
        

Citation for published version:
Marken, F & Wadhawan, JD 2019, 'Multiphase Methods in Organic Electrosynthesis', Accounts of Chemical
Research, vol. 52, no. 12, pp. 3325-3338. https://doi.org/10.1021/acs.accounts.9b00480

DOI:
10.1021/acs.accounts.9b00480

Publication date:
2019

Document Version
Peer reviewed version

Link to publication

This document is the Accepted Manuscript version of a Published Work that appeared in final form in Accounts
of Chemical Research, copyright © American Chemical Society after peer review and technical editing by the
publisher. To access the final edited and published work see https://doi.org/10.1021/acs.accounts.9b00480

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1021/acs.accounts.9b00480
https://doi.org/10.1021/acs.accounts.9b00480
https://researchportal.bath.ac.uk/en/publications/30bf9d69-4779-48c8-b09d-bf4d95d4b816


1 
 

FINAL 

 

 

Acc. Chem. Res. 

Special issue “Electrifying Synthesis” 

 

Multiphase Methods in Organic Electrosynthesis 

 

Frank Marken 1*, Jay D. Wadhawan 2 

 

1 Department of Chemistry, University of Bath, Claverton Down, Bath, BA2 7AY, UK 

Email: f.marken@bath.ac.uk 

 

2 University of Hull, School of Engineering, Cottingham Rd, Kingston Upon Hull HU6 7RX, 

North Humberside, UK 

 

 

Conspectus 

With water providing a highly favoured solution environment for industrial processes (and in 

biological processes), it is interesting to develop water-based electrolysis processes for the 

synthesis and conversion of organic and biomass-based molecules. Molecules with low 

solubility in aqueous media can be dispersed/solubilised (i) by physical dispersion tools (by 

milling, by power ultrasound, or by high shear ultra-turrax processing), (ii) in some cases by 

pressurising/super-saturation (e.g. for gases), (iii) by adding co-solvents or “carriers” such as 

chremophor EL, or (iv) by adding surfactants to generate micelles, microemulsions, and/or 

stabilised biphasic conditions. This review examines and compares methodologies to bring the 

dispersed or multi-phase system into contact with an electrode. Both the microscopic process 

based on the individual particle impact as well as the overall electro-organic transformation are 

of interest. Distinct mechanistic cases for multi-phase redox processes are considered. 

 

Most traditional electroorganic transformations are performed in homogeneous solution with 

reagents, products, electrolyte, and possibly mediators or redox catalysts all in the same 

(usually organic) solution phase. This may lead to challenges in the product separation step and 

in the re-use of solvents and electrolytes. When exploiting aqueous electrolyte media, reagents 

and products (or even electrolyte) may be present as microdroplets or nanoparticles. Redox 

transformations then occur during interfacial “collisions” under multiphase conditions or 
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within a reaction layer when a redox mediator is present. Benefits from this approach can be 

(i) the use of highly conducting aqueous electrolyte, (ii) simple separation of products and re-

use of electrolyte, (iii) phase transfer conditions in redox catalysis, (iv) new reaction pathways, 

and (v) improved sustainability. In some cases, a surface phase or phase boundary processes 

can lead to interesting changes in reaction pathways. Controlling the reaction zone within the 

multi-phase redox system poses a challenge and methods based on micro-channel flow reactors 

have been developed to provide a higher degree of control. However, detrimental effects in 

micro-channel systems are also observed, in particular when considering limited current 

densities (which can be very low in microchannel multiphase flow) or when developing 

technical solutions for scale-up of multi-phase redox transformations. 

 

This review describes physical approaches (and reactor designs) to bring multi-phase redox 

systems into effective contact with the electrode surface, as well as cases of important electro-

organic multi-phase transformations. Mechanistic cases considered are “impacts” by 

microdroplets or particles at the electrode, effects from dissolved intermediates or redox 

mediators, as well as effects from dissolved redox catalysts. These mechanistic cases are 

discussed for important multiphase transformations for gaseous, liquid, and solid dispersed 

phases. Processes based on mesoporous membranes and based on hydrogen-permeable 

palladium membranes are discussed.  
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1. Introduction to Multiphase Electrosynthesis 

Electrosynthesis currently undergoes a phase of rejuvenation due to developments linked to 

availability of sustainable electricity,1,2,3,4 the trend towards robotic synthesis,5 and based on 

renewed interests in elegant transformations performed effectively in simple electrolysis 

systems and without added reagents,6 conversion of biomass to commodity chemicals,7 or 

providing new pathways in cross-coupling.8 New approaches to reactor engineering and 

process design are desirable.9 Multiphase methods in organic electrosynthesis are currently not 

very common, but multiphase phenomena in electrosynthesis can help introducing a reservoir 

of reagent, providing a sink of product, or controlling the reaction environment. This review 

summarises some approaches (e.g. types of electrodes, membranes, microfluidics, activation) 

to multiphase electrosynthesis. 

 

Important examples for multiphase electrosyntheses are carbon dioxide reduction to valuable 

products,10 emulsion electrochemical reactions under surfactant controlled phase-transfer 

catalysis conditions,11 but also surfactant-free emulsion ultrasound-enhanced carbon-carbon 

coupling chemistry.12 Interfaces introduced in the multiphase system can be liquid | gas, liquid 

| liquid, or liquid | solid nature and these interfaces provide environments for reactions to occur. 

When considering multiphase electrochemical processes, it is possible to broadly distinguish 

five mechanistic cases (see Figure 1): (I) with a homogeneous bulk phase a surface phase forms 

and this may strongly affect the reaction mechanism, (II) the dispersed phase directly “impacts” 

onto the electrode surface to undergo reaction; (III) an indirect process occurs with partially 

dissolved reagent diffusing from dispersed phase to electrode; (IV) a redox mediated process 

occurs with a mediator shuttling electrons between the electrode and the dispersed phase; and 

(V) a redox catalysed process with a redox active molecule transferring charge and reacting 

(Figure 1). 

 

 

Figure 1. Schematic drawing for (I) surface phase formation, (II) a dispersed reagent R directly interacting with 

the electrode surface to give product P, (III) the reagent indirectly interacting with the electrode via dissolved R, 

(IV) the dispersed reagent reacting with an electron shuttle mediator M, and (V) the dispersed reagent reacting 

with a redox catalyst which is actively involved in the reaction. 
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Although based on a homogeneous bulk phase, case (I) is of significant interest. Recent work 

by Baran and co-workers beautifully demonstrates the innovation potential for multiphase 

conditions in electrosynthetic transformations even for well-studied reactions.13 Surface-

modified electrodes are shown to allow traditional and novel Birch-type reactions to be 

performed. A very thin film of additives (see TPPA and DMU in Figure 2) at the working 

electrode surface (here steel or zinc) is employed to expand the scope of this reaction into non-

classical solution environments such as THF (Figure 2). In this case, the presence of the film 

offers a modified reaction environment. 

 

 

Figure 2. Scope of and examples for the electrochemical (based on steel wire cathode and sacrificial Mg anode 

or based on Zn cathode with sacrificial Al anode) Birch reaction, encompassing arenes and heterocycles, and 

comparison to other modern Birch alternatives (A lithium metal reaction or sodium dispersion conditions). 

Reproduced with permission from ref. 13. Copyright 2019 AAAS. 

 

The electrochemical Birch reaction allows reagents such as lithium metal or sodium metal 

dispersions to be replaced with simple steel or zinc electrodes (see Figure 2) with a solvent 

such as THF and additives (TPPA and DMU) to provide an interfacial layer at the working 

electrode where the regio-selective reduction/hydrogenation can proceed. The Birch process 

can be carried out in the presence of alcohol reagents or even in alcohol as co-solvent as long 

as sufficiently fast mass transport is applied.14 The original report for the Birch reduction15 in 

1946 was based on liquid ammonia solvents. The versatility and practicality of this newly 

developed “surface-phase” Birch reduction (see Figure 2) in THF offers new opportunities. 

Other types of organic electrosynthesis reactions can also benefit from “surface-phase” or 

surface layer reaction conditions. For example, the recently by Waldvogel and coworkers 

developed phenol cross-coupling at boron-doped diamond anodes immersed in 

fluoroalcohol−alcohol solvent mixtures (see Figure 3).16 
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Figure 3. Reaction scheme for the electroorganic cross-coupling of phenol A in the presence of B surface enriched 

in a 1,1,1,3,3,3-hexafluoro-propan-2-ol/methanol solvent mixture at a boron-doped diamond electrode. 

Reproduced with permission from ref. 16. Copyright 2019 American Chemical Society. 

 

In addition to the surface phase approach with homogeneous bulk solution, also multi-phase 

systems with a dispersed phase can be beneficial in electro-organic transformations. A classic 

electrosynthetic reaction such as the Birch reduction can be carried out effectively in a stirred 

one-pot reactor and with all reagents dissolved homogeneously. However, there are many 

cases, in which reagents are not readily soluble. In particular when using aqueous electrolysis 

conditions (or “green” conditions17,18,19) or multiphase electrolysis including micro-emulsion 

conditions.20 Multiphase electrosynthesis can be both green and practical (see for example the 

Monsanto process for Nylon production21,22). In addition, making the interaction of the 

dispersed phase with the electrode surface effective, offers an intriguing physico-chemical 

challenge of electrode surface design. Similar to the case of the homogeneous Birch reduction 

example in Figure 1, the conditions at the interface of working electrode and dispersed reagent 

are crucial in achieving selectivity and a high rate of conversion.  

 

Direct Processes. The dispersed phase can interact “directly” with the electrode surface as 

suggested in case II in Figure 1. Oil microdroplets and in particular solid particles and 

nanoparticles are readily dispersed into aqueous media and propelled by Brownian motion or 

agitation. Organic nanoparticles attract attention based on reactivity different from that of 

solutions or bulk solids.23 Recent studies have shown that single entity or nanoparticle 

“impacts” are possible at microelectrodes to reveal individual events24,25,26,27,28 for inorganic 

nanoparticles, but also for organic particles based on indigo,29 DPPH,30 and for oil blue dye31 

(Figure 4). Redox active colloids for energy storage with “impact charging” have been 

proposed based on organic redox systems.32 Information from impact voltammograms are 

considerable with each “spike” revealing time-dependent details about size, charge, interaction 

with the electrode, type of electron transfer, and chemical transformation pathways. Due to the 

stochastic nature of these single-entity or impact voltammograms, each can be analysed 

individually and data analysis has to be based on statistical tools linked to computational 

models. 
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Figure 4. (A) Schematic description of nanoparticle “impacts” leading to reductive of oxidative current spikes. 

Reproduced with permission from ref. 25 (Copyright 2014 Elsevier). (B) Impact chronoamperometry data for 

indigo nanoparticle reduction upon impact. Reproduced with permission from ref. 29 (Copyright 2014 Wiley). 

 

Single entity voltammetry has also been demonstrated for aqueous solutions of vesicles 

containing drugs33 or redox probes.34 Vesicular transport is an important natural process and 

linked to in vivo neurotransmitter detection.35,36 Individual vesicles or liposomes can be studied 

and counted.37,38,39  

 

Although impacts in electrochemistry clearly work, the lower diffusion coefficient for these 

particles often severely limits the overall efficiency of direct electrochemical conversion of 

solids dispersed in solution even with vigorous agitation. For solid-to-solid redox 

transformations there are further problems with propagation of the reaction into the solid 

material. Ultrasound can be employed to enhance transport for solid particles40 and for 

dispersed droplets.41 The high shear conditions under ultra-turrax agitator conditions have been 

exploited to generate a surfactant-free dispersion and to enhance the interaction with the 

electrode surface.42 In Figure 5 the experimental design and a typical voltammogram for oil 

droplets containing n-butylferrocene are shown. 
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Figure 5. Electrolysis cell for ultra-turrax emulsification (A) before and (B) during operation. (C) Schematic 

drawing of components (i) ultra-turrax insert, (ii) working electrode, (iii) counter electrode, and (iv) reference 

electrode. (D) Schematic drawing of the reaction conditions with organic microdroplets (containing yellow n-

butylferrocene) interacting with the surface and reacting via dissolution and electron transfer in the aqueous phase 

or (E) at the triple-phase boundary organic | aqueous | electrode. (F) Typical voltammogram for the oxidation of 

n-butylferrocene in acetonitrile (i) without and (ii) with ultra-turrax agitation. The presence of KPF6 defines the 

oxidation potential due to transfer of PF6
- from the aqueous into the organic phase during oxidation. Reproduced 

with permission from ref. 42. Copyright 2010 Elsevier.   

 

For processes which are dominated by the triple phase boundary reaction (see Figure 5E), the 

rate remains low even with ultra-turrax agitation. However, interfacial effects for example 

introduced by metal cations can substantially increase the flow of current in direct biphasic 

reactions. Amatore and coworders reported the direct electroreduction of benyzlhalides to give 

bibenzyl.43 The cathode material was optimised to lower hydrogen evolution and a sacrificial 

anode based on aluminium was employed. Perhaps surprisingly, the resulting aluminium 

cations from the anode were shown to enhance the cathodic reaction. The mechanism was 

proposed to be based on radical intermediates that are formed close to the solid | liquid | liquid 

interface.  

 

Ultrasound as a dispersion and agitation tool can be employed in multiphase electrosynthesis. 

Ultrasound as a methodology in emulsion electrosynthesis44 has been employed effectively by 

Atobe and coworkers in the oxidation of emulsion droplets of water-insoluble amines to 

nitriles45 and in the electro-polymerisation of emulsion monomers (e.g. employing 3,4-

ethylenedioxythiophene or EDOT to form PEDOT) to give high quality deposits.46 Figure 6 

shows the sono-emulsification for EDOT employing a sequence of frequencies to create ever 

smaller emulsion droplets for electro-polymerization. 
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Figure 6. Photographs of the tandem acoustic emulsification treatment of EDOT monomer in aqueous 1 M 

LiClO4. (a) EDOT/aqueous solution mixture. Emulsification after (b) 20 kHz, 5 min, (c) 20 kHz, 5 min followed 

by 1.6 MHz, 5 min, and (d) 20 kHz, 5 min followed by 1.6 MHz, 5 min and 2.4 MHz, 5 min. (e) Photograph of 

the Tyndall scattering effect for a green laser in the emulsified solution prepared by three-step sonication. 

Reproduced with permission from ref. 46. Copyright 2013 Elsevier. 

 

The use of ultrasound in Kolbe electrolysis47 is illustrated in Figure 7. A one-compartment cell 

is employed with steel cooling coil, ultrasonic horn emitter, an embedded working electrode 

opposite to the ultrasonic horn, and counter/reference electrodes placed side-wise. The 

dispersed organic phase (hexanoic, heptanoic, or lauric acid) forms a biphasic system in 

aqueous 1 M NaOH with power ultrasound directed at the working electrode. Electrolysis 

products were alkanes (3) and esters (4) with EPR evidence pointing towards unexpected 

dimeric peroxo reaction intermediates.  

 

 

 

Figure 7. Schematic drawing of the experimental set-up for the biphasic sono-Kolbe electrolysis. The reaction 

scheme shows the mechanistic pathway with the dimer (3) the main Kolbe product. The schematic drawing shows 

conditions at the electrode surface during electrolysis and a plot of decane yield versus time. Reproduced with 

permission from ref. 47. Copyright 2001 Elsevier. 

 

 

Often direct multiphase reactions (see Figure 1 case II) remain low yielding and therefore, 

redox mediators are sometimes desirable to more effectively shuttle electrical charge from the 
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electrode surface to the dispersed reagent. One particular case here is indirect multiphase 

reaction or “self-mediation” based on partially soluble reagents (Figure 1, case III). 

 

Indirect Processes. Many organic molecules (depending on polar functional groups) can 

partition into the aqueous phase. In the case of microemulsion reactions, this solution phase 

partitioning offers a pathway for electrolysis (see Figure 1 case III). After redox conversion 

products from electrolysis may either be more aqueous soluble to stay in solution or less 

aqueous soluble to partition back into the dispersed oil phase. This mechanism is very 

common48,49 and associated with many biphasic processes and sono-electrosynthesis reactions 

including olefin reduction, heterocycle hydrogenation, and Kolbe electrolysis. 

 

An example for indirect electrolysis of methoxybenzene derivatives under biphasic conditions 

is the anodic aromatic cyanation process with NBu4CN as phase transfer reagent carried out in 

a single compartment cell.50 When compared to the homogeneously performed reaction (only 

product A forms, see Figure 8), new products (products B and C) are observed and the 

mechanism for this is discussed. 

 

 

Figure 8. Reaction pathways for ortho- and meta-dimethoxybenzene at the anode and in the presence of cyanide 

anions. Reproduced with permission from ref. 50. Copyright 1984 Elsevier. 

 

In some cases the product from the redox conversion (e.g. formation of leuco-indigo from 

indigo) can be more aqueous-soluble and trigger a “self-mediation”.51 This can be exploited 

for a much cleaner process with less reagents/impurities52 as long as an initial low level of 

leuco-indigo is present. The methodology has been employed for a wider range of insoluble 

vat dyes.53 A further example for self-mediated electrosynthesis is the reduction of grey 

selenium powder to give Se2
2- or Se2- in solution,54 which then reacts further with alkylhalides 

to give dialkyldiselenides or dialkylselenides. Similar reactivity exists for sulphur and 

tellurium.55 

 

Redox Mediation. A vast range of organic electrosynthetic transformations are based on redox 

mediators (Figure 1, case IV).56 Many of these mediators could be applicable in dispersions 

and emulsions, but much less work has been done on these multiphase systems. Redox 

mediators in nature are common, for example in photosynthesis where ubiquinols and 

plastoquinols shuttle charges in the thylakoid membrane.57,58  
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For electrosynthetic processes, alizarin red S is a good mediator (two-electron, two-proton) for 

the reduction of aqueous indigo particle suspensions59 but also for other solid anthraquinone 

derivatives.60 The selective six-electron reduction of nitroarenes to aromatic amines has been 

demonstrated with aqueous-soluble titanocene derivatives.61 This process is performed in 

separate in-cell electrolysis and ex-cell biphasic redox conversion (Figure 9). 

 

 

Figure 9. Reaction pathway for titanocene(IV) cations in water being reduced to titanocene(III) followed by 

biphasic reduction of nitroaromatic compounds to aminoaromatic products. Reproduced with permission from 

ref. 61. Copyright 1997 Elsevier. 

 

Redox Catalysis. In addition to mediating or electron-shuttling, redox active mediator 

molecules may undergo reactions or provide catalytic reactivity (Figure 1, case V). The benefits 

of employing an aqueous electrolysis phase with dispersed reagents has been recognised in 

particular for “green” processes. In a review by Tanaka and Kuroboshi and Mitsudo62 

opportunities from this approach are clearly explained. An example of electrochemically driven 

Diels-Alder reactions carried out in aqueous emulsion systems with electrogenerated 

“unstable” ortho-quinones63 is illustrated in Figure 10. 

 

 

Figure 10. (A) Schematic drawing for oxidation of ortho-quinols to reactive ortho-quinones for Diels Alder 

addition in micellar media. (B) Typical reaction sequence.  

 

A further example for redox catalysis is the Ni(II)-2,2’-bipyridine catalysed emulsion 

electrolysis to give homo-coupling of arylhalides.64 Surfactants were employed and different 

types of reactors were investigated to convert arylbromides to biaryls. Emulsion synthesis of 

benzaldehyde from benzylalcohol65 was demonstrated based on the hypochlorite driven 
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Montanari reaction,66,67 which could also be performed by electrochemical methods (see Figure 

11) with an aqueous bromide/hypobromide redox mediator. Tang and coworkers also 

attempted the immobilization of the TEMPO/TEMPO+ catalyst directly within the magnetic 

nano-particulate Pickering surfactant to maximise the re-use of the redox catalyst. 

 

 

Figure 11. Redox mediator chain with TEMPO as active redox catalyst. Schematic drawing of the benzylalcohol 

to benzaldehyde transformation under emulsion conditions.  

 

A microemulsion electro-organic transformation based on redox catalysis68 and for a natural 

redox catalyst vitamin B12
69 is shown in Figure 12. Rusling and coworkers employed 

didodecyl-dimethyl-ammonium bromide surfactant and dimethyl-formamide-water micro-

emulsion conditions. The process was optimized to give close to 100% yield in dibenzyl 

without toluene side products. Vitamin B12 redox catalysis was also employed in sono-

emulsion electrolysis.22 In order to explore further examples of multiphase electrosyntheses, a 

range of different cases of multiphase systems will be considered separately based on gas, 

liquid, and solid dispersions. 

 

 

Figure 12. Molecular structure of vitamin B12 and schematic description of the consecutive 2-electron reduction 

leading to biphenyl. Reproduced with permission from ref. 69. Copyright 1996 American Chemical Society. 
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2. Solid | Liquid | Gas Systems 

A classic case of gas-based electrosynthetic process is the reduction of carbon dioxide. The 

aqueous solubility of carbon dioxide is relatively low and therefore process intensification is 

linked to bringing more CO2 to the electrode/catalyst surface in contact to the electrolyte. The 

more efficient electrocatalytic reduction of CO2 to CO on nano-structured gold-nano-

polyethylene interfaces has been reported by Cui and coworkers.70 In a similar study focusing 

on reactor design and gas diffusion electrodes for CO2 reduction Wessling and coworkers have 

compared reactivity in different reactor types71 with silver gas diffusion electrodes giving 

carbon monoxide and copper gas diffusion electrodes giving ethylene as gaseous products 

(Figure 13A). 

 

 

Figure 13. (A) A membrane gas diffusion reactor design with gaseous CO2 feed. Reproduced with permission 

from ref. 71 (Copyright 2019 Elsevier). (B) Schematic description of electrocarboxylation in aqueous CTAB 

bicontinuous microemulsion. Reproduced with permission from ref. 72. Copyright 2009 Elsevier. 

 

In contrast to the direct electroreduction of gaseous carbon dioxide, it is possible to employ 

emulsion-electrosynthesis to capture and chemically bind CO2 into carboxylates. Noel and 

coworkers72 developed a process for electrocarboxylation in emulsion during reduction of 

arylhalides and benzylhalides (see Figure 13B).  

 

Instead of exploiting the properties of gas diffusion electrodes, it is possible to exploit gas 

permeability for specific types of membrane materials. In particular palladium and palladium 

alloys are known to allow hydrogen diffusion (with room temperature diffusivities73 of approx. 

10-11 m2s-1) and therefore hydrogen generating electrosynthetic reactions can be coupled to 

hydrogen consuming processes through a thin film of palladium metal. The transit time for 

hydrogen through a 10 m thickness palladium film is approximately  = 2/D = 10 s and 

therefore practical in electrosynthesis. Berlinguette and coworkers have demonstrated this by 

coupling alcohol oxidation to alkyne reduction74,75 (Figure 14).  This type of membrane reactor 

does allow hydrogenation/reduction in non-conducting (no electrolyte) or even gaseous 

conditions in the “chemical compartment” and is therefore a mechanistic case comparable to 

that of multiphase electrosynthesis. However, in this case the different phases are separated by 

the palladium membrane and do not actually mix. 
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Figure 14. Illustration of multiphase palladium membrane reactor. (1) Current is applied to the palladium 

electrode; (2) Mediated oxidation of an alcohol to an aldehyde; (3) Released protons cross a Nafion proton 

exchange membrane; (4) Protons are reduced resulting in hydrogen adsorption into the palladium foil; (5) 

Diffusion through the palladium; (6) Hydrogenation at the high surface area palladium modified surface (see 

SEM). Reproduced with permission from ref. 74. Copyright 2017 Nature. 

 

The use of palladium membranes in related reactors and in catalytic hydrogenation is well 

known. Shirai et al. reported hydrogenation of furan.76 Gryaznov reported on surface catalytic 

properties for palladium alloys77 and production of ultra-pure chemicals based on hydrogen 

permeation through palladium.78 Also the reduction of carbon dioxide at a hydrogen permeable 

palladium-ruthenium alloy coated with nickel has been observed.79 Innovative applications of 

palladium membranes have been reviewed.80 

 

Related types of membrane electrosynthesis have been reported also on ionomer membranes 

with metallic electrodes on the surface. Electrolysis in non-conducting fluids is possible with 

solid polymeric electrolytes.81 Electrolysis in electrolyte salt-free solutions has been reported.82 

The dechlorination of 4-chlorotoluene in a two-compartment electrolysis cell separated by a 

palladised ion exchange membrane has been realised.83,84 A short review has appeared on the 

potential and applications of ionomer membranes in organic electrosynthesis.85 Ogumi and 

coworkers also contributed to the development of solid polymer electrolysis for organic 

synthesis86 and hydrogenation at solid polymer membranes driven by electrochemistry87 has 

been reported. 

 

3. Solid | Liquid | Liquid Systems 

The application of electrode | liquid | liquid electrosynthesis has considerable practical 

significance.88 The case of organic water-immiscible droplets dispersed in aqueous electrolyte 

media is the most common type of multiphase electrosynthesis application. There are examples 
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of direct, indirect, redox mediated, and redox catalysed processes. Voltammetric studies on 

immobilised microdroplets89 provide an insight into reactivity and mechanism for processes 

associated with microdroplets immobilised on electrode surfaces.  

 

Microfluidic systems offer powerful tools for organic electrosynthesis90,91,92 and liquid | liquid 

double-flow system for biphasic conditions have been developed. Both microdroplet flow93 

and continuous channel flow94,95,96 are possible. Channel flow was introduced to achieve a 

better-defined dynamic solid | liquid | liquid interface.97 Figure 15 shows the double channel 

design and data for the oxidation of n-butylferrocene in N-octyl-pyrrolidone flowing next to 

aqueous 0.1 M NaClO4 electrolyte. The oxidation of the n-butylferrocene occurs at the triple 

phase boundary and electron transfer from gold electrode to organic phase is associated with a 

simultaneous transfer of a perchlorate anion from the aqueous into the organic phase. This 

allows charge neutrality to be maintained, but this also leads to a particular reactivity pattern 

with a wedge-shaped product diffusion zone (Zone 1) moving into the flow direction. 

 

 

Figure 15. Biphasic voltammetry for the oxidation of n-butylferrocene in the flowing organic phase in contact to 

a flowing aqueous electrolyte phase. (A) Voltammograms obtained under flow conditions with plots for limiting 

current versus electrode length (B) and limiting current versus n-butylferrocene concentration (C). (D) Photograph 

of the biphasic flow system with gold working electrodes within the channel. (E) Schematic drawing of the two-

phase flow with electron transfer and ion transfer in the triple phase boundary region. (F) Schematic drawing of 

the inter-diffusion region (zone 1) causing a current increase at lower flow rates. Reproduced with permission 

from ref. 97. Copyright 2007 Elsevier. 
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A more practical or scaled-up implementation of biphasic flow electrolysis can be based on 

metal foam electrodes. Two-phase electrolysis can be achieved by using a metallic foam to 

flow both phases through. The oxidation of benzylalcohol has been studied98 with the aim to 

enhance the yield of benzaldehyde. The addition of organic solvent to the biphasic reaction 

mixture was shown to improve performance. Another interesting type of porous electrode 

structure for biphasic electrolysis is “bucky-paper” based on carbon nanotubes.99,100 Figure 16 

shows typical scanning electron microscopy images of the commercial approximately 150 m 

thick porous membrane. The carbon nanotubes are typically 30-50 nm in diameter and 

hydrophilised by treatment in mineral acid. This type of membrane, when placed into a biphasic 

organic-aqueous mixture, acts like a surfactant and automatically moves into the liquid | liquid 

interface (see Figure 16D). Therefore, the interaction of aqueous and organic solutions from 

opposite sides of the membrane provide a stable and well-defined reaction environment. 

 

 

Figure 16. (A-C) Scanning electron micrographs of the “bucky-paper” electrode. (D) Photographic evidence for 

this nano-carbon electrode sinking to the ground in aqueous and in organic media (i), but being immobilized at 

the liquid – liquid interface under biphasic conditions (ii). (E) Elemental composition data from energy dispersive 

x-ray emission analysis. Reproduced with permission from ref. 99. Copyright 2011 Elsevier. 
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Electrosynthetic reactions with this type of carbon nanotube membrane were performed in a 

glass tube (filled with organic phase) in contact to aqueous electrolyte (Figure 17). Aldehyde 

reduction/reductive dimerization and imine reduction were studied with both starting material 

and product residing in the organic phase. Two types of products were identified in all cases 

due to hydrogenation and hydrodimerisation. The formation of these two products was assigned 

to the reaction zone close to the aqueous phase (a high proton availability causes 

hydrogenation) and further away from the aqueous phase (a lower proton availability favours 

hydrodimerisation). 

 

Figure 17. (A) Photograph and (B,C) schematic drawing of the micro-electrolysis cell with bucky-paper working 

electrode at the bottom. (D) Reaction scheme for biphasic electro-organic transformation of aldehydes and imines. 

The reactions were performed with a porous buckypaper electrode in the presence of different types of aqueous 

electrolyte. Reproduced with permission from ref. 100. Copyright 2012 Elsevier. 

 

Other types of porous membranes have been used for liquid | liquid electrolysis. The design in 

Figure 18 is based on a water-insoluble organic phase permeating through a porous metallic 

conductor to be electrolysed at the surface in contact to the surrounding aqueous phase. 

Pioneering work by Gosh et al.101,102,103 demonstrated that electrodes (here the anode) can be 

designed to allow transformation of water-insoluble reagents dissolved in non-polar solvents. 
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Figure 18. Schematic drawing of the electrolysis cell with highly porous cylindrical anode and conventional 

cathode. A water-insoluble reagent is dissolved in the organic phase which permeates through small pores to give 

microdroplets with a high triple phase boundary reaction zone. Reproduced with permission from ref. 104. 

Copyright 1982 Wiley. 

 

4. Solid | Liquid | Solid Systems 

In contrast to work on microemulsions and liquid dispersions, there is only very little work on 

electrosynthetic transformation with dispersed solids, although the potential for application has 

been realised for many years.105,106 In a recent review some of the developments and the 

fundamental background have been summarised.107 Solid-to-solid redox transformations for 

immobilised solids have been studied intensely for immobilised particles mainly on carbon 

electrode surfaces.108,109 This includes a range of organic and organometallic solids that 

demonstrate E-type110 (redox conversions) as well as EC-type111 (redox conversion followed 

by a chemical reaction step) solid-solid redox transformations.  

 

A good example for the solid state redox conversion is the reduction of indigo to leuco-indigo 

in the presence of aqueous electrolyte media.112 Figure 19 shows three types of processes that 

are relevant for the voltammetric study of solid indigo micropartilcles adhered to basal plane 

pyrolytic graphite electrodes. Processes 2 and 3 reflect two-electron, two-proton reduction and 

oxidation of the microparticles. This is believed to occur only at the surface of particles and 

Nernstian shifts of peaks with pH are observed. In contrast, process 1 reflects the reduction of 

indigo with uptake of Na+ and at a pH of approximately 13 or higher. This process is 

responsible for bulk conversion and for indigo to convert into a solution-soluble form. 

Therefore, both the cation intercalation reactivity and the successful conversion of these 

particles is strongly pH dependent. 
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Figure 19. (A) Mechanistic scheme for the reduction and oxidation of indigo. (B) Cyclic voltammograms obtained 

for microcrystalline indigo mechanically attached to a graphite electrode immersed in an aqueous solution of 

Britton– Robinson buffer at pH 5 to 11 and in NaOH at pH 13 (scan rate 0.1 Vs-1). (C) Plot of E1/2 (processes 2 

and 3) and Ep (process 1) versus pH. Reproduced with permission from ref. 112. Copyright 1997 Royal Society 

of Chemistry. 

 

The use of surfactants associated with metal redox catalysts has been demonstrated in the 

oxidation of a slurry of anthracene. Anthraquinone was obtained as the main product when 

using Mn(III/II) in conjunction with the phase transfer catalyst dodecyl-benzene-sulphonate113 

(Figure 20).  

 

Figure 20. Molecular structure of dodecyl-benzene-sulphonate and schematic drawing of the slurry oxidation of 

anthracene to anthraquinone.  

 

The formation of solid products is much more common compared to the solid-to-solid 

conversion. The formation of a solid precipitate of nanoparticles has been observed after 

electrolysis.114 Also, solid pyrans have been electrosynthesised in nanoparticlate form.115 Metal 

nanoparticles can be generated by solution redox mediator electrolysis116 and electrosynthesis 

of MOF particles has been reported.117 A review has covered aspects of the topic of solid state 

transformation in electrosynthesis.118   
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In addition to pure solid starting materials reagents on solid supports are attractive. Indirect 

electrosynthesis with reagents on solid beads has been demonstrated.119 Breinbauer and 

coworkers120 have developed several examples with transformation as shown in Figure 21. 

 

Figure 21. Schematic illustration of a solid state electrosynthetic transformation of furan immobilised onto beads. 

Reproduced with permission from ref. 120. Copyright 2004 Wiley. 

 

The use of solid supported bases and electrolytes for electrolysis in the absence of “free” 

electrolyte was developed by Fuchigami and coworkers.121 Solid supported electrolytes are 

attractive for cases where the electrolyte needs to be re-covered and re-used. With a solid-

supported electrolyte the product from the electrolysis can be separated from the electrolyte by 

simple filtration. 

 

The redox catalysed transformation of solid diphenylcarbinol to benzophenone122 in aqueous 

solution has been studied for diphenylcarbinol as solid phase immobilised at the surface of a 

graphite electrode. A redox catalyst, TEMPO (5 derivatives of TEMPO were investigated and 

compared) is dissolved in solution to transfer charge, but also to directly react with the solid. 

Figure 22 shows the reaction sequence in which hydrogen abstraction of the diphenylcarbinol 

is an important intermediate step. A similar process should be possible also for 

diphenylcarbinol dispersed in the aqueous phase without the need for immobilisation on the 

electrode surface. More work will be required to explore solid microparticle suspensions in 

multiphase electrosynthetic transformations. The reaction progresses only with sufficient 

mobility or solubility of intermediates to allow a new crystal phase to be nucleated and grow 

during consumption of the starting material. 
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Figure 22. TEMPO-assisted solid-to-solid conversion of diphenylcarbinol into benzophenone electrochemically 

driven. Scheme of the initial nucleation and growth, and the pore transport stages of the reaction. Reproduced 

with permission from ref. 122. Copyright 2015 Springer. 

 

5. Conclusion and Perspectives 

Multiphase electrosynthesis is multi-facetted and may be attractive as a way to perform 

synthetic transformation under green conditions in aqueous electrolyte media or without added 

supporting electrolyte. This includes transformation based on suspensions, emulsions, or 

reactions within gas diffusion electrodes. It may be implicated also in processes based on thin 

film-modified electrode surfaces where the film phase offers the environment for redox 

transformation and chemical reaction steps.  

 

When employing the right reaction conditions, multiphase electroorganic transformation are 

possible and of interest in terms of reaction control and aqueous based clean transformations. 

The complexity of the additional phase boundaries (or membrane) in these systems offers 

opportunities for improved catalysis, better/easier separation, and higher performance. Such 

systems provide much opportunity for the study of fundamental aspects of phase transfer redox 

processes, but also opportunities for reaction control, green reactor design, and innovation in 

scale-up. 
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