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Photocatalytic CO2 reduction into chemical fuels is a

promising route for alleviating the energy crisis and

environmental issues. However, reported catalysts

still exhibit low catalytic efficiencies, which hinders

the development of this important reaction. Herein,

we report the heterogenization of a dinuclear cobalt

molecular catalyst into two porous polymers (Co2-P1

and Co2-P2) using a covalent strategy for photoca-

talytic CO2 reduction. As a result, Co2-P1 with a phe-

nyl group as the linker exhibited high catalytic

performance for the photochemical CO2-to-CO

conversion with a CO production rate of 568.8 mmol

g−1 h−1 and turnover frequency (TOF) of 11.6 min−1 (CO

selectivity, 95.2%). More impressively, by extending

the phenyl to biphenyl linker, the resulting Co2-P2

shows obviously enhanced photocatalytic efficiency

for CO2 reduction to CO, with a record COproduction

rate of 1063.0 mmol g−1 h−1 and TOF of 23.6 min−1 (CO

selectivity, 94.9%) under a laboratory light source.

Furthermore, Co2-P2 also shows outstanding catalyt-

ic activity for photocatalytic CO2 reduction under

natural sunlight, with a CO production rate of

544.1 mmol g−1 h−1 and TOF of 12.1 min−1 (CO selectivi-

ty, 97.2%). Systematic studies demonstrated that fast

electron transfer from the photosensitizer to the

catalyst greatly contributes to the superior catalytic

activity of Co2-P2.
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Introduction
Photocatalytic CO2 reduction into chemical fuels has

attracted considerable attention because it can not only

help to lower the CO2 concentration in the atmosphere,

but also realize economically feasible solar-to-chemical

conversion.1–5 However, the efficient conversion of CO2 is

difficult because of the high kinetic and thermodynamic

inertness of CO2 molecule.6–10 Thus, it is desirable to

develop efficient photocatalysts for this important

reaction. Recently, a series of homogeneous and hetero-

geneous photocatalysts has been designed and synthe-

sized,11–17 among which homogeneous catalysts usually

exhibit excellent catalytic performance because of the

high utilization of active sites and fast charge transfer

between the photosensitizer and catalytic centers.

Nevertheless, it is difficult to separate and reuse homo-

geneous catalysts from the catalytic system after reac-

tion.11–14 In contrast, heterogeneous catalysts can be easily

separated and recycled,15–17 which are more beneficial for

practical industrial applications.

Over the past several decades, a variety of porous

materials such as inorganic semiconductors, metal–

organic frameworks, and organic polymers have been

developed for heterogeneous photochemical CO2-to-CO

conversion.18–20 Although great progress has been

achieved, most of these porous materials still exhibit

low catalytic efficiency, with a CO production rate of

<100 mmol g−1 h−1 or turnover frequency (TOF) value of

<1.0min−1.21–34 Thismay be attributed to the low utilization

of active sites and/or poor charge transfer efficiency

between the photosensitizer and catalytic centers. To

overcome these problems, the heterogenization of ho-

mogeneous molecular catalysts into porous heteroge-

neous catalysts would be a facile and effective strategy

because they have the capability of encapsulating photo-

sensitizers inside the pores to shorten the charge migra-

tion path, thereby improving the charge transfer

efficiency.35–39 As a type of splendid homogeneous mo-

lecular catalyst, dinuclear metal complexes with suitable

metal · · ·metal separations and spatial configurations

have exhibited outstanding catalytic activity for CO2

photoreduction owing to the dinuclear metal synergistic

catalysis effect. Typical examples of dinuclear CoCo,

CoZn, and NiNi complexes display superior performance

for photochemical CO2-to-CO conversion.40–44 Therefore,

the heterogenization of these dinuclear metal molecular

catalysts into porous heterogeneous catalysts is

expected to achieve efficient photocatalytic CO2 reduc-

tion, although related reports are still scarce.

With the above considerations inmind, we successfully

synthesized two new porous polymers (Co2-P1 and

Co2-P2) by the heterogenization of a dinuclear cobalt

molecular catalyst via a covalent strategy, which exhib-

ited ultrahigh catalytic efficiency for photochemical

CO2-to-CO conversion. In particular, Co2-P2 with biphe-

nyl as the linker achieved an impressive rate of

1063.0 mmol g−1 h−1 and a TOF value of 23.6 min−1 for

CO2 reduction to CO under a laboratory light source.

Moreover, Co2-P2 also exhibited high photocatalytic CO2

reduction performance under natural sunlight, with a CO

generation rate of 544.1 mmol g−1 h−1 and TOF of 12.1 min−1.

To the best of our knowledge, Co2-P2 has the highest

catalytic efficiency for CO2 photoreduction among het-

erogeneous catalysts reported so far. The high photo-

catalytic performance of Co2-P2 is attributed to its large

pore size, which is beneficial for encapsulating the pho-

tosensitizer to accelerate electron transfer from the pho-

tosensitizer to the catalytic centers.

Experimental Methods

Synthesis of [Co2(OH)(L-Br)](ClO4)3

First, cryptand (L-Br: C36H51Br3N8) was synthesized

according to a method previously reported.45 Then, L-Br

(200 mg) was dissolved in a mixture solution of dichlor-

omethane (18 mL) and ethanol (80 mL), which was

stirred under Ar atmosphere for 15 min at ambient tem-

perature. Afterward, an ethanol solution (3.0 mL) con-

taining Co(ClO4)2 · 6H2O (232 mg) was added to the

above solution, which was stirred for 30 min at room

temperature. The bottle-green powder of [Co2(OH)

(L-Br)](ClO4)3 (C36H52Br3Cl3Co2N8O13) was separated

by centrifugation and washed with ethanol and diethyl

ether. Yield: 97%.

Synthesis of [Co2(O2COCH2CH3)(L-Br)]
(ClO4)3

The bottle-green powder of [Co2(OH)(L-Br)](ClO4)3
(1.0 mg) was dissolved in acetonitrile (2.0 mL), followed

by slow diffusion of ethanol in air at room temperature.

After approximately 10 d, bottle-green crystals of [Co2

(O2COCH2CH3)(L-Br)](ClO4)3 (C39H56Br3Cl3Co2N8O15)

were obtained (yield: 20%).

Synthesis of dinuclear cobalt polymers

Co2-P1, Co2-P2, Co2-P3, and Co2-P4 were synthesized

via Sonogashira–Hagihara coupling reaction. Typically,

[Co2(OH)(L-Br)](ClO4)3 (60 mg), 1,4-diethynylbenzene

(7.5 mg), 4,4′-diethynyl-1,1′-biphenyl, 1,3-diethynylben-

zene or 4,4′′-diethynyl-1,1′:4′,1′′-terphenyl (12.5 mg) and

tetrakis(triphenylphosphine)palladium (34.6 mg) were

added in a mixed solvent of dimethylformamide (DMF,

10 mL) and triethylamine (13.2 mL). The mixture was

purged with N2 for 20 min and stirred at 120 °C for

24 h. After cooling to room temperature, precipitates of

Co2-P1, Co2-P2, Co2-P3, or Co2-P4 were obtained by cen-

trifugation and washed with DMF and methanol.
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Photocatalytic CO2 reduction experiments

The photocatalytic CO2 reduction reaction was con-

ducted under 1 atm of a certain atmosphere (CO2 and

Ar) at 25 °C in a 16 mL reactor containing a heteroge-

neous catalyst (1.0 mg/L) and homogeneous catalyst

(0.75 μM), [Ru(phen)3](PF6)2 (0.4 mM), 1,3-dimethyl-2-

phenylbenzimidazoline (BIH, 0.025 M), and 5 mL CH3CN

or CH3CN/ H2O (v/v = 4:1). The reaction system was

degassed with CO2 or Ar to remove O2 and other gases,

and irradiated under a Xe lamp (λ ≥ 420 nm, light inten-

sity: 160 mW cm−2) or natural sunlight. The generated

gases were analyzed using gas chromatography (GC).

Results and Discussion
The [Co2(OH)(L-Br)](ClO4)3 was prepared by the reac-

tion of cryptand (L-Br) and Co(ClO4)2 · 6H2O in Ar at

room temperature (Supporting Information Scheme

S1).40,45,46 Liquid chromatography mass spectrometry

(LC-MS) of [Co2(OH)(L-Br)](ClO4)3 shows two strong

ion peaks at m/z 298.0 and 332.3, corresponding to

the species of {[Co(L-Br)]2+ + H+} and {[Co2(L-Br)]
4+ +

HCOO−}, respectively (Supporting Information Figure

S1). Then, [Co2(OH)(L-Br)](ClO4)3 was dissolved in ace-

tonitrile, followed by the slow diffusion of ethanol in air at

room temperature to produce bottle-green crystals.

Single-crystal X-ray structural analysis revealed that each

asymmetric unit contained one [Co2(O2COCH2CH3)

(L-Br)]3+ cation and three ClO4
− anions (Supporting In-

formation Figure S2a and Table S1). This result suggests

the occurrence of CO2 fixation to form bicarbonate, and

followed by esterification with ethanol to generate alkyl-

carbonate during the process of crystal growth (Sup-

porting Information Scheme S1).46 To confirm this,

high-resolution MS (HR-MS) was performed. The results

show two high-intensity ion peaks at m/z 347.7 and

571.0, corresponding to [Co2(O2COCH2CH3)(L-Br)]
3+ and

{[Co2(O2COCH2CH3)(L-Br)](ClO4)}
2+, respectively (Sup-

porting Information Figures S3–S5). Moreover, the

[Co2(O2COCH2CH3)(L-Br)](ClO4)3 asymmetric unitswere

connected through hydrogen bond interactions to form a

three-dimensional network (Supporting Information Fig-

ure S2b).

Subsequently, Co2-P1 and Co2-P2 were synthesized via

a Sonogashira–Hagihara C–C coupling reaction between

[Co2(OH)(L-Br)](ClO4)3 and 1,4-diethynylbenzene/

4,4′-diethynyl-1,1′-biphenyl (Figure 1). Fourier transform

infrared spectroscopy (FTIR) profiles of Co2-P1 and Co2-

P2 exhibited characteristic peaks at 2205 and 2208 cm−1,

respectively, corresponding to asymmetric alkyne bonds

(-C≡C-). These results demonstrate the presence of alky-

nyl linkages in Co2-P1 and Co2-P2 (Figure 2a).36,47,48

Raman spectra of Co2-P1 and Co2-P2 display the charac-

teristic peaks at 2204 and 2207 cm−1, respectively, also

corresponding to the asymmetric alkyne bonds (–C≡C–),

further confirming the formation of alkynyl linkages

(Figure 2b).47,48 The powder X-ray diffraction patterns of

both Co2-P1 and Co2-P2 show broad peaks at 2θ ≈ 22°,

indicating the absence of long-range order and their

amorphous nature (Supporting Information Figure S6).

Scanning electron microscopy images of Co2-P1 and

Co2-P2 showed a spherical morphology with a size of

approximately 700 nm (Supporting Information Figure

S7). Energy dispersive spectroscopy (EDS) mapping of

Co2-P1 and Co2-P2 revealed a homogeneous distribution

of C, N, O, Cl, and Co (Supporting Information Figures S8

and S9). The chemical compositions of Co2-P1 and

Co2-P2 were further investigated by X-ray photoelectron

spectroscopy (XPS). The XPS spectra showed the bind-

ing energies of C, N, O, Cl, and Co, which were consistent

with the EDS results (Supporting Information Figures S10

and S11). The above results demonstrate the formation of

cationic polymers of Co2-P1 and Co2-P2, which are

balanced by ClO4
− anions. In addition, the inductively

coupled plasma mass spectrometry (ICP-MS) analysis

reveals that the Co contents for Co2-P1 and Co2-P2 are

9.70 and 8.37 wt % (Supporting Information Table S2),

which are similar to the theoretical values of 9.68 and

8.85 wt %, respectively, that is, each dinuclear cobalt

cryptate links three 1,4-diethynylbenzene or 4,4′-diethy-

nyl-1,1′-biphenyl, as well as each 1,4-diethynylbenzene or

4,4′-diethynyl-1,1′-biphenyl connects two dinuclear co-

balt cryptates to form Co2-P1 or Co2-P2 polymer.

The Co oxidation states of Co2-P1 and Co2-P2 were

determined by XPS. The Co 2p XPS spectrum of Co2-P1

displayed two characteristic peaks at 796.2 and 780.6 eV,

corresponding to the binding energies of Co 2p1/2 and Co

2p3/2, respectively. Furthermore, two corresponding sat-

ellite peaks at 802.5 and 785.7 eV were also observed,

demonstrating that the Co species in Co2-P1 is +2

Figure 1 | Schematic representation of the synthesis of

Co2-P1 and Co2-P2 via Sonogashira–Hagihara C–C cou-

pling reaction.
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oxidation state (Supporting Information Figure S12).49,50

For Co2-P2, the binding energies of Co 2p1/2 and Co 2p3/2

were located at 796.5 and 780.8 eV, respectively, with

two satellite peaks at 802.4 and 785.9 eV, also indicating

the +2 oxidation state of Co species in Co2-P2 (Support-

ing Information Figure S13).49,50

The porosity of Co2-P1 and Co2-P2 were examined by

guest molecule adsorption experiments. First, the CO2

adsorption isotherms show that the CO2 adsorption ca-

pacities of Co2-P1 and Co2-P2 at 196 K and 1 atm are 63.7

and 73.9 cm3 g−1 (standard temperature and pressure),

respectively, which are higher than that of [Co2(OH)

(L-Br)](ClO4)3 (25.1 cm3 g−1), revealing that the hetero-

genization of the molecular catalyst into porous

polymers boosts the CO2 adsorption capacity. The cor-

responding Brunauer–Emmett–Teller surface areas of

Co2-P1 and Co2-P2 are 284 and 318 m2 g−1, respectively

(Supporting Information Figure S14). Moreover, the

methyl orange adsorption experiment was conducted

by soaking Co2-P1 and Co2-P2 in an aqueous solution of

methyl orange. The adsorption of Co2-P1 to methyl or-

ange can be clearly observed by the change of solution

color from faint yellow to colorless after 70 min (Sup-

porting Information Figure S15). In contrast, the adsorp-

tion of Co2-P2 to methyl orange was achieved within

40min (Supporting Information Figure S16). Besides, the

concentration of methyl orange was monitored by

UV–vis spectroscopy at different time intervals. As

shown in Figure 2c,d, the methyl orange adsorption peak

at approximately 464 nm gradually decreases with in-

creasing soaking time. This characteristic peak nearly

disappeared after 70 min for Co2-P1 and 40 min for

Co2-P2. To further assess their porosity, I2 adsorption

experiments were carried out by soaking Co2-P1 and

Co2-P2 in an n-hexane solution of I2. Both Co2-P1 and

Co2-P2 could adsorb I2 by observing the change of I2
adsorption peak in UV–vis spectroscopy at approximate-

ly 521 nm. As shown in Supporting Information Figure S17,

I2 concentration gradually decreased with increasing

soaking time. The I2 characteristic absorption peak

nearly disappeared at 100 min for Co2-P1, whereas this

phenomenon was observed at 80 min for Co2-P2. Similar

phenomenon was observed for 4,4′,4′′,4‴-(porphyrin-

5,10,15,20-tetrayl)tetrabenzoate adsorption (TCPP4−:

1.6 nm, Supporting Information Figures S18 and S19).

These results suggest that the pore sizes of Co2-P1 and

Co2-P2 are >1.6 nm, andCo2-P2 has a larger pore size than

Co2-P1. Moreover, the pore sizes of both polymers were

larger than that of photosensitizer [Ru(phen)3]
2+ (1.3 nm,

Supporting Information Figure S20). Additionally, densi-

ty functional theory calculations were performed to

quantitatively evaluate the intermolecular interactions

between [Ru(phen)3](PF6)2 and the [Co2(OH)(L-C≡
C-C6H6-)](ClO4)3 fragment of Co2-P1/Co2-P2.

51,52 As
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Figure 2 | (a) FTIR spectra of Co2-P1 and Co2-P2. (b) Raman spectra of Co2-P1 and Co2-P2. UV–vis spectra of aqueous

methyl orange solutions after soaking (c) Co2-P1 and (d) Co2-P2 at given intervals.
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shown in Supporting Information Figure S21, the electro-

static force with an energy of −3118.26 kJ/mol dominates

the total interactions, suggesting the strong affinity be-

tween [Ru(phen)3](PF6)2 and Co2-P1/Co2-P2. The above

results show that [Ru(phen)3](PF6)2 can enter the pores

of Co2-P1/Co2-P2, and Co2-P2 could better encapsulate

[Ru(phen)3]
2+ to promote CO2 photoreduction because

of its larger pore size.

Photocatalytic CO2 reduction experiments over Co2-P1

and Co2-P2 were performed in a CH3CN/H2O solution

(v/v = 4:1) with [Ru(phen)3](PF6)2 as the photosensitizer

and BIH as the sacrificial electron donor. The gaseous

products were analyzed via GC, and the liquid products

were checked via 1H nuclear magnetic resonance. The GC

results demonstrate that the photocatalytic CO2 reduc-

tion over Co2-P1 and Co2-P2 both generate a large

amount of CO and a very small amount of H2. As shown

in Figure 3a, the CO yields for Co2-P1 and Co2-P2 in-

creased rapidly in 2 h of visible-light irradiation with the

CO generation rates of 568.8 and 1063.0 mmol g−1 h−1,

respectively. The turnover number (TON) values were

1391 and 2827 calculated with respect to per dinuclear

cobalt cryptate, corresponding to TOF values of 11.6 and

23.6 min−1, respectively (Supporting Information Figure

S22 and Table S3). Obviously, by extending the linkers

from phenyl in Co2-P1 to biphenyl in Co2-P2, a higher

catalytic efficiency for CO2 photoreduction could be

achieved. This result may be attributed to the larger pore

size of Co2-P2, which could better accommodate

[Ru(phen)3]
2+ to promote electron transfer from the

photosensitizer to the dinuclear cobalt center. Moreover,

Co2-P1 and Co2-P2 display low H2 production rates of

28.4 and 57.6mmol g−1 h−1, demonstrating that the photo-

generated electrons primarily participate in the reduction

of CO2 to CO with selectivities of 95.2% and 94.9%,

respectively (Supporting Information Figure S23). No

products other than CO and H2 were detected in the

catalytic system (Supporting Information Figures S24

and S25).

Additionally, the photocatalytic CO2 reduction experi-

ment of the [Co2(OH)(L-Br)](ClO4)3 molecular catalyst

was conducted under the same conditions. After 2 h of

light irradiation, the CO amount was 1.32 μmol, corre-

sponding to TON and TOF values of 350 and 2.9 min−1,

respectively (Supporting Information Figure S26). Nota-

bly, Co2-P2 shows larger TON and TOF values than those

of [Co2(OH)(L-Br)](ClO4)3 molecular catalyst, implying

that the [Ru(phen)3]
2+ encapsulated within the pore of
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Figure 3 | (a) CO yields of Co2-P1 and Co2-P2. (b) Comparison of CO generation rate and selectivity over Co2-P1 and

Co2-P2 with other reported heterogeneous catalysts. (c) Production rates of CO in five consecutive runs of photo-
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Co2-P2 could better facilitate the electron transfer to the

dinuclear cobalt center. To the best of our knowledge,

Co2-P2 displays the highest catalytic efficiency for

photocatalytic CO2 reduction among the heterogeneous

catalysts reported so far, indicating that the heterogeni-

zation of molecular catalysts via a covalent strategy is an

outstanding approach to obtaining high-efficiency cata-

lysts for CO2 photoreduction (Figure 3b and Supporting

Information Table S3).21–26,53,54

Control experiments on Co2-P2 were performed to

confirm the carbon source of CO. The results show that

negligible or even no CO was detected in the absence of

Co2-P2, [Ru(phen)3](PF6)2, BIH, CO2, or light illumination

(Supporting Information Table S4), indicating that these

factors are indispensable for photocatalytic CO2 reduc-

tion. Furthermore, a 13CO2 isotope trace experiment was

performed to validate the CO carbon source. As shown in

Supporting Information Figure S27, the mass spectrum

presents a signal peak at m/z = 29 attributed to 13CO,

verifying that the produced CO indeed originates from

CO2 reduction.49 Previous reports have demonstrated

that H2O can act as a proton source for CO2-to-CO

conversion.55–57 To confirm this, the photocatalytic CO2

reduction experiment over Co2-P2 in pure CH3CN was

conducted. A negligible amount of CO was detected in

the absence of H2O, suggesting that H2Owas an effective

proton source for the reaction (Supporting Information

Table S4, entry 7).

In addition to catalytic activity and selectivity, the

durability of Co2-P2 during CO2 photoreduction was

studied. As shown in Figure 3a, the CO yield remained

unchanged after 2 h of light irradiation, which may be

attributed to the degradation of [Ru(phen)3](PF6)2, be-

cause it is prone to decompose under light irradiation.40,42

To verify this, consecutive CO2 photoreduction experi-

ments were conducted. After 2 h of light irradiation, an

equivalent of fresh [Ru(phen)3](PF6)2 was added to the

reaction system. It was observed that the ceased photo-

catalytic reaction could be reactivated at a similar CO

production rate. With fresh [Ru(phen)3](PF6)2 further

added after 4 h, the ceased photocatalytic CO2 reduction

reaction could be reactivated again (Supporting Infor-

mation Figure S28). These observations indicate that the

cessation of CO2 photoreduction after 2 and 4 h can be

attributed to the consumption of [Ru(phen)3](PF6)2,

which in turn illustrates that Co2-P2 is robust during the

process of CO2 photoreduction. Furthermore, the photo-

catalytic stability of Co2-P2 was evaluated through recy-

cling experiments. No discernible decrease in CO

generation rate was observed during five consecutive

cycles, indicative of the excellent stability of Co2-P2

(Figure 3c). After the photocatalytic reaction, the FTIR

and Raman spectra of Co2-P2 still presented the charac-

teristic peak of the asymmetrical alkyne bonds (–C≡C–)
at approximately 2209 cm−1 (Supporting Information

Figures S29 and S30). These results, together with the

ICP-MS data showing that no Co2+ was leached in the

solution after the CO2 photoreduction, reveal thatCo2-P2

indeed has a high stability for the CO2 photoreduction

reaction. Furthermore, the XPS results demonstrated

that the valence state of Co in Co2-P2 remained un-

changed during the photocatalytic reaction (Supporting

Information Figure S31). In addition, the results of FTIR,

Raman spectroscopy, and ICP-MS for Co2-P1 also sug-

gest its outstanding stability in the CO2 photoreduction

reaction (Supporting Information Figures S30 and S32).

Besides, the apparent quantum yields of Co2-P1 and

Co2-P2 determined at 450 nm were 0.23% and 0.46%,

respectively.

Considering the extraordinary catalytic activity of

Co2-P2 for CO2 photoreduction under a laboratory light

source, we further tested the photocatalytic perfor-

mance of Co2-P2 under natural sunlight.58,59 Solar-driven

CO2 reduction experiments were performed in a CH3CN/

H2O solution (v/v = 4:1) with [Ru(phen)3](PF6)2 as the

photosensitizer and BIH as the sacrificial agent from

12:00 am to 2:00 pm. As shown in Figure 3d, Co2-P2 also

exhibits excellent catalytic activity under sunny days,

with high CO production rate of 544.1 mmol g−1 h−1, and

large TON and TOF values of 1447 and 12.1 min−1, respec-

tively (with respect to per dinuclear cobalt cryptate).

Moreover, the CO generation rates are 354.1 and

247.9 mmol g−1 h−1 under cloudy and overcast days,

respectively. The CO selectivities of Co2-P2 under the

three weather conditions were 97.2%, 97.9%, and 98.4%,

respectively. Such high catalytic performance for photo-

chemical CO2-to-CO conversion under natural sunlight

has not yet been documented, to the best of our knowl-

edge. These results provide solid evidence that Co2-P2

displays exceptionally high catalytic performance for

CO2 photoreduction and further highlight the impor-

tance of the covalent strategy to construct heteroge-

neous catalysts for CO2 photoreduction. For further

comparison, similar amorphous polymers (Co2-P3 and

Co2-P4) were synthesized by the reaction of [Co2(OH)

(L-Br)](ClO4)3 with 1,3-diethynylbenzene and 4,4′′-

diethynyl-1,1′:4′,1′′-terphenyl, respectively (Supporting

Information Figures S33–S35 and Scheme S2). The

results of the guest molecule adsorption experiments

show that the pore size follows the order Co2-P1 <
Co2-P3 < Co2-P2 < Co2-P4 (Figure 2c,d and Supporting

Information Figures S36 and S37). For Co2-P3 and Co2-

P4, the Co contents are 9.33 and 8.07 wt %, respectively,

and the Co oxidation states are +2 (Supporting Informa-

tion Figures S38 and S39 and Table S2). The results of

the photocatalytic CO2 reduction demonstrate that the

CO production rates of Co2-P3 and Co2-P4 are 790

and 1660mmol g−1 h−1, respectively. Therefore, the photo-

catalytic activities of all four polymers follow the

same order Co2-P1 < Co2-P3 < Co2-P2 < Co2-P4, further

evidencing that a polymer with a larger pore size could
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better accommodate [Ru(phen)3]
2+ to enhance catalytic

performance (Supporting Information Figure S40).

A possible mechanism for the photocatalytic CO2 re-

duction to CO with Co2-P2 was investigated. The cyclic

voltammogram (CV) ofCo2-P2 in N2 atmosphere exhibits

a primary reduction wave at −1.81 V versus Fc+/Fc, which

is due to the reduction of CoII to CoI (Figure 4a).44 The CV

of Co2-P2 in CO2 atmosphere shows a similar reduction

wave at −1.87 V versus Fc+/Fc, but with a significantly

larger current, suggesting the occurrence of electroca-

talysis (Figure 4a). Moreover, the XPS spectra of Co2-P2

with [Ru(phen)3](PF6)2 were recorded under dark and

light-illumination conditions. In the dark, Co2-P2 shows

two characteristic peaks at 796.0 and 780.7 eV in Co 2p

spectrum, corresponding to the binding energies of Co

2p1/2 and Co 2p3/2, respectively (Figure 4b). Upon light

illumination, the binding energies of Co 2p1/2 and Co

2p3/2 shift to 795.5 and 780.3 eV, respectively, suggest-

ing that CoII accepts an electron from the excited

[Ru(phen)3]
2+*, and thus converts to CoI (Figure 4b).

Additionally, fluorescence quenching experiments on

[Ru(phen)3]
2+ with different amounts of BIH or Co2-P2

were carried out. As shown in Figure 4c, the fluorescence

emission peak of [Ru(phen)3]
2+* was located at 599 nm

under an excitation wavelength of 450 nm, which was

gradually quenched with increasing concentrations

of BIH. The quenching rate constant (kq) was 4.80 ×
109 M−1 s−1, as evaluated by Stern-Volmer plots (Support-

ing Information Figure S41). In stark contrast, negligible

fluorescence changes in the excited [Ru(phen)3]
2+* were

observed upon the addition of varying concentrations of

Co2-P2 (Supporting Information Figures S42 and S43).

These results demonstrate that theexcited [Ru(phen)3]
2+*

follows a reductively quenching mechanism.42,60 Thus, up-

on illumination, [Ru(phen)3]
2+ is excited to produce the

excited [Ru(phen)3]
2+*, which transfers an electron to

the CoII of Co2-P2 to generate CoI. This result is in good

agreement with the XPS analysis above (Figure 4b).

The generated CoI further reduces the adsorbed CO2 to

CO. To monitor the key intermediates in the photore-

duction of CO2 to CO, in situ FTIR measurements over

Co2-P2 were conducted. As shown in Figure 4d, two

new absorption peaks were observed at 1634 and

2067 cm−1, and their intensities gradually increased with

increasing illumination time. They can be assigned to

the *COOH and *CO intermediates respectively, which

are the key intermediates in photocatalytic CO2 reduc-

tion to CO.61,62

In order to elucidate the higher catalytic performance

for CO2 photoreduction of Co2-P2 than Co2-P1,
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Figure 4 | (a) CV curves of Co2-P2 in CH3CN/H2O (v/v = 4:1) containing 0.1 M NBu4PF6 under N2 or CO2 atmospheres,

respectively. (b) XPS spectra of Co 2p for Co2-P2 in the dark and under light illumination. (c) PL spectra of [Ru(phen)3]

(PF6)2 after addition of BIH at different concentrations (λex = 420 nm). (d) In situ FTIR spectra of Co2-P2 in the process

of photocatalytic CO2 reduction.
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photocurrent, electrochemical impedance spectroscopy

(EIS), and photoluminescence (PL) measurements of

Co2-P1 and Co2-P2 were performed.63,64 The results dem-

onstrate that Co2-P2 exhibits a higher photocurrent re-

sponse than Co2-P1, indicating that it has faster electron

transfer (Figure 5a). The EIS results showed that Co2-P2

had a smaller semicircle radius, indicative of its lower

charge-transfer resistance (Figure 5b). Furthermore, the

PL spectra show that the emission intensity of Co2-P2 is

weaker than that of Co2-P1, implying the faster electron

transfer for Co2-P2 than Co2-P1 (Figure 5c). The above

results show that the extension of linkers from phenyl in

Co2-P1 to biphenyl in Co2-P2 significantly facilitates elec-

tron transfer from [Ru(phen)3](PF6)2 to the Co catalytic

sites, thus accounting for the higher photocatalytic

performance of Co2-P2. To further confirm the fast

electron transfer, transient absorption spectra were

recorded.65,66 First, a strong bleaching band at around

440 nm and a positive absorption band at approximately

502 nm for [Ru(phen)3]
2+ were observed upon pulsed

laser excitation at 440 nm, which can be attributed to

metal-to-ligand charge transfer (Supporting Information

Figure S44). After addition of 0.5 mM BIH, the positive

absorption band was obviously strengthened, implying

the formation of reduced [Ru(phen)3]
2+, further support-

ing the reductive quenching pathway (Supporting

Information Figure S45). Subsequently, different concen-

trations of Co2-P1 or Co2-P2 were added to the mixed

solution. As shown in Figure 5d,e, the lifetime of the

reduced-state species decreases along with the enhanced

concentrations of Co2-P1 or Co2-P2. The second-order

reaction constant (kr) of reduced [Ru(phen)3]
2+ were
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Figure 5 | (a) Photocurrent tests forCo2-P1 andCo2-P2. (b) EIS plots ofCo2-P1 andCo2-P2. (c) PL spectra ofCo2-P1 and

Co2-P2 under excitation at 450 nm. (d) Kinetic traces of 0.05 mM [Ru(phen)3](PF6)2 with 0.5 mM BIH and 0–0.12 g L−1

Co2-P1. (e) Kinetic traces of 0.05mM [Ru(phen)3](PF6)2 with 0.5 mM BIH and 0–0.09 g L−1 Co2-P2. (f) Plot of 1/τ versus

the concentrations of Co2-P1 and Co2-P2 with linear fitting for the [Ru(phen)3](PF6)2 system with BIH.
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determined as 3.4 L g−1 s−1 by Co2-P1 and 5.7 L g−1s−1 by

Co2-P2, suggesting the faster electron transfer rate from

[Ru(phen)3](PF6)2 to Co2-P2 than Co2-P1 (Figure 5f).

Therefore, the photoreduction of CoII to CoI species in

Co2-P2 proceeds more easily than that in Co2-P1 in the

process of CO2 reduction, further explaining the higher

photocatalytic performance of Co2-P2 than tha of Co2-P1.

Conclusion
In summary, by covalently linking a dinuclear cobalt

complex with phenyl/biphenyl linkers, we developed two

high-performance polymers (Co2-P1 and Co2-P2) for

photocatalytic CO2 reduction. Remarkably, Co2-P2 with

a biphenyl linker exhibited faster electron transfer from

the photosensitizer to the catalyst than Co2-P1 with a

phenyl linker. Consequently, Co2-P2 not only exhibits

higher catalytic performance for photochemical CO2-

to-CO conversion than Co2-P1, but also achieves the

record-high CO generation rate of 1063.0 mmol g−1 h−1

and TOF value of 23.6 min−1 under a laboratory light

source among all reported heterogeneous catalysts.

Additionally, Co2-P2 also displays an impressive catalytic

activity for CO2 photoreduction under natural sunlight

with CO generation rate of 544.1 mmol g−1 h−1 and TOF

value of 12.1 min−1. This study paves the way for the

development of highly active catalysts for CO2

photoreduction.
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