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The ohmic resistance of an alkaline water electrolyser for green hydrogen production can be reduced by
minimising the distance between the electrodes and the diaphragm. A zero-gap configuration requires holes in
the electrode to transport the produced gases to the backside of the electrode. Industry typically uses expanded
metals and perforated plates with hole sizes of one or a few millimetres, but the optimal hole size is not
known. In this study, we experimentally assess the overpotentials as a function of hole size, shape, and open
area fraction using a wide variety of electroformed nickel electrodes of 30 cm? up to 10* A/m? in 80 °C 30 w%
KOH. We find that for sub-millimetre holes, the overpotentials strongly increase as hole size decreases. The
reason is that small hole sizes make it difficult for the gas bubbles to leave effectively, leading to coalescence
and clogging. Consequently, a gas film can arise between the electrode and the diaphragm, as shown by
through-the-membrane images. Therefore, the increased surface area associated with these small holes is not
effectively used. We show that performance can be improved by taking away surface area through additional
larger holes in a small hole-size electrode, which allow bubbles to effectively evacuate from the electrodes.

1. Introduction

Alkaline water electrolysis is presently the most proven and cost-
effective type of water electrolysis to produce green hydrogen [1]. In a
zero-gap configuration, to reduce the resistance, a perforated electrode
is positioned directly onto the diaphragm that separates the produced
hydrogen and oxygen. A wealth of literature exists on the influence
of the type of catalyst on overpotentials of the hydrogen and oxygen
evolution reactions [2], as well as the influence of the electrode surface
roughness [3,4] or tailored microstructure [5-12]. A combination of
nickel and iron was found to be an affordable and efficient electrode
material for both the anode and the cathode [13]. Much less studied
is the influence of the electrode shape, or ‘form factor’, on alkaline
water electrolysis. Some studies exist on wire meshes [3,14-16], ex-
panded metals [17-20], porous metal foams [21,22], and 3D-printed
electrodes [23,24]. In a recent work [25], the oxygen evolution reaction
overpotential at 8-103 A/m? was found to be minimised by an electrode
thickness of around 0.5 mm, obtained by stacking 3-5 meshes with
apertures of 0.2 mm. Presumably, bubble accumulation causes larger
overpotentials in thicker electrodes. Interestingly, meshes with smaller
apertures can be made much thicker without showing this deleterious
effect.

Here, we are concerned only with single layers of perforated plate-
type electrodes in zero gap. Very few studies mention the requirements
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for hole dimensions in such electrodes. Smaller holes can increase the
electrode surface area and decrease the activation overpotentials, but
also make it harder for bubbles to escape. Too large holes can lead to
a more inhomogeneous current distribution, increasing the resistance.
Therefore, an optimal hole size may exist. Kienzlen et al. [26] compared
various perforated electrodes and found no pronounced optimal hole
size but did notice that for their smallest used hole size of 60 pm, an
obstructing gas film forms that is not there for their second smallest
hole size of 300 pm. They conclude that the hole size should be at least
around 200 pm to allow bubbles to leave effectively. The data from
Ref. [27] is not so clearly presented, but an optimal opening between
0.1-0.3 mm is mentioned for the cathode, while it is suggested that
anode holes should be larger than 1.2 mm at 10* A/m?. For solid foams,
Ref. [22] recommends using a thickness of 1 mm and a pore size of
around 0.3 mm for the hydrogen evolution reaction. Thicker electrodes
are argued to increase bubble resistance. Ref. [28] tested three nickel
foams, a mesh and a perforated plate and found the best performance
for foams with a hole size of 0.43 mm at the anode and 0.23 mm
at the cathode. This strongly contrasts with the results of Ref. [29],
where a high bubble resistance of 1.8 Q cm? was found for 0.4 mm
pore size in 1M KOH, versus 0.3 Q cm? for plates perforated with
1 mm diameter holes. Ref. [14] tested eight different woven meshes
and five expanded metals and found that a lower ratio of pore size
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to wire thickness reduced the overpotential. Ref. [30] studied various
expanded metals, meshes, and perforated plate electrodes, as well as
different diaphragms, showing that both strongly influence the bubble
behaviour.

Several papers mention expected benefits from electrode shapes
that divert gas away from the diaphragm [31,32]. In the context
of chlor-alkali electrolysis, Ref. [17] finds that unflattened expanded
metal electrodes perform better as cathodes than flattened versions,
presumably due to their improved capacity for gas removal towards the
back of the electrode. Two-dimensional computational ‘primary current
distribution’ simulations predicted a linear decrease in cell voltage with
decreasing hole size and open area fraction [33]. It was mentioned that
likely an optimum hole size exists, as too small holes will lead to gas ac-
cumulation [33]. In a real chlor-alkali cell, the simulation results were
found to approximately hold for louvred electrodes but only weakly
for perforated plates and flattened mesh anodes [34]. Below an open
area fraction of 30%, pronounced bubble accumulation was observed,
so 40% was recommended. Ref. [35] also stressed that to ensure a
homogeneous current distribution, the distance between perforations
should be kept as small as possible but not so small that gas removal
is impeded. The anomalously large resistance observed in various zero-
gap alkaline electrolysers [36] was argued to be due to inhomogeneous
current distributions aggravated by gas formation in the small gap
between the electrode and the diaphragm. The side of the electrode
facing the diaphragm was even observed to become effectively inactive,
likely due to gas formation [20]. In Ref. [37], electrodes similar to
those used in this work were studied but etched and cleaned to improve
wettability at room temperature up to 4-10°> A/m?. Bubbles were found
to block the smaller holes electrode protrusions were hypothesised to
have a positive effect on bubble removal.

Recently, several papers measured the overpotentials of bubbles on
or near nickel electrode, using electrochemical impedance spectroscopy
(EIS) [38-40]. Depending on the smoothness of the surface, Ref. [38]
found an additional areal resistance of 1 —2 - 1073 Q cm? times the
square root of the current density in A/m?, on a 5 mm diameter vertical
cylindrical nickel rod in 1 M KOH at room temperature. Ref. [39] finds
a similar sublinear increase in resistance with current density using
150-300 pm diameter horizontal cylindrical nickel wire electrodes in
2 M KOH at 30 °C, but about an order smaller in magnitude. Besides
the higher conductivity, the smallness of the electrode may have helped
in bubble removal. The dynamic viscosity of the electrolyte increases
with increasing concentration and decreasing temperature [41], which
may also impact the results.

The resistance contribution was roughly twice as large for the anode
compared to the cathode. Under similar conditions, Ref. [40] finds for
planar vertical nickel electrodes an additional cell overpotential of 0.2
V at 6-103 A/m?, with a resistance that increases with increasing current
density.

Here, we provide a large measurement dataset using 18 different
electrodes with hole sizes varying between 37 pm and 8 mm. Various
shapes of holes and protrusions, including circular, square, and star-
shaped holes, are used. Open area fractions vary between 7%-51%, and
the electrode thickness varies between 0.255-1.4 mm. This wide vari-
ety allows us to find out what electrode features are most important.
Our use of reference electrodes and video imaging aids understanding
of the data. The relatively large electrode area, high temperature,
current density, and electrolyte concentration make our results directly
relevant to industrial practice.

2. Methods
2.1. Electrodes
Table SI-1 in the supporting information file shows the used elec-

trodes. The fourteen electrodes labelled ZP were supplied by Veco
Precision B.V. and were produced by electroforming, resulting in pure
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nickel. Similar electrodes were used in Refs. [37,42-44]. Various hole
shapes were fabricated, and due to the fabrication method, besides a
flat ‘shiny’ side, these electrodes show varying degrees of protrusions
or pillar thicknesses on top of their base thickness. The hole areas
ranged between 3.3 - 1073 — 2.0 mm?, the open area fraction between
6.7% and 46%, base thicknesses between 255 and 538 pm, and pillar
heights between 0 pm and 880 pm. The dimensions in Table SI-1 were
obtained by analysing scanning electron microscopy images of the flat
side using a JEOL JSM-6500F. The specific electrical resistance was
obtained using a four-electrode measurement on 17.5 cm long, 1 cm
wide strips. The average of ten +50 mV potential scans, performed at
a scan rate of 1 mV/s using a Gamry Reference 3000 potentiostat, was
used. The four electrodes named x mm contain square holes of x by x
millimetre. The holes were cut in a 99.9% pure nickel plate purchased
from Evek GmbH using a water jet. Their open area fractions range
from 48% to 51.2%.

A Lion Alpha laser jet cutter was used to make L-shaped electrodes
with an active area of 30 cm?, measuring 4 cm in width and 7.5 cm in
height with, with a 0.8 cm wide, 3.5 cm long stem in the top corner to
facilitate secure fastening of the potentiostat leads. Each electrode was
prepared in twofold for use as an anode and as cathode. These relatively
large electrode dimensions allow minimising edge effects and ensure
industrially relevant turbulent flow conditions over a significant part
of the electrode area. The high electronic conductivity of nickel allows
for a maximum potential drop over the electrode of roughly 10 mV,
and hence a good current homogeneity. After cleaning the electrodes
with an acetone ultrasonic bath for ten minutes, they were rinsed with
Milli-Q water (18.2 MQ cm at 25 °C) and put in an ultrasonic bath for
another ten minutes.

The hydraulic diameters were obtained by dividing four times the
area of the hole by its perimeter. For circular holes, this measure equals
the diameter, for square holes the side length, while for more elon-
gated shapes it tends to twice the smallest dimension. The hydraulic
diameter has the advantage that it can be straightforwardly defined
and calculated for any shape. It is often used in turbulent channel flow,
where pressure drops scale with the channel wall area. Also, in Taylor
flow, where large bubbles leave only a thin liquid layer near the wall,
the wetted perimeter and hydraulic diameter are often an effective
metric. [45,46]. However, other measures effectively characterising the
hole size may similarly be used.

2.2. Cell design

To achieve a zero-gap configuration, the anode and cathode were
mounted on a membrane using five nylon bolts as shown in Fig. 1(left).
The holes for these bolt were positioned relative to the edges of the
electrodes equally for all electrodes. The used 0.5 mm thick Zirfon PERL
UTP 500 diaphragm by Agfa is an industrially used porous material
made from PSU-reinforced ZrO, with a porosity of 50% and an average
pore size of 0.15 pm. The electrochemical cell shown in Fig. 1 was 3D-
printed with a stereolithography (SLA) Form 3B+ printer (Formlabs)
using Clear Resin V4 to KOH and impermeable to water. The two front
plates of the electrochemical cell were made using stainless steel 316
to improve the heat conduction to and from the cell. A lid covering
the cell was added to prevent as much as electrolyte leaving through
evaporation and as mist droplets. A 30% w/w potassium hydroxide
electrolyte was made from purified water (18.2 MQ cm at 25 °C) and
ACS reagent pellets KOH pellets, whose > 85% purity was taken into
account in calculating the concentration. An electrolyte volume of 2.5
%X 5.5 x 8.5 = 116.9 cm? on both the cathode and anode side was used,
giving 223.8 cm? in total.

The cell was heated up and cooled down using a one-litre water
bath equipped with a copper coil. The temperature of the water in the
copper coil was adjusted using a Lauda RC6-CP in a feedback loop with
the PT-100 temperature sensor in the electrolyte bath.

The booster cables are bolted onto the anode and cathode as shown
in Fig. 1(right), and four additional voltages, those of the anode,
cathode, anolyte reference electrode and catholyte reference electrode,
were logged with a NI-6002 DAQ.
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Fig. 1. Top: The L-shaped electrodes were compressed with five nylon bolts onto the
diaphragm to approach a zero-gap configuration. Bottom left: The 3D-printed beaker
cell with stainless steel end plates, electrodes, and holes for the reference electrodes
and temperature probe. Bottom right: The cell was submerged in a heating bath with
a coil that can both heat and cool. The booster cables were bolted onto the anode and
cathode, and various cables for voltage measurement are shown. The blueish taint on
the right, compared to the more yellow colour on the left picture, comes with heating
and wetting.

2.3. Voltage measurements

A Gamry Reference 3000 potentiostat with 30 A booster was used
for all experiments. The applied current was swept from 30 A (10*
A/m?) down to 0.0179 A (5.97 A/m?) with 65 steps in a logarithmic
scale and back up to 30 A (10* A/m?) with another 65 steps. The
electrodes were preconditioned at 10* A/m? for 600 s, followed by a
current sweep in which each current was maintained for 30 s. Refs. [20,
47] found that over this time scale hydrodynamic effects have largely
stabilised. The time-averaged voltage over the last 5 s is reported here.

In a preliminary once-off experiment, ambient conditions were used
without controlling the electrolyte temperature. Most electrodes were
tested twice, first with pillars towards the diaphragm and next away
from the diaphragm (See s).

In the main experiments, the temperature of the electrolyte was
fixed at 80 °C using the heating and cooling bath. The same electrodes
that were used in the preliminary experiments were used, supple-
mented with our own square-hole samples. The current sweep was the
same as in the preliminary experiments; however, the preconditioning
time with 10* A/m? was extended to 1800 s to more or less stabilise
the kinetic properties of Nickel.

Each electrode in Table SI-1 was tested three times, spread out over
several weeks. Only the second and third time reference electrodes
were used. Two Hg/HgO reference electrodes with 6 mm diameter
(EF-1369 by BASi®) were filled with 1 M NaOH solution. They were
immersed in the bulk electrolyte on separate sides, one in the anolyte
and one in the catholyte. Unfortunately, we found that data from
these reference electrodes occasionally demonstrated unexpected be-
haviour, particularly in run 3. Therefore, we used the data from run
2 to determine the electrolyte potential drop between the anolyte and
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catholyte reference electrodes, except for the electrodes with d;, = 602
pm (ZP200000), 2 mm, and 4 mm, for which the run 3 data was more
reliable. In reporting the electrolyte potential drop we subtracted a
small calibration offset for zero current density, obtained from a least
squares fit.

In reporting the activation overpotentials we entirely excluded the
cathode data for dj, = 37 and 602 pm in run 2 and d;, = 224 and 353 pm,
2 mm, and 8 mm in run 3, and the anode data of 50 pm in run 2 and
d,, = 224, 292, 353 pm, 2 mm and 8 mm in run 3. Therefore, these data
points consist only of a single measurement. In the third run, ZP200721
(d, = 353 pm) was not included, so the reference electrode data for this
sample comes only from the second run. The electrode ZP200687 with
d,, = 393 pm, the 2 mm and the 8 mm were excluded since in both runs
the reference electrodes gave erroneous values data.

Note that the obtained cell voltages in this work are very high
compared to those obtained in optimised systems in the literature or
in industrial electrolysers. The primary reason is our use of pristine
nickel. Especially at the cathode and without much uptake of iron from
the solution, nickel is far from an optimal catalyst material and incurs
large overpotentials. We symmetrically use nickel here for reasons
of manufacturability, and since we primarily study the differences
between the various electrodes, this high overall cell voltage should not
bother us too much. The relatively strong performance variation in time
of both the catalytic properties of nickel [48], as well as the integrity
of the zero gap [49] are more of a concern for reproducibility that can
only be partially taken away by our use of systematic procedures and
repeat experiments.

We found a significant hysteresis between the voltages recorded
during the decreasing part of the current sweep compared to the
increasing part. Especially at low current densities, the latter were
significantly lower on average. An interesting exception was ZP100890
(d, = 1.6 mm), which showed an almost 15% lower voltage at 10* A/m?
during the upsweep of run 1 compared to the downsweep.

For most electrodes, somewhere during the downsweep below 10>
A/m? a relatively rapid transition to lower voltages was observed.
Likely, this is at least in part due to oxidation reactions at the anode,
although the presence of gas remaining in potential space between the
diaphragm and electrode could also play some role. Therefore, we will
only use the data from the downwards current sweep between 10%> and
10* A/m? and focus primarily on the highest current densities.

We note that the voltage measured by the potentiostat sometimes
fluctuated significantly, sometimes wildly, especially in the 103 — 10*
A/m? range. Ref. [47] finds similar but more regular fluctuations to be
due to gas slugs in the electrode-diaphragm gap.

2.4. Imaging

Next to the electrochemical measurements, the electrodes were im-
aged in operando, such that the bubble behaviour around the different
electrode geometries could be better understood. For this, a Photron
FASTCAM Nova S12 high-speed camera was used. This allowed imag-
ing at 1000 fps at a resolution of 1024 x 1024. A Laowa 25 mm F/2.8
2.5-5X Ultra-Macro lens was used in combination with this camera,
which allowed magnification of up to 5X. A Photron FASTCAM Viewer
4 was used to control the camera.

To image the bubble behaviour near the electrode geometries, two
different cell configurations were used. A top-view schematic of both
can be found in Fig. 2. For normal back-side viewing, the electrodes
were bolted to the Zirfon diaphragm, and the assembly was submerged
in a PMMA beaker containing a 6M KOH solution. Imaging was per-
formed through the PMMA directly onto the electrode. For the more
challenging front-side imaging, a modified setup is used. The counter
electrode was placed further away, and contained a 6 mm slit, such that
imaging could be done through this electrode with minimal impact on
current homogeneity. The electrode was surrounded by a diaphragm,
such that evolved bubbles do not hinder the view on the working
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Fig. 2. Left: top-view schematic of the working electrode (WE) of interest, counter
electrode (CE) and diaphragm (D) used to image electrodes from the back (electrolyte
side). Right: top-view schematic of the setup used to image electrode from the front
(membrane side). A 3 x 3 mm hole is cut in the diaphragm, where the transparent
Nafion takes over. The counter electrode contains a 6 mm slit to allow camera viewing,
along the direction of the grey arrow, and is surrounded by a diaphragm to avoid
bubbles in the way.

electrode. In addition to the Zirfon UTP 500 membrane, a Nafion
117 membrane was locally bolted onto the working electrode. This
resulted in a 3 by 3 mm window offering a look on the front side of
the electrode. The inter-electrode distance between the working and
counter-electrode was 1.7 cm. This assembly was then submerged in a
PMMA beaker containing a 6M KOH solution. To justify the use of the
Nafion membrane as a reasonable substitute for the opaque Zirfon, a
contact angle experiment was performed on both the Nafion membrane
and the Zirfon UTP 500 diaphragm. Using 34 bubbles, the average
wetting angle of hydrogen bubbles in a 6M KOH solution on a Nafion
membrane was 43.2 + 2.4°, while on a Zirfon UTP 500 diaphragm this
angle was 39.1 +3.1° [47].

3. Results
3.1. Pillars towards or away from the diaphragm?

Many of the electrodes tested have protrusions, or pillars, extending
beyond the base plane of the electrode, see Table SI-1. A first obvious
question to investigate is whether these protrusions should be oriented
away from or toward the diaphragm. Ref. [37] found that pillars can
damage the diaphragm, causing short-circuiting. This did not happen
in our tests, and Fig. 3 shows the measured cell voltages. In this graph
and most other graphs below, we plot our data as a function of the
hydraulic diameter of the holes, as determined from images of the flat
side. In these preliminary tests, we did not control for temperature and
heat production in the reaction likely caused the temperature to be
somewhat elevated over room temperature.

It can be seen that while for high current densities the smallest
holes have the highest cell voltage, this trend is reversed for the lower
current densities, where the smallest holes perform best. A plausible
explanation is that for larger current densities, gas fraction effects
dominate and increase the resistance. For lower current densities,
less gas is generated. Additionally, activation overpotentials that scale
logarithmically in the current density are, at low current densities,
relatively more important than ohmic losses, which scale linearly. The
surface area of the holes and pillars scale roughly inversely proportional
to the hydraulic diameter of the holes, providing an explanation for
why the electrodes with the smallest holes have the lowest cell voltage
for the lowest current densities in Fig. 3.

We did not control the temperature and did not do repeat experi-
ments with pillars oriented towards the diaphragm, so we do not show
the data of these preliminary experiments here. They did provide a
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Fig. 3. Preliminary non-temperature-controlled room-temperature measurements with
electrode pillars oriented towards the diaphragm, tentatively showing the cell voltage,
V., decreases a function of the hydraulic diameter of the holes, d,, for a current
density of 10* A/m? but increases for 10° and 10> A/m?. The latter may be explained
by the higher surface area of smaller holes and pillars. The shown lines are primarily
a guide to the eye. The very rough logarithmic fits, with a slope in the order of
the combined anodic and cathodic Tafel slope, may be an indication of decreasing
activation losses due to increasing surface area as the hydraulic hole diameter decreases.
The decreasing trend with increasing d,, for j = 10* A/m?, is attributed to additional
bubble resistance, which will be discussed in more detail in subsequent sections.

clear picture and showed that with the pillars towards the diaphragm,
the cell voltage at 10* A/m> was, on average, about 12% increased
compared to with the pillars oriented away from the diaphragm. At 10
A/m? and 10*> A/m? the increases were, with 4% and 1% respectively,
smaller but consistently there for virtually all electrodes. Therefore, in
the rest of this work, we focus on the configuration with the pillars
away from the diaphragm.

3.2. Hole size

The cell voltages recorded during three independent measurements
were averaged and analysed for their dependence on hole dimensions,
open-area fraction, base thickness, pillar thickness, and electrode resis-
tance. The clearest trend was observed as a function of the hydraulic
hole diameter, as shown in Fig. 4 for 10* A/m?. For most of the tested
electrodes, the smaller the hole size, the smaller the open area fraction.
Also, most, but not all, electrodes with small holes had relatively
large pillar sizes. Therefore, these parameters also showed a significant
correlation with the cell voltage. However, after correcting for the trend
with hydraulic diameter, no dependence on these parameters remained.

It is clear from Fig. 4 that the smallest holes give the largest cell
voltage. To model this, we propose to split off terms that depend on
the hydraulic diameter. We first consider terms that do not depend on
hole size, due to the diaphragm resistance R, the equilibrium voltage
V,, = 1.23 V for water splitting, and activation losses. In the Tafel

eq
regime, we can write [51]:

activation

——
+ ARj +bln(j/J.€) @

equilibrium ohmic

Vo) = Veq

where b and J, are the effective combined anodic and cathodic Tafel
slope and exchange current density. To this, we add two ad-hoc terms
that respectively decreases and increase with increasing hydraulic di-
ameter of the holes d,, to give the cell voltage as

bubble transport, n,  current distribution

Eq. (1) SN
_ ) AV (j) Jjdy
Veen = Vo) + m fK_() (2
C

The solid line in Fig. 4 shows this function for f ~ 0.6 and d, = 0.5 mm
and AV = 09 V, which were fitted to the data. The second term
in Eq. (2), which we somewhat ambiguously refer to as a transport
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Fig. 4. The measured cell voltage V,,, at a current density j = 10* A/m? in 80 °C, 30
w% KOH, for the various electroformed (d;, < 2 mm) and perforated plate (d;, > 2 mm)
nickel electrodes of Table SI-1 as a function of hydraulic diameter d;, of their holes. The
average, minimum, and maximum over three runs are indicated by the circles, lower,
and higher error bars, respectively. The line give Eqgs. (2) and Eq. (1) with: V; = 2.4
V, 4V =09 V, d. = 0.5 mm, x, = 139 S/m [50] and f = 0.6 so fjd./x, ~ 0.02 V. The
inset graph shows the same in a Tafel plot with the current density on a logarithmic
scale.

overpotential, is a simple fitting function to take into account the

increase in cell voltage observed for smaller hole sizes. For hole sizes

d, <, it tends to AV, for d; = d. it becomes AV /2, and for d}, > d,

it tends to zero. The final term is the additional ohmic drop over a

distance fd,, proportional to unobstructed electrolyte conductivity .
The effective electrolyte conductivity

Kk=¢e(l— £g)3/2l('0 3)

is reduced compared to the solution value x;, with the open-area frac-
tion ¢, and the gas fraction ¢,. The power 3/2 approximately takes into
account the effect of the bubbles on the tortuosity through Bruggeman’s
relation [51,52].

A term similar to the final term in Eq. (2) was also found in
the two-dimensional simulations of Ref. [53] assuming Butler-Volmer
kinetics. It was shown to be due to the inhomogeneity in the current
distribution introduced by larger hole sizes. In our notation, and using
Eq. (3), the result of the simulations of Ref. [53] can be written as f =
0.18¢%! (x,/x). Our fitted value f = 0.6 requires, with ¢ = 0.5 for the
largest hole size electrode, a gas fraction g, ~ 0.82 to be in agreement
with this simulation result. This value is above the maximum packing
fraction of equal diameter spheres of 0.74 and the maximum gas frac-
tion used in Ref. [54]. Therefore, these current distribution simulations,
while of the right order of magnitude and trend, underestimate these
losses. One reason may be that in these simulations the front of the
electrode was assumed to be fully available for the reaction, which may
not always be the case in a zero-gap electrode configuration [20]. In our
experiments and in these simulations, the holes were almost perfectly
aligned with similar-sized holes on the opposing electrode. In practice,
this will not generally be the case, and in 1, we provide a simple model
for what could be an additional resistance as a consequence.

With AV = 0.9 V, the second term in Eq. (2) is very large at 10*
A/m?. Let us next investigate its dependence on current density. We
subtracted from the average measured cell voltage the final term of
Eq. (2) and made an offset-linear least squares fit versus d— the slope
of which is AV. We excluded electrode ZP100890 with i"lofe diameter
dy, < 1.6 mm, which for an unknown reason did not respect the trend
observed in the other electrodes.

The result shown in Fig. 5 shows that AV increases more or less
linearly in the current density but with a small offset. The inset graph
shows that at low current densities, the dependence can be roughly
described by a logarithmic dependence on the current density, using
the cell Tafel slope, which is determined in the next Section 3.3.
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Fig. 5. The value of AV determining the transport losses T due to too small holes

in Eq. (2), as a function of the current density j [A/m?] or; e; logarithmic scale. It is
obtained from fitting the cell potential minus the last term of Eq. (2) as a function of
m, using d. = 0.5 mm. The data averaged over the second and third run was used,
and we excluded the outlier in Fig. 4 with 4, = 1.6 mm from the fit. An offset-linear
fit describes AV reasonably well at higher current densities. The inset shows that at
low current densities, a logarithmic dependency with Tafel slope b = 0.07 V (~ 160
mV/decade) can also provide a reasonable representation. At high current densities,
this slope increases about 6-fold.
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Fig. 6. Tafel slopes, on a natural logarithm basis, obtained from least-squares fits of the
reference electrode measurements between j = 10> — 10°> A/m? averaged over the three
repetitions, without IR-correction. A few negative or almost zero values were discarded.
The 232 pm sample showed anomalously low 0.04 V cathode and anomalously high 0.18
V anode Tafel slopes (outside graph range). The relatively high values for d) = 224 and
353 pm may be related to the relatively high ohmic drop observed for these electrodes
in Fig. 8, which tentatively could be attributed to reduced gas evacuation due to their

diamond hole shape, as seen from their flat side, but without more data this is mostly

speculation. The solid lines show the Tafel slope f:d;d b of Eq. (4) with d, = 0.5 mm,

b, =0.027 V (62 mV/decade), and b, = 0.043 V (100 mV/decade).

3.3. Tafel slopes

Because nickel oxidation seems to take place at lower current
densities, we use the range j = 10> — 10> A/m?. In a few instances,
the reference electrodes clearly malfunctioned and yielded negative or
almost zero Tafel slopes, which we discarded. Averaging the rest of the
data over the three runs, the result is shown in Fig. 6.

Despite the large spread in the data, there seems to be a trend
towards higher Tafel slopes for smaller holes. To explain this, we note
that the inset of Fig. 5 shows that for current densities 10?> < j < 103
A/m? we can approximately write AV x bln (JL) with the Tafel slope
b =0.07 V (~ 160 mV/decade) and J,, = 60 A}[m2 the current density
for which the transport losses AV approximately vanish. Adding this to
the activation overpotential, the final term in Eq. (1) gives, after some
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arithmetic, for j < 10> A/m?2:

. AV .

() + ez =t (7 ) @
1+d/d. 1

where the effective exchange current density J, ¢y = Jf”i/dC J*W and

an effective Tafel slope b = ?iZﬁC b that for large holes d > d_ gives

a single Tafel slope b while for small hole sizes d < d. the Tafel slope
tends to a doubled value 2b.

Tafel slope doubling is a known and expected result from porous
electrode theory in the case of ohmic limitations. This requires j > J,,
where the characteristic current density, with i = anode or cathode:

7 bk
KT
The effective conductivity x may be approximated by Eq. (3).

Even for zero gas fraction, the characteristic current density J.
is below 10° A/m? for the smallest few electrodes, which have the
smallest open area fraction, but almost an order of magnitude larger
for the largest holes. Therefore, Tafel slope doubling is expected to
occur for high current densities. However, using reference electrodes
positioned at the back of the electrode, this doubling is only observable
at much higher current densities than we used here, as we demonstrate
in 2, this. Therefore, we are lead to the tentative conclusion that these
additional losses 7, occur outside the electrode holes, as is illustrated
in Fig. 7.

The effective Tafel slope i%‘: b of Eq. (4), is shown as solid lines
in Fig. 6, and provides a reasonable fit of the trend.

For large holes, these fits tend to the values 2.3, = 62 mV, 2.3b, =
99 mV, where 2.3 = In 10 converts our values to the often used logarithm
with base 10. These values are in good agreement with those reported
in the literature for Tafel slopes of nickel under alkaline conditions
for the oxygen evolution reaction (OER, typically 30-90 mV [55,56])
and hydrogen evolution reaction (HER, typically 100-120 mV [57,58]),
respectively.

Interestingly, the largest holes and the smallest anode hole sizes
seem to show a further increase in the Tafel slope 6, which may be
the consequence of additional resistance that we did not correct for.
Therefore, let us investigate and construct a theoretical model for these
resistances.

(5)

el

3.4. Electrolyte resistance

The anodic and cathodic reference electrodes we used to deter-
mine the Tafel slopes in Fig. 6 were positioned behind the electrodes,
schematically with the black filled circles in Fig. 7. The measured po-
tential difference A¢ between the anolyte and catholyte may be thought
of as consisting of a drop over the holes and over the diaphragm. For
simplicity, we will assume here equal anode and cathode contributions.
Averaging over the height of the electrode, the holes in the electrode
may be treated as a porous medium. We will split the reactive surface
area and, therefore, the exchange current density J, = J; + J., + 1o,
and the current density j = j; + j, + j, into contributions from the
diaphragm-facing front, the holes, and the back of the electrode, facing
away from the diaphragm, respectively.

Equation (SI-5) gives an expression for the ohmic drop over the elec-
trode holes, which combines with the ohmic drop over the diaphragm
Apy = ly/xy and that over the holes 24¢, = 2jyl./x due to current
reacting at the back to give for the total electrolyte potential drop
Ap = Apy + 24¢, to give

J .
Ap=bIn(1+ — ) +cj, 6
¢ n( 5 Jc) cj ©
where ¢ = 2’7"% + L#‘; and the characteristic current density J, will in
general depend on current density. In case j, = 0, Eq. (SI-4) gives J_ ~

. 1+§ / ;‘é - For negligible ohmic losses, j, < J,, the first term in Eq. (6)
h K
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reference electrode

Fig. 7. A schematic of the diaphragm (light-blue), electrodes (dark grey), and gas
(light grey). The solid line below the schematic illustrates the electrostatic potential
along a particular current line traversing the bulk electrolyte behind the electrodes
where the reference electrodes are also positioned (black circles) and then (dashed) to
the electrodes. The difference with the electrode potentials (thick horizontal lines) is
activation overpotential, », and the difference between anode and cathode is the cell
voltage minus the equilibrium voltage V., — V,, = 21y + 4dy = 2 (n+ 1) + Ap where
ny =+ n, + Ay, is the front-side activation overpotential and A¢ = A¢, + 24¢,, the
total Galvanic electrolyte potential drop, assuming equal anode and cathode losses.

10000

o 2000 4000 6000 8000
J[A/m?]

Fig. 8. The total Galvanic electrolyte potential drop A¢ = 24¢, + Ap, over the holes
and diaphragm measured between the reference electrodes positioned behind the anode
and cathode, respectively. The solid lines give a fit of Eq. (6). The inset plot gives the
fit values for the areal resistance ¢ as a function of the hydraulic diameter d, of the
holes. Fig. 9 gives the fit result for the logarithmic term.

tends to the ohmic drop j,/./2x over half the electrode thickness,
expected in case the ionic current decreases linearly over the holes. For
higher currents, the reaction inside the holes will preferentially take
place close to the diaphragm, resulting in a smaller ohmic resistance,
with an ohmic drop that is logarithmic in the current density. Ref. [28]
reports on direct measurements of these Galvani potential losses using a
reference electrode at the location of the diaphragm, which we did not
use.

Instead, Fig. 8 shows the electrolyte potential drop between anolyte
and catholyte reference, which we fitted with Eq. (6). The areal resis-
tance is shown in an inset plot of Fig. 8 and shows a wide range of
values between 0.35 Q cm? for the smallest holes, a much lower value
for intermediate-sized holes, and again higher resistances for the largest
holes. While this agrees with, and therefore contributes to, the trend
observed in the overall cell voltage of Fig. 4 it cannot account for the
transport overpotential of Fig. 5, which was fitted with an even higher
areal differential resistance of 0.76 Q cm?.
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Fig. 9. The I R-corrected or logarithmic part of the electrolyte potential drop A¢—c; ~
24¢, measured between the anolyte and catholyte reference electrodes. The solid lines
give a fit with the function 24¢, = bIn (1 + ﬁ using b= 0.07 V (» 160 mV/decade),
inspired by the porous electrode theory result of Eq. (6). The inset compares the fitted
J. with J, of Egs. (3) and (5) with b, = b/2 = 0.035 V and a constant gas fraction
of ¢, = 0.3 and using the actual total electrode thickness /, and open area fraction
¢ of each electrode. We find reasonable agreement for several electrodes with hole
diameters 232 < d, < 1600 pm. With J, = (j/j,)J,, for j, = 0, this suggests that, for
these electrodes, most of the current reacts inside the holes. For three electrodes in
this range J. ~ 2J,, which could indicate that roughly half the current reacts inside
the holes, or all at only at the anode or the cathode. Finally, for smaller and larger
diameters (outside shown range) J. > J,, implying that at most a very small fraction
of the current reacts inside the holes.

We note that the value ¢ ~ 0.115 Q cm? fit for the electrodes
ZP100034 and ZP100890 with ¢, = 1 and 1.6 mm is close to and even
slightly below the expected membrane resistance of 0.13 Q cm?, which
is never attained in zero-gap experiments [28,36].

Therefore, we can take this result to indicate that for these inter-
mediate hole-size electrodes, the current distribution is very homoge-
neous, with most of the current lines taking the shortest possible route
across the diaphragm. For the other electrodes, the ionic pathways
are much larger and likely also include a significant part outside the
diaphragm.

Fig. 9 shows the logarithmic part of Eq. (6), which fits the data
very well. By Eq. (6), we attribute this to the potential drop over the
electrode holes due to the fraction of the current reacting inside the
holes. We note that it is significantly smaller in magnitude than the
similar losses studied in Ref. [28]. Interestingly, it is most significant
for intermediate hole-sized electrodes, with the largest and the smallest
hardly showing any such logarithmic losses. What can explain this
difference?

Comparing, for example, the electrodes with intermediate hole sizes
d, = 1 and 1.6 mm with those with the largest holes of 4 and 6 mm
or those of the smallest holes of 37 and 72 pm, we see that the former
have the lowest resistance and a clear logarithmic component, while
the latter have a higher resistance and no distinguishable logarithmic
component. The inset of Fig. 9 shows that intermediate holes have
J. =~ J, while both small and large holes have J_ > J,..

Therefore, a possible explanation is that, while for intermediate-size
holes most of the current reacts inside the holes (j, ~ j), this is not
the case for the very small and large holes (j, < j). The higher areal
resistance c that is observed in the inset of Fig. 8 is consistent with most
of the current actually reacting at the back of the electrode (j,, = j). A
largely inactive electrode front was also found in Ref. [20]. Therefore,
we will next use imaging to have a look at what is going on at this
front surface in Section 3.6. However, first, we further investigate the
activation losses.

3.5. Activation overpotential

In Fig. 6, we already reported the Tafel slopes in the region 10> —10*
A/m?, measured using reference electrodes behind the electrodes. Here,
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Fig. 10. Tafel plot of the summed anodic and cathodic transport activation overpoten-
tials #,,, obtained by subtracting the combined kinetic Tafel overpotential 0.07Inj from
the reference electrode data, averaged over all hole sizes. The data can be described
very well by an approximately constant resistance of 0.46 Q cm?. The top inset graph
shows the same data in a Tafel plot, including bars that show the standard deviation
in the data due to different hole sizes and the two runs. The j = 10* A/m? data point
shows a small decrease, which is due to large scatter in the data for the few largest
hole electrodes. The bottom inset shows the value for j = 10* A/m? as a function of
hole hydraulic diameter along with the fit of the transport loss term in Eq. (2) using
AV =09 V and d, = 0.5 mm.

we investigate these potentials up to 10* A/m?, subtracting the expected
Tafel overpotentials with slopes b, = 0.027 V (62 mV/decade) and b, =
0.043 (100 mV/decade). Fig. 10 shows the result upon averaging over
all electrodes. Since the differences between the anode and cathode are
small, we show their sum.

Surprisingly, we measure a very large additional voltage on top of
Tafel kinetics. While it may be described in terms of a Tafel slope
doubling at lower currents and roughly another doubling at current
densities j > 3 - 10> A/m?, a much simpler description is obtained in
terms of an additional resistance of on average 4.6 - 107 Qm?. This
resistance is of the same order as the 7.6 - 10~> Qm?, associated with
AV in Fig. 5 and may thus be at the origin of why small electrode holes
give such high potential losses.

Fig. 10 shows the measured electrode potentials versus reference as
a function of hydraulic hole diameter. With a few notable exceptions,
these seem to follow very well the trend W}?‘;ﬁ that was also
observed in the cell voltage of Fig. 4 showing again the likely origin
of these losses.

Usually, compared to reference electrodes behind the electrodes,
mostly kinetic overpotentials are measured, and only a small IR cor-
rection is needed. In our case, for the smallest holes, the IR component
increases up to 1 V and is even larger than the activation losses. This
is somewhat puzzling since, as illustrated in the schematic of Fig. 7,
ohmic losses in the diaphragm and the holes of the electrodes would
not be measured using our reference electrodes positioned behind the
electrodes. Therefore, a significant potential drop has to be present
between the location of the reference electrodes and the electrode.
The simulations of Ref. [59] give about 60 mV difference in potential
between the bulk electrolyte far away from the electrode and near the
back of the electrode, so that a constant electrolyte resistance does not
seem to be able to explain our much larger IR-losses.

A possible origin of this additional resistance may be a very dense
bubble layer on the surface of the electrode, inside the holes and/or
the back of the electrodes. Despite our much higher conductivity, the
resistance that was found here is much larger than that found for bubble
layers on free electrodes [38-40].

The resistance of 4.5 - 107 Qm? shown in Fig. 10 corresponds to
an ohmic drop //x,,e(1 — €)' over a thickness / = 1 mm, with current
restricted to an area fraction ¢ = 1/3, using a gas fraction of ¢ ~ 0.64.
So, such a resistance requires that the current traverses a very dense
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Fig. 11. Stills from high-speed video images of cathodes ZP200705 (d, = 224 pm, left)
and ZP200721 (d,, = 353 pm, right) for j = 3.2- 10> A/m? about 3 s after starting
the current. Full videos are available as supplementary material here. Many hydrogen
bubbles can be seen to cover one, two, or many holes.

bubble layer over a significant distance. Note that this value is close
to the value used to make the final term of Eq. (2) comparable to the
simulation result of Ref. [53].

Ref. [47] performed experiments at room temperature with a subset
of the present electrodes and analysed the time behaviour after switch-
ing on a current. An additional resistance was found to arise over the
time-scale of a few to many seconds, attributed to bubble accumulation,
similar to Ref. [20]. The order of magnitude of this resistance, corrected
for the lower conductivity, was in the range 0.1-1 Q cm?, similar to
what we find here. Therefore, let us next investigate the gas distribution
in more detail using imaging.

In the bottom inset graph of Fig. 10, the electrodes with d,, = 37
pm and d, = 292 pm show less pronounced transport losses than the
trend. They also showed a less pronounced logarithmic increase in an
ohmic drop in Fig. 9 compared to some other relatively small hole
electrodes, hinting at little reaction inside the holes. It is conceivable
that in these cases, the primary reaction zone moved towards the front
surface of the electrode. This avoids the large ohmic drops in reaching
reactive areas all the way at the back of the electrode at the expense
of a high ohmic resistance in the small bubble-filled gap between the
electrode and the diaphragm. This gap resistance does not show up in
the reference electrode data since it occurs outside this ionic pathway.

A possible hypothesis of what could cause the reaction to be forced
to take place at the front of the electrodes is when the holes are
completely blocked with gas. Let us, therefore, have a look at whether
there is any direct evidence for the plausibility of this.

3.6. Imaging

First, we take a look at high-speed video images we made from the
back of the electrodes, more or less in the centre of the electrode area.
The movies of which Fig. 11 shows stills, show how hydrogen bubbles
block many of the approximately 0.3 mm large holes. The same is found
for oxygen and for wide ranges of current densities and hole sizes. We
will quantify the behaviour in the next Section 3.7

Such blockage may have several deleterious effects. A direct effect
is that the area of the holes covered with gas becomes unavailable,
increasing activation overpotential. Indirectly, the gas has to be evacu-
ated through a decreased area, likely leading to problems in evacuating
gas from the narrow gap between the electrode front, increasing the gap
resistance. Finally and rather speculatively, a reduced refreshment rate
with the electrolyte behind the electrode could even lead to regions that
are depleted of hydroxide ions since for j > 5- 10> A/m? the limiting
current density of the diaphragm [60,61] is exceeded.

To see what happens in the gap as a consequence of blocked holes,
we made video images by looking through a transparent Nafion mem-
brane. Such an approach was previously used in, e.g. Refs. [62-64].
While the contact angle of Nafion is similar to that of Zirfon [47],
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1 mm

Fig. 12. Stills from videos (full versions, see SI) of cathodes ZP200728 (d,, = 72 pm,
top), ZP200736 (d, = 431 pm, middle), and the 2 mm squares for different current
densities between 2-10° < j < 5-10° A/m?. On the left from the back, on the right,
through a transparent membrane, 1-3 s after starting the current.

it is much less rigid and may, therefore, leave a larger gap than the
Zirfon used in the experiments. Also, due to the imaging setup, the local
current density at the viewing location may deviate from the average.

Fig. 12 shows the same electrode imaged both from the back (left)
and the front (right) through of a transparent membrane. The small
72 pm holes shown at the top are virtually all blocked. Similar to in
Ref. [63], we find that large gas slugs partly cover the gap between the
electrode and diaphragm. A movie of the behaviour of this electrode in
time at 10* A/m? for the anode provided in the supplementary material
shows how part of the electrode seems inactive, emanating no bubbles,
likely due to a large gas slug on the other side of the electrode facing
the diaphragm.

For the d,, = 431 pm holes, shown in the middle of Fig. 12, these
slugs transiently arise and disappear, creating a dynamic refreshment
of electrolyte. Periods where many or most holes contain large single
bubbles, both front and back, that completely block the holes, are
alternated with periods of enhanced flow. For the still larger 2 mm
holes shown in the bottom, the holes never fill completely with single
bubbles.

These images thus largely confirm that gas in the gap between the
diaphragm and the electrode can cause the current to be diverted to the
holes or even the front of the electrode. To worsen this, smaller holes
can fully clog with single bubbles. We will next investigate this further
in the next section.
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Fig. 13. The fraction of holes whose entrance is blocked by a single bubble, ¢, divided
by the fraction of unblocked holes 1 - g, as a function of the frequency f, = 3U,/2d,,
introduced in Eq. (7), with which the volumetric gas flux U, = j¥,,/nF can generate a
bubble of diameter equal to the hydraulic hole diameter d, in each hole. A significant
positive correlation is obtained over two decades of current density and a wide variety
of electrodes for both the anode and the cathode.

3.7. Gas clogging

To improve our understanding of what influences the clogging
observed in the previous section, we attempted to estimate the fraction
¢ of holes that are completely covered with bubbles for all imaged
electrodes at three different current densities: 102, 103, and 10* A/m?.
The result is shown in the inset of Fig. 13. Unsurprisingly, smaller holes
d, and larger current densities j increase . There is a rather strong
drop in ¢ for holes around d ~ d. = 0.5 mm. To collapse all data to
one master curve, we plot ¢/(1 —¢) and find that it roughly scales with
d,/j to the power 0.46 for the cathode and 0.37 for the anode.

The volumetric gas flux U, = % [m3/s/m?], with n = 2 for
hydrogen and n = 4 for oxygen. The frequency f, [s~!] with this flux
can generate in circular electrode holes of diameter d;, bubbles of equal
diameter is given f, = 7d;U,/%d]e = 3U,/2dye, so

3jVn
=2 7
F 2nFdye )
In terms of this frequency, Fig. 13 shows a rough correlation
1
@~ 8

30 5!
1+4/ 7

This relation implies that it takes roughly the volume of 30 bubbles
of diameter equal to that of the hole to clog it, on average, half the
time. Of course, bubbles are generated in various sizes, but through
coalescence, they can grow to the size of the holes. Eq. (8) implies that
the number of such large bubbles required to clog a hole is roughly
independent of hole size or gas flux. A similar observation was made for
the clogging of microchannel outlets by polystyrene balls [65]. While
coalescence renders things more complicated, the universal nature of
clogging behaviour from grain in silos, pedestrians near narrow doors,
and objects floating in rivers [66], may be a useful guide to study
clogging with bubbles in more detail.

3.8. Optimal hole size

The cell voltage shown in Fig. 4 suggests that neither very small nor
very large holes lower the cell voltage. Therefore, a natural question is:
What is the optimal hole size? Eq. (2) can be minimised with respect
to d,, by setting the derivative of Eq. (2) with respect to d,, to zero, and
solving for dy, to give

AV
don =2 ({7527 1) ©
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Fig. 14. The optimal hydraulic diameter d,, of the holes in a zero-gap perforated-
plate type electrode as a function of current density j. The lines give Eq. (9) using
d, = 0.5 mm with fd /x; = 2-10° Q (black, solid), 4-10~° Q (grey, dashed), and
1-107% Q (grey, dotted) and the fit shown in the inset of Fig. 5 to describe 4V ()).

Fig. 15. The electrode ZP200719S (d, = 37 pm) with 2 by 2 mm square holes cut out,
0.6 s (anode, left) and 0.3 s (cathode, right) after switching on the current density of 10*
A/m?. While at these times roughly the same amount of gas has been produced, large
differences can be seen, as oxygen bubbles coalesce more to form larger bubbles [68],
while hydrogen bubbles remain small and form plumes emanating from the smaller
holes. (See supplementary material for full videos).

The larger the transport overpotential AV is compared to the current-
distribution overpotential fjd./k4, the larger the optimal hole size. It
also shows that if their ratio drops below 1, the optimal hole size tends
to zero, which happens for low current densities in Fig. 14.

Fig. 14 plots Eq. (9) as a function of j, using the fits used in Figs. 4
and 5. Because the bubble transport losses AV do not decrease with
decreasing current density as fast as the ohmic losses fjd./x4, the
optimal hole size shows a peak at low current density. This is sensitive
to the exact fit used for AV and completely disappears using the offset-
linear fit of Fig. 5. Fig. 14 shows that over a wide range of high current
densities, the optimum hardly depends on current density and is around
dopy &3 mm.

In case of a fully active electrode, for example due to a small gap,
the coefficient ¢ may be substantially smaller, resulting in a smaller op-
timal hole size. On the other hand, for unaligned holes, the coefficient
f may be substantially higher, resulting in a larger optimal hole size.
To accommodate this variance, the grey lines in Fig. 14 indicate what
happens in case of a halved or doubled value of f, compared to the
value we used to fit our experiments.

In higher pressure electrolysers, the lower volumetric gas flux will
likely decrease primarily 4V, allowing smaller hole sizes to be optimal.
For example, Ref. [67] found that decreasing the current density or in-
creasing the pressure has a similar effect on the bubble layer resistance.
However, to be sure how exactly the transport overpotentials AV will
change at elevated pressures will require further research.

3.9. Combining large and small holes

Small holes and pillars can increase the reactive surface area com-
pared to that of just the front and back of the electrode. However,
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this advantage was overshadowed in our data by the disadvantage that
small holes give in gas removal. This balance may be different at higher
pressures, allowing smaller holes to be beneficial.

An idea to aid gas removal is to add, besides small holes, also larger
perforations to induce flow in the gap and allow gas to escape more
easily. In this way, we may combine the advantages of small holes
with those of large holes. To try out this idea, we used the electrodes
ZP200719S, which with d,, = 37 pm have the smallest holes of all tested
electrodes. At 10* A/m?, this had a cell voltage of 3.25, 3.11, and 3.31
Vin runs 1, 2, and 3, respectively, averaging to 3.22 V. The inset plot
in Fig. 13 shows that holes larger than 1 mm were never found to clog.
Therefore, we cut out square holes of 2 mm by 2 mm, removing about
50 percent of the electrode area.

The measured cell voltage for these cut electrodes was measured to
be 3.14 V, 0.08 V below the average of the three runs without these
additional holes. So, despite a significant loss of about 50 percent in
reactive surface area, these cut-out electrodes performed better in this
one-off test. Fig. 15 shows the bubbles emanating from the small holes
some time after switching on the current.

This result is only suggestive of the functioning of this idea, as we
did not do enough experiments to statistically prove a sure improve-
ment. More research may prove the viability and limits of such an
approach.

4. Conclusions

Using a combination of electrochemical methods and imaging, a
more or less consistent picture emerged of the influence of electrode
shape on the current-voltage behaviour. We find that the most impor-
tant parameter determining the cell voltage is the electrode hole size,
which we parametrised in Fig. 4 in terms of the hydraulic diameter.
Beyond a few millimetres, the cell voltage increases with increasing
hole size, which we attributed to the ohmic drop that arises as the
current distribution becomes more inhomogeneous. This was confirmed
by measuring the electrolyte potential drop over the diaphragm, shown
in the inset plot of Fig. 8.

A much stronger increase in cell voltage is associated with smaller
holes than roughly a millimetre. Fig. 5 shows these losses are log-
linear or offset-linear in the current density. For the smallest holes,
they represent an additional resistance of ~ 9 - 10~ Qm?, causing
almost a Volt of additional overpotential at 10* A/m?. The inset of
Fig. 8 shows that about ~ 2.5 - 107> Qm? of this additional resistance
may be attributed to the electrolyte potential between bulk anolyte and
catholyte. Figs. 8 and 9 seem to indicate that, while for intermediate
hole size, a significant part of the reaction takes place in the electrode
holes, in the smallest and largest holes, the reaction may for a large
part take place primarily at the back of the electrode.

This agrees with the very large ohmic drop, on average ~ 4 - 107>
Qm? averaged over all electrodes, found between the electrodes and the
reference electrodes positioned behind them in Fig. 10. Images taken
from behind the electrodes show the dense bubble layers that may
be responsible, as well as significant bubble clogging of small holes.
Images taken from the front, through a transparent membrane, show
how such hole clogging aggravates the formation of large gas slugs that
inactivate large parts of the frontal area, forcing more of the reaction
towards the back of the electrode.

We observed in Fig. 13 a reasonable rough correlation between the
fraction of holes clogged and current density over the hole diameter,
such that if about roughly 30 bubbles equal in diameter to the hole
size are produced per second, this clogs about half the holes.

Eq. (9) gives that for atmospheric pressure, the optimal hole size
of zero-gap electrodes lies in the millimetre range. However, great
performance has been obtained with porous electrodes like felts or
stacked meshes that have much smaller holes. The primary explanation
may be sought in the wider pore size distribution present in such gas-
diffusion electrodes, which allows for capillary action to remove gas.
Alternatively, combining the positive features of small and large holes
also holds substantial promise to deal with gas bubble losses effectively.
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