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a b s t r a c t

This work constitutes detailed EIS (Electrochemical Impedance Spectroscopy) measurements on a PBI-
based HT-PEM unit cell. By means of EIS the fuel cell is characterized in several modes of operation by
varying the current density, temperature and the stoichiometry of the reactant gases. Using Equivalent
Circuit (EC) modeling key parameters, such as the membrane resistance, charge transfer resistance and
gas transfer resistance are identified, however the physical interpretation of the parameters derived from
EC’s are doubtful as discussed in this paper. The EC model proposed, which is a modified Randles cir-
cuit, provides a reasonably good fit at all the conditions tested. The measurements reveal that the cell
temperature is an important parameter, which influences the cell performance significantly, especially
the charge transfer resistance proved to be very temperature dependent. The transport of oxygen to the
Oxygen Reduction Reaction (ORR) likewise has a substantial effect on the impedance spectra, results

showed that the gas transfer resistance has an exponential-like dependency on the air stoichiometry.
Based on the present results and results found in recent publications it is still not clear what exactly
causes the distinctive low frequency loop occurring at oxygen starvation. Contrary to the oxygen trans-
port, the transport of hydrogen to the Hydrogen Oxidation Reaction (HOR), in the stoichiometry range
investigated in this study, shows no measurable change in the impedance data. Generally, this work is

is for
expected to provide a bas
HT-PEM fuel cell.

. Introduction

High Temperature Proton Exchange Membrane (HT-PEM) fuel
ells based on a polybenzimidazole (PBI) membrane with phos-
horic acid as a ionic conductor, first discovered by Wainrigth et
l. [1], have shown to have good conductivity at elevated temper-
tures [2], which gives advantageous features when operated on
eformed hydrogen gas [3]. PBI-based HT-PEM can tolerate a high
evel of impurities in the feed gas, due to the higher operating tem-
erature, where desorption of impurities, such as carbon monoxide,
ccurs much faster than in low temperature PEM fuel cells. More-
ver, the higher operating temperature facilitates better utilization
f the waste heat from the fuel cell, e.g. to preheat the fuel or as

eat supply for the endothermic steam reforming process of the

uel reformer. A HT-PEM is therefore advantageous to use in con-
unction with a fuel reformer when compared to low temperature
EMFC.
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future development of impedance-based fuel cell diagnostic systems for

© 2009 Elsevier B.V. All rights reserved.

As HT-PEM fuel cells are relatively new, detailed experimental
characterization of this type of fuel cell is scarce in the literature.
Experimental characterization of fuel cells is essential for develop-
ers of computational models of fuel cells in order for them to verify
and validate their simulation results. Often validation is performed
against I–V curves, which is insufficient and often misleading [4].
Therefore, data with a high level of detail is needed, and EIS is
an excellent tool for providing that. Electrochemical Impedance
Spectroscopy (EIS), also known as AC impedance spectroscopy, ben-
efits from being an in situ non-intrusive method, which makes it
very suitable for detailed characterization and has thus been used
to study fuel cells for a relatively long time [5,6]. So far EIS has
mainly been used in material research and development, i.e. in
the search for new catalyst and membrane materials. Recently, the
method has also been extensively used for diagnostics and con-
trol of fuel cell systems [7–10], which also means that EIS has
been used to study fuel cell stacks [11] as well as single cells.
There is a need to develop advanced fuel cell diagnostics systems,

in order for fuel cell systems to intelligently adapt the operating
conditions to suit the requirements of the system, e.g. long life
time or high CO tolerance. Diagnostics also become an important
tool for fault detection on fuel cell stacks that do not live up to
expected requirements. There is therefore a demand for a flexible

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jesper.jespersen@teknologisk.dk
dx.doi.org/10.1016/j.jpowsour.2009.02.025
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curve was recorded, with a current gradient of 30 s/A, shown in
Fig. 2.

In order to ensure a rational execution of the experiments a test
scheme was prepared, as seen in Table 2. In total, 42 impedance
90 J.L. Jespersen et al. / Journal of

nd non-intrusive diagnostic system and EIS may be a solution to
hat.

Especially for HT-PEM fuel cell there is a lack of data, and little
ork is so far reported on EIS measurements on this type of fuel cell

12]. Jalani et al. used impedance spectroscopy to analyze tempera-
ure effects, anode and cathode stoichiometries, oxygen vs. air and
he effect of anode humidification on PBI-based H3PO4 fuel cells,
owever only in a narrow range of operating conditions. Lobato
t al. investigated the effects of temperature on membrane hydra-
ion and catalyst particle agglomeration [13]. Hu et al. recorded the
mpedance spectra four times over a 500 h continuous test, and
ound that the main degradation at 640 mA cm−2 was caused by
gglomeration of platinum particles in the catalyst layers [14]. The
ame group recently published results of a simulation model, in
hich AC impedance data, such as internal membrane resistance

nd apparent area exchange current density, was used [15]. Zhang
t al. [16] published their experimental work on a PBI-based MEA
easured by EIS in the temperature range of 120–200 ◦C. Schaltz

t al. [17] reported EIS measurements on a single cell HT-PEM for
quivalent circuit modeling, and the present work should be con-
idered as an extension of that and providing additional data to the
bove-mentioned work of EIS on PBI-based HT-PEM fuel cells.

This paper presents detailed (EIS) measurements for various
onditions on a single cell HT-PEM. The conditions varied during the
easurements are temperature, air stoichiometry, hydrogen stoi-

hiometry and current density. Thus this paper provides detailed
nformation of the effects of changing these conditions, using
mpedance spectroscopy combined with Equivalent Circuit (EC)

odelling (Table 1).

. Methods

EIS is commonly used in the electrochemical industry to charac-
erize various electrochemical reactions, such as those occurring in
atteries [5] and corrosion processes [18]. EIS is also a very common
nd proven tool within fuel cell research and development to char-
cterize catalyst and membrane materials. EC modeling is used to
erive physical parameters from the impedance spectra, i.e. using
yquist plots.

.1. Apparatus

A single cell test setup was used in this work similar to one used
y Korsgaard et al. [3]. The experimental setup, see Fig. 1, involves
unit cell setup from BASF, a load module, an EIS-software module
nd a fuel cell control module. The single cell setup constitutes a

®
ommercial MEA, which consists of a PBI-membrane (BASF Celtic -
Series 1000 MEA) with an active area of 45.16 cm2. A woven

arbon cloth, with a thickness of 400 �m was used as gas diffu-
ion layer. Mass flow controllers from Bürkert (air: MFC 8711 0–5
min−1 and hydrogen: MFC 8712 0–1 L min−1) were used to con-

able 1
ist of symbols.

air Stoichiometric ratio of air [−]
H2 Stoichiometric ratio of hydrogen [−]
m Membrane resistance [�]
c Contact resistance [�]
s Resistance of cell components [�]
gt,W Impedance of gas transfer [�]
W,gt Finite length warburg resistance [�]
W Diffusion interpretation parameter [−]

Square root of −1 [−]
Angular frequency [rad/s]
Finite length coefficient [−]

gt,tot Gas transfer resistance [�]
gt Low frequency loop resistance [�]
Fig. 1. Layout of test setup.

trol the flow of reactant gases. The load module used was a TDI
Dynaload RBL488 50-150-800 capable of implying sinusoidal fluc-
tuation of the load, both in galvanostatic and potentiostatic mode,
in the range of 50 mHz to 20 kHz. The EIS equipment used was the
Gamry FC350 Fuel Cell Monitor, which is compatible with the TDI
load module.

The EIS experiments conducted were controlled by the Fuel Cell
Monitor FC-350 from Gamry. The flow of reactants and control of
temperature was carried out through a Labview environment. Dur-
ing an EIS measurement the stoichiometry of the reactant gases was
kept constant in accordance with the selected DC current.

2.2. Experimental procedure

In order to prepare the MEA for optimal performance some
actions were taken according to the manufacturer’s instructions.
Initially, the MEA was prebaked at 140 ◦C for 2 h, in order to remove
potential water vapor from the porous structures of the MEA. After-
wards, the MEA was installed in the single cell test setup and
clamping bolts were tightened with a torque screwdriver to ensure
an even pressure distribution to the MEA. The MEA was hereafter
subject to a break-in procedure (MEA conditioning), which involved
running at 0.2 A cm−2(≈9 A) at 160 ◦C for 100 h, with stoichiome-
try ratios of �air = 2.5 and �H = 2.5. Hereafter, a polarization (I–V)
Fig. 2. I–V curve after 100 h break-in.
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Table 2
Test scheme for EIS measurements in chronological order.

Exp. ID# Current density [A cm−2] Temperature [◦C] �air �H2

1 0.11 110 5 1.5
2 0.22 110 5 1.5
3 0.33 110 5 1.5
4 0.11 120 5 1.5
5 0.22 120 5 1.5
6 0.33 120 5 1.5
7 0.11 130 5 1.5
8 0.22 130 5 1.5
9 0.33 130 5 1.5

10 0.11 140 5 1.5
11 0.22 140 5 1.5
12 0.33 140 5 1.5
13 0.11 150 5 1.5
14 0.22 150 5 1.5
15 0.33 150 5 1.5
16 0.11 160 5 1.5
17 0.22 160 5 1.5
18 0.33 160 5 1.5
19 0.33 160 10 1.5
20 0.33 160 8 1.5
21 0.33 160 5 1.5
22 0.33 160 4 1.5
23 0.33 160 3 1.5
24 0.33 160 2 1.5
25 0.33 160 1.5 1.5
26 0.33 160 1.2 1.5
27 0.33 160 1.1 1.5
28 0.33 160 5 4
29 0.33 160 5 3
30 0.33 160 5 2
31 0.33 160 5 1.5
32 0.33 160 5 1.2
33 0.33 160 5 1.1
34 0.11 170 5 1.5
35 0.22 170 5 1.5
36 0.33 170 5 1.5
37 0.11 180 5 1.5
38 0.22 180 5 1.5
39 0.33 180 5 1.5
4
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Zhang et al. [16] proposed a modified Randles cell equivalent
circuit for a PBI-based HT-PEM fuel cell, the equivalent circuit mod-
eling of this paper is based on this model. In Fig. 4 an equivalent
circuit model for a PBI-based HT-PEM fuel cell is proposed. The com-
ponents of the unit cell and MEA can be coupled to the three parts
0 0.11 190 5 1.5
41 0.22 190 5 1.5
2 0.33 190 5 1.5

pectra were recorded. The tests are arranged in chronological order
nd each EIS spectrum is labeled with an experimental ID (“ID#”),
his labeling is used in Section 3. The test scheme was arranged
o that low temperature measurements were conducted initially in
rder to avoid degradation at high temperatures [13,19,20]. At each
emperature three impedance spectra were recorded at the differ-
nt current densities indicated in Fig. 2. Tests for investigating the
ffects of changing the gas stoichiometry were conducted at 160 ◦C
s this is considered to be the nominal operating temperature for
his type of fuel cell running on pure hydrogen. All tests were gal-
anostatic measurements carried out in “hybrid” mode [21] using
current amplitude resulting in an AC voltage of 2.5 mV rms.

.3. Experimental artifacts

No impedance system is perfect and experimental artifacts are
nduced by several factors. Some of them can be eliminated and
thers are hardware related and cannot be changed. Good practice
or experimental impedance studies can be found in the literature
5,10,22]. In this study experimental artifacts were minimized by:
sing shielded sense wires, polishing the terminals of the current
eads, using as short as possible current leads and the use of twisted
ires for the control signal to the load module. Fig. 3 shows a typ-

cal EIS plot for this type of fuel cell. One measurement error that
s present in all datasets is the inductive behavior occurring at high
requencies (10–20 kHz). Generally, this error can be related to the
Sources 191 (2009) 289–296 291

leads of the cell [23,22,24]. Leads with a length of 1 m were used in
this experiment, it was not possible to further shorten the leads, due
to the physical constraints of the test setup. Choosing the appropri-
ate band of the load bank can also influence the measurements, see
Section 3.1 for more information on this issue.

The low frequency inductive loop, which occurs at frequencies ¡
1 Hz, could have several explanations and is currently discussed in
the literature. Roy and co-workers [25] list a number of reasons to
this phenomenon, however models and measurements from their
work indicated that it is associated with the formation of hydrogen
peroxide at the ORR.

2.4. Equivalent circuit modeling

In order to provide a better insight and evaluation of the changes
in the impedance spectra, Equivalent Circuit (EC) modeling, also
named transmission line equivalent circuit [26], is a useful tool.
Using electric components, such as resistors and capacitors, the
impedance spectrum can be simulated in the entire frequency
range. The challenge is however to provide a model that gives a suf-
ficiently good fit at every frequency point, that is physically sound
and a model that can adapt to changes in the operating conditions.
Observations of the experimental data is therefore needed in order
to provide a sound physical model of the system [27]. The quality
of a fit can be evaluated using the �2-value, however the data and
the model should also be subject to a visual examination.

The physical interpretation of the EC is important in order to
understand the physical changes occurring in the system. An easy
interpretation of the EC is to divide the losses in the MEA into
an anodic loss, a membrane loss and a cathodic loss in which the
losses associated with mass transport limitations are included. An
informative schematic representation of the Nyquist plot using that
interpretation can be found in the literature [11,28,29]. Although,
this representation is informative and easily understood, it may
not be an accurate description. The loop occurring in the high
frequency region, called the anodic loss, and the loop in the low fre-
quency region, called the cathodic loss cannot be separated in such
a way. Occurrences on the anode side can influence the cathodic
loss region, as it is the case for CO poisoning [30]. Moreover, Yuan
et. al [31] showed results where the anode was starved, this did not
affect the high frequency loop, but had a significant effect on the
low frequency loop. It is therefore better to distinguish between the
high frequency loop and the low frequency loop in order to avoid
conflicts with the physical understanding of the system.
Fig. 3. Typical Nyquist plot of PBI-based fuel cell impedance spectra.
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f the EC circuit, as shown in the figure. The full lines represent the
ost important contributions to the loss, while the dotted lines

epresent minor contributions. Even though this may be a better
hysical representation of the system, the losses in the three parts
f the EC cannot be considered independent of each other, how-
ver general tendencies can be derived and can be considered valid.
elow the parts of the EC model are explained.

.4.1. Ohmic resistance
The Ohmic resistance is often referred to as the solution resis-

ance in corrosion science and is the combined ohmic resistance of
everal components of the cell assembly. In a regular I–V curve the
hmic resistance resembles the linear part of the curve. The main
ontribution to this term is the electrolyte resistance or membrane
esistance, the Ohmic resistance is therefore often referred to as
he membrane resistance, Rm. The membrane resistance, Rm can be
ivided into the contact resistance, Rc, and the Ohmic resistance of
he cell components, Rs, as described in [32,11]:

m = Rc + Rs (1)

he contact resistance, but also the resistance of the cell compo-
ents, is dependent on the clamping pressure of the cell fixture as
ecently showed by Chang et al. [33]. It is therefore important to
nsure that the clamping pressure is kept constant during all mea-
urements. In this experiment the seals of the test rig ensures that a
orrect clamping pressure is achieved, as the PTFE seals (Nowoflon
FA 370 �m) used can be considered as incompressible. Hence, the
ight bolts of the test rig were tightened with a small torque wrench,
nsuring that the MEA reached a compression that reassembles
he thickness of the seals. These eight bolts were fitted with disc
prings, to compensate for the thermal expansion of the cell. Other

actors influencing the ohmic resistance are humidification, when
onsidering the low temperature PFSA-type membranes [7,8,11]
nd temperature in the form of drying or evaporation of the proton
onducting media [13].

Fig. 4. Equivalent circuit for an HT-PEM fuel cell.
Sources 191 (2009) 289–296

2.4.2. Charge transfer
The resistance associated with transfer of charge, Rct , mainly

stems from the Oxygen Reduction Reaction (ORR), as indicated in
Fig. 4, which is mainly due to the slow reaction of reducing oxygen.
Minor contributions are the Hydrogen Oxidation Reaction (HOR)
and capacitive charge storage in the porous structure of the GDL
and electrodes. This part of the model is associated with the high
frequency section of the spectrum.

2.4.3. Gas transfer
The gas transfer resistance is associated with transfer of reactant

gasses to the active sites of the electrodes. This is mainly governed
by mass transfer on the cathode side in terms of convection in the
channels of the bipolar plate and diffusion in the GDL and elec-
trodes. As hydrogen by nature is much more diffusive and generally
has better transport capabilities than oxygen, the anode side only
has minor contributions to this loss. The gas transfer resistance is
associated with the low frequency part of the spectrum. In order to
account for diffusion a finite length warburg element was added to
the EC circuit shown in Fig. 4. The finite length warburg element is
defined as:

Zgt,W = RW,gt
tanh((TWjω)p)

(TWjω)p (2)

In order to enable finite length diffusion, which is the case for a
fuel cell, the coefficient p is set to p = 0.5. RW,gt is the finite length
warburg gas transfer resistance, TW is the diffusion interpretation
parameter, which defines the frequency response [18]. The total gas
transfer resistance Rgt,tot is a combination of the low frequency loop
resistance Rgt and the finite length warburg resistance RW,gt and is
defined as:

Rgt,tot = Rgt + RW,gt (3)

3. Results and discussion

The results of the experimental investigation are divided into
the following four subcategories:

• Current density
• Temperature
• Air stoichiometry
• Hydrogen stoichiometry

The impedance spectra are analyzed by means of EC model-
ing in relation to the above parameters in order to provide a more
clear understanding of the transport and electrochemical processes
occurring at the interfaces of the MEA under investigation.

3.1. Current density

The DC current drawn from the cell during impedance spec-
troscopy has a huge impact on the recorded spectrum. The
capacitative charge in the porous structure of the Gas Diffusion
Electrode (GDE) and the Gas Diffusion Layer (GDL) is striped for
electrons faster at high current densities, which is illustrated in
Fig. 5 where the capacitive loops are larger at low current densi-
ties. At low current densities the cell is limited by kinetics of the
reactions, similar results were found in the literature [25,22]. This
is also illustrated in Fig. 2, where 0.11 A cm−2 is in the region of
the I–V curve dominated by activation losses. It is therefore also

essential that data is recorded at the same DC current if direct com-
parison is made. Noise can be created due to the operation modes
of the electronic load, which has three different current range set-
tings: high (150 A), medium (20 A) and low (2 A), all measurements
in this study were performed in the medium range. This can have
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Fig. 6. Nyquist plot showing the impedance spectra at different temperatures using
a current density of 0.33 A cm−2.

elements in the EC model, all the data presented in Fig. 7 and 8 had
an error percentage lower than 8%.

When analyzing the fit results from the EC model, as shown
in Fig. 7 the membrane resistance is gradually decreasing until
ig. 5. Nyquist plot showing the impedance spectra at different current densities.

significant impact on the noise level in the readings, when oper-
ting in the lower end of the range scale, e.g. at a current density
f 0.11 A cm−2, corresponding to a DC current of 5 A, because of the
ower resolution of the current output signal. It is clear to see how
he accuracy of the data increases, when observing Fig. 5 as one

oves to higher current densities, especially at low frequencies (¡
Hz).

.2. Temperature

The operating temperature for a PBI HT-PEM fuel cell is an
xtremely important parameter. In order to operate the cell, the
embrane temperature must exceed 100 ◦C, as water is on vapor

orm and will therefore not absorb the excess phosphoric acid ‘free
cid’ that is not bound directly to the PBI matrix and transport it out
f the cell. This ‘free acid’ is reported to contribute significantly to
he membrane proton conductivity [2]. Too high cell temperatures,
ill however enhance degradation, in terms of increased hydration

f the electrolyte [13,19], increased agglomoration/sintering of the
latinum catalyst particles [13] and carbon corrosion of the catalyst
upport [20]. The optimal operating temperature of a PBI fuel cell
herefore depends on the requirements of the application in which
t will be used. Hence, if a long life time is needed, a low cell tem-
erature is preferred, or if high CO tolerance is needed, high cell
emperature is preferred [3].

.2.1. Membrane resistance
The proton conductivity is strongly dependent on temperature

34,35,19] and it is commonly known that elevated temperatures
ncrease the rate of an electrochemical reaction. Thus, changing the
perating temperature of a fuel cell must give rise to changes in the
mpedance spectrum. The impedance spectrum was recorded for
emperatures ranging from 110 to 190 ◦C with an interval of 10 K,
ee Table 2. The current densities during these measurements were
.11, 0.22 and 0.33 A cm−2 at stoichiometric ratios of �H2 = 1.5 and
air = 5. Fig. 6 shows the impedance spectra recorded at the 9 dif-

erent temperatures at 0.33 A cm−2. From the figure it is clear that
he kinetics of the ORR are improved at elevated temperatures as
he LF loop is minimized at higher temperatures, this is cosistent
ith other findings in the litterature [36,15,12]. Also the membrane
esistance, indicated by the high frequency intercept where Zimag
0 in Fig. 6, is displaying a slight shift to the left in the Nyquist plot.

The electrochemical software ‘Zview’ was used to perform fitting
f the EC model, seen in Fig. 4. The data from the model is presented
n Figs. 7 and 8. Zview outputs an error percentage for each of the
Fig. 7. Membrane resistance as a function of temperature and current density.
Fig. 8. Charge transfer resistances as a function of cell temperature and current
density.
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have little or no effect on the cell performance. Therefore there is no
reason to operate the cell at higher stoichiometries from an elec-
trochemical point of view; there could however be other reasons
why air stoichiometries �air > 4 are interesting, such as cooling.
94 J.L. Jespersen et al. / Journal of

40 ◦C, where it levels out until 170 ◦C where an increase is observed
eyond the level at low temperatures. These results are not consis-
ent with the results reported by Zhang et al. [16], Hu et al. [15] and

a et al. [19], it is unclear what causes these significant deviations
t high temperatures (180–190 ◦C) from the data found in the liter-
ture. The data is however not easy to compare; Zhang et al. only
rovides two data points, which makes a thorough comparison dif-
cult. When observing the path of the spectrum, the impedance
pectra recorded by Hu et al. differs from what was found in this
ork and by others, as only one capacitive loop is present, whereas
ost other studies using PBI-based MEA have two conjoined loops

37,16,13]. The reason for this difference could be explained by the
ome-made MEA used by Hu et al. They do however report a lower
embrane resistance when the temperature is increased. At 120 ◦C

he data points for 0.11 and 0.22 A cm−2 seems to intersect, this
s believed to stem from noise in the measurements and espe-
ially uncertainties from the EC fitting procedure. These noise and
ncertainty issues may be solved by repeating the experiment and
erform averaging of the results.

When observing the membrane resistance as a function of cur-
ent density, is seen that the membrane resistance is lowered when
urrent density is increased, and this tendency applies for the entire
emperature range. This is in good coherence with the findings of
hang et al. [16] who observed a slight drop in membrane resis-
ance from 0 to 1 A cm−2, whereas at high current densities the

embrane resistance remains constant. Zhang et al. explains this
s a balance between the water produced and the water removed
y the reactants, which becomes stable at high current densities ¿
A cm−2.

.2.2. Charge transfer resistance
The EC model described in Section 2.4 includes gas transfer resis-

ance as a part of the model. However, when the cell is supplied with
sufficient flow of reactants the gas transfer resistance becomes
egligible or at least constant if the flow remains unchanged. When
as transfer resistance is included in the EC model and the cell is
upplied with sufficient reactants the gas transfer part of the EC
odel should be added to the charge transfer part of the model.

he gas transfer part is added to model the second semicircle which
rises from low stoichiometric conditions. Therefore the gas trans-
er part will act as part of the charge transfer part of the model when
perating at sufficient stoichiometric conditions, when the second
emicircle is not present. Fig. 8 shows the combined charge transfer
esistance. The charge transfer resistance is strongly related to the
urrent density, this is also evident in Fig. 5 and also supported by
he measurements made by Zhang et al. [16]. The effect of temper-
ture on the charge transfer resistance is not very significant, this
pplies for all the current densities investigated. The temperature
oes however have a small effect on the kinetics, which also coher-
nt with the data from Zhang et al. and Hu et al. [15], although is not
s apparent a change as in the data provided by Hu et al. The rea-
on for the temperature dependency on the charge transfer is that
he reaction kinetics at the anode (HOR) and the cathode (ORR) are
emperature dependent, such as any other electrochemical reac-
ion. At low current densities, such as this case, the charge transfer
esistance is mainly governed by the ORR [16].

.2.3. Gas transfer resistance
As mentioned above the gas transfer resistance in the temper-

ture data set is not investigated as the cell was operated with
ufficiently high stoichiometric ratios on both the anode and cath-

de, so that the gas transfer resistance remains unaffected and is
herefore neglected. If the temperature effect on the gas trans-
er resistance where to be investigated measurements should be

ade with lower stoichiometric conditions. There are no such data
resent at the moment, Jalani et al. [37] did however report mea-
Sources 191 (2009) 289–296

surements in a similar current density range, but with pure oxygen
as oxidant. The gas transfer resistance is also reported to be very
current density-dependent at higher current densities (1–2 A cm2)
[16].

3.3. Air stoichiometry

The structure of the GDL and gas channels are important in rela-
tion to the gas transfer resistance, they can be described as follows:
the MEA used was a Celtec P-1000 from BASF, which features a
woven carbon cloth as GDL, the cathode gas channels where three
parallel serpentine shaped with a width of 1.2 mm and a depth
of 1 mm, the anode gas channels where two parallel serpentine
shaped with a width of 1.2 mm and a depth of 1 mm. The width
of the land area for both flow plates where 1.2 mm.

The effects of changing the stoichiometric ratios of the feed
gasses were investigated at a constant temperature of tcell = 160 ◦C
and a current density of 0.33 A cm−2. Normally, mass transport
limitations to fuel cell performance occurs at high current den-
sities (¡ 1 A cm−2), in this study a relatively low current density
(0.33 A cm−2) was used and instead the air supply was varied by
means of the air stoichiometry. This should reveal some of the same
phenomenon as at high current densities, as the concentration in
the gas channels and the GDL also will change as a function of air
stoichiometry. Naturally, this does not provide the same informa-
tion as a full investigation including high current densities, but that
is beyond the scope of this paper. Both the cathode and anode sto-
ichiometries were investigated. Springer and Wilson [38] showed
that the oxygen electrode is very sensitive to the oxygen concentra-
tion. Therefore changing the air stoichiometry has a dramatic effect
on the Oxygen Reduction Reaction (ORR) and hence the impedance
spectra, as can be seen in Fig. 9. An additional semicircle is formed
at low frequencies (¿ 1 Hz), when the cell is subject to mass trans-
port limitations at the cathode electrode. This is in coherence with
the work published by Ciureanu and Roberge [32]. At low stoichio-
metric conditions the cell displays very poor dynamic capabilities,
the cell is simply starved at the cathode. In Fig. 10 the gas trans-
fer resistance is plotted as a function of air stoichiometry. From the
figure it can be seen that air stoichiometries above four (�air > 4)
Fig. 9. Nyquist plot showing the impedance spectra at different air stoichiometries.
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The impedance response during oxygen depletion has previ-
usly been reported in numerous papers [39,32,31,37,40–43,16].
iureanu and Roberge [32] investigated the LF loop in a Nafion-
ased PEM fuel cell at low temperatures and low currents, where
ooding becomes important. In their study they assign the LF loop
o be generated from air limitation to the backing/catalyst layer
nterface caused by the accumulation of liquid water in the pores
f the backing layer.

Results have shown that impedance measurements are a global
n-plane measurement method and the in-plane variations can
e significant [41]. Recent localized measurements performed by
chneider et al. [42,43] contradict the theory of the thin film
gglomerate model [32,39] as data indicate that the low frequency
oop stems from over-potentials in the downstream parts of the flow
hannel caused by oscillations of the oxygen partial pressure gener-
ted upstream in the flow channel. This supports the measurements
hown in Fig. 9 as no liquid water is present in the micro-porous
ayers of the MEA of an HT-PEM fuel cell, no diffusion limitation
ased by a thin film of water in the porous structure of the MEA
an therefore occur. Results from impedance measurements on fuel
ells with different flow fields [36] also contradicts the thin film
gglomerate theory as interdigitated flow fields seems to eliminate
he low frequency semi-circle. In an interdigitated flow field the
ow is forced through the GDL by convection, oscillations in the
hannels will therefore be suppressed as the pressure drop is much
igher than conventional flow fields. However, the LF frequency

oop is most likely governed by both the length of the channel, as
chneider et al. theory suggest, and it is dependent on the GDL
tructure.

It is believed by the authors of this paper that more experimental
ork has to be carried out in this field in order to fully understand

his phenomenon and thereby build a supporting model that can
imulate the AC response of low stoichiometric conditions on the
athode side, using a sound physical understanding. The authors
uggest that experiments with different flow fields (serpentine,
nterdigitated) and different GDL structures (thickness, structure)
re carried out on an HT-PEM fuel cell to avoid a thin film of water.

.4. Hydrogen stoichiometry
When operating on ambient air the rate limiting reaction is
he ORR. Therefore, changing the hydrogen stoichiometry has lit-
le effect on the HOR and thus on the overall performance of the
uel cell. This is illustrated in Fig. 11. As can be seen from the figure

Fig. 10. Gas Transfer Resistance as a function of air stoichiometry.
Fig. 11. Nyquist plot showing the impedance spectra at different hydrogen stoi-
chiometries.

the impedance spectra are almost identical at all stoichiometries,
only a slight change in the membrane resistance is observed. The
consistency in the data is due to the diffusive nature of hydrogen,
the molecules can easily diffuse through the GDL and reach the
active sites of the anode catalyst and dissociate into electrons and
hydrogen protons.

The amount of AC impedance studies investigating hydrogen
stoichiometry is very scarce. Jalani et al. [37] showed that if the
hydrogen stoichiometry is unity (�H2 = 1) then a pure diffusion-
limited trend takes place identified by a 45 ◦C straight line. It is
assumed that the impedance spectra shown in Fig. 11 will take a
similar trend when subject to (�H2 = 1).

No secondary low frequency loop was detected on the anode side
as it was the case on the cathode side, see Fig. 9. This agrees with
the theory proposed by Schneider et al. [42,43] as no concentration
oscillations can occur on the anode side as only hydrogen is present
there. Moreover, the diffusive nature of hydrogen allows for better
mass transport to the anode electrode. Hence, no low frequency
loop appears on the anode side.

4. Conclusion

A polybenzimidazole high temperature unit cell was analyzed
in various modes of operation using AC impedance spectroscopy,
with the main purpose of providing a data set for future impedance-
based fuel cell diagnostic systems. EC modeling was used to derive
physically related parameters from the fuel cell, a modified Ran-
dles cell was used for this purpose. The model was able to provide
a reasonably good fit of the experimental data in all modes of oper-
ation in the study, which proves that a generic and flexible model
is found. From the model and the experimental data it was found
that the temperature has some influence on the ohmic resistance,
i.e. membrane resistance, which is also a function of current. The
charge transfer resistance, which is a measure of the reaction kinet-
ics, showed a strong dependence on temperature, whereas current
is less important. The gas transfer resistance, which is a measure of
the mass transport limitations to the reactive sites, showed a strong
dependence on current and a somewhat weaker dependence on
temperature.
The cell was also tested for the effect of changing the stoichiom-
etry of the inlet gases. The impedance spectra provides a very clear
and distinct signal when the cell is fed with a low air stoichiome-
try; however the exact nature of why this low frequency semicircle
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ppears is still being discussed in the literature. Based on the data in
his study and published results it is concluded that the semicircle is
function of both the GDL structure and the gas channel structure;
owever, more experiments are needed in order to fully understand
his phenomenon. Results in the present study showed that the cell
hould be operated at �air > 4 in order to avoid significant losses
ue to mass transport of oxygen. Results from investigating the
ffect of hydrogen stoichiometry showed that low hydrogen stoi-
hiometry only has a marginal influence on the impedance spectra.
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