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a b s t r a c t 

Distribution of relaxation times (DRT) is a well-established method for deconvoluting electrochemical

impedance spectroscopy (EIS) data from fuel cells. DRT-analysis provides a deeper insight into electrode

reactions and supports identification of the most accurate equivalent circuit models. This established

method has undergone much change in recent decades and has been applied to many sub-fields. Contem- 

porary studies are highly specialized and produce specialist literature: to further a comprehensive view,

this paper provides an overview and retrospective. EIS measurement and subsequent interpretation by

DRT are challenging because (i) high-performance electrodes have very low impedances (10–100 m Ω ), (ii) 

the concept of one rate-limiting step is usually not applicable, and (iii) the charge transfer and transport

processes in anode and cathode are often coupled; overlapping in the frequency domain. In this paper

selected results from advanced EIS and DRT analyses are discussed. We demonstrate the importance of

EIS data quality, introduce the use of the Kramers-Kronig transformation, explain the impacts of statisti- 

cally distributed noise and single errors in EIS spectra, and the selection of the regularization parameter

lambda for improved interpretation of DRT curves. Finally, well-selected examples of DRT approaches lead

to adequate models with different complexity. As a result, this paper deepens the understanding of how

to assess electrochemical measurements of fuel cells based on the DRT. It, therefore, represents a vital

guide for DRT analysis.
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CTLM Two-channeled Transmission Line Model (1 layer) 

CTLM Three-channeled Transmission Line Model (2 layers) 

C Alternating Current 

FL Anode Functional Layer 

S Anode Substrate 

SC Anode Supported Cell 

WGN Additive White Gaussian Noise 

NLS Complex Non Linear Square 

C Direct Current 

RT Distribution of Relaxation Times 

CM Equivalent Circuit Model 

IS Electrochemical Impedance Spectroscopy 

IB Focused Ion Beam 

FLW Generalized Finite-Length Warburg Element 

K Kramers-Kronig 

SCF La 0.58 Sr 0.4 Co 0.2 Fe 0.8 O 3- δ

CFC Molten Carbonate Fuel Cell 

CFC Protonic Ceramic Fuel Cell 
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EMFC Polymer Electrolyte Fuel Cell 

CC Open Circuit Condition 

CV Open Circuit Voltage 

EM Scanning Electron Microscope 

OFC Solid Oxide Fuel Cell 

PB Triple Phase Boundary 

LM Transmission Line Model 

SZ Yttrium (III) Oxide (Y 2 O 3 ) stabilized Zirconia:

Y 0.16 Zr 0.84 O 2- δ

. Introduction

.1. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) and the related

requency response analysis are well-established methods for in-

estigating electrochemical devices and components. Already in

he 19 th century initial investigations on frequency-dependent ma-

erial characteristics, mainly for dielectrics and ferroelectrics, were

erformed. Today ́s common approach of determining the elec-

rolyte resistance and conductivity by AC-measurements and thus

liminating electrode polarizations was already introduced in 1869
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[1] and the related challenges were summarized in [2] . Since then,

the theoretical background of equivalent circuit models [3] has

evolved, as well as the analysis of materials by AC-methods, com-

monly displayed in Cole-Cole plots [4] . Bauerle investigated polar-

ization in solid zirconia electrolytes [5] , and first proved the useful-

ness of AC-measurements for polycrystalline solids when applied

in fuel cells. The availability of commercial frequency response

analyzer equipment as well as well-suited software for analyzing

impedance data [ 6 , 7 ] broadened the research work dramatically.

Historical aspects of impedance spectroscopy are summarized

in [8] , while the theory is comprehensibly presented in the books

of Macdonald [8] , Orazem [9] and Lasia [10] . EIS spectra should

be free of any type of error, either arising from the measurement

equipment or the instability of the sample under test [11] . We rec-

ommend proving the validity of measured spectra first, i.e., by al-

gorithms based on the Kramers-Kronig relation [ 12 , 13 ]. Appropri-

ate software tools are available, e.g. free of charge on our group’s

website [14] . However, the interpretation of measured impedances

still poses a major challenge today. To cope with this difficulty the

application of the Distribution of Relaxation Times (DRT) propa-

gates itself more and more as an invincible evaluation method for

resolving impedance data. 

1.2. Distribution of Relaxation Times (DRT) 

The correct calculation and suitable application of the DRT re-

quire extensive basic knowledge, which we want to impart in the

scope of this publication. In this regard, we summarize retrospec-

tively the supportive findings of previous DRT-related publications

on fuel cells. This is, in our view, of fundamental importance for

the realization of a vital guideline covering all important features

of the DRT analysis. 

More than a century ago, Schweidler introduced the idea of dis-

tributed relaxation times in [15] , which was further promoted by

Wagner [16] . Since then, only a few publications featuring a Distri-

bution of Relaxation Times (DRT) [ 4 , 17 ] and unfolding of EIS spec-

tra by a DRT were available before the year 20 0 0 [18–24] . These

mostly considered dielectric materials. Schichlein [25] published in

2002 a methodology for calculating the DRT from the EIS spectra

of a single, planar solid oxide fuel cell (SOFC). He showed that the

DRT method deconvolutes processes with rather close time con-

stants in porous SOFC electrodes, and thereby provided a clearer

insight into electrochemical reactions and transport. 

The relation between the impedance spectrum Z ( ω) and the

DRT γ ( τ ) - mostly displayed as g ( f ), e.g. distribution of the relax-

ation frequencies - is given by: 

Z ( ω ) = R 0 + Z Pol ( ω ) = R 0 + 

∫ ∞ 

0

γ ( τ ) 

1 + j ωτ
d τ. (1)

This relation is valid for any valid impedance spectrum that ful-

fills linearity, causality and time invariance criteria. Even though

this equation looks “capacitive”, i.e., an infinite number of RC-

elements connected in series, it is not limited to capacitive pro-

cesses as derived by Schönleber in [29] . The applicability of an

extended DRT considering pseudo-inductive processes in PEMFC

impedance spectra is shown in [27] . 

The calculation of the DRT is not straight forward as the re-

quired inversion of Eq. (1) , is an ill-posed problem (Fredholm in-

tegral [28] ). One approach is based on a discrete Fourier transfor-

mation applied to the imaginary part of Z ( ω) [25] . The indispens-

able data extrapolation and filtering is challenging and extremely

high demands concerning impedance data quality have to be ful-

filled [29] . To overcome these problems a few years later Sonn

[30] applied a fitting approach (fitting the real part of the spectra

to a number of RC-elements with fixed time constants) combined

with the Tikhonov regularization. The related Ftikreg source code
s available at [31] , and further details are published by Weese

32] . Alternatively, the Tikhonov regularization–based DRT can be

alculated simultaneously with the freely available software DRT-

ools programmed by the Ciucci group [ 33 , 34 ]. The DRT calcula-

ion herewith incorporates several input values: the represented

requency range of the DRT, the number of points per decade, the

umber of impedance values considered in the calculation and the

egularization parameter, λ. Those values are based on a judgment

of the residuals for the DRT calculation (as demonstrated in the

ext section for varying λ) as well as on the user’s experience.

he most valuable importance, however, stems from the regular-

zation parameter λ, which smoothens the DRT and avoids artifi-

ial peaks. To our group’s experience, it is crucial to identify the

est-suited value of the regularization parameter for each set of

impedance data. Once identified, using the same value of the reg-

larization parameter for all impedance curves within this set it

s of utmost importance. For the sake of completeness, meaningful

etails are found in Boukamp’s work [ 35 , 36 ], who describes and

ompares Tikhonov regularization as well as the DRT calculation

ia Fourier transformation and multiple (RQ)-method. 

In the past ten years, the DRT became appealing for even more

esearchers, who presented several tools for calculating the DRT

nd applying it to the impedance analysis of fuel cells [37–45] . 

Common ways to display impedance spectra are Nyquist- or

ode-plots, which unfortunately prevent the identification of in-

ividual processes with close relaxation frequencies or time con-

tants. Fig. 1 shows the impedance spectrum for two RC-elements,

ach consisting of a resistance, R , in parallel to a capacitor, C , with

he time constants τ2 = 2 · τ1 ( τi = R i C i = 1 / (2 π f i ) ). The exis-

ence of two individual RC-elements is neither discernible in the

yquist plot (cf. Fig. 1 (a)) nor in the Bode plot (cf. Fig. 1 (b)). On

he contrary, two Dirac-pulses result from the analytically calcu-

ated DRT [17] (cf. Fig. 1 (c)), and are exactly located at their re-

axation frequency. But this analytical calculation is not applicable

or discrete impedance values. Thus, numerical methods are indis-

ensable (please see [25] and [30] ). In this publication, the DRT

as calculated using the software package Ftikreg [32] from the

generally less noisy) real part of the impedance spectrum Z ( ω), as

hown in Fig. 1 (d). Both numerical and analytical DRT resolve the

wo processes. The heights and widths of the peaks differ slightly,

ven though they should be very similar; but this is related to nu-

erical issues in the DRT calculation. 

The following sections will explain both the analytical and the

umerical DRT of common equivalent circuit elements. In this con-

ext, it is important to us to present and discuss essential proper-

ies and possibilities of the DRT analysis – such as the influence

f regularization on the DRT and the measurement data quality of

OFC and PEMFC impedances before applying the DRT to develop

quivalent circuit models. For a better understanding of these new

ontexts, a suitable framework that encompasses the theory of DRT

s deemed necessary. Parts of it were already published in our pre-

ious publication [46] , but are now widely expanded by, i.e., new

raphs and simulations as well as a stepwise deduction of ECM

odels of increasing complexity. 

. DRT Calculation

.1. Analytical and numerical DRT of common equivalent circuit 

lements 

When considering the impedance spectra of fuel cells, a num-

er of common equivalent circuit elements (e.g. RQ-, Gerischer-

nd Warburg-elements) can enable a physically meaningful repre-

entation of transport and reaction processes in multiphase gas dif-

usion electrodes [47] . The impedance of these elements is given in

n analytical form and it is possible to calculate the analytical DRT



Fig. 1. An impedance spectrum of two serial RC-elements with the time constants τ2 = 2 · τ1 and R 2 = R 1 displayed as (a) Nyquist plot, (b) real and imaginary part vs. 

frequency, (c) analytical and (d) numerical DRT.
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ased on the impedance term. The following section presents the

nalytical DRTs of these common equivalent circuit elements and

ompares them with appropriate numerical DRTs calculated from

imulated impedance spectra. A fully detailed account of the an-

lytical DRT calculation of common equivalent circuit elements is

eported, i.e., by Leonide in [48] and by Boukamp in [49] . 

RQ-element - An RQ-element (parallel connection of resistance

 and constant phase element Q ): 

 RQ ( ω ) = 

R 

1 + R · Q 

−1 
, (2) 

ith the constant phase element Q : 

 Q ( ω ) = Q ( ω ) = 

1 

( j ω ) 
n Q · Y Q 

, with 0 ≤ n Q ≤ 1 . (3) 

xhibits the analytical DRT as given in Eq. (4) (with x = ln (ω) )

 48 , 50 ]: 

 RQ ( x ) = 

R Pol

2 · π · sin ( ( 1 − n Q ) · π) 

cosh ( n Q · ( x+ ln ( τRQ ) ) ) − cos ( ( 1 − n Q ) · π) 
.

(4) 

Fig. 2 (a) shows the DRTs of RQ-elements differing in their n Q -

alue. From n Q = 1 (ideal RC-element) the height of the peak de-

reases and its width increases with decreasing n Q . In compari-

on to the analytical DRT, the peak of the numerical DRT is more

pread within the frequency domain and has additional, small,

ymmetrically-arranged peaks, which result from the finite fre-

uency range. 

GFLW-element - The highly asymmetric finite-length Warburg-

lement: 

 GFLW 

( ω ) = R W 

·
tanh 

(
( j ωτW 

) 
n W 

)
( j ωτW 

) 
n W 

, with 0 ≤ n W 

≤ 0 . 5 , (5) 

xhibits a rather complex analytical DRT (with x = ln (ω) ) [48] (a

omparable expression was derived from [49] ): 
 GFLW 

( x ) = −R W 

π
·

 

 

 

 

 

 

 

1 

2 

e −
( j π+2 x ) ·n w

2 · 1

τw 

n w 
· sech 

(
( e x τw 

) 
n w 

)
·sech

((
e j π+ x τw 

)n w
)

⎡
⎣ 

cos

(
π · n W

2 

)
· sin

(
2 · ( j e x τw 

) 
n w · sin 

(
π · n W

2 

))
− sin

(
π · n W

2 

)
· sinh

(
2 · ( j e x τw 

) 
n w · cos 

(
π · n W

2 

))
⎤ 

⎦ 

−1

2 

j 
1 

( e x τw 

) 
n w 

·

⎛
⎝ 

tanh
(
( e x τw 

) 
n w 

)
−e j π ·n W · tanh

((
e −j π+ x · τw 

)n w
)
⎞
⎠

⎞
⎟⎟⎟⎟⎟⎟⎟ ⎟⎟⎟⎟⎟⎠

. (6) 

It is of importance, that the dominant peak at the character-

stic frequency is escorted by smaller peaks at higher frequen-

ies. Warburg- and Gerischer-element (introduced below) repre-

ent asymmetric equivalent circuit elements, and their correspond-

ng DRT curve will broaden over several decades of frequency. This

eature complicates the identification of individual minor processes

ithin the same frequency range. In this case, our group selects

ppropriate experimental parameters (i.e., new gas compositions

51] ) and shifts the relevant relaxation frequencies thereby. Al-

ernatively, Boukamp showed that by applying the multiple (RQ)-

ethod to calculate the DRT, the side peaks are then less regu-

arized and can be better resolved (but tend to be overestimated)

52] . Nevertheless, it is essential to perform the above-mentioned

xperiments to act against possible overlapping in the frequency

omain. Due to the regularization, the number of peaks in the nu-

erical DRT is considerably lower (cf. Fig. 2 (b)). 

Gerischer-element - A similar behavior to that of the GFLW is

bserved for the Gerischer-element: 

 G ( ω ) = 

R G √
1 + j ωτG 

, (7)



Fig. 2. Analytical DRT of (a) an RQ-element according to Eq. (4) with different n Q -values, (b) of a finite-length Warburg-element according to Eq. (6) with different n W 

-values

with different n Q -values and (c) of a Gerischer-element according to Eq. (8) . In addition the numerical DRT of all elements calculated with λ = 10 −2 is shown for selected 

n -values. All simulations are based on R i = 1 � and f i = 1 Hz . 

Fig. 3. DRTs of (a) an RC-element and (b) a spectrum consisting of two RC-elements (with τ2 = 2 · τ1 and R 2 = R 1 ), calculated by the Tikhonov regularization using different 

λ-values.
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with the corresponding DRT (with x = ln (ω) ), a complex-valued

function with a singularity at x = ln (1 /τG ) : 

g G ( x ) = 

√ 

2 · R G 

π
·

√ √
1 − ( e x · τG ) 

2 − 1 

1 − ( e x · τG ) 
2 

, (8)

which can be simplified [48] to: 

g G (x ) = 

⎧⎪⎪⎪ ⎨ 

⎪⎪⎪⎩ 

Re 

⎧⎨
⎩

√ 

2 · R G 

π
·

√ √
1 − ( e x · τG ) 

2 − 1 

1 − ( e x · τG ) 
2 

⎫⎬
⎭ 

for x ≥ ln 

(
1

τG

)
, 

0 for x < ln 

(
1

τG 

)
. 

(9)

Fig. 2 (c) displays the analytical and numerical DRT of a

Gerischer-element. The curvatures differ markedly, as also demon-

strated by Boukamp [49] . 

3. Numerical DRT calculation by Tikhonov regularization

The Tikhonov regularization is primarily controlled by one im-

portant parameter; the regularization parameter, λ, which weights

the regularization and thus determines the smoothness of the DRT.

For numerical DRTs, Eq. (1) is reduced to the sum of a finite num-

ber of RC-elements per decade [53] . Fig. 3 (a) exemplifies the effect

of λ on the DRT for an RC-element. Decreasing the parameter λ
changes the DRT peak in width and height, and increases the DRT

resolution. 

This effect is also visible in Fig. 3 (b) for the case of two se-

rial RC-elements (with τ2 = 2 · τ1 and R 2 = R 1 ), which are clearly

resolvable for λ-values ≤ 10 −8 , whereas the imaginary part vs. fre-

quency only resolves one process. 
.1. Robustness of the DRT in regard to the data quality 

Down to here, all DRT examples were calculated from synthetic

mpedance data. Thus, this kind of spectra represents discrete val-

es within a limited frequency range and resolution. In the con-

rary, measured spectra always interfere with measurement errors

r noise arising from the test equipment or the sample under test

tself [11] . Fig. 4 (a) shows an impedance spectrum of three serial

C-elements with spread time constants ( τ2 = 10 · τ1 and R 2 = R 2 ),

verlaid with and without statistically distributed noise (20 dB ad-

itive white gaussian noise (AWGN). The synthetic spectrum re-

embles a simplified impedance of a fuel cell by one series resis-

ance and three serial RC-elements. 

Regardless of whether with or without AWGN, both DRT curves

ppear rather similar. The statistically distributed errors are com-

ensated by the regularization. Additional peaks caused by noisy

ata points cannot be fully avoided. 

However, noise compensation reaches its limits with narrow

ime constants. Fig. 4 (b) displays the DRT of three serial con-

ected RC-elements; the relaxation frequencies of the first two

C-elements are very narrow ( τ2 = 2 · τ1 ), similar to Fig. 3 (b). In

his example, the noise prevents the resolution of the two high-

requency peaks. Besides, randomly distributed artificial peaks ap-

ear in the DRT at high frequencies. 

While regularization can to some extent handle the before

entioned statistically distributed noise, occasionally erroneous

ata points falsify the DRT calculation. As shown in Fig. 5 (a&b), a

ingle erroneous data point at 50 Hz already leads to a significant

eviation in peak size and frequency. Thereby the impact is most

evere if the data error interferes with the surrounding peaks. The

ontrary scenario is demonstrated in Fig. 5 (c&d). Here, the distor-

ion is less observable, because the distance of the middle peak to



Fig. 4. (a) Impedance spectrum of three serial RC-elements with spread time constants ( τ2 = 10 · τ1 and R 2 = R 2 ), overlaid with and without Noise (20 dB AWGN). (b) 

Imaginary part of the impedance spectra in (a) and the calculated DRTs ( λ = 10 −4 ). Here (c) and (d) show the corresponding impedance spectra and DRTs for narrow time 

constants ( τ2 = 2 · τ1 ). 

Fig. 5. (a) Impedance spectrum and (b) DRT of three serial RC-elements with spread time constants ( τ2 = 10 · τ1 ) and one erroneous data point at 50 Hz ( λ = 10 −4 ). 

Removing this data point from the spectrum removes the errors in the DRT. Here (c) and (d) show the corresponding impedance spectra and DRTs for narrow time constants

( τ2 = 2 · τ1 ). 
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he faulty data point is larger. For a sound DRT calculation, how-

ver, such errors must be removed first. 

The previous examples verify, that high quality measured

mpedance spectra are indispensable for trustworthy DRT results. 

In the same way, the quality of the impedance spectrum deter-

ines the best possible choice of the λ-value. Generally speaking,

he λ should be selected to be (i) as small as possible to obtain

 good resolution and (ii) as large as needed to suppress artifacts.
his distinction is made after repeated experiments with varying

perating conditions. Parts of the DRT show physically meaningful

ehavior while others just randomly vary. Automatic procedures

ay give a false sense of security to the user (see next section).

anke, who examined the problem of regularization techniques

rom a mathematician’s point of view, stated that “No black-box

rocedures for choosing the regularization parameter λ are available,

nd most likely will never exist ” [54] . 



Fig. 6. Valid impedance spectra of (a) an anode-supported SOFC recorded under OCV-conditions at 720 °C, with 20 % humidified hydrogen as fuel and ambient air as oxidant

and (c) a PEMFC recorded at 382 mA cm 

-2 , 80 °C, with humidified hydrogen as fuel (70 % relative humidity) and humidified ambient air as oxidant (70 % relative humidity).

Here (b) and (d) show the Kramers-Kronig-residuals of the real ( Z ′ ) and imaginary part ( Z ′′ ) of the impedances. (SOFC data from [56] ; PEMFC data from [57] ). 
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4. DRT analysis of fuel cell impedance spectra

4.1. Impedance data quality and regularization parameter 

As demonstrated in the previous section, data quality is cru-

cial for reliable impedance spectra interpretation. The quality and

quantity of the extractable information are implicitly connected to

the noise-level and the compliance of the measured spectra with

the principles of causality, linearity and stability. When these con-

ditions are fulfilled, the DRT calculation from the impedance data

is meaningful. The Kramers-Kronig test is a powerful and inde-

pendent test for the validity of an impedance spectrum [ 12 , 13 , 55 ]

which meets the required criteria based on the Kramers-Kronig re-

lations. Quick and automated testing of data quality can be per-

formed with the free tool given in [14] . A detailed study on how to

interpret the resulting KK-residuals and how they are influenced by

measurement parameters and errors is given in [11] . Furthermore,

[11] provides key rules for setting up reliable EIS measurements on

fuel cells.

As an example of a high-quality impedance spectrum of a solid

oxide fuel cell (SOFC) and a proton exchange membrane fuel cell

(PEMFC), Fig. 6 (a&c) depict valid impedance spectra. The corre-

sponding KK-residuals are shown in Fig. 6 (b&d) and are below

0.5 % over the whole measured frequency range (SOFC: 1 mHz –

700 kHz; PEMFC: 1 mHz – 90 kHz). It should be pointed out that

the displayed spectra have neither been smoothened nor corrected

to remove inductive artifacts at high frequencies. It should also

be noted that the high impedance data quality requires appropri-

ate test setups and operating conditions. Indispensable measures

include DC-furnaces, humidification of gases in catalytic burners,

avoidance of liquid water in gas lines and flowfields, as well as ap-

propriate electrical connection and wiring. Whereas SOFCs can be

characterized at open circuit voltage (OCV), in the case of PEM-

FCs any surface oxidation of the platinum catalyst will falsify the

results at OCV. Thus, PEMFC impedance spectra should always be

measured at sufficiently high current densities. 
s  
Besides the quality of the raw impedance data, the inter-

retability of the DRT highly depends on the correct regularization

ithin the calculation procedure. However, the choice of the opti-

al regularization parameter λ, is not a trivial issue. As illustrated

n Fig. 3 for one and two RC-elements, the chosen λ defines (i)

he shape and (ii) the number of deconvolutable peaks. When ap-

lying the DRT to measured impedance spectra the choice of the

ptimal λ becomes even more critical, since the diverse internal

rocesses overlap in the frequency domain. In recent years, several

athematical approaches have been proposed to automatically de-

ermine the optimal λ for Tikhonov regularization (not only for the

eld of fuel cells), these include - the discrepancy method [58] ,

eneralized cross-validation technique [59] , normalized cumulative

eriodogram method [60] and most recently the L-curve criterion

61] . In our opinion, however, such procedures should be treated

ith caution, as we will explain in the following.

Fig. 7 shows an example of the effect of different λ-values for

he measured impedance spectrum in Fig. 6 (a). In general, a high

provides a smooth solution with fewer peaks (and thus less in-

ormation), whereas a small λ leads to over-interpretation of the

ata. Therefore, λ should be chosen to be (i) as small as possi-

le to ensure a good resolution of the processes and (ii) as large

s necessary to avoid false peaks in the DRT spectrum. A useful

riterion for finding the optimal λ is achieved by retransforming

he regularized DRT to an impedance for different λ-values, and

hen comparing the retransformed impedance ( Z DRT ) with the orig-

nally measured impedance ( Z meas ). An absolute or systematic de-

iation between the real parts of the impedance spectra (cf. Fig. 7 )

an serve as an indicator for insufficiently regularized DRTs, and

hus defines the upper limit of λ. For the given example, regu-

arization with λ ≤ 10 −2 yields an excellent accordance, whereas

urther reduction of λ has no effect on the deviation. However,

s already mentioned, a purely mathematical restriction of lambda

owards smaller values is not meaningful, since a distinction be-

ween measurement artifacts and physical processes can only be

chieved through extensive parameter studies and a comprehen-

ive physical understanding. At this point, we would like to once



Fig. 7. Numerical DRTs of the measured impedance spectrum in Fig. 7 (a) calculated by the Tikhonov regularization with different λ-values. Also shown: the absolute error

between the real part of the measured impedance ( Z 
′
meas ) and the real part calculated from the DRT spectrum ( Z

′
DRT ). With decreasing λ the impact of the regularization

diminishes, which results in a higher number of peaks in the DRT and thus a more accurate reproduction of the impedance. The measurement is recorded under OCV- 

conditions at 720 °C, with 20 % humidified hydrogen as fuel and ambient air as oxidant.
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gain emphasize that no universally valid lambda value exists. On

he contrary, the optimal regularization strongly depends on (i) the

nvestigated system, (ii) the measurement setup, and (iii) the test

onditions. It must, therefore, be individually determined for each

xperiment. 

.2. Identification of electrochemical processes by DRT 

This section introduces the usefulness of DRT to deconvolute

mpedance spectra of fuel cells. The first approach, a so-called

lack-box model, emulates the experimentally derived impedance

pectra with a very general ECM (usually a series of RC-elements)

nd was first introduced in [62–64] . Because the RC-elements of

he DRT can be easily transformed into the time domain, this ap-

roach can simulate the temporal current-voltage behavior of elec-

rochemical devices [53] . While the evaluation of EIS by means of a

eneral ECM as the DRT has the overriding advantage of not requir-

ng a priori knowledge, it suffers from the flaw of missing physi-

al interpretability. Therefore, this approach is preferably useful for

ontrol algorithms and dynamic system models. 

In the second approach, the DRT is used to develop detailed

hysical models describing the experimentally derived impedance

pectra as accurately as possible at all operating points of, i.e., a

ingle cell made of SOFC or PEMFC components. Examples of such

odels are described below, they are applicable for assessing dif-

erently manufactured single cells or chemically and structurally

odified electrodes, for quality assurance in fuel cell production,

r durability investigations. 

The total impedance of a PEMFC or SOFC is a sum of minor and

ajor loss mechanisms, i.e., gas concentration and gas diffusion,

xygen reduction or hydrogen oxidation reaction, charge transfer

eaction and charge transport, among others. While the impedance

f model electrodes, especially point electrodes, depends on a sin-

le rate-determining step, understanding the impedance of techni-

al electrodes is more complicated. Some impedance contributions,

s described above, may be of equal quantity and their relaxation

requencies may overlap (to some extent). As a consequence, all
f them have to be deconvoluted before a physically meaningful

quivalent circuit model can be established. 

The most common approach relies on using an a priori defined

quivalent circuit model (ECM) from literature studies [7] , whereon

ew impedance spectra are fitted by the Complex Nonlinear Least

quares (CNLS) algorithm. Our group does not recommend this ap-

roach, as it is not guaranteed, that all loss mechanisms in the

ample under test are represented in the chosen ECM. ECMs with

igh complexity have many free parameters and can be easily fit-

ed to all kinds of spectra, but the meaningfulness is ambiguous

47] . The DRT itself represents a simple but valid ECM [26] with

pproximately 100 RC-elements in series, but the corresponding

00 values of R and τ do not describe individual loss mechanisms.

Therefore, our group proposes to define a physically meaning-

ul ECM by (i) a pre-identification of major, minor and/or overlap-

ing loss mechanism via DRT, (ii) a sufficient number of impedance

pectra of the sample under test sample at various operating

onditions, and, thereafter, (iii) using permanently visible R and

values as starting values for the CNLS-fit. Easy variable op-

rating parameters for PEMFC and SOFC are cathode and anode

as compositions and fuel utilization, temperature, and current

ensity. 

In [ 30 , 56 , 65–67 ] we applied DRT-analysis and subsequent

NLS-fitting to electrodes and full cells. Impedance spectra were

epeatedly measured after changing step-by-step one single oper-

ting parameter, i.e., hydrogen and steam partial pressures ( p H 2 ,

 H 2 O) at the anode, or the oxygen partial pressure ( p O 2 ) at the

athode or the cell temperature. Afterwards, the major and minor

oss mechanisms were identified by deconvoluting all impedance

pectra by the DRT, establishing a physically meaningful ECM, and

valuating all impedance spectra by CNLS-fits, using always the

ame (!) starting parameters. It should be pointed out, that mean-

ngful operating parameter sets must be individually identified to

estrict the number of measured impedance spectra. Assuming six

pectra per variation - which in most cases provides sufficient res-

lution - the number of spectra to be measured would be 6 4 ( =
296). 



Fig. 8. (a) Measured impedance spectrum and (b) DRT of a PEMFC including the assignment of anode and cathode contribution to the overall cell polarization. The anode

polarization is directly measured in symmetrical operation, while the cathode contribution is derived via subtraction from the full cell impedance. Figures (c) and (d) show

a simulated impedance spectrum and the corresponding DRT based on a serial equivalent circuit model consisting of an ohmic resistance ( R 0 ), a Warburg-element (P 1C )

and three serial RQ-elements (P 2C-4C ) . The measurement was recorded at 382 mA cm 

−2 , 80 °C, with humidified hydrogen as fuel (70 % relative humidity) and humidified 

ambient air as oxidant (70 % relative humidity). Due to the predominant cathode polarization, the contributions of the anode processes are negligible under these operation

conditions (EIS data from [57] ).
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In this sense, it is useful considering the physical nature of all

contributing loss mechanisms. Gas diffusion in fuel cell electrodes

is almost temperature-independent or increases only slightly with

temperature [68] , whereas charge transfer reactions are always

thermally activated. In short, DRT peaks assignable to gas diffusion

will stay almost of the same size, whereas DRT peaks of charge

transfer reactions will decrease in size with increasing tempera-

ture. On the other hand, gas diffusion depends tremendously on

the gas composition. The gas diffusion occurring in a (rather thick)

SOFC anode substrate can be modeled by a GFLW (see Eq. (5) ,

wherein the resistance, R W 

, is related to [ 65 , 69 ]: 

R W 

= 

(
RT

2 F 

)2

· L An ·
(

1 

D 

eff
H 2 , An

· pH 2 , An

+ 1

D 

eff
H 2 O , An

· pH 2 O An

)
. (10)

Besides the well-known constants ( R, F ) and the parameters

temperature, T , and the diffusion length, L An (thickness of the an-

ode substrate), R W 

is defined by the effective (temperature depen-

dent) diffusion coefficient: 

D 

eff
i , An = 

ε Pore , An

τPore , An 

· D mol , i , An , (11)

which depends on the porosity, ɛ , and the tortuosity, τ , of the

substrate as well as the fuel composition ( p H 2 , p H 2 O). Especially

pure H 2 or H 2 O (the latter is not advised, as the Ni grains will

oxidize to NiO and expand by 30 % in volume), R W 

will be seri-

ously increased. Thus, a variation of the hydrogen to steam ratio

is most appropriate for analyzing R W 

. Additionally, the porosity to

tortuosity relation is gained, as shown in [65] and [70] , which is

also required for other electrochemical [71] or multiphysical mod-

els [ 72 , 73 ]. 

The interested reader is referred to, i.e., for establishing physi-

cally meaningful, but still manageable ECMs for SOFCs in [48] and

in [ 57 , 74 , 75 ] for PEMFCs. Most recently the DRT analysis has also

found further uses in the growing research fields of other fuel cell

types, such as the Molten Carbonate Fuel Cell (MCFC) [76] and the

Protonic Ceramic Fuel Cell (PCFC) [77–79] . The found cell mod-

els are quite versatile and can be extended and used for differ-

ent types of electrodes and cells, as shown in [80–84] for SOFC. In
he following paragraphs, we present examples from our group for

he two most thoroughly investigated fuel cells – a rather simple

EMFC model and models with increasing complexity for the SOFC.

PEMFC - DRT analysis on PEMFCs is still in the initial stages,

nd so far no established ECM exists that can consider all individ-

al loss processes and their dependencies in a physically meaning-

ul way [ 74 , 85–87 ]. By applying DRT analysis to PEMFC impedance

pectra, the four major loss processes can be clearly resolved in

he frequency range (see Fig. 8 ). Particular challenges for process

dentification and model development for PEMFCs are: 

(i) the predominant cathode polarization,

ii) the low operating temperature (promoting water formation in

the pores),

ii) the aqueous polymer membrane (allowing water transport

along the membrane) and

v) the strong non-linearity close to OCV (requiring EIS under load).

The predominant cathode polarization can be solved by sym-

etrical operation of the PEMFC [ 57 , 75 ], which reveals that the

node contribution is negligible for a wide range of operation con-

itions (cf. Fig. 8 (a&b)). The other issues cause that almost every

hange of an operating parameter will influence the operating con-

itions (e.g. the relative humidity) at the electrodes and the elec-

rolyte properties. Consequently, the interpretation of EIS data re-

ains complex [88] . 

Based on a comprehensive parameter study, Heinzmann exam-

ned the essential dependencies of the individual loss processes

nd then designed the serial ECM shown in Fig. 8 (c&d). The model

ccounts for (i) the proton conduction of the polymer membrane,

ii) the gas diffusion of oxygen through the gas diffusion layer and

the current collector of the cathode (including contact mesh and

owfield), (iii) the charge transfer kinetics at the cathode and (iv)

he proton conduction in the ionomer of the cathode catalyst layer

57] .

SOFC – The first ECM was established by our group as a series

connection of one R, two RQs, one Gerischer- and one Warburg-

lement (see Table 1 ). Quite a number of operating parameter vari-

tions were necessary, i.e., temperature and gas composition ( p H ,
2 



Table 1

List of the physical and electrochemical processes occurring in anode-supported SOFCs, together with their corresponding equivalent circuit model elements for the 
established serial model ECM [15] as well as the dependencies on the operating conditions.

Physical Origin Dependencies Equivalent Circuits

Cathode gas diffusion in the cathode (including contact mesh and flowfield) p O 2,Cat , T (low), j RQ-element P 1C

oxygen surface exchange kinetics & bulk diffusion of O 

2 − p O 2,Cat , T, j Gerischer-element P 2C

Electrolyte oxygen ion transport in the electrolyte T resistor R 0
Anode gas diffusion in the anode substrate (including contact mesh and flowfield) p H 2,An , pH 2 O An , T (low), j GFLW-element P 1A

gas diffusion coupled with charge transfer reaction and ionic transport (AFL) p H 2,An , p H 2 O An , T, j 2 serial RQ-elements P 2A P 3A

Fig. 9. Measured and simulated impedance spectra and DRTs of an anode supported SOFC based on different equivalent circuit models. Figures (a) and (b) are simulated

with the established ECM with two RQ-elements - ECM(2RQ). In (c) and (d) the two RQ-elements are substituted by a physical parametrized TLM model - ECM(2CTLM). The

cathode processes are blue and the anode processes are red. The measurement was recorded under OCV-conditions at 720 °C, with 20 % humidified hydrogen as fuel and

ambient air as oxidant (EIS data from [56] ).
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 H 2 O, p O 2 ,), resulting in approximately 100 impedance spectra -

uch lower than the 6 4 possible combinations. Fig. 9 (a) and (b)

how the application of the model to the spectrum and the DRT of

n anode-supported SOFC (ASC) with a mixed conducting cathode.

Despite the fact, that P 1A and P 2C strongly overlap, the CNLS-

tting delivers stable results because both processes are modelled

y ECM elements with a meaningful description (i.e., Gerischer-

lement and Warburg-element). As mentioned above, the DRT was

sed in the CNLS-fit as an additional quality criterion. This is par-

icularly valuable if the quantification of the EIS data is used for

 parameterization of multiphysical models, as shown in [72] and

73] .

.3. Complex impedance models using DRT 

The first extension of the above ECM was necessary for de-

cribing the additional loss mechanism linked to more complex

uels than pure hydrogen. In [66] Kromp analyzed a typical re-

ormate mixture ( p H 2 = 0.15 atm, p H 2 O = 0.12 atm, p CO = 0.15

tm, p CO 2 = 0.13 atm, p N 2 = 0.45 atm) and discovered that only

ydrogen is electrooxidized. Carbon monoxide as well as hydro-

arbons are converted by catalytic processes on the Ni-surface. A

ew, additional loss process P ref was added to the above ECM, aris-

ng at low frequencies because of the diffusion of rather large gas

olecules. By adding 0.5 ppm H 2 S to the fuel it could be shown

hat this low frequency process is related to a CO-conversion by

he water-gas shift reaction (WGS) [89] . Fig. 10 demonstrates, that

he total impedance increases while the low frequency process

 in the DRT decreases, as soon as sulfur poisoning takes place.
ref 
romp explained this feature as a coupling of CO/CO 2 -gas diffu-

ion and the WGS on the nickel surfaces (which is diminished by

dding H 2 S to the fuel). The increase of the total impedance origi-

ates from larger contributions of P 2A and P 3A (H 2 -electrooxidation

n the AFL) and P 1A (H 2 /H 2 O-gas diffusion). 

The second extension of Leonide ́s model was a replacement

f the two RQ-elements (P 2A and P 3A ) by a more accurate trans-

ission line model (TLM, cf. Fig. 9 and Fig. 12 ) [56] . The two-

hanneled TLM (2CTLM) is best-suited to model the coupled (i)

ransport of oxygen ions in the solid oxide phase and (ii) the

 2 -electrooxidation at the Ni phase (cf. Fig. 9 (c-d)). It has to

e emphasized, that a TLM requires a set of essential parame-

ers. It was indispensable to evaluate (i) microstructural param-

ters (i.e., the triple phase boundary length - l TPB , the volume

raction and tortuosity of the 8YSZ-matrix – ε8YSZ and τ 8YSZ ) by

IB/SEM-tomography, (ii) the line specific resistance of the triple

hase boundary (TPB) between Ni, YSZ and gas phase by EIS on

atterned model anodes, (iii) the conductivity of the YSZ-matrix

usually altered by NiO interdiffusion during sintering [90] and, last

ut not least, (iv) using the DRT as an additional quality criterion

n the CNLS-fit. It is important to state, that a measured impedance

pectrum can always be fitted by a more simple ECM resulting in

 lower error level. However, this would not necessarily provide

 physically meaningful solution. In recent years, the applicability

f TLM models to porous composite electrodes was also demon-

trated by other research groups; e.g. Nielsen et al. for Ni/CGO in-

ltrated cermet anodes [91] and for LSM/YSZ cathodes [92] , Shin

t al. for LSM/YSZ cathodes and Ni/YSZ anodes [ 93 , 94 ], Moham-

adi et al. for Ni/ScYSZ anodes [95] . 



Fig. 10. Series of (a) EIS spectra and (b) DRTs during sulfur poisoning of an anode supported SOFC, operated with a reformate fuel ( x H 2 S = 0 . 5 ppm ) at 750 °C under OCV- 

conditions (EIS data from [89] ).

Fig. 11. Simulated (a) impedance spectra and (b) DRTs of different parameterized TLMs with a similar overall polarization resistance but different values of effective ionic

conductivity (tortuosity - τ 8YSZ ) and TPB-resistance (triple phase boundary length - l TPB ).
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As a matter of fact, TLM fitting results are always ambiguous, as

many parameters are required [56] . We emphasize to evaluate all

required parameters by different experimental methods, to imple-

ment the DRT as an additional quality criterion (see above), or to

control the agreement of DRTs from measured spectra and CNLS-

fit. Fig. 11 illustrates this with two TLMs exhibiting a similar over-

all polarization resistance but different values of ionic conductiv-

ity and TPB-resistance. While only small differences are visible in

the Nyquist plot, the DRT can clearly resolve the differences in the

TLM. The origin of the similar impedance curves lies in the mathe-

matical description of the TLM. Therein the loss contributions from

the charge transfer reaction, r ct , and the ion conduction, r ion , are

accounted as the quotient of both ( r ct / r ion ). Thus an enhancement

of the charge transfer ( r ct ↓ ~ l TPB ↑ ) counteracts a weakening of the

ion conduction ( r ion ↑ ~ τ 8YSZ ↑ ). This result demonstrates that the

application of complex impedance models only provides reliable

results in combination with a meaningful parameterization. Here

the DRT shows up in particular as a powerful verification method. 

However, a separate modelling approach for the (less than 5 to

20 μm thin) AFL and the (250 to 20 0 0 μm thick) anode substrate

is not always appropriate, as the electrochemical reactions can ex-

tend from the AFL into the anode substrate (depending on the de-

sign, i.e., the microstructure of both layers, operating conditions or

degradation effects that change the original design). Therefore, in

our latest publication on impedance modeling of SOFCs the 2CTLM

was refined to reflect the impedance behavior of double-layered

anodes, irrespective of which anode layer is electrochemically ac-

tive [67] . For this purpose, the TLM structure was (i) extended by

implementing the gas diffusion path - parametrized based on the

microstructure of the gas kinetics - and (ii) linked for the num-

ber of anode layers. The efficient calculation of the impedance of

this complex three-channeled TLM structure (3CTLM) is carried out

numerically using a recently developed algorithm based on calcu-
 c  
ation methods from network analysis. With the new 3CTLM, the

ntire DRT (low frequency gas diffusion - P 1A; and high frequency

lectrochemistry - P 2A &P 3A ) of the fuel electrode can be simulated

t once. Fig. 12 is a graphical compilation of all equivalent circuit

odels of anode-supported SOFCs developed by our group since

008, and all of them originate from DRT as a tool for deconvolut-

ng impedance spectra and/or using DRT as an additional quality

riterion in the CNLS-fit. 

The TLM modeling approach was recently transferred to

EMFC-electrodes in [60] . While TLM parametrization for SOFC an-

des was based on independently evaluated microstructural and

aterial parameters, the TLM parameters for PEMFC-electrodes are

mpacted by humidity. As humidity changes the ionic conductivity

f the ionomer, this correlation can be used to identify the peaks

n the DRT and to set up a meaningful TLM. 

.4. DRT analysis of degradation phenomena 

Degradation phenomena in fuel cells always occur, among oth-

rs, because of long operation times and/or not-intended system

hut-downs. DRT is ideally suited to unroll individual degrada-

ion effects. Our group’s investigation monitored continuously up

o 10 0 0 h operation time (Endler [51] ) of state-of-the-art anode

upported SOFCs. Applying Leonide’s ECM ( Fig. 12 ) to the large

et of impedance data gave evidence, that the performance drop

as essentially influenced by the mixed ionic–electronic conduct-

ng cathode. The cathodic part P 2C , initially by far the smallest, was

uperimposed by the much larger anodic gas diffusion P 1A with

uite similar time constants (see Fig. 13 (a)). But, as already intro-

uced for Kromp’s model, a change in fuel gas composition from

 2 /H 2 O to CO/CO 2 at the anode side shifted the anodic contri-

ution to lower frequencies and thus, cleared the quantity of the

athode to the overall cell impedance (see Fig. 13 (b)). The contri-



Fig. 12. Graphical compilation of all equivalent circuit models of anode-supported SOFCs developed and validated at the IAM-WET over the last 10 years. The depicted

models (i) ECM(2RQ) [65] , (ii) ECM(2CTLM) [56] and (iii) ECM(3CTLM) [67] differ with regard to the modelling of the anode double layer (anode functional layer – AFL;

anode substrate – AS). In addition, the model extension for reformate operation (P ref ) is shown [66] .

Fig. 13. DRTs of impedance spectra of an anode supported SOFC measured in (a) H 2 /H 2 O and (b) CO/CO 2 fuel during a durability test of 700 h in ambient air. Switching the

fuel gas shifts the characteristic frequency (f diff) of the diffusion due to the different molar masses of the gas components (EIS data from [50] ).
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ution of the Gerischer element, which stands for cathodic oxygen

urface exchange kinetics & bulk diffusion of O 

2 −, increased by 310

. At the same time, the sum of anodic contributions P 1A, P 2A, P 3A 

ecreased from 92 % at the start to 73 % at 700 h. The DRT dis-

losed further, that the two RQ-elements P 2A &P 3A (charge-transfer

eaction and ionic transfer in the AFL) decreased from initially 60 %

f the total cell impedance to 50 % after 700 h, while the Warburg-

lement P 1A (gas diffusion in the AS) remained constant over the

ntire operation time. 

Since then, the degradation phenomena analysis by DRT has

een applied by our group in a number of studies. In example 2

n [96] , DRT analyses the effect of chromium poisoning to SOFC

erformance, which is of importance when oxygen inflow at the

athode side interacts with metal bipolar plates or even metal pip-
ng in the SOFC stack. In example 3, DRT clears the effect of sul-

ur poisoning of Ni/YSZ cermet anodes [89] , which occurs during

eformate gas inflow, if H 2 S impurity gas is not extracted care-

ully. In example 4 [82] , the redox stability of strontium titanate

ased ASCs was proven superior to state-of-the-art Ni/YSZ anode

unctional layers, and in example 5 [97] , first investigations on

he interaction between biogas-based fuel and Ni/YSZ anodes are

resented. DRT analysis disclosed, that the temperature-dependent

ifficulty of carbon deposition hinders first the hydrogen electroox-

dation in the AFL (P 2A &P 3A ) and second, after pore clogging, in-

reases the gas diffusion polarization (P 1A ) in the anode substrate.

omparable findings are reported by Suboti ́c et. al. in [42] and

adi et. al. in [98] . Mogensens group analysed the kinetics of

O/CO and H /H O reactions at Ni-based and ceria-based solid
2 2 2 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

oxide cell electrodes by EIS and DRT [99] . The performance change

of a short stack operated in fuel cell and electrolysis modes was

evaluated by EIS and DRT at the Research Center Jülich [100] . Sumi

et.al. widened the application of EIS and DRT to the design of mi-

crotubular SOFCs [ 39 , 101 ]. All of these studies are stimulating the

Distribution of Relaxation Times method as an indispensable tool

not only for establishing accurate ECM models but also for decon-

voluting aging phenomena in single cells and stacks. 

5. Conclusion

This paper thoroughly explains the assessment of EIS measure-

ments of polymer electrolyte and solid oxide fuel cells by DRT.

For correct application, the fundamental mathematical characteris-

tics of the DRT are presented, and both the analytical and the nu-

merical DRT of common equivalent circuit elements are explained.

We present indispensable insights into the impact of the EIS spec-

tra quality and the Tikhonov regularization parameter lambda on

the DRT. The Tikhonov regularization is used near universally be-

cause this method enables a reliable DRT calculation with lim-

ited error sources and good stability vs. noise in the measured

EIS spectra. Identification of numerous physicochemical processes

with close time constants in fuel cells is only attainable with a

well-designed variation of operation parameters. Selected exam-

ples show the usefulness of DRT for establishing equivalent circuit

models of differing complexity: a serial ECM for state-of-the-art

planar SOFC and PEMFC, as well as the extension by 2-channel and

3-channel transmission line models mainly for SOFC.

In recent years other well-respected research groups have es-

tablished their own EIS and DRT routines successfully. This work

refers to a multitude of papers, which stimulate the Distribution

of Relaxation Times method as an indispensable tool not only for

establishing accurate ECM models, but also for deconvoluting ag-

ing phenomena in single cells of various chemistry and stacks of

various design. 
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