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H I G H L I G H T S

• Incremental cell approach enables localized two-phase flow emulation.
• Oxygen addition to anode stream shows negligible impact on resistance.
• Higher gas amounts raise HFR, likely from cathode-side membrane dehydration.
• Low currents show reduced polarization resistance due to added cathode hydrogen.
• Comparison of incremental and along-channel cells approach.
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A B S T R A C T

The accumulation of hydrogen and oxygen within the flow channels of proton exchange membrane water 
electrolysis cells results in increased gas fractions and pronounced two-phase flow effects at higher current 
densities. Spatially resolved segmentation along the channel permits investigation of such gradients but neces
sitates complex hardware. In this study, a simplified method is introduced to emulate local gas production in an 
incremental cell through controlled injection of well-defined amounts of hydrogen and oxygen into the 
respective inlet streams. The impact of the gas-to-water ratio on ohmic resistance and polarization phenomena is 
examined using electrochemical impedance spectroscopy combined with subsequent distribution of relaxation 
times analysis. This reveals membrane dehydration effects as well as an impact on activation-related losses on the 
cathode side. A detailed comparison between an incremental (zero gradient) cell and an along-the-channel cell 
demonstrates a good overall performance correlation. In the medium current density region (2-3 A cm− 2), the 
along-the-channel cell shows significantly increased polarization losses, which might be attributed to contami
nation from ion release from the CCM and/or mass transport issues.

1. Introduction

Green hydrogen is widely recognized as a key energy carrier for the 
decarbonization of both industrial processes and the transport sector 
[1], [2], [3]. Among the available technologies, proton exchange 
membrane (PEM) water electrolysis enables the production of 
high-purity hydrogen while offering high efficiency, compact system 
design, and the ability to operate dynamically in combination with 
fluctuating renewable energy sources [4], [5], [6], [7]. However, 
large-scale deployment of PEM water electrolysis requires significant 

upscaling of cell and stack dimensions as well as operation at increas
ingly high current densities [8], [9], [10].

Recent developments in membrane electrode assembly (MEA) 
design, particularly the use of thinner membranes and optimized cata
lyst layers, have enabled stable operation at current densities well 
beyond today's conventional industrial conditions [9], [10], [11]. While 
these advances are essential for reducing system costs and increasing 
hydrogen production rates, they simultaneously intensify mass transport 
challenges within the cell. With increasing active area and current 
density, the local generation rates of hydrogen and oxygen rise 
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drastically, leading to high gas fractions in the porous transport layers 
and flow channels.

These two-phase flow conditions can influence the cell performance. 
Investigations into this behavior primarily employ optical methods and 
focus on bubble formation [12]. Majasan et al. [13] explore the effects of 
varying parameters on cell performance. They showed that the 
flow-field design affects the two-phase flow behavior. Ito et al. [14] 
showed that, in slug and annular flow regimes at the anode, water mass 
transport is hindered, leading to increased mass transport losses at high 
current densities.

Against this background, the targeted adjustment of defined gas 
fractions in the inlet flow is a suitable approach to controllably replicate 
characteristic two-phase conditions, such as those occurring in down
stream regions of along the channel cells. This allows the influence of 
increased gas fractions on impedance behavior and polarization losses to 
be investigated in isolation, without simultaneously superimposing 
geometrically induced gradients along the channel direction.

To address the resulting spatial gradients within large-sized PEM 
water electrolyzer cells and stacks, several research groups have 
developed segmented along the channel (AtC) test cells, which enable 
spatially resolved electrochemical analysis along the flow direction 
[15], [16], [17], [18]. These cells typically feature long channels com
bined with a narrow active width, allowing the investigation of gradi
ents in current density, temperature, and impedance along the channel 
length. Using such experimental setups, significant variations could be 
observed along the channel, especially at high current density and low 
water flow rate, which suggests water starvation phenomena [19].

While AtC cells provide invaluable insights into spatially resolved 
behavior, they also come with considerable experimental complexity. 
The segmented design requires sophisticated electrical insulation, ho
mogenous contact of the individual segments, and complex data 
acquisition systems. Furthermore, such setups are limited to specialized 
laboratory environments and are not easily adaptable for systematic 
parameter studies or routine diagnostic measurements.

As a result, there remains a strong demand for simplified experi
mental approaches that are able to reproduce local operating conditions 
in a large-sized cell, including two-phase flow-related effects, while 
retaining the experimental efforts of small-scale single cells.

Incremental single cells exhibiting an active electrode are of about 
1 cm2 can be operated under zero gradient conditions enabling a well- 
defined electrochemical environment required for fundamental in
vestigations using techniques such as electrochemical impedance spec
troscopy (EIS). EIS and the subsequent impedance data analysis by the 
distribution of relaxation times (DRT) has emerged as a powerful diag
nostic tool for PEM water electrolysis in recent years. This approach 
enabled the deconvolution and quantification of different loss contri
butions related to ohmic, charge transfer, and mass transport phenom
ena [20], [21], [22], [23].

However, due to their limited active area, the absolute amount of gas 
produced in such incremental cells is comparatively low, limiting their 
ability to reproduce gas-transport and two-phase flow related phenom
ena, unavoidable in technically relevant cell sizes.

To bridge this gap, the intentional injection of well-defined amounts 
of hydrogen and/or oxygen into the respective inlet streams of an in
cremental PEM water electrolysis cell represents a promising approach 
to mimic the gas production of the upstream cell area of a large scale cell 
and thus enables a replication of local operating conditions in large scale 
stacks. To the best of our knowledge, no such strategy has yet been re
ported for PEM water electrolysis.

In this study, electrochemical impedance spectroscopy combined 
with distribution of relaxation times (DRT) analysis is employed to 
investigate the impact of well-defined two-phase flow conditions in an 
incremental PEM water electrolysis cell [24]. By systematically varying 
the injected gas amounts, two-phase flow conditions representing 
different positions along the channel of a large-scale cell are mimicked, 
and the influence of the gas-to-water ratio on ohmic resistance and 

polarization phenomena is examined. This approach of mixing gases to 
the water supplied to an incremental cell enables studies at well-defined 
gas to water ratios. Thus, a local condition in a large cell/stack can be 
mimicked and the local cell performance can be determined, providing 
essential parameters for modeling two-phase flow effects on the stack 
level.

The results of the incremental cell are compared with those from a 
segmented along-the-channel PEM water electrolyzer cell. This com
parison aims to assess the extent to which controlled gas injection can 
reproduce locally resolved electrochemical behavior, thereby providing 
a simplified experimental alternative for studying two-phase flow- 
related effects in PEM water electrolysis.

2. Experimental

2.1. Test cells

Two distinct test cells, specifically the incremental (Inc) test cell of 
KIT and the AtC test cell of Fraunhofer ISE, were utilized in this study as 
shown in Fig. 1 a) and b), respectively. Both are in-house developed test 
cells and have been described in detail elsewhere [15], [24]. This study 
emphasizes that the AtC cell comprises a segmented cell with ten in
dependent segments aligned along the flow direction. Each segment 
measures 2 cm in width and 2.8 cm in length. Temperature and current 
measurements can be obtained independently for each segment. The 
incremental cell features an active area of 2.1 cm2, with dimensions of 
1.4 cm in width and 1.5 cm in length. Its compact size facilitates uniform 
operating conditions across the entire cell surface. Both test cells 
incorporate identical channel and rib structures, with parallel channels 
measuring 2 mm in depth and 1 mm in width. The land area is 0.9 mm 
wide. For this research, CCMs were fabricated from commercially 
available materials at Fraunhofer ISE. The membrane utilized is Nafion 
N115. The anode catalyst loading is approximately 0.5 mgIr/cm2, the 
catalyst (Premion, 99.99%, 84.5% Iridium (IV) oxide) is provided by 
ThermoFisher Scientific, Germany and the ionomer (Nafion D2020) by Ion 
Power GmbH, Germany, with an ionomer to solid ratio of 16.68% The 
cathode catalyst loading is approximately 0.25 mgPt/cm2, the catalyst 
(Elyst Pt50 0550, 50% Pt) is provided by Umicore AG & Co. KG, Germany 
and the ionomer (Aquivion D79) by Sigma-Aldrich, USA, with an ion
omer to solid ratio of 29.75%. The anode catalyst layer was screen 
printed onto ETFE foil, while the cathode catalyst layer was slot-die 
coated onto PTFE foil. Both catalyst layers were then hot pressed onto 
the membrane at 160 ◦C for 10 min under a force of 10 kN. 
Titanium-based materials from NV Bekaert SA (type 2GDL06-0.25) were 
employed as the porous transport layers (PTLs) on both sides.

2.2. Test benches

Regarding the measurements presented in this contribution, two 
distinct test benches were utilized at the two locations, KIT and 
Fraunhofer ISE. At Fraunhofer ISE, the along-the-channel cell was 
evaluated, while at KIT, the incremental cell was examined. At both 
sites, in-house-developed test benches were employed, which have 
already been documented in previous publications [24], [25], [26]. 
Both test benches provide the necessary operating conditions for the 
electrochemical measurements conducted in this study. Each is equip
ped with electrochemical workstations from Zahner Elektrik GmbH & Co. 
KG, Germany, capable of delivering currents up to 40 A. At both test 
benches, the water flow to the anode and cathode can be independently 
regulated. The measurements in this study involved a cathode without 
water circulation. Water quality is maintained through ion exchangers. 
The water can be heated and its temperature precisely controlled. 
Furthermore, the test bench at KIT allows for the heating of the test cell 
itself via heating cartridges. Additionally, the KIT test bench is equipped 
with the capability to introduce gases into the inlet streams, which is 
essential for the measurements performed in this study. A detailed 
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description of the setup will be provided in the subsequent section.

2.3. Methodology for mimicking along-the-channel gas production in an 
incremental test cell

In segmented AtC PEM water electrolysis cells, hydrogen and oxygen 
are generated locally in each segment and continuously accumulate 
along the flow direction. As a result, the gas fraction in the reactant 
streams increases progressively from the inlet toward the outlet of the 
cell. To reproduce these locally varying gas production conditions in a 
simpler and experimentally more accessible setup, the incremental test 
cell, introduced in Section 2.1, is employed. Instead of generating large 
amounts of product gases electrochemically, defined amounts of 
hydrogen and oxygen are externally injected into the inlet streams, 
allowing the gas fractions observed at specific locations in the AtC cell to 
be mimicked. In this way, the influence of gas accumulation on elec
trochemical performance can be studied independently of spatial gra
dients in current density or temperature.

In the experimental setup at the test bench at KIT water and gases are 
supplied from the one side of the cell. On the anode side, liquid water is 
mixed with oxygen, while on the cathode side only dry hydrogen is 
supplied. The two-phase mixtures exit the cell on the other side and are 
directed to gas–water separators, where the gas phase is removed and 
the liquid water is recirculated.

The AtC cell used for comparison consists of ten equally sized seg
ments along the flow channel, as illustrated in Fig. 1 b). To represent 
different positions along the channel, four segments were selected for 
detailed comparison: Segment 1, Segment 4, Segment 7, and Segment 
10, which are marked in red in Fig. 1 b). For each selected segment, the 
gas composition at the beginning of the segment was used as the refer
ence condition, since the cumulative amount of gas produced upstream 
can be calculated.

The gas production in the AtC cell was determined based on Fara
day's law in combination with the ideal gas law. The volumetric 
hydrogen flow rate at the beginning of segment i, V̇H2 ,i, is calculated 
according to Equation (1). 

V̇H2 ,i = V̇H2 ,i− 1 +
Ii⋅R⋅Ti

z⋅F⋅p
(1) 

Here V̇H2 ,i− 1 is the hydrogen volume flow entering the previous segment. 
For Segment 1, this value is set to zero. Ii denotes the current of segment 
i, Ti the corresponding segment temperature, z = 2 the number of 

electrons transferred per hydrogen molecule, F the Faraday constant, R 
the universal gas constant, and p the operating pressure, which was 
ambient pressure for all measurements in this study.

Based on the calculated hydrogen flow rate, the corresponding ox
ygen flow rate is obtained from reaction stoichiometry. Since half as 
much oxygen is produced as hydrogen, the oxygen volumetric flow rate 
is given by Equation (2). 

V̇O2 =
1
2

⋅V̇H2 ,i (2) 

The remaining water flow along the channel was calculated by ac
counting for both the electrochemically consumed water and the water 
transported through the membrane by electro-osmotic drag. The water 
volume flow rate at the beginning of segment i is expressed by Equation 
(3) [27]. 

V̇H2O,i = V̇H2O,i− 1 −
Ii⋅MH2O⋅

(
1 + nDrag

)

z⋅F⋅ρH2O
(3) 

Here MH2O is the molar mass of water, ρH2O its density, and nDrag the 
electro-osmotic drag coefficient, which was assumed to be constant and 
independent of membrane humidification, temperature and pressure in 
this study. In the literature a wide range of electro-osmotic drag coef
ficient exists taking different factors into account, suggesting values 
between 0.9 < nDrag < 7 [28], [29]. For this study nDrag = 3 was selected 
as a compromise. Diffusion and hydraulic permeation are neglected in 
this calculation. Overall, the calculated water consumption is negligible 
(<4 %) compared to the supplied water flow under the investigated 
industry relevant conditions. The current Ii measured for each segment 
of the AtC cell was used directly for the calculation.

To ensure identical flow velocities of 0.25 m s-1, the inlet water flow 
rate of the AtC cell was adjusted to the incremental test cell by ac
counting for the different cell widths. While the AtC cell was operated 
with an inlet water flow rate of 300 mL min− 1, the width of the incre
mental cell corresponds to 70 % of the AtC cell width, resulting in an 
inlet water flow rate of 210 mL min− 1 for the incremental test cell. All 
calculated gas and water flow rates used for the measurements presented 
in this work are summarized in Table SI1 in the Supplementary 
Information.

2.4. Measurement methods

In this study, we employ polarization curve measurements, 

Fig. 1. Top view of the open a) Incremental test cell from KIT with active area marked in red, b) Along the channel test cell from the Fraunhofer ISE showing the 
sections mirrored by incremental test cell marked in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)

D. Brinker et al.                                                                                                                                                                                                                                 Journal of Power Sources 681 (2026) 240293 

3 



electrochemical impedance spectroscopy, and the subsequent distribu
tion of relaxation times analysis. The polarization curves are measured 
from 0.01 A cm− 2 to 7 A cm− 2, with varying step sizes and a 2 min 
holding time.

Electrochemical impedance measurements are conducted across 
current densities ranging from 0.1 A cm− 2 to 7 A cm− 2. The cell un
dergoes stabilization at each new current density for a minimum of 
15 min prior to the EIS measurement. The measurement is executed with 
an amplitude set at 10% of the direct current bias. Impedance spectra are 
obtained over a frequency range from 100 kHz to 100 mHz, utilizing a 
frequency resolution of 10 steps per decade and an integration time 
spanning 10 periods.

Data quality and LTI conditions were verified through the applica
tion of the Kramers-Kronig test to the impedance data. This method 
utilizes the relationship between the real and imaginary components of 
the impedance spectrum to assess causality, linearity, and time- 
invariance of the measurement. In this study, we use the method out
lined by Schönleber et al. [30], which employs a 
Kramers-Kronig-compliant model in which a series connection of RC 
elements is fitted to the measured data. The quality of the measured data 
can subsequently be evaluated based on the residual. For this investi
gation, residual <2% were obtained. Invalid data in the high-frequency 
region (>50 kHz) was excluded from further analysis.

The distribution of relaxation times analysis facilitates a more 
detailed investigation into the ongoing polarization processes. These 

processes are more distinctly separated by their characteristic time 
constants. For this purpose, Equation (4) is employed [31]. 

Z(ω)=R0 +

∫∞

0

g(τ)
1 + jωτ dτ (4) 

Z(ω) is the impedance and its distribution function g(τ) of relaxation 
times τ with R0 the ohmic resistance of the spectrum. For the calculation 
of the DRT in this study, a numerical approach is used, based on a fit to 
the real part of the impedance spectrum. To include the negative 
inductive processes at low frequencies, an adaptation of this DRT 
calculation by Schiefer et al. [32] was used. Typically, only positive 
resistance and capacity values are used for the DRT calculation. In this 
adaptation, negative values were allowed in certain parts of the spec
trum representing a physicochemical meaningful resistance decay. It is 
thereby assumed, that the inductive processes leady to a delayed 
improvement in cell performance. As a stabilization method for the DRT 
calculation, the Tikhonov regularization [33] is used. A regularization 
parameter λ of 0.005 was used for all DRTs shown in this study.

Fig. 2. The Nyquist and DRT spectra for the gas mixing in the incremental test cell with supply of a) and b) both hydrogen and oxygen, c), d) only oxygen to the 
anode, e), f) only hydrogen to the cathode at 100 mA cm− 2.
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3. Results

3.1. Gas injection variation

Initially, the gas mixing process involves introducing gases into the 
inlet streams of the incremental test cell, generally through varying the 
quantities supplied and the manner of supply, either at both sides or at a 
single side. The gases are consistently supplied to the side where they are 
produced; thus, hydrogen is supplied to the cathode and/or oxygen to 
the anode. The results for two different current densities, specifically 
0.1 A cm− 2 and 2 A cm− 2, are presented in Figs. 2 and 3, respectively. In 
both figures the Nyquist and DRT spectra are shown with a) and b) 
depicting the mixing of both oxygen and hydrogen, c) and d) illustrating 
mixing of only oxygen, and e) and f) depicting mixing of only hydrogen. 
A total of eight different quantities of gases have been supplied, as 
detailed in Table SI2 (in the supplementary information), ranging from 
0 mL min− 1 to 700 mLO2 min-1 or 1400 mLH2min-1, respectively. The 
amount of hydrogen supplied is twice that of oxygen, aligning with the 
expected behavior in the reaction. The water volume percentage at the 
beginning of the cell varies from 100% down to 3%, as also documented 
in Table SI2.

In our previous investigation [24], we have looked into the behavior 
of the different peaks in the DRT and their dependency on operation 
parameter changes. Five capacitive peaks and one inductive peak could 
be separated. The low-frequency inductive peak Pind (<1 Hz) depends on 
current density, temperature, and pressure. It becomes only visible at 
elevated current density (>2 A cm− 2). The peaks P1 and P2 (0.1–200 Hz) 
only become visible at higher current density and increase with it. 
Therefore, they are likely related to mass transport, though their specific 
association remains unclear. P3 dominates at low current densities and 
decreases at higher ones, suggesting a link to charge-transfer kinetics of 
the OER which might be overlapped by HER-related processes. The 
high-frequency peaks P4 and P5 (>100 Hz) are deemed to be side peaks 
of P3, arising from coupled charge-transfer and proton-transport pro
cesses in the ionomer resulting in such transmission-line-model 
behavior. Additionally, P4 may be influenced by faster HER kinetics.

Fig. 2 illustrates that at low current density (specifically at 
0.1 A cm− 2), for measurements with no or minimal gas flow (up to 42 
mLO2 min− 1 and 84 mLH2 min− 1, respectively), the polarization resis
tance remains stable before experiencing a sudden decrease at the step 
to 105 mLO2 min− 1 and 210 mLH2 min− 1. Subsequently, the polarization 
resistance stabilizes again. Examination of the DRT in Fig. 2 b) reveals a 

Fig. 3. The Nyquist and DRT spectra for the gas mixing in the incremental test cell with supply of a) and b) both hydrogen and oxygen, c), d) only oxygen to the 
anode, e), f) only hydrogen to the cathode at 2 A cm− 2, 60 ◦C, 0 bar, and a water flow rate of 10 mL min− 1 cm− 2 at the anode side.
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reduction peak P4 at around 60 Hz. The dominant peak P3 at 5 Hz re
mains unaffected by this behavior. This phenomenon may suggest an 
activation effect, whereby sufficient product gas presence results in a 
decreased polarization resistance. To investigate whether this behavior 
is associated with oxygen or hydrogen, the gases were supplied sepa
rately, as depicted in Fig. 2 c) and 2 d) for oxygen and Fig. 2 e) and 2 f) 
for hydrogen. It becomes apparent that oxygen supply does not influence 
the polarization processes. Conversely, hydrogen supply exhibits the 
same effect as previously described. Consequently, this phenomenon 
appears to be related to the hydrogen supply; however, it should not be 
interpreted as a direct acceleration of intrinsic HER rate constants. 
Rather, the presence of hydrogen likely modifies local interfacial con
ditions within the cathode catalyst layer, including gas–liquid distribu
tion and ionomer hydration. Moreover, at low current densities—where 
the cathode operates close to equilibrium and HER and HOR may 
coexist—such changes can affect the effective balance between forward 
and backward reaction pathways [34]. This, in turn, can lead to a 
reduction of P4, which reflects the coupled proton-transfer and 
charge-transfer resistance. The absence of corresponding changes in the 
low-frequency DRT region indicates that this effect is interfacial and/or 
kinetically coupled in nature, rather than associated with macroscopic 
mass-transport limitations.

Additionally, Fig. 2 a) indicates that the ohmic resistance is not 
constant but rather increases with higher gas flow rates. This increase 
could indicate membrane drying, leading to reduced membrane con
ductivity. Analyzing the individual gas supply scenarios confirms that 
oxygen supply has no impact; however, hydrogen supply shows a similar 
increase, suggesting that this issue lies on the cathode side. This is 
reasonable as, despite adequate water being supplied to the anode side, 
the cathode side of the membrane or ionomer may dry out, as insuffi
cient water is transported through the membrane to replace that 
removed by the dry gas supply.

Fig. 3 illustrates the results of this gas supply variation at a current 
density of 2 A cm− 2. The configuration remains consistent with Fig. 3 a) 
and b) depicting the gas supply to both sides, c) and d) only oxygen 
supply, and e) and f) only hydrogen supply. In contrast to the low cur
rent density region, no evident impact on the polarization processes is 
observed at 2 A cm− 2, indicating that at higher current densities the 
electrochemical response is dominated by intrinsic gas generation and 
locally established two-phase flow conditions, thereby reducing the 
relative influence of externally supplied gas on interfacial transport.

Conversely, the ohmic resistance exhibits a similar trend to that 
observed at low current densities. In the case of dual-gas supply, an 
increase in ohmic resistance of approximately 5 mΩ cm2 is observed 
with increasing gas quantity. For oxygen-only supply, the trend appears 
to be reversed, with a considerably smaller decrease of roughly 
1 mΩ cm2. This indicates, that there is still enough water present to 
prevent any dry-out effect. Possible explanations for this improvement 
could be that changes in anode-side two-phase flow might indirectly 
affect membrane hydration, interfacial water distribution, and/or local 
temperature. However, it should be noted that the trend is quite small 
and should not be overinterpreted. Regarding hydrogen-only supply, the 
trend reverts to that observed with dual-gas supply, showing an increase 
in ohmic resistance that is even more pronounced than when both sides 
are supplied with gas. This suggests that hydrogen supply to the cathode 
negatively impacts the ohmic resistance, potentially due to a local dry- 
out condition at the cathode side.

3.2. Entire cell comparison of incremental and AtC cell

To provide a more detailed analysis, we compare our incremental 
test cell with an along the channel test cell. Prior to evaluating the in
dividual segments and the gas mixing process, a general comparison of 
the two test cells is presented. Fig. 4 displays the polarization curves of 
both cells. The dotted lines represent the HFR-free curves, where the 
HFR-related contribution has been subtracted from the cell voltage. The 

HFR value of was obtained from the EIS measurement at the same cur
rent density. It is observable that the voltage of the incremental cell is 
lower. In the HFR-free variant, the difference becomes considerably less 
pronounced, proving a higher ohmic resistance of the AtC cell that can 
be attributed to the additional components for segmentation (see Hensle 
et al. [15] for detailed information).

Figs. 5 and 6 depict the Nyquist and DRT plots for the incremental 
cell, the entire AtC cell, and segment 1 of the AtC cell, across a current 
density range from 0.25 A cm− 2 to 7 A cm− 2. The reduced ohmic 
resistance of the incremental cell is readily apparent, with an approxi
mate value of 125 mΩ cm2, in contrast to the AtC cell, which exhibits an 
ohmic resistance of approximately 150 mΩ cm2 as can be seen in Fig. 5 
a) for example. Similar trends between the different cells are observed 
concerning polarization resistance. Specifically, the polarization resis
tance diminishes with increasing current density up to 1 A cm− 2 for the 
AtC cell and up to 2 A cm− 2 for the incremental cell, as can be seen in 
Fig. 5 e) and Fig. 6 a), respectively. After this the polarization resistance 
begins to rise again, showing an increase in the low frequency region 
with new peaks P1 and P2 forming. Starting at 5 A cm− 2 the formation of 
an inductive loop begins. The data for the entire cell and the initial 
segment of the AtC cell are highly comparable; however, the high- 
frequency data for the first segment are less precise than those of the 
entire cell, thereby complicating the determination of the ohmic 
resistance.

The DRT plots depicted in Fig. 5 for the lower current densities 
demonstrate a markedly similar behavior compared to each other. A 
prominent peak P3 (starting around 10 Hz at low current density) di
minishes as the current density increases. At elevated current densities, 
additional peaks P1 and P2 originating from the low-frequency region 
begin to form and intensify, along with an inductive peak Pind at the low- 
frequency end. This phenomenon is observed in both test cells. These 
peaks have been ascribed to physico-chemical processes, as detailed in 
our previous publications [24], [35]. Briefly, peak P3 that decreases with 
increasing current density within the medium frequency range is 
attributed to charge transfer kinetics, while the peaks P1 and P2 
emerging at low frequency and high current density are associated with 
mass transport processes. From these observations, it is evident that the 
cells generally exhibit consistent trends with variations in current den
sity and demonstrate comparable overall performance. Differences be
tween the data of the entire AtC cell and the first segment are small, as 
expected. The strongest differences between the test cells can be seen at 
2 A cm− 2 and 3 A cm− 2, where the AtC cell shows a strong increase in 
overall polarization resistance, before decreasing again when the 
inductive loop starts to form. This behavior and possible origins will be 

Fig. 4. Polarization curve of Inc and AtC cell including HFR free version of both 
at 60 ◦C, 0 bar and water flow rates of 10 mL min− 1 cm− 2 for the Inc cell and 
5 mL min− 1 cm− 2 for the AtC cell.
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discussed further in the detailed comparison.

3.3. Comparison measurement data from AtC cell

Since the comprehensive evaluation of the two distinct test cells 
indicated a high degree of comparability, the subsequent step involves a 
detailed comparison of the test cells. To facilitate this, the measurements 
at the AtC cell were conducted initially. From this data, gas production 
and water consumption can be calculated using equations (1)–(3). For 
this purpose, precise temperature and current data for each segment 
were obtained from the corresponding measurements in the AtC cell. As 
the overall current is provided to the end plates of the segmented cell, all 
segments are operated at the same voltage. Thus, deviations in the local 
current density relative to the average setpoint value have to be ex
pected. The fluctuations in local current density are quite comparable 
for each current density, with variations within the range of +6% to 
− 9%, and the most significant deviations observed in segments 5 and 6. 
Consequently, four segments, namely segments 1, 4, 7, and 10, were 
selected for further analysis, as they are equally spaced. The temperature 
profile shows that a higher average current density result in an increased 
cell temperature due to self-heating effects (54 ◦C at 1 A cm− 2 and up to 
71 ◦C at 5 A cm− 2). For the lower current densities, the temperature 
remains relatively stable along the channel, whereas at the highest 

current density of 5 A cm− 2, there is a noticeable trend of increasing 
temperature along the channel by 6 K from first to last segment. The 
measurement data of current and temperature of the AtC cell, along with 
the calculated values for the incremental cell, are summarized in 
Table SI1.

3.4. Single segment comparison

The subsequent step involves conducting the measurement under 
identical conditions within the incremental cell. The results are illus
trated in Fig. 7. A comparison is made among three distinct current 
densities, specifically 1 A cm− 2, 3 A cm− 2, and 5 A cm− 2. The selection of 
higher current densities was deliberate, as lower current densities are 
unlikely to produce significant variations along the gas channel due to 
minimal gas production. In Fig. 7 a) and b) the Nyquist plot and DRT 
presentation at 1 A cm− 2 are respectively depicted for four different 
segments. The original data from the AtC cell are represented by solid 
lines, whereas the comparative data from the incremental cell are shown 
using dotted lines. The Nyquist plot is presented without the HFR 
component to facilitate better comparison, given the differences in 
ohmic resistance between the cells as discussed previously. The results at 
1 A cm− 2 demonstrate remarkable agreement between both test cells. 
The polarization resistance measured in the incremental cell is 

Fig. 5. Test cell comparison at low current densities of a), b) 0.25 A cm− 2, c) and d) 0.5 A cm− 2, and e) and f) 1 A cm− 2 at 60 ◦C, 0 bar and water flow rates of 
10 mL min− 1 cm− 2 for the Inc cell and 5 mL min− 1 cm− 2 for the AtC cell.
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marginally lower than that observed in the AtC cell. The DRT analysis 
reveals a consistent main peak P3 at the same frequency across both 
measurements, which, according to Refs. [20], [22], [24], is attributable 
to charge transfer kinetics. The data from the AtC cell displays no 
definitive trend among the different segments, making it challenging to 
compare individual segments directly.

At 3 A cm− 2 in Fig. 6 c) and 6 d), a significant disparity is observed 
between the AtC and incremental cell results. The AtC cell exhibits 
markedly higher polarization resistance relative to the incremental cell. 
In the DRT analysis, it is evident that this difference stems from pro
cesses in the low-frequency domain P1 and P2, which are associated with 
mass transport phenomena. The variations among the different seg
ments of the AtC cell originate from differing effective currents within 
these segments. Conversely, the incremental cell does not replicate this 
trend; instead, it displays the expected increase in low-frequency mass 
transport processes with higher gas flow rates.

At 5 A cm− 2 in Fig. 6 e) and 6 f), the process patterns realign more 

closely. Although the polarization resistance of the AtC cell remains 
higher than that of the incremental cell, the DRT shows peaks appearing 
within comparable frequency ranges across the different cells. In this 
current density region, the inductive loop, visible as Pind in the DRT, 
starts to form and is overlapping with the mass transport related losses.

Possible reasons for the significantly higher polarization resistance 
observed for the AtC cell compared to the incremental cell, particularly 
in the intermediate current density range of 2–3 A cm− 2, are discussed in 
the following. It should be emphasized that the origin of this behavior 
cannot be identified conclusively based on the present data and that 
multiple, potentially overlapping effects may contribute.

A first possible explanation is cation contamination originating from 
the CCM or auxiliary cell components. Such contamination is known to 
lead to a characteristic S-shaped distortion of polarization curves, as 
observed for the AtC cell in Fig. 4 between 2 and 3 A cm− 2. Padgett et al. 
[36] demonstrated that cation contamination can induce losses that 
resemble mass-transport limitations, causing an upward curvature of the 

Fig. 6. Test cell comparison at high current densities of a), b) 2 A cm− 2, c) and d) 3 A cm− 2, e) and f) 5 A cm− 2, and g) and h) 7 A cm− 2 at 60 ◦C, 0 bar and water flow 
rates of 10 mL min− 1 cm− 2 for the Inc cell and 5 mL min− 1 cm− 2 for the AtC cell.
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polarization curve in the medium current density regime, which levels 
off again at higher current densities due to changes in the HER mecha
nism. While this represents a plausible explanation, it cannot be stated 
with certainty that contamination is the dominant cause of the behavior 
observed here. Nevertheless, such effects may be more pronounced in 
the AtC configuration due to its larger water circuit and higher material 
complexity compared to the incremental cell, thereby increasing the 
susceptibility to unintended ionic impurities.

A second contributing factor may arise from transport limitations at 
the catalyst layer–PTL interface. As shown by Hensle et al. [16], the 
interaction between CCM properties and PTL structure can strongly in
fluence mass transport behavior. In that work, low catalyst loadings in 
combination with the employed PTL resulted in increased transport 
resistances at higher current densities. Since the AtC and incremental 
cells investigated in this study employ comparable CCMs and PTLs, 
similar interfacial transport effects may occur. In the AtC cell, such ef
fects could be aggravated by less homogeneous compression across in
dividual segments, which may locally alter contact conditions and 
effective transport pathways.

In this context, it should be noted that the AtC cell employs only 
global mechanical compression, applied to the full cell assembly, rather 
than local or segment-resolved compression. No sensors or diagnostic 
tools are integrated in this cell to directly measure or verify the 

compression state of individual segments operando. As a result, local 
variations in compression cannot be excluded and an inhomogeneous 
contact between PTL and catalyst layer may deactivate parts of a 
segment area and thus contribute to locally increased polarization re
sistances. Such effects are absent in the incremental cell, where a single, 
well-defined active area and contact configuration are present.

Furthermore, in-plane transport effects may play a role in the 
segmented cell. Due to the longer segments and the segmentation of the 
PTL, lateral redistribution of reactants and removal of product gases can 
be hindered. Gas accumulation in upstream regions of a segment may 
partially block downstream active areas within the same segment, 
effectively increasing the mass transport resistance. These in-plane ef
fects are avoided in the incremental cell, owing to its shorter active 
length and the use of a single PTL element without segmentation.

Overall, these considerations illustrate that a direct quantitative 
comparison between AtC and incremental cells remains challenging. 
Beyond quantitative deviations, the results also exhibit qualitative dif
ferences, as reflected by differing trends along the flow channel between 
the incremental and AtC cells. Consequently, even qualitative compar
isons between both cell concepts should be interpreted with care. In the 
AtC configuration, segment-specific inhomogeneities—such as 
compression variations, interfacial transport resistances, or possible 
contamination effects—may overlay the along-the-channel phenomena 

Fig. 7. Single segment comparison at a), b) 1 A cm-2, c), d) 3 A cm-2, and e), f) 5 A cm-2 with Nyquist plot on the left and DRT presentation on the right at 60 ◦C, 
0 bar and water flow rates of 210 mL min− 1 for the Inc cell and 300 mL min− 1 for the AtC cell.
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investigated in this study. We therefore conclude that, within the scope 
of this study, the incremental cell results provide a more reliable basis 
compared to the AtC cell results. The experiments presented here were 
conducted under near-system-relevant conditions with relatively high 
water flow rates, resulting in small gradients along the flow channel. 
Alternative experimental strategies that deliberately enhance segment 
differentiation, such as operation at very low water flow rates as dis
cussed in Ref. [19], could help to further disentangle along-the-channel 
effects from setup-specific inhomogeneities in future work.

4. Conclusion

This study presents investigations into a largely unexplored domain, 
specifically the mimicking of gas production in large cells and the impact 
of spatially differing water to gas ratios utilizing a more accessible 
laboratory-scale setup. Initially, varying amounts of product gases are 
introduced either to both the cathode and anode sides or solely to one 
side. This approach demonstrated that the influence of gas mixing on 
both the ohmic and polarization resistance is associated with the 
introduction of hydrogen to the cathode side. Conversely, the mixing of 
oxygen into the anode stream appears to have no significant effect at the 
two evaluated current densities of 0.1 A cm− 2 and 2 A cm− 2. The gas 
mixing experiments indicate that higher gas quantities lead to an in
crease in ohmic resistance, most probably related to membrane dehy
dration via the cathode side. Additionally, at low current densities, a 
reduction in polarization resistance is observed when gas is supplied, 
indicating improved activation behavior. This effect can be attributed to 
the hydrogen supplied at the cathode side.

In the further analysis of this study, a comparison between an in
cremental cell and a segmented along the channel cell is made. Initial 
comparisons of the entire cell results reveal good agreement and 
consistent trends for a current density variation. By precisely replicating 
the conditions of the AtC measurement from measurement result, a 
comparison in the behavior of individual segments with the incremental 
cell is made. However, this aspect requires further refinement. Current 
limitations prevent accurate replication of individual segments, as the 
differences are too substantial and no clear distinctions are observed in 
the AtC measurements alongside the active area. Consequently, addi
tional investigations under alternative conditions (e.g., reduced water 
flow rate) would be beneficial to determine if the replication can be 
improved.
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