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Abstract : Various polymer electrolyte membrane fuel cell (PEMFC) startup procedures were 
tested to explore possible techniques for reducing performance decay and improving durability 
during repeated startup-shutdown cycles. The effects of applying a dummy load, which prevents 
cell reversal by consuming the air at the cathode, on the degradation of a membrane electrode 
assembly (MEA) were investigated via single cell experiments. The electrochemical results showed
that application of a dummy load during the startup procedure significantly reduced the 
performance decay, the decrease in the electrochemically active surface area (EAS), and the 
increase in the charge transfer resistance (Rct), which resulted in a dramatic improvement in 
durability. After 1200 startup-shutdown cycles, post-mortem analyses were carried out to 
investigate the degradation mechanisms via various physicochemical methods including FESEM, an 
on-line CO2 analysis, EPMA, XRD, FETEM, SAED, FTIR. After 1200 startup-shutdown cycles, severe Pt
particle sintering/agglomeration/dissolution and carbon corrosion were observed at the cathode 
catalyst layer when starting up a PEMFC without a dummy load, which significantly contributed to
a loss of Pt surface area, and thus to cell performance degradation. However, applying a dummy 
load during the startup procedure remarkably mitigated such severe degradations, and should be 
used to increase the durability of MEAs in PEMFCs. Our results suggest that starting up PEMFCs 
while applying a dummy load is an effective method for mitigating performance degradation caused
by reverse current under a repetition of unprotected startup cycles.  
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Nomenclature

OCV : open-circuit voltage, V
EAS : electrochemically active surface area, m2 g-1

Rohm : ohmic resistance, Ω cm2

Rct : charge-transfer resistance, Ω cm2

 
subscrip

PEMFC : proton exchange membrane fuel cell  
MEA : membrane electrode assembly
FESEM : field-emission scanning electron microscopy
EPMA : electron probe micro analysis
XRD : X-ray diffraction
FETEM : field emission transmission electron

microscopy
SAED : selected area electron diffraction
FTIR : Fourier transformation infrared spectroscopy

★

1. Introduction

Considerable attention has recently been paid to 
polymer electrolyte fuel cells (PEFCs) as a 
promising alternative power source for automotive 

1) 한국과학기술연구원 연료전지연구단
E-mail :  eacho@kist.re.kr
Tel : (02)958-5279  Fax : (02)958-5199



- 289 -

applications due to their significant advantages, such 
as high efficiency, low noxious emissions, and fast 
start-up. Aside from cost, durability is one of the 
most significant drawbacks impeding successful 
large-scale commercialization of PEFCs. For 
application in automotive vehicles, proton exchange 
membrane fuel cells (PEMFCs) must be able to 
tolerate dynamic operating conditions, such as load 
cycling, freeze-thaw cycling, and humidification 
cycling, which might negatively affect long-term 
durability compared with operation at steady state 
conditions.(1-3) The startup and shutdown processes 
of PEMFCs are necessary operating steps, which 
must be optimized to prevent losses in performance. 
Therefore, it is necessary that PEMFC degradation 
phenomena be thoroughly investigated to better 
understand the related mechanisms and develop 
mitigation strategies for the achievement of adequate 
performance and durability. It is generally believed 
that induced potential at the cathode during 
startup-shutdown cycling is the major reason for 
degradation of the membrane electrode assembly 
(MEA), which can induce considerable damage to 
the cell.1 High induced potential is typically due to 
diffusion of air across the membrane, from the 
cathode side to the anode side, and can be as high 
as 1.44 V(4) or two times that of the OCV(5). At this 
condition, in which a reverse current is established, 
severe carbon corrosion reactions can occur, in 
addition to Pt catalyst coarsening/aggregation/ 
oxidation/dissolution and migration into the 
membrane, which can seriously degrade cell 
performance.(4-7) Recently, a few experimental 
studies have reported attempts to overcome 
degradations caused by cell reversal during on/off 
cycling. Takagi et al.(8) reported that the performance 
degradation caused by reverse current was mitigated 
by altering the shutoff sequence of hydrogen and air 
used during the shutdown procedure. Specifically, 
shutting off the air supply prior to the hydrogen 
supply was effective in reducing performance decay 
after repeated cycles of startup and shutdown 
operations. Our group has been developing several 
methods to improve the performance and durability 
of PEMFCs, including air purging(9), outlet on/off(10), 
and the application of a dummy load during 
shutdown(10). However, there have been few studies 
concerning the startup process in PEMFCs.(4)

In this study, we investigated the degradation of 
MEAs operating with repeated startup-shutdown cycles 
by applying an auxiliary electrical load, hereafter referred 
to as a “"dummy load”", to develop a durable and 
effective startup procedure for PEMFCs. The startup 
procedure was focused on by employing shutdown 
conditions that had very little influence on the 
degradation of cell performance. The main purpose of 
applying a dummy load during startup is to prevent cell 
reversal conditions, which must be experienced during 
start-stop cycling or starting the fuel cell after a 

prolonged shutdown as a result of air accumulation at the 
cathode and formation of a H2/air front boundary at the 
anode. This, in turn, can cause consumption of reactant 
gases in the electrode. Replacing air with N2 could 
minimize higher potentials on the air electrode that is 
adjacent to the anode air region. Therefore, we explored 
possible methods for starting up fuel cells in which 
performance degradation and loss of durability were 
minimized. We investigated the degradation mechanisms 
via various physicochemical characterization methods: 
field emission scanning electron microscopy (FESEM), 
on-line CO2 analysis, electron probe micro analyzer 
(EPMA), X-ray diffraction (XRD), field emission 
transmission electron microscopy (FETEM), selected 
area electron diffraction (SAED), and Fourier 
transformation infrared spectroscopy (FTIR).

2. Experimental
2.1. Single Cell Setup
The single cell was fabricated with a 

commercially available PFSA (perfluorinated 
sulfonic acid) MEA (with nominal Pt loading of 0.4 
mg cm-2 at both the anode and cathode), carbon 
fiber paper, Teflon gaskets, and flow-field plates. A 
graphite plate with seven serpentine parallel channels 
was used as the gas-flow field block. The anode and 
cathode plates were tightened with stainless steel 
end plates. The active electrode area was 25 cm2 
and the cell temperature was 65°C. The gas 
humidification temperature was controlled at 68°C 
(anode) and 72°C (cathode) in order to fully 
humidify (100% RH) both reactant gases, which 
were passed through bubble humidifiers before 
entering the cell under ambient pressure. Gas mass 
flow rates were controlled by solenoid valves 
interfaced with LABVIEW software (version 7.1). 
The dummy load, which eliminates residual 
hydrogen and oxygen gases from the electrodes, was 
applied to the cell to examine its effects on 
performance degradation. During operation, the 
cathode vent was opened to simulate a realistic 
situation in which air might gradually diffuse into 
the cathode after fuel cell shutdown.

2.2. Startup-shutdown procedure
Fig. 1 shows the simplified load profiles 

employed in this study to simulate practical startup 
and shutdown operations. As indicated in Fig. 2, 
after operating the cell with a continuous supply of 
hydrogen and air gases, the shutdown steps were 
simultaneously started by first removing the supply 
of air and then hydrogen, for 10 seconds each, while 
the dummy load was applied. The anode and 
cathode were then purged with air. It should be 
noted that the stated purging process was used to 
simulate a realistic startup-shutdown condition in 
which remaining hydrogen gas in the anode is 
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Fig. 1. Experimental load profiles of startup and 
shutdown operation of PEMFCs employed in this study. 
(a) without and (b) with a dummy load at startup 
procedure.

believed to be displaced by air after a prolonged 
shutdown.

2.3. Electrochemical measurements
MEA performance was evaluated by measuring 

the current density at 0.6 V at the end of 600, 800, 
and 1200 cycles, using the primary electronic load 
(DAE GIL, EL-1000P). It is noted that all MEAs 
were preconditioned with H2/air at a 30 A load and 
steady flow rates for 24 hours. To correlate the 
performance degradation and electrochemical 
characteristics of the single cells, AC impedance 
measurements, cyclic voltammograms, and linear 
sweep voltammograms were recorded at the end of 
600, 800, and 1200 startup- shutdown cycles with 
and without a dummy load at startup. During all 
electrochemical analyses, fully humidified gases 
were used.

2.4. Post Analysis
After 1200 startup-shutdown cycles, all MEAs 

were carefully detached from the cell, labeled, and 
stored in a desiccator filled with argon gas to 
prevent any contamination including moisture before 
post analysis.   

3. Results and discussion
3.1. Electrochemical measurements 
Fig. 2 shows polarization curves for a single cell 

after 600, 800, and 1200 startup-shutdown cycles. 
An increase in the number of startup-shutdown 
cycles caused a decrease in the cell performance. As 
shown in Fig. 2 ,the distinguishing features of the 
different regions (i.e., activation, ohmic, and 
concentration polarization) may be affected by the 
startup methods. In startup-shutdown cycling with 
application of a dummy load at startup, the 
polarization curves do not show a bending tendency 
until 1200mA/cm2, revealing that the limiting 
current density is larger than 1200mA/cm2. On the 
other hand, upon repeated startup-shutdown cycling 
without application of a dummy load at startup, the 
polarization curves show a significant increase in 

transport loss, even at 1000mA/cm2 after 800cycles, 
as the curve bends down very steeply with an 
increase in the current density.
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Fig. 2. Current-voltage performance of PEMFCs under 
repetitive startup-shutdown cycling, measured before and 
after 600, 800, and 1200 cycles (a) without and (b) with 
application of a dummy load at startup. 

Electrochemical analyses were carried out to 
further elucidate the degradation behavior of single 
cells. Nyquist plots were obtained by the AC 
impedance technique to determine the ohmic (Rohm) 
and charge transfer resistances (Rct) of the MEAs 
after 600, 800, and 1200 startup-shutdown cycles. 
This reveals an almost standard semicircle for all 
experimental cases. The intersection with the x-axis 
at the high frequency and the diameter of the 
semicircle correspond to the ohmic resistance and 
charge-transfer resistances, respectively. This reveals 
an almost standard semicircle for all experimental 
cases. The intersection with the x-axis at the high 
frequency and the diameter of the semicircle 
correspond to the ohmic resistance and 
charge-transfer resistances, respectively. Fig. 2 
indicates that the ohmic resistance (0.08 Ω cm2) of 
the cell did not significantly change in any case, 
implying that the membrane resistance was not 
affected by the application of a dummy load and the 
number of startup-shutdown cycles. However, the 
charge transfer resistance did increase, suggesting 
that the oxygen reduction reaction (ORR) is greatly 
influenced by the startup methods and the number of 
startup-shutdown cycles. As shown in Fig. 2, the 
charge transfer resistance of the single cell increased 



- 291 -

Fig. 2. Nyquist plots for the single cells with 
different startup procedures (a) without and 
(b) with application of a dummy load.

Fig. 3. Cyclic voltammograms for the single 
cells (a) without and (b) with application of a 
dummy load during the startup procedure.

more slowly over 1200 startup-shutdown cycles with 
application of a dummy load at startup (to 2.4 Ω 
cm2) than that without application of a dummy load 
(to 24.6 Ω cm2), from 0.6 Ω cm2. Therefore, these 
results demonstrate that increases in the charge 
transfer resistance can be effectively reduced by 
applying a dummy load during the startup 
procedure.

The electrochemically active surface areas (EAS) 
of the Pt catalyst were obtained via cyclic by 
voltammetry measurements, as shown in Fig. 3. It is 
noted that all voltammograms were measured after 
the fifth cycle in order to make a reasonable 
comparison. These voltammograms were identical 
and reproducible without any appreciable changes in 
all experiments by showing well-defined adsorption 
and desorption behavior of hydrogen in the potential 
range of 0.05 ~ 1.2 V, over face centered cubic 
(fcc)-Pt with different crystalline facets. The 
coulombic charge for hydrogen oxidation obtained 
after subtracting the charge contributed by the 
double-layer region was used to estimate the 
electrochemically active surface area (EAS) of the 
cathode Pt catalyst, with the assumptions that the 
normalized charge density for a monolayer of 
adsorbed hydrogen on polycrystalline platinum is 
210 μC cm-2 and all platinum in the cathode is 10 
considered to be electrochemically active.(11,12) Fig. 
3 shows that the reduction of the EAS after 1200 
startup-shutdown cycles was more significant 

without application of a dummy load. Such a loss in 
the EAS of the Pt catalyst can cause catalyst layer 
degradation by Pt particle coarsening 
/agglomeration/oxidation/dissolution, which can be 
particularly accelerated by carbon corrosion. As a 
result, this unprotected startup can induce 
considerable damages to the cell, consequently 
aggravates performance and durability.

Fig. 4 shows the LSV performed on each MEA 
to monitor fuel crossover and check for the presence 
of electrical shorts. It is noted that the scan 
potential ranged from 0.05 to 0.6 V, with higher 
potentials being avoided to prevent oxidation of the 
Pt catalyst. The hydrogen gas crossover current 
densities were determined using the plateau current 
density at a voltage of above 0.35 V, where the 
current density is known to be limited by the 
hydrogen transport rate through the membrane.(13) 
Hydrogen crossover current densities for all of the 
MEAs were nearly constant at 1-2 mA cm-2 before 
and after the startup-shutdown cycles. The absence 
of a significant slope in the limiting current region 
for all MEAs also suggests the absence of internal 
shorting.
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Fig. 4. Linear sweep voltammograms of 
MEAs (a) without and (b) with a dummy 
load during the startup procedure.

Fig. 6. X-ray diffraction patterns of the anode and 
cathode of the MEAs before and after the 1200 
startup-shutdown cycles with and without a dummy load 
at startup. (a) anode (initial), (b) cathode (initial), (c) 
anode (after 1200 cycles without a dummy load), (d) 
cathode (after 1200 cycles without a dummy load), (e) 
anode (after 1200 cycles with a dummy load), (f) cathode 
(after 1200 cycles with a dummy load). 

Fig. 5. Cross-sectional FESEM images 
of the MEAs (a) before and after the 
1200 startup-shutdown cycles (b) 
without and (c) with a dummy load at 
startup.

3.2. Post analyses
Fig. 5 presents cross-sectional images of the 

MEAs before and after the 1200 startup-shutdown 
cycles. The thicknesses of the anode catalyst layers 
and electrolyte layers before and after 1200 
startup-shutdown cycles appear to have little 
variation, suggesting no excessive carbon corrosion 
of the anode catalyst layer and no thinning of the 
electrolyte layer. However, compared with the fresh 
MEA shown in Fig. 5(a), the thickness of the 
cathode catalyst layer was reduced to about 1/2 and 
1/3 of its initial value after 1200 cycles without a 
dummy load and with a dummy load, respectively, 
which represents the cathode catalyst layer thinning. 
It should be noted that degradation of the cathode 
carbon support in a 1200 cycled MEA without a 
dummy load at the startup procedure was much 
more severe than that with the dummy load. 
Therefore, it can be concluded that the carbon 
support in the cathode catalyst layer was severely 
corroded away when starting up a PEM fuel cell 
without a dummy load, while the application of a 
dummy load at startup procedure significantly 
mitigated the carbon corrosion reaction. 

Fig. 6 shows XRD patterns of the anode and cathode 
of MEAs before and after the 1200 startup-shutdown 
cycles, in which the characteristic peaks of a crystalline 
face centered cubic (fcc) Pt phases from (111), (200), 
(220), and (311) planes appear at the corresponding 
diffraction 2θ angles. The peak at around 18° is 

associated with poly-tetrafluoroethlyene (PTFE). As 
indicated by the characteristics peaks in the XRD 
patterns, the crystalline properties of Pt catalysts in all 
electrodes remains essentially unaltered after the 1200 
startup-shutdown cycles. It can be seen from Fig. 14 that 
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Fig. 7. Representative FETEM images of the anode and 
cathode of the MEAs before and after the 1200 
startup-shutdown cycles with and without a dummy load 
at startup. (a) anode (initial), (b) cathode (initial), (c) 
anode (after 1200 cycles without a dummy load), (d) 
cathode (after 1200 cycles without a dummy load), (e) 
anode (after 1200 cycles with a dummy load), (f) cathode 
(after 1200 cycles with a dummy load). 

the typical fcc-Pt diffraction peaks in all electrodes seem 
to broaden due to the small particle size effect. The 
average particle sizes for the anode and cathode of MEAs 
were evaluated using the full width at half maximum 
(FWHM) and the angular position (2θmax) of the (220) 
peaks. The Pt (220) diffraction peak was selected as a 
reference in order to avoid possible disturbances from the 
carbon support. The average particle size (D) of the Pt 
catalysts was calculated from the Gaussian-fitted (220) 
peak according to the Scherrer equation, as summarized 
in Table 1.

Fig. 7 depicts a representative FETEM images and 
SAED patterns of the anode and cathode in MEAs before 
and after the 1200 startup-shutdown cycles without and 
with a dummy load at startup. In the fresh MEA before 
the experiment, the smallest and well-distributed 
particles on the carbon support having uniform size of 
about 3.9 nm (anode) and 3.7 nm (cathode) were 
detected, as can be seen in Fig. 8 (a) and (b). However, 
these small nanoparticles grew and aggregated as 
indicated in the images of the 1200 cycled MEAs. As 

Fig. 7 (c) and (e) shows, the average particle sizes of the 
anode catalyst reached 5.0 nm without a dummy load and 
4.0 nm with a dummy load at startup after the 1200 
startup-shutdown cycles, respectively. Moreover, severe 
agglomeration phenomena were not seen in the anodes of 
the 1200 cycled MEAs regardless of the application of a 
dummy load at startup procedure. These results indicate 
that degradation is not very severe in the anode catalyst 
layers during startup-shutdown cycling, suggesting no 
significant influences on cell performance degradation 
and durability loss in the structural perspective. The 
average particle size of the cathode catalyst, however, 
dramatically increased from 3.7 nm, the value of the 
cathode in fresh MEA, to 7.2 nm with severe aggregation 
after the 1200 startup-shutdown cycles without a dummy 
load at startup, suggesting severe damages to the 
majority of the cathode catalyst layer possibly due to an 
Ostwald ripening process and/or coalescence growth of 
Pt particles. Therefore, it could be concluded that starting 
up a PEM fuel cell without a dummy load during 
startup-shutdown cycling significantly accelerates the Pt 
particle size growth and agglomeration processes at the 
cathode catalyst layer. By using a dummy load in the 
startup procedure, however, the average particle size of 
the cathode Pt catalyst slightly increased to 4.5 nm after 
the 1200 startup-shutdown cycles, demonstrating a 
reduction of the severe particle size growth and 
agglomeration. 

As shown in Table 1, the average particle sizes 
calculated from the XRD patterns was in good agreement 
with those measured from the FETEM images even 
though the average particle sizes from FETEM seem to 
be relatively larger than those from XRD in our study, 
due to the contributions of incoherent scattering 
crystallites to the TEM results. The observed increase in 
the cathode Pt particle size is probably due to some 
combination of an Ostwald ripening process, which is the 
formation of larger Pt nanoparticles from smaller ones 
via Pt dissolution and redeposition, and the coarsening 
growth of Pt nanoparticles via Pt surface migration on the 
carbon support, or Pt agglomeration triggered by the 
carbon support corrosion. Together with the results from 
XRD and FETEM data, it is proved that starting up a 
PEM fuel cell without a dummy load during 
startup-shutdown cycling significantly facilitate the 
particle size growth and agglomeration of the cathode Pt 
catalyst, which results in a loss of surface Pt active areas 
and thus irrecoverable performance decay. However, the 
degradation was clearly less severe in the cathode 
catalyst layer after the 1200 startup-shutdown cycles with 
a dummy load at startup, suggesting that the application 
of a dummy load could effectively retard such 
degradations. Degradation at the anodes was not as 
severe as that at the cathodes.
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Table 1. Mean particle sizes of the Pt catalysts 
characterized by XRD and FETEM for the anode and 
cathode of the MEAs before and after the 1200 
startup-shutdown cycles with and without a dummy load 
at startup. 

Samples
Mean particle size (nm)
Anode Cathode

 Fresh MEA  3.1a (3.9)b  3.0 (3.7)

 Cycled MEA  
 without a dummy load 

 4.0 (5.0)  6.7 (7.2)

 Cycled MEA 
 with a dummy load

 3.2 (4.0)  4.0 (4.5)

4. Conclusions
 

In this work, a durable startup method was developed 
to mitigate performance degradation of PEMFCs 
exposed to repetitive startup-shutdown cycling. The 
effects of application of a dummy load during the 1200 
repetitive startup-shutdown cycles on the degradation of 
MEAs were investigated via various electrochemical 
techniques. Application of a dummy load prevented cell 
reversal by replacing air with N2 at the cathode and 
significantly reduced performance degradation by 
reducing a loss in electrochemically active surface area 
(EAS) and an increase in charge transfer resistance (Rct). 
Upon repetitive startup-shutdown cycling, however, no 
significant changes in the ohmic resistance and hydrogen 
crossover current density were observed, implying that 
there was not any severe membrane degradation 
regardless of the application of a dummy load and the 
number of startup-shutdown cycles. Through various 
physicochemical analyses, Pt sintering/agglomeration/ 
dissolution and carbon corrosion were major causes to 
degrade the MEA durability during startup-shutdown 
cycling. 
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