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The features of the plane parallel geometry are reviewed since this cell geometry occupies a prominent position, both in the
laboratory and in industry. The simple parallel plate can be enhanced by inclusion of porous, 3D electrodes, structured surfaces and
bipolar electrical connections, with adequate attention to the reaction environment. Unit cells are often arranged in a modular, filter-
press format. Scale-up is achieved by increasing the size of each electrode, the number of electrodes in a stack or the number of
stacks in a system. The use of turbulence promoters in the flow channel, textured (including nanostructured) and porous electrodes
as well as cell division by an ion exchange membrane can considerably widen the scope of the plane parallel geometry. Features of
plane parallel cell designs are illustrated by selected examples from our laboratories and industry, including a fuel cell, an
electrosynthesis cell and hybrid redox flow cells for energy storage. Recent trends include the development of microflow cells for
electrosynthesis, 3D printing of fast prototype cells and a range of computational models to simulate reaction environment and
rationalise performance. Future research needs are highlighted.
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Current, A
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This review summarises the features and benefits of plane
parallel cells for electrochemical processing and electrochemical
energy storage together with their established uses in order to

SEsmoammus 2

Diffusive flux of a species at location x and time ¢,
mol cm™2s™

provide an introduction to the field and encourage future develop-
ments. Recent progress, the continued need to improve efficiency

j Current density, A m2 and the need for a ger}eral overview demand a reco.nsideration of

X Apparent first order rate constant, s~ the most useful and widespread electrode conﬁguratlon. of electro-

k,, Mass transfer coefficient, cm s~ chen'uca} reactors. In order to' pr9v1de a perspecu\{e of the

I Electrode length, cm applications, scale and characterisation of electrochemical cells,

» Pressure, Pa selectf}d examples are drawn from the literature and the authors’

0 Volumetric flow rate of electrolyte, cm® s~ experience. . .

R Electrical resistance, ohm Amongst many possible electrode configurations and cell de-

s Separation between electrode surface and membrane in a signs, the Vertical,. plane parallel conﬁguratilon coqtinues to be the
divided cell or electrode and counter electrode in a most common choice of electrode geogn?gry in applied electrochem-
divided flow channel. cm istry and electrochemical engineering. - This is easily appreciated

/ Time, s ’ since plane parallel electrodes enjoy key advantages:

v lc\/llsasrl }mear flow velocity past the electrode surface, a) The rgady .availabilit}f of varied electrode. forms,

Vi Volume of electrolyte in the reactor, cm’ b) The d.1ver31ty.of possible glectrode materlgls,. .

Vy Volume of electrolyte in the tank, cm® c) Relatively u_nllform po_tentlal and current d1str1but101_13,

Y Velocity exponent, Dimensionless d) Easy scalability, ranging from laboratory through pilot scale to
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industrial scale,

e) Flexibility of cell architecture, e.g., undivided or membrane
divided cells,

f) Well defined fluid flow and mass transfer in a rectangular flow
channel,
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g) Process scale-up is possible by increasing the electrode area or
number of electrodes.

The versatility offered by the above features, plus facile assembly
and electrical connections makes the plane parallel geometry, in an
agitated beaker, a stirred tank or a channel flow cell, the preferred
choice for many applications. Some relevant examPles are the
chlor-alkali industry,'* organic electrosynthesis,”™"” inorganic
electrosynthesis,s’lg, redox flow batteries,19 fuel cells,20 metal air
batteries,?! electroplating of static components,” electroplating of
moving sheets, > electroforming,* electrowinning,” electrodialysis,”
and environmental treatment.”®*’ In fact, this cell configuration has
been applied in industry for at least 130 years. Plane parallel bipolar
electrodes in reactors were introduced as early as 1880,?® followed by
filter-press fuel cell stacks in 1888,%° porous electrode bipolar cells in
1893, and filter-press flow reactors in 1899.%® These cell designs face
new challenges in view of modern demands, while future develop-
ments can be envisaged, such as new electrode materials, optimization
using numerical simulation, advanced manufacture and imaging
techniques, synergy with green technologies and a reconsideration of
traditional electrochemical processes.

The following sections elaborate on these topics. Types of Cell
Design and the Parallel Plate introduces the characteristics of planar
electrodes in agitated beakers and tanks as well as in electrochemical
flow cells. Given their importance, Features of the Plane Parallel
Flow Cell highlights the features and benefits of rectangular channel
electrochemical flow reactors. Types of Electrodes focuses on the
properties of different forms of electrodes together with their
manufacture and construction. Selected Examples of Cell Designs
and their Performance emphasises the diversity of electrochemical
operations possible in parallel plane cells, from the laboratory to
pilot plant scale. A summary is provided, indicating trends; this is
followed by suggested needs for further R & D.

Types of Cell Design and the Parallel Plate

Vertical plates in an agitated beaker.—This is a very common
option in the laboratory (Fig. 1) having the benefits of:

a) dry, secure electrical connections,

b) ease of electrolyte additions and sample withdrawal,

c) ease of electrode insertion and removal, possibly without
draining the container,

d) convenient mixing and stirring plus heating using a magnetic
stirrer/hotplate and

e) the facility to probe the electrode potential and its distribution,
by carefully adjusting the position of a reference electrode
probe.

For example, simple 250 cm® beakers, sharing a common flange
to accept a cation exchange membrane are shown in Fig. 1. This
arrangement has been useful for the demonstration of electroche-
mical batch kinetics of the reduction of 0.1 mol dm™> Ce(IV) to Ce
(IID) ions in 1 mol dm~> H,SO, for educational purposes.3 ' The
reaction is carried out at constant current in a constant volume decay
experiment in order to estimate the averaged mass transfer coeffi-
cient to the planar cathode surface at a fixed stirring rate provided by
a magnetic stirrer. The concentration decay, determined by volu-
metric analysis, yields overall first order kinetics. The inverse batch
reaction, Ce(IIl) oxidation to Ce(IV), has also been carried out in
beakers in 2 mol dm™> methanesulfonic acid in the laboratory,*>
studying the effect of current density and temperature on the
concentration profiles. The yield and purity of anthraquinone,
naphthaquinone and benzoquinone produced via Ce(IV)-mediated
oxidation of polycyclic aromatics was later evaluated in a stirred,
divided cell using a planar Pt/Ti anode.** Similar procedures carried
out in laboratory batch cells are useful in screening studies of
reaction yield, electrode material suitability, proof of concept of

redox flow battery chemistries and in the preparation or purification
of small quantities of reagents.

Despite their convenience, the limitations of such agitated beaker
cells need to be realised:

a) the fluid flow and mass transfer are poorly defined and difficult
to reproduce, being dependent on the shape and position of the
stirrer follower as well as its rotation speed; complex, rotational
flow effects are normally present and can be complex,

b) the mass transfer coefficient in such cells is very limited
compared to flow cells,

c) care should be taken to avoid interface and edge effects on
potential, current and flow distributions,

d) the precise definition of electrode area by adhesive tapes, stop-
off lacquer or polymer masks should be considered,

e) it is important to include reference electrodes to facilitate
measurement of electrode potentials, enabling performance to
be related to steady state voltammetry and controlled potential
or current coulometry.

f) as explained below, scale-up efforts must be initiated, instead, in
larger cells with controlled reaction environment.

Vertical plates in a stirred tank.—In this type of cell design,
shown in Fig. 2, parallel electrodes are immersed in tanks containing
the electrolyte. Stirring can be performed by pump flow, gas-
injection or paddles.*® This design provides simplicity and versatility
for industrial processing, mainly in electrometallurgical operations.
While the undivided cell configuration, Fig. 2a), is common, it is
possible to incorporate a microporous polymer or ion exchange
membranes into an “anode box” or “cathode box”, as seen in
Fig. 2b), and to modify the anode box as a basket to receive pieces of
scrap metal wire, plate or particles as shown in Fig. 2c). Such cells
typically contain electrolyte volumes between tens of dm® and
several m>. Robust, monopolar electrode connections are common.

Industrially, the plate-in-tank geometry is often used to synthe-
sise metal salts or metal oxides by anodic dissolution of (possibly
scrap) metal in a suitable solvent. Examples of the production and
recycling of electroplating baths include:

1) Dissolution of tin pellets in alkaline, e.g. KOH solutions:

Sn + 40H™ — 2¢” = Sn(OH),*" [1]

followed by air oxidation of the stannite to stannate ions in the
anolyte:

SI’I(OH)42_ -+ Hzo + 0502 = SH(OH)62_ [2]

or anodic dissolution of tin foil, powder or pellets in acid sulfate
baths:

Sn-2¢ = Sn?t  E? = -0.137 vs SHE [3]

These alkaline and acidic tin electroplating baths can be used in

many coatings in microelectronics and printed circuit board manu-

facture as well as in engineering and decorative surfaces.*

2) Preparation of indium electroplating solutions by dissolution of
foil or wire in acid sulphate or methanesulphonate solutions:*®

In-3¢ = In’t  E’=— 0338 vs SHE [4]

The resulting baths can be employed to realise deposits of lead

alloys for wear resistant bearings™ and in semiconductors (fol-

lowing an electrorefining process).”’

3) Recycling of spent chromic acid electroplating and etching
solutions in the metal finishing industry by combining anodic Cr
(III) oxidation with cathodic removal of contaminant metals
such as copper, iron and zinc in a membrane divided cell to
exploit cathodic metal deposition and electrodialysis.” During
use, hexavalent chromium anions can be degraded to crt
cations. At the platinised titanium mesh anode, regeneration of
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Figure 1. A divided laboratory electrolysis cell using planar electrodes using magnetically stirred, 250 cm? cylindrical beakers joined by a flange containing a
cation ion exchange membrane. (a) plan view and (b) sectional view. A smooth, direct current power supply is connected between the cathode and anode, the cell
potential between these electrodes being U. The potentials of the negative and positive electrodes, £ and E, are monitored vs a reference electrode in each
compartment.
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Figure 2. A common industrial cell employing vertical plates in a stirred tank. (a) an undivided cell configuration, (b) a divided cell incorporating a microporous
polymer or ion exchange membrane into an “anode box” or “cathode box™ and (c) modification of the anode box with a hopper to receive pieces of scrap metal
wire, plate or particles.

Cr(VI) ions takes place: is combined with migration of divalent metal ion contaminants,
e.g. Cu”™, Fe>™ and Zn>", through the cation membrane, followed
Cr*t + 4H,0 — 3¢ = HCrO4” + 7H"  E’ = +1.350 vs SHE by their reduction to metal at an inert, e.g. stainless steel,

[5] cathode:
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Cu?t +2¢ = Cu E° = +0.342 vs SHE [6]

Recent studies have shown the advantages of a titanium or graphite

anode in realising good current efficiency over a wide range of

dissolved chromium concentration, at a stable, non-passivating

surface.®

4) Cuprous oxide can be synthesised in monopolar, undivided cells
in ca. 3 mol dm™ sodium chloride solution at 45°C—60°C. In
simple cases, copper anodes and cathodes, cast from melted
scrap, are suspended in open tanks with an interelectrode gap of
2—4 cm. Typically, a Cu,O slurry containing 3-5 pym diameter
particles is produced at the anode surface using a current density
of 30 mA cm™ %

2Cu + 20H™ — 2¢” = Cu,0 + H,0 [7]

while hydrogen evolution occurs at the cathode, generating hydroxyl
ions:

2H,0 + 2¢” = H, + 20H" [8]

To utilise both anode and cathode, the cell polarity can be reversed at

30—45 min intervals, as indicated on page 291 of Ref. 5. By suitable

control of the electrolyte and electrolytic process conditions, the

particle size can be kept low and catalytic activity maintained,

making the Cu,O product suitable for simple solar cells.***°

5) Synthesis of diverse electrodeposition baths in methanesulfonic
acid (MSA).> MSA has low vapour pressure and toxicity, mild
corrosivity (compared to other strong acids) and supports a high
concentration of many metals.*' MSA and other sulfonic acids
have been successfully used in industry to produce noble metal
solutions (e.g., for electroplating) and to cathodically recover
metals from electronic scrap.

Another use of the plate-in-tank geometry consists on the inverse
process to electrode dissolution, i.e., electrowinning and selective
metal recovery. Such electrometallurgical operations are relevant to
the mining and recyclin% industries. The main examples are
copper,*** nickel,** zinc,*® and cobalt*® electrowinning from acidic
sulfate or chloride baths. Figure 3 shows a pilot industrial facility for
copper electrowinning at parallel plate electrodes. Zinc is recovered
at aluminium cathodes from an acidic sulfate liquor following the

extraction of impurities in an organic phase**’ and silver

electrorefining is performed from impure silver, cast planar anodes
placed in vertical or horizontal boxes in tanks immersed in silver
nitrate acid solutions’ ; arecent example is found in Claessens et al*®
Planar cathodes are used so that the reclaimed metal can be scraped
off after achieving an optimal thickness. Expanded metal mesh
anodes (counter-electrodes) can be employed, e.g., platinized
titanium, but lead anodes are more traditional.*’

An application of increasing importance is the separation and
recovery of precious and high value metals from electronic scrap.
Copper and silver can be recovered from acidic sulfate liquors at planar
electrodes with high efficiency, allowing the separation of gold and
palladium after their dissolution in acidic chloride solutions.*’
Alternatively, copper is dissolved in a mixture of bleach and HCL.>®
Its recovery is coupled with gold enrichment from solutions containing
lead, antimony or tin has also been demonstrated. ! Industrial
developments have made such operations in tanks routine,* encour-
aged by the urgent need to preserve critical resources. Such recycling
operations are rarely reported in the literature and offer opportunities
for research of sustainable electrochemical technologies.

The rectangular channel flow cell—The rectangular channel
flow cell is the most appropriate design for continuous electro-
chemical operations where ability to scale-up the process is
essential. Successful scale-up implies delivering controlled electro-
lyte flow (reactant supply, product removal) at a reasonable pressure
drop to a number of larger electrodes. In contrast to stirred batch
beakers, the reaction environment in a flow cell can be accurately
and quantitatively described. As pointed out by Pletcher et al.,'” flow
cells provide a faster reactant conversion than beaker cells due to
their superior mass transfer coefficient and their high surface area to
volume ratio. Indeed, for the same mass transfer coefficient and
electrode area, the reactant conversion is faster in flow cells than in
stirred tank cells.>> Furthermore, filter-press cells with mono&)olar or
bipolar connections are a robust and proven technology.” These
cells are found in a wide range of electrode sizes, from a few cm? in
the laboratory up to 6 m? in brine electrolysis plants, with operating
currents ranging from the mA to the MA scale.

Rectangular channel flow cells have a number of benefits:

a) they can be scaled-up by increasing electrode size or by
constructing stacks of multiple cells,

Figure 3. A copper electrowinning pilot plant employing full scale monopolar parallel plate electrodes in a tank cell. The plate on which the metal is deposited

measures 1.0 m x 1.2 m. Courtesy of Glencore Nikkelverk AS, Norway.
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b) mass transfer is controlled by the electrolyte flow rate (laminar,

transitional or turbulent),

c) they can operate in batch recirculation or cascade mode, greatly
increasing conversion rates,

d) there is the possibility of using a diversity of electrode materials
and electrode structures,

e) their components are suitable for mass production,

f) the electrode geometry helps to maintain uniform potential and
current distribution,

g) they have the ability to exploit large surface area, porous

electrodes.

A general rectangular flow channel cell is shown in Fig. 4,
illustrating the wide range of choice in selecting the electrode
material and structure, membrane/separator type and the approach
used to fabricate the cell body material. As shown in Fig. 5a),
electrochemical flow reactors can accommodate numerous unit
cells, with their electrodes typically connected in bipolar config-
uration and separated by ion permeable membranes or micro-
porous materials.>® In addition to the power supply or load, flow
cells are accompanied by a hydraulic system that circulate the
electrolytes between their reservoirs and the stack at a controlled
rate. Figure 5b) shows an example for a single divided cell in the
laboratory with magnetically coupled centrifugal pumps. Several
variants are possible depending on the scale and application
requirements, e.g., undivided systems connected to an individual
reservoir, gravity flow from constant head tanks, use of peristaltic
pumps, non-recirculating flow (from holding tank to receiving
tank), etc. Walsh et al. have outlined the decisions needed to
choose an appropriate plane parallel cell design elsewhere,”?’
including an updated decision tree approach to cell type, filter
press cell configuration and electrode material.>* An example of an
extensively used laboratory flow cell, the FMO1-LC electrolyser,
has recently been reviewed from the perspectives of general
characteristics/applications®” and reaction engineering.>®

The rectangular channel flow cell with plane parallel electrodes
has found many uses.'>>*” The most significant is in the chlor-
alkali industry, where a flowing sodium chlorine brine undergoes
electrolysis to produce chlorine and sodium hydroxide, with
hydrogen as a by-product. Examples of bipolar and monopolar
chlor-alkali cell rooms are shown in Fig. 6. The worldwide installed
chlorine production capacity in 2012 was 76.8 Mtonne,’ 8 of which
41% can be attributed to China and 19% to North America. In
Europe, the installed capacity is 9.6 Mtonne chlorine,? of which
80% is produced using membrane or diaphragm cells. The reaction
at the IrO, and RuO,-coated titanium anodes is:*°

2ClI' — Cl, + 2¢¢  E? = +1.358 vs SHE [9]

while the combined reaction at the steel- or nickel-based cathodes in
diaphragm- and membrane-divided cells is:

2Na® + 2¢” + 2H,0 — 2NaOH + H, [10]

The parallel electrodes in large plants can have a projected area of
up to 3 m?. Chlorine is employed in numerous industries,” mainly in
the production of PVC, isocyanates and oxygenates, disinfectants and
water treatment. Caustic soda is used in the paper industry, production
of many organic and inorganic compounds, food industries bleach, etc.
Recent developments in industry include the implementation of
oxygen depolarised cathodes (ODC) in combination with updated
cell designs, which can reduce energy consumption by up to 30% in
membrane cells.®’ A woven metal mesh gas diffusion electrode GDE,
similar to those found in fuel cells, is employed to avoid hydrogen
evolution and higher cell potentials when this reaction takes place. The
cathodic reaction becomes oxygen reduction:

0, + 2H,0 + 4e” — 40H"  E’ = +0.401 vs SHE [11]
allowing the thermodynamic cell potential to be decreased by 1.23 V,
with associated energy savings. The use of GDEs in large chlor-alkali

cells requires careful redesign of the cathodic compartment to ensure
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Figure 4. A conceptual rectangular channel flow cell, indicating the available choice of cell components, including electrodes, separator, cell divider and
turbulence promoter as well as the approach to cell body fabrication and manifold design. Performance indicators include: volumetric mass transfer coefficient,
k,.A., fractional conversion of reactant, X,, the space time yield (STY) of an electrosynthesis cell and the normalised space velocity (NSV) of an environmental

treatment cell.
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controlled diffusion of oxygen and removal of the caustic product. A solution with a pH between 6 and 7. The overall reaction is:
physical porous divider enables simultaneous downstream and up-
stream flow of the NaOH and oxygenated solutions, respectively.®*
The production of sodium chlorate is similar to chlor-alkali
processing, although the cells are undivided.®® Chlorine ions form Direct and mediated electrosynthesis of many organics is also
hypochlorous acid and hypochlorite ions before chlorate in a performed in flow cells.>'®%* An example relevant for its scale is the

NaCl + 3H,0 — NaClO3 + 3H, [12]
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Figure 6. Examples of industrial filter-press cells. (a) A cell room with membrane divided bipolar cell stacks for chlorine and caustic soda (chlor-alkali)
electrosynthesis. Courtesy of ThyssenKrupp Uhde Chlorine Engineers, ThyssenKrupp Industrial Solutions and De Nora. (b) Monopolar stacks of the FM21-SP
electrolyser for chlor-alkali processing. Courtesy of ICI Chemicals and Polymers Ltd (now INOVYN ChlorVinyls Ltd).

hydromerisation of acrylonitrile to adiponitrile, an intermediate in
the production of Nylon 6,6:%

2CH, = CHCN + 2e” + 2H,0 — (CH,)4(CN), + 20H"  [13]

Among non-mediated reactions, the electrochemical conversion
of lignosulfonates to vanillin has been intensively studied.®®
Selective mediated electrosynthesis is also performed, for instance,
in the production of tetrahydroquinone via oxidation by Ce(IV) ions
at a rate of 400 tonnes per year,”” as well as the production of
vitamin K3.%® Interest continues in developinff! novel organic
electrosyntheses, as highlighted in recent reviews.'’

Other common uses of rectangular channel flow cells are found in
water technology, particularly in the removal of metal ions from
wastewater,”” decontamination of waste streams through degradation
of organics,”®”" or the production of hypochlorite solutions for diluted
brine for water treatment and disinfection.”>”* Electrodialysis cells
employ an arrangement of plane parallel electrodes for water
desalination® and food processing,”* although electrochemical reac-
tions are avoided, apart from the production of hydroxyl and
hydronium ions. Water electrolysers are another example of plane
parallel cells, usually in the bipolar configuration.”> High purity H, and

O, are generated in alkaline media for applications where H, from the
chlor-alkali or the reformate process is not suitable. The prospect of
exploiting low cost renewable energy sources to drive a hydrogen
economy has maintained interest in this technology.”
Electrochemical power sources based on flowing reagents have
exploited the optimal solution presented by plane parallel electrodes
in order to maximise their efficiency. Fuel cells consist of stacks of
such electrodes.”® In this case, the reagents are present in the gaseous
phase and flow through machined flow fields within bipolar plates,
feeding GDEs impregnated with a catalyst, e.g., platinum on carbon
powder. There are several types of fuel cells: proton exchange
membrane (PEMFC), phosphoric acid (PAFC), alkaline (AFC),
direct methanol (DMFC) and solid oxide (SOFC). In a PEMFC
with acid electrolytes, the electrode reactions at the anode and
cathode are:
2H, — 4H* + 4 EY = 0.00 vs SHE [14]
0, + 4¢ + 4H" — 2H,0 E’ = +1.229 vs SHE [15]

Redox flow batteries (RFBs) are a promising energy storage
technology which receives increasing attention due to the urgent
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demand for large-scale energy storage.”” Normally, electrochemical
filter press reactors containing stacks of planar or interdigitated
bipolar electrodes are used.'® During charge, the cells drive the non-
spontaneous conversion of two redox couples dissolved in flowing
liquid electrolytes, with reverse, electricity-generating reactions
occurring during discharge. At present, the market is dominated by
the all-vanadium RFB,”® which is based on the following reactions at
the negative and positive carbon felt electrodes, respectively:

Charge

Vit 4+e & V2 E’=_0.255vs SHE [16]
Discharge
Charge
VO + Hy0 = VO, 4+ 2H* + ¢ E°= +0.991 vs SHE

Discharge

(17]

The zinc-bromine battery is another type of commercial hybrid
RFB.” It involves the deposition and redissolution of zinc at the
negative electrode and reversible redox of Br complexes at the
positive electrode. A large number of alternative chemistries are
currently under development.® Particular attention is being paid to
potentially cost-effective organic redox couples.?!

Laboratory flow cells used during the first development stages of
electrochemical process technology are quite common. Many exam-
ples can be found of cells involving electrode areas of 1 cm? to
100 cm? for many applications. Such cells permit the evaluation of
electrode materials, current efficiency, cell potential, effect of opera-
tional conditions, study of mass transfer, reaction yield, rate of
conversion, residence time and pressure drop among other parameters.
Cell design, uniformity and dispersion of fluid flow have an important
effect in their efficiency. For instance, it is known that manifold flow
can dominate in small cells, especially if there is appropriate attention
to design.®? In principle, it is also possible to use these flow cells to
study the effect of mass transfer on the electrodeposition of metals.*
Plane parallel electrodes have also received some attention in electro-
chemical microfluidics and sensors, e.g., in a micro 3-electrode cell for
direct analysis of ferrocenemethanol and dopamine.®® Unusual varia-
tions are also possible, such as baffled bipolar gravity-fed open cells.®
The examples presented here, ranging from industrial chlor-alkali cells
to microflow devices, demonstrate the exceptional versatility of plane
parallel electrodes in rectangular channel flow cells.

Features of the Plane Parallel Flow Cell

General considerations.—The classical plane parallel electrode
geometry has been extensively incorporated in modular filter-press
type electrochemical reactors due to many practical advantages. The
reaction environment in these cells has been described both
experimentally and theoretically, especially in relation to fluid
flow, fluid dispersion, mass transfer, potential distribution and
concentration change.®® A wide variety of cells have been docu-
mented in diverse application fields such as water electrolysis,®”%
organic electrosynthesis,'®'”% electrodialysis, treatment of water
effluents,”®! and redox flow batteries.®>? Flow cells are versatile,
they can be employed throughout the initial evaluation of an
electrochemical process, pilot tests and plant scale operation.®>?
The cell bodies and electrode frames of filter-press electrochemical
flow cells can be manufactured in a simple manner by traditional or
CNC (computer numerical control) machining of non-conductive,
chemically stable polymers such as PVC.”* When mass production is
a necessity, the components can also be produced by extrusion
moulding.” Glass reinforced polymer composites have also been
used for rigidity and chemical resistance.”®®” These repetitive
components are hydraulically sealed with gaskets and held together
by compression between two strong, rigid plates.

Adequate characterization and control of the reaction environ-
ment are necessary to optimize reactor performance. Important
aspects include:

a) the global, local and time-dependent reaction kinetics, hence the
electrode reaction rate,

b) mass transfer of all reactive species as a function of flow rate,
electrode type and turbulence promoter (if used),

c) concentration, potential and current distribution across and
along the electrodes,

d) hydrodynamics, hence electrode geometry and roughness, flow
regime, pressure drop and flow dispersion and

e) shunt currents through electrolyte manifolds.

The reaction environment is characterised by the fluid flow
regime, mean linear flow velocity past the electrode surface, mass
transfer coefficient, flow dispersion, current distribution and pressure
drop across the channel. These interrelated parameters determine the
performance of the electrochemical reactor. While it is difficult to
prioritize them, those related to the electrode process, such as
reaction kinetics and mass transfer, should be considered predomi-
nant. Various types of experimental studies can be carried out in
flow cells to measure them. Some representative examples include:
mass transfer characterisation of planar and porous electrodes
using the limiting current method®®® or reactant conversion

method,'%%!%! the effect of turbulence promoters,'*>1%® effect of
manifold flow,¥*!%” flow dispersion by conductivity'®"'%-119 4pq
dye flow visualisation,"'"™''> bubble or particle image

velocimetry,''®!"7 local potential distribution by grobes,1 18-120 15 cal
current distribution by segmented electrodes,''**'*!"'*? determination
of polarisation curves,”®'?* plus the the importance of operational
conditions.'**~'2°

A myriad of applications has been explored and commercialised
over several decades, making an impact in several fields. In addition
to the chlor-alkali industry, water electrolysis and fuel cells,
laboratory studies can give an idea of the widespread scope of
filter-press flow cells. For instance, such cells have been used as a
convenient testbed for organic electrosynthesis,'”’ production of
pharmaceutical ~ drugs,'”®  destruction of toxic halogenated
phenols,'* purification or concentration of acids,'* production of
colloids"! and nanopowders,'*? palladium recovery from automo-
tive catalysts,’” removal of heavy metals from water,">® ozone
generation, ** electrolysis of ammonia,'® electrodeposition of
platinum,*%!137 degradation of organic dyes via an electro-Fenton
approach,'*® redox flow batteries,”® remediation of ground water'*
and treatment of nuclear wastes.®®!4%-14!

Another possible use for flow «cells is in paired
electrosynthesis,'** where both anodic and cathodic reactions gen-
erate products of interest, which can even further combine into a
third product. This strategy can increase the energy efficiency of the
system, substituting the wasteful gas evolution that often takes place
at the counterelectrode. Relevant industrial examples include the
electrolysis of 4-tert-butylbenzaldehyde dimethylacetal and
phthalide,'** the convergent electrosynthesis of glyoxylic acid,'*?
and the series (anode and cathode) production of N,Os (see section
Anodic synthesis of N,Os in anhydrous nitric acid (in a divided flow
cell). ll:fired electrosynthesis has also been considered in microflow
cells.

Flow velocity and pressure drop.—Fluid flow in rectangular
flow channels is usually described in terms of flow rate and
dimensionless correlations. The mean linear flow velocity, v
(em s7') is essential in describing electrolyte flow across the
electrode surface. It can be easily calculated for unrestricted
rectangular channels or those occupied by a porous electrode or
turbulence promoter (TP). Its relationship to the volumetric flow

rate, 0, (cm® s~ ') for a porous electrode is given by:**'%

-2
Aye

where € and A, are the volumetric porosity and cross-sectional area
of the homogeneous electrode channel, respectively. An unrestricted

v [18]
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channel has an ¢ value of 1. In contrast to the volumetric flow rate,
the mean linear flow velocity describes the flow regime past the
electrode surface and provides a normalised figure that enables
comparing the reaction environment around different electrodes in
various cells. Current, current efficiency and cell potential should be
reported as a function of v. The volumetric flow rate is relevant but
refers to a particular cell design and size. The case of v in
interdigitated channels containing porous electrodes is more com-
plex since its value changes at different positions in the electrode
according to their distance from the inlet and outlet channels (see the
section on electrolyte flow configurations at electrode structures). An
estimation of v can be obtained from the cross section of the
electrode between such channels, although CFD simulations are
needed to describe the gradient of flow velocity.'*

Regardless of electrode geometry, fluid flow though electrochemical
cells involves frictional losses that result in increasing pressure drop as
a function of flow rate, particularly when porous electrodes with small
pore sizes are present. Pressure drop is directly related to pumping
energy and the overall energy efficiency of the process. Furthermore,
pressure differences between the compartments in divided cells can
promote osmotic flow though the membranes and, in extreme cases,
their rupture. As a result, the prediction and experimental measurement
of the pressure drop in flow channels are important for establishing
design requirements, such as channel thickness, sealing, pump size as
well as capital and running costs. If cell design considers the
minimization of pressure loses, pumping ener%y demand can be less
than 5% of the total energy of the system. ~ Strategies to reduce
pressure drop include: short fluid paths through porous materials (e.g.,
by using an interdigitated flow field configuration, which is also
beneficial to the electrochemical performancel‘w), minimization of
turbulence and changes in the direction of the fluid, sufficient cross-
sectional area in manifolds and the flow channel, avoidance of
roughness or changes of cross-sectional area in tubbing and connectors
and elimination of constricted points in the flow system.

The measurement of pressure drop across flow channels and
(internal and external) stack manifolds is usually performed with
the aid of differential, gauge or digital manometers. Examples can
be found for different types of polymer turbulence promoters in the
laboratory,'310%148:149" the  ElectroSynCell,”> and a utility scale
bromine-polysulfide flow battery.'®'°" The geometry and pore
size of porous electrodes determines the pressure drop and has
been studied in the FMO1-LC reactor with expanded metal, mesh
and grid electrodes,'*® the ElectroSynCell with nickel foam,">! and
carbon felt electrodes.' >!'>* Recently, pressure drop measurements
have been reported in an electrochemical reactor having a thin
interelectrode gap'>* and fitted with diverse platinised titanium
electrode structures.'>> There is an opportunity to present experi-
mental pressure drop data in large industrial reactors; such data is
scarce in the open literature.

Normalised factors allowing the hydraulic characteristics of
electrodes and cells can be applied to pressure drop measurements.
For example, permeability and friction factor can be presented as a
function of the channel Reynolds number and the pressure dro
fitting to the Ergun equation for materials having small pore sizes.'®
The mass transfer and area of electrodes has also been related to
pressure drop,’>® showing that, in general, higher mass transfer
involves an increment in frictional losses. Meanwhile, CFD and
numerical simulations increasingly applied to predict the pressure
drop at electrochemical cells, e.g., in rectan%ular channels'’ and in
interdigitated or serpentine flow fields.'**~'" Surface roughness and
Cassie-Baxter effects on the wettability of felt electrodes have not
been considered in such features. Modelling can also be used to
estimate the pumping energy demand, e.g., for vanadium
RFBs.'®"12 The importance of validating such simulations against
experimental data has often been overlooked.

The significance of inlet and outlet manifold design and its
relation to the pressure drop at cell stacks has been undervalued in
the academic literature despite noteworthy studies on the effect
of manifold size and shape on fluid flow and mass transfer by

Frias-Ferrer et al. ¥ and commercial CFD software by Vazquez

et al.,'®® as mentioned in section Current density and potential
distributions. For this reason, several cell designs have implemented
“calm zones” to develop a laminar flow pattern before solution
contacts the electrodes.'>* Deviations from ideal flow in large stacks
also contribute to pressure loss. As shown in pilot-scale RFBs,'? real
pressure losses can be higher than those predicted, while manifold
losses can have a significant contribution. In cell stacks incorpor-
ating gas evolving electrodes, fluid flow can differ considerably from
that observed in single-channel cells due to the accumulation of
small bubbles.'**'%> Pressure drop has also been bpredicted for
electrochemical reactors involving two phase fluids.'®'%” The flow
velocity within porous electrodes can be considered by imple-
menting a modified version of the Brinkman equation.'®® This
approach has recently been used in the modelling of flow batteries
incorporating carbon felt electrodes.'®~'7!

Mass transfer characterisation and enhancement.—In practice,
the need to realise useful reaction rates at relatively high current
densities, particularly with limited reactant concentrations, often
means that the electrode reaction rate becomes mass transfer
controlled in the cells, e.g., in electrosynthesis studies by
Hitchman et al.'’”> The main methods for increasing the rate of
mass transfer to, or away from, an electrode are:

a) a higher flow rate through the channel,

b) greater flow turbulence due to better electrolyte agitation,

¢) improved local turbulence using a roughened electrode surface
(see section 2D and 3D, porous electrodes) or

d) improved local turbulence using profiled polymer meshes (see
the section on Polymeric inert turbulence promoter meshes).

Planar and mesh electrodes tend to operate at higher current
densities, where the effect of mean linear flow velocity is more
important. On the other hand, provided sufficient mass transfer, its
effects on porous electrodes with large surface area are less
pronounced. Sufficient mass transfer rates are necessary to prevent
mass transfer overpotentials and secondary reactions. At gas evol-
ving electrodes, the flow rate should be high enough to remove
bubbles from the electrode and to avoid shielding of the electrode
surface.'” Most reported electrochemical flow cells for electro-
synthesis, flow batteries and environmental remediation operate at
mean linear velocities < 10 cm s~'. An exception is the electro-
dialytic concentration of aqueous nitric acid, which can involve
linear velocities of 66 cm s~'."** Electrolyte mean linear velocities
over 100 cm s~ and up to 1,500 cm s~ in a turbulent flow regime
have been utilised during electroforming in plane parallel cells with
the purpose of controlling surface morphology.”*!”* One of the
highest velocities studied is due to Landolt et al.,”5 who obtained
electrochemical mass transfer correlations at a flow velocitity up to
2,000 cm s~ in a specially designed apparatus. The possibility of
using drag-reducing additives'’® in electrolytes and the study of their
effects on electrochemical reactions are areas of opportunity.

Under full convective-diffusion control, the reactant conversion
rate is of first order and the mass transfer characteristics of the cell
can be described by an empirical dimensionless group correlation of
the form: "7’

Sh = aRe’Sc?Le¢ [19]

In order to characterise reaction environment, a model reaction in
a flow cell can be driven into mass transfer control to determine the
mass transfer coefficient, k,, experienced at 2D electrodes or the
volumetric mass transfer coefficient, k,,A.. at 3D electrodes. This can
be achieved by a) following the reactant conversion in to a plug flow
reactor (PFR),>>!7%17° or b) by measuring the limiting current at the
electrode.''® These techniques have been employed to study mass
transfer characteristics at many electrode geometries and in several
configurations.
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The first method can be performed with most electrode reactions
and electrolytes. It is common to study applications such as
degradation of pollutants, metal recovery and electrosynthesis. See
section 3.6. A recent example of a mass transfer controlled process
determined from the first order reaction rate is the electrochemical
oxidation of gallic acid (3,4,5-trihydroxybenzoic acid) to CO, on a
circular 50 cm? BDD planar anode with an interelectrode %ap of
1 cm from a 50 cm? area stainless steel flat circular cathode.'®® The
electrolyte was stored in a 0.3 dm’ reservoir at 25 °C. Both direct
and mediated electrochemical processes were involved in the
oxidation and the degradation of gallic acid. The degradation
rate was favoured by high flow rates of electrolyte. While the
authors stated that the volumetric flow rate varied between 100 and
300 dm® h™', the mean linear flow velocity is unknown.

Limiting current measurements are usually performed in steady
state, using electrolytes containing low concentrations of the
electroactive species, at planar or mesh electrodes. Thick porous
electrodes usually groduce deviations due and reactant conversion
across its length,'""'®? requiring also ohmic drop correction.'®?
Numerous correlations have been reported in the literature since the
1970 s,'84 mainly for the reduction of millimolar K;Fe(CN)g in
alkaline solutions. The limiting current can also be measured, when
convenient, for a practical reaction. For instance, Coria et al. have
measured the limiting current for oxygen reduction to hydrogen
peroxide at BDD, graphite felt and RVC.'®> Another example is the
reduction of Ce(IV) ions at platinised titanium electrodes.”® Since
the mass transfer for K;Fe(CN)¢ reduction depends on the viscosity
of the solution, electrolyte thickeners can be added in order to
achieve viscosities similar to those of technical electrolytes.

The limiting current technique has often been restricted to planar
electrodes or highly conductive or thin porous electrodes with low
tortuosity. Assumptions of steady state are also not valid for large
electrodes with a high conversion per-pass or those in which the
current density and reactant concentration are not uniform along/
across their geometry,'® or when parasitic reactions takes place. The
experimental determination of mass transfer in most porous elec-
trodes is more complex. Considerable work has been reported on
current/potential distribution models. As pointed out by Masliy
et al.,'®”'% early models neglecting the electric field within the
pores,' 87192 were later developed into two-dimensional models
considering both current and reagent distribution.'**"** Recently,
the current distribution along the current feeder has also been
considered. 87188

Current density and potential distributions.—The relatively
large electrodes employed in industrial practice always show a
non-uniform current density across their surface. As explained
below, this is a consequence of electrode and electrolyte resistivity,
flow channel and electrode geometry, reaction kinetics and mass
transfer environment. Design and sizing of electrochemical flow
cells is based around potential and current distribution, in addition to
controlled fluid flow. Neglect of current distribution can result in low
coulombic efficiency, corrosion of electrodes, predomination of
parasitic reactions, under-utilisation of electrode surface area,
potential losses and uneven reaction rates. In view of its importance,
current and potential distributions should be studied experimentally
and by computational modelling.

The current distribution at an electrode involves electrical
resistivity, electrode kinetics and mass transfer but simplified models
can be applied to rationalise the parametric effects or achieve useful
approximations with modest efforts in computation. Three types of
current distribution can be considered, namely primary, secondary
and tertiary. Detailed descriptions of the mathematical principles
have been given in the early literature, e.g., by Newman et al.'”
However, it is worth considering their main qualitative character-
istics and implications, which were summarised by Ibl:'*®

a) primary current distribution is experienced at open-circuit,
neglecting activation and mass transfer ovepotentials. It depends

mainly on the geometry of the electrolyte cross-section between
the electrodes and the conductivity of the electrolyte. Under
these conditions, the current density tends to infinity at the edges
of electrodes which are at an angle of 180 deg or more to an
insulator plane but diminishes when this angle is less than 90
deg.

b) secondary current distribution considers the electrode kinetics,
i.e., the activation overpotential. The potential differences at the
electrode are less acute than in the case of the primary current
distribution, as electrode regions with high current density also
result in larger activation overpotentials. A convenient way to
characterize secondary current distribution is by calculating the
dimensionless Wagner number,'”®'”” which is the ratio of
polarization (kinetic) resistance at the electrode to the (ohmic)
resistance of the electrolyte. Larger values represent uniform
current distribution, while values close to zero are essentially
equal to the primary current distribution. For mathematical
models, linear, Butler-Volmer and Tafel kinetics can be
implemented,'® the last often being convenient in practical
scenarios. In general, the current distribution is more homo-
geneous with highly conductive electrolytes, steeper slopes of
activation overpotential and smaller electrode dimensions.
Simplified approaches, where the resistivity of the electrodes
is considered infinite, are common. If the resistance of the
electrode materials is significant, the model is more complex.
The secondary current distribution is a more complex problem
in porous electrodes, since the conductivity and potential at the
electrode structure and across the permeating electrolyte is a
function of the distance from the current collector/feeder.'?®

c) tertiary current distribution, is due to a combination of the
charge transfer and mass transfer control over the electrode
reaction rate. The mass transfer overpotential is determined by
electrolyte fluid flow and electrode geometry/roughness. Fluid
flow and reaction kinetics vary as a function of electrode length
and thickness (the latter in porous electrodes). In view of such
complex interactions, numerical methods are an indispensable
tool in the study of tertiary current distributions together with
experimental measurements of local electrode potential.
Conditions outside full mass transfer control, i.e., mixed control,
require the assumption of a power series for the surface
concentration.'®’

The experimental study of current and potential distribution is not
only needed to achieve reliability and efficiency in industrial
developments but is also essential to validate mathematical models.
Pletcher and Walsh have noted that the actual current distribution is
often further complicated by gas evolution, multiphase flow, surface
films and changes in surface texture.’ Experimental studies give
immediate insights into the reaction environment when modelling
becomes too complex. For example, an array of 32 circuit board-
printed planar segmented electrodes has permitted the determination
of local limiting current density for ferricyanide ion reduction in the
laboratory FMO1-LC electrolyser, showing that the incorporation of
turbulence promoters results in a higher averaged mass transfer and a
more uniform current distribution,'?' coms)ared to the non-unifor-
mity near the inlet at unrestricted channels.''* Similar circuit board-
printed arrays were later imoplemented in fuel cells.” Individually
connected stacked meshes®”' and segmented porous electrodes®
have also been considered, as well as indirect current measurements
with magnetic loop arrays.”®® In complex arrangements involving
new cell designs and/or gas evolution, the segmented electrode
approach can be especially useful. For instance, during hypochlorite
production in the presence of gas evolution®* or in dished electrode
cells for potassium bromide production.®®> Current distribution at
large gas evolving electrodes has also been studied, e.g., for silver
ion deposition as an alternative to ferricyanide ion reduction.?*®

Bisang et al. have systematically employed segmented electrodes
to reveal the current distribution at different types of reactors studied
from the perspective of dimensional analysis, often validating
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models coupled to CFD. Early studies were carried out for a gas
evolving planar electrode made up by 192 segments.?*”**® Later, the
performance of a multipurpose electrochemical reactor having 10
inclined segmented electrodes was considered;*” fluid dispersion,
secondary current distribution and localised mass transfer were
determined. The fluid flow inside the reactor could be represented by
a dispersed PFR model. The mass transfer at plane parallel
electrodes under laminar flow conditions, also used ferricyanide
ion and segmented electrodes to provide a comparison between
localised experimental and literature mass transfer rates.”'® The
reactor construction is well described; the cathode was made of 25
nickel segments, 100 mm wide, 9.5 mm high and 1 mm thick,
mutually insulated by strands of epoxy resin. This was followed by
mass transfer studies reduction in an electrochemical reactor having
a small interelectrode gap of 1.0 or 2.2 mm. Reynolds numbers
ranged from 370 to 3,700 and two types of turbulence promoters,
based on an expanded or woven structure, were evaluated.'>* The
axial current distribution at trapezoidal plane parallel cells with 25
nickel segments and convergent flow was also studied and
modelled,”''*'? showing that this configuration, while increasing
mass transfer, still maintains a nonuniform current distribution. It
was also demonstrated that CFD simulations can Eredict typical
dimensionless groups correlations in such reactors.?"”

The potential distribution can be measured directly against a
reference electrode by scanning the electrode surface or the inter-
electrode gap with a Luggin probe.''® This technique has also
proved of utility in packed bed electrodes.”'* Multiple probes can
measure potential at different points on the electrode.''® The
potential porous different electrodes bipolar electrodes has also
been established by placing dynamic hydrogen electrodes within
unit-cell compartments, for instance in a flow battery.'*

One of the fundamental aims of computational modelling of
electrochemical systems is the accurate description of current and
potential distribution at plane parallel electrodes. Simulations
normally involve 1-, 2- and 3-dimensional, static or dynamic as
well as “multi-physics” models. Although numerous publications on
modelling are available, representative examples focused on current
density distribution are discussed here. Current distribution models
have been available for over 60 years. For example, Wagner
provided a model for parallel plate cells,>'> which was validated
against zinc electrodeposition in a electroplating test cell. In addition
to the primary current distribution, Parrish and Newman,216 later
calculated analytical secondary distributions for parallel plate flow
cells (both anodes and cathodes) using Tafel kinetics. Similar
approaches then considered the effect of local current density®'’
and axial migration®'® on conversion per pass and current efficiency.
Advances in computers eventually allowed to achieve numerical
solutions of the Laplace equation and resistor networks representing
electrolysers by the finite difference method, considering Butler-
Volmer kinetics.?'® Models solved by the finite difference method
were later formulated for electrolytes containing several ions,??°
showing that turbulent flow has little effect on the current
distribution.”?' Over the last 30 years, modelling of plane parallel
flow cells has become more accessible and has been implemented on
personal computers for many possible geometries, e.g., to study the
effect of elevations at the electrode resulting from dendritic
growth.**

More recently, “multi-physics” software has been employed to
resolve models numerically. For example, Pérez et al. have modelled
various current distributions at several flow cells, including the
FMO1-LC reactor**® and a multi-purpose laboratory cell.?** Other
examples include studies of tertiary current distribution by Rivero
et al.”®> and the related local current efficiency,”® e.g., for chlorine
production, in improved versions of the same reactor having a more
uniform flow. Current distribution models relevant to redox flow
batteries have also been considered by Nandanwar et al.>*’ In the
next few years, it can be expected that improvements in computa-
tional power will enable real-time, interactive calculation and
visualisation of the current distribution in electrochemical flow cells,

either in steady state, simulated batch recirculation or other modes of
operation. The ease of use in commercial software packages
integrated with CAD models will approach modelling to the non-
specialist. However, experimental results remain vital to an appre-
ciation of fundamental reaction environment and are needed to
validate models.

Reactant conversion over time.—Electrochemical flow reactors
fitted with plane parallel electrodes should provide an efficient
conversion of reactants into products. This implies the prediction (by
cell design) and monitoring of reactant or product present in the
electrolyte over time in a batch system or over the reactor inlet and
outlet in a continuous flow reactor. A common strategy consists on
describing the change of concentration in flow cells by PFR
models,'”® under mass transfer control. Cells having a higher
Peclet number show smaller deviations from the PFR model.*?®
The simplest expression is the single pass fractional conversion of
reactant, Xy, at an electrode in a flow cell:

Xp=1-— exp(k"Q'A] [20]

where, k,, is the mass transfer coefficient, Q is the volumetric flow
rate and A is the electrode area. The product of the latter two terms,
kA, is a characteristic performance factor for the electrode/cell
combination, %78

The single pass expression is the basis for more elaborated PFR
equations that account for the conversion rate in flow cells
hydraulically connected to electrolyte tanks holding constantly
recirculating solutions (batch recirculation’ 2) and flow cells hydrau-
lically connected in series (cascade of reactors'”®). These modes of
operation are usually more convenient, as single pass conversion is
more often limited at electrodes of practical length and because they
permit to process larger volumes of reactant. Improved accuracy in
models for plane parallel flow cells can be obtained by considering
the inevitable deviations from laminar flow and plug flow in real
cells.>® The critical time for the transition between charge transfer
and mass transfer reaction control under constant current operation
can be easily calculated,”° together with the fractional conversion
over time for applied current densities below the limiting current
density value by using PFR expressions in a dimensionless form.

The fractional conversion of reactants can be followed using
various techniques. Some examples in the recent literature on plane
parallel flow include volumetric analysis,"*"**! ion selective
electrodes,'* UV visible spectroscopy,’""**? open circuit potential
in monitoring flow cells,”*® gas chromatography (GC) and high-
performance liquid chromatography (HPLC).>**

Types of Electrodes

An increasing diversity of electrode form, composition and
structure is possible; both coated and uncoated materials are used,
including modern composites, alloys and hybrid structures.>*> This
section illustrates examples and their features.

General properties and possible electrode materials.—Many
electrode materials and forms are available or can be -easily
manufactured using classical or additive manufacturing routes.
Metal, ceramic and carbon-based materials can be found in many
forms, ranging from uncoated plates and foils to more complex
structures such as catalyst-coated metal meshes, composites, con-
ductive textiles and porous paper or felt GDEs. Practical aspects,
such as cost, availability, lifetime and maintenance requirements can
dominate the choice of electrode material.>*® The main properties of
electrode materials include area, porosity, conductivity and activity
towards redox reactions. Electrochemical applications usually de-
mand chemical stability, wettability, high electrocatalytic activity
and selectivity. Mechanical properties and density can also be
important factors, especially in large cell stacks. In some cases,
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the electrodes are deliberately dissolved, as discussed in the section
on Vertical plates in a stirred tank. Typical electrode materials are
described below in order to indicate their diversity.

Perhaps the most common insoluble electrodes are metal sheets,
meshes or foams coated with a catalytic metal or metal oxides.>*’
Platinised titanium electrodes™® and dimensionally stable anodes
(DSA®)*? are well-known examples. Other, more specialised,
electrodes comprise variations of the platinum group oxides depos-
ited on refractory metals, such as tantalum.**® Non-precious metals
and alloys are also relevant, such as nickel or nickel-coated stainless
steel is employed in chlor-alkali cells.’® Other example are alumi-
nium cathodes, which are used in zinc electrowinning.‘”
Manufacturing methods must also be considered. Simple sheets
and meshes are usually produced by cutting and machining, while
carbon-polymer composites are often extruded or moulded. Titanium
fibres are manufactured using plasma melt overflow and melt
spinning.>*' Metal foams can be made in various ways, including
pressure infiltration of molten metal into a wax or polymer foam
mould.?** Recently, specialised small-scale reactors have been
prog}tl;:gg1 by fast prototyping techniques, particularly 3D printing,
e.g >

Lead dioxide coatings provide a traditional example of ceramic
electrodes,* which have been extensively applied to the manufac-
ture of various chemicals. Magnéli phase titanium oxides display a
conductivity comparable to graphite and a corrosion resistance
superior to titanium.>**>*’ More recently, boron doped diamond
(BDD) coatings have received much attention for anodic oxidation
in view of their stability and large overpotential for oxygen and
hydrogen evolution, which is useful for the selective oxidation of
organic pollutants contained in wastewater and electrosynthesis.>*®
An important aspect is the application of the catalyst, which can be
achieved by electrodeposition, electroless coating, or “dip and bake”
methods as well as physical or chemical vapor deposition.”****° An
important trend is the development of micro- and nanostructured
materials to provide new substrates and catalysts.”>">>>

Carbon-based materials are important in many electrochemical
applications, since they offer a low cost, electrically conductive
material of acceptable chemical stability. Types include graphite,
glassy, pyrolytic and impervious carbon.**® The ability to process
carbon means that these materials can be found in multiple forms,
such as solid plates, foams, cloths, felts, textiles, paper and powders.
Carbon materials have been used extensively as bipolar plates and
GDLs in fuel cells. Composite carbon-polymer bipolar plates and
carbon felt electrodes are also common in redox flow batteries.”>
Carbon fibres can be melt-spun to produce carbon felt, paper and
textiles.”>* Carbon foams are produced by heat treatment of
polyurethane precursor foams.>>>

All of these electrode materials can be reunited and compared in
terms of their broad range of electrical resistivity, p, as shown in
Fig. 7. This property is important in cell design and sizing due to its
effect on current and potential distribution as well as on ohmic and
heat losses. In order to increase efficiency, components supporting
high currents, such as busbars, are manufactured with conducive
materials such as copper or, if corrosion resistance is a concern,
titanium clad copper. Active electrodes are chosen more in terms of
catalytic activity and selectivity but it should be kept in mind that
their resistivity is linked to cell potential. Porous materials display
the highest resistivity, which imposes some limitations on their
application.

2D and 3D, porous electrodes.—Electrodes can be classified as
2D materials, consisting of smooth or profiled plates, foils or sheets,
or in 3D materials, such as meshes, foams, fibres or cloths. 2D and
3D electrodes differ in their available surface area, hydrodynamic
interaction with the flowing electrolyte and intensity of current
distribution. A diverse range of both types of materials is available in
bulk or coated form. Figure 8 illustrates the diverse form and surface
morphology of electrode materials in the case of a) appearance of
planar surfaces, b) pore sizes (and shapes) in porous carbon

electrodes, c) diverse 3D porous metal structures. Due to their 2D
surface area limitations, improvements have long been considered
aiming to increase productivity of flow cells. Early attempts to
extend the surface area involved serrated and knurled surfaces.'*® A
cost-effective approach to increase mass transfer is the placement of
polymer turbulence promoters next to a planar surface.'*>'%* Other
types of surface extensions and mixing devices involve inserting
bafﬂes,265 266 fances or stepszf’7 into the channels.

Tailored 3D porous electrodes can extend the active surface area
many times compared to planar electrodes, increasing the mean
linear velocity of the electrolyte, Reynolds number and mass transfer
coefficient. These effects can rise the volumetric mass transfer
coefficient by several orders of magnitude over 2D electrodes.”®
Some of the first porous electrodes in plane parallel flow reactors
consisted on carbon particle packed-beds**® and metal wool.®
However, stacks of woven or expanded metal mesh provide several
advantages over packed beds and offer a robust solution still in wide
use.”*”?’% Regarding cost-effective carbon materials, graphite
felt,””! graphite cloth,?’? and reticulated vitreous carbon®>*"® offer
a good combination of surface area and permeability. Analogous
materials in metal can be titanium felt'*® and mesh,'?” metal foams
such as nickel, >’ copper,274 and titanium.””> Embroidered wire
electrodes have also been considered.?’® The development of porous,
3D electrode architectures and nanostructured surfaces has been one
of the major reforms making plane parallel cells more versatile and
useful. Examples of classical porous, 3D electrodes are considered in
more detail in Pletcher and Walsh,145 while recent developments,
including “nanofelts” and “nanomeshes” are discussed by Arenas et
al.>”” A wide variety of commercial materials are readily available.

Additional diversity can be found in the overall shape of the
electrode. The rectangular channel with parallel plate rectangular or
parallelepiped electrodes is well known, but dished,?’® circular,***7°
serpentine or spiral,**?% and trapezoidal®''*'* geometries are also
possible. A well-known disadvantage of long labyrinthine and spiral
channels in flow cells is their tendency to accumulate evolved (or
trapped) gas, which decreases the electrode active area and changes
current distribution, efficiency and selectivity.

Recent advances in the study of 3D electrodes can be found in the
use of micro x-ray computed tomography to characterize their
structure and determine their surface area, for instance, in the case
of reticulated vitreous carbon.’> Parameters such as volumetric
porosity, pore size distribution and tortuosity can be obtained
digitally, as demonstrated for nickel foam electrodes.”®! The
distribution of metal deposits on 3D electrodes has also been
analysed, for instance, iridium on titanium felt.?®? The digital
representation of porous structures has been used to simulate
hydrodynamics and pressure drop in flow cells,”®® having being
applied to the study of diffusion and mass transfer in carbon felts for
vanadium RFBs.***?%> Challenges to this approach involve the
definition of voxel resolution, boundary thresholding and limited
sample sizes.

Electrolyte flow configurations at electrode structures.—The
main flow modes in divided rectangular channel cells, according to
modern definitions (see also Savinell et al.?®%), are shown in Fig. 9.
The flow-by and flow-through modes, which involve orthogonal
arrangement of current and electrolyte flow are the most common,
since they facilitate a uniform current density distribution and are
easy to manufacture. In the first case, shown in Fig. 9a), the
electrode channels can contain inert polymer meshes known as
turbulence promoters that help maintaining a constant electrode-
membrane distance in divided cells and increase mass transfer, e.g.
by Bengoa et al.''" The flow-through mode in Fig. 9b) is used with
porous electrodes, being restricted to relatively thin electrodes to
avoid non-uniform current distribution, but is a compromise to
prevent a high pressure drop, e.g. in Rivera et al.>® The flow-across
mode in Fig. 9c) can be used to decrease the effective thickness of a
porous electrode, hence reducing the pressure drop, or to encourage
dislodgement of evolving gas. This configuration is common in
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Figure 9. Types of electrolyte flow in plane parallel electrode cells. (a) flow-by, (b) flow-through, (c) flow-across and (c) interdigitated.

tubular cells with parallel plane electrodes.”®” In view of the
potential drop through a porous electrode connected in its per-
iphery/side, the electrode can be supported on a relative thick highly
conductive expanded metal mesh. The flow-across mode is seldom
reported in filter press cells, e.g.,®® since it is more difficult to
scale-up,”®’ but it is understood that it has been advantageous when
coupling electrosynthesis and electrodialysis in the same reactor in
pharmaceutical applications. Flow-across electrodes have also been
used in the simultaneous oxidation and reduction of reactants in
membrane-free cells,290 and in consecutive electrochemical reac-
tions for organic electrosynthesis.”®' Interdigitated flow fields,
shown in Fig. 9d), constitute an alternative flow configuration,
which is similar to the flow-across mode but more compact.
Periodically spaced channels within the electrode material, or in
the bipolar plate, increase flow to the porous material, enhancing
mass transfer while reducing the electrolyte path through the porous
electrodes, e.g., carbon felt,MG’lsg’292 albeit with increasing com-
plexity and cost. The interdigitated mode results in significantly
lower pressure drop in comparison to the flow-through configuration
and, by allowing the use of thinner carbon cloth electrodes, can
deliver reduced ohmic losses.'*’ In all of these modes, the flow can
be laminar, turbulent, or transitional and the mass transfer can be
modified by the electrode surface texture, gas evolution, or provision
of inert turbulence promoters in the flow channel.'?'

Polymeric inert turbulence promoter meshes.—Turbulence
promoters are inert polymer meshes used to enhance mass transfer
of the electroactive species to 2D, planar electrodes within a flow
channel. Furthermore, they result in more uniform local flow and
mass transfer alon% the electrode, which also homogenises the
current distribution.'?! Several turbulence promoters can be stacked
to fit into the flow channel. Turbulence promoters can also act as
simple physical separators, helping to maintain a constant mem-
brane-electrode distance in divided flow cells, while allowing
electrolyte flow. The meshes are usually of the expanded type, since
flat meshes could partially cover the electrode surface. They should
possess a high volumetric porosity in order to avoid high pressure
drop. Storck and Hutin have provided a useful survey of pre-1980
literature on various types of turbulence promoters, including plastic
meshes. % They used localised and global limiting current measure-
ments to demonstrate that the mass transfer and the friction factor
could be correlated by mathematical expressions. In a second
contribution, the authors monitored the pressure drop across the

flow channel and stressed the flow energy requirements using
dimensionless correlations.'** Several examples of polymer meshes,
turbulence promoters by Ralph et al.'®* are shown in Fig.10a). Their
space-averaged mass transfer coefficient vs the mean linear flow
velocity (between 0.5 and 21 cm s™) for a 100 cm® P/Ti plate in a
divided filter press cell are shown in Fig. 10b). The use of turbulence
promoters resulted in mass transfer enhancement factors up to 2.20
compared to the empty channel, although values of 3.5 have been
observed in the FMO01-LC cell."°

More recently, Dendukuri et al.''* used CFD to perform flow
visualisation of various shapes and profiles of different turbulence
promoters. Similarly, Fimbres-Weihs and Gilroy>** used a numerical
methods to evaluate the mass transfer rates and correlate it with
pressure drop and flow rates while Koutsou et al.'® have used both
experimental and computational approaches to quantify the effects
of the geometry of the promoter and Schmidt number, obtaining a
dimensionless group. These studies have achieved insufficient
advance from earlier knowledge. Nava et al.''> have reported a
development by validating a model of the flow development and
flow dispersion effects of turbulence promoters in the FMO1-LC
reactor using flow visualisation. Double helix filaments, instead of
woven mesh, have been proposed.”** Although the double helix
geometry appears to be less effective and shields the electrode
surface to a greater extent, it would be interesting to measure mass
transfer enhancement in electrochemical flow cells. Rapid develop-
ments made in computational modelling and 3D printing (see section
Emerging additive manufacture techniques) offer the opportunity of
tailoring turbulence promoters to optimise them for a given flow
channel and electrode geometry.

Cell Body and Flow Channel Construction

Major design trends over the last decade have been the increasing
use of fast prototyping, additive construction techniques, especially
3D printing, to complement or replace classical (manual or computer
controlled) machining together with the introduction of specialized,
mostly conceptual, microflow cells for electrosynthesis. Flow cells
intended for research are often designed and produced by academic
groups, but commercial devices are also available for laboratory,
pilot and full-scale applications, besides proprietary designs devel-
oped by the industry. Some of them offer proven reliability,
immediate availability, characterized reaction environment, modu-
larity and ease of reproducibility in studies. Some of them, such as
the FMO1-LC reactor, have been extensively studied.>>"° However,
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Figure 10. Polymer mesh, inert turbulence promoters. (a) Examples of structures and mass transfer performance of a parallel plate flow cell with the rectangular
gap between electrode and membrane filled by closely stacked promoters. The photographs are taken at an angle to show their profiled shape. Reproduced with
permission from T.R. Ralph, PhD Thesis.*”> (b) Mass transfer in an electrode a flow channel filled with such promoters as a function of linear electrolyte
velocity. Data taken from Ralph et al.,'® and replotted as a function of mean linear velocity.

a number of cells not designed with controlled reaction environment
or with ease of use in mind are also found in the market. Regardless
of their origin or intended use, manufacturing techniques should be
considered against cell performance in a cost-benefit approach.

Classical machining and moulding approaches.—In a classical
workshop approach, polymer sheet, having a typical thickness of
4-10 mm is machined to produce the required rectangular flow
channel and manifolds, typically with a milling machine and
possibly under CNC.>*> The removal material tends to be slow,
costly and tedious, making injection moulding a more suitable
method for the mass production of complex pilot and large size
cells.??®2°7 Inert cell components, such as electrode frames, gaskets,
pipes and valves must be truly non-conductive to avoid potential

corrosion and issues with electrical systems due to unintentional
electrical grounding.>®® Large stacks, such as those employed in
chlor-alkali processing™ or large water electrolysers,> rely heavily
on welded metal frames holding the flow channels and robust
ancillary structures to position and compress the individual cells
between massive compression plates, as seen in Fig. 6.

An example of a flow reactor manufactured by machining of
materials and injection moulding for ease of production is the
ElectroSyn Cell,”> shown in Fig. 11a). This reactor was developed as
a commercial, general purpose flow cell for electrochemical proces-
sing, synthesis and electrodialysis. Its components are displayed in a
cut version in Fig. 11b). This cell has been used in divided and
undivided modes either in monopolar or bipolar configuration,
with inert polymeric mesh turbulence promoters (poly(methyl
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methacrylate) and polypropylene) to promote mixing and mass
transfer, as characterised by Carlsson et al.”> The cell also permits
the use of packed bed electrodes.*® A pilot study and modelling of
the electrosynthesis of an amino-alcohol was also considered for this
device.?”® Flow visualisation studies were later reported,1 " followed
by pressure drop,'”' and mass transfer coefficients®™ for a cell
employing nickel foam electrodes.

Injection moulding of bipolar electrodes is well suited to mass
production and is widely seen in fuel cells and redox flow batteries.
However, this manufacturing technique is only cost effective after
the reliability of the design has been exhaustively tested,”°" since
semicontinuous changes in electrode material composition and shape
may be made during the development phase. Injection moulding of
carbon-polymer composites is has been applied to the production of
bipolar plates for fuel cells.***=*° Some of these composites contain
nanomaterials that improve conductivity, as proposed for all-
vanadium flow batteries.**"7

Emerging additive manufacturing techniques.—Additive man-
ufacturing (especially 3D printing) technologies are now influencing
electrochemical technology. Recent progress in CAD design, computer
processing power and lower costs have stimulated an explosion of 3D

A . o 308-310

printing devices and applications. These automated manufac-
turing techniques can be employed for fast prototyping, fast manu-
facture of unique or tailored components, replication and reconstruc-
tion of objects and to produce complex, three-dimensional geometrical
shapes impossible to manufacture by traditional methods, including
CNC machinery. 3D printing is now routinely employed to produce
S . 309 3115
rigid or elastomeric 3polymers, metals and alloys,” " intelligent
foams,312 composites, 13 and biological materials.>'*

Most 3D printers are based on layer-by-layer construction of
objects by extrusion of molten filaments, selective polymerisation of

resins or polymer powder precursors by UV light, laser, or selective
fusing of metal powder by a laser.*'®> Coaxial extrusion®'® can be
employed to produce readily coated fibres. Further, 4D-printing
involves smart materials in which their properties change over time
or as a result of a stimuli or change in their environment.>'” A
disadvantage of these techniques is their limited accuracy and the
elevated capital cost of reliable, high precision devices. Control of
process parameters are critical to avoid residual porosity and
thermally induced stresses, as they can result in deformation of
produced objects and detrimental changes in their mechanical
properties or hydraulic permeability.

Recently, 3D printed electrodes have been introduced to plane
parallel laboratory flow cells having a size capable of producing
scale-up data. As shown in Fig. 12a), 3D printed porous electrodes
have been used in mass transfer studies of various nickel-coated
stainless steel structures’** and multi-purpose flow cells for labora-
tory-scale tests of redox flow batteries, metal ion removal,
electrosynthesis and electrodeposition.®'® Non-active polymer com-
ponents of electrochemical flow cells, such as flow frames and
endplates have been demonstrated,3 9 for instance, in organic
electrosynthesis.>*® 3D printing has also been applied to demonstrate
the construction of several design concepts on a small scale, such as
metallised polymer flow plates with integrated flow fields have in a
water electrolyser,?*° or static mixers coated with a gra}zohite to form
a type of porous electrode for a mini-flow battery.**' Other 3D
printed electrodes include metal thermal sprayed PEMFC bi}zt)olar
plates,®*? a miniature PEM stack with honeycomb electrodes’>>2*
and micro-**° or methanol***3?7 fyel cells.

Another application of 3D printing is the prototyping, evaluation
and manufacture of electrochemically inert cell components, typi-
cally polymer electrode frames and flow channels. This approach has
been applied to the design of laboratory redox flow batteries,*'®

Inlet manifolds I

D0

Figure 11. An example of an industrial, multipurpose plane parallel filter-press stack in monopolar configuration. (a) The ElectroSyn reactor for pilot and
medium scale electrochemical operations. (b) A cutaway view of a unit cell showing its different components, including electrodes, turbulence promoters and

polymer electrode frames. Courtesy of ElectroCell A/S, Denmark.
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19 cm

Figure 12. 3D printed components of a laboratory parallel plane electrochemical flow cell. (a) 3D printed electrode structure type “A” (porosity 0.64, void
sphere diameter 1.8 mm, hexagonal packing); (b) 3D printed electrode structure type “B” (porosity 0.41, void sphere diameter 1.8 mm, square packing). Each
stainless steel 316L electrode is nickel-coated and has an integrated current collector/feeder. (c) A 3D printed half-cell flow channel with flow distributors
showing a 3D printed turbulence promoter mesh in the electrode compartment (typically used with planar electrodes). These particular pieces were made in
acrylonitrile butadiene styrene (ABS) by the molten filament method and intended for use with 24 cm? electrodes.

permitting the evaluation of the impact of manifolds flow fields and
turbulence romoters on electrochemical and hydraulic
performance.®'®>'" An example of a 3D printed cell frame is shown
in Fig. 12b). Suitable 3D printing techniques can be used to produce
different parts, e.g. gaskets, frames and electrodes. Thus, adding the
printing of membranes, it is now possible to 3D print all the
components of electrochemical cells. Given the advances in multi
material 3D printing,*'? specialised flow cells could be integrally
built in a single operation.

Figure 13 presents the procedure for advanced design of electro-
chemical flow cells and reactors. It is an iterative procedure in which
computed assisted design is followed by modelling of the system and
either fast prototyping or conventional manufacturing of the

electrochemical cells.*® The reaction environment is characterised
and the experimental evaluation of performance for a specific
application. In turn, the model comprises fluid flow, mass transfer,
primary, secondary and tertiary current distributions as well as flux
through the membrane, if present. Models can also consider structural
properties, pressure drop, heat balance and reactant conversion over
time. Based on model optimisation and experimental testing of a fast
manufacture prototype, the design can be modified, as desired. Once it
has been optimised, the device can be mass produced via conventional
manufacture techniques, for instance by injection moulding. It can be
expected that increasing computer power will result in fast, interactive
and integrated “multiphysics” models. In combination with advanced
manufacturing techniques, such as 3D printing of composites or
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Figure 13. An integrated design, simulation and manufacture procedure of electrochemical plane parallel flow cells. The final aim is the production and
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models and manufacturing equipment. An iterative process can improve the design and performance by validating the model against experimental evaluation of
performance in a well-characterised reaction environment. Aspects usually considered in computation modelling of electrochemical systems and available

manufacturing techniques are also outlined.

polymer welding, efficient and long-lasting electrochemical reactors
could be produced with minimal waste of materials.

Miniaturised flow (“microflow”) cells.—Laboratory microflow
cells for electrochemical synthesis,”>® particularly of fine
organics'"**%**! have been increasingly introduced over the last
decade (Fig. 14). Typical laboratory microflow cell sizes can vary
from channels having a volume of 0.1 to 10 cm®, with projected
electrode areas of 1-15 cm?® operating at currents <10 A to
synthesise up to several grams of product. There is a large variation
in the interelectrode gap used in microflow cells, values from
50-1000 pm being found, with volumetric flow rates from 0.01 to
10 cm® min~!. Mean linear flow velocities in the wide range of
0.001 to 100 cm s~ ' can be estimated. As in any flow cell, a flow
velocity can be calculated by dividing the volumetric flow rate by
the cross-sectional area of the channel or pipe,*** with the option to
consider the porosity of the channel.'*

Obvious driving forces for the development of such cells include:

a) reasonable manufacture and running costs,

b) small space requirements and ease of handling,

c) the possibility of achieving a high yield and faster conversion,

d) the low electrolyte volume required,

e) the ability to evaluate newer electrode/membrane materials,

f) the possibility of operating in batch recirculation mode,

g) arelatively low cell voltage, hence modest power consumption
(when a small interelectrode gap is used) and

h) the ease of manufacturing (and modifying) such cells using fast
prototype approaches.

Classically, two parallel foil electrodes separated by thin gaskets
make up the flow channel.*** Ton exchange membrane or

microporous separator are optional, depending on the application.
Foil electrodes have been augmented by micromesh, foam, felt and
sintered materials in metals, carbon, carbon-polymer composites and
ceramics; more complex, printed films have become available. Cell
bodies have typically been machined from thermoplastic polymers
or thermoset resins.”*> Increasingly, photolithography then 3D
printing of cells’'® and electrodes,”*’ have become attractive in
their low cost, versatility of design and convenience, often for the
fast manufacture of prototypes.

While many studies have made no attempt to distribute flow
across the electrode surface, there are clear examples of
serpentine,™* interdigitated'** and spiral™> flow fields. Extended
electrode paths have been used with the aim of increasing the single
pass convention,”®® but also cells connected in series or in the
“cascade” mode.**® Although flow-by microflow cells are the most
common,”® flow-through configurations,”®” see Fig. 9), can be
advantageous when pressure drop has to be minimised for a single
electrolyte at high flow rates.

Regardless of their small dimensions, the reaction environment
and performance of miniaturised flow cells can be described and
modelled according to well established electrochemical engineering
principles,"*>"~!! “although authors have not always appreciated
this. For instance, individual electrode potentials are routinely
overlooked, in spite of its direct impact on product selectivity. It is
also rare for the mean linear velocity of electrolyte past the electrode
surface, v to be clearly stated; see Eq. 8 and remarks in section Flow
velocity and pressure drop. Most authors state only the volumetric
flow rate, which gives no indication of the flow conditions at the
electrode surface and complicates comparisons among different cell
designs and cell sizes. A microflow cell is characterised, in addition
to its electrode area, by its mass transfer coefficient, k,,, even if it
intended for use in a charge transfer regime. Although it can be
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Figure 14. Special cases of reaction environment in microflow channel cells. (a) Thin gap (undivided) microflow cell. (b) Schematic cross-section of its flow
channel, where “coupled” reactions take place by means of overlapping Nernst diffusion layers, dy. (c) Parallel laminar flow (undivided) cell having a quasi-
parallel plate configuration. (d) Schematic cross-section of the flow channel in such cell. The two electrolyte streams are only mixed by the diffusion, J ), across

the liquid-liquid interphase.

easily determined via limiting current experiments,®’ this critical
value is seldom reported. The value of k,, is related to the limiting
current, /; by the expression:

I = kyAzFc [21]

For the laminar flow of electrolyte through most channels, the
fractional conversion of reactant is well described by the single pass
PER design expression'’® which features the volumetric flow rate, Q,
electrode area, A, and the mean mass transfer coefficient, k,,. See
Eq. 20. Although a high conversion is possible in a single pass in
microflow cells,*” the increase of electrolyte inventory using a tank
of volume V7 can be achieved by batch recirculation, as described

by:
Y LN i1 P exp(k'"A) [22]
Cin(0) Vr 0

where ¢;,0) and c;,(,) are the reactant concentration at the inlet of a
PFR at times 0 and ¢, respectively, Vr is the electrolyte volume and
Q its volumetric flow rate; see Eq. 8. The fractional conversion in
batch recirculation mode, X, ,, is given by:

Cin(r)

Xpar=1-— [23]

Cin 0)

The majority of studies in a microflow cell have used the single
pass mode, which implies either a restricted conversion rate or the
need for long electrodes prone to depletion of reactant, pH gradients
and parasitic reactions.

Notably, microflow cells with thin electrode channels permit to
work in reaction environments which are not possible in usual “macro”
flow cells. For instance, flow with Reynolds number < 10%* enables
“parallel laminar flow” cells where membranes or separators are not
needed since the liquid-liquid interphase between two electrolytes
(anodic and cathodic) depends only on diffusion. Some examples are
the production of carbocations for nucleophilic reactions,* the
regeneration of nicotinamide cofactors**® and power delivery devices
for microelectronics.®*® Similarly, channels heights below 0.01 mm
have allowed to couple reactions by overlapping the diffusion layers at

the electrodes.®*' These cells have sometimes been inaccurately called
“electrolyte-free,” meaning that the reactant itself can be used as the
electrolyte (since ohmic resistance is minimised across the thin gap, no
additional support electrolyte is needed). However, of course, an
electrolyte is always present in an electrochemical cell. Such cells have
been used, for instance, for the reduction of oleﬁns,341 anodic
methoxylation of p-methoxy-toluene,*** methoxylation and acetoxyla-
tion of furan,** a whole range of benzyl bromide derivatives,*
synthesis of phenyl-2-propanone,®** and paired electrosynthesis of
toluene and acetophenone.** Thin gap microflow channels have
restricted prospects for scale up, in view of the low volumetric flow
rate, limited electrode area high pressure drop over the cell, which
necessitates a specialised pump, secure cell flow connections and
adequate closure to achieve leak-free operation.

Going back to conventional organic reactions, longer flow
channels have often been used to increase the conversion in a single
pass. For example, in thin gap cells, the oxidation of 4-methylanisole
to 4-methoxy-benzaldehyde-dimethylacetal**® and the methoxyla-
tion of 4-methoxytoluene**’ have been carried out at a 10 cm long
segmented electrode, made by 10 pieces of glassy carbon with a
separation of 100 zm. Meanwhile, tortuous flow paths?*° and spiral
electrodes have been applied to the methoxylation of
N-formylpyrrolidine.**> Having an interelectrode gap of 0.5 mm,
the spiral cell displayed a single pass fractional conversion of nearlPI
100% and a selectivity over 95% for a production rate of 20 g h™ .
Other applications consider the degradation of organic pollutants,
such as Acid Orange 7 using an electro-Fenton reaction,*® or the
degradation of formic acid®*® and the pesticide clopyralid (3,6-
dichloro-2-pyridinecarboxylic acid)*®” at BDD electrodes.

There are few studies on pressure drop in the channel of
microflow cells as a function of flow rate together with synthesis
performance, with few exceptions.*** Gas evolved at electrode
surfaces presents a particular problem in microflow cells, due to
their small volume and narrow channel gap since a high gas voidage
can lead to flow disturbance and greatly increased ohmic drop hence
a high cell potential difference. On the other hand, numerous,
identical microflow cells fed by a single-phase electrolyte, under
gravity, by a common header reservoir and carefully designed fluid
manifolds could realise industrial processing requirements.
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Selected Examples of Cell Designs and Their Performance

In order to illustrate the versatility of electrochemical flow
reactors with parallel plane configuration, six selected representative
examples are described, mainly from the author’s experience. They
encompass cells with geometrical electrode surface areas between
0.001 m? and 0.2 m?, 2D and 3D electrode types, currents from mA
to kA levels as well as anodic and cathodic reactions of interest.
Applications include large-scale and specialized inorganic electro-
synthesis, oxidative removal of organic pollutants, fuel cells and
redox flow batteries for energy conversion and electrodeposition of
metals in both laminar and turbulent flow regimes. The examples,
enlisted in Table I, showcase studies based on reactant conversion vs
time, quantification of mass transfer, mathematical modelling, power
density considerations and measurement of pressure drop. The
overall principle consists in the various possible approaches to
research in this field and in the important aspects to be consider
during the characterization and analysis of both reaction environ-
ment and operational performance.

2D and 3D electrodes in a utility-scale stack (for chlor-
alkali).—Large scale electrolysis plays a critical role in industry.®*
The chlor-alkali industry and the electrowinning of metals produce
hundreds of Mtonnes of essential commodity chemicals each year.
However, available data on the characteristics, performance and
efficiency of the electrochemical cells used in these applications is
scarce, especially in view of the urgent need to cut the carbon
dioxide footprint of the electrochemical industry.*>>

A notable exception has been the FM21-SP reactor,™" a utility
scale plane parallel reactor, having origins in chlor-alkali production,
which was characterised and designed on the basis of mass transfer
studies.**® The monopolar stack with internal manifolds, shown in
Fig. 6b) and Fig. 15a), incorporated up to 60 cells made by double
sided electrodes, each with a geometrical area of 2.0 x 0.21 mz,
providing a total electrode area of 25 m”. The reactor was designed
for reliability, ease of manufacture and scale-up, high mass transfer
and low power consumption. Electrodes were of “lantern blade” type
for chlor-alkali, but could also be planar in some applications. (Other
cases of documented large scale electrochemical reactors are the
ElectroSynCell® and an XL bromine-polysulfide flow battery.'®'°!

The mass transfer characteristics of the FM21-SP reactor were
studied by determining the global mass transfer coefficient, k,,, and
the product k,A from limiting current measurements at a unit
electrode using Eq. 21.%° As explained below, these values were
then applied to accurately describe reactant conversion as a function
of time. This means that the productivity of the reactor is understood
and can be predicted during scale up. The reduction of 0.01 mol
dm™ ferricyanide ions in 50 dm> of deaerated 1.0 mol dm > KOH
solution was used as a model reaction. The oxidation of ferrocyanide
ions was carried out at the anode. Flow rate was varied with a pump
of 1 m®> h™! maximum capacity.

As shown in Fig. 15b), the limiting current, /;, for reduction of
ferricyanide ion at a planar nickel electrode has been determined from
polarisation curves obtained at increasing flow rates. As expected, even
at this scale, the fast, single electrode transfer reaction displays the
typical rate control regions: charge transfer, mixed and mass transfer
control and gas evolution. The effect of the type of electrode (planar or
lantern blade) and the presence of a polymer turbulence promoters on
the limiting current was also studied. Limiting current values for
different configurations are presented in Fig. 15¢) as a function of flow
rate. The lantern blade electrode in combination with a turbulence
promoter yielded the highest limiting current density, over 25 A m™> at
1 m® h™", six times the value at the planar electrode. In the absence of
a turbulence promoter, the 3D lantern blade produced only 12.5 A m™—>
at the same flow rate.

The resulting values are given in Fig. 15d) as a function of the
mean linear electrolyte velocity in the electrode compartments. In
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log-log form, the relationship between k,, and the flow rate v, is
linear and can be described through a simple exponential expression.
The mass transfer coefficient for the lantern blade/turbulence
promoter combination is approximately an order of magnitude
superior to a planar electrode in an empty channel. The mass
transfer coefficients were then applied to the prediction of the
nominal reactant conversion vs time for a two-electron reaction of
interest in batch recalculation mode to an electrolyte tank. For this,
the FM21-SP cell was reasonably approximated to a PFR in batch
recirculation model,'”® according to Egs. 22 and 23.

Figure 15e) presents the time taken for 90% reactant conversion
of a 50 dm’ batch by using different types of 0.45 m> monopolar
electrode. As expected, the lantern blade/turbulence promoter
configuration needs less than 5 h to reach the target fractional
conversion. In contrast, an unpromoted planar electrode would
require nearly 30 h for the same conversion. It is obvious that a
competitive productivity is better achieved by employing practical
electrodes with a large area and a moderately high rate of mass
transfer. Since these characteristics are known for each electrode, the
nominal scale up to 60 electrode pairs becomes facile.

Mass transfer studies on the FM21-SP reactor demonstrate the
process of design, characterisation and prediction of productivity for
a utility scale stack up to a combined electrode area of 25 m>
operating at 37.5 kA. Reactor design was made on the basis of
electrochemical mass transfer-controlled reactions and an approx-
imation to the plug-flow reactor model in batch recirculation. It
would be expected that current chemical corporations have opti-
mised the energy efficiency of their reactor designs based on a more
advanced combination of experimental characterisation and compu-
tational simulation.

Anodic synthesis of N,Os in anhydrous nitric acid (in a divided
flow cell).—N,0Os has specialised applications in the nitration of
organics at low temperature.>>* Although its production via electro-
chemical dehydration of HNO; has been known for more than a
century,™> it was only in the early 80’s when Harrar and Pearson
demonstrated the feasibility of N,Os synthesis by the oxidation of
N,O, in anhydrous nitric acid at platinum or IrO-coated titanium
anodes.™® The process was later improved and scaled-up by
implementing the simultaneous regeneration of N,O, in the cathode
compartment,®>* and demonstrated in a plane parallel flow cell of
200 cm? electrode area. It should be highlighted that this process is
one of the few instances where the anodic reactant is produced at the
cathode, as seen in Fig. 16a). Harrar et al. later patented®’ and
reported™® the electrosynthesis of N>Os in parallel plate cells with
electrodes up to 2,500 cm? and current densities up to 0.2 A cm™*
employing a porous PTFE-ethylene separator, a Pt-Ir coated niobium
anode and a Hastelloy cathode. Niobium was required since titanium
can catalyse the fast decomposition of unstable nitrogen compounds.

Following a multi-stage approach to the production of
N,Os/HNO; solutions,®' a method was developed at the
University of Southampton for the synthesis of N,Os in anhydrous
nitric acid in the anolyte compartment of a unit filter-press cell
divided by a very stable cation exchange membrane, utilising
anhydrous HNOj as both anolyte and catholyte solvent (traces of
H,O are readily removed from the anolyte) and generating N,O, at
the cathode, offering the possibility to return it to the anolyte as a
reactant by distillation or other suitable method.>>' The reactants are
managed by cooling the system below 10 °C. Apart from the
advantageous reduction of species shuttle of between the two
compartments and the exclusion of NOj;  transfer, the cation
exchange implies electroosmotic transfer of HNOs. This diminishes
the anolyte volume over time. The main overall reactions are given
below; N,O,4 can be formally considered as a mixture of NO™ and
NO; ™ ions, which makes the anodic reaction more complex.*>!

Anode N,O4 4+ 2HNO3; — 2e~ — 2N,05 + 2HT [24]



Table 1. Selected examples of the electrochemical flow reactors with plane parallel geometry used in the academy and industry for diverse applications.

Geometrical Channel Channel Channel Max. mass
Electrode reaction Working electrode characteristics area breadth length height Electrolyte rate transfer References
Chlor-alkali process Double sided nickel electrodes (planar and 2 x 021 m? 24 cm? 93 cm? 52-12.5 0to58cms™! knA = 1.57 350
lantern blade) mm (0 to 270 cm® 571 cm® 57!
Production of N,Os Pt-Ir coated niobium anode and a Hastelloy 64 cm? 4 cm? 16 cm? 1-5 mm 0to66cm s’ ko 130, 351
cathode (plus a TP and lantern blade) 0 to 132 cm?® s‘l) =28x 107>
cm s
Oxidation of 1rO,-Sn0,-Sb,O5/Ti anode and stainless steel 30 cm? 4 cm? 9 cm? 6.6 mm 0to 105 cms™! Ko 138, 224
Methyl Orange cathode (0 to 27.8 cm® s7") =38x 107
cm s
Oxidation of boro- Pt-Ir/Ti (plate, mesh, fine mesh, micromesh, 9 cm? 2 cm? 4.5 cm? 2-4.3 0to16cms™! kAo 99
hydride ions felt) mm 0t09.1 cm®s™) =0.804s7"
Reduction of Ce PUTi (plate, mesh, micromesh, felt) 24 cm? 4 cm® 6 cm® 2.5-7.4 0.25t0 17 cm s~ kA, 98
(IV) ions mm (0 t0 16.0 cm® s71) =0.103s7"
Electroforming of Stainless steel cathode Ni cathode 15 cm? 3 cm? 5 cm? 5 mm 0to 200 cm s~ k,, = 0.035 83
Ni and Cu foils cm s
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Figure 15. The 25 m*> FM21-SP monopolar electrochemical filter-press reactor and mass transfer studies at a unit electrode. Courtesy of ICI Chemicals and
Polymers Ltd (now INEOS Chlor Chemicals). (a) The parallel plane FM21-SP stack. (b) Polarisation curve for the reduction of 0.01 mol dm™3 ferricyanide at
different electrolyte flow rates for a flat planar (FP) electrode. (c) Limiting currents achieved by diverse electrodes as a function of volumetric flow rate, including
flat planar plus turbulence promoter (FP + TP), “lantern blade” (LB) and “lantern blade” plus turbulence promoter (LB + TP). (d) Mass transfer coefficient as a
function of mean linear flow rate for the same electrodes. (c) Time to achieve 90% of reactant conversion in a two-electron electrosynthesis reaction for different

flow rates, assuming a plug flow reactor model. Data taken from Hammond et al

Cathode 2HNO; + 2H" + 2e~ — N,O4 + 2H,0 [25]

Overall 2HNO; — H,O — N,Os5 [26]

N,Os electrosynthesis was performed in the divided 200 cm?
laboratory flow cell shown in Fig. 16b), from 10% N,O4 in HNO;
solutions, at a maximum current density of 125 mA cm ™2 and 10 °C.
The typical specific energy consumption was between 1.0 and

1.5 kW h kg~'. The components were chosen to withstand the

1‘350

highly corrosive, oxidising conditions. These components were held
together by tie rods between 10 mm thick rigid plates, allowing for
the insertion of two Luggin capillaries for electrode potential
monitoring. Hydraulic sealing was guaranteed by applying a PTFE
emulsion between the cell components. Nafion 425 was used as the
cation exchange membrane. The charge needed to oxidise the total
amount of N,O, is shown in Fig. 16¢). This relationship was
consistent for a one electron reaction and a charge per mol of
oxidised N,O, of approximately 98,000 C mol~'. The expected
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Figure 16. Electrosynthesis of N,Os in anhydrous nitric acid. (a) Cell schematic, showing the production of N,Os in the anode compartment of a unit cell
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electrolyte volume 250 cm?. Data taken from Marshall et al.”>' (d) Pilot-plant experimental arrangement made primarily in PTFE, showing a FMO1-LC flow

Lo 130
reactor, pumps, flowmeters and reservoirs inside a fume hood.

electron stoichiometry is two and the apparent one-electron stoi-
chiometry was found to be the result of a decrease N,O,4 concentra-
tion due to membrane transfer; under these conditions, the mem-
brane showed a solvent transfer rate of approximately 68 cm® F~".
As shown in Fig. 16d), the system was later scaled up to a pilot plant
using the FMO1-LC reactor. Frames, backplates, turbulence promo-
ters, the flow system and the pump heads were made of PTFE.

Treatment of textile effluents for environmental remediation (in
a modelled cell).—Numerous electrochemical treatments of toxic or
persistent organics can be performed by their oxidation in parallel
plane electrochemical flow reactors. For instance, a versatile 30 cm?
cell has been used for the oxidation of Methyl Orange'*® and
Reactive Black 57! textile dyes, which are recalcitrant pollutants
present in industrial wastewaters. The oxidation of Methyl Orange
was carried out using an undivided cell and anodes based
on iridium dioxide, antimony-doped tin dioxide catalysts
(IrOz-SnOZ-SbQOSITi),138 which were prepared using the Pechini
thermal sol-gel method on titanium substrates. It was found that a
volumetric flow rate of 100 dm® h™' (27.8 em® s7'), representing a
mean linear flow rate of 10.5 cm s~' improved the mineralization
rate of the dye at the optimal conditions of pH 5 and 60 °C in a NaCl
solution. On the other hand, the degradation of Reactive Black 5 was
done in the same cell using Nafion 112 as separator through several

methods:”" direct oxidation by planar BDD anodes, indirect oxidation
by the electro-Fenton reaction via hydrogen peroxide generation on
RVC and the combination of both. As shown in Fig. 17a), more than
97% removal was reached when the current density was over
20 mA cm™? at BDD or when the concentration of Fe*™ ions was
over 0.04 mol dm~3 for the RVC or combined electrodes. However,
when considering the efficiency for total organics content (TOC)
removal, BDD anodes were advantageous, yielding 82% TOC in
30 min at a current density of 41.1 mA cm 2 in 0.5 mol dm > Na,SO,.

The same 30 cm? undivided cell was later subject of a numerical
simulation study of fluid flow velocity under turbulent flow condi-
tions and the current distribution along planar electrodes.”>* The
hydrodynamics were solved by using the RANS equations, while the
primary and secondary current distributions were calculated by
applying Ohm’s law and the Laplace equation. For the secondary
distribution, the Tafel slope of a model reduction reaction was also
considered. Limiting currents were obtained from the mass transfer
estimated by the k,A. factor, whose value is available from
empirical correlations for this type of cells.'®® The calculated local
electrolyte velocities showed the existence of jet flow between the
inlet and outlet manifold. As shown in Fig. 17b), the primary current
and potential distributions were not uniform, displaying edge effects
near the manifolds. The secondary distribution was close to be
homogeneous, having a Wagner number of 174. The jet flow
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Figure 17. Electrochemical degradation of textile dye in a 30 cm? cell and
the simulation of its reaction environment at 23 °C and a volumetric
electrolyte flow rate of 27.8 cm® s~'. a) Removal of Reactive Dye 5 after
90 min of electrolysis employing different methods: (M) Electro-Fenton
with RVC electrodes at —0.4 V vs Ag/AgCl as a function of Fe*" ion
concentration. (Q) Anodic oxidation at BDD electrodes and (A) combined
electro-Fenton plus BDD for different current densities. The initial
concentration of the dye was 2 x 10~ mol dm~>. Adapted with permis-
sion from Vasconcelos et al.,”" Electrochemical degradation of RB-5 dye
by anodic oxidation, electro-Fenton and by combining anodic oxidation
and electro-Fenton in a filter-press flow cell, J. Electroanal. Chem. 765
(2015) 179. Copyright 2017, Elsevier. b) Calculated cross-sectional view
of the primary potential distribution within the flow channel and primary
current density distribution at electrode surface for the same 30 cm? cell.
Adapted with permission from Pérez et al.,*** Simulation of current
distribution along a planar electrode under turbulent flow conditions in a
laboratory filter-press flow cell, Electrochim. Acta 154 (2015) 352,
Copyright 2015, Elsevier.

produced uneven local limiting current values at the electrode but the
reaction environment could be rendered more uniform by adding
turbulence promoters to the cell, as indicated in the section on
Polymeric inert turbulence promoter meshes

3D electrodes in a (borohydride-peroxide) fuel cell.—The direct
borohydride fuel cell (DBFC) has received continuous interest
during the last decade due to its high specific energy.”>*° As
discussed below, it has recently been subject to mass transfer studies
employing Pt-Ir 3D electrodes on titanium substrates,’® which paves
the way for achieving high performance at full scale devices. The
main reactions at the anode and cathode are, respectively:

E’ =-1.24V vs SHE
(27]

BH,~ + 4H,0 — B(OH),~ + 8H" + 8¢~

4H,0, + 8¢ + 8H" — 8H,0 E = +40.87 VvsSHE [28]

In alkaline media, the resulting standard cell potential of the
device is 2.11 V, involvin(g a transfer of 8 electrons in average,
depending on the catalyst.>’

The scalability of DBFC technology was first demonstrated in the
FMO1-LC reactor'? in a single, two- and four-cell stack for a direct
borohydride-acid peroxide fuel cell. The electrodes in the flow cell
had projected areas of 64 cm® with an electrode-membrane gap of
0.55 cm. A carbon cloth anode was coated with 10 wt% gold on a
Vulcan XC-72 carbon support (catalyst loading of 0.5 mgu, cm™2)
on niobium plates. The cathode was an off-the-shelf, 0.3 mm thick
carbon paper infused with a platinum catalyst on carbon black within
a cationic Nafion base ink (cataljyst loading of 4.0 mgp, cm2). A
volumetric flow rate of 95 = 5 dm” h™" was used, which is equivalent
to a mean linear flow velocity of 12.0 cm s~ for the single cell. The
system in four-stack configuration achieved a maximum power
density of 58 mW cm 2 at 60 °C.

Further developments were made by implementing a high-
surface area Pd/Ir coated microfibrous carbon electrode fabricated
in-house by a direct electrostatic flocking technique.*®® A potential
of 30-100 kV was applied between a titanium plate with a
conductive carbon adhesive layer and a carbon plate, which
contained carbon fibres of 11 pm diameter and 500 pm length).
The electrostatic action caused the carbon fibres to accelerate
towards the titanium plate and adhered to the carbon film in a
closely-packed, vertical orientation with approximately 125,000
fibres per cm?. After curing the adhesive for 1h at 100 °C in air,
the electrode was coated with a Pt/Ir catalyst by cycling voltammetry
in an aqueous solution of 2 x 107 mol dm™> PdCl, and 2 x
10~ mol dm™> Na,IrClg at 70 °C which resulted in a catalyst
load of 12.3 mg cm™>2 The four-cell stack operating at 42 °C
provided a power density of 78 mW cm™2, an increment of 34 %
over the Pt-impregnated carbon paper. Given the advantages of flow-
through porous electrodes, DBFC was later evaluated at cells
employing RVC decorated with gold and silver sponge.’®' RVC
porosity grades between 10 and 100 ppi were sputtered with gold
and studied in a three-electrode cell by linear sweep voltammetry in
in 0.02 mol dm * NaBH, in 3 mol dm > NaOH. The maximum
heterogeneous reaction rate was obtained at Au/RVC 60 ppi, which
was produced by sputtering Au on the foam substrate for 3 min. The
k,, value was 180 x 107> cm s, in contrast to the silver sponge,
which gave a value of 9 x 107> cm s~ .

Abahussain et al. have taken the use of off-the-shelf porous
electrodes further, obtaining the volumetric mass transfer coefficient,
k.A,, for the oxidation of borohydride ions at Pt-Ir coatings on
titanium substrates in a 9 cm? laboratory flow cell.”® The cell
employed for this study is shown in Fig. 18a). Several anode
geometries having volumetric porosities between 0.53 and 0.82 were
evaluated, including mesh, micromesh, fine mesh and felt. The
limiting current was measured by chronoamperometry at 0.2 V vs
Hg/HgO and used to estimate an enhancement factor vs a Pt-Ir/Ti
plate and k,A. values. Linear flow velocities between 2 and
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1 3

16 cm s~ were evaluated for a relatively diluted 0.01 mol dm™ oxidation state in the electrolyte occurs, on charge:
NaBH, in 2 mol dm~® NaOH electrolyte for all electrodes. An
example of a chronoamperometry in the presence of an increasing
linear flow rate is presented in Fig. 18b). The Pt-Ir/Ti felt increased
the limiting current for a factor of 100 compared to the flat plate
electrode, however, it was the Pt-Ir/Ti fine mesh which achieved the
highest k,,A, value, 0.71 s~'at 16 cm sfl, compared to the value of
0.01 s~ ! at the planar anode under the same flow rate. As shown in
Fig. 18c), the maximum power density of 44.5 mW cm™> was

achieved at a Pt-Ir/Ti fine mesh for a cell potential of 0.44 V and a

Ce(Ill) — ¢ = Ce(IV) E? = +1.61V vs SHE [29]

This is complemented by the deposition and dissolution of zinc at
an inert negative electrode, on charge:
Zn?*t +2¢ = Zn E?=-0.76 V vs SHE [30]

Both half-cell electrolytes are based on methanesulphonic acid
and a proton membrane facilitates ion transfer between half-cells.

current density of 100 mA cm™? at 23°C.

3D platinised titanium electrodes in a flow channel (of a zinc-
cerium RFB).—The zinc-cerium redox flow battery was introduced
as a logical development of well-proven industrial electrochemical
operations involving continuous generation of Ce(IV) ions for
mediated electrosynthesis and nuclear decontamination.®® The bat-
tery has a thermodynamic cell potential of 2.4 V and a volumetric
energy density of approximately 11 W h dm™ for Ce.*®* At the
positive electrode, redox of cerium ions between the 3 and 4

The positive electrolyte contains between 0.6 and 0.8 mol dm™
Ce(CH3805); in 4.0 mol dm™ CH;SO;H'?® and the negative
electrolyte between 1.5 and 2.5 mol dm™ Zn(CH3S03), in 1.5 mol
dm™ CH3SO;H.?* In operation, the system develops a cell potential
of 1.8 V at a discharge current density of 50 mA cm™, with a
maximum current efficiency of 75% and a voltage efficiency of
60%.'*® Moderately high temperatures between 40-50 °C improve
the cycling performance of the battery. The main limitations of the
cell are parasitic oxygen evolution at the positive electrode and the
slow self-discharge or the zinc side via hydrogen evolution.
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Variants of the zinc-cerium flow battery such as the V-Ce,*®*>¢’

Pb-Ce,**® and H,-Ce,****" have been proposed to avoid phase
changes at the negative electrode. These devices have in common
the need for platinised titanium (Pt/Ti) electrodes to drive the redox
reaction of cerium ions in the oxidising, acid electrolyte. For
decades, it has been known that the electrode geometry, i.e., the
resulting active surface area and mass transfer enhancement, affected
the electrolytic cell potential difference and current efficiency during

P R

E 2) PUTi plate

R T T NP
’ ¢) Pt/Ti micromesh '

anodic oxidation of Ce(III).68 However, cerium-based cells con-
tinued to employ traditional planar and coarse mesh electrodes while
no quantitative mass transfer data was available to compare porous
electrode geometries.

As a result, a laboratory zinc-cerium flow cell was developed in
order to characterise the performance of such electrode materials.”®
The rectangular channel flow cell had electrodes of 24 cm? projected
area. Figure 19 shows the plate, expanded mesh, micromesh and felt

electrolyte
reservoir

B Pt/Tiplate + TP |l Pt/Ti micromesh
B Pt/Ti mesh

B Py Ti felt <C’

Figure 19. Pt/Ti electrodes for the conversion of cerium ions and their performance in a laboratory redox flow battery. Platinised porous titanium electrode
structures, 24 cm? projected area: (a) plate, (b) expanded mesh, (c) micromesh and (d) felt type “C”. (e) Experimental arrangement for half-cell mass transfer
studies of cerium conversion. (d) Electrode performance factor k,,A, for Ce(IV) reduction and electrolyte pressure drop as a function of mean linear flow velocity
for the different electrode materials. Data taken from'>. Limiting current data for k, A, was obtained by chronoamperometry at 0.2 V vs Hg|Hg>SO4saa) in
0.1 mol dm™ Ce(IV) + 0.7 mol dm™ Ce(IIl) in 4 mol dm™> MSA at 25 °C. Pressure drop through the Pt/Ti electrodes was measured in a solution containing

0.8 mol dm™ Ce(IIl) in 4 mol dm™ MSA at 25 °C.
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Pt/Ti electrodes, which were platinised by electrodeposition. )

The cell potential difference at current densities up to 100 mA cm™
was related to the electrolyte flow rate, which was varied from 0.25
to 17 cm s~' using the experimental arrangement shown in Fig. 19e).
For instance, at 100 mA cm™ the cell potential was 1.80 V using a
Pt/Ti felt and 1.20 V using a Pt/Ti micromesh stack. The limiting
current for the reduction of Ce(IV) ions was measured by chron-
oamperometry in half-cell studies as a function of flow rate.
Progressively higher limiting currents were achieved using porous
electrodes for cerium conversion.”® The current enhancement factor
for the Pt/Ti felt and micromesh electrodes was as high as 160 and
63, respectively, compared to a planar electrode in an open channel.

The limiting current was used to calculate the volumetric mass
transfer coefficient, k,,A,, of the electrodes. As shown in Fig. 19f),
kA, values for the Pt/Ti felt electrode were over 2 orders of
magnitude higher than those at a planar electrode. In the case of the
Pt/Ti plate + TP, k,,A, is low enough to result in a degree of mass
transfer control of Ce(Ill) ion oxidation and significant oxygen
evolution.”® Current efﬁcienc?/ and cell potential difference at
previously reported planar,®”*"" mesh'?® and fine mesh®’° electrodes
for cerium conversion were rationalised using these results. Later,
the performance factor was used to predict the reactant conversion
over time and cell potential difference given suitable electrode
dimensions.*”?

The electrode performance factor k,,A. was also related to their
electrolyte pressure drop, Ap, to give a description of the energetic
costs associated with the pump requirements and as an indication of
scalability. The pressure drop for each electrode material was
measured as a function of current mean linear flow rate. As shown in
Fig. 19f), this data can then be used to relate the factor k,A. as a
function of pressure drop, Ap, over the material in a rectangular flow
channel. Electrodes such as Pt/Ti mesh, Pt/Ti plate and a Pt/Ti plate
with a turbulence promoter, TP, experienced a low pressure drop,

Luggin capillary ~

although the relatively low k,,A, results in high cell overpotentials
and low conversion per pass.”® The Pt/Ti felt C (highest Pt content)
shows a better performance than the micromesh at a given electro-
Iyte velocity over 2 cm s~ (24.1 kPa) at the cost of a higher, but
manageable, pressure drop in the cell.

Electrodeposition of metals (nickel electroforming and copper
electrodeposition).—The effect of mass transfer and flow regime on
the electrodeposition of metals has been performed in parallel plane
flows cells as well, were well-defined flow conditions can be
obtained. This means reproducible conditions defined in a quantita-
tive manner, such as, e.g., mean linear flow rate or channel Reynolds
number. Planar surfaces can be coated or electroformed in this way,
in contrast to rotating cylinders. A notable example can be found in a
thesis by Wood,** who studied the electrodeposition of metals from
aqueous solutions under laminar and turbulent flow regimes, the
latter under fast mean linear flow velocities, up to 200 cm s~ and
Reynolds numbers up to 30,500 in poly(methylmethacrylate) flow
cells and volumetric flow rates up to 600 cm® s~ '. Nickel foils were
electroformed from an additive-free acid sulfamate bath using an
undivided cell with a hydrodynamic entrance length of 50 cm, a
rectangular cross-sectional flow channel of 3 cm width and 1.0 cm
separation, the equivalent diameter being 1.5 cm. The stainless steel
cathode had a wet surface of 3 cm X 5 cm, facing the soluble nickel
anode of 3 cm x 5 cm. A Lugging probe connected to a reference
electrode was inserted into a hole in the cathode in order to measure
the electrode potential. Mass transfer measurements were later
performed using the limiting current of copper reduction from acid
copper sulfate baths at different flow rates using a second cell
design. As shown in Fig. 20a), this modified cell incorporated a
diaphragm between the half-cells, having then a 0.5 cm channel
height and a hydraulic diameter of 0.86 cm. The electrode dimen-
sions were modified to 3 cm x 10 cm for the cathode, 3 cm x 25 cm
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Figure 20. A parallel plate cell for metal deposition and electroforming at laminar and turbulent flow regimes along examples of the visual appearance of
electroformed nickel sheets from an acid sulfamate bath at different Reynolds numbers and current densities. (a) Cross sectional view of a diaphragm-divided cell
having a 50 cm long hydraulic inlet for producing fully developed flow and dissimilar surface area of cathode and anode in order to improve current distribution.
Compression plates and bolts not shown. The cell is not to scale. (b) Deposit morphology obtained at Re = 3,500 with a current density of 1.04 A cm™2
(c¢) Deposit morphology obtained at Re = 10,400 with a current density of 0.52 A cm™ 2. After Wood.*?
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for the anode. In both cases, the long, unrestricted channels were
intended to eliminate jet flow and create fully developed flow.

The morphology and quality of nickel deposits was assessed
visually and by SEM imaging as a function of Reynolds number and
current density. As shown in Fig. 20b), black nickel hydroxide and
nickel powder deposits were found near the entrance and exit zones
of the electrodes at Re = 3,500, while the hydrogen evolution
induced pitting (21 microns). In contrast, at a high Re of 10,400,
Fig. 20c), the deposits were uniformly semi-bright, except for
powder deposit at the edges of the electrode perpendicular to the
flow direction (11 microns). Finally, fine grained deposits were
achieved at Re = 10,400, which yielding maximum current densities
of 1.3 A cm 2 and >2.0 A cm 2 at 60°C and 70°C, respectively,
although the length of the anode and cathode were changed to 9 cm
and 10 cm, respectively to improve current distribution. The current
efficiency was over 95%.

The deposition of copper was carried out in the second cell
design and produced well defined polarisation curves in both laminar
and turbulent flow, permitting to establish mass transfer dimension-
less group correlation for the cell. Under laminar flow the deposits
were smooth and featureless and a maximum limiting current density
of 4.8 mA cm™? was achieved at Re = 1,590 and 37°C. Copper
deposits obtained in turbulent regime were rougher in comparison
and developed a limiting current density up to 39.0 mA cm ™2 at
Re = 25,846 and 60°C. The measurement of pressure drop over the
flow channel and the current distribution determined from seg-
mented electrodes were also reported.

Novel possibilities can be realized in similar cells for the
electrodeposition of metals, such as silver,373 palladium69 and
copper®® in parallel plane cells. These operations have often used
laminar flow regimes, implying a poor control of the deposit
morphology. Furthermore, a better understanding of the relationship
between mass transfer and deposit morphology can be obtained from
numerical simulations studies of current density and electrolyte flow
velocity. Similar studies could be applied to the electrodeposition of
numerous alloys and composites, such as nickel molybdenum
disulphide coatings.*”*

Summary and Trends

Electrochemical cells and flow reactors based on parallel plane
electrodes continue to be the work-horse in many important
electrochemical operations. Given advances in material science,
numerical simulation and manufacture techniques,continued devel-
opment and increasing efficiency can be expected. Several relevant
points can be drawn from this review:

1. Beaker cells have been used for convenient, preliminary batch
studies of electrolysis, although they offer a poorly defined
reaction environment. Plate-in-tank cells on an industrial scale
have been steadily advantageous in electrowinning operations,
while vertical plates and boxes in stirred tanks can be useful in
the electrosynthesis of inorganics, such as dissolved metal salts
and particulate metal oxides.

2. Rectangular section flow channel, filter-press cells are appro-
priate for parametric and scalable studies of operational condi-
tions, being employed in continuous or batch recirculation
industrial electrochemical operations, including numerous in-
organic and organic electrosynthesis reactions, environmental
remediation, degradation of toxic organics and energy storage
applications.

3. The reaction environment in parallel plane electrochemical flow
cells is defined by the following essential parameters: flow
mixing, mean linear flow velocity of electrolyte past the
electrode surface, average mass transfer coefficient, current
and potential distribution, residence time distribution, reactant
concentration distribution, fractional conversion per pass and
pressure drop.

4. A wide variety of 2D and 3D electrode materials can be used in
a plane parallel configuration under different electrolyte flow
modes. Such diversity provides a range of properties and cost,
which can be tailored for specific electrochemical operations.
3D electrodes are generally more productive in view of their
extended surface area and enhanced mass transfer, yet 2D
electrodes continue to be cost robust and cost effective for some
applications. The benefits of polymer turbulence promoters in
improving flow past 2D electrodes in rectangular flow channels
should not be overlooked.

5. Components for parallel plane flow cells should be durable and
cost effective. Classical techniques involve machining, CNC
and injection moulding, the latter being more common in mass
production. Additive manufacturing techniques offer the possi-
bility of coupled, fast prototyping and testing of cell compo-
nents. New developments and cost reductions should lead to
integrated additive manufacturing of entire electrochemical
reactors.

6. Numerical modelling of reaction environment can provide
additional information to experimental data. Simulations can
be a powerful design and optimization tool to probe charge
transfer, mass transfer and hydrodynamics in electrochemical
flow reactors. Advances in this field can enable interactive or
automatic cell design processes. Before carrying out such tasks,
it is essential that adequate experimental validation of models
takes place.

Needs For Further Research and Development

The continued development of plane parallel electrode geometry
cells will demand research on:

1. Electrode materials, including better electrode coatings, en-
hanced three-dimensional structures®’’ and hybrids such as
foam/fibre or micromesh/nanoparticles.>*

2. Characterization of the reaction environment in recent flow cells
incorporating interdigitated flow channels via computational
modelling and practical experimental techniques, emphasizing
their suitability for scale up, e.g., mass transfer coefficient as a
function of pressure drop.

3. Consideration of readily available and versatile, off-the-shelf
cell designs from commercial sources, but only when their
reaction environment has been characterised and reported.

4. Increased use and improvement of digital imaging of 3D
electrodes, for instance by micro x-ray computed tomography,
for the study of electrode structure and surface area’’> and
prediction of performance by simulation.?®’

5. The development of efficient and cost effective miniaturised
flow cells, which could be useful in bench organic synthesis.'’
Attention should be payed to achieve manageable pressure drop
and reasonable single pass fractional conversion (due to a
controlled reaction environment at the electrodes). Cells oper-
ating in batch recirculation should be considered, rather that
long flow channels which may introduce mass transfer limita-
tions and parasitic reactions.

6. Use of fast design process involving digital modelling and
simulation coupled to fast prototyping techniques. Additive
manufacturing techniques could be diversified into metal, alloy,
metal oxide, carbon, conductive ceramic, conductive polzymer,
composite, tailored architectures for advanced electrodes.”*®*%

7. Accelerated ageing tests of electrode, membrane and polymer
materials used in cells, cell stacks and ancillary equipment, such
as pumps and pipes. Analysis of failure mechanisms of
equipment due to premature degradation and corrosion protec-
tion and, when possible, remediation.

8. Improvements of simulation software focusing on user-friendly
interfaces coupled to rigorous mathematical models of the
reaction environment, operation and control of electrochemical
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Figure 21. Some typical improvement strategies for plane parallel electrochemical cells resulting in enhanced reactant conversion rate as well as higher

efficiency and selectivity.

flow reactors. Consideration of advanced models for two-phase
flow (involving gas evolution), electrodeposition of metals and
tertiary current distribution at 3D porous electrodes.

9. More work on the study of reactant conversion over time from
the perspective of plug flow reactor models, in single pass, batch
recirculation and cascade modes, along with their integration
into modern numerical simulations.

10. Increased productivity and efficiency of electrochemical pro-
cesses through their integration and combination with green
technologies and sustainable energy sources.’”®

Based on the above discussions and selected examples, a
summary of basic improvement strategies is offered in Fig. 21. It
is suggested that further research should include rigorous reports of
reaction environment in both laboratory and industrially important
cells at various scales. Similarly, techniques for surface preparation,
modification and coating of electrode and membrane structures
should be well documented. Developments in flow cell designs other
than the rectangular channel and alternatives to the plane parallel
electrode geometry have been considered in a recent review.>*
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