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A B S T R A C T

Under technically relevant air-fed polymer electrolyte membrane fuel cell (PEMFC) operation, the low-frequency 
impedance response is shaped by overlapping oxygen-transport processes along the cathode channel and through 
the porous gas diffusion layer (GDL), microporous layer (MPL), and cathode catalyst layer (CCL). Local ionomer 
hydration and liquid-water accumulation further modify these transport processes. In this study, these low- 
frequency contributions are resolved locally using an along-the-channel segmented PEMFC by combining 
sequential segment-wise electrochemical impedance spectroscopy (EIS) with subsequent distribution of relaxa
tion times (DRT) analysis. Targeted variations in inert gas, cathode stoichiometry, current density, and relative 
humidity were evaluated together with along-the-channel current-density distributions, allowing two distinct 
low-frequency processes, PLF1 and PLF2, to be separated over the investigated operating window. The results show 
that the relaxation frequency of the lower low-frequency peak, PLF1, depends primarily on channel-gas velocity. 
Its polarization contribution is additionally influenced by oxygen depletion and oxygen transport along the 
channel. The higher low-frequency peak, PLF2, is governed mainly by local through-plane oxygen transport 
through the GDL, MPL, and CCL and responds strongly to the effective oxygen diffusion coefficient, local oxygen 
availability, local current density, and water-modified transport conditions in the porous cathode. These findings 
establish a mechanistic distinction between a predominantly channel-related low-frequency contribution and a 
predominantly local through-plane oxygen-transport contribution in the porous cathode, providing a physically 
informed basis for interpreting low-frequency impedance signatures under technically relevant PEMFC operating 
conditions.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are regarded as a 
promising technology for efficient, low-emission power generation in 
high-power applications, including heavy-duty transport and stationary 
energy systems. For such applications, maintaining uniform local 
operating conditions across the fuel-cell stack is essential for achieving 
high performance and durability [1,2].

Automotive fuel-cell stacks typically employ long, parallel straight- 
channel flow fields and operate with humidified hydrogen and air, 
with only limited oxygen excess at the cathode, corresponding to cath
ode stoichiometries typically below 2 [3–5]. Under these conditions, 
along-the-channel gradients especially in reactant availability, humidity 
and liquid water accumulation are unavoidable [4,6]. These gradients 
modify the local electrochemical state and internal resistances and 

thereby govern both the spatial current-density distribution and the 
overall cell performance. Under these conditions, oxygen transport from 
the cathode channel through the porous media to the catalyst layer 
becomes a key performance factor. At the same time, oxygen depletion 
and water accumulation develop from inlet to outlet.

Electrochemical impedance spectroscopy (EIS), especially when 
combined with subsequent distribution of relaxation times (DRT) anal
ysis, is a powerful tool to separate overlapping PEMFC loss contributions 
by their characteristic time constants. However, interpreting the low- 
frequency part of the impedance response remains particularly diffi
cult, because it contains contributions from mass transport and water- 
related processes, that can overlap both within the catalyst layer and 
along the gas channel [7–10]. This ambiguity is especially relevant for 
long air-fed channels. Under low-stoichiometry operation, the local 
oxygen mole fraction can decrease from below the dry-air value of 21% 
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at the humidified inlet to around 10% or less near the outlet. 
Water-vapor dilution and liquid-water accumulation further intensify 
this effect [11–13].

Although the low-frequency response is often treated as a single 
oxygen-transport peak, experiments and modeling show that multiple 
transport mechanisms can overlap in time and merge into a composite 
low-frequency signature [14,15]. Under automotive-relevant humidi
fied hydrogen /air operation with long straight channels and low cath
ode stoichiometry, oxygen transport is affected not only by 
through-plane diffusion, but also by convection and oxygen depletion 
along the cathode channel [7,16,17]. Schneider et al. showed that 
AC-induced oxygen concentration oscillations are not confined to the 
porous cathode, but extend into the gas channels and couple down
stream by forced convection, producing an additional low-frequency 
contribution [18]. Consistently, the characteristic time constant of the 
low-frequency arc varies strongly with cathode air-flow velocity and 
stoichiometry, but approaches a through-plane-transport limit at high 
flow rates [19]. Analytical work further predicts separate channel and 
porous-layer contributions, or a merged peak when their time scales 
overlap [17,20,21]. Thus, under stack-relevant conditions, the 
low-frequency “mass-transport” peak cannot be assigned to a single 
through-plane diffusion process, but may reflect multiple overlapping 
processes in the gas channel and porous cathode [22].

Resolving low-frequency impedance processes under realistic along- 
the-channel gradients therefore requires a physically informed and 
spatially resolved approach. An along-the-channel segmented cell is 
particularly suitable for this purpose because it captures the progressive 
oxygen depletion and water accumulation typical of long air-fed stack 
channels [19]. In combination with segmented current-density mea
surements and local impedance analysis, it enables the spatially resolved 
correlation of local electrochemical response with channel position [16,
23,24]. This makes it possible to distinguish channel-scale effects from 
predominantly local oxygen transport in the porous cathode.

In the present work, a segmented PEMFC with a long straight- 
channel cathode flow field is used to resolve low-frequency impedance 
processes locally under technically relevant air-fed operation. Spatially 
resolved current-density measurements are combined with local EIS and 
DRT analysis. Targeted variations in inert gas type, cathode stoichiom
etry, current density, and relative humidity are applied to identify the 
governing transport processes and their domains. To obtain locally 
representative spectra with minimized upstream coupling, the imped
ance is measured by sequential segment-wise excitation.

Using this approach, two distinct low-frequency processes are iden
tified and tracked systematically as a function of operating condition 
and channel position. The aim of this work is to establish their charac
teristic parameter dependencies and to distinguish between a predom
inantly local through-plane oxygen-transport contribution in the porous 
cathode and a predominantly channel-related low-frequency contribu
tion associated with oxygen depletion along the cathode channel due to 
electrochemical consumption and convective gas transport.

2. Through-plane and along-the-channeloxygentransport

A compact formal starting point for oxygen transport in both the 
channel and porous cathode domains is the local steady con
vection–diffusion–reaction balance for oxygen (species α), 

∂
∂xi

∗

(

− Dα
∂cα

∂xi
+ uicα

)

= Rα (1) 

where cα denotes the oxygen concentration, Dα the relevant diffusion 
coefficient, ui the gas velocity component in direction i, and Rα the 
volumetric sink term associated with electrochemical oxygen con
sumption in the cathode [25,26].

2.1. Through-plane oxygen transport

In the governing species balance from Eq. (1), the diffusive flux term 
− Dα

∂cα
∂xi 

captures oxygen transport driven by concentration gradients, 
while the source/sink term Rα provides the coupling to electrochemical 
consumption in the catalyst layer. As shown in Fig. 1, oxygen transport 
along the through-plane pathway from the gas channel to the cathode 
active sites involves several coupled steps across the GDL/MPL and 
within the porous catalyst layer. Transport is typically dominated by 
molecular diffusion across the larger pores of the GDL, may shift toward 
Knudsen-influenced diffusion in finer MPL/CCL structures, and addi
tionally includes diffusion through thin ionomer and water films 
covering Pt-catalyst particles within the CCL [10,27].

For a compact first-order description, transport across the porous 
cathode structure can be represented by an effective diffusivity Deff , 
which accounts for porosity, tortuosity, and the combined molecular 
and Knudsen contributions. The corresponding characteristic diffusion 
time scale scales with the square of the transport length lb and inversely 
with Deff [17,22,28]: 

τdiff =
lb2

Deff
(2) 

Oxygen transport is driven by the concentration difference between 
the channel-side interface and the catalyst-layer side of the porous 
transport path. The relaxation time is mainly governed by the effective 
transport length and effective diffusivity Deff .

Liquid water introduces a nonlinear and locally nonstationary 
modification of oxygen transport by blocking pores and reducing the 
gas-accessible transport volume. This changes the effective porosity, 
tortuosity, and diffusivity of the porous cathode and can therefore in
crease the oxygen-transport resistance and shift the relaxation time 
[29–32].

2.2. Along-the-channel gas transport and conversion

Along the cathode channel, oxygen transport is predominantly gov
erned by convection. For the present first-order interpretation, axial 
diffusion is assumed to be negligible compared with convection, such 
that Eq. (1) reduces to a one-dimensional convective balance in the 
channel [17,22,28] 

∂
∂z

(
uchcO2,ch

)
= − aintRO2(z) (3) 

where z is the channel coordinate, uch is the cross-section-averaged gas 
velocity, and aint denotes the interfacial area-to-gas-volume ratio, which 
links oxygen consumption at the electrode to oxygen depletion in the 
adjacent gas channel. Here, RO2(z) denotes the local area-specific oxygen 
consumption rate at axial position z.

The axial driving force is the cumulative oxygen consumption along 
the channel, which progressively depletes cO2 ,ch from inlet to outlet, 
consistent with the color gradient in Fig. 1. The resulting decrease in 
oxygen activity lowers the local Nernst potential and increases con
centration overpotential, thereby contributing to the along-the-channel 
distribution of local overpotential under load.

A convenient first-order time scale for channel transport is the 
convective residence time, which scales with channel length L and 
inversely with the mean gas velocity in the channel [19,33]: 

τch =
L

uch
(4) 

The channel-related low-frequency contribution depends on how 
rapidly oxygen is replenished by convection relative to how rapidly it is 
consumed electrochemically. It is therefore controlled by gas velocity, 
oxygen consumption, and coupling to through-plane transport in the 
porous cathode.
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When convective renewal is strong, axial oxygen gradients remain 
small, and the channel-related contribution can become weak compared 
with the local through-plane oxygen-transport contribution. Conversely, 
at technical stoichiometries and toward the channel outlet, cumulative 
oxygen consumption can amplify axial depletion and thereby strengthen 
the channel-related low-frequency response [7,17,33].

2.3. Coupling between convection and diffusion at the channel–electrode 
interface

The coupling between channel convection and porous-layer trans
port is established at the channel–GDL interface and may be expressed 
by an interfacial mass-transfer relation, 

NO2 ,ch− GDL = kg
(
cO2 ,ch − cO2 ,surf

)
(5) 

where NO2 ,ch− GDL is the molar oxygen flux from the channel into the GDL, 
kg is the gas-side interfacial mass-transfer coefficient, cO2 ,ch the channel 
bulk concentration, and cO2 ,surf is the concentration at the channel-side 
GDL surface.

The coefficient kg describes the gas-side interfacial mass transfer 
between the channel bulk and the GDL surface. In reduced PEMFC 
models, this interfacial transport is commonly parameterized through a 
Sherwood-type relation, so that kg depends on the channel flow condi
tions through the corresponding Sherwood number correlation. Higher 
gas velocities therefore tend to reduce the external gas-side transport 
resistance and keep the interfacial concentration cO2 ,surf closer to the 
bulk channel value cO2 ,ch [34–36].

Liquid water can affect both sides of this coupling. Within the porous 
electrode, pore blockage reduces the effective transport coefficient and 
accessible gas volume, whereas in the channel two-phase flow by films 
or slugs may thicken the gas-side boundary layer, modifying the local 
velocity field and thereby reducing the effective interfacial mass transfer 
[29,36–38].

3. Experimental

All experiments were conducted on a test bench based on the concept 

for incremental cell measurements [8,15,39], which was adapted and 
extended for spatially resolved measurements. A photograph of the 
experimental setup, including the test bench and the custom segmented 
cell installed and wired for operation, is shown in Fig. 2a.

Fig. 2c,d show the custom segmented cell hardware used in this 
study, consisting of 13 electrically insulated anode segments and an 
unsegmented cathode plate. Each anode segment has an active area of 4 
cm², enabling an approximately homogeneous operating state within 
each segment and mapping gradients along the cell. Each segment 
provides individual current, voltage, and temperature sensing. In addi
tion, a force sensor (model 8416, Burster, Gernsbach, Germany) is in
tegrated in each segment, which can be adjusted manually via adjusting 
screws. This enables a continuous quantification of the locally applied 
clamping force and a homogeneous compression of the active materials. 
The sealing around the active area is compressed separately by dedi
cated screws, decoupling sealing compression from active-area 
compression.

The anode and cathode flow fields are based on a parallel channel-rib 
structure with geometries representative for mobile applications [40]. 
The flow field length is 260 mm, which allows along-the-channel gra
dients to develop similarly to long straight-channel stack designs [3,4,
41]. The flow field width of the cell is 20 mm. Heating cartridges 
distributed in anode and cathode steel plates are used to adjust the cell 
temperature.

The cell was operated with a commercial catalyst-coated membrane 
(CCM) with a total active area of 52 cm². A non-segmented gas diffusion 
layer (GDL) with a microporous layer (MPL) was used on both the anode 
and cathode sides (H14CX483, Freudenberg, Weinheim, Germany) [42]. 
This configuration preserves continuous in-plane transport pathways for 
gas and water and is therefore more representative of real PEMFC stacks. 
The associated effect on the electrical segmentation of the anode side 
was considered acceptable in order to retain transport conditions com
parable to those in real stack operation.

3.1. Current density distribution and local sequential EIS

Fig. 2b illustrates the measurement setup and the electrical wiring of 
the cell and demonstrates the measurement principle. Centrally depicted 

Fig. 1. Schematic overview of coupled oxygen and water transport processes in PEMFC cathodes, including through-plane and along-the-channel pathways.
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is the segmented cell with anode-side segmentation from segment S1 to 
segment S13. Each cell segment can be connected to two circuits for 
direct current (DC) and alternating current (AC) measurements, 
enabling current density distribution measurements and EIS measure
ments for an individual segment.

For current density distribution measurements, a DC power source 
(N8733A, Keysight Technologies, Santa Rosa, CA, USA) is connected to 
the cathode side as a common current collector, and to an in-house 
designed printed circuit board (PCB) (Fig. 2b). From the PCB, the total 
current is divided into 13 parallel paths, one for each segment. A DC 
current is galvanostatically applied to the entire cell via the power 
source. Since only the total current is controlled, both current and 
voltage of the segments are floating. To achieve conditions similar to a 
stack with metallic interconnectors, all segments should exhibit the 
same potential. This is achieved by keeping the resistances between the 
segments and the common current collector on the PCB similar and very 
small (here < 3 mΩ). Depending on the local resistances and the total 
current applied, the current is distributed across the segments. Closed 
loop Hall sensors (LKSR 15-NP LEM, Meyrin, Switzerland) on the PCB 
are applied to measure the local currents of each segment. The voltage 
signal for each segment is recorded individually by a multichannel data 
logger to ensure that all segments are operated at the same voltage.

A key advantage of the setup is, through a secondary AC path, an AC 
current and the required DC bias can be applied to a selectable segment. 
An electrochemical Zahner Zennium workstation (Zahner, Kronach, 
Germany) equipped with a power potentiostat can be connected auto
matically to any of the thirteen segments, allowing for sequential EIS 
measurements on the selected segment. To perform local sequential EIS 
measurements, the local current of the selected segment is recorded for a 
given total cell current. The total current specified by the DC current 
source is reduced by the segment current and then applied via the power 

potentiostat using the AC path to ensure that the local and overall 
operating state of the cell remains unchanged. The sinusoidal current 
perturbation is applied through the electrochemical workstation via the 
power potentiostat. Low-resistance relays (AZ742–2CG-12DE, Zettler 
Electronics GmbH, München, Germany) on the PCB switch the indi
vidual segments between AC and DC paths. Simultaneously, the voltage 
of the excited segment is routed to the impedance analyzer.

The segmented PEM fuel cell was operated under stack-relevant 
conditions in co-flow configuration using humidified hydrogen 
(anode) and humidified synthetic air (cathode). The cathode feed con
tained 21 vol% O2 on a dry basis (balance N2). Under humidified 
operation the oxygen partial pressure is therefore reduced by the water 
vapour partial pressure. Unless stated otherwise, the standard condi
tions were 100 kPa backpressure (overpressure) and stoichiometries of 
2.0 on both the anode and the cathode. For the inter-gas variation, the 
cathode feed was switched from O2/N2 to O2/He at identical oxygen 
partial pressure and identical cathode stoichiometry, so that the channel 
velocity remained unchanged while the gas-phase oxygen diffusivity 
was varied.

The compression was adjusted to 1 MPa to ensure homogeneous GDL 
compression and reliable electrical contacting. It should be noted that 
such locally verified homogeneous compression is difficult to achieve in 
technical stacks. Because the clamping force applied to the end plates is 
distributed over both the active area and the sealing, even small 
component height tolerances may result in locally inhomogeneous 
compression.

To mimic stack-relevant operation, the overall cell current was 
applied galvanostatically, while the local segment currents distribute 
according to the local electrochemical state. Each current density was 
held for 20 min to ensure steady-state conditions before recording the 
current-density distribution. Subsequently, local EIS spectra were 

Fig. 2. Segmented cell setup and measurement concept. (a) Photograph of the complete segmented-cell setup mounted and wired at the test bench. (b) Schematic of 
the measurement principle and electrical wiring of the segmented cell for sequential local EIS measurements. (c) Photograph of the segmented-cell hardware. (d) 
Segmented cell housing and segment concept.
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acquired sequentially along the channel from outlet to inlet for selected 
segments (13,10,7,4,1) to map spatial shifts in electrochemical pro
cesses. This acquisition order minimizes the risk of perturbing the gas 
composition or water state of downstream segments before their 
measurement.

For each local EIS measurement, the entire cell was first set to a 
current-free state before the selected segment was relay-switched from 
the DC path to the AC path. The relay switching time was below 10 ms, 
and a waiting time of 10 s was applied before the local segment current 
was imposed again through the AC path. The operating point was sus
tained for another 30 min before impedance acquisition.

The cell and current-distribution electronics were operated electri
cally floating, while only the Zahner impedance analyzer was connected 
to ground. Impedance spectra were recorded from 0.1 Hz to 100 kHz 
with 11 points per decade below 66 Hz and 6 points per decade above 
66 Hz. The signal was integrated over 20 periods at each frequency 
point. The perturbation amplitude was set to 15% of the local segment 
current, resulting in a segment voltage response amplitude of ≤ 20 mV 
to ensure small-signal linearity. Signal linearity was further verified by 
monitoring the voltage response during the measurements. Measure
ments were repeated to identify non-stationary behavior and to confirm 
the reproducibility of the low-frequency response, including under high- 
flow operating conditions.

The validity of the impedance data was verified using the Kra
mers–Kronig test [43]. The residual error for all spectra remained below 
2%, indicating high data quality and supporting the reliability of the 
low-frequency data. To deconvolute electrochemical processes and their 
characteristic time constants, each local impedance spectrum was 
analyzed using the distribution of relaxation times (DRT) [8,44]. DRT 
calculations are based on Tikhonov regularization [45]. For all DRT 
analyses, a carefully chosen regularization factor of 0.005 was used.

4. Results and discussion

Initially, a representative local impedance spectrum is analyzed to 
introduce the characteristic features of the local response. This is fol
lowed by a sensitivity analysis at the inlet segment, which serves as the 
reference for the subsequent along-the-channel analysis.

4.1. Analysis of a local impedance spectrum

Fig. 3a shows a representative local impedance spectrum extracted 
from the segmented cell dataset under standard operating conditions at 
jcell,mean = 0.5 A cm− 2. Segment 1 is taken as a representative example to 
introduce the characteristic peaks and the subsequent DRT-based con
clusions. The same qualitative peaks are observed for all segments. Their 
along-the-channel evolution is discussed later. The impedance spectrum 
exhibits a pronounced high-frequency semicircle and an additional low- 
frequency response with two discernible arcs. Consistently, the Kra
mers–Kronig residuals in Fig. 3b increase at the highest frequencies, 
whereas the residuals remain within ±1% over the frequency range 
relevant to the present analysis, confirming that the low-frequency 
peaks are not artifacts of poor data quality.

To deconvolute the overlapping polarization contributions, Fig. 3c 
shows the DRT g(f), resolving five distinct peaks with characteristic 
frequencies of approximately 3.8 Hz (PLF1), 17.7 Hz (PLF2), 120 Hz 
(PMF), 0.8 kHz (PHF1), and 8.1 kHz (PHF2). For the mid- and high- 
frequency range, peak assignment was established by systematic 
operating-condition variations following the parameter-dependency 
logic introduced by Heinzmann et al. [8]. The results are consistent 
with prior DRT studies [8,46,47]. PHF1 and PHF2 are attributed to pro
ton/ionic transport in the membrane/ionomer phase [48], while PMF is 
assigned to the cathode charge-transfer (ORR) process in the catalyst 
layer. The much smaller anode processes of this type of CCM are located 
in the same frequency range [8].

Most PEMFC DRT studies report one dominant low-frequency peak, 

typically located in the range of approximately 2–20 Hz and commonly 
assigned to oxygen transport limitations in the porous cathode [8,39,
49]. However, several studies indicate that this low-frequency response 
can contain more than one transport contribution. For example, the 
lowest-frequency DRT peak may represent merged oxygen-transport 
contributions from both the GDL and the gas channel [9]. Additional 
low-frequency peaks have also been observed at lower cell voltages or in 
cathode-outlet regions of spatially resolved PEMFC measurements, 
although their assignment is not always unambiguous [3,50]. Recent 
work further reported two low-frequency mass-transport peaks, with the 
lower-frequency contribution linked to flow-field-related losses [51].

This interpretation is also supported by the more general distinction 
between diffusion and gas-conversion impedances known from SOFC 
analysis. In these systems, low-frequency concentration losses can be 
separated into diffusion through the porous support and conversion 
related to the gas volume and reactant consumption [52,53]

Fig. 3. (a) Nyquist plot of the measured EIS at the gas inlet (Segment 1) under 
standard conditions at jcell,mean = 0.5 A cm− 2 with a zoom into the low- 
frequency. (b) Corresponding Kramers-Kronig residuals and (c) distribution of 
relaxation times with designation to different polarization processes.
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Transferred to the PEMFC cathode, this suggests that channel-scale 
and porous-electrode oxygen transport can also appear as separate 
low-frequency contributions when their characteristic time scales differ 
sufficiently.

A channel-related low-frequency process is then expected to depend 
primarily on convective residence time, axial oxygen depletion due to 
electrochemical consumption, and the strength of gas-side coupling 
between channel convection and porous-electrode transport at the 
channel–GDL interface. Its characteristic time scale and amplitude 
should therefore vary mainly with gas velocity or stoichiometry, overall 
oxygen consumption, and the interfacial mass-transfer coefficient gov
erning this coupling. Under wet operating conditions, these de
pendencies may be further modified by two-phase flow in the channel, 
for example through water films or slugs that alter local flow distribu
tion and gas-side mass transfer[7,16,20,28,33].

By contrast, a through-plane oxygen-transport process is expected to 
depend primarily on the local oxygen flux from the channel toward the 
catalyst layer, driven by the local concentration gradient and governed 
by the effective diffusivity and transport path length within the porous 
cathode structure. It should therefore be particularly sensitive to current 
density, local oxygen availability, water state, and water-dependent 
changes in oxygen transport within the GDL, MPL, and CCL [8,10,
29–32].

4.2. Sensitivity analysisof LF processesat the inletsegment

To assign PLF1 and PLF2 to their underlying physical origin, the sen
sitivities of both low-frequency peak are examined by means of targeted 
parameter variations. For this purpose, inert-gas, cathode-stoichiom
etry, current-density, and relative-humidity variations are carried out 
under otherwise standard operating conditions using the full segmented 
cell.

As local operating conditions evolve continuously along the channel, 
trends extracted from all segments simultaneously may be difficult to 
interpret unambiguously. The analysis therefore begins with the inlet 
segment (Segment 1) as a reference case. At this position, gas compo
sition, humidity, stoichiometry, local current density, and channel ve
locity are most clearly defined and least affected by upstream reactant 
conversion and water accumulation. This provides the most controlled 
basis for assessing the sensitivities of PLF1 and PLF2 before extending the 
interpretation to the full along-the-channel behavior in the next section.

4.3. Inert-gas variation

By replacing N2 with He, the effective oxygen diffusivity in the 
cathode gas mixture is increased while oxygen partial pressure and gas 
velocity remain unchanged. The type of inert gas furthermore does not 
affect charge transfer or ionomer transport processes directly. There 

Fig. 4. DRT of Segment 1 highlighting the two low-frequency peaks PLF1 and PLF2 for four targeted parameter variations. (a) Cathode inert-gas variation from N2 to 
He at constant pO2, uch, and nearly constant local current density, yielding jseg,1 = 0.40 and 0.385 A cm–2 for N2 and He, respectively. (b) Cathode stoichiometry 
variation, λcell,c = 1.6 and 2.0, at jcell,mean = 0.5 A cm–2, yielding jseg,1 = 0.49 and 0.44 A cm–2, respectively. (c) Mean cell current-density variation, jcell,mean = 0.5, 
1.0, and 1.5 A cm–2, at λcell,c = 1.6, yielding jseg,1 = 0.49, 1.05, and 1.62 A cm–2, respectively. (d) Cathode relative-humidity variation, RH = 50, 60, 70, and 80%, at 
jcell,mean = 0.5 A cm–2, yielding jseg,1 = 0.33, 0.38, 0.40, and 0.46 A cm–2, respectively. Arrows indicate the direction of the shifts in PLF1 and PLF2.
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might be some impact if the local gas composition and humidity in the 
CCL are affected by the different diffusivities. The inert gas variation 
therefore primarily probes the sensitivity of the low-frequency peaks to 
diffusive oxygen transport in the gas phase. As shown in Fig. 4a, PLF2 
exhibits the clearest response to the inert-gas substitution by shifting 
toward higher frequencies with increasing effective oxygen diffusivity. 
This behavior is consistent with the trend expected from Eq. (2) for a 
diffusion-related transport process [8,20]. Additionally, Eq. (2) allows 
an order-of-magnitude estimate of the effective oxygen diffusivity from 
the PLF2 peak frequency. Using lb = 140 μm [42] the resulting values are 
Deff ≈ 2.2 10− 6 m2 s− 1 at 17.7 Hz for O2/N2 and Deff ≈ 3.9 10− 6 m2 s− 1 at 
31.7 Hz for O2/He. These values lie in a plausible range and are 
consistent with effective oxygen diffusivities reported in the literature 
[9,17], supporting the interpretation of PLF2 as a through-plane oxy
gen-transport process.

In contrast, PLF1 shows essentially no change in characteristic fre
quency upon the N2/He substitution. This invariance argues against a 
time constant primarily controlled by oxygen diffusivity and instead 
points to a process whose dominant time scale is largely independent of 
the molecular diffusivity in the gas mixture. Since the channel gas ve
locity is kept constant, this behavior is consistent with the flow-rate- 
dependent scaling expected from Eq. (3).

A direct back-calculation of a characteristic length scale from the 
PLF1 frequency was not pursued, because under sequential segment-wise 
EIS the local perturbation is imposed only on a single segment and the 
corresponding gas-phase response cannot be mapped unambiguously 
onto a single geometric channel length.

Changes in amplitude cannot be assessed unambiguously for PLF2 
because the high oxygen excess at the inlet limits the overall transport 
resistance and, in addition, partial overlap of PLF2 with adjacent charge 
transfer contributions PMF in the He case prohibits a quantitative com
parison. The amplitude of PLF1 likewise changes only weakly. Any minor 
residual sensitivity may therefore be attributed to a secondary coupling 
via gas-side interfacial mass transfer at the channel–GDL interface, as 
described by Eq. (5), rather than to direct diffusive control of the process 
itself.

4.4. Cathode stoichiometry variation

A reduction in cathode stoichiometry decreases both the oxygen 
excess and the cathode gas flow rate, and therefore also lowers the 
channel gas velocity, uch. While the inlet oxygen mole fraction remains 
unchanged, the reduced stoichiometry weakens convective oxygen 
renewal and promotes a stronger oxygen depletion along the cathode 
channel under load. Stoichiometry variation is therefore expected to 
affect both a channel-related process, through the change in gas velocity 
and axial oxygen depletion, and a through-plane oxygen-transport 
process, through the reduced local oxygen availability.

As shown in Fig. 4b, both PLF1 and PLF2 respond to the stoichiometry 
variation by shifting to lower frequencies and by increasing in ampli
tude. At lower oxygen availability, sustaining the same reaction rate 
requires a larger concentration gradient between the channel and the 
catalyst layer to maintain the required oxygen flux. This increases the 
effective oxygen transport resistance, which can appear as an increased 
amplitude of the corresponding transport peak and may shift the asso
ciated relaxation process toward lower frequencies [10,17]. The PLF1 
frequency increases with increasing cathode stoichiometry, consistent 
with the trend expected for a gas-velocity-related process. However, the 
measured frequency shift is larger than predicted by simple 
residence-time scaling according to Eq. (3). This indicates that PLF1 is 
influenced not only by channel convection but also by oxygen depletion 
and channel–electrode coupling [17–19]. The increase in PLF1 ampli
tude, despite nearly identical local current density at the inlet segment, 
further supports this coupled interpretation.

4.5. Current density variation

Under stoichiometric operation, an increase in overall cell load is 
accompanied by a proportional increase in cathode gas flow rate and 
thus in channel gas velocity, uch. At the same time, depending on the 
local resistance distribution, the local current density also increases. 
Fig. 4c shows the corresponding changes in the DRT for Segment 1. The 
two low-frequency peaks exhibit clearly different sensitivities to the 
imposed load variation. PLF2 increases markedly in amplitude, while its 
characteristic frequency remains nearly unchanged. By contrast, PLF1 
shifts to higher frequencies, whereas its amplitude increases only 
slightly. The higher current density increases the oxygen demand at the 
cathode catalyst layer and therefore the required oxygen flux from the 
channel to the reaction sites. This explains the increase in PLF2 amplitude 
with increasing load [8,10]. Since the effective diffusivity is not directly 
changed and no strong additional liquid-water effect is expected at the 
inlet, Eq. (2) does not predict a pronounced PLF2 frequency shift [8,28].

In contrast, the observed PLF1 frequency shift scales approximately 
with the increase in uch and is therefore consistent with the trend ex
pected from Eq. (3) for a flow-related process. Small changes in PLF1 
amplitude may indicate an additional coupling contribution, but cannot 
be assessed unambiguously because at high current density the char
acteristic time scales of PLF1 and PLF2 begin to overlap partially. At 
sufficiently high uch, an increasing overlap or even merging of both 
peaks can be expected, as the channel-related contribution becomes less 
distinct relative to the through-plane oxygen-transport process [19,28]. 
This tendency is further supported by the current-density variation at 
Segment 1 under constant high gas flow, as shown in the supplementary 
material (Fig. S1).

4.6. Relative humidity variation

By increasing cathode RH, the water-vapor fraction in the gas 
mixture increases while the oxygen fraction decreases slightly. In prin
ciple, the additional water vapor also causes a slight increase in the total 
gas volumetric flow rate and thus in the channel gas velocity, uch. Under 
the present operating conditions, however, this increase is negligibly 
small and can be neglected to first order. Improved hydration lowers the 
local ionic resistance [8,41] and increases the local current density.

As shown in Fig. 4d, PLF2 shows the strongest response to the RH 
variation. With increasing RH, PLF2 slightly increases in amplitude and 
shifts to lower frequencies. Improved ionomer hydration alone would be 
expected to reduce thin-film oxygen-transport resistance. In the present 
case, however, the simultaneous increase in local current density ap
pears to dominate, increasing the local oxygen demand [10]. In addi
tion, the lower oxygen fraction and higher water content can further 
hinder oxygen transport in the porous cathode. These effects explain the 
observed PLF2 shift toward lower frequencies according to Eq. (2). By 
contrast, PLF1 remains essentially unchanged in frequency, and no sys
tematic amplitude trend is observed. Since the RH-induced change in 
uch. is negligible under the present conditions, this supports the inter
pretation of PLF1 as a predominantly channel-related process [19].

4.7. Along the channel analysis

The sensitivities identified at Segment 1 are now transferred to the 
along-the-channel behavior under technically relevant operating con
ditions. This allows the effects of oxygen consumption and water accu
mulation along the cathode channel to be assessed directly. The 
evolution of PLF1 and PLF2 is analyzed for current-density, inert-gas, 
cathode-stoichiometry, and relative-humidity variations at Segments 1, 
4, 7, 10, and 13. The corresponding along-the-channel profiles of the 
ohmic resistance Rohm and polarization resistance Rpol are provided in 
the Supplementary Material (Fig. S 2–5).

P. Oppek et al.                                                                                                                                                                                                                                   Electrochimica Acta 574 (2026) 149408 

7 



4.7.1. Along the channel current density variation
At jcell,mean = 0.5 A cm–2, the along-the-channel current-density 

distribution remains comparatively homogeneous, showing only a slight 
increase from the inlet toward the cell center and a moderate decrease 
toward the outlet as seen in Fig. 5a. This suggests that local conditions 
remain relatively balanced at low load, with the most favorable com
bination of oxygen availability and hydration state in the middle seg
ments 4 to 10. This interpretation is consistent with the corresponding 
R0 and Rpol distributions in Fig. S2.

These trends are reflected in the low-frequency transport contribu
tions shown in Fig. 5b – c. PLF2 amplitude is lowest in the middle of the 
cathode flow path, although the local current density is slightly higher 
there. This indicates more favorable local oxygen-transport conditions, 

most likely due to improved hydration. At the inlet, PLF2 is larger despite 
the lower local current density and high oxygen availability. This is 
consistent with comparatively dry local conditions, as indicated by the 
elevated R0, which can increase the ionomer-related contribution to 
through-plane oxygen transport in the porous cathode. Toward the 
outlet, PLF2 increases again because oxygen is progressively depleted by 
upstream consumption and water accumulation in the porous cathode 
becomes more likely. The PLF2 frequency follows the same non- 
monotonic behavior. It increases from the inlet toward the cell center 
and decreases again toward the outlet. Thus, the effective oxygen- 
transport response is fastest under the more favorable mid-channel 
conditions and becomes slower toward both inlet and outlet.

In contrast, PLF1 remains nearly constant along the channel at jcell, 

mean = 0.5 A cm–2, and its amplitude shows no systematic trend. At low 
load, axial oxygen depletion is weak, so the channel-related contribution 
changes only slightly along the flow field. The nearly constant PLF1 
frequency is also consistent with an approximately constant mean 
channel gas velocity from inlet to outlet. Although oxygen consumption 
and water transport can locally modify the molar gas flux, these effects 
appear to compensate to first order under the present low-load condi
tions. The absence of pronounced outlet amplification further indicates 
that severe liquid-water blockage is not dominant in this case.

When the mean current density is increased to jcell,mean = 1.5 A cm–2, 
reactant consumption and water production both increase, resulting in 
more pronounced along-the-channel gradients. Fig. 5a shows a stronger 
current-density decrease from the cell center toward the outlet than in 
the low-load case.

Accordingly, local through-plane oxygen-transport limitations and 
channel-related effects become more pronounced, as reflected by the 
increased low-frequency contributions in Fig. 5b.

The strongest change is observed for PLF2 near the outlet. Its ampli
tude increases much more strongly than at 0.5 A cm–2, indicating a more 
severe downstream oxygen-transport limitation caused by enhanced 
oxygen depletion and increased water accumulation in the porous 
cathode layers [9,10]. At the same time, the frequency trend changes 
compared with the low-load case. At 0.5 A cm–2, the outlet region shows 
a slower PLF2 response. At 1.5 A cm–2, PLF2 remains large but shifts to 
higher frequencies. This indicates that the high-load outlet response is 
not governed by oxygen depletion alone. Water-related changes in the 
porous cathode must also contribute.

Oxygen depletion alone would be expected to increase the local 
oxygen-transport resistance and shift PLF2 to lower frequencies. How
ever, liquid-water accumulation can reduce the gas-filled pore volume, 
modify the effective transport path, and decrease the oxygen storage 
capacity of the remaining gas-filled domain. These effects may accel
erate the apparent local concentration response and shift PLF2 to higher 
frequencies. Stronger self-humidification at high load, reflected by the 
reduced R0, may further contribute through improved membrane and 
ionomer hydration [10,27]. In addition, because the cathode stoichi
ometry is kept constant at λcell,cat = 2 with respect to the full cell, the 
inlet flow rate and channel gas velocity increase with current density. 
This can support water removal and partly delay severe two-phase 
blockage. Overall, the high-load outlet behavior of PLF2 therefore re
flects competing effects of oxygen depletion, water accumulation, local 
oxygen storage, and improved hydration.

At jcell,mean = 1.5 A cm–2, PLF1 shifts to higher frequencies and moves 
closer to PLF2, which promotes partial overlap, especially near the inlet. 
Along the channel, the PLF1 frequency lies roughly between 7 and 13 Hz 
and does not show a clear monotonic trend. This suggests that the simple 
assumption of an approximately constant uch becomes less valid at high 
load. Instead, the local PLF1 frequency appears to be affected by spatial 
variations in the channel, most likely caused by stronger water accu
mulation and evolving two-phase effects [10]. The PLF1 amplitude in
creases toward the outlet at high load. This is consistent with cumulative 
oxygen consumption along the cathode channel and the resulting pro
gressive oxygen depletion from inlet to outlet. The stronger axial 

Fig. 5. Along-the-channel distributions of (a) local current density, (b) peak 
frequencies of PLF1 and PLF2, and (c) low-frequency DRT contributions for mean 
cell current densities of 0.5 and 1.5 A cm–2 under standard operating condi
tions. The lower panels show selected segments (S1, S4, S7, S10, and S13). Solid 
lines denote 0.5 A cm–2 and dotted lines 1.5 A cm–2.
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depletion also enhances the coupling between channel oxygen transport 
and local through-plane oxygen transport through the porous cathode, 
as described by the interfacial mass-transfer relation in Eq. (5). Under 
high-load outlet conditions, this coupling may be further intensified 
when two-phase effects modify the local flow field and reduce the 
effective gas-side mass-transfer coefficient [10,16,18].

4.7.2. Along the channel inert gas variation
A change in the inert gas from N2 to He increases the gas-phase ox

ygen and water-vapor diffusion coefficients, and can therefore help 
identify oxygen-transport contributions that limit cell performance. 
Since these effects are expected to be most pronounced at high load, the 
along-the-channel behavior at jcell,mean = 1.5 A cm–2 is compared for N2- 
and He-based cathode gas mixtures under the standard operating con
ditions defined in the experimental section.

At identical overall load and inlet conditions, replacing N2 with He 
increases the cell voltage by 15 mV, reflecting reduced polarization 
losses. The resulting redistribution of the local current density along the 
channel is shown in Fig. 6a. With He, the current density is slightly lower 
near the inlet but higher from positions midway along the cathode flow 
path toward the outlet. This indicates that the downstream transport 
limitation is alleviated under the higher-diffusivity He-containing gas 
mixture, allowing a larger fraction of the total current to be sustained in 
the latter part of the channel.

These changes are reflected clearly in the low-frequency contribu
tions shown in Fig. 6b - c. In particular, PLF2 decreases markedly in 
amplitude under He over almost the entire channel, confirming its 
strong sensitivity to gas-phase oxygen diffusion. At the same time, the 
characteristic frequency of PLF2 shifts to higher values and becomes 
more uniform along the channel. Compared with the N2 case, this in
dicates that the along-the-channel non-uniformity of the local through- 
plane oxygen-transport limitation in the porous cathode layers is 
reduced when oxygen transport in the gas mixture is facilitated. The 
reduction in PLF2 is most pronounced near the inlet and outlet, whereas 
it is smaller midway along the cathode flow path. This suggests that the 
local through-plane oxygen-transport limitation midway along the 
cathode flow path is less strongly governed by gas-phase diffusion alone. 
In contrast, the contribution of gas-phase oxygen transport becomes 
more pronounced toward the inlet and outlet, especially toward the 
outlet where oxygen depletion and water accumulation are most severe. 
Under these downstream conditions, the improved gas-phase transport 
in He partly compensates for both reduced oxygen availability and 
water-related transport limitations, thereby lowering the PLF2 contri
bution and shifting it to higher frequencies. Because He also increases 
the gas-phase diffusion coefficient of water vapor, part of this effect may 
additionally result from enhanced vapor-phase water removal, which 
can reduce liquid-water accumulation in the porous cathode and near 
the channel interface and thereby mitigate local two-phase 
heterogeneity.

At the same time, the He variation also helps to separate the gas- 
phase-related contribution within PLF1 more clearly. While the charac
teristic frequency of PLF1 remains close to that observed under N2 and no 
longer shows pronounced along-the-channel fluctuations, its amplitude 
is only slightly reduced under He near the inlet and becomes progres
sively more reduced toward the outlet. This is also consistent with the 
possibility that He promotes vapor-phase water removal and thereby 
reduces liquid-water-induced flow non-uniformities, especially toward 
the outlet. This indicates that PLF1 is not a purely channel-conversion- 
controlled peak. Instead, the He sensitivity supports a coupled 
channel-related origin in which oxygen consumption along the channel 
is superimposed with gas-phase transport effects and with the coupling 
between oxygen transport along the channel and local through-plane 
oxygen transport through the porous cathode layers via interfacial 
mass transfer at the channel-GDL interface, as described by Eq. (5). The 
reduced variation of both PLF1 and PLF2 under He therefore supports the 
view that part of the strong along-the-channel heterogeneity observed 

with N2 arises from gas-phase transport limitations and their coupling to 
local through-plane oxygen transport in the porous cathode [16,18].

4.7.3. Along the channel cathode stoichiometry variation
Reducing the cathode stoichiometry lowers the oxygen excess and 

thereby increases the oxygen-concentration gradient along the channel 
at constant mean cell current density. Since stable low-frequency mea
surements at higher current density were not feasible under these con
ditions, the analysis is restricted here to jcell,mean = 0.5 A cm–2.

As shown in Fig. 7a, the reduced cathode stoichiometry already 
modifies the local current-density distribution at low load. The current 
shifts toward the inlet and decreases earlier toward the outlet. This 

Fig. 6. Along-the-channel distributions of (a) local current density, (b) peak 
frequencies of PLF1 and PLF2, and (c) low-frequency DRT contributions at a 
mean cell current density of 1.5 A cm–2 under standard operating conditions for 
the reference cathode feed and the He-substituted cathode feed. Solid lines 
denote N2 and dotted lines denote He.
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indicates that the along-the-channel transport limitation becomes more 
pronounced at lower cathode stoichiometry [17].

The low-frequency DRT contributions in Fig. 7b,c show pronounced 
changes in both PLF1 and PLF2. At lower cathode stoichiometry, both 
peaks shift to lower frequencies along the channel. For PLF2, reduced 
convective oxygen renewal and stronger oxygen depletion require a 
larger concentration gradient to sustain the local oxygen flux. This slows 
the effective through-plane oxygen-transport response. At the same 
time, the PLF2 magnitude increases strongly toward the outlet, especially 
at Segment 13. This reflects the enhanced downstream oxygen limitation 
and explains the steeper current-density decay in the second half of the 
channel. Compared with the reference case at cathode stoichiometry 

2.0, the mid-channel optimum becomes less pronounced, while the 
outlet behavior is increasingly dominated by oxygen-transport 
limitation.

Importantly, PLF1 is also affected by the reduced oxygen excess. Its 
characteristic frequency decreases at lower stoichiometry, in agreement 
with the reduced channel gas velocity, while its amplitude increases 
toward the outlet. This shows that PLF1 is not governed by flow rate 
alone. Instead, these results indicate that local oxygen availability and 
the coupling between oxygen transport along the channel and local 
through-plane oxygen diffusion through the porous cathode layers also 
contribute to the PLF1 response [17,18].

4.7.4. Along the channel relative humidity variation
Water transport through the membrane affects membrane and ion

omer hydration and therefore both ohmic resistance and local oxygen- 
transport conditions in the cathode [8,10]. Since the water distribu
tion evolves along the channel, it also modifies the spatial distribution of 
electrochemical activity. To separate these hydration effects from severe 
two-phase flow effects, wet and comparatively dry cathode conditions 
are compared at 80% and 50% RH, respectively, at jcell,mean = 0.5 A 
cm–2.

Fig. 8a shows that the humidity variation strongly changes the local 
current-density distribution. Under dry cathode conditions, the local 
current density is markedly suppressed near the inlet, increases pro
gressively toward the mid- and downstream region, and decreases again 
only at the last segments. Under wet conditions, in contrast, the current- 
density distribution remains much more homogeneous, with only a 
slight increase from the inlet toward the cell center followed by a 
moderate decrease toward the outlet. This shows that dry inlet condi
tions shift electrochemical activity downstream, where product-water 
formation progressively improves local hydration.

This redistribution is reflected directly in the PLF2 behavior (see 
Fig. 8b – c). Under dry conditions, PLF2 is smaller and shifted to higher 
frequencies in the inlet and mid-channel region. In this region, the 
strongly reduced local current density lowers the local oxygen demand. 
At the same time, less liquid-water-induced blockage leaves more gas- 
filled pore space available for oxygen transport through the porous 
cathode layers [10]. These effects dominate the observed response 
despite the reduced oxygen permeability of the less-hydrated ionomer 
phase, so that PLF2 appears smaller and faster. Toward the outlet, 
however, the trend reverses. As self-humidification restores membrane 
and ionomer hydration, the local current density rises again in a region 
where the oxygen concentration has already been reduced by upstream 
consumption. The resulting increase in local oxygen-flux demand and 
concentration gradient causes PLF2 to grow in amplitude and shift back 
to lower frequencies. Under dry operation, PLF2 therefore changes from a 
relatively weak and fast response near the inlet to a stronger and slower 
response toward the outlet.

Under wet conditions, PLF2 is already more pronounced at the inlet, 
decreases toward the mid-channel region, and increases again toward 
the outlet. This non-monotonic behavior follows the local current- 
density distribution and shows that PLF2 is governed by two coupled 
factors: local oxygen demand and the severity of the local through-plane 
oxygen-transport limitation in the porous cathode layers [8]. Thus, the 
PLF2 response is not determined by hydration alone. The effect of water 
must be distinguished by transport domain. Increased hydration of the 
ionomer phase can improve oxygen transport within hydrated ionomer 
regions. In contrast, liquid-water accumulation in the pore space reduces 
the gas-accessible transport domain and restricts oxygen transport 
through the gas-filled pore network of the porous cathode layers. Near 
the inlet, better ionomer hydration is beneficial. However, this benefit is 
outweighed by the higher local current density and the resulting in
crease in required oxygen flux. Therefore, PLF2 appears larger despite 
locally improved ionomer-related transport properties. In the cell cen
ter, favorable ionomer hydration and still comparatively high oxygen 
availability reduce the local through-plane oxygen-transport limitation. 

Fig. 7. Along-the-channel distributions of (a) local current density, (b) peak 
frequencies of PLF1 and PLF2, and (c) low-frequency DRT contributions for 
cathode stoichiometries of 2.0 and 1.6 at a mean cell current density of 0.5 A 
cm–2 under otherwise standard operating conditions. Solid lines denote cathode 
stoichiometry 2.0 and dotted lines cathode stoichiometry 1.6.
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Toward the outlet, oxygen depletion and increasing liquid-water accu
mulation in the porous structure dominate again. This leads to a stronger 
oxygen-transport limitation in the porous cathode layers. Compared 
with the wet case, dry operation suppresses the upstream contribution 
and progressively shifts the strongest local oxygen-transport limitation 
downstream. As a result, the previously observed mid-channel minimum 
becomes less distinct, while the outlet region becomes increasingly 
dominated by local oxygen-transport limitation.

In contrast to PLF2, PLF1 shows almost no systematic change in 
characteristic frequency along the channel for either wet or dry opera
tion. This agrees with the expectation that the RH variation does not 
directly alter the mean channel gas velocity, uch, so that the dominant 

time scale of PLF1 remains largely unchanged. A notable exception oc
curs at the outlet under dry conditions. At S13, PLF1 shifts distinctly to 
lower frequencies, whereas the corresponding wet-condition peak re
mains nearly unchanged. Since this frequency shift coincides with the 
sharp drop in local current density at the last segment, it is interpreted as 
a local downstream effect rather than as an isolated outlier. Most likely, 
this behavior reflects water-related changes in effective channel flow 
and gas-side mass-transfer conditions at the outlet. These changes 
modify the local channel-related response and lead to an additional 
slowing of PLF1 [16,18].

The main RH effect on PLF1 is therefore observed primarily in 
amplitude rather than in frequency. Under dry conditions, PLF1 is 
already somewhat larger at the inlet. It increases further toward about 
S4, remains approximately constant up to S10, and decreases again to
ward S13. In the mid-channel region, self-humidification partly com
pensates for the initially drier inlet conditions. As a result, the PLF1 
contributions under dry and wet operation become very similar. Toward 
the outlet, however, PLF1 is somewhat larger under wet conditions. This 
follows the higher local current density sustained there and the stronger 
channel-related contribution associated with oxygen consumption. 
Overall, the RH variation affects PLF1 mainly indirectly through the 
redistribution of electrochemical activity and the resulting coupling 
between oxygen transport along the channel and local through-plane 
oxygen diffusion through the porous cathode layers [7,16,17].

4.8. Dependency summary

To summarize, the observed parameter dependencies resolve two 
distinct low-frequency processes, PLF1 and PLF2. In the present cell ge
ometry and operating window, PLF1 consistently appears as the lower- 
frequency peak. Its frequency responds most clearly to channel-gas ve
locity, as shown by the stoichiometry- and load-dependent changes in 
convective residence time. Its amplitude, however, is additionally 
modulated by axial oxygen consumption. It is also influenced by the 
coupling between oxygen transport along the channel and local through- 
plane oxygen transport through the porous cathode layers via interfacial 
mass transfer at the channel-GDL interface, as illustrated in Fig. 1 and 
described by Eq. (5). PLF1 can therefore not be described as a purely 
convective or conversion-controlled process.

In contrast, PLF2 responds most strongly to inert-gas variations and to 
the local through-plane oxygen-transport conditions in the porous 
cathode layers, which are determined by the local current-density dis
tribution, oxygen availability, and liquid-water content. The RH 
dependence observed here is therefore expressed primarily indirectly, 
via the redistribution of local current density and local water-related 
transport conditions along the channel. Its characteristic time scale is 
governed mainly by the effective local through-plane oxygen-transport 
response, including the transport properties of the porous cathode 
structure, local oxygen availability, water state, and water-dependent 
changes in the effective transport domain, as schematically summa
rized in Fig. 1. Its amplitude reflects the combined effect of local oxygen 
demand and the severity of the local oxygen-transport limitation under 
the prevailing operating conditions.

These dependencies support a distinction between PLF2 as a pre
dominantly local through-plane oxygen-transport contribution in the 
porous cathode and PLF1 as a predominantly channel-related low-fre
quency contribution associated with oxygen transport along the channel 
and its coupling to local porous-cathode transport via the channel–GDL 
interface. At the same time, both processes remain coupled under 
technically relevant PEMFC operation.

Table 1 summarizes the observed dependencies and the proposed 
origins of the low-frequency processes inferred from the parameter 
variations.

Fig. 8. Along-the-channel distributions of (a) local current density, (b) peak 
frequencies of PLF1 and PLF2, and (c) low-frequency DRT contributions for 
cathode relative humidities of 80 and 50% at a mean cell current density of 0.5 
A cm–2 under otherwise standard operating conditions. Solid lines denote 
RH = 80 %, and dotted lines denote RH = 50 %.
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5. Conclusions

In this study, the low-frequency region of the impedance spectrum 
was investigated under technically relevant PEMFC operation using a 
segmented cell. This approach enabled the spatially resolved analysis of 
local low-frequency processes under realistic along-the-channel gradi
ents in oxygen availability, humidity, and water accumulation. By 
sequential local EIS measurements and subsequent DRT analysis, two 
distinct low-frequency contributions, PLF1 and PLF2, were identified and 
analyzed over the investigated operating window. Their sensitivities 
were examined first under controlled conditions at Segment 1 and then 
under along-the-channel operation by varying inert-gas type, cathode 
stoichiometry, current density, and relative humidity.

The lower-frequency peak, PLF1, shows its clearest frequency 
dependence on channel-gas velocity and therefore on parameters that 
affect the convective residence time, such as cathode stoichiometry and 
load-dependent flow rate. At the same time, its amplitude cannot be 
explained by flow rate alone. PLF1 increases toward the outlet at low 
stoichiometry and is also sensitive to operating-state changes at high 
load. Under He, its amplitude is only slightly reduced near the inlet, but 
this reduction becomes progressively more pronounced toward the 
outlet. Together, these observations indicate that PLF1 reflects a channel- 
related process that is additionally shaped by axial oxygen depletion. It 
is further influenced by the coupling between oxygen transport along 
the channel and local through-plane oxygen transport through the 
porous cathode layers via interfacial mass transfer at the channel-GDL 
interface. Thus, PLF1 is not a purely convective or conversion- 
controlled peak, but a coupled channel-related low-frequency 
contribution.

The higher-frequency low-frequency peak, PLF2, responds most 
strongly to changes in local through-plane oxygen-transport conditions 
in the porous cathode. Its shift to higher frequencies under He demon
strates a strong sensitivity to the effective gas-phase oxygen diffusion 
coefficient, while its amplitude and frequency change markedly with 
local current-density redistribution, oxygen availability, and local hy
dration and liquid-water distribution. Along the channel, PLF2 shows the 
strongest spatial sensitivity, consistently reflecting the local through- 
plane oxygen-transport limitation in the porous cathode structure. 
Under wet or dry conditions, its behavior is not determined by hydration 
alone, but by the combined effect of local oxygen demand, local oxygen 
availability, ionomer-related oxygen transport, and water-dependent 
changes in the porous transport domain.

The observed dependencies support a mechanistic distinction be
tween PLF2 as a predominantly local through-plane oxygen-transport 
contribution in the porous cathode layers and PLF1 as a predominantly 
channel-related low-frequency contribution associated with oxygen 

transport along the channel and its coupling to local through-plane ox
ygen transport through the porous cathode layers. Depending on oper
ating state, both processes can overlap and appear as a merged low- 
frequency response, which explains why a single low-frequency peak 
in PEMFC spectra should not be interpreted as a unique transport 
mechanism.
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