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RESUMO 

A conversão seletiva de CO2 em combustíveis é um dos principais desafios da 

conversão sustentável de energia. Esta tese estabelece princípios de design 

para sistemas catalíticos moleculares e híbridos aplicados à redução foto- e 

eletrocatalítica de CO2, integrando precisão molecular e arquiteturas catalíticas 

porosas. 

Estudos mecanísticos com complexos de Re(I) tricarbonílico, combinando 

espectroeletroquímica e espectroscopia in situ, evidenciaram intermediários 

catalíticos e a principal rota de desativação na conversão fotocatalítica de CO2 

em CO. Esses resultados orientaram a imobilização de Re(I) em Covalent 

Organic Frameworks (COFs) baseados em bipiridina, preservando o mecanismo 

molecular de redução e aumentando a estabilidade operacional pelo isolamento 

dos sítios catalíticos. Análises por STEM-HAADF revelaram a distribuição 

atomicamente ordenada dos centros de Re(I) na estrutura do COF, confirmando 

arquiteturas catalíticas de sítios isolados. 

Essa estratégia foi estendida à eletroredução de CO2 por meio da incorporação 

de complexo tricarbonílico de Mn(I) em estruturas porosas baseadas em 

bipiridina. O eletrocatalisador híbrido foi implementado com sucesso em um 

eletrolisador zero-gap sem católito, evidenciando o potencial de catalisadores 

híbridos e porosos para tecnologias escalonáveis de conversão de CO2. Além 

disso, centros catalíticos complementares foram integrados em uma única 

estrutura porosa para promover a conversão sequencial de CO2 em CO e, 

posteriormente, em CH3OH, fornecendo evidências preliminares de catálise em 

cascata com múltiplos sítios ativos. 

De modo geral, este trabalho estabelece princípios de design para catalisadores 

moleculares e híbridos, integrando entendimento mecanístico e engenharia de 

estruturas porosas. Esses resultados fornecem uma base para o 

desenvolvimento de materiais catalíticos mais eficientes e seletivos para a 

conversão de CO2 em combustíveis de maior complexidade molecular. 

Palavras-chave: redução de CO2, Covalent Organic Frameworks, estudos 

mecanísticos, catalisadores de sítios isolados, catalisadores em cascata. 
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ABSTRACT 

The selective conversion of CO2 into energy-rich fuels is a major challenge in 

sustainable energy conversion. This thesis investigates the rational design of 

molecular and hybrid catalysts for photo- and electrocatalytic CO2 reduction, 

establishing design principles that progress from molecular catalyst engineering 

to multifunctional porous catalytic architectures. 

Mechanistic studies on Re(I) tricarbonyl molecular catalysts, combining 

spectroelectrochemistry and in-situ spectroscopy experiments, enabled the 

identification of key catalytic intermediates and deactivation pathways involved in 

the CO2-to-CO photocatalytic cycle. These insights guided the immobilization of 

Re(I) catalytic centers within bipyridine-based Covalent Organic Frameworks 

(COFs), where the molecular reduction mechanism was preserved while 

operational stability was significantly enhanced through spatial isolation of the 

catalytic sites. STEM-HAADF analysis resolved the atomically ordered 

distribution of Re(I) centers within the COF framework, providing direct structural 

evidence for site-isolated catalytic architectures. 

The design strategy was extended to electrocatalytic CO2 reduction through the 

incorporation of Mn(I) carbonyl complexes into porous bipyridine-based 

frameworks. The resulting hybrid catalyst was implemented in a catholyte-free 

zero-gap electrolyzer, evidencing the potential of molecularly defined porous 

catalysts for scalable CO2 conversion technologies. Finally, complementary 

molecular catalytic centers were integrated within a single porous framework to 

promote sequential CO2-to-CO-to-CH3OH conversion, providing preliminary 

evidence for multi-site cascade catalysis and establishing a new strategy for the 

selective production of liquid fuels. 

Overall, this work spans molecular ligand engineering, catalyst immobilization, 

framework engineering, scalable electrocatalytic systems, and multi-site cascade 

catalyst architectures. The mechanistic studies and framework engineering 

provides a foundation for the next generation of hybrid catalytic materials aimed 

at the efficient and selective conversion of CO2 into valued fuels.  

Key words: CO2 reduction, Covalent Organic Frameworks, mechanistic studies, 

site-isolated catalysts, cascade catalysts.     



xii 
 

LIST OF FIGURES 

 

Figure 1. Percentual (a) and raw amount (b) of the global Total Energy 

Supply (TES) and by energy source between 1990 and 2023, according to the 

International Energy Agency (IEA) Red: Oil and oil products; Pink: Biofuels and 

waste; Brown: Coal and coal products; Blue: Hydropower; Grey: Natural gas; 

Orange: Nuclear; Green: Solar, wind, and other renewables.3 ......................... 30 

Figure 2. (a) The global surface temperature since 1850-1900. (b) 

Historical cumulative net anthropogenic CO2 emissions per region from 1850 to 

2019 in GtCO2.(c) Atmospheric concentrations of several Greenhouse Gas 

(GHG) including the three major well-mixed GHGs CO2, CH4 and N2O. (d) Global 

net anthropogenic GHG emissions include CO2 from fossil fuel combustion and 

industrial processes (CO2-FFI) (dark green); net CO2 from land use, land-use 

change and forestry (CO2-LULUCF) (green); CH4; N2O; and fluorinated gases 

(HFCs, PFCs, SF6, NF3) (light blue). Adapted from Climate Change 2023 

Synthesis Report.7 ............................................................................................ 31 

Figure 3. Natural (left) and Artificial Photosynthetic (right) pathways. ... 34 

Figure 4. Schematic representation of the main components of a 

photocatalytic CO2 reduction system showing the roles of the photosensitizer/light 

harvester (PS), electron donor (D), catalyst (Cat) and photocatalyst (PCat). ... 35 

Figure 5. Schematic representation of an electrochemical CO2 reduction 

system. Adapted from Kuramochi.20 ................................................................. 36 

Figure 6. Representative metal complexes structures of some CO2
 

catalysts.20 ........................................................................................................ 40 

Figure 7. Most accepted reduction pathway for the fac-Re(CO)3(bpy)Cl 

catalyst. ............................................................................................................ 42 

Figure 8. Examples of monomer symmetry combination for producing 

different 2D Lattices (b) and some published lattices and morphologies of COFs 

(b).64 ................................................................................................................. 46 

Figure 9. Covalent Organic Frameworks as stable platforms for making 

hybrid COFs CO2 photocatalysts. ..................................................................... 47 



xiii 
 

Figure 10. Oxidation process of the sacrificial donor BIH in the 

photochemical CO2 reduction. PS stands for photosensitiser. ......................... 59 

Figure 11. Chemical structures and abbreviations of the Re(I) catalysts.

 ......................................................................................................................... 60 

Figure 12. The 1H-NMR spectra of Re-pbiH (orange) and Re-bbzp (blue) 

in DMSO-d6. ..................................................................................................... 68 

Figure 13. Absorption spectra (a) of the Re-pbiH (orange) and Re- bbzp 

(blue) in CH3CN at 298 K as well as these emission spectrum (b) in CH3CN at 

298 K (solid lines) and butyronitrile at 77 K (dashed lines); exc = 375 nm. Surface 

contours of the HOMO and LUMO orbitals for the Re-pbiH (c) and Re-bbzp (d) 

complexes. ....................................................................................................... 69 

Figure 14. Emission lifetimes measurements for Re-pbiH (a) and Re-bbzp 

(b) in in CH3CN at 298 K. Inset: log(t) vs I plot of the decays. .......................... 71 

Figure 15. Absorption spectra (A) and emission spectra (B) of pure Re-

pbiH in CH3CN and after addition of HClO4 (acid). Emission decay (C) for Re-

pbiH monitored at different wavelengths (C) and emission decay for Re-pbiH in 

CH3CN and after addition of HClO4 (acid) (D). ................................................. 73 

Figure 16. Cyclic voltammograms recorded, with a scan rate of 100 mV s-

1 (solid line), and Square Wave Voltammograms measured at a frequency of 50 

Hz (dashed line) for Re-pbiH (A) and Re-bbzp (B) complexes in argon-saturated 

0.1 M TBAPF6/CH3CN. The arrow indicates the scan directions. ..................... 74 

Figure 17. (a) Cyclic Voltammogram at 100 mV s-1 of scan rate (solid line) 

and Square Wave Voltammetry at 50 Hz of frequency (dashed line) for Re-bbzp 

complex. (b) and (c) are showing the SWV as a function of applied frequency (f) 

variation as well as its linear dependence along to the applied frequency for the 

first reduction process (n = 2.0), respectively. (d) and (e) are showing the SWV 

as a function of applied frequency (f) variation as well as its linear dependence 

along to the applied frequency for the second reduction process (n = 1), 

respectively. ..................................................................................................... 75 

Figure 18. (a) Cyclic Voltammogram at 100 mV s-1 of scan rate (solid line) 

and Square Wave Voltammetry at 50 Hz of frequency (dashed line) for fac-

Re(CO)3(bpy)Cl complex. (b) and (c) are showing the SWV as a function of 

applied frequency (f) variation as well as its linear dependence along to the 



xiv 
 

applied frequency for the first reduction process (n = 2.0), respectively.  (d) and 

(e) are showing the SWV as a function of applied frequency (f) variation as well 

as its linear dependence along to the applied frequency for the second reduction 

process (n = 1.0), respectively. ........................................................................ 77 

Figure 19. The turnover number (TON) for CO formation photocatalyzed 

by Re-pbiH (orange) and Re-bbzp (blue) complexes. Experiments were 

performed in CO2-saturated 10 mL CH3CN solutions containing 6.7 mmol L−1 of 

BIH and 0.03 mmol L-1 of photocatalysts ( > 370 nm). ................................... 78 

Figure 20. (a) Turnover number (TON) for CO formation mediated by Re-

bbzp in CO2-saturated CH3CN containing BIH (6.7 mmol L-1) and Re-bbzp (0.03 

mmol L-1) and the indicated H2O concentrations (λexc > 370 nm). (b) Turnover 

number (TON) for CO formation using BIH and BID from which a kinetic isotope 

effect was extracted, KIE = 1.5. (c) Isodesmic reaction employed to estimate the 

pKa of the protonated reduced Re-bbzp intermediate, using BIH•⁺ as the reference 

acid. .................................................................................................................. 81 

Figure 21. DFT-optimized geometry of the two-electron- and one-proton-

reduced Re-bbzp species featuring a CO2 adduct intermediate. ...................... 82 

Figure 22. Infrared spectroelectrochemistry (IR-SEC) of Re-bbzp in 0.1 M 

TBAPF6/CH3CN electrolyte for the first (Eₚ = –2.5 V vs. Fc⁺/Fc) and second (Eₚ 

= –2.7 V vs. Fc⁺/Fc) electron reduction process under Ar (A) and CO2 (B) 

atmosphere. (C) Proposed reduction pathway for Re-bbzp complex (a) to species 

(b), (c) and (d) color-coded to the spectral assignments in (A) and (B). ........... 83 

Figure 23.IR-SEC of Re-bbzp in acetonitrile with Bu4NPF6 electrolyte for 

the first electron reduction process under Ar atmosphere (t = 15s). ............... 84 

Figure 24. IR-SEC of Re-bbzp in acetonitrile with Bu4NPF6 electrolyte for 

the first electron reduction process under CO2 atmosphere (a) t < 15 s (b) t > 15 

s. (Dt = 15s). ..................................................................................................... 85 

Figure 25. In-situ-FTIR- spectra measured over the indicated photolysis 

time for Re-bbzp in Ar-saturated (a and b) and CO2-saturated (c and d) CH3CN 

solutions containing excess BIH. ...................................................................... 86 

Figure 26. kinetic monitoring for each species based their corresponding 

peaks (2025 (a), 2015 (c), 2005 (d) and 1800 cm-1 for (2c)) under Ar (A and B) 

and CO2 (B and C) atmosphere. ...................................................................... 88 



xv 
 

Figure 27. Proposed photocatalytic cycle for Re-bbzp using BIH as 

electron donor in acetonitrile. ........................................................................... 90 

Figure 28. Schematic illustration of the operating principle of the 

photocatalytic CO2 conversion (red balls: O, grey balls: C, white balls: H). ...... 97 

Figure 29. (a) Preparation of different ZnO nanostructures and (b) the 

determined conduction band (CB) and valence band (VB) potentials of ZnO 

microspheres (S-1), microflowers (S-2), and nanorods (S-3) vs. NHE (pH = 0) and 

(c) their respective photocatalytic activity towards CO evolution. Adapted with 

permission.145 Copyright 2016, Springer Nature. ............................................ 104 

Figure 30. (a) CH4 evolution kinetics from CO2 photoreduction over CuO 

prepared via solvothermal synthesis (CuO-Solv), co-precipitation (CuO-Prec), 

calcination method (CuO-Calc), and commercially acquired (CuO-Com). (b) 

Simplified scheme of the CO2 photoreduction process on the CuO surface. 

Adapted with permission.156 Copyright 2020, Elsevier. .................................. 105 

Figure 31. Proposed pathways for CO2 photoreduction over the acidic 

surface of Nb2O5. Reproduced with permission.168 Copyright 2019, Elsevier. 107 

Figure 32. Photocatalytic reduction of CO2 with H2O as a hole scavenger 

over In-doped TiO2 photocatalyst. Adapted with permission.195 Copyright 2015, 

Elsevier........................................................................................................... 114 

Figure 33. Schematic representation of the energy band positions in 

MoS2/TiO2 heterojunction composites and corresponding photoinduced charge 

carrier processes. Adapted with permission.182 Copyright 2019, Elsevier. ..... 115 

Figure 34. Proposed photoinduced electron transfer from the carbazole to 

the triazine moiety and the reaction pathway in the photoreduction of CO2 (PET 

= Photoinduced Electron Transfer). Reproduced with permission.238 Copyright 

2020, John Wiley and Sons. ........................................................................... 122 

Figure 35. Schematic representation of 2D and 3D COF networks. (a) 2D 

COFs consist of 2D sheets in the x-y-plane, stacked through π-π interactions in 

the z-direction. (b) In 3D COFs, the covalent bonds extend in all three spatial 

directions, often with n-fold intercalation. ....................................................... 125 

Figure 36. Proposed photocatalytic mechanism for the CO2 reduction to 

CO using the Re(I)-decorated COF. Adapted with permission.66 Copyright 2018, 

American Chemical Society. ........................................................................... 135 



xvi 
 

Figure 37. (a) Modified TFBD-Co-SA-COF and (b) proposed mechanism 

of the photocatalytic CO2 reduction in the presence of TEOA as a hole scavenger. 

Adapted with permission.285 Copyright 2021, American Chemical Society. ... 136 

Figure 38. Schematic energy level diagram of a COF (TpPa-1) decorated 

with Ru nanoparticles for the conversion of CO2 to formic acid. Adapted with 

permission.289 Copyright 2021, Elsevier. ........................................................ 137 

Figure 39. Schematic illustration of the charge carrier transfer in COF-318-

TiO2 under light illumination following the Z-scheme model. Adapted with 

permission.248 Copyright 2020, John Wiley and Sons. ................................... 139 

Figure 40. Synthesis route of the CTF-Py COF and the heterogeneous 

catalyst TiO2@CTF-Py. Reproduced with permission.294 Copyright 2021, 

Elsevier........................................................................................................... 140 

Figure 41. (a) DFT-calculated adsorption energy of CO2 and H2O on 

[Ni(bpy)2]0 with and without PI-COF-TT (inset: activation of CO2 by [Ni(bpy)2]). (b) 

Proposed mechanism for the CO2 photoreduction over PI-COF-TT. Reproduced 

with permission.265 Copyright 2020, Royal Society of Chemistry. ................... 146 

Figure 42. COF fragment reflecting the 2:1 ratio of bpy to Pyr. ........... 157 

Figure 43.  a) Experimental and indexed Pawley-refined PXRD pattern of 

bpyPyr and b) its crystal structure showing the unit cell used for Pawley-

refinement and its c) cross-sectional view. Lattice parameters: a = 28.201 Å, b = 

28.226 Å, c = 7.282 Å, α = 103.2°, β = 104.3°, and γ = 81.7°. Powder refinement: 

Rp = 7.37%. .................................................................................................... 158 

Figure 44. a) Experimental and indexed Pawley-refined PXRD pattern of 

Re bpyPyr and b) its crystal structure showing the unit cell used for Pawley-

refinement and its c) cross-sectional view. The experimental PXRD spectrum 

contains 57% of the bpy sites covered with Re(CO)3Cl units while the crystal 

structure contains 50%. Lattice parameters: a = 28.201 Å, b = 28.226 Å, c = 7.282 

Å, α = 103.2°, β = 104.3°, and γ = 81.7°. Powder refinement: Rp = 6.59%. .... 160 

Figure 45. a) Nitrogen sorption isotherms of bpyPyr COF and RebpyPyr 

COF. b) Pore size distribution and cumulative pore volume of bpyPyr COF and 

Re bpyPyr COF. c) CO2 sorption isotherms at 273 K (0 °C), indicating enhanced 

affinity of Re bpyPyr COF for CO2 (filled symbols: adsorption, open symbols: 

desorption). d-f) STEM-HAADF images of Re bpyPyr COF showing the highly 



xvii 
 

ordered Re sub-structure within the COF backbone: d) interlayer distance, e) In-

plane lattice spacing, and f) magnified view of (e). The experimental data 

corresponds to 42% site occupation. .............................................................. 164 

Figure 46. a) The UV-vis absorption spectra, b) Tauc plot analysis, c) PL 

spectra and d) normalized PL spectra (𝜆exc = 375 nm) of bpyPyr and RebpyPyr 

COFs. ............................................................................................................. 166 

Figure 47. The CO production rate by Re bpyPyr COFs with 42-85% Re 

loadings over 8 hours under illumination with λ > 370 nm. d) Corresponding TON 

measured after 8 h. Experiments were performed in CO2-saturated CH3CN/TEOA 

(5:1) solutions. The TON were calculated by dividing the amount of CO produced 

by the actual amount of Re present during the photocatalytic experiments. .. 169 

Figure 48. a) Photocatalytic  CO production rates of Re bpyPyr COF (42% 

occupancy of bpy sites) using TEOA versus BIH as SEDs. b) Impact of protic 

additives such as 0.05 mM water and 0.50 mM phenol on the CO production 

rates. . All experiments were performed in CO2-saturated CH3CN/TEOA (5:1) or 

CH3CN/BIH (6.7 mM of BIH)  under illumination with λ > 370 nm. ................. 171 

Figure 49. The TONCO values of Re bpyPyr COF (circles) and fac-

[Re(CO)3(bpy)Cl] (stars) under white light illumination with a) l > 370 nm and 

illumination at b) l > 420 nm with BIH as sacrificial donor. The highlight regions 

show the maximum TON for fac-[Re(CO)3(bpy)Cl] and Re bpyPyr COF for their 

respective illumination condition. Experiments were performed in CO2-saturated 

CH3CN/BIH (6.7 mM of BIH). To ensure a rigorous comparison, experiments 

were conducted using 0.84 mmol of catalytic sites for both Re bpyPyr COF and 

fac-[Re(CO)3(bpy)Cl] complex. ....................................................................... 173 

Figure 50. a) Cyclic voltammogram measured at a scan rate of 5.0 mV s-

1 where I and II are the first and second reductions for Re bpyPyr COF.  b) ATR-

IR-SEC spectra of Re bpyPyr COF under an Ar atmosphere at the indicated 

potentials. c) A plot of the absorption measured at 2012 and 1838 cm-1 as a 

function of the applied potential. Overlaid on the data are fits to a modified Nernst 

equation. d) ATR-IR-SEC spectra measured under a CO2 atmosphere at the 

indicated potentials. All potentials are reported vs. Fc+/Fc (E0 = 0.400 V vs. SHE) 

and all measurements were performed in a 0.1 M TBAPF6/CH3CN electrolyte.

 ....................................................................................................................... 175 



xviii 
 

Figure 51. Proposed catalytic cycle for CO2 reduction for Re bpyPyr COF.

 ....................................................................................................................... 179 

Figure 52. Synthesis of bpyDBC COF and immobilization of Re(CO)5Cl, 

yielding Re bpyDBC COF. ............................................................................. 184 

Figure 53. COF fragment reflecting the 2:1 ratio of bpy to DBC. ......... 186 

Figure 54. (a) Experimental and Rietveld refined PXRD patterns of 

bpyDBC COF, (b) FTIR spectra of the two linkers bpy(CHO)2 and DBCTA 

together with the spectrum of the bpyDBC COF. c) Experimental and Rietveld 

refined PXRD patterns of Re bpyDBC COF and (d) FTIR spectra of bpyDBC, Re 

bpyDBC and the molecular analog Re(bpy)(CO)3Cl. ..................................... 192 

Figure 55. a) Structural variants of the two COFs and b) superposition of 

the four structural variants of the unit cell, illustrating how the threefold propeller 

contrast dominated by Re(I) is created. .......................................................... 193 

Figure 56. a) STEM-HAADF image showing the highly ordered Re(I) sub-

structure within the COF lattice. b) Magnified section of a) with the COF lattice.

 ....................................................................................................................... 194 

Figure 57. TEM images of the bpyDBC COF (a) and Re bpyDBC COF 

(b). .................................................................................................................. 195 

Figure 58. a) Nitrogen sorption isotherms of bpyDBC and Re bpyDBC 

COF and b) pore size distributions of both COFs. .......................................... 196 

Figure 59. (a) UV-Vis absorption (continuous line) and PL emission 

(dotted line, λexc = 476 nm) of bpyDBC and Re bpyDBC. (b) Energy levels of the 

two COFs, and reduction potentials of the sacrificial donor BIH and the CO2 to 

CO reduction. ................................................................................................. 197 

Figure 60. CO production of the Re bpyDBC COF under illumination with 

(a) λ >370 nm and (b) λ >400 nm. Solid lines represent the linear fitting of the 

data to extract CO production rates. ............................................................... 199 

Figure 61. PXRD pattern (a and b) and IR spectra (c) of the Re bpyDBC 

COF before and after 24 h of photocatalysis under illumination with λ > 370 nm 

and λ > 400 nm. ............................................................................................. 201 

Figure 62. Schematic Diagram of CO2 Electrolysis Driven by Renewable 

Electrical Energy. ........................................................................................... 206 



xix 
 

Figure 63. Schematic representation of different types of electrochemical 

cells used for CO2 reduction studies............................................................... 207 

Figure 64. Reduction pathway for fac-[Mn(bpy)(CO)3Br] based on 

previous reports.47, 373 ..................................................................................... 211 

Figure 65. PhenPy COF fragment reflecting the 2:1 ratio of Phen to Py.

 ....................................................................................................................... 221 

Figure 66. (a) Synthesis of PhenPy COF and immobilization of 

[Mn(CO)5Br], yielding Mn PhenPy COF (schematic). (b) Experimental and 

indexed Pawley-refined PXRD pattern of PhenPy COF. Pawley refinement was 

conducted using the simulated structure model of PhenPy, based on the triclinic 

space group P1. (c) Unit cell of PhenPy COF. Alternating phenanthroline 

moieties in adjacent layers face towards different pores (inset). The cell 

parameters of the refined structure are provided in the Section S7. (d) SEM 

micrograph of the PhenPy COF powder, indicating a fibrillar morphology. (e) 

Nitrogen sorption measurements reveal high porosity with a BET surface area of 

929 m2g-1. Inset: pore size distribution and cumulative pore volume of PhenPy

 ....................................................................................................................... 225 

Figure 67. XPS spectra of Mn PhenPy COF (a-c) and Mn PhenPy COF 

applied to a gas diffusion electrode (d-f). ....................................................... 228 

Figure 68. (a) PXRD patterns of the PhenPy and the Mn PhenPy COFs. 

(b) FTIR spectra of PhenPy and Mn PhenPy COF, as well as of the molecular 

analog fac-[Mn(Phen)(CO)3Br]. (c) SEM micrographs of the Mn PhenPy COF. 

(d) CO2 sorption measurements at 273 K (0 °C) indicating an enhanced affinity 

of Mn PhenPy COF for CO2 (filled dots: adsorption, open dots: desorption). (e) 

Energy levels of the two COFs obtained from Tauc plot fitting of the optical 

absorption onsets and CV measurements (Figures S13, S14), and the CO2 to CO 

reduction potential. (f) Cyclic Voltammetry of Mn PhenPy COF and fac-

[Mn(Phen)(CO)3Br] measured in a three-electrode setup in acetonitrile (TBAPF6, 

0.1M) under Ar at a scan speed of 10 mV s-1. The colours are assigned as follows: 

PhenPy (green), Mn PhenPy (pink), fac-[Mn(Phen)(CO)3Br] (orange). ........ 230 

Figure 69. (a) Schematic representation of the catholyte-free MEA cell 

architecture employing a GDE with Mn PhenPy COF as active electrocatalyst. 

(b) Partial current densities for CO formation jCO (chronoamperometry) and (c) 



xx 
 

the respective TOF for CO, TOFCO, of Mn PhenPy COF and fac-

[Mn(bpy)(CO)3Br] at different applied full-cell potentials (details in Table S1) 

measured using a catholyte-free MEA cell with 1 M KOH as anolyte and a 

Sustainion® anion-exchange-membrane. ....................................................... 234 

Figure 70. (a) Faradaic efficiencies (left scales) and TOF (blue dots, right 

scales) values as a function of different applied potentials along with (b) long-

term stability experiments conducted at applied full-cell potential of 2.8 V 

recorded for Mn PhenPy COF. ...................................................................... 238 

Figure 71. Schematic illustration of an a) Orthogonal, b) Assisted and c) 

Self-cascade Catalytic Reactions. .................................................................. 244 

Figure 72. Schematic illustration of Cascade Reaction on a) Ag−Cu 

Nanozyme and b) PTF(Ni)/Cu for CO2RR showing the *CO intermediate diffusing 

through the interface of the hybrid materials for the formation of C2+ products. 

Adapted from O'Mara422 and Meng423. ........................................................... 246 

Figure 73. Reaction of cis-[Ru(bpy)2(CO)2]2+ (Ru−CO2+) and cis-

[Ru(bpy)2(CO)(CHO)]+ (Ru−CHO+) with organohydride donors (BIHs). ......... 255 

Figure 74. a) Chemical structures of the Re bpyPyr and Re-Ru bpyPyr 

materials together with the post-synthetic immobilization strategy for incorporates 

the Ru(bpy)2(CO)2 moiety, b) FTIR spectra of Re bpyPyr, Ru bpyPyr and Re Ru 

bpyPyr 1:1 (Re/Ru), c) FTIR spectra of Re Ru bpyPyr prepared using different 

Re/Ru molar ratios of 2:1 and 1:1. The Ru bpyPyr structure contain only the Ru 

sites without any Re sites. .............................................................................. 256 

Figure 75. 1H NMR spectra of the liquid phase collected during the light-

induced ( > 420 nm) reaction of Re-Ru bpyPyr (under Ar atmosphere), Re 

bpyPyr (under CO2 atmosphere) and Re-Ru bpyPyr (under CO2 atmosphere) in 

the presence of BIH (0.22 mmol) and LiOTf (0.22 mmol) in toluene. The 

highlighted peak is attributed to CH3OH. ........................................................ 259 

Figure 76. FTIR spectra of Ru bpyPyr recorded before and after 

photocatalytic irradiation under an Ar atmosphere. ........................................ 261 

Figure 77. a) Synthesis of bpyCoPc and immobilization of Mn(CO)5Br, 

yielding Mn bpyCoPc, b) FTIR spectra of Mn bpyCoPc, bpyCoPc and their 

precursors, c) PXRD spectra of Mn bpyCoPc, bpyCoPc. ............................. 263 



xxi 
 

Figure 78. a) Schematic representation of the H-type cell architecture 

employing a GDE with Mn bpyCoPc as active electrocatalyst. b) Cyclic 

Voltammetry (CV) of Mn bpyCoPc and bpyCoPc measured right before the bulk 

electrocatalysis in CO2-saturated KHPO4 (0.5 M) at a scan rate of 100 mV s-1. c) 

Chronoamperometric responses during the bulk electrocatalysis of Mn bpyCoPc 

at 1.5 V vs. Ag/AgCl and d) Faradaic Efficiencies (FE) values as function of time 

at applied potential of 1.5 V vs. Ag/AgCl/KCl(sat). ............................................ 265 

Figure 79. (a) Schematic representation of the flow-cell architecture 

employing a GDE with Mn bpyCoPc as the electrocatalyst. (b) 

Chronoamperometric response during bulk electrolysis of Mn bpyCoPc at −2.0 

V vs. Ag/AgCl/KCl(sat). (c) Faradaic efficiencies (FE) for CO, H2, CH3OH and 

HCOOH as a function of electrolysis time in the flow-cell configuration under a 

CO2 flow rate of 30 mL min-1 using 0.5 M KHCO3 as the electrolyte. ............. 267 

Figure 80. 1H NMR spectra of the liquid phase collected after 30, 60, and 

90 min of bulk electrolysis performed at an applied potential of −2.0 V vs. Ag/AgCl 

under a CO2 atmosphere. The samples were prepared by mixing the 

electrocatalytic solution with D2O and DMSO as the internal standard ( = 2.78 

ppm). .............................................................................................................. 268 

Figure 81. Infrared spectroelectrochemistry (IR-SEC) of Mn bpyCoPc in 

0.1 M TBAPF6/CH3CN electrolyte during the first and second reduction process 

under (a-b) Ar and (c-d) CO2 atmospheres. The graphs on the left (a and c) 

corresponds to the first electron reduction process while the graphs on the right 

(b and d) are from the second electron reduction process. All potential are 

reported vs. Fc/Fc+. ........................................................................................ 270 

Figure 82. Proposed electrocatalytic catalytic pathway for Mn bpyCoPc. 

The Mn-COOH adduct (species d) can undergo reduction to produce either CO 

(green pathway) or HCOOH (red pathway). ................................................... 273 

 

  



xxii 
 

LIST OF TABLES 

 

Table 1. Standard reduction potentials (vs. SHE) for the multi-electron 

reduction of CO2 in water at pH 7 (298 K, 1 atm, and 1 mol L-1 solute 

concentrations).20 ............................................................................................. 38 

Table 2. Photophysical properties in CH3CN of the studied complexes (λexc 

= 375 nm). ........................................................................................................ 72 

Table 3. Photocatalytic performance of studied complexes in CH3CN 

solution containing 0.03 mmol L-1 of complex. .................................................. 79 

Table 4. Relevant examples of pristine inorganic semiconductors applied 

for the CO2 photoreduction ............................................................................... 97 

Table 5. Relevant examples of inorganic semiconductors modified with 

metal nanoparticles, metal- and metal-free semiconductors applied for the CO2 

photoreduction. ............................................................................................... 109 

Table 6. Relevant examples of pristine COFs applied for CO2 

photoreduction. ............................................................................................... 127 

Table 7. Relevant examples of COFs- based hybrids applied for the CO2 

photoreduction. ............................................................................................... 140 

Table 8. COF-based hybrid Re(I) complexes applied in the photoreduction 

of CO2 to CO. ................................................................................................. 200 

Table 9. Comparison of the duration of the photocatalytic experiments for 

several COF-based CO2 photocatalysts. ........................................................ 202 

Table 10. Comparison of performance of a selection of Mn-based CO2 

reduction electrocatalysts. .............................................................................. 235 

 

  



xxiii 
 

ABBREVIATIONS AND SYMBOLS 

 

ATR Attenuated Total Reflectance 

ATR-IR-SEC Attenuated Total Reflectance Infrared Spectroelectrochemistry 

bbzp 2,6-Bis(2-benzimidazolyl)pyridine 

BET Brunauer–Emmett–Teller 

BIH 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole 

bpy 2,2′-Bipyridine 

CB Conduction Band 

CO2RR Carbon Dioxide Reduction Reaction 

COF Covalent Organic Framework 

CORR Carbon Monoxide Reduction Reaction 

CV Cyclic Voltammetry 

DBC Dibenzochrysene 

DFT Density Functional Theory 

EDX Energy-Dispersive X-Ray Spectroscopy 

FE Faradaic Efficiency 

Fc/Fc+ Ferrocene/ferrocenium redox couple 

FID Flame ionization detector 

FTIR Fourier Transform Infrared Spectroscopy 

GC-FID Gas chromatography with flame ionization detection 

GC-TCD Gas chromatography with thermal conductivity detection 

GDE Gas-Diffusion Electrode 

HAADF High-angle annular dark-field 

HER Hydrogen Evolution Reaction 



xxiv 
 

HOMO Highest Occupied Molecular Orbital 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

IR-SEC Infrared Spectroelectrochemistry 

KIE Kinetic Isotope Effect 

LUMO Lowest Unoccupied Molecular Orbital 

MEA Membrane Electrode Assembly 

MLCT Metal-to-Ligand Charge Transfer 

MWCNT Multi-walled carbon nanotubes 

NMR Nuclear magnetic resonance 

NN Diimine ligand 

OCP Open-circuit potential 

OER Oxygen Evolution Reaction 

OTTLE Optically Transparent Thin-Layer Electrochemical 

pbiH 2-(2-Pyridyl)benzimidazole 

phen 1,10-Phenanthroline 

PL Photoluminescence 

Pyr Pyrene 

PXRD Powder X-ray Diffraction 

SEC Spectroelectrochemistry 

SEM Scanning electron microscopy 

STEM Scanning Transmission Electron Microscopy 

STEM-HAADF High-Angle Annular Dark-Field Scanning Transmission Electron 

Microscopy 

SWV Square-wave voltammetry  

TD-DFT Time-Dependent Density Functional Theory 



xxv 
 

TGA Thermogravimetric Analysis 

TEM Transmission Electron Microscopy 

TEOA Triethanolamine 

TON Turnover Number 

TOF Turnover Frequency 

UV-vis Ultraviolet–visible spectroscopy 

VB Valence Band 

XPS X-ray Photoelectron Spectroscopy 

 Wavelength 

 Frequence 

(CO) Carbonyl stretching frequency 

G0 Standard Gibbs free energy change 

H0 Standard enthalpy change 

S0 Standard entropy change 

E Potential 

Eox Oxidation Potential 

Ered Reduction Potential 

E1/2 Half-wave potential 

EOCP Open-circuit potential 

J Current Density 

jCO Partial Current Density for CO formation  

 Excited-state lifetime 

 Quantum yield 

 

 



xxvi 
 

Table of Contents 

1. Chapter 1 ....................................................................................... 29 

General Introduction ............................................................................ 29 

1.1. Global Energy And Climate Challenges ...................................... 29 

1.2. CO2 Conversion Strategies ......................................................... 33 

1.2.1. Photocatalytic CO2 Reduction ................................................. 33 

1.2.2. Electrocatalytic CO2 Reduction ............................................... 36 

1.3. CO2 Reduction Challenges ......................................................... 37 

1.4. Molecular Catalysts ..................................................................... 39 

1.5. Hybrid Catalysts .......................................................................... 43 

1.6. Covalent Organic Frameworks As Supporting Platforms For 

Hybrid Catalysts ..................................................................................... 45 

1.7. Thesis Goals And Organization .................................................. 48 

2. Chapter 2 ....................................................................................... 58 

Mechanistic Insights Into CO2-to-CO Photoreduction By Proton-

Responsive Imidazole-Pyridine Re(I) Complexes ............................. 58 

2.1. Introduction ................................................................................. 58 

2.2. Experimental Methods ................................................................ 61 

2.3. Results And Discussion .............................................................. 66 

2.4. Conclusions ................................................................................ 91 

3. Chapter 3 ....................................................................................... 93 

From Conventional Inorganic Semiconductors To Covalent Organic 

Frameworks: Advances And Opportunities In Heterogeneous 

Photocatalytic CO2 Reduction ............................................................ 93 

3.1. Introduction ................................................................................. 93 

3.2. Conclusions And Perspectives.................................................. 147 

4. Chapter 4 ..................................................................................... 149 



xxvii 
 

Unlocking CO2 Photoreduction With Re(I) Single-Site Cof-Based 

Catalysts: Structure-Activity Relationships .................................... 149 

4.1. Introduction ............................................................................... 149 

4.2. Experimental Section ................................................................ 151 

4.3. Results And Discussion ............................................................ 157 

4.4. Conclusions .............................................................................. 180 

5. Chapter 5 ..................................................................................... 182 

Designing Atomically Precise And Robust Cof Hybrids For Efficient 

Photocatalytic CO2 Reduction .......................................................... 182 

5.1. Introduction ............................................................................... 182 

5.2. Experimental Section ................................................................ 184 

5.3. Results And Discussion ............................................................ 192 

5.4. Conclusion ................................................................................ 203 

6. Chapter 6 ..................................................................................... 205 

Electrochemical CO2 Conversion: Towards Scalability ................. 205 

6.1. From Photocatalytic To Electrocatalytic Systems ..................... 205 

6.2. Earth-Abundant Catalyst As Promising Candidates For Replacing 

Noble-Metal Catalysts. ......................................................................... 210 

6.3. Mn(I) - Functionalized Covalent Organic Framework As Efficient 

Electrocatalyst For Co2 Reduction In A Catholyte-Free Zero-Gap 

Electrolyzed ......................................................................................... 214 

6.4. Experimental Section ................................................................ 215 

6.5. Results And Discussion ............................................................ 224 

6.6. Conclusion ................................................................................ 239 

7. Chapter 7 ..................................................................................... 242 

Towards Multi-Site Cascade Catalysts For Sequential CO2 

Reduction ........................................................................................... 242 



xxviii 
 

7.1. Introduction ............................................................................... 242 

7.2. Experimental Section ................................................................ 248 

7.3. Results And Discussion ............................................................ 253 

7.3.1. Multi-Site Cascade Re-Rubpypyr Catalyst ............................ 253 

7.3.2. Multi-Site Cascade Mn Bpycopc Catalyst .............................. 262 

8. Chapter 8 ..................................................................................... 275 

Conclusions And Perspectives ........................................................ 275 

8.1. General Conclusions ................................................................. 275 

8.2. Perspectives ............................................................................. 277 

References .......................................................................................... 280 

Appendix A .......................................................................................... 332 

Appendix B .......................................................................................... 345 

Appendix C .......................................................................................... 358 

Appendix D .......................................................................................... 365 

 

 

 

 



29 
 

1. Chapter 1 

General Introduction 

1.1. Global energy and Climate Challenges 

Meeting the growing global demand for energy while mitigating the 

environmental impacts associated with greenhouse gas (GHG) emissions 

represents one of the greatest technological challenges of the 21° century. 

Achieving sustainable development requires a progressive transition from a fossil 

fuel-based energy matrix to renewable and low-carbon energy technologies 

capable of ensuring both energy security and environmental preservation.1, 2 

According to statistics published by the International Energy Agency (IEA), 

oil, natural gas, and coal derivatives collectively accounted for more than 80% of 

the global Total Energy Supply (TES) throughout the period from 1990 to 2023, 

reaching 80.7% in 2023 (Figure 1).3 This persistent dependence highlights the 

enormous challenge associated with replacing conventional energy sources on a 

global scale. 4 
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Figure 1. Percentual (a) and raw amount (b) of the global Total Energy Supply 

(TES) and by energy source between 1990 and 2023, according to the 

International Energy Agency (IEA) Red: Oil and oil products; Pink: Biofuels and 

waste; Brown: Coal and coal products; Blue: Hydropower; Grey: Natural gas; 

Orange: Nuclear; Green: Solar, wind, and other renewables.3 

 

Although renewable energy sources have experienced remarkable growth 

over the last three decades, their expansion has largely accompanied, rather than 

replaced, fossil fuel consumption. Consequently, the relative contribution (Figure 

1a) of fossil fuels to the global energy matrix has remained nearly constant, while 

the absolute consumption (Figure 1b) of fossil fuels-derived energy has 

continued to increase. This observation evidences that the current energy 

transition is progressing at a slower pace than what is required to substantially 

reduce global carbon emissions.5 

The extensive use of fossil fuels is directly associated with anthropogenic 

Greenhouse Gas (GHG) emissions, with carbon dioxide (CO2) accounting for 

approximately 75% of total anthropogenic CO2 emissions through the combustion 

of coal, oil, and natural gas.6 The latest Climate Change 2023 Synthesis Report 

published by the Intergovernmental Panel on Climate Change (IPCC) identifies 

CO2 as the largest contributor to the global warming crisis.7 According to the 
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report, the global average surface temperature increased by approximately 1.1 

°C during the period 2011-2020 relative to the pre-industrial baseline (1850-

1900), with the best estimate indicating that global warming will reach 1.5 °C in 

the near future under the currently considered emission scenarios (Figure 2a). 

Limiting global warming to 1.5 °C has become a central international objective 

because, once exceeding this threshold is exceeded, a significantly increase the 

in the frequency and severity of extreme weather events, biodiversity loss, and 

socioeconomic impacts are expected.  

 

Figure 2. (a) The global surface temperature since 1850-1900. (b) Historical 

cumulative net anthropogenic CO2 emissions per region from 1850 to 2019 in 

GtCO2.(c) Atmospheric concentrations of several Greenhouse Gas (GHG) 

including the three major well-mixed GHGs CO2, CH4 and N2O. (d) Global net 

anthropogenic GHG emissions include CO2 from fossil fuel combustion and 

industrial processes (CO2-FFI) (dark green); net CO2 from land use, land-use 

change and forestry (CO2-LULUCF) (green); CH4; N2O; and fluorinated gases 
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(HFCs, PFCs, SF6, NF3) (light blue). Adapted from Climate Change 2023 

Synthesis Report.7 

 

Together the data presented in Figure 2b-d illustrate the cumulative 

anthropogenic CO2 emissions by geographical region, historical evolution of the 

major greenhouse gases (CO2, CH4, and N2O) and main sources of CO2 emission 

between 1850 and 2019. These data show that CO2 is dominantly emitted from 

more historically developed regions and it is also the dominant GHG while its 

main emission source is from fossil-fuel consumption. It is important to recognize 

that the historical increase in CO2 emissions has been closely associated with 

economic and industrial development. In this context, strategies aimed at 

capturing and recycling anthropogenic CO2 into value-added chemicals and fuels 

offer an attractive alternative to complement emission reduction efforts while 

supporting the transition toward a more sustainable carbon economy.  

These global challenges have stimulated intensive research toward 

carbon-neutral energy technologies based on renewable resources.8 The large-

scale implementation of solar and wind energy, carbon capture and utilization 

(CCU), and carbon capture and storage (CCS) are among the principal strategies 

currently being pursued to reduce anthropogenic CO2 emissions. These efforts 

are closely aligned with the United Nations Sustainable Development Goals 

(SDGs), particularly Goals 7 (Affordable and Clean Energy), 11 (Sustainable 

Cities and Communities), and 13 (Climate Action). 
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1.2. CO2 conversion strategies 

CO2 can be converted into value-added chemicals through several 

catalytic routes, including thermocatalysis, plasma-assisted catalysis, biological 

conversion, photocatalysis, electrocatalysis and photoelectrocatalysis.9-13 

Conventional thermocatalytic routes generally rely on high temperatures, 

elevated pressures, and H2-rich atmospheres to activate the thermodynamically 

stable CO2 molecule. 14 In contrast, photo- and electrocatalytic processes operate 

under considerably milder conditions while allowing direct coupling with 

renewable energy sources, making them promising alternatives for sustainable 

CO2 utilization. Consequently, these two strategies constitute the primary focus 

of this thesis. 

 

1.2.1. Photocatalytic CO2 reduction  

Inspired by natural photosynthesis, in which photosynthetic organisms 

convert solar energy, water, and CO2 into chemical energy, photocatalytic CO2 

reduction has emerged as one of the most promising strategies for reducing the 

carbon footprint of conventional industrial processes. Artificial photosynthetic 

systems aim to convert CO2 into energy-rich compounds (solar fuels) by using 

sunlight as the energy source and organic electron donors as reducing agents, 

thereby mimicking the natural photosynthetic processes occurring in plants and 

algae.15-17  
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Figure 3. Natural (left) and Artificial Photosynthetic (right) pathways.   

 

Figure 3 illustrates an ideal sustainable carbon cycle in which the excess 

CO2 produced by the combustion of fossil fuels is captured and converted back 

into energy-rich fuels through an artificial system. This approach complements 

the natural carbon cycle by recycling anthropogenic CO2, thereby helping to 

maintain atmospheric CO2 concentrations at a more stable level. 

From a mechanistic perspective, photocatalytic CO2 reduction consists of 

a series of concerted photochemical reactions involving three fundamental 

components: a photosensitizer or light harvester (PS), an electron donor (D), and 

a catalyst (Cat). Alternatively, the light harvester and the catalytic center can be 

a single species (PCat). Figure 4 schematically illustrates the role of these 

components during the photocatalytic CO2 reduction cycle. 
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Figure 4. Schematic representation of the main components of a photocatalytic 

CO2 reduction system showing the roles of the photosensitizer/light harvester 

(PS), electron donor (D), catalyst (Cat) and photocatalyst (PCat). 

   

Figure 4a illustrates a conventional photocatalytic system in which the 

photosensitizer initially absorbs incident solar radiation and is promoted to an 

excited state. In the presence of a suitable sacrificial electron donor, typically an 

amine.18 The excited photosensitizer is reductively quenched to generate a 

strongly reducing species capable of transferring one or more electrons (ne-) to 

the catalyst, depending on the nature of the electron donor and the photocatalytic 

system.19 The reduced catalyst (Catred) subsequently activates and reduces CO2 

to produce the desired products. 

Alternatively, certain catalysts are capable of simultaneously acting as 

both the light-harvesting unit and the catalytic center (Figure 4b).20-22 In these 

systems, the photocatalysts (PCat), light absorption leads to multiple reductive 

quenching steps, leading to the formation of a catalytic center able to transfer 

electrons to CO2, promoting its conversion into different reduction products.  
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It is important to emphasize that the mechanisms shown in Figure 4 

represent only a simplified overview of the fundamental principles governing 

photocatalytic CO2 reduction. The elementary reaction steps involved in CO2 

activation, electron accumulation, proton transfer, and product formation vary 

considerably depending on the catalyst and the reaction conditions. These 

aspects, together with the crucial role of proton sources in determining catalytic 

activity and selectivity, will be discussed in greater detail in Chapter 2.   

 

1.2.2. Electrocatalytic CO2 reduction  

In the electrocatalytic CO2 reduction, electrical energy (ideally from a 

renewable source) is supplied by an external power source and electrons are 

transferred from the cathode to the catalyst (Figure 5), which in turn drives the 

CO2 reduction. 23 The overall cycle involves also an oxidation reaction on the 

anode (typically the oxygen evolution reaction, OER). 

 

Figure 5. Schematic representation of an electrochemical CO2 reduction system. 

Adapted from Kuramochi.20 

 

Compared with photocatalytic systems, electrocatalytic CO2 reduction 

offers several practical advantages. Electrons transfer rates are generally faster 

and can be controlled by the applied potential to the electrode as well as the 
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oxidation states of the catalysts on the electrode surface.20, 24 The reaction rate 

and product selectivity can be directly controlled through the applied potential or 

current density, allowing precise investigation of catalytic mechanisms and 

optimization of operating conditions.25 Furthermore, electrochemical setups can 

be coupled with other spectroscopic techniques (spectroelectrochemistry, SEC) 

allowing species of interest to be characterized in situ during the electrolysis of 

small amounts of materials. This approach has been successfully shown 

combined with ultraviolet-visible (UV-vis) absorption,26 nuclear magnetic 

resonance (NMR),27 fluorescence,28 electron paramagnetic/spin resonance 

(EPR/ESR),29 and infrared (IR) spectroscopy.30 Detailed explanation of 

spectroelectrochemical studies on homogeneous and heterogeneous systems 

will be discussed in Chapters 2 and 4, respectively.  

  From an application perspective, electrochemical cells or electrolyzers can 

be readily integrated with multiple power sources, facilitating continuous 

operation independently of sunlight availability. Furthermore, recent advances in 

membrane electrode assemblies (MEAs),31 and gas-diffusion electrodes 

(GDEs)32 have further improved CO2 utilization efficiency and current densities, 

bringing electrocatalytic CO2 conversion closer to industrial implementation. 

 

1.3. CO2 Reduction challenges   

The possible CO2 reduction reactions are summarized in Table 1 together 

with their corresponding standard reduction potentials in water at pH 7 (298 K, 1 

atm, and 1 mol L-1 solute concentrations). The selective formation of a particular 

product depends on several factors, including the electronic properties of the 
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catalyst, reaction conditions, and the nature and concentration of the proton 

source.20, 33 

 

Table 1. Standard reduction potentials (vs. SHE) for the multi-electron reduction 

of CO2 in water at pH 7 (298 K, 1 atm, and 1 mol L-1 solute concentrations).20  

 

CO2(g) + 2H+ + 2e- → HCOOH(aq) -0.61 V  (1) 

CO2(g) + 2H+ + 2e- → CO(g) + H2O(l) -0.52 V  (2) 

CO2(g) + 4H+ + 4e- → HCHO(aq) + H2O(l) -0.48 V  (3) 

CO2(g) + 6H+ + 6e- → CH3OH(aq) + H2O(l) -0.38 V  (4) 

CO2(g) + 8H+ + 8e- → CH4(g) + 2H2O(l) -0.24 V  (5) 

 

 Because these reactions proceed through proton-coupled electron transfer 

(PCET) steps, the availability and nature of the proton source strongly influence 

both catalytic activity and product selectivity.35-37 Moreover, proton reduction to 

molecular hydrogen (H2) frequently competes with CO2 reduction, particularly in 

catalytic systems designed to produce CO or formic acid. This competition arises 

because the two-electron reduction of protons to H2 (E° = −0.41 V vs. SHE at pH 

7) occurs at potentials comparable to those required for the two-electron 

reduction of CO2 (Equations 1-2). Consequently, the development of catalysts 

capable of preferentially interact with and activate CO2 while suppressing the 

competing hydrogen evolution reaction remains one of the major challenges in 

the field.38 
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1.4. Molecular catalysts  

Homogeneous catalysts, such as metalloporphyrins and metal complexes, 

are particularly attractive due to their high selectivity towards different CO2 

reduction products. 39 Metal complexes, such as Re(I), Mn(I), and Ru(II), are 

widely studied for CO2 reduction due to their multiple accessible redox states.20 

This enables multielectron reduction processes, enhancing catalytic efficiency. 

The flexibility in ligand design allows for fine-tuning of catalytic performance and 

offers mechanistic insights into the factors influencing catalytic activity. The 

Figure 6 shows some common metal complexes with activity for CO2
 reduction. 

Most of the metal complexes yield CO and/or HCOOH as the two-electron 

reduction products of CO2. Furthermore, most of these metal complexes have 

high activation energies for the proton reduction, which results in a higher 

selectivity for CO2 reduction, even under aqueous conditions.20 
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Figure 6. Representative metal complexes structures of some CO2
 catalysts.20 

 

A class of molecular catalysts that has attracted considerable attention for 

photocatalytic and electrocatalytic CO2 reduction is the family of fac-

Re(CO)3(NN)X complexes, where NN is typically a diimine ligand such as 2,2’-

bipyridine and X is a halide ligand (Figure 6).40-44  These complexes combine 

several desirable characteristics for CO2 reduction, including strong visible-light 

absorption depending on the NN ligand, accessible metal- and ligand-centered 

redox processes, high selectivity toward CO formation, and the possibility of 

systematically tuning their electronic properties through ligand modification. 

Consequently, they have become benchmark systems for mechanistic 

investigations and catalyst development in molecular CO2 reduction. 

The catalytic activity of these complexes is closely related to the 

synergistic participation of both the metal center and the coordinated diimine 

ligand. Upon reduction, the lowest unoccupied molecular orbital (LUMO), largely 

localized on the diimine ligand * orbitals, is populated, generating a reduced 

species with enhanced nucleophilicity and reactivity toward CO2.43-45 The ability 

to store electrons in the ligand framework facilitates the multielectron 

transformations required for CO2 activation and reduction under mild conditions.  

The first report of a fac-Re(CO)3(NN)X complex as a catalyst for CO2 

reduction was published by Lehn and co-workers in 1984, who demonstrated 

highly selective conversion of CO2 to CO.40  Since then, this family of complexes 

has been extensively investigated with the aim of understanding the fundamental 

steps governing catalytic activity, selectivity, and deactivation pathways.42 
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One of the earliest mechanistic questions concerned the nature of the 

vacant coordination site required for CO2 binding. In 1986, Lehn and co-workers 

proposed that catalytic activation involved dissociation of one carbonyl ligand, 

generating an open coordination site for CO2 binding and subsequent reduction.41  

Shortly thereafter, Meyer and co-workers proposed an alternative mechanism in 

which reduction of the complex promotes dissociation of the halide ligand rather 

than carbonyl loss, producing a five-coordinate intermediate capable of binding 

and activating CO2. 

Subsequent advances in spectroelectrochemical techniques provided 

important insights into these competing proposals. In particular, FTIR 

spectroelectrochemical studies performed by Andrews and co-workers in 1992 

revealed spectral signatures consistent with halide labilization following formation 

of the one-electron reduced species (OERS).46 Figure 7 presents the currently 

accepted reduction pathway for the fac-Re(CO)3(bpy)Cl complex and its 

derivatives, showing the major reduced intermediates that have been 

characterized to date.  
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Figure 7. Most accepted reduction pathway for the fac-Re(CO)3(bpy)Cl catalyst.  

 

These observations supported the formation of a five-coordinate 

intermediate capable of binding CO2 and undergoing subsequent proton-coupled 

electron transfer steps to produce CO and H2O. However, two distinct five-

coordinate reduced species have been proposed to form during this catalytic 

pathway, the one-electron reduced species (OERS) and the two-electron 

reduced species, which may serve as the active intermediates for CO2 reduction. 

Among these, the latter (an 18-electron species) is generally considered to be 

more stable following the fundaments of the organometallic chemistry. On the 

other hand, two generated OERS typically reacts to form metal-metal bonded 

dimers, thereby removing active species from the catalytic cycle.47, 48 Such 

deactivation pathways not only decrease catalytic performance but also 

complicate the long-term operation of homogeneous photocatalytic systems. 

Despite decades of research, several aspects of the catalytic cycle remain 

under active debate. The nature of the catalytically active species, the role of 

proton donors, the participation of dimeric intermediates, and the influence of 
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ligand electronic structure on charge accumulation and CO2 activation continue 

to be investigated. 13, 23, 24 Recent studies employing time-resolved spectroscopy, 

spectroelectrochemistry, computational methods, and operando characterization 

techniques have revealed that subtle changes in ligand structure can significantly 

alter the reaction pathway and catalytic performance.49, 50 Consequently, 

mechanistic investigations remain essential for establishing structure-activity 

relationships and guiding the rational design of more efficient molecular CO2 

reduction catalysts. 

Molecular catalysts offer several advantages for CO2 reduction, including 

their solubility in a wide range of solvents, the possibility of fine-tuning their 

electronic and steric properties through ligand design, and the ability to 

characterize and isolate catalytic intermediates using conventional spectroscopic 

and electrochemical techniques.20 These characteristics have made molecular 

catalysts invaluable model systems for mechanistic investigations and the 

establishment of structure-activity relationships. 

Despite these advantages, the practical application of homogeneous 

catalysts is often limited by their relatively low stability under catalytic conditions. 

15, 19, 20 Catalyst deactivation may occur through a variety of pathways, including 

ligand dissociation, radical side reactions, and the above mentioned formation of 

inactive dimeric species.  

1.5. Hybrid catalysts  

Heterogeneous photocatalysts, including metal nanoparticles, inorganic 

semiconductors, and two-dimensional materials, generally exhibit superior 

structural stability and facilitate catalyst recovery and reuse.51, 52 These materials 
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have therefore been extensively investigated for photocatalytic CO2 reduction. 

However, heterogeneous catalysts often suffer from lower selectivity toward a 

single reduction product due to the presence of multiple surface-active sites, 

which can promote competing reaction pathways.53 Moreover, the 

characterization of catalytic intermediates is considerably more challenging than 

in molecular systems because the active sites are frequently poorly defined and 

inaccessible to many conventional spectroscopic techniques. Consequently, 

establishing detailed mechanistic pathways and rationally correlating catalyst 

structure with activity remains difficult in many heterogeneous systems. 

The complementary advantages and limitations of molecular and 

heterogeneous catalysts have motivated the development of hybrid 

photocatalysts, which seek to combine the molecular-level tunability and 

selectivity of homogeneous catalysts with the robustness and recyclability of 

solid-state materials.54-58 In these systems, molecular catalysts are immobilized 

onto semiconductor surfaces or porous supports, allowing the catalytic center to 

retain its well-defined structure while benefiting from enhanced charge 

separation, improved catalyst stability, and suppression of deactivation pathways 

such as dimerization. 

Among the pioneering examples of this approach, the Reisner group 

reported a hybrid catalyst consisting of Re(I) tricarbonyl complexes immobilized 

on TiO2 particles.59 Transient absorption spectroscopy revealed that the 

enhanced photocatalytic activity of the hybrid material was associated with an 

increased lifetime of the reduced Re catalytic intermediate. Furthermore, surface 

immobilization reduced the probability of bimolecular deactivation processes, 

evidencing one of the key advantages of catalyst heterogenization. 
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The development of hybrid photocatalysts has also been an important 

research direction within our group. For example, Faustino and co-workers 

reported a hybrid system based on the immobilization of a Re(I) catalyst onto 

hexaniobate nanoscrolls.60 The slow back-electron transfer and the strong 

reducing power of the semiconductor conduction band significantly enhanced 

photocatalytic performance of the Re(I) complex. Similarly, Silva and co-workers 

developed a photocatalyst based on the immobilization of a Re(I) complex onto 

a CuO/Nb2O5 heterostructure.61 In this system, efficient electron injection and 

charge separation were achieved through the semiconductor interface, while 

CuO clusters expanded visible-light absorption and promoted the reduction of 

catalytic intermediates, resulting in improved CO production and reduced side 

reactions. 

 

1.6. Covalent Organic Frameworks as supporting platforms 

for hybrid catalysts 

More recently, Covalent Organic Frameworks (COFs) have emerged as 

particularly attractive platforms for the construction of hybrid photocatalysts 

(Figure 8).62  Since their first report by Yaghi and co-workers, COFs have 

attracted considerable attention owing to their high crystallinity, permanent 

porosity, low density, and exceptional structural tunability.63 These materials are 

constructed from organic building blocks linked through strong covalent bonds 

into two- or three-dimensional periodic frameworks. Through the rational 

selection of molecular building blocks, the pore architecture, electronic 
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properties, and chemical functionality of COFs can be precisely controlled, 

making them highly attractive for photocatalytic applications. 

 

Figure 8. Examples of monomer symmetry combination for producing different 

2D Lattices (b) and some published lattices and morphologies of COFs (b).64 

 

COFs can actively participate in photocatalysis by harvesting light, 

transporting charges, and concentrating reactants within their porous structure. 

In addition, their highly ordered architecture enables the incorporation of catalytic 

sites in a site-isolated manner, minimizing intermolecular interactions that often 

lead to catalyst deactivation in homogeneous systems (Figure 9), serving as a 

supporting material for making stable hybrid photocatalysts.  
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Figure 9. Covalent Organic Frameworks as stable platforms for making hybrid 

COFs CO2 photocatalysts.  

 

These characteristics position COFs as an ideal platform for bridging the 

gap between molecular and heterogeneous photocatalysis.65, 66 67 A landmark 

example was reported by Cooper and co-workers, who demonstrated the 

incorporation of Re(I) tricarbonyl catalytic centers into a bipyridine-containing 

COF.68 In this system, the bipyridine units embedded within the framework acted 

as coordination sites for the Re(I) catalyst, yielding a material that combined the 

selectivity of molecular catalysts with the stability and recyclability of 

heterogeneous support. The resulting hybrid photocatalyst exhibited efficient and 

selective CO2-to-CO conversion while maintaining enhanced stability under 

photocatalytic conditions. 

Although significant progress has been achieved in recent years, the field 

of COF-based photocatalysts remains relatively young. Important challenges 
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remain, including the long-term structural stability of COFs under photocatalytic 

operating conditions, the optimization of charge transport within the framework, 

the accessibility of catalytic sites, and the scalability of linker synthesis and 

material production. Addressing these challenges is essential for the rational 

design of next-generation hybrid photocatalysts capable of efficient and durable 

solar fuel production.62 

 

1.7. Thesis goals and organization  

The central objective of this thesis is to advance the understanding and 

rational design of catalytic systems for the selective conversion of CO2 into solar 

fuels, with particular emphasis on molecular catalysts and their subsequent 

integration into Covalent Organic Frameworks (COFs) to develop highly selective 

and stable hybrid catalytic platforms. To achieve this goal, the work combines 

mechanistic investigations, critical analysis of literature, and the development of 

hybrid catalytic materials, providing fundamental insights into the factors 

governing catalytic activity, selectivity, and stability. Furthermore, the thesis 

explores the implementation of these catalysts in scalable electrocatalytic 

devices and, in its final part, presents a proof-of-concept strategy for integrating 

multiple catalytic sites within a single organic framework structure to promote 

cascade CO2-to-CO-to-CH3OH conversion. 

Following this introductory chapter, the thesis is organized into three main 

parts, which follow a progressive scientific strategy in which the limitations 

identified in one stage motivate the development of the next. The work therefore 

progresses from understanding the limitations of molecular catalysts, to their 
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immobilization within COFs, subsequent framework engineering, implementation 

in scalable electrochemical devices, and finally the integration of complementary 

catalytic functions within a single porous architecture.  

Part I, Photocatalytic Molecular and Hybrid Catalysts, focuses on the 

fundamental aspects governing photocatalytic CO2 reduction using Re(I)-based 

molecular and COF-supported catalysts. Chapter 2 presents the article entitled 

"Mechanistic Insights into CO2-to-CO Photoreduction by Proton-Responsive 

Imidazole-Pyridine Re(I) Complexes". This work investigates the photophysics, 

electrochemistry, and photochemical properties of two imidazole-pyridine based 

complexes, fac- [Re(CO)3(pbiH)Cl], (Re-pbiH), and fac-[Re(CO)3(bbzp)Cl] (Re-

bbzp), where pbiH= 2-(2-pyridy)benzimidazole, bbzp = 2,6-bis(2-

benzimidazolyl)pyridine. Their application as photocatalysts for CO2-to-CO 

reduction upon light irradiation ( > 370 nm) in CO2-saturated CH3CN was then 

investigated and rationalized. The superior activity of Re-bbzp was justified using 

IR spectroelectrochemistry (IR-SEC) together with in-situ FTIR and UV-vis 

spectroscopy under photocatalytic conditions, along with kinetic isotopic effect 

studies and complementary DFT and TD-DFT computational studies. Overall, 

these results provide new insights into the role of ligand-based proton-responsive 

sites in Re(I) tricarbonyl complexes and their impact on CO2 reduction 

photocatalysis. Importantly, despite the increased steric bulk and enhanced 

proton-relay character introduced by the bbzp ligand, these molecular systems 

remain subject to deactivation pathways associated with the formation of Re-Re 

species during catalysis. Thus, the molecular study identified a key limitation that 

motivated the subsequent immobilization of Re(I) catalytic sites within a porous 

framework. In this section the synthesis and structural characterization of the 
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Re(I) complexes were developed, as well as photophysical studies, 

electrochemical measurements, photocatalytic experiments, 

spectroelectrochemical and in-situ spectroscopic investigations and 

computational studies.  

Chapter 3 comprises the review article "From Conventional Inorganic 

Semiconductors to Covalent Organic Frameworks: Advances and Opportunities 

in Heterogeneous Photocatalytic CO2 Reduction". This chapter critically 

discusses the evolution of heterogeneous photocatalytic systems for CO2 

reduction, highlighting the advantages and limitations of conventional 

semiconductor materials while introducing Covalent Organic Frameworks as 

highly modular platforms capable of incorporating atomically precise catalytic 

sites for solar fuel production. The review therefore provides the broader 

conceptual framework for the transition from molecular catalysts to structurally 

defined heterogeneous systems, highlighting COFs as platforms capable of 

addressing some of the limitations associated with homogeneous molecular 

photocatalysts while retaining molecular-level control over catalytic sites. In this 

section we conducted a literature survey, organization and critical analysis of the 

literature, prepared the figures and tables, and drafted revised the final 

manuscript. 

Chapter 4 presents then the work entitled “Unlocking CO2 Photoreduction 

with Re(I) Single-Site COF-based Catalysts: Structure-Activity Relationships”. In 

this chapter, we developed an imine-linked bipyridine-pyrene COF (bpyPyr COF) 

post-synthetically functionalized with [Re(CO)3Cl] units to afford a hybrid material 

containing well-defined molecular CO2 reduction sites. The Re bpyPyr COF 

promotes the photo-reduction of CO2 to CO and a systematic variation of the 
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[Re(CO)3Cl] loading revealed the structural changes in the 2D COF scaffold. 

Compared with the molecular analogue fac-[Re(CO)3(bpy)Cl], the COF-based 

catalyst displays improved operational stability under both UV and visible 

irradiation and FTIR spectroelectrochemical experiments confirmed that the 

molecular reduction pathway is largely retained upon immobilization. These 

results highlight the potential of COF scaffolds to spatially organize molecular 

catalytic centers, enabling high catalyst loading, and enhanced stability for 

photocatalytic CO2 reduction. Thus, the first hybrid system demonstrated that 

immobilization of molecular Re(I) sites within a COF can mitigate the limitations 

associated with molecular catalyst deactivation while preserving the fundamental 

molecular catalytic pathway. However, this system also revealed a new question: 

how does the structural organization of the framework control the accessibility, 

distribution, and stability of the immobilized catalytic sites. In this section the 

synthesis and characterization of the bpyPyr COF and Re-functionalized 

materials were developed as well as photocatalytic experiments, spectroscopic 

and spectroelectrochemical investigations, structural and catalytic data analysis, 

and the preparation of the manuscript. 

Building upon these concepts, Chapter 5 presents the article "Designing 

Atomically Precise and Robust COF Hybrids for Efficient Photocatalytic CO2 

Reduction". This chapter addresses the structural limitations identified in the 

bpyPyr system through the development of a more rigid and highly porous 

dibenzochrysene-based COF. In this chapter a new dibenzochrysene-based 

Covalent Organic Framework was developed to accept Re(I) centers, while 

maintaining high crystallinity through the use of more rigid building blocks and 

providing a different pore environment now for keeping its high crystallinity by 
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using more rigid building blocks. This COF leads to long-term stability under 

illumination, whereas the efficient light-harvesting capability and the strong 

electronic interactions between the COF and the Re(I) centers lead to CO 

evolution rates of up to 1.16 mmol g-1 h-1, which ranks amongst the highest CO 

rates reported in the literature for similar systems without the use of an additional 

photosensitizer. The modified framework therefore demonstrates how rational 

control over pore structure, rigidity, and electronic interactions can substantially 

enhance photocatalytic performance. Moreover, the highly planar and ordered 

framework enabled, to the best of our knowledge, the first direct STEM-HAADF 

visualization of the ordered distribution of Re(I) catalytic sites within a COF 

structure, providing structural evidence connecting the molecular catalytic 

centers with their organization within the porous framework. In this section we 

conducted the photocatalytic experiments, spectroscopy data interpretation, 

analysis of structural and catalytic results. We also contributed to the 

interpretation of the relationship between COF structure, Re(I) site distribution, 

and photocatalytic performance, as well as to the preparation and revision of the 

manuscript. 

Part II, electrochemical CO2 conversion: towards scalability, extends these 

concepts toward scalable CO2 conversion technologies driven by renewable 

electricity. While the photocatalytic studies in Part I demonstrated that framework 

engineering can improve the stability, accessibility, and activity of molecularly 

defined catalytic sites, the next challenge was to translate these principles into 

electrochemical systems with higher reaction rates and device-level scalability.  

After a brief introduction discussing the evolution of electrochemical reactor 

architectures and the scalability of CO2 electroreduction, Chapter 6 presents the 
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work entitled "Mn(I)-Functionalized Covalent Organic Framework as an Efficient 

Electrocatalyst for CO2 Reduction in a Catholyte-Free Zero-Gap Electrolyzer". 

The reported Mn phenPy COF catalyst achieves an outstanding turnover 

frequency of 617 h⁻1 (quantified per total concentration of catalytic sites) and a 

CO evolution of 222 µmol cm⁻2 (at a full-cell potential of 2.8 V) with a partial CO 

current density of 23 mA cm-2 at 2.8 V within 30 min. Moreover, the COF structure 

provides a defined environment for the Mn(I) catalytic sites and actively 

suppresses Mn⁰–Mn⁰ dimer formation and supports stable operation at high 

potentials with a partial current density of 23 mA cm−2. The synergy between the 

crystalline nature of the COF and the MEA cell architecture, facilitating direct 

interactions between the modified electrode and the CO2 gas, enhances both the 

catalytic activity and stability. Importantly, this work represents the first 

demonstration, to the best of our knowledge, of a Mn(I)-functionalized COF 

operating in a catholyte-free zero-gap electrolyzer, establishing the compatibility 

of molecularly defined COF catalysts with device architectures designed for 

scalable CO₂ electroreduction. The resulting TOF of 617 h⁻¹ also compares 

favorably with previously reported COF-based electrocatalysts.  In this section 

we conducted the preparation of the electrocatalytic materials and electrodes, 

electrochemical characterization, catalytic testing, product analysis, and 

interpretation of the electrochemical results. We were also involved in the 

analysis of the structure-performance relationship and in the preparation and 

revision of the manuscript. 

Part III, towards multi-site cascade catalysts for sequential CO2 reduction, 

explores a new catalyst design strategy based on the integration of 

complementary molecular catalytic centers within a single porous organic 
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framework. The previous parts established that molecular catalyst design and 

framework engineering can control individual catalytic functions, while scalable 

reactor architectures can translate these materials into practical electrochemical 

configurations. The remaining challenge addressed in Part III is therefore 

functional integration: rather than using the framework solely to isolate and 

stabilize a single catalytic site, can multiple complementary catalytic functions be 

organized within the same porous architecture to enable sequential 

transformations?  

Chapter 7 first presents the Re-Ru bpyPyr system as a multi-site cascade 

catalyst for photocatalytic CO2-to-CH3OH conversion. Building upon the Re(I)-

COF systems developed in Part I, this chapter integrates Lehn-type Re(I) 

tricarbonyl catalytic sites (fac-Re(CO)3(bpy)Cl), responsible for selective CO2-to-

CO conversion, with Tanaka-type Ru carbonyl catalytic centers (cis-

[Ru(bpy)2(CO)2]2+) known to promote CO hydrogenation toward 

methanol(CH3OH). The resulting dual-site COF provides a proof-of-concept 

molecularly defined cascade catalyst in which CO generated at Re(I) sites is 

subsequently transformed by neighboring Ru centers under photocatalytic 

conditions. Photocatalytic studies under visible light irradiation and spectroscopic 

characterization provide preliminary evidence for CH3OH formation and establish 

a new framework for designing porous catalysts that integrate sequential CO2 

reduction reactions within a single organic structure. This represents, to the best 

of our knowledge, the first proposal within this thesis of a COF-based multi-site 

cascade catalyst designed to integrate sequential CO₂-to-CO and CO-to-CH₃OH 

catalytic functions within a single porous architecture. In this section we 

conducted the synthesis and characterization of the Re–Ru bpyPyr materials, 
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photocatalytic experiments, spectroscopic characterization, product analysis, and 

interpretation of the catalytic results as well as the development of the multi-site 

cascade catalyst concept. 

Finally, the second proposed system, Mn bpyCoPc, is a multi-site 

cascade catalyst for electrocatalytic CO2-to-CH3OH conversion. This section 

investigates a porous catalyst containing Mn(I) carbonyl and cobalt 

phthalocyanine (CoPc) catalytic centers designed to promote sequential CO2-to-

CO-to-CH3OH conversion. The catalyst was first evaluated in a conventional H-

type electrochemical cell, where CH3OH formation was detected in the liquid 

phase, providing preliminary evidence for cooperative catalytic behavior and 

subsequently employed in a flow-cell reactor, which evidenced the compatibility 

of the multi-site cascade catalyst architecture with scalable electrochemical 

reactor configurations, reaching a FE for CH3OH of 14.7%. Furthermore, 

mechanistic investigations using ATR-IR spectroelectrochemistry revealed the 

sequential formation of reduced Mn intermediates involved in CO2 activation.  

Together with the Re-Ru bpyPyr system, this work extends the multi-site concept 

from photocatalytic to electrocatalytic CO2 conversion and provides a proof-of-

concept for integrating complementary molecular catalytic functions within a 

porous framework under electrochemical conditions. In this section we conducted 

the preparation and characterization of the Mn-bpyCoPc catalyst, 

electrochemical experiments in H-type and flow-cell configurations, product 

analysis, spectroelectrochemical investigations, data analysis, and interpretation 

of the catalytic and mechanistic results.  

Together, the studies presented in Part III extend the concept of COF-

based hybrid catalysts beyond catalyst immobilization toward the construction of 



56 
 

cooperative catalytic architectures. By exhibiting the feasibility of integrating 

multiple complementary catalytic functions within a single porous framework, this 

part establishes a foundation for the development of multi-site cascade catalysts 

for the selective production of liquid fuels from CO2. 
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Part I 
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2. Chapter 2  

Mechanistic Insights into CO2-to-CO Photoreduction by 

Proton-Responsive Imidazole-Pyridine Re(I) Complexes 

 

2.1. Introduction  

Since the first report by Lehn et. al. employing the parental complex fac-

[Re(CO)3(bpy)Cl], bpy = 2,2’-bipyridine, subsequent studies have investigated 

the reaction mechanisms and the role of the polypyridyl ligand on the catalytic 

processes.20, 22, 40, 44, 49, 61, 69-71 The irradiation of such complexes typically gives 

rise to metal-to-ligand charge transfer (MLCT) excited states characterized by 

relatively long lifetimes and suitable energetics for CO2 to CO conversion.72, 73  

As showed in Figure 4, in a photo-induced CO2 reduction a sacrificial donor 

is usually necessary. Triethanolamine (TEOA) has typically been employed, but 

Ishitani et. al., have shown that the use of benzomidazole derivatives, such as 

1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), can lead to 

better photocatalytic performance.74 As shown in Figure 10, BIH is capable of 

donating two electrons and one proton, which also has a stronger reducing power 

compared to triethanolamine (TEOA) and triethylamine (TEA) as discussed in 

previous works.20, 74-77  
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Figure 10. Oxidation process of the sacrificial donor BIH in the photochemical 

CO2 reduction. PS stands for photosensitiser.   

 

Additionally, the presence of a Brønsted acid in the reaction medium or in the 

catalysts’s secondary coordination sphere is also beneficial for photocatalysis.78 

In the accepted catalytic cycle, CO2 coordination to the reduced catalyst is 

followed by proton transfer to yields a Re-CO2H intermediate that is further 

reduced and protonated to yield CO and H2O.79, 80 The presence of a proton relay 

close to the metal center may stabilize an intermediate and improve reaction rates 

as observed for other homogeneous catalysts.81-85 

Re(I)-based imidazole-pyridyl complexes combine excited state redox 

chemistry with a proton relay close to the metal center. Such intriguing properties 

have been previously exploited. For example, Qiu et. al. reported a series of Re(I) 

complexes with an imidazole-pyridine framework in which a -extended pyrene 

was covalently bonded to the N-atom of the imidazole ring. The complexes 

exhibited extended triplet excited state lifetimes and high photoactivity for CO2 

reduction.72 Siewert and coworkers reported a series of bi-nuclear Re(I) 

complexes with imidazole-pyridyl ligands86, 87 as well as pyrazole-pyridyl ligands88 

in which the role of the proton responsive groups were explored for 

electrochemical CO2 reduction. Furthermore, Warren and coworkers reported 

imidazole-based Re(I) complexes in which alkalization of the imidazole proton 

resulted in loss of catalytic activity towards CO2 reduction, evidencing the role of 

ligand-centered proton acceptor sites on CO2 activation.89 Moreover, Sinha et. al. 
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reported CO2 reduction by fac-[Re(CO)3(bbzp)Cl], bbzp = 2,6-bis(2-

benzimidazolyl)pyridine in aqueous media.90, 91 The role of the pendant non-

chelating benzimidazolyl group was compared with a Re(I) complex bearing a 

substituted terpyridine ligand. All of these reports emphasize the importance of 

the imidazole group(s) in enhancing stability and reactivity, however to our 

knowledge, prior work has not explored the photophysical and photochemical 

properties of the catalysts or their catalytic mechanism during CO2 reduction 

cycle. 

In this work, the photophysical properties of two Re(I) tricarbonyl 

complexes, fac-[Re(CO)3(pbiH)Cl] (Re-pbiH) and fac-[Re(CO)3(bbzp)Cl] (Re-

bbzp), pbiH = 2,6-bis(2-benzimidazolyl)pyridine, Figure 11, are reported. The 

role of the additional benzimidazolyl group of the bbzp ligand is described along 

with their performance as photocatalyst in the CO2 reduction reaction (CO2RR). 

The results bring new insights into the role of the pendant N-imidazolyl atom as 

proton relay for CO2 reduction to CO. 

  

Figure 11. Chemical structures and abbreviations of the Re(I) catalysts. 
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2.2. Experimental Methods  

Materials. All solvents were HPLC grade. For electrochemical 

measurements, CH3CN was dried prior to use (water content <0.001%). The 

Re(CO)5Cl, 2-(2-pyridy)benzimidazole (pbiH), 2,6-bis(2-benzimidazolyl)pyridine 

(bbzp) and tetrabutylammonium hexafluorophosphate (TBAPF6) were purchased 

from Sigma-Aldrich and used as received.  

 

Synthesis of Re-pbiH and Re-bbzp complexes. The Re(I) complexes 

with general formula fac-Re(CO)3(NN)Cl, was carried following the procedure 

reported for other Re(I) complexes.92-95 [Re(CO)5Cl] (0.27 mmol)95 and the pbiH 

or bbzp ligand (0.33 mmol) were refluxed in toluene for 3 hours. The mixture was 

hot-filtered, washed with ethyl ether and the solid was dried under vacuum. For 

Re-pbiH: Yield: 94%. 1H NMR ((CD3)2SO) 400 MHz, δ/ppm): 9.08 (d, J = 5.4 Hz, 

1H), 8.54 (d, J = 7.9 Hz, 1H), 8.42 (t, J = 7.8 Hz, 1H), 7.88-7.75 (m, 3H), 7.62-

7.53 (m, 2H). (–)–HRESIMS m/z 499.9803 [M–H]– (calculated for 

C15H8ClN3O3Re-, 499.9817 (Δ 2.80 ppm)). Anal. Calcd. for C15H9ClN3O3Re C, 

35.97%; H, 1.81%; N, 7.08%. Found: C, 36.10%; H, 1.73%; N, 7.13%. For Re-

bbzp: Yield: 80.8%. 1H NMR ((CD3)2SO) 400 MHz, δ/ppm): 8.69 (d, J = 7.9 Hz, 

1H), 8.57 (t, J = 7.9 Hz, 1H), 8.10 (d, J = 7.7 Hz, 1H), 7.93-7.85 (m, 2H), 7.82 – 

7.53 (m, 4H), 7.32 (d, J = 5.8 Hz, 2H. (–)–HRESIMS m/z 616.0172 [M–H]– 

(calculated for C22H12ClN5O3Re-, 616.0191 (Δ –3.08 ppm)). Anal. Calcd. for 

C22H13ClN5O3Re C, 42.82%; H, 2.12%; N, 11.35%. Found: C, 42.63%; H, 2.38%; 

N, 11.72%. 

Synthesis of BIH and BID. The (1,3-dimethyl-2-phenyl-2,3dihydro-1H-

benzo[d]imidazole) and its deuterated structure were prepared as previously 
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reported. 18, 49 First, 2-phenyl-1,3-dimethylbenzimidazolium iodide was obtained 

from a two-step methylation reaction of 2-phenylbenzimidazole. The solid was 

reduced in the presence of NaBH4 or NaBD4 to yield BIH or BID, respectively. 

BIH: 1H NMR (400 MHz, DMSO-d6, δ): 7.55 (dd, J = 6.4, 1.9 Hz, 2H), 7.45 (dd, J 

= 5, 19 Hz, 3H), 6.62 (dd, J = 5.4, 3.3 Hz, 2H), 6.45 (dd, J = 5.4, 3.2 Hz, 2H), 4.87 

(s, 1H), 2.48 (s, 6H). BID: 1H NMR 1H NMR  (400 MHz, DMSO-d6, δ): 7.55 (dd, J 

= 6.4, 1.9 Hz, 2H), 7.45 (dd, J = 5, 19 Hz, 3H), 6.62 (dd, J = 5.4, 3.3 Hz, 2H), 6.45 

(dd, J = 5.4, 3.2 Hz, 2H), 2.48 (s, 6H). 

Structural Characterization. Attenuated total reflectance Fourier-

transformed infrared (ATR-FTIR) spectra were recorded in a Perkin Elmer 

Frontier spectrometer equipped with a diamond crystal plate, using 16 scans at 

a resolution of 2 cm-1. 1H NMR spectra were recorded in a Bruker Ascend 400 

MHz spectrometer using the residual solvent signal as internal standard. High-

resolution mass spectra (HRESIMS) with electrospray ionization were measured 

on an Agilent QTOF (6520B model) spectrometer, operating in the negative 

mode. Elemental analysis was carried out in a Perkin Elmer 2400 CHNS 

analyzer. 

Photophysical Characterization. Electronic absorption spectra were 

recorded in a Thermo Evolution 201 spectrophotometer. Room temperature 

emission measurements were performed in argon degassed CH3CN solutions in 

a 1.000 cm quartz cuvette using a Horiba Fluorolog 3 fluorimeter equipped with 

a standard tungsten-halogen lamp. Emission quantum yields were determined 

taking fac-[Re(CO)3(bpy)Cl], as standard (em = 0.006 in CH3CN at 298 K).96 For 

emission measurements at 77 K the samples were dissolved in degassed 5:4 

(v/v) butyronitrile. Nanosecond time-resolved photoluminescence decays were 
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collected using a Photon Technology International (PTI) GL-301 nitrogen dye 

laser with a 380 nm excitation. The PL signal was collected using a ScienceTech 

Model 9010 monochromator and signal enhanced by a Hamamatsu R928 

photomultiplier tube and digitalized using a LeCroy Waverunner 4024HD 

oscilloscope. The singlet oxygen quantum yield (ΦΔ) was determined by 

monitoring the singlet oxygen phosphorescence emission spectrum in a custom-

designed system equipped with a cooled InGaAs detector (DSS-IGA 020L - 

Horiba) coupled to a spectrometer (iHR320 - Horiba). The third harmonic (exc = 

355 nm) from a Nd:YAG Brilliant Quantel System (Q-switched, 10 Hz repetition 

rate, ~7 ns FWHM) was used as excitation source. The ΦΔ values were calculated 

relative to the fac-[Re(CO)3(bpy)Cl, (ΦΔ = 0.28) standard,93 using the Equation 

7. I and I0 represent the integrals of the intensities of the singlet oxygen emission 

spectra for the studied samples and the standard, respectively. A and A0 denote 

the respective absorbances of the sample and the standard solutions at the 

excitation wavelength (355 nm). The absorbance values of the samples at the 

excitation wavelength were adjusted to approximately 0.2. All experiments were 

conducted at room temperature (25 ± 1°C) and under O2-saturated conditions. 

ΦΔ = (
𝐼

𝐼0
) (

1−10−𝐴0

1−10−𝐴 ) Φ∆0
      (7) 

Electrochemical Measurements. Electrochemical measurements were 

obtained in a μAutolab PGSTAT204 potentiostat/galvanostat (Autolab) using a 

glassy carbon as working electrode, a platinum wire as counter electrode, and a 

silver wire as pseud-reference electrode. All measurements were carried out in 

Ar or CO2 saturated anhydrous CH3CN with tetrabutylammonium 

hexafluorophosphate (0.1 mol L-1) as a supporting electrolyte. Potentials are 

reported vs. Fc+/Fc (E0 = 0.400 V vs. SHE). Cyclic voltammetry measurements 
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were carried out with a scan rate of 100 mV s-1. Square Wave Voltammetry (SWV) 

measurements were performed on Re-bbzp and fac-Re(CO)3(bpy)Cl complexes 

over a frequency range of 50-400 Hz to determine the number of electrons 

involved in each reduction process. The Lovric method (Equation 8) was 

employed for these calculations, where the αn value was obtained from the linear 

plot of peak potential (Ep) versus log(f). The α value was fixed at 1.0, based on 

the well-characterized fac-[Re(CO)3(bpy)Cl], bpy = 2,2’-bipyridine, complex, for 

which the number of electrons involved in each process is well established in the 

literature. 

∆𝐸

∆𝑙𝑜𝑔 𝑓
 = 

−2.3𝑅𝑇

𝛼𝑛𝐹
  (8)  

Computational Methods. Density Functional Theory (DFT) calculations 

were performed with the Gaussian 09W software using the m06 functional and 

jorge-TZP-DKH basis to geometry optimization. The oscillator strength for the 

main electronic transitions were obtained by the time-dependent Density 

Functional Theory (TD-DFT) using m06 functional and jorge-TZP-DKH basis for 

Re-bbzp and def2-TZVP for Re-pbiH. All calculations were performed using an 

IEFPCM continuum solvation model and considering a solvent with inherent 

properties of CH3CN.97  

For the isodesmic reaction, BIH•⁺ + fac-[Re0(CO)3(bbzp)] ⇌ BI• + fac-

[Re0(CO)3(bbzpH+)], the DFT-computed free energies for each species were 

calculated considering acetonitrile as solvent (see computed stationary points in 

supporting information). Based on Equations 9-11 and the previously reported 

pKa for BIH•⁺ of 14.4, the values for DG(reaction), DG(fac-[Re0(CO)3(bbzpH+)])  and pKa for 

fac-[Re0(CO)3(bbzpH+)] were calculated to be 6.93 kcal mol-1, 25.13 kcal mol-1 

and 19.9, respectivelly. 
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∆𝐺(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) = (𝐺(𝑓𝑎𝑐−[Re0(CO)3(bbzpH+)]) +  𝐺(BI•)) − (𝐺(𝑓𝑎𝑐−[Re0(CO)3(bbzp)]) +

𝐺(BIH•+)) (9) 

∆𝐺(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) = ∆𝐺(𝑓𝑎𝑐−[Re0(CO)3(bbzpH+)]) − ∆𝐺(BIH•+) (10) 

∆𝐺 = 1.264 𝑝𝐾𝑎 (11) 

 

Photocatalytic Studies. CO2 photoreduction experiments were carried 

out in a closed double-jacket glass reactor with a total volume of 16 mL. The 

reactor was loaded with 10 mL of a 0.03 mmol L−1 acetonitrile solution of the 

catalyst and an excess of 6.7 mmol L-1 mg of BIH. The mixture was then purged 

with CO2 until saturation and exposed to a 300 W Xe lamp equipped with a water 

filter and a 370 nm long pass filter with an irradiance of 100 mW cm-2. The reactor 

was kept at 25°C with a thermally controlled water circulator. At given time 

intervals, 100 μL of the headspace atmosphere was sampled using a gastight 

syringe and analyzed by gas chromatography (Shimadzu GC2014 equipped with 

a flame ionization detector (FID) and a methanizer) to quantify CO formation. A 

500 mL aliquot was analyzed for H2 with a PerkinElmer Clarus 580 – GC 

equipped with a thermal conductivity detector. Photocatalytic experiments were 

also performed in a custom reactor illuminated with a Newport Oriel 1 kW Solar 

Simulator (model 91191-1000; 900 W Xe lamp and LP370 long pass filter) 

connected in-line to the sample loop of a gas chromatograph (Agilent GC 8890). 

Gaseous products were separated with a carbonPLOT column and a molecular 

sieve column in series. The carbonPLOT column decelerated the elution of CO2 

relative to the other lighter gases (O2, N2, H2, and CO), while the molecular sieves 

separated each gas with specific retention times. A thermal conductivity detector 

(TCD) was used to detect O2, N2, and H2. A methanizer, equipped with a nickel 
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hydrogenation catalyst, was paired with a flame ionization detector (FID) to detect 

CO2 and CO. Argon (Ar) was used as the carrier gas. 

FTIR Spectroelectrochemical (IR-SEC) experiments. IR 

spectroelectrochemical studies were performed using an optically transparent 

thin-layer electrochemical (OTTLE) cell with a calcium fluoride (CaF2) window. All 

spectroelectrochemical experiments were conducted in 0.1 M TBAH/acetonitrile 

solutions under an Ar/CO2 atmosphere. Blank acetonitrile solutions with 0.1 M 

TBAH were used as background. A PerkinElmer Frontier spectrometer was used 

to monitor thin-layer bulk electrolysis coupled with a μAutolab PGSTAT204 

potentiostat/galvanostat (Autolab). A platinum grid working electrode, platinum 

wire counter electrode, and silver wire pseudo-reference electrode was employed 

for the chronoamperometric studies.  

In-situ FTIR experiments. The in-situ FTIR experiment was performed 

using an optically transparent thin-layer electrochemical (OTTLE) cell with a 

sodium chloride (NaCl) window. All in-situ experiments were performed in 

solutions containing 0.03 mmol L−1 of photocatalyst and an excess of 6.7 mmol 

L-1 of BIH in acetonitrile under Ar/CO2 atmosphere. The Perkin Elmer Frontier 

spectrometer was employed to monitor the formed intermediates as a function of 

time (lirr> 370 nm; Pirr = 100 mW cm-2). 

 

2.3. Results and Discussion  

Structural characterization  

The synthesis of both complexes was successfully achieved as confirmed 

by 1H NMR (Figure 12), elementary analysis and mass spectrometry (Figure A1 
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and A2).90, 91 The 1H NMR spectra of both complexes are characterized by peaks 

in the aromatic region, which are downfield from those observed for the free 

ligands due to coordination to the Re(I) center. The peak positions and their 

corresponding coupling constants agree well with those previously reported for 

these complexes.90, 91 Additionally, between 13 and 15 ppm, broad singlet peaks 

observed for both species are attributed to the hydrogen atom bonded to the N-

atom in the imidazole ring coordinated to the Re(I) center. For the Re-bbzp 

complex, one additional singlet is observed at 13.3 ppm, corresponding to the 

pendant imidazole ring. The broad shape of these peaks provides evidence of 

their acidic character 98. As expected, the interaction of the imidazole ring with 

the Re(I) center leads to an increase in the Brønsted acid character of the 

neighbor NH group, which becomes more downshielded.  
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Figure 12. The 1H-NMR spectra of Re-pbiH (orange) and Re-bbzp (blue) in 

DMSO-d6.  

 

Photophysical properties  

The electronic absorption spectra of both complexes were measured in 

CH3CN at 298 K, Figure 13a. For both complexes, highly intense absorption 

bands ( >104 L mol-1 cm-1) between 240 and 360 nm are observed and attributed 

to allowed intraligand (ILπ→π*) transitions. At lower energies ( >360 nm), an 

absorption tail is observed, corresponding to a metal-to-ligand charge transfer 

(MLCT) transition.45, 93, 94, 99  For the Re–pbiH complex, the MLCT band is clearly 

observed, with a maximum at 375 nm ( = 4.2 x 103 L mol-1 cm-1). In contrast, for 

Re–bbzp, the MLCT and IL bands overlap in energy due to the extended -

conjugation of the bbzp ligand. 
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Figure 13. Absorption spectra (a) of the Re-pbiH (orange) and Re- bbzp (blue) in 

CH3CN at 298 K as well as these emission spectrum (b) in CH3CN at 298 K (solid 

lines) and butyronitrile at 77 K (dashed lines); exc = 375 nm. Surface contours of 

the HOMO and LUMO orbitals for the Re-pbiH (c) and Re-bbzp (d) complexes. 

 

To gain a more detailed understanding of the lowest-lying excited states of 

these complexes, TD-DFT calculations were performed using CH3CN as solvent 

(dielectric constant = 37.5). The first 30 calculated transitions were compared with 

the corresponding experimental data (Figures A3 and A4). The calculated 

spectra show good agreement with the experimental results. The main electronic 

transitions with their respective oscillator strengths are summarized in Tables A1 

and A2. The calculations indicate that the lowest absorption bands for both 

complexes originate mainly from the HOMO-LUMO transitions, which the 

contours are displayed in Figure 13c and Figure 13d. For both complexes, the 
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HOMO is primarily centered on the d orbitals of the Re(I) center, with some 

contribution from the  orbitals of the imidazole ligands. The LUMO is mainly 

localized on the * orbitals of the pbiH and bbzp ligands, confirming their mixed 

MLCT/IL character. 

Steady-state emission measurements were performed to investigate the 

excited-state properties of the complexes in CH3CN at 298 K and in glassy 

butyronitrile at 77 K (Figure 13b). The emission spectra at room temperature 

displayed large Stokes shifts, typical of triplet-emitting states. The emission 

bands for both complexes are broad and unstructured, as expected for 3MLCT 

emitters, and resemble those of other Re(I) tricarbonyl polypyridyl complexes.93, 

94, 99, 100 In glassy medium at 77 K, both emission bands undergo a blue shift, 

which is more pronounced for Re–bbzp than for Re–pbiH, consistent with 

restricted outer-sphere reorganization that strongly influences 3MLCT emitters.96, 

101  

Time-resolved emission measurements at 298 K and in CH3CN (Figure 14) 

reveal a relatively short ( < 7 ns) mono-exponential decay for Re–bbzp, while for 

Re–pbiH a double-exponential decay is observed with longer lifetimes (1 = 42 

ns, 54% and 2
 = 466 ns, 46%).  
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Figure 14. Emission lifetimes measurements for Re-pbiH (a) and Re-bbzp (b) in 

in CH3CN at 298 K. Inset: log(t) vs I plot of the decays. 

 

The shorter 7 ns lifetime for Re-bbzp agrees well with the smaller emission 

quantum yield observed for this complex when compared with Re-pbiH, Table 2.  

Furthermore, the photophysical data are also compared with the well-known 

fac-[Re(CO)3(bpy)Cl] (Re-bpy) complex. The decrease in t and Φem indicate that 

the additional pendant benzimidazolyl group in the bbzp ligand promotes non-

radiative decay. Further evidence for that is also found in O2-saturated medium, 

in which the singlet oxygen formation yield (ΦΔ) by Re-pbiH is 6-fold higher than 

that for Re-bbzp.  
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Table 2. Photophysical properties in CH3CN of the studied complexes (λexc = 375 

nm). 

 

Complexes 
𝝀𝒎𝒂𝒙

𝒂𝒃𝒔
 (nm) fem fD t (ns)a 

kr 

(x 104 

s-1) 

knr 

(x106 s-

1) 

𝝀𝒎𝒂𝒙
𝒆𝒎

 

(298 K) 

Re-pbiH 320, 375 0.0141 0.30 

42 (54%)  

466 

(46%)  

33.6b 23.4b 550 nm 

Re-bbzp 300, 360 0.0007 0.05 ~7.0 10.0 142.7 520 nm 

Re-bpy 370 0.0058  29.7 66.7 110 590 nm 

aPhotoluminescence lifetimes probed at the emission maxima. bCalculated 

considering the faster decay 

 

The photophysics of Re-pbiH however seem to be more complex as two 

distinct excited state relaxation mechanisms were present and the excited state 

was less sensitive to solvent or temperature.When an excess of acid was added 

to prevent deprotonation of the Re-pbiH complex, a monoexponential decay was 

observed along with a red shifted emission spectrum, (Figure 15a-b and d).  

Moreover, the bi-exponential decay (1 = 42 ns and 2 = 466 ns) that was evident 

when the excited state was probed at the emission maximum was mono-

exponential (1 = 49 ns) when the excited state was instead probed at longer 

wavelengths (Figure 15c).  



73 
 

 

Figure 15. Absorption spectra (A) and emission spectra (B) of pure Re-pbiH in 

CH3CN and after addition of HClO4 (acid). Emission decay (C) for Re-pbiH 

monitored at different wavelengths (C) and emission decay for Re-pbiH in CH3CN 

and after addition of HClO4 (acid) (D). 

 

The excited state lifetime with the added acid  ( = 47 ns) was very similar to 

the fast decay observed for Re-pbiH in CH3CN ( = 42 ns).  Hence this data 

provides clear evidence for the existence of an acid-base equilibrium in 

acetonitrile where both the protonated form and the conjugate base are emissive. 

Therefore, the double-exponential decay observed for the Re-pbiH in CH3CN is 

tentatively assigned to emission from both the protonated and the deprotonated 

species.  
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Electrochemical properties 

The investigated complexes were characterized in acetonitrile solution 

with 0.1 M TBAPF6 as the supporting electrolyte, Figure 16. At cathodic 

potentials, Re-pbiH exhibited two close reduction peaks, Eₚ = –2.4 V and Eₚ = –

2.5 V vs. Fc⁺/Fc, similar to those observed for Re-bbzp at slightly more negative 

potentials Eₚ = –2.5 V and –2.7 V vs. Fc⁺/Fc. These observations align with 

previous literature reports,102-105 which have shown that tricarbonyl rhenium 

complexes typically undergo two sequential reduction processes.  

 

 

Figure 16. Cyclic voltammograms recorded, with a scan rate of 100 mV s-1 (solid 

line), and Square Wave Voltammograms measured at a frequency of 50 Hz 

(dashed line) for Re-pbiH (A) and Re-bbzp (B) complexes in argon-saturated 0.1 

M TBAPF6/CH3CN. The arrow indicates the scan directions. 

 

Square Wave Voltammetry (SWV) was used to elucidate the number of 

electrons involved in each reduction peak (Figure 17). According to Lovric’s 

study, the number of electrons involved in an irreversible process can be 

calculated by the linear relationship between the peak potential (Eₚ) versus log f 

(f = applied frequency).106, 107 The angular coefficient (
∆𝐸

∆log 𝑓
) corresponds to the 
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Equation 8, which was used to estimate the n value (where α = transfer 

coefficient and n = number of electrons). Assuming α = 1.0, an n value was 

obtained for each process, showing that the first reduction peak to involve n = 2, 

while n = 1 for the second reduction, Figure 17. 

 

Figure 17. (a) Cyclic Voltammogram at 100 mV s-1 of scan rate (solid line) and 

Square Wave Voltammetry at 50 Hz of frequency (dashed line) for Re-bbzp 

complex. (b) and (c) are showing the SWV as a function of applied frequency (f) 

variation as well as its linear dependence along to the applied frequency for the 

first reduction process (n = 2.0), respectively. (d) and (e) are showing the SWV 
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as a function of applied frequency (f) variation as well as its linear dependence 

along to the applied frequency for the second reduction process (n = 1), 

respectively. 

 

This behavior agrees well with the literature, where the first peak is 

attributed to ligand-based reduction with chloride labilization, resulting in n = 2 in 

the Lovric’s equation due to the involvement of one electron and anionic charge 

labilization.45 The second reduction peak has previously been assigned to a metal 

reduction, with only one electron participating (n = 1).108-110 To validate the Lovric 

approach, the same experiment and analysis was performed on the well-known 

fac-[Re(CO)3(bpy)Cl] (Figure 18), which revealed that n = 2 and n = 1 for the first 

and second reduction, respectively. 
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Figure 18. (a) Cyclic Voltammogram at 100 mV s-1 of scan rate (solid line) and 

Square Wave Voltammetry at 50 Hz of frequency (dashed line) for fac-

Re(CO)3(bpy)Cl complex. (b) and (c) are showing the SWV as a function of 

applied frequency (f) variation as well as its linear dependence along to the 

applied frequency for the first reduction process (n = 2.0), respectively.  (d) and 

(e) are showing the SWV as a function of applied frequency (f) variation as well 

as its linear dependence along to the applied frequency for the second reduction 

process (n = 1.0), respectively.  
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Photodriven CO2 Reduction 

Photoreduction of carbon dioxide was evaluated by employing a Xe lamp with 

a 370 nm long pass filter as a white light excitation source. With lexc > 370 nm, 

only the photocatalyst absorbs light and not the electron donor (see Re-bbzp, Re-

pbiH and BIH overlapped absorption spectrum in Figure A4). Solutions 

containing 0.03 mmol L−1 of photocatalyst and an excess of 6.7 mmol L-1 of BIH 

as a donor in acetonitrile were irradiated under a CO2 atmosphere. The gaseous 

products were monitored by Gas Chromatography with samples being collected 

from the headspace every 30 min interval for 300 min.  

In the present conditions, CO was identified as the sole CO2 reduction 

product. Control experiments carried out under an argon atmosphere or in the 

absence of the photocatalysts or in the dark did not yield any CO. In Figure 19, 

the CO evolution as a function of the irradiation time for both complexes is shown.  

 

Figure 19. The turnover number (TON) for CO formation photocatalyzed by Re-

pbiH (orange) and Re-bbzp (blue) complexes. Experiments were performed in 
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CO2-saturated 10 mL CH3CN solutions containing 6.7 mmol L−1 of BIH and 0.03 

mmol L-1 of photocatalysts ( > 370 nm).  

 

The Re-bbzp complex exhibited significantly better performance, reaching 

a turnover number (TON) of 45  2 after 4.5 hours of irradiation, while Re-pbiH 

exhibits a maximum TON of 8  1 in the same reaction conditions. Long-term 

(20h) CO evolution experiments for Re-bbzp confirm that the plateau is achieved 

around 4.5 h of photocatalysis, Figure A5.  

On the other hand, when BIH was used as a donor in the presence of 

triethanolamine (CH3CN/TEOA 5:1 v/v), a decrease in the Re-pbiH catalysis was 

observed for CO2 reduction with H2 being formed instead. For the more optimal 

photocatalyst, Re-bbzp, a complete loss of CO2 reduction was observed under 

this condition over the three hour time interval of the experiment (Table 3).  

 

Table 3. Photocatalytic performance of studied complexes in CH3CN solution 

containing 0.03 mmol L-1 of complex. 

Complex Donor 

agent  

Irradiation 

time  

TONco  TONH2 CO 

Selectivity   

Re(CO)3(pbiH)Cl BIH/TEOAa 3 h 4 1 75 % 

Re(CO)3(pbiH)Cl BIHb 3 h 8 0 100 % 

Re(CO)3(bbpz)Cl BIH/TEOAa 3 h 0 0 - 

Re(CO)3(bbpz)Cl BIHb 3 h 30 0 100 % 

a CH3CN/TEOA 5:1 v/v. b 6.7 mmol L-1 of BIH.   

 

Furthermore, photocatalytic experiments carried out with different 

concentrations of added water (0.001, 0.002 and 0.020%) for Re-bbzp complex 

revealed enhanced catalyst deactivation as the water concentration increased 

(Figure 20a).  
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We hypothesize that protonation of an N-H site on the additional 

benzimidazolyl moiety on the bbzp ligand is a key step to promote the CO2 

reduction as its proximity to the metal center favors the stabilization of key 

reaction intermediates. The addition of a second proton acceptor (water or TEOA) 

introduces a competing pathway for the N-H protonation, thereby inhibiting CO2 

photocatalytic activity.  

Ligand-assisted proton transfer 

To investigate this possibility, an isodesmic reaction was considered 

between the oxidized form of BIH (BIH•⁺) and the first reduced Re-bbzp species 

formed following chloride labilization (see next section). Isodesmic reactions 

enable accurate theoretical pKa determinations by comparing a target acid to a 

reference acid  with a known pKa.111 Here, the reported pKa value of BIH•⁺ (14.4 

in acetonitrile) was employed as the reference.18 The calculated pKa of 19.9 for 

the first reduced and protonated intermediate supports the feasibility of 

protonation at a third amine site during the catalytic pathway as shown in Figure 

20c, and is also compatible to the effective acidity of CO2-derived species in 

acetonitrile medium (pKa ≈ 23-25).112, 113  
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Figure 20. (a) Turnover number (TON) for CO formation mediated by Re-bbzp in 

CO2-saturated CH3CN containing BIH (6.7 mmol L-1) and Re-bbzp (0.03 mmol L-

1) and the indicated H2O concentrations (λexc > 370 nm). (b) Turnover number 

(TON) for CO formation using BIH and BID from which a kinetic isotope effect 

was extracted, KIE = 1.5. (c) Isodesmic reaction employed to estimate the pKa of 

the protonated reduced Re-bbzp intermediate, using BIH•⁺ as the reference acid. 
 

Such an interaction is expected to facilitate CO2 activation during the 

reduction process and aligns well with the conclusion by Mukherjee and Siewert 

that proton relays near the axial positions have beneficial effects on the catalytic 

activity of Re(I) complexes.48 

To experimentally probe proton transfer from the coordinated bbzp ligand 

to the CO2 adduct, photocatalytic experiments were conducted using BID as the 

electron donor (Figure 20b), in which the labile proton of BIH is replaced by 

deuterium (see Figure A6 for 1H NMR characterization). Photocatalysis 

performed with BID exhibits a kinetic isotope effect (KIE) of 1.5 in relation to that 
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with BIH, indicating that proton transfer from BIH to the reduced Re-bbzp species 

is involved in the rate-determining steps of the catalytic cycle. 

Density functional theory (DFT) geometry optimizations further reveal that 

this protonated N-H site is oriented toward the CO2 molecule coordinated to the 

metal center, enabling the formation of a stabilizing hydrogen bond between the 

ligand and the CO2 adduct (Figure 21).  

 

Figure 21. DFT-optimized geometry of the two-electron- and one-proton-reduced 

Re-bbzp species featuring a CO2 adduct intermediate. 

 

The proposed ligand-assisted proton transfer mechanism provides a 

simple explanation for the superior photocatalytic activity of Re-bbzp relative to 

Re-pbiH for CO2 reduction. The Re-bbzp achieves optimal photocatalytic 

performance without the presence of Brønsted bases, which would otherwise 

compete with ligand protonation and disrupt the ligand-assisted proton relay 

essential for efficient CO2 reduction. To gain further mechanistic insights into the 

CO2 reduction activity of Re-bbzp complex, spectroelectrochemical FTIR (IR-

SEC) and in-situ FTIR experiments were performed under both Ar and CO2 

atmospheres.  
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Catalytic pathway analysis of Re-bbzp complex 

During IR-SEC measurements, the characteristic CO stretching modes (A1 

and E, molecular symmetry C3v)114 of Re-bbzp were monitored during potential 

steps that initiated the first or second reductions (Figure A7). The observed 

spectral data closely resemble those reported for fac-[Re(CO)3(bpy)Cl] 

derivatives.108, 115-118 Figure 22a and 7b highlight the evolution of the CO region 

during the reduction of Re-bbzp under Ar and CO2 atmospheres, respectively as 

well as the proposed electrochemical reduction pathway (Figure 22c). 

 

Figure 22. Infrared spectroelectrochemistry (IR-SEC) of Re-bbzp in 0.1 M 

TBAPF6/CH3CN electrolyte for the first (Eₚ = –2.5 V vs. Fc⁺/Fc) and second (Eₚ 

= –2.7 V vs. Fc⁺/Fc) electron reduction process under Ar (A) and CO2 (B) 

atmosphere. (C) Proposed reduction pathway for Re-bbzp complex (a) to species 

(b), (c) and (d) color-coded to the spectral assignments in (A) and (B). 

 

Upon the first reduction, the complex fac-[Re(CO)3(bbzp)Cl] (a) gives rise 

to new CO bands at 2009, 1897, and 1869 cm-1, that are assigned to the reduced 
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intermediate fac-[Re(CO)3(bbzp)Cl]-• (b).  In this species, the added electron is 

primarily localized on the * orbitals of the diimine ligand, increasing the electron 

density at the Re(I) center and weakening the CO bonds, resulting in a CO shift 

to lower frequencies. 118-121 After approximately 60 s at the same applied 

potential, species (b) gradually convert into species (c), fac-[Re(CO)3(bbzp)], 

characterized by new bands at 2014 and 1900 cm-1 (Figure 23).  

 

Figure 23.IR-SEC of Re-bbzp in acetonitrile with Bu4NPF6 electrolyte for the first 

electron reduction process under Ar atmosphere (t = 15s). 

 

This transformation is attributed to chloride labilization, yielding a 

pentacoordinated, one-electron-reduced species. The corresponding CO shift 

to higher frequencies reflects a decrease in electron density at the metal center 

following chloride dissociation.49, 109, 122 This pathway is further supported by 

Lovric’s analysis, which indicates n = 2 for the first reduction process, consistent 

with the involvement of two charged species. Notably, species (c) remains stable 

over extended times at this potential. 

A potential step beyond the second reduction potential led to the 

appearance of additional CO bands centered at 2005, 1983, 1882, and 1867 

cm-1, assigned to the two-electron-reduced species fac-[Re(CO)3(bbzp)]⁻ (d). 
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The second reduction increases electron density on the Re center, leading to a 

CO shift to lower frequencies.123  

Comparative IR-SEC experiments performed under a CO2 atmosphere 

revealed a similar reaction chemistry. Eventual differences in the peak shapes 

when compared to those under Ar atmosphere are attributed to changes in the 

relative concentration of the species as the different potentials are applied and, 

therefore were not considered in the analysis. Different from what is observed 

under argon, in the presence of CO2 the intermediate fac-[Re(CO)3(bbzp)Cl]-• (b) 

was not observed (Figure 24). This suggests that the presence of CO2 

accelerates chloride labilization, likely because it is a better p* acceptor ligand 

than Cl-, favoring rapid formation of species (c), which is subsequently reduced 

to species (d).  

 

Figure 24. IR-SEC of Re-bbzp in acetonitrile with Bu4NPF6 electrolyte for the first 

electron reduction process under CO2 atmosphere (a) t < 15 s (b) t > 15 s. (Dt = 

15s). 

 

In-situ FTIR experiments, Figure 25, conducted during photocatalytic CO2 

reduction reveal spectral changes closely matching those observed by IR-SEC, 

confirming the formation of analogous intermediates under photochemical 

conditions (see direct comparison in Figure A8).  
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Figure 25. In-situ-FTIR- spectra measured over the indicated photolysis time for 

Re-bbzp in Ar-saturated (a and b) and CO2-saturated (c and d) CH3CN solutions 

containing excess BIH.  

 

Under argon atmosphere, (Figure 25a-b), fac-[Re(CO)3(bbzp)] (c) forms 

rapidly (<1 min) without detectable accumulation of species fac-

[Re(CO)3(bbzp)Cl]-• (b). Prolonged irradiation leads to gradual formation of the 

two-electron-reduced fac-[Re(CO)3(bbzp)]- (d). Concurrently, an additional band 

at 1800 cm-1 appears, attributed to a μ-CO-bridged dimeric species 

[Re(CO)3(bbzp)]2 (2c). 

The formation of dimeric species during photocatalytic CO2 reduction by 

fac-[Re(CO)3(NN)Cl]-type complexes (where NN = 2,2’-bipyridine derivatives) is 

a well-established and extensively documented deactivation pathway. Kubiak 
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and Fujita independently isolated and spectroscopically characterized Re–Re 

bonded dimers [Re(CO)3(NN)]2, which display exclusively terminal CO stretching 

modes in the ~1840–2000 cm-1 region and a characteristic absorption near 700 

nm.49, 124, 125 In contrast, the in situ FTIR spectra of Re-bbzp show an additional 

band at 1800 cm-1 without the presence of a new visible absorption band (Figure 

A9). This spectral signature is assigned to a μ-CO-bridged dimeric species rather 

than a metal–metal bonded Re–Re dimer. Bridging CO ligands are well known to 

exhibit IR absorptions in the 1700–1850 cm-1 range, as reported for μ-CO-bridged 

cobalt and chromium carbonyl complexes.126-128 Hence, the pendant 

benzimidazolyl group in the bbzp ligand appears to provide steric hindrance for 

Re-Re bond formation. 

Under a CO2 atmosphere, the same intermediates were observed, but with 

markedly different kinetics. Species fac-[Re(CO)3(bbzp)] (c) persisted for 

significantly longer times, while formation of species fac-[Re(CO)3(bbzp)]- (d) was 

suppressed relative to those measured under an argon atmosphere, supporting 

a catalytic mechanism in which the two-electron-reduced, fac-[Re(CO)3(bbzp)]⁻ 

is the active species for CO2 reduction. Moreover, the μ-CO-bridged dimer band 

at 1800 cm-1 was substantially less intense, indicating that CO2 inhibits dimer 

formation and stabilizes catalytically relevant intermediates.  

Figure 26 displays the kinetic evolution of the monitored species by 

tracking fixed wavenumbers at 2025, 2015, 2005, and 1800 cm-1, corresponding 

to species (a), (c), (d), and (2c), respectively. 
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Figure 26. kinetic monitoring for each species based their corresponding peaks 

(2025 (a), 2015 (c), 2005 (d) and 1800 cm-1 for (2c)) under Ar (A and B) and CO2 

(B and C) atmosphere. 

 

 Within the first minute of irradiation, the complex fac-[Re(CO)3(bbzp)Cl] 

(a) is fully consumed and converted predominantly into fac-[Re(CO)3(bbzp)] (c), 

with partial formation of the two-electron-reduced species fac-[Re(CO)3(bbzp)]⁻ 

(d). Upon prolonged irradiation fac-[Re(CO)3(bbzp)] (c) is progressively 

consumed, accompanied by the growth of the μ-CO-bridged dimeric species 

[Re(CO)3(bbzp)]2 (2c) and continued formation of fac-[Re(CO)3(bbzp)]- (d). 

Notably, the formation rate of fac-[Re(CO)3(bbzp)]- (d) decreases as the 

concentration of [Re(CO)3(bbzp)]2 (2c) increases, indicating that dimerization 
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occurs in parallel with the two-electron reduction of fac-[Re(CO)3(bbzp)] (c). 

Under a CO2 atmosphere, distinct kinetics were observed. In this case, fac-

[Re(CO)3(bbzp)] (c) was not fully consumed, while the formation of fac-

[Re(CO)3(bbzp)]- (d) and [Re(CO)3(bbzp)]2 (2c) occurred as competing 

processes. Since no subsequent decrease in the concentration of 

[Re(CO)3(bbzp)]2 (2c) was observed, this pathway was identified as a 

photocatalytically inactive deactivation route, arising from the coupling of two 

equivalents of fac-[Re(CO)3(bbzp)] (c). Moreover, we propose that after CO 

formation and release of H2O, the resulting Re species is rapidly reduced by BIH, 

regenerating fac-[Re(CO)3(bbzp)] (c). This regeneration process is supported by 

the persistent presence of species (c) throughout the experiments conducted 

under CO2 atmosphere. 

Finally, based on these findings, a photocatalytic cycle for Re-bbzp using 

BIH as electron donor is proposed (Figure 27), incorporating intermediates 

identified by both IR-SEC and in-situ FTIR. Protonation of the Re-bbzp framework 

by BIH•⁺ was supported by the observed kinetic isotope effect (KIE = 1.5) when 

BID is used as electron donor as discussed previously. We assign the active 

species for reaction with CO2 to the two-electron reduced species that was 

observed under an argon atmosphere yet was absent under a CO2 atmosphere. 

The formation of the μ-CO-bridged dimeric species contributes to the 

photocatalytic deactivation and it occurs as a side reaction from the one-electron 

reduced species as demonstrated by the in-situ FTIR experiments.  
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Figure 27. Proposed photocatalytic cycle for Re-bbzp using BIH as electron 

donor in acetonitrile.  
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2.4. Conclusions 

In this study, the photocatalytic CO2-to-CO reduction behavior of two Re(I) 

tricarbonyl complexes bearing imidazole–pyridine ligands, fac-[Re(CO)3(pbiH)Cl] 

and fac-[Re(CO)3(bbzp)Cl], was investigated with the aim of elucidating the role 

of ligand structure on catalytic activity and mechanism. While both complexes 

display comparable photophysical and electrochemical properties, the 

incorporation of an additional benzimidazole unit in Re-bbzp led to a pronounced 

enhancement in photocatalytic performance relative to Re-pbiH. A combination 

of IR spectroelectrochemistry and in situ FTIR spectroscopy under photocatalytic 

conditions enabled direct identification of key intermediates involved in the 

catalytic cycle. These studies reveal that chloride labilization occurs rapidly upon 

reduction, generating a pentacoordinate one-electron-reduced Re species that 

can undergo further reduction to form the two-electron-reduced intermediate 

(active species towards the CO2 reaction). In parallel, dimerization pathways 

were observed, which act as deactivation channels during photocatalysis. 

Importantly, the in situ FTIR data indicate that dimer formation proceeds 

predominantly through μ-CO-bridged species rather than the well-known Re–Re 

metal–metal bonded dimers reported for related Re(I) tricarbonyl complexes.  

The superior activity of Re-bbzp was rationalized by its ability to function 

as a ligand-based proton-responsive system. Kinetic isotope effect 

measurements using a deuterated BIH donor support the involvement of proton 

transfer steps during the catalytic cycle, consistent with a mechanism in which 

protonation of the pendant benzimidazole unit facilitates CO2 activation. The 

sensitivity of catalytic performance to the presence of external Brønsted bases 



92 
 

further underscores the critical role of ligand protonation dynamics in governing 

reactivity.  Overall, these results demonstrate that the integration of proton-

responsive functionalities into imidazole-pyridine ligands serve as an effective 

strategy to promote productive catalytic pathways. This mechanistic insight 

provides a foundation for the rational design of next-generation Re(I) 

photocatalysts and related molecular systems for CO2 reduction. 

 

.  
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3. Chapter 3 

From conventional inorganic semiconductors to 

covalent organic frameworks: Advances and 

opportunities in heterogeneous photocatalytic CO2 

reduction 

 

3.1. Introduction  

The enhancement of renewable sources in the global energy matrix is a 

key step towards a sustainable growth of human society, as so far, the world’s 

primary energy demand is still supplied predominantly by fossil fuels. This 

scenario brings growing concerns on the intensification of the greenhouse effect 

due to the increase of atmospheric CO2 concentration and drives the search for 

innovative green energy solutions. Such solutions include the large-scale 

utilization of solar and wind energies as well as the capture and conversion of 

CO2. These targets are part of the UN sustainable goals 7, 11, and 12, and hence, 

are at the core of intensive research in chemistry, physics, and engineering. 

From the material science point of view, intensive research efforts have 

been devoted to the development of catalytic materials to conduct CO2 reduction 

with high selectivity, long-term stability, and at low overpotentials. Both electro- 

and photo-catalysts have been proposed based on metallic particles, inorganic 

semiconductors, 2D- materials, and metal complexes.129-132 Among the 

investigated electro- and photocatalysts for CO2 reduction, heterogeneous 
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materials typically exhibit long-term stability but low selectivity, while 

homogeneous molecular catalysts such as metalloporphyrins and metal 

complexes exhibit high selectivity but relatively low turnover numbers (TON). 

Immobilization of a molecular or metallic catalyst on solid supports has been 

found to hinder the detrimental side reactions of homogeneous catalysts such as 

dimerization and other radical reactions.133, 134 Metal oxides,135-138 carbon 

nanostructures,139, 140 and polymeric141 materials such as C3N4 were shown to 

serve as suitable substrates for the immobilization of molecular 

photo(electro)catalysts. 

More recently, the rise of covalent organic frameworks (COFs) has opened 

a novel route towards improving the current performance of hybrid catalysts.142 

COFs are molecular frameworks, built by rigid organic building blocks that are 

connected via strong yet slightly reversible covalent bonds. By a rational selection 

of the building block’s symmetry, three-dimensional or two-dimensional 

frameworks featuring long-range order and porosity are formed. In addition to 

their modular structure, COFs are tailor-made materials with a view on their 

chemical and physical properties. Particularly, COFs can be designed to absorb 

large portions of solar light and to offer well-defined binding sites for CO2 

molecular catalysts. As a result, COFs provide a variety of options to control and 

to optimize the catalytic activity through the purpose-directed adjustment of the 

structural, morphological, and optoelectronic properties.  

In this review, we focus our attention on the application of conventional 

inorganic semiconductors, such as metal oxides in photoinduced CO2 reduction, 

and compare them to the relatively new class of semiconductors based on 

covalent organic frameworks. The discussion is focused on the photoinduced 
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processes, i.e. those involving direct light-absorption, charge carrier generation 

and separation followed by the electron transfer to adsorbed CO2 molecules. The 

manuscript is composed of two main sections: the first section provides a brief 

historical synopsis on the application of inorganic semiconductors for the 

photocatalytic CO2 reduction reaction (CO2RR) followed by strategies to improve 

the corresponding efficiency and selectivity. In the second section, the focus lies 

on the application of COFs as photocatalysts for the CO2RR. Herein, the 

correlations between structure, stability, and photocatalytic activity are discussed.  

The main goal of this review is to highlight recent advances regarding the 

material design and to demonstrate the impact of structural and electronic 

properties on the photocatalytic CO2 reduction efficiency. Furthermore, organic-

inorganic hybrid designs aiming to improve charge carrier separation and 

catalysis are also discussed. The review closes with current challenges in 

purpose-directed material engineering, long-term photocatalytic performance of 

the catalysts, and upscaling. Hence, we hope that this review will contribute to 

the further advances in the artificial photosynthetic systems aimed at selective 

and efficient CO2 reduction. 

Development of inorganic semiconducting photocatalysts for 

CO2 reduction 

To date, several approaches for converting CO2 into fuels have been 

proposed. Among those based on renewable energy sources, the photochemical 

route that mimics the natural photosynthesis has been extensively pursued as it 

employs the most naturally accessible source of energy (sunlight) and electrons 

(water) to carry out the desired CO2 conversion. Both molecular species and 
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crystalline semiconductors have been proposed as photocatalysts for CO2 

reduction, each of them with advantages and disadvantages in terms of 

production feasibility, stability (turnover number), reactivity (turnover frequency), 

and selectivity towards the multiple reduction products.129 

In 1978, Halmann et al. published a pioneering work on the formation of 

liquid fuels through CO2 photoelectrochemical reduction over a p-GaP 

photocathode. The authors demonstrated that further developments of 

semiconducting solids for the photoelectrochemical CO2 reduction may provide 

an alternative approach to the production of organic raw materials and fuels.136 

Subsequently, in 1979, Inoue et. al reported the selective photoreduction of CO2 

over different semiconductor powders (TiO2, ZnO, CdS, GaP, SiC, and WO3) 

suspended in aqueous solutions and established a relationship between the 

reactivity and the semiconductor conduction band energy.137 The proposed 

mechanism involves water oxidation by holes located in the valence band of the 

photoexcited semiconductor followed by proton releasing which are consumed in 

the CO2 reduction reaction by the photogenerated electrons in the conduction 

band. Figure 28 illustrates the operating principle of photocatalytic conversion of 

CO2 by a semiconductor including different products that can be obtained.138 
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Figure 28. Schematic illustration of the operating principle of the photocatalytic 

CO2 conversion (red balls: O, grey balls: C, white balls: H).  

 

Pristine inorganic semiconductors  

The aforementioned seminal works have encouraged the investigation of 

CO2 photoreduction over different semiconductors. The application of inorganic 

semiconductors as a photocatalyst for the CO2 conversion offers several 

advantages such as low cost, facile preparation, high chemical stability, and in 

some cases activation under visible light.139-141 Selected examples of CO2 

photoreduction over pristine metal oxides are summarized in Table 4. 

 

Table 4. Relevant examples of pristine inorganic semiconductors applied for the 

CO2 photoreduction 

Semicondu

ctor 

Surfac

e area  

Conversion 

rate (μmol g-

1 h-1) 

Main 

product 

Sacrificial 

agent/ 

solvent 

Light 

sourc

e 

Re

f. 
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(m2 g-

1) 

(selectivit

y) 

ZnO  1.3 to 

82.1 

8.68 to 407 CO H2O 125 W 

(Hg) 

143 

BiVO4   2.27 to 3.97 CO H2O/NaHC

O3 

400 W 

(Hg) 

144 

ZnO  16.26 

to 

31.45 

1.63 to 3.81 CO H2O* 300 W 

(Xe) 

145 

BiOCl  - 1.01 CO H2O 500 W 

(Xe) 

146 

ZnO  9.50 to 

17.96 

0.62 to 0.95 CO Na2SO3/N

aOH 

300 W 

(Xe) 

147 

ZnO  - 0.36 to 0.76 CO Na2SO3 300 W 

(Xe) 

148 

TiO2  46.50 

to 

145.60 

~ 0.25 to 

0.58 

CO H2O* 150 W 

(oriel®

)  

149 

α-Fe2O3 17.00 

to 

59.00 

~ 0.11 to 

0.28 

CO NaOH 8 W 

(Hg) 

150 
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ZnO  - 1.32 to 28.4 CH3OH NaHCO3 150 W 

(Hg) 

151 

BiVO4 - 14.58 CH3OH NaOH 300 W 

(Xe) 

LP-420 

nm 

152 

TiO2  - 43.2 to 67.9 CH4 H2O* 50 W 

(LED) 

LP-650 

nm 

153 

CuO  - 1.0 to 56.3 CH4 H2O 150 

mWcm

 -2 

154 

Cu2O 50.00 19.2 CH4 H2O* Hg – 

UV + 

visible 

155 

CuO  1.00 to 

118.00 

0.19 to 16.7 CH4 H2O 11 W  156 

KNb3O8 and 

HNb3O8 

2.70 to 

39.40 

0.11 to 3.6 CH4 H2O 350 W 

(Xe) 

157 
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Bi2WO6  0.73 

and 

42.87 

0.33 and 2.6 CH4 H2O 300 W 

(Xe) 

LP-400 

nm 

158 

WO3  8.50 to 

65.00 

0.0042 to 

2.12 

CH4 H2O* 300 W 

(Xe) 

LP-420 

nm 

159 

TiO2  38.89 

to 

98.12 

0.91 to 2.1 CH4 H2O 300 W 

(Xe) 

LP-420 

nm 

160 

WO3  - 1.16 CH4 H2O* 300 W 

(Xe) 

LP-420 

nm 

161 

Bi2WO6 0,60 

and 

5.63  

0.045 and 

1.10 

CH4 H2O* 300 W 

(Xe) 

LP-420 

nm  

162 

Bi2WO6  - 0.19 to 0.77 CH4 H2O 500 W 

(Xe) 

163 
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LP and 

SP 

400 

nm 

TiO2  92.00 

to 

244.00 

0.41 CH4 H2O* 300 W 

(Xe) 

164 

WO3  0.74 to 

7.10 

0 to 0.34 CH4 AgNO3 300 W 

(Xe) 

LP-400 

nm 

165 

BiVO4  - 5.5 to 108 C2H5OH H2O 350 W 

(Xe) 

LP-400 

nm 

166 

WO3  - 9.4 CH3COO

H 

H2O 300 W 

(Xe) 

167 

Nb2O5 11.00 

to 

20.00 

~0.005 to 0.8 CH3COO

H 

H2O 5 W 168  

* = water vapour. 
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Morphology and crystal structure 

Given the well-known photoreactivity of TiO2 for oxidative reactions (such 

as organic pollutant degradation and water oxidation)142, the effect of its 

crystalline structure, engineered defects, and morphology on CO2 conversion 

was investigated.139-141 Liu et al. compared the photocatalytic activity for CO2 

reduction over three TiO2 nanocrystalline polymorphs (anatase, rutile, and 

brookite) that were engineered via helium pretreatment exhibiting defect-free and 

oxygen-deficient surfaces. The authors observed the formation of CO and CH4 

as the major and minor products for all TiO2 polymorphs, respectively. The CO2 

photoreduction to CO and CH4 was remarkably enhanced over the defective 

anatase and brookite TiO2 (up to 10-fold enhancement) as compared to the 

defect-free surfaces, reaching a formation rate of ~3.0 μmol g-1h-1. Herein, the 

brookite phase exhibited the optimal density of oxygen vacancies for the efficient 

CO2 photocatalysis. The role of surface defects on the photoactivity and 

selectivity was rationalized by means of in-situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) measurements.149 Liu et al. have shown a 

polymorph-dependent reactivity of BiVO4 towards CO2 reduction. The monoclinic 

phase of BiVO4 performed better than the tetragonal phase due to the greater 

absorption in the visible wavelength range.166 

Further studies on the relationship between the oxide morphology and the 

CO2 photoreduction activity and selectivity were carried out by different research 

groups.143, 145, 150, 157, 158, 161 For example, Huang et al. prepared TiO2 particles via 

a hydrothermal method under strict control of the temperature and reaction time 

to promote the formation of nanotubes and nanorods. The authors showed that 
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CO2 conversion to CH4 over TiO2 nanotubes and nanorods are respectively 2.13 

and 1.41 times more efficient than over TiO2 nanoparticles featuring random 

shape. This enhanced performance was attributed to the larger specific surface 

area, the higher concentration of oxygen vacancies, and crystalline defects. Such 

properties were found to contribute to a better interaction with CO2.
160  

For ZnO particles prepared via a solvothermal method to yield 

microspheres (S-1), microflowers (S-2), and nanorods (S-3), Liu et al. also 

observed a morphological dependence of the CO2 conversion. Herein, ZnO 

nanorods exhibited a superior performance as shown in Figure 29 caused by its 

larger surface area (2 times larger than the other materials) and by the synergistic 

effect of the exposed facets ratio.145 In addition, a more negative conduction band 

position of the nanorods provided a higher driving force for the CO2 reduction. 

Xie et al. performed a similar investigation on WO3 morphologies, showing that 

the quasi-cubic-like WO3 was inactive for CO2 photoreduction, while the 

rectangular sheet-like WO3 exhibited significant activity. The authors attributed 

the activity of this material to its higher specific surface area and to the more 

suitable conduction band position.165 
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Figure 29. (a) Preparation of different ZnO nanostructures and (b) the determined 

conduction band (CB) and valence band (VB) potentials of ZnO microspheres (S-

1), microflowers (S-2), and nanorods (S-3) vs. NHE (pH = 0) and (c) their 

respective photocatalytic activity towards CO evolution. Adapted with 

permission.145 Copyright 2016, Springer Nature. 

 

Cu-based semiconductors have been widely employed as photocatalysts 

for CO2 reduction due to their abundance, low toxicity, extended light absorption, 

low recombination rate of the photogenerated electron-hole pairs and suitable 

electronic positions of the valence and conduction bands.154-156, 169 For example, 

Nogueira et al. have shown that different synthesis routes of CuO affect the CO2 

photoreduction efficiency. CuO nanoparticles obtained by a solvothermal method 

showed the highest CH4 production rate compared to the CuO obtained by other 
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methods, Figure 30a. The authors concluded that the CuO produced by the 

solvothermal method exhibits greater specific surface area and unique 

morphology that supports superficial activation of both CO2 and H2O, Figure 

30b.156 

  

Figure 30. (a) CH4 evolution kinetics from CO2 photoreduction over CuO 

prepared via solvothermal synthesis (CuO-Solv), co-precipitation (CuO-Prec), 

calcination method (CuO-Calc), and commercially acquired (CuO-Com). (b) 

Simplified scheme of the CO2 photoreduction process on the CuO surface. 

Adapted with permission.156 Copyright 2020, Elsevier. 

 

In further studies Ávila-López et al. explored the photocatalytic activity of 

CuO in different configurations, namely as powder, thin film, and coatings on 

glass fiber mesh. While CH4 formation was observed for all configurations, CuO 

coated on glass fiber mesh performed the best due to its high specific surface 

area and high concentration of surface defects.154 It has been suggested that the 

CO2 reduction performance strongly depends on its interaction with the catalyst 

surface, which can be tuned by surface groups and the reaction conditions. 
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Surface integrity 

The nature and adsorption capacity of the photocatalyst surface allow to 

control the product selectivity of CO2 reduction via specific superficial 

interactions.149, 152, 162, 170 Since CO2 behaves like a Lewis acid, alkali metal oxides 

can improve the CO2 adsorption and, consequently, increase the reactivity. Yu et 

al. demonstrated that TiO2 with a high density of -OH surface groups exhibited 

the highest CH4 formation rate (~5.42 μmol g-1 h-1) under UV illumination. As the 

calcination temperature and the time of the synthesis were increased, the 

photoactivity of TiO2 declined due to the removal of -OH surface groups.170 

Similarly, Li et al. showed for ZnO particles that the vacancy defects (controlled 

by different annealing treatments) influence the performance of the CO2 

reduction. Herein, the vacancy defects favor the interaction between ZnO and 

CO2 and promote better charge carrier separation.147 The pivotal role of oxygen 

vacancies on CO2 reduction by metal oxides was also reported in other works.144, 

146, 148, 151, 159, 163, 167  

Niobium-based materials exhibit high chemical stability and excellent 

electronic properties. Despite their remarkable features, they have only been 

applied recently for the CO2RR.171, 172 Silva et al. showed that the acidity of the 

Nb2O5 surface can be tuned to selectively induce the formation of various CO2 

reduction products (CO, HCOOH, CH4, CH3COOH). The authors could control of 

the surface acidity by annealing the sample at different temperatures. The 

proposed reaction mechanism, Figure 4, involves the formation of different 

intermediates as a function of the surface protonation.168 
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Figure 31. Proposed pathways for CO2 photoreduction over the acidic surface of 

Nb2O5. Reproduced with permission.168 Copyright 2019, Elsevier.  

 

In further studies Li et al. reported the application of differently synthesized 

Nb-based materials for CO2RR. Materials obtained through the hydrothermal 

method were more active than materials prepared through the traditional solid-

state methodology. Herein, HNb3O8 performed better than KNb3O8, which was 

attributed to the protonic acidity of the former promoting the photocatalytic 

reduction of CO2 to CH4.
157

 Moreover, all Nb-based materials demonstrated 

higher photocatalytic activity in comparison to the benchmark photocatalyst, TiO2 

P25, producing CH4 as the main product.  

Many research efforts have been devoted to control the morphology and 

crystallinity of the pristine semiconductors as well as their surface integrity in 

order to improve the CO2 conversion efficiency via creating suitable conditions 

for CO2 adsorption and activation. However, such strategies do have their 

intrinsic limits.157, 165, 166, 173 So far, the highest rates for CO2 photoreduction 

conducted on pristine inorganic semiconductors did not exceed the range of 10 



108 
 

μmol h−1 gcat
−1 (Table 1). Some efforts have been focused on the process 

engineering to improve the efficiency. For example, Galli et al. proposed an 

innovative photoreactor operating under high pressure (7 bar) and 80 ºC for the 

photoreduction of CO2 to formic acid over TiO2 P25. The unconventional 

conditions allowed increasing the CO2 solubility in the liquid phase, thus 

improving the overall performance compared to prior works.174 

Modified inorganic semiconductors  

The poor performance of the pristine semiconducting photocatalysts is 

generally attributed to their fast charge carrier recombination, poor visible light 

harvesting, and the sluggish surface redox reactions resulting from their low 

catalytic activity, as well as the low electronic conductivity leading to slow electron 

transfer rates. Additionally, as water serves as hole scavenger, the competing H2 

evolution reaction reduces the CO2 reduction efficiency. Hence, an efficient CO2-

photocatalyst should be highly active for CO2 reduction and exhibit a negligible 

activity for H2 evolution. Most of the pristine inorganic semiconductors are not 

able to fulfil this crucial requirement.129, 175 

Different approaches have been proposed to improve the semiconductor 

features such as doping, decoration with metal nanoparticles or creation of 

heterojunctions with metal oxides or metal-free semiconductors. These strategies 

can enhance the charge carrier separation efficiency, the visible light harvesting 

and the CO2 activation through specific adsorption sites. Additionally, such 

modifications have the potential to control the CO2 reduction selectivity.176-180 

Relevant examples of photocatalyst modification for CO2 reduction are 

summarized in Table 2. Note that the conversion rates are on average about one 
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order of magnitude higher than those observed for the pristine materials (Table 

4). 

 

Table 5. Relevant examples of inorganic semiconductors modified with metal 

nanoparticles, metal- and metal-free semiconductors applied for the CO2 

photoreduction. 

Composite

s 

Surfac

e area 

 (m2 g-

1) 

Conversion 

rate (μmol g-

1 h-1) 

Main 

product  

Sacrificia

l agent/ 

solvent 

Light 

source 

Re

f. 

Pt/ In2O3 

and Pt/C-

In2O3 

 133.5 and 

633 

CO H2O 300 W 

(Xe) 

177 

Co/CdS - 392 CO Na2CO3 300 W 

(Xe) LP-

420 nm 

181 

MoS/TiO2 - 267 CO H2O 300 W 

(Xe) LP-

400 nm 

182 

g-C3N4/N-

Nb2O5 

63.128

3 to 

238.87

36 

253.34 CO NaHCO3 300W 

(Xe) 

 

183 

Ru-mC3N4 - 66.7 to 250 CO DMF/H2O 34 W 184 



110 
 

CdS/BCN ~250 250 CO ACN/TEO

A 

/CoCl2 

300 W 

(Xe) LP-

420 nm 

185 

Ag/Zn-

Ga2O3 

 117 CO NaHCO3 400 W 

(Hg) 

180 

CeO2-TiO2 182.4 72 CO H2O 300 W 

(Xe) 

 

186 

BCN/In2O3 4.6 to 

61.7 

7.94 CO H2O 300W 

(Xe) 

LP-400 

nm 

187 

NiO-gC3N4 13.94 

to 

70.09 

~0.80 to 2.75 CO TEOA/ 

H2O  

300W 

(Xe) 

188 

RGO@CuZ

nO@Fe3O4 

- 2656 CH3OH DMF/H2O 20 W 

white 

cold 

LED LP-

400 nm 

189 

CuO/NaTaO

3 

- 1302 CH3OH C3H8O 250 W 

(Hg) 

190 

Cu/TiO2 28 118.5 CH3OH NaOH 8 W 

(Hg) 

179 
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254 nm 

RGO-ZnO 23.69 68.8 to 87.7 CH3OH NaOH 300 W 

(Xe) 

191 

Ru-TiO2 26.96 78.16 CH3OH DMF/H2O 20 W 

LED  

192 

RGO-ZnO - 45.75 CH3OH NaHCO3 500 W 

(Xe) 

 

193 

Cu2O/TiO2 48 to 

120 

12-70 CH3OH H2O 300 W 

(Xe) 

194 

In/TiO2 42.98 

to 

123.00 

31 to 244 CH4 H2O* 500 W 

(Hg) 

195 

Pt-Au-Cu-

Pd-

Ru/NaTaO3 

- 2.16 to 139.1 CH4 H2O/H2 300 W 

(Xe) 

196 

CuO/BiOCl  94.9 to 114.1 CH4 H2O 300 W 

(Xe) 

197 

Ni/In2O3 55.05 

to111.8

0 

21.3 to 66.2 CH4 H2O 300 W 

(Xe) 

LP-420 

nm 

198 
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ZnO/ZnTe 

morphologie

s 

5.60 

and 

18.20 

38.8 and 44.6 CH4 H2O 300 W 

(Xe) LP-

420 nm 

178 

CoS/gC3N4 5.72 to 

94.04 

40.58 CH4 H2O 300W 

(Xe) 

199 

TiO2@g-

C3N4 

63.112 

to 

95.965 

32.49 CH4 H2O* 300W 

(Xe) 

λ:420-

700nm 

200 

gC3N4/ZnO - 19.8 CH4 NaHCO3 

/H2O* 

300 W 

(Xe) LP-

420 nm 

201 

gC3N4-

W19O49 

- 1.38 CH4 H2O* 300W 

(Xe) 

202 

Au/Pt/TiO2 - 0.57 CH4 H2O 500 W 

(Xe) 

 

203 

CuO/TiO2 ~790 

to 

1600 

~790 to 1600 C2H4O2 CH3OH 250 W 

(Hg) 

204 

H2O* = Water vapour.  

RGO = Reduced graphene oxide.  

BCN = boron carbon nitride. 

ACN = acetonitrile.  

DMF = N,N-Dimethylmethanamide. 
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TEOA = triethanolamine. 

 

Semiconductor/metal composites 

For the decoration of inorganic photocatalysts with metallic particles 

typically Au, Pt, Cu and Ag particles are applied, mainly because of their 

selectivity for the formation of specific CO2 reduction products. Several examples 

of metal-loaded TiO2 and other semiconductors are reported in the literature with 

conversion rates higher than those for the respective pristine materials and with 

variable product selectivity depending on the reaction medium and the metal co-

catalyst.190, 194-196, 198, 203 Zhang et al. have showed that TiO2 nanofibers decorated 

with Au and/or Pt nanoparticles perform remarkably better compared to pristine 

TiO2. The bare oxide converted CO2 to CH4 with a rate of 6 μmol g-1 h-1
,
 while the 

modified TiO2 exhibited production rates of up to 114 μmol g-1 h-1. The authors 

attributed the improved performance to the synergistic effect of the electron-sink 

function of Pt nanoparticles and to the Au surface plasmon resonance that 

improved charge carrier separation and the visible light harvesting, 

respectively.203 Tahir and Amin have shown an 8-fold increase of the 

photoinduced CH4 generation for In-TiO2 systems in comparison to bare TiO2, 

Figure 32. The In clusters act as electron acceptor, enhancing the charge carrier 

efficiency and also as CO2 reduction site.195 Similarly, Wan et al. reported an 

In2O3/Ni system for CH4 production from CO2. Ni decoration increases the visible 

light absorption and the CO2 adsorption capability due to the introduction of the 

active sites.198 This effect was reported by several authors for different systems 
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and underscores the crucial role of the co-catalysts on improving the 

photocatalytic activity.180, 190, 195, 196, 198, 203 

 

 

Figure 32. Photocatalytic reduction of CO2 with H2O as a hole scavenger over 

In-doped TiO2 photocatalyst. Adapted with permission.195 Copyright 2015, 

Elsevier.  

 

Heterojunction composites 

The combination of two different semiconductors with different band gaps 

and energy band levels (conduction and valence band) has been shown to 

enhance the light harvesting and charge carrier separation efficiencies, boosting 

CO2 photoreduction.182, 186,11, 192, 194, 197, 205-207 Jia et al. found that a MoS2/TiO2 

heterojunction exhibits excellent photocatalytic performance under visible light 

illumination. Such improvement has been attributed to the higher separation 

efficiency of the photogenerated charge carriers as illustrated in Figure 33, along 

with a strong response to visible light.182 

Qin et al. investigated the CO2 reduction to methyl formate over a CuO/-

TiO2 composite and observed high photocatalytic activity with a rate of 1600 μmol 

g-1 h-1 due to the efficient charge carrier mobility following photoexcitation.204 
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Ehsan and He synthesized a ZnO/ZnTe heterostructure via  an in situ 

hydrothermal method and applied the newly formed material for CO2 

photoconversion to CH4 under visible light illumination. The influence of the ZnO 

morphology in the heterostructure was studied, revealing that ZnO nanosheets 

exhibit a higher activity than ZnO nanorods. The former has a larger specific 

surface area and, hence, larger heterojunction interface.178 In general, the 

formation of the heterostructures promotes charge carrier transfer processes, 

prevent charge recombination and thus leads to improved photocatalytic 

activities.11, 182, 186, 192, 194, 197, 205-207
 

 

Figure 33. Schematic representation of the energy band positions in MoS2/TiO2 

heterojunction composites and corresponding photoinduced charge carrier 

processes. Adapted with permission.182 Copyright 2019, Elsevier.  

 

Metal-free semiconductors (e.g., graphene and g-C3N4) have recently 

gained attention in the community due to their remarkable properties such as 

visible light activity, earth abundance, cost-effectiveness, good electrical 

conductivity, and non-toxicity.176 These organic semiconductors are very well 

suited for the combination with metal oxides to yield photocatalytic active 
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heterostructures.184, 185, 189, 191, 193, 201, 208 For example, Li et al. showed that a 

heterojunction formed between ZnO and reduced graphene oxide (RGO) 

improves the CO2 conversion to ethanol by 75%. The enhanced performance 

was attributed to the enlarged light absorption of ZnO in the presence of RGO. 

Additionally, the size of ZnO nanoparticles and their crystallinity were influenced 

by the RGO content.193  

Sharma et al. developed a synthetic method to introduce single-site 

ruthenium atoms into the mesoporous C3N4 network. This modification improved 

the methanol production under visible light at ambient conditions. The authors 

showed that the interface of the hybrid material acts as a bridge, increasing the 

charge carrier density on Ru, thus reducing the barrier for the electron transfer 

and enhancing the photocatalytic activity.184
 More details on the formation of 

heterojunctions using different semiconductors as well as modification by metal 

nanoparticles can be found in previous reviews.11, 129, 175, 176, 205, 209-211
 

Parallel to the exploration of metal-free semiconductors for CO2 

conversion and other photocatalytic applications, an emerging new class of 

ordered structures, namely the covalent organic frameworks has opened new 

perspectives for the field. While metal oxide and chalcogenide semiconductors 

exhibit some intrinsic limits in terms of synthetic flexibility, COFs can be designed 

using a myriad of chemical structures to obtain ordered materials with improved 

visible light absorption, high specific surface area, and well-defined porosity. 

Their application in CO2 photoreduction is relatively new, and promising results 

have already been reported by different research groups. Hence, in the next 

section, an overview of the recent advances in the application of these materials 

for the CO2 photoreduction is provided. Emphasis will be given on the correlations 
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between their photoreactivity and the corresponding chemical structure. The 

main differences observed between the photochemical behavior of COFs and 

metal oxide semiconductors are discussed as well. 

Covalent Organic Frameworks as alternative CO2 reduction 

photocatalysts: Properties, preparation strategies, and 

challenges  

Covalent Organic Frameworks have attracted significant interest since 

2005 following the first reports on their crystalline porous nature, their high 

chemical stability, and their virtually unlimited structural tunability.63 Comprised of 

earth-abundant and light-weight elements (C, B, N, O, etc.), COFs are promising 

candidates for a large variety of applications, such as gas storage,212-214 

molecular separation,215, 216 energy storage,217-220 catalysis,131, 134, 221 and 

optoelectronics.222-224 COFs are constructed via covalent connections of organic 

building units (often denoted as linkers) yielding crystalline networks as two- or 

three- dimensional compounds, depending on the connectivity mode. The slightly 

reversible nature of the covalent coupling reactions permits the formation of 

crystalline structures rather than an amorphous polymer, as it allows for error 

correction and rearrangement of the network by cleaving and reforming 

connections within the lattice. Planar or nearly planar aromatic molecules 

promotes the formation of layered materials with 2D molecular sheets. Building 

units with a 3D spatial character allows for polymerization propagation in all 

directions, resulting in the formation of 3D networks, which, in some cases, exhibit 

an interpenetrated structure. 2D and 3D COF networks exhibit well-defined pore 

openings and dimensions.  
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The first reported COFs were formed via the co-condensation of boronic 

acids with catechols to form five-membered boronate ester rings as linkages and 

via self-condensation of boronic esters to boroxines.63 As these linkage types are 

highly sensitive towards hydrolysis, imine linkages formed by the condensation 

between aldehydes and primary amines were introduced. Ever since, a growing 

number of novel linkage types have yielded COFs with improved chemical 

stability and versatile optoelectronic properties.223-228 However, it should be noted 

that several coupling reactions possess a rather limited reversibility, (e.g. the 

formation of sp2 C-bonds through the Knoevenagel condensation) impeding the 

formation of highly crystalline structures.229 

By the rational combination of organic building units and covalent linkage 

motifs, structural and optoelectronic properties of COFs can be precisely tuned. 

This remarkably straight-forward “design-follows-function” approach has recently 

triggered intensive research on COFs as alternative platforms for 

photocatalysis.132, 133, 182, 208 The highly ordered organic polymers feature the 

following advantages: (a) π-stacking interactions between 2D COF sheets 

facilitate the charge carrier transport along and between COF planes; (b) 

chromophore building blocks and π delocalization in an extended conjugated 

structure promote efficient light harvesting; (c) high crystallinity and a high degree 

of structural order can prevent the recombination of charge carriers; (d) open 

porous structures and high surface areas enable rapid mass transport and 

diffusion of molecules as well as access to a high density of catalytically active 

sites; (e) the aforementioned flexibility in designing COF structures allows for the 

incorporation of building blocks, comprising heteroatoms (N,S, O etc.), defined 

binding sites for Lewis acids (typically metal ions) or specific side groups; and (f) 
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the molecular nature of COFs allows one to conduct fundamental studies on 

charge carrier kinetics and catalysis, guiding the development of clear atomistic 

structure-property relationships.  

Based on these unique features, COFs have already been tested for the 

electrocatalytic and photocatalytic CO2 reduction reaction.230 The first reported 

COF-based electrocatalyst for CO2 reduction was an imine-linked COF 

comprising a Co(II) porphyrine as catalytic unit,231 while a Covalent Triazine 

Framework (CTF) synthesized via the condensation polymerization between 

cyanuric chloride and perylene diimide exhibited photocatalytic activity for the 

artificial photosynthesis of formic acid from CO2 in a photocatalyst-enzyme 

coupled system.232  

While many excellent review articles are devoted to the application of 

covalent organic frameworks as photocatalysts, often with a focus on the 

relationship between structure and catalytic activity of these materials,130-132,133, 

134, 233 only few reports are solely and thoroughly discussing the application of 

COF-based systems in the photocatalytic CO2 reduction. 208, 230, 234 Hence, in the 

second part of this review, we provide an in-depth analysis of the structural 

parameters affecting the photocatalytic performance of pristine COFs as a CO2 

photocatalyst, followed by a discussion on different methodologies to form COF-

hybrid systems comprising metal-based catalysts for enhanced performance.  

Pristine covalent organic frameworks 

Several pristine COFs have been reported in the literature as 

photocatalysts for the CO2RR. Herein, the crystalline and porous framework itself 

is able to catalyze the reaction, being in some cases supported by 
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photosensitizers (e.g. Ru(bpy)3Cl2) and sacrificial electron donors such as 

triethanolamine (TEOA), triethylamine (TEA) or ascorbic acid (AA). The 

application of these purely organic systems is pointing towards a more 

sustainable and green direction of CO2 utilization compared to modified 

metalated COF-based catalysts, as there are no secondary environmental effects 

and no short-term inactivation or loss of the catalytic metal center.132, 233, 235  

Building units 

The rational selection of the building units allows for the precise control 

over the electronic band structure of COFs and thus their light harvesting 

efficiency and the thermodynamic driving force for CO2 reduction. By the 

incorporation of electron-donor and acceptor heterojunctions, enhanced charge 

carrier generation, separation and transport can be achieved.236-240 The 

combination of light-harvesting chromophores as building blocks such as 

porphyrins, pyrene or imidazole together with extended structural conjugation 

enables excellent light absorption of COFs with intrinsic band gaps ranging from 

about 1.3 eV to 2.9 eV.241 Often, the band gap of the conjugated structure is 

similar to the smallest HOMO-LUMO gap of the constituting molecules, 

confirming the concept of reticular chemistry. However, increasing conjugation 

within the frameworks leads to a reduction of the COF band gap compared to that 

of the linkers.242, 243  

In order to catalyze the CO2 reduction, the conduction band potential of a 

COF-based photocatalyst has to be more negative than the reduction potential of 

CO2 to the desired product. Introducing heteroatoms (N, S, O) into the COF 

building units has a significant influence on their electronic donor and acceptor 
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strength and thus on the electronic band structure of the COF. Hence, regulating 

the HOMO and LUMO energetic levels of the building units has a direct impact 

on the thermodynamic driving force for the catalytic reaction.244 In addition, 

through the combination of electron-rich (high donor strength, e.g. anthracene, 

carbazole) and electron-deficient (high acceptor strength, e.g. benzothiadiazole, 

tetrazine) building units, donor-acceptor heterojunctions within the COF structure 

can be created. Jakowetz et al. applied elaborated transient absorption 

techniques to reveal that Donnor-Acceptor (D-A) moieties in COFs enable a 

significant delocalization of excitons across the lattice, thus creating long lived 

charge carriers with lifetimes of up to tens or hundreds of microseconds.245  

Several groups have employed the aforementioned strategies to improve 

the optoelectronic properties of COF-based photocatalysts. Lei and collaborators 

constructed a carbazole-triazine based donor-acceptor COF, with the carbazole 

moiety possessing excellent hole-transporting capabilities and the triazine moiety 

offering high electron drift mobility. The D-A heterojunction within the COF 

allowed for an efficient HOMO-LUMO separation facilitating the separation of 

photogenerated electron-hole pairs and promoting intramolecular charge 

transfer, Figure 34.238 The so-called CT-COF converted CO2 to CO at a rate of 

102.7 μmol g-1 h-1 and a selectivity of 98% without any additional sacrificial agent, 

using solely water. As the nitrogen atoms in the triazine ring contribute to both 

HOMO and LUMO, they are assigned to be the catalytically active centers. 

Additionally, the heteroatoms stabilize the negative charges effectively, thus 

prolonging the lifetime of photogenerated electrons. In 2018, Fu et al. reported 

two azine-based COF photocatalysts able to reduce CO2 in aqueous medium 

without any photosensitizer or organic sacrificial donor. Both COFs exhibited 
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improved photocatalytic activity in comparison with the well-known g-C3N4 under 

similar experimental conditions, producing up to 13.7 μmol g-1 h-1 of CH3OH.246  

 

Figure 34. Proposed photoinduced electron transfer from the carbazole to the 

triazine moiety and the reaction pathway in the photoreduction of CO2 (PET = 

Photoinduced Electron Transfer). Reproduced with permission.238 Copyright 

2020, John Wiley and Sons.  

 

An interesting study by Peng et al. aimed to rationalize the photocatalytic 

performance of pristine COFs towards CO2 reduction as a function of different 

functional groups in the same host framework. The authors prepared 

ketoenamine-based COFs TpBD-X, in which X = -H2, -(CH3)2, -(OCH3)2 and –

(NO2)2. The different COFs exhibit similar structural parameters and porosities. 

However, the electron-donating groups such as - (OCH3)2 and - (CH3)2 affect the 

light absorption and enhance the photogenerated charge carrier separation 

efficiency. Together with an increase of the conduction band energy (- 1.04 V vs 

NHE for TpBD-(OCH3)2 against - 0.81 V for TpBD-H2), the authors concluded that 

the implementation of electron-donating groups favors CO2 reduction.242 The 

effect of other functional groups on the performance of COF-based 

photocatalysts has been also reported elsewhere.247-249 

Linkage motifs 

A compelling approach towards tuning and controlling the electronic 

interactions and optoelectronic properties within the COF is to vary the linkage 
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motif which connects the monomers. These linkage motifs differ significantly in 

chemical stability, conjugation, and flexibility. The first linkage motif employed in 

a COF was the B-O bond, involving boronate esters and boroxine rings.63 This 

linkage motif is moderately stable, yet prone to hydrolysis in acidic and basic 

conditions, exhibiting limited electronic coupling within the layer as it does not 

result in conjugated building blocks.250 Considering charge transport in COFs with 

limited intralayer conjugation, charge carriers are expected to travel mainly along 

the stacking direction imposing limits on the charge carrier distribution required 

for efficient photocatalysis. Yet, the interlayer carrier mobility is generally limited, 

likely due to a lack of driving force for charge separation between the layers. The 

imine bond formation via the condensation of aldehyde and amine has been 

established to form highly crystalline COFs with higher chemical stability as well 

as a conjugation throughout the framework across the linkages.251, 252 

The conjugation has a direct impact on absorption and optoelectronic 

properties, offering additional transport paths for charge carriers in the lateral 

direction. Although imine bonds are still sensitive towards hydrolysis, further 

stability can be built into COFs by employing a keto-enol tautomerism253 or post-

modifications of the imine bonds.226, 227, 254 A long-standing goal of the COF 

research community was reached in 2016 by the first report of a fully sp2 carbon-

conjugated COF, employing the Knoevenagel or aldol condensation as C-C 

coupling reaction.223 These sp2-C COFs with extraordinary chemical stability and 

extended π-conjugated framework usually yield a narrower band gap material 

with an improved light-harvesting capability. For example, Xiang et al. and Fu et 

al. synthesized sp2-C COF for CO2RR with high conjugation and crystallinity, 

which facilitated the long-range delocalization of electrons and improved the 
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electron delivery to the catalytically active sites. Both COFs showed conversion 

rates of over 1000 μmol g-1 h-1 and selectivity towards CO of over 80%.68, 255 

Interlayer interactions 

The rational choice of building blocks does not only dictate the intrinsic 

optoelectronic properties but also the structuring ability, as the geometry of these 

monomers defines different lattices and pore structures. Figure 35a shows that 

in a 2D arrangement the units are stacked through π-π interactions, with a spatial 

separation between the layers of usually about 3 to 5 Å. The layered structure is 

an ideal pre-requisite for photo- and electrocatalysts as the columnar π-arrays 

enhance the light absorption and on the other hand form one-dimensional open 

channels with predesigned pathways to facilitate both charge carrier and mass 

transport.232, 256, 257 Er et al. conducted DFT calculations to analyse the electronic 

properties of a triphenylene donor – benzothiadiazole acceptor COF.258 The 

authors studied the dependence of the band structure and carrier effective 

masses on the number of layers. The study revealed that the experimentally 

observed high conductivity in layered D-A COFs is a result of enhanced intralayer 

charge transfer promoted by strong interlayer interactions. The effective mass of 

charge carriers decreased along the vertical direction as the π- stacking is 

enhanced.  

The very first study of COFs as electrocatalysts for the CO2RR showed 

that porphyrin columns integrated into the framework facilitate electron transport 

from the electrode to the catalytic site.231 The Co(II) decorated COF-367-Co 

exhibited a 4.9-fold increased turnover number for the CO2-to-CO reduction than 

its monomeric counterpart Co(II) porphyrin, indicating that the π-π stacking of the 
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COF plays an integral role in the charge carrier separation and transport. 

However, separated 2D COF nanosheets have also shown significant CO2 

conversion into CO (see next section for details), indicating that intralayer 

bonding within COFs also contributes to efficient photocatalysis.259  

Extending the networks into three-dimensional arrangements results in 3D 

COFs (Figure 35). Only very few 3D COF-based photocatalysts have been 

reported in the literature, as the interpenetrated structure of 3D COFs often 

impedes the direct use of the backbones as catalytic centers, while the small pore 

size, usually in the micropore range, limits the scope of catalysts that can be 

integrated into the pore walls.132, 260, 261 

 

Figure 35. Schematic representation of 2D and 3D COF networks. (a) 2D COFs 

consist of 2D sheets in the x-y-plane, stacked through π-π interactions in the z-

direction. (b) In 3D COFs, the covalent bonds extend in all three spatial directions, 

often with n-fold intercalation. 

 

Crystallinity and porosity 

High crystallinity and surface area are imperative for COF-based 

photocatalysts since such properties enhance the adsorption and diffusion of CO2 

and the as formed inherent channels make promising hosts for guest molecules. 
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The highly porous nature of COFs also enables high throughput mass transfer 

and access to a high density of active sites. Several studies have demonstrated 

that a lack of periodically ordered COF structures leads to a significantly lower 

CO2 conversion rate as it directly translates to a lower degree of accessibility of 

active sites and longer transportation distances of photogenerated charge 

carriers.238, 262, 263 The importance of the COF morphology was highlighted by Liu 

et al. who described ultrathin two-dimensional imine-based COFs with Co2+ 

centers. The 2D COF nanosheets were able to promote CO evolution from 

aqueous CO2 solution at a rate as high as 10162 μmol g-1 h−1 and 78% selectivity, 

while the same photocatalyst as bulk material yielded only 124 μmol g-1 h−1 of CO 

under the same experimental conditions.259 The superior performance of the 2D-

COF photocatalyst was attributed for the better CO2 adsorption capacity, almost 

twice higher than that for the bulk material, as well as to the improved electron 

transfer properties since the active Co2+ sites are not buried in contrast to the bulk 

photocatalyst.  

High porosity and large surface areas are favorable for capturing CO2 and 

for stabilizing active sites for the photocatalytic CO2 reduction.237, 264 Due to 

dipole-quadrupole interactions, nitrogen heteroatoms in the COF structure have 

a high affinity towards CO2 molecules, thus enhancing the gas uptake as well as 

promoting the selectivity.265 This aspect is a forefront advantage of COFs in 

comparison to inorganic semiconductors. Hence, N-rich building blocks (triazine, 

pyridine, azine) are often employed in COF-based catalysts as well as imine 

bonds as a linkage motif.246, 262, 266-268  

The Table 6 provides an overview of the relevant pristine COF-based 

photocatalysts for CO2 reduction. It should be noted that most COFs exhibit 
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surface areas higher than 500 m2 g-1, values not easily reached for traditional 

metal oxide semiconductors. Most COFs that have been tested for CO2RR, are 

able to perform a two-electron reduction to CO2, yielding CO or HCOOH. Yet 

some groups report CO2 reduction by four, six or eight electrons yielding 

formaldehyde, methanol or methane, respectively. 

Table 6. Relevant examples of pristine COFs applied for CO2 photoreduction.  

COF Surface 

area (m2 

g-1) 

Conversion 

rate (μmol 

g-1 h-1) 

Main 

product 

(selectivi

ty) 

Sacrificial 

agent/ 

solvent 

Light 

sourc

e 

Ref. 

  

PI-COF-TT 

825 483 
CO 

(93%) 

TEOA / 

CH3CN -

H2O  

780 

mW 

cm-2 

(Xe) 

200 to 

800 

nm 

265 

 

CT-COF 

521 102.7 
CO 

(98%) 
H2O 

300 W 

(Xe) 

> 420 

nm 

238 
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TpBb-COF 

913 89.9 
CO 

(99%) 
H2O a 

40 W 

(LED) 

>420 

nm 

247 

 

NAHN-Tp 

138 88.6 
CO 

(98%) 

TEOA / 

CH3CN b 

300 W 

(Xe) 

>420 

nm 

269 

 

TAPBB-COF 

843 26.4 
CO 

(96%) 
H2O 

20 

mW.c

m-2 

(Xe) 

200 to 

1000 

nm 

270 

 

PD-COF-23 

181 20.9 
CO 

(99%) 

TEOA / 

CH3CN -

H2O 

300 W 

(Xe) 

- 

236 
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CTF-py 

1122 13.4 
CO 

(-) 

TEOAc / 

CH3CN 

300 W 

(Xe) 

200 to 

1100 

nm 

268 

 

DA-CTF 

715 4.65 
CO 

(-) 

TEOA / 

CH3CN b 

- (Xe) 

> 420 

nm 

271 

 

TFP-DM COF 

421 19.2 
HCHO 

(-) 
 H2O 

20 

W.cm-2 

(LED) 

- 

272 

 

TpBD-(OCH3)2 

388 108.3 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

420 to 

800 

nm 

273 

 

819 102 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

274 
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TpBpy 420 to 

800 

nm 

 

TpBD-(CH3)2 

406 86.3 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

420 to 

800 

nm 

273 

 

TpBD-H2 

535 45.7 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

420 to 

800 

nm 

273 

 

TpBD-(NO2)2 

259 22.2 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

420 to 

800 

nm 

273 

 

N3-COF 

1412 0.57 
CH3OH 

(-) 
H2O 

500 W 

(Xe) 

420 to 

800 

nm 

246 



131 
 

 

ACOF-1 

1053 0.36 
CH3OH 

(-) 
H2O 

500 W 

(Xe) 

420 to 

800 

nm 

246 

 

Imine-CTF 

602 7.10 
CH4 

(-) 

TEOA / 

H2O 

300 W 

(Xe) 

>420 

nm 

262 

aGas-solid system; bco-catalyst; cTEOA: triethanolamine.  

The application of pristine COF photocatalysts benefits from the high 

visible light-harvesting efficiency and high CO2 adsorption capacity. However, 

COF as a single photocatalyst suffers from sluggish charge carrier separation 

and transfer to the adsorbed CO2, thus, the purpose-directed design of COF-

based hybrids embedding redox active molecules or nanoparticles is an attractive 

strategy to promote the photocatalytic efficiency. COFs with their high crystallinity 

and porosity are ideal templates for the incorporation of catalytically-active 

centers. Unlike other materials, these centers can be introduced into the 

framework with atomistic precision, allowing for a rigorous structural control of the 

heterogeneous catalysts.230, 275 This unique feature not only enables the 

synthesis of novel, more powerful hybrid systems, but also opens up new 

pathways for a deeper understanding of the underlying photocatalytic 

mechanism. Hence, the combination of COFs with metal-based co-catalysts such 
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as nanoparticles, complexes or metal oxides is being increasingly adopted to 

improve the performance of the COF-based photocatalysts. The synergistic 

effects of COFs combined with metal co-catalysts are discussed in the following 

section.  

COF-based hybrids 

The previous section illustrated that pristine COFs with building units 

containing heteroatoms such as N, S, O can indeed serve as photocatalytic 

materials themselves. However, the fabrication of multicomponent COF-based 

hybrid systems is gaining scientific significance due to the synergistic effects 

between the different classes of materials.275 The combination of COFs exhibiting 

high surface area, hierarchical porosity, high chemical stability and enhanced 

light-harvesting abilities with inorganic co-catalysts yields photocatalytic active 

hybrids with superior features relevant for applications in 

photo(electro)catalysis.230, 275 As the detailed description of the synthetic 

procedures for COF-based organic-inorganic hybrid systems for the 

photocatalytic CO2RR was reviewed by Lu et al., in the following sections we will 

focus on the features and performance of the corresponding hybrids.230  

COF/Single metal sites hybrids 

Metallic co-catalysts can be integrated into the COF structure using 

various approaches. A rather subtle path is the use of porphyrin-units as anchors 

for metal ions. Several studies have demonstrated that COFs containing 

metalated porphyrins have a much stronger photocurrent response than COFs 

with metal-free porphyrin rings, indicating a more efficient separation of 
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photogenerated electron-hole pairs.67, 236, 276, 277 Porphyrins are also promising 

alternatives to other complexing building units such as bipyridine or 

phenanthroline, owing to their strong chelating coordination ability towards metal 

ions. Implemented in COF photocatalysts, porphyrins can stabilize the active 

metal centers more efficiently, avoiding metal leaching during CO2 reduction and 

subsequent loss of activity.278 Lu and co-workers reported a Zn-decorated 

porphyrin COF for the photocatalytic reduction of CO2 to CO and simultaneous 

H2O oxidation to O2. A conversion rate of 12.33 μmol g-1 h-1 was reached with a 

product selectivity of 100%.67 Further examples are listed in Table 4.  

Not only single metal ions but also molecular catalysts can be integrated 

into the COF structure via a coordination approach using functional groups such 

as bipyridine, anthraquinone, sulfone and others.249, 279 Key examples of 

molecular catalysts involve Re(I) and Mn(II) tricarbonyl units, as well as Ni(II), 

Co(II), Fe(II) and Ru(II) complexes.265, 268, 279-281 Often, these molecular catalysts 

undergo detrimental side reactions in solution such as dimerization, triplet-triplet 

annihilation or other radical deactivation pathways, undermining their catalytic 

activity over the long term.282, 283 To overcome such problems, “heterogenization” 

or hybridization of the molecular catalysts onto suitable solid-state matrices has 

been proposed, significantly improving their stability and in some cases 

enhancing their activity as well. Studies suggest that the introduction of metal 

complexes enhances the intramolecular charge transfer between the COF 

skeleton and the metal center and inhibits charge carrier recombination.255, 268, 281 

Hence, the incorporation into COFs not only enhances the photocatalytic 

performance of the molecular catalysts but also prolongs their activity, combining 
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two necessary aspects for the design of efficient photocatalysts for CO2 

reduction. 

Yang et al. employed transient absorption spectroscopy and XPS to show 

the influence of Re(I) on the intramolecular charge transfer (ICT) in a COF 

photocatalyst.66 Upon visible light excitation, an ICT state is formed with electrons 

being transferred from the COF moiety to the Re(I) center. The as-generated ICT 

state has a much longer lifetime in relation to the MLCT state of the pristine metal 

complex (171 ps vs 200 fs, respectively), allowing for more efficient quenching by 

the sacrificial donor TEOA to form a TEOA+-(COF-Re)- charge separation state. 

In the presence of CO2, the reduced (COF-Re)- species dissociates a Cl- ligand 

to yield CO2 adducts as typically reported for Re(I) tricarbonyl molecular catalysts 

(Figure 36). The studied COF comprises bipyridine as complexing building block 

and yields CO under visible light irradiation with a rate of 750 μmol g-1 h-1 with 

98% selectivity. Notably, the hybrid performance is 22 times higher than that for 

the homogeneous fac-[Re(CO)3(bpy)(Cl)] molecular catalyst under the same 

conditions. Another COF bearing Re(I) moieties was reported by Fu and 

collaborators. The sp2-C linked Re-modified COF showed better charge 

separation and transfer than the pristine COF, producing CO at a rate of 

1040 μmol g-1 h-1 with 81% selectivity in acetonitrile/TEOA (30:1). Additional 

incorporation of Pt nanoparticles enabled the production of syngas, i.e., the co-

formation of H2 and CO. 
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Figure 36. Proposed photocatalytic mechanism for the CO2 reduction to CO 

using the Re(I)-decorated COF. Adapted with permission.66 Copyright 2018, 

American Chemical Society.  

 

Beyond the incorporation of metal carbonyl complexes, COFs also allow 

for anchoring other molecular catalysts.255, 265, 269, 284 Yang et. al., for example, 

reported a 3,3′,5,5′-tetraformyl-4,4′-biphenyldiol-COF (TFBD-COF) modified with 

a Co2+ complex having salicylideneaniline (SA) as auxiliary ligand, Figure 10a. 

TFBD-COF-Co-SA showed a CO2-to-CO reduction activity of 7400 μmol g–1 in 

5 h and a 90% selectivity under visible light illumination in the presence of TEOA 

as sacrificial agent and [Ru(bpy)3]Cl2 as photosensitizer. This COF-hybrid 

performed better than the pristine COF and the TFBD-COF-Co without the 

auxiliary ligand and showed similar activities as the homogeneous catalyst 

[Co(SA)2]. The TFBD-COF-Co-SA (Figure 37a), however, was considerably 

more stable than the homogeneous analogue, which evidences the benefits of 

the heterogenization. The proposed mechanism for the system is shown in 

Figure 37b.285 
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Figure 37. (a) Modified TFBD-Co-SA-COF and (b) proposed mechanism of the 

photocatalytic CO2 reduction in the presence of TEOA as a hole scavenger. 

Adapted with permission.285 Copyright 2021, American Chemical Society.  

  

COF/metal nanoparticles (NP) hybrids 

The use of metal nanoparticles as co-catalysts in photocatalytic systems 

is an effective approach to suppress recombination of charge carriers. Similar to 

homogeneous molecular catalysts, metal nanoparticles also suffer from 

unwanted physicochemical processes under photocatalytic conditions, most 

prominently aggregation, limiting their storage, processing and further use.286-288 

The spatially controlled incorporation of NP into COF templates promises 

beneficial synergistic effects, as the restricted space inside the pores of the highly 

ordered COFs prevents aggregation and promotes a homogeneous distribution 

of the metal nanoparticles. In terms of sustainability, this is also beneficial as the 

consumption of precious metals is drastically reduced when combined with COF 

templates, offering large surface areas and a high accessibility of the catalytic 

active centers. However, the nanoparticle loading should be monitored carefully, 

as an excessive amount of nanoparticles can block the pores of the COFs and 

shield the active sites during the photocatalytic reduction of CO2. In addition, the 
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metallic islands can act as recombination centers for photogenerated charge 

carriers.  

In COF/metal nanoparticle hybrids, the generally established mechanism 

involves the band gap excitation of the COF, followed by electron transfer to the 

metallic co-catalyst where the CO2 reduction takes place, as exemplified in 

Figure 38.289  

 

Figure 38. Schematic energy level diagram of a COF (TpPa-1) decorated with 

Ru nanoparticles for the conversion of CO2 to formic acid. Adapted with 

permission.289 Copyright 2021, Elsevier.   

Similar to metal complexes, the incorporation of metal nanoparticles into 

COF pores can enhance the electron transfer and inhibit the recombination of 

photogenerated charge carriers. Key examples involve the incorporation of Ru0 

or Pd0 nanoparticles, leading to the conversion of CO2 to formic acid or CO, 

respectively, with traces of CH4.
262, 274, 289, 290 An in-depth discussion of the 

product selectivity in COF-based photocatalysts is given at a later point in this 

review. Further examples involve the application of bimetallic clusters such as 

PdxIny@N3-COF composites reported by Huang et al. The bimetallic system is 

more efficient than those employing pristine Pd or In nanoparticles, which is 
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attributed to the improved electron mobility in the clusters. Moreover, as CO2 

reduction and H2O oxidation occur simultaneously, the authors report the 

production of methanol and ethanol with a selectivity of 74 and 26%, 

respectively.291  

COF/metal oxide hybrids 

An intriguing strategy to create new photocatalysts is the combination of 

traditional inorganic semiconductors and COFs to form powerful hybrid systems 

with improved photocatalytic activity and stability.292, 293 An organic-inorganic Z-

scheme heterojunction for artificial photosynthesis was reported for the first time 

by Zhang et al., who combined semiconductors able to oxidize water (TiO2, 

Bi2WO6 and α-Fe2O3) with CO2-reductive COFs (named as COF-316 and COF-

318, respectively). The highest CO production rate of 69.67 μmol g-1 h-1 was 

achieved by the hybrid system COF-318-TiO2 in a gas-solid system using H2O 

as electron donor under simulated sunlight illumination (λ= 380-800 nm) in the 

absence of any additional sensitizer or co-catalyst. The CO production rate in this 

system was six times higher than that of the individual components. The covalent 

coupling between the organic framework and the metal oxide semiconductor is 

crucial, enabling photogenerated electrons to be transferred efficiently to the 

organic moiety following the bandgap excitation of the metal oxide (Figure 39). 

Hence, photoexcited electrons and holes accumulate in the COF and the metal 

oxide, respectively, and are available for simultaneous CO2 reduction and H2O 

oxidation.248  
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Figure 39. Schematic illustration of the charge carrier transfer in COF-318-TiO2 
under light illumination following the Z-scheme model. Adapted with 
permission.248 Copyright 2020, John Wiley and Sons.   

The importance of a covalent linkage between the inorganic 

semiconductor and the COF was highlighted by the work of Xu et al. TiO2 

nanoparticles were functionalized with -NH2 groups for subsequent condensation 

with -OH sites of the selected COF, resulting in a covalently bonded 

heterojunction, Figure 40. This heterojunction showed a 2.18 times higher 

photocatalytic activity than the non-covalently bound analogue, due to the 

improved charge carrier separation and migration. When Co2+ ions were added, 

the hybrid system TiO2@CTF-Py produced CO at a rate of 43.34 μmol g-1 h-1, in 

aqueous solution and without the addition of photosensitizers or sacrificial 

electron donors, exceeding the rates of the pristine CTF-Py by 5 and that of TiO2 

by 7 times.294 The proposed CO2 photoreduction mechanism involves a Z-

scheme, where electrons tend to remain on the CTF-Py surface for CO2 reduction 

and holes on the TiO2 surface for water oxidation. Similar hybrid systems using 

TiO2 as inorganic platform have been reported in the literature, showing similar 

CO generation rates under photocatalytic conditions analogous to the COF-
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hybrid systems described above.290-293 In the Table 7, a summary of the 

photocatalytic activity of COF-based hybrids for CO2 reduction is presented, 

including the aforementioned systems. 

 

Figure 40. Synthesis route of the CTF-Py COF and the heterogeneous catalyst 

TiO2@CTF-Py. Reproduced with permission.294 Copyright 2021, Elsevier.   

.  

Table 7. Relevant examples of COFs- based hybrids applied for the CO2 

photoreduction.  

COF 

Surfac

e area 

(m2 g-1) 

Conversio

n rate 

(μmol g-1 

h-1) 

Main 

product 

(selectivit

y) 

Sacrific

ial 

agent / 

solvent 

Light 

source 

Re

f. 

 

560.65 1480 
CO 

(90%) 

TEOA / 

CH3CN 

d 

>420 

nm 

282 

TFBD-COF-Co-SA 
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323 1040 
CO 

(86%) 

TEOA / 

CH3CN d 

300 W 

(Xe) 

>420 

nm 

68 

Re-Bpy-sp2c-COF 

 

195.9 1020 
CO 

(59%) 

TEOA / 

CH3CN 

d 

300 W 

(Xe) 

>420 

nm 

279 

DQTP-COF-Co 

 

192.8 1000 
CO 

(81%) 

TEOA / 

H2O 

300 W 

(Xe) 

>420 

nm 

255 

COFdpy-Co 

 

580 811.4 
CO 

(96%) 

TEOA / 

CH3CN-

H2O d 

300 W 

(Xe) 

>420 

nm 

249 

Ni-TpBpy 
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- 750 
CO 

(98%) 

TEOA / 

CH3CN 

225 W 

(Xe) 

>420 

nm 

66 

Re-COF 

 

1154 525 
CO 

(93%) 

TEOA / 

CH3CN-

H2O d 

300 W 

(Xe) 

>420 

nm 

278 

NiP-TPE-COF 

 

693 353.05 
CO 

(-) 

TEOA / 

H2O a 

300 W 

(Xe) 

268 

Re-CTF-py 

 

632 283 
CO 

(-) 

TEOA / 

CH3CN-

H2O 

200 W 

(Xe) 

>390 

nm 

280 

Re-TpBpy-COF 
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882.4 198.97 
CO 

(89%) 

TEOA / 

CH3CN b 

- 

> 400 

nm 

293 

rGOxTpPa-1 

 

196.3 69.67 
CO 

(-) 
H2O 

200 mW 

cm-2 

>380 

nm 

248 

COF-318-TiO2 

 

332 43.34 
CO 

(98%) 
H2O 

300 W 

(Xe) 

>320 

nm 

294 

TiO2@CTF-Py 

 

7.1 38.66 
CO 

(-) 

TEOA / 

CH3CN-

H2O d 

300 W 

(Xe) 

>420 

nm 

290 
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Ni(OH)2-CTF-1 

 

65.6 10.62 
CO  

(95%) 
H2O d 

400 mW 

cm-2 

(Xe) 

>420 

nm 

295 

TTCOF-Ni 

 

322.8 6.19 
CO 

(-) 
H2O 

300 W 

(Xe) 

>420 

nm 

284 

Mo-COF 

 

643 172 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

>420 

nm 

274 

0.6 wt% 

Ru@TpBpy 

 

345.57 152.5 
HCOOH 

(90%) 

TEOA / 

CH3CN d
 

300 W 

(Xe) 

>420 

nm 

279 
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DQTP-COF-Zn 

 

385 108.8 
HCOOH 

(-) 

TEOA / 

CH3CN 

300 W 

(Xe) 

>420 

nm  

289 

3.0 wt% Ru/TpPa-1 

 

100.5 

 

33.2 

 

CH3OH  

(74%) 

 

H2O 

 

300 W 

(Xe) 

>400 

nm 

 

291 

 

PdIn@N3-COF 

aGas-solid system; bco-catalyst; dphotosensitizer.  

Control of product selectivity with COF-based hybrids 

A high product selectivity is aimed for an efficient CO2 photoreduction, 

favoring the generation of carbonaceous species over H2 and the simultaneous 

control over the CO2-derived product. While the COF structure in heterogeneous 

COF/metal catalyst systems is key for light harvesting and charge carrier 

transport, the product selectivity is mainly controlled by the nature of the co-

catalyst. Typically, when the metal centers act as π-donors to their respective 

ligands (e.g. Ni2+ and Co2+ complexes), CO is preferentially formed, while metal 

centers which act as  π – acceptors lead to production of formic acid.278, 279 The 

conversion of CO2 into alcohols is yet more challenging. Huang and collaborators 
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developed a COF filled with bimetallic PdIn nanoparticles exhibiting dual active 

sites for the C-C bond coupling, hence, possessing great potential for the 

photosynthesis of the alcohols.291 The synergistic effects between COF and 

nanoparticles facilitated the coupling of key intermediates and subsequent H-

electron transfer. 

The selective photoreduction of CO2 in competition with H2 is greatly 

dependent on the selective adsorption and activation of CO2 on the framework 

or, in the case of modified COFs, on the metal active sites and the special reaction 

microenvironment.249, 277 Chen et al. conducted DFT calculations, revealing that 

the adsorption energy of CO2 on Ni single sites in the presence of polyimide PI-

COF-TT was significantly lower than that of H2O, Figure 41.265 The authors have 

shown that the hydrogen bonding interactions between the H atoms of the COF 

structure and the CO2 molecules reduced the adsorption energy and, hence, 

promoted CO2 adsorption and further conversion. 

 

Figure 41. (a) DFT-calculated adsorption energy of CO2 and H2O on [Ni(bpy)2]0 

with and without PI-COF-TT (inset: activation of CO2 by [Ni(bpy)2]). (b) Proposed 

mechanism for the CO2 photoreduction over PI-COF-TT. Reproduced with 

permission.265 Copyright 2020, Royal Society of Chemistry.   
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The sacrificial donor, often indispensable for photocatalytic reactions, has 

rarely been discussed, yet it exerts significant influence on the product selectivity. 

Among others, typical sacrificial donors for the photocatalytic CO2 reduction are 

triethylamine, triethanolamine, and ascorbic acid. To date, the influence of 

sacrificial donors is not fully elucidated, as many parameters seem to play a role, 

such as the stability of the molecule under reaction conditions, the pH, the solvent 

mixture, and the concentration of the sacrificial donor. An interesting discussion 

about this topic is offered by Pellegrin and Odobel.296 The polarity, dielectric 

constant, and metal bonding ability of different solvents and solvent mixtures can 

also have an effect on stabilizing a specific intermediate products in the 

photocatalytic process, greatly influencing the product selectivity.279, 297 

3.2. Conclusions and perspectives 

The continuous efforts towards the understanding of the correlation 

between the photocatalyst’s constitution and the fundamental steps involved in 

the CO2 photoreduction, namely, light absorption, internal and interfacial charge 

carrier dynamics, CO2 adsorption, and reaction with the photogenerated charge 

carriers have enabled the development of materials with enhanced conversion 

efficiencies and selectivity. For conventional inorganic semiconductors, control of 

the surface defects and acidity as well as the formation of heterojunctions were 

found to be key strategies for the improvement of the light harvesting efficiency, 

charge carrier separation, and selectivity. Nevertheless, overall efficiency is often 

limited by the relatively low surface area and the absence of specific CO2 

adsorption sites, which impacts the product selectivity. The modification with 

metallic and molecular catalysts has improved the electron transfer rates and 
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selectivity, however, more research is required to overcome mass transport 

limitations. Additionally, the often-uncontrolled deposition of the metallic catalyst 

on the surface of inorganic semiconductors reduces the photocatalytic 

performance and increase the consumption of precious metals. 

On the other hand, COFs offer well-ordered crystalline channels for 

structure-directed modifications with atomistic precision, large surface areas, and 

high synthetic tunability of structural and optoelectronic properties. These 

features enable the positioning of the light absorption units close to selected 

catalytic centers and can thus promote the CO2 conversion. Moreover, the 

combination of electron rich and electron deficient linkers creates an internal 

driving force for efficient charge carrier separation. However, COFs still lack long-

term stability under photocatalytic reaction conditions, and the synthesis of their 

linkers certainly increases the production costs. Further optimization in material 

design is therefore required to obtain up-scalable photocatalysts able to efficiently 

contribute to the mitigation of CO2 emissions. In this context, the development of 

high-throughput synthesis and screening methods supported by robotic process 

automation is a promising approach for future COF-based materials 

development. In conclusion, the novel 2D and 3D COF materials constructed 

from diverse linkers and building units offer a high potential to become efficient 

photocatalysts for selective CO2 reduction 
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4. Chapter 4 

Unlocking CO2 Photoreduction with Re(I) Single-Site 

COF-based Catalysts: Structure-Activity Relationships 

.   

4.1. Introduction 

The excessively high concentration of CO2 in the atmosphere (~425 ppm) 

has become a major environmental concern.298 Carbon capture and storage 

(CCS) is one of the promising technologies that could be utilized to minimize 

and/or reduce CO2 emissions from large industrial sources, such as fossil fuel-

based power plants.299, 300 The photochemical reduction of CO2 to CO using 

renewable energy provides a green pathway to syngas and thereby a wide variety 

of chemicals and fuels via the Fischer−Tropsch process.301  

fac-[Re(CO)3(NN)X] complexes (where NN = 2,2′-bipyridine derivatives 

and X = halides) are well known for their (photo)electrochemical selective 

reduction of CO2 into CO since the pioneering publications by Hawecker and co-

workers in 1983 and 1986.40, 41 Driven by their promising CO2 reduction 

performance, the research has focused on optimizing these catalysts by 

elucidating the reaction mechanism and correlating the electronic structure with 

the photophysical and electrochemical properties.20, 45, 47, 103, 302-305 While fac-

[Re(CO)3(NN)X] complexes represent an important class of CO2 homogeneous 

reduction catalysts, it is well established that their stability is limited by 

deactivation via dimerization.108, 118, 124, 125 To circumvent this limitation, several 
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studies have propose the use of sterically bulky NN ligands.49, 103, 105, 306 

Alternatively, immobilizing the molecular complexes onto solid state supports to 

create hybrid molecular-solid catalysts offer distinct advantages, as it enhances 

stability while facilitating both product separation and catalyst recyclability.62  

Different hybrid CO2 photcatalyst have been investigated with tricarbonyl 

rhenium derivatives as catalytic centers.13, 60, 61, 307-312 While significant progress 

has been made in achieving high selectivity and stability, the structural 

environment of the catalytic centers often remains poorly defined such that the 

spatial orientation of the catalysis is unknown. This lack of atomistic control limits 

the potential of molecular design for optimizing performance and hinders a 

comprehensive understanding of the photocatalytic CO2 reduction mechanism.   

On the other hand, Covalent Organic Frameworks (COFs), a class of 

crystalline polymeric materials made from small molecular building blocks 

connected through covalent bonds, offer several advantages that include 

crystallinity, rich pore structure, and enhanced stability.62, 251, 313 This modular 

approach allows for the incorporation of well-defined metal binding sites, such as 

bipyridine or porphyrin units, that effectively confine and stabilize molecular CO2 

reduction catalysts while providing precise structural control over hybrid 

photocatalysts.66, 259, 280, 314  

Recently, we reported a rhenium modified 2D COF with well-ordered Re-

sites distributed throughout the framework, enabling the design of an efficient 

hybrid photocatalyst for CO2-to-CO reduction.315 However, important aspects 

such as the influence of catalytic site loading and the catalytic mechanism remain 

underexplored.  Furthermore, despite the literature show few examples of light 

absorption and charge-separation (CS) in rhenium-modified COFs using 
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transient optical and X-ray absorption spectroscopy,66, 314 further complementary 

studies are needed to clarify the key intermediates involved in the catalytic cycle.  

In this work, we investigate a highly conjugated 2D COF (RebpyPyr COF) 

for photocatalytic CO2 reduction.  This COF was synthesized from 1,3,6,8-

tetrakis(4-aminophenyl)pyrene (Pyr) as a structure-directing building block 

combined with 2,2’-bipyridine (bpy) linker that provides coordination sites for 

tricarbonyl rhenium centers. The post-functionalized RebpyPyr COF was 

characterized using STEM-HAADF, allowing visualization of the atomistic 

distribution of the catalytic center within the COF structure. By systematically 

varying the Re(I) center loading, we aim to understand how it influences the COF 

structure and show that the COF architecture can accommodate a wide range of 

catalyst densities while maintaining increasing catalytic activity, thereby 

establishing a direct relationship between catalyst loading and photocatalytic 

performance. Photocatalytic experiments reveal efficient CO2-to-CO conversion 

and improved operational stability compared with the molecular analogue in fluid 

solution, highlighting advantages of immobilizing Re catalysts within an ordered 

porous framework. Furthermore, FTIR spectroelectrochemical investigations 

provide insights into the CO2 reduction mechanism. 

4.2. Experimental section  

Materials. All solvents were purchased from Sigma Aldrich, Acros or TCI 

Europe in the common purities purum, puriss or reagent grade. The materials 

were used as received without additional purification and handled in air unless 

otherwise noted. 
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Synthesis of bpyPyr COF In a 6 mL Schott-Duran culture tube, a solid 

mixture of 2,2’-bipyridine-5,5’-dicarbaldehyde, bpy(CHO)2 (8.5 mg, 0.03 mmol) 

and 1,3,6,8-tetrakis(4-aminophenyl)pyrene, Pyr, (11.3 mg, 0.015 mmol) was 

suspended in 1000 µL of 1,4-dioxane Subsequently, 100 µL of acetic acid 

(aqueous, 6 M) was added. The culture tube was tightly sealed and heated at 

120°C for 3 days. The resulting suspension was filtered and the isolated orange-

red solid was washed with acetone and THF. The final product was Soxhlet-

extracted with THF for 3 h.  

Synthesis of RebpyPyr COF. The obtained bpyPyr COF (30 mg) was 

refluxed with different amounts of [Re(CO)5Cl] (10wt%, 25wt%, 50wt%, 75wt%, 

100wt% and 200wt%) in 15 mL of toluene for 1 h. The resulting dark brown 

powder was filtered while hot and washed thoroughly with toluene and diethyl 

ether before drying under vacuum. ICP-OES analysis was conducted to 

determine the Re content along with their respective occupation of bpy sites 

(Table B3) (see calculation details in the Determination of the number of bpy sites 

coordinated to Re section).   

Synthesis of sacrificial donor. The (1,3-dimethyl-2-phenyl-2,3dihydro-

1H-benzo[d]imidazole) structure were prepared as previously reported.18 First, 2-

phenyl-1,3-dimethylbenzimidazolium iodide was obtained from a two-step 

methylation reaction of 2-phenylbenzimidazole. The solid was reduced in the 

presence of NaBH4 to yield BIH, respectively. BIH: 1H NMR (400 MHz, DMSO-

d6, δ): 7.55 (dd, J = 6.4, 1.9 Hz, 2H), 7.45 (dd, J = 5, 19 Hz, 3H), 6.62 (dd, J = 

5.4, 3.3 Hz, 2H), 6.45 (dd, J = 5.4, 3.2 Hz, 2H), 4.87 (s, 1H), 2.48 (s, 6H). 

Synthesis of fac-[Re(CO)3(bpy)Cl]. The fac-[Re(CO)3(bpy)Cl], (bpy = 

2,2′-bipyridine) was carried following the procedure reported for other Re(I) 
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complexes.92-95 [Re(CO)5Cl] (0.27 mmol) and the bpy ligand (0.33 mmol) were 

refluxed in toluene for 3 hours. The mixture was hot-filtered, washed with ethyl 

ether and the solid was dried under vacuum. Yield: 94%. 1H NMR (400 MHz, 

CDCl3, δ): 9.09 (d, J = 5.35, 2H), 8.20 (d, J = 8. 06, 2H), 8.08 (td, 7.97, 7.86, 1.60, 

2H), 7.56 (td, J = 6.79, 6.13, 1.26, 2H). 

Powder X-ray diffraction (PXRD) measurements were performed using 

a Bruker D8 Discover instrument with Ni-filtered Cu Kα radiation and a LynxEye 

position-sensitive detector.  

Fourier-transform infrared spectroscopy (FTIR) measurements were 

performed with a Bruker Vertex 70 FTIR instrument by focusing the light of a 

globar as a MIR light source through a KBr beam splitter with integrated gold 

mirrors and an ATR sample stage with a Ge crystal. The spectra were recorded 

with an N2 cooled MCT detector at a resolution of 2 cm−1 and averaged over 128 

scans. 

Scanning electron microscopy (SEM) micrographs were obtained with 

an FEI Helios NanoLab G3 UC microscope equipped with a Schottky field-

emission electron source operated at 3 kV.  

Transmission electron microscopy (TEM) and scanning TEM in high-

angle annular dark-field mode (STEM-HAADF) were performed on a probe-

corrected FEI Titan Themis instrument equipped with a field emission gun 

operated at 300 kV.  

Nitrogen sorption isotherms were recorded with a Quantachrome 

Autosorb 1 instrument at 77 K. Carbon dioxide sorption measurements were 

conducted on a Quantachrome Autosorb iQ at 273 K and 298 K. The samples 

were outgassed for 24 h at 120°C under high vacuum prior to the measurements. 
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Pore size distributions based on the nitrogen sorption data were calculated using 

a QSDFT model with a carbon kernel for cylindrical pores.  

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker 

AV 400 and AV 400 TR spectrometers. Proton chemical shifts are expressed in 

parts per million (δ scale) and are calibrated using residual non-deuterated 

solvent peaks as internal reference (e.g., DMSO-d6: 2.50 ppm). 

UV-Vis-NIR spectra were recorded on a Perkin-Elmer Lambda 1050 

spectrometer equipped with a 150 mm integrating sphere, photomultiplier tube 

(PMT) and InGaAs detector. Diffuse reflectance spectra were collected with a 

Praying Mantis (Harrick) accessory and were referenced to barium sulfate 

powder as 100%R standard. The specular reflection of the sample surface was 

removed from the signal using apertures that allow only light scatter at angles > 

20° to pass. Diffuse reflectance data was smoothed using the LOWESS filter, 

integrated in the Origin 2022b data analysis software. 

Steady-state photoluminescence (PL). PL measurements were 

performed with a FluoTime 300 from PicoQuant GmbH. The samples were photo-

excited using a laser with a wavelength of 378 nm (LDH-P-C-375 from PicoQuant 

GmbH) pulsed at 500 kHz, with a pulse duration of ∼100 ps and fluence of ∼300 

μJ cm−2 per pulse. The PL was collected using a high-resolution monochromator 

and photomultiplier detector assembly (PMAC 192-N-M, PicoQuant GmbH). 

Photocatalytic experiments. For the photocatalytic experiments with 

COFs, 1.0 mg of photocatalyst and 5.0 mg of BIH was employed in the catalytic 

reaction. Distilled H2O or C6H5OH (phenol) were used as Bronsted-acids.  For 

catalytic experiments with fac-[Re(CO)3(bpy)Cl], an acetonitrile solution 

containing 2.41 mol L-1 was used with 5.0 mg of BIH.  



155 
 

A quartz cuvette with a total volume of 41.5 mL was employed as the 

photocatalytic reaction and a final volume of 3.5 mL of solvent was used for all 

experiments, allowing 38 mL of headspace. A Newport Oriel 1 kW Solar Simulator 

(model 91191-1000; 900 W Xe lamp and LP370/LP420 long pass filter) 

connected in-line to the sample loop of a gas chromatograph (Agilent GC 8890). 

Gaseous products were separated with a carbonPLOT column and a molecular 

sieve column in series. The carbonPLOT column decelerated the elution of CO2 

relative to the other lighter gases (O2, N2, H2, and CO), while the molecular sieves 

separated each gas with specific retention times. A thermal conductivity detector 

(TCD) was used to detect O2, N2, and H2. A methanizer, equipped with a nickel 

hydrogenation catalyst, was paired with a flame ionization detector (FID) to detect 

CO2 and CO. Argon (Ar) was used as the carrier gas. 

FTIR Spectroelectrochemical (IR-SEC) experiments. ATR-IR-SEC cell 

containing a Re bpyPyr COF/MWNT modified glass carbon working electrode, 

platinum wire counter electrode, and silver wire pseudo-reference electrode in 

0.1 M TBAH/acetonitrile solutions under an Ar/CO₂ atmosphere were employed 

in the SEC-IR experiments with Re bpyPyr COF. The experiment were 

performed by modifying the glass carbon electrode surface with a conductive 

suspension of Re bpyPyr COF/MWNT (see the details on Glass Carbon 

modification section) and put in close contact with the ZnSe prism of the ATR 

instrument, Figure B10. A PerkinElmer Frontier spectrometer was used to 

monitor glass carbon electrode surface coupled with a μAutolab PGSTAT204 

potentiostat/galvanostat (Autolab).  The spectral region was set to a range from 

2060 to 1700 cm−1. A total of 7 scans were co-added for a spectrum with a 

resolution of 8 cm−1 during a cyclic voltammetry with a scan rate of 5.0 mV s-1. 
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Blank Ar and CO2 saturated acetonitrile solutions with 0.1 M TBAH were used as 

background for experiments performed under Ar and CO2 atmosphere, 

respectively.  

For the Nernst analysis, the IR band intensities were fitted using a Boltzmann-

type function (Equation 12). 

𝑦 = 𝐴2 +
𝐴1− 𝐴2

1+exp(
𝑥−𝑥0

𝑑𝑥
)
  (12) 

where 𝐴1and 𝐴2correspond to the limiting values, 𝑥0 is the midpoint potential, and 

𝑑𝑥 is related to the slope of the transition. 

Glass Carbon modification.  The dispersion was prepared using 1.0 mg 

of Re bpyPyr COF, 1.0 mg of multi-walled carbon nanotubes (MWNT), 20 mL of 

ionomer (Sustainion® XA-95% in Ethanol, Dioxide Materials Inc.) and 980 mL of 

acetonitrile. The mixture was submitted to an ultrasonic probe sonicator (Sonics 

& Materials INC, VCX130) with a power rating of 130 W for 5 min until get a stable 

dispersion. A glass carbon electrode was modified by drop-casting using 50 mL 

(5 layers of 10 mL each) of prepared dispersion. Between each 10 mL drop, an 

interval of 10 minutes was allowed completely modification dry before the next 

layer drop.  

Determination of the number of bpy sites coordinated to Re. ICP-OES 

analysis was conducted to determine the Re content presented in the Table B3 

along with their respective occupation of bpy sites. The value obtained by ICP-

OES is used to calculate the coverage of bpy sites similar to the reported method 

in our previous paper.315 Firstly, the molecular weight of the bpyPyr COF is 

estimated by using a fragment reflecting the 2:1 ratio of the bpy to the Pyr linker 

(Figure 42).  
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Figure 42. COF fragment reflecting the 2:1 ratio of bpy to Pyr. 

 

The molecular weight of this C64H40N8
4+ fragment is M = 921.072 g mol-1. 

The weight percent of rhenium given by the ICP-OES can be expressed as the 

following Equation 13:   

𝑏𝑝𝑦 𝑙𝑜𝑎𝑑𝑖𝑛𝑔% =
𝐼𝐶𝑃∗𝑀(C64H40N8

4+)

 𝑀(Re)−𝐼𝐶𝑃∗𝑀(Re(CO)3Cl) 
 
100

2
   (13) 

where ICP is a number between 0 and 1, corresponding to the experimental ICP 

data (g of Re per g of material). The M(Re) and M(Re(CO)3Cl corresponds to 

their molar weight of 182.21 and 305.69 g mol-1 respectively. The maximum value 

of bpy sites per fragment are 2 and 100 is used to convert the result to 

percentage.  

4.3. Results and discussion  

Structural and morphological characterization of bpyPyr COF 

and   Re bpyPyr COF. 

The imine-linked bpyPyr COF was synthesized solvothermally via an acid-

catalyzed Schiff-base condensation between 2,2′-bipyridine-based (bpy) and 
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pyrene-based (pyr) building blocks (Scheme B1). Powder X-ray diffraction 

(PXRD) of bpyPyr COF confirms the formation of an ordered structure (Figure 

43a), with intense reflections at 2θ = 3.1°, 6.4°, 9.7°, and 12.3° along with a broad 

diffraction peak centered at 24.2° (2θ), which are attributed to the (001) reflection 

characteristic of interlayer pp stacking in 2D COFs.316 

The structure (Figure 43b) was further elucidated through structural 

simulation using Materials Studio 2020 (BIOVIA), and the geometries were 

optimized using the Forcite module.317-319 This model consists of two identical 

layers arranged in a stacked disposition. In this configuration, each bipyridyl sites 

are pointing toward different pores. As previously shown by Bandomo and co-

authors, this isomer is more stable than the one in which bipyridyl groups are 

oriented toward the same pore.320 The structural model was Pawley-refined using 

a triclinic cell  (space group P1; a = 28.201 Å, b = 28.226 Å, c = 7.282 Å, and α = 

103.2 ° , β = 104.3°, γ = 81.7°), yielding good agreement with the experimental 

pattern (Figure 43a) and consistent with a previous report.320 Details of the 

Pawley-refinement are provided in Table B1.  

 

Figure 43.  a) Experimental and indexed Pawley-refined PXRD pattern of bpyPyr 

and b) its crystal structure showing the unit cell used for Pawley-refinement and 
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its c) cross-sectional view. Lattice parameters: a = 28.201 Å, b = 28.226 Å, c = 

7.282 Å, α = 103.2°, β = 104.3°, and γ = 81.7°. Powder refinement: Rp = 7.37%.  

 

Immobilization of Re(I) tricarbonyl centers was achieved via post-synthetic 

modification by refluxing the pristine bpyPyr COF with Re(CO)5Cl in toluene 

under an inert atmosphere (Scheme B1). Fourier Transform Infrared (FTIR) 

spectroscopy of the resulting material denoted Re bpyPyr COF, confirms 

successful coordination of the Re(I) centers (Figure B1). The imine stretching 

vibration at 1492 cm-1 is preserved upon metalation, demonstrating retention of 

the COF backbone, and additionally, new absorptions at 2025 and 1894 cm-1 are 

observed exclusively for Re bpyPyr COF which are characteristic CO stretching 

modes (A1 and E, molecular symmetry C3v) evidencing the presence of facial-

Re(CO)3 units coordinated to bipyridine ligands.60, 61, 117 

The PXRD pattern of Re bpyPyr COF was refined using a structural model 

containing 50% coverage of bpy sites by Re(CO)3Cl units and an experimental 

PXRD pattern obtained from a Re bpyPyr COF sample with 57% bpy site 

coverage, as determined by ICP-OES (see the SI for details on the method for 

conversion from wt% Re to bpy sites coverage). Figure 44 shows the obtained 

Pawley refinement and the corresponding structural model. For the Pawley 

refinement, the lattice parameters were fixed at a = 28.201 Å, b = 28.226 Å, c = 

7.282 Å, α = 103.2°, β = 104.3°, and γ = 81.7°, corresponding to the pristine 

bpyPyr COF structure. Details of the Pawley-refinement are provided in Table 

B2.  
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Figure 44. a) Experimental and indexed Pawley-refined PXRD pattern of Re 

bpyPyr and b) its crystal structure showing the unit cell used for Pawley-

refinement and its c) cross-sectional view. The experimental PXRD spectrum 

contains 57% of the bpy sites covered with Re(CO)3Cl units while the crystal 

structure contains 50%. Lattice parameters: a = 28.201 Å, b = 28.226 Å, c = 7.282 

Å, α = 103.2°, β = 104.3°, and γ = 81.7°. Powder refinement: Rp = 6.59%. 

 

Long-range crystallinity is maintained after metalation, as evidenced by the 

preservation of the characteristic diffraction peaks of the parent COF. Upon 

increasing the Re(I) content, new low-intensity reflections emerge at 2q = 4.3° 

and 13.0°, while the lattice parameters remain essentially unchanged. However, 

based on the structural optimizations it is observed that the insertion of 

Re(CO)3Cl units strongly affects the interlayer stacking organization of the COF 

backbone, changing from an almost eclipsed arrangement in the pristine COF to 

a slipped stacking configuration in the Re-modified sample. Considering the large 

size of the Re atom and the expected bond distances for Re-Cl and Re-CO, 

neighboring layers separated by 3.641 Å are expected to undergo lateral offset 

to accommodate the Re(CO)3Cl units while minimizing steric hindrance. This 

effect can be better visualized in the cross-sectional view of the Re bpyPyr COF 

structure shown in Figure 44c. Furthermore, Figure B2 illustrates the Miller 
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planes associated with the new reflections observed after Re modification, as 

identified from the Pawley refinement. As shown in Figure B2, the new reflections 

are influenced by the presence of Re(CO)3Cl units and changes in the pyrene-

pyrene stacking.   

Regarding the stacking nature of 2D COFs, the literature already shows 

various examples of slight slipped structures being more energetically favorable 

than the respective eclipsed stacking. Depending on the modification, treatment, 

or structural design, adjacent layers may become laterally offset, resulting in 

stacking arrangements that differ from the commonly assumed AA or AB 

configurations.321-325 

To corroborate the studies on the structural influence of Re(CO)3Cl 

incorporation on bpyPyr COF, samples with bpy site coverages ranging from 3% 

to 85%, as determined by ICP-OES (Table B3) and computational models with 

discrete bpy site occupancies of 25%, 50%, 75%, and 100% were considered 

(Figure B3a). These occupancy levels are dictated by the structural model 

(Figure 1b), which consists of two stacked layers containing four unit cells. Since 

each unit cell contains two bpy coordination sites, the model provides a total of 

four equivalent sites available for functionalization. Consequently, only 

occupancies of 1/4, 2/4, 3/4, and 4/4 can be simulated, corresponding to 25%, 

50%, 75%, and 100% site occupation, respectively. For geometry optimization, 

the unit cell parameters were fixed to those of the pristine bpyPyr COF (space 

group P1; a = 28.201 Å, b = 28.226 Å, c = 7.282 Å, a = 103.2°, b = 104.3°, and g 

= 81.7°). Based on these optimized models, theoretical PXRD patterns were 

generated (Figure B3b), showing similar trends as experimental data shows 

(Figure B3c). In particular, the simulated patterns reproduce the same reflections 



162 
 

and overall diffraction trends observed experimentally upon metalation, although 

in the experimental data, a clear loss of crystallinity can be observed at high 

(>70%) Re(I) loadings.  

 To better isolate the effect of interlayer stacking on the PXRD pattern, the 

same structural model presented in Figure B4a were recalculated after removal 

of the Re(CO)3Cl units while maintaining the slipped layer arrangement (Figure 

B4a) optimized in Figure B3a. The resulting simulated PXRD patterns (Figure 

B4b) exhibits reflections similar to those for the Re-modified COFs, with some 

slight differences. Firstly, no diffraction emerges at 2q = 4.3° in the absence of 

Re(CO)3Cl units, despite the layer offset, indicating that this reflection is primarily 

associated with the presence of Re(CO)3Cl units. In contrast, a new reflection at 

2q = 13.0° appears when the pyrene-pyrene stacking becomes slipped, even in 

the absence of Re(CO)3Cl units, showing that the changes in this region are 

mainly related to the COF interlayer stacking arrangement.  

Therefore, the structural modifications affect the PXRD pattern in two 

distinct ways. First, the presence of the heavy Re atom increases the intensity of 

the reflection at 2q = 4.3° associated with the (110) plane due to enhanced 

electron density. Second, the layer slippage induced by Re(CO)3Cl units 

incorporation generates the low-intensity reflection at 2q = 13.0° associated with 

the (330) plane, which is directly related to changes in the pyrene-pyrene stacking 

organization. Despite these structural rearrangements, the lattice parameters 

remain essentially unchanged. 

Importantly, the exact degree of layer offset is not quantified here, as the 

experimental loading does not guarantee homogeneous bpy site occupation 

throughout all layers, unlike the idealized simulated structures. Under 



163 
 

experimental conditions, a perfectly uniform distribution of Re(CO)3Cl units 

across all crystallites and layers is unlikely because the post-synthetic 

modification is performed on the insoluble COF powder, where diffusion and 

particle agglomeration may limit homogeneous functionalization.  

Nevertheless, the data provides important insights into how the 

incorporation of Re(CO)3Cl units affects the stacking organization of bpyPyr COF 

and how these changes are reflected in the PXRD pattern. A gradual loss of long-

range crystallinity is also observed experimentally, particularly at high bpy site 

coverages, likely due to increasing structural distortions within the COF pores. 

Despite this loss of crystallinity, the reflection at 2q = 13.0°, associated with the 

slipped-layer arrangement, remains clearly observable and becomes increasingly 

pronounced as the Re(CO)3Cl units loading increases.  

For the following characterizations, only the Re bpyPyr COF with 42% of 

covered bpy sites was used, as it shows a satisfactory Re amount and crystallinity 

ratio. Scanning Electron Microscope (SEM) analysis (Figure B5) of bpyPyr COF 

reveals uniformly shaped spheres with diameters of 1-2 μm covered with star-

shaped platelets. Following metalation, coral-like surface features are formed, 

suggesting morphological modification after incorporation of Re centers.  

Nitrogen adsorption measurements (Figure 45a) show that the pristine 

bpyPyr COF exhibits a high BET surface area of 1740 ± 174 m2 g-1, which is not 

significantly changed upon metalation (1800 ± 180 m2 g-1). Pore size distribution 

analysis (PSD) (Figure 45b) evidence a small decrease in the average pore 

diameter from 2.5 nm (bpyPyr COF) to 2.1 nm (Re bpyPyr COF), consisting with 

partial occupation of pore volume by Re(CO)3Cl units. The porous size for Re 

bpyPyr COF is further confirmed by the STEM-HAADF shown in Figure 3d-f. 
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Furthermore, this trend aligns well with the theoretical pore dimensions derived 

from the structural model (2.8 vs. 2.3 nm for bpyPyr COF and Re bpyPyr COF, 

respectively), supporting successful incorporation of molecular catalytic sites 

within the COF channels. Importantly, CO2 adsorption measurements show an 

enhanced CO2 uptake for Re bpyPyr COF relative to that for the pristine 

framework (Figure 45c), indicating stronger host–guest interactions likely 

promoted by the Re(CO)3Cl centers.315 

 

Figure 45. a) Nitrogen sorption isotherms of bpyPyr COF and RebpyPyr COF. 

b) Pore size distribution and cumulative pore volume of bpyPyr COF and Re 

bpyPyr COF. c) CO2 sorption isotherms at 273 K (0 °C), indicating enhanced 

affinity of Re bpyPyr COF for CO2 (filled symbols: adsorption, open symbols: 

desorption). d-f) STEM-HAADF images of Re bpyPyr COF showing the highly 

ordered Re sub-structure within the COF backbone: d) interlayer distance, e) In-

plane lattice spacing, and f) magnified view of (e). The experimental data 

corresponds to 42% site occupation. 

 

High-Resolution Transmission Electron Microscopy (HR-TEM) allows to 

experimentally determine d-spacing distances of 28.7 and 28.4 Å for bpyPyr 
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COF and Re bpyPyr COF, respectively, corresponding to in-plane lattice spacing 

(Figure B6) consistent with the (100) plane of the triclinic unit cell, which are in 

very good agreement with their simulated lattice (a = 28.2 Å, b = 28.1 Å and a = 

28.0 Å, b = 28.2 Å for bpyPyr COF and Re bpyPyr COF, respectively). To directly 

probe the spatial distribution of Re centers, Scanning Transmission Electron 

Microscopy in High-Angle Annular Dark-Field mode (STEM-HAADF) was 

employed. Owing to Z-contrast imaging, Re atoms appear as bright atomic-scale 

features (Figure 45d–f). These features are homogeneously distributed 

throughout the framework. Interlayer separations are also observed consistent 

with a p-p stacking layered architecture, confirming preservation of the layered 

structure after metalation (Figure 45d).326 Moreover, the periodic arrangement 

predicted by the structural model is observed in Figure 45e-f, demonstrating 

homogenous Re site distributions with porous size of 2.1 nm, corroborating with 

the porous size distribution determined by N2 sorption measurements. The 

absence of detectable Re clustering supports site isolation within the COF lattice, 

a key structural feature for suppressing bimolecular deactivation pathways that 

are highly relevant to the catalytic behavior discussed below. 

Photophysical properties  

The optical properties of pristine and Re-functionalized COFs were 

investigated by UV–vis absorption and photoluminescence (PL) spectroscopies 

(Figure 46). The pristine bpyPyr COF exhibits absorption and PL maxima at 476 

and 692 nm, respectively. Upon Re(CO)3Cl units incorporation, Re bpyPyr COF 

displays pronounced bathochromic shifts to 548 nm (absorption) and 808 nm 

(PL), compared to the pristine COF. In addition, the absorption spectrum 
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broadens substantially, extending across the entire visible region. Tauc plot 

analysis, assuming a direct transition (Figure 46b), reveals a substantial 

narrowing of the optical band gap from 2.31 eV for bpyPyr COF to 1.75 eV for 

Re bpyPyr COF. This spectral change is consistent with the pronounced color 

change from bright orange (bpyPyr COF) to black (Re bpyPyr COF) (Figure 

B7). Such change indicates a significant modification of the electronic structure, 

resulting in enhanced visible-light harvesting upon metalation.  

 

Figure 46. a) The UV-vis absorption spectra, b) Tauc plot analysis, c) PL spectra 

and d) normalized PL spectra (𝜆exc = 375 nm) of bpyPyr and RebpyPyr COFs.  

 

Photoluminescence measurements under same conditions further 

highlight the impact of metal incorporation. The PL intensity of Re bpyPyr COF 

is strongly decreased relative to the pristine bpyPyr COF (Figure 46c), 
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consistent with efficient photoinduced charge transfer between the COF 

backbone and the Re(I)-sites.315 

Collectively, these results indicate that post-synthetic metalation not only 

introduces catalytic centers but also significantly alters the photophysical 

landscape of the COF, promoting enhanced visible-light absorption and 

facilitating excited-state charge separation, both which are critical for 

photocatalytic CO2 reduction.315, 327 

Photocatalytic CO2 Reduction 

Photocatalytic CO2 reduction experiments were conducted using a 300 W 

Xe lamp solar simulator that provides photon energies l > 370 nm with an 

irradiance of 100 mW cm-2. Under some conditions a 420 nm long-pass filter was 

utilized to remove ultraviolet photons. Suspensions of the COF catalyst dispersed 

in acetonitrile initially containing triethanolamine (TEOA) as a sacrificial donor 

were irradiated under a CO2-saturated atmosphere, and gaseous products were 

quantified by gas chromatography. While CO evolution was absent for 

photochemical measurements with the pristine bpyPyr COF, Re bpyPyr COF 

exhibited clear photocatalytic activity, indicating that the Re(CO)3Cl moieties act 

as the catalytic centers for CO2-to-CO reduction. In addition, no detectable CO 

was observed for Re bpyPyr COF under argon atmosphere. This behavior is 

consistent with the well-established catalysis of molecular fac-[Re(CO)3(NN)X] 

(NN = 2,2’-bipyridine derivatives and X = halides) that typically exhibit high 

selectivity toward CO formation with minimal H2 production, even in aqueous 

solutions.20, 41 
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The photocatalytic activity was optimized based on catalyst concentration 

by evaluating the rate of CO production for 0.3 and 0.6 mg mL-1 catalyst 

concentrations, (Figure B8a). The catalytic experiments revealed that, under 

same experimental conditions, lower catalyst concentrations yield higher CO 

production rates, with a linear evolution of CO. As the experiments were 

conducted using catalyst suspension at different concentrations, several factors 

may contribute to observed behavior. This include particle agglomeration, light 

scattering, inner filter effects, consumption of sacrificial donor and others.328-330 

Consequently, a catalyst concentration of 0.3 mg mL-1 was selected for all 

subsequent experiments, as it is comparable to values commonly reported in 

similar studies (see Table B4 for comparison).66, 280, 315 Furthermore, post-

catalysis FTIR spectra confirmed the persistence of the characteristic imine and 

CO stretching bands, indicating that both the COF backbone and the Re(CO)3 

moieties remain intact during the investigated irradiation time (Figure B8b). 

Following optimization of the reaction conditions, the influence of Re 

loading within the framework on photocatalytic CO production was investigated 

(Figure 47). The Re-modified COFs with 3 and 9% Re loading exhibited 

negligible CO formation under the tested conditions, whereas samples containing 

42-85% Re loading displayed progressively higher CO production as the Re 

content increased. The total CO production after 8 h irradiation, together with the 

corresponding turnover number (TON), was plotted as a function of the 

percentage of bpy sites coordinated to Re(CO)3Cl units (Figure 47b). 



169 
 

 

Figure 47. The CO production rate by Re bpyPyr COFs with 42-85% Re loadings 

over 8 hours under illumination with λ > 370 nm. d) Corresponding TON 

measured after 8 h. Experiments were performed in CO2-saturated CH3CN/TEOA 

(5:1) solutions. The TON were calculated by dividing the amount of CO produced 

by the actual amount of Re present during the photocatalytic experiments. 

 

 A nearly linear relationship was observed between CO production and Re 

loading in the range of 42-85% site occupation, indicating that a substantial 

fraction of the incorporated Re centers remains catalytically active within this 

loading regime. Interestingly, the TON values also increased with increasing Re 

loading. This trend demonstrates that enhanced catalytic performance cannot be 

solely attributed to the larger number of immobilized Re centers, as the catalytic 

efficiency per Re site also improves at higher loadings. 

Notably, it is also clear from the TON values that the catalytic performance 

is limited by light scattering and aggregation. Such phenomena point out to the 

need to improve the COF dispersion in the reaction medium. As discussed above, 

PXRD analysis and structural simulations indicate that increasing Re loading 

progressively modifies the interlayer stacking, inducing lateral offset between 

adjacent COF layers. Such structural rearrangement may enhance the 

accessibility of catalytic sites by reducing steric constraints associated with the 
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nearly eclipsed stacking arrangement of the pristine framework. Enhanced TON 

suggests that structural reorganization of the framework plays an important role 

in determining the catalytic performance of the Re-modified COFs. 

Previous studies on hybrid catalysts featuring fac-[Re(CO)3(bpy)Cl] 

centers have documented that metal complex loading density significantly 

impacts the resulting TON. For example, Marinescu and Kubiak demonstrated 

that high catalyst loading on heterogenous supports causes a decrease in 

TONCO.4, 331 This trend is likely due to increased intermolecular interactions and 

the formation of inactive dimers, which represent the primary deactivation 

pathway for fac-[Re(CO)3(bpy)Cl]. In contrast, our study shows that the COF 

accommodates high catalyst loading preventing detrimental dimerization and 

leading to an increase in catalytic performance with catalyst density. We attribute 

this behavior to the site isolation of catalytic centers within the highly ordered 

COF structure. Supporting this conclusion, Bandomo and co-authors reported the 

suppression of dimerization as a deactivation pathway for tricarbonyl manganese 

complexes immobilized within a COF structure.320  

The choice of sacrificial electron donor (SED) proved critical to the 

framework's performance.18, 74 Experiments using triethanolamine (TEOA) as 

SED resulted in modest CO production rates. However, Imidazole derivatives 

have received increasing attention in literature as sacrificial donors for CO2 

photoreduction reaction since the first report of Ishitani et. al. 74  Upon substituting 

TEOA with 1,3-dimethyl-2phenyl-2,3-dihydro-1H-benzimidazole (BIH), we 

observed a marked enhancement in catalytic activity.  Re bpyPyr COF containing 

42% of bpy sites coordinated to Re(CO)3Cl moieties was selected for catalytic 

assays using different SEDs. The CO production rate reached 389 μmol g-1 h-1, 
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corresponding to a 60-fold enhancement relative to the initial experiments using 

TEOA (Figure 48a). This enhancement is attributed to the stronger reducing 

power of BIH compared to TEOA (BIH, Eox= 0.57 V vs. SHE; TEOA, Eox = 1.06 V 

vs. SHE)74 enabling more efficient quenching of the excited states of Re bpyPyr 

COF and facilitating access to the highly reducing Re site required for CO2 

activation.  

 

 

Figure 48. a) Photocatalytic  CO production rates of Re bpyPyr COF (42% 

occupancy of bpy sites) using TEOA versus BIH as SEDs. b) Impact of protic 

additives such as 0.05 mM water and 0.50 mM phenol on the CO production 

rates. . All experiments were performed in CO2-saturated CH3CN/TEOA (5:1) or 

CH3CN/BIH (6.7 mM of BIH)  under illumination with λ > 370 nm.  

 

Beyond the choice of sacrificial donor, the influence of proton activity on 

catalytic performance was investigated. Numerous studies have demonstrated 

that the addition of weak Brønsted acids (e.g. H2O (pKa = 26.6), and phenol, 

C6H5OH, (pKa = 21.6) to the catalytic medium significantly enhances CO2 

reduction rate, a behavior attributed to the stabilization of intermediates, and to 

the acceleration of the C-O bond cleavage.302, 332 To investigate the influence of 

additional protons sources on Re byPyr COF system, photocatalytic 
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experiments were performed with H2O (0.05–0.50 mM) or phenol (C6H5OH) (0.50 

mM) (Figure 48b). The introduction of these Brønsted acids led to a systematic 

increase in CO production rates. The highest activity was achieved with phenol 

reaching a CO production rate of 765 μmol g-1 h-1. In contrast, the addition of 0.05 

and 0.50 mM of water yielded rates of 469 and 673 μmol g-1 h-1, respectively.  

Long-term photocatalytic experiments were performed under two different 

illumination regimes: white light excitation which includes ultraviolet and visible 

light (l > 370 nm) and only with visible light excitation (l > 420 nm) (Figure B9). 

Under UV conditions, Re bpyPyr COF was more efficient but demonstrated lower 

long-term stability. In contrast, CO formation under visible light illumination was 

sustained for up to 16 hours. These photocatalytic results are comparable to 

those reported Re-hybrid-COFs for CO2-to-CO reduction (Table B4).   

To evaluate the COF efficacy in suppressing the undesired dimerization of 

fac-[Re(CO)3(bpy)Cl], the performance of the Re-functionalized COF was 

compared directly to its molecular analogue. To ensure a rigorous comparison, 

experiments were conducted under identical reaction conditions using equivalent 

concentrations of catalytic sites. Both systems were tested under broad-spectrum 

excitation (including UV) and visible-light-only regimes to assess how the 

framework enhances the stability of the molecular complex. Figure 49 shows the 

TONCO for Re-functionalized COF and its molecular analogue over a 20 hours 

reaction period.  
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Figure 49. The TONCO values of Re bpyPyr COF (circles) and fac-

[Re(CO)3(bpy)Cl] (stars) under white light illumination with a) l > 370 nm and 

illumination at b) l > 420 nm with BIH as sacrificial donor. The highlight regions 

show the maximum TON for fac-[Re(CO)3(bpy)Cl] and Re bpyPyr COF for their 

respective illumination condition. Experiments were performed in CO2-saturated 

CH3CN/BIH (6.7 mM of BIH). To ensure a rigorous comparison, experiments 

were conducted using 0.84 mmol of catalytic sites for both Re bpyPyr COF and 

fac-[Re(CO)3(bpy)Cl] complex.   

  

The molecular catalyst fac-[Re(CO)3(bpy)Cl] exhibited significant CO 

evolution for only the first 3 hours under l > 370 nm illumination (Figure 49a). 

Under visible light excitation (l > 420 nm), CO evolution was extended to 8 hours, 

though this was accompanied by a decrease in TONCO values from 35 to 22 

(Figure 49b). The higher TON observed during UV illumination compared to 

visible light, is attributed to the higher absorbance of the complex in the UV region 

relative to that in the visible region (Figure B10).  

In contrast, the Re bpyPyr COF displayed no significant change in TONCO 

values when switching from UV to visible irradiation, highlighting the role of the 

COF as a photosensitizer enabling efficient electron transfer to the Re(I) centers. 

In addition, Re bpyPyr COF exhibited enhanced operational stability, sustaining 

CO evolution for up to 10 hours (l > 370) and 16 hours (l > 420 nm). These results 

indicate that immobilization of fac-[Re(CO)3(bpy)Cl] units within the ordered COF 
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architecture improves catalytic stability, most likely by suppressing bimolecular 

deactivation pathways such as Re-Re dimerization, which are well established as 

a primary deactivation mechanism in homogeneous fac-[Re(CO)3(NN)Cl] 

systems.20, 118, 124, 125 

The TONCO values of Re bpyPyr COF were lower than that measured for 

the molecular analogue. This behavior is attributed to heterogeneous dispersion 

effects, including partial particle agglomeration in suspension, which can limit 

CO2 access to active sites.333, 334 Overall, these results highlight that the ordered 

COF architecture enables high densities of accessible Re catalytic centers while 

suppressing bimolecular deactivation pathways, leading to improved 

photocatalytic stability and efficient CO₂ reduction.  

Mechanistic studies 

Catalytic cycle for CO2 to CO conversion has been extensively 

characterized for molecular fac-[Re(CO)3(bpy)Cl and its analogs using Fourier-

Transform Infrared spectroelectrochemical (IR-SEC) measurements. This 

techniques monitors  the characteristic CO stretching modes (A1 and E, molecular 

symmetry C3v) associated with the molecular symmetry of the complex under 

applied bias.114, 117 Because carbonyl band frequencies are sensitive to the 

electronic environment of the metal center, governed by p back-bonding between 

the metal and the carbonyl ligands, they serve as reliable spectroscopic markers 

to identify key intermediates during the CO2 catalytic cycle.109, 115, 335 However, a 

fundamental question remains: does the rhenium complex operate via the same 

mechanism when embedded within a rigid COF structure. To address this, we 

designed a customized three-electrode attenuated total reflectance infrared 
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spectroelectrochemical (ATR-IR-SEC) cell to probe the catalytic mechanism(s) 

of the heterogeneous system in-situ. A Re bpyPyr COF/multiwall carbon 

nanotubes (MWNT) film deposited on a glassy carbon served as the working 

electrode and was placed in close contact with a ZnSe ATR crystal and a 

reference and a counter electrodes (Figure B11).  In typical experiments the CO 

stretching frequencies were monitored during cyclic voltammetry (CV) 

measurements at low scan rates of 5 mV s-1 (Figure 50).  

 

Figure 50. a) Cyclic voltammogram measured at a scan rate of 5.0 mV s-1 where 

I and II are the first and second reductions for Re bpyPyr COF.  b) ATR-IR-SEC 

spectra of Re bpyPyr COF under an Ar atmosphere at the indicated potentials. 

c) A plot of the absorption measured at 2012 and 1838 cm-1 as a function of the 

applied potential. Overlaid on the data are fits to a modified Nernst equation. d) 

ATR-IR-SEC spectra measured under a CO2 atmosphere at the indicated 

potentials. All potentials are reported vs. Fc+/Fc (E0 = 0.400 V vs. SHE) and all 

measurements were performed in a 0.1 M TBAPF6/CH3CN electrolyte. 
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Cyclic voltammograms of the Re bpyPyr COF (Figure 50a) revealed only 

slights differences relative to the molecular analogue fac-[Re(CO)3(bpy)Cl] 

complex (Figure B12). For the molecular complex, the first reduction is ligand 

based (Eonset = - 1.47 V vs Fc+/Fc) and initiates chloride labilization. At more 

negative potentials, a metal-centered reduction forms the two-electron reduced 

species observed at Eonset = - 2.61 V vs Fc+/Fc.102-105 Therefore, for Re bpyPyr 

COF, we attribute the observed first reduction peak to a ligand-metal based 

reduction (Eonset = - 1.15 V vs Fc+/Fc), i.e., the reduction of the bridging Re(I)-

coordinated bipyridine units in the COF, followed by the metal-centered reduction 

creating the two-electron reduced species (Eonset = - 2.47 V vs Fc+/Fc). Compared 

to the fac-[Re(CO)3(bpy)Cl] complex, both potentials are more positive, likely due 

to stabilization of the ligand p orbitals within the extended conjugated bpyPyr 

COF structure.  

During the electrochemical reduction of Re bpyPyr COF, the CO stretches 

shift from 2012 and 1888 cm-1 for the initial species to 1970 and 1838 cm-1 for the 

reduced species, respectively (Figure 50b). These results are consistent with the 

behavior reported for fac-[Re(CO)3(bpy)Cl] derivatives, where reduction 

increases electron density at the Re center and enhances p-backbonding to the 

CO ligands, resulting in lower frequences.109, 115  

Extensive IR-SEC studies by Kubiak and Fujita independently on  fac-

[Re(CO)3(NN)Cl] (where NN = diamines ligands) have shown that the successive 

formation of one-and two-electron reduced species is accompanied by 

characteristic νCO shifts within the 2025 to 1860 cm-1 regium.124, 125 These results 

also identified the formation of Re-Re bonded dimers, [Re(CO)3(NN)]2, generated 

following chloride dissociation and coupling of reduced monomeric species. The 
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resulting dimers exhibit four terminal carbonyl stretching modes distributed 

between approximately 1840 and 2000 cm-1.16, 18  

A Nernst analysis (Figure 50c), in which the relative intensities of selected 

IR bands were monitored as a function of the applied potential, allows correlation 

of spectral changes with redox processes and identification of the potential range 

where interconversion between species occurs. The potential-dependent 

evolution of the IR band intensities was fitted using a Boltzmann-type function 

(Equation 12). The extracted midpoint potentials (X0) for the initial and reduced 

species are in reasonable agreement (Table B5 and B6), although a slight offset 

is observed, suggesting that the redox process is not a simple two-state 

equilibrium but may involve intermediate species or kinetic contributions. 

Moreover, while the expected dx (slope) values for a one- or two-electron process 

in an ideal Nernstian system are 25.7 and 12.9 mV, respectively, the obtained dx 

values (286 and 314 mV) are significantly larger.336 This deviation from ideal 

Nernstian behavior indicates a distribution of redox environments or overlapping 

processes, consistent with the heterogeneous nature of the COF-based catalyst. 

Furthermore, monitoring the initial (2012 cm-1) and final (1838 cm-1) species 

reveals significant changes between -1.5 and -2.7 V vs. Fc+/Fc corresponding to 

the potential window highlighted in red in Figure 50a. 

From the IR-SEC experiments performed with the Re bpyPyr COF/MWNT 

modified electrodes, it is clear that the Re bpyPyr COF exhibits the same spectral 

shift trends along the reduction pathway as those observed for the molecular fac-

[Re(CO)3(bpy)Cl] complex.118, 124, 125  Therefore, we conclude that the reduction 

pathway in Re bpyPyr COF is centered on the Re(CO)3Cl moiety, proceeding 

through the formation of the pentacoordinated one-electron reduced species (fac-
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[Re0(CO)3(bpy)]) and the two-electron reduced species (fac-[Re(CO)3(bpy)]-) 

between -1.5 and -2.7 V vs. Fc+/Fc. The formation of the dimeric species fac-

[Re(CO)3(bpy)]2 cannot be definitively ruled out due to the limited spectral 

resolution of the IR-SEC experiments performed with Re bpyPyr COF/MWNT 

modified electrode. However, it should be severally hindered due to the spatial 

separation of the catalytic centers within the bpyPyr COF structure.  

Under a CO2 atmosphere, a similar trend is observed upon the application 

of cathodic potentials (Figure 50d). However, the low-energy peaks at 1970 and 

1838 cm-1, attributed to the two-electron reduced species, do not accumulate 

under CO2 as they do under Ar atmosphere. This behavior likely arises from the 

rapid reaction of the reduced species with CO2, preventing detection under these 

experimental conditions.337, 338 This observation further supports that the two-

electron reduced species act as the active catalyst for CO2 reduction.49, 108, 123   

Taken together, the ATR-IR-SEC experiments indicated that the 

Re(bpy)(CO)3 unit acts as the catalytic site in Re bpyPyr COF. The mechanism 

for CO2 reduction closely resembles that of molecular fac-[Re(CO)3(bpy)Cl] 

catalysts while benefiting from the spatial organization imposed by COF 

framework. Based on these observations, a catalytic cycle involving the 

discussed intermediates is proposed, Figure 51. Importantly, the catalytic 

mechanism proposed here is derived from spectroelectrochemical 

measurements, where reduction of the catalyst is achieved electrochemically. 

Under photocatalytic conditions, the same reduced species may be generated 

through photoinduced electron transfer with the sacrificial donor. Previous studies 

on fac-[Re(CO)3(bpy)Cl] catalysts have demonstrated that electrochemical and 

photochemical pathways produce the same key intermediates, differing mainly in 
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the mode of electron delivery 20. Consequently, the intermediates identified here 

by IR-SEC are expected to accurately represent the key species involved in the 

photocatalytic CO2 reduction cycle. 

  

 

Figure 51. Proposed catalytic cycle for CO2 reduction for Re bpyPyr COF.  



 
 

4.4. Conclusions  

In summary, an imine-linked bipyridine–pyrene COF was successfully 

functionalized with Re(CO)3Cl catalytic centers to produce a crystalline hybrid 

material capable of photocatalytic CO2 reduction. Structural analysis, including 

the STEM-HAADF imaging, confirms that the incorporation of the rhenium(I) 

complex preserves the long-range order of the COF while introducing well-

defined catalytic sites throughout the framework. Photophysical measurements 

reveal electronic communication between the COF backbone and the Re centers, 

resulting in broadened visible-light absorption and efficient quenching of the COF 

photoluminescence. Photocatalytic experiments demonstrate that Re bpyPyr 

COF effectively reduces CO2 to CO under visible-light irradiation, with activity 

strongly influenced by the choice of electron donor and proton source. 

Importantly, systematic variation of the Re loading shows how the COF structure 

is affected and that high catalyst loadings can be utilized without the loss of 

catalytic activity found in other heterogeneous systems with fac-

[Re(CO)3(bpy)Cl]. Hence, this COF-based catalyst exhibits improved operational 

stability that is likely due to spatial isolation of catalytic sites within the ordered 

framework. 

The ATR-FTIR spectroelectrochemical investigations revealed that the 

reduction pathway of the immobilized catalyst closely resemble that of the 

molecular analogue, indicating that the intrinsic catalytic mechanism is preserved 

upon immobilization. At the same time, the COF architecture appears to limit 

bimolecular deactivation processes that commonly affect homogeneous systems. 

These findings demonstrate that crystalline COF structures can serve as effective 
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platforms for organizing molecular catalysts while tuning their catalytic 

performance and stability. Such hybrid materials represent a promising strategy 

for the development of efficient and robust photocatalysts for solar-driven CO2 

conversion. 
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5. CHAPTER 5 

Designing Atomically Precise and Robust COF Hybrids 

for Efficient Photocatalytic CO2 Reduction 

5.1. Introduction   

Photocatalytic CO2 reduction has attracted growing interest, as it enables 

direct conversion of CO2 and solar energy into value-added chemicals.19, 339, 340 

A major breakthrough in this field was the development of the molecular fac-

[Re(CO)3(bpy)Cl], where bpy = 2’2’ bipyridine, catalyst by Lehn and co-workers, 

which opened a new avenue for designing CO2 photocatalysts with high precision 

and molecular control over reactivity.282 To leverage the tunability of molecular 

catalysts while addressing their inherent limitations regarding stability, hybrid 

photocatalytic systems have emerged in which molecular catalysts are 

immobilized on solid supports such as metal oxides, nanoparticles, carbon 

nanostructures, and polymeric materials like g-C3N4.341-344 While significant 

progress has been made with hybrid systems in achieving high selectivity and 

stability, the structural environment of the catalytic centers often remains poorly-

defined, with active sites randomly distributed across the substrate. This lack of 

atomistic control limits the potential of molecular design for optimizing the catalyst 

performance and hinders a comprehensive understanding of the photocatalytic 

CO2 reduction mechanism. 

Two-dimensional (2D) covalent organic frameworks (COFs) have been 

recognized as a promising platform for designing heterogeneous photocatalysts 
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due to their virtually unlimited structural, chemical, and optoelectronic tunability.62, 

313 COFs are crystalline porous frameworks built from organic building blocks that 

are connected via strong covalent bonds.345 The rational design of the building 

blocks and the linkage motifs results in tailor-made materials with pre-defined 

features.251 Specifically, this modular approach allows for the integration of well-

defined metal binding sites, such as bipyridine or porphyrin, which can effectively 

confine and stabilize CO2 molecular catalysts, thereby facilitating rigorous 

structural control over hybrid photocatalysts.314 Furthermore, the choice of COF 

linkage motifs was shown to modify the microenvironment around catalytic 

centers and to influence the π-π conjugation and stability of the COFs and thus 

their performance in photocatalytic CO2 reduction.346 Despite these advantages, 

synthesizing highly crystalline and stable 2D COFs is challenging due to 

constraints related to reaction conditions and characteristics of the building 

blocks.347 Achieving high crystallinity in COFs is essential not only for defining the 

spatial arrangement of catalytic sites but also for advancing the understanding 

and molecular design of hybrid photocatalysts. 

Here, we introduce a novel 2D COF for photocatalytic CO2 reduction, 

utilizing dibenzo[g,p]chrysenetetraamine (DBC) as a structure-directing building 

block for the synthesis of a highly crystalline and stable COF. For the first time, 

the detailed X-ray diffraction (XRD) and transmission electron microscopy (TEM) 

analysis allowed us to resolve the atomistic-level distribution and organization of 

the molecular catalyst within the COF structure. Additionally, the tight π-π 

stacking of the COF layers provides exceptional photostability under visible light 

illumination, maintaining performance for more than 50 hours. 



184 
 

DBC, a planar and rigid monomer with an extended π-conjugated 

structure, promotes tight, ordered stacking of COF layers with a high degree of 

conjugation. Imine-linked DBC-based COFs have been demonstrated to feature 

high crystallinity, as well as excellent thermal and chemical stability, along with 

long-lived excited states.22,23 Despite these promising properties, DBC-COFs 

have not yet been explored for photocatalytic applications.  

Here, we combine DBC with 2,2’-bipyridine-5,5’-dicarbaldehyde (bpy), 

forming the bpyDBC COF, Figure 52. The bpy unit (linkers) provides docking 

sites for the immobilization of [Re(CO)5Cl] yielding a model molecular CO2 

photocatalyst fac-Re(CO)3(bpy)Cl within porous, thereby forming the hybrid 

photocatalyst Re bpyDBC COF.  

 

 

Figure 52. Synthesis of bpyDBC COF and immobilization of Re(CO)5Cl, yielding 

Re bpyDBC COF. 

 

5.2. Experimental Section 

All solvents were purchased from Sigma Aldrich, Acros or TCI Europe in 

the common purities purum, puriss or reagent grade. The materials were used as 

received without additional purification and handled in air unless otherwise noted. 

Synthesis of COF linker molecules. The COF linker 2,2’-bipyridine-5,5’-

dicarbaldehyde (bpy) was purchased from BLDpharm. 

Dibenzo[g,p]chrysenetetraamine, (DBCTA) was synthesized according to the 
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literature. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.15 (d, J = 8.8 Hz, 4H, C(1)H), 

7.55 (d, J = 2.3 Hz, 4H, C(2)H), 6.9 (dd, J = 8.8, 2.3 Hz, 4H, C(3)H), 5.39 (s, 8H, 

NH2). 

Synthesis of bpyDBC COF. In a 6 mL Schott-Duran culture tube, a solid 

mixture of 2,2’-bipyridine-5,5’-dicarbaldehyde, bpy(CHO)2 (6.38 mg, 0.03 mmol) 

and dibenzo[g,p]chrysenetetraamine, DBCTA (5.84 mg, 0.015 mmol) was 

suspended in 500 µL 1,4-dioxane and mesitylene (250 µL each). Subsequently, 

50 µL of acetic acid (aqueous, 6 M) was added. The culture tube was tightly 

sealed and heated at 120°C for 4 days (Scheme C1). The resulting suspension 

was filtered and the isolated brown powder was Soxhlet-extracted with THF for 8 

h, followed by extraction in supercritical CO2 at 110 bar and 40°C for 1 hour.  

Synthesis of RebpyDBC COF. BpyDBC COF (30 mg) and [Re(CO)5Cl] 

(14.65 mg, 0.04 mmol) were dispersed in 15 mL toluene and heated to reflux for 

40 min. The resulting dark brown powder was filtered hot and washed thoroughly 

with methanol. The resulting powder was dried under vacuum. ICP-OES analysis 

was conducted to determine the Re content to 15.87 ± 0.43 wt%, which equals 

an occupation of bpy sites of 43.5 ± 2.7 %. The percentage of bpy sites occupied 

by Re(CO)₃Cl is calculated based on the following considerations: 

To estimate the molecular weight of the COF, a fragment reflecting the 2:1 ratio 

of the bpy to the DBC linker is considered (Figure 53). The molecular weight of 

this C50H28N8
4+ fragment is M = 740.83 g mol-1.  
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Figure 53. COF fragment reflecting the 2:1 ratio of bpy to DBC. 

 

The weight percent 𝑦 of rhenium given by the ICP-OES can be expressed as the 

following Equation 14:  

𝑦 =
𝑥∗𝑀(Re)

𝑀(C50H28N8
4+)+𝑥∗𝑀(Re(CO)3Cl) 

  (14) 

where 𝑥 is a number between 0 and 2, corresponding to the number of 

immobilized Re-complexes per fragment (max. value = 2, since only two bpy sites 

are available per fragment). A 100% coverage of the two available bpy sites of 

the fragment translates to two additional Re(CO)3Cl compounds, each with a 

weight of M = 305.69 g mol-1, thus 𝑥 = 2 in the equation. Insertion of the 

corresponding molecular weights (M(Re) = 182.21 g mol-1) yields a value of 𝑦 = 

0.269, or 26.9 wt% for a 100% coverage of the bpy sites with Re-complex.  

In reality, the value obtained by ICP-OES is used to calculate the coverage of bpy 

sites. For example, ICP-OES measures 16.2 wt% Re in the sample of interest. 

Replacing 𝑦 = 0.162 in the above equation and solving it for 𝑥 yields a value of 

𝑥 = 0.878. Applying the rule of three,if 𝑥 = 2 corresponds to 100%, then 𝑥 = 0.878 

corresponds to coverage of 43.9% of the bpy sites.  



187 
 

Synthesis of sacrificial donor. The benzimidazolidine derivate, BIH (1,3-

dimethyl-2-phenylbenzo[d]imidazolidine) was synthesized as previously 

reported.348 H NMR (CDCl3 400 MHz) δ (ppm): 7.61-7.53 (m, 2H), 7.45-7.37 (m, 

3H), 6.71 (dd, J = 5.4, 3.2 Hz, 2H), 6.43 (dd, J = 5.4, 3.2 Hz, 2H), 4.88 (s, 1H), 

2.56 (s, 6H). 

Powder X-ray diffraction (PXRD) measurements were performed using 

a Bruker D8 Discover instrument with Ni-filtered Cu Kα radiation and a LynxEye 

position-sensitive detector.  

Fourier-transform infrared spectroscopy (FTIR) measurements were 

performed with a Bruker Vertex 70 FTIR instrument by focusing the light of a 

globar as a MIR light source through a KBr beam splitter with integrated gold 

mirrors and an ATR sample stage with a Ge crystal. The spectra were recorded 

with an N2 cooled MCT detector at a resolution of 2 cm−1 and averaged over 128 

scans. 

Scanning electron microscopy (SEM) micrographs were obtained with 

an FEI Helios NanoLab G3 UC microscope equipped with a Schottky field-

emission electron source operated at 3 kV.  

Transmission electron microscopy (TEM) and scanning TEM in high-

angle annular dark-field mode (STEM-HAADF) was performed on a probe-

corrected FEI Titan Themis instrument equipped with a field emission gun 

operated at 300 kV.  

Nitrogen sorption isotherms were recorded with a Quantachrome 

Autosorb 1 instrument at 77 K. Carbon dioxide sorption measurements were 

conducted on a Quantachrome Autosorb iQ at 273 K and 298 K. The samples 

were outgassed for 24 h at 120°C under high vacuum prior to the measurements. 
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Pore size distributions based on the nitrogen sorption data were calculated using 

a QSDFT model with a carbon kernel for cylindrical pores.  

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker 

AV 400 and AV 400 TR spectrometers. Proton chemical shifts are expressed in 

parts per million (δ scale) and are calibrated using residual non-deuterated 

solvent peaks as internal reference (e.g., DMSO-d6: 2.50 ppm). 

UV-Vis-NIR spectra were recorded on a Perkin-Elmer Lambda 1050 

spectrometer equipped with a 150 mm integrating sphere, photomultiplier tube 

(PMT) and InGaAs detector. Diffuse reflectance spectra were collected with a 

Praying Mantis (Harrick) accessory and were referenced to barium sulfate 

powder as 100%R standard. The specular reflection of the sample surface was 

removed from the signal using apertures that allow only light scatter at angles > 

20° to pass. Diffuse reflectance data was smoothed using the LOWESS filter, 

integrated in the Origin 2022b data analysis software. 

Steady-state photoluminescence (PL) and time-correlated single-

photon counting (TCSPC). A home-built confocal laser scanning microscope 

(CLSM) setup was used for characterizing the photoluminescence of the COF 

samples. The samples were measured in the epi-direction using an air objective 

(0.85 NA, Fluor 40, NIKON). A beamsplitter (MELLES GRIOT 03BTL005) and a 

490 nm long-pass filter were utilized to separate the laser from the 

photoluminescence (PL) light. Excitation was provided by a sub-picosecond laser 

(iChrome TOPTICA) operating at 476 nm with a repetition rate of 40 MHz. The 

detection system was divided into two components. The first part featured an 

avalanche photodiode (APD, type: MPD PDM, with a detector size of 50 × 50 

μm), which was used in combination with time-correlated single-photon counting 
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(TCSPC) electronics (BECKER UND HICKEL) to measure time-resolved PL 

transients. The second part comprised a spectrometer (ANDOR SHAMROCK 

SRi303) connected to a CCD camera (ANDOR NEWTON DU920) for capturing 

spectra. The data were recorded using a customized LABVIEW (National 

Instruments) program that integrated the manufacturers’ software with our 

specific measurement requirements. Further data processing and analysis, 

including extracting PL spectra and TCSPC transients, were performed using 

MATLAB (MATHWORKS). 

Thermogravimetric analysis (TGA) measurements were performed 

using a Netzsch Jupiter ST 449 C instrument equipped with a Netzsch TASC 

414/4 controller. The samples were heated from room temperature to 900°C 

under a synthetic air flow (25 mL min-1) at a heating rate of 10 K min-1. 

Cyclic Voltammetry was performed on a Metrohm Autolab Potentiostat 

using a three-electrode setup with Pt wire as counter electrode, Ag wire as 

pseudo-reference electrode and slurry-coated FTO glass as working electrode in 

0.1M TBAPF6 in acetonitrile. The electrolyte was prepared and stored under Ar. 

The Ag pseudo-reference electrode was referenced against the ferrocene redox 

couple. Measured potentials vs. the ferrocene redox couple Fc/Fc+ were 

converted to the absolute electrode potential (Evac) and to potentials vs. Standard 

Hydrogen Electrode (SHE) according to the following equations (i) and (ii), 

respectively. Note that the absolute potential scale equals to the negative 

physical scale. Potentials vs. Standard Calomel Electrode (SCE) were converted 

to potentials vs. SHE according to equation (iii).349 Reduction potentials for the 

sacrificial donors retrieved from the literature were converted to SHE accordingly.   

(i) 𝐸𝑣𝑎𝑐 =  𝐸𝐹𝑐/𝐹𝑐+ + 4.8 eV 
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(ii) 𝐸𝑣𝑎𝑐 = 𝐸𝑆𝐻𝐸 + 4.44 eV 

(iii) 𝐸𝑆𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 0.241V 

Slurries for electrode coating were prepared by dispersing 21 mg of COF 

material, 4.5 mg Ketjen black and 4.5 mg PVDF (70:15:15) in 300 µL NMP. The 

mixture was repeatedly vortexed and ultrasonicated until the desired viscosity 

was achieved. 15 µL of the slurry was then drop-cast onto FTO glass and dried 

immediately using a heat gun.  

Photocatalytic experiments were carried out in a quartz cuvette with a 

total volume of 5.08 mL. The reactor was loaded with 3.50 mL of acetonitrile, 1.0 

mg of photocatalyst and 5.0 mg of BIH. The mixture was then purged with CO2 

until saturation was reached and exposed to a 300 W Xe lamp equipped with a 

water filter and a 370 or 400 nm long-pass filter. At given time intervals, 100 μL 

of the headspace atmosphere was sampled to quantify the amount of produced 

CO using a gastight syringe and analyzed using Gas chromatography (GC) 

(Shimadzu GC2014), equipped with a flame ionization detector (FID) and a 

methanizer. A PerkinElmer Clarus 580 – GC-TCD was employed to check 

potential H2 production.  

Stability experiments were conducted under the same conditions as the 

photocatalytic experiments. After 24 h, the COF powder was removed from the 

reaction suspension via filtration, washed with small amounts of THF and 

subsequently dried under vacuum.  

Gas Chromatography-Mass Spectrometry (GC-MS). To reveal the 

carbon source in the photoreaction product, namely carbon monoxide (CO), 13C 

isotope labelled CO2 gas (Sigma Aldrich, 99 atom % 13C, < 3 atom % 18O) was 

used in the photocatalytic reaction following the same procedure described 
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above. In this case, a gas sample (500 L) from the headspace of the cuvette 

was analysed by GC-MS Shimadzu QP2020-NX with electron ionisation (EI) 

equipped with a U-Bond column (30 m, ID 0.32 mm) for 13CO2 separation and a 

Molsieve 5A column (30 m, ID 0.32mm) for 13CO separation without N2 

interference. The standard gas mixture of CO2, CO, CH4, O2, and N2 as balance 

(All-in-gas GmbH) was used to set the instrument method and to identify the 

analytes’ retention times (RT). The characteristic ions at RTCO = 6.7 min with m/z 

29 (13C16O), 28 (12C16O), 16 (16O), and 13 (13C) were detected in single ion 

monitoring mode (SIM). Shimadzu Postrun Data Analysis software was used to 

process the data.  
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5.3. Results and discussion  

The synthesized bpyDBC COF was structurally analyzed using powder X-Ray 

diffraction (PXRD) and FTIR, Figure 54a-b. The experimental PXRD pattern, 

showing sharp reflections at 2.2°, 3.9°, 4.5°, 6.8°, 8.5°, 9.0° and 11.3° 2θ, 

confirms the crystallinity of the pristine COF. The diffraction peak at 25° 

corresponds to the (001) plane, which is attributed to the π- π stacking of the as-

formed structure. 

 

Figure 54. (a) Experimental and Rietveld refined PXRD patterns of bpyDBC 

COF, (b) FTIR spectra of the two linkers bpy(CHO)2 and DBCTA together with 

the spectrum of the bpyDBC COF. c) Experimental and Rietveld refined PXRD 

patterns of Re bpyDBC COF and (d) FTIR spectra of bpyDBC, Re bpyDBC and 

the molecular analog Re(bpy)(CO)3Cl.  
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Upon the introduction of Re(I), the crystallinity of the COF network is 

preserved and additional diffraction peaks appear at 5.9°, 8.0°, 9.9°, 12.0° and 

13.9°, due to an increase of the corresponding structure factors (Figure 54c). 

The successful immobilization of [Re(CO)3Cl] by the bpyDBC COF was further 

evidenced by the three CO vibrational bands observed between 1800 and 2100 

cm-1 in the FTIR, corresponding to the A1 and the two E modes expected for the 

facial geometry of the Re(CO)3Cl moiety,60, 99 and resembling those of the 

molecular catalyst [Re(bpy)(CO)3Cl] (Figure 54d). 

For the Rietveld refinement350 of these COFs, we considered a 

combination of four fixed structural variants of the unit cell content to account for 

the different possible orientations of the bpy unit, Figure 55a. 

 

Figure 55. a) Structural variants of the two COFs and b) superposition of the four 

structural variants of the unit cell, illustrating how the threefold propeller contrast 

dominated by Re(I) is created. 

 

The N atoms of the bpy unit can either point into the small triangular pore 

(i and ii) of the Kagomé structure, or into the large hexagonal pore (iii and iv). By 



194 
 

combining the four structural variants with equal weights of 0.25, we achieved a 

successful refinement of the COF in P6 symmetry, assuming AA stacking, which 

resulted in the structure illustrated in Figure 55b. 

Therefore, the PXRD pattern of both COFs was then fully indexed with a 

hexagonal lattice with refined lattice constants of a = b = 44.7(1) Å, c = 3.56(1) Å 

with weighted R-value (wR) of 3.49 % and a = b = 44.8(1) Å, c = 3.65(1) Å with 

wR = 2.66 %, for bpyDBC and Re bpyDBC, respectively. For the model 

containing Re(I)-loaded, a refined occupation factor of the bpy sites with 

Re(CO)3Cl of 47% was considered. This is close to the value of 44% (16.2 wt% 

Re) obtained by ICP OES.  

To investigate the distribution of the Re(I)-complex within the COF 

structure at the near atomic level we employed scanning TEM in high-angle 

annular dark field mode (STEM-HAADF), which we resolved, for the first time, the 

position of the metal centers in the crystalline COF network (Figure 56) and 

Figures C1-C2. 

 

Figure 56. a) STEM-HAADF image showing the highly ordered Re(I) sub-

structure within the COF lattice. b) Magnified section of a) with the COF lattice. 
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Here, the image contrast is approximately proportional to the atomic 

number squared, making heavy atoms such as Re(I) appear as bright spots. 

STEM-HAADF images of the Re bpyDBC COF reveal a highly ordered Re(I) sub-

structure adopting the crystallographic positions defined by the bpy linker. The 

superposition of the four structural variants (Figure 55b) used for the Rietveld 

refinement illustrates how a statistical distribution of the Re(I) centers in the COF 

lattice creates the threefold propeller-type pattern visible in the STEM-HAADF 

image (Figure 56b).  

On the other hand, TEM images of bpyDBC COF and Re bpyDBC COF 

are similar, showing a fully crystallized, homogenous material with crystallite 

sizes between 50 and 100 nm (Figure 57). 

 

Figure 57. TEM images of the bpyDBC COF (a) and Re bpyDBC COF (b).  

 

Moreover, nitrogen sorption at 77 K yielded a Brunauer-Emmett-Teller 

(BET) surface area of 1252 m2 g-1 and pore sizes of 1.9 nm and 3.5 nm of the 

dual-pore Kagomé bpyDBC COF structure, while upon metalation it decreases 

its BET surface area to 717 m2 g-1 and pore sizes to 1.9 nm and 3.3 nm in the Re 
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bpyDBC COF (Figure 58). The observed decreasing on surface area and pore 

sizes are expected once the Re(I) was loaded into bpyDBC COF pores. 

Furthermore, the incorporation of Re(I) centers into the COF significantly 

enhanced CO2 uptake (Figure C3), thereby facilitating the interactions between 

the hybrid catalyst and the reactant.  

 

Figure 58. a) Nitrogen sorption isotherms of bpyDBC and Re bpyDBC COF and 

b) pore size distributions of both COFs.   

 

Changes in the electronic structure of the COF upon immobilization of the 

Re(I) complex were investigated via UV-Vis and photoluminescence (PL) 

measurements along with cyclic voltammetry (CV). The optic characterizations 

(UV-vis and PL) are shown in Figure 59 while their corresponding CVs are shown 

in Figure C4.  
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Figure 59. (a) UV-Vis absorption (continuous line) and PL emission (dotted line, 

λexc = 476 nm) of bpyDBC and Re bpyDBC. (b) Energy levels of the two COFs, 

and reduction potentials of the sacrificial donor BIH and the CO2 to CO reduction. 

 

The absorption onset of Re bpyDBC COF is red-shifted by approx. 150 

nm compared to bpyDBC. Fitting this onset with a Tauc plot yields direct band 

gaps of 2.19 eV for bpyDBC and 1.85 eV for Re bpyDBC (Figure C5). However, 

it is well known that the incorporation of metal centers affects the electronic 

transition properties of organic frameworks.65, 351 The PL emission of the pristine 

COF is characterized by a broad band with 𝜆𝑒𝑚= 693 nm, which is significantly 

quenched in Re bpyDBC, indicating the efficient electronic interaction between 

the COF and the Re(I) center (Figure 59a). Time-resolved measurements with 

time-correlated single-photon counting (TCSPC) reveal a multi-component decay 

similar to those observed by Pan and coworkers for a different Re-COF hybrid 

(Figure C6).314 Double exponential fits of the experimental signals reveal 

lifetimes of 32 (77%) and 241 ps (23%) for the pristine bpyDBC COF and 30 

(82%) and 227 ps (18%) for Re bpyDBC COF. The precision of such values, 

especially the shortest lifetimes, is affected by the response function of the 

TCSPC setup, but the data suggest the increase of non-radiative processes in 
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the Re bpyDBC hybrid, likely due to the charge transfer from the COF to the 

Re(I) centers. 

Using cyclic voltammetry (Figure C4), valence band (VB) energies of the 

pristine and metalated COF were determined to be 0.47 V and 0.61 V vs. SHE, 

respectively. Combining CV and UV-Vis results, the conduction band (CB) 

energies of the two materials were estimated (Figure 59b), establishing that both 

COFs are thermodynamically capable of reducing CO2 to CO.  

In the photocatalytic CO2 reduction assays, 1,3-dimethyl-2-phenyl-2,3-

dihydro-1H-benzimidazole (BIH) was used as sacrificial electron donor. BIH has 

a stronger reduction potential (Eₒₓ = 0.57 V vs. SHE)352 compared to other 

commonly used sacrificial electron donors such as TEA (triethylamine, Eₒₓ = 

0.693V vs. SHE)75, TEOA (triethanolamine, Eₒₓ = 1.06 V vs. SHE)76 or BNAH (1-

benzyl-1,4-dihydronicotinamide, Eₒₓ = 0.81 V vs. SHE)353 and, moreover, upon 

oxidation, BIH undergoes rapid deprotonation to form the radical BI•, which is an 

even stronger reducing agent (Eₚ = −1.7 V vs. SHE).20 This allows BIH to donate 

two electrons and one proton during the photocatalytic process, boosting the CO2 

conversion.  

The performance of Re bpyDBC in the photocatalytic CO2 reduction was 

investigated using a 300 W Xe lamp as the illumination source equipped with 370 

or 400 nm long-pass filters. In both cases the irradiance was set at 100 mW cm-

2. Acetonitrile suspensions containing the COF catalyst and an excess of BIH 

were exposed to light illumination under saturated CO2 atmosphere. The gaseous 

products were monitored by gas chromatography. 

Notably, in the photocatalytic experiments CO was identified as the only 

reduction product. Control experiments conducted under argon atmosphere, in 
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the dark, and in the absence of catalyst did not yield any CO. These results 

establish that the reduction product CO originates from the purged CO2 and is 

formed only when the Re bpyDBC is present. Figure 60a displays the CO 

evolution using Re bpyDBC COF as photocatalyst under UV-Vis (>370 nm) 

illumination.  

 

Figure 60. CO production of the Re bpyDBC COF under illumination with (a) λ 

>370 nm and (b) λ >400 nm. Solid lines represent the linear fitting of the data to 

extract CO production rates.  

 

A remarkably high rate of 1.16 mmol g-1 h-1 was achieved, which ranks 

amongst the highest CO rates reported in the literature for similar systems without 

the use of an additional photosensitizer (Table 8).66, 68, 280 However, comparing 

rates from different groups is non-intuitive and should be approached with 

caution, as differences in the photocatalytic setup (e.g. wavelength of source, 

photon flux, reactor geometry, catalyst concentration, stirring, and others) can 

significantly influence the catalyst performance.354, 355 In contrast, the pristine 

bpyDBC COF did not show any CO evolution under these conditions, underlining 

the importance of the Re(I) center serving as the active site in the COF structure. 
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This fact is also evident when looking at the kinetic profile at different illumination 

conditions.  

 

Table 8. COF-based hybrid Re(I) complexes applied in the photoreduction of CO2 

to CO.   

COF 

CO 

production 

rate 

[µmol g-1h-1] 

Sacrificial 

agent/  

solvent 

Conc.   

[mg mL-1] 

Amount 

of Re(I) 

active sites 

[µmol]* 

TONCO 

Light 

source 
Ref. 

Re bpyDBC 1160 BIH/CH3CN 0.3 0.93 

35 (24h, 

after two 

additional 

purges 

with CO2) 

300 W    

(Xe)  

>370 nm 

[This work] 

Re-Bpy-sp2-

c-COF 

1040 

1400a 

TEOA/ 

CH3CN 
0.2 0.97 

18.7 

(17.5 h) 

300 W 

(Xe)  

>420 nm 

[68] 

Re-COF 750 
TEOA/ 

CH3CN 
0.3 0.27 48 

225 W 

(Xe)  

>420 nm 

[66] 

Re-TpBpy-

COF 
282 

TEOA/ 

CH3CN-H2O 
1.3 21.3 - 

200 W 

(Xe)  

>390 nm 

[280] 

Re bpyDBC 180 BIH/CH3CN 0.3 0.93 
7.0      

(72 h) 

300 W 

(Xe)  

>420 nm 

[This work] 

a In the presence of a photosensitizer 

* The Re(I) content was calculated based on the wt% given by ICP OES. For example, in this 

work, 1 mg of COF used in the photocatalytic experiments contains 16.91 wt% Re, or 169.1 µmol. 

Divided by the molar mass of Re (182.21 g mol-1), a Re content of 0.93 µmol is determined.   

 

Recycling studies carried out under UV-Vis light reveal that after 8 h 

illumination, a new purging with CO2 leads to the production of more CO (Figure 

C7) leading to a maximum turnover number (TONCO) of 35.  

Under visible light (>400 nm) illumination (Figure 60b), an evolution rate 

of 0.18 mmol g-1 h-1 was achieved but an induction period of 20 h was observed. 

The different behavior under different illumination conditions indicates distinct 
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mechanisms of CO2 conversion.  UV-vis light can directly induce MLCT excitation 

of the molecular catalyst followed by reductive quenching through BIH and the 

release of the Cl--ligand. This yields the well-known penta-coordinated 18-

electron-species driving the CO2 to CO conversion.123 In contrast, under (only) 

visible light excitation, light harvesting occurs through internal * transitions in 

the highly conjugated bpyDBC COF structure. The relatively long induction 

period observed under visible-light excitation suggests that the catalytically active 

species is gradually built up until an effective concentration is reached. The 

formation of the active species is expected to rely on electron transfer from the 

COF acting as antenna to the catalytic Re(I) centers.  

We do not attribute the onset of CO production after the induction period 

to any structural changes or degradation of the COF material. Post-reaction 

PXRD and FTIR measurements (Figure 61) collected after 24h of illumination 

(i.e. after the onset of CO production) show no evidence of changes in the 

chemical structure of the COF or the coordination environment of the Re centers.  

 

Figure 61. PXRD pattern (a and b) and IR spectra (c) of the Re bpyDBC COF 

before and after 24 h of photocatalysis under illumination with λ > 370 nm and λ 

> 400 nm. 
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Additionally, the 13CO labeling experiments validate that the CO product 

originates from CO2 reduction rather than decomposition of the material (Figure 

C8-9).  

The outstanding stability of the Re bpyDBC COF is further evidenced by 

its continuous CO production for 72 hours under visible light. In contrast, a 

homogeneous catalyst, released through degradation of the hybrid COF-catalyst, 

would be unlikely to sustain such prolonged activity.  

Unlike previously reported COFs, where the loss of crystallinity led to 

ceased photoactivity,68 the Re bpyDBC COF exhibits exceptional stability, 

maintaining its catalytic performance for 72 h – approx. three times longer than 

the longest-reported Re-COF system under standard photocatalytic conditions 

(Table 9).  

 

Table 9. Comparison of the duration of the photocatalytic experiments for several 

COF-based CO2 photocatalysts. 

 

COF 
Duration of photocatalytic experiment 

[h] 
Ref. 

Re bpyDBC (> 400 nm) 72 [This work] 

PdIn@N3-COF 24 [291] 

Re-COF 22.5 [66] 

COFdpy-Co 18 [255] 

Re-Bpy-sp2c-COF 17.5 [68] 

Re-TpBpy-COF 12 [280] 
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This outstanding stability can be directly correlated to the extremely high 

crystallinity, the precise definition of the local coordination environment as well as 

excellent electronic delocalization achieved through the use of the structure-

directing DBC-node.   

 

5.4. Conclusion  

Concluding, in this study we demonstrate that the favorable low curvature 

and large conjugated structure of the dibenzochrysene-based building unit are 

key factors for enhancing both the crystallinity and stability of the novel hybrid 

photocatalyst, Re bpyDBC COF, for CO2 reduction. The bpyDBC COF serves 

as a molecular framework with predefined binding sites for the molecular model 

catalyst Re(CO)5Cl. For the first time, we successfully resolved the highly ordered 

substructure adopted by the Re(I) centers within the COF using STEM-HAADF 

analysis, providing valuable insights regarding the molecular design of hybrid 

catalysts. In the photocatalytic conversion of CO2 to CO, the Re bpyDBC COF 

exhibited a remarkable CO production rate of 1.16 mmol g-1 h-1 under UV-Vis 

illumination with BIH serving as a sacrificial electron donor. Under visible light, 

the Re-COF maintained catalytic activity for over 50 hours at a reduced rate of 

0.18 mmol h-1 h-1, competing with the longest operational lifetime of other COF-

based CO2 photocatalyst reported to date (Table S2). Our work highlights that 

COFs can function as effective platforms for the hybridization of molecular 

catalysts, offering atomistic control over structure and exceptional stability. 
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Part II 
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6. Chapter 6 

Electrochemical CO2 conversion: towards scalability  

6.1. From Photocatalytic to Electrocatalytic Systems  

Photocatalytic systems represent an elegant approach to artificial 

photosynthesis. However, their overall performance is often limited by inefficient 

light harvesting, charge recombination, photon penetration through the reaction 

medium, and the inherent difficulties associated with scaling photochemical 

reactors while maintaining uniform light distribution.356, 357 In contrast, 

electrocatalytic systems employ electricity as the driving force, which can also be 

direct integrated with renewable energy sources such as photovoltaic and wind 

power while offering precise control over reaction conditions through the applied 

potential or current.358-360 Consequently, electrocatalytic CO2 reduction has 

emerged as one of the most promising technologies for the practical and scalable 

production of carbon-neutral fuels and chemicals. Figure 62 shows a schematic 

representation of practical CO2RR systems where the electricity is driven from 

renewable energy sources.  
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Figure 62. Schematic Diagram of CO2 Electrolysis Driven by Renewable 

Electrical Energy.  

 

The large-scale deployment of CO2 reduction processes also depends on 

the design of efficient electrochemical reactors capable of operating under 

industrially relevant conditions.361 Consequently, catalyst development and 

reactor engineering have become increasingly interconnected fields in the pursuit 

of sustainable carbon utilization. Figure 63 illustrates the main electrochemical 

cells used for CO2 electroreduction studies.   
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Figure 63. Schematic representation of different types of electrochemical cells 

used for CO2 reduction studies.  

 

The earliest investigations of molecular electrocatalysts were generally 

carried out using conventional single-compartment electrochemical cells, in 

which the working, counter, and reference electrodes are immersed in the same 
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electrolyte solution. The working electrode can be selected from bulk catalysts 

(e.g. Cu foil) to powder catalysts supported on glassy carbon or carbon 

paper/cloth.362 These simple reactor configurations offer straightforward 

operation and are particularly suitable for fundamental electrochemical studies, 

catalyst screening and spectroelectrochemical investigations.363, 364 However, 

because oxidation products generated at the counter electrode remain in the 

same electrolyte as the reduction products, undesirable side reactions and 

product crossover can occur, limiting their applicability for quantitative CO2 

reduction studies. 

To overcome these limitations, H-type electrochemical cells became the 

standard laboratory configuration for CO2 reduction research.362, 365 In these 

reactors, the cathodic and anodic compartments are separated by an ion-

exchange membrane, allowing the reduction and oxidation reactions to occur 

independently while minimizing product crossover. During electrolysis, CO2 is 

continuously supplied to the cathodic compartment through a glass frit, and the 

outlet gas stream is directed to a gas chromatograph (GC) for the analysis of 

gaseous products. The CO2 flow rate is typically regulated using a mass flow 

controller positioned at either the inlet or outlet of the electrochemical cell. To 

ensure accurate determination of the Faradaic efficiency (FE), the 

electrochemical reactor must remain completely gastight throughout the 

experiment. Following electrolysis, the electrolyte is collected and analyzed for 

liquid products, which are commonly quantified by proton Nuclear Magnetic 

Resonance (1H NMR) spectroscopy or High-Performance Liquid 

Chromatography (HPLC). The H-cell configuration has become the benchmark 

reactor for evaluating catalytic activity, Faradaic efficiency, product selectivity, 
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and mechanistic pathways of both molecular and heterogeneous catalysts. 

Nevertheless, its performance remains limited by the relatively low solubility, 

typically around 33 mM, and slow diffusion of CO2 in aqueous electrolytes, which 

impose severe mass transport limitations and restrict the achievement of 

industrial-relevant current density levels.366 

The introduction of flow-cell reactors represented a significant step toward 

practical CO2 electrolysis.367 Unlike conventional H-cells, flow cells continuously 

deliver fresh electrolyte and gaseous CO2 to the electrode surface, improving 

reactant transport and facilitating continuous operation. The incorporation of gas-

diffusion electrodes (GDEs) further enhanced reactor performance by supplying 

CO2 directly through a porous hydrophobic layer to the catalyst interface, 

substantially reducing diffusion limitations associated with CO2 solubilization.32 

These improvements enable current densities exceeding several hundred mA 

cm-2 approaching those required for industrial implementation. 

More recently, Membrane Electrode Assemblies (MEAs) have emerged as 

one of the most promising reactor architectures for scalable CO2 

electroreduction.31 368 In MEA configurations, the catalyst layers are deposited 

directly onto gas-diffusion electrodes positioned in intimate contact with an ion-

conducting membrane, eliminating the need for large catholyte volumes and 

significantly reducing ohmic resistance. This compact architecture facilitates 

efficient gas transport, minimizes carbonate formation, improves carbon 

utilization, and enables continuous operation at commercially relevant current 

densities.  
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6.2. Earth-abundant catalyst as promising candidates for 

replacing noble-metal catalysts.  

Transition-metal complexes have played a central role in the development 

of molecular catalysts selective CO2RR.369 Historically, catalysts based on 

second and third row transition metals have demonstrated superior catalytic 

stability compared with their first-row analogues, owing to their favorable 

electronic structures and greater chemical stability. Some of the most efficient 

electrocatalysts reported to date are based on Pd, Ru, Rh, and particularly here 

mentioned Re complexes. Nevertheless, numerous first-row transition-metal 

complexes have also been explored as CO2 reduction catalysts, including metal 

phthalocyanines (M = Ni, Co, Mn, Cu, Fe), metalloporphyrins (M = Fe, Co, Ni), 

polypyridine complexes (M = Cr, Fe, Co, Ni),81 and cyclam derivatives (M = Ni, 

Co) demonstrating that earth-abundant metals can exhibit significant catalytic 

activity when incorporated into appropriate ligand environments. 369, 370 

Among these alternatives, Mn(I) tricarbonyl complexes have attracted 

particular attention because they closely resemble the well-established and here 

previously discussed Re(I) catalysts while replacing one of the scarcest transition 

metals with one of the most abundant.47, 283, 371 Mn is approximately 1.3 million 

times more abundant than Re in the Earth's crust, with an average abundance of 

950 mg kg-1 compared to only 7 x 10-4 mg kg-1 for Re.  

This remarkable difference has important economic and environmental 

implications, particularly for the large-scale implementation of CO2 reduction 

technologies, where catalyst cost, resource availability, and the environmental 

impact associated with mining become critical considerations. 
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Since the pioneering work of Bourrez and co-workers, the complex fac-

[Mn(bpy)(CO)3Br] has become one of the benchmark molecular electrocatalysts 

for the selective reduction of CO2 to CO, demonstrating that efficient molecular 

catalysis can be achieved using an earth-abundant metal center.283 

The Mn(I) complex and its synthetic analogs are capable of reducing CO2 

to CO at lower applied potentials than the corresponding Re-based counterparts, 

without significantly compromising catalytic activity.371 Mechanistic investigations 

of this class of Mn(I)-tricarbonyl complexes have shown that the homogeneous 

catalysts rapidly lose Br- after a one-electron reduction, forming the 

pentacoordinated Mn0 species.335, 372 The rate at which these complexes lose Br- 

is higher than that of the Re-tricarbonyl analogues, enabling access to higher 

TOF for the CO2 to CO conversion. However, similar to the Re(I) tricarbonyl 

complexes, the singly reduced Mn0 complex tends to easily form Mn0-Mn0 dimeric 

species, which are unable to catalyze the CO2 reduction reaction, thereby limiting 

its electrocatalytic performance (Figure 64).47, 373 

 

Figure 64. Reduction pathway for fac-[Mn(bpy)(CO)3Br] based on previous 

reports.47, 373 

 

Various strategies have been developed to stabilize the Mn0 species and 

prevent dimerization, including the incorporation of bulky or electron-donating 

ligands to provide steric hindrance, as well as the heterogenization of the 



212 
 

homogeneous catalyst onto solid supports such as carbon nanotubes or TiO2.306, 

374-378 While significant progress has been made with such hybrid systems in 

achieving excellent selectivity and high current densities, this approach suffers 

from several limitations. Poor control over spatial catalyst distribution, due to a 

lack of well-defined binding sites on the solid support, along with a limited 

structural tunability, restricts the ability to precisely tailor the local environment 

around the catalytic centers.379-382  

As we also have seen for Re(I) analogues, the Covalent Organic 

Frameworks (COFs) are promising platforms for immobilizing molecular electro- 

and photocatalysts due to their synthetic versatility, structural robustness and 

well-defined crystalline and porous structure.62, 322 However, aiming at have a 

greater rigidity compared to bipyridine, which enhances the stability of 

coordinated metal centers, the incorporation of a more conjugated 

phenanthroline as a metal-coordinating building block have shown promissor 

results in the literature. 383-387 Additionally, its higher degree of electron 

delocalization can facilitate charge transfer and improve catalytic efficiency.388, 389  

López-Magano and co-workers demonstrated the potential of 

phenanthroline-containing imine-linked COFs (Phen-COFs) by immobilizing NiII 

and IrIII sites to create a heterogeneous dual photocatalyst for C–C cross-coupling 

reactions between aryl bromides and radical precursors.383, 384 The 

phenanthroline moiety played a crucial role in stabilizing the metal centers, 

preventing leaching of metal fragments into the reaction medium, thereby 

enhancing both activity and recyclability. Recently, Lloret-Fillol and co-workers 

conducted a systematic mechanistic study on a Mn-based COF incorporating a 

phenanthroline building block.386  Despite its potential, poor crystallinity and low 
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porosity of the phenanthroline-based COF limited the catalytic performance, 

including its ability to suppress undesired dimerization. These findings 

underscore the need for further research to advance the design and synthesis of 

phenanthroline-based COFs containing Mn(I) complexes, aiming to improve their 

crystallinity, porosity, and catalytic properties to fully harness the potential of 

phenanthroline in electrocatalytic CO2 reduction.  

To date, the performance of COF-based electrodes for CO2 reduction has 

been evaluated using traditional liquid-phase electrochemical cells such as H-

cells.390, 391 However, in such studies, the current density is often limited by the 

CO2 solubility in the liquid electrolytes and its poor diffusion. The catholyte-free 

membrane-electrode-assembly (MEA) represents an elegant alternative offering 

several advantages for the development of electrochemical CO2 reduction 

processes. By enabling direct contact between the catalyst and CO2 gas while 

avoiding interaction with aqueous electrolytes, this architecture mitigates mass 

transport limitations, enhances CO2 availability at the catalytic sites, reduces 

parasitic H2 reactions, and decreases ionic resistance due to the zero-gap 

design.392, 393 The combination of this advanced electrochemical cell design with 

COF-based electrocatalysts, featuring highly porous structures and high specific 

surface areas (~800 to 2000 m2 g-1), opens new opportunities for the precise 

control over catalytic properties and offers a powerful strategy for developing 

next-generation electrocatalysts with improved performance and stability for 

sustainable CO2 reduction applications.394, 395  
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6.3. Mn(I) - Functionalized Covalent Organic Framework as 

Efficient Electrocatalyst for CO2 Reduction in a Catholyte-

Free Zero-Gap Electrolyzed  

Therefore, in this section, we present the design and synthesis of a 

crystalline imine-linked 2D COF constructed from 4,4′-(1,10-phenanthroline-3,8-

diyl)dibenzaldehyde (Phen) and 4,4′,4′′,4′′′-(pyrene-1,3,6,8-tetrayl)tetraaniline 

(Py). Post-functionalization of the resulting PhenPy framework with [Mn(CO)5Br] 

yields the heterogeneous electrocatalyst Mn PhenPy COF, in which the nitrogen 

atoms of Phen serve as predefined coordination sites for the metal centers 

(Figure 66a). Gas diffusion electrodes (GDEs) based on conductive carbon 

paper were fabricated using Mn PhenPy COF and integrated into a catholyte-

free MEA cell for the electrochemical reduction of CO2 to CO. This study 

represents the first example of a COF-based material utilized as an active CO2 

reduction electrocatalyst in an industry-relevant MEA cell architecture, thus 

providing a proof of principle for the successful integration of COF-based 

materials into scalable and efficient CO2 reduction technologies. Furthermore, we 

demonstrate that the Mn PhenPy COF mitigates the formation of detrimental 

dimeric Mn⁰−Mn⁰ species, in contrast to previously reported studies on similar 

COFs.386 The high crystallinity and porosity of Mn PhenPy are identified as the 

key factors in suppressing dimerization and enhancing electrocatalytic 

performance. As a result, Mn PhenPy outperforms both the molecular Mn 

catalyst and previously reported bipyridine (bpy) - and phenanthroline-based Mn 

COF hybrids in terms of turnover number and frequency. 
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6.4. Experimental Section 

Materials. All solvents were purchased from Sigma Aldrich, Acros or TCI 

Europe in the common purities purum, puriss or reagent grade. The materials 

were used as received without additional purification and handled in air unless 

otherwise noted. 

Synthesis of COF building block 4,4′-(1,10-phenanthroline-3,8-

diyl)dibenzaldehyde (Phen). This synthesis involved a three step synthesis. 

Firstly, the linker 2,2-Dimethylpropane-1,3-diol (4 eq., 4155.6 mg, 40 mmol), p-

toluenesulfonic acid (0.09 eq., 171.2 mg, 0.9 mmol) and (4-formylphenyl)-boronic 

acid (1 eq., 1497.9 mg, 10 mmol) were mixed in a Schlenk flask under argon 

atmosphere. The solids were dissolved in 100 mL toluene and heated to reflux 

for 1.5 h. The reaction solution was poured into a saturated aqueous solution of 

sodium hydrogen carbonate (300 mL), and CH2Cl2 (3 x 150 mL) was added. The 

organic layer was separated and dried over sodium sulphate. In vacuo removal 

of all solvents yielded colourless platelet-like crystals of 1 (3022.3 mg, 9.9 mmol, 

99%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.80 (d, J = 6.4 Hz, 2H, H-3 ), 7.48 

(d, J = 6.3 Hz, 2H, H-4), 5.40 (s, H-5), 3.76 (d, J = 11.94 Hz, 2H, H-9), 3.76 (s, 

4H, H-2,10), 3.64 (d, J = 10.6 Hz, 2H, H-6), 1.29 (s, 3H, H-11), 1.00 (s, 6H, H-

7,8), 0.80 (s, 3H, H-1). In the second step the 3,8-Dibromophenanthroline (1 eq., 

338 mg, 1 mmol), 1 (3 eq., 912.6 mg, 3 mmol), aqueous sodium carbonate 

solution (2.6 eq., 1 M, 2.6 mL, 2.6 mmol) and tetrakis-(tri-

phenylphosphine)palladium(0) (15 mol%, 173.33 mg) were mixed in a Schlenk 

flask and dissolved in a degassed THF/toluene mixture (7.4 mL, 1:1) under argon 

atmosphere. The reaction mixture was heated to reflux for 72 h. After cooling to 
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room temperature, an aqueous solution of sodium hydroxide (1 M, 10 mL) and 

brine (sat. aq. NaCl, 20 mL) was added to the reaction mixture. The aqueous 

layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic phases were 

dried over sodium sulphate and the solvents removed in vacuo. The crude 

product was recrystallized from hot MeOH and the solvents removed in vacuo. A 

yellow poder 2 was obtained (450.5 mg, 80%). 1H-NMR (400 MHz, CDCl3): δ 

(ppm) = 9.81 (d, J = 2.1 Hz, 2H, H-6), 8.75 (d, J = 2.1 Hz, H-8), 8.13 (s, 2H, H-7), 

7.83 (d, J = 8.6 Hz, 4H, H-5), 7.75 (d, J = 9.1 Hz, 4H, H-4), 5.50 (s, 2H, H-3), 3.83 

(d, J = 11.3 Hz, 4H, H-2/9), 3.71 (d, J = 10.5 Hz, 4H, H-2/9), 1.33 (s, 6H, H-1/10), 

0.84 (s, 6H, H-1/10). Finally, for the phen ligand synthesis, the obtained 2 (1 eq., 

265.5 mg, 0.476 mmol) was dissolved in degassed THF (50 mL). Hydrochloric 

acid (5%, 6.44 mL) was added and the solution heated to reflux for 18 h. The 

reaction mixture was cooled to room temperature and all solvents removed in 

vacuo. The residual solid was thoroughly washed with water (40 mL) and small 

amounts of THF. 4,4′-(1,10-phenanthroline-3,8-diyl)dibenzaldehyde (Phen) was 

obtained as a light yellow powder (phen) (160.4 mg, 0.423 mmol, 87%). 1H-NMR 

(400 MHz, CDCl3): δ (ppm) = 10.20 (s, 2H, H-1), 9.51 (d, J = 2.2 Hz, 2H, H-4), 

8.51 (d, J = 2.4 Hz, 2H, H-6), 8.10 (d, J = 8.5 Hz, 4H, H-2), 7.99 (d, J = 8.4 Hz, 

4H, H-3), 7.97 (s, 2H, H-5) 

Synthesis of PhenPy COF. In a 6 mL Schott-Duran culture tube, a solid 

mixture of 4,4′-(1,10-phenanthroline-3,8-diyl)dibenzaldehyde Phen (3.88 mg, 

0.01 mmol, see SI for synthesis, NMR spectra of intermediates and main product 

are shown in Figure S1-S3) and 4,4′,4′′,4′′′-(pyrene-1,3,6,8-tetrayl)tetraaniline Py 

(2.83 mg, 0.005 mmol, 98%, BLD Pharm, CAS: 1610471-69-6) was suspended 

in 500 µL 1,4-dioxane and mesitylene (1:3). Subsequently, 50 mL of acetic acid 
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(aqueous, 6 M) was added. The culture tube was tightly sealed and heated to 

120 °C for 4 days. The resulting suspension was filtrated and the isolated brown 

powder was Soxhlet extracted with EtOAc for 6 h, followed by treatment in 

supercritical CO2 at 110 bar and 40 °C for 2 h. Elemental analysis for (C68H42N8)n, 

calculated: C, 84.4 ; H, 4.4 ; N, 11.5. Found: C, 74.9 ; H, 4.3 ; N, 7.1. Calculations 

for the elemental analysis were based on an infinite structure, ignoring the 

presence of undefined end-groups or possible residues in the pore system. 

Synthesis of Mn PhenPy COF. PhenPy COF (30 mg) and [Mn(CO)5Br] 

(30 mg) were dispersed in 10 mL EtOAc and heated to reflux for 1 h under Ar 

atmosphere. The resulting powder was filtrated, thoroughly washed with EtOAc 

and dried under reduced pressure. ICP-OES analysis was conducted to 

determine the Mn content to be 2.2 wt%, corresponding to 28 % of the Phen sites 

occupied. The percentage of Phen sites immobilizing [Mn(CO)3Br] is calculated 

as detailed in the SI (Mn-occupation of Phen).  

Synthesis of fac-[Mn(Phen)(CO)3Br]. Phen (1.1 eq., 30 mg, 0.077 mmol) 

and Mn(CO)5Br (1 eq., 24.7 mg, 0.07 mmol) were dissolved in 10 mL EtOAc and 

heated to reflux for 3 h under Ar atmosphere. The resulting powder was 

thoroughly washed with EtOAc and dried under reduced pressure. Yield: 71%. 

FTIR: νC≡O s(2025, 1952 and 1917 cm-1).  1H NMR (400 MHz, Acetone-d6) δ (ppm) 

= 10.11 (s, 2H), 9.56 (d, J = 1.9 Hz, 2H), 8.68 (d, J = 2.0 Hz, 2H), 8.10 (d, J = 8.3 

Hz, 4H), 8.09 (s, 2H), 7.94 (d, J = 8.2 Hz, 4H). 

Synthesis of fac-[Mn(bpy)(CO)3Br]. Bpy (110 mg, 0.71 mmol) and 

Mn(CO)5Br (200 mg, 0.72 mmol) were dissolved in 30 mL EtOAc and heated to 

reflux for 1 h under Ar atmosphere. The resulting powder was thoroughly washed 

with Et2O and dried under reduced pressure. Yield: 85%. FTIR: νN-H m(3068 cm-
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1), νC≡O s(2017, 1910 and 1883 cm-1). 1H NMR (400 MHz, Acetone-d6) δ (ppm) = 

9.31 (d, J = 5.5 Hz, 2H), 8.58 (d, J = 8.1 Hz, 2H), 8.23 (t, J = 7.7 Hz, 2H), 7.75 (t, 

J = 6.4 Hz, 2H).  

Powder X-ray diffraction (PXRD) measurements were performed using 

a Bruker D8 Discover instrument with Ni-filtered Cu Kα radiation and a LynxEye 

position-sensitive detector.  

Theoretical structure simulations. The COF structure was constructed 

using the Accelrys Materials Studio software package. A P1 symmetry was 

applied and the structure model optimized using the Forcite module with the 

Universal Force-Field. Structure refinement using the Pawley method was carried 

out as implemented in the Reflex module of the Materials Studio software. 

Thompson-Cox-Hastings peak profiles were used, and peak asymmetry was 

corrected using the Berar-Baldinozzi method. 

Fourier-transform infrared spectroscopy (FTIR) measurements were 

performed with a Bruker Vertex 70 FTIR instrument by focusing the light of a 

globar as a MIR light source through a KBr beam splitter with integrated gold 

mirrors and an ATR sample stage with a Ge crystal. The spectra were recorded 

by a N2 cooled MCT detector with a resolution of 2 cm−1 and averaged over 128 

scans. 

Scanning electron microscopy (SEM) images were obtained with an FEI 

Helios NanoLab G3 UC microscope equipped with a Schottky field-emission 

electron source operated at 3 kV. Before measuring, the samples were coated 

with a 10 nm thick carbon layer. Energy-dispersive X-ray spectroscopy (EDX) 

mapping was performed at an acceleration voltage of 12 kV. The primary electron 

beam current was optimized as a compromise between achievable resolution and 
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a good signal-to-noise ratio at the EDX detector. The mapping acquisition time 

was 15–20 minutes, with drift correction applied during the process. The 

acceleration voltage for back-scattered electron (BSE) images was 4 kV. The 

beam current was adjusted as a compromise between the required image 

resolution and the signal-to-noise ratio at the CBS detector. The CBS detector is 

a doped Si detector where back-scattered electrons generate electron-hole pairs.  

Transmission electron microscopy (TEM) was performed with a probe-

corrected FEI Titan Themis instrument equipped with a field emission gun 

operated at 300 kV.  

Thermogravimetric analysis (TGA) measurements were performed 

using a Netzsch Jupiter ST 449 C instrument equipped with a Netzsch TASC 

414/4 controller. The samples were heated from room temperature to 900°C 

under a synthetic air flow (25 mL min-1) at a heating rate of 10 K min-1. 

Nitrogen sorption isotherms were recorded with a Quantachrome 

Autosorb 1 or Autosorb iQ instrument at 77 K. Carbon dioxide sorption 

measurements were conducted on a Quantachrome Autosorb iQ at 273 K and 

298 K. The sample was outgassed for 24 h at 120°C under high vacuum prior to 

the measurements. Pore size distributions from nitrogen sorption data were 

calculated using the QSDFT model with a carbon kernel for cylindrical pores.  

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker 

AV 400 and AV 400 TR spectrometers. Proton chemical shifts are expressed in 

parts per million (δ scale) and are calibrated using residual non-deuterated 

solvent peaks as internal reference (e.g. DMSO-d6: 2.50 ppm). 

UV-Vis-NIR spectra were recorded on a Perkin-Elmer Lambda 1050 

spectrometer equipped with a 150 mm integrating sphere, photomultiplier tube 



220 
 

(PMT) and InGaAs detectors. Diffuse reflectance spectra were collected with a 

Praying Mantis (Harrick) accessory and were referenced to barium sulfate 

powder as 100 %R standard. The specular reflection of the sample surface was 

removed from the signal using apertures that allow only light scatter at angles > 

20° to pass.  

TONCO calculations. For the TONCO calculations, the moles of CO 

produced at each potential were divided by the moles of catalytic centers (Mn) 

present in the catalyst deposited on the carbon paper electrode. For Mn PhenPy 

COF, ICP-OES was used to determine the amount of Mn. The parameters used 

in these calculations, along with the TONCO values at each potential, are 

summarized in Table D1. 

TOFCO calculations. The turnover frequency for CO production (TOFCO) 

was calculated by dividing the TONCO by the time (i.e. 30 min) the potential was 

held at each potential step. 

Mn-occupation of Phen sites. To estimate the molecular weight of the 

COF, a fragment reflecting the 2:1 ratio of the Phen to the Py linker is considered 

(Figure 65). The molecular weight of this C92H54N8
12• fragment is M = 1271.50 g 

mol-1.  
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Figure 65. PhenPy COF fragment reflecting the 2:1 ratio of Phen to Py. 

 

The weight percent 𝑦 of Mn given by the ICP-OES can be expressed as 

the following Equation 15. 

𝑦 =
𝑥∗𝑀(Mn)

𝑀(C92H54N8
12•)+𝑥∗𝑀(Mn(CO)3Br) 

 (15) 

where 𝑥 is a number between 0 and 2, corresponding to the number of 

immobilized Mn-complexes per fragment (max. value = 2, since only two Phen 

sites are available per fragment). A 100% coverage of the two available Phen 

sites of the fragment translates to two additional Mn(CO)3Br compounds, each 

with a weight of M = 218.87 g mol-1, thus 𝑥 = 2 in the equation. Insertion of the 

corresponding molecular weights (M(Mn) = 54.94 g mol-1) yields a value of 𝑦 = 

0.064, or 6.4 wt% for a 100% coverage of the Phen sites with Mn-complex.  

In reality, a value given by ICP-OES is used to calculate the coverage of 

Phen sites. For example, ICP-OES measures 2.2 wt% Mn in the sample of 

interest. Replacing 𝑦 =0.022 in the above equation and solving it for 𝑥 yields a 

value of 𝑥 = 0.558. Applying the rule of three, if 𝑥 = 2 corresponds to 100%, then 

𝑥 = 0.558 corresponds to a coverage of 28% of the Phen sites. 

Cyclic voltammetry (CV) was performed on a Metrohm Autolab potentiostat 

using a three-electrode setup with Pt wire as counter electrode, Ag wire as 
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pseudo-reference electrode and slurry-coated FTO glass as working electrode in 

0.1 M TBAPF6 in acetonitrile. The electrolyte was prepared and stored under Ar. 

The Ag pseudo-electrode was referenced against the ferrocene redox couple. 

Measured potentials vs. the ferrocene redox couple Fc/Fc+ were converted to the 

absolute electrode potential (Evac) and to potentials vs. Standard Hydrogen 

Electrode (SHE) according to the following equations (i) and (ii), respectively. 

Note that the absolute potential scale is equal to the negative physical scale.396 

Potentials vs. Standard Calomel Electrode (SCE) were converted to potentials 

vs. SHE according to equation (iii).349 Reduction potentials for the sacrificial 

donors retrieved from the literature were converted to SHE accordingly.   

(iv) 𝐸𝑣𝑎𝑐 =  𝐸𝐹𝑐/𝐹𝑐+ + 4.8 eV 

(v) 𝐸𝑣𝑎𝑐 = 𝐸𝑆𝐻𝐸 + 4.44 eV 

(vi) 𝐸𝑆𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 0.241V 

Slurries were prepared by dispersing 14.1 mg of COF material, 11.3 mg 

Super C65 carbon black and 2.8 mg PVDF (50:40:10) in 400 µL NMP. The 

mixture was ultrasonicated for 30 minutes and stirred at room temperature for a 

minimum of 2 days to guarantee homogeneous dispersion of all components. 20 

µL of the slurry was then drop-cast onto FTO glass, covering an area of ~ 1 cm2 

and dried overnight at 60 °C.  

Preparation of gas diffusion electrodes. Gas diffusion electrodes 

(GDEs) were prepared by spray coating an ink on a carbon paper substrate 

(GDL-Sigracet, 39B) using an airbrush (Vonder). The ink was composed of 2.0 

mg of Mn PhenPy COF catalyst or 1.0 mg of fac-[Mn(Phen)(CO)3Br] catalyst, 1.0 

mg of carbon black (amorphous carbon, CAS 1333-86-4), 10.0 μL of ionomer 
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(Sustainion XA-95% in Ethanol, Dioxide Materials Inc.) and 2.0 mL of 

dimethylformamide (Aldrich 99.8 %). The mixture was submitted to an ultrasonic 

probe sonicator (Sonics & Materials INC, VCX130) with a power rating of 130 W 

for 15 minutes. The homogenized solution was then deposited onto a 1.0 cm2 

area of carbon paper using the airbrush, with approximately 50% of the slurry 

mass lost during deposition, as determined by the difference between the initial 

and final mass of the carbon paper electrode. The electrode was subsequently 

dried in an oven at 80 °C for 24 h. Finally, the prepared electrode was applied as 

cathode for the electrochemical reduction of CO2. 

Electrochemical CO2 reduction in MEA cell. All electrochemical 

measurements were carried out on a potentiostat/galvanostat (Autolab 

PGSTAT204, Metrohm). CO2 reduction performance was evaluated in a 

commercial catholyte-free Membrane Electrode Assembly (MEA) cell (Dioxide 

Materials®). GDEs containing Mn PhenPy or fac-[Mn(bpy)(CO)3Br] were used as 

cathodes, Ni foam as anode and 1 M KOH was used as anolyte, circulating at 5 

mL min−1. The half-cells were connected with an anion exchange membrane 

(Sustainion®) and CO2 gas was directly fed to the cathode at 30 mL min−1, 

excluding the use of an aqueous electrolyte. Measurements were carried out 

under potentiostatic conditions applying a full-cell potential range from 2.6 to 3.2 

V for 30 minutes for each potential step. The current density was monitored to 

assess the electrode's performance. Gaseous products leaving the cell were 

transported by the continuous CO2 flow cell to a gas sampling bag, where aliquots 

of 500 µL were collected with a gas-tight syringe and injected into a gas 

chromatograph equipped with thermal conductivity detection (GC-TCD, 

PerkinElmer Clarus 580) for the quantification of CO. The GC-TCD is equipped 
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with two columns (Porapak N 2 mm and molecular sieve) and a detector for 

thermal conductivity. The measurements were performed at 120 °C on the 

injector and 150 °C on the detector, with a thermal ramp of 35–120 °C. Ar was 

used as carrier gas at 30 mL min−1.  

6.5. Results and Discussion 

Design and Structural Characterization.  

Under solvothermal conditions, the building blocks Phen and Py were 

linked via a Schiff-base acid-catalyzed imine condensation reaction, resulting in 

the formation of the crystalline PhenPy COF (Figure 66a).  



225 
 

 

Figure 66. (a) Synthesis of PhenPy COF and immobilization of [Mn(CO)5Br], 

yielding Mn PhenPy COF (schematic). (b) Experimental and indexed Pawley-

refined PXRD pattern of PhenPy COF. Pawley refinement was conducted using 

the simulated structure model of PhenPy, based on the triclinic space group P1. 

(c) Unit cell of PhenPy COF. Alternating phenanthroline moieties in adjacent 

layers face towards different pores (inset). The cell parameters of the refined 

structure are provided in the Section S7. (d) SEM micrograph of the PhenPy COF 

powder, indicating a fibrillar morphology. (e) Nitrogen sorption measurements 

reveal high porosity with a BET surface area of 929 m2g-1. Inset: pore size 

distribution and cumulative pore volume of PhenPy  

The crystallinity of the synthesized COF was confirmed by powder X-ray 

diffraction (PXRD) analysis, Figure 66b, which shows sharp reflections at 2.4°, 

4.9°, 7.5° and 10.0° 2θ. The reflection at 24° corresponds to the (001) plane, 
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which is attributed to the π-π stacking of the two-dimensional COF sheets with a 

stacking distance of 3.7 Å. A simulated structure model of the PhenPy COF was 

Pawley-refined based on the triclinic space group P1. In line with the structure of 

the previously reported, structurally similar COFbpy (bpy = bipyridine), an AB 

stacking model was chosen where one layer is rotated by 180° about the b axis, 

orienting the stacked phenanthroline groups toward different pores (inset in 

Figure 66c).320 The refined pattern shows good agreement with the 

experimentally obtained data, with the refined unit cell parameters a = 57.0 Å, b 

= 46.8 Å, c = 3.7 Å and α = 90.5°, β = 91.5° and γ = 90.0°.  

Scanning electron microscopy (SEM) images of the PhenPy COF powder 

in Figure 66d reveal a uniform, fibrillar morphology of interconnected ribbon-like 

structures. The morphological features suggest a highly porous structure 

beneficial for gas diffusion and adsorption. The morphology is also reflected in 

transmission electron microscopy (TEM) images, with fully crystallized ribbon-like 

structures visible in Figure D1. 

Nitrogen sorption experiments at 77 K yielded a Brunauer-Emmett-Teller 

(BET) surface area of 929 m2 g-1, significantly higher than those reported for other 

Phen-based COFs,383, 384, 386 further confirming the high crystallinity and porosity 

of the PhenPy COF (Figure 66e). Pore sizes were analysed using the quenched 

solid density-functional theory (QSDFT) model for 1D cylindrical pores, revealing 

a pore size of 3.3 nm, which closely matches the simulated value of about 3.4 nm 

(inset, Figure 66e).  

The successful formation of the COF network was further confirmed by 

Fourier-transform infrared (FTIR) spectroscopy. The absence of the aldehyde 

vibration of the Phen building block at 1690 cm-1 and the amine vibrations of the 
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Py building block at 1614, 3352 and 3454 cm-1 in the FTIR spectrum of the COF 

in Figure D2 agree with the formation of the imine bond, which appears as a 

shoulder at 1624 cm-1. Hence, PXRD, FTIR, and nitrogen sorption analysis 

evince the formation of the COF network with well-defined structural and textural 

properties that closely align with the simulated model. 

Post-functionalization of the PhenPy COF with [Mn(CO)5Br] was 

conducted at 85°C in ethyl acetate for 1 h under Ar atmosphere, following a well-

established procedure preserving the chemical nature of the complex (Figure 

66a).386 Due to the light-sensitivity of the Mn(I) complex, functionalization 

reactions were carried out in the dark. The PXRD of Mn PhenPy COF displays 

diffraction peaks analogous to the pristine PhenPy COF, evincing that the 

crystalline structure of the material is retained (Figure 68a). The amount of Mn 

incorporated into the COF was obtained by ICP-OES, resulting in 2.2 wt% of Mn, 

which corresponds to 28% of the COF phenanthroline moieties being coordinated 

to Mn(I) centers (see Mn-occupation of Phen sites section for calculation details). 

X-ray photoelectron spectroscopy (XPS) of the Mn PhenPy COF confirms 

the presence of Mn(I) and Br within the COF structure (Figure 67). 
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Figure 67. XPS spectra of Mn PhenPy COF (a-c) and Mn PhenPy COF applied 

to a gas diffusion electrode (d-f). 

 

  A high resolution scan of the Mn 2p peak reveals the main doublet at 

binding energies of 640.4 and 652.2 eV, which is characteristic of Mn(I) 

tricarbonyl complexes.397-399 Additional shoulders at binding energies of 644.4 

and 657.0 eV are also clearly observed and have been attributed to the formation 

of solvated species due to Br labilization as reported elsewhere45.  

The three characteristic CO vibration bands observed between 1850 and 

2050 cm-1 in the FTIR spectrum provide further evidence of the successful 

immobilization of the tricarbonyl Mn(I) complex within the porous COF structure 

(Figure 68b). These bands correspond to the A₁ and two E vibrational modes 

expected for the facial geometry of the Mn(CO)3Br moiety and closely resemble 
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those of the molecular analog fac-[Mn(Phen)(CO)3Br], in which the Phen building 

block acts as ligand to the Mn(I) center.  

SEM images in Figure 68c reveal a uniform and fibrillar morphology 

similar to that of the pristine  PhenPy, featuring ribbon-like structures. SEM-EDX 

(energy dispersive X-ray spectroscopy) spectra collected at various spots on the 

powder surface confirm the presence of Mn and Br (Figure D3). As shown in 

Figure D4, SEM-EDX mapping indicates a homogeneous distribution of the Mn(I) 

complex in the Mn PhenPy COF structure. The nitrogen sorption experiments of 

Mn PhenPy COF reveal a reduced BET surface area of 306 m² g⁻¹ (Figure D5) 

compared to the pristine COF, a trend commonly observed following post-

modification of COFs with metal centers.68, 99, 249, 320  

Physical Properties  

Efficient electrocatalysis requires a high affinity of the catalyst for CO2 

adsorption; therefore, CO2 sorption experiments were performed at temperatures 

of 273 K and 294 K and pressures of up to 1000 mbar (100 kPa). Mn PhenPy 

COF exhibited a maximum CO2 uptake of 2.5 mmol g-1 at 273 K, whereas its 

pristine counterpart PhenPy adsorbed only 1.6 mmol g-1 at the same temperature 

(1.5 mmol g-1 and 1.0 mmol g-1 at 294 K, respectively, Figure 68d and D6). 

Despite the reduced surface area, the results indicate an enhanced affinity of the 

COF for CO₂ following the incorporation of Mn(I) centers. Similar enhancement 

in affinity following incorporation of metal centers has also been reported in 

previous studies.68, 147  
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Figure 68. (a) PXRD patterns of the PhenPy and the Mn PhenPy COFs. (b) 

FTIR spectra of PhenPy and Mn PhenPy COF, as well as of the molecular 

analog fac-[Mn(Phen)(CO)3Br]. (c) SEM micrographs of the Mn PhenPy COF. 

(d) CO2 sorption measurements at 273 K (0 °C) indicating an enhanced affinity 

of Mn PhenPy COF for CO2 (filled dots: adsorption, open dots: desorption). (e) 

Energy levels of the two COFs obtained from Tauc plot fitting of the optical 

absorption onsets and CV measurements (Figures S13, S14), and the CO2 to CO 

reduction potential. (f) Cyclic Voltammetry of Mn PhenPy COF and fac-

[Mn(Phen)(CO)3Br] measured in a three-electrode setup in acetonitrile (TBAPF6, 

0.1M) under Ar at a scan speed of 10 mV s-1. The colours are assigned as follows: 

PhenPy (green), Mn PhenPy (pink), fac-[Mn(Phen)(CO)3Br] (orange). 

 

It is well established that the incorporation of metal centers influences the 

electronic properties of organic frameworks. Hence, changes in electronic 

structure of the COF upon immobilization of Mn were investigated using UV-vis 

measurements. Figure D7 shows that the absorption onset of Mn PhenPy is red-

shifted by approx. 120 nm compared to its pristine counterpart. Similar red-shifts 

upon incorporation of metal centers have been reported in the literature.68, 351, 383 

Supported by band structure calculations, Kamiya et al. assigned the optical shift 

to the presence of metal 3d orbitals introduced below the conduction band of the 
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COF.400 Direct band gaps of 2.48 eV for PhenPy and 2.23 eV for Mn PhenPy, 

respectively, were determined by Tauc plot analysis (Figure D8).401 Consistent 

with previously reported studies,402-404 cyclic voltammetry (CV) measurements 

under oxidative conditions were performed, enabling the determination of the 

valence band (VB) energies of the pristine COF and the Mn(I)-decorated COF at 

-5.02 eV and -5.51 eV, respectively, relative to the vacuum level (Figure D9). 

Combining CV and UV-vis results, the conduction band (CB) energies of the two 

materials were estimated. The resulting energy levels diagram (Figure 68e) 

indicates that both COFs are thermodynamically capable of reducing CO2 to CO.   

To access the ability of the COF structure to inhibit the formation of the 

undesirable Mn⁰-Mn⁰ dimer species upon electroreduction, CV curves were 

recorded for Mn PhenPy and its molecular analog fac-[Mn(Phen)(CO)3Br] at 

negative applied potentials (Figure D10). Under Ar atmosphere with anhydrous 

CH₃CN as the electrolyte, fac-[Mn(Phen)(CO)3Br] displayed prominent peaks at 

-1.73 V and -2.05 V vs. SCE in the forward scan and two peaks at -0.75 and 0.21 

V vs. SCE during the reverse CV scan, which were absent in Mn PhenPy COF 

(Figure 68f). The electrochemical behavior of molecular and immobilized Mn(I) 

complexes has been extensively studied applying a wide range of spectroscopic 

and electrochemical techniques.373, 377, 378  Accordingly, the observed CV peaks 

can be attributed to the formation and respective reoxidation of the Mn⁰-Mn⁰ dimer 

and the mononuclear [Mn(L)(CO)3]-, formed by the two-electron reduction of the 

dimer.283 A more detailed analysis of the redox features of the molecular analog 

fac-[Mn(Phen)(CO)3Br] is presented in Figure D10. The absence of these redox 

processes in the CV profile of Mn PhenPy COF indicates that anchoring the Mn(I) 

complex to the COF framework via its phenanthroline moieties effectively 
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suppresses the formation of the undesired dimer. Lloret-Fillol et al. reported on 

the ability of a bipyridine-based COF to impose structural constraints on the Mn(I) 

complex, thereby preventing dimerization. However, they were unable to achieve 

a similar complete suppression of Mn0-Mn0 formation using a phenantroline-

based COF, in contrast to our findings. 386 We propose that the high crystallinity 

and porosity of the herein synthesized PhenPy COF plays a crucial role in 

effectively constraining the Mn(I) centers within the COF framework, thereby 

effectively preventing dimerization.320 

Electrocatalytic CO2 Reduction.  

Given its promising electrochemical properties for CO₂ reduction, the Mn 

PhenPy COF was tested as an electrocatalyst for CO₂ reduction to CO in a MEA 

cell. Gas diffusion electrodes were fabricated by spray-coating an ink containing 

the COF as the active material onto carbon paper. XPS measurements were 

conducted to confirm the presence of characteristic Mn(I) and Br peaks in the 

electrode (Figure 67d–f). After immobilization of the Mn PhenPy COF onto the 

GDE, the COF-related peaks decrease, likely due to the low COF loading used 

during electrode preparation. Additionally, F peak is detected as a result of the 

PTFE coating on the carbon paper, which is used to impart hydrophobicity. While 

Mn(I) and Br signals are barely visible in the survey spectrum, high-resolution 

scans allow for their unequivocal identification. The Mn 2p doublet exhibits a 

similar pattern to that observed for the Mn PhenPy COF bulk material, although 

the peaks are slightly shifted to lower binding energies indicating electronic 

interactions between the COF and the electrode surface. 
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To evaluate the CO2 reduction activity, selectivity and stability of the Mn 

PhenPy COF, measurements were conducted under potentiostatic conditions 

applying a full-cell potential ranging between 2.6 and 3.2 V, with each potential 

step maintained for 30 minutes, while monitoring the current density and CO 

production. The gaseous products exiting the cell were carried by the continuous 

CO2 flow into a gas sampling bag, from which aliquots were collected using a 

gas-tight syringe and injected into a gas chromatograph for CO and H2 

quantification.  

To benchmark the catalytic performance of the Mn PhenPy COF, 

comparative measurements were carried out under identical conditions using the 

well-established complex d fac-[Mn(bpy)(CO)3Br] as a reference catalyst.283Like 

the Mn PhenPy COF, the molecular catalyst was spray-coated onto carbon paper 

and integrated as GDE into the MEA cell. First reported in 2011 by Chardon-

Noblat, Deronzier, and co-workers as an active and selective catalyst for CO₂ 

reduction to CO, fac-[Mn(bpy)(CO)₃Br] has since been extensively investigated 

as both an electro- and photocatalyst.283, 399  The catalytic performances of Mn 

PhenPy COF and the reference complex are presented in Figure 69b-c. 
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Figure 69. (a) Schematic representation of the catholyte-free MEA cell 

architecture employing a GDE with Mn PhenPy COF as active electrocatalyst. 

(b) Partial current densities for CO formation jCO (chronoamperometry) and (c) 

the respective TOF for CO, TOFCO, of Mn PhenPy COF and fac-

[Mn(bpy)(CO)3Br] at different applied full-cell potentials (details in Table S1) 

measured using a catholyte-free MEA cell with 1 M KOH as anolyte and a 

Sustainion® anion-exchange-membrane.  

 

Using the pristine PhenPy COF as an electrocatalyst in this cell 

configuration resulted in no detectable CO formation. In contrast, Mn PhenPy 

demonstrated high partial current densities for CO production, reaching jCO = 

23 mA cm-2 at 2.8 V, before declining at higher potentials (Figure 69b). The 

benchmark catalyst, fac-[Mn(bpy)(CO)3Br], showed a decrease in partial CO 

current density with increasing potential, dropping from 1.8 mA cm-2 at 2.6 V to 

1.2 mA cm-2 at 3.0 V (Table 10).  The GC-analysis of the product stream revealed 

that Mn PhenPy COF demonstrated high CO2 to CO conversion, producing 222 
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µmol cm-2 of CO within 30 minutes under an applied cell voltage of 2.8 V, resulting 

in a maximum turnover number (TONCO) of 308, and a turnover frequency 

(TOFCO) of 617 h-1 (see Table D1 for details on the TONCO and TOFCO 

calculations). This confirms that the Mn(I) centers act as catalytically active sites 

within the COF. 

 

Table 10. Comparison of performance of a selection of Mn-based CO2 reduction 

electrocatalysts. 

catalyst electrolyte cell type nCO  

[µmol 

cm-2] 

jCO 

[mA 

cm-2] 

TOFCO  

[h-1]a) 

FECO(%) Ref. 

Mn PhenPy 

COF 

2.6 V catholyte-

free 

anolyte: 1M 

KOH 

MEA cell 189  20 557 8 This 

work 2.8 V 222 23 617 17  

3.0 V 128 13 401 11  

fac-[Mn(bpy) 

(CO)3Br] 

2.6 V catholyte-

free 

anolyte: 1M 

KOH 

MEA cell 19 1.8 28 3 This 

work 2.8 V 10 1 14 1 

3.0 V 11 1.2 16 1 

COFbpyMn |NTb)  NaHCO3 

(0.5 M) pH 

7.4 

H-cell 114 15 190 55 320 
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COFPTMn |NTc) NaHCO3 

(0.5 M) pH 

7.4 

H-cell 10 8d)  10 30 386 

Mn-MOF CH3CN + 

0.25% acetic 

acid 

H-cell 0.03 - 3.5 - 405 

CNT|Mn(pyr) KHCO3 (0.5 

M) pH 7.4 

three-

electrode 

setup 

46 2 175 34 377 

[Mn-

CH3CN]|MWCNT 

K2B4O7 (0.1 

M), K2SO4 

(0.2 M) pH 

6.6 

three-

electrode 

setup, 

flow 

reactor 

74 5.2 70 84 406 

Mn(bpy)|MWCNT PB (0.06 M) 

pH 7.4 

three-

electrode 

setup 

3 1 25 51 378 

[Mn(bpy)(CO)3Br]|GC CH3CN + 8% 

MeOH 

three-

electrode 

setup 

0.45 - 362  407 

 

a) TOF ( nCO/(nMn,total · time) ).b), c) Total amount of Mn deposited: 225 nmol cm-2 

and 900 nmol cm-2, respectively. d) Value calculated from information provided in 

the reference. PB, NT and GC stand for phosphate buffer, nanotubes and glassy 

carbon, respectively.  
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At an applied potential of 2.8 V, the benchmark molecular catalyst 

achieved a maximum TONCO of only 8 and TOFCO of 14 h-1. In other words, 

immobilizing the Mn(I) complex within the porous COF structure led to a 40-fold 

enhancement in TOF (Figure 69c). Furthermore, the Mn PhenPy COF 

outperforms previously reported Mn-based hybrid electrocatalysts for CO₂ 

reduction (Table 10).320, 377, 378, 386, 405-407 Notably, our analysis is based on the 

total amount of catalytic sites embedded in the COF. This approach may 

underestimate the true TON and TOF values, as other studies often report values 

normalized to the estimated electroactive sites, typically less than 25% of the total 

catalyst loading in COFs, yielding significantly higher apparent activities.231, 320, 

386 However, quantifying the electroactive sites in a MEA cell is particularly 

challenging, requiring significant modifications to the cell architecture. Addressing 

this remains a key direction for future research.  

Furthermore, we measured the Faradaic efficiencies for CO and H₂ 

evolution (FECO and FEH2, respectively) as a function of the applied potential 

(Figure 70a). H₂ generated via the competing cathodic hydrogen evolution 

reaction, is the dominant product, with a FEH2 of 83%, likely due to the high carbon 

loading in the GDE. As indicated by the Faradaic efficiency results, the current 

values may not represent the highest reported in the literature. However, the 

achieved H₂/CO ratio is well-aligned with the requirements of important 

downstream applications, such as Fischer-Tropsch synthesis and related 

processes.  

Additionally, jCO values (23 mA cm-2) achieved in this study rank among 

the highest reported in the literature for COF based materials, further 

emphasizing the exceptional performance of the Mn-COF catalyst. To further 
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assess the system’s stability, we conducted long-term electrolysis over 6 hours 

at 2.8 V (Figure 70b). While H₂ remains the primary product, the FECO decreases 

only slightly from 17% to 12% during the experiment, and TOF remains at 

approximately 73% of its initial value. These results strongly support the stability 

of the Mn PhenPy COF under the tested conditions and indicate that Mn⁰-Mn⁰ 

dimer formation is not significant in the MEA system. Consequently, the sustained 

Faradaic efficiency evinces that the catalyst remains both active and selective for 

CO₂ reduction throughout the duration of the experiment. 

 

Figure 70. (a) Faradaic efficiencies (left scales) and TOF (blue dots, right scales) 

values as a function of different applied potentials along with (b) long-term 

stability experiments conducted at applied full-cell potential of 2.8 V recorded for 

Mn PhenPy COF.  

 

The results discussed above indicate that the COF framework not only 

enhances the catalytic performance of the Mn(I) complex but also improves its 

stability, enabling operation at higher potentials. This enhanced stability can be 

attributed to the immobilization of Mn(I) centers within the porous COF structure, 

which effectively suppresses the formation of the detrimental Mn⁰–Mn⁰ dimer. We 

propose that the CO₂ electrocatalytic cycle of the Mn PhenPy COF aligns with 

previously reported mechanisms for similar Mn-based COF hybrids, wherein the 

formation of a pentacoordinated Mn(I) intermediate facilitates the reduction of 
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CO₂ to CO.386 320Furthermore, we attribute the outstanding catalytic performance 

to the high crystallinity of the Mn PhenPy COF, which stabilizes catalytically 

active Mn single sites within an accessible porous framework. Additionally, the 

MEA cell architecture plays a crucial role by enhancing mass transport, 

increasing CO₂ availability at the active sites, and improving catalyst integration 

into the electrochemical environment, thereby maximizing overall efficiency.  

6.6. Conclusion 

In conclusion, we report the successful design and synthesis of a highly 

crystalline COF-based electrocatalyst, Mn PhenPy, for the efficient reduction of 

CO₂ to CO in a catholyte-free MEA cell. The porous and highly ordered PhenPy 

COF serves as a robust scaffold for immobilizing Mn(I) centers, offering pre-

defined coordination sites through its phenanthroline moieties. The resulting Mn 

PhenPy hybrid exhibits enhanced CO₂ affinity and excellent electrochemical 

properties, making it a highly effective material for use in GDEs within MEA 

electrolyzers. Compared to the molecular benchmark catalyst fac-

[Mn(bpy)(CO)₃Br], Mn PhenPy demonstrates superior catalytic performance, 

achieving a 40-fold enhancement in turnover number (TON = 308) and turnover 

frequency (TOF = 617 h⁻¹) at an applied cell potential of 2.8 V. Notably, Mn 

PhenPy also outperforms previously reported Mn-based hybrid electrodes used 

in H-cell configurations, particularly in terms of TOF. In addition to its high activity, 

Mn PhenPy displays enhanced operational stability. Unlike the molecular 

catalyst, which shows declining current densities at elevated potentials, Mn 

PhenPy reaches a peak partial CO current density of 23 mA cm⁻² at 2.8 V. Long-

term electrolysis experiments reveal only a modest decrease in CO Faradaic 
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efficiency from 17% to 12% over 6 hours. These advances can be attributed to 

the structural advantages of the COF framework, including the stabilization of 

active Mn intermediates and effective suppression of deactivation pathways such 

as Mn⁰–Mn⁰ dimer formation. Importantly, this work represents the first successful 

application of a COF-based electrocatalyst in a catholyte-free MEA configuration, 

highlighting the potential of crystalline porous frameworks for advancing CO₂ 

electroreduction technologies.  

  



241 
 

 

 

Part III 

  



242 
 

7. Chapter 7 

Towards Multi-site Cascade Catalysts for Sequential CO2 

Reduction  

7.1. Introduction 

One of the major challenges in catalytic CO2 reduction is the selective 

production of highly reduced carbon-based products. Although remarkable 

advances have been achieved in the development of molecular and 

heterogeneous catalysts capable of selectively converting CO2 into two-electron 

products such as CO and HCOO-, extending these reactions toward more 

reduced compounds including CH3OH, CH4, and multicarbon products (C2+),  

remains more challenging. 408-410 

As was shown in the previous chapter, this work has advanced on the 

development of catalysts for selective reduction of CO2 into CO, which opens the 

possibility to the subsequent conversion of CO into more highly reduced products. 

Such topic is a matter of extensive discussions in the literature.411 CO is not only 

an important industrial feedstock but also represents a key intermediate in 

numerous catalytic CO2 reduction pathways.412 Consequently, the selective 

production of CO may be viewed not as the final objective, but rather as the first 

step toward the synthesis of more energy-dense liquid fuels, through the so-

called CO reduction reaction (CORR).12, 413-415  

Among them, methanol (CH3OH) is a high value-added chemical/fuel with 

high energy density and easy storage. Currently, CH3OH is produced from 
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syngas. Alternatively, recapturing CO2/and directly converting it into CH3OH 

would help to mitigate CO2 emissions and achieve full carbon cycling. The 

integration of CO2 capture with in-situ reduction of CO2 into CH3OH in the liquid 

phase is thus attractive.  

Therefore, inspired by natural processes where, rather than employing 

multifunctional enzymes that catalyzes every single reaction step, highly 

specialized enzymes are organized into sequential metabolic pathways, in which 

the product generated by one catalyst immediately becomes the substrate for the 

next catalytic center. This is the basic concept of cascade catalysis, also referred 

to as tandem catalysis. The implementation of cascade systems enables the 

designing of multi-site catalysts that synergize different active sites for promoting 

the reduction of CO2 to *CO intermediates and further multielectron reactions to 

generate high valued liquid products.  

Cascade catalytic reactions are typically divided into three different types 

(Figure 71a-c), which are referred as orthogonal, assisted or self- cascade 

catalytic reactions. 416 
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Figure 71. Schematic illustration of an a) Orthogonal, b) Assisted and c) Self-

cascade Catalytic Reactions.  

 

Orthogonal reactions, Figure 71a, are characterized by their mutual 

independence, which involves two or more functionality distinct and 

noninterfering catalysts in which the starting substrate (A) undergoes preferential 

reaction with Catalyst A to generate Product A, which in turn functions as 

Substrate B (the substrate for Catalyst B). For the assisted cascade catalytic 

reactions, Figure 71b, the principle is very similar, however there is a trigger that 

transforms the catalyst A into catalyst B. In contrast with the orthogonal systems, 

the two catalytic processes cannot occur simultaneously, as the two catalysts do 

not coexist. For the self- cascade catalytic reaction, the catalyst A acts on 
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Substrate A to convert it to Product A. Product A functions as Substrate B, 

entering the second type of catalytic transformation mediated by Catalyst A (or 

A’). The reaction selectivity is determined by the local concentration of the 

Substrate A and Substrate B, i.e. Product A.  

Different thermocatalytic, electrocatalytic and enzymatic/biocatalytic 

strategies have been successfully reported as cascade systems for synthesizing 

multielectron reduction products and it is anticipated that cascade catalytic 

systems will progressively emerge as preferred approach for CO2RR.417 

However, as the cascade system involves diverse catalytic reactions, it can be 

challenging to identify an operational window compatible with all catalysts due to 

significant differences in reaction conditions, as compartmentalization and 

compatibility, intermediates separation and purification after each reaction, 

leading to complications such as loss of intermediates and reduced catalyst reuse 

efficiency. 418-420 

One strategy to overcome these limitations is the organization of 

complementary catalytic sites within a single material. Rather than physically 

separating individual catalysts into different reactors or reaction compartments, 

multifunctional catalytic platforms seek to co-localize distinct active sites within 

the same solid framework, thereby minimizing intermediate diffusion distances 

while facilitating sequential catalytic transformations.  

The above-mentioned design has recently begun to emerge in the 

literature.420, 421Two examples are shown in Figure 72a and are included in the 

class of self-cascade catalysts.422 423  O'Mara and co-workers developed a 

nanoconfined catalyst consisting of a silver core surrounded by a porous copper 
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shell, where the two catalytic domains cooperatively promoted the formation of n-

propanol and propionaldehyde from CO2 at potentials as low as −0.6 V vs. RHE.  

 

Figure 72. Schematic illustration of Cascade Reaction on a) Ag−Cu Nanozyme 

and b) PTF(Ni)/Cu for CO2RR showing the *CO intermediate diffusing through 

the interface of the hybrid materials for the formation of C2+ products. Adapted 

from O'Mara422 and Meng423.  

 

Meng and collaborators have developed and prepared an earth abundant 

elements-based tandem catalyst PTF(Ni)/Cu (Figure 72b).423 This structure is 

basically a class of COF, with a porphyrinic triazine framework (PTF), which they 

uniformly dispersed Cu NPs on PTF(Ni). The synergistic ensemble of PTF(Ni) 

and Cu NP sites facilitate large generation of CO from PTF(Ni) sites and followed 

efficient transfer to the nearby Cu NPs with a high coverage of *CO intermediates, 

which is beneficial for their further dimerization and reduction to C2H4. A 

significantly enhanced selectivity of C2H4 was obtained on PTF(Ni)/Cu, achieving 

57.3% of FEC2H4, which is about 6 times higher than that of the non-tandem 

contrast catalyst PTF/Cu. The operando ATR-FTIR and DFT calculations 

elucidated the great significance of the high concentration of local CO on Cu sites 
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during C2H4 formation, while a low CO concentration was favorable for the 

formation of CH4.  

Porous materials, like Covalent Organic Frameworks (COFs) or 

Conjugated Microporous Polymers (CMPs), are particularly attractive for 

implementing this concept. Their modular architecture enables the precise 

incorporation of multiple molecular catalytic sites at predetermined positions 

within the same framework while preserving permanent porosity and structural 

order. Such characteristics make them promising platforms for constructing 

cascade catalytic systems, in which reaction intermediates generated by one 

active site can be sequentially transformed by neighboring catalytic centers within 

a single porous material. To date, however, most cascade CO2 reduction systems 

rely on heterogeneous nanostructures or physically coupled catalysts.417, 420 The 

development of molecularly defined porous materials capable of integrating 

complementary catalytic functions within a single crystalline framework remains 

largely unexplored. 

For clarity, the term multi-site cascade catalyst is used throughout this 

chapter to describe catalytic architectures in which two or more functionally 

complementary active sites are incorporated within the same porous framework 

to promote sequential reaction pathways. Such general nomenclature is actually 

due to the fact that the mechanism of the catalytic reactions is not fully uncovered 

and therefore it is not possible yet to classify them based on the concepts 

discussed in Figure 71. 

Motivated by this concept, this chapter explores preliminary strategies for 

constructing multi-site cascade catalyst COFs for sequential CO2 reduction. Two 

distinct architectures are investigated. The first combines Lehn-type Re(I) 
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tricarbonyl catalysts ([Re(CO)3(bpy)Cl]), which selectively reduce CO2 to CO 

under photocatalytic conditions, with Tanaka-type molecular catalysts (cis-

[Ru(bpy)2(CO)2]2+) for promote further reduction toward CH3OH. The second 

explores an electrocatalytic analogue in which Mn(I)-bipyridine catalytic centers 

are integrated with cobalt phthalocyanine units within the same COF architecture, 

able respectively to reduce CO2 to CO and sequentially reduce CO to CH3OH. 

Although still at the proof-of-concept stage, these systems establish a new design 

strategies for multi-site cascade catalyst based on COFs for sequential CO2 

reduction capable of integrating complementary molecular functions within a 

single material. 

7.2. Experimental Section 

Materials. All solvents were purchased from Sigma Aldrich, Acros or TCI 

Europe in the common purities purum, puriss or reagent grade. The materials 

were used as received without additional purification and handled in air unless 

otherwise noted. 

Synthesis of bpyPyr COF. In a 6 mL Schott-Duran culture tube, a solid 

mixture of 2,2’-bipyridine-5,5’-dicarbaldehyde, bpy(CHO)2 (8.5 mg, 0.03 mmol) 

and 1,3,6,8-tetrakis(4-aminophenyl)pyrene, Pyr, (11.3 mg, 0.015 mmol) was 

suspended in 1000 µL of 1,4-dioxane Subsequently, 100 µL of acetic acid 

(aqueous, 6 M) was added. The culture tube was tightly sealed and heated at 

120°C for 3 days. The resulting suspension was filtered and the isolated orange-

red solid was washed with acetone and THF. The final product was Soxhlet-

extracted with THF for 3 h.  
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Synthesis of Re bpyPyr. The obtained bpyPyr COF (50 mg) was refluxed 

with different amounts of [Re(CO)5Cl] (50wt%, 100wt%) in 15 mL of toluene for 1 

h. The resulting dark powder was filtered while hot and washed thoroughly with 

toluene and diethyl ether before drying under vacuum overnight.  

Synthesis of [Ru(bpy)(CO)2(OTf)2]. It was prepared as previously 

reported.415 The [Ru(CO)2Cl2] (1.0 g, 4.33 mmol) and 2,2′-bipyridine (1.03 g, 6.66 

mmol) were dissolved in methanol (50 mL) and heated at reflux under Ar 

atmosphere for 1 h. The reaction flask was cooled to room temperature, the pale-

yellow solid was collected by filtration, washed with cold methanol and diethyl 

ether, and dried under vacuum. The resulting solid was redissolved in CH3CN 

and refluxed in the presence of silver trifluoromethanesulfonate (AgOTf) under 

an Ar atmosphere. The precipitate (AgCl) was filtered off, and the resulting filtrate 

was roto vapored, affording the final dark-yellow powder. Yield: 1.01 g (1.6 mmol, 

38%). 1H NMR (400 MHz, CD3CN) δ 9.17 (ddd, J = 5.5, 1.6, 0.9 Hz, 2H), 8.47 (dt, 

J = 8.2, 1.1 Hz, 2H), 8.25 (td, J = 7.9, 1.5 Hz, 2H), 7.75 (ddd, J = 7.7, 5.5, 1.3 Hz, 

2H). 

Synthesis of Ru bpyPyr. The previously synthesized 

[Ru(bpy)(CO)2(OTf)2] (50 mg, 0.08 mol) was refluxed with 50 mg of bpyPyr COF 

in 15 mL of a 2:1 water/ethanol mixture under an Ar atmosphere for 12 h. The 

resulting dark powder was filtered hot and washed thoroughly with water before 

drying under vacuum overnight.  

Synthesis of Re Ru bpyPyr. The obtained Re bpyPyr COF (50 mg) was 

refluxed with [Ru(bpy)(CO)2(OTf)2] (50 mg, 0.08 mol) in 15 mL of toluene for 1 h. 

The resulting dark powder was filtered hot and washed thoroughly with water 

before drying under vacuum overnight. 
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Synthesis of BIH. The (1,3-dimethyl-2-phenyl-2,3dihydro-1H-

benzo[d]imidazole) was prepared as previously reported.18 First, 2-phenyl-1,3-

dimethylbenzimidazolium iodide was obtained from a two-step methylation 

reaction of 2-phenylbenzimidazole. The solid was reduced in the presence of 

NaBH4 to yield BIH. BIH: 1H NMR (400 MHz, DMSO-d6, δ): 7.55 (dd, J = 6.4, 1.9 

Hz, 2H), 7.45 (dd, J = 5, 19 Hz, 3H), 6.62 (dd, J = 5.4, 3.3 Hz, 2H), 6.45 (dd, J = 

5.4, 3.2 Hz, 2H), 4.87 (s, 1H), 2.48 (s, 6H).  

Fourier-transform infrared spectroscopy (FTIR) measurements were 

performed with a Bruker VERTEX 80v FTIR spectrometer equipped with a liquid 

nitrogen-cooled MCT detector and a 4000 cm−1 low-pass filter, with a spectral 

resolution of 2 cm−1. 

Photocatalytic Studies. Photocatalytic experiments were performed 

using 1.0 mg of Re-Ru bpyPyr or Re bpyPyr with 50 mg of BIH (0.22 mmol) and 

31 mg of LiOTf (0.022 mmol) in toluene under CO2 or Ar (control experiments) 

atmosphere. The photocatalytic reactor was illuminated with a Newport Oriel 1 

kW Solar Simulator (model 91191-1000; 900 W Xe lamp and LP420 long pass 

filter) connected in-line to the sample loop of a gas chromatograph (Agilent GC 

8890). Gaseous products were separated with a carbonPLOT column and a 

molecular sieve column in series. The carbonPLOT column decelerated the 

elution of CO2 relative to the other lighter gases (O2, N2, H2, and CO), while the 

molecular sieves separated each gas with specific retention times. A thermal 

conductivity detector (TCD) was used to detect O2, N2, and H2. A methanizer, 

equipped with a nickel hydrogenation catalyst, was paired with a flame ionization 

detector (FID) to detect CO2 and CO. Argon (Ar) was used as the carrier gas. 
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The liquid products from Re bpyPyr and Re-Ru bpyPyr catalysts were 

detected after photocatalysis using Bruker 400 MHz Nuclear Magnetic 

Resonance (1H NMR) spectroscopy with solvent (toluene) suppression by mixing 

1H NMR analysis. The peak of CH3OH was detected at  = 3.06 ppm.   

Preparation of gas diffusion electrodes. Gas diffusion electrodes 

(GDEs) were prepared by spray coating an ink on a carbon paper substrate 

(GDL-Sigracet, 39B) using an airbrush (Vonder). The ink was composed of 2.0 

mg of Mn bpyCoPc catalyst, 1.0 mg of multi-walled carbon nanotubes (MWNT), 

10.0 μL of ionomer (5% wt Nafion solution) and 2.0 mL of ethanol (Aldrich 99.0 

%). The mixture was submitted to an ultrasonic probe sonicator (Sonics & 

Materials INC, VCX130) with a power rating of 130 W for 30 minutes. The 

homogenized solution was then deposited onto a 1.0 cm2 area of carbon paper 

using the airbrush, with approximately 50% of the slurry mass lost during 

deposition, as determined by the difference between the initial and final mass of 

the carbon paper electrode. The electrode was subsequently dried in an oven at 

80 °C for 24 h. Finally, the prepared electrode was applied as working electrode 

for the electrochemical reduction of CO2. 

Electrochemical CO2 reduction in flow cell. All electrochemical 

measurements were carried out on a potentiostat/galvanostat (Autolab 

PGSTAT204, Metrohm). CO2 reduction performance was evaluated in a 

commercial flow cell. GDEs containing Mn bpyCoPc (1.0 cm2) were used as 

working electrode, Ni foam as anode, leek-free Ag/AgCl/KCl(sat) as the reference 

electrode and 0.5 M KHCO3 was used as electrolyte, circulating at 5 mL mim-1. 

The half-cells were connected with an anion exchange membrane (Fumasep®, 

110-140 m thick) and CO2 gas was directly fed to the cathode at 30 mL min-1. 
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Measurements were carried out under potentiostatic conditions applying -2.0 V 

for 90 minutes. The current density was monitored to assess the electrode's 

performance. Gaseous products leaving the cell were transported by the 

continuous CO2 flow cell to a gas sampling bag, where aliquots of 500 µL were 

collected with a gas-tight syringe and injected into a gas chromatograph equipped 

with thermal conductivity detection (GC-TCD, PerkinElmer Clarus 580) for the 

quantification of CO. The GC-TCD is equipped with two columns (Porapak N 2 

mm and molecular sieve) and a detector for thermal conductivity. The 

measurements were performed at 120 °C on the injector and 150 °C on the 

detector, with a thermal ramp of 35–120 °C. Ar was used as carrier gas at 30 mL 

min−1. and CO. Argon (Ar) was used as the carrier gas. 

The liquid products of Mn bpyCoPc catalyst were detected after 

electrocatalysis using Bruker 400 MHz Nuclear Magnetic Resonance (1H NMR) 

spectroscopy with solvent (H2O) suppression by mixing 560 μL of electrolyte with 

80 μL of a solution of 10 mM dimethylsulfoxide (DMSO) as internal standard and 

160 L D2O. Concentration of CH3OH and HCOOH were calculated using the 

ratio of the area of the CH3OH ( = 3.4 ppm) or HCOO- ( = 8.5 ppm) peak to that 

of the DMSO internal standard ( = 2.8 ppm). 

FTIR Spectroelectrochemical (IR-SEC) experiments. ATR-IR-SEC cell 

containing a Mn bpyPyr COF/MWNT modified glass carbon working electrode, 

platinum wire counter electrode, and silver wire pseudo-reference electrode in 

0.1 M TBAH/acetonitrile solutions under an Ar/CO2 atmosphere were employed 

in the SEC-IR experiments with Mn bpyPyr COF. The experiment was performed 

by modifying the glass carbon electrode surface with a conductive suspension of 

Mn bpyPyr COF/MWNT (see the details on Glass Carbon modification section) 
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and put in close contact with the ZnSe prism of the ATR instrument, Figure B10. 

A PerkinElmer Frontier spectrometer was used to monitor glass carbon electrode 

surface coupled with a μAutolab PGSTAT204 potentiostat/galvanostat (Autolab).  

The spectral region was set to a range from 2100 to 1600 cm−1. A total of 7 scans 

were co-added for a spectrum with a resolution of 8 cm−1 during a cyclic 

voltammetry with a scan rate of 5.0 mV s-1. Blank Ar and CO2 saturated 

acetonitrile solutions with 0.1 M TBAH were used as background for experiments 

performed under Ar and CO2 atmosphere, respectively.  

Glass Carbon modification.  The dispersion was prepared using 1.0 mg 

of Mn bpyPyr COF, 1.0 mg of multi-walled carbon nanotubes (MWNT), 20 mL of 

ionomer (5% wt Nafion solution) and 980 mL of acetonitrile. The mixture was 

submitted to an ultrasonic probe sonicator (Sonics & Materials INC, VCX130) with 

a power rating of 130 W for 30 min until get a stable dispersion. A glass carbon 

electrode was modified by drop-casting using 100 mL (10 layers of 10 mL each) 

of prepared dispersion. Between each 10 mL drop, an interval of 5 minutes was 

allowed completely modification dry before the next layer drop.  

7.3. Results and Discussion 

7.3.1. Multi-site cascade Re-RubpyPyr catalyst 

In Chapter 4, we have shown that the post-synthetic incorporation of 

Re(CO)3 moieties into the bpyPyr COF significantly enhanced the photocatalytic 

stability for CO2 reduction compared to its homogeneous counterpart, fac-

Re(CO)3(bpy)Cl. The immobilized catalyst exhibited improved stability together 
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with strong visible-light absorption allowing for use  > 420 nm during the 

photocatalytic experiments showing selective CO production.  

On the other hand, the molecular catalyst originally developed by Tanaka 

and co-workers,424 has been recognized as one of the few molecular systems 

capable of promoting the reduction of CO to CH3OH under mild reaction 

conditions.425 Muller and co-authors showed the sequential conversion of 

coordinated CO into methanol under a single step using recyclable organic 

hydride donors, such as BIH, in CH3CN solution Figure 73.415 Under room-

temperature, the rapid quantitative conversion of the initial carbonyl complex into 

the corresponding formyl intermediate (Ru-CHO+) was first observed. After three 

days, the hydroxymethyl species (Ru-CH2OH+) became the predominant product, 

reaching a yield of 47 ± 3% relative to the starting Ru-CO2+ complex. Finally, a 

subsequent irradiation of the reaction mixture with a 505 nm LED for an additional 

three days induced CH3OH release, affording an overall CH3OH yield of 23 ± 1% 

based on the initial Ru-CO2+ concentration, corresponding to a 50 ± 1% 

conversion of the Ru-CH2OH+ intermediate into free CH3OH. 
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Figure 73. Reaction of cis-[Ru(bpy)2(CO)2]2+ (Ru−CO2+) and cis-

[Ru(bpy)2(CO)(CHO)]+ (Ru−CHO+) with organohydride donors (BIHs).  

 

Inspired by these studies, the present work explores whether the catalytic 

functions responsible for CO formation and its subsequent hydrogenation can be 

integrated within the same porous structure. In this strategy, Lehn-type Re(I) 

tricarbonyl catalytic sites, which exhibit high selectivity toward CO2-to-CO 

conversion, are combined with Tanaka-type Ru catalytic centers, which are 

expected to promote the subsequent reduction of CO to CH3OH. The Figure 74a 

illustrates the chemical structures of the Re bpyPyr and Re Ru bpyPyr catalysts.  
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Figure 74. a) Chemical structures of the Re bpyPyr and Re-Ru bpyPyr materials 

together with the post-synthetic immobilization strategy for incorporates the 

Ru(bpy)2(CO)2 moiety, b) FTIR spectra of Re bpyPyr, Ru bpyPyr and Re Ru 

bpyPyr 1:1 (Re/Ru), c) FTIR spectra of Re Ru bpyPyr prepared using different 

Re/Ru molar ratios of 2:1 and 1:1. The Ru bpyPyr structure contain only the Ru 

sites without any Re sites.  

 

The successful incorporation of both molecular catalytic centers into the 

COF framework was initially investigated by FTIR spectroscopy (Figure 74b). 

The vibrational mode assigned to the imine linkage, (C=N), appears at 1590 cm-

1 and remains unchanged after both post-synthetic metalation, while new 

absorption bands appear for Re bpyPyr, Ru bpyPyr and Re Ru bpyPyr.  
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The FTIR spectrum of Re bpyPyr presents three characteristics (CO) 

stretching bands at 2021, 1915 and 1885 cm-1, assigned to the facially 

coordinated Re(CO)3 moiety. In contrast, Ru bpyPyr exhibits two (CO) 

stretching bands at 2077 and 2011 cm-1, corresponding to the cis-coordinated 

Ru(CO)2 moiety.  

For the dual-functionalized Re Ru bpyPyr, three characteristics (CO) 

stretching bands are observed at 1914, 2024 and 2078 cm-1, which correspond 

to the overlapping of the characteristic (CO) observed for the individual Re 

bpyPyr and Ru bpyPyr materials. However, the (CO) stretching frequences 

associated with the Re centers shift toward higher wavenumbers in the presence 

of the Ru centers. It suggests that the incorporation of both metal centers within 

the same conjugated bpyPyr framework results in a slight reduction in electron 

density at the Re(I) center after incorporation of the Ru site, indicating efficient 

electronic communication between the two metal sites though the -conjugated 

framework.  

Both metal centers were immobilized within the same COF framework 

using different Re/Ru molar ratios (1:1 and 2:1), which resulted in different relative 

intensities of the (CO) stretching bands associated with the Re(CO)3 moieties, 

as shown in Figure 74c. 

The Re Ru bpyPyr catalyst was evaluated under photocatalytic CO2 

reduction conditions. The experiments were performed in toluene using BIH as 

the sacrificial donor in the presence of LiOTf under visible-light irradiation ( > 

420 nm). Toluene was selected as the reaction medium because of its non-

coordinating nature, thereby minimizing solvent coordination to the Ru center and 

potentially facilitating the catalytic turnover required for the subsequent reduction 



258 
 

of CO. The gaseous products were continuously monitored by gas 

chromatography, whereas the liquid phase was analyzed by 1H NMR 

spectroscopy to detect the possible formation of CH3OH. 

Control experiments using Re Ru bpyPyr under an Ar atmosphere 

showed no detectable CO evolution throughout the irradiation period and only 

trace, non-quantifiable amounts of CH3OH after 24 h of irradiation. This 

observation is consistent with that previously reported by Muller and co-authors, 

in which the Tanaka catalyst produces CH3OH trough the reduction of its 

coordinated CO ligands under the selected reaction conditions. On the other 

hand, the control experiment using Re bpyPyr showed only the expected CO 

evolution, while no products in the liquid phase were detected.  

In contrast, when the photocatalytic experiments using Re Ru bpyPyr 

were carried out under a CO2 atmosphere, significant CO evolution was detected 

after 12 h of irradiation, accompanied by the appearance of a well-defined singlet 

at  = 3.06 ppm in the 1H NMR spectrum of the liquid phase, assigned to the 

methyl (CH3) protons of CH3OH (Figure 75).   



259 
 

 

Figure 75. 1H NMR spectra of the liquid phase collected during the light-induced 

( > 420 nm) reaction of Re-Ru bpyPyr (under Ar atmosphere), Re bpyPyr 

(under CO2 atmosphere) and Re-Ru bpyPyr (under CO2 atmosphere) in the 

presence of BIH (0.22 mmol) and LiOTf (0.22 mmol) in toluene. The highlighted 

peak is attributed to CH3OH.  

 

As discussed in Chapter 4, the fac-Re(CO)3(bpy)Cl catalytic centers are 

highly selective for the visible-light-driven reduction of CO2 to CO. Consequently, 

the CO generated at the Re sites is expected to serve as the reaction intermediate 

for the neighboring Ru catalytic centers. The simultaneous observation of CO in 

the gas phase together with CH3OH formation in the liquid phase is therefore 

consistent with the proposed cascade catalytic mechanism, in which the Re(I) 

sites promote the initial CO2-to-CO conversion, followed by the subsequent 

reduction of CO at the Ru catalytic centers.  



260 
 

Although the present results do not unequivocally demonstrate direct 

substrate transfer between the two active sites, they provide encouraging 

preliminary evidence that complementary molecular catalysts can be spatially 

integrated within a single porous framework to promote sequential CO2 reduction 

reactions. Beyond demonstrating the feasibility of this catalyst design, this 

architecture also provides an attractive platform for mechanistic investigations. 

By immobilizing the Tanaka catalytic center within a porous framework, the 

transformation of the coordinated Ru-CO species into the subsequent reaction 

intermediates may be monitored under heterogeneous photocatalytic conditions 

using in-situ and operando spectroscopic techniques. 

As mentioned above, methanol formation proceeds through the sequential 

transformation of the coordinated carbonyl ligand according to the pathway, Ru-

CO → Ru-CHO → M−CH2OH followed by one more protonation and CH3OH 

release.425. These intermediates exhibit characteristic (CO) stretching vibrations 

in the FTIR and have previously been identified by FTIR spectroscopy.426  

Therefore, additional photocatalytic experiments were performed using Ru 

bpyPyr in order to monitor changes in the Ru catalytic center by FTIR 

spectroscopy and investigate whether the same sequence of intermediates 

reported for the molecular Tanaka catalyst could also be observed after 

immobilization within the porous framework. Figure 76 compares the FTIR 

spectra recorded before and after photocatalysis under Ar atmosphere. Following 

irradiation, the two original (CO) stretching bands at 2077 and 2017 cm-1 

converted into three new bands centered at 2017, 1977, and 1933 cm-1. 
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Figure 76. FTIR spectra of Ru bpyPyr recorded before and after photocatalytic 

irradiation under an Ar atmosphere.  

 

The new absorption band centered at 1933 cm-1 is particularly noteworthy 

because it falls within the spectral region previously assigned to the Ru-CH2OH 

intermediate (1925-1932 cm-1). This observation suggests the possible formation 

of the hydroxymethyl intermediate during photocatalysis, providing preliminary 

spectroscopic evidence that the immobilized Ru catalytic center follows a reaction 

pathway analogous to that reported for the homogeneous Tanaka catalyst. 

Besides the new band at 1933 cm-1, a small peak at 1980 cm-1 is also observed 

along with a peak at 2020 cm-1, which cannot be fully assigned with the current 

data. 

Although additional studies are required to fully quantify the efficiency of 

the new system towards CO2 conversion into CH3OH and also to fully elucidate 

the elementary reaction pathway, the present results establish an important proof 



262 
 

of concept for the development of multi-site cascade catalysts for sequential CO2-

to-CO-to-CH3OH conversion within a single porous architecture.  

7.3.2. Multi-site cascade Mn bpyCoPc catalyst 

In Chapter 6, we have shown that the post-synthetic incorporation of 

Mn(CO)3 moieties into the phenPy COF significantly enhances the 

electrocatalytic performance for CO2 reduction compared to its homogeneous 

counterpart, fac-Mn(CO)3(bpy)Br. The immobilized catalyst exhibited improved 

stability together with a high TOFCO toward the selective production of CO, 

evidencing the potential of COFs as molecularly defined platforms for 

electrocatalytic CO2 reduction. 

Building upon these findings, we sought to investigate whether this 

molecularly precise architecture could be further exploited to construct a multi-

site cascade catalyst capable of promoting sequential carbon reduction reactions 

within a single framework. For this purpose, cobalt phthalocyanine (CoPc), a well-

established catalyst for the reduction of CO2 and, more importantly, CO toward 

CH3OH under appropriate reaction conditions,427, 428 was incorporated together 

with the Mn(I) catalytic centers into the same COF architecture (Figure 77a). The 

rationale behind this design is that the Mn(I) sites selectively catalyze the initial 

reduction of CO2 to CO, thereby increasing the local concentration of CO in the 

vicinity of neighboring CoPc sites, which are expected to promote its subsequent 

reduction toward CH3OH.  
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Figure 77. a) Synthesis of bpyCoPc and immobilization of Mn(CO)5Br, yielding 

Mn bpyCoPc, b) FTIR spectra of Mn bpyCoPc, bpyCoPc and their precursors, 

c) PXRD spectra of Mn bpyCoPc, bpyCoPc.  

 

The imine-linked bpyCoPc polymer was synthesized under solvothermal 

conditions via an acid-catalyzed Schiff-base condensation between 2,2′-

bipyridine-based (bpy) dialdehyde and cobalt phthalocyanine-based (CoPc) 

tetraamine building blocks. The successful condensation synthesis was 

evidenced by FTIR spectroscopy (Figure 77b). We can note the absence of the 

characteristic stretching vibrations of the aldehydes groups (1679-1694 cm-1) and 

amine groups (1602 cm-1), while the formation of a new absorption band assigned 

to the imine stretching vibration (1607 cm-1) confirms the successful Schiff-base 

condensation.  
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Moreover, its PXRD pattern (Figure 77c) exhibits only broad diffraction 

features, characteristic of an amorphous porous polymer. Due to the absence of 

crystallinity, bpyCoPc cannot be classified as a COF. Instead, it is described as 

an amorphous porous polymer containing well-defined coordination sites 

throughout its framework.  

Following post-synthetic metalation to add Mn(I) centers, the imine bonds 

remain unmodified while new absorption bands appear in the carbonyl stretching 

region (1800–2100 cm-1) in the FTIR spectrum of Mn bpyCoPc (Figure 77b), 

which are characteristic of coordinated Mn(CO)3 moieties, as discussed 

previously in Chapter 6. On the other hand, the PXRD pattern also shows only 

very broad diffraction features, corresponding to the formation of an amorphous 

porous polymer.  

Mn bpyCoPc and bpyCoPc were both employed as electrocatalysts for 

CO2 reduction using a conventional H-type cell using KHPO4 (0.5 M) as 

electrolyte (Figure 78a). The electrocatalysts were mixed with MWCNT (multi-

walled carbon nanotubes) and Nafion and then spray-coated onto carbon paper.  
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Figure 78. a) Schematic representation of the H-type cell architecture employing 

a GDE with Mn bpyCoPc as active electrocatalyst. b) Cyclic Voltammetry (CV) 

of Mn bpyCoPc and bpyCoPc measured right before the bulk electrocatalysis in 

CO2-saturated KHPO4 (0.5 M) at a scan rate of 100 mV s-1. c) 

Chronoamperometric responses during the bulk electrocatalysis of Mn bpyCoPc 

at 1.5 V vs. Ag/AgCl and d) Faradaic Efficiencies (FE) values as function of time 

at applied potential of 1.5 V vs. Ag/AgCl/KCl(sat).  

 

  The cyclic voltammetry (CV) (Figure 78b) under a CO2-saturated 

electrolyte showed a significant increase in the catalytic current (Icat) for Mn 

bpyCoPc, reaching a current value 6.7-fold higher than that of bpyCoPc at 1.5 

V vs. Ag/AgCl. When the bulk electrolysis was performed at 1.5 V vs. Ag/AgCl 

using bpyCoPc, no CO or CH3OH was detected during 120 min of experiment. 

The employment of Mn bpyCoPc as the electrocatalyst at 1.5 V vs. 

Ag/AgCl initially produced only CO and H2 with Faradaic Efficiencies (FE) of 84 

and 17%, respectively, after 10 min of electrolysis, with the absence of any 
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product in the liquid phase. However, after 50 min of reaction, CH3OH was 

detected in the liquid phase with a FE of 5%, while the FEs for CO and H2 changes 

to 71 and 24%, respectively. The FE for CH3OH fluctuated between 2 and 6% 

until the end of the experiment (120 min).  

Interestingly, the delayed appearance of CH3OH, accompanied by a 

simultaneous decrease in the FE for CO, is consistent with the proposed cascade 

catalytic mechanism, in which CO initially produced at the Mn(I) catalytic sites is 

subsequently consumed by neighboring CoPc sites for further reduction toward 

CH3OH. Although additional mechanistic studies are required to unequivocally 

confirm this pathway, these preliminary observations support the feasibility of the 

proposed catalyst design. 

Given its promising electrocatalytic performance in the H-cell 

configuration, Mn bpyCoPc was subsequently evaluated in a flow cell reactor to 

investigate its behavior under enhanced mass-transport conditions. Unlike 

conventional H-cells, flow cells continuously deliver fresh electrolyte and gaseous 

CO2 to the electrode surface, improving reactant transport and enabling operation 

at substantially higher current densities.32 Therefore, a GDE was employed as 

the work electrode in a flow cell (Electro-Cell®) with an geometric area of 1cm2. 

The anodic and cathodic compartments were separated by an anion-exchange 

membrane (Fumasep®, 110-140 m thick). A Ni foam electrode was used as the 

anode, while a leak-free Ag/AgCl electrode was employed as the reference 

electrode and 0.5 M of KHCO3 was used as the electrolyte. The design of this 

setup is schematically illustrated in Figure 79a.  

 



267 
 

 

Figure 79. (a) Schematic representation of the flow-cell architecture employing a 

GDE with Mn bpyCoPc as the electrocatalyst. (b) Chronoamperometric 

response during bulk electrolysis of Mn bpyCoPc at −2.0 V vs. Ag/AgCl/KCl(sat). 

(c) Faradaic efficiencies (FE) for CO, H2, CH3OH and HCOOH as a function of 

electrolysis time in the flow-cell configuration under a CO2 flow rate of 30 mL min-

1 using 0.5 M KHCO3 as the electrolyte. 

 

During bulk electrolysis (Figure 79b) at -2.0 V vs. Ag/AgCl, the current 

density initially reached approximately -65 mA cm-2 for the first 15 min. 

Subsequently, the current density progressively decreased, reaching 

approximately - 30 mA cm-2 after 90 min of electrolysis. This decrease indicates 

a progressive loss of electrochemical performance during prolonged operation, 

which may be associated with changes in the catalyst layer, electrode wetting or 

catalyst deactivation. Despite this decrease in current density, CO2 reduction 

products continued to be detected throughout the electrolysis. The FE (Figure 
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79c) for CH3OH increased from 10% after 30 min to 15% after 90 min, whereas 

the FE for CO decreased substantially from 77% to 13% over same period. In 

parallel, the FE for H2 increased from 16% to 71%. Thus, prolonged electrolysis 

resulted in a progressive shift in product selectivity from CO2 reduction towards 

the competing hydrogen evolution reaction (HER), accompanied by a relative 

increase in the contribution of CH3OH to the carbon-containing products.   

The persistence of CH3OH formation, better illustrated in Figure 80, 

despite the substantial decrease in CO production is consistent with the proposed 

cascade architecture, in which CO generated at Mn sites may undergo 

subsequent reduction at neighboring CoPc centers.  

 

Figure 80. 1H NMR spectra of the liquid phase collected after 30, 60, and 90 min 

of bulk electrolysis performed at an applied potential of −2.0 V vs. Ag/AgCl under 

a CO2 atmosphere. The samples were prepared by mixing the electrocatalytic 

solution with D2O and DMSO as the internal standard ( = 2.78 ppm). 
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As shown in Figure 79c and Figure 80, formate production was observed 

only during the initial stage of electrolysis and was no longer detected after 60 

and 90 min. This behavior suggests that HCOOH is most likely a competing 

reduction product formed during the early stages of catalysis rather than a key 

intermediate in the CH3OH formation pathway. For Mn(I) tricarbonyl CO2 

reduction catalysts, CO and HCOO- are generally produced through distinct 

mechanistic pathways, with HCOO- formation involving hydride transfer reactions 

and CO formation proceeding through CO2 activation followed by C-O bond 

cleavage.47, 48, 371, 372 Therefore, the formation of HCOO- is most likely due to the 

presence of parallel Mn-centered reaction pathways during the initial stages of 

electrolysis. 

Mechanistic studies 

Carbonyl band frequencies are sensitive to the electronic environment of 

the metal center, governed by metal-to-CO  back-bonding between the metal 

and the carbonyl ligands, and therefore they serve as reliable spectroscopic 

markers to identify and monitor key intermediates during the CO2 catalytic 

cycle.109, 115, 335, 371 Therefore, we used  a customized three-electrode attenuated 

total reflectance infrared spectroelectrochemical (ATR-IR-SEC) cell to probe the 

catalytic mechanism(s) of the heterogeneous system in-situ. A Mn bpyCoPc 

COF/multi-walled carbon nanotubes (MWNT) film deposited on a glassy carbon 

electrode served as the working electrode and was placed in close contact with 

a ZnSe ATR crystal, together with a reference and a counter electrode (the same 

configuration used in Chapter 4).  The FTIR spectrum was monitored in the range 

of 1600-2100 cm-1 during cyclic voltammetry (CV) measurements at a low scan 
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rate of 5 mV s-1 (Figure 81). Due to the concomitant catalytic HER observed 

previously, we performed the ATR-IR-SEC measurements in an anhydrous 

organic electrolyte (0.1 M TBAPF6/CH3CN). 

 

Figure 81. Infrared spectroelectrochemistry (IR-SEC) of Mn bpyCoPc in 0.1 M 

TBAPF6/CH3CN electrolyte during the first and second reduction process under 

(a-b) Ar and (c-d) CO2 atmospheres. The graphs on the left (a and c) corresponds 

to the first electron reduction process while the graphs on the right (b and d) are 

from the second electron reduction process. All potential are reported vs. Fc/Fc+. 

 

The spectral changes were monitored both under Ar (Figure 81a-b) and 

CO2 (Figure 81c-d) atmosphere. A proposed catalytic pathway is presented in 

Figure 82, where each assigned species is highlighted. Under Ar, the initial 

species (2022 and 1921 cm-1) present at the open-circuit potential (Eocp) is 

converted during the first reduction potential getting its maximum (species b) at -
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1.9 V vs. Fc/Fc+, showing a spectral change characterized by a systematic red 

shift of the ν(CO) bands together with the appearance of new low-frequency 

carbonyl absorptions (2013, 1906 and 1808 cm-1), indicating increased metal-to-

CO -backbonding after reduction. The absence of a well-defined isosbestic point 

suggests that this process involves multiple consecutive steps, which is 

consistent with the sequential formation of the one-electron reduced species 

followed by bromide dissociation to generate a five-coordinate Mn radical 

intermediate.320, 335, 386, 429  

In contrast, the second transformation exhibits a well-defined isosbestic 

point, indicating a direct interconversion between the second and third species. 

The appearance of additional ν(CO) bands in the low-frequency region (1988, 

1898 and 1798 cm-1) indicates the formation of a new reduced Mn(I) carbonyl 

species. The lower-frequency shift is consistent with the formation of the two-

electron reduced species (species c). Additional and overlapping carbonyl 

absorptions, particularly the band at 2050 cm-1, suggest that the reduced Mn 

center may exist in more than one electronic or coordination environment under 

these conditions. This band could be associated with a solvent coordinated Mn 

carbonyl species, a distinct reduced Mn intermediate, or electronic perturbations 

imposed by the COF backbone and neighboring CoPc sites. At present, the 

available IR-SEC data do not allow an unambiguous assignment of these 

overlapping carbonyl bands, being necessary, for instance, experiments using 

bpyCoPc aiming at more precise assignments.  

Under CO2 atmosphere, a very similar spectral evolution is observed. 

However, after formation of the five-coordinate, two-electron reduced species, a 

absorption band at 1646 cm-1 is observed, which might be due to the formation 
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of a Mn-COOH (species d) or alternatively to the formation of carbonate or 

bicarbonate species resulting from direct CO2 reaction with water impurities at 

strongly negative potentials.430, 431 However, additional experiments are required 

to distinguish between these possible assignments. Therefore, the proposed 

reduction catalytic mechanism at the Mn(I) center is presented in the Figure 82. 
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Figure 82. Proposed electrocatalytic catalytic pathway for Mn bpyCoPc. The Mn-

COOH adduct (species d) can undergo reduction to produce either CO (green 

pathway) or HCOOH (red pathway).  

 

Taken together, these observations indicate that the Mn centers undergo 

sequential reduction processes and participate in the electrochemical activation 
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of CO2. The formation of CO and HCOOH during bulk electrolysis is consistent 

with the involvement of these reduced Mn intermediates in CO2 reduction.  
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8. Chapter 8 

Conclusions and Perspectives 

8.1. General Conclusions 

This thesis investigated the rational design of molecular and hybrid 

catalytic systems for selective CO2 reduction through both photocatalytic and 

electrocatalytic approaches. Beginning with fundamental mechanistic 

investigations of homogeneous molecular catalysts, the work progressively 

advanced towards the development of atomically defined porous catalytic 

platforms and, finally, the proposal of multi-site cascade catalysts that integrate 

complementary catalytic functions within a single material for the selective 

production of liquid fuels. 

A central contribution of this thesis was demonstrating that mechanistic 

understanding at the molecular level provides the foundation for the rational 

design of hybrid catalytic systems. The investigation of proton-responsive Re(I) 

tricarbonyl complexes revealed how the ligand environment influences excited-

state dynamics, electron-transfer processes, and catalyst deactivation pathways. 

The combination of IR spectroelectrochemistry and in-situ FTIR spectroscopy 

enabled the identification of key catalytic intermediates and showed that catalyst 

deactivation proceeds through dimerization involving carbonyl-bridged species. 

These studies established important mechanistic principles for understanding the 

behavior of molecular CO2 reduction catalysts and highlighted the importance of 

controlling intermolecular interactions during catalysis. 
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The second major conclusion of this thesis is that Covalent Organic 

Frameworks provide an effective platform for preserving the molecular nature of 

catalytic centers while substantially improving their operational stability. The 

incorporation of [Re(CO)3] units into bipyridine-based COFs demonstrated that 

immobilized catalysts retain the fundamental reduction pathway of their molecular 

analogues while suppressing the bimolecular deactivation processes that 

commonly limit homogeneous systems. More importantly, the results showed that 

catalytic performance is governed not only by the molecular catalyst itself but also 

by the structural characteristics of the surrounding framework. Framework 

architecture, catalyst loading, and interlayer organization were found to directly 

influence catalytic activity and stability, establishing framework engineering as a 

fundamental design parameter for hybrid molecular catalysts. 

Furthermore, this thesis has shown that molecularly defined porous 

catalysts can be successfully translated from photocatalytic systems to 

electrocatalytic devices operating under technologically relevant conditions. The 

incorporation of Mn(I) catalytic centers into porous bipyridine-based frameworks 

produced highly active CO2 reduction catalysts that remained compatible with 

gas-diffusion electrodes, catholyte-free zero-gap electrolyzer systems. These 

studies evidence that porous molecular materials are not only mechanistically 

informative model systems but also promising catalytic platforms for scalable CO2 

conversion technologies. 

Finally, this work introduced the concept of multi-site cascade catalysts for 

sequential CO2 reduction. By spatially integrating complementary molecular 

catalytic centers within the same porous architecture, both photocatalytic and 

electrocatalytic systems were developed to explore sequential CO2-to-CO-to-
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CH3OH conversion. Although these systems remain at a proof-of-concept stage, 

they demonstrate the feasibility of organizing multiple catalytic functions within a 

single molecularly defined framework and establish a new strategy for promoting 

multistep CO2RR. This approach extends the role of COFs beyond catalyst 

immobilization toward the construction of multifunctional catalytic architectures 

that facilitate intermediate transfer and cooperative catalytic processes. 

Taken together, the results presented in this thesis establish a progressive 

evolution of catalyst design principles that extend from molecular ligand 

engineering to catalyst immobilization, framework engineering, scalable 

electrocatalytic devices, and finally multi-site cascade catalyst architectures. 

More importantly, the work demonstrates that molecular catalyst design and 

porous framework engineering are complementary and interconnected strategies 

for developing advanced catalytic systems. The integration of molecular 

precision, structural organization, and multifunctional catalyst architecture 

provides a foundation for the next generation of hybrid catalysts for the efficient 

and selective conversion of CO2 into increasingly complex and energy-dense 

solar fuels.  

8.2. Perspectives 

Although significant progress has been achieved in understanding the 

behavior of molecular catalysts immobilized within Covalent Organic Frameworks 

(COFs), several elementary reaction steps occurring inside porous catalytic 

architectures remain only partially understood. Future investigations combining 

operando FTIR spectroscopy, transient absorption spectroscopy, X-ray 

absorption spectroscopy (XAS), isotopic labeling experiments, and density 
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functional theory calculations will be essential for identifying catalytic 

intermediates and elucidating the electron-, proton-, and hydride-transfer 

processes involved in CO2 reduction. In this context, the recently developed 

colloidal COFs represent a particularly promising opportunity.432 Their improved 

dispersibility and reduced particle aggregation may increase the accessibility of 

catalytic sites under solution conditions while enabling mechanistic investigations 

with a level of spectroscopic detail that has been difficult to achieve with 

conventional bulk COFs. Such studies are expected to provide the molecular-

level understanding necessary for the rational design of increasingly efficient 

catalytic systems. 

This thesis also showed that catalytic performance is governed not only by 

the molecular catalyst itself but also by the structural and electronic 

characteristics of the porous framework. Future developments should therefore 

focus on the simultaneous optimization of both components. Rational control over 

pore size, topology, crystallinity, electronic conjugation, hydrophobicity, and 

catalyst distribution within COFs offers opportunities to improve charge transport, 

substrate diffusion, catalyst accessibility, and long-term operational stability. 

These studies may ultimately establish general design principles for molecularly 

defined porous catalysts. In addition, the results obtained in this thesis indicate 

that immobilized catalytic sites can influence the stacking arrangement of 

neighboring COF layers. A deeper understanding of interlayer interactions and 

strategies to control stacking distance, such as the growth of oriented COF films 

on conductive carbon nanotube substrates,433 may provide new routes for 

enhancing charge transport and catalytic activity. 



279 
 

One of the most promising outcomes of this work is the proposal of multi-

site cascade catalyst COFs containing complementary molecular catalytic 

centers driving sequential CO2-to-CO-to-CH3OH conversion. The development of 

these multi-site cascade catalysts opens a new direction for CO2 reduction 

research by integrating multiple catalytic functions within a single molecularly 

defined porous architecture. Future studies should focus on demonstrating the 

existence of true cascade reaction pathways through isotopic labeling and 

operando spectroscopic characterization. The confirmation of substrate 

channeling or intermediate transfer between neighboring catalytic sites would 

establish a fundamentally new strategy for the selective production of liquid fuels 

from CO2. 

Finally, future catalyst development should move beyond maximizing the 

activity of isolated catalytic sites and instead focus on constructing integrated 

catalytic platforms that simultaneously combine stability, selectivity, and 

multifunctionality within a single catalyst architecture. In this context, COFs 

represent a unique class of materials that combines structural order, synthetic 

versatility, and molecular-level control, making them particularly attractive for the 

development of next-generation artificial photosynthetic systems. 
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Appendix A  

Supplementary Information for Chapter 2 

 

 

Figure A1. (–)–HRESIMS spectrum of Re-pbiH. 

 

 

Figure A2. (–)–HRESIMS spectrum of Re-bbzp. 
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Figure A3. Experimental UV-Vis absorption spectra of Re-pbiH (A) and Re-bbzp 

(B) complexes compared to the these TD-DFT predicted oscillators strengths 

(right axis). 

 

Table A1. Lowest energy electronic transitions and their corresponding oscillator 

strengths for the main UV-Vis transitions found for Re-pbiH.  

l nm (eV) Oscillator 

strength  

Transitions  Nature  

400.33 

(3.0971) 

0.0084   H-1 → L 

(8.2%) 

H → L 

(91.8%) 

MLCTRe→NN 

361.81 

(3.4268) 

0.1494   H-1 → L 

(92.2%) 

H → L 

(7.8%) 

MLCTRe→NN 

329.82 

(3.7592) 

0.0127   H-2 → L 

(92.1%) 

H-2 → L+1 

(2.8%) 

H-2 → L+2 

(2.8%) 

H-2 → L+3 

(2.2%) 

MLCTRe→NN 
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Table A2. Lowest energy electronic transitions and their corresponding oscillator 

strengths for the main UV-Vis transitions found for Re-bbzp.  

l nm (eV) Oscillator 

strength  

Transitions  Nature  

359.28 

(3.4510) 

0.0345   H-1 → L 

(51.6%) 

H → L 

(48.4%) 

MLCTRe→NN 

343.44 

(3.6101) 

0.8567   H-4 → L 

(4.3%) 

H-1 → L 

(41.7%) 

H → L 

(54.0%) 

MLCTRe→NN 

305.40 

(4.0598) 

0.6716   H-4 → L+1 

(2.6%) 

H-3 → L 

(66.1%) 

H-2 → L 

(20.5%) 

H-1 → L 

(3.7%) 

H-1 → L+1 

(7.0%) 

 

MLCTRe→NN 
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Figure A4. UV-vis spectra of the used electron donor (BIH) and evaluated 

photocatalysts in acetonitrile at 298 K.  

 

Figure A5. Long-term irradiation time dependence of CO formation 

photocatalyzed by Re-bbzp complex. Experiments were performed in CO2-

saturated 10 mL CH3CN solutions containing 6.7 mmol L−1 of BIH and 0.03 mmol 

L-1 of photocatalysts ( > 370 nm). 
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Figure A6. 1H-NMR spectra of the complex BIH (red) and its deuteride form (BID) 

(blue) in DMSO-d6. The highlighted peak corresponds to the replaced proton on 

BIH.  

 

 

Figure A7. Chronoamperometry measurements of Re-bbzp complex performed 

for the IR-SEC experiments in acetonitrile with Bu4NPF6 electrolyte for the first 

(Eₚ = –2.5 V vs. Fc⁺/Fc) and second (Eₚ = –2.7 V vs. Fc⁺/Fc) electron reduction 
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process under Ar (solid line) and CO2 (dotted line) atmosphere. The potential -

0.5 V vs. Fc⁺/Fc did not show changes in the IR spectra as expected.   

 

Figure A8. Comparison between the in-situ experimental spectra (dotted lines) 

and the corresponding spectroelectrochemical (SEC) spectra (solid lines) of one-

(a) and two- (b) electron reduced species under Ar atmosphere.  

 

 

Figure A9. UV−vis spectral changes (a) and the corresponding kinetic traces at 

selected wavelengths during the photoirradiation for Re-bbzp (0.06 mmol L-1) in 

Ar-saturated CH3CN solutions containing excess of BIH (1.40 mmol L-1) (λirr = 365 

nm).  
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Data for computed stationary points  

 

fac-[Re(CO)3(bbzp)] 

Charge: 0  Multiplicity: 2 

 C                  1.32258600    1.99456800   -0.10124300 

 C                 -1.03455700    2.27199000   -0.00792600 

 C                  1.48297100    3.37154900   -0.19771400 

 C                 -0.89574300    3.67006100   -0.08992400 

 C                  0.36132700    4.23038400   -0.22220600 

 H                  2.48343600    3.78582400   -0.19791800 

 H                 -1.77846700    4.29832500   -0.05759900 

 C                 -2.27535600    1.60130900    0.11982500 

 H                 -3.78656500    3.08191800    0.38347600 

 N                 -2.31208600    0.23647300    0.06876900 

 Re                -0.46747700   -0.70532200   -0.37012300 

 C                 -1.27138000   -2.33733500   -0.97634900 

 C                  1.17311800   -1.20168500   -1.24935200 

 C                  0.09328000   -1.54787200    1.21243100 

 O                  2.16254700   -1.50474900   -1.83291300 

 O                 -1.78881300   -3.33473500   -1.37019200 

 O                  0.42680500   -2.07606800    2.22637900 

 N                  0.06776300    1.39753500   -0.09338200 

 N                 -3.54432600    2.10758000    0.29935900 

 C                 -4.43520000    1.03756500    0.39441400 

 C                 -3.65809300   -0.14186900    0.25588900 

 C                 -4.26399200   -1.39977200    0.33066600 

 C                 -5.81692100    0.99652800    0.59294700 

 C                 -5.64733300   -1.44569500    0.53095600 

 C                 -6.41204500   -0.26716800    0.65757200 

 H                 -3.68489900   -2.30919700    0.23867200 

 H                 -6.40243300    1.90260600    0.69599000 

 H                 -7.48298700   -0.34134700    0.81173600 

 H                 -6.14211500   -2.40873400    0.59325000 
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 C                  4.66581200    0.54723900   -0.18918600 

 H                  3.73898300    1.97512900   -1.49863400 

 C                  4.05982800   -0.13902800    0.89892600 

 C                  2.52740300    1.17429800    0.07651400 

 N                  3.67083700    1.38037200   -0.68686600 

 N                  2.72918300    0.27567600    1.04155500 

 C                  4.79807800   -1.06761900    1.64799300 

 C                  5.99706600    0.32628300   -0.56056500 

 H                  6.45367200    0.85021500   -1.39260600 

 H                  4.34125800   -1.59040500    2.48091800 

 C                  6.12584500   -1.28884000    1.28470200 

 H                  6.72326800   -2.00052900    1.84472700 

 C                  6.71529500   -0.60223000    0.19545600 

 H                  7.75151500   -0.80205300   -0.05645600 

 H                  0.49026000    5.30235900   -0.30150900 

--- 

Zero-point correction=                           0.315407 (Hartree/Particle) 

 Thermal correction to Energy=                    0.340083 

 Thermal correction to Enthalpy=                  0.341027 

 Thermal correction to Gibbs Free Energy=         0.258606 

 Sum of electronic and zero-point Energies=          -1424.172824 

 Sum of electronic and thermal Energies=             -1424.148148 

 Sum of electronic and thermal Enthalpies=           -1424.147204 

 Sum of electronic and thermal Free Energies=        -1424.229625 

 

fac-[Re(CO)3(bbzpH)]+ 

Charge: 1 Multiplicity: 2 

 C                 -1.40023900    1.92570500    0.23177300 

 C                  0.94648300    2.22540300   -0.01973100 

 C                 -1.54312000    3.28184500    0.53928900 

 C                  0.82187000    3.58590100    0.24670000 

 C                 -0.42463000    4.12403900    0.58424700 

 H                 -2.53476300    3.70143600    0.65856600 
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 H                  1.69526800    4.22618800    0.20360500 

 C                  2.18034200    1.57540200   -0.32956300 

 H                  3.61600500    3.09479700   -0.71631000 

 N                  2.24105000    0.21926300   -0.33156000 

 Re                 0.45326100   -0.75127400    0.34979300 

 C                  0.93681000   -0.75161500    2.16062400 

 C                 -1.26371100   -1.48090200    0.85199200 

 C                  1.11122800   -2.55413500    0.16982800 

 O                 -2.30123600   -1.94899800    1.18236400 

 O                  1.26437700   -0.70608900    3.30210100 

 O                  1.51099900   -3.66438000    0.05316500 

 N                 -0.14068200    1.32948000    0.07461200 

 N                  3.40597400    2.11310800   -0.62449700 

 C                  4.30658900    1.06640400   -0.82999700 

 C                  3.56866400   -0.13150700   -0.64253400 

 C                  4.19503800   -1.37569000   -0.78064100 

 C                  5.66445600    1.06187700   -1.15809000 

 C                  5.55316800   -1.38439500   -1.10583800 

 C                  6.27691400   -0.18597300   -1.29228700 

 H                  3.65163700   -2.30094100   -0.64372800 

 H                  6.21745800    1.98273000   -1.30060100 

 H                  7.33023600   -0.23543100   -1.54479100 

 H                  6.06419000   -2.33404600   -1.21901700 

 C                 -4.75320100    0.48997100   -0.12545500 

 H                 -3.97598100    1.84885900    1.34569200 

 C                 -4.06402800   -0.17195100   -1.16467900 

 C                 -2.58802200    1.16558900   -0.08030500 

 N                 -3.80606200    1.29827700    0.51652200 

 C                 -4.70954500   -1.06924300   -2.01777000 

 C                 -6.11347400    0.27811700    0.10464700 

 H                 -6.64157000    0.78512400    0.90253800 

 H                 -4.18220600   -1.57524600   -2.81659900 

 C                 -6.07169100   -1.28001900   -1.79001100 
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 H                 -6.61360700   -1.96732500   -2.42923100 

 C                 -6.76022100   -0.62018600   -0.74804700 

 H                 -7.81701800   -0.81466400   -0.60676800 

 H                 -0.53377100    5.17609400    0.81054800 

 N                 -2.73982200    0.27379600   -1.10028100 

 H                 -2.00484700    0.02840200   -1.74789100 

--- 

Zero-point correction=                           0.329355 (Hartree/Particle) 

 Thermal correction to Energy=                    0.354110 

 Thermal correction to Enthalpy=                  0.355055 

 Thermal correction to Gibbs Free Energy=         0.272549 

 Sum of electronic and zero-point Energies=          -1424.617030 

 Sum of electronic and thermal Energies=             -1424.592274 

 Sum of electronic and thermal Enthalpies=           -1424.591330 

 Sum of electronic and thermal Free Energies=        -1424.673836 

 

BIH•⁺ 

Charge: 1 Multiplicity: 2 

 C                  1.70972700    0.00000000   -0.23232400 

 C                  2.87955900    0.00000000   -1.00577300 

 C                  1.79661500    0.00000000    1.17053400 

 C                  4.13324500    0.00000000   -0.38116900 

 H                  2.81305100    0.00000100   -2.08961700 

 C                  3.04855100    0.00000000    1.79028200 

 H                  0.89393500   -0.00000100    1.77286000 

 C                  4.21806500    0.00000000    1.01528800 

 H                  5.03502100    0.00000100   -0.98355800 

 H                  3.11367300   -0.00000100    2.87292600 

 H                  5.18849700    0.00000000    1.50012900 

 C                  0.35800700    0.00000000   -0.92485800 

 H                  0.50796700    0.00000000   -2.01526900 

 C                 -1.72353400    0.72016500   -0.12332400 

 C                 -1.72353400   -0.72016500   -0.12332400 
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 C                 -2.86066200    1.44267600    0.28411000 

 C                 -2.86066200   -1.44267600    0.28411000 

 C                 -3.97032300    0.71270000    0.68806800 

 H                 -2.87159400    2.52471700    0.27698700 

 C                 -3.97032300   -0.71270000    0.68806800 

 H                 -2.87159500   -2.52471700    0.27698700 

 H                 -4.86359200    1.23639800    1.00742400 

 H                 -4.86359200   -1.23639800    1.00742300 

 N                 -0.50813900   -1.14842900   -0.55927000 

 N                 -0.50813900    1.14842900   -0.55927000 

 C                 -0.10123700   -2.53274600   -0.79198300 

 H                  0.97977900   -2.61264000   -0.67089100 

 H                 -0.58419400   -3.18402200   -0.06211100 

 H                 -0.37626700   -2.85413400   -1.80241800 

 C                 -0.10123700    2.53274600   -0.79198300 

 H                  0.97977900    2.61263900   -0.67089600 

 H                 -0.37627200    2.85413600   -1.80241600 

 H                 -0.58418900    3.18402100   -0.06210700 

--- 

Zero-point correction=                           0.281170 (Hartree/Particle) 

 Thermal correction to Energy=                    0.295104 

 Thermal correction to Enthalpy=                  0.296048 

 Thermal correction to Gibbs Free Energy=         0.238953 

 Sum of electronic and zero-point Energies=           -690.117486 

 Sum of electronic and thermal Energies=              -690.103551 

 Sum of electronic and thermal Enthalpies=            -690.102607 

 Sum of electronic and thermal Free Energies=         -690.159703 

 

BI• 

Charge: 0 Multiplicity: 2 

 C                  1.75137400   -0.00000300   -0.00000200 

 C                  2.50828100   -1.08247900   -0.56729300 

 C                  2.50827600    1.08247700    0.56728900 
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 C                  3.89839600   -1.07385100   -0.55827400 

 H                  1.98959600   -1.90133800   -1.05235600 

 C                  3.89839100    1.07385600    0.55827200 

 H                  1.98958600    1.90133500    1.05235200 

 C                  4.61803700    0.00000400   -0.00000100 

 H                  4.43372000   -1.90571800   -1.00816800 

 H                  4.43371100    1.90572600    1.00816500 

 H                  5.70278100    0.00000700   -0.00000100 

 C                  0.32991600   -0.00000400   -0.00000400 

 C                 -1.85807500    0.70704000   -0.02117400 

 C                 -1.85807700   -0.70704500    0.02116900 

 C                 -3.05031900    1.43037700   -0.04505100 

 C                 -3.05032400   -1.43037700    0.04504600 

 C                 -4.25627000    0.69978000   -0.02446800 

 H                 -3.05693300    2.51389800   -0.06610200 

 C                 -4.25627200   -0.69977400    0.02446600 

 H                 -3.05694400   -2.51389700    0.06609500 

 H                 -5.19886300    1.23697300   -0.04268700 

 H                 -5.19886700   -1.23696400    0.04268600 

 N                 -0.52509200   -1.12617800    0.04720700 

 N                 -0.52509100    1.12617000   -0.04721800 

 C                 -0.13161000   -2.48694600    0.40739300 

 H                  0.80664400   -2.46412200    0.96282300 

 H                 -0.90356000   -2.92259600    1.04757400 

 H                 -0.00666000   -3.12598900   -0.47328200 

 C                 -0.13161400    2.48694800   -0.40736900 

 H                  0.80669400    2.46415000   -0.96270600 

 H                 -0.90351300    2.92257600   -1.04762700 

 H                 -0.00676800    3.12599300    0.47332000 

--- 

Zero-point correction=                           0.268111 (Hartree/Particle) 

 Thermal correction to Energy=                    0.282317 

 Thermal correction to Enthalpy=                  0.283261 
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 Thermal correction to Gibbs Free Energy=         0.226658 

 Sum of electronic and zero-point Energies=           -689.662990 

 Sum of electronic and thermal Energies=              -689.648785 

 Sum of electronic and thermal Enthalpies=            -689.647841 

 Sum of electronic and thermal Free Energies=         -689.704444 
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Appendix B 

Supplementary Information for Chapter 4 

 

Structural Characterization   

 

 

Scheme B1. Scheme of the synthesis route for bpyPyr and RebpyPyr COFs.   

 

Table B1. Miller Indices for bpyPyr COF obtained though Pawley-refinement 

considering a triclinic unite cell with a space group P1 (a = 28.201 Å, b = 28.226 

Å, c = 7.282 Å, α = 103.2°, β = 104.3°, and γ = 81.7 ). Rwp = 9.66%. Rwp (without 

background) = 7.34%. Rp = 7.37%.   

h k l 2-theta Intensity 

0 1 0 3.2265 100.000 

1 1 0 4.3577 1.664 

1 -

1 

0 4.7851 1.709 
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2 0 0 6.4918 15.047 

3 0 0 9.7442 2.178 

3 3 0 13.0986 0.000 

 

 

Figure B1. FTIR spectra of bpyPyr (green) and RebpyPyr COFs (blue) for 42% 

of covared bpy sites.  

Table B2. Miller Indices for RebpyPyr COF containing 50% of bpy sites covered 

by Re(CO)3Cl units obtained though Pawley-refinement considering a triclinic 

unite cell with a space group P1 (a = 28.201 Å, b = 28.226 Å, c = 7.282 Å, α = 

103.2°, β = 104.3°, and γ = 81.7). Rwp = 8.89%. Rwp (without background) = 

2.94%. Rp = 6.59%.   

h k l 2-theta Intensity 

0 1 0 3.2265 100.000 

1 1 0 4.3577 14.300 
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1 -

1 

0 4.7851 10.571 

2 0 0 6.4918 19.871 

3 0 0 9.7442 0.404 

3 3 0 13.0986 6.873 

 

 

 

Figure B2. Representation of the Miller planes corresponding to the diffraction 

peaks emerged post- Re-modification at a) 4.28° and b) 13.0°, assigned to (110) 

and (330) planes, respectively. 

 

Variation of the rhenium loading  

 

Table B3. Re amount determined by ICP-OES and their corresponding bpy site 

coverage percentage. 
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wt% Re ICP OES bpy sites 

covered 

3.35 9% 

1.27 3% 

13.1 42% 

16.85 57% 

19.89 73% 

22.35 85% 
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Figure B3. a) Structure models of RebpyPyr COF illustrating varying degrees of 

Re(CO)3Cl coordination at the bpy sites. (d = lateral offset between adjacent 

layers) b) Simmulated and c) experimental PXRD patterns of the bpyPyr COF at 

different Re(CO)3Cl loading (expressed as % bpy occupancy). Highlighted 

regions indicate the XRD reflections most influenced by the metalation process. 
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Figure B4. a) Pre-optimized structure models of RebpyPyr COF from the Figure 

3 (main text) for different degrees of bpy sites coverage with all the Re(CO)3Cl 

removed for generating their b) corresponding PXRD spectra in the absence of 
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Re(CO)3Cl units but keeping different layers offset pre-optimized. (the arrow 

highlights the peak at 2q = 13.0° emerging from the layers offset from the 

reflection plane (330)).   

Morphological characterization  

 

Figure B5. SEM images of the bpyPyr COF (a and c) and Rebpypyr COF (b 

and d). 
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Figure B6. HR-TEM images of the bpyPyr COF (a) and Rebpypyr COF (b). 

 

 

Figure B7. Images of bpyPyr COF (pristine) and RebpyPyr (Re-modified COF).  

 

Photocatalytic experiments 
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Figure B8. a) CO production using RebpyPyr COF under illumination with l > 

370 nm and different catalyst concentrations. b)   FTIR spectra of the RebpyPyr 

COF before and after photocatalysis under illumination with l > 370 nm.  

 

 

Figure B9. CO evolution by RebpyPyr COF under illumination with l > 370 nm 

(blue) and l > 420 nm (green) using BIH as electron donor.  
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Table B4. COF-based hybrid Re complexes applied in the photoreduction of CO2 

to CO.   

COF 

CO 
production 

rate [µmol g-

1h-1] 

Sacrificial agent/  
solvent 

Conc.   
[mg mL-1] 

Amount 
of Re(I) 
active 
sites 

[µmol]* 

TONCO 
Light 

source 
R

Ref. 

Re bpyDBC 1160 BIH/CH3CN 0.3 0.93 

35 (24h. 
after two 
additional 

purges 
with CO2) 

300 W 
(Xe)  

>370 nm 

[
[315] 

Re-Bpy-sp2-c-
COF 

1040 
1400a 

TEOA/CH3CN 0.2 0.97 
18.7 

(17.5 h) 

300 W 
(Xe)  

>420 nm 

[
[68] 

Re-COF 750 TEOA/ CH3CN 0.3 0.27 48 
225 W 
(Xe)  

>420 nm 

[
[66] 

RebpyPyr 765 
BIH/CH3CN-

C6H5OH 
0.3 0.84 2.2 (2.5h) 

300 W 
(Xe)  

>370 nm 

[
[This 
work] 

RebpyPyr 673 BIH/CH3CN-H2O 0.3 0.84 2.0 (2.5h) 
300 W 
(Xe)  

>370 nm 

[
[This 
work] 

RebpyPyr 525 
BIH/CH3CN-

C6H5OH 
0.3 0.84 7 (16 h) 

300 W 
(Xe)  

>420 nm 

[
[This 
work] 

Re-TpBpy-COF 282 
TEOA/ CH3CN-

H2O 
1.3 21.3 - 

200 W 
(Xe)  

>390 nm 

[
[280] 

Re bpyDBC 180 BIH/CH3CN 0.3 0.93 
7.0      

(72 h) 

300 W 
(Xe)  

>420 nm 

[
[315] 

a In the presence of a photosensitizer 

* The Re(I) content was calculated based on the wt% given by ICP OES.   
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Figure B10. UV-vis spectra of fac-Re(CO)3(bpy)Cl in acetonitrile at 298 K. 

 

Figure B11. ATR-IR-SEC cell containing a RebpyPyr COF/MWNT-modified 

glassy carbon working electrode, a platinum wire counter electrode, and a silver 

wire pseudo-reference electrode. 
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Figure B12. Cyclic voltammogram of fac-[Re(CO)3(bpy)Cl] measured with a scan 

rate of 50 mV s-1 in argon-saturated 0.1 M TBAPF6/CH3CN. 

 

Table B5. Fitting parameters obtained from Boltzmann fitting of the initial species 

during IR-SEC experiments (Nernst analysis). 

A1 -0.05885 ± 0.02272 

A2 1.0025 ± 0.01184 

x0 -2.11859 ± 0.01863 

dx 0.28655 ± 0.01649 

Reduced Chi-Sqr 2.64296E-4 

R-Square (COD) 0.99879 

Adj. R-Square 0.99827 

 

 

Table B6. Fitting parameters obtained from Boltzmann fitting of the final species 

during IR-SEC experiments (Nernst analysis). 
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A1 1.05529 ± 0.01604 

A2 -0.00831 ± 0.01125 

x0 -1.94909 ± 0.01504 

dx 0.31483 ± 0.01465 

Reduced Chi-Sqr 1.7364E-4 

R-Square (COD) 0.9992 

Adj. R-Square 0.99886 
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Appendix C 

Supplementary Information for Chapter 4 

 

 

Scheme C1. Scheme of the synthesis route for bpyDBC COF.  

 

Electron Microscopy 

 

Figure C1. (a) TEM and (b) STEM-HAADF images of the bpyDBC COF. 
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Figure C2. (a) TEM image and (b)-(d) STEM-HAADF images of the Re bpyDBC 

COF taken at different positions and magnifications.  
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Figure C3. CO2 adsoption and desorption of both bpyDBC and Re bpyDBC 

COF at 273 K and 294 K.  

 

Figure C4. CV curves for both COFs measured against the ferrocene redox 

couple. The onset of the first oxidation peak reflects the conduction band energy 

of the material. 
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Figure C5. Tauc plot of the two COFs assuming a direct transition. The band gap 

energy is reduced upon introduction of the Re-complex into the COF structure. 

 

Figure C6. Excited state lifetime of the bpyDBC and Re bpyDBC COF measured 

using the TCSPC method (exc = 375) and collected at the maximum emission 
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wavelength. The COFs were measured as dry powders under ambient 

conditions. The signals were fitted to a double-exponential decay (red lines). 

  

Figure C7. Recycling studies under illumination with  > 370 nm. Straight lines 

indicate the linear fitting to extract the CO production rates of 0.94 mmol g-1 h-1 

and 1.18 mmol g-1 h-1 for the first and second cycle, respectively. The observed 

plateau in CO production at the end of the second cycle can be attributed to the 

depletion of BIH, the sacrificial donor. 
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Figure C8. GC-MS analysis of photocatalytic experiments under an illumination 

of λ > 370 nm using isotopically labelled 13CO2. (a) Gas chromatography (GC) 

data showing the retention time of the detected CO and (b) mass spectrometry 

(MS) confirming the isotopic signature of 13CO (M = 29 g mol-1), indicating its 

origin from 13CO2.  
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Figure C9. GC-MS analysis of photocatalytic experiments under an illumination 

of λ > 400 nm using isotopically labelled 13CO2. (a) Gas chromatography (GC) 

data showing the retention time of the detected CO and (b) mass spectrometry 

(MS) confirming the isotopic signature of 13CO (M = 29 g mol-1), indicating its 

origin from 13CO2.  
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Appendix D 

Supplementary Information for Chapter 7 

 

Table D1. Parameters considered for TONCO calculation. 

Catalyst 

wt% 

of Mn 

(from 

ICP-

OES) 

Deposited 

mass of 

catalyst 

[mg] 

Number 

of moles 

of 

catalytic 

centersa) 

[mol] 

Potential 

[V] 
nCO[mol] TONCO 

fac-

Mn(CO)3(bpy)Br 
- ~0.5 ~1.34 

2.6 19 14 

2.8 10 7 

3.0 11 8 

Mn PhenPy 

COF 
3.29 ~1.0 ~0.7 

2.6 189  278 

2.8 222 308 

3.0 128 200 

a) For details on calculating the moles of Mn in the Mn PhenPy COF catalyst using 

ICP-OES data, refer to the Mn-occupation of Phen sites section below.   
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Figure D1. TEM micrograph of the PhenPy COF.                

  

Figure D2. FTIR spectra of the building blocks Phen (red) and Py (blue) together 

with the spectrum of the synthesized PhenPy COF (green). Carbonyl, amine and 

imine vibrations are indicated by the dotted lines.  
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Figure D3. SEM-EDX spectra of Mn PhenPy COF powder, collected at the 

indicated area on the powder’s surface. 

 

 

Figure D4. SEM EDX mapping of Mn PhenPy COF powder, collected at the 

indicated area on the powder’s surface.  
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Figure D5. N2 sorption experiments of the Mn PhenPy COF reveal a BET surface 

area of 306 m2g-1. 

 

Figure D6. CO2 Adsorption isotherms of PhenPy (green) and Mn PhenPy (pink) 

COFs at 273 K and 294 K.  
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Figure D7. UV-Vis absorption and photoluminescence spectra of both PhenPy 

(green) and Mn PhenPy (pink) COFs.  

 

 

Figure D8. Tauc plots of PhenPy (green) and Mn PhenPy (pink) COFs assuming 

a direct transition. The band gap energy is reduced upon introduction of the Mn-

complex into the COF structure.   
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Figure D9. CV curves of PhenPy (green) and Mn PhenPy (pink) COFs 

measured against the ferrocene redox couple at a scan rate of 10 mV/s. The 

onset of the first oxidation peak reflects the conduction band energy of the 

material.  

CV of molecular analog fac-[Mn(Phen)(CO)3Br] 

 

Figure D10. Assignment of the redox features in the CV of the molecular analog 

fac-[Mn(Phen)(CO)3Br] according to the literature.283, 377, 429 The CV was 

measured in a three-electrode setup in acetonitrile (TBAPF6, 0.1 M), using a Pt 
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wire as the reference electrode, under Ar at a scan speed of 10 mV s-1. The 

reduction peaks at -2.25 V and -2.85 V are not discussed in the literature. We 

therefore tentatively assign them to irreversible reductions of the Phen building 

block. 
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5. Gabrielly Moreira, Vanessa F. Silva, Marcos E. G. Carmo, Pablo J. 

Gonçalves, Jaqueline, Antonio E. H. Machado and Antonio O. T. Patrocinio. 

Photophysical properties of Re(I) complexes containing imidazole ligands: 

towards the application on CO2 reduction. XXI Brazilian Meeting on Inorganic 

Chemistry. Belo Horizonte, MG, Brazil. 2024.  

6. Patrícia A. Matos, Marcos E. G. Carmo, Antonio O. T. Patrocínio, Tiago A. 

Matias, Tayana M. Tsubone. Ruthenium Polypyridines As Photosensitizer 

For Photodynamic Therapy. 51ª Reunião Anual da Sociedade Brasileira de 

Bioquímica e Biologia Molecular (SBBq). Águas de Lindóia - SP, Brazil. 2022.  

7. Lavor, T. S. ; Carmo, Marcos E. G. Do ; Estevam, T. O. ; Patrocinio, A. O. 

T. ; Tsubone, T. M. ; Otaguro, H. . Evaluating Re(I) Complexes As Anticancer 

Agent. 51ª Reunião Anual da Sociedade Brasileira de Bioquímica e Biologia 

Molecular (SBBq). Águas de Lindóia - SP, Brazil. 2021. 

8. Patrícia A. Matos, Marcos E. G. Carmo, Antonio O. T. Patrocínio, Tiago A. 

Matias, Tayana M. Tsubone. Interaction of ruthenium complex with 

biomolecules and its outcomes of photodynamic efficiency, 20th International 

Union for Pure and Applied Biophysics (IUPAB), virtually, 2021.  

9. Marcos E. G. Carmo, Newton M. B. Neto,  Antonio O. T. Patrocinio. Um 

hidrogênio conta... A influência do sítio de coordenação nas propriedades 

fotofísicas de complexos de Ir(III). IV workshop de química inorgânica da 

UFAM, Manaus - AM, Brazil. 2020. 

10. Lincoln L. Romualdo, Marcos E. G. Carmo, Nara L. S. Sousa, Fugitive 

emissions analysis from industrial in the urban PM10 using X-ray 

fluorescence spectrometry. 15th Rio Symposium on Atomic Spectrometry. 

Mendoza, Argentina. 2019.  
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11. Marcos E. G. Carmo, Lincoln L. Romualdo. Estudo por DFT e DFT-DT de 

estruturas com efeito push-pull e propriedades espectrais para aplicações 

fotovoltaicas.. In: 42a Reunião Anual da Sociedade Brasileira de Química 

Joinville -SC, Brazil. 2019. 

12. Fernanda, C. Kunizaki, Marcos E. G. Carmo, Lincoln L. Romualdo. Estudo 

teórico de novos complexos com bases de Schiff visando obtenção de altos 

valores de hiperpolarizabilidade (β). 42a Reunião Anual da Sociedade 

Brasileira de Química. Joinville – SC, Brazil. 2019. 

13. Marcos E. G. Carmo, Nara L. S. Sousa, Fernanda, C. Kunizaki, Lincoln L. 

Romualdo. Concentração e variação da composição elementar das 

partículas totais em suspensão na cidade de Catalão - GO. IX Semana da 

Química Prof. Dr. Fernando Petacci UFG/RC. Catalão – GO, Brazil. 2017.  

 

 

Organization of Scientific events  

 

• International Workshop on Photoactive Materials for Sustainable Energy 

Conversion. Universidade Federal de Uberlândia, Uberlândia - MG, Brazil. 

March, 19-21, 2025. 

• 2a Escola Mineira de Eletroquímica. Universidade Federal de Uberlândia, 

Uberlândia - MG, Brazil. March 10-14, 2025.  

 

Committee member  

 

• LOPES, O. F.; LIMA, R. C.; CARMO, M. E. G. Undergraduate Research 

Defense Committee for João Victor Martins Primo. Síntese, caracterização e 

aplicação do Nb2O5 na fotodegradação de poluentes orgânicos e produção 

de H2 verde. 2024. B.Sc. in Industrial Chemistry - Federal University of 

Uberlândia. 
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Selected summer schools    

 

• Selected Participant, São Paulo School of Advanced Science on 4th 

Generation Synchrotron Techniques – SPSAS SyncLight, Brazilian 

Synchrotron Light Laboratory (LNLS/CNPEM). Campinas, SP, Brazil, October, 

14-25, 2024.  

• Selected Participant, 17th PTASchool of Electrochemistry & 4th Workshop on 

Electrochemistry, from Sensing to Energy Conversion and Storage. University 

of São Paulo. São Paulo, SP, Brazil, December, 3-8, 2023. 

 

Extension project  

 

• Student Research in the project “Monitoring of Atmospheric Air Quality in the 

City of Catalão,” coordinated by Professor Lincoln Lucílio Romualdo and 

conducted at the Academic Unit of Chemistry, Federal University of Goiás 

(Catalão Campus). Served as a, completing a total workload of 176 hours from 

July 1, 2018, to June 30, 2019. 
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