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Abstract

A novel 3-electrode cell type is introduced to run parametrical studies of H2 evo-
lution in an alkaline electrolyte on porous electrodes. Electrochemical methods
combined with a high-speed optical measurement system are applied simultane-
ously to characterize the electrodes and the bubble dynamics in terms of bubble
size distribution and coverage of the working electrode. Three different cath-
odes made of expanded nickel are investigated at applied current densities of
|j| = 10 to 200 mA cm−2 without forced flow and at a flow rate of 5 ml min−1.
The applied current density is found to significantly influence both the size of
detached bubbles and the surface coverage of the working electrode. The forced
flow through the cathodes is found to strongly reduce the bubble size up to
current densities of about 100 mA cm−2, whereas the initial transient until the
cathode surface is completely covered by bubbles is only marginally affected by
the flow-through.

Keywords: bubble dynamics, alkaline electrolysis, porous electrodes, machine
learning, additive manufacturing, membraneless electrolyzer

1. Introduction

Water electrolysis using solar- or wind-derived electricity to produce high-
purity hydrogen gas is a promising pathway towards a net-zero-emissions indus-
try [1, 2]. Hydrogen could replace the fossil fuels often used in industry [3] and
be an alternative in applications that are hard to directly electrify, e.g., avia-
tion, shipping and inter-seasonal energy storage, or used to produce synthetic
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natural gas and various synthetic liquid fuels and e-fuels [4]. Although today’s
production of pure hydrogen gas almost entirely relies on fossil fuels [2], the pri-
ority is to shift the existing hydrogen production sector toward renewable/green
hydrogen using wind and solar energy [5, 6, 7]. Alkaline water electrolysis is still
the most mature technology that requires only little of platinum-group metals,
although suffering from lower efficiencies and current densities when compared
to other technologies. One reason for this, among others, is that considerable
losses are caused by the generated hydrogen and oxygen bubbles, which increase
the ohmic contribution to the overall overpotential as they block the electrode
surface and increase electrolyte resistance [8, 9, 10, 11]. To reduce energy losses
and thus make green hydrogen cheaper, better knowledge of how to further
advance the bubble departure is necessary.

Besides the operating expenditures (OPEX), which in the long term are
mainly caused by the electricity consumption and lack of efficiency, capital
expenditures (CAPEX) also need to be decreased [12]. One promising ap-
proach for a cheaper new cell design is so-called membraneless electrolyzers.
In general there are three different types of membraneless electrolyzers: flow-
through [13, 14, 15, 16, 17, 18], flow-by [19, 20, 21] and decoupled electrolyzers
[22, 23, 24, 25, 26]. Here, we focus on flow-through electrolyzers, where the
electrolyte flowing through porous electrodes is used to keep the products H2

and O2 separated by directly flushing them out of the cell in separate channels
[13, 14, 15, 16, 17, 18]. The elimination of the membrane in flow-through elec-
trolyzers both simplifies the overall design and improves the impurity tolerance,
thus enabling the operation with tap water [12]. As a result, a significant re-
duction of the CAPEX and OPEX can be expected. Hence, with decreasing
costs for electrical power, the produced hydrogen could become economically
competitive [12].

The diameter of the bubbles dB at the detachment and the coverage of the
electrode Acov by those bubbles are critical parameters for effectively separat-
ing the products using the electrolyte flow and for achieving satisfactory overall
efficiency [8, 13, 17]. In membraneless water electrolyzers, the efficiency is al-
ready reduced by higher ohmic losses compared to zero-gap alkaline or polymer
electrolyte membrane (PEM) electrolyzers [12]. Therefore, it is crucial to op-
timize the geometry and surface of the porous electrodes of the membraneless
design. Gillespie et al. [13] performed a detailed study on the relation between
the electrode gap, flow velocity and applied current density for a membraneless
divergent-electrode-flow-through (DEFT) cell. Higher electrode coverage and
the possible blocking of pores lead to higher losses due to the increasing pres-
sure drop and the higher ohmic resistance. More importantly, bubbles at the
inner site of each electrode can form a gas meniscus, resulting in the crossover
of the products as soon as they overlap [13]. Similar effects of the electrode gap
were reported by Pang et al. [19] and Rajaei et al. [27].

The electrogenerated gas bubbles growing at the electrodes experience a
number of forces including electric, hydrodynamic, thermocapillary forces, and
buoyancy [28, 29, 30, 31, 32, 33]. When the bubbles are surface attached, they
experience additional contact pressure and surface tension forces that needs to
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be further overcome prior to the bubble departure, leading to an increase in the
overpotential [34]. Furthermore, bubble-bubble coalescence events are known to
promote faster detachment, especially at a high current density j. However, the
bubbles growing inside a porous electrode are generally more easily entrapped
due to densely packed catalytic surface areas and weak convective flows.

In general, porous electrodes such as meshes or foams offer large areas for
electrochemical reactions, and there are many cavities on the surface, e.g., in
the weave knots of woven meshes. This leads to a higher number of nucleation
sites compared to planar electrodes [35]. If the geometry or the surface of
the electrodes are adjusted, the bubble dynamics can be improved such that
smaller bubbles detach faster. In general, small pore sizes lead to a homogeneous
flow distribution and a high reactive surface area [27]. However, the bubbles
entrapped inside the electrode lead to an increase in the overpotential and in the
pressure drop [34]. Lee et al. [36] performed a study on the structural effect of an
electrode mesh. For the expanded meshes, it was proven that the overpotential
decreases as the ratio of pore to strand width converges to 1. From this study
it can be concluded that a hydrophilic surface will favor a re-wetting of the
electrode and, by that means, remove gas bubbles with a smaller departure
diameter and re-cover the active area. A similar influence of the mesh structure
on the efficiency was also reported by Zhang et al. [34].

Structures incorporated into the porous electrode, such as tapered or ex-
panding channels, can impose a capillary force which enhances the bubble de-
tachment and the bubble transport inside the porous electrode [8, 37]. Another
possibility is using different pore sizes in the inner and outer regions of a porous
electrode. This can stimulate bubble coalescence and splitting processes in a
targeted manner [38]. Besides the bubble detachment, the efficiency of the gas
evolution has to be taken into account. This is affected by the competing pro-
cesses of mass transfer to the liquid bulk and to the adhering bubbles [39]. The
mass transfer is influenced by the bubble coverage, which moreover affects the
actual current density [39, 40, 41, 42].

The present study uses a novel, 3D-printed membraneless electrolysis cell
developed as a platform for analyzing the bubble dynamics and electrochemical
performance of porous electrodes. By simultaneously characterizing the size of
the detached bubbles, dB, the electrode coverage Acov and overpotential losses
over a wide range of current densities j, it is shown that the current density
influences both, dB and Acov, significantly. Additionally, the effect of the ap-
plied electrolyte flow through the porous electrode is studied. This new type
of cell provides a reproducible and uniform way to jointly characterize both the
electrochemical performance and the bubble dynamics in terms of bubble size
distribution and electrode coverage for different electrode geometries, materials
or coatings over a wide range of parameters. Thus, the new cell has the potential
to become a valuable tool in the simultaneous optimization of the electrochem-
ical properties and the resulting bubble dynamics of new electrode materials,
geometries and coatings.
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2. Materials and Methods

2.1. Cell design

Figure 1: Schematic of the electrochemical cell consisting of three electrodes and a detailed
view of the examined WE with indicated streamlines of the electrolyte flow. Note the two
observation windows, detailed in Fig. 2, and the removable WE holder (highlighted in yellow).

Fig. 1 documents the schematic design of the 3D printed electrochemical cell.
The bottom part of Fig. 1 is a magnified view of the electrodes comprising part
of the cell. The electrochemical cell consists of a horizontally installed cathode
(working electrode, WE) and two anodes (counter electrodes, CEs), as well
as of a reversible hydrogen electrode (RHE, HydroFlex®, Gaskatel, Germany)
serving as a reference electrode (RE) connected to the cell via a salt bridge.
The cathode is a section of expanded metal (EM) nickel of approx. 1×10 mm2

(see Section 2.2) and the anode consists in two pieces of Pt foil (purity 99.95 %)
together having an area of ≈ 100 mm2. The electrochemical cell features two
observation windows and an easily exchangeable cathode holder [43]. It is worth
emphasizing the possibility to simultaneously record side view and top view
images of the hydrogen-forming cathode to capture the bubble evolution over
time from two different perspectives (see Fig. 2). To allow the top view, the
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anode electrode is produced as two pieces of foil at a distance from each other as
shown in Fig. 1. The details of the electrochemical system are given in Section
2.3.

Figure 2: Schematics of the optical measurement system for both the top and side view images
of the WE (colors are for illustration only)

The cell and the electrode holders were printed from DraftGrey (KOH re-
sistant, Stratasys, USA) using an Objet30 Prime V5 (Stratasys, USA). The
observation windows, made of PMMA (Poly(methyl methacrylate)), were glued
into the cell using epoxy adhesive (Araldite 2013-1, Huntsman, USA). The con-
figuration of the cell is T-shaped and therefore possesses one electrolyte flow
inlet, located below the cathode, and two outlets located as shown in Fig. 2.
The inlet and outlets are connected to separate reservoirs to avoid electrolyte
remixing. To achieve a constant electrolyte flow without any pulsations, a mi-
crofluidic controller was used of the type OB1 MK3+ (Elveflow, France) with a
maximum pressure of 2 bar. Within the scope of the present study, the possible
mixing of H2 and O2 gases is tolerated, as the main focus is on the bubble dy-
namics at the cathode electrode of a different geometry. Therefore, no further
precautions are taken to separate the products at the anode and cathode.

2.2. Fabricating the working electrode
Sections of expanded metal nickel (Benmetal, Germany) were cut with a laser

into pieces of 1× 20 mm2. The cut electrodes were soldered to a copper wire (d =
1 mm) and glued to a 3D printed electrode holder using epoxy adhesive. The
free surface area of the electrode was limited to approx. 1 × 10 mm2 by covering
the rest of the electrode area and the solder joint with epoxy. Afterwards, the
electrodes were cleaned using deionized water and ethanol. To characterize the
electrode surface, three nickel foils (GoodFellow, purity 99.99 %) were produced
as benchmark electrodes in the same procedure, except that the surfaces of
these foils were polished using 1 µm diamond polish and alumina polish (PK-4
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Polishing Kit, BASi, USA) before the cleaning procedure. All the characteristic
parameters of the expanded metal sections were determined by Benmetal using
an OSIF MeshInspector ML system. In addition, the hydraulic diameter dh was
calculated using the following equation and assuming the pores to be diamond-
shaped (see Fig. 3 and Table 1). For this purpose, the length, lpore, and width,
wpore, of the mesh opening provided by Benmetal (see Supplemental Material)
were used to calculate the area and perimeter of the pore (Apore and Ppore).
In the following, the electrodes are named according to the mesh width wmesh,
which is defined as the distance between the centres of two junctions in the
direction of the short diagonal (see Fig. 3).

dh =
4 ·Apore

Ppore
=

wpore · lpore√
w2
pore + l2pore

(1)

Figure 3: Image of one expanded nickel metal piece with diamond-shaped pores and the two
essential parameters required to differentiate the electrodes: the mesh width wmesh and the
mesh length lmesh

Table 1: Overview of the mesh width and length (wmesh and lmesh), the calculated hydraulic
diameter dh (see Eq. 1), the electrode porosity ε and electrode thickness tel and the de-
termined electrochemical characteristics, double-layer capacitance CD and electrochemically
active surface area ECSA of the EM and the Ni benchmark electrodes Ni_bm

Name wmesh lmesh dh ε tel CD ECSA
in µm in µm in µm in % in µm in µF in cm2

EM_475 475 600 136.13 22.6 75 12.1721 0.3453
EM_500 500 600 86.10 11.8 150 10.6417 0.3019
EM_518 518 602 100.86 15.5 200 17.6738 0.5014
Ni_bm - - - - 100 8.4916 0.2409

2.3. Electrochemical methods
The electrochemical experiments were carried out in 1 M KOH (Titripur,

Merck, Germany) at 293 K in the three-electrode cell described above (see Sec-
tion 2.1). The RE was placed in a separate syringe and connected to the
cell through a salt bridge consisting of a 3D printed capillary and a tube
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(din = 0.5 mm). All WE potentials were measured with respect to the RE
using an electrochemical workstation (CHI660E, CH Instruments, USA).

To estimate the onset potential EO of the hydrogen evolution reaction (HER)
for all WEs, Linear Sweep Voltammetry (LSV) was performed over a potential
range from 0 V to −0.8 V at a scan rate of ν = 50 mV s−1. The onset potential
EO is defined as the intersection of the fitted tangent with the zero axis. Cyclic
Voltammetry (CV) was used to calculate the double-layer capacitance CD based
on the following equation

CD =
Ia + |Ic|

2 · ν
, (2)

where Ia is the absolute anodic current and Ic the cathodic current. The elec-
trochemically active surface area ECSA was determined by multiplying the
calculated capacitance CD with the ratio between ECSAbm and CD, bm of the
smooth benchmark surface [44]. This is defined by the averaged surface of the
three benchmark electrodes made out of plain nickel foil (see Section 2.2).

ECSA = CD ·
ECSAbm

CD, bm
(3)

The measured electrochemically active surface area ECSA was used to calculate
the current I to be applied for achieving a specific current density j (I =
j · ECSA). For the imaging of the bubble nucleation, growth and detachment,
galvanostatic measurements were performed at a sample rate of 50 Hz with
various current densities (j = −10,−20,−50,−100 or −200 mA cm−2).

Experimental parameters
For each WE, all measurements, including the electrochemical characteriza-

tion, were performed under normal conditions (approx. T = 293 K, p = 1 bar)
within the same day to avoid any contamination. Table 2 gives an overview of
all experimental parameters. For each parameter set, three measurements were
performed in order to obtain statistical confidence. Thus, a total of 3 × 5000
images were used for the side view evaluation and 3 × 1000 for the top view
evaluation. Fewer images were used for the top view because the rising bubbles
tended to cover the observation window over time. The galvanostatic measure-
ments were performed over a period of 20 s.

2.4. Imaging and image processing
Two high-speed cameras (IDT OS-7 S3, USA), each equipped with a preci-

sion micro-imaging lens with a magnification of 2 (Optem® FUSION, USA),
were used at a sample rate of 500 fps and a bit depth of 12 bit. The spatial res-
olution of the side view and top view cameras was 593 px/mm and 505 px/mm,
respectively. Both calibrations were performed using a dual-axis linear scale mi-
crometer with a scale division of 25 µm (Edmund Optics, USA). Greater details
on the camera settings in the form of metadata can be found in the Supple-
mental Material (.hdf5 files). To complete the shadowgraphy system, one LED
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Table 2: Overview of the varied parameters, the applied current density j, electrolyte flow rate
V̇ , electrochemically active surface area ECSA and electrode porosity ε, as well as the constant
experimental parameters, the electrolyte concentration cKOH used and the free surface of the
Pt-CE ACE

Parameter Description
V
ar
yi
ng

j -10, -20, -50, -100, −200 mA cm−2

V̇ 0 and 5 ml min−1

ECSA 30.19, 34.53, 50.14 mm2 (see Table 1)
ε 11.8, 15.5, 22.6 % (see Table 1)

C
on

st cKOH 1 M KOH
ACE 80 mm2

panel (CCS TH2, Japan) and two honeycomb LEDs (IDT, USA) were incorpo-
rated, providing back and top illumination, respectively. The side view images
were used to calculate the size of the bubbles at the detachment, whereas the
top view images made it possible to estimate the electrode coverage over time.
The image analysis procedures were performed in Python 3.8.
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Figure 4: Bubble size distribution with dashed fit for better comparison and mean bubble
diameter (plotted in inset axis) for two different stardist models (16 rays (blue) and 32 rays
(orange)) in comparison to the validation data set (green) with semi-automatically annotated
bubbles showing a good agreement of both models

The detection of single bubbles using conventional, well-established algo-
rithms such as the Hough transform becomes especially challenging at high
current densities, where a high fraction of gas bubbles overlap. Therefore, an
approach based on machine learning was applied using stardist [45, 46]. The
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stardist method is based on the prediction of the object probability di,j and the
Euclidean distance rki,j along k radial rays. Each bubble is described by multiple
rays as a star-convex polygon. These were fitted as an ellipse to calculate the
bubble diameters dB [47]. Since the key criterion in the present analysis is the
precise detection of the bubble size distribution, the bubble size dB is used as
a criterion for evaluating the model. Two different stardist models, 16 or 32
rays, respectively, were compared to an evaluation set of randomly chosen set
of 100 images (see Supplemental Material). A comparison of the results (see
Fig. 4) led to the choice of the model using 16 rays, as the deviation is minimal.
Therefore, only the results calculated with the 16-ray model will be discussed
in the following. Since the evolving H2 bubbles can be described as spheres, the
number of 16 points from the rays at the bubble boundary is also enough for
the ellipse fitting algorithm.

Another advantage of stardist is that less image preprocessing is needed.
Only the region of interest (ROI) needs to be cropped out of the image and the
bubbles are detected using the trained model. As stacks of bubbles form at the
electrode (see Fig. 5a), a rectangular region with a width of 30 px at the top of
the images was chosen as the ROI to ensure that only detached bubbles are pro-
cessed. The postprocessing is split into deleting blurred bubbles and linking all
those remaining (see Fig. 5b-c). The phenomenon underlying blurred bubbles
is the depth of field (DOF) of the optical system. By moving the calibration
plate through the plane of focus, the DOF could be estimated as ≈ 66 µm (see
Supplemental Material). The variance in the Laplacian of the single bubble
was chosen as the criterion to define a bubble inside the measurement plane.
Since this value is dependent on the bubble size dB or the size of the image
section, respectively, a threshold is applied first for deleting misdetected objects
(V ar(∆) < 50). The variance is then multiplied by the bubble diameter dB to
guarantee that all bubble sizes are treated equally. Next, the blur criterion is
applied, which is sketched in Fig. 6 as a dashed red line and is defined as the
30% quantile of the distribution of the calculated metric (V ar(∆) · d2

B) over all
bubbles. The detected, processed bubbles were linked using trackpy [48] to cal-

(a) Raw image of side view analysis

(b) Cropped ROI

(c) Result with annotated bubbles for all bub-
bles detected using stardist

Figure 5: Processing of side view images consisting of cropping the ROI, detecting the bubbles
using stardist and post-processing (deleting blurred bubbles and misdetected objects)
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culate the mean diameter dm of each bubble and avoid one bubble being counted
multiple times when measuring the size distribution of the detached bubbles.
Additionally, the standard deviation of dm was calculated during the crossing
of the ROI and only the bubbles with V ar(dm) < 1 were taken into account for
the bubble size distributions. This procedure ensures that misdetected bubbles
are excluded from further consideration as far as possible.

Figure 6: Blur criterion (dashed red line) to distinguish between blurred and sharp bubbles
with example images of a blurred and a sharp bubble, as well as a bubble in the transition
area

The overall electrode coverage was calculated from the top view images us-
ing the structural similarity (SSIM) function included in scikit-image [49, 50].
The SSIM index is a measure of the structural similarity of two images, com-
paring their luminance, contrast and structure [49]. One advantage of the SSIM
index is that the result is not influenced by the non-homogeneous illumination
of the top view images [50]. As the laser-cut edges of the electrodes are not
representative of the electrode performance, only the central part of the elec-
trode was processed. First, the image of the clean electrode is divided by an
average background image. All subsequent frames are then compared to this
image using the SSIM function. A sliding window with a size of 9 pixels, thus
≈ 18 × 18 µm2, is used and the local SSIM index is calculated by comparing it
with the same section of the average background image. The size of the sliding
window was chosen to guarantee a robust result and to simultaneously resolve
the structure of the electrodes. By applying a simple threshold on the calculated
SSIM image, the non-zero pixels can be counted; they correspond to those parts
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of the electrode covered by bubbles. The total coverage of the electrode Acov is
calculated using the given values for the electrode porosity ε (see. Table 1) and
is defined as

Acov =
N

Aim · (1− ε)
, (4)

where N is the total number of non-zero pixels in the threshold image (see Fig.
7d) and Aim is the size of the cropped image. The processing of top view images
is sketched in Fig. 7.

(a) Raw image of the clean electrode

(b) Cropped image of ROI of a fully covered
electrode

(c) SSIM image of a fully covered electrode

(d) Image with applied threshold to calculate
the electrode coverage

Figure 7: Image processing of top view images consisting of cropping the ROI, calculating the
SSIM image of each image by comparing it with the image of the clean electrode and counting
the non-zero pixels

All processed data including example videos are available at 10.14278/ro-
dare.1845.

3. Results and discussion

3.1. Electrochemical characterization and performance of electrodes
The double-layer capacitance CD was measured by applying electric poten-

tials at which no significant Faradaic reaction occurs, such that the small current
I measured only stems from charging/discharging of the electrode according to
the double-layer capacitance CD (see Fig. 8b) [51]. By running a CV in a wide
potential window from 0.25 V to 0.85 V, the potential range of 0.75 V to 0.85 V
was obtained. As can be seen in Fig. 8a, nearly rectangular cyclic voltammo-
grams were measured, suggesting that the chosen potential range is suitable,
and the measured current corresponds to charging and discharging of the elec-
trode. Thus, the ECSA calculated in accordance with Eq. 3 corresponds to the
electrochemically active surface of the electrode. It is important to emphasize
that differences in the measured ECSA can be caused by the material prop-
erties (e.g. impurities or enhanced roughness) or different geometrical sizes of
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(a) CVs at 15 different scan rates for the electrode
EM_475

(b) Linear fits of current I = Ia + |Ic|
over scan rate ν to calculate double-layer
capacitance CD of each electrode

Figure 8: Capacitance measurements to calculate ECSA for all three expanded metal nickel
sections using CV

the uncovered electrode surface. However, all expanded metals show a bigger
ECSA compared to the plain nickel foils.

The onset potential for HER, EO, was determined using LSV (see section
2.3). Fig. 9 shows that EO is similar for all the expanded metals. Since all the
expanded metals were made of nickel with the same purity and were produced
with similar manufacturing parameters, this is reasonable. In summary, the
main differences between the expanded metals studied lie in the hydraulic di-
ameter dh and the ECSA. This also takes into account the different thicknesses
tel of the electrodes (see Table 1).

Figure 9: Measured current I during LSV from 0 V to −0.8 V to determine the onset potential
EO as the intersection of the fitted tangent with the line of I = 0 mA for three different
expanded nickel metals

One aspect that is crucial for the overall efficiency of the electrolysis is the
electrochemical performance of the electrodes, which can be described using the
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voltage efficiency ηE

ηE =
|∆E0|
∆E(j)

, (5)

where |∆E0| = 1.23 V is the reversible cell potential for the water splitting
reaction under standard conditions and ∆E(j) is the measured cell potential at
a specific current density j [19]. ∆E(j) is defined as the sum of |∆E0| and the
absolute value of the overpotential losses:

∆E(j) = |∆E0|+ |ηHER|+ ηOER + ηΩ + ηconc (6)

According to Pang et al. [19], the concentration overpotential ηconc is negligible
in strong bases. Since all tests were carried out under the same conditions with
the same CE, not only |∆E0| but also the overpotential of the oxygen evolution
reaction (OER) ηOER can be assumed to be constant. Thus, a larger measured
∆E(j) corresponds to greater ohmic overpotential losses ηΩ and HER related
losses ηHER.

In Fig. 10, the average potential Ē and standard deviation σ of the quasi-
steady state region in the time span of t = 8 . . . 10 s are plotted over all the
current densities |j| studied. In general, greater overpotential losses of the
electrode EM_518 are observed. Additionally, for each electrode, two curves
are plotted in Fig. 10 for the cases with and without flow-through. It can be
stated that the flow-through has a negligible effect on the potential E for all
electrodes and all current densities j. Although this is not what flow-through
is intended to achieve in membraneless electrolyzers, the phenomenon might
be strongly influenced by the specific design of our test cell where the focus
is solely on the cathode side, whereas the flow-by situation at the anodes is
far from being optimal. For all the parameters studied, the electrode EM_518
shows the highest potential E(j). Since the applied current I was defined by
the calculated area ECSA, it can be concluded that the overpotential ηHER of
the electrode EM_518 is greater compared to the other electrodes, assuming
constant ηOER at the Pt-CE.

3.2. Bubble size distributions
The analysis of the size of detached bubbles d32 is crucial when designing

and selecting operating conditions for membraneless electrolyzers such that the
overall efficiency and the product purity are maximized [17]. When considering
the gas crossover within the electrode gap, the detached bubble diameter dB has
to be minimized in order to reduce the electrode gap. Since a large electrode
gap acts as a bottleneck in membraneless electrolyzers compared to other well-
established technologies, it must be reduced, though only as long as product
purity remains guaranteed.

In Fig. 11, the dependence of the WE on the size distribution of de-
tached bubbles is shown when two different current densities are applied, |j| =
20 mA cm−2 and |j| = 100 mA cm−2. To provide additional information, the
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Figure 10: Electrochemical performance of the electrodes EM_475, EM_500 and EM_518
over a current density range from |j| = 20 to 200 mA cm−2 and at two different flow rates
using the averaged potential Ē vs. RHE of the quasi-steady state region (t = 8 . . . 10 s) under
galvanostatic conditions

average diameter dm and Sauter diameter d32 are calculated and plotted for
each distribution. Due to the limited spatial resolution, all bubble size dis-
tributions are cut off at a bubble diameter of dcutoff ≈ 20 µm and must be
taken into account for all further analysis. Especially at low current densities of
|j| ≤ 20 mA cm−2 (see Fig. 11a), slight differences between the electrodes can
be measured. E.g., EM_518 shows a smaller mean diameter dm and Sauter
diameter d32 as well as a narrower bubble size distribution. For a better vi-
sualization of the results for all parameter variations, in the following only the
Sauter diameter d32 will be taken into account.

For the electrode EM_518, a correlation can be identified between the size
distribution of detached bubbles and the current density |j|. Increasing current
densities |j| lead to increasing Sauter diameters d32 (see Fig. 12) and a wider
distribution, as shown in Fig. 11. Increasing bubble sizes were also reported
by Luo et al. [52] in their study of inexpensive and efficient electrocatalysts for
hydrogen evolution. This phenomenon can be seen for all studied electrodes es-
pecially clearly if an electrolyte flow is applied (see Fig. 12), even at the low flow
rates V̇ applied during the study. The bubble size is drastically reduced (by as
much as ≈ 40% at a current density of |j| = 10 mA cm−2), when the electrolyte
flow is applied through the electrodes compared to the no-flow condition. By
increasing the electrolyte flow rate V̇ , the shear rate at the electrode-bubble
interface increases proportionally. Thus, the bubbles detach faster and at a
smaller Sauter diameter d32. A similar effect of premature departure due to the
applied electrolyte flow was observed by Zhang and Zeng [53]. Thus, the shear
rate is a fundamental parameter to adjust the bubble size and also the product
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(a) Current density |j| = 20 mA cm−2 (b) Current density |j| = 100 mA cm−2

Figure 11: Size distribution with fitted curves of the detached H2 bubbles at two different
current densities |j| and a flow rate of 5 ml min−1 for 3 different expanded nickel metals and
additional plots of the mean bubble diameter dm and Sauter diameter d32

purity in applications such as membraneless electrolyzers. However, the effect
of the flow rate falls as the current density |j| increases. This may be due to
the fact that the bubble growth rate and the number of nucleation centers in-
crease with the current density |j|. Therefore, at high current densities |j|, the
low flow rate V̇ applied and thus also the low shear rate no longer influence the
bubble growth and detachment so strongly. Here, further experiments including
also higher flow rates V̇ are necessary to derive reliable trends at higher current
densities j.

Figure 12: Sauter diameter d32 of the detached H2 bubbles as a function of the applied current
density |j| and the flow rate V̇

However, the electrodes EM_518 and EM_500 show nearly constant Sauter
diameters d32 for the no-flow condition compared to the electrode EM_518. In
general, the Sauter diameter d32 is much less affected by an increase of the
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current density j without flow. This might indicate that the bubble size is
determined by the electrode geometry and electrochemical properties. Here,
the electrodes EM_518 and EM_500 show similar electrochemical performance
and the electrode EM_518 shows clear differences (see Fig. 10).

It is important to mention that even though the approach based on machine
learning leads to better results at higher current densities, many bubbles can-
not be detected. This is not due to the algorithm, but to the non-transparent
bubble plume detaching at high current densities |j|. Within the plume, only
big bubbles at the edge of the bubble plumes can usually be segmented. Hence,
the bubble size distributions at high current densities |j| are likely to lack small
bubbles. However, the correlation of increasing bubble sizes d32 with increas-
ing current density |j| remains valid. Additionally, as the current density |j|
increases, not only the size of detached bubbles d32 but also the bubble layer
thickness increases. All of this together leads finally to an increase in the over-
potential ηHER [54].

3.3. Electrode coverage

(a) Flow rate V̇ = 0 ml min−1 (b) Flow rate V̇ = 5 ml min−1

Figure 13: Dependance of the applied current density |j| and the flow rate V̇ on the coverage
of the WE Acov over time shown by way of example for the WE EM_500

Fig. 13 shows the development of the surface coverage Acov over time at
different current densities |j| and flow rates V̇ for the WE EM_500. For current
densities larger than |j| ≥ 50 mA cm−2 the electrode is nearly fully covered in
less than 0.1 s, whereas it takes significantly longer at low current density |j|
(see Fig. 13). This can be observed for both flow rates V̇ . By plotting the
time t at which the maximum coverage of each WE is reached over all the
current densities |j| studied (see Fig. 14), the fast covering of the electrode at
current densities larger than |j| ≥ 50 mA cm−2 can be found for all the electrodes
studied. Thus, with an increasing current density |j| the electrode is covered in
a shorter timescale. By contrast, the flow rate V̇ shows a negligible effect on
the coverage Acov. However, it is interesting to note that the tendency is for
the electrode to be covered more rapidly in the presence of an electrolyte flow.
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(a) Flow rate V̇ = 0 ml min−1 (b) Flow rate V̇ = 5 ml min−1

Figure 14: Time t at which the WE surface reached maximal coverage for the different WEs
and at electrolyte flowrates of 0 or 5 ml min−1

The images of the top view have a low spatial resolution, an issue that could
not be improved due to difficulties with illumination. Thus, coverages below
Acov ≈ 20 % could not be resolved. Nevertheless, the results show that the
current density |j| significantly influences the surface coverage of all the WEs
studied. This agrees with Faraday’s law, which describes the proportionality
between the electric charge and evolved gas, and with the studies by Vogt [42]
for low current densities |j|. Since the camera and the electrochemical signal
were not synchronized, the deviation of the calculated time t in Fig. 14 reaches
values of ≈ 50 %. In future experiments, this will be avoided by using a trigger
signal. Furthermore, since the bubbles rise against the observation window,
especially when an electrolyte flow V̇ is applied, the tendency for the coverage
time Acov to decrease is affected by an additional source of uncertainty: bubbles
that are already detached and rising.

4. Conclusion and Outlook

This study has introduced a new cell type to perform parametrical studies
on various electrodes. Importantly, the cell features a combined analysis of
two different perspectives, the top view and side view, that can be used to
validate improvements in the bubble dynamics of newly developed electrodes,
such as laser-structured or coated electrodes. Moreover, an approach based on
machine learning was used to study the size distribution of detached bubbles
as a characteristic value for the WE. Additionally, the bubble coverage of the
electrode Acov was taken into account. Thus, a complete characterization of
various electrodes is possible and can help in individual cases to decide which
electrode to use. This also makes the cell interesting for the development of new
electrodes, since the WE can be characterized holistically.

The electrodes studied showed similar behaviors for all experimental param-
eters. Only the expanded nickel metal EM_518 showed higher overpotential
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ηHER. The greatest impact of the applied flow rate V̇ was observed at low cur-
rent densities (|j| ≤ 50 mA cm−2), where the size of detached bubbles d32 was
reduced by as much as ≈ 40%. In further experiments, the flow rate V̇ must
be increased to gain a better understanding of the shear rate’s influence on the
bubble growth and detachment, respectively. Additionally, the current density
j is affecting the detached bubble size as well as the electrode coverage Acov.
In general, it can be stated that increasing current densities lead to a faster
covering of the electrodes. By increasing the applied current density j, the
Sauter diameter d32 also tends to increase. However, due to the evolving bubble
plumes at high current densities j the results lack in small bubbles entrapped
inside these plumes.

After this proof-of-concept, the cell will be used to run parametric studies
on structured electrodes and on different manufacturing methods. By further
optimizing the stardist models and increasing the spatial resolution, it might be
possible to investigate bubble dynamics at even higher current densities.
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Nomenclature

Latin Symbols
A Electrode area in m2

ACE Counter electrode area in m2

Acov Covered electrode area in m2

Aim Image size in px2

Apore Area of the pore in m2

CD Electrode double-layer capacitance in F
cKOH Electrolyte concentration in M
dB Bubble diameter in m
dcutoff Cutoff diameter of spatial resolution in m
dh Hydraulic diameter in m
di,j Object probability (stardist)
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din Inner diameter in m
dm Mean diameter in m
d32 Sauter diameter in m
ECSA Electrochemically active surface area in m2

∆E0 Reversible cell potential for the water splitting reaction under
standard conditions in V

E Potential in V
EO Onset potential in V
I Electrical current in A
Ia Anodic current in A
Ic Cathodic current in A
j Current density in A cm−2

k Number of radial rays (stardist)
lmesh Mesh length in m
lpore Pore length in m
N Number of pixels
p Pressure in Pa
Ppore Perimeter of the pore in m
ri,j Euclidean distance in m (stardist)
T Temperature in K
t Time in s
tel Electrode thickness in m
V̇ Flow rate in m3 s−1

wmesh Mesh width in m
wpore Pore width in m
Greek Symbols
ηΩ Ohmic overpotential in V
ηconc Concentration overpotential in V
ηE Voltage efficiency in %
ηHER Overpotential of the hydrogen evolution reaction in V
ηOER Overpotential of the oxygen evolution reaction in V
ν Scan rate in V s−1

σ Standard deviation
ε Porosity in %
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