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In a previous study, a simple acid catalyzed reaction (esterification) was found to predict excellently
conductivity of a membrane contaminated with NH4

+ or Na+. Since measurement of the conductivity of
Nafion in a catalyst layer is problematic, being able to predict this conductivity for various formulations
and fuel cell conditions would be advantageous. In this study, the same methodology as before was
used to examine the proton availabilities of supported Nafion (Nafion on carbon and on Pt/C), as exists
in the catalyst layer used in a PEMFC, during impurity exposure (e.g., NH3) as a means for prediction
sterification
roton exchange membrane fuel cell
PEMFC)
afion ionomer
mmonia
atalyst layer
ffective conductivity

of its conductivity. It was found that the effect of NH3 exposure on the proton composition (yH+ ) of
supported Nafion was similar to that of N-211 under the same conditions. Determined values of yH+

were then used to estimate the effective conductivity of an ammonium-poisoned cathode layer using
the correlation developed and the agglomerate model. The predicted conductivities were matched with
the results available in the literature. This technique would be useful for the optimization of catalyst
design and for fuel cell simulation, since it provides many benefits over conventional performance test
procedures.
. Introduction

Under fuel cell operation, there are many steps governing overall
erformance. Depending on operating conditions (e.g., tempera-
ure, humidity, current density, etc.), types of material, and also
he quality of the fuel and oxidant gases, different steps may limit
he performance. Previous studies have shown that in the absence
f an impurity, the hydrogen oxidation reaction (HOR) on Pt cata-
ysts occurs rapidly near the interface between the anode catalyst
ayer and the membrane [1] and the proton transport pathway
rom Pt sites to the membrane is very short, resulting in negligi-
le effective ionic resistivity at the anode [2]. Therefore, fuel cell
erformance depends greatly on transport processes in the cath-
de catalyst layer [3]. However, under some circumstances, where
he hydrogen fuel and/or oxidant streams contain contaminants,
he rate of the HOR and the oxygen reduction reaction (ORR) on
he active catalyst (typically Pt), or the rate of proton transport via
he solid electrolyte (generally Nafion) in the ionomer layer and

he membrane may be the main determining factor governing the
erformance of proton exchange membrane fuel cell (PEMFC). For

nstance, although ammonia is introduced as an impurity at the
node, ammonium diffusion is fast enough for the cathode to be
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E-mail address: jgoodwi@clemson.edu (J.G. Goodwin Jr.).
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© 2010 Elsevier B.V. All rights reserved.

affected [4,5]. It was found that the influence of ammonia adsorp-
tion on Pt sites and on HOR at the anode is minimal, but the ionic
conductivity of Nafion is significantly affected at even low ppm
concentrations [5–7]. Soto et al. [6] found that the increase in mem-
brane resistance can explain only 10% of the voltage loss of PEMFC
during an exposure to 1000 ppm NH3. Thus, the reduction in the
membrane conductivity is not the major cause of performance loss
of an ammonia-poisoned PEMFC. That is probably due to the com-
plexity at the interface of ionomer and electrode [4–7]. Uribe et al.
[7] suggested that the overall performance of the fuel cell could
be mainly limited by the efficiency of ionic transport through the
Nafion ionomer in the catalyst layer or the kinetics of ORR in the
presence of ammonia. However, there is no detailed and quan-
titative study with experimental support on the effect of foreign
cations on the ionic transport within the catalyst layer of a PEMFC.

One reason for the limited number of studies on the fun-
damental mechanisms is due to the difficulty in conductivity
measurement of the Nafion ionomer in a catalyst layer even in
the absence of impurity. Up to the present, there is no experi-
mentally measured proton conductivity for this layer that has been
reported [8]. Estimated conductivity has been mostly obtained by

extrapolating the slope of a polarization plot or by fitting with
some parameters in an equivalent circuit [8,9]. The understanding
of ionomer conductivity within the active layer is very important
because the long-term durability and the performance of large-
scale PEMFC operation, where commercial H2 fuel and air streams

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jgoodwi@clemson.edu
dx.doi.org/10.1016/j.jpowsour.2010.03.074
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ontain some contaminant cations and material corrosion occurs,
ould be severely affected by proton starvation within the ionomer
hase. Therefore, more studies on the fundamental mechanisms,
elating to the ionic migration in the electrode, are required and
ould be potentially useful for computation and optimization of
EMFC performance.

Previously, the use of a simple acid-catalyzed reaction, ester-
fication, to quantitatively investigate proton availability and to
redict the conductivity of a Nafion membrane (N-211) has been
alidated with experimental results in our laboratory [10]. This
ethodology provides an alternative means to predict the con-

uctivity of a Nafion membrane for a PEMFC in the presence of
ontaminants at various conditions without having to carry out
onductivity measurements at all those conditions or resort to MEA
membrane electrode assembly) fabrication and fuel cell testing,
hich are time-consuming and expensive tasks [11–13]. Moreover,
nlike other destructive techniques such as elemental analysis,
itration, temperature program desorption (TPD), etc., this tech-
ique can be used to continuously diagnose the proton availability
f the Nafion ionomer during contaminant exposure using only a
ingle sample.

In this study, we further applied esterification (the methanolysis
eaction of acetic acid, Eq. (1)),

H3OH + CH3COOH
H+
−→H2O + CH3COOCH3 (1)

o examine proton composition (yH+ ) of supported Nafion (Nafion
n a carbon support and on Pt/C, resembling the agglomerates that
onstitute the catalyst layer in a PEMFC) during impurity (ammo-
ia) exposure. The proton composition (yH+ ) is expressed in Eq.
2),

H+ = CH+[
CH+

]
0

(2)

here yH+ and CH+ are the proton fraction and proton concentration
f Nafion components, respectively; and [CH+ ]0 is the ion exchange
apacity of a Nafion component in the fully protonated form.
he quantity yH+ , determined under various conditions including
mmonia poisoning, was used herein to estimate the effective ionic
onductivity of the cathode catalyst layer using the well-known
teady-state agglomerate model which was then compared to mea-
urements in the literature.

. Experimental

.1. Nafion materials

Two Nafion-containing materials were prepared for this study
sing the impregnation method. One material had components
imilar to the catalyst layer in a PEMFC (Nafion supported on Pt/C)
nd another material contained only Nafion on the carbon support
or comparison purposes.

The as-received Nafion ionomer solution (LQ-1105, DuPont,
wt.% Nafion) was impregnated on carbon black powder (Vul-
an XC-72R, Carbot International) and a commercial 20 wt.% Pt/C
E-TEK) by incipient wetness, since this technique is believed to
rovide a better contact of the triple phase boundaries between
he Nafion, Pt, and carbon support [14–17]. The perfluorosulfonic
cid ionomer content in the catalysts was fixed at ∼30 wt.% because
his Nafion loading has been found to be optimum for PEMFC appli-
ations [18–22]. In this study, the ionomer content in the electrode

atalyst is defined as: ionomer content (wt.%) = (Wion/Wtotal) × 100,
here Wion is the weight of dry ionomer, and Wtotal is the total
eight of dry ionomer and support (carbon or Pt/C). After impreg-
ation, the 30 wt.% Nafion on the carbon support (designated as
0-Nfn/C) and the 30 wt.% Nafion on Pt/C (30-Nfn/Pt/C) were dried
r Sources 195 (2010) 5493–5500

overnight in an oven at 80 ◦C in dynamic air flow. The result-
ing agglomerates were then crushed and screened between sieves
(80–230 mesh) before being stored in the dark prior to use.

2.2. Physical characterization

2.2.1. BET surface area
The total surface areas of supported Nafion (30-Nfn/C and

30-Nfn/Pt/C) were determined via the BET method utilizing a
Micromeritics ASAP 2001 apparatus. The pore size distribu-
tion curves were obtained through the analysis of the nitrogen
adsorption and desorption isotherms at 77 K. Prior to the BET mea-
surements, the material was degassed at 5 �m Hg and 110 ◦C for
4 h.

2.2.2. Ion-exchange capacity (IEC)
The concentrations of proton/acid sites on 30-Nfn/C and 30-

Nfn/Pt/C were examined by titration. For a typical titration, a
100 mg of sample was immersed in 0.005 M NaOH (Acros Organ-
ics) at room temperature for 2 days under constant shaking. Then,
the sample was filtered out and the exchanged solution was back-
titrated with 0.005 M HCl (Acros Organics) using phenolphthalein
as an indicator. The end point was determined by pH meter at a pH
value of 7.

2.2.3. Ammonia analysis
Nafion on different supports (30-Nfn/C and 30-Nfn/Pt/C) after

ammonia exposure for a certain period were ion-exchanged with
0.05 M HCl (Acros Organics) at room temperature under constant
shaking for at least 7 days. Then, the sample was filtered out from
the aliquot. The ammonium concentration in the exchange solution
was examined by an ion-selective electrode (ammonia electrode
9512 Thermo Scientific and Orion 4 star pH benchtop meter).

2.3. Esterification measurements

The procedures have been described in more detail elsewhere
[10]. Prior to gas-phase esterification, approximately 100 mg of
30-Nfn/C or 30-Nfn/Pt/C was placed between quartz wool plugs
in the middle of a differential tubular reactor (ID = 0.7 cm). The
sample was pretreated in 100 sccm H2 at a given humidity, 80 ◦C,
and 1 atm for 3 h. Then, a known amount of reactants (acetic
acid (HAc) and methanol (MeOH)), water vapor, and ammonia
was introduced to the reactor. The esterification was carried out
with an equimolar, low concentration mixture of MeOH and HAc
(PMeOH = PHAc = 0.009 atm) at a given humidity, 80 ◦C, and 1 atm
in 100 sccm H2. The reaction activity is defined as the rate of
methyl acetate formation (rMeOAc). The concentrations of reac-
tants (MeOH and HAc) and product (MeOAc) in the outlet stream
were analysed by a Varian CP-3380 GC equipped with an FID
detector and a Varian CPWAX 52CB fused silica capillary column
(60 m × 0.53 mm × 1 �m).

3. Results and discussion

3.1. Characterization

Table 1 summarizes the surface acid site concentrations and
surface areas of the Nafion samples used in this study. Unexpect-
edly, the sulfur concentrations in the carbon support (XC-72R) and
20 wt.% Pt/C were rather high (ca. 0.65 wt.% and 0.51 wt.%, respec-

tively). However, this sulfur did not form any significant number of
active acid sites. Thus, the acid site concentrations based on sulfur
analysis of 30-Nfn/C and 30-Nfn/Pt/C were determined by subtrac-
tion of the sulfur content of the support (accounting for its weight
fraction) from the total sulfur content. The acid site concentrations
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Table 1
Characteristics of the Nafion membrane, supports, and supported Nafion materials.

Sample Sulfur contenta (wt.%) Surface acid site concentration (�mol g−1) BET surface
area (m2 g−1)

Average pore size
diameter (nm)

Pore volume
(cm3 g−1)

Elemental analysisa Titrationb

N-211 [10] 2.96 925 925 ± 17 – – –
Carbon support 0.65 0 4.8 ± 0.3 209 14 0.57
30-Nfn/C 1.37 278c 265 ± 25 59 ± 3 32 ± 0.3 0.49 ± 0.07
20 wt.% Pt/C support 0.51 0 – 116 24 0.70
30-Nfn/Pt/C 1.23 264c 279 ± 19 62 ± 3 28 ± 3 0.40 ± 0.12
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a From sulfur elemental analysis; experimental error = ±5%.
b Ion-exchanged with 0.005 M NaOH at room temperature for 2 days.
c The active acid site concentrations for the supported Nafion were determined

.51 wt.% for 30-Nfn/C and 30-Nfn/Pt/C, respectively).

btained from acid–base titration were consistent with the results
rom sulfur analysis. It can be seen that the site density (per g) of

N-211 membrane was about three times higher than those of
0% Nafion loading on the carbon support or Pt/C (30-Nfn/C and
0-Nfn/Pt/C), as would be expected.

.2. Esterification activity of supported Nafion (30-Nfn/C and
0-Nfn/Pt/C)

Fig. 1(a and b) shows the activities of 30-Nfn/C and 30-Nfn/Pt/C,

espectively, in the presence of 20 ppm NH3 at different humidities,
atm, and 80 ◦C. The solid line indicates how the activity would
ave changed if, at 0%RH (where %RH stands for % relative humid-

ty), 100% of ammonia in the gas phase had been absorbed by

ig. 1. Esterification activity of supported Nafion in the presence of 20 ppm NH3 at
atm and 80 ◦C under 100 sccm H2: (a) 30-Nfn/C, and (b) 30-Nfn/Pt/C. (The solid line

epresents the theoretical curve assuming that 100% of ammonia flowing through
he reactor adsorbs onto the Brønsted acid sites.)
btracting the sulfur content of the support from the total content (0.65 wt.% and

Nafion ionomer, irreversibly poisoning the acid/proton sites. For
other humidities, since the total flow and ammonia concentration
were kept constant, the time required to fully poison with ammonia
would be the same as that at 0%RH (6.4 h). The results indicate that
the ionomer/catalyst essentially adsorbed all the ammonia impu-
rity in the gas stream at 0%RH as it passed through the reactor.
In this study, the kinetics of activity decrease of 30-Nfn/C and of
30-Nfn/Pt/C were limited in a similar way by the low concentra-
tion of ammonia in the gas stream. It can be seen that the activity
linearly decreases with time-on-stream (TOS) exposure to ammo-
nia and the initial activity declines with an increase in humidity.
These trends are in good agreement with the results for a Nafion
membrane (N-211) obtained in our previous work (see Fig. 7(a and
b) in Ref. [10]). Table 2 compares the steady-state activities prior
to exposure to ammonia of supported Nafion with a N-211 Nafion
membrane at various humidities, 1 atm, and 80 ◦C. It shows that
the non-poisoned activities decrease with an increase in humid-
ity for both the Nafion membrane and the supported Nafion. This
is because of the competitive adsorption of water vapor with the
reactants, the decrease in strength of the Brønsted acid sites, and
the reverse hydrolysis of methyl acetate. The explanations for this
behaviour have already been discussed in more detail elsewhere
[10]. Table 2 also presents the effect of the supports on the ester-
ification activity. It can be seen that, under the same conditions,
the activities [�mol (g Nafion)−1 s−1] of N-211 compared well with
those of 30-Nfn/C and 30-Nfn/Pt/C on a per g Nafion basis, with only
some variance. This variation was probably due to the differences
in Nafion properties (e.g., dispersity, interaction with support) and
in the thermal history during preparation.

From energy-dispersive X-ray spectroscopy (EDS), the Nafion
dispersions on 30-Nfn/C and 30-Nfn/Pt/C were similar (data not
shown here). The support increases the accessibility of reactants

to the Nafion. Thus, the C-supported Nafion (30-Nfn/C) exhibited
higher catalytic activity than the Nafion film under the same condi-
tions, as can be seen in Table 2. However, the activity on 30-Nfn/Pt/C
was the lowest at all humidities studied. Since esterification was
carried out in a H2 atmosphere, it is likely that acetic acid hydro-

Table 2
Steady-state esterification activity of Nafion samples in the H+-form at 80 ◦Ca.

%Relative humidity (%RH) rMeOAc [�mol (g Nafion)−1 s−1]b

N-211 [10] 30-Nfn/C 30-Nfn/Pt/C

0 4.99 5.21 3.79
15 2.94 4.04 –
30 2.72 3.31 2.00
50 1.66 1.98 1.46
65 0.63 1.05 –
80 0.47 0.73 0.64
95 0.24 0.53 0.36

a At 1 atm with PMeOH = PHAc = 0.009 atm (balance H2) in a total flow of 100 sccm.
b Esterification activity; error = ±5%.
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overall conductivity of a contaminated catalyst layer in a PEMFC

The effective protonic conductivity is crucial to the performance
and optimization of the active layer in PEMFCs [28]. Generally, there
496 K. Hongsirikarn et al. / Journal of

enation occurred on reduced Pt at this condition (0–100%RH,
atm, and 80 ◦C) and caused the decrease in esterification activ-

ty. It was found that the selectivity toward methyl acetate was
a. 98% for the 30-Nfn/Pt/C sample, instead of 100% as for the 30-
fn/C and N-211 samples. We observed trace amounts of ethylene,
imethyl ether, acetaldehyde, and ethanol during esterification
n 30-Nfn/Pt/C. These by-products partially consumed acetic acid
hich was a reactant for esterification and may have also blocked

ome of the free Nafion sites. This finding is consistent with that
eported by Rachmady and Vannice [23] who studied the hydro-
enation of acetic acid over reduced Pt. Additionally, it is known
hat the activity of esterification is affected by the strength of the
cid sites [24]. In the vicinity of carbon and Pt/C, the acidity of
he acid sites of Nafion may be impacted by the support-Nafion
nteractions. Also, the properties of Nafion can be influenced by its
hermal history [25,26]. The preparation procedures for the Nafion
upported materials were significantly different from those for
he Nafion membrane [27]. The experimental results imply that
ifferences in Nafion dispersions, interaction with support, side
eactions, and heat treatment cause the differences seen in activity
or esterification.

Experiments at various conditions (0–95%RH, 1 atm, and 80 ◦C)
ere also carried out on the support to clarify the influence of

he support on the catalytic activity. Methyl acetate formation on
ither supports (carbon and Pt/C) was negligible (data not pre-
ented here). However, we observed trace amounts of by-products
rom acetic acid hydrogenation on Pt/C.

.3. Correlation between esterification activity of the Nafion
onomer and proton composition

Since the determination of yH+ was destructive, a number of
amples had to be used for different time-on-streams (TOS). The
xpressions for the ammonium and proton compositions are as
ollows:

NH4
+ =

CNH4
+

[CH+ ]0
(3)

H+ = 1 − yNH4
+ (4)

here yH+ and yNH4
+ are the proton and ammonium fractions in

Nafion component, respectively; and CNH4
+ and [CH+ ]0 are the

mmonium ion concentration and the ion exchange capacity of the
afion component, respectively.

In Fig. 2(a and b), the esterification activities and the concentra-
ions of free acid/proton sites (yH+ ) of a Nafion component for the
0-Nfn/C and 30-Nfn/Pt/C materials in H2 containing ppm NH3 and
0%RH at 1 atm and 80 ◦C are illustrated, respectively.

It can be seen in Fig. 2(a and b) that the catalytic activity
ecreases with time-on-stream (TOS) accordingly to the decrease

n proton concentration in the Nafion ionomer (yH+ ) for both
upported Nafion materials. Fig. 3 illustrates the normalized ester-
fication activities (rMeOAc, Norm., Eq. (5)) of supported Nafion as a
unction of proton compositions for 50%RH and 80 ◦C.

MeOAc,Norm. =
(rMeOAc, yH+ )

t

(rMeOAc, yH+ =1)
0

(5)

here (rMeOAc, yH+ =1)0 and (rMeOAc, yH+ )t are the catalytic activities
f supported Nafion at time-on-stream (TOS) = 0 and t, respectively.

One can see from Fig. 3 that the normalized esterification
ctivities of both 30-Nfn/C and 30-Nfn/Pt/C have a similar linear

elationship with proton fraction regardless of the differences in
he initial activity, interaction with supports, and side reactions.

The experimental results imply that in the presence of other
aterials (i.e., alloyed Pt, C support) and other impurities, the acid

ite/proton concentration of a Nafion polymer can be quantitatively
Fig. 2. Relationship of esterification activity to proton fraction of: (a) 30-Nfn/C,
and (b) 30-Nfn/Pt/C at 50%RH in the presence of 20 ppm NH3 and 80 ◦C. (The
maximum ammonium contents of 30-Nfn/C and 30-Nfn/Pt/C were 263 ± 3 and
240 ± 30 �mol g−1.)

investigated by this acid-catalyzed reaction. Unlike a conventional
titration method, which is a destructive technique, esterification
allows us to study the effect of contaminants on the proton avail-
ability of a Nafion component in situ and to continuously monitor
using only a single sample the available proton composition during
impurity exposure.

3.4. Modified steady-state agglomerate model to predict the
Fig. 3. Relationship of normalized esterification activity (rMeOAc, Norm.) to proton frac-
tion from Fig. 2(a and b).
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re three main approaches to explain the proton transport in a cat-
lyst layer (where three-phase contact exists between ionomer,
atalyst, and carbon support): the agglomerate, thin-film, and
omogeneous models [29–34]. Among these models, the agglom-
rate concept is the most popular and the most theoretically based
odel. It matches very well with experimental data, especially for

uel cell operation at high current density (mass transportation lim-
tations) [31,34–38]. The well-known effective proton conductivity
n an active layer has been derived by Jaouen et al. [31] using the
teady-state agglomerate model and is as follows:

cat
eff = (1 − εcat)

[
1 + (εagg − 1)

(1 + (ı/ragg))3

]
� (6)

cat
eff = C� (7)

here �cat
eff

and � are the effective conductivity of the catalyst layer
active layer) and the bulk conductivity of the polymer (typically
afion) fraction in the catalyst layer, respectively; εagg and εcat

re the volume fractions of the polymer in the agglomerate and
f the pores in the catalyst layer, respectively; ragg is the agglom-
rate radius; ı is the thickness of the polymer film surrounding the
gglomerate; and C is a factor depending on the operating condi-
ions and physical properties of the metal(s), support, and ionomer
sed in the catalyst layer.

It can be seen in Eq. (7) that, in the absence of impurities, the
ffective conductivity is the product of a constant factor C and the
ulk conductivity of the polymer. The factor C depends on the phys-

cal properties of the catalyst layer, for example, porosity, radius of
he agglomerate, thickness of polymer surrounding the agglomer-
te, etc. Thus, the factor C can be considered to remain constant
uring exposure of the ionomer to impurities that do not affect
hese properties. For the ammonium-poisoned catalyst layer in
his study, the factor C was assumed to be constant and the effec-
ive conductivity was able to be obtained by knowing the proton
omposition (yH+ ). The correlation of the Nafion conductivity at
ypical fuel cell operation as a function of ammonium content has
een reported in our previous study [27]. Accordingly, the effec-
ive conductivity of an ammonium-poisoned catalyst layer can be
stimated as follows:

cat
eff = C�yNH4

+ (8)

yNH4
+ = A3

1 + A1 exp(A2yNH4
+ )

+ A4 (9)

here yH+ and yNH4
+ are the concentrations of protons and ammo-

ium ions in the Nafion polymer obtained from the esterification
ctivity, respectively; �yNH + is the conductivity of the Nafion poly-
4
er containing yNH4

+ at 80 ◦C; and parameters (A1 − A4) are given
n Table 3. The expression for �yNH4

+ given above is an empirical

unction that has been found to best fit the experimental data. The
heoretical model of the relationship between the conductivity and

able 3
arameters for the steady-state conductivity of a Nafion membrane (N-211) contain-
ng various compositions of ammonium ions at 80 ◦C. These parameters are based
n a fit of experiment data given in Fig. 4(a and b) in Ref. [27].

RH (%) A1 A2 A3 A4

30 0.119 9.01 13.13 0.21
40 0.070 8.81 19.62 0.50
50 0.088 8.11 30.95 2.21
60 0.046 8.59 36.89 5.10
70 0.068 7.64 50.30 10.34
80 0.159 6.12 71.97 19.05
90 0.541 4.66 125.08 32.68

100 9.989 3.54 1154.38 52.95
Fig. 4. 1D schematic of an ammonium contaminated MEA.

yNH4
+ has already been discussed in our previous work [27].

Since ammonia is introduced at the anode as an impurity in
H2, ammonia adsorption on Nafion starts at the contacted inter-
face before it is transported to the cathode, causing some potential
gradients in ammonium composition within an MEA, see Fig. 4.
As mentioned in the introduction, ammonium transport through a
membrane having thickness 10–100 �m is relatively fast [4]. Con-
sequently, during fuel cell operation, the ionic conductivity of both
anode and cathode catalyst layer would be adversely affected by the
displacement of protons by ammonium cations [7]. If the ammo-
nium distribution throughout an active catalyst layer is known, the
overall effective conductivity (�overall cat) can be obtained by inte-
grating the conductivity throughout that layer. However, to date,
there has been no study that has ever investigated the concen-
tration profile of proton-containing cations (i.e., ammonium ions)
in both the membrane and the catalyst layer of a PEMFC. Only a
few studies have reported the concentration profile of nonproton-
containing cationic ions (i.e., metal cations) within a polymer
membrane during fuel cell operation [39–41]. They have suggested
that, at the steady-state operation, the distribution of contaminant
ions depends strongly on the operating conditions (i.e., tempera-
ture, humidity, current density, etc.), concentration of contaminant
cations in a fuel and/or oxidant stream, properties of cations (i.e.,
charge), type of polymer ionomer, and physical properties of the
catalyst layer (i.e., polymer loading, porosity, etc.) [39,41]. This is
because these operating parameters affect the kinetics of cationic
adsorption at the anode, ion transport, and cationic removal at the
cathode. It is expected that these operating parameters would affect
an ammonium-contaminated fuel cell operation in a similar way.
However, a detailed investigation of the ammonium concentration
distribution within the anode and cathode layer during fuel cell
operation is beyond the scope of this study.

In Fig. 4, two possible constant concentration profiles of ammo-
nium ions in an active layer (with yNH4

+ = 0 or 1) are shown,
which represent the best and worst situation for fuel cell operation,
respectively. For a partially contaminated catalyst layer, the linear
concentration profiles of the cathode layer with yNH4

+ = 0.9 − 0.8x
and yNH4

+ = 0.5, respectively, were adopted for comparison in an
explicit manner in this work. These two profiles yield the same
average ammonium content (yNH4

+ = 0.5) in the catalyst layer. The

expressions for the calculation of overall conductivity of a contam-
inated catalyst layer are shown as follows:

�overall cat =
∫ 1

0

�cat
eff dx (10)
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Table 4
Parameters for conductivity modelling in the cathode catalyst layer.

Parameter Value Reference

ragg 40 nma [44]
ı 1.9 nma [44]
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be seen that the influence of humidity on the conductivity is also
very significant.

Since the rate of ammonia removal at the cathode is relatively
slow compared to the rate of ammonia uptake [5,7], it is highly
εagg 0.17a [44]
εcat 0.3–0.5 [28,31,32,43]

a The ionomer loading was 47.4 wt.% on a carbon support (Ketjen black (KB)).

assuming �cat
eff = C�yNH4+ where

C = (1 − εcat)

[
1 + (εagg − 1)

(1 + (ı/ragg))3

]

yNH4+ = Fn
1 (yNH4+) (11)

NH4
+ = Fn

2 (x) (12)

overall cat = (1 − εcat)

[
1 + (εagg − 1)

(1 + (ı/ragg))3

]∫ 1

0

�yNH4
+ dx (13)

here x is the normalized distance from the membrane inter-
ace/catalyst layer in the x-dimension; Fn

1 (yNH4
+ ) is the correlation

etween the conductivity as a function of yNH4
+ as shown in Eq. (9);

nd Fn
2 (x) is the ammonium distribution within the catalyst layer

s a function of x.
The expression Eq. (13) can be used to estimate the overall con-

uctivity of the active layer both at anode and cathode. However,
ost of the studies have investigated only the physical properties

f the cathode catalyst layer because in the absence of impurity,
he performance of a fuel cell is mainly limited by the kinetics of
xygen reduction and/or efficiency of proton transport processes at
he cathode [3,42]. The parameters for the constant factor C at the
node are, thus, not available in the literature, but should be similar
o those at the cathode. In this study, we have demonstrated how
o predict the overall conductivity of an ammonium-contaminated
athode layer at typical fuel cell conditions using the modified
gglomerate model (Eq. (13)). A typical set of model parameters
or the effective conductivity calculation at the cathode are given
n Table 4. However, it can be seen that the reported value for εcat

aries significantly from 0.3 to 0.5 [28,31,32,43]. This parameter
epends strongly on the support material, Pt loading, Nafion load-

ng, preparation method, etc. In this work, we use an average value
εcat = 0.4) to estimate the effective conductivity at the cathode. The
xpression for the effective conductivity (Eq. (6)) at the cathode
perating at various humidities and 80 ◦C can be simplified to:

cathode
eff,yNH4

+ = 0.167�yNH4
+ (14)

cathode
overall cat = 0.167

∫ 1

0

�yNH4
+ dx (15)

here �cathode
eff,yNH4

+ and �cathode
overall cat are the effective conductivity in the

athode catalyst layer and the overall conductivity of the cath-
de catalyst layer, respectively; �yNH4

+ is the conductivity of an

mmonium-poisoned Nafion polymer (N-211) at a given yNH4
+ and

RH at 80 ◦C (Eq. (9)).

.5. Prediction of the ionic conductivity of Nafion ionomer in the
atalyst layer
Due to the lack of direct measurements of the conductivity of a
oisoned catalyst layer, the accuracy of our predicted effective con-
uctivity was validated using the experimental conductivity of an
ncontaminated catalyst layer and the percentage of performance
egradation of a fully ammonium-poisoned PEMFC.
r Sources 195 (2010) 5493–5500

In Fig. 5, the unfilled circles indicate the experimental conduc-
tivity at various humidities and 80 ◦C of an uncontaminated catalyst
layer determined by a hydrogen pump technique employed by Iden
et al. [44] and the dashed line represents a fit of their data. The
solid line shows the predicted conductivity of the cathode catalyst
layer (�cathode

overall cat) calculated from Eq. (15) using yNH4
+ = 0. It can be

seen that in the absence of impurities, the predicted values agree
extremely well with experimental data. The estimated percentage
decrease of the �cathode

ovrall cat of the fully ammonium-poisoned PEMFC
(constant yNH4

+ = 1, dashed-dotted line in Fig. 5) was compared
with the results of performance testing reported by Uribe et al.
[7]. They studied the impact of ammonia on PEMFC performance,
operating at 80 ◦C. A PEMFC was exposed to 30 ppm of NH3 for
15 h, which was enough for complete neutralization of the protonic
sites of the MEA [45]. They found that the cell voltage decreased
ca. 49–77% at current densities of 0.2–0.4 A cm−2. In their study,
we considered that the operating humidities at anode and cath-
ode were both 100% and the Nafion ionomer in the cathode was
in the fully NH4

+-form. At this condition, it can be seen in Fig. 5
that the estimated overall cathode conductivity (�cathode

ovrall cat) of the
Nafion ionomer in the fully NH4

+-form was ca. 64% lower than that
of the fully H+-form, which corresponds well with the performance
loss in a PEMFC [7]. Although only the estimated �cathode

ovrall cat and the
estimated percentage decrease in �cathode

ovrall cat for the case of constant
yNH4

+ = 0 and 1, respectively, can be shown to be matched with
experimental results (due to the lack of appropriate experimen-
tal data in the literature), the overall conductivity at the cathode
layer for other cases should be able to be reasonably predicted.
In Fig. 5, the estimated �cathode

ovrall cat for the partially ammonium-
contaminated cathode catalyst layer having a non-homogeneous
profile (linear profile, average yNH4

+ = 0.5) can be seen to be slightly
higher than that with a homogeneous profile (yNH4

+ = 0.5) with
the same equivalent ammonium content in it. Also, it is obvious
that the estimated �cathode

ovrall cat of the catalyst layer with various yNH4
+

constant profiles varies considerably with humidity (30–100%RH).
The predictions suggest that the effect of ammonium content on
�cathode

ovrall cat is more significant than the ammonium ion distribution
in the catalyst layer. Fig. 6 shows the effect of position on the
predicted �cathode

eff,yNH4+
for a catalyst layer having a linear ammonium

distribution profile (yNH4
+ = 0.9 − 0.8x, average yNH4

+ = 0.5). It can
Fig. 5. Predicted �cathode
ovrall cat

of an ammonium-contaminated cathode catalyst layer
having various ammonium concentration profiles as a function of relative humidity
at 80 ◦C. (�cathode

ovrall cat
was obtained from Eq. (15).)
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Fig. 6. Predicted �cathode
effl yNH4

+
conductivity as a function of position in an ammonium-
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ontaminated cathode catalyst layer having ammonium distribution profile yNH4
+ =

.9 − 0.8x (average yNH4
+ = 0.5) at various humidities and 80 ◦C. (�cathode

effl yNH4
+

was

btained from Eq. (14).).

ossible that the accumulation of ammonia in a PEMFC occurs over
ime. The predictions in Figs. 5 and 6 suggest that at some certain
mmonium ion compositions in an active layer of a PEMFC and
t some operating conditions (i.e., temperature, humidity, current
ensity, concentration of ammonia in fuel gas and/or air stream,
tc.), the impact of ammonia on ionic transport through the cata-
yst layer (proton depletion or proton starvation) can be significant
nough to influence the overall fuel cell performance.

. Conclusions

In our previous work [27], the effect of ammonia on ionic con-
uctivity and esterification activity of a Nafion membrane (N-211)
as studied. It was found that ammonia influences conductivity

nd esterification activity similarly under similar conditions. This
s because both the conductivity and the esterification activity have
linear relationship with the number of proton/acid sites. In those

tudies, we demonstrated the relationship between the ionic con-
uctivity and the esterification activity, this latter being able to
redict the conductivity of a Nafion membrane (N-211).

In this study, proton availability of Nafion impregnated on a car-
on support and Pt/C (30-Nfn/C and 30-Nfn/Pt/C) as used in typical
uel cells was explored using the same characteristic acid-catalyzed
eaction (esterification of acetic acid with methanol) at various con-
itions (30–95%RH, 80 ◦C, and 1 atm). It was found that, under all
he conditions studied, the esterification activity (rMeOAc) on the
upports was negligible and the esterification occurred only on the
ree proton/acid sites of the Nafion component. In the presence
f 20 ppm NH3/H2, the esterification activity of supported Nafion
ecreased linearly with the ammonia uptake of a Nafion component
nder the same conditions. The results suggest that esterification
an be used to quantitatively investigate the proton composi-
ion (yH+ ) of a Nafion component during exposure to ammonia
r other potential impurities. The information of yH+ gained from
sterification was further used to estimate the overall conductiv-
ty of a catalyst layer using the modified agglomerate model and
he correlation between conductivity and ammonium ion content
yNH4

+ ). The estimated effective conductivities of a cathode catalyst

ayer (�cathode ) was validated with the available literature data at
ovrall cat
wo extreme conditions (non-poisoned [44] and fully ammonium-
oisoned [7]). It was found that, under similar conditions, the
cathode
ovrall cat for neat fuel cell operation and the percentage decrease in
he �cathode

ovrall cat of a fully ammonium-poisoned PEMFC matched well

[

[

r Sources 195 (2010) 5493–5500 5499

with experimental results reported in the literature [7,44]. There-
fore, the predicted �cathode

ovrall cat of an ammonium-contaminated active
layer at other conditions using the same methodology should be
reasonably accurate. The prediction suggests that under some oper-
ating conditions, especially at low humidity and high ammonium
content, the durability and performance of PEMFC could be detri-
mentally impacted by proton depletion within the ionomer in the
catalyst layer. This study showed that the characterization reaction
also has the potential to be applied to quantitatively examine the
number of proton/acid sites of other proton conducting materials
impregnated on other supports (e.g., carbon, Pt/C, alloyed Pt/C) for
a PEMFC under a wide range of conditions. Esterification provides
us an easy means to study the impurity resistance of an ionomer
component (in membrane form or on catalyst supports) without
MEA fabrication, fully-equipped fuel cell testing, and also allows us
to isolate the effect of impurity on the ionomer phase from that on
the metal catalyst in an MEA. The combination of the esterification
technique and the modified agglomerate model proposed in this
work should provide helpful information for future investigations
of impurity resistance of all sorts of proton conducting electrolytes,
catalyst layer optimization, and computation modelling of PEMFC
performance.
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