
Catalyst degradation diagnostics of proton
exchange membrane fuel cells using
electrochemical impedance spectroscopy

Ivan Pivac, Dario Bezmalinovi�c, Frano Barbir*

FESB, University of Split, R Boskovica 32, 21000 Split, Croatia

a r t i c l e i n f o

Article history:

Received 11 March 2018

Received in revised form

10 May 2018

Accepted 15 May 2018

Available online xxx

Keywords:

Catalyst degradation

Accelerated stress test

Electrochemical impedance spec-

troscopy

Electrical equivalent circuit model

Inductive loop

Low-frequency intercept

a b s t r a c t

A previously validated equivalent circuit model, in which two resonant circuits were

inserted to represent the processes in the catalyst layers, is applied to fit the electro-

chemical impedance spectroscopy results of a single proton exchange membrane fuel cell

exposed to accelerated stress test targeting catalyst degradation. The simulation results of

the applied equivalent circuit model show very good agreement with the experimental

data. The applied model is able to extract contributions of each of the model elements to

the cell degradation. The obtained results indicate that the cathode catalyst layer resonant

loop parameters, together with the cathode charge transfer resistance and cathode double-

layer capacitance, change the most during the accelerated stress test. If each of the ele-

ments of the cathode resonant loop can be associated with physical processes inside the

catalyst layer, the model may be used to give more insight into the degradation effects on

functioning of the catalyst layer. From the conducted electrochemical impedance spec-

troscopy analysis, it seems that the low-frequency intercept in Nyquist plot shows the

most significant change with degradation, so it may be used directly as a sufficient indi-

cator of fuel cell performance degradation due to catalyst layer degradation.

© 2018 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Durability is one of the main shortcomings in state-of-the-art

automotive fuel cell systems, because performance of proton

exchange membrane (PEM) fuel cells degrades over time,

which limits a faster commercialization of this zero-emission

power technology. Many researchers worldwide are devoted

to find a better understanding of degradation causes and

mechanisms, with early detection of the degradation symp-

toms [1e4]. However, diagnostics of fuel cell degradation

should not only detect the symptoms, as early as possible, but

also identify the causes and/ormechanisms, if it is possible, so

that corrective actions could be taken [5]. There are several

degradationmechanisms, typical for automotive applications,

such as: degradation of the catalyst layer (CL) caused by car-

bon corrosion due to frequent starts and stops (air fuel front),

loss of catalyst active area caused by platinum (Pt) dissolution

and sintering due to frequent voltage cycling, loss of catalyst

active area due to adsorption of contaminants from the inlet

gases, mechanical degradation due to thermal and humidity

cycling induced by the load profile as well as by the
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environment in which the vehicle operates. However, the loss

of catalyst active area caused by Pt dissolution and sintering

due to frequent voltage cycling was selected here as the target

for the laboratory experiments as the most relevant for the

fuel cell systems in automotive application. Furthermore,

application of the electrochemical impedance spectroscopy

(EIS), as a well-known and already established diagnostic

method for various diagnostic purposes [6e12], which enables

in situ identification and quantification of physical phenom-

ena that influence fuel cell performance, seems to be an

adequate method also for degradation tracking to identify the

main unhealthy behaviors and their causes in order to define

and improve suited control strategies. However, only a

handful of studies in literature have already used EIS pri-

marily for catalyst degradation diagnostics of PEM fuel cells

[13e17].

Nara et al. [13] developed a novel transmission line (TML)

model for the impedance analysis in a low current region to

evaluate cathode CL on a PEM fuel cell degraded by an accel-

erated start-stop degradation method, which involved a po-

tential step cycle of 1.3 V for 30 s and 0.9 V for 30 s at 80 �C,
while feeding nitrogen and oxygen to the anode and cathode,

respectively. However, the impedances were measured in the

frequency range of 10 kHz to 10 mHz, but the lower frequency

limit was restricted to 0.5 Hz in the further analysis, because

of the TMLmodel limitations in the low-frequency regionwith

an inductive phenomena [18].

Saleh and Easton [14] developed a simple but effective

diagnostic protocol for testing the CL degradation. It is based

on EIS periodical measurements combined with electro-

chemical active surface area (ECSA) monitoring using cyclic

voltammetry (CV) during an accelerated aging by potential

cycling for 4000 cycles (between �0.2 V and 1.2 V in a N2-

purged 0.5 M H2SO4 solution at 25 �C). The identification of the

CL degradation mechanism(s) for two different carbon cata-

lyst materials and structures was done by tracking the

changes in the capacitance plots during the test. In their

following paper [15], they have advanced their previous study

by investigating the durability of CLs with three different

amounts of Pt loading (under triangle sweep cycles between

�0.25 V and 1.1 Vwith 50mV s�1), which led to a different level

of interaction between Pt and the carbon support. However,

EIS measurements were conducted at DC bias potential of

0.2 V and between 100 kHz and 0.1 Hz. Together with Reid [16],

they have extended previous methodology by varying five

different DC bias potentials at which the impedance spectra

were recorded during the cycling between 0.056 V and 1.32 V.

By doing so, they have derived an expression relating faradaic

pseudo-capacitance associated with H2 adsorption deter-

mined by EIS over time and the ECSA determined by CV.

Zhang et al. [17] have conducted an accelerated aging by

potential cycling of the cathode (between 0.06 V and 1.2 V for

20 h with 10 mV s�1 at 40 �C) of a single PEM fuel cell con-

taining a reference electrode (i.e. dynamic hydrogen elec-

trode), which enabled independent EIS measurements of the

anode and cathode to clarify the degradation mechanism(s).

An inductive loop was also obtained in the low-frequency

region of the impedance spectra, and it was fitted by the

second model inductance, but they did not give an explana-

tion for any of the model elements in the equivalent circuit

used for the fitting procedure. Furthermore, two different

equivalent circuits were used to obtain the best fits of the EIS

spectra before and after the potential cycling, because the

inductive behavior was captured before the potential cycling

but disappeared after the potential cycling (probably because

the lower frequency limit was too high, i.e., 0.1 Hz).

Bezmalinovic et al. [5] have investigated the applicability of

the polarization change curves on the accelerated aging of a

single cell exposed to potential cycling (between 0.6 V and

0.9 V) with the aim to degrade the Pt catalyst. In order to

compare the obtained results with polarization change curves

analysis, the other diagnostic tests were also performed

periodically during the conducted accelerated stress test, such

as EIS, CV and linear sweep voltammetry (LSV). However, the

deeper analysis of the EIS measurements was not done, pri-

marily due to lack of a suitable impedance model at the time

and because that was not the main focus of this work, but the

potential of this method in the diagnosis of CL degradation

was noted, which opened up space for further research in the

present paper.

On the other hand, based on our recently published review

paper [18], the inductive phenomena present in the low-

frequency region in form of the inductive loop in the

Nyquist diagram at all operating conditions, should certainly

be captured in the EIS measurements and modeling of the

impedance spectra. As our novel, previously validated

impedance model [19] was capable of yielding experimentally

obtained low-frequency inductive behavior in the impedance

spectra of PEM fuel cells, and as each of the model elements

were related to different properties and phenomena in the

cell, it should be possible to quantify each model element and

monitor their changes over time, i.e., during an accelerated

stress test. Therefore, the applicability of the EIS and an

already developed impedance model will be investigated here

during an accelerated durability test performed on a single

cell, in order to develop an effective diagnostic tool for con-

dition monitoring and health assessment of PEM fuel cells.

Experimental

An accelerated stress test (AST) has been performed on a

50 cm2 active area MEA, produced by BASF (12E-W MEA),

within a single PEM fuel cell hardware from Fuel Cell Tech-

nologies with graphite four-channel serpentine cathode flow

field and single-channel anode flow field. This air-cooled

single cell was tested in co-flow configuration. It was

exposed to an accelerated stress test for catalyst degradation

during which several standard laboratory diagnostic proced-

ures were periodically performed in order to monitor degra-

dation. These diagnosticmethods include polarization curves,

EIS, CV, and LSV.

The AST, designed to target electrocatalyst degradation,

involves 40 s long potential cycling profile (Fig. 1) between

voltages of 0.6 V for 10 s and 0.9 V for 30 s, which is slightly

modified version of the U.S. Department of Energy (DoE) rec-

ommended AST protocol for electrocatalyst degradation [20].

Instead of DoE's cycling between 0.7 V and 0.9 V, cycling was

conducted here between 0.6 V and 0.9 V, in order to speed-up

the degradation process, and it was stopped after 5000 cycles
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