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A simple numerical method for calgulation of the distribution of relaxation times (DRT) for PEM fuel celffmpedance
is developed. The method combines Tikhonov regularization technique and projected gradient!itgrations. The
method is illustrated by calculating DRT for synthetic impedance of two parallel RC-circuits”and of Warburg
finite-length impedance. Finally, cathode catalyst layer (CCL) impedance is calculated L;sf;lg exact analytical
solution and the method discussed is applied to understand behavior of DRT peak due to oXygen transport in the
CCL. Position of the oxygen transport peak on the frequency scale exhibits non-monotonic behavior as the oxygen
diffusion coefficient in the CCL decreases, which may serve as indicator of CCL flooding. The Python code for

DRT calculation is available for download.
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l. INTRODUCTION

Electrochemical impedance spectroscopy (EIS) is a pow-
erful tool for understanding fundamental processes in a fuel
celt2, While polarization curve gives the total potential
loss in the cell, EIS makes it possible to separate contri-
butions of different processes into this loss and to calculate
the basic transport and kinetic parameters o1 the cell®. This
explains tremendous intetest in EIS from the fuel cell com-
munity: in recent years, a number of publications on fuel
cell impedance has been growing exponentially.

Understanding impedance spectra is, however, nontrivial
task. Basically, there are two options for processing ex-
perimental spectra. A standard approach implies heuris-
tic construction of equivalent circuit and fitting the circuit
elements to the experimental spectrum of a fuel cell. In
this way, basic cell resistivities and capacitance can be ob-
tained (see e.g.*"). However, a much more informative
and reliable approach is physical impedance modeling (see
e.g. 5 16).

An alternative and complementary technique for
impedance spectra analysis is Distribution of Relaxation
Times (DRT)!™ 2, |n its present form, this technique
has been suggested in 1941 by Fuoss and Kirkwood?® and
brought to the fuel cell community seemingly by Schlich-
lein et al.1”. An introduction to DRT analysis and history
of DRT research has recently been given by Ivers—Tiffée and
Weber?4,

The idea of DRT technique is as following. Let the fuel
cell impedance be Z{w); DRT function (7) is a solution
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FIG. 1. Schemalic of a typical Nyquist spectrum of PEM [uel
cell.
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Here Ry, = Z],-,00 is the high—frequency (ohmic) cell re-
sistance, and Rpq = Z|,—0 —Foo is the total polarization
resistance of a fuel cell (Figure 1). Setting in Eq.(1) w =0,
we see that -y obeys the normalization condition )

/ T omydr 1 @)

Eq.(1) stems from the following idea. Impedance of a
parallel RC—circuittis

R

Tro = — o
RC = T 50RC ()

Denoting here RC' = 7 and integrating the right side over
T with the weight function y(7), we get the right side of
Eq.(1). Thus, Eq.(1) can be considered as expansion of
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fuel cell impedance over infinite sum of parallel RC'—circuits,
each one having the resistance of 12,7y d.

Suppose now that impedance Z corresponds to the paral-
lel RC—circuit. Setting in Eq.(1) Z Zpe, Rpa IR and
R, = 0, we see that solution to Eq.(1) is the Dirac delta—
function y(7) = d(r — RC). This result shows that for
every RC-like arc in the Nyquist spectrum, the DRT func-
tion y(r — 7.) contains a § function-like peak at 7., with
7. being the characteristic time constant of the process.

In the frequency range below the summit frequency of
faradaic arc, the faradaic impedance of a PEM fuel cell is
close to impedance of RC—circuit®®. Thus, we may expect
that the DRT peak corresponding to the faradaic arc of a
fuel cell is close in shape to d—function. However, huge
gradient of a d-like function poses specific problems in nu-
merical calculation of +.

To illustrate this effect, we separate the real 7’ and imag-
inary Z" parts of Eq.(1)

e dr
ZI - 5 7(7_) /1
@ Rt B [ EEEE O
© wry(r)dr B
7" (w) = nal/ﬂ EEw &)

In view of Kramers—Kronig relations, any of Egs.(4), (3)
can be used for calculation of v. Egs.(4), (3) belong to
the class of Fredholm equations of the first kind. It is well
known, that any direct numetrical approximation of Egs.(4),
(5) leads to an ill-posed problem. Consider for definiteness
Eq.(5); straightforward approach to numerical solution of
this equation implies approximation of the right side by some
numerical integration formula on a discrete mesh {7,,,n =
., N}. Using the simplest integration scheme, we get

WmTnYn 0Tn OTh
pol Z (6)

1!
2" (wm) = L) w272

n=1

where 7, = Y(Tn), T = 1/wn, and 67, = Tpg1 — Tn. In
the matrix notations, Eq.(6) has the form

o WmTn0T,
AY=2", with Apmn=—Rpo——% 7
§=2", = Rpa ()

The system of linear equations (7) is ill-posed and to solve
it Tikhonov regularization (TR) technique®® has to be used.
In its simplest form, the TR algorithm for this system reads

(ATA + A1) 7 =ATZ" (8)

where T is the identity matrix, AT means transposed ma-
trix A and )\ is the regularization parameter. Unfortunately,
even with the proper regularization parameter, numerical so-
lution to Eq.(8) does not guarantee positiveness of «y. This
effect is illustrated in Figure 2, where the solution to Eq.(8)
for Z"(w) corresponding to the parallel RC-circuit with
R = (¢ = 1 is plotted. Though the main peak of 7 is
located at the point 7, = 1 corresponding to the charac-
teristic time constant of the RC—circuit, large non—physical
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FIG. 2. (a) Nyquist plot of impedance of a single parallel RC—
circuit with R = C = 1. (b) solid line — DRT for impedance
in (a) obtained by direct Tikhonov regularization solution to
Eq.(6); points — imaginary part of impedance in (a).

oscillations of v(7) are clearly seen. Obviously, these oscil-
lations result from large gradients of the exact solution to
Eq.(5), which in this case is (1 — 1).

The problem of numerical solution of Eq.(1) under the
constrain v > 0 has been discussed in fuel cell and battery
literature and a number of iterative algorithms penalizing
negative solutions have been developed?®2™3%, The cost
of "“forcing" the solution of Eq.(7) to be positive is a sig-
nificant complication of the solution methods, as compared
to standard Tikhonov regularization, Eq.(8). In addition,
proper choice of regularization parameter(s) is a non—trivial
task: the shape and even the number of peaks in the numer-
ical y(7) distribution depend on this choice, which retards
identification of the physical processes®'. Alternative ap-
proaches to DRT calculation include Fourier transform of
Eq.(1)32, and genetic algorithms finding a best—fit system
of probe functions for DRT'®33, However, in domains of
large DRT gradients, Fourier transform method leads to
non—physical negative oscillations, while evolutionary codes
are accurate, but rather slow.

In this work, we report a simple and fast method for cal-
culation of DRT for PEM fuel cell impedance. The method
combines the Tikhonov regularization technique with the
projected gradient (PG) iterations (TRPG-method). A
key feature of the method is that the two regularization
parameters At and A, appearing in the TRPG-iteration
scheme are obtained using least—squares minimization of the
Tikhonov residual. From the user's perspective, it means
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that only a reasonable initial guess for Ap and ), has to
be set to initiate the solution process; the final optimal val-
ues of Ap and A,y are sought by the algorithm.

The method is illustrated by calculating DRT for the
synthetic impedance of two series—connected parallel RC-
circuits and for the Warburg finite-length impedance. Last
not least, DRT for analytical cathode catalyst layer (CCL)
impedance is calculated and behavior of the oxygen trans-
port peak as a function of oxygen diffision coefficient in the
CCL is demonstrated.

i. METHOD

As noted in the Introduction, DRT can be calculated
using either real, or imaginary part of impedance; below,
Im (Z) will be used. Looking at the direct Tikhonov solu-
tion 47 in Figure 1b we note that despite of negative os-
cillations, 7 correctly captures position of the main DRT
peak. Thus, we can try to “improve" ¥, by using it as initial
guess for the projected gradient (PG) iterations®. Further,
we will require that PG-iterations minimize the Tikhonov
residual, as discussed below.

Specifically, we set ¥°  +p and seek for the parameter
vector (A7, Apg) minimizing in the least-squares sense the
Tikhonov residual

(ATA + A1) 7% — ATZ" — min, (9)
where 7% is calculated using K steps of the projected gra-
dient scheme:

’?k[l — ;/»k . /\pg ((ATA+ ATI) ;yak _ ATZ’II) (10)
Bl . k1l
ARl Tn s if Yn ZO —
n _{ 0, otherwise °’ n=12....N
(11)
k=01,...,—1

Here, the matrix A is calculated according to Eq.(7). The
procedure (9)—(11) is repeated until the convergence con-
dition for (9) is achieved.

If the real part of impedance is used for DRT calculations,
Z" in Eq.(9) should be replaced by Z' — R, and the matrix
A should be calculated as

0Ty

Ay = Rpop— 2
mmn pol1 +w$n7,%

(12)

An initial guess for Ap can be found by the L—curve
method (see below). Initial value of the projected gradient
parameter A,, can be found using the following arguments.
Eq.(10) can be rewritten in the form

FHL LT =N, (ATA ) AP R 1, ATZY (13)
The norm of the matrix in figure brackets on the right side

must be less than unity, otherwise in the course of iterations
the norm of 7*71 would grow. Thus, the following condition
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must hold:

“I — Apg (ATA + )‘TI)” <1 (14)
Equating the left side of this equation to zero, by the order
of magnitude we have

1

A0 = TATA o]

(15)

The code implementing the algorithm above has been
written in Python. Eq.(9) is minimized using the
least_squares module with constrained optimization option
trffrom the SciPy library. Optionally, Levenberg—Marquardt
(LM) algorithm of minimization can be invoked; however,
being unconstrained, the LM-method may return nega-
tive regularization parameters. PG-iterations (10), (11) are
stopped when the relative change of the norm ||7|| between
two successive iterations is less than 1078, On each itera-
tion step for Eq.(9), the latter condition requires a number
of PG—iterations K between 10% and 10°. The code is fast:
typically, it takes one to ten seconds to calculate a single
DRT spectrum on a 2.4-GHz PC. The time of calculation
strongly depends on the initial guess for parameters Ay and
Apg (see discussion in the next section). A somewhat faster
variant of the method is described in Appendix. The code
is available for download at
https://github.com/akulikovsky/DRT-python-code .

iIl. RESULTS AND DISCUSSION

The time scale 7 (seconds) is related to the frequency
scale as f = 1/(2n7) (Hz). lt is convenient to plot v(f)
rather than «(7), since peak positions of the spectrum ~(f)
give characteristic frequencies of physical The tests in this
section have been performed using either imaginary, or real
part of impedance for DRT calculation, with the follow-
ing modification in the expressions for the matrix A,,, in
Egs.(7), (12): d7n = 0.5(7p41 — T—1) at the internal mesh
points and d7p = 0.5(m1 — 7o), d7n—1 = 0.5(Tn_1 — TN_2)
at the boundaries. This provides more accurate approxima-
tion of integrals in Egs.(4), (5).

A. Test synthetic impedances

The first test of the method is DRT of impedance of two
parallel RC—circuits connected in series. The impedance of
the system

R Ro
7 =
1+ iwRyCy + 1+ iwRaCy

(16)

has been generated on the exponential (uniform on the log-
scale) grid with 22 points per decade. Figure 3a shows DRT
of this system calculated using the direct Tikhonov regular-
ization technique, Eq.(8). Again, negative oscillations are
seen, though the positions of main peaks are captured cor-
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FIG. 3. (a) Tikhonov solulion of Eq.(8) for the DRT of
two series—connected parallel RC-circuits (connected blue
open circles). Solid blue points — imaginary part of exact
impedance, Fq.(16), open red circles show —Tm (7) recon-
structed from the Tikhnonov’s DRT. Solid blue points and
open circles arc practically indistinguishable. (b) TRPG so-
lution for DRT, Egs.(9)—(11) and the exact and reconstructed
imaginary parls ol iinpedauce.

rectly. Figure 3b shows PG-corrected, physically realistic
DRT, which consists of two peaks corresponding to the two
RC—circuits. Peak positions on the frequency scale (0.0152
and 0.169 Hz) agree well with the characteristic frequencies
f=1/(2nRC) of 0.0159 and 0.159 Hz, for R = 5,C =2
and R = C =1, respectively. The fractions of polarization
resistivity resulted from DRT are 0.83893 and 0.16714; the
ratio of these values is 5.02, which is in good agreement
with the ratio of RC—circuit resistivities of 5.0. Note that
unlike the exact Dirac delta—functions solution, the peaks
in Figure 3b are wide; however, these peaks are located at
correct places and they give correct polarization resistances.
This is all that one may expect from DRT analysis.

The next test is the Warburg finite-length impedance

B tanh (\/1_7*—(;)
w = Tﬁ——" (17)

where 7, is the characteristic time constant of the transport
process. Setting 7. = 1 generating impedance (17) in the
frequency range from 1072 to 10* Hz on a grid with 22
points per decade, and calculating DRT according to the
TRPG-scheme with the real part of impedance, we get a
curve in Figure 4a. A feature of Warburg impedance is large
spectral range covering nearly five decades. The leftmost
peak located at 0.390 Hz exhibits the main transport process
(Figure 4). It is easy to show that with 7, = 1, the exact
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FIG. 4. (a) DRT of Warburg finite-length impedance,
Eq.(17), calculated using the TRPG-scheme (connected blue
open circles). Solid blue points depict real part of exact
impedance, Eq.(17), open red circles show Re(Z) recon-
structed from the DRT. (b) The same data calculated using
the real part of impedance perturbed by 2% random noise.

position of — I (Zw) peak is at 0.404 Hz. Thus, the value
of 0.390 Hz in Figure 4a is in good agreement with the
exact result. It is worth noting a high—frequency peak at
731 Hz; this peak and the two shoulders going down to
nearly 2 Hz represent the high—frequency straight line of the
Warburg spectrum in the Nyquist coordinates. Similar wide
peak manifesting proton transport in the cathode catalyst
layer (CCL) is a characteristic feature of PEM fuel cell DRT
spectrum (to be published elsewhere).

To demonstrate the effect of noise, the DRT of Warburg
impedance is calculated using the real part of impedance
perturbed by a 2% random noise (Figure 4b). As can be
seen, the main transport peak is at the same position (0.390
Hz). Note that due to noise, a phantom peak appears at
1.37 Hz (Figure 4b); however, the contribution of of this
peak to the polarization resistance is small.

The final, accurate values of the two regularization pa-
rameters are calculated by the method; the user should only
set correct order-of-magnitude estimates for Ay and Ay,
to start calculations. In the current version of the code,
the choice of initial Ap is performed using the L—curve
method?3; initial )\, is calculated from Eq.(15).

B. DRT of the cathode catalyst layer

One of the key problems in PEM fuel cell design is un-
derstanding the laws of oxygen transport in the cathode
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catalyst layer. Of particular interest is unexpected over—
linear transport loss due to oxygen transport in the Nafion
film covering Pt/C agglomerates in low-Pt CCls (see re-
views®®37). Can DRT help to understand transport prop-
erties of the CCL? In this section, an attempt to approach
the problem is done.

Analytical expression for impedance Z.,, of the CCL
with fast proton transport and finite rate of oxygen trans-
port is%®

thoz = b{idelblt

~ i« exp (1o/b) ( = =
" Rl b AL 4 -7
1 (RW iy Feiw (RW W)

-1
X duly (;—;) CxXp (%0—)} (18)

h

where

- 19 2

tanh by &xp(10/b) exp(nq/b) + i»ﬁ—e}—

. AF Dogcpt Doy

Zy =
ilf exp(mo/b) | lfw
4FDOIC;::L D()!I:
Rw = Zw (19)
w=0

Here, b is the oxygen reduction reaction (ORR) Tafel slope,
Ca is the double layer volumetric capacitance (F cm_s),
l; is the CCL thickness, 775 is the total oxygen reduction
reaction (ORR) overpotential, positive by convention, ci™ is
the reference (inlet) oxygen concentration, ¢; is the oxygen
concentration at the CCL/gas—diffusion layer interface, Do,
is the oxygen diffusion coefficient in the CCL, and 4, is the
ORR exchange current density.

Eq.(18) includes faradaic (charge-transfer) and oxygen
transport impedances. In case of fast proton transport, the
ORR overpotential ng and cell current density jo are related
by the following polarization curve3®

= . eXpijo expijo
= Dox = lanh 4/ — 20
‘70 \/ D().’l? \/ D()Jl: ( )
where tilde marks the dimensionless variables:
- o - Mo - 4FDoxng"
y 4 e or - . 33 21
Jo l* A 3 o b ) iy ltz ( )

Eq.(18) works if the cell current density jy satisfies to

b

Jo X
L

(22)
where g, is the CCL proton conductivity. Eq.(22) means
that jo must be sufficiently small to neglect variation of the
ORR overpotential through the catalyst layer depth due to
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ORR Tafel slope b, V 0.03
ORR exchange current density i,, A cm ™3 1078
Double laver capacitance Gy, F em™3 10
Catalyst layer thickness l;, cm 0.001
Cell temperature T, K 273 + 80
Air pressure p, bar 1.0
Reference oxygen concentration ¢f”, mol em *|7.155- 10 ¢
Cell current density jo, A cm™? 0.1

TABLE 1. Parameters used in calculations. For simplicity we
seb ¢ = ¢

finite 0. For typical PEMFC parameters, Eq.(22) holds if
the cell current density is below 100 mA cm™2,

Eq.(18) makes it possible to study the effect of CCL oxy-
gen transport parameter on the DRT spectrum. Sixty six
equidistant on the log—scale frequency points and the re-
spective values of CCL impedance (18) have been generated
in the frequency range from 1 to 10% Hz. The imaginary
part of impedance Im (7 4,,) has been used to calculate
DRT spectra. The results for the effective oxygen diffu-
sion coefficient D, varying from 81073 cm? s™! down to
5.107% cm? s~ are shown in Figure 5. The upper value
of 8- 107® cm? s is typical for standard "healthy” Pt/C~
based cathodes*”, while the lower value of 5-107% cm? s™!
is characteristic of flooded CCL.

Position of the right peak in Figures 5 does not change
upon variation of D,, and hence we can safely attribute
this peak to faradaic process. The characteristic frequency
fe: of charge—transfer process in PEMFC is#!

fut Jo

= — 2
27bC gy (23)

With the parameters from Table | we get f ~ 53.1 Hz,
which is in good agreement with the right peak position
at ~ 60 Hz in Figures 5a~e. Since the ORR Tafel slope
and the CCL thickness are usually known, DRT spectrum
and Eq.(23) allow us to estimate the double layer capaci-
tance Cg in the catalyst layer. Note that this estimate is
only possible if the cell current is small; for large currents,
Eq.(23) is not valid.

Evidently, the left DRT peak in Figures 5 is due to oxygen
transport. If the oxygen transport losses in the CCL are
small, position of this peak f,; on the frequency scale is
described by*?

f 2000 o
T oni? ardFeld,

(24)

With the data from Table |, for Doy = 8 - 1079 cm? s}
(Figure 53), we get fo, = 38 Hz, which is close to the right
side of the oxygen transport “shoulder" (== 30 Hz) in this
Figure. However, for Dy, 4 -107° cm? s=! (Figure 5b),
Eq.(24) gives for =2 22 Hz, while the left peak in Figure 5b
takes position at 14 Hz. The reason for this discrepancy is
that with Do, = 4-107° cm? s™1, the oxygen transport loss
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FIG. 5. Open circles — DRT of impedance of the PEMFC
cathode catalyst layer with fast proton transport, Eq.(18).
Indicated are the values of oxygen diffusion coefficient in the
CCL D,,, cm? s 1 (upper left corner). Numbers at the peaks
show thc fraction of the respective process in the total cell
polarization resistance. Blue solid points — calculated using
Eq.(18) imnaginary part of the CCL impedance Iin (Zetoz), red
open circles — Im (Z...) reconstructed from DRT.
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is not small, and Eq.(24) overestimates f,.. The oxygen
transport loss is small, if the cell current density is much
less than the characteristic current density jo, for oxygen
transport in the CCL3°

4F Doyt

. (25)

j(] <<jaz =

With the parameters in Table | and Dy = 4-107° cm? 57!
we find jor = 0.11 A cm™2, meaning that jy =~ jor and
Eq.(21) is not valid. Nonetheless, qualitatively, as D, de-
creases down to Dy, = 2-107" cm? s™', the transport peak
continues moving to lower frequencies (Figure 5c).

However, with the further decrease of D,, the oxygen
transport peak starts moving back, toward higher frequen-
cies (Figures 5e,d). The range of D,, below 107° cm? s~ !
corresponds to severely flooded CCL. Thus, in accelerated
stress testing experiments, the reverse motion of the oxygen
transport peak may serve as indicator of significant worsen-
ing of the layer oxygen transport properties.

Finally, it is worth noting that the contribution of oxygen
transport to the cell polarization resistance monotonically
increases with the decrease in D,, (see numbers at peaks
in Figure 5). This is a quite expected result. If the oxy-
gen transport loss is small, the equation for CCL oxygen
transport resistance!®

by

Ryp=—r—
°T T 12F Dyt

(26)

allows one to estimate 1), from the DRT data.

IV. CONCLUSIONS

A simple and fast method for calculation of distribution
of relaxation times for PEM fuel cell impedance is reported.
The method combines Tikhonov regularization technique
with projected gradient method. The optimal values of two
regularization parameters are found using least—squares min-
imization of the Tikhonov residual.

The method is tested using synthetic impedance of two
series—connected RC—circuits and Warburg finite-length
impedance. The method is applied to derive DRT of an-
alytical impedance of the PEMFC cathode catalyst layer
with fast proton transport. Decrease of the oxygen dif-
fusion coefficient D,, in the CCL leads to hon—monotonic
movement of the oxygen transport peak along the frequency
axis. For Do, below 1075 cm? s~!, the peak moves to-
ward higher frequencies as Doz decreases. This effect
can serve as indicator of cathode flooding. The advan-
tages of TRPG method suggested in this work are simplic-
ity, fast speed, and availability as open—source Python code
at https://github.com/akulikovsky /DRT-python-code .

Page 6 of 8



Page 7 of 8

Published on 30 July 2020. Downloaded by Forschungszentrum Juelich Gmbh on 7/30/2020 8:01:35 AM.

Physical Chemistry Chemical Physics

APPENDIX. G-FUNCTION VERSION OF THE METHOD

Eq.(1) can be written in equivalent form as

2 G(7)dIn(7)

2
1+ iwT (27)

Z(w) = Reo = R,m,/

— 00

where G(7) = 7(7). Numerical approximation for imagi-

nary part of Eq.(27) is AG = 7" where the matrix Aviim
is

W Tnd In(7,
g emdln()

‘477177
) 2 2
LI wi 3

dIn(r,) = In(7n41) —In(m)  (28)
The rest part of the algorithm is described by Egs.(9)—(11)
with the evident replacement v by G. Note that in Eq.(27),
the mesh step d1In(7,) is usually independent of n, as ex-
perimental impedance is typically measured on equidistant
log—scale grid.

In this variant, the method returns function G(7), which

is used in most of the works on DRT analysis. On the
frequency scale, the following relation holds
; ()
B =224 29
(n=1% (29)

meaning that the high—frequency peaks of G(f) are dumped
and the low—frequency peaks are enhanced as compared to
the respective peaks in y(f)-spectrum. Note that Eq.(29)
shifts position of peaks on the frequency scale, as the high—
frequency wing of the v(f) peak is divided by larger f as
compared to the low—frequency wing. Correct comparison
of peak positions with the characteristic frequencies of the
physical processes should be done using v(f). For exam-
ple, in the test with two RC—circuits (Figure 3), the right
peak of G(f) appears at 0.183 Hz, while the correct po-
sition of v(f) peak is 0.159 Hz. As an example, Warburg
finite—length DRT spectrum in terms of G(f) calculated as
discussed in this section is shown in Figure 6.

CONFLICT OF INTEREST STATEMENT

The author declares no conflict of interest.

IM. E. Orazem and B. Tribollet, Electrochemical Impedance Spec-
troscopy, Wiley, New—York, 2008.

2A. Lasia, Electrochemical Impedance Spectroscopy and its Applica-
tions, Springer, New York, 2014.

3A. Kulikovsky, Analytical Models for PEM Fuel Cell Impedance, Self—
publishing, Eisma, 2018.

4S. Arisetty, X. Wang, R. K. Ahluwalia, R. Mukundan, R. Borup,
J. Davey, D. Langlois, F. Gambini, O. Polevaya and S. Blanchet, J.
Electrochem. Soc., 2012, 159, B455-B462.

5M. S. Kondratenko, M. O. Gallyamov and A. R. Khokhlov, Int. J.
Hydrogen Energy, 2012, 37, 2596 — 2602.

6A. C. Okafor and H.-M. C. Mogbo, J. Fuel Cell Sci. Techn., 2012,
9, 011006—-1-011006—13.

7). Kim, J. Lee and B. H. Cho, IEEE Trans. Ind. Electronics, 2013,
60, 5086-5094.

View Article Online
DOI: 10.1039/D0OCP02094) 7

1.5 LA AL N A B L1 S LR RS N S L ) LU 52 L i 0.5
8 : P tanh /iTyw 104 NE
& 1.0p ViTaw e
] 703 6
2 ~
c X —~
S 05 02 N
2 o E
£ I 0.1
2 0.0
—0.0
0.01 0.1 1 10 100 1000 10000
Frequency / Hz
FIG. 6. DRT G(f), Eq.(27) of Warburg finite-length

impedance, Eq.(17) (counecled blue open circles) calculated
using the TRPG-scheme described in Appendix. Solid blue
points depict imaginary part of exact impedance, Eq.(17),
open red circles show — Tm (%) reconstrmcted from the DRT.

8]. A. Schneider, M. H. Bayer and S. von Dahlen, J. Electrochem.
Soc., 2011, 158, B343-B348.

9]). Mainka, G. Maranzana, A. Thomas, J. Dillet, S. Didierjean and
O. Lottin, Fuel Cells, 2012, 12, 848-861.

10A, A. Kulikovsky, J. Electrochem. Soc., 2015, 162, F217—F222.

HA, Baricci and A. Casalegno, Electrochim. Acta, 2015, 157, 324—
332.

12D Gerteisen, J. Electrochem. Soc., 2015, 162, F1431-F1438.

13B. P. Setzler and T. F. Fuller, J. Electrochem. Soc., 2015, 162,
F519-F530.

14C. Bao and W. G. Bessler, J. Power Sources, 2015, 278, 675-682.

15T Reshetenko and A. Kulikovsky, J. Electrochem. Soc., 2018, 165,
F291-F296.

16T Reshetenko and A. Kulikovsky, RSC Adv., 2019, 9, 38797—38806.

17H. Schichlein, A. C. Miiller, M. Voigts, A. Kriigel and E. Ivers-Tiffée,
J. Appl. Electrochem., 2002, 32, 875-882.

18A, B. Tesler, D. R. Lewin, S. Baltianski and Y. Tsur, J. Electroce-
ram., 2010, 24, 245-260.

19D, Klotz, J. P. Schmidt, A. Kromp, A. Weber and E. Ivers-Tiffée,
ECS Trans., 2012, 41, 25-33.

20Y, Zhang, Y. Chen, M. Yan and F. Chen, J. Power Sources, 2015,
283, 464-477.

21B. A. Boukamp, Electrochim. Acta, 2017, 252, 154-163.

22M. Heinzmann, A. Weber and E. lvers-Tiffée, J. Power Sources,
2019, 444, 227279.

2R. Fuoss and J. Kirkwood, J. Am. Chem. Soc., 1941, 63, 385-394.

24E. Ivers-Tiffée and A. Weber, J. Ceramic Soc. Japan, 2017, 125,
193-201.

25A. A. Kulikovsky, J. Electroanal. Chem., 2014, 738, 108-112.

267, N. Tikhonov and V. Y. Arsenin, Solutions of lll-Posed Problems,
Wiley, New-York, 1977.

27], Macutkevic, J. Banys and A. Matulis, Nonlin. Analysis: Modelling
and Control, 2004, 9, 75-88.

28p, Biischel, U. Tréltzsch and O. Kanoun, 9th International Multi-
Conference on Systems, Signals and Devices (sSD), 2012, pp. 1-3.

29M. Saccoccio, T. H. Wan, C. Chen and C. F, Electrochim. Acta,
2014, 147, 470-482.

30T, H. Wan, M. Saccoccio, C. Chen and F. Ciucci, Electrochim. Acta,
2015, 184, 483-499,

3IM. Heinzmann, A. Weber and E. lvers-Tiffée, J. Power Sources,
2018, 402, 24 — 33.

32B, A. Boukamp, Electrochim. Acta, 2015, 154, 35-46.

335, Hershkovitz, S. Tomer, S. Baltianski and Y. Tsur, ECS Trans.,
2011, 33, 67-73.

34A. N. lusem, Comput. Appl. Math., 2003, 22, 37-52.



Published on 30 July 2020. Downloaded by Forschungszentrum Juelich Gmbh on 7/30/2020 8:01:35 AM.

Physical Chemistty Chemical Physics

35T, M. Correia, A. P. Gibson, M. Schweiger and J. C. Hebden, J.
Biomed. Optics, 2009, 14, 1-11.

38A. Kongkanand, W. Gu and M. Mathias, Fuel Cells and Hydrogen
production, Springer, New—York, 2018, pp. 323-342.

YA, Kusoglu, Fuel Cells and Hydrogen production, Springer, New—
York, 2018, pp. 417-438.

3BA, A. Kulikovsky, Flectrochim. Acta, 2016, 225, 559-565.

3%A, A. Kulikovsky, Electrochim. Acta, 2010, 55, 6391-6401.

40T Reshetenko and A. Kulikovsky, J. Electrochem. Soc., 2016, 163,
F1100-F1106.

A, A. Kulikovsky and M. Eikerling, J. Electroanal. Chem., 2013, 691,
13-17.

427 A, Kulikovsky, Electrochim. Acta, 2016, 196, 231-235.

View Article Online

Page 8 of 8

DOL: 10.1039/D0CP020943 8

NOMENCLATURE

Marks dimensionless variables
b ORR Tafel slope, V

Ca Double layer volumetric capacitance, F cm™
¢ Oxygen molar concentration at the CCL/GDL

interface, mol em *

in

ci*  Reference (inlet) oxygen concentration, mol cm™
D, Oxygen diffusion coefficient in the CCl, em? s~

F Faraday constant, C mol™?

fer Characteristic frequency of faradaic process, Hz

fox  Characteristic frequency of oxygen transport in the CCL, Hz

G G-function DRT, Eq.(29)

4. ORR volumetric exchange current density, A cm™

i Imaginary unit
jow Limiting current density

due to oxygen transport in the CCL, A cm™

jp  Limiting current density
due to proton transport in the CCL, A cm
jo  Cell current density, A cm™2
I,  CCL thickness, cm
Ruo Cell polatization resistance,  cm?
R.. High frequency (ohmic) resistance, Q2 cm?

Z  Cell impedance Q2 cm?
Subscripts:

0 Membrane/CCL interface
1 CCL/GDL interface

Greek:

v DRT,s™!

70 ORR overpotential, positive by convention, V

o, Catalyst layer proton conductivity, 27 cm
7 Time constants scale (7 = 1/w), s
w  Angular frequency of the AC signal, s™!
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