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1. Introduction 

The photocatalytic processes have a wide range of applications such as 

environmental decontamination treatments (water, urban air or soil) or synthesis of 

new materials of technological interest for solar energy devices. In relation to the 

greenhouse effect, this method has been applied for carbon dioxide reduction.1 In 

photocatalysis, the catalyst produces electrons and holes (not specifically nearby). 

For this reason, the ability of these materials to promote charge carrier mobility from 

areas where electrons are generated to these where holes appear is a desired 

characteristic. From the point of view of conductivity properties, at least, 

semiconductors character is a key feature.  

Upon light irradiation, the photo excitation is produced in energy levels close to the 

band gap of the material. The band gap is defined as the energy distance from the 

top of valence band (VB) to the bottom of vacant conduction band (CB). 

Photoexcitation enables the promotion of ground state electrons in VB to higher 

energy CB. This phenomenon is also known as band gap photo excitation: the photon 

absorption energy needs to be equal or greater than the band gap energy. As a result, 

photo-excited electrons are promoted to higher energy CB states, and, 

simultaneously, creating a hole in the lower energy VB state2.  

Covalent organic frameworks (COFs) have been designed and successfully applied 

for environmental applications,3 gas storage,4 CO2 capture,5 pharmacological 

applications as drug delivery agents,6 catalysis7 and photocatalysis.8 COFs are 2D or 

3D crystalline porous materials formed by organic groups connected through strong 

covalent bonds.9,10 The proper selection of suitable building units leads to well-

defined and predictable COF crystalline structures, and thus, task-specific COFs 

 
1 Zhang, W.; Mohamed, A. R.; Ong, W.-J. Z-Scheme Photocatalytic Systems for Carbon Dioxide Reduction: 

Where Are We Now? Angewandte Chemie International Edition 2020, 59, 22894-22915. 
2 Ng, B.-J.; Putri, L. K.; Kong, X. Y.; Teh, Y. W.; Pasbakhsh, P.; Chai, S.-P. Z-Scheme Photocatalytic 

Systems for Solar Water Splitting. Advanced Science 2020, 7, 1903171. 
3 Wang, J.; Zhuang, S. Covalent organic frameworks (COFs) for environmental applications. Coordination 

Chemistry Reviews 2019, 400, 213046. 
4 Zhu, L.; Zhang, Y.-B. Crystallization of Covalent Organic Frameworks for Gas Storage Applications. 

Molecules 2017, 22, 1149. 
5 Ozdemir, J.; Mosleh, I.; Abolhassani, M.; Greenlee, L. F.; Beitle, R. R.; Beyzavi, M. H. Covalent Organic 

Frameworks for the Capture, Fixation, or Reduction of CO2. Frontiers in Energy Research 2019, 7. 
6 Bai, L.; Phua, S. Z. F.; Lim, W. Q.; Jana, A.; Luo, Z.; Tham, H. P.; Zhao, L.; Gao, Q.; Zhao, Y. Nanoscale 

covalent organic frameworks as smart carriers for drug delivery. Chemical communications 2016, 52, 
4128-4131. 
7 Guo, J.; Jiang, D. Covalent Organic Frameworks for Heterogeneous Catalysis: Principle, Current Status, 

and Challenges. ACS Central Science 2020, 6, 869-879 
8 Wang, G.-B.; Li, S.; Yan, C.-X.; Zhu, F.-C.; Lin, Q.-Q.; Xie, K.-H.; Geng, Y.; Dong, Y.-B. Covalent organic 

frameworks: emerging high-performance platforms for efficient photocatalytic applications. Journal of 
Materials Chemistry A 2020, 8, 6957-6983 
9 Côté, A. P.; Benin, A. I.; Ockwig, N. W.; O'Keeffe, M.; Matzger, A. J.; Yaghi, O. M. Porous, crystalline, 

covalent organic frameworks. Science (New York, N.Y.) 2005, 310, 1166-1170. 
10 Feng, X.; Ding, X.; Jiang, D. Covalent organic frameworks. Chemical Society Reviews 2012, 41, 6010-

6022. 
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designed for several applications can be produced.11 Therefore, this bottom-up 

approach for COFs design confers this group of materials a large flexibility thus 

leading to a platform12 allowing to find suitable solutions for a plethora of technologies 

and applications.13,14,15 

2. Objective 

In this part of the project, the main objective is the bibliographic search of the 

potential candidates to develop 2D porous materials for the simultaneous 

photocatalytic conversion of CO2 and H2O into syngas. Once the suitable 

photocatalytic materials have been determined, 2D COFs will be proposed using 

theoretical models which will be further used in the experimental process. On the 

other hand, considering the feedback of the experimental results about the proposed 

materials, modifications of the COF will be considered.  

3. Methodology 

Systematic bibliographic search has been used to achieve the main objective. 

Density Functional Theory as implemented in Dmol3 code has been used to establish 

the periodic 2D COF monolayer model and their properties (in vacuum). 

4. Results 

The case of 2D COFs consider layer stacked materials which show 2D periodicity as 

well as column structuring, with both factors determining materials porosity.16 

Different linking molecular units have been considered for the development of stable 

2D COFs, such as triazine, imine, imide, olefin or oxazole17 as well as different 

topologies.18  A relevant application of 2D COFs considers their use as photocatalysts 

 
11 Luo, R.; Yang, Y.; Chen, K.; Liu, X.; Chen, M.; Xu, W.; Liu, B.; Ji, H.; Fang, Y. Tailored covalent organic 

frameworks for simultaneously capturing 
12 Huang, N.; Wang, P.; Jiang, D. Covalent organic frameworks: a materials platform for structural and 

functional designs. Nature Reviews Materials 2016, 1, 16068. 
13 Ding, S.-Y.; Wang, W. Covalent organic frameworks (COFs): from design to applications. Chemical 

Society Reviews 2013, 42, 548-568. 
14 Guan, X.; Chen, F.; Fang, Q.; Qiu, S. Design and applications of three dimensional covalent organic 

frameworks. Chemical Society Reviews 2020, 49, 1357-1384. 
15 Wu, M.-X.; Yang, Y.-W. Applications of covalent organic frameworks (COFs): From gas storage and 

separation to drug delivery. Chinese Chemical Letters 2017, 28, 1135-1143. 
16 Wang, C.; Zhang, Z.; Zhu, Y.; Yang, C.; Wu, J.; Hu, W. 2D Covalent Organic Frameworks: From 

Synthetic Strategies to Advanced Optical-Electrical-Magnetic Functionalities. Advanced Materials 2022, 34, 
2102290. 
17 Haase, F.; Lotsch, B. V. Solving the COF trilemma: towards crystalline, stable and functional covalent 

organic frameworks. Chemical Society Reviews 2020, 49, 8469-8500 
18 Liang, R.-R.; Jiang, S.-Y.; A, R.-H.; Zhao, X. Two-dimensional covalent organic frameworks with 

hierarchical porosity. Chemical Society Reviews 2020, 49, 3920-3951. 
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for CO2 reduction19,20 and also their combination with different types of nanoparticles 

such as Au, Ru, TiO2, etc. Both characteristics allow CO2 conversion in thermodynamic 

and kinetics terms21 to produce solar fuels. Among the building units used for 2D 

COFs, perylene22 and porphyrin23 have been considered among the literature. A 2D 

COF based on porphyrin as nodes and perylene as linker was studied by Lin et al.24 

analyzing the ultrafast charge carrier mechanism using a combined experimental and 

theoretical approach. Moreover, COFs containing perylene and porphyrin as building 

units show suitable thermal stability25,26. Nevertheless, with both units several 

combinations can be used to develop 2D COFs whose conductivity and electronic 

properties are suitable for photocatalysis. A list of possible perylene based COF 

candidates are shown in  

 

Table 1, also including their band gap. As it can be observed in the table, these 

materials have semiconductor character with band gap ranging from 1.313 to 1.55 

eV.27,28 

Diverse molecules can be linked to porphyrin.29 Moreover, different 

metalloporphyrins with Ni, Co, Cu and Zn atoms inserted into the centre of the ring 

 
19 Yang, S.; Hu, W.; Zhang, X.; He, P.; Pattengale, B.; Liu, C.; Cendejas, M.; Hermans, I.; Zhang, X.; 

Zhang, J.; Huang, J. 2D Covalent Organic Frameworks as Intrinsic Photocatalysts for Visible Light-Driven 
CO2 Reduction. Journal of the American Chemical Society 2018, 140, 14614-14618. 
20 He, Z.; Goulas, J.; Parker, E.; Sun, Y.; Zhou, X.-d.; Fei, L. Review on covalent organic frameworks and 

derivatives for electrochemical and photocatalytic CO2 reduction. Catalysis Today 2022. 
21 Verma, P.; Le Brocq, J. J. M.; Raja, R. Rational Design and Application of Covalent Organic Frameworks 

for Solar Fuel Production. Molecules 2021, 26, 4181. 
22 Ascherl, L.; Evans, E. W.; Gorman, J.; Orsborne, S.; Bessinger, D.; Bein, T.; Friend, R. H.; Auras, F. 

Perylene-Based Covalent Organic Frameworks for Acid Vapor Sensing. Journal of the American Chemical 
Society 2019, 141, 15693-15699. 
23 Feng, X.; Chen, L.; Dong, Y.; Jiang, D. Porphyrin-based two-dimensional covalent organic frameworks: 

synchronized synthetic control of macroscopic structures and pore parameters. Chemical Communications 
2011, 47, 1979-1981. 
24 Kim, T. W.; Jun, S.; Ha, Y.; Yadav, R. K.; Kumar, A.; Yoo, C.-Y.; Oh, I.; Lim, H.-K.; Shin, J. W.; Ryoo, 

R.; Kim, H.; Kim, J.; Baeg, J.-O.; Ihee, H. Ultrafast charge transfer coupled with lattice phonons in two-
dimensional covalent organic frameworks. Nature Communications 2019, 10, 1873. 
25 Zhang, M.; Zheng, R.; Ma, Y.; Chen, R.; Sun, X.; Sun, X. A Novel One-Dimensional Porphyrin-Based 

Covalent Organic Framework. Molecules 2019, 24, 3361. 
26 Kim, H. M.; Jang, H. K.; Hwang, T. G.; Namgoong, J. W.; Kim, J. Y.; Yuk, S. B.; Lee, J. M.; Kim, J. P. 

Comparative study of the synthetic methods for perylene-based covalent triazine polyimides. Dyes and 
Pigments 2021, 186, 108968. 
27 Fedorov, I. A.; Zhuravlev, Y. N.; Berveno, V. P. Structural and electronic properties of perylene from 

first principles calculations. The Journal of Chemical Physics 2013, 138, 094509. 
28 Chaudhari, A. K.; Tan, J.-C. Mechanochromic MOF nanoplates: spatial molecular isolation of light-

emitting guests in a sodalite framework structure. Nanoscale 2018, 10, 3953-3960. 
29 Rufan Chen; Ji-Long Shi; Yuan Ma; Guiqing Lin; Prof. Dr. Xianjun Lang; Wang, P. D. C. Designed 

Synthesis of a 2D Porphyrin-Based sp2 Carbon-Conjugated Covalent Organic Framework for 
Heterogeneous Photocatalysis. Angew. Chem. 2019, 131, 6496 –6500. 
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have been investigated.30 The effect of the COF adsorption in an Au support has been 

also studied.31 In all cases the band gap justifies their semiconductor behaviour. 

 

Table 1. 2D COFs materials: Electronic properties (band gap eV). 

Material (COF) Electronic properties  Material (COF) 

Perylene-dimer 1.43 27 

Perylene-ZIF-8 1.313, 1.79 28 

Pyridine-porphyrin 1.63 29 

Amides-porphyrin 1.75 29 

Porphyrin 0.99 30 

Zn-Porphyrin 1.23 30 

M-Porphyrin (M= Ni, 

Co, Cu, Zn) 

semiconductor 30 

 

As reported before, efficient CO2 conversion is expected using 2D COFs as 

photocatalysts specifically when different types of nanoparticles are attached to the 

COF structure. There are several examples in the literature of photocatalytic systems 

applied for CO2 reduction. Combinations of COFs with different materials give rise to 

a set of composite materials that include Ru, Au and C and oxides such as Ag3PO4, 

Cu2O, WO3, TiO2 among others. In Table 2, a representative set of proposed 

photocatalysts is shown. 

Table 2. Proposed materials to CO2 reduction process.1  

 
30 Thomas, S.; Li, H.; Dasari, R. R.; Evans, A. M.; Castano, I.; Allen, T. G.; Reid, O. G.; Rumbles, G.; 

Dichtel, W. R.; Gianneschi, N. C.; Marder, S. R.; Coropceanu, V.; Brédas, J.-L. Design and synthesis of 
two-dimensional covalent 
31 Chen, C.; Joshi, T.; Li, H.; Chavez, A. D.; Pedramrazi, Z.; Liu, P.-N.; Li, H.; Dichtel, W. R.; Bredas, J.-

L.; Crommie, M. F. Local Electronic Structure of a Single-Layer Porphyrin-Containing Covalent Organic 
Framework. ACS Nano 2018, 12, 385-391. 
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The previous experimental and theoretical results suggest that perylene and 

porphyrin are suitable semiconductor units to build a COF structure.  

With all these information, some theoretical models have been developed and 

reported in the periodic project meetings.  

A preliminary 2D COF material based in both units has been designed including Zn 

atoms at the center of perylene ring to increase the catalytic properties. So, a COF 

model with 2D perylene-Zn-porphyrin-COF has been stablished. Moreover, different 

functionalization of perylene units with propanethiol and butanoic acid as an 

anchoring points the Zn-COF to the reactor wall have been proposed.  

Finally, functionalization with the propanethiol has been proposed for stabilization of 

the catalytic nanoparticles. 

5. Conclusions and next steps 

The preliminary COF model could be modified and improved, specifically, perylene 

functionalization, increasing the length of the anchoring thiol group from 2, 3 and 4 

C atoms. This can be the beginning of the study of the stacking effect. In the same 

way, the modeling of the interaction of the Au and RuO2 nanoparticles on the full COF 

model (2x2x1 unit cell) will be studied. Also, the study of the effect of different metal 

atoms at the center of the perylene ring, such as Sn, could be a suitable method to 

increase semiconductor properties. 


