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A new compact electrode architecture with hollow pillar-shaped anodes and cathodes arranged in a
‘checkerboard’ pattern is analysed and shown to be equivalent to a particular arrangement of corrugated
plate electrodes. Because all four sides of the flow channels are electrodes, this design takes up at least
1.5 to two times less volume compared to conventional ‘sandwich’-type configurations. The assumption
underlying this theoretical scaling is illustrated with a 3D-printed metal prototype for alkaline water
electrolysis using natural convection. For mass-transfer-limited electrolysers, fuel cells, electrowinning
cells, and flow-batteries, the expected volume savings easily increase to a factor three or more.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Electrochemical processes are rapidly becoming more relevant
as society electrifies under the pressure of the climate agreement
and the availability of affordable renewable electricity. A combi-
nation of water electrolysers and hydrogen fuel cells, as well as flow
batteries, are likely to become cost-effective means of storing large
amounts of electricity. A first generation of mass-produced fuel-cell
consumer cars will soon compete with battery electric vehicles and
large-scale water electrolysis projects are picking up as an alter-
native to hydrogen from steam methane reforming [1]. Alkaline
water electrolysis is presently the most mature and competitive
means of producing green hydrogen and is performed in large-scale
electrolysers, similar to those used in the chlor-alkali industry.

Most of the studies in the field of alkaline water electrolysis
focus on the development of catalysts and suitable substrates for
electrodes, see e.g. Refs. [1,2]. Much less attention is given to cell
and electrode configurations. Metal 3D-printing has led to opti-
mized flow fields, and tailored porous substrates, but not to large
changes in the convectional stacked planar electrode configuration
[3]. Most modern electrolysers use a zero-gap design with macro-
porous metal electrodes positioned directly adjacent to the sepa-
rators. This requires bubbles to leave through flow-channels at the
erkort).
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backside of the electrodes [4e6]. The next generation of alkaline
water electrolysers may take advantage of thinner separators [7] or
even membrane-less designs [8e11]. For flow batteries and fuel
cells, many studies into the flow field and bipolar plate design are
published, see e.g. Refs. [12,13]. Also here, membraneless designs
show promise [14] leading to some of the highest power densities
achieved [15].

Here we study a new electrode configuration, a top-view of
which is shown in Fig. 2. The idea is similar to that proposed for 3D-
microbatteries in Refs. [16,17], since developed into self-supported
3D electrode nano-arrays [18]. Here we investigate the advantages
that similar array electrodes can have for electrolysers, fuel cells,
electrowinning cells, and flow batteries. As an illustrative example
we developed a prototype for alkalinewater electrolysis. Finally, we
show that a corrugated electrode configuration as shown in Fig. (6)
combine the same benefits with ease of manufacturing.

Besides the simplicity associated with the few components
involved, the main advantage is shown to be a significant reduction
in volume. This compactness will be useful for mobile applications
like electric vehicles and drones, as well as in portable electronic
devices like mobile phones and laptops.

2. Theory

2.1. Scalings

Fig. 1 compares a repeating unit of the conventional ‘sandwich’
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A top-view schematic comparing the repeating units of configuration 1 (top) with configuration 2 (bottom). In a monopolar configuration 1, neighbouring repeating units are
mirrored so that electrodes of equal polarity border.
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configuration (“1”) to that of an electrode array (“2”). We use the
letters h, w and d to denote, height, widths, and depths, and a
subscript 1 or 2 to denote the configuration. Our main goal in this
section is to compare the material costs and volumes of both con-
figurations. To make a fair comparison we have to be clear on what
we assume to be equal in both configurations. A first obvious
parameter is the current I which, assuming equal selectivity or
Faradaic efficiency, allows a comparison per amount of product. We
will also consider equal electrode thickness de and membrane
thickness dm in both cases, although for simplicity we will often
neglect these compared to the dimensions of the flow channels. In
fuel cells, the combined thickness of the diffusion layer and
membrane-electrode assembly (MEA) is of the order of 0.1 mm,
while the flow channel thickness is of the order of 1 mm. In elec-
trolysers, electrodes are typically of the order of 1 mm while the
flow channels are of the order of 1 cm.

The assumption dm; de≪d2 will ensure that in the array
configuration 2, except for the negligibly small region near the
corners, the current will be unidirectional in each membrane and
electrode face. For equal current densities j and membrane con-
ductivity km, this implies that the ohmic voltage drop jdm=km over
the membrane will be equal for both configurations. Similarly, the
surface activation overpotentials will also be equal, resulting in an
equal cell voltage and energy efficiency. A fair comparison will
therefore have equal current densities in both configurations.

In the conventional configuration 1, the current will move in one
single direction in case of a bipolar design, and two opposite di-
rections in case of a monopolar set-up. In configuration 2, as
illustrated with the arrows in Fig. 1, the current will be in four
different directions, a different direction on each face of the elec-
trode. At the same current density, equal current requires equal
reactive areas:

I1
I2
z

bwh1
4dh2

¼ 1; (1)

where b≡w1=ðw1 þ W1Þ, assuming the electrode fraction 1� b

under the current collectors does not generate current. The



Fig. 2. A top-view (top) and side-view (bottom) of configuration 2.

1 Dp ¼ 2m f Re
N

Q=A
D2

h
h in terms of the dynamic viscosity m, product of Reynolds

number and friction factor f Re, and hydraulic diameter Dh≡2wNd
wþNd ¼ 2Nd

1þa. The func-

tion f ≡ð f ReÞ1=ð f ReÞ2 was fitted to within 1.5% difference to the data in Table 42 of
Ref. [19].
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assumption of equal reactive area immediately leads to the
conclusion that, without the blocking effect of current collectors, a
similar amount of electrode and membrane area is used in both
configurations. The only potential materials savings are due to the
absence of current collectors assumed in configuration 2, to which
we will come back in section 2.2.

Comparing the volume V (including current collectors) and
flow-area A (excluding current collectors) of the flow-channels
gives:

V1

V2
¼wd1

d22

h1
h2

z
4
b

d1
d2

; (2)

A1

A2
¼b

wd1
d22

z4
d1
d2

h2
h1

: (3)

In the final approximations we used Eq. (1) and neglected the
membrane and electrode thickness to write d2zd.

Minimizing the pressure drop at a desired flow-rate is often an
important consideration for cost and energy efficiency. For systems
with natural convection (section 2.3) or forced convection (2.4) this
allows more compact designs or lower pumping costs, respectively.
Therefore, for a fair comparison we require equal frictional channel
pressure drop Dp per unit volumetric flow rate Q. For fully-
developed laminar flow this gives1

Dp1=Q1

Dp2=Q2
¼ f

d22
d21

h1
h2

A2

A1
z

f
4
d32
d31

�
h1
h2

�2

¼ 1; (4)

where fzð1þaÞ2
N

�
0:42�0:3

�
a

1þa2

�0:79�
is a function of the channel

aspect ratio a≡Nd1=w1. Here N ¼ 1 in case of a bipolar configura-
tion and N ¼ 2 for a monopolar configuration inwhich the pressure
drop attributable to configuration 1 is halved since the flowchannel
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is shared with the neighbouring electrode.
For equal heights h1 ¼ h2, Eq. (2) finally gives, using Eq. (4):

V1

V2
z
42=3f 1=3

b
: (5)

For a completely open flow channel in configuration 1 we have
a ¼ 0 and b ¼ 1, giving a volume-saving-factor V1= V2z 1:9
compared to a bipolar and 1.5 compared to a monopolar configu-
ration. Note that d1=d2z0:47 and 0.37, respectively in these cases.
The design of configuration 2 is therefore more compact despite its
significantly larger flow channels; due to its reduced width.

Since flow channels are never empty, these values can be
considered a lower limit to the potential volume-savings. For
example, for square flow channels, Eq. (5) with a ¼ 1 gives V1= V2z

2:5=b or 2=b comparing with a bipolar or monopolar design,
respectively. These volume-saving factors may of course also be
used to create more product in the same volume or, producing the
same amount per unit volume, to operate at a lower current density
resulting in an increase in efficiency.
2 The mass transfer coefficient k ¼ ShD=Dh in terms of the dimensionless Sher-

wood number Sh, diffusion coefficientD, and the hydraulic diameter Dh≡2wd
wþd ¼ 2d

1þa,

equating to d2 for configuration 2. The function g≡ð1þaÞSh1=Sh2 was obtained
using an anology with heat transfer from a fit (< 4% difference) of the Nusselt
number data in Table 44 of Ref. [19].
2.2. Current collection

In the electrode array of Fig. 2, the prototype of Fig. 3, and the
corrugated electrode implementation of Fig. 6, electrodes of equal
polarity are connected electrically to give a parallel electrical cir-
cuit. Although such unipolar or monopolar designs are still being
produced, most modern alkaline electrolyzers electrically connect
anodes to neighbouring cathodes in a bipolar configuration. In the
resulting series circuit the voltage increases throughout the stack.
This is advantageous for reducing electronic ohmic losses but also
poses significant design restrictions to avoid bypass currents, or
leaking currents [20]. Another disadvantage is the production of
oxygen and hydrogen close together, requiring additional space and
material costs to ensure separation. The main disadvantage of the
much simpler monopolar design is the conductive requirement on
the electrodes and current collectors, since current has to be
transported out of each cell separately in the transverse direction.
Since often a lower current at a higher voltage is preferred, addi-
tional voltage conversion is typically required.

With current collection from M ¼ 1 or 2 sides, the top and/or
bottom, the vertical current density jMðhM �xÞ=hM in the electrodes
decreases with the distance x from the current collector, resulting

in an average ohmic drop of roughly DV ¼ jM
sh2

M

R hM
0 ðhM � xÞxdx ¼

jMhM=6s. Here s is the effective electrode conductivity, jM ¼ I=
4ddeM ¼ jh2=deM with 4dde the area that the current traverses and
hM ¼ h=M. Limiting DV to a maximum, to avoid current maldis-
tributions, gives

h<M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6sdeDV

j

s
(6)

With j ¼ 0.5 A/cm2 , de ¼ 0:5 mm, s ¼ 107 S/m representative of
perforated nickel, N ¼ 2, and DV ¼ 0:1 V we obtain h � 1:5 m. This
illustrates that even with relatively thin metal electrodes it will be
possible to do without additional current collectors, even at higher
current densities. Macro-porous metallic electrodes with sufficient
structural rigidity, come in the form of expanded meshes, perfo-
rated plates, metal foams, and sintered particulate electrodes and
are already used in a variety of applications [21]. Woven and non-
woven metallic fibres like metal paper, felts, wool or gauze, may
also be used but may need additional support to provide the
required structural integrity.
2.3. Gas-evolution

In many electrolyzers, gases are produced. Obviously in the
electrosynthesis of gases like chlorine, chlorate, or fluorine, and
water electrolysis for hydrogen production, but also in the elec-
troextraction of metals like zinc and copper and the Hall-H�eroult
process for smelting aluminium.

Atmospheric electrolyzers for the production of hydrogen,
chlorate [22] or fluorine [23] are often operated without a pump,
using the natural convection induced by the gas bubbles to drive a
liquid flow. This results in a particularlymaintenance-free and cost-
effective design. To obtain a liquid velocity that helps remove
bubbles and improves mass transport [22], the flow channels of
such air-lift or gas-lift reactors is typically one to several centi-
metres wide [22]. Additional space is sometimes allocated for
separate ‘downcomers’, through which the flow recirculates. In
bipolar chlorate or chlor-alkali electrolyzers each cell typically has
its own downcomer, requiring even more space.

The more compact flow channels in configuration 2 will carry
the same amount of gas as in configuration 1. For an open flow
channel, configuration 1 has a A1=A2zV1=V2z 1.5 to 2 times larger
flow area per unit current when monopolar or bipolar, respectively.
Per unit flow area there will thus be at least 1.5 to 2 times the
volume of bubbles injected into the flow channel of configuration 2,
resulting in larger gas fractions, driving larger liquid flows. Together
with the micro-streaming of a larger amount of bubbles, this will
help removing bubbles sticking to the electrodes, and improve heat
and mass transfer. We can therefore argue that at equal current
densities, in these respects the performance of configuration 2 is
likely to be superior to that of configuration 1.

Additionally, in electrolyzers, springs or other elastic elements
typically occupy the flow channel, increasing the normalized fric-
tion factor f . The O-beam type of electrodes of Fig. 2 or the corru-
gated electrodes of Fig. 6 can themselves provide sufficient strength
so that no additional structural elements are necessary inside the
flow channels. This further increases the flow properties compared
to configuration 2. These combined effects will likely allow for a
significantly more compact design than predicted by Eq. (5).
2.4. Mass transfer limitations

Besides removal of heat and products, flowchannels in fuel cells,
redox flow batteries, electrolysers, or electrorefining cells often
have the important task of supplying sufficient reactants. Especially
at low concentration of reactants, the reaction may be limited by
the diffusive transfer inside the flow channels. This results in a
limiting current density, which cannot be increased by increasing
the overpotential. Here we will consider this common situation,
assuming fully developed velocity and concentration profiles,
relevant for reaching a high degree of conversion of reactants.

As in section 2.1 we will require equal current densities in both
configurations, to give similar membrane and electrode costs. This
will require equal mass transfer coefficients, leading to,2

j1
j2
¼ g
2
d2
d1

¼ 1; (7)

where gz1:64. Inserting Eq. (7) into Eq. (2) and Eq. (4) gives



Fig. 3. A 3D rendering of the alkaline electrolysis prototypes created to compare a
single cell of configuration 1 (left) with an array electrode version of configuration 2
(right).
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V1

V2
z

3:3
b

and
h1
h2

z
1:5ffiffiffi
f

p : (8)

So without current collectors (a ¼ 0, b ¼ 1) the flow-channel
volume of configuration 2 can be reduced by a factor 3.3
compared to configuration 1. A bipolar conventional design re-
quires (with fz0:42) a h1=h2z2:3 times higher channel. From Eq.
(7) we have d1=d2 ¼ g=2z0:82 so that the flow channels are less
deep. However, from Eq. (1) w=d2z4h2=bh1z1:73 so that config-
uration 1 has to be significantly wider than configuration 2 to
obtain the same current.

The reason for this large volume reduction is that all four faces of
the flow channel are reactive in configuration 2, instead of just a
single face in the case of configuration 1. Note that for a monopolar
design, using Eq. (8) with fz0:21, the volume-saving V1= V2z h1=
h2z3:3will be the same as for a bipolar configuration. The reason is
that, by symmetry, there will be no flux midway the monopolar
flow-channel, bringing no advantage in mass transport. The only
improvement is in pressure drop, allowing width to be traded for
additional height. Note that by using a serpentine flow field, cell
height may effectively, always be traded for cell width.

Flow channels in fuel cells or redox flow batteries are often
engraved in the bipolar plates, so that the ribs partially block the
flow channels. An optimal ‘land-to-channel-width ratio’ W1= w1 ¼
1�b
b

of the order unity or even larger [24] is typically used to given

and as homogeneous as possible current distribution. Rigidmetallic
electrodes can replace both the functionality of current collection
and provide structural integrity, while strongly reducing the
required volume at the same time.

Mass transfer limited process are ubiquitous in industry: in
organic and inorganic electrosynthesis, metal recovery, and process
or waste water treatment [25]. Parallel plate electrolysers, stacked
in filter-press type of reactors, are generally used for decontami-
nation and water treatment [26]. Reduction of CO2 in aqueous
electrolytes allows integration with capture and ease of separation
of gaseous products like CO, but poor mass transfer is sometimes
considered inhibitive for using a parallel plate configuration [27].
An additional factor of 3.3 current per unit volume, at the same
pressure drop, perhaps in combination with increased pressure,
may aid this business case.

Applying ‘turbulence promotors’ even larger enhancement fac-
tors in the mass transfer rate can be obtained [28]. This typically
however leads to similar increases in the pressure drop. An
attractive feature of the enhancement found here this holds
without an increase in pressure drop.
Fig. 4. A picture of the 3D-printed alkaline array electrolyser. Crocodile clamps for
current collection, and an epoxy glue to avoid bubble formation of the top and bottom
end-plates, can be seen.
3. Prototype experiments

In order to illustrate some of the differences of array and planar
electrodes, we designed and manufactured the two configurations
for application to alkaline electrolysis, see Fig. 3. The electrodes
(h ¼ 2 cm, de ¼ 2 mm, with a porosity εz0:5) were made with a
metal 3D printer (SismaMysint 100 p.m.) from 316 L stainless steel.
The 250 mm diamond-shaped pores slope 45+ upwards from the
separator to facilitate bubble removal. A dm ¼ 0:5 mm thick sepa-
rator (Zirfon Perl, Agfa Co.) is folded between the electrodes as
shown in Fig. 3.

The optimal electrode thickness de;optz4bkε=j, with kz 55 S/m
the electrolyte ionic conductivity and bz 55 mV the Tafel slope and
the optimal porosity εz0:5 for a particular electrode with straight
non-tortuous pores, were chosen based on the energy efficiency
analysis of Ref. [29]. At a current densities j ¼ 0:3 A/cm2 this gives
an optimal thickness of 2 mm, which was used. We chose d ¼ 8
mm, leaving d2 ¼ 4 mm wide flow channels, clearly violating the
assumption dzd2 used in the analysis above. This allowed to fit in a
larger number of anodes (17) and cathodes (18) into the maximum
dimensions allowed in the 3D printer. In calculating the current
density, we excluded the electrode area not directly facing another
electrode.

Both prototypes were placed inside an open container filled
with 30%w KOH solution. The electrolyte was continuously pumped
through a degassing ultrasound bath to avoid accumulation of
bubbles and allowing a steady state current and voltage to be
obtained.

Fig. 5 compares the polarization curves of the two configura-
tions. The overpotential of about 0.5 V at 500 A/m2 is relatively high
because the electrode material, steel, is not an optimal catalyst for



Fig. 5. The overpotential as a function of current density shows very similar results for
configuration 1 (zero-gap, red crosses) and 2 (blue squares). Presumably due to the
accumulation of an insulating bubble layer, the overpotential shoots up in configura-
tion when, as in configuration 1, a 0.1 mm gap is introduced. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 6. A corrugated electrode and membrane configuration showing geometrical
equivalence with the electrode array of Fig. 2 tilted by 45+. The topological change of
connecting neighbouring electrodes of equal polarity greatly simplifies manufacturing
while also allowing current collection from the sides. At the vertices between different
flow channels additional current collectors can be placed or additional space for flow
created. The flow direction is normal to the paper/screen. To enhance mass transfer
inside thick porous electrodes, flowing one or both electrolyte streams in the hori-
zontal direction may however also be considered. Finally, various shapes other than
square flow channels can be created, including hexagonal and smoothly undulating
nearly circular channels.
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hydrogen or oxygen evolution.
To allow the separator to be folded in between the electrodes, a

small 0.1 mm gap was left on both sides of the separator in
configuration 2. Apart from a slightly higher slope at high current
densities, characteristic of the larger distance between the elec-
trodes, the performance of configuration 2 compares well with the
zero-gap version of configuration 1. Introducing the same 0.1 mm
gap in configuration 1, however, a strong increase in the over-
potential was observed, likely due to bubbles accumulating in this
gap [5]. Possibly due to the curvature in the folded separator, or the
improved hydrodynamics, this strong effect of bubbles was not
found in configuration 2.
The design of Figs. 3 and 4 with all anodes and all cathodes

attached to separate end-plates, allowed for easy current collection.
While we here allowed both gases to escape through the top end
plate, separation can be easily established by closing the holes in
the top current collector-plate in connection with the anodes, and
providing a path for oxygen to leave from the sides, so that the pure
hydrogen can be collected from the top. The advantages of the
corrugated electrode design of Fig. 6 in terms of strength, additional
current collection from the sides, ease of electrode manufacturing
and allowing a true zero-gap will probably decide in favour of this
configuration for large scale applications.

Importantly, the results of Eq. (5) tentatively confirm our central
assumption that at equal current densities j the losses are similar in
both configurations.

4. Discussion and conclusions

We introduced an innovative electrode architecture in which
each anode is surrounded by four cathodes, and vice versa. At equal
current densities, the amount of electrode andmembranematerials
will be similar to that of a conventional configuration. The
monopolar design avoids bypass currents and obviates the need for
separate current collectors or bipolar plates by collecting products
in separate flow channels. For equal pressure drops, these flow
channels will be a factor 1.5 and 1.9 less voluminous than in a
monopolar and bipolar conventional configurations, respectively.
In gas-evolving electrolysers with natural convection this volume-
saving factor will be even higher, or alternatively the performance
with respect to mass transfer and bubble removal will be superior.
For mass transfer-limited reactors, the volume savings are calcu-
lated to be at least a factor 3.3, owing to the fact that all four walls of
the flow channels constitute reactive electrode area. We showed
that these benefits of array electrodes can also be obtained by a
simple stacking of corrugating planar electrodes and membranes.
The increased compactness, simplicity, and ease of manufacturing
are expected to greatly benefit scale-up and cost reductions of a
variety of electrochemical flow reactors.
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