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Abstract A 36-cell proton exchange membrane fuel cell

(PEMFC) stack was contaminated with 50 ppm propene in

air. Propene contamination amplified the uneven cell per-

formance distribution along the stack length. End cells

showed a larger performance change due to contamination

than contiguous cells owing to a lower temperature and a

larger effect of contamination at lower temperatures. The

performance change of the inner cells linearly varied from

cell 2 to cell 35 and was attributed to several causes

including the uneven sub-saturated air flow distribution and

the propene oxidation reaction involving a water molecule.

The inner cells performance distribution was also credited

to the uneven coolant flow distribution and a large effect of

temperature on contamination. Higher cathode potentials

acted as a cleaning method that minimized the contami-

nation effect by promoting propene oxidation and led to

weakly adsorbing CO2. As a consequence, higher cathode

potentials also resulted in smoothing the uneven inner cells

performance distribution.

Keywords Proton exchange membrane fuel cell � Fuel

cell stack � Voltage distribution � Air stream contaminant

List of symbols

Aend End plate heat transfer surface (m2)

Asides Cell sides heat transfer surface (m2)

b Stack inner cells performance linear regression

parameter (mV cell-1)

C Coolant heat capacity (J kg-1 K-1)

Ca Anode capacitance (F)

CPEc Cathode constant phase element

i Summation index

I Cell current (A)

j
ffiffiffiffiffiffiffi

�1
p

k Heat transfer coefficient (W K-1 m-2)

_m Coolant flux (kg s-1)

n Cell number or number of cells

Q Heat produced (W)

QCPE Cathode constant phase element coefficient

(saCPE X-1)

Qend Natural convection heat loss through the end

plate (W)

Qinner Inner cell heat loss (W)

Qsides Natural convection heat loss through the cell

sides (W)

Q1 or n End cells heat loss (W)

Ra Hydrogen oxidation charge transfer resistance (X)

Rc Oxygen reduction charge transfer resistance (X)

or cell flow field channels hydraulic resistance

(Pa s m-3)

Rcn Cell n flow field channels hydraulic resistance

(Pa s m-3)

Rm Cell manifolds hydraulic resistance (Pa s m-3)

Rmn Cell n manifolds hydraulic resistance (Pa s m-3)

Rn Cell n total hydraulic resistance (Pa s m-3)

Rohm Membrane resistance (X)

Rohm,b Membrane resistance during the pre-

contamination phase (X)

Rohm,c Membrane resistance during the contamination

phase (X)
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RW Cathode generalized finite length Warburg

element resistance (X)

Ta Ambient temperature (K)

Tcell Cell temperature (K)

Tc,in Inlet coolant temperature (K)

Tc,out Outlet coolant temperature (K)

Ts End plate surface temperature (K)

tW Cathode generalized finite length Warburg

element time constant (s)

Vb Cell voltage during the pre-contamination phase

used as baseline value (V)

Vc Cell voltage during the contamination phase (V)

Vr Cell voltage during the recovery phase (V)

Vs Stack voltage (V)

Vtn Thermo-neutral cell voltage (V)

Wsc Cathode generalized finite length Warburg

element

ZCPE Cathode constant phase element impedance (X)

ZW Cathode generalized finite length Warburg

element impedance (X)

aCPE Cathode constant phase element exponent

aW Cathode generalized finite length Warburg

element exponent

DT Coolant temperature rise between stack inlet and

outlet (K)

DVend Voltage difference between an end cell and the

stack inner cells linear regression (mV)

x Angular frequency (rad s-1)

1 Introduction

PEMFCs have gained a noteworthy place among alternative

power systems owing to favorable figures of merit and

environmental benefits [1]. However, efforts are still needed

to reduce cost and increase performance and durability to

ensure commercial competitiveness. Fuel cells are expected

to be exposed to many air contaminants [2]. The air filter is

designed to minimize contaminant concentration but its

scrubbing efficiency is less than 100 % and it has a limited

life [3]. Most contamination studies were completed with

single cells. As a result, relatively little is known about the

impact of contaminants on the operational behavior of a

stack [4]. It is surmised that an uneven cell performance

change distribution will develop because operating condi-

tions are uneven within a stack [5]. For example, the finite

manifold size leads to unequal reactant flows between cells

[6]. End cells in close contact with heat conductive end

plates are cooler [7–9]. These statements are supported by

the observation that temperature, contaminant concentration

as well as dosage (the product of concentration, flow rate,

and exposure duration) significantly impact contamination

[10]. Furthermore, uneven current distribution measure-

ments in the presence of CO also indicate that current density

is dosage dependent (dosage varies as CO adsorbs and reacts

along the flow field length) [11].

Only two contamination studies related to fuel cell stacks

were found. The concentration of Pb and Zn in mem-

brane/electrode assemblies after aging was observed to vary

along the stack length [12]. The Pb and Zn distributions were

explained by the liquid water distribution within the stack

with more droplets and higher ionic contaminant dosages

near the fuel cell inlet. The presence of cell performance

variations in a 3-cell stack resulting from ethylene glycol

contamination was reported but was not noted by the authors

[13]. Three-cell stacks are also not representative of pre-

commercial fuel cell systems which contain several ten up to

a few hundred cells. Contamination mechanisms leading to

an uneven cell performance distribution are also unclear for

several contaminant classes including inorganic (SOx, NOx,

etc.) and organic contaminants.

A two-step down selection procedure was recently

employed to identify the most relevant organic contami-

nants in air for PEMFCs [14]. Propene was selected as a

model contaminant for the present study because (i) it is

present in air at a concentration varying from 0.03 to

0.2 ppm [14] (35 million tons per year produced in North

America and Europe mostly for the manufacture of

polypropylene and as a feedstock for the petrochemical

industry), (ii) it has a significant impact on cell perfor-

mance, (iii) the performance loss is due to increases in both

kinetic and other overpotentials, a situation similar to the

other 6 down selected organic contaminants [15], and (iv)

upon recovery from a temporary exposure, an unusual gain

in performance has been observed [14, 16, 17]. It was

deemed relevant to duplicate prior results to ascertain the

supra-recovery observation. A fuel cell stack was con-

taminated with propene and its performance was charac-

terized with individual cell voltage, temperature, and

impedance spectroscopy measurements. Results were used

to obtain and explain the uneven impact of propene on the

cell voltage distribution. It is emphasized that the present

study focuses on the impact of contamination on PEMFC

cell performance distributions rather than the determination

of contamination mechanisms at the local level (catalyst,

membrane, etc.) because these latter analyses are already

ongoing elsewhere [15, 17, 18].

2 Experimental

A proprietary Protonex 36-cell stack (G6-210-36) with an

active area of *21 cm2 and active section length of

*11 cm was used [19]. Cells are connected in electrical

series whereas reactants and water coolant are fed in
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parallel with externally molded manifolds and serpentine

flow field channels. The external molded manifolds sim-

plify manufacturing and decrease the number of parts

leading to significant cost savings. The stack is also

internally and fluidly connected using U-type manifolds

with air and coolant inlets and outlets located on the same

end plate. This stack configuration is preferred due to

packaging ease and a better performance [6]. The mem-

brane/electrode assembly materials are commercially

available and include a Pt catalyst, a Nafion ionomer and

membrane, and a carbon based gas diffusion layer treated

with a hydrophobic agent for water management. These

key stack features are sufficient to discuss the performance

distribution of a stack subject to contamination. The stack

was operated with a custom test station designed for

hardware-in-the-loop measurements characterized by a

dynamic response time B0.1 s [20, 21]. The specified stack

supplier operating conditions are as follows: air/H2, 2.5

stoichiometry/dead end with intermittent purges, 75/0 %

relative humidity, and ambient/ambient pressure outlets,

55 �C, 1 A cm-2. These baseline conditions were varied to

obtain additional diagnostic information. The air stream

relative humidity, coolant flow rate, and current density

were selected within the following respective ranges: 50 to

100 %, 1 to 1.75 L min-1, and 0.2 to 1 A cm-2 for a

constant air flow rate corresponding to a 2.5 stoichiometry

at 1 A cm-2. Additionally, the temperature distribution was

locally modified by cooling one end of the stack with a fan.

Propene was injected in the air stream for a fixed period

after the stack reached a steady-state voltage and at a

constant rate after the humidifier to minimize the scav-

enging effect of liquid water [22]. After the scheduled

exposure to 50 ppm, the propene injection was stopped

when the stack reached a steady-state voltage. The stack

was then allowed to recover until a new steady-state volt-

age was attained. During the test, impedance spectra were

periodically measured and recorded using a proprietary

multi-channel device (0.5 A signal amplitude or *2.3 %

of the total current, 0.5 Hz to 10 kHz). A shunt resistor

added in series with one of the electronic load cable con-

nected to the stack bus plate provides the current signal.

Electrical connections are also added to each bus plates and

bipolar plates to obtain single cell voltage signals. Impe-

dance spectra were analyzed using ZView software from

Scribner Associates (version 3.3d). Temperature measure-

ments were also obtained using resistance temperature

detectors to determine ambient, coolant inlet and outlet,

and manifold end plate temperatures.

Other diagnostic techniques were not contemplated at

this stage because they would have required extensive

modifications of the proprietary stack design and the

existence of stack effects was not initially confirmed. For

example, reactant flow distribution measurements either

require the use of pressure transducers along the manifold

length [23] or the inclusion of a hot-wire anemometer into

the manifold [24]. As an additional example, cyclic

voltammetry, which can be used to assess the extent of

propene adsorption on Pt catalysts or the presence of pro-

pene side reactions [18], requires individual electrical

connections to each cell [25]. The situation is even more

complicated if simultaneous measurements for each single

cell are desirable to minimize errors and data acquisition

time.

3 Results and discussion

3.1 Data analysis and propene contamination

mechanism

Figure 1a illustrates the average cell voltage evolution

during a test. During the first phase, the stack has a steady-

state output (0.641 V). In the subsequent phase, the pro-

pene is injected and the average cell performance imme-

diately decreases. The average cell performance loss rate

decreases until a steady state is reached (0.398 V). In the

last phase, only air circulates and the average cell perfor-

mance recovers at a rate which is greater than the decay

rate observed during the second phase. The average cell

performance recovery rate also decreases until a steady

state is reached (0.647 V). The average cell performance

after recovery is larger than the initial value by *6 mV.

This transient behavior and larger average cell performance

after recovery are consistent with prior single cell experi-

ments [14, 16, 17].

Figure 1b depicts the cell voltage distribution Vb during

the first phase (baseline) at 2 h (specific times are indicated

in Fig. 1a by red dashed lines). The cell voltage distribution

is relatively uniform with a linear regression indicating a

10.4 mV change between cells 1 and 36. The cell voltage

distribution Vc (contamination) shows that propene con-

tamination steepens and renders the distribution less uniform

at the end cells, whereas the cell voltage distribution Vr

(recovery) indicates that propene contamination has a posi-

tive effect and uniformly increases cell performance. These

trends are better emphasized by displaying cell voltage dif-

ferences Vb - Vc and Vr - Vb to isolate these contaminant

effects and remove other causes of cell variability (Fig. 1c).

Figure 1c shows these steady-state cell voltage change dis-

tributions obtained, respectively, at 3 h and 20 min and 7 h

and 30 min by subtracting first phase data at 2 h. The cell

voltage change distribution during contaminationVb - Vc is

characterized by two main features. End cells have lower

performance than their contiguous cells. The cell perfor-

mance change for the other cells depicts an increasing value

from cell 2 to cell 35 (0.57 mV cell-1). The cell voltage
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change distribution during recovery Vr - Vb is almost uni-

form and identical to the distribution observed before the

contamination phase with the exception that cell voltages are

higher by *6 mV on average. It is remarkable that such a

small stack reveals clear effects during contamination (24

and 15 mV for respectively end cells 36 and 1, 19 mV along

the stack core from cells 2 to 35). Contamination effects are

expected to be even more significant in larger automotive or

stationary stacks because it is relatively more difficult to

control operating conditions over much larger volumes. In

subsequent sections, two parameters derived from Fig. 1c

data are used to discuss the effect of propene on stack per-

formance. As end cells do not behave as inner cells, they are

not taken into account to linearly correlateVb - Vc data. The

resulting slope -b is used as an indicator of the cell voltage

distribution unevenness. The inner cells linear correlation is

also used to calculate hypothetical voltage values for end

cells 1 and 36 which are subsequently subtracted from cor-

responding measured values to define the voltage difference

between end cells and inner cells DVend.

Figure 2a depicts the modified equivalent circuit which

has been used to fit impedance spectra. A similar equiva-

lent circuit was validated for SO2 contamination [26] but

the inductance was not needed because very few high

frequency data points are characterized by positive imag-

inary impedance values (Fig. 2a). The equivalent circuit

shown in Fig. 2a includes an ohmic resistor (Rohm) ascribed

to the membrane and other resistive components such as

contact resistances, an anode circuit (Ca, Ra), and a cathode

circuit (CPEc, Rc, Wsc). The anode circuit is represented by

a relatively small anode loop at high frequencies[1000 Hz

(Nyquist plot, Fig. 2b). The high frequency anode loop was

also attributed to the frequency response of the shunt

resistor used for measurements [27]. A correct anode loop

assignment is however not relevant to the present discus-

sion about the cathode contamination process. The cathode

circuit leads to two loops [11, 26]. The mid-frequency

range loop (Fig. 2b),\1000 Hz and[10 Hz, is ascribed to

oxygen charge transfer and includes a constant phase ele-

ment CPEc rather than a capacitor with impedance:

ZCPE ¼ 1=QCPE jxð ÞaCPE ð1Þ

The low frequency range loop (Fig. 2b), \10 Hz, is

ascribed to oxygen diffusion limitations in the cathode and

is represented by a generalized finite length Warburg ele-

ment Wsc with impedance:

ZW ¼ RW tanh jxtWð ÞaW½ �= jxtWð ÞaW ð2Þ

Fig. 1 PEMFC stack average cell voltage before, during, and after a

50 ppm propene in air exposure (a). Individual cell voltages during

the pre-contamination Vb, contamination Vc, and recovery phases Vr

(b). Cell voltage differences between pre-contamination and

contamination phases Vb - Vc, and recovery and pre-contamination

phases Vr - Vb (c). PEMFC steady-state cell voltages Vb and

membrane resistance Rohm,b during the pre-contamination phase (d).

Baseline operating conditions
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Other equivalent circuits that include elements repre-

senting the presence of adsorbed intermediates on the

cathode catalysts have also been described to take account

of positive imaginary impedance values at low frequencies

(the low frequency range loop is extended and includes an

inductive behavior) [28–30]. Such positive imaginary

impedance values are not observed during propene con-

tamination. Figure 2b displays comparisons between the

equivalent circuit model and average stack experimental

data which are representative of individual cell data.

Nyquist (Fig. 2b) as well as Bode representations (Online

Resource 1 Figs. A1a and A1b) show good agreement. An

adequate representation of the impedance data by the

equivalent circuit is also observed for all single cells and

all contamination stages under baseline conditions (data

not shown). Table 1 lists all fitted equivalent circuit model

parameters for all contamination stages (stack average). As

a result of contamination, mid- and low frequency loops

increase in size indicating an increase in kinetic and mass

transfer resistances (Fig. 2b). After the recovery period, the

same loops display a small decrease in size leading to

smaller resistances and better cell performance (Figs. 1b

and 2b). Several data points are scattered off the mid- and

low frequency loops due to the short and intermittent

hydrogen purges (Fig. 2b).

The equivalent circuit parameters (Table 1) provide

additional information that clarifies the interaction between

stack contamination and operating parameter distributions.

For instance, an attempt has been made to relate reactant

flow to impedance spectroscopy data [31]. The observed

cell voltage changes (Fig. 1c) represent overall values.

Impedance spectroscopy resolves these changes into

smaller and differentiated contributions (kinetic, ohmic,

mass transfer). The small cell voltage changes of 24 and

15 mV for end cells, and 19 mV along the stack core

(Fig. 1c), are resolved into 9 equivalent circuit parameters

(Table 1). In general, parameter changes along the stack

are relatively too small (standard deviations are the second

entries in parentheses in Table 1) to show clear trends that

can be distinguished from experimental uncertainties (pa-

rameter errors are the first entries in parentheses in

Table 1) and cell variations due to manufacturing toler-

ances. Therefore, care should be exercised before drawing

definitive conclusions. In the present case, only Rohm and

Ca parameter values’ changes are substantially larger than

their estimation errors. The Rohm parameter is relevant to

the present cathode contamination investigation and is

discussed in Sect. 3.3.

The chemical and electrochemical behavior of propene

provides the necessary background to derive the main

features of a contamination mechanism. Propene adsorbs

on carbon [32–34] and platinum [18, 35–39]. The presence

of propene adsorbates on C affects the hydrophobicity of

the gas diffusion layer, liquid water management, and the

mass transfer resistance. It also affects mass transfer in the

catalyst layer by lengthening the mass transfer path as the

oxygen has to move around the region covered by the

propene adsorbates to reach free Pt sites (decrease in real

active area) [15]. The net effect based on Fick’s first law is

a decrease in reactant mass transfer rate leading to a larger

mass transfer resistance. Finally, the propene adsorbates

affect the oxygen reduction reaction because their presence

limits the number of contiguous free Pt sites that favor the

2 electrons reduction pathway that leads to peroxide rather

than water [15, 18, 40, 41]. Adsorbates on Pt are not lim-

ited to propene as oxidation and reduction (hydrogenation)

reactions take place at potentials above 0.5 and below

0.2 V versus the standard hydrogen electrode (SHE)

respectively [18, 42–44]. Propene residues left on C and Pt

surfaces or induced changes to C and Pt surfaces are

deemed responsible for the increased cell performance

after the recovery phase (Figs. 1c and 2b, [17]). This

mechanism is sufficient to discuss the present stack data

and is consistent with cell voltage (Fig. 1a) and impedance

(Fig. 2b) data (changes in kinetic and mass transfer resis-

tances). Parallel studies are either completed or currently

being completed using a variety of in situ (with a single

cell) and ex situ methods to refine and further confirm the

contamination mechanism [15, 17, 18].

Fig. 2 Equivalent circuit model for a PEMFC operated with air and

contaminated air (a). Equivalent circuit model validation (line) with

average PEMFC stack impedances (symbols) (b). Baseline operating

conditions
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3.2 End cells effect

Individual cells in a stack are not subjected to the same

operating conditions owing to design limitations [5]. The

discussion is limited to end cells and inner cells effects

which are both exacerbated during propene contamination

(Fig. 1c). The end cells effect is discussed in this section,

whereas the inner cells effect will be discussed in

Sect. 3.3.

As a prelude, an analysis of the stack heat transfer is

presented to facilitate the understanding of experimental

observations and variables derived from experimental

measurements. Figure 3a schematically shows natural

convection heat losses. For inner stack cells 2 to n-1, the

steady-state heat balance includes forced convection (all

cells are equal and bounded by coolant flow fields on either

side) and natural convection terms:

Qinner ¼ _mCDT þ Qsides ¼ _mCDT þ kAsides Tcell � Tað Þ
ð3Þ

The natural convection term Qsides corresponds to the

heat loss from the cell sides. For end cells 1 and n, the

steady-state heat balance is

Q1 or n ¼ _mCDT þ Qsides þ Qend

¼ _mCDT þ k Asides þ Aendð Þ Tcell � Tað Þ ð4Þ

and includes an additional term Qend for the natural con-

vection heat loss from the end plate adjacent to the end cell.

Equations (3) and (4) lead to

Q1 or n ¼ Qinner þ kAend Tcell � Tað Þ[Qinner for Tcell [ Ta

ð5Þ

Therefore, end cells are cooler than inner cells because

end cells have a greater heat loss (Fig. 3b). This effect has

been recognized and exploited by either taking advantage

of the situation or designing counter-measures to diminish

cell non-uniformities [45–48]. The anomalous end cells

behavior is consistent with a mathematical model that

showed that a local heat anomaly such as an end cell only

affects *2 adjacent cells with an impact progressively

lessened with the distance from the anomaly [7]. In the

Table 1 Average equivalent

circuit model parameter values

at steady state for each

contamination phase derived

from Fig. 2b data

Parameter Parameter valuea

Before contamination During contamination During recovery

Rohm (X) 0.0030

(0.000031/0.00013)

0.0035

(0.000032/0.00014)

0.0030

(0.000039/0.00013)

Ca (F) 0.069

(0.010/0.038)

0.072

(0.0084/0.035)

0.058

(0.0096/0.034)

Ra (X) 0.00046

(3.1 9 10-5/3.4 9 10-5)

0.00065b

(3.7 9 10-5/3.0 9 10-5)

0.00051

(3.8 9 10-5/3.6 9 10-5)

QCPE (saCPE X-1) 2.2

(0.19/0.22)

1.5b

(0.12/0.10)

2.3

(0.24/0.22)

aCPE 0.80

(0.014/0.016)

0.84

(0.013/0.014)

0.78

(0.017/0.020)

Rc (X) 0.0073

(0.00025/0.00027)

0.015b

(0.00066/0.00047)

0.0069

(0.00027/0.00025)

RW (X) 0.0012

(0.00021/0.00036)

0.0022b

(0.00058/0.00051)

0.0011

(0.00022/0.00036)

tW (s) 0.053

(0.0032/0.0061)

0.057

(0.0044/0.0048)

0.055

(0.0040/0.0069)

aW 0.70

(0.041/0.024)

0.70

(0.057/0.026)

0.70

(0.050/0.029)

a The parameter error and the standard deviation for the 36 single cell parameter values are in parentheses
b The parameter value changed by more than 30 % during the contamination process

Qsides

Qend

(a)

Cell: 1  2  3  4  …

End
plate

Bipolar
plate

Cell number
Te

m
pe

ra
tu

re
1 2 3 n−1 n

(b)

Fig. 3 PEMFC stack heat losses (a) and schematic temperature

distribution (b)
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presence of propene contamination, the end cell effect is

exacerbated as shown in Fig. 1c with the cell voltage dif-

ference between the pre-contamination and contamination

phases DVend. After the contamination phase, the exacer-

bated end cell effect disappears as the cell voltage differ-

ence between pre-contamination and recovery phases is

approximately constant for all cells (Fig. 1c). The exacer-

bated effect is ascribed to the lower local temperature [8, 9]

and its significant effect on propene contamination [17].

The loss in cell performance for propene is approximately

0.0086 % �C-1 ppm-1 [17]. Therefore, the decrease in

temperature is equal to 8.7 and 5.4 �C for an initial per-

formance of 0.641 V (Fig. 1), end cell losses of, respec-

tively, 24 and 15 mV (Fig. 1c), and a 50 ppm

concentration (0.024 or 0.015 V 9 100/(0.641 V 9

50 ppm 9 0.0086 % �C-1 ppm-1)). The larger loss in cell

performance at a lower temperature is mostly related to

kinetic effects. Kinetic effects are represented by the

oxygen reduction reaction [49, 50] and the contaminant

oxidation reaction, which are both hampered by lower

temperatures. Additionally, contaminant adsorption on the

catalyst surface is favored at lower temperatures. There-

fore, the oxygen reduction reaction proceeds more slowly

at low temperature and is more impacted by the presence of

the contaminant which is strongly adsorbed and is less

easily removed by oxidation (for example, SO2 and H2S

oxidation [51, 52]). Mass transfer effects are not expected

to play a significant role. Although, for example, the

transport of oxygen [49] and contaminant (H2S, for

example, [53]) through the ionomer covering the catalyst is

expected to be hampered at lower temperatures, the rela-

tively low contaminant concentration (21 % O2 vs. 50 ppm

propene) is not expected to hinder oxygen transport even if

propene is an heavier molecule than N2.

Equation (4) suggests that the end cell temperature can

be changed by either varying the coolant flow rate (forced

convection) or the ambient atmosphere air flow (natural

convection). Heat removal is dependent on the coolant flow

rate with a higher contribution from forced convection at

higher coolant flow rates (Online Resource 1 Fig. A2). The

heat produced by the fuel cell stack is calculated using

Q ¼ I nVtn � Vsð Þ ð6Þ

The forced convection heat loss is calculated using the

first term on the right side of Eq. (3). The natural con-

vection contribution is obtained by the difference between

the heat generated and the forced convection heat removal.

Both changes in coolant flow rate and ambient atmosphere

air flow are employed to demonstrate the dependence of the

end cell effect on the heat balance.

The last term on the right side of Eq. (4) corresponds to

the end cell heat loss by natural convection. The heat

transfer surfaces as well as the heat transfer coefficient

within the stack itself (conduction) are assumed to be

constant because all experiments were carried out with the

same stack. As a result, the natural convection heat loss is

directly proportional to the temperature gradient Tcell - Ta.

However, the individual cell temperatures are not acces-

sible without stack design modifications. As a substitute, an

approximate and more convenient temperature gradient is

used and is formed by the difference between the average

coolant temperature and the end plate surface temperature

[(Tc,in ? Tc,out)/2] - Ts.

Figure 4a depicts the transient cell voltages for the last 3

cells of the stack (cells 34, 35 and 36). These cell voltage

time series share the same features with the one illustrated

in Fig. 1a. In addition, the calculated cell 36 approximate

temperature gradient perpendicular to the cell plane is also

included in Fig. 4a. The temperature gradient is inten-

tionally modified by intermittently turning on and off a fan

blowing air on the end plate adjacent to cell 36. The fan

induces changes in the temperature gradient of *7 �C. The

first change in temperature gradient takes place before the

cell is contaminated by propene (period t2). This change

negligibly affects all 3 cell voltages. By contrast, two

additional temperature gradient changes during the con-

tamination period (t5 and t7 periods) significantly affect end

cell 36. The impact on cell 35 is relatively smaller, whereas

cell 34 is hardly affected. Figure 4a data reveal that a link

exists between the end cell performance during a contam-

ination event and the end cell temperature.

Cell voltage distributions during time periods t4 to t8 are

plotted in Fig. 4b. The inner cell distributions lie within a

narrow band of approximately 8 mV in width indicating good

data reproducibility. Also, the end cell 36 voltage is reversibly

switched between 2 states by the action of the fan, a value

close to the inner cells when the fan is off (red symbols) and a

value significantly higher than inner cells (by *18 to 24 mV)

when the fan is on (blue symbols). The differences between

end and inner cells DVend are plotted in Fig. 4c against the

temperature gradient. Other test data obtained under different

coolant flow rates are also added to Fig. 4c, which show a

strong correlation between end and inner cells voltage dif-

ferences DVend and the temperature gradient confirming the

hypothesis that the end cell performance is tied to its tem-

perature during a contamination event.

3.3 Inner cells effect

Figure 5a schematically shows the reactant flow path for a

U-type manifold [6], which is the preferred configuration

for packaging purposes with all fluid ports located on the

same stack end plate and for optimum performance. The

corresponding flow resistance network is displayed in

Fig. 5b. For cell 1, the total flow resistance, which includes

stack manifolds and flow field channels contributions, is
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R1 ¼ Rc1 þ 2Rm1 ð7Þ

For the other cells, the total flow resistance is

Rn ¼ Rcn þ 2
X

n

i¼1

Rmi ð8Þ

If all cells and manifold sections have the same resis-

tance within manufacturing and design tolerances, Eqs. (7)

and (8) reduce to

Rn ¼ Rc þ 2nRm ¼ R1 þ 2 n� 1ð ÞRm [R1 for n� 2

ð9Þ

Equation (9) demonstrates that the reactant flow rate to

each individual cell decreases along the stack length

(Fig. 5c). In the presence of propene contamination, the

flow distribution effect is also exacerbated as depicted in

Fig. 1c with a gradual increase in cell voltage from cell 2 to

cell 35 (stack inlet and outlet ports located at cell 1). As for

the end cell effect, after the contamination phase, the

exacerbated flow distribution effect disappears as the cell

voltage difference between pre-contamination and

Fig. 4 PEMFC stack cells 34 to 36 voltage and end cell temperature

gradient [(Tc,in ? Tc,out)/2] - Ts transients (a). Cell voltage differ-

ences between pre-contamination and contamination phases Vb - Vc

during different time periods (b). Voltage difference between end

cells and inner cells regression DVend as a function of the end cell

temperature gradient [(Tc,in ? Tc,out)/2] - Ts during contamination

c. Intermittent operation of a fan directed toward cell 36. Otherwise

baseline operating conditions for figures a and b

…

Inlet
manifold

Outlet
manifold MEA: 1 2 3 nn−1

(a)

…

Rm1 Rm3Rm2 Rmn

Rm1 Rm3Rm2 Rmn

Rc1 Rc3Rc2 RcnRcn−1

(b)

Cell number

Ai
r f

lo
w

1 2 3 n−1 n

(c)

Fig. 5 PEMFC stack air flow configuration (U-type manifold) (a),

equivalent flow resistance network (b), and schematic air flow

distribution (c). MEA membrane/electrode assembly
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recovery phases is approximately constant for all cells

(Fig. 1c). The exacerbated effect is partly credited to the

manifold and flow field channel flow resistances and

resulting reactant and coolant flow distributions [5], lead-

ing to local variations in air flow, water management, and

cell temperature, with the end cell 1 receiving a greater

proportion of the sub-saturated stream that dehydrates the

membrane and the coolant flow that controls the cell

temperature to a set value. Evidence is provided by the

membrane resistance distribution under baseline conditions

Rohm,b (Fig. 1d) with the end cell 1 having a larger resis-

tance than the other cells (for Rohm, the parameter error is

much smaller than the standard deviation for the 36 single

cell parameter values as indicated in Table 1). This dehy-

drating effect of the reactant flow has been incorporated

into health diagnostic protocols [54]. Also, the distributed

coolant flow leads to lower cell temperatures near the stack

inlet and outlet connections which in turn create a larger

propene effect and lower cell voltages (Fig. 1c) as dis-

cussed in Sect. 3.2.

The influence of water management on the propene

effect and the inner cells performance distribution is also

probed with variations in air relative humidity (Fig. 6a).

Figure 6b demonstrates that a decrease in the inner cells

regression slope -b accompanies an increase in the air

relative humidity. This result is consistent with electro-

chemical propene oxidation which requires a water mole-

cule and occurs at cathode potentials higher than 0.5 V

versus SHE [43]. The cathode potential is estimated using a

cell voltage of 0.398 V (Fig. 1a), an anode potential of 0 V

versus SHE (hydrogen electrode), and an ohmic drop of

74 mV (1 A cm-2 9 21 cm2 9 0.0035 X, Fig. 1a and

Table 1) yielding a cathode potential of 0.474 V versus

SHE. Propene oxidation is favored by a larger relative

humidity leading to a decrease of the catalyst coverage due

to the formation of a weakly adsorbing CO2 product [55].

This is consistent with Fig. 6a results and a weaker propene

effect for cells near cell 36, which experience wetter con-

ditions and a lower membrane resistance (Fig. 1d). This

hypothesis is also consistent with literature reports linking

contamination with reactant stream humidification [56, 57].

By contrast, the chemical oxidation of propene on the Pt

catalyst which is not covered by the ionomer is inconsistent

with the stack water management. Water inhibits the con-

version of propene on Pt by oxidation [58, 59]. Therefore,

for that specific case, propene should have a larger effect

for cells near cell 36. The inner cells voltage regression

slope is not equal to zero despite a locally invariant and

saturated air relative humidity (Fig. 6b). Therefore, the

stack water distribution is not the only factor responsible

for the inhomogeneous inner cells voltage distribution.

The cell temperature distribution is important to explain

the propene effect on the end cells performance. Conse-

quently, the influence of the inner cells temperature dis-

tribution on the cell voltage distribution during propene

contamination is investigated with variations in coolant

flow rate (Fig. 7a and Online Resource 1 Fig. A2). The

inner cells regression slope -b increases with the coolant

flow rate (Fig. 7b). This observation is supported by model

calculations with different fuel stoichiometries [60] and a

progressively uneven flow distribution for higher flow

rates. A simpler explanation is difficult to derive because

the flow is complex and includes several effects that affect

the flow regime such as flow development, directional

changes, surface roughness (porous gas diffusion layer),

and manifold/flow field channel differences. Figure 7b,

however, clearly indicates that more than one factor

influences the inner cells voltage distribution.

Additional data are obtained for several current densities

while maintaining the air flow rate constant to minimally

affect the flow distribution throughout the stack and facil-

itate result interpretation. Figure 8a reports the cell voltage

difference distributions which are used to calculate the

inner cells regression slope (Fig. 8b). Current densities are

converted to a cathode potential using the steady-state cell

voltage during contamination, an anode potential of 0 V

versus SHE (hydrogen electrode), and the average stack

ohmic resistance. As already mentioned, propene oxidizes

Fig. 6 PEMFC stack cell

voltage differences between

pre-contamination and

contamination (50 ppm propene

in air) phases Vb - Vc as a

function of the air inlet relative

humidity (a). Inner cells linear

regression slope during

contamination as a function of

the inlet air relative humidity

(b). The solid lines are added as

guides. Otherwise baseline

operating conditions
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to weakly adsorbing CO2 above a potential of 0.5 V versus

SHE [43] which frees the catalyst surface and lessen the

propene effect. This statement is consistent with Fig. 8b

results and a smaller inner cells distribution slope at higher

cathode potentials. Results are also consistent with chem-

ical propene oxidation which only occurs on Pt-based

catalysts to a small extent at low temperatures. The pro-

pene light-off temperature (50 % conversion) is [450 �C
[61]. The propene conversion is also less than 10 % for

temperatures lower than 100 �C [62] and 150 �C [63].

Other changes in local stack operating conditions are

discounted to explain the propene effect because they are

not expected to significantly affect contamination kinetics.

Propene is sparsely soluble in liquid water (1.2 9 10-4 to

0.57 9 10-4 mol fraction at 1 atm for respectively 20 to

50 �C [64]), and therefore, a scavenging effect [14, 22] is

not expected to be significant. The change in pressure

along the air manifolds and flow field channels that may

affect contaminant adsorption kinetics, which are depen-

dent on the contaminant partial pressure, is also not

expected to be significant. A pressure drop of\4.2 kPa is

specified by the supplier between the stack air inlet and

outlet (*4 % decrease in pressure). The change in pressure

along the stack depends on the gas manifolds and flow field

channels. Even if the last cell does not receive any flow

(0 kPa pressure drop) and the first cell reaches the pressure

drop specification (4.2 kPa pressure drop), the maximum

pressure difference between cells is at most of the order of

2 % ([(101 ? 4.2 ? 101)/2 - (101 ? 101)/2]/101). In

more practical terms, the pressure difference between stack

cells is expected to be much smaller than 2 % as the flow

distribution is relatively uniform as supported by the cell

performance distribution Vb (Fig. 1b).

4 Conclusion

The effects of a temporary PEMFC stack exposure to

propene were investigated. Propene exacerbated the

uneven cell performance distribution along the stack

length. Propene effects were ascribed to interactions with

cell temperature, air flow, and water vapor distributions.

The exacerbated uneven cell voltage distribution during

contamination (Fig. 1b) has important technological

implications. An uneven cell voltage distribution may be

used to detect the presence of a contamination event with a

cell voltage monitoring system [65, 66]. Also, with the

assumption that the control system does not immediately

trigger a fuel cell system shutdown, single cells that are

subjected to different operating conditions will not age at

Fig. 7 PEMFC stack cell

voltage differences between

pre-contamination and

contamination (50 ppm propene

in air) phases Vb - Vc as a

function of the coolant flow rate

(a). Inner cells linear regression

slope during contamination as a

function of the coolant flow rate

(b). Otherwise baseline

operating conditions

Fig. 8 PEMFC stack cell voltage differences between pre-contam-

ination and contamination (50 ppm propene in air) phases Vb - Vc as

a function of the current density (a). Inner cells linear regression slope

during contamination as a function of the cathode potential (b).

Constant air flow rate corresponding to a 2.5 stoichiometry at 1 A

cm-2. Otherwise baseline operating conditions
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the same rate. This statement means that the stack cell

voltage distribution will become more uneven over time

and will more easily trigger a fuel cell system shutdown.

Such a conclusion is supported, for example, by long

duration fuel cell experiments with different reactant

humidification levels that led to dissimilar times to failure

by membrane gas crossover [67]. Therefore, efforts should

be devoted to the development of early detection and

preventive measures to reduce contamination risks in a

stack.

The effect of air stoichiometry on the cell voltage

change distribution Vb - Vc is expected to further clarify

contaminant effects on a fuel cell stack performance.

However, such experiments are not trivial because for low

stoichiometries, liquid water flooding is more prevalent

whereas large stoichiometries are limited by high pressure

drops leading to significant changes in pressure. Therefore,

the practically accessible air flow rate range is limited and

may not be sufficient to induce flow regime and air flow

distribution changes needed to study the behavior of stack

inner cells.

The stack contamination mechanisms developed for

propene are readily applicable to other organic and more

prevalent inorganic contaminants. From that standpoint,

the selection of propene was, in retrospect, not critical and

other contaminants could have equally been chosen to

complete the present study. A larger contaminant effect on

stack end cells is possible for the other 6 studied organic

contaminants considering that for naphthalene, the loss in

cell performance is 0.51 % �C-1 ppm-1 [17], which is

much larger than for propene (0.0086 % �C-1 ppm-1). The

end cell effect is expected to be small for SO2 because

temperature has a small impact on cell performance loss

between 45 and 80 �C [68]. Predictions for NO2 or CO are

currently not possible because cell performance loss data at

different temperatures were not found. For sub-saturated

reactant streams, a more moderate contaminant effect on

stack inner cells is anticipated for species that do not

involve water in oxidation or reduction reactions. Similar

to propene, SO2 [69], NO2 [70], and CO [71] oxidation

reactions include a water molecule, and therefore, a more

uneven contaminant effect on stack inner cells is expected

for a sub-saturated reactant stream. However, this state-

ment is based on overall reactions. For instance, the ele-

mentary rate determining step for CO oxidation involves an

adsorbed hydroxyl species [72], and therefore, the inner

cells voltage distribution may not be impacted. A larger

contaminant effect is also expected for electrode potentials

located in a region where only species adsorption takes

place due to the absence of active mechanisms cleansing

the catalyst surface. This is the case for both SO2 [73] and

NO2 [70] which lead to adsorbates on the Pt surface in the

PEMFC operating range of 0.6–1 V versus SHE.
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12. Büchi FN (2009) Heterogeneous cell ageing in polymer elec-

trolyte fuel cell stacks. In: Büchi FN, Inaba M, Schmidt TJ (eds)

Polymer electrolyte fuel cell durability. Springer, New York,

pp 431–439

13. Jung JH, Kim SH, Hur SH, Joo SH, Choi WM, Kim J (2013)

Polymer electrolyte membrane fuel cell performance degradation

by coolant leakage and recovery. J Power Sour 226:320–328.

doi:10.1016/j.jpowsour2012.10.090

14. St-Pierre J, Zhai Y, Angelo MS (2014) Effect of selected airborne

contaminants on PEMFC performance. J Electrochem Soc

161:F280–F290. doi:10.1149/2.057403jes

J Appl Electrochem (2016) 46:169–181 179

123

http://dx.doi.org/10.1016/j.jpowsour.2007.03.020
http://dx.doi.org/10.1016/j.jpowsour.2007.03.020
http://dx.doi.org/10.1149/06123.0001ecst
http://dx.doi.org/10.1149/06123.0001ecst
http://dx.doi.org/10.1016/j.jpowsour.2006.06.081
http://dx.doi.org/10.1016/j.jpowsour.2005.02.032
http://dx.doi.org/10.1016/j.jcp.2006.10.011
http://dx.doi.org/10.1016/j.jcp.2006.10.011
http://dx.doi.org/10.1016/j.jpowsour.2012.11.027
http://dx.doi.org/10.1016/j.ijhydene.2012.01.029
http://dx.doi.org/10.1016/j.jpowsour.2012.07.015
http://dx.doi.org/10.1016/j.jpowsour.2012.07.015
http://dx.doi.org/10.1016/j.jpowsour2012.10.090
http://dx.doi.org/10.1149/2.057403jes


15. St-Pierre J, Ge J, Zhai Y, Reshetenko TV, Angelo M (2013)

PEMFC cathode contamination mechanisms for several VOCs—

acetonitrile, acetylene, bromomethane, iso-propanol, methyl

methacrylate, naphthalene and propene. Electrochem Soc Trans

58(1):519–528. doi:10.1149/05801.0519ecst

16. St-Pierre J, Angelo MS, Zhai Y (2011) Focusing research by

developing performance related selection criteria for PEMFC

contaminants. Electrochem Soc Trans 41(1):279–286. doi:10.

1149/1.3635561

17. Zhai Y, St-Pierre J, Angelo M (2012) The impact of operating

conditions on the performance effect of selected airborne PEMFC

contaminants. Electrochem Soc Trans 50(2):635–647. doi:10.

1149/05002.0635ecst

18. Ge J, St-Pierre J, Zhai Y (2014) PEMFC cathode catalyst con-

tamination evaluation with a RRDE—propene and naphthalene.

Electrochim Acta 138:437–446. doi:10.1016/j.electacta.2014.06.

147

19. Osenar P, Vitella T, Lauder N, Avis S, Ferreira D, Rezac R

(2011) Insert-molded, externally-manifolded, sealed membrane

based electrochemical cell stacks. United States Patent 7,914,947

20. Randolf G, Moore RM (2005) Test system design for hardware-

in-loop evaluation of PEM fuel cells and auxiliaries. J Power

Sour 158:392–396. doi:10.1016/j.jpowsour.2005.09.058

21. Moore RM, Hauer KH, Randolf G, Virji M (2006) Fuel cell

hardware-in-loop. J Power Sour 162:302–308. doi:10.1016/j.

jpowsour.2006.06.066

22. St-Pierre J, Wetton B, Zhai Y, Ge J (2014) Liquid water scav-

enging of PEMFC contaminants. J Electrochem Soc 161:E3357–

E3364. doi:10.1149/2.0291409jes

23. Costamagna P, Arato E, Achenbach E, Reus U (1994) Fluid

dynamic study of fuel-cell devices—simulation and experimental

validation. J Power Sour 52:243–249. doi:10.1016/0378-

7753(94)02014-0

24. Na Y, Suh J, Song I, Choi K-H, Choi H, Kim KB, Park J-Y

(2011) Stable operation of air-blowing direct methanol fuel cell

stacks through uniform oxidant supply by varying fluid flow

fixtures and developing the flow sensor. Int J Hydrog Energy

36:9205–9215. doi:10.1016/j.ijhydene.2011.04.183

25. Wasterlain S, Candusso D, Harel F, Hissel D, François X (2011)

Development of new test instruments and protocols for the

diagnostic of fuel cell stacks. J Power Sour 196:5325–5333.

doi:10.1016/j.jpowsour.2010.08.029

26. Zhai Y, Bethune K, Bender G, Rocheleau R (2012) Analysis of

the SO2 contamination effect on the oxygen reduction reaction in

PEMFCs by electrochemical impedance spectroscopy. J Elec-

trochem Soc 159:B524–B530. doi:10.1149/2.067205jes

27. Cimenti M, Tam M, Stumper J (2009) High frequency artifacts in

electrochemical impedance spectroscopy measurements on PEM

fuel cells. Electrochem Solid-State Lett 12:B131–B134. doi:10.

1149/1.3162829

28. Seland F, Tunold R, Harrington DA (2006) Impedance study of

methanol oxidation on platinum electrodes. Electrochim Acta

51:3827–3840. doi:10.1016/j.electacta.2005.10.050
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38. Perger T, Kovács T, Turányi T, Treviño C (2005) Determination

of the adsorption and desorption parameters for ethene and pro-

pene from measurements of the heterogeneous ignition temper-

ature. Combust Flame 142:107–116. doi:10.1016/j.combustflame.

2005.03.001

39. Nykänen L, Honkala K (2011) Density functional theory study on

propane and propene adsorption on Pt(111) and PtSn alloy sur-

faces. J Phys Chem C 115:9578–9586. doi:10.1021/jp1121799

40. Garsany Y, Baturina OA, Swider-Lyons KE (2007) Impact of

sulfur dioxide on the oxygen reduction reaction at Pt/Vulcan

carbon electrocatalysts. J Electrochem Soc 154:B670–B675.

doi:10.1149/1.2736648
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