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ARTICLE INFO ABSTRACT

Keywords: The impedance response of a proton exchange membrane fuel cell (PEMFC) was analyzed using the Distribution
Polymer electrolyte membrane fuel cell of Relaxation Times (DRT) under varied operating conditions of load, temperature, pressure, stoichiometry, and
(PEMFC)

oxidant type. Six relaxation processes were identified and characterized through their resistance and time
constant evolution. A non-linear regression framework quantified their statistical significance and correlations
with operating parameters, while reconstruction errors and confidence intervals revealed non-negligible un-
certainties affecting interpretation. The highest-frequency contribution appears mainly as a DRT regression
artifact, though its resistance still exhibits temperature dependence, possibly linked to proton transport or re-
sidual ohmic effects. Among the remaining high-frequency features, one is statistically insignificant, while
another shows mixed dependencies, suggesting the superposition of multiple concurrent processes. Mid- and low-
frequency contributions vary coherently with temperature, pressure, and load, consistent with charge-transfer
and mass-transport phenomena. Overall, the work establishes a quantitative link between operating parame-

Electrochemical impedance spectroscopy (EIS)
Distribution of relaxation times (DRT)
Operating parameter effects

Peaks interpretation

ters and internal processes, advancing the diagnostic and predictive capabilities of DRT for PEMFCs.

1. Introduction

The problem of climate change has led, over the past decades, to a
paradigm shift regarding energy supply sources. Renewable energy
sources are increasingly being used to meet the targets of limiting
temperature rise defined in the “Paris Agreement” in 2015 [1]. In this
context, hydrogen plays a crucial role as an energy vector to compensate
for the intermittency of renewable energy sources. Additionally, it is
attractive for large-scale grid storage due to its high gravimetric energy
content (143 MJ kg’l) [2]. PEMFCs convert the chemical energy of
hydrogen into electricity with high efficiency, around 50 % at nominal
power (0.6 V, 2.67 A/crnz) [3], and zero carbon dioxide emissions
during operation, a key advantage for the transportation sector, where
real-world energy demand is steadily increasing [4,5]. Owing to their
rapid startup and ability to handle high-power demands, PEMFCs are
particularly well suited for hydrogen-powered mobility, especially in
heavy-duty transport. They help bridge the gap between Internal Com-
bustion Engine vehicles (ICEs) and Battery Electric Vehicles (BEVs) [6]
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and are often combined with the latter to smooth out variable on-road
loads [7]. However, full PEMFC entry into the market is currently
limited by costs and the durability of the system. For these reasons,
understanding the internal processes occurring within PEMFCs is critical
for optimizing their performance and diagnosing potential faults. EIS is
an online diagnostic method that provides information on the internal
impedance of the cell, using perturbation current or voltage signals at
different frequencies around its steady-state and measuring system
response [8]. Generally, information about internal resistances is ob-
tained by fitting the experimental impedance spectrum with Equivalent
Circuit Models (ECMs) that represent the physics of the electrochemical
cell [8-10], a modeling approach that is also widely applied in other
fields [11]. However, not all theoretically expected internal processes
are always present in an experimental impedance spectrum, and the
non-linear regression used for fitting is highly sensitive to the initial
guesses chosen for the ECM parameters [8,12,13]. A complementary
methodology for analyzing experimental impedance spectra, which has
become increasingly popular in recent years, is the Distribution of
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Relaxation Times (DRT). This approach has been applied to various
electrochemical systems to study degradation and performance,
including batteries [14-16], solid oxide fuel cells [10,17,18] and
PEMFCs [19,20]. The concept behind this approach is to deconvolute
the measured complex impedance as the sum of an ohmic resistance and
an infinite series of Voigt circuits, each associated with a specific
relaxation time constant. In an ideal system, each process would appear
as a Dirac delta function at its characteristic frequency, whereas in real
systems, the interdependence of phenomena broadens this response into
a distributed spectrum of electrochemical intensities. This method is not
strictly applicable to systems dominated by semi-infinite diffusion, such
as batteries or supercapacitors, which exhibit a Warburg-type imped-
ance with a constant 45° phase angle [21-23]. In PEMFCs, the oxygen
reduction reaction (ORR) is strongly coupled with oxygen and proton
diffusion within the catalyst layer, giving rise to a partial 45° trend in the
high-frequency region of the Nyquist plot. Nonetheless, DRT analysis
remains suitable, as proton transport often deviates from ideal Warburg
behavior due to non-uniform conductivity linked to water generation
[24]. Moreover, the dominant faradaic ORR response typically masks
the 45° diffusion behavior, while oxygen bounded diffusion appears
instead as a depressed arc that can be effectively modeled by a parallel
RC element. The DRT for PEMFC has been used for multiple reasons in
the literature. Recently, Artigas et al. [19] applied this technique as a
means of water management in an industrial stack. Bevilacqua et al.
[20], used DRT to analyse the performance of High Temperature (HT)
PEMFC with different catalysts. Han et al. [25], used DRT to analyse the
performance of a low-temperature (LT) PEMFC at varying current,
temperature and relative humidity, differentiating the various contri-
butions of the electrochemical reaction through peak analysis. Ao et al.
[26] applied the DRT to analyse a PEMFC stack under various operating
conditions, providing demonstration of its diagnostic capabilities,
particularly regarding water transport.

Despite its increasing adoption, the DRT interpretation still relies on
a priori assumptions, potentially leading to erroneous conclusions if the
underlying processes are not correctly identified.

1.1. DRT methodology overview

The DRT expresses the measured impedance as a continuous function
of the logarithmic time constant distribution. Since EIS frequencies are
typically logarithmically spaced, the time distribution is conveniently
represented in logarithmic form, as shown in Eq. (1).

= y(In(7))

Z, =R
orr(f) = Reo + /_Do 1 +i27fr

din(r) ¢3)

Where R, is the ohmic resistance, y(In(z)) is a suitable function that
describes the logarithmic distribution of time constants, f is the fre-
quency and 7 is the time constant.

In practice, only a finite number of frequency points are available
from EIS measurements, defined by the selected points per decade. As a
result, the logarithmic timescale distribution must be discretized over a
finite range to enable numerical deconvolution. Since the fitting of Zpgr
to experimental data is an ill-posed problem, Tikhonov regularization is
commonly applied to ensure a stable and physically meaningful solu-
tion. This method introduces a penalty term, controlled by the param-
eter A, which balances the trade-off between fitting accuracy and
smoothness. A small A preserves resolution but amplifies noise, whereas
a large one over-smooth the distribution. The optimal value of A is
typically determined via cross-validation or the L-curve criterion [27,
28], yielding different optimal ranges depending on the criterion used
[27,29], although visual inspection remains essential to avoid losing
relevant physical features. No universal value exists, as optimal regu-
larization depends on the system, the measurement setup, and the test
conditions [30]. In this work, values in the range from 105 to 10 * were
adopted, ensuring robust parameter extraction and consistency with
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prior studies [19,25,31]. A statistical analysis was further employed to
confirm the significance of the identified peaks, so that the conclusions
are not affected by the specific choice of A. The penalty term used is the
square of the norm of the first derivative or second derivative of the DRT
function, while the objective function is typically defined as the squared
error computed at each frequency.

The choice of discretization function for y(In(r)) becomes equally
critical for DRT regression. While Tikhonov regularization ensures nu-
merical stability, the discretization scheme determines the accuracy and
physical interpretability of the DRT. Among the available methods,
Radial Basis Functions (RBFs) have proven more effective than piece-
wise linear approximations, as they allow control over the trade-off
between resolution and smoothness through a shape factor [32]. A
practical criterion sets this factor so that the full width at half maximum
(FWHM) of each basis function matches the average logarithmic spacing
of the experimental frequencies, ensuring both physical consistency and
numerical robustness [32]. In this paper, a Gaussian RBF function is
employed for the approximation of the logarithmic time constant dis-
tribution function.

For DRT regression, to date, there are various open-source tools
available to researchers such as: DRTtools by Wan et al. [32], Bayes DRT
by Huang et al. [33] and DRT by Kulikovsky [34]. In this work, an
in-house tool was used to calculate the DRT regression which takes
inspiration from some of the previously mentioned works.

1.2. Study overview and novelty

Despite the growing interest in DRT analysis, no comprehensive
work has systematically examined the DRT spectra of low-temperature
PEMFCs across a broad matrix of operating conditions. This study ad-
dresses this gap by analyzing more than 150 experimental EIS datasets
collected from a single 25 cm? PEMFC and processed using the DRT
method extracting important features. The approach avoids preliminary
assumptions that could introduce bias, allowing each spectral feature to
be rigorously linked to its underlying electrochemical process. To cap-
ture the influence of key operating parameters on fuel cell impedance,
targeted experiments were designed in which one variable was sys-
tematically varied while all others were held constant. The parameters
investigated include temperature, pressure, oxidant stoichiometry,
oxidant type, and applied load—all of which play critical roles in PEMFC
performance. For example, temperature strongly affects ionic conduc-
tivity and water management, with typical operating ranges between
25 °C and 85 °C [35,36], while emerging electrolyte materials aim to
extend this range up to 120 °C to improve CO tolerance and reaction
kinetics [35]. Similarly, pressure impacts open-circuit voltage and
overvoltages, but excessive values can lead to hydrogen crossover and
mechanical instability [37,38]. Air flowrate and oxidant type further
influence mass transport limitations and reaction kinetics [39-41],
while load conditions dictate activation resistance and catalyst degra-
dation mechanisms [42,43].

The novelty of this work lies in three main aspects:

1. Comprehensive Multi-Dimensional Analysis. The study system-
atically quantifies how the relative contributions of individual DRT
peaks evolve across a wide, interconnected matrix of operating
conditions. This goes beyond simple peak identification, enabling a
deeper understanding of mechanistic changes under varying loads,
temperatures, pressures, and oxidant conditions.

2. Non-Linear Statistical Framework for Peak Significance. A non-
linear statistical approach is employed to validate whether
observed peaks are truly significant and not phantom artifacts. This
method reveals complex, non-linear correlations between peak
characteristics (resistances and time constants) and operating pa-
rameters, providing insights into the mechanistic interplay govern-
ing PEMFC behavior.
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3. Assessment of DRT Reconstruction Error. The average DRT
reconstruction error and its confidence intervals across the entire
dataset are reported. This analysis highlights that the error is not
negligible, raising important considerations for peak interpretation
and guiding best practices for managing uncertainty in DRT-based
diagnostics.

2. Material and methods
2.1. Testing conditions

In this study, the following operating parameters were systematically
varied to assess their influence on the fuel cell’s impedance under 100 %
RH of reactant gases.

Temperature: from 40 °C to 80 °C with an increment step of 10 °C.

Pressure: for every temperature, the reactant pressure varied from
0 to 2 bar with increments of 0.5 bar.

Flowrate: the air flow rate was adjusted to correspond to three
different oxygen stoichiometries: 1 (stoichiometric flow), 2 (ideal flow)
and 3 (excess flow). This dependency was investigated under conditions
of 80 °C, 0.5 bar and 100 % relative humidity.

Oxidant: the effect of switching to pure oxygen as the oxidant was
analyzed under 70 °C, 0.5 bar and 100 % relative humidity conditions.

Cell Voltage: for every temperature and pressure, the cell voltage
was adjusted from 0.8 V down to 0.4 V in steps of 0.1 V.

2.2. Single cell preparation

The single cell was prepared in-house using commercial materials.
The procedure consisted of the following main steps:

Membrane and catalyst ink preparation. A Nafion 212 membrane
(6 x 6 cm, Chemours) in the proton cycle was used in dry state for the
deposition of the catalyst layers. The catalyst ink was prepared using
HiSPEC4000 (40 wt% Pt on Vulcan XC-72, Johnson-Matthey), Nafion
D521 ionomer (Chemours), and a solvent mixture of acetone and iso-
propanol (1:1 by weight, per analysis, Penta). The solid-to-liquid weight
ratio was 1:60, the ionomer-to-carbon weight ratio (I:C) was kept con-
stant at 0.4 and a total volume of 15 cm?® of ink was homogenized using
an MS73 ultrasonication probe (Bandelin, 15 W power output) for 10
min in an ice bath. Ink was intensively stirred until deposition itself.

Catalyst layer deposition. The ink was sprayed onto the membrane
using a CNC-operated (CZ Robotics) ultrasonic nozzle (Cheersonic) with
nitrogen as focusing gas (99.99 vol%, SIAD) of flow rate 50 cm®/min.
The membrane was fixed on a hotplate at 60 °C with a 1 mm PTFE mask
with an opening 5 x 5 cm?. Nozzle was positioned 1 cm above the
surface of membrane. Spraying was performed with ink injection speed
to nozzle 0.5 cm® min~! using linear pump (New Era Pumps) in
serpentine geometry with line distance 5 mm and cross-repeating
pattern to reach a Pt loading of 0.3 mg cm™2 on both anode and cath-
ode. Number of required layers was calculated based on ink flow rate
and geometry of deposition.

Verification of Pt loading. Selected catalyst-coated membranes
(CCMs) were dissolved in Aqua Regia, and the Pt content was quantified
by ICP-OES (Optima8000, PerkinElmer).

Membrane hydration. Prior to assembly, CCMs were hydrated in
deionized water at 80 °C for 2 h.

MEA assembly. The hydrated CCM was combined with Gas Diffu-
sion Layers (GDLs) and silicon sealings and assembled in a commercial
LT-cell (Leancat) pressed with a pneumatic piston at force of 1.25 kN.
Graphite endplates with a triple open-end serpentine flow field were
employed at both electrodes. Non-woven carbon paper Sigracet 22BB
was used as GDLs, with a 5 wt% PTFE-treated microporous layer and a
total thickness of 215 pm.

Cell conditioning. The cell was first purified by Ny at 100 cm®
min~! for 10 min on both electrodes. Break-in was then performed at
80 °C under Hy/O; with stoichiometric overflow (1.5/2.0, respectively),
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100 % relative humidity, 0.5 bar overpressure, and 0.5 A cm™2 current

density for at least 12 h, or until voltage stabilization using computer-
controlled current load DL3021 (Rigol).

2.3. Test bench set-up

The test station is built in-house and consists of two computer-
controlled Elflow mass flow controllers (Bronkhorst), one for
hydrogen and the other for oxygen/air. The gas flows are then directed
through two separate Nafion tubing-based gas-to-water humidifiers
(diameter 1/8", length 24", Permapure) in insulated glass water-filled
vessels equipped with silicon-insulated heating elements of power
100 W and K-type thermocouples (Omega Engineering) for precise
temperature regulation to set up the desired relative humidity. The re-
actants subsequently flow through insulated metallic Swagelok 1/8”
tubing, also fitted with K-type thermocouples and silicon-insulated
heating elements of power 80 W (Omega Engineering) to maintain sta-
ble temperatures of gas inlet. Cell is heated using cartridge heaters of
power 200 W with K-type thermocouples (Omega Engineering),
controlled by PID controllers (Delta Electronics).

2.4. EIS test protocol

The EIS was conducted using ModuLab XM ECS potentiostat with
100 A booster (AMETEK), used in potentiostatic mode. The instrument is
coupled with a frequency response analyser device to obtain the
impedance at all the frequency of interest. The impedance measurement
is carried out for each load after a stabilization period to assure. The test
protocol is as follows.

. Potentiostatic control at 0.5 V for 120 s.

. Open Circuit Voltage (OCV) for 30 s.

. Potentiostatic control at target voltage for 120 s.
. EIS measurement.

AW =

Steps 3 and 4 are repeated in a loop to collect the complex impedance
of the PEMFC from 0.8 V to 0.4 V in 0.1 V decrements. Details are
provided in Table 1.

Impedance data with a negative real part or a positive imaginary part
are excluded from the analysis. These occur primarily at high fre-
quencies, resulting in a variable initial frequency from test to test. The
experimental impedance data under all operating conditions considered
in this study are presented as Nyquist plots in the Supplementary
Material.

3. Results and discussions

This section provides a detailed analysis of PEMFC behavior under
varying operating conditions using the DRT approach. It begins with
polarization curves to highlight the macroscopic effects of temperature,
pressure, flow rate, and oxidant composition. The reliability of the DRT
results is then assessed through fitting error evaluation, identifying the
frequency ranges where the deconvolution is most trustworthy. Finally,

Table 1
EIS measurements set-up.

Parameters Value Unit of measurement
Initial voltage bias level 0.8 v

Final voltage bias level 0.4 A

Voltage step 0.1 A

Initial Frequency 100000 Hz

Final Frequency 0.1 Hz

Amplitude (RMS) +5% \Y

Methodology Sine frequency swept -

Frequency swept trend Exponential -

Points per decade 18 -
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the DRT spectra are examined to track the evolution of relaxation pro-
cesses and their sensitivity to operating parameters, with trends in
extracted resistive contributions analyzed statistically. A physical
interpretation of the observed features is offered at the end of the
section.

3.1. Polarization curves and performance trends

To provide an initial overview of the influence of both parameters,
Fig. 1 presents load curves as a function of pressure and temperature
(Fig. 1a), flowrate (Fig. 1b) and oxidant (Fig. 1c). Reactant pressure
consistently enhances performance, increasing current density by about
70 % at 80 °C and 50 % at lower temperatures compared to atmospheric
pressure. Temperature has a similar positive effect, improving current
by roughly 27 % at 2 bar between 40 °C and 80 °C. However, at 80 °C
and low pressures (0-1 bar), performance declines relative to 70 °C,
likely due to drying at the CL-PEM interface. Excess heat at high tem-
perature and low pressure can dehydrate the membrane, hindering
reactant distribution. This effect is further aggravated by the relatively
thick Nafion N212 membrane, which can develop stronger internal
hydration gradients than ultrathin (~10 pm) membranes [44].

Voltage (V)

0.8+

Voltage (V)
&=

0.6

0.5

0.4 . - )
0 0.2 0.4 0.6 0.8 1 1.2

Current Density (A/em?)

(b)
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Increasing air flow produces comparable effects: raising stoichiometry
from 1 to 2 doubles current density, while further increases give mar-
ginal gains. Switching to pure oxygen removes diffusion losses and ac-
celerates kinetics, more than doubling current density at 0.5 V.

3.2. DRT regression error

Applying DRT to PEMFC data requires a clear assessment of its
reconstruction accuracy. Before interpreting the extracted processes, we
therefore quantify the error between the impedance reconstructed by
the nonlinear DRT regression and the experimental spectra. Fig. 2, re-
ports the mean and standard deviation of this error across all tests, along
with the average time constants and confidence intervals of the identi-
fied peaks. The fitting error is initially high but rapidly decreases,
approaching zero around 3 kHz and remaining low down to around 10
Hz, where it increases again due to experimental scattering—reaching
up to 20 % for the imaginary part at 0.1 Hz. High-frequency deviations
are attributed to the inability of the DRT model to fully capture the
experimental impedance trend, particularly affecting peaks P1 and P2.
Similarly, data dispersion at low frequencies may introduce uncertainty
in the identification of peak P6, though its mean time constant remains

—8—1 = (.0 bar
—&—p = 0.5 bar
p = 1.0 bar

&—p = 1.5 bar |
——p = 2.0 bar

0.9 i
—6— Air
—&— Oxygen

:;: 0.7} |
E
S 06t \a\ 1
0.5 o
0.4 ' ¥ ; '
0 0.5 1 15 2 2.5

Current Density (A/em?)

©

Fig. 1. (a) Static polarization Curves at different temperatures and pressures with fixed mass flowrates (ideal) and RH (100 %). (b) Static polarization Curves at
different oxygen stoichiometry at 70 °C, 0.5 bar and 100 % RH. (c) Static polarization Curves with air and pure oxygen at 70 °C, 0.5 bar and 100 % RH and ideal
stoichiometries.
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Fig. 2. Residuals of the real (a) and imaginary (b) parts of the impedance, calculated as (Ze,q, —ZDRT) at each frequency, evaluated over the entire dataset. In
addition, the grey rectangles indicate the confidence intervals of the time constants associated with the different DRT peaks, while the vertical black lines mark their

mean values calculated across the whole dataset.

beyond the range most affected by reconstruction error.

3.3. DRT response across load conditions and influence of operating
parameters

This chapter analyzes the DRT response of the PEMFC across a wide
range of operating voltages (0.8 V-0.4 V) and evaluates the influence of
key parameters — temperature, pressure, flow rate, and oxidant type —
on the relaxation behavior of the cell. The objective is to identify how
electrochemical and transport processes evolve with increasing load, as
well as to isolate the specific effects of each operating variable under
different voltage regime.

3.3.1. General trends with load

Fig. 3 presents the DRT spectra at different voltages (0.8-0.4 V)
under fixed reference conditions (70 °C, 0.5 bar, 1o, = 2, air as oxidant).
Six well-defined peaks (P1-P6) are identified, five of which are consis-
tently visible across the full voltage range.

At high frequencies (>10 kHz), P1 exhibits negligible magnitude and
remains virtually constant in both resistance and time constant,

1600 : : : :
oo} 2%
= 12001
£
S 1000F 40
=
= 80T 100
& =
;_,:; 600 0
‘E'::
400 |
200 |-
0=
10— 10[}

T (8)

Fig. 3. DRT spectra from 0.8 V to 0.4 V under fixed reference conditions.

indicating no dependence on load.

P2 (~5 kHz) decreases in magnitude with increasing load and shifts
toward shorter time constants.

P3, in the intermediate-frequency range (100 Hz-1 kHz), shows a
steady decrease in both magnitude and time constant.

P4, dominant at low current densities (~100 Hz), decreases expo-
nentially from 0.8 V to 0.7 V, then rises again at lower voltages, with a
mirrored trend in its time constant.

P5 (100-10 Hz) increases monotonically in magnitude as load rises,
while its time constant decreases.

Finally, P6 appears only at high loads (<0.5 V) in the very-low-
frequency range (10-0.1 Hz), with increasing magnitude and slightly
shorter time constants.

These observations reveal three main patterns across the voltage
range:

e Peak emergence: A new peak (P6) appears under high-load condi-
tions, reflecting the onset of additional processes or transport
limitations.

e Peak shifting: Several peaks move toward shorter or longer time
constants with load, indicating progressive changes in the dominant
time scales.

e Peak stability: No peaks disappear under the current conditions,
although partial overlap among P2-P4 suggests potential merging at
lower spectral resolution.

The following sections examine how these behaviour trends evolve
under different operating parameters, distinguishing between low, me-
dium, and high overvoltage regimes.

3.3.2. Low overvoltage case (0.8V): impact of temperature, pressure,
flowrate and oxidant

At 0.8 V, the fuel cell operates under low-load conditions, where
mass transport processes are minimal. The DRT spectra at this voltage
provides a baseline for assessing how each operating parameter in-
fluences individual relaxation processes in the absence of significant
current demand.

Fig. 4, shows DRT response across different operating conditions
identifying 5 different peaks.

P1. Remains nearly unaffected by temperature, pressure, flow rate,
or oxidant. Its constant magnitude and time constant indicate no link to
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Fig. 4. DRT spectra at 0.8 V under varying operating conditions: (a) temperatures from 80 °C down to 40 °C in 10 °C decrements and pressures from O to 2 bar in 0.5
bar steps, at 100 % RH and ideal flow; (b) oxygen stoichiometries from 1 to 3 at 80 °C, 0.5 bar, and 100 % RH; (c) oxidants (air and pure oxygen) at 70 °C, 0.5 bar,

and ideal flow.

transport or charge-transfer phenomena. Only pure oxygen operation
slightly shifts the peak toward shorter time constants.

P2. Shows negligible amplitude variation but a complex dependence
of time constant on temperature and pressure. At 70 °C, increased
pressure shortens the time constant while at lower temperatures, the
opposite occurs. Under pure oxygen, P2 shifts to shorter time scales,
suggesting improved reaction kinetics.

P3. Typically appears as the second or third largest contribution to
the impedance spectrum. Under high pressure and high temperature, it
decreases in magnitude and shifts toward shorter time constants. At
lower temperature (40 °C), this trend reverses: increasing the pressure
causes P3 to grow, broaden, and shift to longer time constants.
Increasing oxygen stoichiometry has the opposite effect — it lowers P3’s
magnitude and accelerates its characteristic time. The same response is
observed when switching from air to pure O,.

P4. Represent one of the primary contributions. Its amplitude and
associated time constant are highly sensitive to reactant pressure,
exhibiting a pronounced decrease and a concomitant shift toward
shorter time constants as pressure increases. In contrast, temperature
variations do not produce a consistent qualitative trend. Similar
behavior is observed upon increasing oxygen stoichiometry (flow rate)
or switching from air to pure Oy, confirming that P4 is governed by the

oxygen concentration at the cathode.

P5. 1t’s also a primary contributor, its magnitude is highly sensitive
to reactant pressure, exhibiting a dramatic decrease as pressure in-
creases, whereas temperature exerts no clear effect. Notably, increasing
the flow rate produces an exponential decay in P5’s amplitude, and the
peak vanishes entirely under pure O, confirming its strong dependence
on oxygen concentration at the cathode.

3.3.3. Medium overvoltage case (0.7V-0.6V): impact of temperature,
pressure, flowrate and oxidant

At 0.7-0.6 V, the cell transitions toward higher current densities,
where ohmic and early diffusion losses emerge. The DRT spectra in
Fig. 5 reveal stronger interactions among processes and more pro-
nounced parameter sensitivity.

P1. Remains nearly constant under all operating conditions, con-
firming its weak dependence on the electrochemical environment.

P2. Gains sensitivity to both temperature and pressure. Increased
pressure enhances its magnitude and shifts the time constant to longer
values, especially at 0.6 V. At low pressure and high temperature, P2 and
P3 tend to merge, forming a broader feature, a trend reinforced under
overflow conditions. Pure oxygen increases P2’s magnitude but not its
time constant.
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P3. Its amplitude grows with pressure and decreases with tempera-
ture, with corresponding shifts to longer time constants. At 0.6 V,
merging with P2 occurs more frequently, especially at zero pressure or
under overflow. Raising the flow rate—and likewise using pure
O,—reduces the magnitude of P3, underscoring its sensitivity to oxidant
stoichiometry. By contrast, its time constant shortens only with higher
flow rate, showing little to no change when switching from air to pure
Oa.

P4. Becomes less dominant as pressure increases, with magnitude
decreasing and time constant extending. Under pure Os, P4 nearly dis-
appears at 0.7 V and reappears weakly at 0.6 V, two orders of magnitude
smaller, indicating oxygen concentration dependence.

P5. Maintains a major role in the spectrum. Its amplitude decreases
with increasing pressure and flow rate, and it nearly vanishes under pure
O, while temperature maintain a secondary role. The time constant
generally increases with pressure and slightly decreases at higher tem-
perature, while operation with pure oxygen shifts it toward even longer
values.

P6. Detected only at 0.6 V under pure oxygen, presents a very low
amplitude and a long time constant on the order of seconds, possibly
reflecting a slow oxygen-related transport phenomenon not evident at
higher voltages.

3.3.4. High overvoltage case (0.5V-0.4V): impact of temperature, pressure,
flowrate and oxidant

The 0.5 V point corresponds to peak power, with multiple electro-
chemical and transport contributions becoming strongly activated.
Pushing further down to 0.4 V drives the system fully into mass-
transport limitation (oxygen starvation, flooding, thermal stress),
which is clearly reflected in the DRT response shown in Fig. 6. Pure
oxygen measurements at 0.4 V were omitted due to the risk of equip-
ment damage at high current densities.

P1. As at previous voltages, it remains unaffected by changes in
operating conditions.

P2. Increases in magnitude under high pressure and temperature,
with a consistent shift toward longer time constants. At 0.5 V, P2 merges
with P3 under stoichiometric and overflow operation, forming a broader
low-amplitude feature that persists and intensifies at 0.4 V.

P3. Its amplitude grows with pressure but diminishes at high tem-
perature (notably at 80 °C), while its time constant increases with both.
Flow rate effects are weaker, and P3 tends to merge with P2 under
several conditions, becoming secondary to P4 and P5 at high load,
especially in air-fed operation.

P4. Exhibits a general decrease in magnitude with increasing pres-
sure, though the trend weakens at elevated temperature. Overflow
broadens the relaxation profile, whereas pure O, at 0.5 V suppresses
amplitude but retains a slight upward trend with increasing load.

P5. Closely mirrors P4. It decreases in amplitude with higher pres-
sure and flow rate and nearly vanishes under pure O,. At 0.4V, irregular
magnitude trends emerge under high-temperature operation, but time
constants shift consistently towards higher values.

P6. Clearly visible at 0.5 V across most conditions, with magnitude
increasing under higher pressure and time constant shifting to longer
values. Under pure O, it persists with slightly lower amplitude and
longer relaxation time. At 0.4 V, it appears only under overflow
conditions.

3.4. Extracted resistance and time constants evolution

To complement the previous qualitative DRT analysis, the time
constants and resistances extracted for each peak will be examined,
enabling a more detailed characterization of the cell’s internal processes
and their response to external factors.

3.4.1. Pressure and temperature evolution at different loads
The time constants of peaks P2-P5, those most representative and
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exhibiting substantial variation, are plotted as functions of temperature,
pressure, and load in Fig. 7. For P2 (Fig. 7a), the time constant decreases
with increasing temperature and decreasing voltage, while pressure
generally causes an increase, particularly below 0.8 V. At 0.8 V, fluc-
tuations appear, likely due to flow inhomogeneities at low current
densities. The behaviour of P3 (Fig. 7b) is broadly similar with time
constants, decreasing with temperature and load but increasing consis-
tently with pressure across most conditions, except at 0.8 V, where
minor deviations are observed. Notably, the magnitude of P3 is gener-
ally higher than P2, making its trends more robust and less affected by
noise. For P4 and P5 (Fig. 7c—d), both peaks exhibit decreasing time
constants with increasing temperature and increasing values with
pressure, especially below 0.8 V. At 0.8 V, the trend becomes more
complex, showing an initial decrease followed by an increase at 2 bar.
An exception occurs for P4 at 80 °C, where the decrease with pressure is
monotonic. With respect to voltage, P5 shows a continuous reduction in
time constant as load increases, while P4 displays a nonlinear behav-
ior—dropping sharply between 0.8 V and 0.7 V, then slightly increasing
down to 0.4 V.

Extracted resistance values for the ohmic contribution and for peaks
P1-P6 are presented in Fig. 8. The ohmic resistance exhibits a clear
exponential dependence on temperature, a well-known result [45],
increasing with the lowering of temperature. Reactant pressure, on the
other hand, does not have a significant effect at low temperatures but
shows a positive impact at higher temperatures. At 80 °C, the 0-bar
condition deviates significantly as load increases. This divergence may
be due to inefficient reactant distribution and uneven water production,
leading to membrane dehydration even under high relative humidity at
elevated temperatures [46,47]. Higher pressures seem to mitigate this
issue by promoting a more adequately hydrated CL-PEM interface, as
evidenced by improved load trends at 80 °C in Fig. 8a. Moreover, the
ohmic resistance appears to have a slight dependence on load, with only
a barely noticeable increasing trend with the reducing in voltage, this
result is in line with theory, as demonstrated by Springer et al. [45].

For the individual peaks, P1 decreases with increasing temperature
and pressure, while slightly rising at high load (0.4-0.5 V), though
remaining negligible in magnitude. P2 shows a clear increase in resis-
tance with pressure and a mild decrease with temperature; lowering the
voltage leads to a small, gradual reduction. P3 follows a similar trend,
with resistance decreasing with temperature and increasing with pres-
sure, particularly below 0.8 V P4 shows the strongest dependence on
voltage, with a sharp drop between 0.8 V and 0.7 V followed by a re-
covery down to 0.4 V. Pressure significantly reduces its resistance,
although the effect weakens at high load, while temperature induces a
nearly linear decrease. P5 displays a parabolic dependence on load—-
slightly decreasing between 0.8 V and 0.7 V, then rising steadily at
higher currents, becoming dominant at high load. Pressure strongly
reduces its resistance in an exponentially saturating manner, while
temperature has only a minor influence. Finally, P6 increases in resis-
tance as voltage decreases and slightly at lower temperatures, with no
consistent pressure dependence, suggesting complex and condition-
dependent behavior.

3.4.2. Stoichiometry and oxidant evolution at different loads

The time constants of the two most significant peaks (P4 and P5) are
plotted in Fig. 9 as functions of flow rate (left) and oxidant (right).
Increasing the flow rate reduces P4’s time constant by approximately 50
% at high voltages, with the most pronounced drop occurring when 1o,
increases from 1 to 2. P5 follows the same pattern but exhibits an almost
one-order-of-magnitude decrease in its time constant over the same
flow-rate range. Changing the oxygen stoichiometry accelerates P4 at
0.8 V, whereas at 0.5 V the peak reappears at a longer time constant. P5
shows similar behavior: at 0.5 V and 0.4 V its time constant under pure
O, is nearly an order of magnitude slower than under air.

Fig. 10 presents the resistances extracted for the most responsive
peaks, alongside the ohmic resistance, plotted as functions of flow rate
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Fig. 6. DRT spectra under varying operating conditions: (a) 0.5V and (b) 0.4V with temperatures from 80 °C down to 40 °C in 10 °C decrements and pressures from
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Fig. 7. Peaks time constants: P2 (a), P3 (b), P4 (c), P5 (d), in function of voltage, temperature and pressure. The line graph for each plot refers to peak time constant

at 0.5 bar.

and oxidant. It is immediately apparent that the ohmic resistance in-
creases with higher mass flow rates. This behaviour can be attributed to
enhanced convective water removal, which dehydrates the electrode
interface more effectively, especially under high-load conditions where
elevated reaction rates further raise the temperature and accelerate
water vaporization. Interestingly, the resistance trend of Peak P1 closely
mirrors that of the ohmic contribution, except in the air case during the
oxidant comparison (Fig. 10d). In contrast, Peak P4’s resistance shows
no significant change when the oxygen stoichiometry increases from 1o,
= 2 to 3, remaining essentially constant despite the more favorable
qualitative trends suggested by the DRT spectra. Under pure oxygen,
however, P4 reemerges at 0.6 V with a more pronounced increase in
resistance, albeit at magnitudes several orders of magnitude lower than
in air. Finally, Peak P5 exhibits an exponential decrease in resistance
with increasing flow rate, tending toward saturation at high rates.
Although its absolute magnitude is lower and it only appears above 0.7
V, P5 displays the same oxidant-dependent behaviour when comparing
oxygen to air.

The comparison of P4 and P5 resistances in the oxidant cases (f) and
(h) is shown on a logarithmic scale due to their different orders of
magnitude.

10

3.5. Non-linear statistical analysis for extracted resistances

The analysis presented so far has shown that the resistive contribu-
tions extracted from the DRT spectra exhibit complex, non-linear be-
haviours with respect to operating parameters such as temperature,
pressure, and cell voltage. These variables often interact in ways that are
not immediately intuitive, making it difficult to isolate their individual
effects or predict resistance evolution under untested conditions. To
better understand these dependencies and quantify the combined in-
fluence of multiple parameters, a quadratic regression model (Eq. (2))
was applied to the extracted resistances. This approach enables the
identification of both first-order effects (e.g., linear dependence on
temperature) and second-order interactions (e.g., temperature—pressure
or temperature-voltage coupling), providing a more complete picture of
the system’s sensitivity and the significance of each peak. The average
current during EIS acquisition was used instead of voltage, since current
more directly reflects the electrochemical load and the kinetics of in-
ternal processes such as the oxygen reduction reaction (ORR) [48].

R=ay + a1i+ ayT + asP + a4i% + asT? + agP? + a,iT + agiP + a, TP
2

Table 3 summarizes the results of the statistical analysis, reporting
the regression coefficients and their corresponding p-values for each
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peak. The p-value (p) is a key statistical parameter that represents the
probability of obtaining results at least as extreme as those observed,
assuming the null hypothesis is true. A low p-value (typically below
0.05) indicates that the observed effect is unlikely to be due to random
chance and thus supports the alternative hypothesis. A 3-D plot of
regression is provided in the Supplementary Material.

The quadratic model explains nearly 90 % of the variance in the
ohmic resistance. Both current and temperature have strong nonlinear
effects, producing a non-monotonic dependence across the investigated
range. Pressure also influences the response, with a convex trend at
higher values. All interaction terms are significant, particularly those
involving current and pressure, indicating coupled effects that become
more evident under high-load conditions. For P1, the model explains
about 79 % of the variance. Resistance varies nonlinearly with both
current and temperature, while the direct effect of pressure is negligible.
However, interactions among the three parameters are statistically
relevant, suggesting that combined changes in temperature and pressure
can influence this contribution, especially under load. For P2, the model
explains only about 20 % of the variance. The dependence on all oper-
ating parameters is weak, with only a marginal temperature effect
detected. This indicates that the response is poorly captured by the
model and may be dominated by local or stochastic variability. The
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model for P3 explains roughly 75 % of the variance. The resistance
shows a clear nonlinear dependence on current and pressure, while
temperature has no significant influence. A mild current-temperature
coupling is observed, but other interactions remain negligible. For P4,
about 77 % of the variance is captured. Current exerts the strongest
influence with a distinct nonlinear trend, while pressure contributes
both linearly and quadratically. Temperature has little direct effect,
although a small current-temperature interaction is present. Finally, P5
achieves the highest fit quality, explaining more than 90 % of the
variance. Resistance depends nonlinearly on both current and pressure,
and their mutual interaction is significant. Temperature remains mostly
uninfluential, but cross-effects among all parameters are still detectable.

3.6. Correlation between resistances and time constants

Despite the complex trends and interdependencies among the oper-
ating parameters, it is also important to provide insight into the mutual
variation of time constant and resistance. This relationship is particu-
larly relevant from a diagnostic perspective, as the time constant alone
may not fully reflect the electrochemical contribution of a given process
unless analyzed alongside its associated resistance. Table 3, summarizes
the impact of operating conditions on both the time constants and
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Tabl
S;ti:tiial parameters for Ohmic and P1-P5 peaks resistance. For p-Value stand for significant (p < 0.05), not significant (p > 0.05) and marginal (p ~ 0.05).
v
X
A
Ohmic P1 P2 P3 P4 P5
Value p Value p Value p Value p Value P Value P
a -5.12 A -3.63 v —-14.6 X —483 v —491 v 249 A
as —1.24 v —0.268 v -1.50 A —3.54 X —4.41 X -7.27 X
as 4.01 v 0.20 X 8.61 X 111 v -310 v —-392 v
ay 5.03 v 8.56 v 0.624 X 138.3 v 753 v 853 v
as 0.0075 v 0.0021 v 0.0118 X 0.007 X 0.0635 X 0.05 X
ag 1.40 v 0.331 X —2.67 X —8.69 X 48.9 v 147 v
az 0.080 A —0.061 v —0.05 X -3.01 v —7.93 v —6.74 v
ag -3.39 v -1.38 v 6.07 X 11.8 X 43.1 X —392 v
ag —0.099 v —0.025 v 0.0286 X -1.11 v 0.46 X 1.63 v
R? 0.896 - 0.786 - 0.209 - 0.751 - 0.766 - 0.904 -
Table 3 attributed. The interpretation relies on a combined analysis of each

Summary of the trend of resistance and time constant of the peaks P1-P5 in
response to changes in voltage, temperature, pressure, or stoichiometry. Sym-
bols indicate the qualitative behavior of a given parameter under variation of an
operating condition Specifically: “1” indicates a monotonic increasing trend, “|”
a monotonic decreasing trend, “U” a parabolic trend characterized by an initial

decrease followed by an increase and “— “ indicates that no information is
extracted.
Peaks AV <O AP >0 AT >0 Ado, >0
T R T R T R T
P1 U — — — 1 1 _ 1
P2 1 1 1 1 - 0 1 1
P3 1 1 1 1 1 1 1 1
P4 U U ! 1 ! 1 1 1
P5 1 I ! 1 ! ! 1 1

resistances of the identified peaks. Some notable non-aligned behaviours
emerge. For example, peak P1 shows an irregular response in time
constant with changing temperature, while peaks P4 and P5 respond to
increasing pressure with a clear reduction in resistance but a concurrent
increase in time constant. Similarly, for peak P5, decreasing the voltage
leads to a shorter time constant but a higher resistance, indicating that
the process becomes more prominent while occurring on faster time
scales. These observations highlight that a faster process (shorter t) does
not necessarily imply a reduced electrochemical relevance (lower R),
underlining the need to consider both dimensions to correctly interpret
the underlying dynamics.

3.7. Physical interpretation of DRT peaks

Having extensively presented both the qualitative and quantitative
trends of the DRT peaks under varying operating conditions. Sufficient
insight is now available to draw conclusions regarding the underlying
physical phenomena within the PEMFC to which each peak can be
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peak’s frequency position, associated resistance, and sensitivity to
operating parameters.

Relevant comparisons from the literature are also considered to
support the proposed interpretations and provide physical justification.
It’s known that the DRT spectrum should not be interpreted without any
prior knowledge of the electrochemical system under analysis. From
literature, it is known that the total polarization of a PEMFC comprises
several contributions [19,25,49,50] namely:

e Hydrogen Oxidation Reaction (HOR).

Oxygen Reduction Reaction (ORR).

Proton diffusion in the Catalyst Layers (CLs).

Oxygen diffusion in the cathode CL.

Oxygen diffusion in the cathode gas diffusion layer (GDL) and
channels (CH).

These phenomena are characterized by different time constants, and
attributing the visible peaks in the DRT to these processes is a common
practice. Kulikovsky et al. [51], applied the DRT approach to an
analytical model of the cathode of a PEMFC, identifying 5 peaks and
associating them as follows: the low-frequency peaks (5-10° - 5 -10' Hz)
to Oy diffusion in the channels (CH), gas diffusion layer (GDL), and
catalyst layer (CL), with the latter two combined into a single peak. The
intermediate-frequency peak (1 02 Hz) was attributed to the ORR, while
the high-frequency peaks (>10° Hz) were associated with proton
diffusion in CL. Han et al. [25], in their study on the application of DRT
to PEMFCs, identified five distinct peaks: the one around 10' Hz was
attributed to Oy mass transfer, the one near 5-10! Hz to the ORR, those in
the range of 5-10%-2.10° Hz to proton diffusion within the catalyst layer,
and the highest-frequency peak, around 10* Hz, to proton transfer
through the membrane. In other studies, such as that by Yuan et al. [52],
this high-frequency peak has been attributed to the contact interface
resistance between the PEM and the electrode.

In this study, the high frequency peak, P1, is located around 18.5 kHz
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and based on the analysis carried out, its time constant shows no
dependence on any operating parameter and appears to be primarily
influenced by the initial frequency of the DRT analysis, in fact, it often
closely matches this starting point. The resistance associated with P1 is
marginal compared to the other peaks, though it does exhibit some
trends: it decreases linearly with temperature, and shows a non-
monotonic dependence on load, decreasing initially and then rising
again at high current densities. Nevertheless, because this peak lies in
the high-error region of the DRT reconstruction, its interpretation
should be approached with caution. We believe that its appearance is
largely a result of overshooting in the DRT regression, rather than a
signature of a real internal electrochemical process. Indeed, the modeled
impedance and the experimental impedance do not perfectly match in
the high-frequency range, where the DRT fit tends to shift forward and
start from a lower value (see Fig. 2). This discrepancy is reflected also in
the ohmic resistance calculated from the DRT, which is consistently
higher than the actual resistance measured at the highest frequency
point (see Fig. 2a, negative relative error on the real part of impedance).
As discussed in the introduction, this fitting error stems from the fre-
quency response of proton diffusion in the catalyst layer, which behaves
like a straight line with a theoretical 45° slope (often steeper or distorted
in practice). However, we do not consider this peak to be merely an
artifact. On the contrary, we argue that its magnitude reflects the linear
segment associated with proton diffusion, or may alternatively be
associated with the ohmic resistance, since the experimental data often
does not start from an imaginary part equal to zero. It can therefore be
tentatively linked to this phenomenon, albeit with the acknowledged
limitations of the DRT model.

Peak P2 appears in the frequency region around 2.1 kHz. This peak is
not consistently observed in the literature, nor is it always present in this
study, as it often collapses into Peak P3. Han et al. [25], when observing
it, attributed P2, along with P1 and P3, to proton diffusion phenomena
within the catalyst layer. However, the trends exhibited by these peaks
under varying operating conditions differ significantly, suggesting
distinct origins or behaviours. In particular, the resistance associated
with P2 displays random or inconsistent trends with respect to load,
pressure, and temperature. This instability may also stem from the dif-
ficulty in reliably extracting its contribution, as P2 is often very small in
magnitude and poorly defined in shape or even merged with P3. A
purely qualitative analysis focusing on the effect of load revealed a
decline in its magnitude with increasing current, followed by a satura-
tion or even reversal at 0.4 V. Its magnitude was notably larger under
high-load and oxygen-fed conditions compared to air, suggesting that
above a certain current threshold (which is higher with pure O), the
peak becomes more pronounced again. Nevertheless, this trend does not
clearly emerge in the operating range studied under air, and the corre-
sponding polynomial regression, based on current, pressure, and tem-
perature, shows a very poor fit. Additionally, it is important to note that
this peak appears in the frequency region where the DRT reconstruction
error oscillate around zero (Fig. 2), which further casts doubt on its
physical origin. Taken together, these aspects, its inconsistent resistance
trends, weak statistical significance, and overlap with P3, suggest that
P2 may not reflect a distinct physical phenomenon. Instead, it may
represent a so-called “phantom” peak, an artifact that can arise when the
regularization parameter (1) used in the DRT is too low, allowing noise
or fitting artifacts to appear as spurious peaks. However, given that P2
often behaves similarly to P3 and in many cases the two peaks merge, we
recommend treating P2’s contribution as part of the broader P3-related
process when interpreting DRT spectra.

Peak P3 appears in the frequency region around 657.5 Hz and is
often associated in the literature with proton diffusion within the cata-
lyst layer (CL) [25,52]. This attribution is primarily based on its rela-
tively fast time constant, consistent with a process occurring in the
higher-frequency domain. The time constant of P3 closely follows the
trend of its associated resistance, both decreasing with increasing tem-
perature. Additionally, P3 is the only peak whose resistance consistently
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decreases as the load increases and increases with rising pressure in most
of the tested cases. From a classical perspective, the observed decrease in
resistance with temperature is expected, as proton conductivity im-
proves with thermal activation [53]. Its reduction under increasing load
could also be interpreted as the result of greater water production at
higher current densities, which hydrates the catalyst layer and enhances
ionic conduction. However, this interpretation is challenged by the fact
that ohmic resistance (see Table 2 and Fig. 8a) shows an overall
increasing trend with load, suggesting that at higher current densities
the CL may experience drying, possibly due to temperature rise. If
proton transport were the limiting factor, both ohmic resistance and P3
would be expected to decrease in a similar fashion, but P3 shows a much
stronger current dependence (see Table 2 coefficient a; and a4), pointing
to a distinct mechanism. Another non-trivial trend is the influence of
pressure, which increases P3’s resistance, an effect that becomes less
pronounced as pressure approaches 2 bar. Several explanations are
possible. One hypothesis is that local pressure build-up leads to
morphological changes in the CL, causing anisotropic deformation of
ionic pathways. This phenomenon has been reported in studies on
clamping pressure [46,54] and can hinder proton transport. Addition-
ally, higher gas-phase pressure reduces the capillary pressure within CL
pores, suppressing water condensation. Since proton conductivity de-
pends linearly on liquid water content [55], this effect directly impairs
conductivity. Alternatively, the behavior of P3 could suggest a connec-
tion to oxygen reduction reaction (ORR)-related steps, particularly given
its decreasing trend with load. However, it does not exhibit the typical
exponential drop expected for classical ORR resistance. The ORR is a
multi-step process: in addition to the direct 4-electron reduction of O, a
two-step 2-electron pathway may occur, involving adsorbed in-
termediates such as *O, *OH, and *OOH [56]. These steps require the
desorption of water molecules from the surface, which can be hindered
at higher pressure, increasing resistance and thereby enhancing the DRT
peak magnitude. This interpretation is consistent with studies showing
that at high oxygen coverage, the secondary reaction pathway becomes
more favorable [57]. Support for this hypothesis also comes from
flowrate analysis: increasing the flowrate leads to a notable decrease in
P3 resistance, which may be explained by enhanced water removal at
the interface. This would facilitate water desorption, promoting reaction
turnover, though it would theoretically reduce proton conductivity.
Such dual behavior supports a mixed mechanism, where both proton
transport and ORR intermediate dynamics may contribute to the
observed relaxation.

Peak P4, with an average time constant around 166.7 Hz, is consis-
tently associated with the oxygen reduction reaction (ORR) in the
literature [25,51,52], and the trends identified in this work strongly
support this assignment. Under pure kinetic control, the ORR resistance
is known to vary inversely with current density [58], and this expo-
nential drop is clearly visible in the transition from 0.8 V to 0.7 V with
air (Fig. 3). When oxygen is used the peak disappears entirely at 0.7 V
and only reappears at 0.6 V and 0.5 V, but with a magnitude several
orders of magnitude lower, consistent with the much higher current
densities achieved at these voltages in oxygen conditions. No other
electrochemical process is expected to produce such a distinct trend.
Moreover, the variation of P4 with operating parameters is fully
consistent with kinetic expectations: increasing the pressure enhances
oxygen availability at the reaction sites, leading to a reduction in
resistance across all loads same effect of flowrate increase. Likewise,
temperature shows the expected beneficial effect at medium-to-high
current densities, but results in a detrimental effect under high-voltage
(near-OCV) conditions (Fig. 8e-Table 2, coefficient ay). This inversion
arises because, at low loads, other processes become relevant, such as
hydrogen crossover and internal short circuits, which are thermally
activated and lead to performance degradation at higher temperatures
[37]. As the system moves away from pure kinetic control and mass
transport limitations begin to emerge, P4 also increases in magnitude,
displaying a clearly nonlinear trend across the full range of voltages and
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current densities analyzed. This behaviour has also been reported by
Yuan et al. [52], who, in their investigation of internal polarization
phenomena, observed a similar evolution of the P4 peak (identified as
P2 in their work) using fine current increments, thus capturing the
transition in detail. The increase in P4 under high load is attributable to
oxygen mass transfer limitations across the cathode compartment layers.
In fact, even during standard Tafel slope extraction from polarization
curves, a correction is needed in the presence of mass transport limita-
tions to obtain the true kinetic value [59]. It is also well established that
under poor CL feeding and high current operation, the observed Tafel
slope can double compared to its pure kinetic value [60], clearly indi-
cating the influence of transport effects on the apparent reaction
resistance.

Peak P5 appears in the low-frequency region with an average time
constant of approximately 16.4 Hz and is widely associated in the
literature with oxygen diffusion limitations across the gas diffusion layer
(GDL) and catalyst layer (CL) [25,51]. The analyses conducted in this
study confirm this assignment. As expected for a mass transport-related
phenomenon, P5 is strongly influenced by operating pressure and
flowrate, both of which substantially reduce its resistance. Under pure
oxygen, the peak disappears entirely, reappearing only at high current
densities, and even then, with a much smaller magnitude compared to
the other contributions. Within the temperature range analyzed, thermal
effects are negligible, as reflected by the lack of statistical significance.
In contrast, decreasing the cell voltage leads to a marked increase in P5
resistance, which becomes the dominant feature at high current den-
sities, behaviour that is fully consistent with mass transfer limitations. A
seemingly counterintuitive effect is occasionally observed: in some
cases, the resistance attributed to mass transport decreases in the tran-
sition from 0.8 V to 0.7 V under air, before rising again at lower voltages
(Fig. 8f-Table 2 parameter a4). This trend can be explained by the fact
that, at low currents, most of the reaction occurs within small pores due
to their high electrochemically active surface area (ECSA) [61]. How-
ever, in the CL, oxygen transport is governed by Knudsen diffusion [62]
because the mean free path of air is comparable to the pore size [63].
Consequently, if the pores are smaller, the effective oxygen diffusivity
worsens, leading to reduced performance. This effect tends to be miti-
gated with increasing pressure. Moreover, the associated diffusion time
constant exhibits an increasing trend with pressure, in line with diffu-
sion theory. As pressure rises, the molecular diffusivity decreases (Dx 1/
D), leading to a longer characteristic diffusion time 74 L2/ Deg. It is
also important to note that, in many studies, this low-frequency peak
does not appear at high voltages or low current densities. This behavior
is closely linked to oxygen stoichiometry. In the range explored here
(stoichiometry 1-3), oxygen concentration progressively decreases
along the flow channel due to diffusion into the CL. Consequently, re-
gions farther from the inlet experience local Oy depletion [64], causing
mass transport limitations to appear even under moderate load
conditions.

Peak P6, with an average frequency of 4.7 Hz, is typically associated
with water transport limitations or water-blocking diffusion effects [25,
50]. This interpretation is consistent with the observations in the present
study, and we specifically attribute P6 to mass transfer issues in the gas
diffusion layer (GDL) and flow channels (CH) caused by excessive water
accumulation. This is evident from the fact that P6 appears only at very
low cell voltages, both under air and pure oxygen, conditions corre-
sponding to high water production rates. Its resistance tends to increase
with load, but shows no clear trend with other operating parameters,
including flowrate. Interestingly, increasing the flowrate can even lead
to the appearance of this peak when it was absent at lower stoichiom-
etries. However, these higher stoichiometry cases are also associated
with higher current densities, making it clear that current, and thus
water generation rate, is the dominant factor influencing the onset of
this phenomenon. This interpretation is further supported by the
observation that P6 occurs predominantly at high pressure, which not

16

International Journal of Hydrogen Energy 202 (2026) 152860

only increases the overall current but also enhances the differential
pressure driving water transport. A higher operating pressure increases
the capillary pressure gradient, effectively pushing more liquid water
into the GDL and flow channels [61]. In any case, P6 lies in the
low-frequency region, where experimental data are often affected by
scattering. Therefore, it should be interpreted with caution, as it might
partly result from an under-regularized inversion. Although its limited
recurrence prevents a statistically robust analysis, low-frequency data
scattering is frequently linked to water management instabilities, sug-
gesting that the presence of P6 may still serve as a valuable diagnostic
marker.

4. Conclusions

A detailed impedance analysis using DRT has enabled the extraction
of information about distinct peaks as a function of key operating pa-
rameters, including load, temperature, reactant pressure, flowrate, and
oxidant type (air or pure oxygen). This extensive examination of peak
resistances and time constants was complemented by statistical model-
ling to identify which operating parameters significantly influence each
feature. This insight was crucial for accurately assigning the peaks to
their respective electrochemical processes.

Additionally, the error associated with the nonlinear DRT regression
fit was evaluated. It was found that the fitting error decreases sharply
below 2 kHz but then rises again in the low-frequency range, raising
concerns about the reliability of peak interpretation in this region,
particularly for peaks P1 and P6. In fact, Peak P1 (fineqn = 18.5 kHz)
appears to be a byproduct of DRT regression overshoot, as its time
constant shows no sensitivity to operating conditions. However, its
resistance does exhibit some dependence on temperature, suggesting a
possible link to proton diffusion in the catalyst layer or to the ohmic
contribution, as the experimental data do not start exactly at zero
imaginary impedance. Peak P2 (fyean = 2.1 kHz), located near the
transition region where the fitting error approaches zero, may result
from oscillations introduced by an overly small regularization param-
eter. While its qualitative behaviour mirrors that of P3, its extracted
resistance is noisy and inconsistent. As such, we recommend merging its
contribution with P3 (fean = 657.5 Hz), which may correspond to an
intermediate step in the ORR pathway, offering an alternative to more
conventional interpretations. The final assignment is left to the reader’s
discretion. In contrast, Peaks P4 (fuean = 166.7 Hz), P5 (fmean =
16.4 Hz), and P6 (fineqn = 4.7 Hz) exhibit consistent and well-supported
behaviour. They are clearly attributed to, respectively, charge transfer at
the interface (ORR kinetics), oxygen diffusion through the CL/GDL, and
transport limitations caused by water accumulation that hinders reac-
tant access. Although care must be taken when interpreting peak P6, as
it lies in a region affected by higher reconstruction error, this error may
in fact originate from actual water management instabilities. Therefore,
P6 can still be linked to a water management issue. Overall, these
findings highlight the value of DRT analysis as a powerful diagnostic
tool for PEMFCs. By resolving overlapping electrochemical processes
and providing time-resolved insights, the extracted information can be
effectively applied to real-world contexts such as online fault detection,
where early deviations can be identified, and operating condition opti-
mization, where parameters can be tuned to maximize performance and
durability. The observed trends in extracted parameters provide a
comprehensive picture of ohmic losses, ORR kinetics, proton conduc-
tivity, and oxygen transport under fully humidified conditions (100 %
RH). The same cell has already been analyzed under drying and flooding
conditions, with particular attention to the role of pressure and flow
rate. A possible future development of this work is the integration of
those results with the present analysis, to further investigate the inter-
play between operating parameters and PEMFC internal dynamics.
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