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Abstract The diagnosis of flooding or drying is an
important factor in improving the reliability and durability
of PEMFCs. Indeed, flooding and drying lead to a reduc-
tion in the output voltage delivered by the fuel cell. Among
the various diagnostic techniques, electrochemical impedance
spectroscopy (EIS) is a powerful tool. In this study, EIS
measurements were carried out on a 500 W stack comprised
of 16 elementary cells. Electrochemical impedance spectra
were recorded either on each cell or on the stack. Use of
an electrical equivalent circuit model revealed that flood-
ing mainly affects the transfer resistance and the cathodic
Warburg impedance. A diagnostic tool based on these two
components is proposed.
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1 Introduction

The Proton Exchange Membrane Fuel Cell (PEMFC) is
one of the most attractive energy conversion devices, to be
used in particular as a power source for stationary and
mobile applications (stationary power generation, small
portable applications, powering cars...). However, water
management is a key issue in obtaining satisfactory and
stable PEMFC performance [1, 2]. PEMFC durability and
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reliability are strongly dependent on water content. Suit-
able hydration of the membrane is therefore required to
avoid both drying and flooding.

Water management of an MEA is quite complex. Water
is produced within the cathode through the O, reduction
reaction, while water transport takes place through the
membrane. Water is transported from anode to cathode by
electro-osmosis drag. Each proton crosses the membrane in
a solvation shell. This phenomenon thus involves a water
flow from the anode to the cathode. Water diffusion or
back diffusion then occurs owing to the water concentra-
tion gradient on both sides of the membrane. In addition,
water can be supplied to H, or O, flows by external
humidifiers and removed as liquid or vapour by gas
channels.

Among the various parameters, inlet gas flow rates can
have a considerable influence on drying or flooding phe-
nomena. Drying generally occurs when there are high
water removal rates, generally obtained with a high over-
stoichiometric coefficient and a high temperature. The
resulting decrease in membrane ionic conduction then
results in significant ohmic loss. On the other hand,
flooding occurs when the water production rate exceeds the
water removal rate, resulting in water accumulation within
the cell, particularly on the cathodic side. These conditions
generally occur for low overstoichiometric coefficients.
Water can accumulate in both the electrode and the gas
channel. On the one hand, excess water in the electrode
pores causes flooding that hinders oxygen diffusion in the
porous volumes of both the gas diffusion layer and the
active layer. Thus a reduction in the active area may be
observed. On the other hand, water droplets can block the
gas flow in the channels. The effect of either flooding or
drying is reduced cell output voltage caused respectively
by an increase in the cathodic overpotential or the ionic
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ohmic drop losses. Therefore an accurate diagnosis of fuel
cell stack water management is important for the devel-
opment of industrial applications for PEMFC technology.

The aim of this study is to characterise PEMFC flooding
or drying using electrochemical impedance spectroscopy
(EIS). Electrochemical Impedance Spectroscopy has been
demonstrated to be a powerful non-invasive in situ exper-
imental technique for investigating the complex processes
occurring within a PEMFC [3]. EIS has been used to study
intraelectrode processes within thin porous coating elec-
trodes and gas diffusion electrodes in a half cell [4-8] and
suitable models were developed to interpret the experi-
mental results. More recently, impedance techniques have
been used to study the response of a complete single cell
[9-13]. Based on a detailed description of transport phe-
nomena in a Gas Diffusion Electrode, a pertinent expla-
nation was proposed by Paganin et al. [9] for the
impedance diagrams of a PEMFC. Their main conclusions
concern the important roles of water transport within the
membrane and oxygen diffusion within the gas diffusion
layer of the electrode, particularly when using air rather
than pure oxygen. Freire and Gonzalez [10] studied the
impedance response of a H,/O, PEMFC under different
working conditions and with several Nafion membrane
thicknesses. Their results clearly highlighted that thinner
membranes (<100 um) offer better characteristics for
water management, because of a much lower sensitivity to
temperature and current density changes. Song et al. [11]
optimized the electrode structure and composition, using
information from the cell current-potential and AC
impedance measurements. Wagner [12] simulated experi-
mental impedance diagrams by using an equivalent circuit
and taking into account electrode impedances and elec-
trolyte resistance. Andreaus et al. [13] investigated per-
formance loss in a PEMFC operating at high current
densities. These authors explain their experimental results
on the basis of a shortage of water within the membrane,
which leads to decreased membrane conductivity and
increased activation potential for the hydrogen oxidation
reaction. These effects are due to a decrease in the number
of active sites on the anodic side.

AC impedance measurements have mainly been used to
determine the internal resistance of such systems, which is
partly related to membrane resistance. This resistance
depends on water content and fuel cell temperature. Merida
et al. [14] and Le Canut et al. [15] used EIS to detect
membrane drying or flooding respectively for a four-cell
stack and for a 4-22 cells stack. An increase in the
impedance value was observed under flooding conditions
compared to optimal conditions. More recently Roy and
Orazem [16] coupled impedance spectroscopy with a
measurement-model-based error analysis to detect the
onset of flooding in a single PEM fuel cell. Moreover,
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Fouquet et al. [17] proposed a model of AC impedance
measurements for monitoring the state-of-health of a
150 cm” six-cells PEMFC, by studying variations in the
parameters of a Randles-like equivalent circuit as a func-
tion of flooding or drying conditions.

Thus, EIS is a powerful tool used to characterise and to
perform the state of health of a PEMFC stack as in few studies
[14, 15, 17-19]. The aim of the present study is to identify and
characterise a 100 cm” 16-cells PEMFC stack flooding or
drying by using EIS and to diagnose the flooding or drying
mechanisms for a stack through a suitable model. Moreover,
in this study EIS measurement of each cell of the stack and EIS
of the overall stack is compared in order to find a tool for rapid
non-intrusive diagnostic. Thanks to EIS method and model, it
is then possible to detect a defect or failure in the stack due to
one cell, while the other cells work correctly.

2 Experimental set-up and modelling

The experimental data of this study were obtained on a
500 W PEMFC stack. This stack comprised 16 cells
composed of 100 cm®> membrane electrode assemblies
(MEA) supplied by Paxitech®. The MEAs were made of
Nafion® membrane (thickness 50 pm) and a gas diffusion
electrode. The platinum loads of the Paxitech® electrodes
were 0.6 mg/cm? for both anode and cathode. The cells
were fed with pure hydrogen and oxygen. The stack tem-
perature was controlled by means of a thermostatic bath.
The inlet and outlet cell temperatures were measured by
thermocouples during the whole experiment and their
variations did not exceed 2 K around the set point. The
cells were purged between two runs or after flooding on
both cathode and anode sides by using pure nitrogen. The
fuel cell test bench (Fig. 1) was operated by a Schneider
Electric Premium system that independently controlled
fluid and electrical circuits and guaranteed the safety of the
experiment. The pressure in each compartment was auto-
matically controlled at 2 bars. The trials were performed in
galvanostatic mode using an Agilent N3300A electronic
load with two N3306A modules (0-120 A, 0-60V,
600 W).

Impedance measurements were carried out using an
Autolab PGSTAT302 potentiostat with an Autolab FRA2
module (frequency response analyser) combined with the
Agilent electronic loads. The loads 1 and 2 are connecting
in parallel on the stack. The AC signal amplitude was about
10% of operating current (for 50 A, a signal about +2.5 A
around 50 A) and the frequency range from 5 kHz to
0.5 Hz was covered by 50 points. The current is modulated
through the stack and the voltage is measured either across
a single cell (EIS of cell) either across the stack (EIS of the
stack). The AC signal amplitude was optimized for this
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Fig. 1 Test bench (a) and
PEMEC stack (b)

study at high current. Figure 2 presents the corresponding
device scheme. The time between each EIS measurement
was about 2 min and each cell EIS measurement was
recorded successively.

EIS spectra were determined for both the entire stack
and each cell at several temperatures and overstoichiome-
tries. Different behaviours of the stack were thus analyzed
for standard, drying and flooding conditions. The hydrogen
compartment was in dead-end mode for each run.

The PEMFC stack was operated in running conditions
for half an hour to achieve steady state conditions before
starting each EIS measurement.

The electrochemical behaviour of the MEA was simu-
lated by describing it as a suitable equivalent circuit that
involves various impedance components representing the
various electrochemical steps (Fig. 3).
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The physical model used to obtain the following gov-
erning equation for PEMFC responses is based on a pre-
vious d.c. and a.c. model [20]. In the absence of mass
transport limitation, the electrochemical reaction is simply
represented by an equivalent electrical circuit of parallel
RC cells. However when significant variations in the
interfacial concentrations on the electrodes occur, the
electrochemical reaction is represented by an equivalent
circuit with parallel Z; C [15]. The faradaic impedance Z;
is composed of two impedances in series: a charge transfer
resistance R, and an impedance related to the diffusion of
reduced species on the cathode side or oxidized species on
the anode side. This diffusion impedance is called the
Warburg impedance and is represented by Zy. But the
complete description of the electrode impedance must
account for the double layer capacitance (C,). The

Fig. 2 Device scheme of the
EIS measurement
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impedance of an electrode then corresponds to the parallel
combination of the faradic impedance Zand the double layer
capacitance to describe the dynamics of the changing con-
centration in the gas backing layer and the charge stored in the
interfacial capacitance. On the cathode side, oxygen gas
transport limitation can occur due to water flooding, while
hydrogen gas diffusion is generally assumed negligible with
regard to the other phenomena. The anode equivalent circuit
thus involves the double layer capacitance (Cg) and the
transfer resistance related to electron transfer (Ry,). The cor-
responding impedances are then expressed as:

1

Zcathode = 1
hod (w) 1/(th N ch(w)) +j(l)Cd] ( )

and

Zanode(w) = 1; (2)

/(Rig) TI0Ca

Note that the Membrane Electrode Assembly design is
symmetric. The same type of electrode and Pt/C catalyst
loading are considered for both anode and cathode. The
double layer capacitance (Cgq)) is quite similar and thus
assumed equal for both electrodes.

In the frequency domain, a restricted diffusion imped-
ance, assuming a Fick’s law, thus allows approximation of
the contribution of oxygen mass transport within the gas
diffusion layer on the cathode side. An approximation of
the Warburg impedance [20] is given by:
A,

V1+jot,

where t. is the diffusion time constant (s) and A. the
Warburg constant (Ohm).

The total impedance of the fuel cell is composed of two
impedances (one per electrode), in series with the internal
resistance R; linked to the membrane (Fig. 3). Finally, the
MEA equivalent circuit includes the two models of elec-
trodes in series with the internal resistance:

ZMEA(w) = Zanode(w) + Ri + Zcuthode(w) (4)

ZWC((D) =

(3)

It is worth mentioning that the internal resistance (R;) is
related to the membrane resistance (R,,) and also contact
resistances.

This classical model was selected in order to describe
the cells within the stack. It offers a suitable approach in
order to identify the real phenomena and allow a fast
diagnosis of the stack. In the present case, the stack
involves 16 elementary cells assumed to be equivalent and
consequently its impedance is:

Zstack(0) = 16 - Zypa () (5)

Based on these EIS models of the MEA and stack, a
procedure was performed to fit the real and imaginary parts

@ Springer

of the experimental impedances obtained for the cell and
the stack. Five parameters were thus used to fit the
simulated and experimental impedances: R;,, R, Cy, t.,
A.. For consistency, the internal resistance R; value used in
the model is the experimental resistance value measured at
high frequency.

Impedance data were fitted using the Matlab optimization
toolbox (LSQCURVEFIT function) using Gauss-Newton
line-search method algorithm for non-linear least-square
problem solving. The experimental data obtained at low fre-
quency were not used for curve fitting because measurement
uncertainty was too great. The EIS diagrams were fitted in a
frequency range from 5 kHz to 3 Hz.

3 Results and discussion

The experimental study is divided into two parts. The first
part presents the experimental EIS diagrams for each cell
and their fitting by the model previously described. The
goal here is to detect the operating conditions leading to
flooding either in a single cell or in several cells and to
determine which parameter is significantly influenced by
water accumulation.

The second part is devoted to the study of measured and
fitted overall EIS diagrams for the stack for different
operating conditions (standard, flooding or drying) and to
the final diagnosis of the stack by measuring only one
impedance spectrum.

3.1 Study of the flooding of a cell

In this first part, the behaviour of the stack was investigated
at 50 °C for a 50 A fixed current with a feed of pure
hydrogen at the anode and pure oxygen with 3 different
overstoichiometric coefficients at the cathode. Experi-
mental impedance spectra highlighted a heterogeneous
behaviour of the cells. Two cells (number 7 and 13) were
selected for their specific electrochemical behaviours. Note
that the EIS measurements were performed before purging
the fuel cell stack with pure nitrogen (runs 1 and 2) and
afterwards (runs 3 and 4) as shown in Fig. 4. Figure 5

Nitrogen
puriing
] ] ] | >
| | | I .
time

ey 2 3) “)

\_Y_)\_Y_)\_Y_)

»h Yah Yah

Fig. 4 Experimental running



J Appl Electrochem (2010) 40:911-920

915

Fig. 5 Experimental

impedance diagrams
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presents typical experimental impedance spectra in the
Nyquist plot on both cells for runs (1) to (4). The capacitive
loop recorded between 1000 and 0.1 Hz is characteristic of
the contribution of fuel cell interfaces to impedance. The
separation between the charge transfer resistance and dif-
fusion arcs does not appear due to the very large value of
the double layer capacitance.

An analysis of these experimental impedance diagrams
for the H,/O, PEMFC can be performed based on the
model presented in Sect. 2 of this study. Even though the
effects of kinetics and mass transport in the GDL are partly
superimposed in the impedance spectra, the experimental
results were analysed for the purpose of elucidating the
mass-transport phenomena within the gas diffusion elec-
trode, which give rise to low-frequency features in the
impedance spectra.

Impedance spectra (7-1, 7-2, 13-1, 13-2) and (7-3, 7-4,
13-3, 13-4) were respectively recorded before and after
purging. In our operating conditions, diagrams for cell 13
appear significantly larger than those for cell 7 before
purging. After nitrogen purging, the spectrum amplitude
clearly decreases for cell 13 whereas it remains relatively
unchanged for cell 7. Replications were then performed
leading to spectra 7-4 and 13-4.

This behaviour could be related to electrode flooding.
The water produced by the electrochemical reaction was
assumed to be liquid and its effect was taken into account
through a homogeneous decrease in the gas diffusion
electrode porosity. In addition, we also assumed that this
liquid water partly blocked the electrode geometrical sur-
face area, reducing the reactive area. Between the trials
before and after purging, cell flooding is confirmed: the
spectrum amplitude is increased in flooding conditions as
previously reported in the literature [15] and the spectrum
modification seems reversible (Fig. 5).

0.011 0.012 0.013 0.014 0.015

Re(Z) / ohm

On the basis of this experimental investigation, it can be
stated that both polarisation resistance (i.e. the charge
transfer resistance and the Warburg impedance) and apex
frequency should be criteria for diagnosing the flooding
state of a cell, but it is necessary to scan the entire spectrum
range.

The impedance spectra obtained by EIS provided a set
of model parameters. Figure 6 shows the good agreement
between experimental and fitted impedance diagrams,
using the model parameter values shown in Table 1. The
variations in the fitted parameters are presented in Fig. 7a
and b respectively for cell 7 and cell 13. As expected, the
three parameters, R,., A, and .. turn out to be more sensitive
to the flooding effect than the others (R,, R; and Cg ). The
same behavior is observed in [17] where two parameters
are particular affected by the flooding: the polarization and
the diffusion related resistances. In the case of a optimal
cell (cell 7) the apex frequence still remain around 46 Hz
with time whereas in case of the flooding cell (cell 13) the
apex frequence increased from 12 to 38 Hz after the
nitrogen purging. A low frequency could thus possibly
indicate flooding. On the other hand, the internal resistance
was only slightly modified by flooding and a mean value
about 0.0013 Q was measured. The membrane can thus be
considered to have similar humidification conditions. No
significant variation was observed for cell 7 which operated
under standard conditions, except for parameter 7. in the
Warburg impedance. In the case of cell 13, initially under
flooding condition (13-1, 13-2) then purged with nitrogen
(13-3, 13-4), all the parameters were affected by the
flooding.

It appears that the charge transfer resistance and the
Warburg impedance on the cathodic side were the param-
eters most affected. Accordingly, for cell 13, parameters
R,., and A, are three times lower after purging. In fact the
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Fig. 6 Impedance spectra

fitting in Nyquist plot (a) and
phase angle in Bode plot (b):
trial 1 with a flooded cell (open
square cell 13-1) and a standard
cell (multi symbol cell 7-1) and
trial 3 after nitrogen purge
(asterisk cell 13-3) line
simulated diagrams
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Table 1 Fitting parameters used for the model

Frequency[Hz

Cell 7-1 Cell 7-2 Cell 7-3 Cell 7-4 Cell 13-1 Cell 13-2 Cell 13-3 Cell 13-4
R; (10~ ohm) 1.30 1.30 1.31 1.31 1.33 1.31 1.41 1.37
Ry, (10~* ohm) 5.02 5.18 4.92 523 6.93 6.14 6.02 5.92
R (1072 ohm) 3.01 3.02 2.94 2.93 9.69 8.90 3.47 3.43
Ca (1072 Farad) 7.57 771 774 7.78 9.06 8.69 7.52 7.39
t. (1072 5) 1.32 1.31 1.01 0.81 2.24 1.46 1.33 0.99
A. (1072 ohm) 111 1.05 1.07 1.02 3.35 4.02 1.38 1.93

cathodic Warburg impedance describes the interaction
between flooding and oxygen transport limitation. Both R,.
and A, thus increased when the water content was
increased. It is worth mentioning that ¢, was also affected
by flooding.

The double layer capacitance mainly depends on the
physical design of the MEA and therefore is not really
affected by the water amount.

Water seems to have a more important effect on the
cathodic parameters. The cathodic production of water
leads to water accumulation that prevents the gas from
reaching the electrode. It can be related to the decrease in
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porosity of the gas diffusion electrode. When nitrogen
purging was carried out, the cathode charge transfer
resistance decreased to a value close to that of cell 7,
indicating a clear relation between the cathode charge
transfer resistance and flooding. In the case of cell 7, no
effect of nitrogen purging was observed showing that this
cell was not able to accumulate water. These results are in
agreement with those of Fouquet et al. [17] for a 150 cm?
six-cell air/H, PEM where a set of three parameters of their
Randles model with CPE exhibiting a high sensitivity to
flooding or drying: the membrane resistance, the polarisa-
tion resistance and the diffusion resistance.
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Fig. 7 Fitting parameters for a standard cell (a) and a flooded cell (b)

3.2 Study of the flooding of a stack

The study on the stack was designed to obtain a diagnosis
without measuring each cell spectrum but from an overall
measurement on the 16-cell stack. As underlight in [14] the
overall stack impedance seem to be more interesting for the
implementation of a diagnostic device. Different operating
conditions were tested with varying voltage set-points, as
shown in Fig. 8.
Twelve experiments were carried out:

— Trials (1-5) under standard conditions: 50 A, 50 °C, O,
feed with an overstoichiometric coefficient equal to 1.5
— Trials (6-7) under flooding conditions: 50 A, 40 °C
(low temperature) in order to decrease water removal.

12 1 50A, 60°C, 6 02

standard

drying

Voltage (V)

10.8 o
50A, 50°C, 1.5 02 < >
10.6 )
flooding
10.4
10.2 50A, 40°C, 1.5 02
10

i 2 3 4 5 6 7 8 9 10 11 12
experimental series

Fig. 8 Working conditions on the 500 W stack and set-point
variation

— Trials (8-12) under drying conditions: 50 A, higher
temperature (50 °C and 60 °C) and high oxygen feed
(O, overstoichiometry 6) in order to increase water
removal.

The time between each trial was about 15 min.

Figure 9 presents the experimental and simulated
impedance spectra of the whole stack corresponding to the
second trails of each series ((2) (7) (9) and (11)).

Table 2 presents the parameters deduced from fitting
and the internal resistance determined at the intersection of
the high frequency limit with the real axis.

Figure 10 shows the evolution of these parameters. The
internal resistance remains low. Its average value close to
0.0015 Q is slightly modified by humidification conditions
and quite similar to that measured on a single cell during
the previous trials. Hence increasing water removal did not
enable drying conditions to be reached for trials 8—12. A
comparison between trials (2) and (9) reveals similar
behaviour. Water accumulated during experiments (6) and
(7) is removed by increasing both oxygen feed flow and
stack temperature.

For experiment 7 in flooding conditions, higher values
of R,. and A_ bear out the previous conclusion for the cell
impedance analysis. The resistance R,. and the Warburg
parameter A, appear to be the more relevant parameters for
detecting flooding for a cell as well as for a stack.

The stack temperature influences R,., which decreases
when temperature increases. The results show that the
evolution of R,. is more significant when the temperature is
decreased to 40 °C than when it is increased up to 60 °C.
This observation confirms that R,. evolution can be
attributed to cell flooding for trials 6 and 7 at 40 °C.

The variations in R,. and A, are smaller for the stack
than between the cells. In fact, parameter values here are
the average for 16 cells because of the equivalent model
chosen. Heterogeneous behaviour of each cell contributes
to the attenuation of the evolution of the parameters.
Nevertheless, for experiment 7, the average value of R, is
higher than the previous value for a standard cell (cell 7):
4.15 x 107 Q for the stack in experiment 7 compared
with 2.98 x 107> Q for cell 7.

3.3 Diagnostic tool

Table 3 summarizes the values of the parameters of the
model obtain respectively in the case of a standard cell, a
flooded cell and the a flooded stack.

Increases in parameters f., R;. and A. are observed for
both cell and stack flooded. Nevertheless, the increases
for the stack are smaller due to the assumed uniform
distribution of the flooding in the 16 cells. Finally, rel-
ative deviations between flooded cell or flooded stack
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Fig. 9 Experimental and

simulated impedance diagrams

))
)
A
- =
S L
oA
Z3
5 3
oM
> =
Z .=
= 2
o]
Ma
Q
[
ey
=
S8

N
S,
)
o
=
=
~
S
<
g
&
g
=
S
=

=
Bl
=2
=]
Sy
SRS
S
NS
M.l
S
-~ <
o~ =
—E
=i
~
N
SRS
Sy
a O

~
=
[}
el
]
g
<
Q
<
S
«

- H
L]
-1

- H

[peJlelbue aseyd

\\\\\\\\\\\ P -
*Or |
- \\\\\w‘%v\m.\mww4\\\1
| 5D I
5 i
!
—-z3z===9
FZZZCZZZIZZTY () R B R
CCORIF_CCZIZCZQECZCC I
e — b ——— 4———-
S [ R —
|
O ER——
|
S B—
I
I
[
ZIIZZZZZZgZZ:Z ¥-=-=9
LC-ZCZICZCZCOCZCZCIICCICZCICZIZIZCZCY
JE S SR, +--_1]
JL EH O D R 4———-
S [ R —
|
S ER——
| |
To—mam [ttt aletids Bl
I I I I I
I | I | I
| | | | |
N o % 1y ©
S @ 9 9 9

10°

Frequency[Hz]

10°

Table 2 Stack model parameters for each trial

12

11

10

1.44
5.95
3.62
6.50
2.19
2.89

1.45
5.80
3.55
6.41
2.39
3.10

1.49
6.20
3.60
7.05
2.60
2.78

1.49
6.12
4.01
6.12
1.72
291

1.49
6.50
4.32
6.41
2.62
2.82

1.54
6.65
4.66
5.99
2.30
3.81

1.52
6.61
4.53
6.06
2.07
3.54

1.48
5.89
4.02
6.01
1.66
3.30

1.48
6.49
4.46
6.47
2.37
2.82

1.49
6.25
4
6

1.49
5.90

1.52
592
3.97
6.18
1.62

2.

R; (1073 ohm)
Ry, (10~* ohm)

32
3

8
4

9

R (1072 ohm)

3
9

1
1.53
3.02

6.

Cqi (1072 Farad)

t. (1072 5)

2.1

0 3.02

9

A. (1072 ohm)

0.025

< iV
N o
= 8
[} 172
© =)
21
3 3
=] Q |l n 0 © A & ®©
Q Sln e oo =9
= L] =Y <+ © a o
©
= —_—
L i)
Q
& <
8 5}
15% 2
=) Q A N O 0 vy ©
< Ll v o g x 9
5 ] = © o 0o — o
=9
)
=) =
£ 3
E5 |2
v O | g
S |3
w« 2|l = @2 ©» ©o — ©
S | S| e
sE|@] = v d = =
2 =z
=
£ -
g o T 8§ E E [=
S5 £ < < E k=
O s s © © ~ ©
A7 <+ e« o 2.
o5 T e
2 L oo oSl o
=23 2T T T ez
2 3 - —_—
< O - & 2 3 >~ o
=z ¥ M MO <
Q
mA
_ 2
3
@]
2
~
8
=4
N~ -
B OOCO
&
T T T T T
IN v — v o
s =z = 2
S < =] <
S S
(s1) suun

Fig. 10 Model parameters

The large increase in parameters f., R,. and A, that is
observed in all the cases can be explained by flooding.

Flooding implies an increase in the charge transfer resis-
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Fig. 12 Diagnostic tool

the appearance of water that reduces the surface available
for the reaction and limits oxygen diffusion.

Flooding is characterised by an increase in the diameter
of the impedance arc. This diameter is equal to the sum of
the charge transfer resistance and the real part of the
Warburg impedance. For a frequency close to zero, this
real part is equal to A, (according to the simplified
expression of the Warburg impedance adopted in our
study). The increase in the arc diameter is thus due to the
increase in R,. and A.. The disadvantage of the overall EIS
measurement of a stack is the resulting smoothing of the
characteristic values, as underlined by Table 3. The impact
of flooding on the charge transfer resistance and on the real
part of the Warburg impedance is thus under-estimated. In
order to overcome this problem, it is possible to add these
two parameters in order to improve the detection of
flooding as shown in Fig. 12.

Nevertheless, using a simple model enables identifica-
tion of a flooding phenomenon by measuring impedance at
low frequency and comparing it with that of a reference
cell operating under standard conditions.

4 Conclusions

This article discusses the diagnosis of a PEMFC by means
of EIS measurements. It focuses particularly on the

problem of water management in the fuel cell. EIS mea-
surements were successfully performed for a 500 W stack
and for each of its 16 cells. Various operating conditions
(different temperatures and overstoichiometric coefficients)
were tested in order to include either flooding or drying.
The effect of a nitrogen purge was also observed.

EIS applied to all the cells made it possible to clearly
identify flooded cells. In such a situation, a cell-equivalent
circuit allowed the effect of humidity to be highlighted,
especially on the cathodic charge transfer resistance and
the Warburg impedance. Moreover EIS measurements
showed that a flooded cell could, after nitrogen purging,
return to optimal operating conditions.

Furthermore, recording the overall impedance spectra of
a stack and fitting them through an equivalent circuit
allowed a diagnosis of the stack showing the same effect of
humidity as for the cells.

EIS remains a relevant tool for rapid non-invasive
diagnosis. It clearly appeared that measuring only two
impedances respectively at low and high frequency makes
possible a diagnosis of the stack behaviour in a short time.
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