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Spatially resolved measurement of PEM fuel cells
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Abstract

A measurement set-up is presented containing a multichannel frequency response analyser system together with a multichannel potentiostat
that allows measurements of the local electrical impedance spectra of segmented fuel cells simultaneously.

For evaluation the current and impedance distribution is combined with optical spatially resolved measurement and numerical simulation.
Furthermore the multichannel frequency response analyser system is used for the measurement of impedance spectra of single cells in a

fuel cell stack simultaneously.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

At Fraunhofer ISE, PEM fuel cell research focuses on
he development of portable fuel cell systems[1]. Efficiency,
nergy density and reliability are the main characteristics to
e optimised.

As most parameters that have a high influence on the dif-
erent loss mechanisms (i.e. temperature, water content and
as concentration) are not distributed homogeneously over

he active area of the fuel cell, measurements have to be car-
ied out not only integrally but also spatially resolved.

One way to gather spatially resolved information of the
erformance and state of operation of a PEM fuel cell

s the measurement of current distribution[2–5] and lo-
alised impedance spectroscopy[6]. In combination with this
ethod, we use infrared thermography to record the temper-
ture distribution on the active area.

With such measurements its possible to validate multi-
imensional models. PEM fuel cells are complex dynamic
ystems where the free flow of gases, diffusion in porous
edia, electrochemical reactions and the coexistence of liq-

into the state-of-operation and performance of the fuel
can only be achieved by combining measurements with
merical simulation.

For whole fuel cell stacks, the simultaneous impeda
spectroscopy of the single cells is capable of evaluatin
state-of-operation of the single cells at the same time
therewith explaining overall stack performance.

2. Experimental

2.1. The measurement equipment

A test stand for spatially resolved measurement has
developed. Gas flow rates are controllable. Two bubbler
midify the anode and cathode gas stream. The gas hum
can be adjusted by mixing dry and humidified gas stre
The dew points of the anode and cathode gas stream
measured using dew point mirrors.

A Solartron 1254 frequency response analyser (FRA)
two 1251 multichannel extensions is available for simulta
id and gaseous phases interact. Therefore, a detailed insight

∗ Corresponding author.
E-mail address:hakenjos@ise.fhg.de (A. Hakenjos).

ous impedance measurement of up to 19 channels.
For stack measurements, two Kepco BOP 20/20 bipolar

power supplies are available as load. They are operated in cur-
rent control mode either in series for up to 40 V or in parallel
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for maximum currents of 40 A. For impedance measurement,
they provide currents with an ac perturbation above a dc bias
analog programmed by the generator output of the 1254 FRA.

For measuring current density and localised impedance, it
is important to set all the segments to the same voltage. The
diffusion layer and the electrode would allow lateral currents,
if there are differences in the potential between adjacent seg-
ments. This disturbs the current measurement. A way to over-
come this is to control the voltage of each segment separately
with its own potentiostat.

A 50 channels multi-potentiostat was developed and is
now available for spatially resolved measurements. Each
channel sources our sinks a maximum current of 1 A and
controls the voltage of one single segment separately. Cur-
rent measurement is performed with shunt resistors in the
current lines.

The multi-potentiostat is analog programmed with a com-
mon voltage. Superimposing an ac voltage to a dc bias at
the programming voltage input enables spatially resolved
impedance measurement.

As the measurement device is completely separated from
the fuel cell different cells can be measured.

For further evaluation characteristic values can be ex-
tracted of the impedance spectra. In this paper the high fre-
quency resistance is investigated, which denotes the absolute
value of the impedance at 1 kHz. This is a reasonable value for
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For current distribution measurement one flow field is seg-
mented. Forty-five graphite segments have been integrated in
an endplate made of plastic. The segments are arranged in
three rows of 15. Each segment is connected with a separate
current line and a voltage sense. The average of current dis-
tributions of the three rows of segments is used for further
considerations.

The other side has water channels behind the flow field
allowing to control the temperature of the fuel cell.

A Gore 5510 MEA with 0.4 mg platinum loading on both
sides together with a Toray TGP-H-120 GDL is used.

The influence of the air flow on the current distribution was
studied. Measurements with air flow rates of 600, 300 and 50
standard cubic centimeters per minute (sccm) are performed.
The hydrogen flow rate is constant at 100 sccm dry hydrogen.
Air is humidified to 80% at 22◦C. The cathodic flow field
temperature is controlled to 55◦C. The measurements are
performed at a cell voltage of 500 mV.

This measurements are compared with simulations[9] re-
alised with a PEM model based on FLUENTTM computa-
tional fluid dynamics (CFD) software[10].

Fig. 2shows a comparison of the measured and calculated
current distribution along the channel. A good agreement is
found between measurement and simulation. Only the mea-
sured 50 sccm case shows a decline at segment positions three
to eight that is not reproduced by the simulation.
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he membrane resistance together with the backing, bi
late, and contact resistances[7,8]. Any change in this valu
uring operation is assumed to be caused by a change in
rane ionic resistivity due to membrane hydration. There

he high frequency resistance is a measure for membran
er content.

.2. Straight channel fuel cell

For studying the principles of fuel cell operation and
alidation of simulations it is useful to reduce the flow fi
eometry to the simplest shape possible. This is the str
hannel.

The cell used here was described previously[9], its ge-
metry is shown inFig. 1. To minimize boundary effects n
nly one but 14 parallel straight channels form the flow fi
n both the anode and cathode side. Each channel is
ide with 1 mm ribs in between. The channels are 100

ong. This flow field geometry has an active area of 29 c2.

Fig. 1. The test fuel cell with straight channel design.
-

Applying local impedance spectroscopy to the middle
f segments results in a row of impedance spectra sho
ig. 3.

Here the high frequency resistance of the measure
s evaluated and compared to the simulated membrane
onic resistivity of the 300 sccm case,Fig. 4. Again a very
ood agreement is found. A high protonic resistance a

nlet that decreases along the channel due to increased
rane humidity is shown in both the measurement and
imulation.

ig. 2. Comparison of measured (··dots) and simulated (- - -lines) curre
istribution. Experimental parameters are: cell voltage 0.5 V; air hum
0% at 22◦C; H2 flow rate 100 sccm, dry; 55◦C cathode temperature. A
odel parameters are kept constant except air flow and average
ensity. Gases enter at position 1.
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Fig. 3. Local impedance spectra of the middle row of the straight channel
cell.

This validation of the fuel cell model encourages to trust
in predictions made by the model, giving more insight into
the characteristics of the local cell performance[9].

2.3. The square fuel cell

The square fuel cell shown inFig. 5 allows the combi-
nation of several spatially resolved measurement methods
[11]. Current density distribution, localised impedance, tem-
perature distribution and condensed water can be observed
simultaneously.

The flow field of the anode side is formed by square
(2 mm× 2 mm) current collector areas divided by 1 mm
wide gas channels. For current distribution and localised
impedance measurement the flow field is segmented. Forty-
nine stainless steel (1.4571) segments (5 mm× 5 mm) have
been integrated into the endplate made of plastic. Each seg-
ment is connected with a separate current line and a voltage
sense.

F sure-
m tivity
o

Fig. 5. The quadratic test fuel cell.

The gas channels of the cathode side are completely bro-
ken through to allow a straight view onto the diffusion layer.
Behind the flow field a zinc selenide window closes the gas
channels. As zinc selenide is transparent for infrared light,
the temperature of the active area can be measured with an
infrared camera.

The zinc selenide window is not only transparent for the
IR but also for visible wavelength, it is possible to observe
water droplets condensing in the gas channels.

A Gore 5510 MEA with 0.4 mg platinum loading on both
sides together with a Toray TGP-H-120 GDL is used.

Fig. 6 shows the serpentine air flow field used here as
cathode flow field. The flow direction is indicated. Hydrogen
flow direction is from top to bottom.

To measure the impedance distribution the ac currents
of 16 segments are analysed with the FRA. InFig. 6, the
segments chosen for impedance measurement are shaded. In
combination with the ac voltage, the impedance spectra are
calculated.

F quare
f

ig. 4. The extracted high frequency resistivity of the impedance mea
ent shown in Fig. 3 in comparison with the simulated membrane resis
f the 300 sccm simulation.
ig. 6. The cathode flow field and the position of the segments of the s
uel cell.
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Fig. 7. (a) High frequency resistance, (b) current density and (c) temperature distribution of the square fuel cell.

The quadratic cell was operated with gas flow rates of
500 ml min−1 air and 300 ml min−1 hydrogen. The cell volt-
age was 600 mV. The gases were humidified to a dew point
temperature of 25◦C and entered the cell at a temperature
of 50◦C. Fig. 7shows the high frequency resistance, current
density, and temperature distribution after the cell settled to
a fairly stable state of operation.

The high frequency resistivity distribution shows one spot
with high conductivity. This corresponds to the current dis-
tribution showing its maximum in this region. The high re-
sistivity of the upper right corner and the upper left lead
to a low current density in these areas. The temperature is
mainly determined by the local activity, whereas high cur-
rents produce more heat. This effect is superimposed by
the cooling of the gas streams entering relatively cold at
the top left and leaving the cell at the bottom right (air) or
entering at the top and leaving at the bottom (hydrogen),
respectively.

2.4. A spatially resolved stack measurement

Looking at a fuel cell stack, things become even more
complicated. In this section, the coordinate of spatially reso-
lution is perpendicular to the active area. It is along different
cells of a fuel cell stack. Not only the cell voltages but also
the impedances are measured during operation[12].

ith
a per-

Fig. 8. The voltages of the individual cells.

ated with a current of 4 A. This is a realistic partial load point
for a fuel cell stack in a system during standby operation. The
voltages of the individual cells are shown inFig. 8.

The load is switched on 9.5 min after applying the re-
actant gases. The gas flow rates are set to 300 ml min−1

dry hydrogen for the anode and 1000 ml min−1 for the
cathode.

Impedance spectra are taken approximately every 7 min.
The duration of the measurement of one spectrum is a
≈4.5 min. During the impedance measurements the cell volt-
ages are not monitored.

sured
A self-developed short stack consisting of four cells w
n active area of 53 cm2 each is observed. The stack was o

Fig. 9. The impedance spectra mea
 at different times after start of experiment.
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The impedance measurement after 30 minFig. 9-M3
shows an increase of the low-frequency arc in the spectrum
of cell 2. This indicates an increase in diffusive losses due to
flooding of the cell. The cell voltage decreases to the level of
cells 1 and 3.

The voltage of this cell drops dramatically 9 min after the
first evidence in the impedance spectrum,Fig. 8 (39 min).
To overcome this performance loss, the cathode outlet of the
stack is closed momentarily to apply a pressure release im-
pulse to the cathodic gas stream. This removes the liquid wa-
ter off the gas channels. Afterwards, the stack performance
returns to even higher values than before.

3. Conclusion

Spatially resolved current density measurement is neces-
sary for fuel cell characterisation. Segmented fuel cells can
provide much more information about the state of operation
than integral measurements.

With the system presented current density, electrical
impedance, temperature distribution, and condensed water
can be observed simultaneously in a fuel cell under opera-
tion.

Spatially resolved measurements on different fuel cells
are described. The combined information of the different
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