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a b s t r a c t

The effects of varying the applied voltage and relative humidity of feed gases in degra-

dation tests of polymer electrolyte membrane fuel cells (PEMFCs) were analyzed using

electrochemical impedance spectroscopy (EIS). A transmission line model that considers

the proton-transport resistance in the cathode catalyst layer was used to analyze imped-

ance spectra obtained from degraded PEMFCs. As the applied cell voltage was increased

from 1.3 to 1.5 V to induce accelerated degradation, the cell performance decayed signifi-

cantly due to increased charge- and proton-transfer resistance. The PEMFC degradation

was more pronounce at higher relative humidity (RH), i.e. 100% RH, as compared with that

observed under 50% RH. Furthermore, changes in the charge transfer resistance of the

electrode accompanied changes in the ionic conductivity in the PEMFC catalyst layer.

Although the initial ionic and charge-transfer resistances in the catalyst layer were lower

under higher RH conditions, the impedance results indicated that the performance

degradation was more significant at higher water contents in the electrode due to the

consequential carbon corrosion, especially when higher voltages, i.e. 1.5 V, were applied to

the PEMFC single cell.
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Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have been

intensively researched and developed as environmentally

friendly and highly efficient power sources for automobile and

stationary applications [1]. As a result, several companies are

introducing fuel cell electric vehicles and other mobile and

stationary applications into the market. However, more reli-

able and economical systems are still required, and further

development of PEMFCs is necessary to achieve durability

(5000 h) and low cost ($40/kW) for the wide deployment of

fuel-cell technologies [2,3]. Accelerated degradation tests

(ADTs) are frequently utilized to shorten the time required for

durability evaluation, especially for PEMFC components [4e8].

For example, Mukundan et al. utilized open-circuit voltage

(OCV) operation to evaluate the electrolyte membrane stabil-

ity, combined with high-performance liquid chromatography

(HPLC) analysis of released fluorine [6]; Macauley et al.

repeatedly applied 0.6 V (3 s) and 0.95 V (3 s) potentials in a

square wave form to compare the electrochemical durability

of Pt and PtCo electrocatalysts [7].

In order to elucidate the degradation mechanisms of fuel

cells, compositional and microstructural changes are

commonly investigated using various techniques such as

scanning electron microscopy [9,10], transmission electron

microscopy [10e13], X-ray photoelectron spectroscopy [12], X-

ray diffractometry [13], atomic force microscopy [14], and

Fourier transform infrared spectroscopy [14]. However, these

post-mortem analyses require interruption of long-term

operation and disassembly of PEMFCs. In contrast, electro-

chemical techniques can be performed without cell destruc-

tion, and therefore, can be utilized as in situ techniques for

analyzing degradation mechanisms. For example, cyclic vol-

tammetry (CV) was used to measure the electrochemical

surface area (ECSA) of Pt [15]. The ECSA loss was utilized to

quantitatively analyze the degradation of fuel cells resulted

from carbon support corrosion, ionomer/catalyst interface

loss, dissolution or detachment, and particle growth [16]. The

effects of ionic conductivity and gas-phase mass transport on

PEMFCs have also been analyzed using rigorous physical

models to fit polarization curves [17,18]. Lalit et al. reported

that the primary mechanism of degradation can be identified

using the shape of polarization-change curve (DV curve)

which had a unique shape depending on the contribution of

differed overpotentials (kinetics, ohmic, and transport) in

different oxygen concentrations [19]. In addition, electro-

chemical impedance spectroscopy (EIS), in which alternating

current (AC) or voltage signals are applied to electrochemical

devices, has been used for in situ analysis of metal dissolution

[20,21], carbon corrosion [20,22e25], hydration or flooding

mechanisms [15,26e37], and catalyst-layer characteristics

[38e45]. Erik et al. reported a localized EIS measurement to

identify sectional membrane hydration level in a fuel cell [37].

Because only a small perturbation of the voltage or current is

applied to the fuel cells during steady-state operation, the

influence of EIS analysis on an operating electrochemical

system is insignificant, thus making EIS suitable for in situ

analysis.

EIS data, which include AC impedances at various fre-

quencies, are generally plotted as Nyquist plots (Zim(f)) vs.

Zre(f)) as well as various types of Bode plots (Zim(f) vs. f). These

plots allow graphical analysis of the EIS data and provide in-

formation on ohmic resistance and charge-transfer resis-

tance. Overlapped semicircles are typically observed in

Nyquist plots, and the x-axis intercepts at higher and lower

frequencies can be interpreted as the apparent ohmic resis-

tance and total resistance, respectively. In addition, the dif-

ference between high- and low-frequency intercepts

corresponds to the polarization resistance, which is related to

the electrode processes that include charge-transfer andmass

transport steps. This graphical analysis can be efficiently uti-

lized for evaluating the effects of operating parameters and

components on PEMFCs, as reported for inlet gas humidity [21]

and hierarchical nanostructured carbons [23].

Furthermore, based on equivalent circuits, non-linear

fitting analysis can be performed to determine resistance

and capacitance values for each process. For PEMFC single

cells, a resistance and parallel combination of a charge-

transfer resistance and a double-layer capacitance (or a con-

stant phase element) are utilized to represent the electro-

chemical characteristics of ohmic components, including

polymer-electrolyte membranes [41], and cathodes, respec-

tively [26e30]. For example, Silva and Rouboa reported that

prolonged activation increased capacitance values while

decreasing polarization resistance, which was correlated with

the expansion of the triple-phase boundary [28]. It should also

be noted that the hydrogen oxidation reaction at a PEMFC

anode is much faster than the oxygen reduction reaction at

the cathode; therefore, the anodic impedance terms can be

neglected [46e48], with the exception of some special sce-

narios such as H2 depletion [49].

More complicated equivalent circuits including the trans-

mission line model (TLM) have also been successfully utilized

for analyzing PEMFC single cells. The TLMwas first introduced

by R. de Levie to analyze the electrochemical characteristics of

porous electrodes, such as Pt brush and Ag powder [42]. In a

typical PEMFC, the cathode is composed of a carbon-

supported Pt catalyst (Pt/C), Nafion ionomers, and pores,

which are used as conduction pathways for electrons, pro-

tons, and gases, respectively. To describe the transport phe-

nomenon, especially proton conduction through ionomer

networks, TLM circuits with ionic resistance in the catalyst

layer and reaction impedance of the oxygen reduction reac-

tion have been utilized in several studies concerning PEMFC

fabrication conditions [31e33,38,44], operation conditions

[35,36], and catalyst-layer degradation, including carbon-

support corrosion [1,25,38]. In addition, the reliability of the

TLM model applied to gas diffusion electrodes was confirmed

by comparison to the impedance spectra measured at a disk

electrode in an aqueous solution [34]. When EIS data for

cathodes are collected under a nitrogen atmosphere

[25,31e34,38,44], instead of air [1,25,35,44], the interfacial-

reaction impedance at the Pt and ionomer boundaries is rep-

resented by a simple capacitor. At high cathode potentials, the

carbon support in the cathode layers is electrochemically

oxidized, by combining with water molecules, to produce CO2

and protons. This process is one of the major degradation
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