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a b s t r a c t

This work presents an experimental analysis of the time constants associated to diffusion and electro-
chemical processes in a 50 cm2 Polymer Electrolyte Membrane (PEM) fuel cell. The experimental tech-
niques and results include polarization curves and Electrochemical Impedance Spectroscopy (EIS)
analysis of the fuel cell, where the time constants are determined from the analysis of the Distribution of
Relaxation Times (DRT). EIS results are also used to determine the cell ohmic resistance, where High
Frequency Resistance (HFR) values are calculated from the Nyquist plots. A wide range of operating
conditions of the fuel cell are analysed, including back pressure (0.5 bare1 bar), cell temperature (55 �C,
65 �C, 75 �C), reactant gases relative humidity (30%, 60%, 90%), cathode stoichiometry (lc 2.5e3.5), and
oxygen concentration (air and pure oxygen). The effect of the operating conditions on the time constants
are discussed, and Damk€ohler number is introduced and discussed.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fuel cells are devices where the chemical energy available in
fuels is converted directly into electricity via electrochemical re-
actions. The high energy efficiency and the low environmental
impact together with a significant technology development of fuel
cells during the last few years have promoted its use as alternative
clean power generation devices for portable, mobile and stationary
applications [1], and its integration within energy systems [2e5]
involving power generation, solar energy or geothermal energy. In
particular, Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
present clear advantages, especially for the transportation sector
[6e8], where the main developments, status, and trends and per-
spectives have been analysed by Alaswad et al. [9], Ahluwalia et al.
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[10] and Olabi et al. [11] respectively. This sector has showed a clear
increase in the deployment of Fuel Cell Vehicles (FCVs) during the
last few years, with extensive programmes in countries such as
Japan, South Korea, China and United States or Canada [12e19].
Progress in fuel cell research and technology developments is
contributing to the transition towards a new energy system where
hydrogen technologies will play a significant role [20e22].

The core of PEMFCs consists of a polymer membrane and two
electrodes mainly based on carbon materials [1,9,10,23]. In order to
overcome the main technical barriers preventing PEMFCs from
reaching its ultimate industrial goal, current research is focused on
increasing both fuel cell performance and durability of the cell
components and systems. Thus, there is a need to deeply under-
stand the different mechanisms and contributions to the PEMFC
performance losses and degradation processes [1,9e11,24].

Experimental diagnostics can help to understand the highly
coupled and complex phenomena occurring within a fuel cell,
where the polarization curve (IeV curve, plot of cell potential
versus current) is the most common measurement of the perfor-
mance of a fuel cell [25]. Three different regions can be observed in
polarization curves of PEMFCs depending of the current density
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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being drawn, where in each region a different phenomenon is
dominating the cell potential and shape of the IeV curve: electro-
chemical kinetics at low current densities, ohmic resistance at
medium current densities, and reactants mass transport at high
current densities. However, as the polarization curve represents the
integral output of the cell, the analysis of each of the phenomena
indicated above is not directly observable.

On the contrary, Electrochemical Impedance Spectroscopy (EIS,
also known as AC impedance spectroscopy) is a technique suitable
for obtaining a breakdown of the polarization or overpotential
contributions, as well as for obtaining different fuel cell parameters
[25e27], understanding the limiting processes affecting the overall
performance, and state-of-health determination (as in the work of
Fouquet et al. [28]). As an example, when the PEMFC is subjected to
an accelerated durability testing under different conditions and
protocols, the potential curve changes showing different shapes
based on the degradation processes occurred in both the catalyst
layer and the proton conducting membrane. Wasterlain et al. [29]
introduced a novel architecture of impedance spectrometer to
provide efficient diagnostics of a PEMFC stack, investigating the
effect of flooding/drying phenomena. Christian et al. [30] also
proposed an impedance-based protocol for the fault detection and
isolation of a wide set of operating conditions including low and
high cathode stoichiometry or high CO concentration in the anode
gas.

EIS has also been used for determining the characteristic time-
scales of the processes involved [31,32]. The details of the technique
and the wide variety of applications of AC impedance spectroscopy
for PEMFC diagnostics have been reviewed by Yuan et al. [33],
Rezaei Niya and Hoorfar [34], and Ivers-Tiff�ee et al. [32]. During an
EIS experiment, an AC signal of known amplitude and frequency is
sent through the cell, and the response is analysed. The real and
imaginary components of the cell impedance (Z) are obtained for all
frequencies tested (typically between 0.1 Hz and 1e10 kHz). When
represented in a complex diagram or Nyquist plot, parameters such
as charge transfer resistance (activation polarization), mass trans-
port resistances, or cell ohmic resistance (High Frequency Resis-
tance, HFR) can be determined [33,34]. Typical Nyquist plots
reported in the literature feature two pronounced arcs or semi-
circles for PEMFC impedance spectra, corresponding to charge
transfer at medium frequencies (10e100 Hz) and reactant diffusion
(usually in the cathode side) at low frequencies z 1 Hz [33]. It is
observed that with increasing current density the charge transfer
arc progressively decreases, whereas gas diffusion becomes more
dominant. The spectrum can reduce to one single arc if any of the
two processes are vanished for particular operating conditions [33].
The cell resistance (i.e., the sum of all electronic resistances
including bulk and contact resistances, and the proton-conduction
resistance in the membrane) is determined using an AC high-
frequency perturbation of typically more than 1 kHz [35]. The ZRe
value at ZIm¼ 0 in the Nyquist plot represents the HFR value. Except
the MEA conductivity which depends on temperature and mostly
on humidification, all other contributions to the overall cell ohmic
resistance are constant during the cell operation, and thus the
variations of the measured HFR values can be attributed to varia-
tions of MEA conductivity [26,36,37].

As an alternative or complementary to the analysis of EIS spectra
by means of Equivalent Circuit Modelling [32e34], the study of the
distribution of relaxation times (DRT) has also proved to be a highly
valuable method to determine the time constants of the different
processes involved. This method was first used by Leonide et al.
[38] for SOFC and later for Li-ion batteries [39]. Weiss et al. [40]
applied this method for a High-Temperature PEMFC, and the recent
work of Heinzmann et al. [41,42] discussed the novel application of
DRT to the impedance spectra of a 1 cm2 low temperature PEM
2

single cell. They achieved the detailed deconvolution of the
impedance spectra by using the DRT method, enabling the identi-
fication of up to five different polarization processes with their
associated time constants. They proved this method to provide
highly detailed information of the physical-chemical processes
within the cell, which were not feasible to be determined from the
impedance spectra. In addition to the thorough analysis of the
works mentioned above, the present study has been based on the
available DRT Tools developed by Wan et al. [43,44] for computing
DRT based on Tikhonov regularization. Such DRT Tool by Wan et al.
[44] was developed after investigating methods for the optimal
regularization of the DRT deconvolution [45], and the effect of
various discretization methods on the estimated DRT [46].

In the recent review by Tang et al. [47] focused on the progresses
in the use of EIS for the in-depth analysis of PEMFCs, it is also stated
that DRT is a suitable method to extract the characteristic time
scales out of the EIS data measurements, as well as to deconvolute
impedance spectra under different PEMFC operating conditions to
separate loss processes in porous electrodes [41,42] and to separate
overlapping impedance spectra.

The current work focuses on the effect of operating conditions
on the time constants of the main processes occurring in PEMFCs
i.e. electrochemical reaction and oxygen gas diffusion from channel
to electrode across the Gas Diffusion Layer (GDL). In order to ach-
ieve these targets, the Distribution of Relaxation Times technique is
applied to the experimental impedance spectra obtained for a
technical cell of 50 cm2. A comprehensive matrix of operating
conditions was defined, covering the most common operating
variables such as temperature, pressure, cathode stoichiometry,
reactants relative humidity, and oxidant concentration. A Fuel Cell
Damk€ohler number [31,48e51] is used to characterize the relative
importance of both processes, and how this is determined by the
operating conditions of the cell. This work presents the application
of the DRT method for determining time constants of diffusion and
electrochemical processes in PEMFCs of technical size (50 cm2),
which is a representative size between lab-scale and industry-scale
fuel cells.

2. Experimental facility and methodology

2.1. Test station and fuel cell description

The experimental work was conducted with a PEM fuel cell test
station designed and commissioned to the University of Sevilla by
the Hydrogen and Fuel Cell Technology Testing Centre (CNH2). The
test bench is devoted to the experimental testing of PEM single cells
and short stacks up to 500 W, and it includes a Newton’s 4th
PSM1700 Frequency Response Analyzer for EIS experimental
analysis. The test environment is the typical of a fuel cell test bench,
with a reactant gas handling unit including humidifiers and back-
pressure regulators, a cell heating/cooling unit, and an electronic
load. The main elements of the test bench are presented in
Appendix A. The cell voltage measurement uncertainty is ±1 mV
with a sample rate of 1 Hz.

The cell consisted of graphite Bipolar Plates from ElectroChem
Inc. With serpentine flow fields in both anode and cathode, ar-
ranged in a cross-flow layout with vertical cathode channels and
horizontal anode channels [27]. Figure A3 in Appendix A presents
the cell Bipolar Plates used for the experiments. Channel and land
width is 0.71 mm and 0.86 mm respectively, and the total plate
thickness is 9.5 mm.

A 50 cm2 5-layer Membrane Electrode Assembly (MEA) was
used, with 1.0 mg Pt/cm2 in both anode and cathode electrodes
(with 20 wt % Pt/C), Nafion N-212 and Gas Diffusion Layers from
Toray (TP-060 without MPL) 0.19 mm thick and 78% porosity. The
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through-plane resistance of the GDL is 80 mUcm2.
2.2. Experimental conditions

A comprehensive matrix of operating conditions was used in
order to analyse the effect of the different conditions of the cell
performance and EIS characteristics. All the conditions tested were
referenced with respect to a benchmark case, which is defined as
following: Pcell ¼ 0.5 bar (rel), Tcell ¼ 65 �C, Relative Humidity (RH)
at anode and cathode ¼ 60%. Stoichiometric factors at anode (la)
and cathode (lc) 1.3 and 2.5 respectively. Air was used as oxidant in
the benchmark case. Such conditions are named according to the
following nomenclature: P05_T65_a13RH60_c25RH60_air. The
matrix of operating conditions is indicated in Table 1, named ac-
cording to the nomenclature described above. The condition varied
in each case with respect to the benchmark conditions is marked in
bold and underlined in Table 1. A total of eight operating conditions
were tested, where it can be observed that two pressure conditions
were analysed (0.5 and 1.0 bar (rel)), three temperature conditions
(55, 65, 75 �C), three RH conditions (30, 60, 90%), two values of the
cathode stoichiometric factor (2.5, 3.5), and two oxidant concen-
trations (air, oxygen).
2.3. Description of the experimental testing procedure

The IeV polarization curves were obtained for the cell by
following the experimental methodology defined in the well
stablished FCTESTNET [52] and FCTESTQA [53] procedures for sin-
gle cells. In particular, the test procedure consists of:

Step 1: Pre-conditioning of the cell.
The test starts by bringing the operating conditions (inputs) to

the values specified for the conditioning of the cell (which are the
reference conditions “P05_T65_a13RH60_c25RH60_air”). The sta-
bilization of the conditions is done by increasing the current den-
sity by steps of 100 mA/cm2 for the given fixed values of
temperature and gas conditions, while keeping the cell voltage
higher than 500 mV until reaching the current density identified
for the conditioning (500 mA/cm2).

Step 2: Setting the test conditions (test inputs).
The step starts by bringing the operating conditions to the

values specified for the measurement (if not corresponding to the
pre-conditioning step). The cell is maintained at 500 mA/cm2

during 20 min and the corresponding cell voltage is measured and
used as an initial reference IV point. The comparison of this first
value with the cell voltage measured at the same current density
during the measurement step (polarization curve) is then used as
an additional indicator of the accuracy of the test.

Before starting the polarization curve, the cell voltage is brought
to OCV (and, in parallel, the gas flow rates to their minimumvalues)
for a fixed period allowing the stabilization of the operating con-
ditions. The OCV is measured during 30 s.

Step 3: Measuring test outputs.
Table 1
Operating conditions defined in the experimental tests.

Case Pressure bar (rel) Temperatur

P05_T65_a13RH60_c25RH60_air 0.5 65
P1_T65_a13RH60_c25RH60_air 1.0 65
P05_T55_a13RH60_c25RH60_air 0.5 55
P05_T75_a13RH60_c25RH60_air 0.5 75
P05_T65_a13RH30_c25RH30_air 0.5 65
P05_T65_a13RH90_c25RH90_air 0.5 65
P05_T65_a13RH60_c35RH60_air 0.5 65
P05_T65_a13RH60_c25RH60_O2 0.5 65

3

The measurement of the current-voltage curves is carried out in
galvanostatic mode, starting at the open circuit voltage and using
fixed current steps. The dwell time for each current density set
point is set to 20 min (15 min for conditions stabilization and 5 min
for data acquisition). The test is carried out until the voltage drops
below 300 mV. The data acquisition frequency of the test bench is
set to 1 s, so that each IeV point is averaged over 300
measurements.

Step 4: Data post-processing.
As mentioned before, each voltage value corresponding to a

fixed current density is calculated as the average value of the last
5 min of the measurement (300 values). The standard deviation is
also calculated. The reproducibility of the results was addressed by
replicating the experiments, where two to three IeV curves were
obtained for each condition (except for the curve with oxygen
where only one experiment was carried out). The final IeV curves
reported were calculated by averaging the curves obtained for each
conditions, and error bars have been added to account for the
standard deviation of the results measured.

The EIS impedance measurements were performed using AC
signals between 0.2 Hz and 6.0 kHz, with over 14 measurements
per decade. Two different signal amplitudes were tested (5% and
10% of the base intensity). The results with 10% amplitude were
selected due to the better output signal behaviour observed at low
frequencies.
2.4. Determination of the time constants for diffusion and
electrochemical processes

The EIS spectra were used as input for the determination of the
diffusion and electrochemical time constants. This was carried out
using the available DRT Tools developed by Wan et al. [43,44] for
computing DRT based on Tikhonov regularization. The Gauss dis-
cretization were used [45,46] with a Radial Basis Function for the
discretization as proposed by Wan et al. [43]. A regularization
parameter (l) value of 1.0E-02 were defined. According to the
literature [40e46], high values of the regularization parameter l
will reduce the sensitivity to the measurement errors of the overall
procedure, resulting in the fact that several time constants corre-
sponding to real processes within the fuel cell can be overridden
(such as proton conduction in membrane or in the ionomer of the
catalyst layers). On the contrary, a too small value of l will drasti-
cally increase the effect of the data noise, and therefore, artefact
time constants may arise originated by certain noise levels in the
original EIS spectra, thus resulting in additional time constants that
are actually not corresponding to real processes within the cell. In
this work, given the fact that a technical size fuel cell was used and
that the objective is to determine the time constants associated to
the most central processes (overall electrochemical kinetics and
overall reactant diffusion) a relatively large value of lwere defined
(1.0E-02). More fundamental and unique processes will be over-
ridden, but the method has proven to be effective in determining
e (�C) RH (%) la (�) lc (�) Oxidant

60 1.3 2.5 Air
60 1.3 2.5 Air
60 1.3 2.5 Air
60 1.3 2.5 Air
30 1.3 2.5 Air
90 1.3 2.5 Air
60 1.3 3.5 Air
60 1.3 2.5 O2
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the time constants for the diffusion and electrochemical processes.

3. Results

The IeV polarization curves obtained for all operating condi-
tions are represented in Fig. 1, where close-ups have been included
for a better representation of the differences within the OCV region
(Fig. 1, middle) and the ohmic region (Fig. 1, bottom). The corre-
sponding power curves are represented in Fig. 2. For the sake of
completeness, the pressure drop at the cathode side of the cell is
reported in Appendix B.

The HFR values obtained from the EIS experiments at high fre-
quencies (typically Zim ¼ 0 at 4e6 kHz) are represented in Fig. 3,
whereas the average values together with the standard deviation of
the measurements can be found in Table 2. HFR values were ob-
tained from the Nyquist plots as the ZRe value for Zim ¼ 0.

Nyquist plots for all the operating conditions analysed with the
serpentine flow field are shown in Fig. 4 and Fig. 5 for different
current densities: 0.2 A/cm2, 0.5 A/cm2, 1.0 A/cm2, and 1.5 A/cm2

(and 2.0 A/cm2 where available, as not all polarization curves
reached over 1.0 A/cm2). Nyquist plots have been presented in two
different arrangements for the sake of a better analysis and com-
parison of the results. In Fig. 4 Nyquist plots are presented in
separate graphs, where each graph is containing the data corre-
sponding to all operating conditions in Table 1 for a given current
density. On the contrary, in Fig. 5 Nyquist plots are presented in
separate graphs, where each graph is containing the data corre-
sponding to all current densities for each operating condition.

Finally, Fig. 6 represents the time constants of the electro-
chemical (tEC) and diffusion (tdiff) processes, obtained from the EIS
spectra by the application of the DRT method according to Wan
et al. [43,44]. The corresponding DRT graphs are included as Sup-
plementary Material. The Damk€ohler number as defined by Eq. (3)
is also represented in Fig. 6. Results are graphically depicted as a
function of the operating conditions included in Table 1 and plotted
vs. the current density. The discussion on the results obtained is
presented in Section 4.

4. Discussion

4.1. Polarization curves

The experimental polarization curves in Fig. 1 are clearly pre-
senting the three different regions typically found in fuel cells. The
curve with pure reactants H2/O2 presents a superior performance,
consistent with the fact that mass transport losses are significantly
reduced when utilizing pure oxygen as oxidant [27,39,40]. Fig. 1
(middle) shows that also the OCV value is significantly higher
when using pure oxygen, which is a result of the higher Nernst
potential [54,55]. The second curve in terms of performance is the
one corresponding to a higher cell operating pressure (1.0 bar with
respect to the benchmark case operating at 0.5 bar). The positive
effect of pressure on reducing activation and mass transport losses
is well documented in the literature [54,55]. On the contrary, there
are two conditions with a clear reduced performance, corre-
sponding to conditions causing a dry-out of the cell i.e. low reactant
relative humidity (RH 30%), and higher cell operating temperature
(75 �C). Interestingly, these two polarization curves are intersecting
themselves twice as observed in Fig. 1, indicating that the relative
importance of each polarization losses are different for each curve
as will be discussed in next sections. From the polarization curves,
it can be determined that the ohmic losses are higher for the case
with low relative humidity indicating a low membrane hydration
until medium current densities. However once the cell achieves a
higher current density (0.4e0.5 A/cm2) the electrochemical water
4

production is able to rehydrate the membrane and ohmic losses
diminish causing a recovery in the shape of the polarization curve.
This will be further discussed in the next sections.

Between the high performance and the low performance curves,
there are four additional conditions where differences in the po-
larization curves are not that significant. The cases correspond to
the benchmark conditions (P05_T65_a13RH60_c25RH60_air) and
to the variations with a lower temperature (55 �C), higher cathode
stoichiometry (lc ¼ 3.5), and higher relative humidity (90%).

Such trend is also observed in the power curves presented in
Fig. 3, with the cell using oxygen reaching up to 45Wat 2.25 A/cm2,
the cell in dry conditions (RH ¼ 30%, T ¼ 75 �C) reaching less than
20 W at 1.0 A/cm2, and the other curves reaching around 25 W at
1.3e1.4 A/cm2.

When analysing the overall performance trends with respect to
variations in the operating conditions it can be observed that an
increase in the operating temperature is lowering the cell perfor-
mance, with 114 mV difference at 1.0 A/cm2 between the curve at
55 �C (0.481 V) and the curve at 75 �C (0.367 V). Such difference is
however not linear with respect to the temperature, but it presents
instead a dramatic increase from 65 to 75 �C. It can also be observed
in Fig. 1 that the differences described are becoming more pro-
nounced as current density increases. On the contrary to the effect
of temperature, the increase in the reactant relative humidity is
having a positive effect on the cell performance, where the cell
voltage is increasing 136 mV from RH 30% (0.381 V) to RH 90%
(0.517 V) at 1.0 A/cm2. As observed in Fig. 1, the cell performance is
dramatically lower at low RH values (30%) indicating a clear dry-out
of the membrane, in particular at low current densities where the
cell water production is low and unable to sufficiently hydrate the
membrane.

Increasing the cell backpressure is clearly beneficial for the cell
performance (56 mV increase in the cell voltage from 0.5 to
1.0 bar at 1.0 A/cm2). The benefits of operating at higher cell pres-
sures can be observed for all range of current density (Fig. 1). In
comparison, the performance increase for larger cathode stoichio-
metric factors is minimal, with only 18 mV increase in the cell
voltage at 1.0 A/cm2 when switching from 2.5 to 3.5 stoichiometry.
However, the increase in performance is becoming larger for higher
current densities, as more gas flow is providing a higher water
removal capability, and a higher and more uniform oxygen con-
centration along the flow channels.

Clearly, the operation with pure oxygen is providing the highest
cell voltage increase (138 mV at 1.0 A/cm2), where the cell voltage
improvement is becoming more pronounced as current density
increases.

4.2. HFR and MEA ohmic resistance

The effect of both current density and operating conditions on
the HFR value is presented in Fig. 3. The operating condition is
causing a higher impact on the HFR than the current density (for
the range of operating conditions tested). Consequently with the
observations indicated in the previous section, there are two ex-
ceptions to this statement, that are the cases corresponding to the
operation in drier conditions (RH ¼ 30%, and T ¼ 75 �C). Not only
the HFR values are significantly higher than in the other cases,
indicating a drier membrane, but also the variations with current
density are more significant. At 0.2 A/cm2 and 1.0 A/cm2 both
conditions are presenting similar HFR values, where polarization
curves at such current densities were also similar (Fig. 1). However,
at 0.5 A/cm2 the HFR values are significantly different, with the
highest value corresponding to the operation at low RH (30%). This
is the reasonwhy the differences in the polarization curves for both
operating conditions at 0.5 A/cm2 were so evident, whereas at



Fig. 1. Polarization curves obtained for the experimental conditions defined in Table 1. (top). Close-up in the OCV region (middle) and ohmic region (bottom). Error bars accounting
for the standard deviation of the measurements are included.
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lower and higher current densities both curves were again
resembling to each other.

The other operating conditions are presenting much lower
values of HFR (an average of 30% lower HFR), indicating a much
better membrane hydration. Besides, the HFR variations with
respect to current density are also less pronounced. The benchmark
case and the operation with higher cathode stoichiometry result in
HFR values of around 2.6 mOhm, whereas all the other operating
conditions result in better membrane hydration values, with HFR
5

values of around 2.4 mOhm.
The HFR results compare well with results reported in the

literature. The effect of different parameters on HFR has been
addressed by several authors such as Asghari et al. [56] or Chang
et al. [57] (torque or compression ratio), Danzer and Hofer [58], Yan
et al. [59], Yin and Chang [60], or Schneider et al. [61] (RH values),
and Fouquet et al. [28] or Kadyk et al. [62] (dry, normal, or flooded
conditions), and Yan et al. [459] (temperature effects). A summary
can be found in the review work by Rezai Niya et al. [63]. The



Fig. 2. Power curves obtained for the experimental conditions defined in Table 1.

Fig. 3. High Frequency Resistance (HFR) values obtained for the operating conditions
defined in Table 1, at 10 A (0.2 A/cm2), 25 A (0.5 A/cm2), 50 A (1.0 A/cm2), 75 A (1.5 A/
cm2). Error bars accounting for the standard deviation of the measurements are
included.

Table 2
High Frequency Resistance (HFR) values obtained for the operating conditions defined in T
(2.0 A/cm2). Standard deviation of the measurements is indicated between parentheses.

HFR (mOhm)
@0.2
A/cm2

HFR (mOhm)
@0.5
A/cm2

P05_T65_a13RH60_c25RH60_air 2.63
(0)

2.57
(0.014)

P1_T65_a13RH60_c25RH60_air 2.435
(0.021)

2.4
(0.042)

P05_T65_a13RH60_c35RH60_air 2.685
(0.007)

2.62
(0.042)

P05_T55_a13RH60_c25RH60_air 2.41
(0.028)

2.39
(0)

P05_T75_a13RH60_c25RH60_air 3.32
(0.034)

3.04
(0)

P05_T65_a13RH30_c25RH30_air 3.28
(0.057)

3.33
(0.099)

P05_T65_a13RH90_c25RH90_air 2.4 2.36
P05_T65_a13RH60_c25RH60_O2 2.4 2.39
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decrease in HFR observed in the experimental results when
increasing the RH inlet gases conditions (Table 2) is consistent with
the observations by Danzer and Hofer [58] and Yan et al. [59], and is
obviously related to the improved membrane hydration when hu-
midified gases are used. This can be particularly relevant within the
anode side of the membrane, as electro-osmotic drag is trans-
porting water towards the cathode, and back-diffusion may not be
able to push water back towards the anode side, particularly for
thickermembranes [64]. It is interesting to note in Fig. 3 and Table 2
that a higher operating pressure also contributes to a reduced HFR
value, so that the effect of pressure is not only observable in the
activation and mass transport region [54,55] but also in the ohmic
region. This is due to the different amount of liquid water (with
ability to hydrate themembrane) present within the cell depending
on the pressure level, where it was previously shown that the
cathode pressure is presenting a major effect than anode pressure
[65].

It must be considered that the HFR values provided in Table 2 are
the results of two contributions; first, the electric resistivity of the
cell components which is constant for any operating condition as
long as materials and bolts torque are kept constant, and secondly,
the proton-conduction (ionic) resistance in themembrane, which is
mainly depending on themembranewater content (l) as well as on
temperature although up to a lesser extent (Springer et al. [66]).
able 1, at 10 A (0.2 A/cm2), 25 A (0.5 A/cm2), 50 A (1.0 A/cm2), 75 A (1.5 A/cm2), 100 A
The Open Circuit Voltage (OCV) values obtained are also presented.

HFR (mOhm)
@1.0
A/cm2

HFR (mOhm)
@1.5
A/cm2

HFR (mOhm)
@2.0
A/cm2

OCV (V)

2.54
(0)

e e 0.932

2.41
(0.042)

2.445
(0.021)

e 0.946

2.57
(0)

e e 0.935

2.38
(0)

2.48
(0)

e 0.937

3.095
(0.035)

e e 0.918

3.08
(0.085)

e e 0.931

2.36 e e 0.935
2.38 2.41 2.47 0.963



Fig. 4. Nyquist plots obtained for the operating conditions defined in Table 1: a) 10 A
(0.2 A/cm2), b) 25 A (0.5 A/cm2), c) 50 A (1.0 A/cm2), d) 75 A (1.5 A/cm2) and 100 A (2.0
A/cm2).
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4.3. Nyquist plots

It is well known that water management is one of the key issues
when it comes to ensure an improved cell performance and dura-
bility [64,67]. However, when experiencing poor cell voltages, it is
not always straight-forward to determine whether a cell is dried-
out or flooded. In the work by Fouquet et al. [28] it is stated that
from the polarization curve alone, it is rather difficult to determine
7

whether there are drying-out or flooding issues in case the cell
voltage drops. However, the analysis of the Nyquist plots obtained
from EIS results can clearly indicate both membrane drying-out or
flooding (state-of-health) [33,34]. Basically, a dried-out membrane
can be determined by a shift of the HFR towards higher ZRe values,
whereas flooding can be determined by an increase in the size of
the low frequency arc.

Nyquist plots for the serpentine flow field are shown in Figs. 4
and 5. Fig. 4 presents Nyquist plots for all conditions listed in
Table 1, where a unique plot is presented for each current density.
Thus the effect of the different operating conditions can be better
identified. On the contrary, Fig. 5 presents a Nyquist plot for each of
the conditions listed in Table 1, where each plot contains the data
for all current densities. Thus the effect of the current density can
be better identified for each operating condition.

The first observation is that Nyquist plots are featuring the well-
known two arcs representing the activation polarization (arc on the
left at medium frequencies) and the concentration polarization (arc
on the right at lower frequencies) [27,31,32,54,55]. At high current
densities (1.0 A/cm2, Fig. 4, bottom, and Fig. 5) both arcs are mostly
overlapped, indicating that the timescales of both processes are
approaching each other [32]. It is interesting to note that the
operation with pure oxygen does not produce the arc or semicircle
associated to concentration polarization, as mass transport losses
are negligible at least up to the current density tested (2.0 A/cm2).
Indeed, it has been reported that the low frequency arc is typically
missing in cells operating with pure oxygen [68]. It is also observed
in Fig. 4 that there are twomain starting locations in the ZRe axis for
the first arc, which is related to the two main ranges of HFR values
identified and discussed in section 4.2, being the drier conditions
the ones with low RH (30%) and high cell temperature (75 �C) as
discussed previously. In general, themedium frequency arc is larger
than the high frequency arc, indicating that activation polarization
losses are dominating over mass transport losses. This is particu-
larly evident at low current densities where the cathode activation
losses are dominating the cell voltage loss. However, it is clearly
observed in Figs. 4 and 5 that increasing the current density is
lowering the size of the activation arc and increasing the size of the
mass transport arc. The cathode overpotential decreases with
increasing current density as there is more energy available for the
electrochemical reaction to occur. Higher current densities increase
the driving force for the ORR, as reported with similar experiments
by Cooper and Smith [69], also showing that themedium frequency
arc decreases with increasing current density.

The increase of the mass transport arc is particularly evident for
current densities of 1.0 A/cm2 and above, except for the operation
with pure oxygenwhere nomass transport polarization is observed
as discussed previously (Fig. 5, g). In addition, the activation po-
larization arc when operating with pure oxygen is also significantly
smaller in comparison with all the other conditions operating with
air (Figs. 4 and 5), as the higher oxygen concentration is increasing
the exchange transfer current i0 in the Butler-Volmer equation [27].
Among the cases operating with air, it is also interesting to note
that the activation polarization arc for the operation at higher
pressure (1.0 bar vs. 0.5 bar) is presenting the smallest size (lower
activation polarization as a result of the beneficial effect of pressure
in the Butler-Volmer equation [55].

Fig. 4 is also showing the effect of the reactant gases RH on the
impedance response of the cell. At all current densities the acti-
vation polarization (represented by the medium frequency arc) is
increasing for lower RH values. This is indicating that relative hu-
midity is having an influence on the electrode kinetics, which is was
previously reported by Liu et al. [70], Neyerlin et al. [71], or Xu et al.
[72] based on their experimental results. This is also observed in
Fig. 4 for the cases analysed. The differences are particularly



Fig. 5. Nyquist plots obtained for the operating conditions defined in Table 1: a) benchmark case, b) lc ¼ 3.5, c) T ¼ 55 �C, d) T ¼ 75 �C, e) RH ¼ 30%, f) RH ¼ 90%, g) Pure Oxygen, h)
1 bar (rel).
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significant at low RH (30%) rather than at high RH (90%), and the
difference in the arc size is decreasing when increasing the current
density, so that at 1.0 A/cm2 the medium frequency arcs are almost
the same in size, thus indicating that the effect of RH on kinetics is
less pronounced at higher current densities.
4.4. Time constants of diffusion and electrochemical processes

In Fig. 6 the time constants have been depicted both for elec-
trochemical processes (tEC, top) and diffusion processes (tdiff,
middle). The time constants were obtained from the Distribution of
Relaxation Times (DRT, where the graphs are included as Supple-
mentary Material). The electrochemical time constants are in the
range of 0.5e5.5 ms, while the diffusion time constants are in the
range of 0.05e0.25 s (threefold higher). The amount of data
collected allows for a detailed analysis of how different operating
conditions parameters are influencing the time constants of the
electrochemical and diffusion time constants. In particular, the cell
operating conditions (cell temperature and pressure, reactants RH
and stoichiometry, and O2 concentration) as well as the current
density have been analysed.

The benchmark case conditions were as following: Pcell¼ 0.5 bar
8

(rel), Tcell ¼ 65 �C, Relative Humidity (RH) at anode and
cathode¼ 60%. Stoichiometric factors at anode (la) and cathode (lc)
1.3 and 2.5 respectively. Air was used as oxidant in the benchmark
case. Such conditions were named according to the following
nomenclature: P05_T65_a13RH60_c25RH60_air (see legend in
Fig. 6).

Regarding the electrochemical time constants (tEC, Fig. 6 top) a
mixed behaviour and trends can be observed. Results show that the
operation with pure oxygen leads to smaller time constants, as it
corresponds to the positive influence of a higher oxygen concen-
tration on the kinetics of the electrochemical ORR reaction. Under
most operating conditions the time constant associated to the
electrochemical reaction is being reduced as current density in-
creases. This is in accordance with the size reduction of the corre-
sponding arc in the Nyquist plots (Fig. 5) and indicates that kinetic
losses are decreased, which is in accordance to the Butler-Volmer
equation. There are two exceptions, which are exactly corre-
sponding to the dry conditions discussed in the previous sections
(i.e. operation at higher temperature 75 �C and at low RH 30%).
Under such conditions the time constant is increasing with current
density. This is the result of the effects of temperature and RH on
ORR kinetics. It is known that the kinetic reaction order of the ORR



Fig. 6. Time constants obtained for the operating conditions defined in Table 1: Electrochemical time constant (top); diffusion time constant (middle). Damk€ohler number (bottom).
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is varying with RH, where reported values of activation energy are
49 kJ∕mol at 100% RH and 55 kJ∕mol at 50% RH (Xu et al. [72]).
Thus, lower RH values are hindering electrochemical kinetics in the
ORR, and this is why dry conditions produces an increase in the
electrochemical time constants. Xu et al. [72] reported that the
catalytic activity is increasing with an increase in RH, in particular
in the range 0e60%. The progressive increase of tEC for dry condi-
tions as current density increases is a consequence of the further
intensification of the dry-out of the cell at higher current densities,
which occurs for this cell given its heat transfer issues (this is
addressed in detail during the next discussion on tdiff). On the other
hand, a higher temperature is also enhancing electrochemical ki-
netics, and this is the reason why low cell temperature (55 �C) is
presenting higher time constants in Fig. 6 (5 ms at 0.2 A/cm2),
followed by medium cell temperature (65 �C, with 3.8 ms), and
finally a higher cell temperature (75 �C) is featuring the lowest ORR
time constant (1.8 ms at 0.2 A/cm2).

Regarding the oxygen diffusion time constants (tdiff, Fig. 6
middle) several observations are noteworthy. For a deeper under-
standing and discussion of the results it is convenient to recover the
concept of effective diffusion coefficient Deff (i.e. the diffusion co-
efficient within the porous media of the cell considering the porous
matrix of the GDL and considering the degree of water saturation)
[73e76].

For determining Deff, the bulk diffusion coefficient is corrected
with the GDL porosity and the degree of flooding affecting the pores
blockage by liquid water. The correlation from Nam and Kaviany
[77] is used in the present analysis. Temperature and pressure
conditions are also affecting the diffusion and must therefore also
accounted as stated by Um et al. [78]. Considering all the effects
influencing the effective diffusivity of reactants through the GDL,
Deff can be calculated as:

Deff ¼D0

�
ε� 0:11
1� 0:11

�0:785
ð1� sÞ2

�
P0
P

��
T
T0

�1:5
(1)

where Deff is the effective diffusion coefficient, D0 is the bulk
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diffusion coefficient (at T0, P0), and ε is the GDL porosity. T0 and P0
are reference temperature and pressure, and s is the water satu-
ration (volume fraction of liquid water). As the diffusion charac-
teristic time tdiff can be estimated as dGDL

2 /Deff [79] (where dGDL is
the thickness of the GDL), it is concluded that a higher Deff values
will result in smaller time constants for the diffusion process.

When analysing the results obtained in Fig. 6 related to tdiff, it
can be first determined that there is no time constant associated to
oxygen diffusion for the operation with pure oxygen, indicating
that issues associated to mass transport processes are completely
neglected (a minor value is obtained for higher current densities
from 1.5 A/cm2). This was also observed in the corresponding
Nyquist plot in Fig. 5. g. Among the conditions operating with air,
the smallest diffusion time constant is observed for higher cathode
stoichiometry (which allows for a higher oxygen transport from
channel to electrode), whereas the largest diffusion time constant is
observed for operation at higher pressures. This is a consequence of
the inverse proportionality of the diffusion coefficient with respect
to pressure as indicated in Eq. (1). The effective diffusion coefficient
is thus decreasing as the pressure increases (Um et al. [74], Eq. (1)).

It is interesting to observe that the diffusion time constant is
decreasing with respect to the current density. This is at first sight
contradictory as higher current densities involve more water gen-
eration, and therefore a higher water saturation in the GDL and
electrodes (thus higher diffusion time constants could be expected
according to Eq. (1)). The trend observed in Fig. 6 is however the
opposite, while the reason for this is twofold: first, the relatively
large size of the cell (50 cm2, while still externally air-cooled) is
provoking heat transfer issues as current increases. The cell tem-
perature is measured at the external side of the bipolar plate, but
the internal cell temperature is significantly higher in order to
reject all heat generated to the external ambient, by conduction
from the inner components of the cell, and then convection to-
wards the ambient. This means that MEA and GDLs temperature is
increasing as the current increases, and this is leading to a higher
fraction of water being in gas phase as current increases. Thus, the
liquid water saturation within the cell is actually diminishing
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despite the fact that more water is being generated, which was
experimentally determined for the same cell by means of Neutron
Radiography [80]. With a less amount of liquid water, Eq. (1) results
in a higher effective diffusion coefficient, and thus the related time
constant tdiff decreases. In addition, the higher temperature is also
aiding the reduction of tdiff as it also contributes to a higher
effective diffusion coefficient (Eq. (1)). In order to enforce higher
water saturations in the cell and try to revert this situation, the case
with high RH values (90%) was further examined. Fig. 6 (middle)
shows that this is actually the only case where tdiff is slightly
increasing after 1.0 A/cm2.

Once the time constants of the different processes are deter-
mined a non-dimensional analysis can be derived. In particular, a
Fuel Cell Damkh€oler number [31,49e51] can be used so that:

DaPEMFC ¼ Electrochemical reaction rate=Mass Transfer rate (2)

Which can be written as:

DaPEMFC ¼ tdiff

.
tEC (3)

The electrochemical reaction rate is corresponding to the Oxy-
gen Reduction Reaction (ORR) rate, as this is generally the limiting
reaction in most cases [26,55,81]. It must be however considered
that this may not be correct for ultra-low Platinum loading in the
anode catalyst, but kinetics is controlled by the ORR in the cell used,
with 1 mgrPt/cm2 in both anode and cathode electrodes. Regarding
mass transport rate, it is assumed to be controlled by oxygen
diffusion in the GDL.

The Damk€ohler number Da for the cell has been represented in
Fig. 6 (bottom), where Da numbers obtained are ranging from 25 to
100, showing a clear dominance of the diffusion process in terms of
time constants. The exception is the operation with pure oxygen,
where the absence of a diffusion-limiting process for the oxygen
transport leads to null Damkh€oler numbers for low and medium
current densities, where the oxygen mass flux demanded by the
electrochemical reaction is still not as high as to causemass transfer
limitations under pure oxygen conditions. The Damkh€oler number
is generally diminishing with current density, which is mainly the
result of the smaller diffusion time constants. The conditions
leading to the highest Da values are depending on the range of the
current density being considered. Dry conditions (higher temper-
ature or lower reactants RH) are causing higher Da values at low
current densities of 0.2 A/cm2. However, conditions leading to the
smallest values of Da at such current densities (corresponding to
pure oxygen and higher reactants RH) are resulting in the highest
Da values at high current densities of 1.5 A/cm2 (among the IV
curves with available data at such current density).
5. Conclusions

The performance of a 50 cm2 PEM fuel cell with serpentine flow
field under different operating conditions was analysed via exper-
imental measurements. Electrochemical Impedance Spectroscopy
(EIS) was also used in order to gain a better insight into the different
polarization contributions and trends. The polarization curves were
determined, as well as Nyquist plots and High Frequency Resistance
(HFR) values.

Performance trends with respect to variations in the operating
conditions (cell temperature and backpressure, reactants RH,
cathode stoichiometry, air/oxygen operation) were analysed and
discussed, in light of the results obtained for IV curves, HFR values,
and Nyquist plots. Higher HFR values were obtained for curves with
lower reactants RH (30%) and higher cell temperatures (75 �C). The
cell performance with pure oxygen was obviously the highest,
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followed by the operation with air at higher pressures (1.0 bar vs.
0.5 bar). EIS results did not produced any observable low frequency
arc associated to mass transport polarization when pure oxygen
was used, even at high current densities (100 A or 2.0 A/cm2). The
effect of RH on the cathode polarization and on the ohmic resis-
tance was clearly observed in the Nyquist plots and polarization
curves.

The time constants associated to the electrochemical and
diffusion processes within the cell were determined by using the
Distribution of Relaxation Times, where the impedance spectra
were used as input. The comprehensive operating conditions used
allowed for an understanding on how the different relevant oper-
ating variables are influencing the time constants. Pressure, tem-
perature, relative humidity, cathode stoichiometry, oxygen
concentration and current density were analysed. The information
obtained is fundamental for quantitatively describing the individ-
ual losses and to clearly determine the factors limiting perfor-
mance, so that a more detailed knowledge can be achieved for
progressing towards a better fine-tuning of the properties of the
cell components that better perform for a given set of operating
conditions (and vice-versa, the optimum operating conditions that
better perform for a given cell design). This work has presented for
the first time the application of the DRT method for determining
time constants of diffusion and electrochemical processes in PEM
Fuel Cells 50 cm2, which is a representative size between lab-scale
and industry-scale fuel cells.
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Appendix A

The main elements of the test bench and are presented in
Fig. A1, where the reactant gases supply, Mass Flow Controllers,
humidifiers (bubblers) and backpressure regulators are observed in
the Balance of Plant. Fig. A2 depicts the disposition of the fuel cell
set-up, together with the main electrical components: Program-
Fig. A.1. P&I Diagram of the fuel cell test bench used in the e

Fig. A.2. Fuel Cell set-up in the test benc

11
mable Power Supply MAGNA POWER SL5-250/UI, Electronic Load
ADAPTATIVE POWER 5L18-24, and Frequency Response Analyzer
NEWTONS4TH PSM1700. The graphite Bipolar Plates used for the
50 cm2 fuel cell are presented in Fig. A3, featuring the character-
istics of the serpentine flow field.
xperimental section (image reproduced from Ref. [82]).

h (image reproduced from Ref. [83]).



Fig. A.3. Fuel Cell Bipolar Plates with serpentine flow field used in the experiments, from ElectroChem Inc. (image reproduced from Ref. [83]). Anode flow field is featuring
horizontal channels. Cathode flow field is featuring vertical channels.
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Appendix B

The pressure drop measured at the cathode side of the cell is
depicted in Fig. B1 for the experiments reported in Fig. 1.
Fig. B.1. Pressure drop measured at the cathode side of the cell during the recording of the polarization curves.
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