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One of the most sensitive parameters to control the performance of automotive‐size polymer electrolyte mem-
brane fuel cells (PEMFCs) is the cell temperature. For instance, when starting up the fuel cell, it is critical to
know whether the cell temperature is below ~273 K or, approaches the operating conditions. The easiest
way to determine this is to perform measurements using some commercially available temperature sensors
at the active electrode surface. However, this only applies to single‐cells and not for automotive fuel cell stacks
with ~400 cells. In this case, the measurement with a standard resistive temperature sensor is practically prob-
lematic. In this paper, we demonstrate that the electric double layer capacitance of the PEMFC cathodes (ge-
ometric active area size of 43.6 cm2) increases linearly from 268 K up to 333 K; and using this information, it is
possible to determine the catalyst temperature accurately within this temperature range. These results should
be of particular significance for both modelling the double layer in the PEMFCs as well as for the practical use
in automotive applications.
1. Introduction

The cell temperature of a PEMFC is one of its most important oper-
ating parameters. Any related processes such as the hydrogen oxida-
tion reaction (HOR), the transport of protons through the membrane
or the oxygen reduction reaction (ORR) at the cathode side are
strongly dependent on the reaction temperature. Therefore, the tem-
perature measurements after shut‐down and longer standing time on
each automotive cell of a fuel cell stack at outside temperatures below
or close to 273 K can be of immense importance. The inner cells could
still be well above 273 K, whereby the outer cells could already be
below this value. To prevent cathode degradation at low temperatures,
it would be useful to know the cell temperature before the start‐up
[1–3]. The simplest way to measure the temperature of the cells would
be to use a commercially available resistive temperature sensor placed
near the active surface area. However, in an automotive full‐scale stack
(active surface area of ~300 cm2) with ~400 cells, where the space is
limited, the measurement of each cell temperature with a standard
temperature sensor is very difficult. The other possibility is the mea-
surement of the stack coolant temperature. However, the measured
coolant temperature does not correspond to the actual temperature
of the membrane or catalyst layers. The cell impedance measurements
offer an attractive way of determining the cell temperature without the
use of the temperature sensors. The double layer capacitance (Cdl),
which can be estimated from the impedance data, demonstrates a pro-
nounced temperature dependence; and it can also be used when there
is no oxygen present at the cathode, since the contribution of the Pt‐
catalyst to this measurement can be considered as minor [4–6]. This
makes Cdl especially suitable for determining of the temperature and,
therefore, of particular significance for the practical use in automotive
applications. In this work, the relationship between the Cdl and the cell
temperature is shown, as well as the ability to determine the cell tem-
perature after shut‐down using electrochemical impedance spec-
troscopy (EIS). For the analysis of the measured impedance data, a
physical impedance model consisting of 5 equivalent circuit elements
was used. Surprisingly, the electric double layer capacitance of the
PEMFC cathodes increases linearly (and reversibly) from 268 K up to
333 K; and using this finding it is possible to accurately determine
the cell temperature of PEMFC single‐cells and stacks of different sizes
without commercial resistive temperature sensors.
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2. Experimental

A FuelCon Evaluator C1000‐LT with an EIS capable load and the
Peltier‐Element‐Tempered (PET) PEM single‐cell was used [7]. With
PET PEM single‐cell, it was possible to achieve the exact temperature
steps between 268 K and 333 K with an accuracy of ±0.2 K. To ensure
an even distribution of the gases, a low‐pressure drop 14‐channel flow
field integrated in the anode and cathode monopolar plate was used. A
membrane electrode assembly (MEA) with an active area size of
43.6 cm2 with a ~15 µm thick polymer electrolyte membrane (anode/-
cathode platinum loading of 0.05/0.45 mg Pt/cm2) was utilized. On
both sides of the coated catalyst membrane, there is a gas diffusion
layer (GDL) with a microporous layer (MPL), with a total thickness
of 235 µm. The measurement was carried out fully automatically, con-
trolled by the test bench software protocol (Fig. 1).

For each temperature step, the procedure loop was repeated three
times (Fig. 1). The procedure, more exactly one temperature measure-
ment cycle, can be divided into the parts described below.
2.1. Start-up & stable operation point (SOP)

The main function of the start‐up procedure is to bring the cell to
the standard working parameters in a defined reproducible manner
(Fig. 1). The start‐up was programmed in the way that it was not rel-
evant if the cell was at a temperature way below 273 K or at 333 K. In
the first phase, the cell was bypassed from the environmental condi-
tions and heated up to a target temperature of 333 K. With the cell
in bypass, the reactant gases were heated to the desired temperatures
of 353 K. When the temperature of 333 K of the gas was exceed, the
anodes/cathodes humidification was switched on and set to dew point
temperatures of 319 K (50% RH). On reaching the desired tempera-
tures, the bypasses were opened and humidified H2 and air were
passed directly into the cell with the flow rates of ~8.3 cm3/s and
~16.7 cm3/s. When an open circuit voltage (OCV) of ~0.9 V had been
achieved, the outlet cell pressure was set with a defined ramp to
200 kPa and the current was ramped with a ramp rate of 0.0023 A/
cm2 per s to the current density of 0.5 A/cm2 and then held for
3600 s. After this waiting time, the stable operation point (SOP) was
executed and the load was switched to the aim current density of
0.8 A/cm2. This phase is particularly important to normalize the con-
ditions in the cell and is, therefore, held for 4600 s.
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Fig. 1. Simplified description of the procedure loop (start-up followed by the stab
keep identical measurement parameters, impedance measurements at the desired
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2.2. Pre-conditioning procedure

Because of the sensitivity of the electrochemical impedance spec-
troscopy measurements to the cell water content and other working
parameters, the pre‐conditioning procedure is one of the most impor-
tant steps in determining the temperature. Before the start of the pre‐
conditioning procedure, the load was set to 0 A (at OCV). After a stable
OCV had been reached, the anode and cathode humidification was
switched off and the outlet pressure as well as all heating systems were
set to ambient conditions. To ensure low water content in the pipes,
the cell was bypassed for a short time, and the pipes were purged with
maximum H2 and air flows to remove liquid water. After this, H2 and
air were passed back through the cell with a flow rate of 0.5 cm3/s and
28.7 cm3/s. This steps ensures that the humidity remains constant at
the anode side, and the membrane water content is only controlled
via the cathode air flow. During drying, the water content in the mem-
brane is determined with the help of the measured impedance at fre-
quency of 2 kHz. After reaching the desired high‐frequency‐
resistance (HFR) of 150 mOhm, the cell was bypassed and equilibrated
at the required temperature.

2.3. Determination of the cell impedance (DCI)

To stabilize the whole system, the cell was hold bypassed for 3600 s
at the required temperature. After this waiting time, the bypasses from
the anode and cathode were opened and reactants were directed into
the cell. To ensure that the cell reached the OCV after opening the
bypass valves, a waiting time of 60 s was selected before the measure-
ment was started. The measurement of the impedance spectra was car-
ried out within a frequency range between 10 kHz and 0.11 Hz at OCV
with dry H2 and air flows of 0.5 cm2/s and 2 cm2/s. A current ampli-
tude of 20 mA was chosen for the entire impedance spectrum. The
pressure as well the gas temperature were set to ambient operation
parameters. With the ambient gas temperature, dehydration of the
membrane and the protonic network in the catalyst layer could be
avoided.

3. Results and discussion

With the measured impedance data at different temperatures and
the physical equivalent circuit used in this work (shown in Fig. 2
(a)), the equivalent circuit parameters can be estimated [8,9]. The
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Fig. 2. (a) Physical impedance model consisting of 5 equivalent circuit elements to fit the impedance data measured with the PEM single-cell at OCV: Ru –

uncompensated (electrolyte) resistance, Cdl – electrical double layer capacitance, Rct – the charge transfer resistance due to the oxygen reduction reaction at the
cathode side, Rads and Cads are the adsorption resistance and capacitance, respectively, describing the impedance response due to possible specific quasi-reversible
adsorption of the sulfonate-groups of Nafion at the Pt-electrocatalyst surface [12]. (b) Typical examples of the impedance spectra (open symbols) together with the
fitting to the equivalent circuit (solid lines).
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model shown in the figure has been reported recently [7,10]. The ele-
ments of the model are defined as follows: Ru is the uncompensated
(electrolyte) resistance, Cdl – the double layer capacitance, and the Far-
adaic contribution Rct is the charge transfer resistance due to the oxy-
gen reduction reaction (ORR) and Rads and Cads are the elements
accounting for the possible specific quasi‐reversible adsorption of the
sulfonate‐groups of Nafion at the Pt‐electrocatalyst surface, which
has a relatively small but not negligible influence on the impedance
response. The identification of the elements was done with EIS Data
Analysis 1.3 software [11]. Fig. 2(b) shows examples of the fitting of
the impedance data to the model. It shows that the spectra taken at
the OCV differ considerably when the cell temperature is changed
and can be fitted very well with the used model.

It emerges that both, the visible quality of the spectra shown in
Fig. 2(b) as well as the error values of the fit calculated by the software
are sufficiently low for every fitted spectrum. One requirement for the
accuracy and good reproducibility of the low‐frequency points is the
consistent pre‐conditioning procedure and the stable operation param-
eters during the impedance measurements [13].

The temperature dependencies of the equivalent circuit parameters
(with the exception of the double layer capacitance Cdl, which will be
discussed later) are shown in Fig. 3.

The uncompensated resistance Ru (mainly related to the Nafion®
electrolyte) shows a significant decrease with the cell temperature
(see Fig. 3(a)), as expected for the proton conductivity under humidi-
fication. One interpretation of this phenomenon discussed in the liter-
ature is that when the membrane is cold, the repulsive energy between
the hydrophobic‐ and hydrophilic‐parts of the matrix domains exists,
and a lesser amount of water can be absorbed at the hydrophilic
sulfonate‐groups. At higher temperatures, more hydrophilic groups
disperse into the hydrophobic matrix (entropically driven). This leads
to an increase in the amount of absorbed water molecules at the hydro-
philic groups; thereby the proton conductivity increases [14–16].
However, the determination of the exact individual high‐frequency
resistances such as the membrane resistance and the exact protonic
pathway resistance in the catalyst layer isn’t possible with the used
impedance model in this work. A change of the R‐C‐elements, which
are related to the specific quasi‐reversible adsorption of the
sulfonate‐groups of Nafion at the Pt‐electrocatalyst, can also be
observed with different temperatures (see Fig. 3(c), (d)) [12]. Since
the Rads and Cads are sensitive to the rest humidity in the system, the
interpretation of the dependencies for both parameters are rather dif-
ficult in this work. In contrast, the temperature dependence of the
charge transfer resistance Rct, which is mainly related to the oxygen
3

reduction reaction and shown in Fig. 3(b), is rather expectable. The
charge transfer resistance at a defined electrode potential (E) can be
given as follows [17]:

Rct Eð Þ ¼ RT
n2F2αkðE;TÞCsðE;TÞAscðEÞ

ð1Þ

with the transfer coefficient, α, the active surface area of the Pt catalyst,
ASC, the surface concentration of oxygen, Cs, the number of electrons, n,
the Faraday constant, F, and the rate coefficient, k, which temperature
dependence can be described by the Arrhenius equation [18]. All
parameters in Eq. (1) with the exception of the temperature, T, the con-
centration of oxygen, Cs, which should have a small influence at OCV,
and the rate coefficient, k, should behave consistently at the measured
temperature points. Due to the quantitative relationship between the
local catalyst temperature and the activation energy, the rate coeffi-
cient k changes significantly with temperature, leading to a correspond-
ing change in Rct. However, if one would aim to use Rct, as an indicator
for the temperature in the automotive applications, the temperature
determination would only work if the constant amount of oxygen is
available as the reactant. On the other hand, the Rct is much more sen-
sitive to the degradation of the catalyst layer compared to the Cdl. More
exactly: The Cdl is formed between the carbon and ionomer interface.
Due the reduction of electrochemical active surface area (ECSA) during
the testing (e.g. Ostwald ripening), the Rct will changes at the OCV,
whereby the Cdl should remain constant [19]. For this purpose, it makes
sense to consider the Cdl as an indicator for the temperature
measurements.

It is now interesting to analyze the measured temperature depen-
dence of the double layer capacitance (Cdl) shown in Fig. 4. The tem-
perature dependence of the Cdl is more simple and quasi‐linear, in
contrast to those calculated using various approximations (e.g. mean
spherical approximation (MSA)) and, moreover, it is rather reversible
in the heating–cooling cycles [20].

We suppose, that the observed experimental dependence in the
case of the Cdl of the PEMFC cathodes is the consequence of several
influencing factors. In that context, two main mechanisms could be
responsible for the behavior of the measured Cdl: Firstly, the fraction
of free ions strongly decreases at low temperatures, which leads to a
capacity decrease. Secondly, the impact of the volume change trig-
gered by the different temperatures cannot be neglected. This means
that due to the volume reduction towards lower temperatures, a smal-
ler amount of sulfonate‐groups comes into the contact with the electri-
cally conductive carbon surface, which leads to a reduction in interface
and thus the capacity. While the empirical finding of this work can be



Fig. 3. The temperature dependences of the equivalent circuit parameters (in correspondence with Fig. 2 (a), excluding the double layer capacitance Cdl). The
dotted lines are given as the guides to eye.

Fig. 4. Typical temperature dependence of the double layer capacitance Cdl in
a temperature range from 265 up to 335 K of the PEMFC cathodes used in this
work.
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used to test PEMFCs under operating conditions, the fundamental
understanding of the origin of this behavior requires further work.
Thus, the dependence shown in Fig. 4 can used as the calibration data
for the accurate and relatively quick assessment of the PEMFC cathode
temperature under operational conditions.
4. Conclusions

A new method for determining the PEMFC cathode temperature
after shutdown has been developed. With this method, impedance
spectra at different temperatures are recorded and evaluated with a
4

relatively simple physical impedance model consisting of 5 equivalent
circuit elements. In contrast to various approximations (e.g. mean
spherical approximation (MSA)), a quasi‐linear dependence of the
double layer capacitance Cdl on the temperature was observed for
the PEMFC cathodes. It has been also found that all other EC‐
elements are sensitive to the temperature changes. Based on this find-
ing, a method for estimating the temperatures at the cathodes in the
temperature range from 268 K to 333 K is proposed. It is based on
the determination of the cell temperature using the double layer
capacitance values.
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