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ARTICLE INFO ABSTRACT

Handling Editor: Ramazan Solmaz To make green hydrogen more economically attractive, the energy losses in alkaline electrolysis need to be
minimized while operating at high current densities (1 A cm’z). At these current densities the ohmic resistance
and gas bubbles effects contribute largely to the energy losses. To mitigate the gas bubbles losses, we demon-
strate, for the first time, a pressure swing to remove gas bubbles in a zero-gap alkaline water electrolyzer. The

pressure swing leverages the ideal gas law to increase the volume of gas in the system periodically, for a short

Keywords:
Alkaline water electrolysis
Gas bubbles

Hyd . . . .
Zeymr_r;i;n duration (<2 s). This temporal volume increase effectively removes bubbles from the electrolyzer. We show that
Pressurized pressure swing can be used to measure the effect of bubbles on the ohmic resistance (Rpupbles). Our results reveal

that foam electrodes have a significantly larger Rpupbles than perforated plate electrodes (1.8 Q em?vs 0.3 Q em?).
The time-averaged cell voltage reduces by 170 mV when applying pressure swings to an electrolyzer operating at
200 mA cm 2 in 1 M KOH with foam electrodes. The bubble resistance further depends on the electrolyte
conductivity (inversely proportional) and is only moderately affected by operating pressure (25 % lower when
increasing pressure amplitude from 1-2 to 1-5 bar). By implementing these findings in a model, we estimate that
the pressure swing could reduce the cell voltage by ~0.1 V for an electrolyzer operating at industrial conditions
(6 M KOH, 80 °C, 1 A em™?) for foam electrodes. For perforated plate electrodes, however, the reduced cell
voltage is lower and does not outweigh the additional compression energy.

alkaline electrolysis improves significantly at high current densities (1 A
-2
cm <) [9].

1. Introduction

To limit global warming, fossil fuels need to be phased out as our
main source of energy and chemicals [1,2]. Green hydrogen is indis-
pensable for the fossil-free production of fertilizers, steel and chemicals
[3]. IEA estimates that we will need 80 Mton of green hydrogen pro-
duction by 2030 to be on track to net zero CO3 emissions by 2050 [4],
which is enormous compared to the predicted installed 0.45 Mton ca-
pacity by the end of 2023 [5].

To produce such large amounts of green hydrogen, we can use
alkaline electrolysis [6]. Alkaline electrolysis benefits from its scalability
as it uses abundant metal catalysts like iron and nickel, which is
mandatory if we consider the required scale of hydrogen production [6,
7]. Unfortunately, alkaline electrolysis is not economically attractive
yet. The US department of energy calculated that the costs need to be
reduced by 80 % to reach their target of 1 dollar per 1 kg Hy [8]. These
large cost reductions can only be achieved when the energy efficiency of
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At high current densities the contribution of energy losses shifts to-
wards ohmic losses (which scale linearly with current) and losses due to
gas bubbles (which scale linearly or even more than linearly) [10-12].
The latter originates from hydrogen and oxygen bubbles that block the
active sites on the electrodes and reduce the conductivity of the elec-
trolyte solution [13-15]. This causes large energy losses, as the bubbles
can take up more than 50 % of the volume of the electrolyzer [16].

Ohmic losses can be mitigated to some extent by reducing the inter-
electrode distance. This is why nowadays a large fraction of alkaline
electrolysers are designed with an (almost) zero-gap design [9]. This
design requires porous electrodes to ensure water and gas transport
remains possible. Electrode geometries are that are typically used are
metal foams [17,18], expanded meshes [19] and perforated plates [16,
20]. However, a zero-gap configuration still suffers from bubbles, since
gas gets stuck in the electrode pores and reduces the electrochemically
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active surface area [16,21]. Not only do gas bubbles increase the ohmic
resistance, they can also mechanically damage catalyst surfaces [22]
and fluctuations in the electrical potential due to bubbles can lead to
gradual degradation of the catalyst layer [23,24]. Creative methods to
avoid and remove gas bubble are therefore crucial to fully optimize
alkaline electrolyzers.

Gas bubble-mitigation strategies can be divided into three main ap-
proaches: Reducing gas bubble effects at the electrode microstructure
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level, electrode geometry level and at the process level.

Electrodes can be optimized at the microscale by creating nano- and
micro-structured electrodes [25] (such as nanoneedles [26] and
striped-pattern superlattices [24]). The sharp interfaces reduce the
adhesion forces of gas bubbles, which results in a much faster release
and thus 2-100x reduction in gas bubble sizes [24,26]. Additionally,
electrodes with small hydrophobic have been synthesized to locally
induce nucleation and collect gas, to keep the remaining electrode area
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Fig. 1. A. Exploded diagram of the flow cell. B. Process diagram of the pressure swing setup, see SI-1 for the operation scheme of the pressure swing.
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gas-free [27-29]. However, it is highly challenging to make such elec-
trodes stable under high current densities at the hostile conditions of 30
wt% KOH and 80 °C for hundreds or even thousands of hours [30].

The macroscale electrode geometry can also mitigate the adverse
effects of gas bubbles. The optimal geometry is a trade-off between a
high electrochemically active surface area (ECSA) while keeping large
enough pores to prevent bubble trapping in the pores. Previous work
showed that mesh and foam electrodes with the highest ESCA can be
outperformed by electrodes with a lower ECSA but large enough pores
for bubble release [17,31,32]. Although, shape optimization and the use
of non-standard electrode geometries [18,33,34] could result in even
better gas-bubble mitigation, the complexity and trade-off with active
surface area still limits the effectivity of this route for gas bubble
mitigation.

On the process level the electrolyte, operating conditions and cell
geometry can be optimized or on can apply external forces to reduce
bubble effects. For example, Zhao et al. and others have shown that
adding a surfactant to the electrolyte reduces the bubble nucleation
energy and enhances bubble removal [22,35-37]. However, surfactants
also cause foaming [26], which will make downstream gas-liquid sep-
aration more difficult. Operating the electrolyser at a higher pressure
has minimal impact in zero-gap electrolysers; the stagnant bubbles ul-
timately release after reaching sufficient buoyancy, which means the
bubble coverage is similar at low or high pressure in steady state [20,38]
Gas bubble removal can be enhanced to some extent with turbulence
promotors [39] or by having a “small-gap” instead of zero-gap [19].
Finally, gas bubbles can also actively be removed by process intensifi-
cation, such as having an external force field [40-42], centrifugal flow
[43], with ultrasound [44,45] or pressure waves [46]. Nevertheless,
even with these strategies, gas bubble resistance remains a substantial
part of the irreversible energy losses in electrolysis.

We introduce, for the first time, a pressure swing to remove gas
bubbles in a zero-gap water electrolyzer. A pressure swing leverages the
ideal gas law, by temporarily increasing the buoyancy and volume of gas
bubbles at lower pressures. In our previous work [46], we showed that
the average cell voltage can be reduced by 0.1-0.2 V applying a pressure
swing (1-4 bar) periodically to an electrolyzer with a large gap. We have
improved the response time of the pressure swing to be able to apply it to
a zero-gap electrolyser. Here, we use the pressure swing to analyse and
quantify the effect of gas bubbles on the cell voltage. We demonstrate
that the cell voltage is reduced when applying a pressure swing to a
zero-gap electrolyser, and that pressure swings can be leveraged to
obtain in-operando information about the gas bubble coverage.

2. Method section
2.1. Electrochemical cell and materials

Pressure swing assisted electrolysis was performed in a custom-made
rectangular Poly(methyl methacrylate) (PMMA) flow cell, see Fig. 1A.
To achieve high transparency the PMMA was milled with a special
diamond mill. The flow channels are 5 mm deep and 25 mm wide, and
three polypropylene pillars (6 mm diameter) were added to keep the
electrodes in place. The electrodes were either Ni Foam (Recemat BV,
RCM-Ni4753.005, 0.5 mm thickness, 0.4 mm average pore diameter,
0.952 porosity) or Ni Perforated plate (Veco B.V., 0.3 mm thickness, 1.0
mm average pore size, 0.312 porosity). During experiments, the cathode
and anode always had the same geometry (e.g. Foam/Foam). The
electrodes have a geometric surface of 40 cm? and were pre-treated in
situ. We welded two nickel wires to each electrode for electrical contact.
The electrodes were separated by a Selemion AHO anion exchange
membrane, which was used because of its good pressure-, gas-crossover-
and alkalinity-resistance. EPDM O-rings (3 mm diameter, ERIKS) were
used for sealing. The cell was pressure tested for 7 bar (abs).
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2.2. Pressure swing equipment

The KOH catholyte and anolyte (45 wt% Thermo Scientific, diluted
with demineralized water to 0.3, 1, 2, 3 or 6 M) are pumped through the
system with peristaltic pumps at 72 mL/min (MasterFlex L/S with 16HP
tubing, max pressure 8.5 bar). The maximum pressure in the electrolyser
was controlled at the outlet with two back-pressure regulators (Swage-
lok, Stainless steel, Kalrez seals) to 2-5 bar (abs). The pressure swing
was regulated with solenoid valves (Buschjost 82 560 series, Stainless
steel) at the inlet (1/4") and outlet (1/2") of the electrolyser. To achieve
a quick pressure response, membrane expansion vessels (Reflex Win-
kelmann GmbH, Reflex S2) were installed before the inlet solenoid
valves. The gas cushion in the expansion vessels was pressurized with
nitrogen to the desired operating pressure of the electrolyzer. See Fig. 1B
for the process diagram of the system.

During high pressure operation, the inlet valve was open and the
outlet solenoid was closed, and the liquid is exits the system through the
back pressure regulator. The pressure swings were performed in four
steps.

. For 0.5 s, all valves are closed.

2. For 1 s, the outlet valve is opened. The system is now open to at-
mosphere and depressurizes. The pump continues pumping, but into
the expansion vessel.

. For 0.5 s, all valves are closed.

. The inlet valve is opened again. High pressure liquid enters the
system from the pump and expansion vessel.

This setup results in a pressure response of <1 s to achieve low
pressure (step 2) and high pressure (step 4), which is much faster
compared to previous work (5s to low pressure, ~20s to high pressure)
[46].

The pressure was recorded with pressure transmitters (TC-Direct,
716-908) at the in- and outlet of the electrolyser. The temperature was
recorded by a thermocouples in the catholyte bottle and the cathode and
anode compartments inside the electrolyser (TC-Direct), during all
measurements the temperature was 23-30 °C.

2.3. Electrochemical measurements

All alkaline electrolysis experiments were performed at constant
current to ensure a constant gas production rate. The current was
controlled with an Ivium XP20 Potentiostat. This was connected to the
anode and cathode in a 4-electrode configuration to minimize ohmic
losses in the voltage signal. Before every measurement series, the cell
was operated at 200 mA cm ™2 for 30 min at atmospheric pressure
without a pressure swing. This was both to pretreat the electrodes and
saturate the electrolytes with oxygen and hydrogen, to minimize
Nernstian effects on the voltage.

In all AEgpples measurements, the experiments were performed from
high to low current densities, to minimize the effects of Ni redox re-
actions and effects from changes in dissolved gas concentration at lower
currents.

2.4. Control and data acquisition

The pressure transmitters and thermocouples were read out with a
NI-9207 and NI-9213 modules respectively and the solenoid valves were
controlled with a NI-9482 relay module. The setup was controlled with a
custom Labview script and the data was processed with in Python. All
scripts are available on the Zenodo repository.

3. Results and discussion

We developed a pressure swing to remove hydrogen and oxygen gas
bubbles from a zero-gap alkaline water electrolyser. First, the concept of
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the pressure swing will be demonstrated and used to quantify the effects
of gas bubbles on our zero-gap electrolyzer setup. Then pressure swing
assisted electrolysis will be evaluated experimentally and with a simple
analytical model.

3.1. Pressure swing concept in a zero-gap electrolyzer

The gas production in a zero-gap alkaline electrolyser is largest near
the electrode separator interface [16], as the ionic travel distance be-
tween cathode and anode is the shortest here. A zero-gap configuration
always has some small gap between the electrode and the separator. This
is because the electrodes are not perfectly flat or the cell is compressed
inhomogeneously [16,19] (see Fig. 2). As there is no easy path to release
into the bulk electrolyte, gas bubbles tend to accumulate in this gap and
in the pores of the electrode. The pressure swing is a method to remove
gas bubbles from these the electrodes pores in three stages (Fig. 2).

. Default operation at constant current and high pressure. The elec-
trode and cell are saturated with gas bubbles. The cell voltage is high
and fluctuating from constant detachment and coalescence of
hydrogen and oxygen bubbles [47].

. The pressure is reduced to atmospheric pressure for 1 s. This causes
gas bubbles to expand. Bubbles inside the pores of the electrode are
expanded and pushed out into the bulk electrolyte. During the low
pressure stage the cell voltage increases, as all gas bubbles expand
and further reduce the active electrode area and electrolyte con-
ductivity. During stage 2 the pump is not connected to the electro-
lyser and the flow is driven by expanding gas bubbles.

. The electrolyzer reconnected to the pump and pressurized by an
inflow of high pressure electrolyte, which recompresses the
remaining gas in the system. This flush of electrolyte removes the
remaining gas bubbles from the bulk electrolyte. As the electrolyzer
continuously produces new hydrogen and oxygen, the system will
eventually transition back to stage 1.

To conclude, the pressure swing is an effective method for removing
gas bubbles from the electrode surface of a zero-gap alkaline electrolyser
The effectiveness of the bubble removal can be seen in the images in
Fig. 2, videos in the SI and in the voltage response, where most of the
fluctuations have disappeared during stage 3. The combination of the
pressure pulse and the large flowrate in step 3 is key for good gas bubble
removal. Our preliminary experiments have shown that a large flowrate
pulse alone is not able to remove all gas (see SI-2).

3.1.1. Determining the ohmic contributions of gas bubbles (Rpyppies)
The pressure swing allows us to measure the cell voltage of a

International Journal of Hydrogen Energy 57 (2024) 1398-1407

electrolyzer in-situ with and without gas bubbles. When comparing the
voltage directly after the pressure swing to the steady state voltage, the
effects of gas bubbles (AEpypples) can be quantified (Fig. 3A) at the
operating pressure, i.e. 4 bar in Fig. 3A. We acknowledge that AEgpples
could be underestimated because most, but not all, gas bubbles are
removed, especially at higher current densities. AEgpples could also be
overestimated as the large inflow of fresh electrolyte could affect the
concentration overpotential or induce slight changes in temperature.
Swiegers et al. stated in their review article that estimates of bubble
overpotentials are rare [12]. Because gas bubbles influence both the
local current density and ohmic resistance, it is hard to isolate their
contribution from other unrelated contributions to the overpotential.
We believe that fast pressure swings, applied to electrolyzers in oper-
ando, could be a reliable approach to investigate and isolate bubble
overpotentials (AEpypbles)- By installing (micro-)reference electrodes one
could even measure AEp;pples On cathode and anode individually.

Fig. 3B shows the relation between AEgpples and the current density
for a Ni Foam electrode, 1 M KOH and a 1-2 bar pressure swing.
AEpybbles is almost linear with current density until 150 mA cm 2, with
an Rpypbles Slope of 1.8 Q cm?. The linearity indicates that gas bubbles in
a zero-gap Ni Foam electrode cause an ohmic resistance, that is inde-
pendent of the current up to 150 mA cm™2. In other words, the rate of
gas bubble production in the system does not seem to have a large effect
on the bubble resistance. We believe this is caused by a saturated film of
gas bubbles that forms in the electrode pores and in the electrode-
separator gap, as was also suggested by others [16,21]. In Fig. 3B a
lower AEpypbles Slope is observed at >150 mA cm™2. We believe this
slope change is a results from the large gas production during the low
pressure of the pressure swing. During the low pressure time at 150 mA
em™2,0.029 mL of Hy gas is formed, which is 60 % of the pore volume of
the foam. These remaining gas bubbles increase the voltage after a
pressure swing, hence AEgpples is no longer a true representation of the
voltage change due to gas bubbles. These points were therefore not
included in the Rpypples slope fit.

After the pressure swing, the system will return to a steady state
where the electrode pores are saturated with gas bubbles. We calculated
this saturation timescale, tg;, with a linear fit of the cell voltage
(Fig. 3C). Here tgt = AEpypbles/ (AE/db)git. tsat is inversely proportional to
the current density (j) (Fig. 3D). We can further hypothesize that ts
equals the bubble volume in the porous electrode at saturated conditions
(Vo, in mL/cm?) divided by the volumetric gas production rate:
at = Yo

RT
pnoy F

Eq1l

in which j is the current density (mA cm™2), R the ideal gas constant
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Fig. 2. Left/Middle top. Graphical representation bubble removal of a pressure swing in a zero gap alkaline water electrolyzer. Step 1. High pressure operation, Step
2 Low pressure step of the pressure swing, Step 3 Compression back to high pressure. Middle bottom. Images of oxygen bubbles on a Ni Perforated Plate anode
during the pressure swing, 80 mA cm ™2 Right. Voltage response to the pressure swing between 1 and 4 bar (abs), at 200 mA cm~2, 1 M KOH, Ni Foam electrodes. The

SI contains videos of the electrodes during a pressure swing.
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(83.14 mLbar K} mol’l), T temperature (K), p the pressure (bar), noy is
4 the ratio of electrons to oxygen and F the Faraday constant (9.6485
107 mC/mol). A least squares fit of the experimental data with Eq (1)
resulted in a saturated gas volume Vj of 0.045 mL/cm?, which is similar
to the specified pore volume of our Ni foam (0.048 mL/cm?, SI-3). In
steady operation, we therefore believe that most of the pores in the foam
are filled with gas, independent of the current density.

3.1.2. Effect of conductivity and pressure

To further investigate Rpypbles We operated the pressure swing at
different electrolyte concentrations and operating pressures. We expect
AEpybbles to scale linearly with conductivity, if Rpypples is ohmic in
nature.

Fig. 4A shows AEpypples for a 1-2 bar pressure swing at different
concentrations of KOH. All concentrations show a linear relationship
with current density. Rpypbles Was calculated with a linear fit and scales
inversely with electrolyte conductivity (Fig. 4B and SI-4), which further
suggests that the effect of gas bubbles is mainly ohmic. Only at 0.3 M
KOH other phenomena start to affect the AE after a pressure swing, such
as temperature difference from ohmic heating and the concentration
overpotential [19]. At 6 M KOH, Rpypbles is significantly lower than in an
electrolyser with a 10 mm gap [46] but still substantial: 0.63 Q cm? fora
zero-gap system (this work) vs 0.91 Q cm? for a gap system (Bakker
et al., 2019, SI-5) [46]. This shows that a zero-gap with foam electrodes
only reduces a fraction of the ohmic effects of gas bubbles.

The effect of operating pressure on AEpypples Was determined by
changing the high pressure of the pressure swing (2, 3, 4 or 5 bar), while

1402

the low pressure was kept at atmospheric (Fig. 4C). We expect the
operating pressure having only a small effect on Rpypples at pressure
swing timescales above ty;. However, the effectivity of gas bubble
removal is improved by the larger pressure difference. We observe that
AEpybbles and Rpybbles Only change by ~25 % at a 1-5 bar pressure swing
compared to an electrolyser operating at 1-2 bar (see SI-4 for Rpypples
values), while the pressure and gas bubble formation are 2.5 times
higher. This is in agreement with the small effect of current density on
Rpubbles; Which shows that the bubble resistance of a flow-by zero-gap
electrolyzer is almost independent of the gas production rate. This was
also observed in Fig. 3B and in literature [20,38,48].

The saturation time, tg¢, also follows Eq (1) at higher pressures
(Fig. 4D). Also at higher pressures, the fitted volume V) is the same order
of magnitude as the pore volume of the electrode. This indicates that the
trapped gas volume inside the pores of the foam is independent of
pressure. Bubble release at the electrode is therefore key, even for zero-
gap configurations. To that end, other electrode geometries than foams,
such as electrodes with a larger pore size, could result in a smaller
Rpubbles-

3.1.3. Effect of electrode geometry

Fig. 5A compares AEppples for a 1-2 bar pressure swing in 1 M KOH
between foam and perforated plate electrodes. Rpypbles is calculated to
be 1.8 @ cm? and 0.3 Q cm?, for foam and perforated plate electrodes
respectively. By just changing the electrodes, a 6 times reduction in
Rpubbles can be achieved. This highlights the importance of selecting a
suitable electrode geometry for mitigating gas bubble effects. Fig. 5B
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and C shows the voltage response over time to a pressure wing at 150
mA/cm? for the foam and perforated plate electrodes, respectively. After
gas bubble removal, the voltage cell voltage for both electrodes is very
similar (2.55-2.6 V). While the foam electrode has a linear increase in
the voltage, the perforated plate seems to have a bi-modal pattern. First
a quick increase in the voltage, followed by a slower buildup of voltage.
Based on the timescales and the high speed videos in the SI, we believe
this is because the electrode membrane gap is quickly filled with gas,
after which the 1 mm pores of the perforated plate are filled more
slowly. The larger timescale is because Hz and Oz bubbles, which have a
typical diameter of 50-200 pm [49], can easily escape from the 1 mm
pores. This confirms that high surface area electrodes do not always
perform best and gas bubble management is equally important.

The Rpypbles of 0.3 Q cm? measured for a 1 mm Ni Perforated plate
electrode with the pressure swing, is of the same order of magnitude as
simulations by de Groot and Vreman [16]. In addition to this, data from
Kraglund shows that foam electrodes can have 4.7x higher Rgypples than
perforated plate electrodes [48] (for the comparison with literature, see
SI-5). Although the geometries of his electrodes are different, the order
of magnitude increase of Rpypbles iS similar in our work. This demon-
strates that the pressure swing is a suitable method to estimate bubble
effects.

3.2. Reducing the cell voltage by applying pressure swings

We can leverage the pressure swing to reduce the average cell

voltage of a zero-gap electrolyser by removing gas bubbles periodically.
Two parameters can be varied to optimize the effects of a pressure
swing: the high pressure time (typ) and the operating pressure. typ is the
time the electrolyser operates at a high pressure between two pressure
swings (Fig. 6A and B). Each pressure swing is most effective when the
electrodes are saturated with gas bubbles, when typ > ty¢. An electro-
lyser operating under smaller typ removes gas bubbles more often.
Although such a frequent pressure swing can keep the total amount of
gas to a minimum, a too high pressure swing frequency compromises the
cell voltage. At low typ the electrolyser will also be more often in the low
pressure stage (stage 2 in Fig. 3A), where gas bubbles are expanded and
the ohmic resistance is higher. Moreover, a small tip also requires more
energy for the more frequent compressions. Similarly, at a high oper-
ating pressure, less pressure swings are required (as ts, increases), but
the compression costs of a single swing will be higher (see SI-7 for an
estimation of the compression costs).

In a zero-gap electrolyser with Ni foam electrodes operating at 1 M
KOH, 1-2 bar pressure swings and 200 mA/cm?, the average cell voltage
can be reduced by 170 mV when applying pressure swings with a typ of
5 s (Fig. 6C). This is a 10 % reduction of the energy losses. When the
additional compression energy consumption of the pressure swing are
included into the cell voltage, the average cell voltage is reduced by 120
mV.

tsat is around 7 s at 200 mA/cm? and 2 bar (see Fig. 4D), the optimal
pressure swing frequency (5s in Fig. 6C) is faster than the saturation
time. This is, however, a trade-off between compression costs and
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voltage gain. We could not investigate at typ lower than 5 s, because our
system did not pressurize in quick enough for the next pressure swing. In
addition to this, at typ < 5 s pump energy quickly starts to become
excessive and make the effects of the pressure swing redundant.

3.2.1. Effect of operating pressure

Fig. 6C and D shows the average cell voltage vs typ when operating
under a 1-2 or 1-4 bar pressure swing (see SI-8 for 1-3 and 1-5 bar
pressure swings). At all pressures, the improvement of the average cell
voltage was around 150 mV. Noticeable, at higher pressure the same
improvement can be achieved at higher typ, which is a logical conse-
quence of slower gas bubble saturation at higher applied pressure
(Fig. 4D). However, the compression costs also increase with the higher
pressure, also when taking into account the larger possible typ. When
compression costs are included, the best performing pressure swing is
between 1 and 2 bar, with an improvement of —120 mV in cell voltage.

Similar results are obtained at lower current densities (SI-9). Here,
less gas is produced, so higher typ values still result in an improvement of
the cell voltage. However the compression costs have a relatively bigger
impact, as the power consumption of the electrolyser goes down, while
the compression costs remain unchanged.

Although the pressure swing is effective at 1-2 bar and 200 mA/cm?,
higher current densities would require even smaller (<5 s) typ values,
which can cause difficulties from an engineering point of view and
would increase the compression costs. Increasing the low pressure and
high pressure could be a solution for both problems. At high pressures
higher typ values are possible and the compression costs scale with gas
volume difference, so increasing the low pressure could make the

1404

pressure swing economically more attractive. For example, operating a
hypothetical pressure swing between 30 and 40 bar could create a large
average voltage improvement, while also saving on downstream
hydrogen compression (compared to a system with a low pressure of 1
bar).

3.2.2. Model analysis of pressure swing assisted electrolysis

To assess the possibilities of pressure swing assisted alkaline elec-
trolysis system, we calculated the change of the average cell voltage
under various conditions. A simple analytical model was made (see SI-
11) and implemented in Python. The compression costs of the pressure
swing are included in these calculations. The model uses experimental
values of this article (e.g. Rpybbles and Vp).

Fig. 7A predicts of how much the operating voltage of an electrolyzer
can be improved by a 1-2 bar pressure swing. A room temperature
electrolyzer (1 M KOH or 6 M KOH) with Nickel Foam electrodes could
benefit significantly (<-0.2 V) from a pressure swing. However, an
electrolyzer operating at industrial conditions (6 M KOH and 80 °C) will
see limited, (0-0.1 V), improvements from a pressure swing. The red
regions in Fig. 7 (>0 V) indicate operating regions where the compres-
sion energy costs outweigh the gain in operating voltage costs. The
pressure swing should not be implemented in such a scenario. Fig. 7B
shows that an electrolyzer with perforated plate electrodes will benefit
little from a pressure swing. This is in agreement with our experiments,
in which the effectiveness of a pressure swing in an electrolyser with
perforated plates is limited (Fig. 5 and SI-12).

The reduction of the cell voltage is similar to other gas bubble
techniques, like ultrasound [44] or supergravity [40], even after the
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additional energy costs for a pressure swing are taken into account.
Additionally, a pressure swing can be implemented and scaled up rela-
tively easily, as only an expansion tank and solenoid valves need to be
installed at the in- and outlet of the electrolyzer. In comparison,

ultrasound waves will dampen out and lose strength over larger elec-
trolyser stacks and supergravity through centrifuges becomes more
difficult to implement at large systems. Pressure swing-assisted elec-
trolysis can also easily be combined with other bubble mitigation

1405



J. Bleeker et al.

strategies (i.e. superwetting electrodes or flow-through electrolysers) to
minimize bubble effects.

However, the implementation of a pressure swing on an industrial
alkaline electrolysis plant will also bring some difficulties. Large pres-
sure differences, fast-moving valves and pumps increase the amount of
hazards in a plant and will require extra maintenance and monitoring. In
addition, the pressure swing will also results in a fluctuating voltage (or
fluctuating current when operating at constant voltage), which is chal-
lenging to supply at a large scale and could damage catalyst surfaces.

While the application of a pressure swing on an industrial electro-
lyser might be difficult, it has promise as a testing rig to analyse the
effects of gas bubbles in various electrolyser designs. Gas bubble
removal with a pressure swing allows to decouple the effects of gas
bubbles from the total ohmic resistance. Furthermore, the technique
could also be used for gas bubble removal from porous materials in
different systems, such as Hy generation from borohydrides [51], fouling
removal in membrane processes [52] or CO; capture with organic redox
agents [53].

4. Conclusions

The effects of gas bubbles on the cell voltage in a zero-gap alkaline
electrolyser were investigated with a pressure swing. We demonstrate a
pressure swing which removes gas bubbles attached to the electrode in a
fast (<1s) swing between high pressure (2-5 bar) and atmospheric
pressure.

A zero-gap configuration still suffers from gas bubbles, represented
by a substantial bubble resistance Rpypples, although the bubble effects
are smaller than in a regular gap electrolyser. Rpypbles Strongly depends
on the electrode geometry; a Ni Perforated plate has a much lower
bubble resistance (0.3 Q cmz, 1 M KOH 30 °C) than a Foam electrode
(1.8 Qcmz, 1 M KOH 30 °C). By investigating the saturation time, it was
discovered that the gas bubble volume (Vy = 0.045 mlL/cm?) is close to
the pore volume in foam electrodes (0.048 mL/cmz), which means that
foam electrodes in a flow-by configuration are almost completely filled
with gas bubbles. The timescale for gas saturation is in the second (<5s)
range at 2 bar, the optimal time between two pressure swings (tgp) is
around 5 s too. Finally, under industrial conditions (6 M KOH, 80 °C) a
pressure swing could reduce the cell voltage by 0.1 V at 1 A/cm? for
foam electrodes. However, this is mainly because foam electrodes have a
very large bubble resistance. In perforated plate electrodes the energy
gain of a pressure swing is limited because the required compression
energy can be larger than the voltage gain by removing gas under in-
dustrial conditions. We believe that the pressure swing has therefore
most value as a gas bubble analysis method at both scientific and in-
dustrial scale.
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