
HAL Id: hal-03867466
https://cnrs.hal.science/hal-03867466

Submitted on 25 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

High-Throughput Electrochemistry: State of the Art,
Challenges, and Perspective

Alfie Wills, Sylvain Charvet, Claudio Battilocchio, Christopher Scarborough,
Katherine Wheelhouse, Darren Poole, Nessa Carson, Julien Vantourout

To cite this version:
Alfie Wills, Sylvain Charvet, Claudio Battilocchio, Christopher Scarborough, Katherine Wheelhouse,
et al.. High-Throughput Electrochemistry: State of the Art, Challenges, and Perspective. Organic
Process Research and Development, 2021, 25 (12), pp.2587-2600. �10.1021/acs.oprd.1c00167�. �hal-
03867466�

https://cnrs.hal.science/hal-03867466
https://hal.archives-ouvertes.fr


 

1 

High-Throughput Electrochemistry: State of the Art, Challenges, and 
Perspective 
Alfie G. Wills,a Sylvain Charvet,b Claudio Battilocchio,c Christopher C. Scarborough,c Katherine 
M. P. Wheelhouse,d Darren L. Poole,a* Nessa Carson,e* Julien C. Vantourout*b 

aMedicinal Chemistry, GlaxoSmithKline Medicines Research Centre, Gunnels Wood Road, Stevenage, SG1 2NY, 
United Kingdom.  
bUniv Lyon, Université Lyon 1, CNRS, INSA, CPE-Lyon, ICBMS, UMR 5246, Bâtiment LEDERER, 1 rue Victor 
Grignard, 69622 Villeurbanne cedex, France.  
cResearch Chemistry, Syngenta Crop Protection, Schaffhauserstrasse 101, CH-4332 Stein, Switzerland.  
dChemical Development, GlaxoSmithKline Medicines Research Centre, Gunnels Wood Road, Stevenage, SG1 2NY, 
United Kingdom.  
eSyngenta, Jealott’s Hill International Research Centre, Bracknell, Berkshire RG42 6EY, United Kingdom.  
*Email: julien.vantourout@univ-lyon1.fr; nessa.carson@syngenta.com; darren.l.poole@gsk.com  
 

ABSTRACT: Electrochemical transformations involve 
complex parameter interactions, from universal 
chemistry variables such as solvent and reagents, to 
specialist factors including electrode material and current 
density. Hence, development of a robust and scale-
independent electrochemical reaction can currently be a 
challenge. High-throughput experimentation (HTE) is an 
enabling method for reaction optimization and 
robustness testing. Here, we provide an industrial and 
academic perspective on the state of the art of the 
combination of HTE with electrochemical reaction 
optimization for applications including scaleup. We then 
present our vision for a future of HTE reducing barriers to 
wide adoption of electrochemistry across the field of 
chemical synthesis.  

Keywords: Electrochemistry – High-throughput – 
Technology – Method development 

INTRODUCTION 
High-throughput experimentation (HTE) is an 

enabling technology, involving running multiple designed 
experiments rapidly or in parallel to evaluate many 
combination of variables more efficiently than in one-at-
a-time fashion, allowing rapid acquisition of data for 
decision-making, and often incorporating the use of 
laboratory automation.1 It enables fast testing of 
multidimensional hypotheses and high-risk, high-reward 
possibilities that would be impractical to explore one at a 
time.2 HTE is commonly employed in pharmaceutical and 
agrochemical discovery and process development for 
everything from optimizing reaction conditions (e.g. 
solvents, catalysts, reagents, or reaction parameter 

ranges)3 and robustness4 to studying extractions5 and 
developing crystallizations.6 Recent reports describe the 
development of photoreactors suitable for high-
throughput optimization of photochemical 
transformations, enabling screening of different 
controlled wavelengths, modulating of light intensity and 
control of temperature whilst evaluating different 
reaction components.7 Not only does this enable more 
rapid screening of photochemical reactions, it also 
enables determination of key parameters crucial to 
robustness, reproducibility, and process understanding.8 
A system to enable high-throughput optimization of 
conditions for electrosynthesis reactions, including 
pertinent variables such as electrode materials, voltage, 
etc., would be similarly powerful. We review the state of 
the art of high-throughput electrochemistry devices 
through the lens of potential applications to small 
molecule research and development. Although high-
throughput analytical electrochemistry has been widely 
explored,9 this perspective focuses on high-throughput 
electrochemistry dedicated to reaction optimization and 
parallel small molecule synthesis. 

THE RESURGENCE OF SYNTHETIC 
ELECTROCHEMISTRY 

The recent commercialization of standardized 
electrochemical equipment has generated a resurgence of 
interest for the development of novel electrochemical 
transformations. Indeed, over the past few years, the 
number of reported novel electrochemical methods is 
constantly increasing and more than 200 papers were 
published in 2020 (Figure 1A).10 This significant increase 
was accompanied by the disclosure of several key reviews 
that allowed the practitioners to familiarize themselves 
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FIGURE 1. The resurgence of synthetic electrochemistry in recent years.  

with the basis and fundamentals of electrochemistry 
(Figure 1B).11 For example, Baran and coworkers 
assembled a user guide which enables non-
electrochemistry experts to understand the key concepts 
of synthetic electrochemistry and allow them to quickly 
set up electrochemical reactions.12 With the clear 
resurgence of synthetic electrochemistry, it is important 
to analyse what has been achieved over the past few years 
and how it has impacted the field of organic chemistry. A 
careful examination of the recently published 
electrochemical methods elucidates two main categories: 
(1) development and optimization of existing 
transformations (Figure 1C), and (2) development of 
unprecedented methodologies (Figure 1D). The first 

category can be exemplified by the recent Birch reduction 
reported by the Baran laboratory (Figure 1C, 1).13 The 
authors extensively optimized previously reported 
conditions that were not general, afforded a limited 
substrate scope, and were associated with several 
limitations such as substrate reoxidation and electrode 
passivation. In stark contrast, the optimized conditions 
afforded a broad substrate scope, were scalable using both 
batch and flow apparatus, and were generalized to seven 
different reductive transformations. Consequently, this 
new protocol is a real alternative to the venerable Birch 
reduction that necessitates the use of ammonia. Similarly, 
Hansen and coworkers developed an electrochemical 
reductive cross-coupling between aryl and alkyl halides 
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inspired by the work of Périchon (Figure 1C, 2).14 This 
transformation is of high interest as it finds applications 
in both medicinal and process chemistry. While the 
initially reported conditions were limited to the formation 
of biaryl compounds and were not scalable, the new 
protocol that allows for the use of alkyl halide coupling 
partners usefully expanded the scope of the reaction. In 
addition, the reaction parameters can now be easily 
tuned, and the transformation was easily scaled up 
without stoichiometric amounts of reducing metal such as 
Zn or Mn powders.  

Optimized synthetic electrochemical reactions have 
also been developed in the context of total synthesis 
(Figure 1D, 1). In 2020, the group of Chiba disclosed an 
intramolecular electrochemical C(sp2)–H cross-coupling 
and dehydrogenative indole synthesis which was applied 
to the synthesis of natural pyrrolophenanthridone 
alkaloids including oxoassoanine.15 Interestingly, both the 
generation of a strong electrophilic radical cation and the 
benzylic oxidation of the same electron-rich indoline 
moiety were induced at the anode, but with excellent 
selectivity. Finally, it was also demonstrated that 
electrochemistry can considerably facilitate and 
accelerate drug discovery by replacing useful methods 
with more user-friendly protocols. As an example, Baran 
and coworkers readily synthesized tertiary alcohols from 
ketones in a complementary fashion to the use of 
Grignard reagents (Figure 1D, 2).16 Reversal of the 
polarity of the ketone under electrochemical conditions 
produced an excellent nucleophilic radical that was able 
to react with unactivated alkenes. The steroid example 
presented in Figure 1D highlights the enabling nature of 
the reaction for multi-step synthesis. These examples 
clearly demonstrate how synthetic electrochemistry can 
dramatically accelerate reaction development and 
simultaneously impact several chemical fields.  

As depicted in Figure 1E, the resurgence of synthetic 
electrochemistry has also motivated several groups to 

develop unprecedented transformations with significant 
applications. In 2019, the Noël group reported the 
electrochemical synthesis of both aryl and alkyl sulfonyl 
fluorides from ubiquitous thiol or disulfide starting 
materials in the presence of KF as fluoride source (Figure 
1E, 1).17 Notably, no additional oxidants nor catalysts were 
required, and the mild reaction conditions afforded a 
broad substrate scope. This synthetic electrochemical 
method represents a novel approach for the synthesis of 
highly desirable sulfonyl fluorides and should find 
applications in both academic and industrial settings. 
More recently, Morandi, Waldvogel, and coworkers 
assembled an electrochemically assisted shuttle system 
for the simple and scalable interconversion of alkenes and 
vicinal dihalides (Figure 1E, 2).18 The reaction was 
demonstrated in a simple undivided cell equipped with 
inexpensive graphite electrodes under mild conditions. 
One of the major applications described in the paper is the 
full dechlorination of lindane (a hexachlorinated 
persistent pollutant found in polluted soils) to benzene 
using simple alkene acceptors. This electrochemical 
approach is a step forward to the direct remediation of 
lindane-contaminated soils. 

  

SYNTHETIC ELECTROCHEMISTRY ENABLES 
GREENER PROCESSES 

Sustainable transformations have been an influential 
goal for the chemical industries in recent years, in the 
drive to minimize environmental impact. For example, 
since 2007, the ACS Green Chemistry Industry 
Pharmaceutical Roundtable has identified several key 
areas of synthetic chemistry and aspirational reaction 
types that would result in more efficient pharmaceutical 
processes and production, a number of which may benefit 
from the application of electrochemistry.19  

FIGURE 2. Examples of sustainable alternatives through electrochemistry.
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Synthetic electrochemistry has a number of positive 
impacts on chemical process sustainability.20 Electrons 
are an essentially massless reagent, replacing the need for 
stoichiometric (and often environmentally dubious) 
oxidants or reductants.21 Additionally, the “greenness” of 
these processes is expected to increase yet further as 
society moves from the use of fossil fuels toward more 
renewable and sustainable sources of electricity. 
Numerous literature examples of electrochemical 
oxidations and reductions provide alternatives to 
traditional stoichiometric reagents: too many to cover in 
this perspective. Two pertinent examples include the 
electrochemical Birch reduction (Figure 1C.1), and the 4-
acetamido-TEMPO mediated oxidation of alcohols and 
aldehydes to carboxylic acids developed by Stahl and 
coworkers, which both provide a mild alternative to 
classical methods employing stoichiometric metal- or 
chlorine-containing oxidants (Figure 2A).22  

Typically, electrochemical reactions take place at or 
close to ambient temperature,23 negating the cost and 
high energy consumption required for heating or cooling 
on scale. Ambient temperature also provides further 
environmental and safety benefits, namely reducing the 
risk of corrosion, reactor failure, and accidental release.19 
A key, industrially-relevant example of electrochemistry 
enabling lower process temperature is the oxidation of 
toluene derivatives to benzaldehydes at a carbon anode 
conducted by BASF. Compared to the traditional 
approach of high-temperature chlorination followed by 
hydrolysis, the lower temperature and choice of methanol 
as reagent and solvent together provide a clear 
sustainability benefit (Figure 2B).24 In two recent 
examples, the groups of Lin and Baran independently 
published electroreductive functionalizations of olefins, 
conveniently effecting transformations traditionally 
conducted at cryogenic temperatures with organometallic 
reagents (Figure 2C).18,25  

One difference between an electrochemical reaction 
and a standard chemical reaction is the requirement for a 
supporting electrolyte species to reduce the resistance of 
the electrochemical cell. While many electrolytes 
employed in organic electrosynthesis are cheap and 
readily-available (e.g. alkali metal halides), others such as 
tetraalkylammonium salts can be expensive. Also, many 
common electrolytes are incompatible with standard 
industrial wastewater treatments used, detracting from 
the sustainability of an electrochemical process – 
although recovery and recycling of the electrolyte can 
minimize costs and improve sustainability.26 Another 
method to reduce quantities of electrolyte is to conduct 
the reaction in a flow cell, where small interelectrode 
distances reduce resistance between the electrodes, 
minimizing or even removing the need entirely for a 
supporting electrolyte.27  

THE ADVANTAGES OF ELECTROCHEMICAL 
SYNTHESIS IN FLOW  

Flow electrochemical reactors may also provide many 
additional benefits in carrying out electrochemical 

reactions. These include improving mass transfer, and 
thus improving the reaction rate where the 
electrochemical reaction is not charge transfer-limited. 
This can be achieved in two ways in flow electrochemical 
cells: either by the introduction of static mixers to 
intensify mass transport, or by the use of flow 
microreactors with small interelectrode gaps, decreasing 
the time taken for a species in solution to diffuse to the 
electrode of interest.26 Conducting electrochemical 
reactions in flow also facilitates the careful control of 
reaction temperature due to the more efficient heat 
exchange in flow systems, which can have a positive 
impact on reaction selectivity and on leading to more 
controlled and reproducible results upon scaling.28 As 
most electrochemical flow reactors use the electrodes as 
two of the walls of the flow cell, there is an inherent 
increase in the surface area of the electrode relative to the 
reactor volume, which further improves reaction 
efficiency.26,28  

Numerous electrochemical flow reactors and 
microreactors have been reported,26,28,29 and a number 
are also commercially available.30 Given the benefits of 
scaling electrochemical reactions in flow, it is clear that 
the ability to perform high-throughput experimentation 
in a flow microreactor, and a full understanding of the 
electrochemical parameters, could have significant 
benefits in taking a process from conception through to 
reactions on a multigram or even kilogram scale, without 
the requirement for extensive reoptimization.  

AN IDEAL ELECTROCHEMICAL HIGH-
THROUGHPUT SCREENING APPARATUS 

The optimization of conditions for a given chemical 
transformation can be an arduous task even in the 
absence of electricity, and the addition of unique 
electrosynthesis-associated variables significantly 
increases the complexity of the variable space. Beyond 
“typical” factors involved in optimization of a chemical 
transformation (temperature, concentration, solvent, 
additives, etc.), variables unique to electrochemistry 
include: 

- Cell geometry 
o Batch cell geometry (e.g. shape, volume, 

electrode size(s), interelectrode distance) 
o Flow cell geometry (e.g. laminar vs. turbulent 

flow, interelectrode gap, presence/absence of a 
heat exchanger) 

- Cell type 
o Undivided cell 
o Divided cell 

§ Nature of the dividing material (e.g. glass frit, 
cation or anion exchange membrane) 

- Material of the anode 
- Material of the cathode 
- Current density (not easily calculated or controlled 

with non-plate electrodes like RVC or metal foam 
electrodes) 

- Mixing in the inter-electrode region (liquid-solid 
interface and fluid dynamics in the gap) 

- Nature and concentration of supporting electrolyte 
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- Electrode surface modification over time 

The parameter space of electrosynthesis is therefore 
highly complex, underpinning HTE as an ideal approach.  

Do the needs of an electrosynthesis HTE kit depend on 
the nature of the research? When approaching 
electrosynthesis, a chemist may be interested in either 
applying a known transformation to their substrate of 
interest, or possibly developing a novel transformation. 
Within these two approaches, the availability of the 
starting material is a key factor: is the starting material 
easily accessed on multi-gram scale (e.g. commercially 
available or part of a process development campaign), or 
is the starting material precious and scarce (e.g. late in a 
total synthesis, or an advanced intermediate in a 
medicinal or agrochemical synthesis campaign)? Thirdly, 
with modern interest in machine-learning applications 
for the development of reactivity models, would it not be 
best to regularly screen a wide array of conditions across 
an array of chemically-diverse substrates to generate a 
reactivity model? Despite the numerous scenarios 
requiring electrosynthesis studies, the goals of an 
electrosynthesis HTE kit unify under this concept of 
reactivity models. That is, even when repeating a single 
literature transformation, a desirable outcome is to collect 
sufficient data on the target of interest and other 
chemically-diverse targets to address future needs from 
that reaction, instead of repeating the studies when a new 
substrate of interest arises. Hence, the generation of a 
large dataset is invaluable for any new transformation, 
whether known for related substrates or novel, and such 
an effort would address each scenario above if the full 
dataset could be generated rapidly from a small amount 
of substrate, perhaps no more than 100 mg.  

A complicating aspect of electrosynthesis is that 
translation of results from one cell to another is not often 
straightforward. This can inhibit uptake of 
electrosynthesis by the community because of challenges 
in reproducibility without common equipment, and when 
all parameters are not accurately described. For example, 
mixing is highly complex in an electrosynthesis reactor, 
while also being important for processes like 
electrochemistry that occur at solid-liquid interfaces. 
Mixing depends on factors such as interelectrode 
distance, the electrode surface area (poorer mixing 
toward the center of the interelectrode region) and bubble 
and heat generation (related to current density). 
Furthermore, when transitioning from batch to flow, 
mixing changes significantly owing to the nature of flow 
(laminar vs. turbulent) and the generation of volumes of 
gas commensurate with reactor volume. Finally, 
production-scale electrosynthesis generally occurs in flow 
in galvanostatic mode, at higher current densities than are 
possible in small batch reactors owing to heat generation, 
and on scales where turbulent mixing is normative. On 
the other hand, promoting turbulent mixing in very small-
scale flow cells with significant gas generation is a major 
challenge, meaning that scaling up between different flow 
reactors is not straightforward. Nonetheless, it is our view 
that the most general electrosynthesis HTE kit would run 
in flow with turbulent mixing to enable smooth 

translation to higher scales. Also, in the transient periods 
before and after steady state concentrations are reached 
in galvanostatic flow electrochemistry, undesired 
reactivity such as overoxidation is enhanced, when the full 
current is applied to a small fraction of the reaction 
mixture.31 Since the steady state period is short on very 
small scales, potentiostatic mode is preferred for very 
small-scale flow HTE. However, galvanostatic conditions 
are often preferred in batch, regardless of scale, due to a 
simpler setup and greater reliability and 
reproducibility.28,32 

Finally, electrode fouling can cause reproducibility 
challenges if the electrodes are not properly treated 
between usage, so an ideal electrosynthesis HTE kit would 
make use of small, disposable, and inexpensive 
electrodes.  

The technical challenges of achieving an ideal 
electrosynthesis HTE kit are significant:  

- Turbulent flow on microliter scales in electrochemical 
flow cells with an array of disposable electrodes that 
manages rapid pressure changes due to gas formation 

- Independent electrical control of each cell, where 
potentially hundreds of cells are needed to effectively 
map the variable space across a range of diverse 
substrates 

- Divided cells testable with an array of different 
membrane materials 

- Miniaturization of reliable reference electrodes to 
allow for precise potentiostatic electrolysis 

Similarly, for operational simplicity and material 
conservation, HTE reactions will ideally be conducted on 
<300 µL volume in batch and yet lower in flow, to run as 
many concomitant reactions as possible. For example, 
high-throughput photoredox chemistry in flow has been 
conducted down to nanoliter scale.7c With these desired 
characteristics in mind, we next evaluate state-of-the-art 
flow and batch electrochemistry screening kits, which 
highlights the remaining unsolved challenges. 

 

RECENT HISTORY AND STATE OF THE ART OF 
FLOW ELECTROCHEMICAL SCREENING 
EQUIPMENT 

Flow electrosynthesis has evolved rapidly in the last 
decade, with many suppliers making flow cells with 
diverse functions available. Flow cells can lead to much 
improved electrosynthetic performance, due to the 
narrow electrode gap and the ability to run reactions 
under pressure and improve mixing. Despite 
the many advances, there is no full practical solution 
which can yet be directly applied to HTE.33 However, 
there are some efficient designs which represent steps 
toward the “holy grail” of a flow cell to address HTE 
needs.  

Waldvogel and coworkers have pioneered not only the 
resurgence of batch electrochemistry, but also of flow.  



 

 

6 

 
FIGURE 3. State of the Art of flow electrochemical screening equipment. (A) Reprinted with permission from Org. 
Process Res. Dev. 2017, 21, 771–778. Copyright 2017 American Chemical Society;  (C) Reprinted with permission from 
Org. Lett. 2017, 19, 2050–2053. Copyright 2017 American Chemical Society. (D) Creative Commons images reproduced 
from Catalysts 2020, 10, 1165; (E) Reprinted with permission from Ind. Eng. Chem. Res. 2020, 59, 7321–7326. 
Copyright 2020 American Chemical Society.

Their recent paper reports an extremely modular flow 
cell (Figure 3A).34 This cell allows easy adjustment of 
interelectrode distance, as well as facile replacement of 
electrodes, with the possibility to switch between divided 
or undivided cell formats. The electrode material is 
thermally positioned into a Teflon piece, allowing the use 
of expensive and nonmachinable electrode materials like 
boron-doped diamond or glassy carbon. The flexible cell 
design creates opportunities for chemists, including those 
with lesser practical experience in flow chemistry, and 
competes with classical preparative approaches in terms 

of performance and productivity. A drawback of the cell is 
mixing within the flow channel, where flow is laminar and 
gas generation is not controlled. Ley and his group have 
been pushing the boundaries of enabling technologies in 
the last 15 years, particularly with flow chemistry.35 In one 
recent work, they demonstratehow flow electrochemistry 
can be utilized to generate molecular diversity.36 A 
commercially-available system (i.e.: Syrris electroflow 
cell) was used to perform a Shono oxidation on a series of 
derivatives, before telescoping the reaction output to 
generate nazlinine analogues (Figure 3B). The 

State of the Art of Flow Electrochemical Screening Equipment
A. Waldvogel flow cell

B. Flow electrosynthesis of Shono oxidation products, followed 
by microwave-assisted nazlinine analogue synthesis

C. Spiral flow electrochemical cell from CRD

D. HT flow electrochemistry sysyem, composed of 64 microcells

E. Electrochemical flow cell with turbulence promoter

F. System for flow electrochemical HTE developed by Jensen
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commercial system used for this work is a flexible setup, 
which is useful for lab research applications.  

Another interesting application was reported by 
Richard Brown and coworkers in collaboration with 
AstraZeneca and Eli Lilly, using a system developed and 
commercialized by Brown: the Ammonite, a spiral-
shaped electrochemical flow cell with narrow 
interelectrode gap (Figure 3C).37 Here, the authors 
explore the electrochemical deprotection of p-
methoxybenzyl ethers in MeOH solution, using an 
undivided electrochemical flow reactor. Notably, this 
method avoids the need for chemical oxidants, and the 
electrolyte can be recovered and reused. High conversions 
were obtained from several substrates in a single pass, 
albeit so far in the literature largely being performed with 
a “one factor at time” approach.  

Hilton, Lam, and coworkers have also described a low-
cost, 3D-printed electrosynthesis flow cell, that interfaces 
with the IKA commercial ElectraSyn 2.0 system (vide 
supra).38 This system allowed them to improve their 
previously-developed methoxymethyl-protection of 
aliphatic alcohols39 by eliminating the need for a 
supporting electrolyte, and avoiding overoxidation of 
substrates such as benzylic alcohols.  

One recent work by Schouten et al. describes one of the 
very few literature reports to create a HTE flow 
electrochemical system for the screening of electrode 
materials used for electrosynthesis in electrochemical 
parallel plate reactors (Figure 3D).40 The reactor is 
composed of 64 microflow cells that can be operated in 
different configurations, allowing screening of 64 
different anode/cathode combinations, with the systems 
separated by a membrane. The authors go some way to 
addressing the dissimilarity between small-scale 
screening setups and larger-scale flow cells as well as the 
scalability of the setup to yet larger setups: to obtain a 
system amenable to scaleup, the authors miniaturize and 
further parallelize the parallel plate reactors to form a 
matrix of flow cells that can be run at industrial current 
densities.  

Industrial colleagues from Syngenta have described 
the design of an electrochemical flow cell that provides 
excellent mixing by incorporation of a turbulence 
promoter in the flow channel, which enables high current 
densities to be achieved on research-relevant scales (≤1 g, 
up to 10 g scale; Figure 3E).41 The use of high current 
densities is a very relevant factor relating to potential for 
scalability and brings value when it comes to translating 
an electrochemistry concept from small scale process 
research toward the development environment. The cell 
design embeds a turbulence promoter and cooling layers, 
and was operated with a current density of 1000 mA/cm2 
for the oxidative dimethoxylation of furan. 

Work by Jensen and coworkers describes a 
microfluidic platform that enables automated THE for 
electroorganic synthesis at a 15-µL scale (Figure 3F).42 
Two THE modules are demonstrated: rapid 
electrochemical condition screening for a radical–radical 
cross-coupling reaction on micro-fabricated, 

interdigitated electrodes, and measurements of kinetics 
for mediated, anodic oxidations using microliter-scale 
cyclic voltammetry. 

RECENT HISTORY AND STATE OF THE ART OF 
BATCH ELECTROCHEMICAL SCREENING 
EQUIPMENT 

In addition to flow electrochemical screening 
equipment, the batch approach has also been developed 
and different techniques have emerged offering the 
practitioners several options when running a high-
throughput screening campaign. These can be separated 
into systems using many electrodes and one electrolyte, 
one electrode and many electrolytes, or full screening 
capabilities with many electrodes and many electrolytes. 
Here, the term ‘electrolyte’ refers to a reaction solution 
that is physically separated from neighbouring solutions, 
and should not be confused with a ‘supporting electrolyte’, 
an additive that may or may not be present.  

Many electrodes, one electrolyte 

Initial research into a high-throughput approach to 
electrochemistry focused on the synthesis and analysis of 
libraries of modified electrode surfaces. The first report 
details the combinatorial synthesis of an electrode array 
containing 645 unique alloys of platinum group metals 
with the aim of developing an optimal electrocatalytic 
surface for methanol oxidation.43 Catalytic activity was 
determined using a pH-dependent fluorescent dye to 
identify areas of low pH on the surface of the array, 
indicative of methanol oxidation. This was followed by a 
more general method using a computer-automated screen 
to allow direct serial electrochemical analysis of 
organosulfur monolayers on a 64-electrode array.44 These 
early methods are examples of ‘many electrode, one 
electrolyte’ systems in which multiple electrode surfaces 
are submersed in a single electrolyte, forming one 
electrochemical cell (Figure 4A). This is advantageous as 
it simplifies the electrochemical equipment required for 
the screen and allows it to be scaled relatively easily. The 
principal disadvantage for synthesis of this format is the 
inability to screen electrolytes, the components of which 
constitute most of the independent variables of a reaction 
that are desirable to screen. A many electrodes, one 
electrolyte method has also been applied to the high-
throughput synthesis of conducting polymers via 
electrochemical polymerization.45 This allows for their 
combinatorial synthesis on a 96-electrode array followed 
by high-throughput analysis of the relevant 
electrochemical properties. In a more recent example, a 
high-throughput screen of a library of 60 glassy carbon 
electrodes covalently modified with Ru(II) or Zn(II) 
complexes was used to identify an optimal surface 
modification for NADH oxidation.46 Other examples of 
many electrodes, one electrolyte methods outside of 
reaction optimization include the synthesis of addressable 
microelectrode arrays pioneered by Moeller.47 This 
technique allows site selective functionalization of 
individual microelectrodes in the array with proteins or 
other small molecules that can then be used in biological  
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FIGURE 4. State of the Art of batch electrochemical screening equipment. (A) Reprinted with permission from Anal. 
Chem. 1999, 71, 4369–4375. Copyright 1999 American Chemical Society; (B) Reprinted with permission from 
Electrochim. Acta 2005, 50, 2753–2762. Copyright 2004 Elsevier Ltd; (C) Reprinted with permission from J. Comb. 
Chem. 2000, 2, 5545–5549.  Copyright 2000 American Chemical Society (D) Creative Commons images reproduced 
from ChemRxiv (CC-BY-NC-ND 4.0).

assays. Numerous reactions have been adapted for these 
functionalizations including electrochemically enabled 
Wacker oxidation, Suzuki-Miyaura coupling and 
reductive amination.47-49 The selective reaction of 
individual electrodes in a single electrolyte is ideal for the 
synthesis of functionalized electrode arrays; however, it is 
not directly applicable to the high-throughput screening 
of electrochemical reaction conditions. 

One electrode, many electrolytes 

A fully-automated screening platform for high-
throughput electrochemical analysis has been developed 
using an alternative, one electrode, many electrolyte 
approach for high-throughput chemical analysis (Figure 
4B).50 The setup consists of a 96-well plate acting as an 
array of electrochemical cells, and a single three-electrode 
probe that can be inserted consecutively into each cell to 
obtain cyclic voltammograms. While first being used to 
build structure-activity relationships for conducting 
polymers, this analytical method has also been applied to 
the automated screening of Ru(II) hydrogenation 
catalysts.51 In addition to cyclic voltammetry, this system 
has been adapted for the microscale electrochemical 
synthesis of combinatorial compound libraries including 
iminoquinol ethers and triazolopyridinium ions, as well as 
the electroreductive coupling of α,β-unsaturated esters 
and allyl bromides.52 These compounds were synthesized 
on 200-µL reaction scale in a microtiter plate, with 
reaction progress monitored by steady state voltammetry 
and product formation screened by HPLC-MS. These 
methods can be classified as ‘one electrode, many 
electrolytes’ systems in which a conserved bundle of 
electrodes is introduced to each cell in a sequential 
fashion, followed by cyclic voltammetry or preparative 
electrolysis. This approach allows the high-throughput 
screening of many electrolyte samples in a single plate 
and is better suited to screening reaction conditions than 
a many electrode, one electrolyte method. Another 
significant advantage of this system is the successful 
miniaturization of the cells, enabling the screening of a 
large number of reactions using a small amount of 
material. Limitations of this format include the increased 
time it takes to run a screen due to the consecutive nature 
of the reactions as well as the relative difficulty of 
screening different electrode materials. The reuse of 

electrodes between reactions also has the potential to 
introduce electrode passivation and cross-contamination 
between cells.  

Many electrodes, many electrolytes 

A third paradigm of high-throughput electrochemistry 
was established during Yudin and coworkers’ 
development of a spatially addressable electrolysis 
platform (SAEP) for the combinatorial electrosynthesis of 
α-alkoxy carbamates, amides, and sulfonamides.53 The 
platform was constructed using a 4×4 array of stainless 
steel cathodes and graphite anodes, each contained within 
a Teflon or glass vessel, giving a 16-well plate of individual 
electrochemical cells. The electrodes were then connected 
in parallel to allow galvanostatic electrolysis from a single 
power source. This is the first example of a many 
electrode, many electrolytes approach, in which each set 
of electrodes is contained within their own electrolyte, 
forming a set of independent electrochemical reactions 
(Figure 4C). This format has the significant advantage of 
allowing variation of both the electrode material and the 
constituents of the electrolyte in a single screen. It also 
permits simultaneous electrochemical reaction of 
different substrates, making it well-suited for library 
synthesis.54 Another literature example of a many 
electrode, many electrolytes method is an electrochemical 
microtiter plate (eMTP) designed for parallel 
spectroelectrochemical measurements.55 A 24-well plate 
was used to house 8 cells, each containing 1 mL of 
electrolyte and three electrodes suspended from a circuit 
board lid. The cells of the eMTP were connected to an 8-
channel potentiostat, allowing independent potentiostatic 
control of each cell. A proof-of-concept study 
demonstrated the ability to conduct cyclic voltammetry 
and chronoamperometry using the device and the eMTP 
was subsequently applied to the screening of cytochrome 
P450 monooxygenase muteins and reaction conditions 
for electroenzymatic synthesis.56 A more advanced 
system, designed specifically for electrosynthetic 
screening, has been developed by Waldvogel and 
coworkers. This consists of eight Teflon cells housed in a 
steel block for temperature control during electrolysis.57 
In this “Screening System”, the cells are designed for facile 
changing of electrodes between reactions and can 
accommodate up to 6 mL of reaction mixture. The setup 

State of the Art of Batch Electrochemical Screening Equipment
A. One electrolyte, many electrodes B. One electrode, many electrolytes

[modified electrode surfaces] [96-well plate] [one electrode]

C. Many electrodes/electrolytes D. Lin/Merck e-HTE

[24 undivided cells] [control of each row][16 undivided cells]

8-pin
connectorPCB

sealing plate
alignment plate
electrodes

24-well plate
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is typically controlled with an 8-channel DC power source 
allowing galvanostatic control of each cell independently. 
Alternatively, it can be run potentiostatically using an 8-
channel potentiostat. This system can also accommodate 
six divided cells, making it a singular example of high-
throughput screening capability for divided electrolysis. 
This system has been used to develop methodologies 
including oxidative cross-coupling of electron-rich 
aromatics,58 reductive dehalogenation,59 and 
deoxygenation,60 as well the electrochemical dehydration 
of aldoximes to nitriles.61 The most recent development in 
batch high-throughput electrosynthesis has been 
reported as a preprint by the group of Lin in collaboration 
with Merck. The authors present a 24-well, plate-based 
system (called HTe-Chem) constructed from a 
commercially-available, high-throughput photochemistry 
reactor (Figure 4D). This format makes it compatible with 
automated reagent addition systems and existing high-
throughput analytical equipment, further expediting the 
setup and subsequent analysis of reaction screens. It 
features widely-available, parallel, cylindrical rod 
electrodes that are readily interchanged to allow for 
screening of electrode material. The individual cells have 
a reaction volume of 200 – 600 µL, the smallest so far in 
high-throughput organic electrosynthesis, and a notable 
improvement on existing systems. In addition, the 
authors propose that the design is theoretically scalable to 
a 96-well format without major design modifications. The 
housing block allows for temperature control and is 
compatible with both magnetic and tumble stirring, while 
a silicon rubber gasket functions as a septum for each cell, 

limiting solvent evaporation and enabling reactions to be 
conducted under inert conditions. A 6 × 4 vial 
arrangement with each row of cells connected in series 
allows screening of four distinct currents or potentials 
across the plate. A disadvantage of this setup is that failure 
of one cell causes the whole row to fail, and so a ‘skipper 
pin’ has been developed to bypass individual cells. This 
also allows for crucial, no-electricity control experiments 
to be conducted concurrently with electrochemical 
reactions. The HTe-Chem has been applied to various 
transformations and showed a 2.2% standard deviation in 
yield across the plate with no impact from vial position in 
a proof-of-concept study. Finally, basing the system on a 
photochemistry reactor allows light to be delivered to the 
cells, further increasing the scope of the device. One 
disadvantage is that small-diameter rod electrodes make 
the use of reticulated electrode materials like RVC and 
nickel foam challenging. That being said, this newly-
disclosed device fulfills the majority of the requirements 
for the ideal high-throughput electrochemistry system, 
and commercialization of a reactor of this type would 
represent a significant step toward accessible, high-
throughput reaction development in organic 
electrosynthesis.62 

IKA enabled simplification of electrochemistry  

Although organic electrochemistry has been used for 
many years to improve or develop chemical reactions, the 
lack of intuitive electrochemical equipment limited the 
uptake of this useful technique. The development of 

 
FIGURE 5. IKA equipment for standardizing synthetic electrochemistry. 
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standardized and user-friendly equipment was needed to 
create a resurgence of the electrochemical field.63 
Therefore in 2018, IKA developed a new electrochemical 
product in collaboration with Phil Baran: the “ElectraSyn 
2.0” (Figure 5A).64 ElectraSyn 2.0 combines three devices 
in one: (1) a stir plate, (2) a potentiostat, and (3) analytical 
capabilities; avoiding complicated multi-equipment 
setups (computer, potentiostat, cables, separate stir plate, 
etc.) to simply run electrochemical reactions. In addition, 
consumables such as vials and electrodes have been 
standardized to allow the practitioner to reproduce 
reported reactions without hardship. IKA provides two 
types of vials: micro and standard (Figure 5B). Micro vials 
can contain volumes from 1 to 2 mL while standard vials 
start from 5 up to 20 mL allowing for different scales. In 
addition, the diversity of electrodes, in both size (micro or 
standard) and material offers access to a broad range of 
reactivity. Although ElectraSyn 2.0 represented an 
important advance for the field of synthetic 
electrochemistry, the biggest drawback remained that 
reactions could only be carried out one at a time. To 
overcome this limitation, IKA developed several 
screening equipment (Figure 5C) for performing parallel 
reactions: the “IKA carousel” and the “IKA e-Hive”. The 
first transforms ElectraSyn 2.0 from a single reactor to the 
six-reactor Screening System, with individual vial 
detection and a constant current or voltage through all six 
vials in series. The second provides a constant-voltage 
screening platform for a maximum of 24 parallel 
reactions, but with no individual control. An important 
feature of this device is that inner and outer electrodes of 
different materials may be screened. IKA also decided to 
commercialize the aforementioned electrochemical 
Screening System which can stir and heat up to eight 
undivided cells or six divided cells simultaneously and 
individually (Figure 5D).  

Despite IKA’s efforts to render electrochemistry 
accessible to anyone, much remains to be done especially 
from a high-throughput experimentation standpoint. 
Indeed, the IKA Carousel or IKA e-Hive do not provide 
heating options, which considerably limits their range of 
reactive chemistry. Additionally, a limitation of the e-Hive 
is that the cathode surface is twenty times larger than the 
anode, which necessitates electrode size to be reoptimized 
for scaleup. Furthermore, only constant voltage can be 
used. Finally, the device features an opaque case, 
preventing its use with photochemical apparatus. For 
parallel synthesis or reaction optimization, the most 
broadly desirable option seems to be the IKA Screening 
System: the main constraints being that only a maximum 
of eight reactions can be performed at once, and that a 
minimum reaction volume of milliliters is required.  

Use of batch high-throughput electrochemistry outside 
organic synthesis 

Outside organic synthesis, the prevailing format for 
electrochemical high-throughput screening is many 
electrode, one electrolyte systems, which have been used 
to screen electrode materials and surface modifications 
for battery,65 fuel cell,66 and sensing67 applications. One 
example of screening potentially amenable to organic 

electrosynthesis comes from a high-throughput screen of 
electrolyte additives to improve the performance of Li ion 
batteries.68 In this many electrode, many electrolyte 
method, 96-well microplates were used with a liquid-
handling dispenser and a 96-channel electrochemical 
analyser to screen samples containing combinations of Li 
salts. Battery components (anode, cathode, and 
separator) were placed in each well along with 100 µL of 
electrolyte to create a plate where 96 individual cells could 
then be analysed by intermittent pulse amperometry. The 
use of a robotic arm to fully automate the process gave a 
throughput of 400 samples/day and allowed the authors 
to rapidly identify the optimum combination of Li salts 
with a high degree of accuracy. The miniaturization and 
automation demonstrated by this method has enabled a 
throughput exceeding that achieved using existing many 
electrode, many electrolyte systems in organic 
electrochemistry. However, adaptation from an 
electrochemical analyser to a device capable of 
preparative electrolysis in each well could be a challenge 
and a barrier to adoption for reaction development. 
Furthermore, while the robotic arm greatly increases 
throughput, the associated cost and large footprint could 
be prohibitive in some settings.  

Screen printed multielectrode sensor arrays are 
another technology that has enabled high-throughput 
electrochemical screening outside organic synthesis. 
These arrays were first designed to detect nucleic acids in 
multiple samples after polymerase chain reaction 
amplification,69 and have since been applied to the 
detection of other biomolecules.70 The arrays generally 
consist of 96-well plates containing two carbon electrodes 
that have been screen printed onto a printed circuit board. 
In addition to biomolecule detection, screen printed 
multielectrode arrays have been adapted for the high-
throughput screening of enzyme libraries generated from 
directed evolution.71,72 In these systems, the electrodes in 
each well are covered with 35–200 µL of electrolyte, and 
the enzymatic activity determined using intermittent 
pulse amperometry. This many electrode, many 
electrolytes approach has been used to select enzymes for 
biofuel cells71 and synthetic biology,72 as well as the 
screening of enzyme inhibitors.73 Screen printed 
multielectrode arrays have also been developed in a three-
electrode format to allow more precise control over 
electrode potential.74 These techniques also have the 
advantage of enabling electrochemistry to be conducted 
on a smaller scale and with higher throughput than 
current electrosynthetic methods. Their application to 
organic synthesis would require consideration of the 
power source used to control the array as well as the 
possible requirement for the anode and cathode to be 
collocated at the bottom of the well, something that would 
not be consistent with the parallel electrode setup used in 
preparative electrolysis. Screen printed electrodes are 
used extensively for sensing applications including 
pharmaceutical and biological assays,75 however their use 
in organic electrosynthesis is limited. The few available 
examples involve the use of interdigitated platinum 
electrodes, screen printed on alumina and applied to the 
mediated oxidation of feedstock chemicals.76 Screen 
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printed electrodes have a relatively small surface area. 
While this is advantageous for sensing applications where 
microliter quantities of analyte may be required, it is a 
limitation for preparative electrolysis during organic 
synthesis. Secondly, screen printed electrodes are 
generally less robust than electrodes made of a bulk 
material, requiring frequent replacement. Interestingly, 
these qualities support their use in high-throughput 
screening of organic electrochemical reactions where both 
microliter reaction scale and single-use electrodes are 
desirable. Developments in the field have also led to the 
commercial availability of screen-printed electrode 
materials commonly used for organic synthesis, including 
platinum, carbon, boron-doped diamond, and nickel,77 
and those resistant to organic solvents.78  

SUMMARY AND OUTLOOK 
The parameter space of electrochemical reactions 

includes not only classical reaction optimization variables 
such as solvent, reagents, and reagent loadings, but also 
specialized factors such as electrode material and current 
density. Careful consideration and exploration of these is 
particularly important for scaleup of electrochemical 
processes. High-throughput experimentation is a 
valuable, enabling capability for the rapid generation of 
data to optimize and ensure robustness of reactions 
within this complex parameter space. Presently, features 
such as disposable electrodes, independent electrical 
control of individual cells, and microliter-scale flow 
experiments are possible. The HTe-Chem system recently 
developed by the Lin group, featuring readily-
interchanged electrodes and low reactor volumes in a 
familiar format suitable for automated reagent dispensing 
is a particularly welcome advance that forges an accessible 
path for high-throughput organic electrochemistry. 
Alternative modalities such as flow electrochemistry 
combined with automated liquid handling techniques 
provide yet further opportunities for rapid screening of 
both chemical and electrochemical parameters down to 
microliter scale, with significant recent advances having 
been reported in this area. The possibility of disposable, 
screen printed electrodes for organic electrochemistry has 
not been well-explored but presents another intriguing 
possibility for the future. High-throughput 
electrochemistry could allow inherently-scalable 
optimization of electrochemical processes, enabling trust 
in electrochemistry from discovery stage chemistry 
onward, while simultaneously facilitating rapid 
development of new reactions and access to new areas of 
chemical space. We believe that these encouraging 
technological developments herald a future of reduced 
barriers to electrochemistry at all stages within the 
pharmaceutical and agrochemical industries.  
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