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ABSTRACT: Electrosynthesis has much to offer to the synthetic organic chemist. But
in order to be widely accepted as a routine procedure in an organic synthesis laboratory,
electrosynthesis needs to be presented in a much more user-friendly way. The literature
is largely based on electrolysis in a glass beaker or H-cells that often give poor
performance for synthesis with a very slow rate of conversion and, often, low selectivity
and reproducibility. Flow cells can lead to much improved performance. Electrolysis is
participating in the trend toward continuous flow synthesis, and this has led to a number
of innovations in flow cell design that make possible selective syntheses with high conversion of reactant to product with a single
passage of the reactant solution through the cell. In addition, the needs of the synthetic organic chemist can often be met by flow
cells operating with recycle of the reactant solution. These cells give a high rate of product formation while the reactant
concentration is high, but they perform best at low conversion. Both approaches are considered in this review and the important
features of each cell design are discussed. Throughout, the application of the cell designs is illustrated with syntheses that have
been reported.
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1. INTRODUCTION
Organic electrosynthesis has a long history dating back to the
mid-1800s, and there is now extensive literature on organic

electrode reactions. Many interesting conversions have been
reported in books1−4 and reviews5−11 and there are examples
where electrolysis has been scaled up for the commercial
manufacture of an organic product.12,13 In reality, however,
organic electrosynthesis has largely been carried out in
laboratories specializing in the technique and it has never
become part of the routine armory of the synthetic organic
chemist. Why has electrolysis largely been ignored by synthetic
organic chemists? One reason is certainly the absence of
equipment and support designed specifically for convenient
laboratory synthesis by non-electrochemists. In the academic
literature on organic electrosynthesis, glass cells (beaker cells,
“pot” cells, and H-cells) predominate. While easily assembled
from laboratory glassware, such cells only allow slow chemical
change under poorly defined and often irreproducible
conditions. Yields and conversions can be well below what
could be achieved, and attempts by others to repeat the
synthesis can also lead to results below expectations. Hence,
their use seldom leads to a “convenient synthesis” attractive to
other chemists. In addition, papers often stress the advantages
of “controlled potential” and advocate the use of a potentiostat.
Potentiostats are convenient for very small scale electrolysis,
but their use limits the cell current that can be used and hence
the cell productivity. In any case, a much cheaper power supply
to give a constant current generally suffices for electrosynthesis,
provided that an appropriate cell current for the reactant
concentration and mass transfer conditions are selected. There
is also substantial literature on flow electrolysis cells,12,14 and
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they are the “workhorses” of electrochemical technology in
applications such as the modern chlor-alkali industry.12,15,16 In
organic electrosynthesis, flow cells with solution recycle can
support selective syntheses and certainly allow the fast
formation of product while the reactant concentration is high,
but the rate drops with the reactant concentration. Hence,
many electrosyntheses are reported with only a low conversion,
inconvenient for laboratory synthesis. Moreover, in the
literature, the emphasis is on the engineering aspects of cell
operation, and the experiments with the laboratory flow cells
are viewed as a stage in the scaleup of cells to the several square
meter dimensions necessary for commercial production. In
contrast, the need for flow cells designed for laboratory organic
synthesis has seldom been recognized.
Recently, there has been much interest in organic synthesis

carried out in microflow systems.17−20 A large number of
convenient syntheses with high conversions and selectivities
have been reported. A consequence has been the growth of
interest in flow electrolysis cells specifically designed for the
synthetic organic laboratory.21−23 This, therefore, seems an
appropriate time to reassess the literature on flow cells in
general in order to demonstrate that flow cells are a viable,
more attractive approach to organic electrosynthesis for
laboratory synthetic organic chemists.

2. GENERAL BACKGROUND

2.1. A Definition

For the purposes of this review it is important to define what is
meant by a ‘convenient laboratory synthesis’. It is intended to
include the chemical transformations routinely carried out in
the laboratory where (1) the intention is to prepare 10 mg−100
g of product; (2) there is a requirement for high selectivity; (3)
straightforward isolation of pure product is desirable, so full
conversion of reactant to product and the absence of electrolyte
are advantageous; and (4) the reaction goes to completion with
an electrolysis time preferably of minutes, but certainly no more
than a few hours.
Current (charge) efficiency is not always important in

laboratory synthesis. It is only important when competing
reactions (oxidation/reduction of the reactant to alternative
products or of solvent/electrolyte) lead to loss of reaction
selectivity or complicates the isolation of pure product.
Certainly, energy efficiency only becomes a factor on the
much larger scale essential for commercial manufacturing of
high-tonnage, low-value products.
2.2. The Rules

In general, in organic electrosynthesis, the role of the electrode
reaction is to convert the reactant molecule into a reactive
intermediate that then decays to the product in a sequence of
reactions in the solution close to the electrode. This coupled
chemistry commonly involves further electron transfer. For a
2e− transformation of reactant (A) into product (F), a common
mechanism (written for an oxidation) is shown in Scheme 1.
Clearly, a high-yield transformation requires both control of

the electron transfer reactions and choice of the solution
conditions (solvent, pH, electrolyte, temperature, etc.) so that
the reactive intermediates decay by a single pathway.
The design of convenient electrosyntheses, as defined above,

is only possible with the recognition of a number of
fundamental rules of electrochemistry.2,3,24,25

(i) Electrodes carry out oxidation or reduction, and for
chemical change to occur, charge must be passed through the

cell. The amount of charge, Q, required may be calculated using
Faraday’s law.

=Q mnF (1)

where m is the number of moles of reactant to be converted, n
is the number of electrons/reactant molecule involved in the
transformation, and F is the Faraday constant (the charge on a
mole of electrons).
Table 1 reports the cell current and a possible electrode area

for four rates of product formation and it emphasizes that

convenient synthesis requires a significant cell current and a cell
of some size, even with a relatively high current density
(requiring a high reactant concentration and efficient mass
transfer). For lower current densities, the cell dimensions
increase significantly (the required electrode area is inversely
proportional to the current density).
(ii) All electrolysis cells have both an anode and cathode, and

in terms of electrons, the same amount of chemistry occurs at
each electrode. Hence, for clean synthesis, the counter
electrode chemistry must be considered. While a separator
may be used, it must be recognized that transport of all
solution-soluble species through the separator can occur, and
indeed, transport of ions is essential to the passage of charge
through the cell (see below).
(iii) Chemical change cannot take place faster than the

reactant reaches the electrode surface, as the electron transfer
can only occur within molecular dimensions from the surface.
Therefore, the fastest chemical change is determined by the
mass transfer regime (i.e., how fast reactant travels to the
electrode, which is quantified by the mass transfer coefficient,
km). The rate of conversion is determined by the cell current,
Icell. Assuming that the fractional current efficiency for the
desired reaction is 1.0 and that the reaction is mass transfer
controlled, the cell current is given by

=I nFAk ccell m (2)

where A is the electrode area and c the concentration of
reactant. Always the cell current can be increased by increasing
the concentration of reactant, the electrode area, or the mass
transfer coefficient. Alternatively, in a cell with uniform current

Scheme 1. Typical Electrochemical Oxidation Mechanism

Table 1. Cell Current and Electrode Areas for a Monopolar
Electrolysis Cell Required for the Desired Product
Formation Rates

product formation ratea (g h−1) cell current (A) electrode areab (cm2)

0.1 0.06 0.6
1 0.55 5.5
10 5.5 55
100 55 550

aProduct from a 2e− transformation, with molecular weight 100 Da
and a fractional current efficiency of 1.0. bAssuming a current density
of 100 mA cm−2.
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density over the working electrode surface, the cell current can
be written as a function of the current density, jL.

=I j Acell L (3)

(iv) For a mass transfer controlled reaction, the fractional
conversion (X) as a function of time (t) of a volume of reactant
solution (V) using an electrode of area A is given by

= − −
X

k At
V

1 exp m
(4)

stressing the importance of efficient mass transport and a high
electrode area/solution volume (A/V) ratio in a cell design for
faster conversion. For reactions that are not mass transfer
controlled, the conversion will be slower. To illustrate the
difficulty in achieving high conversions, Table 2 estimates the

times required to obtain a 95% conversion for a reactant in a 1
L volume of solution in cells with different electrode areas and
efficiencies of mass transfer. In a 1 L beaker cell, typical designs
in the literature would have an electrode area of <100 cm2

(giving an A/V ratio <0.1) and an unstirred or slowly stirred
electrolyte equivalent to a mass transfer coefficient of 10−4 cm
s−1 (case a); this leads to a very long electrolysis time for high
conversion. Increasing the A/V ratio and introducing efficient
stirring (case b) leads to more rapid product formation. The
highest A/V ratio and most efficient mass transport regime
(case c) are probably only achievable with a large industrial
unit.
(v) In many cell designs, the objective is to achieve the same

chemical transformation and the same rate of reaction over the
whole surface of the working electrode. This requires that the
working electrode has a uniform potential over its surface and a
uniform flux of reactant to the whole surface, hence, uniform
current density. An equal potential over the surface is only
possible if all points on the surface of the working electrode are
equivalent in position with respect to the counter electrode so
that the potential drop through the interelectrode solution is
constant. A uniform flux of reactant necessitates a uniform mass
transfer regime and implies an even concentration of reactant
close to the surface. In contrast, when using a flow cell and the
objective is to achieve a high conversion of reactant to product
in a single pass of the reactant solution through the electrolysis
cell, it is still advantageous to have a equipotential surface, but
clearly, the flux of reactant must drop from entry to exit of the
cell. Hence, the local current density will drop along the
channel from inlet to outlet.

2.3. Divided vs Undivided Cells

In some cells, a separator (a glass frit, a porous ceramic, a
porous polymer sheet, or an ion-selective membrane) is placed
between the anode and cathode, in order to “separate” the
chemistries at the two electrodes. This is necessary when the
reactant or product of the desired reaction at the working
electrode has chemistry at the counter electrode or products
from the counter electrode reaction interfere with the synthesis
at the working electrode.
It is, however, important to understand the term “separator”

as used in the description of electrolysis cells. As noted above,
the passage of charge through all cells is essential to chemical
change at the electrodes and this requires the movement of ions
between the electrodes (cations from anode to cathode and/or
anions from cathode to anode); the passage of 1 mol of
electrons at the electrode surfaces necessitates the movement of
1 mol of ionic charge through the separator. In addition, these
ions will be accompanied by solvent. With ion permeable
membranes, the ion movement will largely be selective (cation
vs anion)26−28 and determined by the charge on the membrane
polymer. With porous materials, both anions and cations will be
transported, with the ratio determined by the transport number
of the ions in the electrolyte solutions. Furthermore, porous
separators only slow down the mixing of anolyte and catholyte
and diffusion of all species (including reactants and products of
the electrode reactions) will occur through the separator
whenever there is a concentration gradient across the separator.
The extent of mixing will depend on pore dimensions and will
increase with electrolysis time. Even with ion-permeable
membranes, some leakage of organics is inevitable, but it will
be slow compared to diffusion through a porous separator.
Recognizing that incorporating a separator into an

electrolysis cell increases the complexity of its design and
fabrication and, anyway, they are imperfect in stopping mixing
between anolyte and catholyte, can a separator be avoided?
Clearly, the answer is yes if the chemistries at the two
electrodes do not interfere with one another. This can be
achieved in several ways.29 In one approach, the cell is set up
with a desired oxidation reaction at the anode and a desired
reduction at the cathode, allowing two syntheses to be carried
out simultaneously in the cell. Clearly, such “paired electro-
syntheses” require that the cathode reactant and product are
inactive at the anode and the anode reactant and product
inactive at the cathode. One example shown in Scheme 2, is the
simultaneous oxidation of 1 to 2 and reduction of 3 to 4, which
has been exploited on a commercial scale, by BASF in
Germany.30

Another strategy involves the synthesis of the same product
at both electrodes. Here, an example is the electrosynthesis of
peracetic acid from acetic acid using hydrogen peroxide
intermediate produced both at a boron-doped diamond
anode by water oxidation and by oxygen reduction at a carbon
felt gas diffusion electrode.31

A third approach is to use both cathode and anode reactions
in the chemical sequence leading from feedstock to product. An
example is the conversion of nitrobenzenes 5, via 6, to give
nitrosobenzenes 732,33 using a buffer of pH 4−6 and a cell with
two flow-through carbon felt electrodes. The solution flow is
first through the cathode and then through the anode (Scheme
3).
Counter electrode chemistry can be particularly invasive if

the electrolysis employs an aprotic solvent (the anode and
cathode reactions of aprotic solvents are seldom clean). Hence,

Table 2. Influence of Mass Transport Conditions and
Electrode Dimensions on the Time Taken for 95%
Conversion of Reactant in 1 L of Solution: (a) Poor Mass
Transfer, km = 10−4 cm s−1; (b) Moderate Mass Transfer, km
= 10−3 cm s−1; and (c) Efficient Mass Transfer, km = 10−2 cm
s−1

time to 95% conversion

electrode plate dimensions
(cm × cm)

A/V
(cm−1) case a case b case c

1 × 1 10−3 350 days 35 days 3.5 days
10 × 10 0.1 3.5 days 8.4 h 50 min
30 × 30 0.9 9.3 h 56 min 5.6 min
100 × 100 10 50 min 5 min 30 s
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for syntheses at cathodes in aprotic solvent, a common
selection of anode reaction is the use of a soluble metal
anode.34,35 The most common metals are magnesium,
aluminum, zinc, and tin, although any metal that readily
dissolves anodically to give a soluble metal ion can be used. The
multicharged cations formed can have the additional role of
stabilizing or precipitating anionic products formed at the
cathode. This approach was used in a pilot plant for the
electrocarboxylation of the benzyl halide 8 in an aprotic
medium to give the anti-inflammatory drug fenoprofen (9),
using Mg electrodes (Scheme 4).36,37

The process required the development of a novel cell design,
the “pencil sharpener cell”. This innovative design allowed the
maintenance of a constant, narrow interelectrode gap as the
magnesium anode was consumed by the electrolysis. The pilot
plant operated with 60 kg batches of reactant converted to
product with a batch time of 28 h.
Moreover, the application of an undivided cell can be

advantageous. Almost always, anode reactions lead to the
formation of protons, and cathode reactions to the formation of
base. Hence, during electrolyses, solutions in a divided cell can
show strong changes in pH with conversion, possibly leading to
undesirable side reactions (e.g., hydrolysis of reactant and/or
product). In an undivided cell, the counter electrode chemistry
is readily used to counterbalance the pH swing at the working
electrode and hence to avoid the competing chemistry.
Examples of creating pH balance using the cathodic generation

of base in anodic syntheses would include the paired synthesis
described in Scheme 2 and the methoxylation of N-formyl-
heterocycles 10 to give 11 (Scheme 5).38−42

3. BEAKER CELLS AND H-CELLS
Figure 1 illustrates typical designs of (a) a beaker cell, (b) a pot
cell, and (c) an H-cell. Such cells are usually constructed from
glass and easily put together in the laboratory. Moreover, they
are easily adapted for oxygen- and water-free operation and
electrolysis at slightly elevated temperatures.
Why then are such cells not recommended? The main reason

is the slow rate of chemical change leading to very extended
electrolysis times to obtain grams of product and/or high
conversions as well as selectivities below those that can be
achieved. As noted in the discussion of Table 2, with these cells,
the time for 95% conversion is often many hours and can be
several days. The slow rate of conversion is a consequence of
the following: (a) the mass transfer regime (characterized by a
mass transfer coefficient, km) and (b) the ratio of electrode area
to electrolyte volume (A/V).
With regard to the mass transfer regime, operating with a still

solution or slowly rotating magnetic stirrer in a beaker cell leads
only to inefficient mass transport and corresponds to case a in
Table 2. Using fast rotation of the magnetic stirrer or a fast
stream of targeted gas bubbles improves the mass transport
regime, approaching case b. Using an efficient paddle stirrer or
rapid rotation of the electrode will improve the performance
further, but case c is very difficult to achieve in beaker cells.
With pot cells and H-cells, it is even more difficult to increase
the movement of the solution and hence to improve the mass
transport regime.
With regard to the ratio of electrode area to electrolyte

volume (A/V), Table 2 illustrates that the electrolysis time is
very sensitive to the ratio A/V. In many cells used in the
laboratory, A/V ≪ 1. It is maximized in a beaker cell by using
two concentric, cylindrical electrodes with the working
electrode close to the edge of the beaker. In principle, the A/
V ratio can reach 0.25. Another possible way to enhance the A/
V ratio in beaker cells is to use a block of reticulated vitreous
carbon as the working electrode; with 3D electrodes, however,
the IR drop through the solution within the electrode structure
may limit the surface area that is active; see the discussion
below.

Scheme 2. Example of a Commercial Paired Electrosynthesis
Process

Scheme 3. Conversion of Nitrobenzenes to Nitrosobenzenes
Using Both Cathode and Anode in the Cell

Scheme 4. Synthesis of the Anti-Inflammatory Drug 9, Using
a Dissolving Mg Electrode

Scheme 5. Example of Using the Counter Electrode
Chemistry to Balance the pH
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Higher and more uniform mass transfer as well as a higher A/
V ratio are much easier to achieve in flow cells. With beaker and
other glass cells, differences in stirring procedures, A/V ratio,
and electrode placement between cells in different laboratories
can easily lead to different selectivities and conversion rates;
this apparent lack of reproducibility damages the reputation of
electrosynthesis among synthetic chemists.
In all cells, the reaction selectivity depends on controlling the

electrode potential (usually via control of the cell current,
reactant concentration, and mass transfer regime) to ensure
that the same reactive intermediate is produced with a relatively
uniform concentration over the whole electrode surface. This
requires that all points on the working electrode surface are
equivalent geometrically with respect to the counter electrode
(so that the IR drop (voltage drop) through the solution
between the electrodes is the same over the whole surface) and
there is also a uniform mass transport regime over all the
working electrode. Few designs of beaker cells can achieve
these goals. Hence, for example, if two plate electrodes are
used, then the backs should be covered with insulating material;
otherwise, the front and back of the working electrode will
carry quite different current densities, the back doing little
chemistry. Uniform current distribution and absence of edge
effects are much more easily achieved in other cell designs, e.g.,
parallel plate flow reactors; see the following section. Also a
good selectivity depends on selecting solution conditions so
that the reactive intermediates decay by a single pathway. It is
also helped by rapid electrolysis, since competing homogeneous
chemical reaction (e.g., reactions catalyzed by H+ and OH−,
hydrolysis by trace water) become more important with time.
Overall, glass cells are a poor choice for convenient

electrosynthesis. The only advantage is their similarity to
other laboratory apparatus. It also has to be said that the
designs shown in textbooks are too often even poor designs of
beaker and H-cells, failing to achieve a high A/V ratio, good
mass transfer, or uniformity of electrode potential.

4. PARALLEL PLATE CELLS WITH FLOW AND
SOLUTION RECYCLE

In the manufacture of chemicals by electrolysis on a commercial
scale, parallel plate cells in a stack within a filter press are a
frequent choice of technology.12,13 On this larger scale, both
divided and undivided cells have been operated. The linear flow
rate through the gap between the electrodes is usually as rapid
as possible, so as to enhance the mass transfer of reactant to the
electrode. This maximizes the cell current and rate of
conversion (in terms of grams/second), but in consequence,
the residence time of reactant within the cell is short so that the
conversion per pass is low. To achieve an acceptable
conversion, the reactant solution is recycled between a reservoir
and the cells. A high overall conversion requires a long
electrolysis time, as the current will drop (exponentially with
time) as the reactant concentration decays with conversion to
product. If a low conversion is acceptable, the highest cell
productivity is achieved by adding reactant continuously so that
its concentration remains high.
Parallel plate cells have a number of advantages: (1) all

points on the working electrode surface are equivalent with
respect to the other electrode; (2) using simple polymer
spacers, a constant narrow interelectrode gap is easily achieved;
(3) uniform flow in the gap between the two electrodes can be
realized; (4) a separator can be introduced without major
changes to the cell design; and (5) scaling can readily be
achieved by changing the area of the plate electrodes or using
multiple cells in parallel.
Laboratory parallel plate reactors maintain these advantages.

Usually a single pair of electrodes is sufficient for the desired
rate of conversion, and the cell may be divided or undivided.
Figure 2 shows laboratory setups featuring cells, reservoirs, and
pumps.
The overall conversion can still be estimated using eq 4

provided V is now the volume of reactant solution in the
reservoir. The simplest cell is based on two electrode plates
separated by a spacer/gasket fabricated from an elastomer

Figure 1. Typical glass cells used for electrosynthesis in the literature: (a) undivided beaker cell, (b) beaker cell with a porous pot separator, and (c)
H-cell with porous separator.

Figure 2. Laboratory arrangement for electrosynthesis using a flow cell with recycle of reactant solution: (a) undivided cell and (b) divided cell.
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polymer sheet with its center cut away to form the electrolyte
flow chamber. Leak-free operation is achieved by compression
of the sandwich with a series of bolts around the edges of the
plates. The dimensions of the cell are determined by the
desired production rate and the cell current that can be
achieved; see Table 1. As a general rule, the interelectrode gap,
determined by the thickness of the spacer(s), should be as
narrow as possible and 1−5 mm is readily achievable. The
polymer used for the spacer will be determined by its stability
to the solvent and chemicals used in the electrosynthesis.
Figure 3 shows a slightly more sophisticated design based on

two polymer blocks spaced by elastomer gaskets.43 This design
includes entry and exit lengths to the solution chamber, and
this ensures a more uniform flow regime over the whole surface
of the electrodes. In the absence of these entry and exit lengths,
uniform flow across the electrode requires the design of
solution distributors at the inlet and outlet to the cell.
Elastomer sheets are available in several materials and
thicknesses; the solution flow channel is created by cutting
away the center of the elastomer sheet. If the electrodes are thin
metal sheet or meshes, the electrodes may be laid upon the
polymer blocks, and electrical contacts are readily made
through tabs at the side of the cell. Alternatively, metal plate
electrodes can be sunk into the polymer blocks with electrical
contact from the back. The cell is sealed between two metal
end plates slightly larger than the polymer blocks and a number
of bolts compressing the end plates. Effective sealing of the cell
may require multiple gaskets.
Other flow cell designs employ polymer blocks with centers

cut away as the electrolyte chambers with elastomer gaskets
between each polymer block. Figure 4 shows an undivided cell
of this design. All parallel plate cells can be operated divided as
well as undivided, with the additional solution compartment
and ion-permeable membrane or porous polymer sheet
separator sealed with additional spacers/gaskets. The interelec-
trode gap should always be as narrow as possible. With divided
cells employing mesh electrodes, the electrodes can actually be
in contact with the membrane surface with the reactant feed to
the back of the mesh; this is then known as a “zero-gap” cell. In
laboratory cells, typical areas are 10−100 cm2, depending on
the desired rate of product formation, and typical linear flow
rates are 1−20 cm s−1, with the volumetric flow rate depending
on the dimensions of the electrolyte chambers. A number of
papers describe parallel plate flow cell designs suitable for

laboratory electrosynthesis.43−48 Such cells have also been
marketed by a number of companies.12,49−51

A commercial cell used in several academic studies was the
FM01-LC electrolyzer12,52−56 marketed by ICI for a number of
years (Figure 5). This cell has electrodes with an active area 4 ×
16 cm and it could be operated with or without a separator.
Data from this cell is used to illustrate the factors influencing
the rate of chemical change in parallel plate flow cells. Figure 6
reports the limiting cell current densities for a mass transport
controlled reaction (in fact, for the reduction of 1.0 mM
ferricyanide in 1.0 M aqueous KOH) as a function of solution
linear flow rate. The data are presented as plots of log(limiting
cell current) vs log(linear solution flow rate) for cells with (a) a
flat plate electrode, (b) a flat plate electrode with a thin plastic
mesh turbulence promoter, and (c) a 4 mm thick, nickel foam
electrode with flow-by configuration (the direction of current
and solution flows are perpendicular). The relative limiting cell
currents are proportional to the rate of chemical change/unit
area for a mass transfer controlled electrosynthesis. In all
configurations, it can be seen that the rate of conversion of
reactant to product increases with flow rate (although the
decreasing residence time of reactant in the cell with increasing
flow rate will lead to a lower fractional conversion for each pass
of solution through the cell).
With the flat plate electrode, the mass transfer coefficient is

close to 10−3 cm s−1 at all flow rates used (corresponding to
case b in Table 2), and a 10-fold increase in flow rate led to an
approximately 3-fold increase in limiting current density. Figure
6 also shows that the rate of conversion can be further
increased by including one or more thin polymer mesh
turbulence promoters close to the plate electrode surface,
typically by a factor of 1.5−3. This factor can be increased to >5
by inserting a stack of such meshes into the solution flow. The
influence of the turbulence promoter architecture and
dimensions has been investigated.44,55,57 The largest increase
in rate of conversion is achieved with a three-dimensional
electrode, usually a foam, a felt, or a stack of mesh
electrodes,43,56,58 and this is illustrated in Figure 6 with data
for a nickel foam cathode where the scaling factor is >20
compared to the flat plate electrode. Foam and stacked mesh
electrodes as well as stacked mesh turbulence promoters are
most easily incorporated into parallel plate reactors using
additional polymer blocks as the electrolyte compartments;

Figure 3. A simple laboratory flow cell. Shown are the components for
a half-cell. The cell is completed by repeating similar components. A
membrane/porous separator may be accommodated with additional
gaskets. The complete cell is sandwiched between two end plates
pressed together with multiple bolts.

Figure 4. A figure showing the cell structure and components of a
laboratory parallel plate reactor.
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Figure 7 illustrates a cell with a reticulated vitreous carbon
electrode.59

These three-dimensional electrodes benefit from an
enhanced real surface area (therefore the current density
scaling depends on the thickness of the structure as well as its

detailed structure) in addition to the creation of turbulence in
the solution flow close to the electrode. Such three-dimensional
electrodes are most beneficial to the rate of conversion when
the electrode reaction is occurring at low current density, a
common situation in electrosynthesis. An example is the
oxidation of alcohols to carboxylic acids at a nickel anode in
aqueous alkali.56 When the synthesis is possible at higher
current density, the performance of three-dimensional electro-
des becomes adversely affected by IR drop in the solution
through the 3D structure; some of the 3D electrode depth
becomes inactive and the cell productivity no longer scales with
electrode thickness.
Industrial-scale parallel plate cells have electrodes with an

area up to 1 m2 and it is common to stack up to 100 cells with
bipolar electrical connection within a filter press arrangement.12

Laboratory electrolyzers are usually designed with a single pair
of electrodes with areas 5−100 cm2. But as previously stressed,
the literature on small parallel plate electrolyzers generally
views them as a stage in the scale-up to larger electrolyzers for
electrosyntheses on a commercial scale producing many
kilograms/day. This, however, is not necessarily the way to
view such cells and should not distract from using them in a
different role, simply for laboratory synthesis. To illustrate their
performance, consider an electrolyzer with 10 × 10 cm
electrodes; for electrolysis of a 0.1 M solution of reactant, the
initial conversion rate for a selective reaction could be 0.2 mol
h−1 (20 g h−1 for a product with molecular weight 100 Da) and
the reaction with 1 L of reactant solution should go to 95%
conversion (95 mmol or 9.5 g for a product with MW = 100
Da) in under 2 h. A high current efficiency, however, requires
the electrolysis to be carried out with a declining cell current
(either with a programmed cell current or using a controlled
potential) as the limiting current for the desired reaction decays
with reactant conversion to product. Alternatively, if less than
high conversion is acceptable, the electrolysis would be 50%
complete in ∼25 min, giving 50 mmol of product (5 g for a
product with MW = 100 Da).
Parallel plate flow reactors have been much underused for

laboratory organic synthesis, but reactions that have been
reported include (1) the reduction of L-cystine to L-
cysteine;60,61 (2) the reduction of benzaldehydes to benzyl
alcohols and/or diols;62,63 (3) the oxidation of alcohols to
carboxylic acids;56 (4) the anodic coupling of o-hydroquinone
to 4-hydroxycoumarin and 1,3-dimethylbarbituric acid to give
coumestan and catecholamine, respectively;64 (5) the oxidation
of lignosulfonate into vanillin;65 (6) the formation of 4-
hydroxybenzaldehyde from sodium 4-hydroxymandelate;66 (7)
the solvated electron reduction of histidine methyl ester to L-

Figure 5. Design and components of the FM01-LC laboratory flow electrolyzer.

Figure 6. Variation of the cell current (cell productivity) and mass
transport regime with linear flow rate for a mass transport controlled
reaction, presented as log/log plots. FM01 cells with nickel cathodes
(area 64 cm2). Solution was 1 mM Fe(CN)6

3− + a large excess of
Fe(CN)6

4− in 1 M KOH. (a) Flat plate electrode. (b) Flat plate
electrode + a fine polymer mesh turbulence promoter. (c) Foam
electrode, thickness 4 mm. Data are from refs 54 and 56.

Figure 7. Flow cell with 3D foam electrode and membrane separator
to illustrate a polymer block solution compartment cell.
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histidinol using ethylamine as the solvent;67 and (8) the Cr(II)-
mediated indirect reduction of 4-hydroxymandelic acid to 4-
hydroxyphenylacetic acid.45

These examples, however, should be considered as
illustrating the range of chemistry possible in parallel plate
electrolysis cells rather than laboratory syntheses. Data is often
reported at low conversion, and a common target is to increase
current density (therefore cell productivity), at least to 50 mA
cm−2.
Overall, flow cells with recycle of the reactant solution

deserve consideration for laboratory synthesis. The scaling of
cell productivity by attention to the flow regime, the use of
turbulence promoters, and consideration of a three-dimensional
electrode should be emphasized. Several designs can give high
selectivity for suitable reactions, and with appropriate selection
of cell dimensions and configurations, solution flow rate, and
reactant concentration, various rates of product formation can
be accommodated. Full/high conversion, however, requires
lengthening of the electrolysis time, because the rate or
conversion of reactant to product drops with time as the
reactant concentration decays. Hence, flow cells with recycle of
the solution are best suited to laboratory synthesis, where a low
conversion is acceptable for the synthesis.

5. PSEUDO-PARALLEL PLATE CELLS WITH FLOW AND
ELECTROLYTE RECYCLE

5.1. SPE Electrolyzers
A development of parallel plate electrolysis cells is the solid
polymer electrolytes (SPE) (also called MEA) reactor68 (Figure
8). In such cells, the electrolyte is an ion-permeable membrane

and one or both of the electrodes are meshes or porous
structures coated directly onto the surface(s) of the membrane.
This has the advantage that the electrode in contact with the
membrane can be fed from the back of the electrode and the
feed does not need to be ion-conducting. Hence, the feed can
be reactant dissolved in solvent without electrolyte, reactant
dissolved in a nonpolar solvent, or even pure reactant. It is an
advantageous design when the electrodes are catalytic, with the
approach feeding strongly on fuel cell technology. The most
common reaction is hydrogenation with substrates including
decene,69 acetone,69 acetophenone,70,71 unsaturated ketones,72

nitrobenzene,73 toluene,74 and edible oils (such as soybean
oil).75−77 Other electrosyntheses reported for SPE reactors
include that of N-acetyl-L-cysteine78 and p-methoxybenzalde-
hyde,79 as well as the Kolbe reaction.80

5.2. Pipe Cell

Although strictly not a parallel plate cell, some other cell
designs share a key characteristic, the anode and cathode are
separated by a uniform interelectrode gap. One design is the
pipe cell (Figure 9), where the cell consists of a cylindrical
graphite anode electrode inside a steel pipe cathode with a
narrow interelectrode gap.81,82

The scale of the preparation determines the dimensions of
the cell; Eberson and co-workers,81,82 describe two such cells,
with anode areas of 500 and 800 cm2 and interelectrode gaps
0.5 and 3 mm, respectively; smaller cells are probably easier to
construct. The larger cell was used for methoxylation and
acetoxylation of toluenes, alkylamides, and N-heterocycles, as
well as dehydrocoupling of aromatic rings.41,81−83 The
reactions were carried out on a 1−5 mol scale with good
selectivity and current efficiency, and the electrolyses were
complete in 1−10 h. The residence time of the reactant for
each cycle of reactant solution through the cell is, however, <1
s, allowing only a very low conversion/pass. When the cells
have a narrow interelectrode gap, they also allow electrolysis
with only low electrolyte concentrations, ∼10 mM.
5.3. Bipolar Disk Stack Cell
A design of cell used successfully by BASF in Germany for
pilot-scale operation and/or commercial production of
adiponitrile,84 dimethylsebacate,85 4-tert-butylbenzaldehyde,30

and dimethoxyhydrofuran30 is the bipolar disk stack
cell.12,84,86,87 It consists of a stack of graphite disks, wherein
neighboring disks are kept from electrical contact by thin
polymer spacers. It is a bipolar cell with electrical connections
only to the two end plates. The reactant solution enters the cell
through a common, central inlet and then flows outward
through the narrow gaps between the disks. The industrial cell
has up to 100 disks with a diameter of 0.4 m. Again, this is
much too large for routine laboratory synthesis, but smaller
laboratory units have been described.81,84,88 One such cell
consists of five graphite disks, each having an area of 31.6 cm2

and an interelectrode gap of 1 mm.88 It was used for the
acetoxylation of p-methylanisole, and the monosubstituted
product was obtained with a selectivity of 93%, even at high
conversions (>90%), and delivers product at a rate of several
grams/hour.
The bipolar disk stack is very simple to construct (Figure

10). It has the disadvantage that the linear flow rate (and,
hence, the rate of mass transfer) decays as the reactant flows
outward across the disks, but the influence of this on

Figure 8. Design of a solid polymer electrolyte (SPE) cell.

Figure 9. Design of a pipe cell.
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performance is minimized by using a high flow rate of reactant
solution through the cell. Certainly, excellent performance has
been reported for several reactions, including the hydro-
dimerization of acrylonitrile,84 the synthesis of dimethylseba-
cate,85 the dimethoxylation of 4-tert-butyltoluene30 and the
dimethoxylation of furan30 on a large scale. Such cells with
appropriate dimensions deserve consideration for laboratory
synthesis.

6. FLOW REACTORS WITH HIGH CONVERSION IN A
SINGLE PASS OF REACTANT SOLUTION

With the recent focus on microflow and flow technology for
organic synthesis, several groups have sought to design and
apply electrolysis cells that match the challenges of flow
synthesis, including high conversion in a single pass of reactant
solution through the cell. The laboratory arrangement for such
an experiment is shown in Figure 11a, while Figure 11b stresses
that a high conversion requires the reactant concentration and

hence the local current density to drop (in fact, exponentially)
with distance along the channel, from a high value at the inlet
toward zero at the outlet. Several strategies have been used to
achieve the goals with different rates of delivery of product.

6.1. Slowing Down the Solution Flow Rate

In principle, using a parallel plate reactor, a high conversion in a
single pass can always be achieved by slowing down the flow of
reactant solution through the cell. The cost is a degradation in
the mass transfer regime, leading to a lower limiting current
density for the desired reaction with consequences to the rate
of product formation. It may also adversely affect the reaction
selectivity and current efficiency. Despite these potential
problems, this approach has been widely studied. A narrow
interelectrode gap can be advantageous. As well as permitting
electrolyses with a low electrolyte concentration, the presence
of the counter electrode surface physically limits the expansion
of the mass transport layer at the working electrode and
thereby improves the mass transport regime.
A flow cell design using readily available components and

relatively straightforward construction is based on the thin layer
cell familiar in electroanalytical chemistry.89,90 Thin metal films
(e.g., Pt, Au, Ag) supported on glass microscope slides are
separated by thin polymer tape to give a controlled and narrow
interelectrode gap separation, and the cells are sealed with
epoxy−resin.91 The cell channel is typically 1 cm wide × 3−5
cm long, and the interelectrode gap varies between 20 and 150
μm. Similar constructions are possible with plate electrodes.
For example, Horii et al.92 describe a 3 × 3 cm cell with 80 μm
interelectrode gap based on glassy carbon and Pt plates. Such
cells have been used for a wide variety of reactions: (1)
methoxylation and acetoxylation of furan and toluenes,92,93 (2)
coupling of activated alkenes with benzyl bromides,94 (3)
cathodic dimerization of 4-nitrobenzyl bromide,95 (4) cathodic
coupling of benzyl bromide and acetic anhydride,96 (5) the
monoalkylation of methyl phenylacetate,97 (6) electrogenera-
tion of o-benzoquinone and coupling to benzenethiols,98 (7)
anodic phenol−arene coupling,99 (8) conversion of benzyl-
amine to dibenzylamine,95 (9) paired electrosynthesis of diaryl
ethers,100 and (10) cathodic carboxylation of benzyl halides
with CO2.

101

Table 3 summarizes the performance of some of the above
reactions. Typically, good conversions, yields, and selectivity
can be achieved, but this requires relatively low flow rates,
limiting productivity to a few milligrams/hour. Additionally, the
low currents required to drive the transformation, along with
micrometer interelectrode dimensions, mean that in most cases
no additional conducting salts (electrolyte) are required,
making the isolation of pure product easier.
More recently, modifications to the cell design has allowed

more complex transformations to be achieved. Amemiya et al.
described a sequential paired redox process, where benzylamine
(12) was oxidatively dimerized to imine 13 and then reduced to
amine 14 (Scheme 6).102 This was achieved by switching
cathode materials from Pt to graphite halfway through the cell.
The anode remained Pt. In practice, mixed products were
obtained, but the conversion is a demonstration of an
interesting concept.
Atobe and co-workers have introduced the concept of using

“parallel laminar flow” within such narrow gap reactors to
separate the anolyte and catholyte streams without a physical
separator;103,104 this includes the separation of two different
phases.105 The cell design is as described above, except for the

Figure 10. A laboratory bipolar capillary gap cell with five graphite disk
electrodes in the stack.

Figure 11. (a) Laboratory arrangement for electrosynthesis using a
flow cell with high conversion in a single pass. Reprinted with
permission from ref 38. Copyright 2016 Academiai Kiado. (b)
Concentrations of reactant and product as a function of distance
through the cell under electrolysis conditions (flow rate and cell
current) where the conversion is high. In ideal conditions, the local
current density will be proportional to the local concentration of
reactant. Reprinted with permission from ref 134. Copyright 2016
Academiai Kiado.
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requirement for two inlets and two outlets (Figure 12). The
two solutions are fed to the cell from different inlets, each with

a flow rate typically 0.1 cm3 min−1, and the channel dimension
ensures that the two flows remain unmixed, stable, and linear.
The separation of the two flows allows separation of the anode
and cathode chemistries and the introduction of one reactant
through the counter electrode feed. For example, the reaction
shown in Scheme 7 becomes possible in moderate yield when
the allyltrimethylsilane is fed from the cathode stream, despite
the nucleophile being the more readily oxidized reactant.103,104

The separated flows can also be used to determine which of a
pair of electroactive reactants is reduced/oxidized. In the
example shown in Scheme 8, the regioselectivity for the
coupling of allyl halides and aldehyde/ketones (formation of γ-
adduct vs α-adduct)106−108 is controlled by fixing which of the
reactants is reduced at the cathode and which is introduced
from the anolyte.
Again, the very thin interelectrode gap also makes possible

electrolysis without added electrolyte, as demonstrated with an
example of paired electrosynthesis, to generate two products.107

At the anode 1-phenylethyl alcohol was oxidized to
acetophenone and at the cathode benzyl chloride was reduced
to toluene, with conversions up to 93%. Other reactions carried

out in the cell include (1) cathodic generation of CCl3
− from

chloroform and its addition to benzaldehyde,109 (2) cathodic
generation of base for the monoalkylation of methyl phenyl-
acetate,97 and (3) cross-coupling of toluenes and naphtha-
lene.110

Parallel laminar flow is clearly an interesting and clever
concept and it certainly allows the demonstration of novel
syntheses. Unfortunately, the slow flow rate of solution limits
the cell productivity to a few milligrams/hour. Moreover, it is
difficult to see how the separation of flows can be maintained if
the flow rate is increased or the cell channel extended,
especially if there is gas evolution from one of the electrodes.
Clearly, cells based on glass microscope slides are not robust,

and Watts et al.111 have developed an alternative design with a
narrow gap channel. On the basis of easily mounted, circular
end plates, the cell with a PTFE body had a solution channel
0.3 cm wide × 3 cm long × 254 μm deep interelectrode gap.
The cell has been used for several syntheses, with moderate to
good yields and with productivities of several milligrams/hour,
including (1) methoxylation of furan,111 (2) Kolbe reaction of
phenylacetic acid,111 (3) synthesis of diaryliodonium salts,111

(4) Kolbe electrolyses with CHF2COO
− and CF3COO

−,112

Table 3. Performance Summary of Synthetic Examples Performed in Short Path Length Microfluidic Flow Electrolysis Cells

reaction flow rate (mL min−1) yield (%) productivity (mg h−1) no. of substrates interelectrode gap (μm) refs

1 0.010 7−85a 10 5 80 92, 93
2−4 0.015 >95b 3 16 120 94−96
5 0.100 up to 88a 20 3 80 97
6 0.020 up to 90b 20 5 20 98
9 0.600 52−98 51 4 20 101

aYield determined by HPLC. bYield determined by GC, using an internal standard.

Scheme 6. Conversion of Benzylamine to Dibenzylamine by a Paired Reaction in a Thin Layer Cell

Figure 12. Principle of parallel laminar flow in a microflow reactor
illustrated with an anodic substitution reaction. The substrate is
introduced via the inlet to the anode and the nucleophile via the inlet
to the cathode. Reprinted with permission from ref 103. Copyright
2007 American Chemical Society.

Scheme 7. Allylation Using the Parallel Laminar Flow Cell
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and (5) cleavage of the isonicotinyloxycarbonyl group from
carbonates and thiocarbonates.113

Several groups have described flow cells designed to increase
the productivity of such narrow interelectrode gap cells. He et
al.114 suggested two approaches to extend the throughput of
their single channel reactor with two Pt electrodes.94,95 The
designs had multiple, parallel channels and gave high
conversions, but the cell productivity remains only milli-
grams/hour. Simms et al.115 used soft lithography and
micromolding techniques to fabricate a device with multiple
parallel solution channels. It was used for the methoxylation of
2-pyrrolidone, but again, the total flow rates and cell
productivity remain very low.
Attour et al.116 described a parallel plate cell that achieved

significantly increased throughput of reactant. It had a single
channel, 1 cm wide × 10 cm long × 50−100 μm deep
interelectrode gap, and the anode was divided into 10
independently controllable sections so that the current density
could be reduced as reactant was converted to product along
the cell. This sectioned anode greatly improved the conversion
of 4-methylanisole (15) to the dimethoxylated product (16)
(Scheme 9) in methanol/KF, reaching a conversion of 90% in a

single pass with a selectivity of 87%. The paper reports the
influence on both conversion and selectivity of flow rate (0.05−
2 cm3 min−1), electrolyte concentration (2.5−100 mM), and
cell current (0.1−2 times the theoretical charge for full
conversion). This work is supported by two further papers
reporting design calculations with the objective of further
scaleup.117,118

An even greater scaleup was reported by Kűpper and co-
workers,119 who report a parallel plate configuration with
electrodes 18.9 cm long × 9.8 cm wide spaced by a PEEK foil
30−40 μm thick that is machined so as to divide the
interelectrode gap into 75 parallel microchannels each with
width 0.8 mm. The key component is shown in Figure 13.
This cell could give good, but not complete, conversions at

flow rates up to 10 cm3 min−1, and the productivity could be
further enhanced by placing multiple cells in a bipolar stack. It
could also be operated in the divided mode by employing an
ion-permeable membrane as the separator and at pressures up
to 35 bar to compress the hydrogen bubbles formed at the
cathode and hence reduce the cell voltage. The performance of
the cell was established using the methoxylation of 4-

methylanisole (Scheme 9), but the cell was designed for the
oxidation of gluconate to arabinose, and the latter reaction was
used for model calculations for a combined electrolysis/liquid
chromatography separation process.120

A smaller version of this cell has been described.22,121 It has
plate dimensions 5.7 × 5.7 cm and 27 parallel channels with a
length of 2.95 cm and width of 0.8 mm; the interelectrode gap
was 100 μm (Figure 14). It was again designed for high-
pressure operation (up to 27 bar) and tested with the
methoxylation of 4-methylanisole. With a flow rate of 0.2 cm3

min−1, conversions were 85% with selectivity over 90%
employing the theoretical cell current.

Scheme 8. Controlling the Regioselectivity Using the Concept of Parallel Laminar Flow

Scheme 9. Anodic Methoxylation of 4-Methylanisole (15)

Figure 13. Image of the spacer, with multiple channels, reported by
Küpper et al. Reproduced with permission from ref 119. Copyright
2003 Elsevier.

Figure 14. Components for microflow cell described by Attour et al.
Reproduced with permission from ref 121. Copyright 2011 Elsevier.
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Gűtz et al.122 have reported the application of a traditional
membrane divided flow cell with 80 cm2 electrodes for the
cathodic debromination of dibromo-spirocyclopropane-proline
derivative 17 to form intermediate 18, for the synthesis of
NS5A inhibitors (Scheme 10). By combining a slow flow rate

(0.6 cm3 min−1) and a high charge input (20 e−/molecule),
they were able to achieve a yield of 70% for an electrolysis
carried out with 6.4 g of starting material. This paper
emphasizes that flow rate is an important parameter in
laboratory electrolyses; although a slow flow rate degrades
the mass transfer regime and hence restricts the limiting current
density (rate of conversion/unit area) for the conversion, it
does, however, allow a reaction to be carried out towards full
conversion.
6.2. Using a Three-Dimensional Electrode
A compact cell (Figure 15a) with a carbon felt anode has been
described by Yoshida and co-workers.123−126 In this cell, the
carbon felt anode (7 × 7 × 5 mm) is separated from another
carbon felt or Pt wire cathode by a porous PTFE diaphragm.
The flow of reactant solution is into the cell through the anode
and then passing through the separator to the cathode before
leaving the cell. In the early design, the solution entered the cell
at one side of the anode, leading to a nonuniform flow
distribution across the anode. Later the design of the anode
compartment was modified to have a defined and tortuous flow
channel123 (width 1.5 mm, depth 4 mm, length 57 mm)
(Figure 15b,c); this improved the performance significantly.
Despite a rather low flow rate (a few cubic centimeters/hour)
leading to a low rate of product formation, the cells have been
used for a rich variety of chemistry127−129 largely based around
their “cation flow” methodology, where metastable organic
cations are generated at low temperature (down to 201 K) in
the cell and then reacted with nucleophiles exterior to the cell.
Typical reactions were the oxidation of carbamates to N-
acyliminiumion cations and subsequent reaction with nucleo-
philes, such as allylsilanes, enol acetates, and enol silyl ethers
(Scheme 11).

In another version of the cell, there were separate inlets to
the anode and cathode compartments, and this cell was used
for a paired synthesis, where a cation formed at the anode and a
nucleophile formed at the cathode were coupled external to the
cell in the presence of an acid (Scheme 12).123

Particularly impressive is the ability of the cell to carry out
electrolyses at very low temperatures and its integration into
sequences of operations to allow complex chemical changes and
a combinatorial approach to electrosynthesis (the cation can be
reacted with a series of nucleophiles exterior to the cell). In
general, good reaction selectivity (67−100%) was achieved,
although at only moderate conversions (50−75%) and slow
product formation rates (5−50 mg/h).
When a synthesis includes a chemical step external to the

electrolysis cell, the selectivity of the synthesis is influenced by
the mixing regime in the reactor following the cell. Nagaki et
al.130 reported the reaction of N-acyliminium ions electro-
generated at low temperature with aromatic molecules in an
external reactor. In the case of 1,3,5-trimethoxybenzene, it was
shown that both mono- and disubstituted products were
formed. Introducing the cell effluent into the solution of 1,3,5-
trimethoxybenzene with very rapid stirring using a micromixer
improved the fractional selectivity for the monoalkylated
product from 0.37 to 0.92.
A flow cell with a cylindrical geometry and a three-

dimensional electrode has been described.131,132 It is formed
by filling a porous glass tube (Vycor), internal diameter 8 mm,
with a tightly packed bundle of carbon fibers (length 5 cm) and
surrounding the tube by a Pt wire or carbon cloth counter
electrode. The cell was used for the reduction of quinones and
the oxidation of cholesterol to cholesta-4,6-dien-3-one. The
latter reaction was carried out at controlled potential using a
dilute solution (200 μM) of cholesterol in acetonitrile and a
flow rate of 2.5 cm3 min−1; it was possible to obtain 90%

Scheme 10. Debromination of 17 To Give 18, a Step in the
Synthesis of NS5A Inhibitors

Figure 15. Yoshida microflow cell: (a) basic design (Reproduced with permission from ref 124. Copyright 2005 the Royal Society of Chemistry.),
(b) a complete cell (Reproduced with permission from ref 125. Copyright 2005 the Royal Society of Chemistry.), and (c) improved, extended flow
channel (Reproduced with permission from ref 123. Copyright 2005 John Wiley and Sons.).

Scheme 11. Examples of Syntheses Using the Cation Flow
Methodology
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consumption of the cholesterol and a 42% yield (3.3 mg) of
product. The Vycor separator, however, has a significant
resistance, and this probably limits this cell design to
electrolyses at low current densities.

6.3. Using an Extended Reactor Channel Length

The cells described by Attour and co-workers116 and Kűpper et
al.119 and discussed in section 6.1 have already demonstrated
the possibility of obtaining a high conversion in a single pass of
the reactant through the cell by increasing the length of the
electrode in contact with the solution. Hence, it is to be
expected that very high conversions even at increased flow rates
(reduced residence time) could be achieved by developing cells
with a more extended length of contact between electrode and
reactant solution. This concept was confirmed using a cell with
two disk electrodes (diameter 10 cm) spaced by a Viton spacer
(thickness 0.5 mm) with a star shaped channel (length 60 cm
and width 1 mm) cut into it.133 Using the methoxylation of N-
formylpyrrolidine (Scheme 5) as the model reaction, the cell
achieved a conversion of 96% with a flow rate of 0.1 cm3 min−1,
delivering product at a rate of 78 mg h−1. At higher flow rates
the conversion dropped, but the delivery of product could be
much higher, approaching 1 g h−1 with a flow rate of 3.5 cm3

min−1.
In cells with an extended channel length, it is important to

recognize that the local current density must drop along the
electrode length, from a high value at the inlet to approaching
zero at the outlet, as the conversion of reactant to product
decreases the local reactant concentration in solution38,134 (see
Figure 11b). Hence, the cell current is the integral of the local
current densities along the channel, and the cell current must
be high enough for the charge passed to be sufficient to convert
all the reactant to product during the residence time of the
reactant in the cell. Assuming a 100% current efficiency for the

desired reaction, the cell current (Icell) for a fractional
conversion (X) is readily estimated using Faraday’s law, i.e.

=I nFQ c Xcell v in (5)

where n is the number of electrons required for the conversion
of reactant to product at the working electrode, F is the Faraday
constant, Qv is the volumetric flow rate of reactant solution, and
cin is the reactant concentration at the cell inlet. For the current
efficiency to be 100%, the mass transfer regime must be
sufficiently efficient that the limiting current for the desired
reaction under mass transfer control consumes all the charge
passed. In this desirable situation, the length of electrode and
solution channel needed for a fractional conversion (X) may be
estimated using the equation38,134

= − = − −
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where cin and cout are the inlet and outlet concentrations of
reactant, km is the mass transfer characterizing the mass transfer
regime in the cell, and w and L are the width and length of the
solution channel, respectively. An advantage of a narrow
interelectrode gap is that it determines a minimum value of the
mass transfer coefficient.
In an extended channel length cell giving a high conversion,

the rate of product formation is determined by the inlet
concentration of reactant and the flow rate of solution. There is,
however, a maximum flow rate where a very high conversion
can be achieved (eq 6). At the expense of conversion, the
product formation rate can usually be increased by increasing
the flow rate; optimum conversion and product formation rate,
as with other cells, require the application of different flow
rates, although always with a correctly chosen cell current.

Scheme 12. Cation Flow Paired Electrosynthesis

Figure 16. A monopolar stack cell: (a, left) gasket with “snaking” channel and (b, right) structure of the stack with six Cu electrodes. Figures
reproduced with permission from the Supporting Information of ref 135. Copyright 2015 the Royal Society of Chemistry.
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Chapman et al.135 have described a cell with two copper plate
electrodes (dimensions 22 × 5 cm and separation 2.5 mm)
separated by a PTFE spacer with a linear flow channel (19 cm
long and 4 mm wide) cut into it, and it was used for the
preparation of a Cu(I) complex. Both electrodes are used in the
chemistry; a N-heterocyclic carbene is generated by reduction
of an imidazolium ion at the cathode and combined with
copper(I) formed by dissolution of the copper anode. A higher
throughput and more compact cell135 (Figure 16) was based on
a stack of six copper plate electrodes (dimensions 5 × 5 cm and
separation 1 mm) with a spacer between each pair of plates. In
this cell, however, a channel (20 cm long and 4 mm wide) was
achieved with the much smaller plates by cutting a “snakelike”
channel. The solution flow through the five interelectrode gaps
was in series and the channel length can be extended by
increasing the number of electrode plates in the stack. The
electrical connection was monopolar so that the copper plates
in the stack were alternatively anode and cathode. The stack
cell allowed a faster overall flow of reactant solution or a higher
conversion by using a slower flow rate through each individual
gap. The narrower interelectrode gap lowered the cell voltage
and improved the selectivity to the Cu(I) complex vs the
formation of the imidazolinone byproduct.
Two commercially available, extended channel length cells

are now on the market. They seek to provide a maximum
length of channel within a compact unit. The first commercial,
extended channel length flow cell136 was described in 2012.137

It is a parallel plate cell with the two rectangular electrodes
separated by a polymer spacer with a complex “snaking”
channel cut into it; see Figure 17. The spacer is held in place by
a groove cut into one of the electrodes. The cell unit has the
overall dimensions 10 × 7 × 4 cm. Internally, it has a channel
70 cm long × 1.5 mm wide and an interelectrode gap of ∼200
μm. Again using the methoxylation of N-formylpyrrolidine as
the model reaction (Scheme 5), a conversion >95% was
obtained with a flow rate of 1 cm3 min−1 decreasing to 80% at 3
cm3 min−1 when product was formed at a rate of 2 g h−1. The
cell has been used for a number of other conversions and
syntheses: (1) the α-methoxylation of N-Boc-protected
pyrrolidine as an intermediate in the synthesis of nazlinine,40

(2) the TEMPO-mediated oxidation of alcohols to alde-
hydes,138 (3) the oxidation of activated toluenes to
benzaldehydes,38,139 (4) the oxidation of quinone derivatives
to quinone ketals,38 (5) the monofluorination of
PhCH2COOEt,

38 (6) the Kolbe reaction for the formation of
dimethyl adipate,38 (7) the generation of Ce(IV) and its
reaction with toluene to give benzaldehyde,38 (8) the
conversion of aldehydes to esters mediated by N-heterocyclic
carbenes,140 (9) the conversion of aldehydes to amides

mediated by N-heterocyclic carbenes,141 and (10) the oxidation
of drugs as a method to prepare drug metabolites.142

Table 4 summaries the impressive performance of some of
the reactions performed in the Syrris microflow reactor.

Generally excellent conversion and yields are achieved, and
productivity can be tailored to the users needs, giving
milligrams to multigrams per hour. Furthermore, these high
productivities were maintained over several hours of operation.
More recently, Ammonite cells have become available.143 In

order to fit the maximum length of the reaction channel into a
compact design, in these cells the reactant solution flows
through a spiral channel formed by a polymer gasket/spacer
between two disk electrodes. The spacer is again held in
position in a spiral groove machined into one of the electrodes.
Two sizes have been described.39,144 In the smaller cell144

(Figure 18), the electrodes are disks with radius 8.5 cm and the
channel is 2 mm wide and 1 m long, while the spacer thickness
and groove depth lead to an interelectrode gap of 0.5 mm. The
overall dimensions of the cell unit are 11 cm diameter and 6 cm
height. Convenient electrode materials are stainless steel for the
cathode and carbon/PDVF polymer composite or Pt for the
anode, while the spacer material, Kalrez perfluoroelastomer,
ensures good sealing and resistance to chemical attack by likely
electrolysis media. The cell gives high conversions with flow
rates up to 3 cm3 min−1, allowing product formation at a rate
>1 g h−1, over many hours, and has been tested using two
reactions, the methoxylation of N-formylpyrrolidine144 and the
cleavage 4-methoxybenzyl groups from ethers to form
deprotected alcohols.145 The larger cell had a very similar
design,39 but was based on disk electrodes with a diameter of
14.9 cm allowing a spiral channel 2 m in length and 5 mm in
width. The interelectrode gap was again usually 0.5 mm. This
larger cell was designed to permit the use of higher flow rates
(2−16 cm3 min−1) with high conversions, and good selectivity
was again achieved for the methoxylation of N-formylpyrroli-
dine. Productivity reached >20 g/h and the cell was
conveniently operated with batches of 20−50 g of reactant.

Figure 17. Photographs of the Syrris microflow cell and its components: (a) internal view of the cell to show the grooved electrode and inset
elastomer gasket to form extended tortuous channel within a small device, (b) cell after the inclusion of the plate electrode, and (c) the arrangement
of the grooved electrode, gasket, and plate electrode. Figure reproduced with permission from ref 134. Copyright 2015 Academiai Kiado.

Table 4. Summarizing the Performance of the Syrris Flux
Reactor

reaction
flow rate

(mL min−1) yield (%)a
productivity
(g h−1)

no. of
substrates ref

1 0.12 89−98 0.1 9 40
2 0.10 21−94 0.1 15 138
8 1.00 39−99 4.1 19 140
9 1.20 71−99 2.5 19 141

aIsolated yield.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.7b00360
Chem. Rev. XXXX, XXX, XXX−XXX

N

http://dx.doi.org/10.1021/acs.chemrev.7b00360


The cell was also used to produce 350 g of methoxylated N-
formylpyrrolidine in three 8 h electrolyses.

7. CONCLUSIONS AND FUTURE TRENDS
While beaker cells are constructed from components readily
available in most laboratories, they allow only slow conversion
of reactant to product, and this can degrade reaction selectivity.
In addition, descriptions of such cells that lack precise
information on electrode geometry, position, and dimensions
as well as mass transport conditions within the cell lead to the
irreproducibility of performance from laboratory to laboratory.
At first sight, flow cells are more complex and require planning
in their design, but they often give significantly improved
performance and reproducibility. Laboratory flow cells are
generally based on “parallel plate” geometry and can be
operated in two limiting ways, (i) with recycle of the reactant
solution between the cell and a reservoir and (ii) with high
conversion in a single pass of reactant through the cell.
When recycling reactant solution between the cell and a

reservoir, this mode of operation benefits from a high linear
flow rate of solution and use of turbulence promoters to give
efficient mass transport. The cell design seeks uniform
chemistry and rate of chemistry over the whole surface of the
electrode. At the beginning of electrolyses, it gives the highest
current density and rate of conversion of reactant to product
(in terms of mole/unit area of electrode), but this drops with
time as the concentration of reactant decreases; a high
fractional conversion requires a long electrolysis time. The
high rate of conversion can be maintained by continuous
addition of reactant, but the fractional conversion then remains
low. Pipe cells and carbon disk stack cells, discussed in section
5, are viable alternatives to traditional parallel plate reactors
when operating in reactant recycle mode. The absolute
productivities of the cells depend on their dimensions, but
electrode areas of 10−100 cm2 will meet the needs of many
laboratory syntheses.
Cell designs with high conversion in a single pass of reactant

through the cell operate with a decreasing current density with
passage of reactant solution along the cell. In general, the flow
rate is low in order to achieve a high fractional conversion, but
this is at the cost of poorer mass transport and, hence, of a
lower average current density. Consequently, the rate of
conversion (in terms of mole/unit area of electrode) is lower.
With many cell designs easily constructed in the laboratory, it is
possible to obtain very high conversion but with a very low
productivity; the cells are only able to deliver product at a rate
of milligrams/hour. The productivity can be increased to
multigrams/hour, but this requires more sophisticated cell

design. Cells with narrow interelectrode gaps often allow
operation with a low/zero electrolyte concentration.
Both types of cell have a role in laboratory synthesis. The

choice depends on the objectives of the synthesis; the cell
design and dimensions will be determined by how much
product is targeted and the relative importance of rapid product
formation vs a high conversion (and therefore high yield).
It should be recognized that a cell with particular design and

dimensions is only capable of product formation rates within a
limited range. Some increased productivity can be achieved by
increasing the reactant concentration, but larger increases in
product formation rate require the use of a larger cell.
Unfortunately, the possibility to increase cell size is often
limited by the availability of electrode materials in the necessary
shape/form in larger sizes. The cost and stability of electrode
materials also become more important issues with larger cells.
While cells and, in particular, electrodes can be expensive, the
essential, auxiliary equipment (power supply, pumps etc.) can
be relatively cheap.
Laboratory synthetic chemists should welcome the avail-

ability of flow cells on the market but ensure that purchased
cells meet their specific needs. They should also recognize that
the literature on flow electrolysis cells is not always focused on
laboratory-scale synthesis, but this should not disguise the
impact that the change from beaker cells to flow electrolysis
cells could have on the reputation of organic electrosynthesis in
the laboratory.
Operated with suitable control parameters (cell current, flow

rate, reactant concentration, medium), all flow electrolysis
offers the possibility of higher selectivity and productivity than
can be achieved with beaker cells. Indeed, fractional selectivities
approaching 1.0 can be achieved. The flow cells described in
section 6 additionally offer a high conversion of reactant to
product (>0.95) in a single pass of solution through the cell and
fractional yields close to 1.0. Moreover, some such cells allow
the preparation of multigrams/hour and the development of
highly convenient laboratory syntheses. They are also well-
suited for the integration of electrolysis into multistage flow
syntheses.
The prospects for flow electrolysis are exciting, and it is to be

expected that flow electrolysis cells can contribute much to
overcoming the barriers and prejudices that have prevented
electrosynthesis from being a routine procedure in the organic
synthesis laboratory.
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