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Electrochemical impedance spectroscopy (EIS) is a suitable and powerful diagnostic
testing method for fuel cells (FCs) since it is non-destructive and provides useful
information about FC performance and its components. In this study, a 500W
cascade type 4 cells stack with integrated humidifier, water separator and internal
manifolds was designed, fabricated and tested for the first time. The diagnostic test
was conducted by EIS. The effects of dead end and open end modes of the stack
impedance spectra are studied. The results suggested that ohmic resistance of the
single cell decreased as the current density increased due to the greater effect of
hydration of membrane. The results of the electrochemical impedance revealed that
the gas operating mode had significant impact on electrochemical impedance of the
stack. When the stack was tested on dead end mode, the charge transfer resistance
of the stack decreased dramatically and its influence on mass transfer resistances
was negligible.

1. Introduction

exchange membrane fuel cells (PEMFCs) are a
suitable choice forstationary and portable applications

Fuel cell technology has been significantly developed
in comparison with other power generators due to its
unique energy conversion characteristics. Compared
to various other types of FCs, it seems that proton
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due to their high energy conversion, low operating
temperatures, high power density production, quiet
operating condition, quick startup up and shutdown,
and ultimately eco-friendly features [1-4]. However,
obstacles such as reliability, endurance, and cost
impede the commercialization of PEMFCs. That is
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why PEMFC applications are restricted to research
and demonstration applications [2]. Fundamental
experimental investigations of single cell PEMFC
have been recently conducted, but stack-level
investigations have received less attention.

The performance of PEMFC should be checked by
various testing techniques to evaluate new materials,
to validate new designs, to assess new experimental
techniques, and to optimize operating procedures.
Testing techniques is a constant companion to any set
of diagnostic tools, so that the results can be viewed
in the proper context. There are several methods for
diagnosing and analyzing PEMFCs. These methods
are usually divided into two main groups: physical/
chemical tests such as gas chromatography (GC),
pressure drop measurement, and magnetic resonance
imaging (MRI) [1-3]; and electrochemical tests such
as voltammetry sweep, current interruption, and
electrochemical impedance spectroscopy (EIS) [1-
4].

EIS has been demonstrated to be a powerful
experimental technique to examine the complexity
of the different processes taking place in fuel
cells. This method is non-destructive and provides
useful information about FC performance and its
components without disturbing it from equilibrium
state. The main advantage of the EIS is its ability to
distinguish between the individual contributions of
the interfacial charge transfer and the mass transport
resistances in the catalyst layer and diffusion layer.
On the other hand, this approach does not generate
local information [2].

EIS can be utilized to optimize properties of the
membrane electrode assembly (MEA) [6-8]. EIS has
also been applied to measure the ohmic resistance
of the FC [9-10], to optimize the FC operating
conditions [11-13], and to investigate the effect of
contamination [14-16]. Even though much effort has
been made to diagnose the PEMFC performance by
applying EIS, most of these studies have concentrated
on single cells with small or partially medium active
areas [17]. Basically, large active areas result in
higher current densities making it necessary to use
a high power test station and a high-duty load bank

without an appropriate frequency response which
adds significant complexity to the measurement set-
up. In addition, only a limited amount of work has
been done with PEMFC stacks, especially with large
active areas [2, 17 and 18].

Giner-Sanzetal. [19] studied the optimum impedance
measurement parameters, such as second integration
time, integration cycles, stabilization cycles, second
maximum tabilization time and a minimal fraction,
for the system. Furthermore, they highlighted
the importance of proper selection of impedance
measurement parameters. They recommended that
optimization of the measurement parameters should
be performed for each particular system instead of the
general practice of taking the default measurement
parameter values.

Zhiani et al. [20] demonstrated that membrane
electrode assembly (MEA) conditioning at the low
stress condition produces a higher performance
compared to MEA conditioning at the high stress
condition, although it needs more time to accomplish.
They reported MEA conditioning at the low stress
condition enhanced not only the fuel cell power but
also its energy efficiency by 25%. They compared
electrochemical impedance spectroscopy (EIS)
responses of MEA-LTP and MEA-HTP and showed
that an extension of the triple phase boundary
occurred in MEA-LTP, which was consistent with
the results of the MEA performance analysis.
Asghari et al. [21] used electrochemical impedance
spectroscopy to examine the effect of working
conditions on the performance of a self-humidified
dead-ended anode fuel cell. Their results showed
that the performance was enhanced by increasing
the working temperature up to 50 °C, but further
increase of the temperature caused an intense
reduction in the performance due to a combination
of severe membrane drying and build-up of nitrogen
in the anode side. They reported impedance spectra
were greatly influenced by the air stoichiometry
since increasing the air stoichiometry might lead to
severe membrane drying on one hand, and increasing
mass transport resistance due to accumulation of N,
in the anode side on the other hand. They reported
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that the impedance spectra were greatly influenced
by the air stoichiometry since increasing the air
stoichiometry might lead to severe membrane
drying on one hand, and increasing mass transport
resistance due to accumulation of N, in the anode side
on the other hand. They reported that the impedance
spectra were less affected by the purge interval at its
low values, and large values of the purge interval led
to significant mass transport issues.

Barzegari et al. [22] investigated the effect of
temperature on the performance of a dead-end
cascade H,/O, polymer electrolyte membrane
(PEM) fuel cell stack. The PEMFC stack, humidifier
and separator were modeled mathematically. They
considered a cascade stack with two stages to use
almost all reactant gases during operation. They
reported the obtained model simply presents the
behavior of dead-end PEMFC, which can then be
used for identification and control purposes.

In a dead-end design utilization of reactant gases
is complete. In this system, the intensive water
accumulation causes flooding in the gas diffusion
layer. This unfavorable phenomenon can lead to local
fuel starvation and subsequently increases mass
transfer resistance of the three phase/s interface,
which deteriorates the performance and durability of
PEMEFCs. In this paper, a new design for a PEMFC
stack is used. The basic concept of the proposed
design is to divide the cells of a stack into two
blocks by transporting the outlet gas of each stage
to a separator and re-introducing it in the next stage.
There are only a few papers which used EIS for
investigation of voltage losses in a dead-end
PEMFC stack. In this study, a cascade type stack
with integrated humidifier and water separator and
internal manifolds was designed, fabricated and
tested for the first time. The advantage of the dead-end
design compared to an open-end one is investigated
by EIS. In this test, the impedance spectra of each
cell and the stack are plotted simultaneously. The
previous studies did not pay adequate attention to
the investigation of voltage losses in the PEMFC
stack. The effect of increasing current density on the
dead-end cascade FC is analyzed and the resistances

resulting from impedance are investigated.

2. Experimental investigation
2.1. PEM fuel-cell stack design, fabrication and
testing

Fig. 1 shows a schematic drawing of the proposed
design for a PEMFC stack which is not equipped
with any hydrogen or oxygen recirculation devices.
The integrated separators were used to remove
liquid water from the mixture of hydrogen, oxygen
and water exiting each stage. An applied unified
humidifier is used to increase the humidity at the
entrance of the stack as well as decreasing the size of
the stack by reducing external devices. Fig. 2 shows
the fabricated 4-cells PEMFC short stack and its

related equipment.

The 500 W short stack consisted of four cells with
an active area of 225 cm? The MEAs consisted of
nafion 112 membranes, catalyst layers with a total
Pt loading of 0.4 mg cm? at the anode side and Pt/
Pd loading of 0.4 mg cm? at the cathode side, and
SGL carbon cloth with a microporous layer as the
gas diffusion layers (GDLs). The anode and cathode
flow fields have a parallel serpentine pattern.

The experiments were conducted using a 5 kW test
station with a FC impedance meter (KFMZ2150,
Kikusui Electronics, Japan) in a galvanostatic mode.
The advantage of using the KFM2150 impedance
meter is that the impedance of the stack was measured
when the impedance of all cells were measured. The
hydrogen and oxygen gases were humidified by an
internal membrane gas humidifier.

The impedance spectra were recorded by sweeping
frequencies in the range of 0.1 Hz to 10 kHz. The
amplitude of the AC signal was 10% of the DC
current magnitude. At the relative humidity higher
than 85%, the hydrogen and oxygen gases were
discharged at a constant stoichiometry of 1.003 and
1.010, respectively. Operating temperature of the
short stack was kept constant at 70 °C.

2.2. Electrical model of the FC

The Nyquist plotis the most common way of analyzing
impedance data. Generally, Nyquist plots may include
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Fig. 1. Schematic illustration of the proposed PEMFC stack
design.

one, two, or three arcs: the impedance loops in the
Nyquist plot are described as high, medium, and low
frequency loops, respectively. These loops can be
attributed to the structural features of the MEA, charge
transfer resistance with double layer capacitance of
the catalyst layer, and mass transfer resistance [17].
The fuel cell can be modeled by the equivalent
circuit shown in Fig. 3. The anodic polarization is
very small and can be neglected. Thus, the obtained
impedance spectrum mainly reflects the cathode
polarization; the associated elements of the anode
can be omitted. R, (intersection with the real axis
in the impedance spectrum) is the high-frequency
resistance (HFR) representing the ohmic resistance
of the stack; R, is the charge transfer resistance
due to the oxygen reduction reaction (ORR); R is
the resistance related to the mass transport of O, in
both the catalyst layer and the GDL; and CPE is the
constant phase element capacitance properties [12].

For a better understanding of the electrochemical
processes involved in the operation of the 4-cells short
stack, an equivalent circuit has been set up based on
the characteristics of FC reactions and the measured
impedance spectra of the mentioned stack (Fig. 3).
The measured electrochemical impedance spectra
were fitted using EIS spectrum analyzer software.

The AC impedance spectrum and its fitting curve
are illustrated in Fig. 4. The curve properly fits
the obtained responses; hence, the electrochemical
processes of the stack can be analyzed by the
equivalent circuit.

3. Result and discussion
3.1. Effect of output current

Firstly, the stack was conditioned according to the
PaxiTech Company conditioning procedure foraperiod
of time before measuring its performance. Stacks are
more likely to encounter more defects than single cells.
These defects aren’t found easily by conventional
methods and their diagnoses need more effective
techniques such as the EIS method. In this work, all of

Fig. 2. Dead-end stack with liquid separators, humidifiers and
cell voltage monitoring cables.
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Fig. 3. Equivalent circuit for impedance analysis on the FC
stack [17].

the parameters affecting the performance of the short
stack were considered constant except for the current
density which is in the range of 100 to 500 mA cm™2.
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Fig. 4. AC impedance spectra and its fitting curve for the
4-cells short stack at 135A.

3.2. Dead end mode

The impacts of the output current changes on the
impedance spectroscopy and their corresponding
performance curves are shown in Fig.s 5 and 6.
Fig. 5 illustrates that the kinetic loop diameter
reduces as the current density increases revealing
the decrement of the charge transfer resistance.
The driving force for the oxygen reduction reaction
gradually increases as the the output current
increases. Therefore, the charge transfer resistance of
the single cell gradually decreases. It was expected
that the change of HFR with increasing current
density would be slight or negligible, but the high
frequency intercept part experienced considerably
changes with the changes of output current (Fig.
5). Indeed, this change is complicated and affected

=== 500 mA/cm2

~8—i=100 mA/cm2

R,(Q)
Fig. 5. AC impedance spectra of the 4-cells short stack with
different output current densities at dead-end mode (T=70°C;
solid line: i=500 mA/cm?, dashed line: i=100 mA/cm?).

by many factors such as the water content of the
membrane and the contact resistance. The contact
resistance includes the contact resistances between the
membrane/electrode, electrode/bipolar plate, bipolar
plate/bipolar plate and end bipolar plate/current
collector plate, which are shown in Fig. 7.

It should be noted that the times for opening and
closing the purge solenoid valve are 2 s and 4 s for
cathodic cells and 2 s and 6 s for anodic cells.
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Fig. 6. The polarization curve of the 4-cells short stack at
70 °C operating temperature.

According to the notable difference of HFR at the
current densities in the range of 100 to 500 mA/cm?,
the Nyquist diagram of each single cell was used.
One of the important priorities in our test was to use a
Kikusui impedance meter because it has the ability to
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measure the electrochemical impedance of each cell
and the stacks, simultaneously. The electrochemical
impedance spectra of each single cell in two different
current densities are shown in Fig. 8.

It should be noted that at dead-ended mode
operation, the voltages are not constant and drop
until the purge valve opens. However, one of the
perquisites of the EIS method is stable and constant
operating conditions and voltages during impedance
measurements.

cc/bp bpbp bpel el/m mkl ellbp bpbp bpice

n

Fig. 7. Contact resistance of the stack parts (n represents the
number of cells in the stack).

To solve this issue the number of impedance
measurement moving average is set on number 8
which curbed the effect of voltage variation during
the test.

The ohmic resistances of cells in the oxygen first stage
(cell number 2, 3, and 4) are approximately equal,
while the ohmic resistance of cell 1 is higher than
the others at i=100 mA/cm? (Fig. 8a). The oxygen
stoichiometry of the first and the second stage are 1.3
and 1, respectively. As a result, the water content of
the membrane in the first stage of oxygen is higher
than the second stage, and the ohmic resistance of
cell 1 is higher than the others. The generated water
increases by enhancing the current density and the
hydration level of the membrane. Consequently, the
ohmic resistance decreases slightly in cells 2, 3 and
4. Indeed, the ohmic resistance of cell 1 decreases
dramatically, which is attributed to the similar
hydration level of this cell to the first stage cells (Fig.
8b).

The changes in HFR, R_, R of each cell at output
current density of 100 and 500 mA/cm? obtained
from the proposed equivalent electrical model (Fig.
3) are shown in Fig. 9. At low current density (Fig.
9a), the reduction rate of oxygen, denoted by the
charge transfer resistance (R_), is high. Moreover,
the O, mass transfer resistance to reaction interface
increased by the enhancement of current density.
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Fig. 8. AC impedance spectra of the each single cell at output
current densities a) 100 and b) 500 mA/cm? at the operating
temperature of 70 °C.

3.3. Open end mode

Uncompleted utilization of reactant gases in the
open-end mode lead to higher stoichiometry of
reactant gases than the dead-end mode. Hydrogen
and oxygen were fed to the stack at a constant
stoichiometry of 1.2 and 1.5, respectively. In this
case, the inlet relative humidity and the operating
temperature of of the short stack were kept at 85%
and 70 °C, respectively. The impedance spectra,
recorded by sweeping frequencies over the range of
10 kHz to 0.1 Hz, suggest that the amplitude of the
AC signal was 10% of the DC current magnitude.
Fig. 10 shows the polarization curve at different
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operating modes. The losses become more significant
as the current density increases due to hydrogen
and oxygen mass transfer resistance (Fig. 10). The
frequency impedance plots of the 4-cells short stack
at different operating modes are shown in Fig. 11.
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Fig. 9. The dependence of the ohmic resistance (R,), the charge
transfer resistance (R,) and the mass transport resistance
(R,,) of the each single cell with a) i=100 mA/cm? and b) i= 500
mA/cm? (T=70°C).

The HFR decreases due to higher stoichiometry
of humidified gases and better membranes proton
conductivity when PEMFC operates at an open-end
mode. The prominent point in the Nyquist diagram
is the charge transfer increment caused by the open-
ended mode. These complicated phenomena can be
easily inspected by single cell impedance plots. The
electrochemical impedance spectra of each single
cell (at i=500 mA/cm?) at the open-end mode are
shown in Fig. 12.
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Fig. 10. The performance curve of the short stack at different
reactant flowing mode (the operating temperature was 70 °C).
(Inside the graph, change Daed-end to Dead-end).
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Fig. 11. AC impedance spectra of the 4-cells short stack at
different operating modes (i= 500 mA/cm?, T=70°C) (DE and
OE represent dead-end and open-end mode, respectively).

Fig. 13a illustrates the ohmic resistances of all cells
in an open-end mode which are approximately equal
and lower than the same cells in the dead-end mode.
This reduction is related to the higher reactant flow
rate and increased water content of the membrane.
By increasing the water content of the membrane, its
protonic conductivity increases; contrarily, the HFR
decreases.

The mass transport resistance in cell 1 is higher than
cell 2, and cell 2 is higher than cells 3 and 4 (Fig.
13a). An increase in the hydrogen stoichiometry at
the open-end mode as well as the cascade type of the
short stack manifold would result in a lower flow
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Fig. 12. AC impedance spectra of the each single cell at the
open-end mode (i= 500 mA/cm?, T=70°C).

rate of hydrogen in cell 1 than cells 2 and 3 (see Fig.
1). As a result, higher mass transport resistance tends
to cause an adverse effect. It should be mentioned that
the stoichiometry of hydrogen in cell 4 at the hydrogen
second stage was approximately 3, which explains
the extra hydrogen for oxidation. Therefore, the mass
transport limitation was very low as illustrated in Fig.
13a. On the other hand, cell 2 is the first cell of the early
stage of oxygen (see Fig. 1) and due to the inlet effect
faces more oxygen mass transport limitation compared
to cells 3 and 4, which are in the first stage of oxygen.

4.Conclusions

In this study, the performance of a PEMFC short
stack with an integrated humidifier and water
separator is investigated by the EIS approach. A
new cascade type design with two stages was used
for the stacks. The basic concept of the proposed
design was to divide the cells of a stack into two
blocks; hence, the stoichiometry of the first stage
of hydrogen and oxygen was more than 1.3. This
design helped to prevent water flooding at the first
stage. The effects of the operating mode and the
current density were meticulously investigated. The
results of the electrochemical impedance suggested
that the gas operating mode had major effects on the

electrochemical impedance of the stack. When
the stack was tested in the dead-end mode, the
charge transfer resistance of the stack decreased
significantly.In addition, this mode only slightly
affected the mass transfer resistances. Moreover,
the current density played an important role in the
electrochemical impedance in the dead-end mode.
The ohmic resistance of the single cells decreased
by increasing the current density due to increased
hydration of the membranes. Moreover, higher ORR
would lead to a gradual decrease in the charge transfer
resistance of the stack at higher current density. The
AC impedance diagnosis of the stack could provide
researchers with some useful information about the
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Fig. 13. The dependence of the ohmic (R,), charge transfer
(R,) and the mass transport resistance (R ) of the each single
cell in @) open-end mode and b) dead-end mode ( i= 500 mA/
cm?, T=70°C).
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FC stack, especially in a dead-end cascade type stack
whose mode evaluation is more complicated.
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