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Nafion
hR is a commercially available perfluorosulphonate cation exchange membrane

commonly used as a perm-selective separator in chlor-alkali electrolysers and as the
electrolyte in solid polymer fuel cells. This usage arises because of its high mechanical,
thermal and chemical stability coupled with its high conductivity and ionic selectivity,
which depend strongly on the water content. The membrane was therefore studied in
different states of hydration with two complementary techniques: atomic force microscopy
(AFM) and small angle X-ray scattering (SAXS) combined with a maximum entropy
(MaxEnt) reconstruction. Tapping mode phase imaging was successfully used to identify
the hydrophobic and hydrophilic regions of Nafion. The images support the MaxEnt
interpretation of a cluster model of ionic aggregation, with spacings between individual
clusters ranging from 3 to 5 nm, aggregating to form cluster agglomerates with sizes from
5 to 30 nm. Both techniques indicate that the number density of ionic clusters changes as a
function of water content, and this explains why the bulk volumetric swelling in water is
observed to be significantly less than the swelling inferred from scattering measurements.
C© 2000 Kluwer Academic Publishers

1. Introduction
Nafionr is a commercially available perfluoro-
sulphonate cation exchange membrane (CEM) manu-
factured by E I du Pont de Nemours & Co. Inc. It is
commonly used as a permselective separator in chlor-
alkali electrolysers [1, 2] and as the electrolyte in solid
polymer fuel cells (SPFC). Perfluorosulphonate cation
exchange membranes are used in these applications be-
cause of their high ionic conductivity and their high me-
chanical, thermal and chemical stability. Structurally,
Nafion consists of a hydrophobic tetrafluoroethylene
(TFE) backbone with pendant side chains of perfluori-
nated vinyl ethers terminated by ion-exchange groups.
The chemical structure of Nafion is shown in Fig. 1.
The ion content can be varied by changing the ratio of
the two components.

Other perfluorosulphonate cation exchange mem-
branes with similar structures have also been developed
by the Asahi Chemical Company (Aciplexr) and the
Asahi Glass Company (Flemionr). The Dow Chemical
Company also developed a material with a shorter side-
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chain than those of Nafion and the other perfluoro-
sulphonates [3].

The ionic conductivity in perfluorosulphonate mem-
branes is important since it should be as high as possible
to minimize ohmic losses in chlor-alkali electrolysers
and to maintain high output power densities in fuel cell
applications. The membrane conductivity is strongly
influenced by the water content [4]. Water manage-
ment is also an important problem for efficient SPFC
operation to avoid flooding of the gas diffusion elec-
trodes. A number of factors affect the water content
including the cation form, ion exchange capacity of
the membrane and equivalent weight (EW). The ion
content is usually expressed in terms of the equivalent
weight of the polymer. The equivalent weight is defined
as the weight of dry polymer in grams containing one
mole of exchange sites. The desired equivalent weight
is achieved by varying the ratio of vinyl ether monomer
to TFE. The useful range of equivalent weights is from
600–1500 g per mole, between the solubility and perco-
lation limits. The industrial applications of Nafion have
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Figure 1 The structural repeat of Nafion.

prompted considerable research effort summarised by
Eisenberg and Yeager in 1982 [5] and more recently by
Tantet al. in 1997 [3].

Perfluorosulphonate polymers typically have ordered
structures in which the hydrophilic end groups aggre-
gate within a hydrophobic matrix composed of the fluo-
rocarbon backbone of the polymer. The density contrast
between the ionic aggregates and the matrix gives rise to
scattering of X-rays [6–9] and neutrons [5]. The diffrac-
tion patterns show a broad ring reflection, the so-called
‘cluster’ reflection, with a peak position of 3.5–5.5 nm,
together with a scattering upturn at low angles. Many
different structural models have been proposed to ex-
plain these features, and they can be divided into two
main groups. The first type are the interparticle models,
such as the two-phase model [5, 10] and the lamellar
model [5, 11], in which the scattering is produced by the
interference between ionic aggregates. The second are
the intraparticle models, such as the core-shell model
[5, 12, 13], in which the scattering is due to fine struc-
ture within an individual ionic aggregate.

There have been a number of electron microscopy
studies of Nafion [14, 15] which support the clus-
ter model of phase separation, although the size scale
of the structures observed did not correspond directly
with those detected by scattering studies. The Cluster-
Network model [5, 16] postulates a large scale organi-
sation of clusters with transient connective tubes which
are in constant flux. A fully-reversible dynamic reor-
ganisation of the clusters is proposed to occur on re-
hydration. Positron annihilation spectroscopy has also
been used to study different cation forms of Nafion
membranes by measuring the free volume. These stud-
ies [17–19] found that the formation and expansion
of clusters is always associated with a change in
free-volume structure resulting in smaller free-volume
holes.

There have been two recent studies undertaken using
scanning probe microscopy (SPM) [20, 21], to investi-
gate the structure of Nafion in differing states of hydra-
tion. A number of swelling studies have been carried out
on Nafion [22, 23] using a wide variety of solvents with
some remarkable results, including a swelling of 360%
with tributylphosphate (TBP) as used by Lehmaniet al.
in their SPM study [21]. Nafion has proved to be a suit-
able sample for other forms of SPM including scanning
tunnelling microscopy (STM) and scanning electro-

chemical microscopy (SECM) [24, 25]. Fan and Bard
[24] studied a spin-coated Nafion film using SECM and
found a domain-like structure, consisting of circular
structures, 1–2 nm in diameter made up from a con-
ductive central zone surrounded by a less conductive
region.

Since many of the useful properties of Nafion mem-
branes depend strongly on the water content, studies in
different states of hydration using the two complemen-
tary techniques of atomic force microscopy (AFM) and
small angle X-ray scattering (SAXS), might be infor-
mative. The difference in probe-specimen adhesion be-
tween the hydrophobic backbone and hydrophilic side
group regions of Nafion offers the possibility of ob-
serving the spatial distribution of these two regions at
the surface of the polymer using tapping mode phase
imaging. Assuming that these are representative of the
bulk, then the number density and average cluster size
can be deduced as a function of water content, and the
results compared with those from SAXS experiments.

2. Experimental method
2.1. Variation of the mass of Nafion

with humidity
The uptake of water in Nafion membranes has been
studied as a function of environmental humidity using a
dynamic vapour sorption study (DVS) [26]. The sample
was suspended in a 0% RH environment and weighed.
The humidity was increased in steps using different sat-
urated salt solutions, the sample was allowed to equili-
brate and then weighed, the process was then repeated.
A graph of percentage mass gain versus humidity was
plotted from the data. Given that the equivalent weight
of the sample and the theoretical weight are known,
the average number of water molecules per sulphonic
acid group can be calculated at 0% RH, by comparing
the theoretical weight to the measured value. If it is
assumed that all of the water is incorporated into the
hydrophilic regions, a graph of average number of wa-
ter molecules per sulphonic acid group can be plotted
over the full range of humidities.

2.2. Sample preparation
All of the experiments were carried out using the most
commonly used form of Nafion, 115H+, which has
the following physical properties; a nominal equiva-
lent weight of 1100 (actually 1070) and thickness of
5 thousandths of an inch (∼127µm).

The membrane will readily rehydrate if left exposed
to a high relative humidity environment [27]. Careless
handling can result in the membrane ion-exchanging
from the acid (H+) to a salt form (e.g. Na+ or K+). All
samples were therefore routinely prepared by refluxing
with a 50/50 mixture by volume of concentrated nitric
acid and de-ionized water, then de-ionized water alone,
to ensure that the membrane is in the H+ form and free
from any chemical impurities.

2.3. Small-angle X-ray scattering
Two dimensional, point collimated SAXS data were
collected using nickel-filtered Cu Kα radiation on a flat
plate Rigaku-Denki camera, with a typical sample to
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film distance of around 250 mm. The X-ray genera-
tor was an Elliott GX21 rotating anode generator. The
films were scanned in transmission using an Optronics
P2000 drum densitometer. The resulting images were
converted to 8-bit binary files, with a pixel dimension
of 100×100µm. The low-angle limit due to beam di-
vergence was approximately 0.026 nm−1, which cor-
responds to a maximum discernible size for features
in real space of around 40 nm. The diffraction pat-
terns were corrected for Lorentz-polarisation effects
and sample absorption.

Previous studies of SAXS from hydrated ionomer
membranes used heat-sealed polymer bags to enclose
the samples during exposure [6, 7]. This method was
found to be unsatisfactory for quantitative work due to
fluctuations in the environmental humidity level during
the long periods (up to 24 hours) required to collect
the SAXS data. An alternative approach, based on the
controlled humidification of air using concentrated salt
solutions, was adopted [28].

2.4. Maximum entropy method
A full account of the maximum entropy (MaxEnt)
method used to interpret SAXS data has already been
published [29], and only a summary will be presented
here. The aim of the MaxEnt technique is to reconstruct
a two dimensional charge density map which is a good
fit to the observed scattering data. The MaxEnt criterion
is required in order to resolve the inherent ambiguity
in this fitting process due to the absence of phase infor-
mation in the experimental data. Since there are many
charge distributions which can give rise to identical
diffraction patterns, we select the one with the highest
entropy for a given goodness-of-fit. Of course, there is
no guarantee that this model will necessarily be stereo-
chemically or thermodynamically realistic, but if a rea-
sonable structural interpretation can be found then we
can be sure that this it is the most statistically likely in-
terpretation which is consistent with the scattering data.
In this way, the MaxEnt method is superior to other ap-
proaches which assumea priori a structural model. The
algorithm used to carry out the reconstruction process
is based on the ‘Cambridge Algorithm’ [30].

2.5. Atomic force microscopy
There are two principal modes of atomic force mi-
croscopy (AFM) [31] operation: contact mode and tap-
ping mode. In contact mode, the tip remains in close
contact with the sample, operating within the repulsive
regime. In tapping mode, the cantilever is oscillated
near to its resonant frequency, above the surface, only
contacting the surface briefly during each cycle of its
oscillation. Tapping mode is therefore more suitable
for imaging delicate samples owing to the lower lat-
eral forces and has been applied to many polymer sys-
tems [32–35]. It also has the added advantage of being
able to obtain phase images as well as topographical
data. Tapping mode phase imaging is a relatively new
AFM technique, and it can differentiate between areas
with different properties regardless of their topograph-
ical nature [36–42]. The phase angle is defined as the
phase lag of the cantilever oscillation relative to the

signal sent to the piezo driving the cantilever. Its value
depends on the energy dissipated in the tapping inter-
action of probe and specimen [43, 44].

Circular samples 10 mm in diameter were mounted
on magnetic stainless steel stubs, placed in the Digital
Instruments Extended Multimode AFM and imaged in
tapping mode with silicon cantilevers in order to pro-
vide topographic and corresponding phase images. The
membrane and microscope were placed in a purpose-
built environmental chamber to control the humidity
and the samples were dehydrated overnight. A variety
of techniques was employed to reduce the humidity
including silica gel, phosphorus pentoxide, a liquid ni-
trogen cold finger and dry nitrogen gas. A humidity
minimum of (0.8± 2.0)% was obtained using nitrogen
gas passed through molecular sieve material. The sam-
ple was then imaged and allowed to rehydrate slowly to
room humidity (34± 2)% over the course of 12 hours
whilst being continuously imaged, and the humidity
recorded.

2.6. Cluster counting algorithm
Phase images from the beginning and end of the rehy-
dration sequence were analysed with the aid of a clus-
ter counting algorithm [28, 45]. The 256× 256 images
were exported, cropped, saved as eight-bit data and then
converted to binary. A series of thresholds from 0 to
256 was then applied to all the data points in the image;
if the point was equal to or greater than the threshold
value it was set to one (white), and, if not, it was set to
zero (black). A cluster is defined as an isolated group
of white pixels. The number of unique clusters, total
area of clusters and average cluster area was then cal-
culated for each threshold. The number of clusters at
each threshold value was plotted for the two humidity
extremes. The same algorithm was also used to analyse
the MaxEnt reconstructions of the SAXS data acquired
at ambient and 100% relative humidity.

3. Results and discussion
3.1. Variation of the mass of Nafion

with humidity
Analysis of the DVS results is more revealing than pre-
vious studies [27]. In addition to a graph of percent-
age mass change against humidity (Fig. 2i), a graph of
the ratio of water molecules to sulphonic acid groups
against humidity (and not just the additional number)
can be plotted (Fig. 2ii). This has been calculated us-
ing a theoretical dry mass for Nafion and by assuming
that the EW is 1070. The difference in mass between the
theoretical dry mass and that at 0% RH is the amount of
water bound to the sulphonic acid groups. The average
number of water molecules per sulphonic acid group at
0% RH was found to be 1.55. In the same regime as
that used for the AFM data, in the humidity range of
(0–50)± 2%, on average an additional water molecule
was added to each sulphonic acid group for an increase
in RH of 14± 2%. At higher humidities this becomes
much more rapid and the assumption that all of the wa-
ter is incorporated into the hydrophilic regions become
less valid as water will start to condense on all regions
of the membrane.
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Figure 2 Percentage mass gain (i) and Number of addition water mole-
cules per sulphonic acid group (ii) against relative humidity for Nafion
115 H+. The relative humidity was cycled from to 0 to 100% and back
again.

Figure 3 Peak position of the ‘cluster’ reflection from Nafion 115 H+
membrane as a function of the volume fraction of absorbed water.

3.2. Small-angle X-ray scattering
The variation in the peak position of the ‘cluster’ reflec-
tion in the SAXS from a Nafion 115 H+ membrane as
a function of the volume fraction of absorbed water is
shown in Fig. 3, along with the data published by Gierke
et al. [6] for comparison. There are no values below a
volume fraction of 0.1 as it was not possible to detect
the ‘cluster’ reflection at such low water contents due
to lack of electron density contrast. The dependence of
the peak position on water content is predicted by the
type of scattering model which is used to interpret the
data. If the ‘cluster’ reflection were due to the coher-
ence of intercluster spacings [5, 10], or the incoherent
sum of interlamellar spacings [5, 11] then it might be
expected that the increase in peak position would be
directly proportional to the volume of absorbed water.
However, if the reflection were produced by the scatter-
ing from individual three dimensional clusters models
[5, 12, 13] then its spacing should vary with the cube
root of the water volume. In fact, neither of these two
simple behaviours occurs.

In order to explain the observed swelling behaviour,
it is instructive to consider a MaxEnt interpretation of
the scattering data. Fig. 4 shows MaxEnt reconstruc-
tions from membranes under ambient and 100% RH
conditions. The MaxEnt reconstructions should be in-
terpreted as 2-dimensional projections of the electron
density distributions within a representative volume of
membrane. Regions of low electron density appear light
grey or white, while regions of high electron density ap-
pear dark grey or black. The absolute electron density
range in each case is scaled to fit the grey-scale. The re-
constructions are not unique, belonging to a large set of
possible maximum entropy solutions, all of which are
capable of reproducing the experimental data subject to
the usual errors associated with X-ray counting statis-
tics. However, the region of membrane represented in
the reconstructions is sufficiently large that it is able to
reproduce a wide range of structural variation within a
single electron density map.

Both MaxEnt reconstructions contain fragmented re-
gions of low charge density with a broad range of sizes.
There is an increase in electron density contrast be-
tween these regions and the background, along with a
coarsening of the size distribution from Fig. 4i (ambi-
ent) to Fig. 4ii (100% RH). In order to make the physical
interpretation of these features clear, the reconstruc-
tions were spatially filtered to separate the small scale
structures associated with the ‘cluster’ reflection from
the large scale structures associated with the scattering
upturn. The filtering was performed by windowing out
the unwanted regions of the diffraction patterns, prior
to MaxEnt reconstruction. The high spatial frequency
images, shown in Fig. 4iii and iv for ambient and 100%
RH respectively, both contain collections of point-like
scatterers. However, as the water content is increased
from Fig. 4iii to Fig 4iv, the spacing between the scat-
terers increases, and their number density decreases. It
is the coherence of the spacings between the scatter-
ers that is responsible for the ‘cluster’ reflection, and
this interpretation is borne out by reconstructions from
highly oriented samples [45]. We therefore identify the
point-like scatterers as being individual ionic clusters.

The low spatial frequency images, shown in Fig. 4v
and vi, show large scale structures which are composed
of agglomerates of the clusters identified in the high fre-
quency images. Although the agglomerates do not swell
appreciably with increasing water content, the electron
density contrast between these features and the poly-
mer matrix increases noticeably due to the difference
in density between the water and fluorocarbon phases.
The shape of these cluster agglomerates, which is re-
sponsible for the form of the low angle upturn in the
SAXS pattern, is related to the spatial coherence of the
clusters. We therefore predict an intimate relation be-
tween the form of the upturn and the degree of arcing of
the ‘cluster’ reflection. If the MaxEnt interpretation of
the SAXS data is correct, then it should not be possible
to see an arced ‘cluster’ reflection unless the low angle
upturn is also anisotropic.

Assuming the MaxEnt interpretation is correct, then
it is useful to calculate the relative number density of
ionic clusters in Fig. 4iii and iv and relate this to the dis-
crepancy between the bulk swelling of the membrane
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Figure 4 MaxEnt reconstruction of SAXS data from Nafion 115 H+ membrane: (i) ambient humidity and (ii) 100% RH. The reconstructions have
been high pass filtered in (iii) and (iv) and low pass filtered in (v) and (vi).

and the swelling which is inferred from the increase in
the peak position of the ‘cluster’ reflection. Although
the mean lateral intercluster separation increased by
44.1%, the overall lateral expansion of the membrane
is expected to be significantly less than this due to
a decrease in the number density of clusters. Unfor-
tunately, it is difficult to predict the resultant macro-
scopic swelling quantitatively, because the electron
density distributions are a 2-dimensional representation
of 3-dimensional space. It is also possible that system-
atic changes in the spatial ordering of the clusters on
swelling need to be incorporated into the model. Nev-
ertheless, the mechanism described is qualitatively ap-
pealing and has been derived with the use of only very
generala priori hypotheses, i.e.: (i) the use of a Max-

Ent electron density distribution, (ii) the legitimacy of
spatial filtering and (iii) the definition of a ‘cluster’ as
an isolated agglomerate of pixels.

Although the redistribution of exchange groups was
first predicted by the Marx infinite paracrystalline
model [10] it is significant that this phenomenon can
be inferred directly from the small angle X-ray data.
In addition, there is also evidence for such a redistri-
bution from phase contrast atomic force microscopy as
discussed in the following section.

3.3. Atomic force microscopy
Six 1µm phase images from a sequence of 56 images
of 1070EW Nafion obtained over a range of humidities
from (9–34)± 2% are shown in Fig. 5i–vi. The phase
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Figure 5 Six 1µm tapping mode phase images of the same area of Nafion at relative humidities of (i) 9, (ii) 13, (iii) 19, (iv) 23, (v) 28 & (vi) 33±
2% (Z scale= 30◦).
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contrast between the hydrophilic sulphonic acid groups
and the hydrophobic regions increases with humidity
due to preferential sorption of water to the hydrophilic
regions. It is very difficult to monitor the same area
as the membrane expands both vertically and laterally.
The same feature has been circled in each of the images
to aid comparison and to illustrate the drift to the right
which occurred throughout the series.

Cluster-like structures with a diameter of 5–30 nm
are clearly visible, particularly in the phase images.
These structures do not always correspond to features
in the height image. Features at the same height can
have a different phase signal and vice versa, indicating
minimal topographic coupling. This is consistent with
the earlier AFM studies [20, 21]. Chomakova-Haefke
et al. [20], produced samples by evaporating a dilute so-
lution of Nafion on to gold-sputtered cover slips. They
were found to have a fibril network structure, which be-
came more ordered as the membrane swelled. Lehmani
et al. [21], imaged commercially available nominally
1100 EW Nafion 117. It was dehydrated in a vacuum
oven at 80◦C and was first imaged “dry”, then swollen
with de-ionized water, and finally swollen with TBP. A
super-structure of spherical domains with an average
diameter of 45 nm containing 11 nm grains was found.
According to the section analysis of the microstructure,
the interstitial regions have a mean thickness of 5 nm,
which may correspond to the cluster size.

The corresponding topography images from the be-
ginning and end of the rehydration sequence are shown
in Fig. 6i and ii respectively. The same area has been
circled in both images demonstrating the ability to im-
age the same area whilst following a dynamic process.
There is no appreciable change between the two im-
ages, therefore any topographic coupling in the phase
images remains constant and is not responsible for the
increase in phase contrast.

Cluster counting analysis of the phase images from
the beginning and end of the rehydration sequence is
shown in Fig. 7i and ii, respectively, and tabulated in
Table I. The sharp peak in Fig. 7i implies that all of

Figure 6 Topography images corresponding to those in Fig. 5i and vi for the humidity extremes of 9 & 34 ±2%. (Z scale= 50 nm).

TABLE I The number of clusters, total percentage area of cluster and
average cluster size for 1µm wide phase images of Nafion at (9 & 34)
±2% relative humidity

Humidity±2% 9 34
Number of Cluster 1415 1118
Total Percentage Cluster Area 18.9 17.6
Average Cluster Area (nm2) 134 158

Figure 7 A graph of number of clusters against threshold value for the
two humidity extremes of 9 & 34± 2%.

the clusters have a similar phase angle and therefore
energy loss at lower humidities. At higher humidities
as shown in Fig. 7ii, the peak has moved to higher
thresholds as the average energy loss has increased;
the peak has also broadened significantly as the clus-
ters have a wider range of energy losses. The average
cluster area of between 134 and 158 nm2 is consistent
with the images shown in Fig. 5, where clusters have
a range of linear dimensions between 5 and 30 nm (or
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approximate areas of 25 to 900 nm2). This is signif-
icantly larger than the individual clusters which give
rise to the ‘cluster’ reflection, but of comparable size to
the cluster agglomerates.

The decreasing number of clusters and correspond-
ing increase in average cluster size with humidity is
consistent with the X-ray diffraction results described
in the previous section and implies a cluster rearrange-
ment similar to that proposed by Hsu & Gierke [16].
The percentage of the surface covered by clusters at 34
and 9% humidities, is 17.6 and 18.9% respectively. The
larger percentage area at lower humidities can easily be
explained by tip broadening effects, whereby a greater
number of small features can appear to have dispro-
portionately larger area than fewer larger features. This
is considerably larger than a value of 7.6% calculated
assuming: that the membrane is homogeneous and dry,
that the mass of S03H is 81.1 g and the equivalent weight
of the membrane to be 1070 (i.e. (81.1/1070)× 100).
However, the membrane is not dry and will have incor-
porated water preferentially into the hydrophilic clus-
ters which will have swollen, the surface may not be
representative of the bulk and the sulphonic acid group
composition is 8% by mass, but not by volume.

4. Conclusions
The average number of water molecules per sulphonic
acid group in Nafion 115 at 0%RH was found to be
1.55. If it is assumed that all of the additional water is
incorporated into the hydrophilic regions as the humid-
ity increased then in the approximately linear region
between (0–50)± 2% RH an increase of 14± 2% in
RH resulted in one additional water molecule per sul-
phonic acid group.

The most statistically likely structural model com-
patible with the MaxEnt reconstruction of the small
angle X-ray scattering (SAXS) data is an interparticle
model in which point-like ionic clusters aggregate to
form higher order agglomerates.

Tapping mode phase imaging was successfully used
to identify the hydrophobic and hydrophilic regions
of Nafion perfluorosulphonate cation exchange mem-
branes. Since there is often little correlation between
the topography and phase images, it is a useful tool for
identifying and mapping regions with different prop-
erties, irrespective of their topographical nature. The
images support the MaxEnt interpretion of a cluster
model of ionic aggregation, with spacings between in-
dividual clusters ranging from 3 to 5 nm, aggregating to
form cluster agglomerates with sizes from 5 to 30 nm.

The phase images also showed that the number of
clusters decreased and the average cluster size increased
with increasing humidity. This is consistent with the in-
terpretation of the MaxEnt charge distributions, and is
reminiscent of the redistribution of ionic material be-
tween clusters proposed in the cluster-network model
[16]. The change in number density of ionic clusters
as a function of water content explains why the bulk
volumetric swelling in water is observed to be signif-
icantly less than the swelling inferred from scattering
measurements.

It is significant that the same conclusions were ob-
tained using two different experimental techniques op-
erating over complementary ranges of relative humid-
ity. This indicates that the swelling and redistribution of
ionic clusters in Nafion is a dynamic process occurring
continuously from 0% to 100% relative humidity.
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