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Impedance spectra of a commercial Polymer Electrolyte Membrane Fuel Cell (PEMFC) stack are analyzed by
means of fitting a physics—based model and distribution of relaxation times (DRT) techniques. Oxygen transport
coefficients of the gas—diffusion layer, cathode catalyst layer (CCL), and the CCL proton conductivity are determined
for the stack current densities of 150, 250 and 400 mA cm~2. DRT function returns reaction resistivity and transport
resistivites of the channel and porous layers. A good agreement between the transport parameters resulting from

the fitted model and DRT is demonstrated.
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I. INTRODUCTION

To increase output power PEM fuel cells are assembled
in stacks. Typical PEMFC stack consists of ten to hundred
tightly clamped cells fed through manifolds for hydrogen
and air supply. An important task in PEMFC technology is
regular stack testing and characterization to prevent failures
due to degradation of transport or kinetic parameters.

Electrochemical impedance spectroscopy (EIS) is a non—
invasive and non—destructive tool best suited for stack test-
ing. Theoretically, impedance spectrum of a stack con-
tains complete information on oxygen transport coefficients
in porous layers, on kinetics of oxygen reduction reaction
(ORR) and so on. However, extraction of this informa-
tion from the spectrum requires rather sophisticated mod-
eling (see reviews!:?). So far, simple equivalent circuits
(ECs) have been used to recover mean transport parameters
from the stack spectra®~". Drawbacks of this approach are
well known: any EC is not unique and even EC with the
impedance spectrum close to the spectrum of interest may
give misleading results®. Another approach is establishing
indicators of stack fault behavior using frequency plots of
impedance module and phase angle®.

A relatively new technique of spectra analysis is distri-
bution of relaxation times (DRT)!%:1L This technique at-
tracts growing interest of PEM fuel cell community and
several works have been devoted to analysis of single cell
DRT!'2715. However, to the best of our knowledge, so far
DRT of a stack has not been calculated and analyzed.

In this work, our physics—based model for PEMFC
impedance is extended to stack level. The model is fitted
to recently published experimental spectra of a commercial
Ballard stack'®. Further, we calculate distribution of re-
laxation times (DRT) functions from the experimental and
fitted model impedance spectra. The DRT spectra are cal-
culated using a novel K5 kernel, which better captures low—
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and medium—frequency transport processes in a PEM fuel
cell as compared to the classic Debye kernel”.

DRT spectra of a Ballard stack at the current densities
of 150, 250 and 400 mA cm—2 exhibit five peaks. We at-
tribute the peaks (in ascending frequency order) to (1) oxy-
gen transport in the channel, (2) oxygen transport in the
GDL, (3) oxygen reduction reaction, and (4,5) proton trans-
port in the catalyst layer. A contribution of every process
to the total cell resistance is calculated and the respective
transport parameters are estimated. Parameters resulted
from the fitted model and DRT analysis are compared and
discussed.

II.  PHYSICS-BASED IMPEDANCE MODEL

The model for single cell impedance is described in de-
tail in'®19_ Here, we briefly outline the basic model equa-
tions. The transient mass— and charge—transport equations
which form the basis for impedance model are shown in
Figure 1. To describe variation of oxygen concentration
along the straight cathode channel the cell is separated into
N virtual segments. In every segment, oxygen transport
in the gas—diffusion layer (GDL) and the cathode catalyst
layer (CCL) is described by the diffusion equations. Proton
charge conservation equation in the CCL completes the sys-
tem (Figure 1). The right side of equations in the CCL is
the Tafel rate of the ORR. Oxygen transport equation in the
channel “links" segments providing the boundary condition
for the through—plane oxygen transport (Figure 1).

Transient equations in Figure 1 are linearized and Fourier—
transformed leading to a system of linear equations for the
small overpotential n' and oxygen ¢! perturbation ampli-
tudes. This system is solved for every segment and the
local (segment) impedance Z,.,, is calculated according to
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FIG. 1. Basic transient transport equations for a single cell
in the stack. For notations see Nomenclature section.

impedance Z..y; is calculated from equation

N
1 1 1
== 2
Zcell N Zseg ( )
n=1

Finally, impedance of a stack with M cells Z,;4.1 is @ sum
of cell impedances

M
Zstack: - Z Zcellq,m (3)
m=1

where the subscript m enumerates cells.

Chang et al.?® compared measured and model variation
of air flow distribution along the manifold feeding the cell
cathodes in a stack and reported a parabolic—like 10% decay
of the flow velocity. This decay has been modeled as the
parabolic 10%—decay of stoichiometry

A=A(09540.1-(1-3%)), 0<g<1 (4)

where \° is the air (oxygen) flow stoichiometry at the mani-
fold inlet and § is the distance along the manifold normalized
to the manifold length.

Ill.  DRT ANALYSIS

In this work, K5 kernel was used for DRT calculation!”.
With this kernel, the basic DRT equation has the form

(a\/ﬂ) G(7)dIn(r)
aViwt (1 + iwT)

oo tanh
Z(w) = Roo + Ry /

where « is a step function of the frequency f = w/(2m)
a=1-H(f-f)+e (6)

H (x) is the Heaviside step function and € = 1071 is a small
parameter to avoid zero division error. Parameter o changes
from 1 to 0 at the threshold frequency f = f.. Compared to
the standard Debye kernel 1/(1 +iw7), Eq.(5) contains the

Warburg finite—length factor tanh (a\/in) / (a\/icw).

With a — 0, this factor tends to unity:
tanh (04\/ iw7‘>
oViwT

and hence at the frequencies above f,, the K5 kernel re-
duces to the standard Debye kernel. Eq.(5) better captures
DRT peaks due to oxygen transport in channel and GDL'7,
while the ORR and higher—frequency peaks are described in
a usual way using the Debye kernel.

The characteristic frequency of GDL peak typically ex-
ceeds the frequency of channel peak (see below). The fre-
quency f, of « step is thus taken between the GDL and
CCL peaks in order to describe the transport peaks using
the K5 kernel, and the ORR using the standard Debye ker-
nel. Below, the real part of Eq.(5) has been solved using
Tikhonov regularization?! and non-negative least squares
(NNLS) solver?>:23. For all the spectra the Tikhnonov reg-
ularization parameter calculated by the L—curve method is
Ar=3- 1075,

=1, as a—0 (7)

IV. RESULTS AND DISCUSSION

The experimental impedance spectra have been cal-
culated from the digitized frequency plots of absolute
value |Z| and phase angle ¢ reported in'® according to
Z = |Z|exp(ip) . Mocotéguy et al.1® published total
stack impedance Z (2); from their spectra we calculated
impedance Z,, of an average cell:

ZScell
Zm; = )
M

Q cm? (8)

where M is the number of cells in the stack and S..s is
the single cell active surface area. The value of M ~ 55
has been determined dividing the static resistivity of the
stack by the cell static resistivity measured at the current
density of 150 mA cm~2. The value of S..;; = 100 cm? has
been taken from the remark on page 16728 of Ref.!®, which
states that the current of 1 A corresponds to the current
density of 0.01 A cm—2.

A. Fitting spectra

The average cell impedance has been modeled using 6—
cell stack with every cell separated into 8 segments. The



spectrum of average cell has been fitted to the experi-
mental spectrum Z,,, Eq.(8). Inductance of measuring
cables has been taken into account by adding the term
iwLeqpSeey; in series with the calculated model impedance.
The value of L.y, returned by the fitting procedure was
Leay ~ 1.9 - 1078 H regardless of the cell current density.
It is worth mentioning that no “external” capacitance?* was
used for spectra fitting. A custom parallel fitting code has
been written in Python with MPI library. Calculations have
been performed on Intel Xeon—based cluster using 96 cores;
fitting of a single stack spectrum takes 2-3 min.

Details of the flow field configuration, in particular chan-
nel width/land ratio and channel depth have not been re-
ported in'®. Fitting has been performed claiming the air
flow stoichiometry A as a fitting parameter. The last row
in Table | shows the effective A.fs returned by the fitting
procedure. As can be seen, A sy exceeds A = 2 kept in ex-
periment; however, with the growth of stack current, A ¢¢
tends to experimental value. The reason for higher A s
could to be a pressure drop Ap along a single channel in the
cells. To compensate for the loss of air flow velocity due to
Ap, the inlet flow rate in experiments could be higher than
the one needed in the absence of Ap. Further, the channel
depth h in the first (channel) equation in Figure 1 is an ef-
fective parameter, which depends on the channel width/rib
width ratio. This ratio in unknown and it has been taken
equal to 1. More accurate solution to the channel equation
requires knowledge of the flow field geometry.

The experimental and fitted model spectra of the average
cell in the stack operated at the current densities of 150, 250
and 400 mA cm~2 are shown in Figure 2. The dependency
of real part of impedance vs frequency is shown in Figure 3.
Fitting parameters are listed in Table I. Mean squared resid-
ual for the fitted spectra (the last row in Table I) has been
calculated as

N
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+ (Im (Zeap,;) — Im (Zmod,i>)2) (9)

where the subscripts exp and mod mark the experimental
and fitted values, N is the total number of points in the
spectra. As can be seen, » ~ 107 indicates good quality
of fitting.

The ORR Tafel slope is around 30 mV/exp (Table I)
which is equivalent to about 70 mV/decade, a value well
known in literature from kinetic studies?®. The oxygen dif-
fusion coefficient in the CCL increases by a factor of ten with
the cell current density, from 4-10* to 45-10~% cm? s !
(Table I). The average value of 15-107* cm? s~ is close to
D, measured by the Ballard group using Loschmidt cell?.
Moderate growth of the Tafel slope with the cell current
agrees with our previous analysis of single cell spectra'®.
The growth of D, also agrees with the single—cell results!?;
however, the origin of this growth yet is unclear.

The GDL oxygen diffusivity varying in the range of 6-10~3
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FIG. 2. Experimental (solid points) and fitted model (open
circles) Nyquist spectra of an average cell in the stack for the
current densities of (a) 150, (b) 250, and (c) 400 mA cm™2.

to 14-1073 cm? s~ ! is low, indicating relatively dense GDL
used in the Ballard cells. The CCL proton conductivity in-
creasing from 5 to nearly 7 mS cm™! with the cell current
(Table 1) falls into the range of typical values for the stan-
dard Pt/C based electrodes®”:28.

The cell (membrane) ohmic resistance is close to
50 mOhm cm~2 and it is independent of cell current (Ta-
ble 1). Note that this value differs from the visible high—
frequency intercept of the Nyquist spectrum with the real
axis (Figure 2). This is due to effect of cable inductance,
which shifts this intercept to higher values.

B. Distribution of relaxation times

Figure 4 shows DRT of the average cell in the stack
calculated using the experimental and fitted real parts of
impedance. As can be seen, the DRT consists of five peaks,
which we attribute to (1) oxygen transport in the channel,
(2) oxygen transport in the GDL, (3) oxygen reduction re-
action, and (4,5) proton transport. The experimental (Fig-
ure 4a) and model (Figure 4b) DRT spectra are very similar
giving confidence that the fitted model correctly describes
stack impedance.

Figure 5 shows DRT for the stack current densities of 250
and 400 mA cm~2. Figures 4a and 5a,b display evolution
of DRT peaks as the stack current increases. The peak



Stack current density / mA cm™

2 150 | 250 | 400

Tafel slope b / mV /exp

Double layer capacitance Cy; / F cm™3 37.0| 35.8 | 38.8
CCL oxygen diffusivity D,, / 107% cm? s71[4.02| 15.5 | 45.2
CCL proton conductivity o, / mS cm™! 5.40( 6.05 | 6.53
GDL oxygen diffusivity Dy / 107* cm? s™1 [57.2] 89.5 | 140
Effective air flow stoichiometry Acss 3.72| 3.16 | 2.85
Ohmic resistance Ryrr / mOhm cm? 49.6| 50.6 | 50.6
Mean squared residual 7 / 107°, Eq.(9) 1.17|0.701|0.687

27.5(31.8 | 34.9

TABLE 1. Fitting parameters for the spectra in Figure 2.
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FIG. 3. Experimental (solid points) and fitted model (open
circles) frequency dependencies of the real part of an average
cell impedance for the current densities of (a) 150, (b) 250,
and (c) 400 mA cm™2.

frequencies and resistivities for the three current densities
are summarized in Figure 6. The characteristic frequency
fn of channel peak increases from 1 to 2 Hz (Figure 6a).
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FIG. 4. DRT spectra (solid blue line and stars) calculated
using the real part of (a) measured impedance (blue dots) of
the Ballard stack and (b) fitted model (Figure 1). Red open
circles show the real part of impedance reconstructed from
the calculated DRT.

For this frequency, the model?® gives

N 3.3v

Jn =~ 7 (10)

where v is the flow velocity in the channel, and L is the
channel length. Expressing v from the formula for oxygen
stoichiometry A

_ 4F hvc}f‘

A
LJ

(11)
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FIG. 5. DRT spectra (solid blue line and stars) calculated
using the real part of experimental impedance for the cell
currents of (a) 250 and (b) 400 mA cm™2. Red open circles
show the real part of impedance reconstructed from the cal-
culated DRT.

and using the result in Eq.(10), we get

3.3\
~ 4Fhcin

In (12)

Here, h is the channel depth, and cg" is the inlet oxy-
gen concentration. Taking for the estimate h = 0.1 cm
and the cell operating parameters J = 0.15 A cm™2,
dr = 6.75-107% mol em™3, T = 273 + 56 K, we get
fn =~ 3.0 Hz. Taking into account uncertainty in the chan-
nel depth, this value agrees well with the “channel’ peak
position in Figures 4, 5b. Further, analytical model®® shows
that channel resistivity is inversely proportional to the cell

current density. This trend is clearly seen in Figure 5b.

For the characteristic frequency of “GDL" peak (Fig-
ure 5b), the Warburg finite—length formula is valid®°

2.54Dy,

2ml? (13)

fGDL =

where Dy, and [, are the GDL oxygen diffusivity and thick-
ness, respectively. With D, = 0.01 cm? s~! (Table I)
and typical value of [, = 230 - 10~* cm (230 um), we get
fepr =~ 7.6 Hz, which is close to the average “GDL" peak
frequency in Figure 6.

For the ORR peak resistivity (Figure 5a) the following
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FIG. 6. (a) Peak resistivities and (b) peak frequencies in

Figures 4b, 5 for the indicated stack current densities.

equation holds®!:

b
Rorr = 7

(14)
With b = 0.03 V and J varying from 0.15 A cm~2 to
0.4 A cm~2, we get Rogrpr varying from 0.2 Ohm cm? down
to 0.075 Ohm cm?. DRT returns the variation of “ORR”
peak resistivity from 0.14 Ohm cm? to 0.06 Ohm cm?, leav-
ing no doubts about the origin of ORR peak. Further, at
low current densities the ORR peak frequency is expected
to be
1 Jo

= 15

QWRORRCdllt 27rdellt ( )

forr =~

For the lowest current density of 150 mA cm~2 and the
parameters from Table |, we get forr ~ 23 Hz, which is
close to 30 Hz in Figure 6b.

The last, “proton” peak in Figure 5 describes proton trans-
port in the CCL. It is interesting to note that at the current
density of 150 mA cm~2, the proton transport is represented
by the double peaks (Figure 4), while at higher currents this
doublet merges into a single peak (Figure 5). The second
proton peak in Figure 4 could be an artifact due to poor
description of proton transport impedance by Debye kernel.

For the characteristic frequency f, of proton peak, the



following estimate holds32

20y,

fp = Cdlth

(16)

where ¢, is the CCL proton conductivity and Cy; is the
electrode volumetric double layer capacitance. Taking for
the estimate 0, = 71072 S cm~! and Cy = 30 F cm ™3
(Table I), we get f, >~ 320 Hz, in agreement with Figure 6b.

V. CONCLUSIONS

Our recent physics—based model for impedance spectra
of a PEM fuel cell has been upgraded to stack level and
fitted to measured spectra of a commercial PEMFC stack
from Ballard. Fitting returns oxygen and proton transport
parameters of an average cell in the stack. The stack ex-
perimental spectra have also been used to calculate the dis-
tribution of relaxation times (DRT) function. DRT peak
positions and resistivities allowed us to estimate the aver-
age oxygen and proton transport parameters in the stack. A
good agreement between the parameters obtained from the
fitted physical model and DRT analysis is demonstrated.
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Nomenclature

Marks dimensionless variables
ORR Tafel slope, V

Double layer volumetric capacitance, F cm™—3

Oxygen molar concentration in the GDL, mol cm—3

Oxygen molar concentration in the channel, mol cm—3

Reference (inlet) oxygen concentration, mol cm—3
Oxygen diffusion coefficient in the GDL, cm? s~!
Oxygen diffusion coefficient in the CCL, cm? s~
Faraday constant, C mol~—*

Frequency, Hz

Cathode channel depth, cm

ORR volumetric exchange current density, A cm™

1

3

Imaginary unit

Mean cell current density, A cm™
Local proton current density in the CCL, A cm™
Cathode channel length, cm

Cable inductance, H

GDL thickness, cm

CCL thickness, cm

Number of cells in the stack

2
2

Number of segments in a cell
High—frequency cell resistivity Q2 cm?
Polarization cell resistivity £ cm?

Cell active area, cm?

Time, s

Flow velocity in the cathode channel, cm s—
Coordinate through the cell, cm

1

Distance along the manifold for air supply
Impedance, Ohm cm?

Single cell impedance, Ohm cm?
Segment impedance, Ohm cm?

Zstack Stack impedance, Ohm cm?
Zstack Total stack impedance, Ohm

z

Coordinate along the cathode channel, cm

Subscripts:

b In the GDL
f faradaic
h Air channel
p Proton

Greek:

o  Step function, Eq.(6)

17 ORR overpotential, positive by convention, V
A Air flow stoichiometry, Eq.(11)

Ar Tikhonov regularization parameter

¢ Phase angle of Z, radians

o, Proton conductivity of the CCL, S cm™!

7 Time constant, Eq.(5)

w Angular frequency of the AC signal, s~ !



