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1.1 Introduction – Overview 

Green organic chemistry represents a transformative approach in chemical 

science, aiming to design and implement synthetic processes that minimize 

environmental impact, enhance safety, and maintain economic viability. 

Since the introduction of the Twelve Principles in 1998, the field has 

embraced guidelines such as waste prevention, atom economy, safer 

chemical syntheses, energy efficiency, renewable feedstocks, and catalysis 

over stoichiometric reagents.[1] By focusing on these principles, 

practitioners seek not only to reduce or eliminate the use of hazardous 

substances but also to reimagine entire chemical life cycles, from the nature 

of raw materials and reagents to the fate of end products and by‐products. 

Photochemistry has emerged as a powerful enabler of green organic 

transformations by harnessing light, especially visible‐light and solar 

irradiation, as a clean, renewable energy source. Photochemical processes 

often proceed under ambient temperature and pressure, thereby reducing 

energy demands compared to traditional thermal methods.[2] Moreover, 

light permits the selective excitation of specific substrates or catalysts, 

yielding high chemo-, regio-, and stereoselectivity with minimal waste. For 

instance, visible‐light photoredox catalysis enables carbon–carbon and 

carbon–heteroatom bond formations that were previously difficult or 

required harsh conditions.[3] By integrating photosensitizers or 

photocatalysts, ranging from metal complexes to organic dyes, researchers 

have developed strategies for the direct functionalization of arenes, 

decarboxylative couplings, and radical‐mediated processes, all under mild 

conditions and often using sunlight as the photon source.[2] 

Electrochemistry complements photochemical approaches by using 

electricity, ideally from renewable grids, as a “clean reagent” that mediates 

oxidation and reduction reactions without using stoichiometric chemical 

oxidants or reductants. Electrochemical methods provide precise control 
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over redox potentials, enabling high selectivity in processes such as anodic 

oxidations, cathodic reductions, and paired electrolysis.[4] Because 

electrons can be supplied on demand and adjusted in real time, undesired 

side reactions are minimized, and reaction conditions can often be tuned 

simply by modifying the applied potential or current. In many cases, 

electrochemical systems operate at ambient temperature and pressure, 

further enhancing energy efficiency.[4] When coupled with renewable 

electricity, electro organic synthesis can approach carbon neutrality. 

Examples include the electrochemical oxidation of alcohols to carbonyl 

compounds, electrocatalytic C–H functionalizations, and reductive 

couplings that generate complex molecular architectures, all achieved with 

negligible stoichiometric waste.[5] 

Recent advances have demonstrated that merging photochemical and 

electrochemical strategies can unlock synergies that neither approach can 

achieve alone. Photoelectrochemical cells, for instance, use light‐absorbing 

semiconductors to generate charge carriers that directly participate in 

organic transformations, effectively combining photon‐driven excitation 

with electrochemical control.[6] Such systems have been applied to 

challenging oxidations and reductions, including the activation of inert C–

H bonds and the selective conversion of small molecules (e.g., CO₂, N₂) into 

value‐added chemicals. By integrating both light and electricity, 

researchers can fine‐tune reaction pathways, suppress overoxidation or 

overreduction, and employ milder electrolytes and solvents, thereby 

aligning closely with green chemistry objectives.[7] 

Looking ahead, the continued integration of photochemistry and 

electrochemistry in green organic chemistry promises to expand the 

toolbox for sustainable synthesis. Ongoing research focuses on designing 

novel photocatalysts and electrocatalysts derived from earth‐abundant 

materials, developing new reactor designs that optimize light absorption 

and mass transfer, and creating scalable flow systems that minimize 
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solvent usage and allow real‐time monitoring. As renewable energy 

becomes more accessible, coupling these methods with solar‐ or wind‐

powered electrochemical and photochemical reactors will be pivotal in 

addressing global challenges such as climate change, resource depletion, 

and pollution. By uniting the core tenets of green chemistry with innovative 

redox strategies, the field is poised to revolutionize how we design and 

execute organic syntheses, ensuring that future chemical manufacturing is 

both effective and environmentally responsible. 

1.2 Photochemistry 

Modern organic photochemistry has undergone a renaissance in the past 

decade, driven by the convergence of new photocatalysts, mechanistic 

insights, and reactor technologies.[8] At its core, photochemistry leverages 

light to access excited‐state reactivity pathways that are often inaccessible 

via thermal routes.[9] By harnessing visible light—ideally from energy‐

efficient LEDs or even sunlight, chemists can generate reactive 

intermediates under mild conditions, thereby reducing energy 

consumption and waste.[10] The field encompasses both photoredox 

catalysis, which relies on single‐electron transfer (SET) processes, and 

energy‐transfer‐mediated transformations.[11] Through judicious choice of 

photocatalyst, wavelength, and reaction vessel configuration, modern 

photochemistry enables selective C–C, C–H, C–N, and other bond–forming 

events in a manner that aligns with the principles of green chemistry.[12] 

Below is an overview of key mechanistic paradigms, including single‐

electron transfer (SET) chemistry, energy‐transfer catalysis (EnT), 

hydrogen‐atom transfer (HAT), and brief discussions of cycloadditions, 

halogen‐atom transfer (XAT), electron‐donor–acceptor (EDA) complex 

photochemistry, enantioselective processes, and other emerging areas. 

Photoredox catalysis leverages single‐electron transfer (SET) to generate 

radical and radical‐ion intermediates under visible‐light irradiation by 
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shuttling electrons between substrates via long‐lived excited states. 

Common photocatalysts (PCs) include polypyridyl complexes of Ru(II) (e.g. 

[Ru(bpy)3]2+) or Ir(III) (e.g. [Ir(dtbbpy)2(ppy)]+) as well as purely organic 

dyes like 4CzIPN (1,2,3,5-tetra(9H-carbazol-9-yl)-4,6-dicyanobenzene).[13] 

Upon absorbing a photon (390–500 nm), these catalysts reach excited 

states with dramatically shifted redox potentials. For example,  

3[Ru(bpy)3]2+* can function both as a strong oxidant (E1/2[Ru(II)/Ru(III)] ≈ +0.77 

V vs. SCE) or a strong reductant (E1/2[Ru(II)/Ru(I)] ≈ –0.81 V vs. SCE)(Figure 

1.1A).[14]  

In a reductive quenching cycle, PC* accepts an electron from a donor (e.g., 

tertiary amines), generating PC•⁻, which then reduces, for example, aryl 

halides to aryl radicals that engage in nickel‐catalyzed cross‐couplings 

under ambient conditions.[15] Conversely, oxidative quenching involves PC* 

donating an electron to electron‐poor substrates, forming radical anions 

that fragment or cyclize before PC regeneration.[16] Organic dyes such as 

4CzIPN have gained prominence for their lower cost, tunable redox 

windows, and ability to facilitate both oxidative and reductive pathways in 

a single system. A representative example of a reductive transformation 

using 4CzIPN is the photochemical coupling of aryl bromides with alkyl 

boranes (Figure 1.1B).[17]  

Energy‐transfer catalysis (EnT) accesses reactive triplet states via non‐

redox transfer of energy from a photosensitizer (³PC*) to a substrate. 

Sensitizers such as thioxanthone (ET ≈ 66 kcal·mol⁻¹) and Ir(ppy)3 (EΤ ≈ 62 

kcal·mol⁻¹) populate triplet states through efficient intersystem crossing, 

then transfer energy via Dexter or Förster mechanisms to substrates whose 

triplet energies are lower (e.g., enones, styrenes).[18] The resulting ³S* 

species can undergo [2+2] cycloadditions, such as aza Paternò−Büchi 

reactions from imines and alkenes under blue light irradiation (Figure 

1.1C).[19]  
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Figure 1.1: A. Photoredox catalysis general scheme, B. 4CzIPN-catalyzed Suzuki-Miyaura 
reaction, C. Ir-catalyzed Aza Paternò−Büchi reaction  

One of the most transformative applications of photoredox catalysis is the 

direct C–H functionalization. Instead of prefunctionalizing a substrate with 

halides or pseudohalides, photochemists have developed methods to 

abstract hydrogen atoms selectively, generating carbon‐centered radicals 

that can engage in cross‐couplings or radical additions.[20] For instance, 

decatungstate photocatalysts (DT, [W₁₀O₃₂]⁴⁻), upon 365 nm excitation, 

forms ³DT* that can abstract a hydrogen atom (H·) from aliphatic C–H 

bonds (BDE ~ 95–100 kcal mol⁻¹), producing alkyl radicals followed by 

trapping with nucleophiles to form C–N, C–O, or C–C bonds under mild 

conditions,[21] or that can directly functionalize naturally inert molecules 
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like methane (Figure 1.2A).[22] Benzophenone triplets (³BP*) similarly 

abstract H· from benzylic or tertiary C–H bonds.[23] In dual photoredox–

HAT catalysis, photooxidation of quinuclidine by Ir(ppy)3* yields an α‐

aminoalkyl radical that selectively abstracts H· from remote C–H sites, 

enabling site‐selective C–H functionalization.[24] The advent of 

photocatalytic late‐stage C–H functionalization has broadened the scope of 

modifications on complex molecules such as pharmaceuticals, enabling 

rapid diversification without protecting‐group manipulations.[25] 

Miscellaneous photochemical strategies further expand the toolkit of 

modern synthesis. Halogen‐atom transfer (XAT) leverages α‐aminoalkyl or 

silyl radicals, generated via photoredox SET, to abstract halogen atoms 

from alkyl halides (R–X), furnishing alkyl radicals that engage in cross‐

electrophile couplings or cascade cyclizations at ambient temperature 

under visible light (Figure 1.2B).[26] Electron‐donor–acceptor (EDA) 

complex photochemistry obviates external catalysts: ground‐state 

assemblies of electron‐rich donors (e.g., thiols, amines) with electron‐poor 

acceptors (e.g., aryl halides, redox‐active esters) absorb visible photons to 

trigger SET, and subsequent fragmentation into radicals that forge C–S or 

C–C bonds without added PC (Figure 1.2C).[27] 

Enantioselective photochemistry couples chiral co-catalysts 

(organocatalysts or chiral metals) with photoredox activation to achieve 

asymmetric C–C and C–N bond formations, such as the cobaltaphotoredox‐

catalyzed C–H activation of indoles.[28] Finally, heterogeneous 

semiconductors, ranging from graphitic carbon nitride (g-C₃N₄) to 

plasmonic TiO₂–Au composites, serve as robust, recyclable photocatalysts 

for C–H functionalization, decarboxylation,[29] and small‐molecule 

activation under LED or solar irradiation (Figure 1.2D).  

Finally, moving away from organic transformations, photochemistry has 

been widely used in photocatalytic fuel production. 
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Figure 1.2: A. TBADT-catalyzed methane activation through HAT, B. Ir-catalyzed XAT of alkyl 
chlorides, C. Hantzsch ester-mediated cyclopropanation, D. gCN-mediated decarboxylative 
arylation 

Being a promising avenue for renewable energy, sunlight is collected or 

used directly to drive chemical reactions that generate clean fuels like 

hydrogen or reduce carbon dioxide (CO₂) into valuable hydrocarbons.[30] 

Titanium dioxide (TiO₂) has long been a standard light-harvesting material 

due to its stability and efficiency; however, advancements in materials like 

metal-organic frameworks (MOFs), perovskites, and graphene-based 

composites are pushing the boundaries of efficiency and applicability.[31] A 

critical application of photocatalytic technology lies in the conversion of 

waste, such as plastic, biomass and CO₂, into useful products.[32] 
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Photocatalytic CO₂ reduction mimics natural photosynthesis, converting 

CO₂ into fuels like methane, methanol, or carbon monoxide under sunlight. 

This addresses two significant challenges simultaneously: reducing 

greenhouse gas emissions and creating sustainable energy carriers. Recent 

studies demonstrate the integration of co-catalysts, such as transition 

metal nanoparticles, to enhance selectivity and efficiency in CO₂ reduction 

processes.[33] 

In conclusion, modern photochemistry offers a versatile toolkit for 

achieving bond constructions under green, mild, and selective conditions. 

Through the development of novel photocatalysts, asymmetric and metal‐

mediated strategies, chemists can access chemical space previously out of 

reach. As energy‐efficient light sources and solar-light-harvesting 

technologies become more ubiquitous, the field is poised to play a central 

role in sustainable chemical manufacturing and complex molecule 

synthesis. 

1.3 Electrochemistry 

Organic electrochemistry is a centuries old field that leverages electric 

current to mediate redox processes in organic molecules, replacing 

stoichiometric chemical oxidants or reductants with electrons supplied at 

an electrode surface. This strategy aligns closely with green chemistry 

principles by minimizing waste, enabling reactions under mild conditions, 

and offering precise control over reaction pathways.[34] In recent years, 

advances in electrode materials, cell design, and mechanistic 

understanding have transformed organic electrosynthesis from a niche 

technique into a broadly applicable tool for assembling complex 

molecules.[35] The foundation of organic electrochemistry lies in controlling 

electron transfer at the electrode–solution interface. In a typical setup, 

substrates undergo anodic oxidation or cathodic reduction at the anode or 

cathode, respectively, without external chemical reagents. By tuning the 
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applied potential or current density, chemists can narrowly target specific 

redox-active functional groups, suppressing undesired side reactions and 

enabling high selectivity (Figure 1.3A).[36] 

Electrode material selection is critical: boron-doped diamond (BDD), 

graphite felt, and nickel foam are widely used due to their broad 

electrochemical windows and chemical inertness. BDD anodes, for 

example, facilitate high-potential oxidations such as the conversion of 

unactivated C–H bonds into C–N or C–O bonds without electrode 

passivation. On the cathodic side, platinum, stainless-steel or nickel 

cathodes efficiently deliver electrons for reductive couplings.[37] 

Mechanistically, electrochemical organic reactions proceed via single-

electron transfer (SET) events to generate reactive intermediates, such as 

radical cations, radical anions, or radical pairs, which then fragment, 

couple, or rearrange to form new bonds. For example, the Shono oxidation 

involves the anodic oxidation of pyrrolidines to the corresponding radical 

cation, followed by a proton loss and entrapment by the solvent. [38]  

Similarly, cathodic reduction of alkyl halides produces alkyl radicals that 

participate in cross-coupling reactions without the need for metal 

catalysts.[39] Paired electrolysis, wherein oxidation at the anode and 

reduction at the cathode are coupled to furnish two valuable products in a 

single cell, exemplifies atom-economical design: for instance, anodic 

oxidation of alcohols to aldehydes can be paired with cathodic reductive 

coupling of nitriles to amines, maximizing electron utilization.[40] 

Applications of organic electrochemistry involve small-molecule synthesis, 

late-stage functionalization, and pharmaceutical manufacturing. In drug 

discovery, electrochemical C–H functionalization has been employed to 

directly install nitrogen, oxygen, or halogen functionality on complex cores 

under mild conditions, circumventing prefunctionalization steps and 

reducing waste.[41]  
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Figure 1.3: A. Typical electrochemical cell, B. Electrochemical allylic oxidation of valencene, C. 
Electrochemical reductive coupling towards the synthesis of nerolidol, D. Typical 
electrochemical CO2 reduction on Cu cathodes 

Scalable electrochemical routes to active natural products or 

pharmaceutical ingredients (APIs) such as Nootkatone (Figure 1.3B)[42] and 

Z-nerolidol (Figure 1.3C)[43] have demonstrated that electrochemistry can 

compete with or outperform traditional batch processes in terms of yield, 

safety, and environmental metrics. Moreover, electrochemical processes 

powered by renewable electricity sources (wind, solar) promise near–
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carbon-neutral chemical manufacturing, a critical advantage as the 

chemical industry seeks to decarbonize. 

Adding to the synthetic value of electrosynthesis, electrocatalytic CO₂ 

reduction (CO₂RR) has emerged as a promising route to mitigate 

anthropogenic greenhouse‐gas emissions while simultaneously producing 

value‐added chemicals and fuels.[44] In CO₂RR, CO₂ molecules dissolved in 

an aqueous electrolyte are adsorbed onto a catalytic electrode surface, 

typically composed of metals such as copper, silver, gold, or tin, where they 

undergo multi‐electron, multi‐proton transfers to yield products ranging 

from carbon monoxide and formate to hydrocarbons and alcohols. Copper 

stands out for its unique ability to produce C₂+ products, such as ethylene 

and ethanol, albeit with competing hydrogen evolution and limited 

selectivity, motivating ongoing efforts to tune its surface morphology, 

oxidation state, and local pH environment via nanostructuring and 

electrolyte additives (Figure 1.3D).[45] Recent advances include the 

development of bimetallic and single‐atom catalysts that leverage 

synergistic binding energies to lower reaction barriers, as well as flow‐cell 

reactors employing gas‐diffusion electrodes to enhance CO₂ mass transport 

and current densities exceeding 200 mA·cm⁻².[46] Additionally, techno‐

economic analyses suggest that pairing CO₂RR with renewable electricity 

sources could achieve competitive costs for CO and formate production, 

provided further improvements in catalyst stability and membrane 

durability.[47] Overall, electrocatalytic CO₂ reduction represents a versatile 

platform for waste‐to‐product conversion, offering a scalable pathway to 

close the carbon cycle and decarbonize the chemical industry. 

Looking forward, continued innovations in cell engineering, such as 

undivided flow cells with 3D-printed electrodes, and the integration of 

automation and machine-learning algorithms are poised to further lower 

barriers to entry.[48] Customizable waveform control (e.g., rapid alternating 

polarity) offers enhanced chemoselectivity and mitigates electrode fouling 
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by periodically reversing current direction.[49] Coupling electrochemical 

reactors with in-line analytical tools (e.g., EPR, NMR) enables real-time 

monitoring of reaction progress, facilitating rapid optimization and scale-

up.[50] As electrode materials evolve (e.g., doped graphene, conductive 

polymers), organic electrochemistry is set to play an ever more central role 

in sustainable synthesis and chemical innovation. 

1.4 Photoelectrochemistry 

During the past decade, chemists and engineers have combined the use of 

light and electricity in a single vessel. More specifically, this combinatory 

use photochemistry and electrochemistry can be divided into big 

categories depending on the goal of each transformation. Firstly, 

electrophotocatalysis is typically used for synthetic purposes with its main 

goals being the improved selectivity, the avoidance of stoichiometric 

oxidants and the enabling of new reactivities. Photoelectrochemistry, on 

the other hand, is mainly used for converting light directly into current that 

produces chemical fuels, like hydrogen.  

More particularly, electrophotocatalysis merges homogeneous photoredox 

catalysis with electrochemical regeneration of the catalyst, enabling redox‐

neutral or net-oxidative/net-reductive transformations with minimal 

chemical waste.[51] In an electrophotocatalytic setup, a molecular 

photocatalyst (e.g., an acridinium photocatalyst) is excited by light to its 

photoexcited state (PC*), which either oxidizes or reduces a substrate via 

single‐electron transfer (SET). After SET, the oxidized or reduced 

photocatalyst (PC⁺ or PC⁻) is regenerated at an electrode, closing the 

catalytic cycle. By decoupling the photochemical activation (light‐driven) 

from the redox turnover (electricity-driven), electrophotocatalysis 

obviates the need for stoichiometric sacrificial electron donors or acceptors 

(Figure 1.4A).[52] In a similar manner, electrophotocatalysis merges the 

strengths of electrochemistry and photochemistry to access exceptionally  
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Figure 1.4: A. Electrochemical generation of the photoredox catalyst, B. Combining light and 
electricity towards super-oxidants/reductants, C. Additive-mediated electrophotocatalytic 
transformations 

powerful oxidizing and reducing agents, often called “super-oxidants” and 

“super-reductants”, under remarkably mild conditions.[53] In a typical 

setup, a light‐absorbing catalyst is first electrochemically activated at a 

controlled potential, generating a long‐lived excited state upon 

photoirradiation; this dual activation elevates the catalyst’s redox 

potentials far beyond those achievable by either electrocatalysis or 

photocatalysis alone, enabling oxidation or reduction of substrates with 

very high or very low redox potentials respectively (Figure 1.4B).[54]  

Likewise, one can activate certain electrophotocatalysts with additives. In 

fact, in electrophotocatalytic decarboxylative couplings, a carboxylic acid 

substrate is coordinated on the active catalyst, and after visible light 
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absorption, a homolytic cleavage is followed to generate carbon‐centered 

radicals that can engage in C–C or C–X bond‐forming reactions under 

exceptionally mild conditions (Figure 1.4C).[55] Because the catalyst’s redox 

potential can be finely tuned by adjusting the applied voltage and the 

wavelength/intensity of light, electrophotocatalytic systems offer 

unprecedented selectivity and functional‐group tolerance. As a result, one 

can drive challenging transformations, such as the direct activation of inert 

C–H bonds or the reductive coupling of strong C–X bonds, using milder 

reagents, lower energy input, and reduced waste compared to traditional 

stoichiometric oxidants or reductants. This synergy not only expands the 

toolkit for synthetic chemists but also paves the way for more sustainable 

redox processes.  

On the other hand, photoelectrochemistry (PEC) combines light absorption 

and electrochemical control to drive organic transformations via 

photogenerated charge carriers (electrons and holes). In a typical PEC cell, 

a semiconductor or dye-sensitized photoelectrode absorbs photons to 

generate electron–hole pairs; the holes (h⁺) at the photoanode oxidize 

substrates, while the electrons (e⁻) migrate to a counter electrode 

(photocathode or inert cathode) to effect reduction chemistry (Figure 

1.5A).[56] Applying an external bias enhances charge separation, suppresses 

recombination, and allows precise tuning of redox potential, resulting in 

higher quantum efficiencies and selectivity compared to bias-free 

photochemical processes.[57] 

PEC organic synthesis has found application in biomass valorization. For 

example, glycerol oxidation at a BiVO₄ photoanode under visible‐light 

irradiation produces dihydroxyacetone and glyceraldehyde, while 

concomitant hydrogen evolution occurs at a Pt cathode, offering a dual‐

product process that integrates biomass upgrading and H₂ generation.[58] 

Similarly, methanol conversion to formaldehyde has been demonstrated in 

hematite photoanode PEC cells under low bias (≤0.6 V vs. Ag/AgCl),  
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Figure 1.5: A. Typical PEC structure, B. Artificial leave 

achieving Faradaic efficiencies up to 96 %, surpassing conventional 

thermal routes in atom economy and energy consumption.[59]  

When a PEC cell is integrated into a single device, they are referred to as 

artificial leaves. These engineered devices mimic natural photosynthesis by 

capturing sunlight to power chemical reactions, typically splitting water 

into hydrogen and oxygen or reducing carbon dioxide, thus offering a 

sustainable pathway to clean energy and carbon-neutral fuels (Figure 

1.5B).[60] By integrating inspiration from plant biology with advanced 

materials science, artificial leaves aim to provide scalable, decentralized 

energy solutions that store sunlight in storable, transportable chemicals, 

potentially transforming how we generate and use renewable energy.[61] 

While photoelectrochemical methods demonstrate compelling green 

metrics, several challenges persist. Photoanode stability under prolonged 

operation is critical; many metal oxides (e.g., BiVO₄, WO₃) degrade due to 

photocorrosion or surface fouling by organic intermediates.[62] Protective 

overlayers (e.g., ultrathin TiO₂ coatings, gel protectors) and dynamic 

potential pulsing have improved lifetimes, but at the expense of some 

charge‐transfer resistance.[63] The development of unbiased PEC cells 

(operating solely on solar energy without external bias) for complex 

organic transformations remains an open frontier. Achieving this goal 



Introduction 

 

 

17 

requires photoelectrodes with low overpotentials for both oxidation and 

reduction half‐reactions, broad light absorption (ideally extending into 

NIR), and rapid charge transport.[64]  

1.5 Continuous flow and reactor design 

Flow chemistry, or continuous-flow synthesis, involves conducting 

chemical reactions in a continuously moving stream rather than in discrete 

batch vessels. By transporting reactants through tubular reactors or 

microchannels, flow systems achieve superior heat and mass transfer, 

precise residence time control, and facile scale-up, key factors for both 

laboratory discovery and industrial manufacturing. In recent years, 

innovations in reactor design, inline analytics, and integration with 

electrochemical and photochemical modules have expanded the scope of 

flow chemistry across diverse transformations.[8] 

Core advantages of flow reactors include enhanced safety (due to reduced 

reaction volumes and efficient heat dissipation), improved mixing (through 

laminar or turbulent flow regimes in microstructured channels), and facile 

parameter screening.[65] For exothermic reactions, such as nitrations or 

lithiations, flow systems dissipate heat rapidly, preventing hotspots and 

runaway scenarios.[66] Moreover, multistep syntheses can be telescoped by 

coupling sequential flow modules, each optimized for a specific 

transformation, thereby minimizing intermediate handling and 

purification steps, reducing solvent use, and increasing overall process 

intensification.[65]  

Reactor architectures in flow chemistry vary widely. Microreactors with 

channel dimensions in the order of tens to hundreds of micrometers 

provide high surface-area-to-volume ratios, enabling rapid heat and mass 

transfer, while mesofluidic or tubular reactors (diameters of several 

millimeters) accommodate higher throughput and easier maintenance, 
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suitable for kilogram-scale production.[67] High-pressure flow systems 

employing superheated conditions (above the solvent’s boiling point) 

accelerate sluggish transformations, while maintaining excellent selectivity 

and facilitating rapid reaction screening.[68] 

Photochemical reactions in batch reactors are limited by the Lambert-Beer 

law: as light passes through an absorbing medium, its intensity decreases 

exponentially. This leads to poorly illuminated regions at the reactor’s core 

where the reaction stalls. As a result, batch processes often require longer 

reaction times and higher catalyst loadings, generate more byproducts, and 

present challenges for scale-up.[69] Traditionally, scaling up batch 

photochemistry involved building larger reactors, but due to the same light 

penetration limits, simply increasing reactor volume often reduces 

efficiency. This typically demands extensive redesign of both equipment 

and reaction conditions. 

Flow chemistry, however, is highly compatible with photochemical systems 

and has led to the development of hybrid platforms. Photochemical flow 

reactors, typically constructed from transparent FEP tubing wound around 

LED arrays, ensure uniform irradiation and efficient light absorption, 

effectively overcoming the photon penetration issues inherent to batch 

processes.[65] In continuous microflow systems, fresh reactants are 

introduced continuously, allowing scale-up from laboratory to production 

with minimal adjustments.[70] Productivity can be increased simply by 

raising the flow rate, selecting wider tubing, or operating multiple reactors 

in parallel, a strategy known as “numbering up.” As a result, flow chemistry 

has become the method of choice in both academic and industrial settings 

for scaling photoinduced reactions.[71]  

A characteristic example of a photochemical scaled-up process involves the 

metallaphotoredox C–N coupling of aryl bromides with amines. More 

specifically, the process research team at Merck & Co. constructed a plug  
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Figure 1.6: A. Metallaphotoredox C–N coupling, B. Photochemical oxygenation of α-terpinene 

flow reactor that was irradiated by 30 100-W LED chips, and could deliver 

43.4 kg of the cross-coupled product per day, under continuous production 

(Figure 1.6A).[72] In a similar manner, a rotor-stator spinning disc reactor 

(RS-SDR) was used by van der Schraaf et al. to enable a kilogram scale gas-

liquid photooxidation at high flow rates. By employing high power white 

LEDs (1750 W), photooxidation of α-terpinene to ascaridole was achieved 

at a productivity rate of 16.3 kg per day.[73] These two examples highlight 

the close connection between photochemical scale-up and flow chemistry. 

On the other hand, electrochemical reactions, being heterogeneous 

processes, require a net mass transfer from the bulk to the electrode 

surface. The large inter-electrode distance (IDE) and the poor mixing of 

batch electrolysis reactors reduces the faradaic efficiency (FE),[74] making 

scale-up challenging and often limiting the yields. Therefore, switching to 

flow electrolysis reactors enables to drastically increase the electrode 

surface to volume ratio resulting in an improved efficiency.[37] Additionally, 

the small interelectrode gaps in microreactors reduces the Ohmic drop, 

enabling to reduce the amount of the usually costly supporting 

electrolyte.[75] These advantages make flow electrosynthesis reactors the  
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Figure 1.7: A. Mol-scale electrochemical hydroxylation, B. 100 g-scale electrochemical Birch 
reduction, C. Kilogram-scale electrochemical sulfide oxidation 

ideal candidates for optimizing electrosynthetic transformations and 

potentially transferring them on an industrial scale. Additionally, 

continuously improving reactor designs overcomes the traditional 

limitations of flow reactors by being able to handle slurries or using gases 

as reagents, to broaden the scope of reactions achievable in flow.[76] 

Scaling up electrochemical flow reactors involves strategies such as 

numbering up and sizing up, each with its own advantages and 

drawbacks.[77] Internal and external numbering up strategies provide 

avenues for parallelization, but careful attention must be paid to ensure 

uniform flow distribution, especially in multiphase reactions. Extending 

reactor length maintains a constant surface-to-volume ratio but raises 
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concerns about pressure drops, while enlarging reactor diameters (and 

thus the inter-electrode distance) can introduce ohmic drop issues and can 

impact flow dynamics and heat transfer.[78] Nonetheless, innovations in 

novel reactor designs, leveraging process intensification principles, 

present promising solutions for overcoming scalability limitations and 

boosting productivity in both custom-made and commercial reactor setups 

(Figure 1.7A).  

For instance, to enhance the scalability of electrochemical transformations 

in continuous flow, the Xu group adopted the numbering-up strategy by 

employing 20 parallel-plate undivided flow reactors arranged in series, 

achieving the desired aromatic hydroxylation on a 250 g scale within a 

single-pass regime (Figure 1.7A).[79] Baran et al. implemented a stacked, 

undivided reactor configuration and by recirculating the reacting solution 

from a reservoir, and employing high flow rates, they demonstrated the 

feasibility of achieving a 100 g scale electrochemical Birch reduction 

(Figure 1.7B).[80] In a similar approach, the Process Research & 

Development group at Merck & Co., Inc. showcased that by upscaling the 

flow reactor using a 1600 cm2 anode, enabled the production of 1.11 kg of 

the desired oxidized product in less than 18 hours in a recirculation mode 

(Figure 1.7C).[81] These three examples demonstrate the inherent link 

between electrochemical scale-up and flow chemistry. 

In the field of photoelectrochemistry, the electrochemical and the 

photocatalytic methods are merged, facilitating the creation of super-

oxidants and super-reductants and enabling catalyst regeneration. 

However, integrating electrochemistry with photocatalysis presents 

substantial challenges in reactor design, necessitating the simultaneous 

arrangement of electrodes and effective illumination of the reaction 

medium. Achieving a synergy between electron and photon delivery is 

essential for effective electrophotocatalytic processes. Common hurdles in 

photochemistry, such as light attenuation, and in electrochemistry, like 
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ohmic drop, can be addressed using miniaturized systems. Microreactor 

technology has proven effective in maximizing photon delivery close to the 

electrode surfaces.  

To date, flow photoelectrochemical studies have primarily focused on 

reactions like CO₂ reduction[82] or water splitting.[83] In these systems, a 

photocatalyst, commonly TiO₂[84]  or BiVO4
[85], is deposited onto fluorine-

doped tin oxide (FTO) glass. FTO combines electrical conductivity, chemical 

inertness, and optical transparency, making it a cost-effective alternative to 

indium tin oxide (ITO) electrodes in organic solar-cell research.[86] The 

reaction mixture is then flowed over the illuminated photoelectrode via a 

suitable pumping system. Although these flow photoelectrochemical cells 

hold promise for synthetic organic applications, their reliance on 

nontransparent, heterogeneous photocatalysts limits their versatility, 

particularly for homogeneous photocatalysis. 

1.6 Research aim and outline of the thesis 

The aim of the research that is described in this thesis is the design and 

development of novel flow reactors that can couple both light and 

electricity. Under these photoelectrochemical conditions, flow chemistry 

can i) access reactive intermediates, like carbon radicals or carbocations, 

that have limited lifetime, ii) develop unprecedented reactivities and iii) 

perform reliable and safe scale ups. Special emphasis is given on the 

development of this new technology as proof of concept, aiming towards 

academic and industrial applications.  A schematic overview of the research 

chapters 2 to 5 is depicted in Figure 1.8. 

In Chapter 2, a novel flow reactor for electrophotocatalysis (EPC) is 

designed, constructed and used for a synthetic application. This reactor 

simultaneously employs photons and electrons via a transparent electrode 

and low-cost materials. This setup facilitates purely electrochemical and 
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photochemical transformations, while efficiently enabling a novel 

electrophotocatalytic heteroarylation of C(sp³)–H bonds. For the latter, 

iron (III) chloride is employed as a cheap and abundant photocatalyst that 

can perform hydrogen atom transfer on C(sp³)–H bonds. On a second, 

electrochemical step, a carbocation is generated and trapped immediately 

by a nitrogen-based nucleophile. Moreover, the method is evaluated with 

the synthesis of a library of heterocoupled products, a 5 mmol scale up in 

flow and various mechanistic investigations. In summary, this reactor 

offers a versatile platform for advancing electrophotocatalysis in flow, 

addressing challenges associated with transient species in complex 

synthetic transformations. 

Building on these findings, Chapter 3 describes a protocol to further apply 

our method into the activation of aldehydic C(sp2)–H bonds. More 

precisely, we developed an EPC method for the direct amidation of 

aldehydes, using electricity as the oxidant and light to generate chlorine 

radicals for hydrogen atom transfer. This sustainable approach is 

compatible with various aldehydes and nitrogen-based nucleophiles, 

efficient in batch, and scalable in flow. The mild conditions, broad 

functional group tolerance, and versatility make this protocol ideal for C–N 

bond formation, allowing functionalization of diverse molecules and 

supporting late-stage modifications in drug development.  

Chapter 4 details a different approach in combining light and electricity. A 

novel divided flow photoelectrochemical reactor is designed and 

constructed. This reactor is fitted with a dye-sensitized photoanode, a 

membrane separator and a dark cathode, enabling its use as a flow dye-

sensitized photoelectrochemical cell (f-DSPEC). More specifically, the 

TEMPO-mediated oxidation of benzyl alcohol is chosen as a bias-free proof 

of-concept reaction, and the efficiency of the cell is compared to batch 

systems Finally, we turned our attention to expanding the applicability and 

robustness of the f-DSPEC. 
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Figure 1.8: Schematic overview of the research chapters of this thesis 

Chapter 5 describes the modifications on the reactor described in Chapter 

4 in order to fit other types of photoactive electrodes, such as silicon-based 

photovoltaics or other FTO-ITO substrates. The reactor is then used as a 



Introduction 

 

 

25 

photoelectrochemical water splitting device with various photoanodes 

aiming for maximum efficiency. 
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