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Herein, we report a mononuclear Co(II) cryptate which exhibits 

highly efficient and selective for photocatalytic CO2-to-CO 

conversion in H2O/CH3CN solution. The TON and selectivity reach 

as high as 51392 and 98%, respectively. 

Converting CO2 into fuels or chemical feedstock compounds could 

in principle reduce fossil fuel consumption and CO2 emissions.
1 

Visible-light driven CO2 reduction is a promising technology for 

recycling CO2 back to fuels, which has received much attention in 

recent years.
2
 A considerable challenge is to develop efficient and 

selective catalysts, which is a key factor in photocatalytic CO2 

reduction systems. Compared with heterogeneous catalysts,
3
 

homogeneous molecular catalysts are widely used in photocatalytic 

CO2 reduction for their advantages in ligand tuning and mechanistic 

revealing.
4  

In many photocatalytic systems for CO2 reduction, noble metal 

complexes (Re,
5
 Ru,

6
 Ir,

7
 etc.) have been frequently studied as 

homogeneous catalysts.
8
 However, the use of earth-abundant 

metals for catalyst is desired. Recently, a number of molecular 

catalysts based on Co,
2d,9

 Ni,
4a,4d,10

 Mn,
11

 Fe,
1a,12

 and Cu
13

 have been 

reported. Although great progress has been achieved in CO2 

reduction, most of the reported molecular catalysts display low 

efficiency and/or selectivity, especially in water-containing 

systems.
6b,10a,14

 Large scale solar-to-fuel conversion from these 

systems is not feasible. Fortunately, molecule catalysts have a 

distinct advantage that their catalytic efficiency can be improved by 

modifying the chemical structure of ligands as far as they are stable 

under highly reductive conditions.
15

  

Recently, our research group have developed a dinuclear cobalt 

cryptate [Co2(OH)L](ClO4)3 (L
 

= N[(CH2)2NHCH2(m-C6H4)CH2-NH-

(CH2)2]3N that can rapidly fix CO2 within its cavity and act as an 

efficient homogeneous catalyst for photocatalytic CO2-to-CO 

conversion (TON = 16896, CO selectivity of 98%).
2d

 Such a model is 

reminiscent of the trapping of substrates within biochemical 

structures, such as enzyme pockets, the interior of proteasomes, or 

within the ribosome.
16

 Actually, enzymes are the nature’s creation 

of catalysts that provide molecular-sized and -shaped pockets 

capable of binding substrates and catalyzing unique and efficient 

reactions under mild conditions.
17

 Inspired by this conception, we 

initially aimed to explore enzyme-like catalysts to accelerate 

photocatalytic CO2 reduction. Particularly, we have interest in 

cryptate-type complexes which not only have structural beauty but 

also are useful as host molecules with tailorable internal volume, 

functionality and active metal sites.
18

 More importantly, they can 

bind substrates with the catalytically active sites within their 

cavities, lowering activation energies and improving catalytic 

performance. As a result, this class of materials is potentially useful 

for highly efficient and selective catalysts for photoinduced CO2 

reduction.
2d,19

  

Based on our previous work, herein, we further designed and 

synthesized a new cryptand (L
1
 = N[(CH2)2NHCH2(2,6-

C10H6)CH2NH(CH2)2]3N) and a tripodal ligand (L
2
 = N[(CH2)2NHCH2(2-

C10H6)]3), and their corresponding mononuclear cobalt complexes 

[Co(HL
1
)(DMF)](ClO4)3 (1) and [CoL

2
(OH)]ClO4 (2) (Fig. 1 and Fig. S1). 

Consistent with our prediction that cryptate complex 1, 

encapsulating the catalytically active Co
II
 center within it cavity, 

possesses higher catalytic activity than that of the tripodal complex 

2 for photocatalytic CO2-to-CO conversion in a water-containing 

system, with the TON, TOF and CO selectivity values of 51392, 1.43 

s
-1

 and 98% for 1, and 30976, 0.86 s
-1

 and 97% for 2, respectively. 

Even under simulated flue-gas (CO2/Ar = 10/90), 1 still exhibits 

highly active and selective for photochemical CO2-to-CO conversion. 

Control experiments and DFT calculations results demonstrate that 

the enhanced catalytic activity of 1 can be ascribed to its unique 

structure, which endows the low reduction potential of the catalytic 

centre Co
II
 and low energy barrier of the catalytic transition states.  

The synthesis and characterization of 1 and 2 were described in 

the Supporting Information. Single-crystal X-ray diffraction showed 

that 1 was crystallized in a triclinic space group P-1 (Table S1), with 

the centre metal Co
II
 encapsulated in the cavity and coordinated to  
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Fig. 1 Chemical structures of 1 and 2. 

five N atoms from one L
1
 and one DMF molecule (Fig. S1, Table S2). 

The result of ESI–MS showed that DMF molecule of 1 were replaced 

by OH
−
 in H2O/CH3CN mixed solution (Fig. S2). The photocatalytic 

experiments for CO2 reduction was performed in a 5 mL CO2-

saturated H2O/CH3CN solution (v/v = 1:4) containing a catalyst, a 

sacrificial reductant TEOA (triethanolamine), and a photosensitizer 

[Ru(phen)3](PF6)2 (Ru-PS), irradiated by a LED light (100 mW cm
−2

). A 

wavelength of 450 nm was selected as the Ru-PS displays a broad 

absorption band in the visible region and a maximum peak at 448 

nm (Fig. S3). Gas samples were quantified by a gas chromatography. 

Table 1 summarizes the results of the photocatalytic reactions. 

After 10 h irradiation, the visible-light photoredox cycle produced 

4.22 μmol CO and a by-product H2 0.089 μmol in the presence of 

0.025 μM of 1, corresponding to TON and TOF values for CO of 

33792 and 0.94 s
-1

 (Table 1, Entry 1 and Fig. 2), respectively. No 

formate species was observed in the solution by ion 

chromatograph. For 2, 2.33 μmol CO and 0.065 μmol H2 were 

detected under the same conditions, corresponding to TON and 

TOF values for CO of 18656 and 0.52 s
−1

, respectively (Table 1, Entry 

2). These results show that 1 displays higher catalytic activity than 

2. The selectivity to CO of 1 and 2 are 98% and 97%, respectively, 

indicating that both 1 and 2 exhibit high selectivity for 

photocatalytic CO2-to-CO conversion. 

 

Table 1 Photoinduced CO2-to-CO conversion catalyzed by 1 under 

various conditions. 

Entry 
Cat. 

[μM] 
Cat. 

CO 

[μmol] 

H2 

[μmol] 

Selectivity 

to CO 

TON 

for CO 

TOF for 

 CO [s
-1

] 

1 
0.025 

1 4.22 0.089 98 33792 0.94 

2 2 2.33 0.065 97 18656 0.52 

3 0 Blank 0 0.047 0 0 0 

4 

0.025 1 

0 0 0 0 0 

5 0 0 0 0 0 

6 0 0.042 0 0 0 

7 0.5 1 1.50 0.071 95 600 0.017 

8 1.0 1 7.91 0.23 97 1582 0.04 

9 0.0125 1 3.21 0.032 98 51392 1.43 

Entry 1: 1 (0.025 μM); Entry 2: 2 (0.025 μM); Entry 3: without catalyst; Entry 4: 

without Ru-PS; Entry 5: without light; Entry 6: without TEOA. Entry 7: 10 % CO2；
Entry 8: 1 (1.0 μM); Entry 9: 1 (0.0125 μM). Reaction conditions: TEOA (0.3 M), 

Ru-PS (0.4 mM), 5 mL CO2-saturated H2O/CH3CN solution (v/v = 1:4) irradiation 

for 10 hours by a LED light (450 nm, irradiation area 0.8 cm
2
, 100 mW·cm

-2
), 25

 

o
C. TON and TOF values are averaged over three reactions, all the date with 

deviations below 5%. 

 

We also studied the effects of other experimental parameters on 

CO production in this photocatalytic system using 1 as a catalyst. On 

one hand, no CO was detected in the absence of 1 (Table 1, Entry 3) 

in the reaction system. In addition, the photocatalysis was 

investigated using 
13

C-labeled CO2 and 
13

CO was detected by GC–MS 

(Fig. S4). These results strongly indicate that CO originated from 

photoinduced CO2 reduction. In the control experiments without 

Ru-PS, light and TEOA, all led to no appreciable CO formation (Table 

1, Entries, 4-6), demonstrating that all these components in the 

system are necessary for the CO2-to-CO conversion. Besides, the 

concentration dependence of 1 on CO2 reduction activity was 

studied under the same conditions, and the results exhibit that the 

CO amount assume a first-order linear with the concentrations of 1  

range from 0 μM to 1.5 μM (Fig. S5), which suggest that the rate-

limiting step for CO2 reduction involves a single Co site.
4d

 

 

 

Fig. 2 Time trace of CO and H2 evolution under irradiation by a LED 

light (λ = 450 nm) with 0.025 μM 1 and 2, 0.3 M TEOA and 0.4 mM 

Ru(phen)3](PF6)2 in H2O/CH3CN solution (v/v = 1: 4). 

The photocatalytic activities of 1 under different conditions were 

also investigated. Using 1.0 μM 1, 7.91 μmol of CO was generated,  

with the TON of 1582 (Table 1, Entry 8 and Fig. S6). The calculated 

quantum yield was 0.15%. Besides, reducing the concentration of 1 

to 0.0125 μM, the conversion of CO2 to CO was also achieved. The 

TON value reached as high as 51392 (Table 1, Entry 9). Meanwhile, 

1 exhibits high CO (≥ 97%) in the presence of 1.0 and 0.0125 μM of 

1 (Table 1, Entry 8 and 9). These high TONs and selectivity at 

relatively high and low concentrations further confirm that 1 is an 

excellent catalyst for photocatalytic CO2-to-CO conversion. To 

further test the catalytic performance of 1, the photocatalytic CO2 

reduction by 1 was also investigated under a low CO2 concentration 

like flue gas with 5-15% CO2
20

. The results showed that the TON of 1 

in 10% CO2 (Table 1, Entry 7) decreased compared with that 

obtained in pure CO2 (Table 1, Entry 1), while the value is still higher 

than many reported catalysts behaving in pure CO2.
2c

 Furthermore, 

in such a low CO2 concentration, the CO selectivity of 1 reached as 

high as 95%. Therefore, the high activity and selectivity of 1 

behaving under either pure CO2 or a flue-gas-like atmosphere (10% 

CO2) in a water-containing catalytic system establish its promise for 

potential larger-scale CO production cycles.
4d

 

The durability of a catalyst is an important factor for a 

photocatalytic CO2 reduction system. Theoretically, degradation of 

photosensitizer, catalyst, or sacrificial reductant is attribute to the 

stagnation of the photocatalytic system. Since TEOA is in large 

excess in the catalytic system, the inactivation is probably related to 
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the photo-degradation of catalyst or Ru-PS. The absorbance of 1 in 

H2O/CH3CN solution (v/v = 1:4) remains almost no change after 10 

irradiation with a LED light (Fig. S7). In contrast, Ru-PS exhibits 

obvious hypochromism under the same conditions (Fig. S7). 

Therefore, we speculated that the stagnation of the reaction system 

can be due to the degradation of photosensitizer. This was 

confirmed by consecutive photocatalytic experiments that the 

addition of fresh equivalent Ru-PS (0.4 mM) can reactivate the 

ceased CO2-to-CO conversion (Fig. S8). Besides, dynamic light 

scattering (DLS) results reveal that no nanoparticles formation 

during photocatalysis. We conclude from all these results that 1 is a 

durable homogeneous catalyst in this photocatalytic CO2 reduction 

system. 

To further verify the structure-catalytic activity relationships, the 

electrochemical properties of 1 and 2 were investigated by cyclic 

voltammetry (CV) (Fig. S9). The CV of the cryptate 1 exhibits an 

irreversible reductive process at E1/2 = −0.90 V versus (vs.) normal 

hydrogen electrode (NHE, Fig. S10) under an argon atmosphere, 

which is determined to Co
II
/Co

I
. For comparison, the CV of complex 

2 based on the tripodal ligand shows a Co
II
/Co

I
 reduction peak at 

−1.10 V vs. NHE, which is more negative than that of 1. Besides, 

both the CVs of 1 and 2 show enhanced currents at Eonset = −0.68 V 

and −0.80 V vs. NHE under a CO2 atmosphere, respectively, which is 

indicative of electrocatalysis. Notably, the onset reduction potential 

of 1 is also more positive than that of 2. Thus, the enhanced 

catalytic efficiency of 1 over 2 can be ascribed to its more positive 

reduction potential and onset reduction potential, which 

dramatically boosts the process of photocatalytic CO2 reduction. 

These electrochemical results of 1 and 2 are in agreement with their 

photocatalytic performance and in line with our original hypothesis. 

To well understand the photoinduced electron transfer in this 

catalytic system, the quenching experiments of the excited state 

Ru-PS
*
 were performed by addition of 1 or TEOA. At an excitation 

wavelength of 450 nm, the luminescence at 583 nm of the excited 

state Ru-PS
*
 in the deaerated solution (H2O/CH3CN, v/v = 1:4) was 

effectively quenched by 1 with an apparent quenching rate 

constants (kq) of 8.57 × 10
9
 M

−1
 s

−1
 obtained from Stern–Volmer 

plot (Fig. S11). However, the excited state Ru-PS* can not be 

quenched by TEOA, because no obvious fluorescent decrease was 

observed with the addition of TEOA (Fig. S11). Thus, the quenched 

mode of Ru-PS
*
 can be assigned to an oxidatively quenched 

mechanism.
4d,9b

 1 exhibits negligible absorbance above 400, while 

Ru-PS shows a distinct broad trap-state emission around 583 nm 

(Fig. S3). Because of the lack of spectral overlap between the 

emission of Ru-PS and the absorption of 1, the energy transfer 

process is impossible to occur, and the intermolecular electron 

transfer from the excited state Ru-PS
*
 to catalysts is therefore 

responsible for the emission quenching.
21

  

The photocatalytic mechanism for the reduction of CO2 to CO 

catalyzed by 1 and 2 were further studied by the density functional 

theory (DFT) calculations. With detailed calculations, two possible 

catalytic mechanisms were taken into consideration. The optimum 

pathway for the photocatalytic CO2-to-CO conversion catalyzed by 1 

is presented in Fig. S12(I): (i) 1 binds with CO2 within the cavity to 

form [L-Co
II
(HCO3

-
)]

+
 (b). (ii) b undergoes a proton coupled electron 

transfer process (PCET), and loses a water molecule to yield [L-

Co
I
(CO2)]

+ 
(c). Then, CO2 in c undergoes a reduction process via 

transition state TS1 and generate [L-Co
III

(CO2
2-

)]
+
 (d). The energy 

barrier calculated for 1-TS1 is 9.09 kcal/mol
 
(Fig. S13 and S14). (iii) d 

undergoes the second PCET process and generate [L-Co
II
(COOH

-
)]

+
 

(e). (iv) The C−OH bond in [L-Co
II
(COOH

-
)]

+
 is cleaved to yield f via 

the transition state TS2, in which Co
II
 binds to CO as well as OH

−
. 

The total energy barrier calculated for 1-TS2 is 14.58 kcal/mol (Fig. 

S13 and S14). (v) After the release of CO, the catalyst is renewed 

and the photocatalytic cycle resume. If the reaction processes 

catalyzed by 1 follow catalytic mechanism II as shown in Fig. S12(II), 

the energy barrier for CO2 reduction (1-TS1) increases to 17.38 

kcal/mol
 
(Fig. S14), which is much higher than that of the proposed 

pathway I (Fig. S14, 9.09 kcal/mol). On the contrary, catalytic 

mechanism II is the optimum pathway for 2 (Fig. S12(II)), because 

the energy barrier for CO2 reduction by 2 (2-TS1, 6.14 kcal/mol, Fig. 

S13 and S15) is lower than that of pathway I (7.85 kcal/mol, Fig. 

S15). The order of CO2 fixation and the first PCET process in these 

two catalytic mechanisms are different (Fig. S12). In the presence of 

Ru-PS, 2 first undergoes a PCET process, and lose a water molecule 

to yield [L-Co
I
]

+ 
(b). Then, CO2 binds to the reduced Co

I
 metal center 

forming a Co−CO2 adduct [L-Co
I
(CO2)]

+
 (c). The following PCET 

process, C−OH bond breaking, and CO release steps of 2 are the 

same as that of 1, with the energy barrier of 16.88 kcal/mol for 2-

TS2 (Fig. S13 and S15). The proposed mechanism II is similar to that 

reported by Fujita et al
22

 and our group
13b,23

.  

On the basis of calculation results, the photocatalytic CO2-to-CO 

conversion catalyzed by 1 and 2 are feasible and consistent with the 

experimental observations. Besides, according to the proposed 

mechanisms for the photocatalytic CO2-to-CO conversion, the C−OH 

bond breaking step in TS2 is the rate-limited step for the conversion 

of CO2 to CO. The calculation results show that the energy barrier of 

C−O bond cleavage by 1 (14.58 kcal/mol) is lower than that by 2 

(16.88 kcal/mol), indicating that 1 encapsulating the active metal 

center Co
II
 within its cavity is more favorable to the photoctalytic 

CO2-to-CO conversion. These observations combining with the 

control experimental results indicate that 1 with unique structure 

shows higher catalytic activity for photochemical CO2-to-CO 

conversion than 2. 

In summary, we presented here that a Co-based cryptate 1, 

encapsulating catalytically active Co
II
 center within it cavity, can 

serve as an excellent catalyst for CO2-to-CO conversion driven by 

visible-light in a water-containing system. The TON and TOF values 

of 1 are higher than most reported molecular catalysts. The control 

experiment and DFT calculation results indicate that the high 

activity and selectivity of 1 behaving under either pure CO2 or a flue-

gas-like atmosphere (10% CO2) is due to its lower reduction 

potential of the catalytic Co
II
 center and lower energy barrier of the 

transition states. We believe that this work will provide new 

avenues for the development of efficient and selective molecular 

catalysts for the photocatalytic CO2 reduction. 

This work was financially supported by National Key R&D 
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A Co-based cryptate exhibits highly efficient and selective for photocatalytic CO2-to-CO conversion under either pure CO2 or 10% CO2 in 

water-containing system. 
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