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a b s t r a c t

Cycling of relative humidity (RH) levels in polymer electrolyte membrane (PEM) fuel cells reactant

streams have been reported to decay fuel cell performance. This study focuses on accelerated durability

testing to examine different modes of membrane failure via relative humidity cycling. A single fuel cell

with an active area of 42.25 cm2 was tested. A Hydrogenics G50 test station was used to establish base-

line cell with 840 h of degradation under high humidity idle conditions at a constant current density of

10 mA cm�2. The membrane electrode assembly (MEA) contained a Gore™ 57 catalyst coated membrane

(CCM) and 35 BC SGL gas diffusion layers (GDLs). During the test, in situ diagnostic methods, including

polarization curves and linear sweep voltammetry (LSV) were employed. Also, ex situ tests such as ion

chromatography, infrared imaging, and scanning electron microscopy were used to identify degradation

mechanisms. For RH cycling cell, H2–air inlet gases were alternated under dry and 100% humidified con-

ditions every 10 and 40 min, respectively. Under idle conditions, operated at very low current density, a

low chemical degradation rate and minimal electrical load stress were anticipated. However, the mem-

brane was expected to degrade due to additional stress from the membrane swelling/contraction cycle

controlled by RH. The degradation rate for steady state conditions (0.18 mV h�1) was found to be lower

than under RH cycling conditions (0.24 mV h�1). Change in RH led to an overall PEM fuel cell degradation

due to the increase in hydrogen crossover current and fluoride ion release concentration. This study

advanced the development of ‘diagnostics’ for PEM fuel cells in that failure modes have been correlated

with in situ performance observations.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are electro-

chemical devices that involve the electrochemical reaction of

hydrogen and oxygen to produce electricity and water [1]. They

are environmentally friendly energy producers that improve en-

ergy production by producing power more efficiently without

any harmful emissions. PEM fuel cells are thus one of the leading

clean energy technologies being considered for transportation

applications and power generation [2]. One of the most important

issues in the development of PEM fuel cells is membrane durability

[3,4]. PEM fuel cells use a perfluorosulfonic acid (PFSA)/PTFE

copolymer (e.g. Nafion™) membrane as an electrolyte to transport

hydrogen ions from anode to cathode. Since the ions can only con-

duct at a desired rate when the membrane is hydrated, fuel cells

typically operate with humidified gases, mainly H2 and air at the

anode and cathode, respectively [5,6].

The requirement for hydration of electrolyte membrane means

that relative humidity (RH) levels of the reactant stream therefore

have effects on PEM fuel cell performance. Reducing RH limits the

electrode kinetic reactions and increases the membrane resistance

inside the fuel cell [6]. Proton conductivity of the membrane and

performance of the fuel cell will rapidly decrease when the water

content of the membrane decreases, especially if operated with

dry reactant gases [7,8]. On the other hand, water is produced in

a PEM fuel cell, and at high current densities water has the poten-

tial to fill pores in the gas diffusion layer and inhibit mass transfer.

Contact with liquid water can ‘swell’ the polymeric membrane, and

thus change in hydration levels in the membrane can create

mechanical stresses. Therefore, water management within a fuel

cell is a complex phenomenon that must be carefully managed.

Recently, several studies have examined the degradation mech-

anism of the PEM in a membrane electrode assembly (MEA) under

low humidification conditions [6,9,10]. Some researchers have fo-

cused on operating a PEM fuel cell with completely dry reactant

gases, finding operation under such conditions feasible [7,11,12].

With a higher current density, more water is produced on the
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cathode side and the water back-diffusion effect (water moving

from cathode to anode) prevails over the electro-osmotic effect

(water moving from anode to cathode), so the cell can be suffi-

ciently humidified to continue and complete the necessary electro-

chemical reactions. However, at low current densities, both water

back-diffusion and electro-osmotic effects are limited, indicating

that the electrolyte membrane might not be sufficiently humidi-

fied for the ions to pass through it [4,13–16]. Because the conduc-

tivity of the membrane depends on its water content, RH is one of

the important factors potentially affecting PEM fuel cell

performance.

Fuel cells in certain applications (e.g. automotive) can be sub-

jected to frequent start–stop cycles, prolonged idle conditions,

and frequent current cycling due to variation in the demand of

power from the overall power demand cycle [1]. RH cycling oper-

ating test has become an interesting accelerated test to study the

PEM durability of the fuel cell. In this work, accelerated durability

testing to study different modes of membrane failure via RH cy-

cling under idle conditions is performed. Under the idle condi-

tions, operating at very low current density, a low chemical

degradation rate and minimal electrical load stress are antici-

pated. Note that both open circuit conditions [17] and high cur-

rent density operation have been shown to be associated with

accelerated chemical degradation of the membrane. However,

the membrane was expected to degrade due to additional stress

from the membrane swelling/contraction cycle controlled by the

RH.

2. Experimental

Fuel cell experiments were conducted using a single TP50 fuel

cell (Tandem Technologies) with an active area of 42.25 cm2. The

graphite plates contained serpentine path flow channels. The flow

channels of the cathode and the anode plates differed in that those

of the former were wider and deeper than those of the latter to in-

crease the cross-sectional area for reactant diffusion.

Gore™ 57 catalyst coated membrane (CCM) with an overall

thickness of 50 lm and a membrane thickness of 25 lm were

used. The catalyst loading for both sides was 0.4 mg cm�2. The

MEA was assembled using a 150 lm Kapton gasket with the

membrane sandwiched in the middle and 35 BC SGL gas diffu-

sion layers (GDLs) were placed on either side. The TP50 fuel cell

and a G50 test station were used to investigate RH effects on

PEM fuel cell performance. Hydrogen and air were supplied as

reactant gases to the anode and cathode sides, respectively.

The gas lines to both sides were also connected to a nitrogen

tank, allowing the system to be purged with nitrogen gas during

electroanalytical testing (i.e., linear sweep voltammetry (LSV)).

The fuel cell hardware was first compressed using nitrogen gas

at 100 psig. Next, a water bath was used to heat the fuel cell

to 70 �C and maintained that temperature. The reactant gases

flowed through Bronkhorst EL-flow meters and pressure trans-

ducers before entering the humidifiers. External humidifiers

were used in this system to keep the gas streams hydrated be-

fore entering the fuel cell so that the flowing gases would not

dry out the MEA. A LabView control system and TDI load box

were used to control the load. At the outlets, the gases left the

fuel cell carrying the water generated. Product water was col-

lected in the condensers and then further used for fluoride ion

release analysis.

Idle conditions at a constant current density of 10 mA cm�2

were employed for this work. Idle conditions were selected in or-

der to minimize the chemical degradation associated with radical

attack at open circuit voltage (OCV). Although the confounding ef-

fect of chemical degradation and catalyst degradation cannot be

completely eliminated the ‘idle’ conditions are the least stressful

for these modes of aging. The test station was first used to perform

a baseline cell under high RH (Run 1: 100% RH). The fuel cell was

run at 70 �C with either at constant 0.113 slpm and 0.358 slpm or

stoichiometric flow rates at the stoichiometric ratio of 1.5 and

2.5 for hydrogen gas and air, respectively. An external modification

was made to the experimental set-up so that the test station

humidification system was completely by-passed during the cy-

cling, and completely dry reactants could be directly fed to the fuel

cell. This allowed for rapid (almost immediate) and complete cy-

cling between RH = 0 and RH = 100 (and the humiliation system

in the G50 could remain at steady state for return to operation).

The hydrogen gas and in-house air were both set at 100 psig. At

the beginning of the cell’s life, commissioning processes were car-

ried out, including leak testing, crossover testing, and break-in of

the fuel cell. Commissioning was conducted to ensure the cell

had no leaks and to allow the cell to warm up and become fully hy-

drated in order for the reactions to occur. In the RH cycling cell

(Run 2), the same conditions were applied. However, instead of

the reactant gases passing through the humidifiers before entering

the fuel cell, the gases were supplied directly to the cell. The test

station was by-passed to enable dry gas passage using additional

valves at both anode and cathode sides. The by-pass configuration

ensured that the RH of the inlet stream changed rapidly. In this

case, the commissioning procedure was conducted for 120 h. Dur-

ing RH cycling, the inlet gases were automatically alternated be-

tween dry and 100% humidified conditions every 10 and 40 min,

respectively. A schematic design of the RH alternation during

H2–air RH cycling is shown in Fig. 1. This cycling routine was

experimentally determined in order to allow the cell to completely

return to steady set prior to the next ‘dry cycle’, and then the dura-

tion of the ‘dry cycle’ was selected so that the cell performance was

allowed to degrade without complete loss of performance.

In situ diagnostic methods, including polarization curves and

LSV, were conducted to observe the degradation mechanisms.

The current measured during LSV is known as the hydrogen cross-

over current. Crossover current measurements were performed by

scanning the voltage from 0.05 to 0.6 V at a sweep rate of 2 mV s�1.

Electrochemical measurements were taken using EG&G Princeton

Applied Research potentiostat/galvanostat Model 273 and Core-

ware software. In addition, ex situ tests, including ion chromatog-

raphy, infrared (IR) imaging, and scanning electron microscopy

(SEM) were conducted. Dionex ED40 electrochemical detector

working with Dionex GP40 gradient pump was used to measure

the fluoride ion release concentration arising from degradation of

the membrane structure. Also, by using IR camera (InfraTech

Fig. 1. Schematic design of the RH alternation during H2–air RH cycling.
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GmbH), IR imaging was performed. The IR images can distinguish

the level of temperature distribution to observe hot spot/pin-hole

formations of the degraded MEAs. Moreover, the SEM analysis is

carried out using a LEO SEM with field emission Gemini Column

to characterize the morphology and the change in thickness of

the MEA samples.

3. Results and discussion

In this study, two fuel cells were operated under idle conditions.

The first cell received fully humidified reactant gases and the sec-

ond cell received H2–air cycled alternately between dry and

humidified conditions at a constant current density of 10 mA cm�2.

The results of the RH effect on PEM fuel cell performance are sum-

marized as follows:

3.1. RH effect on PEM fuel cell performance

Polarization curves of the two fuel cells at 70 �C without back-

pressure are shown in Fig. 2a and b. Changes in polarization curves

can indicate what material characteristics have been degraded

[18]. A curve can be segmented into four regions – open circuit

voltage (OCV), activation loss, linear ohmic loss, and mass transfer

limitation – each characterized by a drop from the ideal Nernst po-

tential. The effects on these different regions indicate a decrease in

a fuel cell’s voltage output. In Fig. 2a, the 100% RH cell has a life-

time of 840 h. At 456 h there is an obvious change in the slope of

the curve, which might have been caused by ionic capacity loss,

membrane aging, hydrogen crossover, or early mass transfer limi-

tation. In the case of the H2–air RH cycling cell, 130 cycles were

completed over a cell lifespan of 622 h (Fig. 2b). RH cycling began

after 120 h of commissioning. The curve starts to deviate from the

original trend at 312 h. There is also a voltage dip at the higher cur-

rent densities, which is thought to be the result of incipient mass

transfer limitation inside the cell.

Fig. 2a and b also compare variations in cell voltages with cur-

rent density for both cells operated at a constant current density of

10 mA cm�2. The 100% RH cell shows a higher cell voltage output

than the H2–air RH cycling cell. For example, at 312 h and a current

density of 300 mA cm�2, the cell voltages are 0.60 V (100% RH) and

0.52 V (RH cycling). Note that the period between polarization

curves is not consistent due to equipment operation constrains.

Also equipment and humidification variability resulted in some

slight anomalies in the data (e.g. slightly higher performance at

high current densities between curves for Run 696 h in Run

1 – Fig. 2a where the cell was not allowed to fully come to steady

set operation. These do not significantly alter the observed trends.

Fig. 3a and b shows voltage degradation curves for both 100%

RH and RH cycling cells, plotting potential at a constant current

Fig. 2. PEM fuel cell polarization curves of (a) Run 1: 100% RH cell and (b) Run 2: H2–air RH cycling cell. The cells were operated at 70 �C and a constant current density of

10 mA cm�2 without backpressure. MEAs active area: 42.25 cm2; hydrogen and air flow rates: 0.113 and 0.358 slpm, respectively.
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density of 10 mA cm�2 versus degradation time. Both cells show

quite a similar change in cell voltage: it increases somewhat during

the commissioning procedure (0–120 h) and then slowly drops

along the trend line. At approximately 620 h for the 100% RH cell

and 450 h for the RH cycling cell, the voltages start to deviate from

the original trend and drop below 0.8 V. As calculated from Fig. 3a

and b, the overall cell degradation rates are 0.18 mV h�1 (100% RH)

and 0.24 mV h�1 (RH cycling), respectively.

From the results of the polarization curves and the voltage deg-

radation curves, the RH cycling cell clearly experienced a higher

cell voltage degradation rate than the fully humidified cell. Both

cells show a specific diagnostic feature where the slope of degrada-

tion curve changes later in life 100–200 h prior to cell failure.

3.2. RH effect as observed by hydrogen crossover current

Using LSV measurements, the hydrogen crossover currents of

both cells (Run 1: 100% RH; Run 2: RH cycling) are compared in

Fig. 4. The crossover current of the 100% RH cell gradually increases

until 400 h and then the increase accelerates to reach 10 mA cm�2,

which indicates membrane failure [17]. The RH cycling cell’s cross-

over current starts to increase after 200 h and exceeds 10 mA cm�2

at approximately 460 h. Note that the sharp rise in crossover dur-

ing Run 2 does correlate in time (at about 460 h) with the diagnos-

tic feature in the degradation curve, and a similar (although less

distinctive) feature is observed in Run 1 at about 640 h.

During Run 2 with the RH cycling clearly membrane integrity

was compromised at about 450 h of operation. Variation in RH

can alter the hydrogen crossover current because crossover is a

function of hydration and temperature [17]. RH also influences

reactant partial pressures, membrane permeability, and membrane

thickness [8]. During RH cycling, a change in reactant partial pres-

sures can drive the gases to cross over from one side of the fuel cell

to the other. Partial pressure differentials in the reactants can also

create localized stress on the membrane, leading to gas crossover.

In addition, the membrane’s permeability to the reactant gases

typically increases along with RH which will increase either hydro-

gen or oxygen concentration [11–13]. Thus, it is believed that the

crossover current through the membrane might increase by the ef-

fects of reactants changing from dry to fully humidified. As time

passes, the electrolyte membrane is degraded and consumed,

resulting in membrane thinning that allows the gases to easily

cross over to either side. The combined RH effects are thought to

lead to increased crossover, rips and tears in the membrane, and

pinhole formation. Once pinholes arise, the crossover rate in-

creases rapidly [10,19–21].

Fig. 3. Voltage degradation curves of (a) Run 1: 100% RH cell and (b) Run 2: H2–air RH cycling cell. The cells were operated at 70 �C and a constant current density of

10 mA cm�2 without backpressure. MEAs active area: 42.25 cm2; hydrogen and air flow rates: 0.113 and 0.358 slpm, respectively.

Fig. 4. Hydrogen crossover current densities of Run 1: 100% RH cell (triangles), and

Run 2: H2–air RH cycling cell (squares).
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3.3. RH effect as observed by fluoride ion release

Fluoride ion release is a good indicator of overall membrane

degradation [23,24]. The membrane degradation mechanism is

believed to be loss of material as the membrane’s polymeric

structure deteriorates. When a PFSA membrane degrades, it re-

leases peroxides and hydrogen fluoride (HF). Over the cell’s oper-

ation time, these acidic byproducts can also degrade the cell

components and cause failures such as cracks or pinholes. If such

failures develop, leakage and crossover may increase, thereby

degrading the fuel cell’s performance and shortening its lifespan

[23–26]. However, the integrity failure seen in other tests was

not indicated in this diagnostic, which indicated that failure in

this case is more predominately due to mechanical rather than

chemical failure modes.

In the present study, effluent water from anode and cathode

sides was collected during fuel cell operation. Ion chromatogra-

phy was then used to measure the fluoride ion concentration aris-

ing from degradation of the membrane structure. By measuring

the total amount of water produced, the fluoride ion release rate

and the cumulative amount of released fluoride ions could be

determined.

Fig. 5a and b present fluoride ion release rate as a function of

time. The rates peak at approximately 150 h for both cells, which

agrees with results reported by Kundu et al. [23] and Liu et al.

[26] using Gore™ membranes. After RH cycling starts, some points

show a higher fluoride release rate at the anode side than at the

cathode side (Fig. 5b, Run 2: H2–air RH cycling). This is thought

to be due to the change in RH that occurs when the difference be-

tween the reactants’ partial pressures increases. Variation in RH

should alter the water drag characteristics between the anode/

cathode interfaces. Alternating the water drag characteristics in-

creases anodic fluoride release and decreases cathodic fluoride re-

lease [7,5,9,11].

The cumulative fluoride ion releases of the two runs are com-

pared in Fig. 6. All the curves seem to trace an exponential rise at

the beginning, changing to a linear increase and reaching an upper

limit at the end. The RH cycling cell shows a higher cumulative fluo-

ride ion release on both anode and cathode curves than the fully

humidified cell. For instance, at 200 h, the cumulative fluoride ion

releases are 2 lmol cm�2 (100% RH) and 9 lmol cm�2 (RH cycling)

for the anodes, and 6 lmol cm�2 (100% RH) and 17 lmol cm�2 (RH

cycling) for the cathodes. As these figures indicate, both cells have a

high cumulative fluoride ion release at the cathode side, which is

believed to be due to the change in water drag inside the cell and

the degradation occurring close to the cathode catalyst/ionomer

interface [5,22,23].

3.4. RH effect as observed by infrared (IR) imaging

By using IR camera (InfraTech GmbH), IR imaging was per-

formed. The IR images can distinguish the level of temperature dis-

tribution between fresh and degraded MEAs of each run. Variation

in temperature distribution is thought to be due to the change in

the level of reactant crossover through the MEA. As the reactant

crossover increases, more heat is generated resulting in higher

temperature distribution on the MEA [27]. To diagnose MEA degra-

dation, the temperature distribution through IR images is then

used for comparing the RH effect of Run 1 and Run 2.

After running approximately for 650 h, Run 1 was dismantled

for IR imaging. Two different hydrogen concentrations were used

for this run. Pure hydrogen was first provided by flowing in the

top right side of the MEA image at 5 psi and 30 ml min�1. Fig. 7a

and b shows the IR images of fresh and degraded MEAs under

H2–air fully humidified. It can be seen that the maximum temper-

ature of the degraded sample is about 2 �C higher than the fresh

sample. The decayed sample shows some hot spots that generate

close to the cathode outlet in the particular area. At the end of cell’s

life (840 h), the temperature distribution on the MEA was observed

by using 20% H2 in N2. In this case, diluted hydrogen was used to

avoid burning of the degraded sample. The hydrogen was fed at

the top right side of the MEA with the same rate and pressure.

From Fig. 7d the IR image clearly shows a new hot spot occurring

at the bottom right side of the image which is believed to be close

Fig. 5. Fluoride ion release rates of (a) Run 1: 100% RH cell, and (b) Run 2: H2–air RH

cycling cell.

Fig. 6. Cumulative fluoride ion releases of Run 1: 100% RH cell, and Run 2: H2–air

RH cycling cell.
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to the cathode inlet region. Also, there is a uniform MEA degrada-

tion throughout the sample (yellow1 color distribution) starting at

cathode outlet and latterly happening at cathode inlet. The uniform

degradation is thought to lead to membrane thinning during the

idle condition accelerated degradation test.

For the H2–air RH cycling cell, the IR imaging was conducted

using 20% diluted H2 in N2 with 5 psi and 30 ml min�1 under the

same conditions as Run 1. After 130 complete cycles, one big hot

spot or pin-hole formation appeared close to anode and cathode in-

lets where dry/humidified reactants alternately enter as shown in

Fig. 8b. Comparing with the fully humidified cell, the RH cycling

cell differentiates pinhole formation of the shorter operating time

without obviously showing the uniformMEA degradation through-

out the sample. In other words, there is a smaller rate of membrane

thinning than Run 1. This can also be confirmed by the SEM

images.

As the results, the RH cycling cell displays higher maximum

temperature distribution with the shorter operating time than

the humidified cell. Change in RH is thus believed to have effect

on the temperature distribution of the MEA due to the increase

in reactant crossover, hot spot, and pin-hole formations.

3.5. RH effect as observed by scanning electron microscopy (SEM)

imaging

After operated for 840 h (Run 1: 100% RH) and 622 h (Run 2:

H2–air RH cycling), the MEAs were removed from the fuel cell

hardware. Then, the membranes were separated off the GDL using

liquid nitrogen. Overall, there is no visible rips or tears on the

membranes for both Runs.

SEM images were taken for measuring the thickness and

observing the morphology changes of the membranes. Fig. 9 shows

the cross-sectional layers of fresh Gore™ 57 CCM consisting of

cathode/anode catalyst layers, ePTFE reinforcement layer, and

cathode/anode electrolyte layers. The overall thickness of the fresh

membrane is 50 lm.

Fig. 7. IR camera images of Run 1 (100% RH cell): (a) fresh and (b) degraded MEAs at 650 h, and (c) fresh and (d) degraded MEAs at 840 h. Pure hydrogen and diluted hydrogen

(20% H2 in N2) were respectively used for the MEAs at 650 h and at 840 h. The hydrogen was flowed in the anode inlet of the MEAs at 5 psi and 30 ml min�1.

1 For interpretation of color in Fig. 7, the reader is referred to the web version of

this article.

Fig. 8. IR camera images of Run 2 (RH cycling cell): (a) fresh and (b) degraded MEAs at 622 h. Diluted hydrogen (20% H2 in N2) was used by flowing in the anode inlet of the

MEAs at 5 psi and 30 ml min�1.
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Fig. 10a shows the cross-sectional layers of the CCM from Run 1.

In this case, the overall thickness is reduced to 27.5 lmwhich is al-

most half of the original fresh CCM. Membrane thinning at the

cathode side is clearly also observed for this humidified cell. The

membrane thinning is a good method for observing membrane

degradation since the degradation occurs when the membrane is

consumed. Also, at the cathode electrolyte layer, there is an

appearance of Pt band. The Pt band is believed to accelerate H2O2

production and enhance the membrane decomposition [28,29].

For Run 2, thinning of the membrane is also observed from the

cross-sectional layers; however, the thickness of the reactant RH

cycling membrane is reduced not as much as the humidified cell.

Note that this MEA was operated about 25% less gross time. As

there was simply less time to thin the MEA, the CCM thickness is

reduced to 34 lm. Importantly, the RH cycled cell shows there is

a crack of the catalyst layers combined with a fusion of the mem-

brane and the electrode as can be seen from Fig. 10b. The fusion of

the polymeric membrane and the electrolyte layers are believed to

be caused by an increase of heat inside the cell during dry condi-

tions, as well as stresses frommembrane swelling/contraction dur-

ing the RH cycling. The heat generated could melt the membrane

and the electrode layers along with the stresses generated might

later cause catalyst/membrane delamination. The delamination be-

tween the catalyst and the electrolyte membrane at the cathode

side can be observed via the SEM images. The RH cycling is thus

thought to be a major cause of the mechanical failure in the fuel

cell system.

4. Conclusions

Since it is impractical and costly to run full lifetime fuel cell

tests, accelerated durability tests were used to observe the effect

of RH on PEM fuel cell performance. This testing method was an

alternative to longer term and more costly durability testing. The

performance of a 100% RH humidified cell (Run 1) was compared

with that of a RH cycling cell (Run 2). The results showed that

the cell voltage degradation rates were 0.18 mV h�1 (Run 1) and

0.24 mV h�1 (Run 2). LSV was performed to diagnose the hydrogen

crossover current of both cells. Run 2 clearly had a higher crossover

current than Run 1; the crossover current of Run 2 rapidly in-

creased and exceeded 10 mA cm�2, defined as the point of mem-

brane failure at approximately 450 h of operation as indicated by

a sharp rise in crossover current, and an increase in the degrada-

tion rate. This diagnostic feature has been correlated with other

observations as to indicate mechanical failure of the membrane,

and pinhole formation. This failure is predictive of complete failure

the cell in the near future. Ion chromatography also showed that

Run 2 had a high fluoride ion release concentration, arising from

degradation of the membrane structure. Note that there was no

sharp change in the fluoride release rate indicating that this diag-

nostic was not representative of the sudden integrity failure,

although the rate was generally higher during this test. In addition,

the results from IR and SEM images showed that the RH cycling en-

hanced hot spot/pinhole formations, membrane thinning as well as

stresses on the membrane. Overall, variation in RH is equivalent to

mechanical load and it is believed to be a driving force that accel-

erates membrane mechanical failure in the fuel cell system.
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