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Abstract 

The use of continuous flow conditions for synthetic electrochemical reactions exhibits many benefits over more 

traditional batch conditions. This has resulted in many research groups developing continuous electrochemical 

reactors and their application. The benefits of continuous flow include increased Faradaic efficiencies resulting in 

reduced energy consumption, higher selectivities, and lower electrolyte loadings which decreases waste streams and 

simplifies purification. These improvements are largely derived from the smaller interelectrode gaps employed in 

continuous systems compared to batch protocols. While this may be perceived as a small change in terms of practical 

reaction setup, it presents many challenges associated with reactor design and development. This perspective will 

highlight reactor layouts designed to address some of these challenges. 
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Introduction 

Electrochemistry is a convenient and sustainable 

enabling technology that provides a complementary 

approach to traditional chemical methods for the 

synthesis of functional molecules.[1-9] Electrochemistry 

is widely regarded as a ‘green’ technology as it allows 
direct redox manipulations using only electrons as 

reagents. The use of electrons is intrinsically ‘green’ as 
stoichiometric chemical redox agents which are often 

toxic and produce large amounts of by-products is 

avoided. Despite electrochemistry having been used for 

centuries,[10] its use for synthetic applications has only 

recently been adopted by a growing community of 

synthetic chemists.[3] There are several factors which 

have prompted this resurgence including the 

development of new and complementary synthetic 

methodology and the increasing push to perform 

synthetic chemistry more sustainably.[3] The use of 

electrons as reagents allows redox manipulations to be 

performed in the absence of harsh chemical oxidising 

and reducing agents. This generally provides greater 

selectivity derived from the fine control over the applied 

potential allowing late-stage manipulations of complex 

molecules.[1, 3, 5]  

Continuous systems exhibit several attributes that can 

be beneficial compared to conventional batch 

reactors.[11-18] Heat and mass transfer are typically 

improved through the use of small dimensions. Small 

reactor volumes, as well as the ability to generate and 

immediately consume hazardous or sensitive materials  

in a closed system result in an increased safety 

profile.[14] Reproducibility is improved due to inherent 

control over reaction parameters. Easier scale-up and 

process intensification make the use of continuous 

systems attractive to industry.[18] The ability to 

telescope multiple steps into a single system and to 

monitor, automate and optimise the process is also 

desirable.[11, 13, 15, 17] 

Synthetic electrochemistry benefits significantly 

from translation to continuous systems, in fact a number 

of commercially available continuous electrochemical 

reactors have been developed as early as the 1980s. [19-

26] Specifically, the smaller interelectrode distances 

typically employed in continuous systems reduces 

resistance which reduces or removes the need for a 

supporting electrolyte and simplifies purification. Large 

surface to volume ratios greatly benefit electrochemistry 

as it is a heterogeneous process, and provide the 

possibility of higher currents and thus, higher production 

rates. 

This perspective will focus on the considerations and 

advantages that affect continuous electrochemical 

reactor designs. It will showcase the requirement for 

modularity and versatility when designing in-house 

fabricated electrochemical flow reactors using four 

recent examples. In addition, we will outline the 

approach our group has taken to enable and improve the 



 

synthesis of organometallic complexes using 

electrochemistry in a continuous system. 

 

Advantages of continuous flow for 

electrochemical transformations 

In the last decade flow chemists, engineers and 

electrochemists have pursued the development of 

electrochemical continuous flow reactors and their 

application in synthetic chemistry.[20-22] Several 

groups have reported their own in-house fabricated 

reactors tailored to a specific application,[27-37] with 

several commercial reactors also being available.[26, 38-

43] 

We have chosen to highlight four recent examples 

which demonstrate the strengths of continuous 

electrochemistry: a) electrocatalysis with inline analysis 

(Fig. 1A), b) a flexible reactor design to both enable a 

synthetically useful reactor volume and enable rapid 

screening in a small reaction volume (Fig. 1B), c) 

electrochemical generation and consumption of reactive 

intermediates (Fig. 1C) and d) improved selectivity in a 

continuous reactor (Fig. 1D). 

Ackermann and co-workers developed a 

rhodaelectro-catalysed alkyne annulation with 

arylimidates via C–H activation in continuous flow (Fig. 

1A).[44] The electrochemical methodology enabled the 

oxidation of a Rh(III) species to Rh(IV) which resulted 

in a more rapid reductive elimination. In this example, 

the electrochemical step enables catalyst turnover rather 

than electrolysing the substrate directly. This is desirable 

as only small amounts of electrocatalyst are needed. A 

key feature of the continuous system is the ability to 

utilise inline monitoring. Inline NMR monitoring was 

used in conjunction with various other analyses to 

propose a sophisticated mechanism. During the 

optimisation of this method, a PTFE anode compartment 

was developed containing a porous graphitic felt 

material. Together with a turbulence promoting electrode 

spacer, this electrode delivered the best results. The 

ability to interchange between different electrode 

materials was only possible as a result of the modular 

design of the electrochemical flow reactor. 

Noël and co-workers developed an indirect 

electrolysis method for the reduction of furfural with 

electro-derived hydrogen to deliver furfuryl alcohol 

under continuous conditions (Fig. 1B).[45] In this 

process, an electrochemical flow reactor was utilised 

which consists of eight separate channels. The channels 

can either be used in parallel and independently of each 

other in a numbering-up approach, or linked together in 

series to allow variation of the reactor volume. The 

electrochemical flow reactor displayed a clear advantage 

in the rapid optimisation of reaction conditions due to the 

ability to perform eight reactions simultaneously within 

separate reactor channels in the same reactor. After 

optimisation under both acidic and basic conditions, 55% 

yield (19% Faradaic efficiency) and 90% yield (90% 

Faradaic efficiency) were achieved respectively in just 

10 minutes residence time. The short reaction time is 

likely due to the large surface to volume ratio and short 

diffusion distances enabled by the flow reactor. Noël and 

co-workers have also utilised this reactor to develop 

several other useful transformations showcasing the 

versatility of the reactor design.[36, 46, 47] 

Wirth and co-workers reported the electrochemical 

generation of hypervalent iodine reagents by anodic 

oxidation of iodoarenes in fluorinated alcohols (Fig. 

1C).[48] The development of a continuous methodology 

is of particular interest as many hypervalent iodine 

reagents are highly reactive and are not bench-stable. 

The ability to produce such compounds and directly 

telescope them into a second reactor is therefore highly 

desirable. The hypervalent iodine reagents synthesised 

were telescoped into a second reactor and successfully 

mediated a range of oxidative transformations. 

Furthermore, the synthesis of bench-stable hypervalent 

iodine compounds can be achieved from the fluorinated 

hypervalent iodine reagents via ligand exchange. The 

group has worked with Vapourtec to commercialise their 

reactor.[32, 42, 43] 

A similar reactor was used by Xu and co-workers to 

develop an intramolecular dehydrogenative C–S cross-

coupling to produce 1,4-benzoxathiins and 1,4-

benzothiazines from thioamides (Fig. 1D).[49] 

Dehydrogenative C–S cross couplings are typically 

challenging by transition metal catalysis as sulfur is 

known to poison these catalysts. However, the use of 

electrochemistry for this transformation is beneficial as 

transition metals can be avoided entirely. Furthermore, 

the authors demonstrated that a continuous flow 

methodology is beneficial over batch electrolysis as 

unproductive desulfurisation species are avoided (Fig. 

1D). Initially, a Pt foil electrode was used as the cathode 

but this was degraded during the reaction. As such, an in-

house fabricated Pt electrode was produced which was 

found to be more stable under the reaction conditions. 

These representative examples demonstrate that 

modularity and versatility are crucial design features for 

electrochemical flow reactors. Benefits highlighted 

include the ability to replace toxic oxidising reagents 

with electricity, the implementation of inline analysis 

leading to useful mechanistic information, rapid 

screening and optimisation of reaction conditions, 

telescoping highly reactive intermediates directly into a 

second reactor and improved selectivities due to 

increased reaction control. 



 

   

 
Scheme 1: Representative examples of recent electrochemical methodology that has benefited from translation to a continuous system and the 

modular reactors that facilitated this translation. A: Metallaelectrocatalysis by Ackermann and co-workers, adapted with permission from Ref. 

[44] Copyright 2019 American Chemical Society. B: Furfural oxidation by Noël and co-workers, adapted with permission from Ref. [45]. C: 

Generation of hypervalent iodine reagents by Wirth and co-workers. Reproduced with permission of Ref. [48]. D: Dehydrogenative C–S cross-

coupling by Xu and co-workers. Reproduced with permission of Ref. [49]. 

 

Development of continuous systems for the 

synthesis of transition metal complexes 

Within our group, we have investigated electrochemistry 

in search of novel, complementary ways to access 

inorganic and organometallic complexes. Initially, a 

batch protocol was developed using a three-necked 

round bottom flask to reduce imidazolium salts to the 

corresponding N-heterocyclic carbenes (NHCs) while 

oxidising a sacrificial anode to release metal ions into 

solution, where the NHC and metal ion combine to form 

the metal-NHC complex. In this manner, access to  

Cu(I)-NHC complexes was achieved (Scheme 2).[50] 

The imidazolium salt acts as both the electrolyte and 

ligand precursor which allows for a direct, atom efficient 

and clean method. The only by-product is hydrogen and 

reaction mixtures are typically clean enough to use 

directly in catalysis without further purification. As such, 

it avoids the use of additional electrolytes, strong bases 

and the production of alkali metal salts which can 

complicate down-stream processes. The method is 

applicable to a range of imidazolium salts including 

those with base sensitive substituents which are not 

compatible with traditional syntheses. We have also 

expanded the scope to other transition metals and salen 

ligands.[51] Using this batch protocol, typical Faradaic 

efficiencies were below 50% and the scale was limited to 

a few millimoles of substrate. A high potential had to be 

applied as a result of large interelectrode distances. This 

high potential is in contrast with a mild method and can 

cause selectivity issues. 

To address these issues, we developed a continuous 

flow protocol to improve the process in terms of 

mildness, Faradaic efficiency and the ability to scale 

up.[33] Our first electrochemical flow reactor consisted  



 

 
Scheme 2: Electrochemical synthesis of Cu(I)-NHC complexes using 

a sacrificial Cu anode. 

 

of a PTFE plate with a linear flow channel and two 

copper electrodes (2.5 mm interelectrode distance) 

placed within the channel. This was encased in stainless 

steel plates (Fig. 1). The continuous flow reactor 

successfully delivered the desired Cu(I)-NHC complex, 

Cu(IMes)Cl using IMes·HCl as starting material,  

however a significant amount of the bis-NHC complex, 

[Cu(IMes)2]Cl, was also produced. This was presumably 

due to inefficient mixing, so glass beads were introduced 

to afford passive mixing. Full conversion to the desired 

mono-NHC complex was achieved with an isolated yield 

of 82%. This improved the Faradaic efficiency to 98% 

but also required recirculating the reaction mixture for 

80 min at 2.5 V. To the best of our knowledge, this 

represented the first electrochemical synthesis of metal 

complexes in a continuous system. 

After initial success introducing a continuous 

protocol, a second generation reactor was developed in 

which metal electrodes and PTFE flow channel spacers 

(1 mm) are stacked (Fig. 1).[33] The volume of the 

reactor can be adjusted to the desired application by 

introducing more electrodes and flow channels and 

electrodes can easily be exchanged. Similar to the first 

generation reactor, the electrodes and spacers are 

encased in stainless steel plates. This design increases the 

electrode surface area to volume ratio and facilitates 

scale up by allowing the volume to be increased while 

maintaining small interelectrode distances. Due to the 

decreased interelectrode distance in comparison to the 

first generation reactor, the potential could be further 

decreased (1.94 V) making the reactor more efficient and 

the synthesis milder. Full conversion (94% yield) could 

now be achieved in a single pass (6 min) without the 

need for recirculation. The versatility of the 

methodology was demonstrated by the synthesis of 

several Cu(I)-NHC complexes. Under these conditions, 

a calculated 1.07 g (0.265 mmol) of Cu(IMes)Cl could 

be produced in an hour. The scale of the process is 

mostly dependent on the flowrate, concentration of 

reactants and how long the reaction is run for. The 

stacked design of this reactor enables the volume of 

the reactor to be increased, which allows for a higher 

flowrate and a higher throughput. This can be 

achieved while maintaining the same residence  

 
Figure 1: Three generations of electrochemical flow reactors used for 

the synthesis of transition metal complexes. Adapted from Ref. [33] 

with permission from The Royal Society of Chemistry. 

 



 

time, without changing the interelectrode gap and 

without the requirement to recirculate reaction 

mixtures. This results in an increased output in the 

same amount of time.  In addition, the reaction stream 

containing the freshly synthesised complex, Cu(IMes)Cl, 

was flowed directly into a catalytic hydrosilylation 

reaction (1 mol% catalyst loading). This method 

achieved the same yield of silyl ether as with the 

prepurified catalyst, demonstrating the applicability of 

this protocol for catalytic purposes. Using this reactor to 

directly dispense complexes into a catalytic reaction is 

particularly interesting for the on-demand synthesis of 

unstable or air-sensitive catalysts. 

Next, we developed a third-generation reactor that 

enables rapid screening of electrochemically derived 

catalysts (Fig. 1). This required downscaling of the 

reactor to achieve a minimum reaction volume for high-

throughput screening. The reactor is built similarly to the 

second generation reactor with stacked electrodes and 

PTFE spacers between two stainless steel plates. 

Initially, thinner PTFE spacers (0.25 mm) were 

investigated, however the resistance in the reactor was 

too low to afford the correct potential range at the desired 

current. Thus, 1 mm thick spacers were employed. In a 

layout with two spacers, a total volume of 0.93 mL was 

realised (vs. 4 mL in the second generation reactor). The 

potential could be decreased further to 1.8 V achieving 

full conversion to Cu(IMes)Cl (27.3 min residence time). 

These conditions could also be applied to a range of other 

imidazolium salts, which is crucial for the capacity of 

screening. Currently, work within the group is concerned 

with telescoping of the electrochemical reaction into a 

catalytic reaction with online monitoring.  

 

Outlook/ perspectives 

The use of continuous systems for electrochemical 

synthesis will be prevalent in the future due to the 

improved process control and the ability for easy scale-

up. This is displayed in the number of recent publications 

and reviews on the topic. The use of modular and 

versatile reactors is crucial for this development, 

allowing a reactor to be optimised for a specific 

transformation or process. The commercialisation of 

such reactors will be useful, making them more 

accessible to the synthesis community. This will help 

synthetic chemists in adapting this exciting technique for 

the future. 
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