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ABSTRACT

Water electrolysis allows the production of green hydrogen, which will play a key role in the future energy system. While research
takes place in small laboratory-scale electrolysis cells, the findings shall be applied to large industrial-scale electrolyzer stacks.
What conclusions about the behavior of large stacks can be drawn from small lab cell experiments? In this work, the concept of a
differential electrolysis cell was developed to answer this question. The novel cell allows control of relevant operating conditions,
most importantly the gas content in the electrolyte and the mechanical contact pressure between electrodes and separator, which
is hardly possible with existing standard test cells. We demonstrate that both parameters have an important influence on cell
performance. The new test cell will allow in-depth investigation of the observed effects. The cell is configured as an alkaline
electrolysis cell, but the concept can be transferred to other types of electrochemical cells. This paves the way to understand
and possibly predict the overall performance and limitations of a stack and crucial scaling parameters through small-scale labo-
ratory experiments.

1 | Introduction The aim of the presented research is to develop a novel measure-
ment device, the “Diffcell”, which allows for simulating the oper-
ating conditions at different locations in a large electrolyzer in the

laboratory and also helps to study local effects inside a larger stack.

Water electrolysis offers the opportunity to produce green hydro-
gen from water and electric energy from renewable sources. The
produced hydrogen can be stored and used as an energy carrier or
as a climate-neutral raw material for many chemical products.
Alkaline water electrolysis is characterized by a long lifetime
and relatively inexpensive components [1-3]. Alkaline electro-
lyzers are used on a large scale today, and in the future, the size
of the systems is expected to grow further [4]. Researchers
attempt to optimize and improve the components in many labo-
ratories around the world. Testing of different components, mate-
rials, geometries or operating conditions in full-scale is almost

The performance of electrolysis cells depends on several operat-
ing conditions. The classical operating conditions in alkaline
water electrolysis are the temperature, the electrolyte concentra-
tion (here, KOH concentration), and the fluid pressure. In addi-
tion, other parameters are the electrolyte flow rate and the gas
content in the fluid. Another influencing factor is the electrode
spacing in a conventional cell, or the mechanical contact pres-
sure between electrode and separator in a zero-gap configuration.

impossible for research. Instead, tests are realized on a much
smaller lab scale. This raises the question of whether and how
findings from the lab can be transferred to the large-scale appli-
cation. Is it even possible to predict the behavior of large electro-
lyzers, if only the behavior of lab-cells is known?

All these operating conditions vary across a large cell or stack.
Due to heat production, the temperature at the inlet of a stack
will not be the same as the outlet temperature [5]. A pressure loss
in the flow field will change the fluid pressure depending on the
position. Haas et al. [5] showed this by CFD simulation of a
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polymer electrolyte membrane (PEM) electrolyzer flow field. The
gas content in the electrolyte increases over the length of the flow
channels due to the continuous gas production in the form of
dissolved gas or macroscopic gas bubbles. This affects the two-
phase flow and the size of the gas bubbles. Water is consumed
due to the chemical reaction and transported between anode and
cathode due to diffusion, electroosmotic drag and flow as well as
convection [6, 7]. This leads to different KOH concentrations at
different positions. The electrolyte flow rate will not be perfectly
homogeneous over the entire area of a large cell, which was also
shown by Haas et al. [5]. Due to component tolerances, or deflec-
tion of components caused by mechanical stress, the electrolyte
gap (in gap cells) or the contact pressure (in zero-gap cells) will
not be the same at every position in a stack. Bates et al. [8] simu-
lated the contact pressure distribution inside different cells of a
PEM electrolyzer. Due to the deflection of the endplate, it is not
possible to reach a homogeneous contact pressure over the entire
active cell area or between the different cells [8, 9].

In order to investigate scaling effects due to locally varying oper-
ating conditions, it is first necessary to understand the general
influence of all these operating conditions. Many studies investi-
gate and model the influence of the classic operating conditions,
pressure, temperature, and KOH concentration, whereby these
conditions can be investigated relatively independently of the cell
design [10-15]. Temperature and concentration influence the
ionic conductivity of the electrolyte, usually ranging from
60°C to 80°C and 25-30 wt% KOH [16, 17]. The effect of the oper-
ating pressure is investigated in experimental and simulative
studies [11, 14, 18, 19]. Also, there are various studies on the opti-
mal electrode spacing ranging from a few millimeters to a zero-
gap configuration of the cell [14, 20, 21]. Using a zero-gap setup,
the ohmic resistance of the cell can be reduced by 30% compared
to a 2mm gap [21]. In contrast, Haverkort and Rajaei [22] were
able to show an improved “small-gap” cell design with a gap
width of 0.2 mm. The optimal gap probably depends on the type
of electrode used. There is very little literature about the influ-
ence of contact pressure in alkaline cells. Ahn et al. [23] state
the optimum contact pressure for their cell at about 4.1 MPa.
This optimal contact pressure is specific to each cell setup,
and here an anion exchange membrane was used instead of a
porous separator [23, 24]. In contrast, Xia et al. [25] found the
optimum contact pressure in their setup (featuring an anion
exchange membrane as well) to be about 0.5 MPa. On the one
hand, increasing contact pressure reduces contact resistances
between flow field and electrode which improves the cell perfor-
mance. On the other hand, compressing the porous electrode and
gas diffusion layer leads to a poor transport of produced gases.
Remaining gas bubbles can cover active sites of the catalyst
and decrease cell performance [23]. The last influencing factor
is the gas content in the electrolyte. Various publications show
that gas bubbles can have a significant influence on the Ohmic
resistance and thus on the performance of cells [21, 26, 27]. For
gap cells, gas bubbles in the electrolyte gap reduce the cell per-
formance by decreasing the cross-section for the ionic connection
between the electrodes. A higher electrolyte flow rate leads to a
faster gas bubble removal. Increasing pressure has a similar
effect, because at high pressure the gas bubbles are smaller.
This effect becomes stronger for high current densities, when
more gas is produced [14]. Also, for zero-gap cells, the electrolyte
flow rate influences the cell performance, as shown, for example,

by Hnat et al. [28]. Gas bubble removal is also an issue for zero-
gap cells because stagnant gas bubbles can block parts of the elec-
trodes [29-31]. Rocha et al. [30] compared natural convection
and forced electrolyte flow through their zero-gap cell. With nat-
ural convection, the cell voltage increased over time, due to bub-
ble entrapment in the porous foam electrode. Above a certain
electrolyte flow rate, such a voltage increase did not occur,
and the gas bubble removal was effective.

While classic operating conditions can be tested in standard test
cells, investigating the influence of the gas content or mechanical
contact pressure is difficult. In standard test cells, varying the con-
tact pressure usually requires disassembly of the cell to adjust the
gasket thickness or add spacers, which leads to issues with repro-
ducibility. The gas content in the electrolyte usually increases from
the inlet to the outlet. Consequently, the measured current density
does not refer to a specific gas content. The other operating con-
ditions are also generally unevenly distributed, resulting in an
average current density being measured only.

The concept of a differential cell is known from the field of PEM
fuel cells. Here, a relatively small fuel cell is fed by a high reactant
stoichiometry. The idea is to reach homogeneous operation con-
ditions independent of location. This technique is, for example,
used for the benchmarking of cells or to compare different cata-
lysts [32]. In this work, the differential electrolysis cell (short
“Diffcell”) is used to analyze a small section of a large cell deter-
mined by the corresponding operating conditions. Similarly to
the differential fuel cell, it is assumed that the operating condi-
tions within the Diffcell remain constant, because the considered
section is small compared to the total area.

The Diffcell makes it possible to control the operating conditions
similar to specific positions in a stack, as sketched in Figure 1a,
and to study their effects and interactions. The adjustable condi-
tions include classic operating conditions, i.e., pressure, tempera-
ture, electrolyte concentration, and flow rate, as well as contact
pressure or gap width and the gas content in the electrolyte.
Measuring the local cell performance under those conditions
allows to understand how a large stack will behave at this position
and finally predict the overall stack performance only from lab-
scale experiments. This paper presents the design of the Diffcell
and demonstrates that previously inaccessible parameters
(e.g., contact pressure and gas content) can be examined and that
these influence cell performance.

2 | Cell Development

In the Diffcell, it should be possible to set all previously men-
tioned operating conditions, mimicking specific positions inside
a large stack (see Figure 1a). Special focus during cell develop-
ment are conditions that were hard to control with existing tools
and test cells: the mechanical contact pressure between electro-
des and diaphragm, and the gas content in the electrolyte.

The concept of the differential cell is adapted from the field of fuel
cells. Using a high stoichiometry, for example, the electrolyte flow
rate, the operating conditions across the active area can be
assumed to be constant. Therefore, setting the operating condi-
tions for a specific point in a stack allows us to measure the local
performance at that point. The concept of choosing operating con-
ditions of a certain point within a cell or stack is illustrated with
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FIGURE1 | (a)Schematic illustration of the differential test cell as a small section of a large-scale electrolyzer. (b) Illustration of the position of the

experiment point depending on electrolyte and gas flow rate.

the gas content as an example in Figure 1b. The amount of gas in
the stack increases from the electrolyte inlet to the outlet due to
gas production. A specific position defines the experiment point by
the electrolyte and gas flow rate, which are supplied to the Diffcell.

The three distinctive features of the Diffcell compared to stan-
dard test cells are the adjustability of the contact pressure in
the active area only, the possibility of adding gas to the electrolyte
prior to the actual electrolysis cell, and the implementation of the
differential cell concept.

To vary the contact pressure, the electrode and flow field are
movable and can be pressed against the diaphragm and other
electrodes from the outside using an adjustment screw.

To supply gas in a similar way to how it would be produced by
electrolysis, in front of the actual area to be measured, it is intro-
duced through a porous layer with fine pores, which has a similar
structure to electrodes used for electrolysis.

Implementing the differential cell concept involves several meas-
ures. On the one hand, the cell area is relatively small, while the
flow rate and flow field geometry are designed for a significantly
larger active area. Temperature control is located in front of the
electrolysis cell to prevent temperature gradients. The advantage
of the differential cell over, for example, a segmented cell is that
the operating conditions can be freely adjusted to observe the
influence of individual parameter changes on current distribu-
tion along a channel.

The design of the Diffcell consists of three sections, illustrated in
Figure 2a for one half of the cell: (i) the gas feed area, (ii) the
inflow length, and (iii) the electrode area. Additionally, a

cross-sectional view is shown in Figure 2b. Starting from the elec-
trolyte inlet on the left, the gas is introduced through the gas feed
area. This is realized via a porous separating sheet, which enables
the precise feed of specific gas contents into the flow channels.
The inflow length allows the formation of homogeneous flow
conditions toward the electrochemical cell. Finally, the electrode
area is located close to the electrolyte outlet. The cell perfor-
mance resulting from the set conditions is ultimately measured
there.

In the following, the general dimensions of the Diffcell are pre-
sented, the three sections are described in detail and the features
of the cell are summarized. The CAD data for the cell, including
assembly drawing and individual drawings for the endplate and
flow field stamp, are available in the Forschungszentrum Jiilich
data repository [33].

The Diffcell has eight parallel flow channels with a cross-section
of 4 x 4mm? and an inflow length of 240 mm. The circular elec-
trode area has a diameter of 40 mm, which corresponds to
12.56 cm?. The maximum operating point for the design dimen-
sioning is a simulated active cell area of 200 cm® (40 mm width
and 500 mm length), a current density of 2 A cm™ and an elec-
trolyte flow rate of 20 mL cm™>min~". The cell components are
made of pure nickel (>99.2%, material number 2.4068).

2.1 | Gas Feed Area

The Diffcell enables the external supply of gas to simulate the gas
production along an electrode in an electrolysis cell. Depending
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FIGURE 2 | (a) Exploded and (b) sectional view of the Diffcell with labeled components and the three relevant sections. The exploded view only
shows one half cell, which is mirrored at the separator. CAD data for the cell are available in the Forschungszentrum Jiilich data repository [33].

on the position in the simulated stack, different gas volumes are
supplied through the gas feed area. At the inlet of a stack, the gas
content is zero, which means no gas is fed to simulate this posi-
tion. The gas content increases with the cell length, thus a spe-
cific position within the stack can be set via the gas volume.

Depending on the position x (experiment point in Figure 1b), the
simulated active cell area A, before this position and the current
density i define the gas flow rate n; (H, or O,), present at this
point (Equation (1), charge number z=2 for H, and z=4 for
O, and the Faraday constant F). An average current density
at the operation point (measured without additional gas) should
be used for the calculation. This amount of gas is fed to the
Diffcell for the position (x) to be simulated.

Ac-i_x-b-i
z-F z-F

Gasflowraten; = (1)
Adding the highest gas content for the maximum cell size and
operating point to be simulated (maximum position x is 500 mm,
width of the Diffcell 40 mm, 2 A cm™2), results in 0.124 mol min ™"
for H, und 0.062 mol min™" for O, (Equation (2)). For normal con-
ditions, this is 2.79L min™' H, and 1.39L min~" O,.

To potentially enable even higher current densities or cell sizes in
the future, the maximum gas flow rates for the cell dimensioning
are defined to 4 L min™" of H, and 2 L min™" of O, (including an
arbitrary scaling factor of around 1.4).

To imitate the production of gas bubbles on an electrode, the gas
is fed through a porous foil. This can be a sheet of sintered metal
with fine pores or a porous hydrophobic plastic sheet. The foil
should be relatively impermeable to liquid (water or KOH)
but permeable to the gas. Here, a titanium sintered foil of
500 pm thickness, 28% porosity, and a mean pore radius of
4 pm was used. The manufacturing process, sintering conditions
and more information about the sintered metal foils are given in
the publication by Hackemiiller et al. [34].

It is important to note that it is an assumption that the introduc-
tion of gas through this porous film is similar to gas production at
an electrode. Such sintered films are sometimes used as porous
transport layers (PTL), especially in PEM and AEM [34-36]. The
flow field of the Diffcell in the gas feed area is designed as Ni
foam (Recemat BV type Ni-1723.03), which can also be used
as a flow field in the active cell area or as the electrode [37].

Alternatively, to investigate the influence of gas in the liquid, the
gas could be mixed directly into the tubing in front of the cell, or
the concept of a segmented cell could be used [38, 39]. This first
option is further from reality than the design used here. The seg-
mented cell has the problem that the influencing factors cannot
be easily investigated independently of each other. For example,
temperature, gas volume, and current along the cell are related to
each other. In addition, the cell length is fixed and therefore less
flexible when investigating different cell sizes.

To characterize the film properties of the sintered metal sheet,
a defined volume flow of air was passed through a defined
area (2cm?) of the sintered film and the overpressure was
recorded. Figure 3a schematically illustrates the experimental
setup. The experiment was carried out once in the dry state
of the foil, i.e., without water present in the electrolyte compart-
ment, and once in the flooded state, where the sintered foil
retained the water. Figure 3b shows the overpressure for differ-
ent specific gas flow rates. In the flooded state, a certain over-
pressure is required to clear the pores of water and allow gas to
flow. As the volume flow increases, the overpressure increases
linearly. For the flooded case, the slope is three times higher
than in the dry state. This preliminary experiment determines
the required area of the sintered foil for the design of the gas
feed area.

The 25cm?® gas feed area in the Diffcell allows for the supply
of a sufficient amount of gas at low overpressures using a mass
flow controller (MFC). The maximum gas flow of 4L min~"
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FIGURE3 | (a)Schematic testsetup to measure the pressure drop across the sintered metal foil; (b) measured pressure drop across the sintered metal

foil depending on the specific flow rate.

and gas feed area of 25cm® means a specific gas flow of
0.16 L min~* cm ™2, so the expected overpressure of about 20 mbar
can be read from the chart (blue data points in Figure 3b).

2.2 | Inflow Length

In order to obtain homogeneous flow conditions in front of the
electrochemical cell, the Diffcell contains an inflow length with
the same channel geometry as the flow field in the electrode area.

When scaling electrolysis cells, the specific volume flow per
active area is usually kept constant (mostly in the range of
0.2-20 mL cm™?min ™" [11, 30, 37, 40, 41]). In lab cells, usually
much higher specific flow rates are used compared to industrial
electrolyzers [11, 42, 43]. The electrolyte flow rate Vyqy; for a spe-
cific cell length I to be simulated is the multiplication of the sim-
ulated length, the width of the Diffcell b (here 40 mm) and the
area specific KOH flow rate vgoy according to Equation (2) . The
calculated amount of electrolyte is fed to the Diffcell, for the cell
size (I times b) to be simulated.

Inserting the maximum operating point for the cell dimensions
(simulated active cell area 40 mm width and 500 mm length
at 20 mL cm ™ ?min™'), Equation (2) yields a KOH flow rate of
4L min~'. For lower specific flow rates, larger active areas
can also be simulated with this electrolyte flow rate.

KOH flow rate Vo =1 b - ¥kon )

The required length of the inflow region Ly, can be estimated
by Equation (3) for laminar flow using the Reynolds number
Re and the hydraulic diameter dy; and for turbulent flow by
Equation (4) [44].

The Reynolds number for the gas-liquid mixture is calculated by
Equation (5) individually for gas and for liquid from the total
flow velocity, assuming plug flow. For the maximum operating
point with the total flow rate of 8 L min~" (4 L min~* of KOH plus
4L min™" of H,), the flow velocity u in the eight 4 x 4 mm? flow
channels is 1.042 m s™*. The hydraulic diameter is 4 mm. At 80°C
and 1 bar(a), the dynamic viscosities y; of H, and KOH (30 wt%)
are 9.98 pPa s and 0.9295 mPa s and the respective densities p; are
0.069 and 1258 kg m™~>[45, 46]. The calculated Reynolds numbers
are 29 (H,) and 5639 (KOH).

For the turbulent flow, the length of the inflow region is calcu-
lated to 240 mm. This length is included in the Diffcell between
the electrolyte inlet and the active area, including the gas feed
area. An even longer inflow area behind the gas feed area would
be advantageous, but it would impair the handling of the cell.

Inflow length (laminar) Lyy;=0.03 Re - dy 3)

Inflow length(turbulent) Ly =60 - dy 4)
_Upi dy (5)

Reynolds number  Re;
Hi

In order to qualitatively assess the distribution of liquid and gas
between the eight flow channels, we conducted an additional
experiment in which we mounted half of the Diffcell with a
Plexiglas cover and set different flow rates for water and air.
Moving gas bubbles were observed in all channels, indicating
similar flow rates. A photo from this experiment can be found
in Figure S3.

2.3 | Electrode Area

The electrochemical reactions are restricted to the active elec-
trode area. For anode and cathode, the electrode unit consists
of a stamp connected to the power supply via contact pins
and is sealed with an O-ring (Figure 4). Either a flow field is
milled into the stamp (Figure 4a) or a different type of flow field
is stacked or welded on top of the stamp. Figure 4b shows an
example of a porous nickel-foam utilized as flow field. The elec-
trode is either placed on top of the flow field or is welded to it.
The milled flow field has the same channel geometry as the
inflow channels. Thus, the flow of the gas-liquid mixture
through the cell will not be disturbed.

As shown by the green arrows in Figure 2b, the cell unit is mov-
able in one direction and can be positioned with adjustment
screws from the outside. One full turn of the adjusting screw
changes the gap width by 1 mm. The correlation between torque
and contact pressure for the zero-gap configuration was cali-
brated in advance using a pressure-sensitive foil, which is shown
in the section “Contact pressure adjustment”. The Diffcell sup-
ports an electrode gap up to 4 mm and a contact pressure up
to 2 MPa in zero-gap configuration.
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FIGURE 4 | Structure of the electrode unit for a (a) milled flow field and (b) a porous flow field.

2.4 | Features of the Diffcell

This section summarizes how and in which range the operation
conditions can be applied in the Diffcell, especially the operating
conditions, which cannot be considered with existing test cells.
Technical drawings with the geometry details and CAD files of
the Diffcell are provided in the Forschungszentrum Jiilich data
repository [33].

Temperature: As in standard test cells temperature can be var-
ied. By pressurizing the cell, it is possible to reach higher temper-
atures with the liquid electrolyte. As an additional feature, the
temperature of the electrolyte can be measured immediately
before and after the cell (yellow lines in Figure 2b). The inflow
length is also advantageous for heating the electrolyte to the
desired temperature before it reaches the electrode area.

Pressure: Pressurized operation of the differential cell is possi-
ble. The presented geometry is mechanically stable for pressur-
ized operation up to 20bar(g), which was validated by
mechanical finite element method (FEM) analysis. The
Supporting Information provides further details about the struc-
tural mechanical analysis.

KOH-Concentration: The cell is made of pure nickel (>99.2%,
material number 2.4068), which has a very good stability against
concentrated KOH solution. Nickel is reported to be stable under
electrolysis conditions at 40 wt% KOH with oxygen partial pres-
sure from 2 to 18 bar and a temperature of 473 K [47].

KOH Flow-Rate: The Diffcell supports a wide range of electro-
lyte flow rates. Since the inflow length for turbulent flows is cal-
culated solely from the hydraulic diameter (see Equation (4)),
any flow rates can be set in the Diffcell.

Gas Flow-Rate: Due to the size of the gas feed area, it is possible
to feed high amounts of gas. Increasing gas content also
increases the overpressure at the porous foil. The possibility
to feed gas before the cell is one of the most relevant features
of the Diffcell. By introducing different amounts of gas to the
anode and cathode, co- or counter-flow operation of a cell
can be simulated.

Rotation of the Cell: In combination with the injection of gas
prior to the active cell area, the orientation of the cell may have a
significant influence on the cell performance. Different installa-
tion positions in the presence of additional gas in the electrolyte
can be investigated with the Diffcell.

Contact Pressure or Gap Width: Via the adjustment screw is
possible to change the gap width or the contact pressure during
the operation of the cell. The gap can be adjusted from 4 to 0 mm
and the contact pressure to the active cell area can be increased
up to 2 MPa. In conventional test cells it is necessary to dismount
the cell and add spacers to change the gap width or the contact

pressure [21]. This usually results in reproducibility issues and a
low number of data points. This is overcome using the Diffcell.

Flow Field Type: In the Diffcell it is possible to exchange the
type of flow field. Two different flow fields are employed in this
work: a milled flow field with the same channel geometry as the
inflow area will be used for experiments regarding the gas con-
tent in the electrolyte. To investigate the influence of contact
pressure, a porous flow field was used to ensure homogeneous
contact pressure distribution.

3 | Experimental

The Diffcell as new measurement device offers many advanced
possibilities to study the influence of previously inaccessible
parameters. The contact pressure adjustment is first validated,
before measuring the effect of contact pressure on cell perfor-
mance and gas crossover. Second, the effect of gas content in
the electrolyte on the electrolysis cell is measured with the
Diffcell.

3.1 | Contact Pressure Adjustment

Before investigating the influence of the contact pressure on the
electrolysis cell, the application of the contact pressure via the
adjusting screw was validated. A pressure-sensitive foil from
Tekscan (High-speed I-scan, type 5051, measuring range up to
6 MPa) is inserted into the Diffcell, replacing the separator.
Figure 5a shows the positioning of the pressure-sensitive film
in the Diffcell relative to the electrode area (blue circle) and
the adjustment screw (green marking). The contact pressure dis-
tribution over the active cell area is measured and visualized for
different torques of the adjusting screw.

Apart from replacing the separator with the pressure-sensitive
film, the Diffcell was assembled in the same way and with the
same components as for the electrochemical measurements.
These include the electrode unit, either with foam, or milled flow
field and benchmark mesh electrodes from De Nora. A photo of
the electrode units is shown in Figure 5b,c.

The torque of the two adjustment screws was gradually increased
from 2 to 10 Nm and the force on the electrode area was recorded
after 3 min each. After loosening the adjustment screws, this pro-
cedure was repeated in a second compression. The contact pres-
sure distribution can be analyzed, as well as the mean contact
pressure on the active cell area (marked by the blue circle in
Figure 5a).
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(b) Porous foam flow field

Cathode

Anode

Position electrode area
Position adjustment screw
Electrode gasket
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(c) Milled flow field

Cathode

Anode

FIGURE 5 | (a) Cell assembly of the Diffcell for contact pressure validation including the pressure sensitive film; (b) electrode unit for anode and

cathode with foam flow field and (c) milled flow field.

The influence of the contact pressure on electrochemical cell
performance and gas purity (H, in O,) was investigated. The
Diffcell is assembled with a Ni foam flow field (Recemat BV type
Ni-1116.03) to provide a homogeneous contact pressure on the
active cell area. In this study, the porous Ni foam flow field was
welded to the stamp. Catalyst-coated mesh electrodes from De
Nora (Anode: AENRG® standard, coated on Nickel expanded
metal mesh (>98% Ni); Cathode: NRG-R® standard, coated
on Nickel woven metal mesh (>98% Ni)) were welded on top
of the foam. Figure 5b shows the cell unit including the electro-
des. The cell is assembled with a 220 pm thick Zirfon UTP220
separator from AGFA and operated at 80°C and 30 wt% KOH at
a flow rate of 100 mL min™'. The experimental setup is illus-
trated in Figure 6. The Diffcell is shown in the middle and
the electrode unit is connected to a BioLogic potentiostat
BCS-815. Anolyte and catholyte are fed from the electrolyte
tanks by membrane pumps to the Diffcell and removed together
with the product gas. The gas/liquid separation takes place in
the tanks, which also pre-heat the electrolyte to 80°C. The cell
outlet temperature is controlled to 80°C, heated by four heating
rods in the inflow length. The oxygen purity in the anode outlet
can be analyzed in a gas chromatograph (Micro GC 490 from
Agilent Technologies) to detect hydrogen contamination. No
gas is added via the gas feed area during the contact pressure
experiment.

The electrochemical conditioning of the electrodes was per-
formed before applying any contact pressure in a 1 mm gap con-
figuration. A constant voltage of 2.0V was applied for 8h
followed by two potentiostatic I-V curves from 1.48 to 2.0V
(3min per voltage step, mean current density averaged for the
last minute). The condition step was repeated. The I-V curves

were stable after the second conditioning cycle, meaning that
the conditioning period was complete.

By tightening the adjustment screws hand-tight, the electrodes
were put in a zero-gap position. The torque of the adjustment
screw was then stepwise increased from 2 to 10 Nm. A potentio-
static I-V curve is recorded in each compression step in the same
way as during the conditioning. After loosening the adjustment
screw, this procedure was repeated as the second compression
cycle, starting at 2 Nm. In another two compression cycles the
torque was stepwise increased from 2 to 19 Nm.

The product gas purity was measured after the corresponding I-V
curve. Therefore, the current density was fixed at 0.05 A cm™
and the H, in O, content in the anode outlet stream was mea-
sured every 2 min with the GC. After 3 h the measurement signal
was tending towards a stable final H, in O, value, which was
recorded. In the first compression cycle, gas purity was measured
for 1 mm gap, hand-tight adjustment screw, 2, 5, and 10 Nm. In
the second compression cycle, it was measured at 2, 5, and
10Nm, in the third cycle at 15Nm and finally at 19 Nm in
the fourth compression cycle.

3.2 | Gas Content in the Electrolyte

To investigate the influence of gas in the electrolyte, the Diffcell
was operated at different gas flow rates and a constant KOH flow
rate. As mentioned before, the KOH flow rate defines the simu-
lated cell length which was fixed to 200 mm in this experiment.
The gas content increases from the inlet to the outlet and defines
the simulated position (see Figure 1b). Via two mass flow con-
trollers (MFC) gas can be applied to the gas feed area of the
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FIGURE 6 | Experimental setup for measuring the influence of contact pressure and gas content in the electrolyte.

Diffcell (Figure 6). Additionally, the cell was rotated to different
orientations. The orientation “vertical” means that KOH and gas
flow upwards. Horizontal rotation “anode up” and “cathode up”
mean horizontal flow with the respective electrode on top. Each
of these orientations form an experimental block as shown in
Table 1.

For these experiments, the milled flow field and catalyst-coated
mesh electrodes (see Figure 5c) were used, Zirfon UTP500 sepa-
rator, 30 wt% KOH at 80°C and a constant low contact pressure of
about 0.2 MPa (2 Nm at the adjustment screw). The electrodes, dia-
phragm, and cell assembly were reused from a previous experi-
ment on parameter variation of flow rate, temperature, and gas
content. The series of experiments presented here aims to measure
the relative influence of gas content on the cell rather than to char-
acterize cell components. Reusing the components is intended to
provide more stable behavior during the measurement.

! was chosen for a simulated cell

The flow rate 480 mL min~
length of 200 mm with a specific flow rate of 6 mL cm™>min™".
For the entire experiment the cell voltage was fixed at 2.0 V. The

gas flow rates were calculated according to Equation (2)

assuming the average current density of 1.1 A cm™? as previously
measured at 2.0 V without gas feed. It was calculated for five dif-
ferent positions (0%-100% of the simulated cell length) and added
via the MFCs. The operating conditions at the respective posi-
tions are summarized in Table 1.

The cell was conditioned at 2.0V for 14h and 100 mL min™"
KOH flow rate in vertical orientation. Then, the KOH and gas
flow rates were set to the previously calculated conditions. At
each point, the cell was allowed to stabilize for at least 10 min
until the outlet temperature was stable. The mean current den-
sity was measured for the next 10 min. After measuring all con-
ditions in vertical orientation, the set was repeated with the
anode facing up and the cathode facing up.

The first measurement point in each block (without gas content)
was repeated at the end of the block. The standard deviation
between those two measurements is used as an estimate of
the measurement error for each point within the respective
block.

The benchmark points were recorded in the vertical orientation
and without gas feed. The current density for each measurement

TABLE 1 | Operating conditions for gas content variation and rotation of the cell.

Simulated cell
1

KOH flow, Gas flow cathode,
1

Gas flow anode,
1

No. length, mm Position mL min~ mL min~ mL min~ Rotation

1 200 0% 480 0 0 Vertical® | Anode up | Cathode up
2 200 25% 480 170 85 Vertical | Anode up | Cathode up
3 200 50% 480 340 170 Vertical | Anode up | Cathode up
4 200 75% 480 510 255 Vertical | Anode up | Cathode up
5 200 100% 480 681 340 Vertical | Anode up | Cathode up
6 200 0% 480 0 0 Vertical® | Anode up | Cathode up

*Benchmark point.

8 of 13

Chemistry - Methods, 2026

35U017 SUOWILIOD dAES1D) 3|eal|dde ayy Aq peusenob e sapie YO ‘9sn Jo sajnu 10y Akiqi] auluQ A3|IA UO (SUONIPUOI-PUR-SWLB)WI0D S| 1M A2eIq 1 U UO//SANY) SUONIPUOD pue SWi | 8yl 88S *[9202/S0/2T] Uo Akiq autjuQ A3IM ‘BIueD Yyoessay HAWS yo1ne wnnuezsbunyasiod Aq £00009202 PILLD/Z00T 0T/I0p/wod’ A 1m Aelq 1 puljuo-ado.ne-Ans iweyd//sdny wouj pepeojumoq ‘S ‘9202 'Sz.68292



point is expressed as a percentage change relative to the average
of the two benchmark points.

4 | Results and Discussion

The results presented in this paper focus on the validation of
the Diffcell as well as first results regarding some of the new
investigation possibilities. These include the effects of mechani-
cal contact pressure on cell performance and gas crossover, as
well as the effect of gas content in the electrolyte channels on
cell performance.

4.1 | Influence of Contact Pressure

Figure 7a shows the resulting contact pressure distribution for
a milled flow field and a Ni foam flow field at a torque of 10 Nm.
A high local contact pressure is represented by red color, while
blue means a very low contact pressure. The black color repre-
sents areas with a lower contact pressure than the detection limit.
The porous structure of the Ni foam as a flow field leads to a more
homogeneous contact pressure distribution, while for the milled
flow field, the channel-bar structure is clearly visible.

Figure 7b shows the mean contact pressure on the electrode area
depending on the torque of the adjustment screw. In all four
measurements, the contact pressure increases linearly with the
applied torque with roughly the same slope. Hence, it was used
as a calibration curve for the proportional relationship between
torque and contact pressure.

As previously described, the mechanical compression for the cell
performance measurements begins at 1 mm gap configuration. In
this configuration, the electrodes were also conditioned as
described in the experimental section. Then, the adjustment
screw is tightened by hand, followed by four compression cycles
in the range of 0.2 MPa (2Nm) to 2.0 MPa (19 Nm).

Figure 8a shows the I-V curves for selected contact pressures in
the first and the fourth compression cycle. The I-V curves for all
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(b) Mean contact pressure depending on the torque of the adjusting screw.

four compression cycles and all contact pressure steps are given
in the Supporting Information (Figure S1). Reducing the gap
width from 1 mm to a zero-gap configuration (hand-tight) almost
doubles the current density at 2V. During the initial compres-
sion, the current density is further improved with increasing con-
tact pressure. In the fourth compression, the I-V curves are
nearly independent of the contact pressure.

The fine cathode mesh initially has a wavy texture, which is a
result of the spot welding of the electrode onto the foam flow
field (see Figure 5b). Before applying the higher contact pressure
for the first time, local gaps may be present, which are compen-
sated by plastic deformation of the foam. This increases the con-
tact area with the diaphragm, eliminates gaps, and consequently
improves performance with increasing contact pressure in the
first compression cycle. The mechanical compression of the cell,
particularly during the initial compression, leads to a plastic
deformation of the nickel foam flow field (approx. 35% compres-
sion after the four compression cycles). A photo of the electrode
unit with the compressed foam flow field is shown in the
Supporting Information (Figure S2). The flow field compression
probably has a negative influence on the flow distribution and
the removal of gas bubbles. This leads to unclear trends within
the second compression, which require in-depth investigation
which is beyond the scope of this work. From the third compres-
sion of the cell, almost no further plastic deformation of the Ni
foam takes place, resulting in reproducible and contact-pressure-
independent polarization curves. The welding of the electrodes to
the flow field eliminates pressure-dependent contact resistances.

Comparing a 2mm gap cell with a zero-gap configuration,
Phillips et al. [21] also measured an improved cell performance,
which was explained by a decrease in the Ohmic resistance.

There is no literature in the field of alkaline electrolysis on the
influence of contact pressure on cell performance, so the results
can only be compared with those of PEM and AEM electrolysis.
There, a considerable influence of contact pressure on cell
performance is described [23, 25, 48-50]. The optimum contact
pressure depends on the individual cell set-up and is given by
Ahn [23] as 4.1 MPa or by Xia [25] as 0.5 MPa. Both use an

umill.FF 1.comp.
4| + mill.FF 2.comp. %
por.FF 1.comp. )
+| ®por.FF 2.comp. "f

b3

0 2 4 6 8 10
Torque / Nm

(a) Measurement of the contact pressure with the pressure-sensitive foil for milled and Ni foam flow field (10 Nm, first compression).

Chemistry - Methods, 2026

9 of 13

35U017 SUOWILIOD dAES1D) 3|eal|dde ayy Aq peusenob e sapie YO ‘9sn Jo sajnu 10y Akiqi] auluQ A3|IA UO (SUONIPUOI-PUR-SWLB)WI0D S| 1M A2eIq 1 U UO//SANY) SUONIPUOD pue SWi | 8yl 88S *[9202/S0/2T] Uo Akiq autjuQ A3IM ‘BIueD Yyoessay HAWS yo1ne wnnuezsbunyasiod Aq £00009202 PILLD/Z00T 0T/I0p/wod’ A 1m Aelq 1 puljuo-ado.ne-Ans iweyd//sdny wouj pepeojumoq ‘S ‘9202 'Sz.68292



(a)
2.1
201 oM
> 1.9 1+ o
> 4 T mm gap
218+ —e—Hand-tight
S —o—0.2 MPa m
017 1 4£ 0.5 MPa (1
17 o—1.1 MPa (1)
.61 —+—0.2 MPa (4)
o 0.5 MPa (4)
——1.1 MPa (4)
1.5 - ——1.6 MPa (4)
—4—2.0 MPa (4)
14 T S E—

Current density / Acm2

(b)

2.0%

1.6% T

1.2% 1

0.8% T

H, in O, vol. @ 0.05 Acm™

e
%
>
t
—

0.0% }
™ 00 02 0% 00 OO
@ﬁ,@“ﬁ N
,\@ \e\,b(\ Q¥ Q7 N AP
Mean contact pressure

FIGURE 8 | (a)I-V curves for selected contact pressures in compression cycle 1 and 4 at 80°C, 30 wt% KOH, 100 mL min™"; (b) H, in O, gas con-
tamination for different contact pressures at 0.05 A cm 2. For 0.2, 0.5, and 1.1 MPa two data points for the gas cross over were recorded, the error bars
represent the standard deviation. The data points for 1 mm gap, hand-tight, 1.6, and 2.0 MPa are single determinations.

ion-conducting membrane instead of a porous separator in their
cell. Decreasing contact resistances with increasing contact pres-
sure are given as one of the main reasons for the performance
variation. Since the electrodes are welded to the flow field in
the Diffcell, there are no contact resistances that depend on
the contact pressure, explaining the minor influence of the com-
pression on the cell performance from the third compression
cycle of the cell.

Figure 8b shows the measured gas purity (H, in O,) for different
contact pressures at low current density (0.05 A cm™2). Assuming
a full zero-gap configuration of the cell at 0.2 MPa, the gas cross-
over is twice that of the 1 mm gap configuration. A further
increase in contact pressure leads to even higher crossover val-
ues. At 2 MPa, the contamination level reaches almost 2%, which
is the upper limit for safe operation. While no reports about the
influence of contact pressure on gas quality in alkaline electrol-
ysis could be found at the time of this study, the impact of gap
size was evaluated regarding the crossover in small-gap cells. The
cathodic gap was found as an important parameter for hydrogen
crossover [51]. A zero-gap configuration massively increased the
crossover (approx. factor 10) compared to a 500 pm small-gap
cell, both using the UTP220 diaphragm [51].

An increasing hydrogen crossover with increasing contact pres-
sure is also reported for polymer electrolyte membrane electro-
lyzers [49, 50, 52]. It is assumed that mechanical stress on the
membrane causes it to become thinner at certain spots, resulting
in an inhomogeneous current density distribution and increased
Crossover.

An in-depth study is needed to improve the understanding of this
effect and its dependence on the cell components, like the flow
field and electrode, especially for alkaline water electrolysis.

4.2 | Influence of Gas Content in the Electrolyte

To validate the possibility of modeling different positions in a
larger cell, the impact of varying gas content on the cell perfor-
mance was investigated. Figure 9a illustrates how different

positions along a larger cell can be simulated by adding increas-
ing amounts of gas to the electrolyte stream. Furthermore, the
influence of cell orientation, i.e., vertical or horizontal with either
anode or cathode on top, was investigated.

Without gas feed, the current densities at 2 V were 0.907 A cm™>

in vertical orientation, 0.910 A cm™~2 in anode up orientation, and
0.848 Acm™ in cathode up orientation. Including the gas con-
tent, the obtained current densities at 2V are shown relative
to the benchmark configuration (vertical, no gas feed) in
Figure 9b. The supply of gas to the electrolyte, respectively, a
position closer to the outlet of the simulated cell, increases the
current density relative to the benchmark (without gas feed).
The vertical orientation (blue) and horizontal orientation with
the anode on top (up) (green) deliver higher current densities
compared to the cathode up configuration (orange).

The influence of cell orientation on current density might be due
to the different structure of anode and cathode electrodes, featur-
ing a larger mesh size of the anode. In the cathode up orientation,
the anode is at the bottom. We assume that the larger mesh size
of the anode (see Figure 5c) probably tends to trap gas bubbles
rising into the electrode pores, consequently blocking parts of the
electrode. Haverkort et al. [31] and Rocha et al. [30] found that
the size of the electrode holes is an important parameter for trap-
ping bubbles. If this is also the case here and how this is affected
by the electrode orientation is subject to further investigation.

Overall, adding gas into the electrolyte stream improves the cur-
rent density in all experiments by up to 4%. We hypothesize that
the added gas improves the removal of gas bubbles, which block
parts of the electrode. This could be due to the increased flow
velocity, as well as to coalescence of stagnant bubbles with float-
ing ones. Literature presents stagnant gas bubbles at the elec-
trode as negatively affecting cell performance by blocking
parts of the electrode and increasing the length of the current
pathway [23, 26, 31]. A sufficient supply of electrolyte is neces-
sary to ensure a utilization of the active cell area and the flooding
of the cell [28]. Increased flow rate and flow velocity have been
reported to improve the current density, due to better bubble
removal [30]. Caution needs to be practiced when comparing
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FIGURE 9 | (a) Simulating different positions in a large electrolyzer by the local gas content. The experiment point is defined by the gas content,

increasing from the electrolyte inlet the outlet. (b) Deviation of the current density from the benchmark (vertical, no gas) due to the increasing gas

content. Operating conditions: 2.0V, 80°C, 30 wt% KOH, 480 mL min~%.

such effects with gap cells, in which bubbles in the gap increase
the ohmic resistance [21, 30]. The observed current increase
when adding gas to the electrolyte flow is thus in accordance with
previous literature reports. Nevertheless, further investigations
are necessary to understand this effect and its dependence on
the cell components and other operating parameters in detail.

5 | Conclusion

In this work, we have demonstrated the advantages of the differ-
ential alkaline electrolysis cell (“Diffcell”). There are three dis-
tinctive features of the Diffcell compared to standard test cells:
The adjustability of the contact pressure in the active area only,
the possibility of adding gas to the electrolyte prior to the actual
electrolysis cell, and the implementation of the differential cell
concept.

Contact pressure measurements show that the Diffcell allows to
independently adjust the contact pressure to the active cell area.
Measurements of cell performance for different contact pressures
and cycles reveal an improvement in current density with
increasing pressure during the first compression. After several
contact pressure cycles, the current density is independent of
the pressure. Interestingly, a higher contact pressure has a nega-
tive effect on the H, crossover.

Increasing the gas content in the electrolyte mimics the local
operating conditions at various positions across a cell or stack.
Our results indicate that higher gas contents might actually
improve the local performance due to higher flow velocities
and hence bubble removal along the electrode.

In summary, our results show the importance of contact pressure
and gas content on the electrochemical performance. The Diffcell

enables in-depth future studies into the effect of these parameters
in combination with different components and electrode config-
urations, as the observed effects certainly depend on the specific
cell components.

Combining measurements of the novel cell with a stack that has
a known distribution of local operating conditions will be the
next step toward understanding and predicting scaling effects.
This could validate the general concept at the target scale.
Additional scaling effects, such as shunt currents, will require
different tools.

The concept is demonstrated for alkaline electrolysis in this
work, but can be readily transferred to other electrochemical
reactors. Future investigations using this novel cell design will
foster an understanding of scale-up effects and crucial parame-
ters in stack design. The simple yet effective cell design enables
systematic studies with minimized experimental effort. This is an
important step towards fast and efficient scaling from single cells
in the laboratory to industrially relevant stack sizes.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Regarding the influence of mechanical contact pres-
sure, it contains I-V-curves for all measured contact pressures and com-
pression cycles (Supporting Fig. S1), as well as a photo of the electrode
stamp after compression (Supporting Fig. S2). Regarding the effect of
gas bubbles in the electrolyte, an additional experiment was conducted to
observe the distribution of gas bubbles in the flow channels (Supporting
Fig. S3). A FEM simulation verified the mechanical stability of the
Diffcell, and the supporting information describes this simulation
(Supporting Fig. S4 to Supporting Fig. S8 and Supporting Table S1).
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