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Abstract: Artificial photosynthetic diluted CO2 reduction directly driven by natural sunlight is a 

challenging but promising way to realize carbon-resources recycling utilization. Herein, a 

three-in-one photocatalytic system of CO2 enrichment, CO2 reduction and H2O oxidation sites 

was designed for diluted CO2 reduction. A Zn-Salen-based covalent organic framework 
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(Zn-S-COF) with oxidation and reductive sites was synthesized, then ionic liquids (ILs) were 

loaded into the pores. As a result, [Emim]BF4@Zn-S-COF shows a visible-light-driven 

CO2-to-CO conversion rate of 105.88 μmol·g-1·h-1 under diluted CO2 (15%) atmosphere, even 

superior than most photocatalysts in  high concentrations CO2. Moreover, natural sunlight 

driven diluted CO2 reduction rate also reached 126.51 μmol·g-1 in 5 h. Further experiments 

and theoretical calculations reveal that the triazine ring in Zn-S-COF promotes the activity of 

H2O oxidation and CO2 reduction sites, and the loaded ILs provide an enriched CO2 

atmosphere, realizing the efficient photocatalytic activity in diluted CO2 reduction.  

 

1. Introduction 

Mimicking natural photosynthesis to direct capture and in-situ reduction of diluted CO2 into 

fuels or high value-added chemicals is an intriguing strategy for the recycle and utilization of 

carbon resources.[1] Solar-energy-driven CO2 reduction meets the requirement of recycle and 

utilization of carbon resources by green way owning to its inexhaustible and clean merits of 

sunlight. Over the past decades, various semiconductors based artificial photocatalysts have 

been developed to achieve efficiently converting from CO2 to the aimed products, with high 

activity and selectivity.[2] Nevertheless, most of these investigations and activity assessments 
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of photocatalysts were based on high-concentration CO2 atmosphere, and limited attempts of 

diluted CO2 photocatalytic reduction often give relatively low catalytic activity. In fact, the 

producing process of concentrated CO2 is of high energy consumption in industrial 

production. Considering that the concentration of CO2 in the exhaust gases is relatively low 

(10~15%), the development of robust catalysts that can efficiently convert diluted CO2 to 

desirable products is a critical step towards future practical CO2 resource utilization.[3] One of 

the primary reasons leading to the low activity of photocatalysts in diluted CO2 atmosphere is 

that the capturing process of CO2 molecules in diluted atmosphere prolongs the overall 

reaction time.[4]  

Crystalline and porous materials, such as metal-organic frameworks (MOFs) and covalent 

organic frameworks (COFs), are emerging types of photocatalysts with high surface area, 

tunable pore size and band positions, which possess intrinsic merits in absorbing gas 

substrate in catalytic reaction due to their structural porosity.[5] Different from MOFs, two 

dimensional (2D) COFs are assembled by covalent connection of pure organic building 

blocks, which generally possess large conjugated system, layered structure and prominent 

visible-light-harvesting ability as photocatalysts.[6] Metal-covalent organic frameworks 

(M-COFs), formed by anchoring metal ions onto the backbone of COFs, combine the 
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photocatalytic advantages of MOFs with abundant metal centers and the features of COFs 

photocatalysts, which are considered as a new type of promising catalysts for CO2 

photoreduction.[7] Moreover, this type materials inherit the porous character of its parent 

COFs/MOFs, which offer great opportunity for further functionality to endow the resultant 

materials with special or enhanced property.[8] Previously, we and other groups employed the 

structural advantages of M-COFs to construct a series of two-in-one photocatalytic systems 

by coupling photocatalytic CO2 reduction and H2O oxidation centers for artificial 

photosynthesis CO2 reduction.[9] Although the these materials effectively drive photocatalytic 

overall reductive and oxidative reactions with pure CO2 as source, their photocatalytic diluted 

CO2 reduction activities are relatively low primarily due to the absence of effective CO2 

enriching component.  

Ionic liquids (ILs) are a type of famous candidates for CO2 absorption and selective capture 

of diluted CO2 under atmospheric pressure.[10] The unique properties of ILs, including 

negligible vapor pressure, high thermal stability, and virtually unlimited tunability, enable their 

practical application in CO2 capture and separation field.[11] The interaction modes of CO2 and 

ILs can be versatile, including physical absorption, weak interaction and chemical 

interaction.[12] Moreover, ILs acting as functional species have been loaded into porous MOFs 
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to substantially enhance their CO2 absorption ability.[13] Thus, we reasoned that loading ILs 

into porous M-COFs may not only enhance selective absorption towards diluted CO2, but also 

create a high-concentration CO2 atmosphere for host photocatalysts benefiting photocatalytic 

diluted CO2 reduction reaction.  

With the above in mind, for the first time, we constructed a three-in-one artificial 

photosynthetic system with M-COF and ILs, which combine the CO2 reduction, H2O oxidation 

and CO2 enrichment centers together for efficiently reducing diluted CO2 (Figure 1). A new 

Zn-S-COF with oxidation and reductive sites was designed and synthesized, then ILs acting 

as CO2 enrichment component were introduced into the pores of Zn-S-COFs. As confirmed, 

the [Emim]BF4@Zn-S-COF shows a CO2-to-CO conversion rate of 267.95 μmol·g-1·h-1, which 

is 17 times higher than that of the pristine Zn-S-COF. Moreover, under diluted CO2 (15%) 

atmosphere, the three-in-one photocatalyst shows a high photocatalytic CO2-to-CO 

conversion activity of 105.88 μmol·g-1·h-1 and a surprising CO evolution amount of 126.51 

μmol·g-1 in 5 h under natural sunlight. The stable coordination environment of Zn-Salen 

centers in the reaction process was validated by X-ray absorption spectra (XAS). Further 

experiments and DFT calculations reveal that the loaded ILs provide an enriched CO2 

atmosphere while the triazine ring in Zn-S-COF promotes the activity of H2O oxidation and 
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CO2 reduction sites. This work provides a new design strategy for the construction of artificial 

photosynthetic catalysts for directly reducing diluted CO2. 

 

Figure 1. Schematic diagram of the three-in-one design strategy of one-step diluted CO2 

reduction by artificial photosynthesis. 

2. Results and Discussion 

As shown in Figure 2a, Zn-S-COF was synthesized by acid-catalyzed Schiff base reaction 

of (1R,2R)-(-)-1,2-diaminocyclohexane and 

1,3,5-triazine-2,4,6-tris(4´-hydroxy-5´-formylphenyl)benzene by in-situ adding 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202304170 by South C
hina N

orm
al U

niversity, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

  

 

This article is protected by copyright. All rights reserved. 

8 

 

Zn(ClO4)2·6H2O in mesitylene/ethanol =1:1 (V:V) solution at 120 °C for 3 days, giving yellow 

solid with the yield of ~86% (Figure S1). The introduction of  Zn2+ plays a key role for the 

formation of crystalline Zn-S-COF due to the formed planar coordinational configuration of 

Zn-Salen unit. In the Fourier-transform infrared (FT-IR) spectra, the stretching vibration 

bands of C=O around 1658 cm-1 disappeared in Zn-S-COF, indicating the thorough 

consumption of aldehyde monomers. Meanwhile, a strong characteristic peak at 1638 cm-1 

from C=N bonds appeared for Zn-S-COF, suggesting the formation of polymeric structure 

(Figure S2).[14]  

The crystalline nature of Zn-S-COF was determined by powder X-ray diffraction (PXRD) 

analysis. Two possible stacking modes of Zn-S-COF, overlapping stacking AA mode and the 

staggered stacking AB mode, were obtained by simulation, respectively (Figure 2b and 

Figure S3). The unit cell parameters were obtained after minimizing the geometric energy as 

a = b = 28.80 Å, c = 3.5 Å, α = β = 90°, γ = 120° (Table S2). As shown in Figure 2c, the 

experimentally measured PXRD diffraction peaks of Zn-S-COF match well with the AA 

stacking mode, the peaks at 3.54, 7.19, 9.46 and 25.37° corresponding to (100), (200), (210), 

(001) planes of P321 space group, respectively. The results of full profile pattern matching 

(Pawley) refinements show the unit cell parameters from refinement nearly equal to the 
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predictions with good agreement factors (Rp = 4.02% and Rwp = 4.43%). The PXRD peak 

appeared at 25.37° for Zn-S-COF correlate to the interlayer distance and the value of d 

spacing was calculated to be 3.51 Å. Moreover, the 13C solid state nuclear magnetic 

resonance spectroscopy (13C ssNMR) also presented the characteristic signals of C=N bonds 

at 167 ppm, further confirming the successful synthesis of Zn-S-COF (Figure S4).[15]  

The porosity of the Zn-S-COFs was determined by N2 adsorption-desorption analysis at 77 

K with activated sample (Figure 2e). The calculated value of Brunauer-Emmett-Teller (BET) 

surface areas of Zn-S-COF is 595.41 m2·g-1. The total pore volume was estimated to be 0.963 

cm3·g-1 for Zn-S-COF at P/P0 = 0.99. The pore size of Zn-S-COF is approximately 1.98 nm, 

which is comparable to that from structure simulation (2.19 nm). The scanning electron 

microscope (SEM) images indicate the aggregation of Zn-S-COF particles (Figure S5). The 

elemental mapping images reveal that Zn is uniformly distributed within the whole material of 

Zn-S-COF. The transmission electron microscopy (TEM) images show that the Zn-S-COF 

exhibited layered morphology (Figure S6). Obvious lattice fringes with the lattice spacing of 

3.47 Å could be observed in the high-resolution transmission electron microscopy (HR-TEM) 

image of Zn-S-COF (Figure 2d), in good agreement with interlayer distance from structure. 

The energy dispersive X-ray spectrum (EDS) diagrams illustrate that the content of Zn2+ in 
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Zn-S-COF is 7.19 wt% (Figure S7). Further, inductively coupled plasma-optical emission 

spectrometry (ICP-OES) measurement confirms that the average contents of Zn in 

Zn-S-COF is 7.20 wt%. The thermostability of Zn-S-COF was determined by 

thermogravimetric analysis (TGA) under air atmosphere, and the results confirm that 

Zn-S-COF is stable up to 280 °C (Figure S8). Moreover, the Zn-S-COF show high chemical 

stability as examined by PXRD for the samples after immersed in various water/organic 

solvents and acid/base solutions for 7 days, including dimethyl sulfoxide (DMSO), 

N,N-dimethylformamide (DMF), ethanol, boiling water, pH = 1~14 aqueous solutions, NaOH 

(5 M) and HCl (2 M) (Figure S9).  

A typical ionic liquid with high CO2 absorption ability, 1-ethyl-3-methylimidazole 

tetrafluoroborate ([Emim]BF4) was selected and loaded into the pores of Zn-S-COF for 

preparing [Emim]BF4@M-COFs materials. After introducing [Emim]BF4, the diffraction peaks 

from the pores of Zn-S-COF decreased apparently, while the the intensity of the peaks can 

returned when removing the guest [Emim]BF4 (Figure S10).[16] The N2 adsorption-desorption 

isotherms shows that the BET surface areas of [Emim]BF4(56.41 wt%)@Zn-S-COF was 

decreased to 291.75 m2·g-1, accompanied with significantly diminished pore size distribution, 

which support the successful loading of ILs in the pore of Zn-S-COF (Figure 2e). However, 
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the combination of COFs and ILs can substantially enhance CO2 absorption as confirmed by 

CO2 absorption measurements at 298 K for [Emim]BF4@M-COFs with different ILs loading 

content (39.28, 56.41 and 65.99 wt%) (Figure S11). It was confirmed that the CO2 absorption 

of [Emim]BF4(56.41 wt%) @Zn-S-COF is superior than others with a CO2 uptake amount of 

1.75 mmol·g-1, which is about 2.5 times higher than that of the pristine Zn-S-COF.  
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Figure 2. The preparation and characterization of Zn-S-COF. (a) Schematic diagram of 

Zn-S-COF synthesis. (b) Top and side views of Zn-S-COF with AA stacking mode. (c) PXRD 
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patterns of Zn-S-COF. (d) HR-TEM image and lattice fringes (insert) of Zn-S-COF. (e) N2 

adsorption-desorption isotherms (77 K) and pore size distribution profiles (insert). 

For comparison, a Zn-CCOF with similar Salen segment but without triazine core was 

synthesized according reported method (Figure 3a).[15b] The crystalline structure of the 

Zn-CCOF was determined by PXRD, FT-IR and N2 adsorption-desorption measurements 

(Figure S12-S14). The result of ICP-OES measurement confirms that the average contents of 

Zn in Zn-CCOF is 7.18%, similar to that in Zn-S-COF. The CO2 absorption of 

[Emim]BF4(56.41 wt%)@Zn-CCOF increased to 1.32 mmol·g-1, superior to the parent 

Zn-CCOF of 0.76 mmol·g-1 (Figure S15). The photocatalytic CO2 reduction tests of 

[Emim]BF4@M-COFs were carried out in gas-solid phase reaction under 300 W Xe-lamp 

irradiations with a 420 nm filter at room temperature without adding any photosensitizers, 

sacrificial agents or promoters. Before photocatalysis test, all samples were coating on a 

glass as supporter then vacuum dried at 120 °C for 72 h to thoroughly remove pre-adsorbed 

CO2 and the residual solvents molecules (Figure S16). As a result, a series of 

[Emim]BF4@M-COFs with different ILs loading amounts show apparently improved 

CO2-to-CO conversion activities than the parent COFs (Figure S17). The optimal 

photocatalytic CO2-to-CO conversion rates of 267.95 and 128.63 μmol·g-1·h-1 were observed 
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for [Emim]BF4(56.41 wt%)@Zn-S-COF and [Emim]BF4(56.41 wt%)@Zn-CCOF , which are 

about 17 and 15 times higher than that of the pristine M-COFs, respectively (Figure 3b and 

S18). It was found that the optimal loading volume of ILs in [Emim]BF4@M-COFs for the 

photocatalytic activity is comparable to the measured pore volumes of M-COFs, which may 

ensure the ILs were mainly incorporated into the pores of M-COFs and lead to a higher CO2 

absorption ability. Meanwhile, H2 and O2 could be detected with TCD detector and the total H2 

production amount of  [Emim]BF4@Zn-S-COF and [Emim]BF4@Zn-CCOF were 33.46 and 

18.72 μmol·g-1 in 5 h, respectively, giving a CO production selectivity of 97.6% and 97.2% 

(Figure S19). The highest apparent quantum efficiency (AQE) of 2.8% was observed at a 

wavelength of 420 nm for [Emim]BF4@Zn-S-COF (Figure S20).[17] It is worth noting that the 

CO evolution rate of [Emim]BF4@Zn-S-COF is above two times higher than that of 

[Emim]BF4@Zn-CCOF and superior than various reported MOF and COF-based 

photocatalysts at similar reaction condition (Table S3). 

To investigate the effect of diverse metal centers on the photocatalytic CO2 reduction 

activity, different metal-based M-S-COF (M = Co and Ni) were obtained by immersing 

Zn-S-COFs in saturated Co2+ or Ni2+ solutions for 3 days with three-times refreshing. The 

ICP-OES test confirms the ratios of Zn/M are in the range of 1/24~1/25 after the exchange of 
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metal ions (Table S4). Photocatalytic CO2-to-CO conversion tests confirm that single metal 

Zn-S-COF exhibited better performance than Co or Ni based M-S-COFs (Figure S21). To 

investigate the effect of different ILs on the photocatalytic activity, other three ILs including 

[Emim]NTf4, [Bmim]Br and [Emim]Ac were further loaded into Zn-S-COF. The results show all 

these ILs could improve the catalytic performance with varying degrees and the combination 

of [Emim]BF4 and Zn-S-COF is more effective for photocatalytic CO2-to-CO conversion 

(Figure S22).  

Photocatalytic low-concentration CO2 reduction activity of [Emim]BF4@M-COFs was 

further conducted by using 15% CO2 (85% N2) as gas source under simulated visible light 

(λ≥420 nm). As shown in Figure 3c, a CO evolution amount of 529.42 and 197.13 μmol·g-1 in 

5 h (corresponding to 105.88 and 39.43 μmol·g-1·h-1, respectively) was detected for 

[Emim]BF4@Zn-S-COF and [Emim]BF4@Zn-CCOF, respectively, while only neglectable CO 

produced for the pristine Zn-S-COF and no product was detected for pure [Emim]BF4. Thus, 

the excellent photocatalytic activity of [Emim]BF4@Zn-S-COF under diluted CO2 atmosphere 

should be attributed to the contribution of the loaded ILs by realizing the enrichment of diluted 

CO2. The CO2-to-CO selectivity of [Emim]BF4(56.41wt%)@Zn-S-COF under diluted CO2 

atmosphere was till as high as 95% (Figure S23), indicating that the photocatalytic selectivity 
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of the system was not affected by CO2 concentration.[18] Notably, the high CO2-to-CO 

conversion rate of [Emim]BF4@Zn-S-COF under diluted CO2 atmosphere is superior than all 

reported photocatalysts including single-component and composite systems (Table S5), 

implying the effectiveness of constructing three-in-one photocatalytic system with M-COFs 

and ILs. In addition, [Emim]BF4@Zn-S-COF showed stable CO production activity in 5 cycling 

photocatalytic measurements with diluted CO2, which prove their stable photocatalytic 

performance in diluted CO2 atmosphere (Figure 3d). The PXRD FTIR and X-ray 

photoelectron spectroscopy (XPS) of ILs@Zn-S-COF after photocatalytic reaction have no 

obvious change (Figure S24-S26), implying its stability and durability in photocatalytic 

process. [15b, 19] 

Encouraged by the above results, natural sunlight driven photocatalytic CO2 reduction of 

[Emim]BF4@Zn-S-COF in diluted CO2 atmosphere was further carried out to evaluate its 

effectiveness in the imitating real application condition (Experimental details are presented in 

Supplementary S3). The sample was irradiated under sunlight from 10:30 am to 15:30 pm (5 

h) for consecutive 7 days/cycles (from June 22 th, 2022 to June 28 th, 2022). Encouragingly, 

[Emim]BF4@Zn-S-COF showed a maximal CO production rate of 126.51 μmol·g-1 (average 

104.26 μmol·g-1·h-1) in 5 h irradiation of natural sunlight (Figure 3e). It is note of worthy that 
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this is the first report of natural sunlight driven dilute CO2 reduction without any 

photosensitizer or sacrificial agent, which shows promising potential towards practical 

application in natural condition. 

To determine that the produced CO is derived from the photoreduction of introduced CO2, 

the photocatalytic test with 13CO2 as the gas source was carried out. The peak of 13CO (m/z = 

29) detected in the mass spectrometer confirms that the produced CO is exclusively derived 

from the reduction of CO2 (Figure 3f), which is also supported by the fact that CO cannot be 

detected under argon atmosphere in the control experiments (Figure S27). Moreover, when 

H2
18O was used to replace H2O, 18O2 (m/z = 36) was detected in the mass spectrometer, 

confirming that the CO2 reduction process is accompanied with H2O oxidation reaction 

(Figure 3g).  

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202304170 by South C
hina N

orm
al U

niversity, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

  

 

This article is protected by copyright. All rights reserved. 

18 

 

 

Figure 3. Structural comparison and photo-catalytic performances. (a) The structural diagram 

of Zn-S-COF and Zn-CCOF. (b) Time-yield plots of performance of photocatalytic gas-solid 

CO2 reduction to CO. (c) Performance of photocatalytic CO2 reduction to CO with diluted CO2 

(15% CO2 and 85% N2). (d) Cycling performance of [Emim]BF4@Zn-S-COF with diluted CO2 

(15% CO2 and 85% N2). (e) Photocatalytic CO2 reduction to CO driven by natural sunlight 
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with diluted CO2 (15% CO2 and 85% N2). (f) Photocatalytic reduction of 

[Emim]BF4@Zn-S-COF 13CO2 to 13CO mass spectrometry (m/z = 29). (g) Photocatalytic 

oxidation of [Emim]BF4@Zn-S-COF H2
18O to 18O2 mass spectrometry (m/z = 36). 

To determine the band structure of Zn-S-COF and Zn-CCOF, the UV-vis diffuse reflection 

spectra (DRS) and Mott-Schottky (MS) measurements were carried out. As shown in Figure 

4a, Zn-S-COF and Zn-CCOF show strong absorption at 380~600 nm with the calculated 

band gaps of 2.72 and 2.93 eV, respectively. According to MS measurements, the flat band 

potentials of Zn-S-COF and Zn-CCOF are -0.74 and -0.82 V vs Ag/AgCl, respectively (Figure 

S28 and S29). Thus, the conduction band (CB) positions of Zn-S-COF and Zn-CCOF were 

estimated to be -0.65 and -0.73 V (vs. NHE, pH = 7), respectively. Combining the band gaps 

and CB positions, the valence band (VB) positions of Zn-S-COF and Zn-CCOF were 

calculated to be 2.07 and 2.20 V, respectively. Based on the above results, it is clear that 

these two COFs are thermodynamic feasible for CO2-to-CO reduction (-0.52 V vs. NHE, pH = 

7) and simultaneous H2O oxidation producing O2 (0.82 V vs. NHE, pH = 7) (Figure 4b). [20] 

The photoelectric tests for these materials were performed to explore the effects of 

constructing triazine rings in COFs and loading [Emim] BF4 on the behavior of charge 
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carriers. The electrochemical impedance spectroscopy (EIS) measurements show the radius 

of the Nyquist curve of Zn-S-COF is smaller than that of Zn-CCOF, and it further reduced 

after loading [Emim]BF4 (Figure S30), indicating a smaller charge transport resistance in 

Zn-S-COF. For the transient photocurrent responses (Figure 4c), Zn-S-COF shows stronger 

photocurrent intensity than that of Zn-CCOF, and the photocurrent of [Emim]BF4@Zn-S-COF 

is also superior than that of [Emim]BF4@Zn-CCOF, demonstrating a better separation ability 

of photogenerated charges in Zn-S-COF especially after loading ILs. As shown in Figure 4d 

and 4e, Zn-S-COF and [Emim]BF4@Zn-S-COF exhibit obviously quenched 

photoluminescence (PL) emissions but longer PL lifetimes than that of Zn-CCOF and 

[Emim]BF4@Zn-CCOF, respectively, meaning an extended lifetime of photogenerated active 

electrons for photocatalytic reaction.[7d] The room-temperature electron paramagnetic 

resonance (EPR) spectra of all photocatalysts exhibited a signal at g = 2.003 field (Figure 4f). 

In comparison, the intensities of EPR signals from Zn-S-COF is apparently higher than that of 

Zn-CCOF, which can be further enhanced after loading ILs as the EPR signals from 

[Emim]BF4@Zn-S-COF is also higher than that of [Emim]BF4@Zn-CCOF. The results of EPR 

measurements indicate that a stronger electron delocalization existed in the Zn-S-COF  

compared to Zn-CCOF photocatalyst.[21]  
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Figure 4. Characterizations of the optical properties for Zn-S-COF, Zn-CCOF, 

[Emim]BF4@Zn-S-COF and [Emim]BF4@Zn-CCOF. a) UV-vis absorption spectra of 

Zn-S-COF and Zn-CCOF (Inset: optical bandgap). (b) Schematic diagram of energy band 
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structure. (c) Transient photocurrent responses. (d) Photoluminescence spectra. (e) 

Time-resolved PL spectra. (f) EPR spectra with 420 nm light irradiation. 

To elucidate the stability of Zn-Salen units of Zn-S-COF in photocatalytic reaction, X-ray 

absorption spectroscopy (XAS) was performed for Zn-S-COF after photocatalytic reaction 

and removing [Emim]BF4. The Zn K-edge X-ray absorption near-edge structure (XANES) is 

shown in Figure 5a. The position of Zn K-edge is between Zn Foil and ZnO, and closer to 

ZnPc, which implies that the Zn in Zn-S-COF has more positive charges than Zn foil and 

fewer positive charges than ZnO, between 0 and +2 positive valence state.[22] As presented in 

Figure 5b, the Fourier transform (FT) EXAFS spectra of the Zn K-edge for Zn-S-COF 

appeared a main peak at 1.49 Å, which located on the scattering paths of Zn-N in ZnPc and 

Zn-O bonds in ZnO, indicating that Zn in Zn-S-COF was coordinated by both N and O atoms 

(Table S6). The coordination number and coordination structure of the Zn center in 

Zn-S-COF were determined by the EXAFS fitting results of the first shell, which proved that 

the Zn atom in Zn-S-COF is coordinated by two N and two O atoms (Figure 5c). Combined 

with the fitting results of the K space of Zn-S-COF (Figure 5d), it can be further inferred that 

Zn exhibits Zn-N2O2 coordination configuration with the average bond length of 2.03 and 1.94 

Å for Zn-O and Zn-N, respectively (Table S6 and Figure S31).[23] The wavelet transforms 
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(WT) contours show that the maxima in ZnO and ZnPc are 5.05, 7.42 and 5.75 Å-1, 

respectively, and these peaks correspond to Zn-O, Zn-Zn and Zn-N bonds, respectively 

(Figure 5e). For the WT of Zn-S-COF, the maximum intensity appeared at 4.84 Å-1, which is 

attributed to the Zn-O bond and Zn-N.[24] Since the bond lengths of Zn-O and Zn-N are close, 

the WT appears as a single peak. All the above analyses clearly indicate the stable Zn-N2O2 

coordination mode of Zn ions in the Salen unit of Zn-S-COF. 
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Figure 5. X-ray absorption spectroscopy analysis. (a) XANES spectra of Zn-S-COF, Zn Foil, 

ZnO and ZnPc, (b) FT-EXAFS spectra of Zn-S-COF, Zn Foil, ZnO and ZnPc, (c) EXAFS 

fitting results of Zn-S-COF at R-space, (d) EXAFS fitting results of Zn-S-COF at K-space, (e) 

Wavelet transform of Zn-S-COF, ZnPc and ZnO. 
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The in situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) measurement 

was carried out for [Emim]BF4@Zn-S-COF to detect the reaction intermediates in the 

photocatalytic CO2 reduction process. As shwon in Figure 6a and 6b, the characteristic peaks 

at 2331 and 2362 cm-1 were observed obviously after the introduction of CO2, which are 

attributed to the stretching vibration of the CO2 molecules adsorbed on the surface of the 

photocatalyst.[25] In addition, several carboxylate complexes and activated CO2 intermediates 

were detected: the peak at 1268 cm-1 coresponds to the bidentate carbonate (b-CO3
2-);[26] the 

peaks at 1335 and 1492 cm-1 are ascribed to the monodentate carbonate (m-CO3
2-);[27] the 

bands at 1378 and 1430 cm-1 are assigned to the bicarbonate radical (HCO3
-);[28] the peaks at 

1240 and 1689 cm-1 were attributed to the characteristic peaks of stretching vibration of 

·CO2
-.[29] All the detected carboxylate complexes species are reaction intermediates for 

CO2-to-CO production. In addition, the characteristic peaks around 1574~1638 cm-1 can be 

assigned to *COOH, which is an important reaction intermediate of CO production and also 

reveals the important transformation process of CO2 in the photocatalytic reaction.[30] The 

absorption peaks of all the detected intermediates become stronger gradually with the 

prolonging of irradiation time, which implies the progress of the photocatalytic reaction.  

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202304170 by South C
hina N

orm
al U

niversity, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

  

 

This article is protected by copyright. All rights reserved. 

26 

 

Density functional theory (DFT) calculations were performed to explore photocatalytic 

reaction mechanism (Calculation details see Supplementary S4) by using the simplified 

structural model (Figure S32). The CO2-to-CO reaction processes of Zn-S-COF and 

Zn-CCOF were compared to further clarify the contribution of triazine core. Although the CO2 

adsorption and the protonation process of *COOH is similar in Zn-S-COF and Zn-CCOF, 

there is a major difference in CO desorption process from the reactive sites. The generated 

CO molecules tend to more easily desorb on Zn-S-COF in comparison with Zn-CCOF, which 

leads to a high CO yield (Figure 6c). Thus, the possible mechanism for artificial 

photosynthesis of CO2 reduction on Zn-S-COF was reasonably proposed (Figure S33).  

The diversity of water oxidation process of these two M-COFs in artificial photosynthetic 

reaction was further investigated. The calculated UV-vis absorption spectra of Zn-S-COF 

(Figure S34a) is great agreement with the experiment results. Thus, from the corresponding 

orbital transitions and the distribution of electron and hole for each excited state (Figure S34b 

and c), it can be clearly convinced that the photo-excited hole was concentrated on the 

benzene ring, and the C atoms in the benzene ring can serve as H2O oxidation active sites.[31] 

Although all the sp2 -hybridized C were the potential H2O oxidation active sites of Zn-S-COF, 

the C1, C4 and C6 were excluded since the high steric hindrance leading to structural 
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distortion in the first step of the *OH formation. Thus the possible H2O oxidation active sites 

should be concentrated on the C2, C3 and C5 atoms. According to previous work,[32] two 

possible mechanisms, single-site and dual-site mechanisms of the H2O oxidation reaction, 

were considered in calculation (Figure 6e and S35). The results demonstrate that the free 

energy barrier of the rate-determining step for single-site process was obviously higher than 

that for dual-site process (Figure S36). Thus, the dual-site paths of C2 site (C2D) were 

considered as the most reactive path in view of its thermodynamically more favorable than 

others. Compared to the ΔG for each step in C2D paths of Zn-S-COF and Zn-CCOF (Figure 

6d), Zn-S-COF shows a lower ΔG for the formation of OH*, O*OH*, and OO* intermediates, 

confirming the effectiveness of constructing triazine rings in Zn-S-COF in promoting H2O 

oxidation activity.  

To explore the probable role of [Emim]BF4 in photocatalytic CO2 reduction process, 

further calculation was performed for [Emim]BF4@Zn-S-COF. The results indicate that the 

CO2 molecules tend to spontaneously combining with Emim+ to form Emim-CO2 with the ΔG of 

-3.88 eV (Figure S37), indicating the excellent ability of [Emim]BF4 to capture diluted CO2. 

The ΔG of the adsorption of CO2 molecules and formation of *COOH were significantly 

reduced for the contribution of [Emim]BF4. The photocatalytic CO2 reduction process of 
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[Emim]BF4@Zn-S-COF was shown in Figure 6e. The Emim+ firstly capture low-concentration 

CO2 and create an enriched CO2 atmosphere, then transfer the CO2 to Zn active sites of the 

Zn-S-COF. Subsequently, Emim+ provides a proton-electron pair to facilitate hydrogenation 

processes (*COOH-Emim formation). The *COOH-Emim intermediate further get a 

photogenerated electron from COF backbone and a proton, forming the resultant CO product. 

All the calculation results support that ILs really plays an important role in facilitating artificial 

photosynthesis of low-concentration CO2. 
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Figure 6. DFT calculations and the proposed artificial photosynthesis mechanism. (a) In situ 

DRIFTS of [Emim]BF4@Zn-S-COF for CO2 adsorption. (b) In situ DRIFTS of 

[Emim]BF4@Zn-S-COF for CO2 reduction in the dark (background) and under visible light 

irradiation (Irradiation time 2, 5, 10, 20, 30, 40, 50, 60 min, respectively). (c) Free energy 
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profile of Zn-S-COF and Zn-CCOF in the CO2 reduction process. (d) Free energy profile of 

Zn-S-COF and Zn-CCOF in the H2O oxidation process. (e) Schematic diagram of proposed 

artificial photosynthesis mechanism for [Emim]BF4@Zn-S-COF.  

3. Conclusion 

In summary, a three-in-one artificial photosynthetic system with CO2 reduction, H2O 

oxidation and CO2 enrichment sites was developed based on M-COFs and ILs for diluted CO2 

reduction. A triazine core-based Zn-S-COF with designed CO2 reduction and H2O oxidation 

sites was synthesized to serve as the host of photocatalysts, then ILs acting as CO2 

enrichment component was further introduced into the pores of Zn-S-COF. An ultrahigh 

visible-light-driven CO2-to-CO conversion rate of 267.95 μmol·g-1·h-1 was observed for 

[Emim]BF4@Zn-S-COF. Under diluted CO2 (15%) atmosphere, the CO evolution rate was as 

high as 105.88 μmol·g-1·h-1, and natural sunlight driven diluted CO2 reduction rate also 

reached 126.51 μmol·g-1 in 5 h. The results of experiments and theoretical calculation imply 

that the loaded [Emim]BF4 forms an enriched CO2 atmosphere, and the triazine ring in 

Zn-S-COF promotes the activity of H2O oxidation and CO2 reduction sites in photocatalytic 

diluted CO2 reduction reaction. This work provides a new and promising strategy towards the 
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practical application of solar photocatalysis for directly enriching and converting diluted CO2 

to fuels with industrial exhaust gas. 
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A three-in-one photocatalytic system of CO2 enrichment, CO2 reduction and H2O oxidation 

sites were designed for diluted CO2 reduction, and the [Emim]BF4@Zn-Salen-COF show 

excellent visible-light-driven and natural-sunlight-driven CO2-to-CO conversion activity under 

diluted CO2 (15%) atmosphere. 
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