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Technical note
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bstract

The understanding of water sorption and diffusion properties of proton exchange membranes is crucial to the fuel cell’s ultimate performance.
n this study, a dynamic gravimetric vapor sorption (DVS) instrument was used to measure the water vapor sorption properties of three Nafion®

ased fuel cell membranes: N-117 (extruded film, 183 �m thick); N-112 (extruded film, 51 �m thick); and NR-112 (dispersion cast film, 51 �m
hick). Water sorption characteristics were studied between 0 and 95% relative humidity (RH) at 30, 40, 50, 70, and 80 ◦C. The thicker dispersion
ast, N-117, film had a lower water vapor sorption capacity (based on percentage weight gain) than the thinner, N-112 sample. The dispersion
ast, NR-112, film had a lower percentage water uptake than the extruded, N-112, film. Below 80% RH, the water sorption capacity increases
ith temperature for all three samples. Above 80% RH, the moisture sorption capacity increases from 30 to 50 ◦C, but decreases at 70 and 80 ◦C
ompared to the lower temperature data. Moisture diffusion coefficients were also calculated over the humidity and temperature range studied. In
eneral, maximum diffusion coefficients were measured at intermediate humidities. Water heat of sorption calculations at low coverages yielded
igher values for the extruded (N-112) film compared to the dispersion cast (NR-112) film indicating a higher affinity for water.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFC) are an
xpanding area of research for use as low pollution power gen-
rators for mobile and stationary applications. The PEMFC is
omposed of a membrane electrode assembly consisting of sev-
ral layers. There are typically two carbon cloth gas-diffusion
ayers that allow concurrent transport of gases and water while
ollecting current and two carbon-supported Pt based catalyst
ayers where the electrochemical reactions take places. These
ayers are sandwiched between a proton exchange membrane

hat permits proton transfer from anode to cathode [1].

A critical parameter affecting the performance of these pro-
on exchange membranes is the water content. Water is typically

� This paper was presented at the 2005 Fuel Cell Seminar at Palm Springs,
A, USA.
∗ Corresponding author. Tel.: +1 610 798 8299; fax: +1 610 798 0334.
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upplied to the fuel cell by humidifying the gas feed stream. The
evel of hydration within the proton exchange membrane is vital
o its performance. If the hydration level is too low, the poly-

ers exhibit greatly reduced ionic conductivity [2]. Membrane
ehydration is a well-known fuel cell failure mechanism. On the
ontrary, if hydration level is too high, excess water can flood
he pores in the gas diffusion layer and block off reaction sites
r impede mass transport within the electrode structure [3,4].
n addition, the water vapor diffusion coefficients as a function
f water content are important parameters in characterizing the
erformance of proton exchange membranes [4].

Related to the water content is the operating temperature of
he proton exchange membrane. Increasing the operating tem-
erature above room temperature improves the electrode kinetics
f the oxygen reduction reaction [5]. However, if the tempera-
ure is above the boiling point of water, the water content in

he polymer decreases leading to a decrease in conductivity [6].
dditionally, if the temperature is above the glass transition for

he polymer, then polymer chain rearrangement can occur and
ause structural changes in the membrane, lower membrane sta-

mailto:burnett@smsna.com
dx.doi.org/10.1016/j.jpowsour.2005.12.096
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ility, and reduce performance [5]. For the above reasons, it is
mportant to study the behavior of these films over wide temper-
ture and humidity ranges.

In this study, the water content and diffusion kinetics were
tudied on three different Nafion® based membranes over a
ange of temperatures. Nafion® is a commercially available
erfluorosulfonic acid polymer often used as an exchange mem-
rane in PEMFCs. Nafion® is an ideal choice for PEMFC
pplications due to its high chemical and electrochemical stabil-
ty, sufficient mechanical strength, low permeability to reactant
pecies, selective and high ionic conductivity, and electronic
nsulation properties [7]. Nafion® has further applications as a
ovel clothing materials for protection from chemical warfare
gents, separators in chloro-alkali cells, and as super acid cat-
lysts [8,9]. For the above reasons, Nafion® films were used in
his study as model proton exchange membranes.

. Experimental

Dynamic gravimetric vapor sorption (DVS) is a well-
stablished method for the determination of vapor sorption
sotherms. The DVS-1000 instrument (Surface Measurement
ystems, London, UK) used for these studies measures the
ptake and loss of vapor gravimetrically using a recording ultra-
icrobalance with a mass resolution of ±0.1 �g. The high mass

esolution and baseline stability allow the instrument to mea-
ure the adsorption and desorption of very small amounts of
robe molecule. The vapor partial pressure around the sample
s controlled by mixing saturated and dry carrier gas streams
sing electronic mass flow controllers. The temperature is main-
ained constant ±0.1 ◦C, by enclosing the entire system in a
emperature-controlled incubator.

For the DVS experiments, a small (∼1 cm2) section of film
as placed in a stainless steel mesh sample pan. The 400 mesh
an (400 holes/in.) allowed direct vapor flow to all sides of the
lm. The sample pan was then placed in the DVS at the desired

emperature and dried at 0% RH to establish a dry mass. After
stable, dry mass was achieved, the sample was exposed to the

ollowing relative humidity (RH) profile: 0–10% RH in 2% RH
ncrements, 10–30% RH in 5% RH increments, 30–90% RH
n 10% increments and 95% RH. The humidity was decreased
n a similar manner to achieve a complete desorption profile.

ass equilibrium was reached at each humidity stage by mea-
uring the percentage change in mass with respect to time (i.e.
lope or dm/dt). Once the mass slope was below a predetermined
hreshold value and equilibrium was achieved; the experiment
roceeded to the next programmed humidity stage. Complete
orption and desorption isotherms were collected at 30, 40, 50,
0, and 80 ◦C. A new sample was used for each temperature to
inimize any thermal history effects.
Three different Nafion® films were obtained from DuPont:

-117, N-112, and NR-112. All three films are based on the
afion® material, which is a perfluorosulfonic acid/TFE copoly-

er in the acid (H+) form. N-117 and N-112 are non-reinforced

xtruded films while the NR-112 material is a non-reinforced
ispersion-cast film. The N-117 sample is 183 �m thick at 23 ◦C
nd 50% RH, while the N-112 and NR-112 samples are 51 �m

�

r
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hick at the same conditions. These film thickness values were
sed for all diffusion calculations. The effect of film thickness
or the same base material can be investigated by comparing the
esults from the N-117 and N-112 samples, while the effect of
xtruded or dispersion-cast films can be studied by comparing
he N-112 and NR-112 samples.

. Theory

From the initial vapor uptakes with each change in relative
umidity, it is possible to calculate the water vapor diffusion
onstant into the film. The method used to calculate the dif-
usion constants for thin films utilizes diffusion equations first
mployed by Crank and Park [10]. In short, a thin film sam-
le, with thickness d, is placed in the DVS and for a single step
hange in humidity the initial kinetics of sorption into the bulk
or a two-sided film may be described by Eq. (1) below:

Mt

M∞
= 4

d

√
Dt

π
(1)

here Mt is the amount adsorbed at time t, M∞ the amount
dsorbed at thermodynamic equilibrium, and D is the diffusion
onstant. This equation is applied for values of Mt/M∞ < 0.4,
here a plot of Mt/M∞ against t1/2/d should be linear. The dif-

usion constant D can then be calculated from the slope of this
ine. The only input parameter necessary for these calculations is
he film thickness. Diffusion constants were calculated for each
tep change in humidity at each temperature. In order to monitor
ast diffusion processes, data points were collected every 2 s for
hese experiments. For the linear fit described above, a minimum
2 value of 99.9% was used for all diffusion calculations.

A sorption isotherm describes the equilibrium vapor or gas
ptake as a function of vapor or gas partial pressure. By measur-
ng isotherms at different temperatures, it is possible to calculate
he isoteric heat of sorption, via a Clausius–Clapeyron type equa-
ion [11]:

∂ ln p

∂T

)
θ

= −�Hs

RT 2 (2)

here p is the partial pressure, T the temperature, R the universal
as constant, and �Hs is the heat of sorption. �Hs values can be
btained if sorption isotherms are measured at different tempera-
ures and assuming the heat of sorption is exclusively exothermic
nd independent of temperature. With d(1/T)/dT = −1/T2, Eq. (2)
an be rearranged to:

∂ ln p

∂(1/T )

)
θ

= �Hs

R
(3)

If the partial pressures (p1 and p2) at two temperatures (T1
nd T2) and identical surface coverages are obtained, then the
eat of sorption can be calculated directly via:
Hs = −R
ln(p2/p1)

(1/T2) − (1/T1)
(4)

Eq. (4) can be used for any vapor–sorbate system over a wide
ange of temperatures. Heat of sorption values were calculated



428 D.J. Burnett et al. / Journal of Power Sources 160 (2006) 426–430

Fig. 1. Moisture sorption and desorption kinetics (a) and isotherm (b) for the
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Fig. 2. Moisture sorption isotherms for the N-117 (a), N-112 (b), and NR-112
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-117 sample at 30 ◦C. Water sorption kinetics are relatively fast as the sample
apidly approaches equilibrium with each change in humidity. Water sorption is
ominated by bulk absorption.

ver the entire isotherm range to determine the affinity of water
apor over a range of coverages.

. Results and discussion

Fig. 1 displays the typical moisture sorption and desorption
inetic results obtained. Specifically, Fig. 1a shows the moisture
orption and desorption results for the N-117 sample at 30 ◦C.
he solid trace displays the percentage change in mass, refer-
nced to the dry mass, versus time on the left axis while the
ashed trace shows the chamber RH as a function of time on the
ight axis. The sample mass increases or decreases with each cor-
esponding increase or decrease in humidity and rapidly reaches
quilibrium. From these equilibrium points the isotherm can be
etermined. Fig. 1b displays the water vapor isotherm for this N-
17 sample at 30 ◦C. The sorption cycle is shown in the solid line,
hile the desorption cycle is the dashed lines. Multiple cycle

xperiments (not shown) indicate there is no measurable differ-
nce between the first cycle isotherms and subsequent isotherms,
ndicating that water sorption under these conditions is com-
letely reversible. The sample sorbs relatively large amounts of
ater. To illustrate, at 95% RH, the sample uptakes over 15%
f its dry weight in water vapor. Surface water sorption, is typ-
cally limited to less than 1% changes in mass for non-porous,
olymer film samples. Therefore, water sorption is most likely
ominated by bulk absorption. Above 40% RH there is measur-

ble hysteresis between the sorption and desorption isotherms.
ysteresis gaps of this type are often indicative of a bulk absorp-

ion dominated mechanism where vapor desorption is diffusion
imited.

w
t
h
f

c) samples at 30 (−), 40 (×), 50 (�), 70 (♦), and 80 ◦C (�). Below 80% RH,
oisture uptake increases with temperature. Above 80% RH, moisture sorption

apacity begins to decrease at 70 and 80 ◦C.

Identical experiments were performed for all three samples
t 30, 40, 50, 70 and 80 ◦C. To illustrate the effects of tempera-
ure, Fig. 2 displays the water sorption isotherms for the N-117
a), N-112 (b), and NR-112 (c) samples at each temperature.
s the temperature increases from 30 to 50 ◦C, there is a slight

ncrease in vapor sorption capacity for all three samples across
he entire humidity range. This is most likely due to an increase
n bulk sorption capacity. As the temperature increases, sample

obility will increase, thus allowing more water to penetrate the
ulk. At 70 and 80 ◦C, the results are more complicated. Below
0% RH, there is an increase in water sorption capacity as with
he lower temperature isotherms. However, above 80% RH, the

oisture sorption capacity decreases compared to the results at
0 ◦C. The higher temperatures appear to limit the maximum

ater sorption capacity for all three films. This may be due to

he high temperatures drying out the samples. Alternatively, the
igh temperatures and high humidities may be causing a trans-
ormation or rearrangement of the polymer. The glass transition
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ig. 3. Water vapor sorption and desorption isotherms for the N-117 (solid),
-112 (dashed), and NR-112 (dotted) samples at 30 (a) and 70 ◦C (b).

emperature of Nafion® is reported to be 115 ◦C [12]. Addition-
lly, the storage modulus of the dry Nafion® drops by over an
rder of magnitude at 111 ◦C [13]. Water is a strong plasticizing
gent which may lower these transitions to lower temperatures
t high humidities. Therefore, the drop in vapor sorption capac-
ty at high humidities above 50 ◦C may due the combination
f water plasticization and change in thermal and mechanical
ehavior of the polymer.

To illustrate the differences between the different membranes
tudied, Fig. 3 displays the water vapor sorption isotherms for
he three samples at 30 ◦C (a) and 70 ◦C (b). Comparing the
ample thickness, the thinner N-112 sample (51 �m) is able to
orb more water (based on percentage of dry mass) than the
hicker N-117 sample (183 �g). The trends are consistent across
he temperature range studied (see Fig. 3a and b). The thicker
ample may impede water from fully penetrating the bulk, thus
ausing a lower percentage weight gain. Also, the thinner, N-
12 sample has a greater surface to bulk ratio than the thicker,
-117 sample, thus the surface layers may be able to sorb more
ater vapor comparatively than the bulk.
In comparing the extruded, N-112 sample with the disper-

ion cast, NR-112 sample, Fig. 3a illustrates that the extruded
ample is able to sorb more water, based on percentage of dry
eight, than the dispersion cast film at 30 ◦C. The differences

re not as clear at 70 ◦C, due to the complications above 80%
H discussed above. Any differences observed at 30 ◦C are min-
mized at 70 ◦C, such that the results are nearly identical at 70 ◦C
elow 80% RH. Above 80% RH at 70 ◦C the NR-112 sample
as a higher uptake than the N-112 sample, which indicates the
ecrease in vapor sorption capacity at high temperatures and

c
h
h

ig. 4. Water vapor heat of sorption values for the N-112 sample (solid line)
nd NR-112 sample (dotted line) calculated from the water sorption isotherms
ollected at 30 and 50 ◦C.

umidities is not as severe for the NR-112 sample compared to
he N-112 sample.

To further study the differences between the extruded, N-112
ample and the dispersion cast, NR-112 sample, the water vapor
eat of sorption values were calculated using Eq. (4) over a range
f water uptakes. The results are displayed in Fig. 4. The heat
f sorption values were calculated using the sorption isotherms
ollected at 30 and 50 ◦C. At high water uptakes (above 6%
hange in mass), the heat of sorption values for both samples are
early identical and are approximately 43 kJ mol−1. The water
eat of vaporization/condensation is 43.8 kJ mol−1 at 30 ◦C and
2.9 kJ mol−1 at 50 ◦C [14]. It is expected that the heat of sorp-
ion values for both films approach the heat of condensation at
igher water uptakes, because the water vapor is interacting with
water covered surface at these conditions. At lower uptakes, the
eat of sorption increases for both samples. At these conditions,
he heat of sorption values are more indicative of the interac-
ion with the polymer surface, as it is not completely covered by
ater. There are significant differences between the two sam-
les. The extruded N-112 sample has a consistently higher heat
f sorption value than the dispersion cast, NR-112 sample at
ow coverages. These results indicate the N-112 surface has a
igher affinity for water vapor molecules. This is supported by
he isotherms at 30 ◦C (see Fig. 3a), where N-112 sample shows
higher water uptake than the NR-112 sample.

Water vapor transport properties were investigated by calcu-
ating diffusion coefficients using Eq. (1) at each step-change
n humidity and each temperature. Fig. 5 summarizes these
esults at 30 ◦C (a) and 80 ◦C (b). These values were calcu-
ated from the initial uptakes at each step change in humid-
ty during the water sorption cycle. The diffusion coefficients
t 30 ◦C range from 1 × 10−8 to 2.5 × 10−7 cm2 s−1. Previ-
us researchers have measured vapor diffusion coefficients of
afion® polymers at high humidities and obtained results rang-

ng from 2.0 × 10−8 to 2.6 × 10−8 cm2 s−1 [13,15]. The high
umidity diffusion data at 80% RH for all three samples is
pproximately 2.5 × 10−8 cm2 s−1, which agrees quite well with
he literature data.
Fig. 5a shows a general trend for the diffusion coeffi-
ients. There is a maximum diffusion coefficient at intermediate
umidities (10–60% RH) and the values decrease at very low
umidities and very high humidities. At low humidity values
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Fig. 5. Moisture diffusion values for the N-117 (solid), N-112 (dashed), and NR-
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ical properties of polymeric ionomers for fuel cell applications, Masters’
12 sample (dotted) at 30 ◦C (a) and 80 ◦C (b). Diffusion values are calculated
rom initial uptakes at each step change in humidity.

iffusion may be limited because the sample is too dry, while
t high humidities diffusion may be slowed, because the sample
ecomes saturated. At high humidities there is also a measurable
ysteresis between sorption and desorption isotherm as shown
n Fig. 1b. The hysteresis in this range further supports slower
iffusion rates in this regime. The diffusion data suggests there
ay be an optimal water content to maximize water vapor dif-

usion rates. Note, the diffusion coefficients at each temperature
ere calculated using the same sample thickness (measured at
3 ◦C and 50% RH) for each humidity step. In reality, the poly-
er film thickness will change as a function of temperature and

umidity due to different degrees of swelling.
In comparing the data at 30 and 80 ◦C, diffusion coefficients

or all three samples are higher at 80 ◦C. The increased temper-
ture most likely increases mobility within the polymers, thus
ncreasing water vapor diffusion into the film. At 30 ◦C, there are
ome differences between the extruded, N-112 and dispersion
ast, NR-112 samples. At intermediate humidities, the NR-112
ample has higher diffusion coefficients, while at low and high
umidities the N-112 and NR-112 samples have similar values.
t 80 ◦C, there is almost no difference between the N-112 and
R-112 samples. Therefore, the preparation method appears to
ave an effect on water diffusion coefficients at low temper-
tures, but not at high temperatures. At high these conditions,

iffusion may be dominated by temperature effects and not sam-
le morphology. At both temperatures, the thicker, N-117 sample
as faster diffusion rates than the thinner, N-112 sample. At the
resent time, these results are not fully understood. One expects

[

[
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thicker sample would lead to slower bulk diffusion rates, which
s contrary to the current results. Perhaps the orientation of the
olymers differs depending on the thickness of the films, which
ould affect vapor diffusion rates.

. Conclusions

Water sorption properties were measured on three Nafion®

ased films over a range of temperature and humidity conditions.
ater sorption was completely reversible and there was no sam-

le history with respect to sorbed water. Increased temperatures
ead to increased water sorption capacity up to 80% RH. Above
0% RH and 50 ◦C, vapor sorption capacity decreased compared
o lower temperature data. The thicker N-117 sample had a lower
ercentage uptake than the thinner N-112 sample. The extruded
-112 sample had a higher percentage uptake compared to the
ispersion cast NR-112 sample. Heat of sorption calculations
howed a higher sorption energy for the N-112 compared to
he NR-112 sample. Diffusion coefficients were calculated at
ach step change in humidity and each temperature. Diffusion
oefficients increased with increasing temperature. Also, there
ppeared to be a maximum diffusion regime at intermediate
umidity values. Future experiments are planned to include a
ange of vapors (i.e. methanol and ethanol) and a wider range of
ample chemistries and morphologies.
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