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Distribution of relaxation times (DRT) is calculated from fifty local impedance spectra of a low–Pt PEM fuel cell.
48 out of 50 DRT spectra contain three peaks. Evolution of the peak frequency positions and resistivities with the
cell current density are analyzed. The analysis allows us to attribute the low–frequency peak to oxygen transport
in the gas–diffusion layer (perhaps, including transport in the channel), the middle peak to unresolved processes
of charge–transfer and oxygen transport in the ionomer film, and the high-frequency peak to oxygen transport in
void pores of the catalyst layer. Comparison of DRT spectra of low–Pt and high–Pt cells suggests a novel method
for measuring ionomer film transport resistivity in a low–Pt cell.
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I. INTRODUCTION

At present, typical PEMFC–based 100-kW stack for automotive applications contains about 100 grams of precious metal
providing high rate of the oxygen reduction reaction (ORR). Lowering of this parameter is of paramount importance for
wide commercialization of PEM fuel cell technology. However, attempts to lower Pt content by a factor of three to four
have revealed unexpected “overlinear” voltage loss of a PEM fuel cell1,2. This loss has been attributed to oxygen transport
through a thin ionomer film covering Pt/C agglomerates in a cell cathode2–7. Qualitatively, as any other oxygen transport
layer, ionomer film covering Pt/C agglomerates determines a limiting current density jNlim, which is proportional to the Pt
loading. In a high–Pt cell, oxygen flux to a single Pt/C agglomerate is not large, the total O2 flux expressed in electric
units is far from jNlim, and the ionomer film practically does not affect the cell performance. However, in a low–Pt cell, the
number of agglomerates per unit cell surface area is much lower, jNlim is three to four times less and the total oxygen flux
in the electrode may reach jNlim, which seriously lowers the cell potential.

The effect of ionomer (typically Nafion) film has been studied experimentally using the limiting current method
technique5,7. This technique is based on measuring the film transport resistivity in a cell operating close to the lim-
iting current density, typically at low oxygen concentration, or even with hydrogen instead of oxygen8. A simple method
for measuring film resistivity under real cell operating conditions would be highly desirable.

Electrochemical impedance spectroscopy (EIS) is a unique tool for fuel cells testing and characterization without inter-
ruption of current production mode. Analysis of impedance spectra can be performed either by spectra fitting using a
relevant physics–based model, or by means of distribution of relaxation times (DRT) technique. Physics–based modeling
is a complicated task requiring computing resources and time, while calculation of DRT is simple and fast procedure.

DRT function γ(τ) is a solution to equation9–14

Z(ω) = R∞ +Rpol

∫ ∞
0

γ(τ) dτ

1 + iωτ
(1)

where Z is the fuel cell impedance, ω is the angular frequency, R∞ is the high–frequency cell resistance, and Rpol is the
total polarization resistance of the cell given by total diameter of the Nyquist spectrum.

Impedance of a parallel RC–circuit is R/(1 + iωRC). Comparing this to Eq.(1), it became clear that Eq.(1) is expansion
of cell impedance over infinite sum of parallel RC–circuit impedances, each one having the resistivity Rpolγ dτ . From
Eq.(1) it follows that the DRT spectrum of a single parallel RC–circuit is the Dirac δ–function positioned at τ∗ = RC.

a)Electronic mail: tatyanar@hawaii.edu
b)ISE member; Corresponding author; Electronic mail: A.Kulikovsky@fz-juelich.de
c)Also at:Lomonosov Moscow State University, Research Computing Center, 119991 Moscow, Russia



2

The cell impedance is usually measured at equidistant on log–scale frequencies {fi, i = 1, . . . , N}, i.e., for ln(fi+1)−ln(fi)
independent of i (this is seen in Figure 2b). For numerical calculation of DRT it is thus beneficial to consider function
G(τ), which obeys to equation

Z(ω) = R∞ +Rpol

∫ ∞
−∞

G(τ) d ln(τ)

1 + iωτ
(2)

Obviously, since τ = 1/(2πf),

γ(τ) =
G(τ)

τ
, or G(f) =

γ(f)

2πf
(3)

where f is the regular frequency (Hz). It follows that the dimension of γ is s−1, while G is the dimensionless function.
Setting in Eqs.(1), (2) ω = 0 and taking into account that Z(0)−R∞ = Rpol, we see that γ and G obey to the respective
normalization conditions ∫ ∞

0

γ(τ) dτ = 1,

∫ ∞
−∞

G(τ) d ln(τ) = 1 (4)

A great advantage of DRT spectra over standard impedance is that the functions γ and G are extremely sensitive to
RC–like components in the impedance spectrum. All kinetic and transport processes in a fuel cell eventually are linked to
charging/discharging of the double layer at the cathode catalyst/ionomer interface. One, therefore, may expect that the
spectra of individual processes in the cell are close to RC–circuit spectrum. If, in addition, the resonance frequencies of
individual processes are well separated on the frequency scale, the spectrum of γ(f) and/or G(f) consists of a number of
well separated peaks. The peak frequency position fn gives characteristic frequency of the process, and the area under
each peak on the τ–scale gives the contribution Rn of this process to the total Rpol:

Rn = Rpol

∫ τn+1

τn

γ(τ) dτ = Rpol

∫ τn+1

τn

G(τ) d ln(τ) (5)

where τn, τn+1 are peak boundaries.
Analysis of DRT spectra of solid oxide fuel cells is a well–established field (see a review15), while in studies of low–

temperature PEM fuel cells, DRT is a relatively new technique14. DRT analysis of high–temperature PEM fuel cell has
been performed in16. Due to the absence of liquid water in the cell, SOFC and HT-PEMFC impedance spectra are
remarkably smooth. DRT analysis of “noisy” low–temperature PEMFC spectra is more difficult task. DRT of standard,
high–Pt cells have been analyzed in14,17. To the best of our knowledge, so far DRT spectra of low–Pt PEMFC have been
considered just in18.

Eqs.(1),(2) belong to the class of Fredholm equations of the first kind. Direct numerical approximation of Eqs.(1),(2) leads
to an ill–posed problem and numerical methods for solution of Eqs.(1), (2) are usually based on variants of Tikhonov’s
regularization technique12,19–21 (see also review22). In this work, Eq.(2) is solved numerically using our most recent
scheme based on non–negative least squares (NNLS)23 solution of the Tikhonov’s regularized system of equations24. This
approach allows us to avoid projected gradient iterations suggested in24, as NNLS method does this job much faster.
The Python code “DRT Gfun nnls *.zip” for calculation of DRT G(f) from fuel cell impedance can be downloaded from
https://github.com/akulikovsky/DRT-python-code. The symbol * in the file name substitutes the version number; currently
1.0.

II. IMPEDANCE AND DRT OF A LOW–PT CELL

Local impedance spectra of a low–Pt PEM fuel cell have been measured using the segmented cell setup (Figure 1). Due
to continuous depletion of oxygen along the flow field, localized accumulation of water and buildup of impurities, spatial
inhomogeneities may exist in the fuel cell resulting in local effects over the cell active area25,26. For the sake of comparison,
local spectra of a standard, high–Pt cell have also been measured. Two cells with the cathode Pt loading of 0.1 mgPt cm−2

and 0.4 mgPt cm−2, and active area of 76 cm2 have been equipped with the flow field and gas–diffusion media separated
into ten electrically insulated segments on the cathode side. The AC signal has been applied simultaneously to all the
segments; the response has been measured from each segment and from the whole fuel cell. Impedance spectra processed
in this work have been collected for the cell current density varying in the range 200 to 800 mA cm−2. The cell parameters
and operating conditions are listed in Table I; more experimental details can be found in27,28.

Figure 2 shows example of the the whole low–Pt cell spectrum measured at the current density of 800 mA cm−2. Figure 3
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FIG. 1. The schematic of the segmented cell system27. The flowfield and GDL on the cathode side are separated into ten
electrically insulated segments. The segmented cell setup allows us to measure impedance and local currents from individual
segments and from the whole cell. More experimental details can be found in27.

Low-Pt High-Pt

Catalyst loading A/C, mg cm−2 0.1/0.1 0.4/0.4

CCL thickness lt, µm 3.0 11.0

GDL thickness lb, µm 230

Air channel depth h, cm 0.1

Flow stoichiometry A/C 2/4

Relative humidity A/C 100%/50%

Absolute pressure, A/C kPa 150/150

Cell temperature, K 273 + 80

TABLE I. Parameters and operating conditions of low–Pt and high–Pt cells. A/C stands for anode/cathode.

shows DRT of the impedance spectrum from the first segment of the low–Pt cell, calculated from the real part of Eq.(2)
using the real part of experimental impedance. The optimal regularization parameter λ for Tikhonov’s regularization has
been calculated using the L–curve method29. In most of the variants,

The leftmost peak in Figure 3 can be attributed to oxygen transport in the gas–diffusion layer (GDL), or perhaps in the
GDL and channel. The middle peak in Figure 3 represents two unresolved processes of oxygen transport in the ionomer
film and charge transfer. The rightmost peak in Figure 3 manifests oxygen transport in void pores of the cathode catalyst
layer (CCL). The remaining part of the paper provides arguments supporting these statements.

III. RESULTS AND DISCUSSION

The high–frequency part of impedance spectra (typically, above 2 kHz) contains the points with positive imaginary part.
It this frequency range, fuel cell impedance is masked by the cable inductance, and the points with Im (Z) > 0 have been
discarded. Prior to DRT calculation, the real part of the remaining most high–frequency point has been subtracted from
the cell impedance. This procedure eliminates R∞ from Eq.(2) and the real part of this equation takes the form

Zre,∗(ω) = Rpol

∫ ∞
−∞

G(τ) d ln(τ)

1 + ω2τ2
(6)

where Zre,∗ = Zre −R∞, and the subscript “re” denotes real part.
Calculated DRT of 48 out of 50 spectra acquired from ten segments of the low–Pt cell for the current densities of 200,

300, 400, 600 and 800 mA cm−1 consist of three peaks, quite similar to the spectra in Figure 3. The exclusion are two
spectra from the 4th segment at the current densities of 200 and 300 mA cm−2 containing four peaks. The nature of the
fourth peak at the frequency of about 1000 Hz is not clear and this peak has been ignored.

Processing of ten local DRT spectra for every current density allowed us to calculate mean over the segments peak
frequency position, peak resistance, and the corresponding standard deviations. Let the peak characteristic frequencies
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FIG. 2. (a) Experimental Nyquist spectrum of the low–Pt PEM fuel cell impedance at the cell current of 800 mA cm−2. (b)
Frequency dependence of the imaginary part of impedance in (a).

numbered in the ascending order be {fn, n = 1, 2, 3} (Figure 3a). Figure 4 shows the dependence of frequency positions
of peaks 2 and 3 on the cell current density. Note quite small confidence intervals for the curve f2 in Figure 4, meaning
that the spread of f2 between the segments is small. The frequencies of peak 3 (Figure 4) exhibit quite large statistical
spread with no distinct dependence on segment number.

Position f1 and resistivity R1 of the first (leftmost) DRT peak exhibit distinct trends along the cathode channel: f1
decreases while R1 increases with the distance from the inlet (Figure 5). Assuming that the first peak represents oxygen
transport in the GDL, we may expect that f1 obeys to the Warburg finite–length formula

f1 '
2.54Db

2πl2b
(7)

where Db is the GDL oxygen diffusivity, and lb is the GDL thickness. With lb from Table I and f1 decaying from 20 Hz at
the channel inlet down to 2 Hz at the outlet (Figure 5a), we get quite realistic range of Db variation from 2.6 ·10−2 cm2 s−1

at the inlet to 2.6 · 10−3 cm2 s−1 at the outlet. The decay of GDL oxygen diffusivity along the channel is accompanied by
the growth of the GDL oxygen transport resistivity toward the outlet (Figure 5b). Strong decay of f1 and the growth of the
first peak resistivity along the cathode channel suggest higher liquid water content in the GDL of remote segments. With
the growth of cell current density, the GDL water content becomes more uniform along the channel and the f1–shape in
Figure 5a becomes more flat. The growth of mean along the channel Db with the cell current could be attributed to better
water transport in the GDL at higher currents. The mechanism of this effect presumably is due to higher air flow velocity
in the channel at higher currents, which facilitates liquid water removal from the GDL.

The first peak may also represent merged peaks of oxygen transport in the GDL and in the cathode channel. The
characteristic frequency fh of oxygen transport in channel is30

fh =
3.3v

2πL
(8)

where v is the flow velocity and L is the channel length. The flow oxygen stoichiometry λ is given by

λ =
4Fhvcin

Lj0
(9)
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FIG. 3. DRT G(f) of impedance spectra from the first segment of a low–Pt PEMFC (solid blue line and stars) calculated
using Eq.(2) and the real part of impedance (blue dots). Red open circles show real part of impedance reconstructed from the
calculated DRT using real part of Eq.(6).

where h is the channel depth. Combining (8) and (9), we get

fh =
0.825λj0
2πFhcin

(10)

With the data from Table I, we get fh ' 2 to 6 Hz, as j0 increases from 0.2 to 0.8 A cm−2. These values are close to the
first peak frequency f1 in the DRT spectra. We, thus, could assume that the first peak represents oxygen transport in a
combined “GDL + channel” media. The growth of R1 along the channel then correlates with the growth of the second,
low–frequency arc in the local Nyquist spectra (Figure 6). This effect has first been demonstrated in experiments31 and
discussed in modeling studies32–34. Note that development of analytical model for the “GDL + channel” impedance is a
field of ongoing research35.

The growth of the second peak frequency f2 with the cell current j0 (Figure 4) is explained by growth of the frequency
fct of faradaic (charge transfer) process, which presumably gives the main contribution to this peak. At low cell currents
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FIG. 5. (a) Frequency position and (b) resistivity of the first (leftmost) DRT peak of the low–Pt cell vs distance along the
cathode channel for the indicated cell current densities (mA cm−2).

fct is proportional to j0, as the charge–transfer resistivity Rct is inversely proportional to j0
36:

fct =
1

2πRctCdllt
=

j0
2πbCdllt

, Rct =
b

j0
(11)

where Cdl is the double layer volumetric capacitance and b is the ORR Tafel slope. The average frequency position f3 of
the last, third peak is nearly independent of the cell current density (Figure 4).

To understand better the nature of the second and third peaks, we calculated DRT of local spectra of the high–Pt cell
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with the standard cathode Pt loading of 0.4 mgPt cm−2. The spectra have been measured using the same segmented
cell setup under the same operating conditions (Table I)37. Quite similar to the low–Pt cell, the local DRT spectra of
the high–Pt cell exhibit three peaks (Figure 7). Figure 8 shows comparison of polarization resistivities of peaks 1 to 3 in
the low–Pt and high–Pt cells. In the low–Pt cell, the second peak resistivity exhibits distinct decay with j0, followed by
flattening at higher currents (Figure 8). In the high–Pt cell, the resistivity of peak 2 also decreases with the cell current
density, suggesting that peak 2 exhibits the faradaic process in the cell. However, the gap between the low–Pt and high–Pt
peak 2 curves (shaded area in Figure 8) increases with the current. This indicates that in the low–Pt cell, peak 2 includes
some additional resistivity, which increases with the cell current. Analysis shows that the characteristic frequencies of
charge–transfer and oxygen transport in ionomer film differ by the factor of

√
3 (Ref.38), and the respective DRT peaks

could merge in one. The peak 2 representing practically pure charge–transfer resistivity in a high–Pt cell decreases with the
cell current, while significant contribution of ionomer–transport resistivity flattens the resistivity of peak 2 of the low–Pt
cell at higher currents (Figure 8). We presume that both the low–Pt and high–Pt Gore cells employ the same Pt/C catalyst
on the cathode side and hence in the absence of ionomer film resistivity, the two upper curves in Figure 8 should coincide.
Thus, the shaded area in Figure 8 represents oxygen transport resistivity of ionomer film.

In the low–Pt and high–Pt cells, the resistivity of peak 3 weakly depends on cell current density (Figure 8). We assume
that in both the cells, the high–frequency peak 3 represents oxygen transport in void pores. In18, we attributed the third
DRT peak of the low–Pt cell to oxygen transport in the void pores and ionomer film. However, weak dependencies of f3
and of the 3rd peak resistivity on cell current suggest that f3–peak represents oxygen transport in void pores only. Taking
again for the estimate Warburg finite–length formula f3 ' 2.54Dox/(2πl

2
t ), for the oxygen diffusivity in void pores of a

low–Pt cell we get Dox ' 10−4 cm2 s−1. Here, lt = 3 · 10−4 cm and f3 ' 450 Hz (Figure 4). This value of Dox agrees
well with the value obtained from fitting the physics–based model to the local impedance spectra (to be published). From
Figure 8 it follows that Dox practically does not change with the cell current density in the range of 200 to 800 mA cm−2.
Note that reported in28 growth of Dox up to 6 · 10−3 cm2 s−1 at 800 mA cm−2 was based on fitting a single spectrum.
Such a high Dox is confirmed neither by the data from fitted local spectra, nor by the present results.

The value of Dox ' 10−4 cm2 s−1 is an order of magnitude higher than the oxygen diffusivity in water, and at least an order
of magnitude lower than the oxygen diffusion coefficient in a free void space of a dry catalyst layer39. Dox ' 10−4 cm2 s−1

suggests that the void pores of a low–Pt cell are partially flooded, as predicted in40. Further, comparison of low–Pt and
high–Pt resistivity curves for the third peak shows that in the low–Pt cell, the resistivity Rox of oxygen transport in void
pores is about 1.5 times higher than in the high–Pt cell (Figure 8). This resistivity is proportional to lt/Dox; for the
estimates we take the low–current formula41

Rox =
blt

12FDoxc1
(12)

where c1 is the oxygen concentration at the CCL/GDL interface. The low–Pt CCL is three to four times thinner than the
high–Pt CCL, hence with the same Dox, Rox of the low–Pt CCL would have been three times lower, than of the high–Pt
CCL, as it follows from Eq.(12). Thus, Figure 8 shows that the oxygen diffusion coefficient in void pores of the low–Pt CCL
is about five to six times less than in the high–Pt CCL. This is another indication that the low–Pt CCL is partially flooded.

The ratio Dhigh
ox /Dlow

ox can also be estimated from the peak frequencies. The characteristic frequency fhigh3 in the
high–Pt cell is about 200 Hz (Figure 7). Taking into account that in the low–Pt cell f low3 ' 450 Hz and the ratio of CCL
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FIG. 7. DRT of the first segment in a high–Pt PEMFC. See caption to Figure 3 for curves meaning.

thicknesses in the high–Pt and low–Pt cells is about 3.5 (Table I), from Warburg finite–length formula it follows that the
ratio

Dhigh
ox

Dlow
ox

=
fhigh3

f low3

(
lhight

llowt

)2

' 5.4 (13)

which confirms the estimate from peak resistivities above.
It is interesting to compare the sum of potential losses calculated using DRT technique with this sum resulting from

polarization curves. Figure 9 shows the polarization curves of the low– and high–Pt cells used in our experiments and the
relative potential loss in the low–Pt cell. The “open circuit” points in Figure 9 represent, in fact, potential of the cells
operating at the current density of about 3 mA cm−3 due to hydrogen crossover. The difference of cell potentials ∆V0 at
the highest point of the polarization curve is due to lower superficial exchange current density j∗ in the low–Pt cell. Thus,
by shifting the polarization curve of the high–Pt cell down by the value of ∆V0 we compensate for the loss due to lower
j∗ in the low–Pt cell. In the absence of potential losses specific to low–Pt cell, the shifted IV curve of the high–Pt cell
would overlap with the low–Pt cell curve. This, however, is not the case (Figure 9) and the difference of two curves can be
attributed to the specific ionomer–film transport losses in a low–Pt cell (shaded area in Figure 9).

The accuracy of low–current part of the peak 2 curves in Figure 8 is low, and for comparison we take the point
800 mA cm−2. At this current, from Figure 8 we get the potential losses in a low–Pt cell due to peak 2 and 3 of 44.4 mV
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and 16.1 mV, respectively. The losses due to peak 1 in both the cells are almost equal and hence they do not contribute
to the resulting curve. From “losses” curve in Figure 9, the total voltage loss at 800 mA cm−2 is ' 52 mV. Taking into
account relatively large standard deviation of the third peak resistivity, the value of 52 mV agrees reasonably well with the
sum of 44 + 16 = 60 mV following from Figure 8.

It should be noted that removal of the high–frequency points with Im (Z) > 0 makes it difficult determination of proton
transport impedance from the DRT spectra. By the order of magnitude, the characteristic frequency fp of proton transport
in the CCl is42

fp =
2σp
Cdll2t

(14)

where σp is the CCL proton conductivity. With the typical Cdl = 20 F cm−3, σp = 0.01 S cm−1 and lt = 3 · 10−4 cm,
we get fp ' 11 kHz. This value is well above the high–frequency cutoff of 2 kHz in our experiments. Heinzmann et al.17

reported accurate impedance measurements up to 50 kHz and they were able to identify proton transport peaks in the DRT
spectra. Unfortunately, quite high cable inductance in our setup significantly masks fuel cell impedance at the frequencies
above 2–5 kHz.
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IV. CONCLUSIONS

Measured local impedance spectra of a low–Pt cell with the Pt loading on the cathode side of 0.1 mgPt cm−2 are used
for calculation of distribution of relaxation times. For every cell current density in the range of 200, 300, 400, 600 and
800 mA cm−2 ten local spectra are acquired and processed. 48 out of 50 DRT spectra contain three peaks. Analysis
shows that the leftmost peak can be attributed to oxygen transport in the gas–diffusion layer. Estimated oxygen diffusion
coefficient in the GDL decreases along the air channel, indicating seemingly accumulation of liquid water in the remote
segments of the GDL. Alternatively, the first peak could represent a process of oxygen transport on the GDL and air channel.
The increase of the first peak resistivity along the channel coordinate z is then due to the growth of the low–frequency
arc diameter with the distance z. To understand the nature of the middle peak, we calculated DRT of 40 local impedance
spectra of the standard high–Pt cell measured for the currents of 200, 400, 600 and 800 mA cm−2. Evolution of frequency
and resistivity of the second peak with the cell current shows that in low–Pt cell, the second peak represents two merged
processes of charge transfer and oxygen transport in ionomer film. In the high–Pt cell, the second peak represents faradaic
processes only, as the role of oxygen transport in ionomer film is negligible in this cell. Thus, the difference of the second
peak resistivities in the low–Pt and high–Pt cells provides an estimate of the ionomer film transport resistivity in the low–Pt
cell. The third, rightmost on the frequency scale peak represents oxygen transport in void pores of the cathode catalyst
layer. The third peak frequency position and resistivitiy allow us to estimate the oxygen diffusion coefficients in void pores,
which shows that the void space in low–Pt cell is partially flooded.
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