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Abstract

AC impedance or electrochemical impedance spectroscopy (EIS) has been demonstrated to be a powerful technique for characterizing and
evaluating fuel cells. In this work, as an extension of our previous study on the stack impedance of a 500 W PEM fuel cell, we report the AC
impedance studies on individual cells of the same fuel cell stack. The EIS of the stack with an active area of 280 cm? was measured at currents
from 10 to 210 A in steps of 20 A using the combination of a FuelCon test station, a TDI loadbank and a Solartron 1260 Frequency Response
Analyzer. Measurement of the individual cell EIS was carried out with the help of a rotary switch unit made in our lab. Two methods (floating
mode and grounded mode) were utilized for measuring the impedance spectroscopy of the individual cells. The results show that both methods
are applicable to individual cells. The results also indicate a good agreement between the total Ohmic loss in the stack and the combined Ohmic
losses of the individual cells.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction mass transport in both the catalyst layer and backing diffusion
layer, to fuel cell performance [2].
Polarization curves and EIS are common techniques for eval-

uating the performance of a fuel cell and studying the factors that Due to the versatile capabilities of the EIS technique and the
govern the electrochemical process within the fuel cells. Polar- complexity of the membrane electrode assemblies (MEA) inside

ization curves provide a more direct measurement of fuel cell the fuel cell, EIS has been widely used to study fuel cell systems
performance while EIS can provide richer information about the [3-8]. In various studies, EIS has been applied to:

electrochemical processes within the fuel cell. EIS is a preferred

technique in fuel cell diagnosis because: e optimize the MEA structure including catalyst loading, poly-

] ) ) o ] tetrafluoroethyline (PTFE) concentration [9], Nafion loading
e it can provide microscopic information about the electro- [10];

chemical system;

e it allows modeling of the system with an equivalent circuit
(EC);

e it has the capability to differentiate the individual contri-
butions of each component, such as the membrane and gas
diffusion electrode, to the fuel cell performance [1];

e it has the capability to differentiate the individual contribu-
tions of each process, such as interfacial charge transfer and

e optimize operation conditions [11-19];
e measure membrane resistance [20-25];
o study the effects of contaminates on fuel cells [26,27].

Its applications have ranged from single cells to fuel cell stack
impedance [28,29] and localized impedance [30,31].

As summarized in our previous work [32], most of the pre-
vious studies have focused on single cells and only limited EIS
work has been done on fuel cell stacks due to the cost and lim-
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would not generate the information required for understanding
the detailed behaviour of individual cells. Even though the EIS
of individual cells is a better tool for the evaluation of fuel cell
stack performance, little work has been done to study individual
cell behaviour within a large PEM fuel cell stack. It is known that
Webb and Mdller-Holst [33] measured the individual cell volt-
ages in fuel cell stacks and Mennola et al. [34] studied the Ohmic
voltage losses of the individual cells of a PEMFC stack with an
active area of 25 cm? using a current interruption technique.

In the study of PEM fuel cells it is generally assumed
that membrane resistance is independent of the current density
[35-37]. But there have been reports that claim the value of
membrane resistance increases with the current [21,25]. Appar-
ently there are uncertainties regarding the effect of operating
conditions on the resistance of the Nafion membrane [28], espe-
cially the membrane resistance at different current densities. The
main objectives of this study are to present diagnostic informa-
tion through AC impedance measurements of a 500 W PEM
fuel cell stack, to measure the individual cell impedance spec-
tra using multiple methods, to compare total Ohmic loss in the
stack to the combined Ohmic loss of the individual cells, and
to investigate current dependence of the membrane resistance
using EIS.

2. Experimental

Impedance measurements were conducted on a 500 W PEM
fuel cell stack. The stack tested in this study contained six cells,
each with an active area of 280 cm?®. The test platform for AC
impedance measurements of the fuel cell stack and individual
cells consisted of an effective modification and combination of
a FuelCon Evaluator-C 1 kW PEM fuel cell test station, a TDI
WCL488 400-1000-12000 Water Cooled Electronic Load, and
a Solartron 1260 Impedance Gain-Phase Analyzer. The exper-
iments were performed in galvanostatic mode and the testing
current was reached with the use of the water-cooled electronic
load system (the load system used in this work has the capabil-
ity of drawing 1000 A, which differs from the work of Ciureanu
[28], where the measured maximum current was 100 A with a
stack of 5 cells, whose geometric surface area was 250 cm?).
The inlet gases were H» in the anode and air in the cathode, and
both gases had back-pressures of 1 bar (absolute pressure). The
inlet hydrogen flow rate was maintained at 151 min~! and air-
flow was maintained at 801 min~"' regardless of current density.
Both the anode and cathode side were controlled at 100% relative
humidity. All the measurements were carried out at 50 °C. Other
experimental details can be found in our previous work [32].

The AC impedance spectra, including both phase shift and
amplitude, were recorded as the frequency was scanned from
20kHz to 0.1 Hz. Two connection methods, floating mode and
grounded mode, were utilized for measurements of the EIS of
the individual cells. Zplot was employed to measure the complex
impedance data, and Zview was used for the electrochemical AC
impedance data analysis.

The measurement of the individual cell EIS was made easier
with the help of a homemade rotary switch unit. The electrical
connection schematics for both of the EIS measurement meth-

ods employed in the study are depicted in Fig. 1. For the floating
mode method, seen in Fig. 1(a), the Voltage 1 and Voltage 2
Low Input points of the impedance analyzer and the S-terminal
of the TDI WCL488 Load-Bank were connected together as
an individual voltage measuring point to connect to the nega-
tive end of a single cell in the stack. For the grounded mode
method, seen in Fig. 1(b), the negative terminal of the stack was
taken as the ground point and was always connected to the Volt-
age 2 Low Input point of the impedance analyzer and to #1 of
the rotary switch unit. The cell switch unit had two 12-position
rotary switches, switch #1 and #2. For the floating measurement
mode, the two switches were moved together to connect to the
individual cell. For the ground referenced measurement mode,
the switch #1 was fixed to P1 (the stack negative terminal) and
the switch #2 was moved to different positions to connect dif-
ferent cells, i.e., 1 cell, 2 cells, and up to 6 cells (counted from
the anode side).

Due to the drift of the system being measured, the fuel cell
stack was operated at 100 A (individual cell potential was about
0.6 V) for at least 1 h in order to achieve a steady-state environ-
ment before starting the impedance measurement. The system
drift resulted from various mechanisms, such as adsorption of
solution impurities, growth of an oxide layer, build-up of reac-
tion products in solution, coating degradation, and temperature
changes. The total Ohmic resistance in the stack was measured
or calculated before and after the individual measurements to
verify the reliability of the measurements.

3. Results and discussion
3.1. Selection of the signal amplitude

AC impedance is measured in either the potentiostatic mode
(voltage control mode) or galvanostatic mode (current control
mode). The galvanostatic mode is preferred because PEM fuel
cell performance tests, i.e., polarization curves, are usually car-
ried out in galvanostatic mode and current control is easier with
commercial loadbanks than voltage control. In addition, the gal-
vanostatic mode forces a constant conversion rate with respect
to the charged species [38].

The amplitude used for the AC signal, which determines the
signal/noise (S/N) ratio, plays an important role in obtaining
good impedance spectra. Wagner et al. [38] conducted their AC
impedance measurements in galvanostatic mode. They used a
200 mA amplitude AC signal superimposed onto a DC current of
5 A (current density: 217 mA cm™2) to study the change of elec-
trochemical impedance spectra with time during CO-poisoning
of the Pt-anode in a membrane fuel cell. In Jaouen and co-
workers work [39,40], the authors maintained the amplitude of
the AC current at 5% of the DC current.

In this work, AC signals of different amplitudes were tested
to find the optimal choice. Fig. 2 shows the effect that different
amplitudes of the AC signal have on the spectraata 50 A DC cur-
rent. The amplitudes studied here are from 1% to 15% of the DC
current. Two semicircle loops were observed in the spectra. The
high frequency loop starts at a frequency of 20kHz, and ends
at around 1 kHz, which is associated with the internal Ohmic
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Fig. 1. Electrical connection schematics of the EIS measurement. (a) The float-
ing mode and (b) the grounded mode.

resistance and the contact capacitance in the granular electrode
structure of the MEAs or issues related to the measurement cir-
cuits [32]. The low frequency loop, called the “kinetic loop”,
starts at a frequency of approximately 1 kHz and ends at around
0.3 Hz with a peak frequency of 7.54 Hz, which corresponds to
the charge transfer kinetics of the Oxygen Reduction Reaction
(ORR) at the electrode interface.

As seen in Fig. 2(a and b), there is almost no difference
between the spectra of the high frequency portion when AC
signals of different amplitudes in the range from 1% to 15%
are applied. On closer examination of the low frequency region,
depicted on the right sides of Fig. 2(a and b), one can see that at
low frequencies, the data points are scattered for amplitudes of
1%, 2% and 3%. Smooth curves are observed when the ampli-
tudes of the AC signal are larger than 5%. Further increase of the
AC signal amplitude from 5% to 10% and 15% results in a tiny
expansion of the kinetic loop, seen in Fig. 2(b). Similar trends
are also observed in the AC impedance spectra measured at DC
currents of 100 and 150 A, as illustrated in Figs. 3 and 4 with the
characteristic frequencies marked. The only difference is that at
the low frequency portion, the impedance curves shrink when
the AC signal amplitude increases from 5% to 10% and 15%. At
this moment, there is no clear understanding of the cause for the
difference observed. As pure speculation, it might be related to
the contribution of mass transport to the total impedance. Nev-
ertheless, the objective is to select the AC signal amplitude that
least affects the measurement results and has low noise. From
this work, it appears that the AC signal with amplitude of 5% of
the DC current is a reasonable choice. This choice is in agree-
ment with the work of Jaouen and co-workers. They used the AC
current amplitude of 5% of the DC current [39,40]. Hence, the
following experiments are all measured with AC current ampli-
tude of 5% of the DC current.

3.2. Measurement results in grounded mode

In the grounded mode measurements, AC impedance spec-
tra were measured in the order of first cell, first two cells, first
three cells, and continued in this way until the impedance of the
whole stack was measured. The advantage of this method was
that the instrument could be grounded and the stack impedance
was measured when the impedance of all the cells was measured.
The disadvantage was that individual cell impedance, except
for the first cell, was not measured directly. Rather, individ-
ual cell impedances were obtained by subtracting the measured
impedance from the impedance of the cells in front of the cell
investigated.

The AC impedance that was measured in the grounded mode
at a DC current of 50 A is presented in Fig. 5. The cells were
counted starting from the anode side of the stack. Seen in Fig. 5,
as the number of cells measured increased, the kinetic loop and
the high frequency intercept of this kinetic loop also increased.
The impedance of individual cells was obtained from these mea-
surements by subtracting the measured impedance from the
impedance of the cells in front of the cell studied. Further pro-
cessing of the impedance data was carried out using the Solartron
software, Zview.
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It is known that in the Nyquist plot, the high frequency inter-
cept of the kinetic loop and the real impedance axis is a measure
of the total Ohmic resistance of the cell. The total resistance can
be expressed as a sum of the contributions from contact resis-
tances and Ohmic resistances of the cell components including
membrane, catalyst layer, gas diffusion layer and bipolar plate
[41], among which, the biggest contributor is the membrane
resistance. Accurate values for the high frequency intercept of
the kinetic loop and the real impedance axis can be obtained by
fitting the impedance data to an appropriate equivalent circuit.

During the data fitting process only the kinetic loop was used
with an equivalent circuit. The semicircle at the high frequency
region, as seen from Figs. 2-5, was not included because this
semicircle at the high frequency region is not associated with

the electrode process [32]. Since there was almost no overlap
of the two loops, the high frequency semicircle had a minimal
effect in the data fitting process. The results obtained after this
data processing are illustrated in Figs. 6 and 7.

Fig. 6(a) shows the Ohmic resistance of the individual cells at
different currents and 50 °C, while Fig. 6(b) shows the compar-
ison of the stack Ohmic resistance to the sum of the individual
cell Ohmic resistance. It is seen clearly that at low currents, with
increasing current, the Ohmic resistance decreases. At high cur-
rents, however, the Ohmic resistance does not vary much. There
is only a minor fluctuation that is most likely due to experimental
error. Among the different cells, there is no clear trend shown
in the Ohmic resistance data. In most cases, however, it appears
that the cells in the center have lower Ohmic resistance. The cen-
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Fig. 3. The effect of AC amplitude on the Nyquist plots at DC current of 100 A at 50 °C with the low frequency region enlarged on the right side. The value of AC

amplitude is (a) 5-15% and (b) 1-5% of DC current.
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ter cells can probably reach a slightly higher temperature than
the end cells due to the effect of thermal radiation, resulting
in a higher conductivity hence lower Ohmic resistance of the
membrane (which is known the major contributor to the total
Ohmic resistance). This result agrees with Mennola et al. [34].
It also appears that the variance of the Ohmic resistance among
the individual cells is small at high currents but relatively large
at low currents. It suggests that at low currents the temperature
and hydration of the membranes can vary widely from cell to
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Fig. 5. The typical impedance spectra in the way of common-point connection
(grounded mode) at DC current of 50 A at 50 °C. The cells are counted start-
ing from the anode side of the stack. (a) Full screen of Nyquist plot and (b)
enlargement of the high frequency region.

cell. This could result in faster membrane degradation of some
cells than others. Membrane degradation is known as one of the
predominant failure modes for PEM fuel cells. Large variance
of Ohmic resistance at low currents will eventually affect the
durability of the fuel cell stack.

Freire and Gonzalez [42] measured the Ohmic resistances at
different currents by AC impedance through the high frequency
intercept values of the kinetic loops. Their results indicated that
the Ohmic resistances, mainly membrane resistances as afore-
mentioned, change with current. Slade et al. [21], who used the
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current interruption method to measure membrane resistance as
a function of current density, made similar observations. Their
experiments were carried out with a Ballard Mark SE single cell.
The cell was operated with internally fully humidified H>/O; at
3 barand 1.5/10.0 stoichiometry. The results showed that the area
resistance as a function of current is flat for thinner membranes.
But when the membrane thickness increased, the area resistance
increased substantially at high current densities. They suspected
that this increase of membrane resistance at high current densi-
ties for thicker membranes was due to drying of the membrane at
the anode. Andreaus and Scherer [25] used both the current pulse
technique and AC impedance to study the current dependence
of membrane resistance. In their experiments, both gases were
fed in 50% excess. The electrode active area was 28 cm?. The
results showed that membrane resistance increased significantly
at high current densities, thus causing a performance loss as
predicted by various models [43—45]. According to the models,
membrane resistance increased with current. They explained that
at medium and high current densities, the decrease in water con-
tent started to become significant due to electro-osmotic drag.
This resulted in the increase of the specific membrane resistivity
of the anode portion [46]. Thus, it gave rise to an increase of the
total membrane resistance. This effect was more pronounced for
electrolyte membranes with unfavorable water back-transport
characteristics, such as thick membranes or membranes with
high EW.

Our results seem to be in discrepancy with the literature.
The membrane resistance we obtained decreased with current
rather than increasing. The reason was that in our experiments
we kept the flow of inlet gases unchanged for the duration of
the measurements. Therefore, membrane humidification at low
currents was possibly insufficient due to the large flow of gases

and small amount of water produced at the cathode. At high cur-
rents, humidification increased due to larger amounts of product
water. This demonstrated that the AC impedance method is a
very sensitive technique for detection of membrane hydration.

The results in Fig. 6(b) indicate a good agreement between
the total Ohmic loss in the stack and the combined Ohmic loss
of the individual cells. A similar trend is observed with the stack
Ohmic resistance at different currents, as seen already for the
individual cells.

The calculated voltage loss due to Ohmic resistance for each
cell at different currents is presented in Fig. 7(a). It is seen that
the Ohmic voltage loss increases approximately linearly with
current, although the Ohmic resistance is not constant at the
different currents. A similar trend is visible in Fig. 7(b), which
compares the stack Ohmic voltage loss and the sum of the Ohmic
voltage loss of individual cells. This result explains why many
researchers have the perception that membrane resistance is con-
stant regardless of current. Many researchers try to obtain the
in situ membrane resistance through the analysis of polarization
curves. Due to the fact that Ohmic voltage loss changes linearly
with current, there is a natural assumption that membrane resis-
tance does not change with current. This assumption can only
be shown wrong through AC impedance measurements.

At high currents, a small variation in Ohmic resistance can
cause a large variation in voltage loss due to the Ohmic resis-
tance. This phenomenon is seen in Fig. 7(a) where the variation
in Ohmic voltage loss at high currents is much bigger than that at
low currents. Therefore at high currents, it is more likely to have
“low cells”, which have a tremendous impact on the reliability
of a fuel cell stack.

It is known that the diameter of the kinetic loop in the Nyquist
plot is associated with charge transfer resistance. Therefore, in
addition to the Ohmic resistance, charge transfer resistances
can also be obtained from the same spectra of the impedance
measured [32]. Fig. 8(a) shows the dependence of the charge
transfer resistance of individual cells on current. At low cur-
rents the charge transfer resistance is observed to decrease with
increasing current, due to the increased driving force for the
electrode process. Then, at about 100 A, it begins to rise due to
the increasing contribution of mass transport [32]. This trend is
more obvious in Fig. 8(b), which shows the dependence of the
stack charge transfer resistance on current.

3.3. Results by floating mode measurement

The floating mode method is able to measure the AC
impedance spectra of each individual cell directly. The advan-
tage of this method is that the data analysis is not as time-
consuming as that of the grounded mode method.

In our measurements, at each current, the measurements
began with the whole stack, then the individual cells, and then
the whole stack again. In this way we were able to check the
reliability of the measurement system and we could compare
the sum of the Ohmic losses of the individual cells to the Ohmic
loss measured across the whole stack. The noise level of the
spectra measured, fortunately, was quite acceptable. Similar data
processing protocols were used and the results are depicted in
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Figs. 9—11. Fig. 9(a) shows the Ohmic resistance of the individ-
ual cells measured at different currents at 50 °C, and Fig. 9(b)
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various currents is presented in Fig. 11(a and b) shows the depen-
dence of the stack charge transfer on current before and after the
individual cell measurement, which indicates the reliability and
stability of the measurement system.

Comparing Figs. 9-11 with Figs. 6-8, respectively, one can
easily find that the two methods generate almost identical results.
Only a small difference in the individual cell resistances by the
two different measurement methods is noticed, which may be
attributed to the variations of the individual cells during the
measurement or might be purely experimental error. Neverthe-
less, this small difference will not alter the conclusions from
these measurements. In summary, either of the two measure-
ment methods can be used in obtaining individual cell impedance
spectra.

4. Conclusion

The EIS of the individual cells of a 500 W PEM fuel cell stack
can be measured in galvanostatic mode with the combination of
a FuelCon test station, a TDI loadbank, and a Solartron 1260
Frequency Analyzer using either a grounded connection or a
floating connection. The noise level for the floating connection
measurements is not a concern. The optimum choice for the
amplitude of the AC signal is about 5% of the DC current.

In general, there are two semicircular loops shown in the
Nyquist plot for the individual cell impedance spectra mea-
sured. The loop at the lower frequency region corresponds to
the electrode process. The loop at the higher frequency region
is not associated with the electrode process and can be excluded
during the equivalent circuit fitting process. The Ohmic resis-
tance extracted from the AC impedance spectra shows a trend
to decrease with current, which is contradictory to some of the
previous studies. This is attributed to the particular experimental
condition used. Presently, further investigation is being carried
out using current interruption and EIS techniques. Our results
also demonstrate that the AC impedance method is a sensitive
technique for detection of the degree of membrane hydration.
Among the six cells of the stack, the center cells have lower
Ohmic resistances due to high temperatures at the center. Varia-
tion of the Ohmic resistances among the individual cells is high
at low currents and low at high currents. However, variation of
the voltage loss due to the Ohmic resistance is higher at high
currents. This is the reason that there are more “low cells” at
high current operation.
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