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a b s t r a c t

Swelling and sorption of water, from the vapour phase, by thin (100–1000 nm) and ultra-thin

(o100 nm) Nafion nanomembranes deposited on several surfaces were determined using quartz

crystal micro-balance and environmental ellipsometric porosimetry techniques. The water uptake at

room temperature, measured as the number of water molecules per ionic group in the polymer, is much

lower than that observed in bulky Nafion 117 membranes. Water sorption by supported nanofilms was

found to be independent of film thickness, but it depends on substrate nature. Aging due to slow

relaxation of the polymer microstructure is also discussed. Results are relevant for modelling the three-

phase region of proton exchange membrane fuel cells, where a thin Nafion film covers the carbon

supported catalyst nanoparticles.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nafion ionomers, the product of copolymerization of perfluor-
osulfonate vinyl ether and tetrafluoroethylene, is the most used
proton exchange membrane (PEM) in PEM fuel cells as well as in
electrolysers and other electrochemical devices. Consequently,
the properties of this commercial polymer have been extensively
studied for decades and many of them are now well established
[1]. Nevertheless, the microstructure of hydrated Nafion is still
controversial.

The cluster-network model for the microstructure of wet
Nafion, proposed by several authors since the early 1980s, [2–6]
consider the swelled polymer as a network of ionic cluster formed
by the sulphonic groups arranged as inverted micelles, around
4 nm in diameter, interconnected through narrow water channels,
around 1 nm in diameter. However, a recent simulation of former
small-angle X-ray or neutron scattering (SAXS/SANS) data of
Nafion [7] seems to indicate that the structure of the hydrated
polymer correspond to that of inverted-micelle cylinders forming
water channels 2.4 nm average in diameter.

The performance of PEM fuel cells is largely determined by the
structure of the membrane electrode assembly (MEA), more
specifically, by the molecular architecture of the three-phase
ll rights reserved.

ax: þ54 11 6772 7121.
region, that is, the space where merge the metallic catalyst
(usually Pt nanoparticles supported on carbon), the PEM, and
the gases (H2 in the anode side and O2 in the cathode side) [8].

The three-phase region is not limited to the catalyst layer in
direct contact with the PEM, since a Nafion binder is used in the
preparation of the MEA in order to form a percolated network of
PEM around all the catalyst particles. Therefore, the structure of
the three-phase region depends on the method of preparation of
the catalyst layer and the MEA, which can be performed through
two basic procedures. In the PTFE-bonded method the platinum
catalyst supported on carbon (Pt/C) is mixed with a polytetra-
fluoroethylene (PTFE) emulsion as binding material, dried, baked
at high temperature, and finally impregnated with 5 wt% Nafion
solution (2 mg cm�2). The electrodes are bonded to the polymer
electrolyte membrane through hot pressing to complete the MEA
[9,10]. In the thin-film method the binding material in the
catalyst layer is only Nafion, as the membrane. A 5 wt% Nafion
solution is mixed with 20 wt% Pt/C supported catalyst in a ratio of
1:3 Nafion/catalyst and added to a water–glycerol mixture in
order to prepare an ink, which is applied on both side of the
membrane to form the MEA [11,12]. Alternatively, the catalyst
layer can be applied by casting on a PTFE blank, and then decaled
on the membrane [13].

In the first case the thickness of the Nafion film deposited on
the Pt/C catalyst is around 500 nm, but it can be thinner in the
final MEA after hot pressing. In the thin-film the binder distri-
butes homogeneously over the entire surface of the Pt/C catalyst
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Fig. 1. Non-scaled scheme of one side (cathode or anode) of a MEA showing the

three-phase region. The thicknesses of the Nafion membrane and catalyst layer are

usually 50–170 mm and 1–5 mm, respectively. Pt nanoparticles (black dots) are

typically 2–5 nm in size, and Vulcan carbon aggregates (gray forms) have sizes

around 100 nm.
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Fig. 2. Scheme of the setup to deposit ultra-thin films onto a quartz crystal.
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and, assuming a surface area of around 250 m2 g�1 as that
reported for Vulcan carbon, [14] the thickness of Nafion film is
expected to be slightly over 1 nm. However, this value can be
considered as a lower bound because the surface area of the
supported Pt/C catalyst could be reduced due to the aggregation
of the carbon particles during the Pt reduction, and because of
heterogeneities in Nafion distribution. Fig. 1 shows schematically
the Nafion distribution in the three phase regions of the MEA.
Roughly, the expected thickness of the Nafion film covering the
catalyst particles can fluctuate from few nm up to 500 nm.

The properties of Nafion nanofilms covering catalyst-support
surfaces, as in the three-phase region, have been approached
recently from both, the experimental and theoretical view. Thus,
Markovic and coworkers [15] studied the adsorption of thin layers
of Nafion on Pt(1 1 1), Pt(1 1 0), Pt(1 0 0) and polycrystalline
platinum surfaces and proposed a model to account for the
irreversible adsorption of the sulphonate anion. Franco et al. [16]
developed a multiscale model with the aim of explaining the
inhibition of the oxygen reduction reaction (ORR) on Pt electrodes
with adsorbed Nafion. Ohma and coworkers have studied the
ionomer and water adsorption on carbon supports using molecu-
lar dynamics simulations [17], multi-scale modelling and experi-
mental analysis [18] in relation to the reduction of platinum
loading in the catalytic layer of PEM fuel cells. Recent coarse-
grained molecular dynamics studies reveal that the amount and
distribution of Pt in the catalyst layer and the carbon morphology
have a pronounced effect on the Nafion nanofilm structure [19,20].

Water uptake by Nafion nanofilm covering the Pt/C catalyst is
expected to be determined by its structure and, in turn, influences
other relevant properties of the film, such as proton conductivity
[21,22]. While water uptake of bulk Nafion membranes (typically
Nafion 117, 178 mm thickness) in the acid form has been mea-
sured by several authors from the vapour [23–34] and the liquid
phase (water activity, aw¼1) [27,34–36] at temperatures between
20 and 30 1C, the information referred to water sorption in thin
Nafion membranes is scarce and all of it was obtained using
Quartz Crystal Microbalance (QCM) technique.

The first study of water sorption by Nafion membranes using
QCM was performed by Krtil et al. [37] on thin films (20–80 nm)
prepared by casting at 25 1C and they reported water uptakes
similar to those of the bulky membranes for all the water
activities. Yamamoto et al. [38] determined the water sorption
at 50 1C by a Hyflon Ion thin membrane (1.5 mm) obtained by
casting, and reported a water uptake much lower than that both,
the bulky Hyflon Ion and a bulky Nafion membrane. More
recently, Kongkanand [39], also using QCM, measured water
sorption of Nafion films with thickness between 33 and
3000 nm, observing that the water uptake for different film
thicknesses was similar for Nafion films thicker than 500 nm,
but for thinner films slightly lower water contents were observed
specially at high water activities.
In summary, the results of water sorption by very thin Nafion
and Nafion-like membranes using QCM are contradictory and
were obtained for films deposited on the gold surface of QCM.

The main objective of this work is to perform a comprehensive
study of water sorption and swelling properties of casted Nafion
nanofilms of variable thickness, supported on different solid
surfaces, using QCM and environmental ellipsometric porosime-
try (EEP) techniques. The use of a novel alternative technique,
such as EEP, for very thin films will allow us to compare the water
sorption of the films deposited on different kind of substrates
with that of unsupported bulky Nafion membranes used in PEM
fuel cell MEAs. The water uptake by Nafion thin films, as those
covering the catalyst particles in the three-phase region, is
relevant for molecular models describing the transport properties
in the three-phase region, aiming to optimize the PEM fuel cell
performance by means of molecular design using model para-
meters [16,18], as well as in other approaches using macroscopic
parameters, like the ionomer/carbon ratio [40,41].
2. Experimental

The study of water uptake by supported thin Nafion mem-
branes was performed by employing quartz crystal microbalance
(QCM) and environmental ellipsometric porosimetry (EEP). In this
section, we will briefly describe the features of both techniques.

2.1. Thin and ultra-thin Nafion film preparation

Nafion nanofilms, with thickness between 9 and 80 nm, for
QCM measurements were deposited over a quartz crystal (ICM
151218–10, gold electrode) previously cleaned with an acetone
soaked cotton hyssop. The solutions used for depositing ultra-thin
membranes over the crystal by casting or spin coating were
prepared by mixing a known volume of a Nafion solution (Ion
Power, LQ-1115 15% w/w Nafion 1100 EW) with methanol.

In the case of films prepared by casting, the area of the film
was limited by an o’ring compressed by a PTFE ring fixed by a
steel piece, as shown in Fig. 2. A known volume of solution
containing 50 mg of Nafion per cm3 was poured in the space
limited by the o’ring, and the solvent was then evaporated at
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Fig. 3. Resonant frequency shift of the QCM for a thin Nafion film (80 nm.)
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room temperature. The final membrane thickness was estimated
from the area, considering that the density of recast Nafion is
1.8 g cm�3 [37]. Films with thickness around 80 nm were also
deposited over the quartz crystal by spin coating using a com-
mercial spin coater (Laurell, WS 650 Lite) at 3000 rpm during 30 s.
The Nafion film deposited outside the sensitive area of the crystal
was carefully removed with an acetone soaked cotton hyssop.

As a checking procedure, the thickness of the nanofilms
deposited on the crystals was measured by AFM in contact mode
using a Veeco–DI Multimode Nanoscope IIIa. The measured
thicknesses were close to the estimated ones using the mass of
Nafion deposited on the working area. The estimated thicknesses
were reported in the results section because they correspond to
average values on the entire area of the QCM.

The Nafion nanofilms for EEP measurements were deposited
from Nafion solutions by spin coating on glass, indium tin oxide
(ITO), silicon, gold, and graphite substrates. Membranes with
thickness in the range 80–1000 nm were prepared by pouring
over the whole substrate area a drop of known volume of 5 wt%
Nafion solution diluted with methanol. All the substrates were
previously cleaned with acetone, ethanol and finally dried with
air. In the case of graphite the working surface was polished to
1000 grade before cleaning. Spin coating was performed on
cleaned substrates at 3000 rpm during 30 s.
2.2. Quartz crystal microbalance

A QCM, described in detail elsewhere, [42,43] was used to
measure the water uptaken by supported nanomembranes
(9–80 nm in thickness) prepared by casting or spin coating over
the quartz crystal. Once the solvent was evaporated and the
membrane became rigid, the quartz crystal was mounted on the
QCM holder contained within a sealed PTFE chamber under a dry
nitrogen stream, to obtain the dry mass of the film. Once the
equilibrium resonance frequency has been reached, the dry nitrogen
was replaced by an air stream previously bubbled across saturated
aqueous salt solutions at 25 1C, and the change in resonance
frequency was measured. This procedure was repeated employing
different saturated salt solutions, in order to measure water mass
uptaken by the film in the range of water activity (aw¼p/p0, p0 being
the saturation water vapour at the working temperature) from 0.33
to 1. The saturated solutions used to control the water activity
were: MgCl2 �6H2O (aw¼0.33), LiNO3 �3H2O (aw¼0.47), NH4NO3

(aw¼0.62), KBr (aw¼0.81) and BaCl2 �2H2O (aw¼0.92). All the
reagents analytical grade were used as received: MgCl2 �6H2O
(Merck), LiNO3 �3H2O (Merck), NH4NO3 (Mallinkrodt), KBr (Merck)
and BaCl2 �2H2O (Mallinkrodt).

Nitrogen and humidified air flow rate were kept as low as
possible, until a steady state resonance frequency was attained.
It was found that QCM reading is modified by stream flow rate, in
such a way that higher flow rate values led to higher film water
uptake values.

The mass change upon sorption was calculated from the
measured resonant frequency shift, Df, by means of Sauerbrey’s
equation [44]:

Df ¼
2nf 0

2

Ar1=2m1=2
Dm ð1Þ

where n is the harmonic’s order (usually n¼1), f0¼107 Hz is the
base frequency of the crystal, A¼0.204 cm2 is the electrode area,
r¼2.648 g cm�3, and m¼2.947�1011 g cm s2 are the density and
shear modulus of the crystal, respectively.

Thus, the dry membrane mass, md, was obtained from the
difference between the resonant frequencies of the naked and dry
film covered quartz crystal. The mass of water, mw, uptaken by
the film was calculated from the difference between the resonant
frequencies of the film equilibrated with water activity aw, and
the dry film.

Fig. 3 shows the time behaviour of the resonant frequency for a
17 nm membrane casted over the quartz crystal, exposed to
humidified air streams of different water activities, including
periods of dryness. It is worth to note that the sorption/deso-
rption equilibrium is reached in time intervals of few minutes.

2.3. Environmental ellipsometric porosimetry

The precision of the water sorption measurements using QCM
deteriorates when nanofilms were thicker than 100 nm. There-
fore, the EEP technique was employed to measure the water
uptake by Nafion nanomembranes of thickness between 80 and
1000 nm, using an environmental ellipsometric porosimeter (EEP,
SOPRA GES5A).

The EEP technique, first reported by Baklanov and co-workers,
[45] is a very powerful technique for studying the evolution of
thickness and refractive index of supported porous thin films at
different humidity conditions. The experimental device is based
on the coupling of a pressure controlled chamber and a variable
angle spectroscopic ellipsometer. Briefly, film thickness and
refractive index values were obtained from the ellipsometric
parameters C and D [46] under nitrogen flux containing variable
water activities from 0 to 1.

In porous films whose thickness does not change significantly
during the water sorption (air inside the pores is replaced with
water), water volume sorbed at each aw value is determined by
modelling the refractive index obtained according to an effective
medium approximation. Sorption–desorption isotherms are then
plotted using the water volume sorbed by the porous film at each
aw value [47–49].

In the case of a Nafion film, the change in thickness during
water sorption as aw increases is remarkable. In this work,
thickness evolution will be used to calculate the water/Nafion
mass ratio at each aw, considering that the assumption of
additivity of the volumes of dry Nafion and water is valid, as
suggested by Morris and Sun [23] from the study of swelling of
Nafion 117 as a function of the water content. Recently, Benziger
and coworkers [50] performed a detailed study of the linear
swelling strain of Nafion and concluded that the excess volume
per water molecule is large for the first four water molecules
adsorbed, and it remains very low at higher water contents. In
fact the swelling strain calculated assuming zero excess volume of
mixing agrees with the experimental results within the experi-
mental error at aw40.2.

In order to relate membrane thickness with water content
using the volume additivity assumption the density of dry Nafion
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Fig. 4. Water sorption isotherm of Nafion 117 membranes and thin Nafion films

determined by QCM. The lines correspond to the fit of the data for Nafion 117 at

20 1C ( � � � � � � � ), 25 1C (——), and 30 1C (———). QCM data: (J) [37] (r80 nm);

(D) [38] (1.5 mm); [39] (’) 30 1C (1 mm); (m) 80 1C (1 mm); (�) 80 1C (33 nm).
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in Hþ form is required. This is not a trivial issue since densities of
unheated recast membranes were found to be 20% lower in water
than that of commercial Nafion membranes and recast mem-
branes heated above 120 1C [51,52]. Thus, for an acid treated
recast membrane with a volume fraction of water equal to 0.33,
the measured density [51] is (1.6770.14 g cm�3), while the
recast membrane heated one hour at 140 1C, recover the density
of the commercial membrane (2.0570.17 g cm�3), with a similar
water volume fraction (E0.10), although a lower density
(1.9070.01 g cm�3) for a dry Nafion 117 membranes has been
reported [53].

The dry recast Nafion membrane density of 1.80 g cm�3,
reported by Paik et al. [54], was used by Krtil et al. [37] to
calculate the thickness of thin Nafion membranes. On the other
hand, if the additivity assumption is used along with the density
reported for the unheated recast membrane, [51] a value of
2.00 g cm�3 is obtained for the dry film, that is, around 10%
higher than that used in previous sorption studies using the QCM
technique.

In this study we decided to adopt 1.80 g cm�3 for the density
of dry Nafion and 1.00 g cm�3 for the density of pure water. The
impact of this choice on the sorption properties of Nafion films
measured with the EEP technique will be discussed in Section 3.2.

Nafion refractive index was determined from the ellipsometric
data at aw¼0 using a Cauchy approximation for transparent
materials [46,55]. The thicker films were selected to obtain more
reliable data; then, the calculated optical constants were fixed in
order to determine the thickness of thinner films. The equilibra-
tion time at each water activity was 20 s, while the measuring
time was 10 s. No differences were observed for longer equilibra-
tion times (180 s).

For both techniques, QCM and EEP, the water uptake of the
Nafion nanofilms was expressed by the number of water moles
per exchange site mole (–SO3H), l, calculated as:

l¼
mwM0

mdMw
ð4Þ

where Mw¼18.016 g mol�1, and M0¼1100 g mol�1 are the water
molecular weight and the Nafion equivalent weight, respectively.
3. Results and discussion

In the next sections we summarize the sorption and swelling
characteristics of Nafion nanomembranes, of thickness between
17 and 1000 nm, supported on different substrates, using the
QCM and EEP techniques. Before that it is important to analyse
briefly the water sorption by bulky Nafion membranes and also
the few results reported in the literature for thin Nafion
recast films.

Water sorption from the vapour by Nafion 117 membranes are
shown in Fig. 4 as the best fits of the data reported in the
literature at 20 1C [28,31], 25 1C [23,25,29,30] and 30 1C
[26,32,33]. Although the dispersion of the data at each tempera-
ture is large over all the range of water activities, the isotherms at
20, 25 and 30 1C almost overlap for aw40.4 and exhibit the
typical BET pattern. In the comparison with water sorption in
thin films we will use the best fit of all the data in this
temperature range.

For comparison with our results in thin Nafion films, only
water sorption data from the vapour is shown in Fig. 4 because
water uptake by Nafion from the liquid phase is higher than the
water uptake from the vapour phase at aw¼1 [27,36]. This effect
is known as Schroeder’s paradox [56], and it seems to disappear
when the membranes are pre-treated by vacuum drying at
temperatures above 110 1C [34]. In Fig. 4 are also included
previous results in thin Nafion membranes [37–39], in order to
emphasize the discrepancies among the results obtained by
different authors using the QCM technique.

The values of l reported by Kritl et al. [37] are similar to those
of the bulky membranes for all the water activities, as can be seen
in Fig. 4. It is worth to note that the water uptake at aw¼1 is
unusually high for sorption from the vapour phase and, unex-
pectedly, the sorption at aw¼0 is not null. The authors quoted
that the water uptake determined with QCM was independent of
the flow rate of humidified air when the flow was kept between
10 and 15 cm3 s�1, contrary to our finding, quoted in Section 2.2,
that a high flow rate led to high water uptake values. Also
Kongkanand [39] pointed out fails in the experiment by Kritl
et al. [37] based on the observed very slow water uptake. The
water uptake reported by Yamamoto et al. [38] for a Hyflon Ion
thin membrane (1.5 mm thick) at 50 1C is much lower than that of
a Nafion membrane 1 mm thick at 30 and 80 1C, as indicated in
Fig. 4. On the other hand, the results by Kongkanand indicates
that the water uptake of the membranes depends on their
thickness, being lower than the values for the bulky membrane
at high water activity, and the water uptake depression becomes
more important for the thinner films.

3.1. Water sorption of ultra-thin (o100 nm) Nafion membranes

The water uptake of ultra-thin Nafion films deposited on the
gold surface of the quartz crystal and determined by QCM
technique is depicted in Fig. 5a. The thickness of the cast prepared
films range from 17 to 88 nm and the sorption of water does not
seem to have a clear dependence on the film’s thickness, although
the water sorption of thinner films (17, 26, and 61 nm) is slightly
lower than that of 80 and 88 nm films, especially at high water
activities in agreement with the results by Kongkanand [39], who
observed slightly lower water sorption on a 33 nm film compared
with a film 180 nm in thickness at a higher temperature 80 1C
than that used in this work.

Fig. 5a also shows the water uptake of a 75 nm Nafion film
determined by EEP. The measurements were performed on a fresh
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Fig. 5. (a) Water sorption isotherm at room temperature of supported ultra-thin

Nafion films determined by QCM (open symbols) and EEP (filled symbols) as

compared to bulky Nafion (solid line). Films supported on gold: (�) 17 nm; (&)

26 nm; (J) 61 nm; (r) 80 nm; (D) 88 nm; (’) 75 nm; (m) 75 nm—10 days

annealing. Film supported on PTFE: ( ) 66 nm. Film supported on glass: (�)

81 nm (dash and dotted lines correspond to isotherms calculated using dry Nafion

density 1.80 g cm�3 and 2.00 g cm�3, respectively); (b) Swelling of an ultra-thin

Nafion film deposited on glass as a function of the water activity during the

sorption (�) and de-sorption (J).
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film and on a film annealed during 10 days. The results indicate
that water sorption in this film is within the range of values of l
determined by the QCM technique for the 80–88 nm films.

The high dispersion is attributed to heterogeneities in the
distribution of the nanoscopic polymer film on the substrate
surface. The extended chain length of Nafion (MwE
2.105 g mol�1) is around 350 nm, but it forms rod-like hexagonal
or cubic arrays in aqueous or alcohol solutions with rod length in
the order of 20–45 nm [57]. Thus, a highly heterogeneous micro-
structure is expected for supported ultra-thin films, with thick-
ness of the order of the rod length, due to the surface roughness.

In order to test the effect of the substrate on the film micro-
structure and, consequently, on the water uptake, we performed
water sorption measurements in films with thickness around 80 nm
on PTFE (using QCM) and glass (using EEP) substrates. The isotherms,
also shown in Fig. 5a, indicate that the 66 nm Nafion film deposited
on PTFE has similar sorption behaviour as those deposited on gold,
while the 81 nm film formed on glass has a higher water sorption but
still remain below the sorption values of the bulky membrane.
Using in situ grazing-incidence small-angle X-ray scattering
(GISAXS), Weber and coworkers [58] have recently shown that
the wetting interaction in the Nafion/substrate interface affects
the orientation of ionomer channels for films around 100 nm
thick. Hydrophobic surfaces favours ionomer domains oriented
parallel to the surface, while films deposited on SiO2 surfaces
exhibit isotropic orientation of the domains, promoting water
sorption and swelling. This study demonstrates that the 2D
confinement of Nafion thin film restricts the swelling in the
out-of-plane direction, and this could be the reason for the lower
water sorption observed in our thin Nafion films compared to the
bulky unsupported membranes.

As mentioned above, the EEP technique measures the film
thickness as a function of the water activity, from which the
water uptake is calculated. The film swelling is measured per-
pendicular to the film surface. In Fig. 5b, the change of thickness
for an ultra-thin Nafion film deposited on a glass substrate is
depicted. The hysteresis during the sorption and de-sorption
steps is very small, indicating that the structural relaxation in
the polymer is accomplished during the process. The thickness of
the dry film is 81 nm, while the extrapolated thickness of the film
at aw¼1 is 100 nm, that is, relative thickness change from dryness
to water saturation is close to 20%. The observed swelling follows
the isotherm pattern of this film plotted in Fig. 5a, calculated
using 1.80 g cm�3 for the density of dry Nafion. The water
sorption of this film calculated using the upper limit density
value of 2.0 g cm�3 for dry Nafion is also shown in Fig. 5a. It can
be seen that the water sorption is independent of the dry Nafion
density at low water activities, while it is around 10% lower in the
high water activity region, indicating that this choice of density
makes the water sorption of the thin Nafion films even much
lower in relation to bulk membranes.

The low water sorption and swelling characteristics of Nafion
very thin films (o100 nm) should affect other relevant properties
for understanding the transport processes in the three phase
region of PEM fuel cells. This has been corroborated by studies of
proton conduction in Nafion films obtained by spin coating [22]
and Nafion adsorption [59]. The decrease of conductivity with
decreasing thickness may be due to the hindrance of water
sorption and the increased activation energy for proton conduc-
tion in the thin films would indicate a change from a Grotthuss to
a surface diffusion mechanism as the amount of water in the film
nanochannels is reduced by the substrate effect.

3.2. Water sorption of thin Nafion films: Effect of thickness and

aging

We have prepared thin Nafion films on glass in order to test
the effect of thickness on the water uptake of these supported
films. The thickness (dry films) range between 81 and 1028 nm
and in all cases the water sorption and swelling were determined
by the EEP technique.

The measurements were performed after aging the samples as
indicated in Table 1. The results, summarized in Fig. 6, indicate
that the water uptake on films aged up to two days (open
symbols) are, on average, between 1 and 2 l units higher than
those measured on films aged for periods between 10 and 30 days
(grey symbols), all over the range of water activities. The averaged
water uptake at aw¼0.9, interpolated for the different films, is
l¼8.070.5 for fresh films (aged up to two days) and l¼7.070.6
for those aged 10–30 days. This effect is more clearly shown in
the case of samples 4 and 5 (Table 1): A film of dry thickness
534 nm which was measured after 2 days (sample 4) and 30 days
aging (sample 5). Although the dry thickness of the film kept
almost unchanged, the water uptake at aw¼0.9 decreased from
l¼8.30 down to l¼7.25.



Table 1
Thickness, treatment and water uptake at aw¼0.9 of Nafion thin films deposited

on glass.

Sample Thickness dry

film (nm)

Thickness at

aw¼1 (nm)

Elongation

(%)

Treatment l at

aw¼0.90

1 81 100 23 Aged 10 days 6.40

2 305 395 30 Aged 2 days 7.55

3 518 655 26 Aged 15 days 6.55

4 534 704 32 Aged 2 days 8.30

5 536 684 28 Aged 30 days 7.25

6 622 788 27 Aged 30 days 7.65

7 663 860 30 Aged 30 days 7.10

8 954 1257 32 – 8.30

9 983 1291 31 – 8.10

10 983 1233 28 Heated 1 h at

60 1C

7.13

11 1028 1377 34 Aged 2 days 7.96

λ

Fig. 6. Water sorption isotherms of thin Nafion films supported on glass

determined by EEP, at room temperature, as compared to bulky Nafion (solid

line). Open symbols correspond to samples aged up to 2 days, grey symbols to

samples aged 10–30 days and closed symbols to the thermically annealed sample

10. Thickness: ( ) 81 nm; (D) 305 nm; ( ) 518 nm; (&) 534 nm; ( ) 534 nm

annealed; ( ) 622 nm; ( ) 663 nm; (�) 954 nm; (r) 983 nm; (.) 983 nm

thermically annealed; (J) 1028 nm. The thin solid lines correspond to the best fit

of the fresh and annealed films, and the dashed line to the best fit of the thermally

annealed film.
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Fig. 7. Water sorption at aw¼0.9 of a Nafion film (dry thickness: 320 nm)

deposited on glass as a function of time. The water uptake is expressed as the

ratio mass of water (mw) per mass of dry Nafion (mN).
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Sample 10 is the same film as sample 9, measured just after
prepared, except that it was heated at 60 1C during 1 h. The
results in Fig. 6 (closed symbols) and Table 1 show that this gently
thermal annealing produces a decrease in the water uptake, at
aw¼0.9, from l¼8.10 to l¼7.13, which is similar to the value
obtained with a long aging at room temperature.

In summary, these results on a glass support seem to demon-
strate that, contrary to the observed for ultra-thin films supported
on gold, there is no thickness effect on the water uptake of
supported thin Nafion films. Independently of their thickness, the
fresh films uptake more water than those aged for more than 10
days, probably as a consequence of a slow relaxation of the
polymer microstructure.

According with the above mentioned GISXAS studies [58], the
thermal annealing of Nafion thin films induces the formation of
crystalline domains near the substrate interface, reducing the
water uptake. Our results would indicate that the increase of
Nafion cystallinity induced by thermal annealing could also occur
at room temperature by a slow structural relaxation.

A simple experiment was then performed to validate this
argue: A Nafion thin film (320 nm) was deposited on a glass
substrate and its water sorption was followed during more than
40 days using the EEP technique. The results, shown in Fig. 7,
indicate that the water sorption measured at aw¼0.9 decreases
almost exponentially, with a relaxation time of approximately six
days. Thus, the results described above can be rationalized in
terms of the slow polymer relaxation to form crystalline domains,
a fact that need to be confirmed, for instance, using the GISAXS
technique on samples with different aging treatment.

The increase of thickness during the water uptake is shown in
Table 1. Fresh films at aw¼1 exhibit thickness 32% higher than
dry films, while the average elongation for aged films is 28%.
Clearly, the film elongation in the direction perpendicular to the
surface is related with the water uptake and it is independent on
the film thickness.

Thampan et al. [60] reported that the volumetric swelling of
bulky Nafion upon hydration is 43%. Film volume increases 14% in
the thickness direction, 14% in the lateral axis, and 10% in the
extrusion orientation. Nandan et al. [53] measured a 9.5% thick-
ness increase in a bulky Nafion membrane. Our results indicate
that the thickness of the supported thin films increases more
upon hydration (approximately by a factor 3) than bulky mem-
branes. That is, the restriction to lateral swelling in supported
membranes enhances the swelling perpendicular to the substrate,
but this unidirectional swelling does not reach the values of the
volumetric swelling in bulky membranes. In support of this
argument we prepared a Nafion film, ca. 500 nm in thickness,
on glass and determined its area using image software (Motic
Images Plus 2.0). The glass-supported film was then equilibrated
in water vapour (aw¼1) and also immersed in liquid water and its
area was determined in each case. The results summarized in
Table 2 show that the area expansion upon hydration is lower
than 2%.

3.3. Water sorption of thin Nafion films: Effect of the substrate

Table 3 summarizes the thickness of aged dry thin Nafion films
deposited on different substrates, along with thickness values
upon hydration and the corresponding elongation. Water sorption
isotherms are depicted in Fig. 8, where it is seen that water
uptake of films deposited on hydrophilic Si and glass surfaces are
very similar. On the other hand, the sorption of films over



Table 2
Area expansion upon hydration of a Nafion mem-

brane, 500 nm thick, supported on glass.

Membrane treatment Area (cm2)

Dry 1.12770.001

Equilibrated 150 in water

vapour

1.15070.004

Equilibrated 300 in water

vapour

1.14670.006

Inmersed in liquid water 1.14270.004

Table 3
Thickness, treatment and water uptake at aw¼0.9 of Nafion thin films deposited

on different substrates.

Substrate Thickness dry

film (nm)

Thickness at

aw¼1 (nm)

Elongation

(%)

Treatment l at

aw¼0.90

Si 396 512 29 Aged 30

days

7.60

Glass 536 684 28 Aged 30

days

7.20

Gold 605 740 22 Aged 10

days

5.75

Graphite 318 372 17 Aged 10

days

4.58

ITO 606 719 19 Aged 40

days

4.32

λ

Fig. 8. Water sorption isotherm at room temperature of thin Nafion films,

determined by EEP, supported on different substrates as compared to bulky

Nafion (solid line): (}) ITO; (r) glass; (J) Si; (&) Au; (D) graphite.
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hydrophobic graphite and ITO surfaces is much lower, being the
sorption on gold supported films intermediate between both
types of surfaces. It is interesting to note that the elongation on
Si and glass is consistent with the water sorption values.

Nafion’s charged side chain is the hydrophilic part of the
polymer, being the Teflon-like backbone the hydrophobic one.
Neutron reflectrometry studies [61–63] on thin Nafion films have
revealed that different layer structures of Nafion exist in contact
with glassy carbon and Pt substrates. Hydrophobic or less hydro-
philic domains are assumed to form on Pt and glassy carbon,
being considered as experimental evidence that the interfacial
and long-range structural properties of Nafion are affected by the
substrate.

The excess of water uptake by the hydrophilic surfaces as
compared to the hydrophobic ones could have two contributions:
A higher affinity for water of the Nafion-substrate interfacial
region, and a larger extension of the polymer chain when it is
attached to the substrate by the hydrophilic charged side chain.
The different wetting interactions observed in GISAXS experi-
ments [58] for hydrophobic and hydrophilic substrates, leading to
surface-parallel or isotropic orientation of crystalline domains is
obviously related with the second contribution.
4. Conclusions

The water uptake by ultra-thin and thin Nafion films with
thickness between 17 and 1000 nm were measured on different
substrates at room temperature by QCM and EEP techniques. The
water uptake, measured as number of water molecules per ionic
group in the polymer, is much lower than that observed in bulky
Nafion 117 membranes. Water sorption is independent of the film
thickness for thin Nafion films (80–1000 nm) supported on glass,
but is slightly dependent on the thickness for ultra-thin films
supported on gold (QCM experiments). It should also be noted
that water sorption determined for the 605-nm thick film
supported on gold (Table 3) is higher than that observed in for
the ultra-thin films. This behaviour is similar to that observed in a
recent QCM study [39] performed at higher temperature (80 1C),
but differs significantly from others QCM studies of thin Nafion
films reporting either, a water sorption similar to bulky mem-
branes [37], or a very low water uptake [38].

On the other hand, we observed that the water uptake
depends on the aging and mainly on the type of substrate. The
hydrophilic substrates (Si, glass) show higher water sorption than
the hydrophobic ones (graphite, Au, ITO), although all of them
sorb less water than bulky membranes. The differences in water
uptake between bulk membranes and thin supported films are
more evident near aw¼1, that is, close to the conditions of
interest in PEM fuel cells.

The density of the dry Nafion film reported in the literature
varies between 1.80 and 2.00 g cm�3 and experimental revision is
required in order to validate the water sorption measured by the
EEP technique. In this work, we adopted the lower bound density
value, which yields to upper limit values for the water sorption.
The use of the upper bound would just reinforce the conclusions
obtained when comparing thin and bulky films.

The water uptake of thin and ultra-thin films changes with
aging. The long aging times required for observing water sorption
differences indicate that the relaxation of the backbone and the
side chains of the polymer are very slow. The relaxation time,
determined by following the water uptake as a function of time, is
of the order of days and it seems to be complete for films aged
more than 10 days, and could be related with the slow reorienta-
tion of crystalline domains, as suggested by GISAXS studies [58].

The film swelling (elongation) in the direction perpendicular
to the film, obtained from the ellipsometric data, is much higher
than the expansion of bulky membrane upon hydration in the
same direction. The elongation is also dependent on the nature of
the substrate, but independent of film thickness.

Finally, the relevance of these results in the modelling of the
three-phase region of proton exchange membrane fuel cells is
worthy of mention. Watanabe et al. [64] studied the effect of
Nafion thickness on electrocatalytic properties for hydrogen
oxidation and oxygen reduction on Nafion-coated Pt electrodes.
It was found that a Nafion film thickness lower than 200 nm is
required to avoid the diffusion of the reactant gases to catalyst
sites being the rate-determining step. This critical thickness is
within the range of the Nafion nanofilms studied here, although
the film thickness was estimated using the density of dry Nafion.

Continuous microscopic [65] (including Schroeder’s paradox)
and multiscale [66] irreversible thermodynamics models of trans-
port processes in an electrochemical fuel cell interface, use
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essentially sorption parameters of bulky Nafion, and they are
expected to overestimate the hydration level of Nafion in the
three-phase region.

It has been also shown by molecular dynamics (MD) simula-
tion of a model polymer–catalyst–carbon interface, [67] that the
diffusion of water and oxygen in the thin Nafion layer covering
the catalyst particles varies according to the contribution of
different mechanisms, whose relative weights are a function of
the water content, which was fixed by the authors with values
typical of bulky Nafion membranes. On the other hand, MD
simulations aiming to determine the water content dependence
of the critical size of the gap between a catalyst nanoparticle and
the Nafion membrane for proton conduction, [68] should also rely
on sorption data on nanosized Nafion films, as those present in
the three-phase region and studied in this work.
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