred to CO2 molecules adsorbed in Co1Ni2-

MOF, leading to the activation and reduction of CO2. The oxidized

[Ru(phen)3]
3+ is reduced to [Ru(phen)3]

2+ by TEOA, to complete

the entire catalytic cycle.

DFT calculations were further performed to understand the cat-

alytic performance of Ni-MOF, Co1Ni2-MOF and Co-MOF for the

conversion of CO2 to CO (Fig. S33 in Supporting Information). The

proposed reaction pathways and the corresponding free-energy di-

agrams are shown in Fig. 4. First, the CO2 molecule undergoes a

proton coupled electron transfer (PCET) process to form the COOH∗

intermediate (asterisk denotes an adsorption status), which is gen-

erally regarded as the rate-limiting step. The free energy change

(�G) for this step over Ni-MOF, Co1Ni2-MOF and Co-MOF is 1.075,

0.964 and 0.878 eV, respectively. The results demonstrate that Co-

MOF and Co1Ni2-MOF have appropriate �G values in the rate-

limiting step, while Ni-MOF exhibits a relatively higher �G value.

Then, the COOH∗ intermediate undergoes the second PCET process,

forming ∗CO and a H2O molecule. The �G values for this step over

the three catalysts are negative (–1.033, –1.159 and –0.970 eV, re-

spectively), indicating this step is spontaneous. Finally, the CO des-

orbs from the catalyst surface. For Ni-MOF, Co1Ni2-MOF, and Co-

MOF, the CO desorption is slightly endothermic (0.208, 0.445 and

0.342 eV, respectively). Overall, the DFT calculations show that Co-

MOF and Co1Ni2-MOF have better catalytic capacity for CO2 to CO

conversion than Ni-MOF, which well supports the experimental re-

sults.

In summary, a series of isostructural CoxNiy-MOFs based on

H3IDC and 4,4ʹ-bpy were synthesized for photocatalytic CO2 re-

duction. The experimental and DFT calculation results reveal
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that bimetallic strategy is an effective way to optimize the

photocatalytic performance of Co-MOF. The optimized bimetal-

lic Co1Ni2-MOF exhibits remarkably enhanced photocatalytic per-

formance for CO2–to–CO conversion, with an evolution rate of

1160 μmol g−1 h−1 and a high selectivity of 94.6%, superior to

those of monometallic Ni-MOF and Co-MOF. This work paves a

new way for developing high-performance MOFs-based catalysts

for photochemical CO2 reduction.
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