
Journal of The Electrochemical Society, 166 (6) F431-F439 (2019) F431

A Model for Local Impedance: Validation of the Model for Local
Parameters Recovery from a Single Spectrum of PEM Fuel Cell
Tatyana Reshetenko 1,∗,z and Andrei Kulikovsky 2,∗,z

1Hawaii Natural Energy Institute, University of Hawaii, Honolulu, Hawaii 96822, USA
2Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research, Electrochemical Process Engineering,
D-52425 Jülich, Germany

A physics–based numerical model for fitting local impedance spectra (local impedance model, LIM) of the segmented PEM fuel cell
is developed and used to validate our recent model for recovery of local parameters from a single spectrum of the whole cell (cell
impedance model, CIM). Shapes of the local parameters along the cathode channel resulting from the two models are compared.
Overall, the CIM quite satisfactorily describes the cell local parameters provided that the oxygen transport impedance in the channel
is not small as compared to other impedances in the cell.
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In real applications, polymer electrolyte membrane fuel cells
(PEMFCs) operate at low oxygen stoichiometry, which may cause
quite significant non–uniformity of local current density and liquid wa-
ter content over the cell surface.1 This, in turn, leads to non–uniformity
of transport and kinetic parameters. Understanding the shapes of local
parameters is of large interest for cell designers.

Impedance spectra of a PEMFC contain invaluable information on
the cell parameters. Every process running in a PEMFC has its own
characteristic time constant and hence it gives a contribution to the
cell impedance in a frequency range specific to this process.2 Anal-
ysis of impedance spectra allows us, in principle, to separate these
contributions and to calculate the respective cell transport and kinetic
coefficients.3 Impedance spectroscopy is a non–destructive and “non–
invasive” characterization method; the spectra can be measured in
operando in a working fuel cell. These advantages provided exponen-
tially growing interest in this technique: the Scopus database of scien-
tific publications shows that the number of publications on impedance
spectroscopy in fuel cells doubles every 4.8 years.

Deciphering of impedance spectra requires modeling. After a pi-
oneering work of Springer et al.,4 a lot of efforts have been done to
develop physics–based models for PEMFC impedance.5–18 However,
most of the models assume that the kinetic and through–plane transport
parameters are uniform over the cell surface.

The distribution of local parameters can be obtained from local
impedance measurements. However, measuring of local impedance
is a complex and expensive technique, which requires segmentation
of the cell cathode, multichannel EIS meter, control of the segments
current etc.19–22 On the other hand, a spectrum of the whole cell
can be thought of as a certain superposition of local spectra. Is it
possible to recover local parameters from a single spectrum of the
whole cell?

Recently, a model for such recovery has been proposed.23 The
model is based on the following idea. Consider a cell with the straight
cathode channel and let the cathode current collector of this cell be
separated into N virtual segments (Figure 1). The local impedances
Zloc of individual segments are connected in parallel; however, oxygen
transport in the channel generates impedances Zh, so that the equivalent
circuit of the cell consists of repeating elements Zh and Zloc (Figure 1).
It can be shown that due to non–zeros Zh, the whole spectrum of this
system can be used to determine each Zloc and Zh.23

This gives us an opportunity to determine the local cell parame-
ters from a single spectrum of the whole cell. In ,23 the model has
been illustrated by recovering the local cell parameters from the sin-
gle PEMFC spectrum using a cell impedance model (CIM) and a cell
decomposition into 10 and 20 virtual segments. No comparison of
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directly measured local parameters with the parameters determined
from the CIM has been done.

In the present work, we develop a model for fitting experimental
local spectra of the segmented cell (local impedance model, LIM). Fur-
ther, we report validation of the CIM based on comparison of the local
parameters determined from the CIM and LIM. In,24 a low–current
analytical model which takes into account transport of the oxygen
concentration perturbation c1

h in the channel was used for local spectra
fitting. This model ignores the impedance due to oxygen transport in
the cathode catalyst layer (CCL). In,25 the local segment spectra have
been fitted ignoring transport of c1

h in the channel. This corresponds
to the situation when segments are excited with the AC signal one–
by–one, while all the other segments work in the steady conditions. In
our experiments, all the segments are excited simultaneously, and the
oxygen concentration perturbation is transported with the flow affect-
ing impedance of the segments located downstream. Below, we take
into account this process in the LIM and CIM.

The goal of this work is twofold: first, we report the LIM, and
second, we apply the LIM to validate the CIM. Only a few labs in the
world have equipment for local impedance measurements in PEM-
FCs. On the other hand, measuring of the whole cell impedance is
a routine technique; along with the polarization curve measurements
EIS is considered nowadays as a standard cell testing procedure. Thus,
development of the model for recovery of local parameters from the
cell spectrum could be of large interest for cell testing and design.

Experimental

Experimental work has been performed using a segmented cell sys-
tem and a test station developed at Hawaii Natural Energy Institute.26

The segmented cell setup consists of the cell hardware, current trans-
ducer system and data acquisition device. The current transducer sys-
tem was custom designed and employed closed loop Hall sensors

Figure 1. Schematic of the segmented cell and the system of coordinates.
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Figure 2. Local experimental (dots) and fitted LIM (open circles) spectra from
the segments 1 to 10. The cell current density is 100 mA cm−2. The experimen-
tal and model points are indicated for the same frequencies. Arrows indicate
direction of the air flow.

(Honeywell CSNN191) for current measurements. The segmented cell
system is run as a single cell using the test station and standard op-
erating protocols. This configuration reduces any interferences from
the segmented cell setup and provides operating conditions identical
to real ones, since only the overall cell load is governed by the test sta-
tion. The whole system enables simultaneous measurements of local
current, voltage and impedance. Details of the segmented cell system
can be found in Refs. 26–28.

The segmented cell hardware contains standard non-segmented and
segmented flow field plates and a 100 cm2 MEA. The segmented flow
field consists of 10 segments, each of them has an area of 7.6 cm2,
its own current collector and gas diffusion layer (GDL). The air inlet
segment is segment 1, while segment 10 is the outlet; the segments
form two parallel rows (Figure 2). The system design allows either
anode or cathode to be segmented. In this work, the segmentation was
applied to the cathode. Both flow field plates have the same ten parallel
channel serpentine design. The fuel and oxidant streams are arranged
in co–flow configuration.

We used commercially available 100 cm2 catalyst coated mem-
branes (CCM) provided by Gore. Pt/C loading was 0.4 mgPt cm−2 for
anode and cathode with the catalyst layer thickness of 10–12 μm. The
thickness of the reinforced membrane varied in the range of 16–18 μm.
Sigracet 25 BC was used as GDLs for both electrodes. 25 BC consists
of carbon paper and a microporous layer (MPL) with total thickness
of 220–235 μm and porosity of 80%. Segmented GDLs were used on
the cathode side, whereas a single and uniform GDL was applied at the
anode. Teflon gaskets (125 μm) were employed for both electrodes to
ensure required compression ratio.

Table I. Geometrical and operating parameters of the cell. A/C
stands for anode/cathode.

Catalyst loading A/C, mgPt cm−2 0.4/0.4
Catalyst layer thickness lt , μm 12
Gas diffusion layer thickness lb, μm 235
Channel depth h, cm 0.15
Channel length L, cm 52.78

ORR exchange current density
i∗, A cm−3 (assumed) 10−3

Parameter β in Eq. 4 7.3
Flow stoichiometry A/C 2/4
Relative humidity A/C 100%/50%
Absolute pressure, A/C, kPa 150/150
Cell temperature, K 273 + 80

The cell was operated with H2/air gas configuration at a tempera-
ture of 80◦C. The anode/cathode conditions were 2/4 stoichiometry,
100/50% relative humidity and 150/150 kPa absolute pressure. The
impedance measurements were performed under galvanostatic con-
trol of the cell over the frequency range from 0.05 Hz to 10 kHz with
11 steps per decade. The amplitude of the sinusoidal current pertur-
bation was chosen to get a cell voltage response of 10 mV or lower.
The impedance spectra have been recorded simultaneously from 10
segments and from the whole cell. The cell operating and geometrical
parameters are listed in Table I. Normally, PEMFCs operate at an air
stoichiometry between 1.5 and 2; however, local segment spectra at
low stoichiometries are rather noisy, especially at the cell current den-
sities below 100 mA cm−2. Here, for the sake of local and cell model
comparison, we perform measurements with the MEA from Gore hav-
ing high Pt loading at the air stoichiometry of 4. In this regime, the
local experimental spectra are much more smooth leading to better
quality of spectra fitting.

Models for Local and Cell Impedance

General description of the two models.—Consider a cell with the
straight channel and segmented electrodes (Figure 1). The equations
forming local and cell impedance models are collected in Section
Equations for the Perturbation Amplitudes. Here, we list equations
which stand behind the two impedance models.

The models are based on the same system of conservation equa-
tions. In the CCL, this system includes the transient proton charge
conservation equation, the Ohm’s law for proton transport, and the
transient oxygen mass balance equation:
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where

s = exp (−βx/lt ) [4]

describes the variation of proton conductivity through the CCL depth,
with β being the characteristic scale of this variation.29 Note that β = 0
corresponds to uniform along x conductivity. In Eqs. 1–3, η is the pos-
itive by convention oxygen reduction reaction (ORR) overpotential,
t is time, x is the distance through the CCL depth counted from the
membrane, j is the local proton current density, lt is the CCL thick-
ness, i∗ is the ORR volumetric exchange current density, c and cre f are
the local and reference (inlet) oxygen concentrations, b is the ORR
Tafel slope, Cdl is the double layer volumetric capacitance, σ0 is the
CCL proton conductivity at the membrane interface, and Dox is the
effective oxygen diffusion coefficient in the CCL.
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Oxygen transport in the GDL is described using the transient dif-
fusion equation:

∂cb

∂t
− Db

∂2cb

∂x2
= 0 [5]

where cb is the oxygen concentration in the GDL, and Db is the GDL
oxygen diffusivity. The system of Equations 1–5 forms a through–
plane sub–model for the performance of each individual segment. The
segment sub–models are coupled by the oxygen transport equation in
the air channel:

∂ch

∂t
+ v

∂ch

∂z
= − Db

h

∂cb

∂x

∣∣∣∣
x=lt+lb

[6]

where z is the distance along the channel, ch is the oxygen concentra-
tion in the channel, v is the flow velocity, h is the channel depth, and
lb is the GDL thickness. The right side of Eq. 6 is the oxygen flux on
the GDL side at the channel/GDL interface. Solution to Eq. 6 is used
as the boundary condition for the oxygen concentration at the chan-
nel/GDL interface in the segment sub–model. Eq. 6 takes into account
oxygen transport impedance in the cathode channel. Importance of
this “forgotten player” for the PEMFC impedance analysis has been
emphasized in experiments of Schneider et al.30,31

All the listed above equations are linearized and Fourier–
transformed to yield a system of equations for the perturbation am-
plitudes of the overpotential and oxygen concentration in the porous
layers and channel (see the next section). These systems are solved
numerically, as described below, and the solution is used to calculate
local impedance of each segment Zseg, and impedance of the whole
cell Zcell .

The key difference between the LIM and CIM is that in the LIM,
calculated Zseg is fitted to the local experimental impedance of this
segment, while in the CIM, impedance of the whole cell Zcell is fitted
to the measured spectrum of the whole cell. The CIM, thus, ignores
the local experimental spectra from individual segments, which corre-
sponds to the usual situation of a non–segmented cell, when only the
whole cell impedance is available. This is discussed in more details
below.

Equations for the perturbation amplitudes.—In this Section, we
list linear equations for the perturbation amplitudes, which form the
basis for the LIM and CIM. For the details of these equations deriva-
tion from Eqs. 1–6 the reader is referred to Refs. 28,32. In this work,
the dimensionless impedance equations are written in the most gen-
eral form, taking into account that each segment has its own set of
parameters. Information in this and the next sections is sufficient to
reproduce the models.

The system of equations for the perturbation amplitudes of the
ORR overpotential η̃1(x̃, ω̃) and of the oxygen concentration c̃1(x̃, ω̃)
in the CCL is

ε2rσ

∂

∂ x̃

(
s(x̃)

∂η̃1

∂ x̃

)
= sinh

(
η̃0

rb

)
c̃1 +

(
c̃0

rb
cosh

(
η̃0

rb

)
+ iω̃rdl

)
η̃1,

η̃1(1) = η̃1
1,

∂η̃1

∂ x̃

∣∣∣∣
x̃=1

= 0 [7]

ε2D̃ox
∂2c̃1

∂ x̃2
=

(
sinh

(
η̃0

rb

)
+ iω̃μ2

)
c̃1 + c̃0

rb
cosh

(
η̃0

rb

)
η̃1,

∂ c̃1

∂ x̃

∣∣∣∣
x̃=0

= 0,

c̃1(1) +
tan

(
μl̃b

√
−i�/D̃b

)
μ

√
−i�D̃b

D̃ox
∂ c̃1

∂ x̃

∣∣∣∣
x̃=1

= c̃1
h

cos
(
μl̃b

√
−i�/D̃b

)
[8]

Here, the superscripts 0 and 1 mark the static variables and the small–
amplitude perturbations, respectively,
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dl

, rσ = σ0
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[9]

and all the variables are nondimenionalized according to
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where ω is the angular frequency of the AC signal, Z is the impedance.
The reduced dimensionless frequency � and the dimensionless param-
eters ε and μ are
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Note that the set of absolute characteristic values b∗, C∗
dl and σ∗ is used

for the normalization. This is necessary, as the parameters b, Cdl and
σ0 vary from one segment to another, as discussed below.

The right Robin–type boundary condition for Eq. 8 follows from
analytical solution of equation for the oxygen concentration pertur-
bation in the GDL. The dimensionless perturbation amplitude of the
oxygen concentration in the channel c̃1

h(z̃, ω̃) is governed by equation
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Here, z̃ = z/L is the dimensionless distance along the channel, J̃ =
Jlt/(σ∗b∗) is the dimensionless mean current density in the cell,

λ = 4 Fhvcre f

LJ
[13]

is the oxygen (air) flow stoichiometry, L is the channel length, and ξ
is the dimensionless parameter

ξ =
√

8 Fhcre f lt i∗
C∗

dlσ∗b2∗
[14]

The parameter η̃1
1 which appears in the first boundary condition to

Eq. 7 is the amplitude of the applied AC perturbation. For this param-
eter, any positive non–zero number can be taken, as the impedance is
independent of η̃1

1.
The local impedance of the kth segment is calculated according to

Zseg,k = − η1

σ0,k∂η1/∂x
[15]

where σ0,k is the proton conductivity at the membrane/CCL interface
in the kth segment. Finally, in the CIM, the total cell impedance Zcell

is calculated from the equation

1

Zcell
= 1

N

N∑
k=1

1

Zseg,k
[16]

where N is the number of segments.

Equations for the static variables.—In every segment, the static
shapes of the overpotential η̃0 and c̃0 through the CCL depth are cal-
culated as follows. First, the system of equations for the static local
proton current density j̃0 and oxygen concentration c̃0 is solved:

∂2 j̃0

∂ x̃2
=

(
j̃0 − j̃0

D̃oxc̃0
− j̃0

rσrbs(x̃)

)
∂ j̃0

∂ x̃
, j̃0(0) = j̃0, j̃0(1) = 0

[17]
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where j̃0 ≡ j̃0
0 (z̃) is the static local cell current density. With c̃0 and

j̃0 at hand, the shape of the static overpotential is calculated as
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. [19]

In Eqs. 17, 18, the static shapes of j̃0(z̃) and of the oxygen concentra-
tion c̃0

h(z̃) can be estimated as

c̃0
h =

(
1 − 1

λ

)z̃

, j̃0 = −λ ln
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)z̃
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provided that the cell current density is below 100 mA cm−2. For larger
currents, these shapes can be calculated as discussed in Refs. 33,34. If
experimental data on the shape of the local cell current are available,
j̃0(z̃) can be obtained by spline interpolation of the measured points.
The function c̃0

h(z̃) is then determined from the static version of Eq. 6:

λJ̃
∂ c̃0

h

∂ z̃
= − j̃0(z̃), c̃0

h(0) = 1 [21]

In this work, for the sake of CIM validation, in both LIM and CIM we
used the experimental data on j̃0(z̃) and Eq. 21 to calculate c̃0

h(z̃).

Numerical details.—Eqs. 7 and 8 form a model for local
impedance of an individual segment. The right boundary condition
to Eq. 8 includes the oxygen transport in the GDL, and the perturba-
tion of local oxygen concentration c̃1

h in the cathode channel at the
segment of interest. The value of c̃1

h obeys to the transport Equation
12, which “links” the segments. Therefore, to solve the system 7, 8, we
have to solve Eq. 12 first. However, Eq. 12 contains the oxygen flux
perturbation at the CCL/GDL interface, Ñ1

1 = D̃ox∂ c̃1/∂ x̃|x̃=1, which
can only be calculated from the solution of Eqs. 7, 8. Thus, iterations
are unavoidable: first, Eq. 12 is solved setting Ñ1

1 = −rσ∂η̃1/∂ x̃, i.e.,
assuming that the flux Ñ1

1 is equal to the perturbation of the local
current density. This is equivalent to the assumption that the oxygen
transport in the CCL is fast. With c̃1

h at hand, we can solve the system
7, 8 and update the flux Ñ1

1 . These iterations are repeated until the
desired accuracy of the total impedance is achieved. Typically 2 to 3
iterations are necessary to reach the accuracy of Zcell about 0.01%. It
is important to note that in Eq. 12, the flux Ñ1

1 and the parameter D̃b

depend on the coordinate z̃. Thus, in the parallel implementation of
the model, all the local parameters Ñ1

1 and D̃b must be distributed over
all the processes.

The fitting codes have been written in Python. To take advantage of
modern multi–core CPUs, parallel codes have been developed using
the standard message passing interface library mpi4py. The cell is
separated into N virtual segments and N processes are generated, so
that each process solves one predefined segment. Typically (though
not necessary) N = 10, as in our experiments. The complex Eqs. 7
and 8 have been converted into equations for real and imaginary parts
of the unknowns. The resulting system of four real equations as well
as Eq. 17 have been solved using the boundary–value problem solver
solve_bvp from the Python Scipy library. Eq. 12 has also been split
into two real equations for the real and imaginary parts of c̃1

h, and this
system has been solved using the Cauchy problem solver odeint from
the Scipy library. On each iteration step, the processes exchange the
data on Ñ1

1 and D̃b to calculate common for all the processes function
c̃1

h(z̃) from Eq. 12. The local data for Ñ1
1 and D̃b have been interpolated

by cubic spline to get continuous functions of z̃ in Eq. 12.

Local and cell models.—The spectra fitting has been done with the
Scipy least–squares routine least_squares and the method trf.35 In the
LIM, each process fits the LIM to the individual impedance spectrum
of its own segment. Five parameters have been declared as fitting
ones: b, σ0, Cdl , Dox and Db. Each process, thus, finds five optimal

Figure 3. Local experimental (points) and fitted LIM (open circles) spectra
for the cell current density of 600 mA cm−2.

parameters providing the best fit of the model segment spectrum to
the experimental local spectrum.

Technically, the largest difficulty in the LIM is information ex-
change between the processes. Local segment impedance depends on
the perturbed oxygen fluxes at the channel/GDL interface (the right
side of Eq. 12) in all the other segments, and hence for each frequency,
the segment processes must exchange their values of oxygen fluxes.
This can only be done if the set of experimental frequencies for all the
segments is the same. To fulfill this requirement, the set of frequencies
used in the LIM has been limited by the range of 0.1 to 103 Hz. Within
this frequency range, the experimental impedance of all the segments
does not exhibit inductive features.

In the CIM, the cell impedance, Eq. 16, is fitted to the experi-
mental spectrum of the whole cell. As in the LIM, each process cal-
culates impedance of its own segment; however, only the whole cell
impedance 16 is fitted to the experimental spectrum. In other words,
the global merit function is formulated in the space of 5N parameters
and for N = 10 we get an optimization problem with 50 parameters.

Curve fitting is an iterative process; in all the cases, the iterations
started from some reasonable uniform distribution of parameters along
the channel. Model run times are indicated below for the PC with the
2.4 GHz quad–core processor and ten segments. The typical run time
of the LIM for a set of the local spectra corresponding to a single
current density is about 30 min, while the CIM requires from 2 to
4 hours to fit a single cell spectrum. This is not surprising, as the
CIM searches the minimum of the merit function in a space of 50
parameters, while each process of the LIM performs this work in a
space of 5 parameters. Note that with the most recent 8–core/4.2 GHz
processors, we may expect four– to tenfold acceleration of the code.

Results and Discussion

Before fitting, all the whole cell spectra have been preprocessed
according to the following procedure. The most high–frequency points
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Figure 4. Experimental (dots) and fitted CIM (open circles) spectra of the
whole cell for the indicated cell current densities.

with Im (Z ) > 0 have been discarded, as in this frequency range, the
impedance is strongly affected by cables inductance. Further, the real
part of the remaining leftmost point has been subtracted from the real
parts of all the other points, i.e., the spectrum has been shifted to the
left along the real axis in order to subtract the contribution of ohmic
resistivities in the cell.

As discussed above, the LIM requires that the set of frequencies
for all the segments would be the same. Thus, the real part of the
impedance at the largest selected frequency of 1 kHz have been sub-
tracted from all the local spectra to remove the contribution of ohmic
resistivities.

Local experimental and fitted LIM spectra for the cell current den-
sity of 100 mA cm−2 are shown in Figure 2. As can be seen, the quality
of fitting is quite good, though in the last segments 7 to 10 it lowers

Figure 5. Bode plots of the experimental (dots) and fitted CIM (open circles)
spectra of the whole cell for the indicated cell current densities.

in the low–frequency (LF) range. Far from the cathode channel inlet,
the LF loop exhibiting oxygen transport impedance in the channel is
not fitted well. Possible reason is that true two–dimensional effects,
which are ignored in the model (e.g., under–rib oxygen transport) may
affect the oxygen concentration in the last segments. Surprisingly, at
the cell current of 600 mA cm−2, the quality of LF arc fitting in the
last segments is better (Figure 3).

Fitted CIM and experimental spectra of the whole cell are compared
in Figure 4 for the cell currents of 100 to 600 mA cm−2. Bode plots
of the imaginary part of the model and experimental impedance vs
the frequency of applied signal are shown in Figure 5. As can be seen,
with the growth of cell current density, due to noise of the experimental
spectra, the quality of spectra fitting in the frequency range below 1–
3 Hz gets worse (Figure 5). We attribute the noise of experimental
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Figure 6. The ORR Tafel slope, the double layer capacitance, and the cell transport parameters resulted from fitting the local spectra (open points) and of the
whole cell spectrum (solid points). The cell current density is 100 mA cm−2 (left column) and 200 mA cm−2 (right column).

spectra in this frequency range to transport of liquid water in the GDL
and channel.

The distribution of cell parameters along the air channel resulted
from the LIM and CIM are compared in Figures 6 and 7. The pa-

rameters obtained from the LIM are considered as reference values.
Comparing the curves in Figure 6, we can conclude that the CIM well
reproduces the shapes of the Tafel slope, double layer capacitance,
and CCL oxygen diffusivity. At J = 200 mA cm−2, the CIM well
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Figure 7. The ORR Tafel slope, the double layer capacitance, and the cell transport parameters resulted from fitting the local spectra (open points) and of the
whole cell spectrum (solid points). The cell current density is 400 mA cm−2 (left column) and 600 mA cm−2 (right column).

reproduces the growing along the channel GDL oxygen diffusivity
(Figure 6i). The largest gap (by a factor of three) between the two
models exhibit the CCL proton conductivity in Figures 6e and 6j and
the GDL oxygen diffusivity in Figure 6d.

At higher cell currents, all the shapes resulted from the two models
are in good agreement, excluding the Tafel slope in Figure 7f, where
CIM underestimates the Tafel slope by about 20%. Note that the CIM
well describes the growth of the GDL oxygen diffusivity along the
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channel in Figures 7d, 7i and the decay of the CCL proton conductiv-
ity along z in Figures 7e, 7g. The origin of this effect is not clear yet.
Modestov et al. provided experimental evidence that at lower cell po-
tentials, the CCL proton conductivity increases due to protons released
in oxidation of acidic species on the surface of carbon support.36 Thus,
one may speculate that this process is hindered by the liquid water,
which is expected to accumulate in the CCL of remote segments.

Figures 6, 7 also show that the mean over channel length values
of σp and Dox increase with the cell current density. This effect has
been reported in our previous work.32 The growth of σp with J could
be explained as discussed above, while the growth of Dox with J yet
has no explanation. It should be noted that this trend is repeatedly
observed in various MEAs, including much thicker systems with non–
Pt catalyst (to be published elsewhere). It is worth noting here that the
HFR variation along the channel does not exhibit any clear trend and
it is rather marginal (less than 20%) for all the cell currents.

Local impedance spectroscopy is a unique method for measuring
local PEMFC parameters along the channel at working cell conditions;
no other technique could provide comparable amount of information
from a single run. Baker et al. reported a rather sophisticated limiting
current density (LCD) method for measuring components of the oxy-
gen transport resistivity in a differential PEMFC.37 Similar technique
has been used by Reshetenko and St-Pierre to separate the contribu-
tions of oxygen transport in the GDL and CCL.38 However, the LCD
method cannot be applied for the standard cell operating conditions: it
requires diluted oxygen stream with low O2 concentrations (below 5%)
and high oxidant flow rates. In addition, the regime of CCL operation
at the limiting cell current jlim is not clear. Presumably, due to oxy-
gen exhaustion, only a very thin sub–layer at the CCL/GDL interface
converts jlim. In this situation, the CCL oxygen transport coefficients
determined by the LCD correspond to this thin sub–layer only. To the
best of our knowledge, measurements of Dox and Db in operating fuel
cell are not available in literature. Liu et al. 39,40 reported an impedance
spectroscopy study of proton conductivity of PEMFC cathodes with
variable ionomer to carbon (I/C) ratio and under variable humidity.
However, their measurements have been performed without oxygen
in the electrodes (in the H2/N2 regime); comparison with the results
above would hardly be correct.

The great advantage of the CIM is that it does not require cell
segmentation; this model recovers the shapes of local cell parameters
using information from a single impedance spectrum of the whole
cell. Our experience shows that application of CIM to standard PEM-
FCs with Pt/C–based electrodes operated at medium to large currents
(above 200–300 mA cm−2) gives quite reasonable estimate of the lo-
cal parameters. However, in the systems with low transport losses in
the channel, the CIM fails. The reason is clear from Figure 1: if |Zh|
is much smaller, than |Zloc|, the circuit in Figure 1 degrades to the
parallel connection of N impedances Zloc and the exact location of
each Zloc cannot be resolved. This explains poor CIM–shapes of the
CCL proton conductivity in the low–current Figures 6e and 6j, as at
low currents, the relative weights of |Zh| in the total cell impedance
decreases. Thus, a prerequisite for successful CIM application is that
the oxygen transport impedance in the channel should be not small as
compared to other impedances in the system.

Conclusions

We report a model for fitting local impedance spectra from the
segmented fuel cell. This local impedance model (LIM) is used to
validate our recent model for recovery of local parameters from a
single spectrum of the whole fuel cell (cell impedance model, CIM).23

Comparison of the results from the LIM and CIM shows that the CIM
gives reasonably good shapes of the local cell parameters along the
cathode channel, provided that the oxygen transport impedance in the
channel is not small.

Both models indicate the decay of the CCL proton conductivity
in the segments located close to the channel outlet at the cell cur-
rent density J = 400 and 600 mA cm−2. Following experimental
study of Modestov et al.,36 one may speculate that at lower cell po-

tentials, the CCL proton conductivity increases due to oxidation of
acidic species attached to the carbon surface. This process could be
hindered by accumulation of liquid water in the CCL, which is ex-
pected to occur close to the air channel outlet in the cell. Further, both
the models indicate large growth of the CCL oxygen diffusivity with
the cell current density. The origin of these effects requires further
investigations.

Acknowledgments

T. Reshetenko gratefully acknowledges funding from US Office of
Naval Research (N00014-15-1-0028) and US Army Research Office
(W911NF-15-1-0188). The authors are thankful to Günter Randolf
and Jack Huizingh for valuable help in the system operation and the
Hawaiian Electric Company for ongoing support of the Hawaii Sus-
tainable Energy Research Facility.

List of Symbols

˜ Marks dimensionless variables
b ORR Tafel slope, V
Cdl Double layer volumetric capacitance, F cm−3

c Oxygen molar concentration, mol cm−3

cre f Reference oxygen concentration (at the channel inlet),
mol cm−3

Db Effective oxygen diffusion coefficient in the GDL, cm2 s−1

Dox Effective oxygen diffusion coefficient in the CCL, cm2 s−1

F Faraday constant, C mol−1

f Regular frequency, Hz
J Mean cell current density, A cm−2

j Local proton current density in the CCL, A cm−2

j0 Local cell current density, A cm−2

h Channel depth, cm
i Imaginary unit
i∗ Volumetric exchange current density, A cm−3

L Channel length,cm
lb GDL thickness, cm
lt Catalyst layer thickness, cm
rb rb = b/b∗
rdl rdl = Cdl/C∗

dl
rσ rσ = σ0/σ∗
s Proton conductivity shaping function, Eq. 4
t Time, s
v Flow velocity in the cathode channel, cm s−1

x Coordinate through the cell, cm
Z Impedance, � cm2

z Coordinate along the air channel, cm

Greek

β Characteristic scale of the proton conductivity variation along
x̃, Eq. 4

ε Dimensionless Newman’s reaction penetration depth, Eq. 11
η ORR overpotential, positive by convention, V
λ Air flow stoichiometry
μ Dimensionless parameter, Eq. 11
ξ Dimensionless parameter, Eq. 14
σ0 CCL proton conductivity at the membrane/CCL interface,

�−1 cm−1

�̃ Reduced dimensionless frequency, Eq. 11
ω Angular frequency (ω = 2π f ), s−1

Subscripts

0 Membrane/CCL interface
1 CCL/GDL interface
b GDL
h Air channel
seg Segment impedance
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t Catalyst layer
∗ Characteristic value

Superscripts

0 Steady–state value
1 Small–amplitude perturbation
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