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Abstract

A recent analytical model for PEM fuel cell impedance is used to analyze the para-
metric behavior of distribution of relaxation times (DRT) spectra. The model in-
cludes oxygen transport in the channel, in the catalyst and gas—diffusion layers,
and proton transport in the catalyst layer. Evolution of DRT peaks upon variation
of transport parameters is studied. It is shown that variation of one of the oxy-
gen transport parameters changes the resistivities of several peaks. It follows, that
usual attribution of peaks to one of the transport ot kinetic processes in the cell is
rather conventional: oxygen transport elements (channel, gas diffusion and catalyst
layers) form a unified oxygen transport media connected to faradaic reaction with
impedance of each element being dependent on parameters of the others.
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1. Introduction

Electrochemical impedance spectroscopy (EIS) is a tool ideally suited for
characterization and operando testing of PEM fuel cells and stacks [1]. Measur-
ing of cell impedance spectra is a routine procedure performed using standard
equipment available on the market. However, analysis of EIS spectra is a more
complicated task.

In 1996, Springer, Zawodzinski, Wilson and Gottesfeld [2] developed a first
physics—based numerical model for fitting PEMFC spectra. Since their pioneer-
ing paper, a lot of works have been devoted to physics—based PEMFC impedance
modeling (see recent reviews [3, 4]). However, the models of that type are usu-
ally quite complicated, which limits their application. On the other hand, there
is a great demand for simple and easily reproducible tool for spectra analysis
other that unreliable equivalent circuit method, which has been strongly criti-
cized in [5].
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In recent years, much attention has been paid to distribution of relaxation
times (DRT) technique [6-9]. In its basic variant, DRT is an expansion of
cell impedance over an infinite sum of parallel RC—circuit impedances. The
advantage of this method is extremely high sensitivity of DRT to RC-like arcs
in the spectrum. In a fuel cell, all transport processes eventually are linked to
double layer charging—discharging, and the DRT spectrum consists of a number
of RC-like peaks, which are usually attributed to separate transport or faradaic
processes in the cell [10, 11]. However, DRT peaks attribution is still a subject
of ongoing research [12-14].

Recently, a most complete analytical physics—based model for impedance of
PEMFC cathode side has been developed [15]. The model takes into account
oxygen transport in channel, gas diffusion layer (GDL), cathode catalyst layer
(CCL), proton transport in the CCL and faradaic impedance. The model pro-
vides an opportunity to rationalize the evolution of DRT spectrum upon one—
by—one variation of transport parameters appearing in the model equations.
In real applications, variation of cell transport parameters happens during cell
aging and DRT is an attractive tool for using in aging studies.

In a recent review Boukamp [9], one of the leading contributors to the DRT
technique wrote “These <underlying electrochemical processes> are presented
by peaks with characteristic time constants that are associated with the separate
processes.” This phrase reflects the common belief that every DRT peak can
be associated with the single process in a system of interest. However, recent
analytical model [16] shows that impedance of two adjacent oxygen transport
layers in a PEM fuel cell (e.g., GDL and micro porous layer (MPL)) cannot be
split up into a sum of two independent impedances. Though the total two—layer
transport impedance can be represented as a sum of two terms, every term in
this sum depends on transport parameters of both the layers. In terms of DRT,
the two peaks depend on the transport parameters of both the transport layers.
This ultimately means that impedances of all oxygen transport medias in the
cell (channel, GDL/MPL, CCL) are interdependent and we may expect that
variation of any parameter in the oxygen transport system may change position
and/or resistivity of several peaks in the DRT spectrum. The present study
aims at rationalizing this issue and it confirms this conclusion.

2. Model

2.1. Analytical model for the cathode impedance

The anode impedance in PEMFC is small and it can be neglected. The
system of transient mass and charge conservation equations in the cell cathode
is displayed in Figure 1; for notations see Nomenclature section. As can be
seen, oxygen transport along the channel is coupled in a 1d+1d manner to the
through—plane oxygen and proton transport in the porous layers. Linearization
and Fourier—transform of the system in Figure 1 leads to the system of linear
equations for the small perturbation amplitudes of the oxygen concentration



and ORR overpotential. In the limit of small cell current density, this system
can be solved leading to the formula for impedance Z 4+, of the cell cathode [15]
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Parameters in Eq.(1) are listed in Appendix Aj; the dimensionless variables used
are given by
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Here t is time, Cy; is the volumetric double layer capacitance (F cm™3), 7 is the
positive by convention ORR overpotential, j is the local proton current density
in the CCL, i, is the ORR exchange current density, ¢ is the local oxygen
concentration in the CCL, ¢i" is the reference (inlet) oxygen concentration, b is
the ORR Tafel slope, o, is the CCL proton conductivity, D,, is the effective
oxygen diffusion coefficient in the CCL, and F' is the Faraday constant.

Details of Eq.(1) derivation from the system in Figure 1 are given in [15].
Equation (1) is rather bulky and it could hardly be explained in simple terms.
Nonetheless, calculation of cell impedance with this equation is fast, which
makes it possible to perform the study reported below.

2.2. Distribution of relaxation times

The DRT spectra G(7) have been calculated using the real part of impedance
Eq.(1) from equation [17]
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where R is the high—frequency cell resistivity, R, is the total polarization

resistivity given by the diameter of Nyquist spectrum, « is a step function of
the frequency f = w/(27) = 1/(277)

a=1-H(f-[f)+e (5)

H(x) is the Heaviside step function, and ¢ = 107! is a small parameter to
avoid zero division error. Parameter o changes from 1 to 0 at the threshold

frequency f = f.. With a@ = 1, the “Warburg” factor tanh (\/in) /ViwT
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Figure 1: The basic transient equations, which stand behind the impedance model.

in Eq.(4) provides better description of oxygen transport peaks in the low—
frequency part of a DRT spectrum. On the other hand, for f > f,., we have

a = 0, tanh (a\/iw7'> /(aviwT) — 1, and the kernel in Eq.(4) reduces to the
standard Debye kernel 1/(1 + iwT) (see [17] for details).

3. Results and discussion

The base—case spectra of Eq.(1) calculated with the parameters in Table 1
are shown in Figure 2. The high—frequency straight line representing proton
transport in the CCL and the small low—frequency arc due to oxygen transport
in the channel are well seen (Figure 2a). The contributions of oxygen transport
in the GDL, CCL and faradaic impedance form a big arc in Figure 2a; DRT
analysis is supposed to separate these contributions.

The DRT spectrum calculated using the real part of base-case impedance
contains five peaks (Figure 3). The peaks are conditionally attributed to impedance
of (from left to right) (i) oxygen transport in the channel, (ii) oxygen transport
in the GDL and CCL, (iii), ORR, and (iv, v) proton transport in the CCL. This
conditional attribution indicates the process giving the largest contribution to
peak resistivity, as discussed below.

Every peak in the DRT spectrum is characterized by two parameters: fre-
quency f, and resistivity R,. The peak frequencies have been taken directly
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Figure 2: (a) The Nyquist plot of Eq.(1) for the base—case set of parameters, Table 1. (b)
The frequency dependence of imaginary part of impedance in (a).
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Figure 3: DRT spectrum of Eq.(1) (blue line) for the base—case set of parameters, Table 1.
Dots — real part of impedance used for DRT calculation, red open circles — Re (Z) reconstructed
from calculated DRT. Red line — the function «, Eq.(5).



ORR Tafel slope b / mV /exp 30
CCL proton conductivity o, / mS cm™! 10
CCL oxygen diffusivity D,y / cm® s™* 1074
GDL oxygen diffusivity D, / cm? s71 0.02
Double layer capacitance Cy / F cm™3 20
Absolute air pressure p / bar 1.0
CCL thickness I; / cm 10-10° 7%
GDL thickness I, / cm 230-107*
Cathode channel depth A / cm 0.1
Air flow stoichiometry A 9.5
Cell temperature 7' / K 273 + 80

Table 1: The base—case cell and operating parameters for calculations. This set of parameters
is typical for standard Pt/C PEMFCs [18].

from the spectra, and the nth peak resistivity has been calculated according to
Tn+1
Ry = Ry / G(r)din~ (6)

where 7,, T,+1 are the peak boundaries on the 7—scale.

To clarify the nature of peaks in Figure 3 the following numerical experiment
has been performed. Parameters listed in the upper part of Table 1 have been
perturbed one-by-one and the corresponding impedance and DRT spectrum
have been calculated. Evolution of R, and f,, upon variation of cell parameters
is shown in Figures 4, 5. Figure 4a shows the peak resistivities in the linear
scale, Figure 4b depicts the same resistivities in the log—scale, and Figure 4c
displays the peak frequencies. Figure 5 is a continuation of Figure 4 showing
the change of peak resistivties and frequencies upon variation of double layer
capacitance and oxygen concentration.

Equations for estimating the resistivities and characteristic frequencies of the
oxygen transport processes in the cell are listed in Appendix B. These equations
result from partial (simplified) models, in which one or more transport processes
in the cell are assumed to be fast. The models have been published in a series
of author’s papers and they are summarized in [19]. The estimates from these
equations are shown by horizontal gray lines in Figures 4, 5.

In the base—case scenario, the largest contribution to cell resistivity gives
ORR (Figures 4a,b). Qualitatively, the behavior of ORR resistivity R, with
the Tafel slope b follows the trend of Eq.(B.4): R,,, increases with increase in
b. However, the dependence of R,,..(b) is weak, while Eq.(B.4) prescribes R,
doubling upon doubling of Tafel slope.

The dependence of R, on the CCL oxygen diffusivity D,, and proton
conductivity o, is below accuracy of DRT calculations and it could be ignored
(Figure 4a). Unexpectedly, R, increases quite noticeably with the decrease in
GDL oxygen diffusivity Dy (Figure 4a). Further, R, increases upon decrease of
the double layer capacitance Cy; (Figure 5a) and it decreases with the growth of
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Figure 4: DRT peak resistivities (a, linear scale and b, log scale) and frequencies (c) for the
variation of one of the cell parameters indicated in legend. 2b means that the Tafel slope was
doubled, Doy /2 corresponds to twice lower oxygen diffusion coefficient in the CCL etc. The

horizontal gray bars show the value estimated from equations given in Appendix Appendix
B.
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inlet oxygen concentration ¢i” (Figure 5a). Both trends contradict to Eq.(B.4),
which contains neither Cy, nor ci.

In the base—case, GDL+CCL peak resistivity R+ R, gives the second large
contribution to cell resistivity (Figure 4a). Naturally, R, + R,; increases with
the decrease in D,,. Unexpectedly, R, + R,; decreases quite significantly with
lowering of Dy; however, this decrease is over—compensated by the growth of
Ry (Figures 4a,b). This effect could lead to misleading conclusions in process-
ing experimental spectra: small resistivity of “oxygen transport” peak does not
necessarily mean good transport properties of the GDL.

A very strong growth demonstrates Rp+ R,, with the doubling of Tafel slope
(Figures 4a,b). From Eq.(B.3) R, ~ b; however, the growth in Figures 4a,b is
over—linear. Strong coupling of the oxygen transport and ORR peak resistivities
suggests that the respective impedances depend on each other, i.e., ascribing of
O, transport and faradaic processes to two neighboring DRT peaks is rather
nominal. Strong interdependence of oxygen transport and faradaic peaks is
supported by lowering of R,,.. upon increasing oxygen concentration, while R;+
R, remains practically constant (Figure 5a).

The peaks at 800 and 3000 Hz (Figure 3) undoubtedly exhibit proton trans-
port impedance. Figures 4a,b show the sum of two peak resistivities. As can
be seen, the proton resistivity R, agrees well with the estimate Eq.(B.5) and it
depends neither on b, nor on the oxygen transport parameters. In accordance
with Eq.(B.5), R, becomes twice larger at twice lower CCL proton conductivity
(Figures 4a,b). Further, R, is independent of Cy and oxygen concentration
(Figures 5a). However, the average frequency of two peaks f, decreases with
the decrease in Cy;, while Eq.(B.5) prescribes growth of f, with Cy lowering.
This result suggests that the DRT with Debye kernel is not able to determine
accurately the proton peak frequency.

Channel resistivity Repan is somewhat higher than the estimate from Eq.(B.1)
due to contribution of other processes to Rcpan- Indeed, Repqy is affected by all
other oxygen transport processes in the cell, as Figures 4a.,b show. The unique
property of channel is that it is the only transport element which “adequately”
responds to the variation of cell parameters: R.pq, increases with the growth
of b and with the decrease in either Dy, or D,,. The only process not affecting
Rcpan is proton transport in the CCL.

Overall, Figures 4, 5 show a strong interdependence of oxygen transport
impedances and ORR: ORR peak resistivity “feels” variation of Dy; GDL+CCL
peak resistivity strongly changes upon variation of Tafel slope b, and channel
peak resistivity changes upon variation of oxygen diffusivities of both the porous
layers. These results show that oxygen transport elements in the cell (channel,
GDL, CCL) form a unified transport media coupled to the faradaic reactions,
and impedance of this system cannot be separated into a sum of independent
impedances. In other words, each partial resistivity given by equations in Ap-
pendix B can be split between two or more DRT peaks, and one cannot ascribe
every DRT peak to a single process in the cell. It is worth noting that simi-
lar conclusion has been done in [20]. The only process independent on oxygen
transport and ORR is proton transport in the CCL.



4. Conclusions

Parametric dependence of distribution of relaxation times (DRT) spectra of
a PEM fuel cell are studied using analytical model for the cell impedance. The
model includes oxygen transport in the channel, GDL, and cathode catalyst
layer, proton transport in the CCL and faradaic reactions. The DRT spectrum
exhibits five peaks, which could be conventionally attributed to the channel,
GDL+CCL, ORR and proton transport (two high—frequency peaks). However,
this attribution is rather nominal, as resistivities of oxygen transport and ORR
peaks change upon variation of any of the three parameters: ORR Tafel slope,
GDL and CCL oxygen diffusivity. This result shows that the transport ele-
ments in the cell (channel, GDL and CCL) form a unified oxygen transport
media linked to the faradaic reactions, with impedance of each element being
dependent on the transport/kinetic parameters of the others.

Appendix A. Parameters and coefficients in the basic equation Eq.(1)
for the cathode side impedance

X1 =a(A1A. — AA) + A By, Y1 =BABNP/Q,

Xy =a(AcB1 — AyBs) + BiBn, Yz =[fB:ByP/Q, (A1)
R=Q/(\J)
tanh (ul}, iw/ <E§Db)>
oo = ! (A.2)
,u\/m cosh (,u[b iw/ (Esz))
2 7 2
o autDy B A, BAy
_ p= """ A.
¢ M(f - 2 >+01AC+BN, aAc + By (4.3)
opb 4Fc§Ln 4ic§1"lti*
o o e Ahe A4
€ ix1? K Caib ¢ Caropb? (&9

s (2o () aon (2) o) 45



Az = 4p(q — r)p1¢2 cosh (d;l) cosh (d;Q)

+dp (4 (2ps — r(q — r)) sinh (";1) sinh (‘22) —(q— r)(blq/)g) (A.6)

@cwh<¢)s h(¢:)(@mﬂwq—mm—m—w»¢§+qw@+r—wﬂ

+ ¢ sinh ("; ) cosh (¢2> ((st +(g—r)g—7r+v)) o7 +4ps(p + g+ r))

(A7)
— $1 . 2
Bs = ¢1 cosh <2> sinh <2> (p(q — 7 = )¢5+ 4p(2ps — (g — 7+ ) )
+ ¢2sinh (gz;l) cosh (gﬁ;) <p(q — )P+ 4p(2ps — (g — T — )
(A.8)

=2(q+71)+20, ¢o=+2(q+71) =20, P =+Aps+(¢—r)2 (A9

Ay = 8Doqpa (¢7 (1) — g+ 1) + 8sp+ dq(q — r + 1)) Uny
+ 5[)01'¢1 (_djg(q —r+ ¢) =+ 88]) - 46]@ —q + T))(I)IQ (AlO)

Ac = Doxt2((2ps — (q —7) (¥ — q+7))p7 + dps(v + ¢ + 7)) ¥y
+ Dow1 ((2ps + (g —7)(q — 7+ 1)) 93 — dps(p —q — 1)) P12 (A.11)

BN—4'L/)\/ q+7”‘ 1,[)2< 77”‘4’1/} (1)121+(7”q+7/1)\11211) (A].Q)

11



with

By = (cosh (?) + sinh <¢21>) (cosh ¢y + sinh ¢y — 1)
Uy = (cosh (?) + sinh @2)) (cosh ¢y + sinh ¢y — 1)
By = (cosh (@) + sinh @1)) (cosh ¢y + sinh ¢y + 1)
b = (e (%) s (%)) st s+

Parameters p, ¢, r and s are given by

~0 . -~ ~0
el +iop? Vel

= =
€2D oy

0 70 .n
e + i

b
*

and A is the air flow stoichiometry.

=
€2Doy

(A.13)
(A.14)
(A.15)

(A.16)

(A.17)

Appendix B. Equations for estimating DRT peak resistivity and fre-

quency
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Nomenclature

Marks dimensionless variables
Ai2,B1,2 Auxiliary parameters, Egs.(A.5)—(A.8)
Ay, Ac Auxiliary parameters, Eqs.(A.10), (A.11)

By Auxiliary parameter, Eq.(A.12)
b ORR Tafel slope, V
Ca Double layer volumetric capacitance, F cm ™3
c Oxygen molar concentration in the CCL, mol cm™
Cp Oxygen molar concentration in the GDL, mol cm 3
ch Oxygen molar concentration in the channel, mol cm ™3
cin Reference (inlet) oxygen concentration, mol cm ™3
Dy Oxygen diffusion coefficient in the GDL, cm? s~!
Doy Oxygen diffusion coefficient in the CCL, cm? s~*
F Faraday constant, C mol™*
G Distribution of relaxation times, dimensionless, Eq.(4)
f Characteristic frequency, Hz
h Cathode channel depth, cm
Tx ORR volumetric exchange current density, A cm™>
i Imaginary unit
J Mean current density in the cell, A cm™?
jo Local cell current density, A cm™2
Jx Characteristic proton current density, A cm™2, Eq.(3)
I GDL thickness, cm
Iy CCL thickness, cm
PQ Auxiliary parameters, Eq.(A.3)
P, q,T, S Coeflicients in equations, Eq.(A.17)
R Auxiliary parameter, Eq.(A.1)
Ry Resistivity due to oxygen transport in the GDL, Ohm cm?
Rchan Resistivity due to oxygen transport in the channel, Ohm cm?
Rorr Faradaic resistivity due to ORR, Ohm cm?
Rox Resistivity due to oxygen transport in the CCL, Ohm cm?
R, Resistivity due to proton transport in the CCL, Ohm cm?
t Time, s
v Air flow velocity in the channel, cm s™*
ts Characteristic time, s, Eq.(3)
Xi1,2,Y1,2  Auxiliary parameters, Eq.(A.1)
Zecath Total cathode side impedance, Ohm cm?
Subscripts:

0 Membrane/CCL interface
1 CCL/GDL interface

b GDL

f Faradaic

h Air channel

orr  ORR

ox Oxygen

P Proton
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Greek:

a, B

n

Ex

A

i

Op

13

D12, D121
b1,2

Wo1, a1
P

w

Dimensionless parameters, Eq.(A.2)

ORR overpotential, positive by convention, V
Dimensionless parameter, Eq.(A.4)

Air flow stoichiometry

Dimensionless parameter, Eq.(A.4)

CCL proton conductivity, S cm™?
Dimensionless parameter, Eq.(A.4)
Dimensionless parameters, Eq.(A.13), (A.15)
Dimensionless parameters, Eq.(A.9)
Dimensionless parameters, Eq.(A.14), (A.16)
Dimensionless parameter. Eq.(A.9)

Angular frequency of the AC signal, s~*
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