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Abstract

Dynamic Electrochemical Impedance Spectroscopy (DEIS) was presented as novel method for
diagnostic and monitoring of PEMFC stack and single cells operation. Impedance characteristics were
obtained simultaneously with current - voltage characteristics for stack and each individual cell.
Impedance measurements were performed in galvanodynamic mode. It allowed to compare
performance of each cell and identification of faulty cell operation for activation, ohmic and mass
transfer losses regions. The biggest difference in impedance value between healthy and faulty cell was
registered for mass transfer losses region. The authors discussed the statistical selection of an

equivalent circuit based on the course of ¥? value in the function of current.
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1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFC) are already used in many areas of our lives. They
are successfully applied as energy sources in stationary [1,2], mobile [3,4] and transport applications
[5,6]. According to the assumptions specified in the report "Electrical Vehicles in Europe" of the
European Environment Agency from 2016, it is planned to decrease share of cars with combustion
engine by half in city transport by 2030 and to completely withdraw combustion engine cars from
cities by 2050. These actions are aimed to reduce emission of greenhouse gas by 85-90% to 2050.
According to the U.S. Department of Energy, sale of fuel cell cars increased 7 times during one year
(February 2016 - February 2017). However, mass use of fuel cell stacks is still limited because of the

following issues: lifetime, cost and efficiency of energy conversion. Those issues depend on many
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factors such as design and assembly of stack, degradation of electrodes materials, operation parameters
or contaminations. Many research teams try to improve the efficiency of cells in various ways,
including developing new membrane materials with improved conductivity, chemical and mechanical
strength [7-10], improving optimization process [11-13] or developing new diagnostic methods [14—
16]. In order to reduce costs and increase performance of fuel cell, it is necessary to not only fully
understand influence of working parameters on conversion efficiency, but also to know, how they
affect fuel cell lifetime. To achieve this aim it is necessary to use reliable diagnostic method, which

can give full characteristic of occurring processes in relatively short time.

Cell voltage monitoring (CVM) [17], total harmonic distortion (THD) measurements [18] and
electrochemical impedance spectroscopy (EIS) [19] are the methods currently used in investigation of
the operation of fuel cells. CVM is the most common method employed in fuel cell systems. It is
simple and easy for implementation, but unfortunately it does not give full characteristic of occurring
processes. THD is more complex method, but as for now practical applications are limited to stack
level without characterization of single cells [20]. EIS provides the most valuable information, which
allows identifying fuel cell failure. It allows distinguishing the processes responsible for voltage drop,
which can be caused by activation, ohmic or mass transfer losses [21]. The activation losses depend on
catalyst layer properties such as loading, type, utilization, electrochemically active area and stability of
carbon support. The ohmic losses are dependent on conductivity and thickness of membrane, contact
resistance between membrane electrode assembly (MEA) sublayers, compression pressure and
electronic conductivity [22,23]. The mass transfer losses are connected with limited diffusion of
reagents to catalyst layer, what is associated with size and number of pores in each layer,
polytetrafluoroethylene percentage and interfacial gaps. Furthermore, the mass transport losses can be

linked to liquid water accumulation in fuel cells.

Impedance measurements carried out in the traditional way belong to the canon of electrochemical
tests. EIS method is perfect tool to characterization of fuel cell components including membrane [24—
26] and electrode materials [27-29]. EIS is also used for investigation of PEMFC operation, but not
without some limitations [30-32]. One of them is the requirement of stationarity of the tested object.
However, changes in system behavior can be a natural result of the experiment (for example, change
in potential in a galvanostatic experiment). On the other hand, in many cases the measuring technique
is inherently non-stationary as in the case of measurements presented in this work. The current-voltage
characteristic shows changes in the resistance of the fuel cell, thus reflecting the dynamic changes in
the behavior of the tested system. Impedance measurement is a natural complement to the recording of
current-voltage characteristics because it allows the separation of changes in individual components of
the total impedance of the cell. Unfortunately, in the traditional approach using frequency response
analysis (FRA) mode, the acquisition of a single spectrum requires a time equal to at least the sum of

the inverse of all frequencies included in the spectrum.
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It is expected that a good diagnostic method is going to provide the maximum number of information
about working stack in the shortest possible time. Fast and reliable method is needed to improve
performance and lifetime of fuel cells. Considering dynamic character of the changes occurring in
working fuel cell system, the authors propose the DEIS method. This method uses a multi-frequency
perturbation signal. [t consists of number of elementary signals with different frequencies, amplitudes
and phase shifts. By using the superposition of sinusoidal stimulations, the theoretical total impedance
acquisition time is reduced to the period of the component of lowest frequency. Increased time
efficiency is not the only justification for using the DEIS technique. Due to the fact that the properties
of the tested cell change at a certain rate in a smooth manner with a change in load, it is not possible to
obtain a frequency spectrum for each current value. Acquisition of only a single impedance value is
possible. Because the load changes in time in a programmed step-wise or continuous way, changing
the frequency of the perturbation signal would require stopping the process of load change which is in

clear contradiction to the idea of recording the current-voltage curves.

Presented method is suitable for diagnostics of faulty working fuel cell, what allows for counteraction
with respect to the occurring fault. The main reason of using the DEIS method is possibility of its
implementation in real system. Limiting a measurement to 1Hz allows registration of impedance
spectrum in ls, what is significant improvement comparing to the EIS method. Using classic EIS
method with frequency by frequency perturbation signal with the same frequency range time of
measurement is at least 34 times longer. Comparison of exemplary results used with EIS and DEIS
technique together with their technical implication were presented in the work of Wysocka et al. [33].
DEIS allows registration of fast changes, which makes it possible to perform measurements in real
operating conditions. The DEIS method can be used also with lower frequencies in order to provide
full characteristics of PEMFC, but measurement time needs to be adjusted with respect to the lowest
frequency. The DEIS method was successfully implemented in corrosion detection [34-36],

characterization of electrode materials [37,38] and direct methanol fuel cell monitoring [39,40].
2. Experimental

A test bench developed by the Fuel Cell Technologies Inc. was used to control and to maintain
operating conditions and load. The measurements were conducted in nominal working conditions
suggested by the manufacturer (see Table 1). Temperature of stack, pressure and humidity of reagents
were stable. Flow rates were changed depending on the magnitude of load in order to maintain
constant stoichiometry values. All parameters were controlled according to the guidelines for reliable

PEMFC stack testing defined in the European Stack Test project [41,42].
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Table 1. Nominal operating conditions of PEMFC stack.

Relative Relative
Stack Air Hydrogen Stoichiometry Stoichiometry . Humidity
. Humidity
Temperature | Pressure | Pressure of Oxidant of Fuel of Air of
[°C] [kPays] | [kPau] [-] [-] %] Hydrogen
(V]

[70]

80 150 150 2.0 1.5 50 50

Hydrogen 5.0 (99.999% purity) and compressed ambient air were used for fuel and oxidant,
respectively. The laboratory-examined PEMFC stack was supplied by the Zentrum fiir Sonnenenergie-
und Wasserstoff-Forschung Baden-Wiirttemberg - ZSW (Ulm, Germany). The stack consisted of ten
single cells with an active geometrical surface area of 96 cm? each. A commercially available 7-layer
MEA from the Greenerity, H500 Generation 3, was used for stack assembling. The flow channels
were located in bipolar plates in cascaded flow field design configuration with parallel-connected

multiple serpentine groups.

A system based on the test bench and two National Instruments modules (generating and acquisition
ones) — PXlIe-6124 and PXIe-4497 was used to obtain impedance spectra. Every single cell was
monitored in a 2-electrode setup in galvanodynamic mode. A scheme of the tested stack of fuel cells

was presented in Fig. 1.

Load was changed linearly with the rate of 20 mA s, in the range from 0.04 to 1 A cm?. Multi-
sinusoidal AC signal in the frequency range from 5 Hz to 1.2 kHz was used as an perturbation signal.
The perturbation signal was optimized [43] to avoid overlapping of the peaks of single frequencies.
During measurement an amplitude was regulated to maintain its value in the range from 5 to 10 % of
the DC load. The use of multi-sinusoidal perturbation signal allowed studying a dynamic system like
PEMFC, which exhibits stationarity within a measurement window of Is. Obtained results were
divided into 1-second fragments called “analysis windows”, which were decomposed and analysed

using STFT (Short-Time Fourier Transformation).
3.Results and Discussion
3.1 Electrochemical measurements

The impedance spectra for the whole stack and each cell separately were recorded simultaneously with
a current - voltage (I-V) characteristic. Fig. 2a presents voltage versus current density during linear
change of load. Three characteristic regions can be distinguished according to the dominant causes for
performance losses: activation losses, ohmic losses and mass transfer losses. An activation losses
region can be observed up to 0.1 A cm™. For current densities between 0.1 A cm? and 0.6 A cm??,
there is an ohmic losses region, which is preferred for stationary fuel cell operation and for long

lifetime. Severe voltage fluctuation can be observed above 0.6 A cm2, which can be caused by liquid
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water accumulation associated with high load and high water production within the cells. In this region
voltage losses are mainly related to mass transport to reactive area. Individual cells voltage monitoring
shows that the highest performance loss is registered for the cell no. 1 (Fig. 2b). The observed voltage
drop in this cell can have various sources e.g. decreased active area of catalyst, low membrane
humidification and reduced reactant flow in this cell. It is not possible to identify the causes only by
analysis of voltage/current density characteristics of individual cells, because lower efficiency can
have various sources [44]. More information can only be obtained by impedance analysis of the stack

and single cells.

The DEIS spectra obtained for the stack (Fig. 2c) demonstrated that the biggest arc diameter
corresponded to the lowest load. Diameter of impedance arc is decreasing with increasing current in
the activation region. The minimum impedance value is characteristic for the ohmic losses area.
Starting from the current density of 0.4 A cm, slow linear increase in stack impedance can be seen.
Simultaneously, the DEIS results were recorded for all cells corresponding to the stack. A comparison
of the DEIS results for healthy and faulty cells are presented in Fig. 2d. Blue line corresponds to the
results for the cell no. 7, which are typical for the properly working cells (cells no. 2 - 10). The healthy
cells are characterized by bigger range of stable work conditions - 0.1 A cm? - 0.7 A cm?. After
exceeding the mentioned value of current density the increase is less rapid than for the whole stack.
Impedance characteristic of the cell no. 1 (Fig. 2d, black line) differs completely from the rest of cells
and the stack. A diameter of the arc in Nyquist plot is much bigger and a continuous increase in
impedance value is observed after exceeding the threshold values of the minimum flow rates specified
by the stack manufacturer ZSW (3 L min'! hydrogen and 10 L min-' air). A comparison of healthy and
faulty cells is presented in 3D graph (Fig. 2d).

The impedance characteristics corresponding to each loss region were isolated (according to the
characteristics of the entire stack) from the comparison of the impedance diagrams of healthy and
faulty cells. Fig. 3a presents the comparison of impedance spectra of the first and seventh cells in the
region of activation losses. Both characteristics show a tendency to decrease the arc diameter as the
load increases. Differences in the diameter of the arc for both cells are negligible, which may indicate
that the lower efficiency of the first cell is not directly related to the electrochemical active surface of
the catalyst. For 0.05 A cm? impedance value of faulty cell is around 20% higher than the healthy
one. Analysing the region of ohmic losses, it can be seen that for the faulty cell it is practically three
times shorter than for the healthy one. After exceeding set minimum flow rates of reagents, a
continuous increase in the impedance value of the first cell is observed, while for the impedance
diagram of the seventh cell in the region of ohmic losses, the size and shape of the arc do not change
(Fig. 3b). For 0.35 A cm, which is middle value of ohmic losses region (according to stack),

impedance of faulty cell is nearly 3 times higher than the healthy cell. The rapid increase in the
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impedance value of the faulty cell indicates a restricted transport of reagents to the catalytic layer,
which often indicates that the cell is flooded with liquid water when current and water production
increases [23]. On the DEIS graph of healthy cell the problem with mass transport becomes apparent
only after exceeding the current density value of 0.7 - 0.8 A cm™ (Fig. 3¢). Measured difference in
impedance value for current density of 0.8 A cm? between healthy and faulty cell is the biggest, it is
around 5 times higher for faulty cell. The losses associated with mass transport are visible for the
healthy cell at much higher density of applied current than for the faulty cell, however with a similar
voltage of the cell. In this region, the impedance value determined for the malfunctioning cell does not
change. Studies conducted with the use of EIS confirm that in the low frequencies range impedance
spectra are related with reagents transfer to catalyst area [45—47]. Correctly chosen equivalent circuit

is necessary for proper analysis of obtained impedance spectra.

3.2 Selection of equivalent circuit

Impedance description of phenomena occurring in fuel cells is usually performed using resistive and
capacitive elements showing activation losses on cathode and anode. Additional elements are used to
present ohmic part [32]. This approach makes it possible from the phenomenological point of view to
reconstitute the impedance spectrum, taking into account the response of individual elements of the
fuel cell [48]. On the other hand, it is sometimes impossible to justify some discrepancies between the
empirical spectra and the adopted model [32]. As an example, the occurrence of areas of inductive
loops in spectrum, which are explained by side reactions of intermediate products [49] or water
transport inside the catalyst layer [50] can be cited. Hosseini and Zardari [51] draw attention to the
existence of phenomena related to adsorption on the surface of catalysts and their impact on
impedance results. Also modelling the behaviour of the fuel cell based on its structure and theoretical
description of the processes occurring [52] suggests a more complex topology of the equivalent

circuit.

The study of Springer et al. [53] indicates the need to consider transport processes in the cathodic
area. In the report [54] a model of diffusion in a limited area was used to describe the phenomena
occurring in the cathodic area. Attention was also drawn to the use of the constant phase element
(CPE), which on one hand is justified by the porous structure of the electrodes but on the other hand
has a significant impact on the values of other parameters that may cause them to be falsified. The
satisfactory fitting of experimental data using CPE cannot be necessarily connected with the physical
phenomena responsible for the impedance response of the system. The impedance circuits are not
unambiguous, the low matching error value in the form y? does not ensure that the model correctly
reflects the physicochemistry of the system. Examples of the equivalent circuits with the same

impedance response and definitely different topology can be found in the literature [55]. This indicates
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the necessity to apply an additional verification methodology. It can be a complementary measurement

technique and take into account other than statistical criteria during designing of an equivalent circuit.

Mentioned above complexity of phenomena that may affect the shape of impedance spectra requires
caution while choosing an equivalent circuit and the meaning of individual elements placed in it. In
this study, the authors focused on comparing the results of modelling with the use of various
equivalent circuits, particularly taking into account statistics. As a measure of the quality of the match,
the variability of y? statistic, being the residual error of data matching process, was assumed. For
comparative purposes, three most frequently proposed equivalent circuits for EIS analysis [55] and
new equivalent circuits suggested by the authors of the presented paper were used. Fig. 4 shows the
equivalent circuits used for analysis with y? (i) relationship. Five topologies of equivalent circuits were
used in the comparison. Two equivalent circuits, the most commonly used in the literature are variants
a) and b) [19]. Both of them correspond to one of the most popular modeling approaches with a clear
division into the influence of cathode and anode processes and phenomena related to electrolyte
conductivity. The introduction of CPEs is justified by the variability of the capacity of the electric
double layer along the pore depth in the case of porous electrode [45]. Model ¢) is based on the
assumptions presented by the Conteau team, according to which Warburg impedance related to the
diffusion resistance in the cathodic area should be taken into account [56]. The circuits shown in Figs.
d) and e) are proposed by the authors, being models similar to those presented in [51] with limited
diffusion impedance element. During the data fitting, two models were considered, with the presence

and absence of CPE.

The best statistical fitting of equivalent circuit based on comparison of chi square value in the function
of current in the regions of activation and ohmic losses is exhibited by two equivalent circuits d and e,
presented in Fig. 4. The equivalent circuit with C element is characterized by stable fitting for the
entire load range. It should also be noted that there is a small difference between the quality of
matching in the last two cases (d) and (e). It can indicate a small effect of the use of CPE with
correctly selected structure of other circuit components. For previously mentioned reasons, regarding
the numerical falsification of the matching quality by CPE, the low value x> observed using traditional

capacitive elements may indicate the possibility of simplifying the impedance description.
4. Conclusions

The DEIS method presented in this paper was successfully used to diagnose the cell responsible for
the reduced efficiency of the entire stack. The diagnostic method proposed by the authors makes it
possible to obtain simultaneously impedances of individual cells and of the entire stack in the function
of variable operation parameters in a dynamical system, such as a stack under changes of electrical
load. The use of the proposed, preferred in statistical terms, equivalent circuit will allow obtaining a

data library of parameter values under varying stack operation conditions. This will enable not only
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diagnostics of malfunctioning cells but also identification of failure sources. Implementation of the
proposed method will give information whether the failure is reversible or it is associated with poor

operation optimization, which will enable appropriate reaction.
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Figures captions:

Fig. 1 PEMFC stack scheme and DEIS measurement principle.

Fig. 2 a) I-V Characteristic of stack with 3 distinguished regions b) [-V Characteristics of each
individual cell ¢) DEIS graph for stack d) Comparison of DEIS results for cell no. 1 (faulty, black line)
and cell no. 7 (healthy, blue line). Scanning current rate di/dt=20 mA s’'.

Fig. 3 Comparison of DEIS results of cell no. 1 and cell no. 7 for the following current ranges
a)0-0.1 Acm?2b)0.1-0.6 Acm?c)0.6—1A cm?2. Scanning current rate di/dt=20 mA s

Fig. 4 Five equivalent circuits used for statistical comparison of y ? parameter (see paragraph 3.2 for
further explanation). Meaning of the symbols used is as follows: resistance WV, capacitance 9 I',

constant phase element _) )_, semi infinite Warburg impedance ,open finite-length diffusion
impedance {0}
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