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Abstract

This nanorheological study addresses the water transport hindrance in perfluorinated ionomer membranes (Nafion® H+ form) in conjunction
with structural relaxation properties of the polymer matrix. A low-temperature relaxation of the “dry” Nafion® matrix at 79 ◦C, about 35 ◦C below
the glass transition temperature, was found to be responsible for a steady improvement of the water transport above 70 ◦C. The low-temperature
structural transition at 79 ◦C was observed for the dehydrated membrane, and thus, is specific to the polymer matrix and not a sole consequence
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f the kinetics of the solvent-containing aggregates within the apolar perfluorocarbon matrix. Water was found to be trapped within a hydrated
erfluorinated ionomer membrane below 70 ◦C. The direct observation of water transport is possible with a novel scanning force microscopy
SFM) method, flux-lateral force microscopy (F-LFM). With this technique, local fluid permeation fluxes are directly obtained at the membrane
ownstream surface. The structural transition properties were acquired by another highly sensitive nanoscopic technique, shear modulation force
icroscopy (SM-FM).
2006 Elsevier B.V. All rights reserved.
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. Introduction

To date, the most widely used polymer electrolyte membrane
PEM) material in fuel cell application is Nafion®, an ionic
opolymer (ionomer). It consists of a poly(tetrafluoroethylene)
ackbone with short perfluoro-polyether pendant side chains ter-
inated by ionizable sulfonate groups. When swollen in a polar

olvent (water or alcohols), a complex organized structure is
esponsible for excellent ionic conductivity and electrochemi-
al and chemical resistance [1,2]. Our current understanding of
he Nafion® structure is that it resembles a three-dimensional
rray of inverse micelles that are interconnected by short chan-
els acting as transient crosslinks [3]. The micelles, 30–50 Å in
ize, consist of ionic end groups from the side chains that are
lustered together in solvent-containing aggregates within the
polar perfluorocarbon matrix [1].

∗ Corresponding author. Tel.: +1 206 543 4353; fax: +1 206 543 3778.
E-mail address: roverney@u.washington.edu (R.M. Overney).

Nafion® membranes are rigid systems with poor proton con-
duction unless a polar solvent is absorbed. For insufficiently
hydrated Nafion® membranes, the proton transport is slow, and
thus, the conversion efficiency negatively affected [4]. On the
other hand, excess water can lead to cathode flooding in the
system, resulting in a reduced efficiency [5]. Good water man-
agement usually requires balancing the electro-osmotic drag and
diffusion of water [6,7]. It has been realized that the microstruc-
tural properties of the membrane are very important in explain-
ing solvent swelling [8,9].

Besides water transport, the gas permeability, particularly
of oxygen and hydrogen, is of significance for an effective
PEM membrane operation. Originally, it was argued that the
gas mainly permeates either through the hydrated ionic cluster
region [10], or through the hydrophobic amorphous region
of the membrane [11]. However, recent experiments have
shown that both regions have to be considered for gas transport
[12].

Considering the complexity of Nafion® intertwines a rhe-
ological polymer cluster network with the intricacy of sol-
vent swelling and ionic conductivity, it would be desirable to
376-7388/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.12.055
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investigate gas transport and swelling in conjunction with the
rheological relaxation properties of the polymer matrix. In the
late 1970s and 1980s, Eisenberg and coworkers devoted great
efforts towards a proper determination of the rheological prop-
erties of Nafion® on a macroscopic level with indications of
a likely structural relaxation tens of degrees below the glass
transition temperature [1,13–15]. In 1995, Sen et al. argued
the possibility of a structural change within Nafion® around
80–90 ◦C based on a viscosity curve analysis [16]. Over the
past decades, the main focus has been on the solvent swollen
membrane. Early on, Riecke and Vanderborgh found that a
decrease in resistivity around 80–90 ◦C is due to a reduction
in the activation barriers for proton motion, i.e., interpreted
their results with the availability of water to ionize the sul-
fonic acid groups [17]. However, the fundamental question still
remained: what makes water flow, or restricts its flow through the
membrane?

With this paper, we address the combined effect of Nafion’s®

water transport ability and its structural polymer matrix relax-
ations below the glass transition. Shear modulation force
microscopy (SM-FM) [18], a scanning force microscopy (SFM)
mode, was used to investigate the possibility of rheological
transitions at low temperatures of Nafion®. Local mass trans-
port was studied with flux-lateral force microscopy (F-LFM),
a novel SFM mode. The introduction of a microscopic method
to the mass transport analysis in PEM fuel cells is motivated
b
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2. Experimental

2.1. Materials

Highly purified Nafion® was used for structural relaxation
analysis involving SM-FM, Fig. 1, to avoid surface contamina-
tion of low molecular weight materials, as SM-FM is a highly
sensitive surface contact mechanical method. The Nafion® film
was spin cast from a Nafion® perfluorinated ion-exchange resin
(Product number 274704, Sigma–Aldrich Inc.) onto a silicon
(1,1,1)-oriented wafer (Mitsubishi Silicon America) at 53.58 Hz
(3215 rpm) with a spin coater (P6204, Specialty Coating Sys-
tems) and annealed at 135 ◦C for 65 min under vacuum (VWR
brand). Prior to spin casting, the silicon wafer was sequentially
rinsed with acetone (15 min), methanol (30 min) and DI water.
The Nafion® perfluorinated ion-exchange resin (H+ form) con-
tained 5 wt.% solution in a mixture of lower aliphatic alcohols
and water (20%), with an equivalent weight (EW) of 1100 [24].
The Nafion® film thickness was 241 ± 2 nm determined by pro-
filometry (KLA Tensor Alpha-Step 500).

The sample, investigated with F-LFM concerning its water
transport behavior, was a commercial Nafion® 115 membrane
(EW of 1100, FuelCellStore.com, Boulder, CO), chosen to be as
close as possible to a conventional membrane electron assem-
bly (MEA) in an actual PEM fuel cell device. The membrane
was glued with a 5 min epoxy gel (ITW Devcon) on a custom-
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y current miniaturization trends in PEM technology involving
nterfacially confined polymer matrices [19]. Spatial confine-

ent, as shown for ultrathin films, can invoke changes in the
olymer relaxation dynamics [18,20–23] and consequently lead
o alterations of transport properties.

ig. 1. Illustration and schematic of the SM-FM set-up. A representative SM-F
s identified by the kink in the plot.
ade copper ring with an inner diameter of 0.254 cm (0.1 in.)
nd an outer diameter of 2.54 cm (1 in.) that fits into the F-LFM
embrane chamber, Fig. 2. Prior to gluing, the copper ring sur-

ace was roughened with a scalpel to enhance the strength of the
afion®–epoxy–copper interface and to prevent delamination of

t of polystyrene is shown at bottom right. The glass transition temperature, Tg,
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Fig. 2. F-LFM set-up: a combination of a LFM and a membrane chamber. The
membrane chamber consists of (a) membrane sample on a copper ring support,
(b) membrane chamber cap, (c) pressure gauge and (d) chamber base. The inset
illustrates a friction loop in LFM.

the Nafion® membrane at elevated temperatures and pressures.
The membrane was exposed to humid air prior to F-LFM exper-
iments, and thus, was saturated with water. Within the nitrogen
glove box, the membrane was exposed to a 94% RH (relative
humidity) hydrated nitrogen gas stream at the upstream side,
while the cantilever facing the downstream side experienced a
relative humidity of less than 10% at ambient pressure and tem-
perature.

2.2. Instrumentals

This study involved two scanning force microscopy analysis
methods: (a) stationary shear modulation force microscopy [18]
and (b) flux-lateral force microscopy [25,26]. While SM-FM
is an established method for determining rheological transi-
tions, F-LFM is a novel instrumental technique for nanoscale,
in situ mass transport evaluations of membrane systems. Both
instrumental approaches involve a stand-alone commercial scan-
ning probe microscope (SPM) (Explorer, Veeco Instruments),
and bar-shaped uncoated silicon cantilevers (NanosensorsTM,
normal spring constant of ∼0.1 N/m, torsional spring constant
∼80 N/m).

2.2.1. Shear modulation force microscopy
SM-FM is a non-scanning nanorheological method that is
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kc = 8G*a, where G* and a are the reduced shear modulus and
the contact area, respectively [30]. By maintaining a station-
ary tip contact at a constant load, changes in the contact area
occur due to creep. The experimental observable in SM-FM is
the shear modulation response amplitude that reflects changes
in normal and shear modulus of the material. The response
amplitude is recorded and plotted as a function of the tem-
perature. Thermally-activated transitions in the material, such
as the glass transition, are determined from the “kink” in the
response curve, as illustrated in Fig. 1. In this study, an applied
load, FA, of 79 ± 10 nN, modulation amplitudes on the order of
nanometers, and a frequency range of 3.7–4.3 kHz were used.
The sample temperature was increased stepwise by 1.0 ◦C using
a temperature controller from MMR Technology (Model K-20).
SM-FM experiments were conducted in a glove box under a
dry nitrogen atmosphere with relative humidity below 10%.
The SM-FM system temperature reading was calibrated with
bulk polystyrene (PS) films (atactic polystyrene from Polymer
Source, MW = 96.5, MW/MN = 1.04) of thickness greater than
200 nm. The uncertainty of the temperature controller was found
to be ±0.1 ◦C. A schematic of the SM-FM experimental set-up
is provided in Fig. 1.

2.2.2. Flux-lateral force microscopy
In typical LFM experiments, the cantilever is scanned at a
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ell suited for surface rheological studies involving thermally
ctivated transitions or relaxations. It has been used for deter-
ining structural phase transitions in thin films, e.g., glass

ransitions [23,28,29]. SM-FM involves a nanometer-sharp SPM
antilever tip that is brought into contact with the sample surface,
s sketched in Fig. 1 [18,29]. While a constant load is applied,
he probing tip is laterally modulated by an input waveform from
function generator (SP830, Stanford Research Systems) with
“no-slip” nanometer amplitude, i.e., a small enough amplitude

hat guarantees no relative probe-sample slippage. The modula-
ion response is analyzed using a two-channel lock-in amplifier
Model 8300, Perkin-Elmer) by comparing the response sig-
al to the input signal. The response amplitude is a measure of
he contact stiffness, kc, and if expressed in a fully elastic limit
onstant velocity over the sample surface while the torsional
eflection of the lever is recorded [25]. Due to friction, forward
nd reverse scanning traces exhibit a hysteresis loop as sketched
n the inset of Fig. 2. This is referred to in the literature as friction
oop [25]. The friction loop, reflecting twice the value of the fric-
ion force, was recorded with an oscilloscope (Model 54624A,
gilent). Absolute friction forces were determined utilizing a
lind calibration method (see Appendix A) [31]. It is with this
icroscopic lateral force technique that local permeate fluxes

hrough membrane systems can be recorded. The F-LFM com-
ines a membrane holding chamber with a LFM as sketched
n Fig. 2. The recorded friction force deduced from the friction
oop is found to be sensitive to the inlet gauge pressure of the
ermeate stream, as shown in Fig. 3 involving three flux calibra-
ion standard samples (MFI zeolite membranes, micropore sizes
f ∼0.5 nm [32]). The effluent nitrogen gas stream acts as a “gas
ubricant” to the cantilever-sample contact. It has been experi-

entally ascertained that the friction force is a linear function of
he gauge pressure, and its slope is a direct measure of the perme-
tion flux. This is illustrated in Fig. 3 on MFI zeolite calibration
tandard samples. The deduced friction force–pressure gradient,
k, from the F(P)k = −mkP + bk relationships in Fig. 3 (k = 1, 2

nd 3 identifying the three calibration standard samples), pro-
ides a calibration factor of 13.1 N mol−1 s−1 m−2 when related
o the conventionally determined permeabilities of the zeolite

embranes, Fig. 3 inset. A reversed sign orientation of mk was
hosen to present the data in registry with nitrogen permeation
hanges. Conventional gas permeation experiments involved a
acuum system with a calibration receiving cylinder. The F-LFM
nalysis of the Nafion® membrane was conducted at membrane
emperatures ranging between 22 and 95 ◦C, and a hydrated
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Fig. 3. F-LFM flux calibration: friction–pressure plots of calibration standards.
Inset: the linear correlation between the conventionally measured permeability
and the friction–pressure gradients, mk, provides a flux calibration factor of
13.1 N mol−1 s−1 m−2.

nitrogen inlet gauge pressure of 5–60 kPa. To achieve steady con-
ditions, lateral force measurements were recorded after 30 min
following an increase of the inlet nitrogen pressure at each tem-
perature, and 1 h after adjusting the membrane temperature. The
friction measurements were performed over a 1 �m scan range
at a velocity of 1 �m/s.

3. Results and discussion

A vacuum-annealed dehydrated thin Nafion® film on silicon
was analyzed with SM-FM under dry nitrogen atmospheric con-
ditions (RH < 10%). The objective was to investigate whether the
solvent-free Nafion® matrix exhibited low-temperature reorga-
nizations (relaxations) below the glass transition temperature.
The shear response, in terms of a lateral deflection force, is
plotted in Fig. 4 as a function of the temperature. Two dis-
tinct transition peaks are recognizable, one at 79 ± 1 ◦C and
the other one at 116 ± 1 ◦C. The high-temperature transition
value of 116 ◦C corresponds to the reported bulk glass tran-
sition temperature values of 110 ◦C [13]. At 79 ◦C, a signif-
icant reorganization of the material leads to a drop in the
internal pressure of the material, similar to the glass tran-
sition. At such transitions, the cantilever tip sinks in until
the contact area increases to a degree that the pressure is
equilibrated. Typically, changes in the contact area dominate
changes in the modulus in nano-experiments [23]. Due to
t
o
d
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o
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Fig. 4. SM-FM analysis of dehydrated Nafion® (EW of 1100) measured at
79 ± 10 nN applied load. Shear response forces reveal two transition tempera-
tures that identify three regimes. Regime I and III reflect the glass state and the
rubber melt state of Nafion®, respectively. Regime II encompasses the creep
regime over which the cantilever sinks into the polymer matrix to equilibrate the
contact pressure, and the saturation regime that defines the phase between the
glass and rubber states.

modifications of the contact zone can be neglected, as the contact
stiffness remains constant.

As stated above, only a handful of studies have addressed
the possibility of structural reorganizations in perfluorinated
ionomer membranes at the critical operational temperature
of ∼80 ◦C for fuel cell operation [16,33]. With F-LFM, we
explored the impact of the structural reorganization at 79 ◦C
on water transport in a commercial Nafion® 115 PEM mem-
brane. The membrane was placed onto the airtight membrane
holding chamber, Fig. 2, through which it was exposed to a
hydrated nitrogen gas on the upstream side. The downstream
side of the membrane, kept dry with nitrogen (<10% RH), nitro-
gen environment, was probed by a cantilever tip at a constant
sliding velocity. From the friction loop, friction forces were
determined as a function of the applied gas pressure and the
applied cantilever probing-load over a temperature range of
22–95 ◦C. Fig. 5 shows representative friction–pressure rela-
tionships recorded at 75 ◦C, which is below the low-temperature
relaxation of Nafion®, at two different cantilever loads. The
slope of the friction–pressure plot, i.e., the friction–pressure
gradient, is related to the amount of hydrated nitrogen gas per-
meation through the membrane. The friction force decreased as
the inlet gas pressure increased, in accordance to the above dis-
cussed calibration on zeolite membranes. The friction–pressure
gradient is a measure of the nitrogen permeability, as in the case
of the zeolite membranes. The friction force, F, increased with
t
F

m
F

he lack of contact area determination in SFM experiments
f compliant materials, only forces but no pressures can be
educed.

The region between the low and high-temperature transitions,
ighlighted in Fig. 4 as region II, represents the creep regime,
ver which the internal pressure change is equilibrated in the
ontact zone of the probing tip by increasing the contact area.
t is important to point out that below 79 ◦C thermally induced
he applied load according to Amonton’s law (F = µFN), where
N is the normal load and µ is the friction coefficient.

Friction–pressure gradients as a function of the temperature,
(T), of the Nafion® 115 PEM membrane are presented in
ig. 6a. Neither a qualitative nor an absolute dependence on
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Fig. 5. Representative F-LFM analysis of hydrated nitrogen flow through a
Nafion® 115 PEM membrane at 75 ◦C.

the probing load is observed. Up to a temperature of 70 ◦C,
m(T) increases steadily, as found for the permeability of nitro-
gen through Nafion® [10–12,34–36]. A significant increase in
the transport properties is observed above 70 ◦C. Between 70 ◦C
and the low-temperature matrix relaxation at 79 ◦C, discussed
above with Fig. 4, two distinct signal responses occur in the
m(T) plots of Fig. 6a, highlighted in Fig. 6b, one belonging to
the enhanced nitrogen transport and the other one to water trans-
port. As there is not enough information available regarding the
lubricating impact of neither nitrogen nor water, the two signals
cannot be assigned unequivocally to either of the two fluids.
Considering the steady extension of m(T) from below 70 ◦C, it
can be argued that the lower dotted trend line in the temperature
interval between 70 and 79 ◦C represents the nitrogen flux, and
the upper dotted-dashed trend line represents the onset of water
transport in the Nafion® membrane. The data representation of
the lower dotted trend line is improved at higher loads.

Above 79 ◦C, the sign of m(T) was found to be reversed,
indicating that the friction force increases with pressure. In this
regime, the cantilever experiences a water-swollen membrane
with masked nitrogen transport and dominant water transport.
In contrast to the “incompliant” zeolite membrane, the Nafion®

polymer membrane is elastically and plastically deformed by
the tip, which exerts pressures in the contact zone on the order
of 100 MPa [21]. Particularly plastic deformations can dominate
any other source of frictional dissipation. Thus, as the qualitative
b
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Fig. 6. (a) Friction–pressure gradients of the Nafion® 115 PEM membrane as a
function of the temperature at applied loads of 13 nN (triangle) and 38 nN (dot).
The regime up to the vertical dashed line at 70 ◦C reflects an increase in the
nitrogen flux (visually enhanced by the dotted trend line). Nominally increased
fluxes are observed above 70 ◦C, and below the low-temperature matrix relax-
ation of dehydrated Nafion® at 79 ◦C (indicated by the second vertical dashed
line). Above the 79 ◦C mark, the force pressure gradient is reversed, reflect-
ing the changes of the water-swollen PEM membrane. (b) Enlargement of the
transition region where the onset of water transport is recognizable. Water and
nitrogen transport occurs simultaneously as indicated by the shaded area. Two
distinct signal responses occur in between 70 and 79 ◦C, indicative of the two
transports of nitrogen (dotted line) and water (dotted-dashed line).

4. Conclusions

To obtain a fundamental understanding on the intricacy of
structural relaxations within PEM membranes and mass trans-
port properties of the membranes, it is necessary to study local
fluid fluxes in parallel to relaxation properties. Nanoscopic meth-
ods of SM-FM and F-LFM were introduced for in situ analyses
of local fluxes and structural relaxation properties. Rheologi-
cal material relaxations in Nafion® were studied in conjunction
with the water transport properties of Nafion® around its typical
operation temperature of ∼80 ◦C.

A structural transition at 79 ◦C, about 30–40 ◦C below the
glass transition temperature of Nafion® (H+ form), was found for
ehavior of m(T) below 79 ◦C is a direct consequence of nitrogen
nd water permeation, above 79 ◦C m(T) is dominated by the
eformation properties of the swollen Nafion® membrane.

As in the case of any glass former, where the calorimetric
lass transition can be understood as the “midpoint” tempera-
ure over which the transition occurs, we should also consider
hat the low-temperature transition at 79 ◦C is such a midpoint
emperature. Hence, the 70 ◦C mark, at which the nitrogen and
ater transport is affected, can be inferred to be within the tem-
erature regime over which the low-temperature relaxation in
afion® occurs.
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the dehydrated membrane. Local flux measurements of hydrated
nitrogen show that water is trapped within the polymer mem-
brane below the low-temperature structural transition, which
explains the poor proton transport efficiency of the Nafion® per-
fluorinated ionomer membrane at temperatures below ∼80 ◦C.

It is important to note that the low-temperature structural tran-
sition at 79 ◦C was observed for the dehydrated membrane, and
thus, is specific to the polymer matrix and not, as frequently
assumed, a sole consequence of the kinetics of the solvent-
containing aggregates within the apolar perfluorocarbon matrix.
This is good news from an engineering perspective, as it is easier
to control the polymer relaxation properties through appropri-
ate molecular synthesis than to control the kinetics of such a
complex solvent–polymer system. One of the remaining tasks
is to pinpoint the molecular or submolecular origin for the low-
temperature structural transition to obtain a handle for desired
alterations in the molecular design of Nafion®.

We believe that the two introduced microscopic techniques
(F-LFM and SM-FM) show great potential as “local probes” for
studying the intricacy of flux and relaxation properties of modern
heterogeneous composite materials used for organic electrolyte
systems. Future tasks will involve the extension to other gaseous
permeates such as oxygen, hydrogen and methane, but also liq-
uid permeates such as methanol that are relevant fuel to cell
technology.
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The cantilever’s lateral (i.e., torsional) spring constant is
determined by means of friction comparison, utilizing the
well-calibrated friction coefficient µ = 0.18 ± 0.03 (RH < 10%)
between a silicon cantilever and a silicon calibration surface
specifically prepared for this purpose (see below) [31]. The lat-
eral force can be expressed as

FL = µFN = Γ�IL, with �IL = mcalFN, (A.3)

where FN = kN�z (�z normal deflection) is the normal force and
mcal is the ratio between the lateral force signal change and the
normal force change. We refer to the experimentally determined
mcal as the dimensional friction calibration factor. As per Eq.
(A.3), the torsional geometry factor, Γ , is given as the ratio
of the friction coefficient µ and the experimentally determined
calibration factor:

Γ = µ

mcal
. (A.4)

With the knowledge of Γ , the lateral photodiode signal can
be directly converted into an absolute lateral force in Newtons,
via Eq. (A.1).

Although not necessary here, sometimes it is desirable to
know the lateral cantilever stiffness kL, which is defined as

FL = kL�x, (A.5)
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ppendix A

For a cantilever without reflecting coating, the torsional
eometry factor of the cantilever Γ , linearly relating the lateral
orce

L = Γ�IL, (A.1)

ith the lateral photodiode signal, �IL, is generally only in need
f two parameters: the normal spring constant, kN [31], and a tor-
ional spring constant. The Young’s modulus, E, and the density,
, of the cantilever material (silicon), and the cantilever length,

, and width, w, are typically provided by the manufacturer. The
ormal spring constant can be determined with an accuracy of
10% from resonance measurements using the following rela-

ionship [37,38]:

N = Ewt3

4l3
with t = 6.190415

√
ρ

E
f1l

2, (A.2)

here t is the lever thickness and f1 is the measured first res-
nance frequency in normal direction of the cantilever. In this
tudy, the Young’s modulus and density were 1.69 × 1011 N/m2

nd 2.33 × 103 kg/m3, respectively.
here �x represents the lateral deflection distance. To obtain
L, the sensitivity of the laser beam detection scheme has to be
etermined. Assuming that the sensitivity in the normal direction
s the same as in lateral directions, the sensitivity factor, S, con-
erts the photodiode signal, �IN, into a normal distance, �z.
t is generally obtained from force displacement (FD) curves,
rovides the means to express FL as

L = kLS�IL. (A.6)

Combined with Eq. (A.1), it follows:

L = Γ

S
. (A.7)

This blind calibration method strongly depends on a reliable
eproduction of the surface that is used for the calibration. A
ard silicon 〈0 0 1〉 surface is used as the calibration standard
n our laboratory. The assumingly non-compliant silicon 〈0 0 1〉
urface is chemically treated to obtain a stable oxide surface,
hich should not be confused with stripping or hydrogen passi-
ation techniques, e.g., HF treatments, which remove the surface
xide layer and render a very reactive surface, and thus, unstable.
he procedure requires sequential sonication of the silicon cali-
ration sample: first in acetone for 15 min, then in methanol for
0 min (HPLC grade from commercial sources). The sample is
hen rinsed with ultra-pure water. Finally, the silicon calibration
tandard is heated above 100 ◦C in a low humidity environment,
referably in a vacuum oven, to remove excess water. This pro-
edure provides reproducible calibration samples for up to 2 h,
epending on the post-treatment environmental conditions, i.e.,
elative humidity. Our calibration is generally obtained in a dry
itrogen environment (RH < 10%).
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