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A B S T R A C T

The use of fuel cells is strategic in the global energy system; their inclusion in eco-cars, avoiding CO2
emission, represents a crucial enhancement for the environment. For this reason, any improvement in their
use and optimization is fundamental for our society. Since one of the main components in these cells is their
polymeric proton exchange membrane, in this work, the commercial Fumapem F-14100 and F-1850 membranes
have been studied, both representing a cheap and effective alternative in direct methanol fuel cell (DMFC)
applications. Their characterization will provide a new insight about them, in order to optimize and improve
future fuel cell operation conditions. Small angle neutron scattering (SANS) has been used in this work to
achieve a nanometric structural characterization of these membranes, which is key for understanding their
physicochemical properties. Starting from SANS measurements, empirical fitting models were applied in order
to obtain global sample features, which allowed to propose a lamellar water channel structure. Then, 2D
scattering length density maps generated by Monte Carlo simulations were optimized to match the experimental
SANS intensity profiles by using the inverse Fourier transform method. In addition, the crystalline contribution
from the sample ordered domains was also studied by using X-ray diffraction.
. Introduction

In the last two decades, the global consumption of primary energy
as increased exponentially, positioning the use and production of
nergy resources as one of the biggest current issues. Even though
enewable energy development has increased significantly in recent
ecades, the current energy consumption depending on fossil fuels
eaches approximately 80% [1] resulting in greenhouse gas emissions,
limate changes, and other environmental issues. In this context, pro-
on exchange membrane fuel cells (PEMFCs) have been established
s a promising alternative energy source, which have the potential
o replace fossil fuel technology and energy sources even for mobile
evices [2,3]. In the area of fuel cells, direct methanol fuel cells
DMFCs) have also deserved attention due to the good properties of
ethanol, such as its high energy density, and the fact that it can be

asily transported and stored [4,5].
A key component in PEMFCs are the proton exchange membranes.

hey consist of synthetic polymeric membranes with functional groups

∗ Corresponding author at: Universidad Nacional de Córdoba, Facultad de Matemática, Astronomía, Física y Computación, Argentina.
E-mail address: gcas@famaf.unc.edu.ar (G. Castellano).

ionizable and permeable to protons, and are intended to allow proton
exchange in aqueous solution [6]. Their function is to transport ionic
charges from the anode to the cathode, closing the circuit of the
electrochemical cells. In addition, they must act as a barrier preventing
fuel crossover, which reduces the efficiency of these cells. As widely
reported in the literature, for PEMFC applications, these membranes are
expected to bear high proton conductivity; high mechanical, thermal
and chemical stability; high proton exchange capacity; low electronic
conductivity and low fuel and oxidant permeability [7–12].

One of the most common and commercially available proton ex-
change membranes used as electrolytes is the Nafion® membrane,
produced by DuPont; it consists of a tetrafluoroethylene copolymer and
a vinyl ether with a sulfonyl fluoride group at the end, its channel struc-
ture being widely discussed [13,14]. Currently, research efforts are be-
ing made to develop alternative membranes, cheaper than Nafion® and
with a similar or higher conductivity and lower fuel crossover in the
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temperature range of interest (25–100◦C) [15–17]. Several types of pro-
ton exchange membranes are being investigated at present, including
sulfonated polyethersulfones [18], sulfonated polysulfones [19], sul-
fonated polyether ketones [20], sulfonated polyimide [21], sulfonated
or acid doped polybenzimidazole [22–24] with the aim of reducing fuel
crossover in direct methanol cells [25].

Recently, FuMATech laboratories have developed low-cost fumion®

membranes based on a perfluorinated sulfonic acid (PFSA) ionomer of
long side chain and molecular weight a bit higher than that of the stan-
dard N-117 Nafion® (1100 g/mol). On the other hand, the Fumapem®

F-1850 and F-14100 membranes are respectively 50 μm and 100 μm
thick, whereas the N-117 Nafion thickness is 175 μm. The use of high
equivalent weight PFSA membranes for DMFC applications, instead
of the standard ionomer PFSA ones, reduces the detrimental effect of
methanol crossover and the excessive swelling of the membrane, due to
the lower amount of sulfonic groups per unit volume, since the channels
are less hydrophilic [25]. These Fumapem membranes bear thicknesses
smaller than the standard N-117 Nafion® , achieving similar (or even
higher) conductivities [26,27].

The potential impact of the effect of morphology of PEMs on electro-
chemical performance and stabilities may be extremely important [11];
nevertheless, at present no systematic characterization using small
angle scattering techniques has been reported for these membranes, in
spite of their good performances and their inexpensive cost —around
50% the prices of Nafion® membranes, according to commercial web
sites. Although wide-angle X-ray scattering (WAXS) studies have been
performed on these membranes [28], only the crystalline and amor-
phous structural information has been reported. Small angle scattering
techniques provide information regarding the water channel density
and shape, intimately related to ionic conductivity. In this work, the
structural properties of Fumapem F-1850 and F-14100 membranes [10,
26] were studied by means of small-angle neutron scattering (SANS),
a technique which has proven to be successful in similar studies [29–
31]. Considering the global features associated with empirical models
(i.e. sample main correlation length, channel shape and size, etc.), a
structural model is proposed here, based on lamellar water channels
surrounded by a hydrophilic layer formed by sulfonic chains. Scat-
tering length density maps corresponding to inverse core–shell water
channel lamellar clusters were generated by Monte Carlo simulations.
The resulting Fumapem structures were obtained by optimizing the
parameters involved in the simulations, to achieve the best match with
the experimental SANS profiles.

The results achieved here in the nanometer region allow to relate
membrane structural features to their efficiency, specifically protonic
conductivity and low permeability to both methanol and ethanol. This
low permeability is one of the main reasons to encourage the use of
these membranes in direct alcohol fuel cells.

2. Materials and methods

Commercial Fumapem 100 μm-thick F-14100 and 50 μm-thick F-
1850 membranes (∼3 cm2) were subjected to an activation treatment
(see, e.g., ref. [32]), intended to protonate the sulfonic groups, which
are the membrane active sites. This procedure consists of:

• heating in Milli-Q water up to 80◦C, and keep this temperature
for 1 h;

• rinsing with Milli-Q water;
• heating in hydrogen peroxide (H2O2) 3% solution up to 80◦C, and

keep this temperature for 1 h;
• rinsing with Milli-Q water;
• heating in a 0.5 M sulfuric acid (H2SO4) solution up to 80◦C, and

keep this temperature for 1 h;
• rinsing with Milli-Q water;
• keep under water.
2

Fig. 1. General chemical structure for the copolymer Fumapem membranes.

With the aim of assessing the structural changes produced by this
activation procedure, samples with and without treatment were studied
(suffixes T and U, respectively).

These proton exchange membranes are based on fluorocarbon and
perfluorosulfonic acid-type polymers, in which different equivalent
weights and thickness have been tried. Fig. 1 displays a schematic
diagram for the chemical structure corresponding to these membranes,
as illustrated in [28]. It is worth mentioning that limited information
is available regarding this structure detail. According to the manufac-
turers, the ion-exchange capacities (0.45–0.7 meq/g) and consequent
conductivities (40–72 mS/cm) for Fumapem F-14100 and F-1850 are
somewhat lower than those corresponding to similar Nafion® mem-
branes (0.9–1 meq/g and 100 mS/cm); this suggests a less frequent
occurrence of the sulfonic groups responsible for proton exchange,
which may be associated to higher 𝑚 values in the arrangement de-
picted in Fig. 1, where some authors have readily set 𝑛 = 𝑥 = 1 (see
e.g. [33]). Both membranes are delivered on PET backing foils, and
their dimensional swelling ratio is 4%–6% for F-14100 and 8%–10% for
F-1850, always as reported in the manufacturers’ technical datasheets.

The structural model proposed here has been inferred from the
general features surveyed for the membranes, after fitting empirical
models to the experimental patterns acquired. This information there-
fore allows to furnish two-dimensional scattering-length density maps,
which are finally fitted through Monte Carlo simulations, as detailed
below. The empirical models available constitute an important tool
when dealing for the first time with SANS patterns, allowing to reveal
the main trends. To this aim, the Guinier–Porod model (GPM) suggested
by Hammouda [34] was applied at the low-𝑞 region; this model allows
to obtain information about the shape and size of the scattering object
and is valid for elongated objects such as rods or lamellae [35,36]

𝐼(𝑞) =

⎧
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⎨
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)
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𝐷
𝑞𝑑

for 𝑞 ≥ 𝑞1 ,

(1)

where 𝐺 and 𝐷 are scaling factors, 𝑑 is the Porod exponent, 𝑅𝑔 is the
gyration radius, the 𝑠 parameter accounts for nonspherical objects, and
𝑞1 is defined to provide appropriate continuity conditions to match both
expressions. For spheres, 𝑠 = 0; for rods 𝑠 = 1, and for lamellae 𝑠 = 2.

Complementary, the addition of two models was chosen for the
high-𝑞 region: the broad peak model (BPM) and the correlation length
model (CLM). The first one (BPM) is associated to characteristic dis-
tances (𝑑-spacing) between scattering inhomogeneities; the second one
(CLM) applies to scattering objects of different sizes [37], and accounts
for the continuum signal associated to the amorphous polymer matrix
and the crystalline domains

𝐼(𝑞) =
𝐶1

1 + (|𝑞 − 𝑞𝑜|𝜉1)𝑚1
+ 1

𝑞𝓁
𝐶2

1 + (𝑞𝜉2)𝑚2
+ 𝐵 , (2)

where 𝐶𝑖 are scaling factors, the peak centroid position 𝑞𝑜 = 2𝜋∕𝑑𝑜
may be related to the average spacing 𝑑𝑜 between the lamellae present
in the sample [38], 𝜉𝑖 represent the correlation lengths, 𝑚𝑖 are the
high-𝑞 Porod exponents, the parameter 𝓁 is a stretching factor, and 𝐵
represents the background [39].

All the parameters related with these empirical models were ob-
tained through fittings using the FindFit function in the Mathematica®

software package.
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Fig. 2. Scheme of a finished cluster. Light gray: water channel, black: sulfonic chain,
dark gray: amorphous polymer.

As described in the following section, the fittings carried out with
the above-mentioned empirical models impose certain characteristic
parameters (main correlation length, channel shape and size, etc.)
that must be involved in the Monte Carlo simulation geometry. After
several attempts based on the different structural models proposed in
the literature, the lamellar water channel structure, which has already
been suggested for similar membranes [14,40,41], was revealed by
these empirical model fittings; all these features must be accounted
for in order to furnish appropriate scattering length density maps, as
considered in the simulations. The membrane structures were thus
generated by randomly placing these clusters in an amorphous polymer
matrix (apm), taking care to avoid overlapping. The procedure for this
construction is similar to that followed in ref. [42], and Fig. 2 shows
an example cluster scheme. The parameters involved in the generation
of each cluster are: the cluster radius, the number of channels per
cluster, the mean inter-channel distance, the channel width and a
disorder parameter for the inter-channel distance distribution. Briefly,
the cluster generation procedure begins by fitting the cluster radius for
the membrane 2D cross sections, which delimits each lateral channel
domain; once this radius is set, its value remains fixed in the final
simulation step. The number of channels for this domain is stochas-
tically chosen at each stage, ranging between minimum and maximum
values previously established. Also the azimuth lamellar orientation
is randomly generated, after which these channels are sequentially
allocated within the polymer matrix; the inter-channel distance 𝑑01 =
𝑑𝑝 + 𝑑𝑤 is almost constant, since although the channel width 𝑑𝑤 is
fixed, the polymer layer between water channels is allowed to vary
around a mean value 𝑑𝑝, following a uniform probability distribution
with a 𝛥𝑝 width. A shell 0.7–1 nm thick (uniform random distribution)
was then added to each channel, corresponding to the sulfonic chains.
Once each cluster is ready, it is also randomly allocated inside the
amorphous polymer matrix: if the sampled position attempts to overlap
with an already allocated cluster, a new position is generated until
channels will not enter in contact. In this way, clusters are successively
placed until the density map is completed, or alternatively a loop
counter reaches an upper limit before the sampling algorithm is able to
find an available location. SANS profiles were then assessed following
Schmidt–Rohr [43], i.e. modeling the scattering intensity as a function
of 𝑞, by using the Inverse Fourier Transform in a two-dimensional
scattering length density map for long parallel structures. The scattering
length densities (SLD) used were taken from ref. [29]: SLDapm = 4.07 ×
10−6 Å−2 with 𝜌 = 2.0 g/cm3 and SLDH2O = −5.6 × 10−7 Å−2 with 𝜌 =
1.0 g/cm3. For the sulfonic chains (sc), initial estimates for 𝜌 and SLD
were inferred from the data provided by Schmidt–Rohr and Chen [13];
additional estimates for these parameters were obtained by assessing
them from raw covalent bond radii, and taking into account possible
SLDs variations, as reported in [44] for similar materials. The final
values for these parameters were fitted along the simulation process,
3

Fig. 3. Full range experimental SANS patterns. Green: treated; black: untreated. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Low-𝑞 fitting parameters for Eq. (1).

Sample 𝑠 𝑑 𝑅𝑔(Å)

F14100U 1.97 ± 0.08 3.85 ± 0.04 91 ± 5
F14100T 1.98 ± 0.04 3.74 ± 0.05 90 ± 5
F1850U 1.36 ± 0.05 4.06 ± 0.05 90 ± 2
F1850T 1.45 ± 0.06 3.99 ± 0.08 82 ± 3

obtaining SLDT
sc = 9.43 × 10−6 Å−2 for the treated membrane, and

SLDU
sc = 6.9 × 10−6 Å−2 for the untreated one.
Another structural contribution comes from the small polymer crys-

talline domains distributed all along the amorphous matrix. In order
to provide an adequate estimate of this crystalline contribution in our
model, the SASfit software [45] was used. To this aim, the curve ob-
tained from the correlation length model was used as input, obtaining
a form factor estimate for the crystals, as detailed below.

The Fumapem structure approach was obtained by adding the dif-
ferent curves corresponding to simulations, SASfit software and the
background; an optimization of all the parameters involved allowed to
achieve the best fit to the experimental profile. It is worth mentioning
that the whole process involved different geometrical configurations,
among which the best suited is that shown in next section, which will
be discussed in detail.

3. Experimental

SANS measurements were performed on the D11 instrument at the
Institut Laue–Langevin, Grenoble, France [46]. The incoming wave-
length was 𝜆 = 5 Å and three sample-to-detector distances were set:
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Table 2
High-𝑞 fitting parameters.

Sample 𝐶1 𝑞01 (Å−1) 𝜉1 (Å) 𝑚1 𝐶2 𝓁 𝜉2 (Å) 𝑚2 𝐵

F14100U 0.16 ± 0.01 0.217 ± 0.001 25 ± 1 2.3 ± 0.1 0.33 ± 0.05 0.13 ± 0.01 13 ± 1 2.0 ± 0.1 0.18 ± 0.01
F14100T 0.49 ± 0.05 0.177 ± 0.001 22 ± 1 2.4 ± 0.1 0.44 ± 0.05 0.00 ± 0.01 9 ± 1 3.2 ± 0.1 0.21 ± 0.01
F1850U 0.13 ± 0.02 0.213 ± 0.002 24 ± 1 2.5 ± 0.1 0.42 ± 0.05 0.22 ± 0.05 17 ± 1 2.1 ± 0.1 0.28 ± 0.01
F1850T 0.47 ± 0.09 0.168 ± 0.002 20 ± 1 2.4 ± 0.1 0.25 ± 0.05 0.27 ± 0.02 10 ± 1 2.7 ± 0.3 0.24 ± 0.01
1.4, 8 and 39 m. These configurations allowed to explore the scattering
vector 𝑞 on the range between 0.002 and 0.55 Å−1. All samples were
measured at ambient moisture and temperature.

In order to study the crystallinity of the samples, X-ray diffraction
(XRD) patterns were acquired in a PANalytical X’Pert Pro diffractome-
ter with a copper tube and a graphite monochromator attached. The
conditions set for the present measurements were 40 kV and 40 mA,
0.02◦ step size and the effective counting time was 100 s/step.

4. Results and discussion

Fig. 3 displays experimental SANS patterns for the Fumapem treated
and untreated membranes. All four curves exhibit similar features:
three linear regions with slope changes at 𝑞 ∼ 0.01 Å−1 and 𝑞 ∼
0.04 Å−1, and a broad and well defined peak above 0.1 Å−1. The main
difference between treated and untreated samples is evidenced in the
position and intensity of these peaks.

As mentioned above, to analyze the patterns using the empirical
models, they were split into two regions, below and above 𝑞 ∼ 0.045 Å−1

where the second slope change occurs. From the low-𝑞 region, features
related to size and shape of the scattering objects can be inferred,
whereas from the high-𝑞 region structural information can be with-
drawn, and the correlation between objects can be analyzed. Fig. 4
shows the low-𝑞 fitting profile using the GPM approach, the resulting
parameters being displayed in Table 1. As mentioned above, the 𝑠
parameter is related to the shape of the scattering object. For F14100
membranes 𝑠 ≈ 2, which means the scattering objects are mainly
lamellae [38]. On the other hand, for F1850 samples 𝑠 ≈ 1.4, which
may be associated to a mixture of rods (𝑠 = 1) and lamellae (𝑠 = 2).
The parameter 𝑑 gives information about the scattering object surface
roughness; 𝑑 = 3.8 for F14100 indicates a certain degree of roughness,
whereas 𝑑 = 4 for the F1850 samples denotes smooth surface. The
radius of gyration 𝑅𝑔 is associated with the object size, making sense
only for diluted and monodisperse systems; the membranes under study
cannot be regarded as satisfying these requisites, and therefore the
reported 𝑅𝑔 values must be taken only in a qualitative fashion.

Since the membrane performance strongly depends on the water
channel structural conformation, the present work is mainly focused on
the high-𝑞 region, which is therefore studied in detail. The main feature
in this region is the ‘‘ionomer peak’’, which corresponds to the first
maximum in the structure factor [47], revealing a local ordering within
the ionic clusters [48]. The pattern feature called ‘‘matrix knee’’ is a
broad shoulder peak centered around 0.07 Å−1; it is usually attributed
to a supralamellar distance in the crystalline part on the polymer, its
magnitude depending on the degree of crystallinity [49]. In this region,
SANS patterns were fitted using the addition of BPM accounting for
the ionomer peak centered at 𝑞01 and CLM for the matrix knee region.
Fig. 5 displays the high-𝑞 fitted profile and Table 2 details the values
for the parameters obtained. Subindices 1 and 2 refer to BPM and CLM,
respectively.

The main difference between the patterns in this region is the
position and the intensity of the ionomer peak, comparing treated and
untreated samples. Table 3 displays the peak FWHM (full width at half
maximum) and centroid values resulting from the BPM fittings. As can
be observed, in both membranes the peaks shift to lower 𝑞 after treat-
ment, the corresponding centroids decreasing ∼ 20%. Consequently,
in real space this corresponds to an approximate 20% increase in the
characteristic structure distance 𝑑 . As explained below (XRD results),
4
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Fig. 4. Low-𝑞 empirical model fitting for the untreated (U) and treated (T) membranes.
Black: experimental; cyan, dotted: GPM fitting. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Fittings of the high-𝑞 empirical models for the untreated (U) and treated (T)
membranes. Black: experimental; cyan: water channel (BPM); red, dashed: crystals
(CLM) and green, dotted: water channels + crystals. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

this implies a higher water absorption capacity in the treated samples,
since it converts hydrophobic phases to hydrophilic domains.

The preceding results suggest a lamellar water channel structure,
with correlation length 𝑑 . In order to provide a detailed description,
5
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Table 3
Peak features from BPM results: ionomer peak position 𝑞01, associated correlation length
𝑑01= 2𝜋∕𝑞01 and full width at half maximum.

Sample 𝑞01 (Å−1) 𝑑01 (Å) FWHM (Å−1)

F14100U 0.217 ± 0.001 29.0 ± 0.1 0.075 ± 0.001
F14100T 0.177 ± 0.001 35.5 ± 0.2 0.082 ± 0.001
F1850U 0.213 ± 0.002 29.5 ± 0.3 0.078 ± 0.001
F1850T 0.168 ± 0.002 37.4 ± 0.4 0.091 ± 0.001

Table 4
Water-channel parameters obtained by the simulation process.

Sample 𝑑𝑝 (Å) 𝑑𝑤 (Å) 𝛥𝑝 (Å) 𝑛𝑐 𝓁𝑐 (Å)

F14100U 18 ± 0.5 11 ± 1 6 ± 0.5 3–5 140 ± 5
F14100T 17 ± 0.5 18 ± 1 8 ± 0.5 3–5 150 ± 5
F1850U 18 ± 0.5 11 ± 1 7 ± 0.5 3–5 100 ± 5
F1850T 18 ± 0.5 19 ± 1 9 ± 0.5 3–5 100 ± 5

Fig. 6. Two dimensional cross section for the scattering length density map resulting
from the simulations for the F14100T sample.

the Inverse Fourier Transform method approach has been implemented
to match the SANS patterns acquired. To this purpose, scattering length
density maps were furnished through the Monte Carlo simulations
described above. With the aim of adequately describing the structure
responsible for the ionomer peak, lamellar-structure channel clusters
were built up as detailed above. In the present case, this characteristic
length 𝑑01 is determined by the length 𝑑𝑤 + 𝑑𝑝 spanning a water
channel width (𝑑𝑤) and an adjacent polymer layer (𝑑𝑝). The 𝑑01 distance
was fixed from Table 3, whereas 𝑑𝑤 and 𝑑𝑝 were varied, allowing
fluctuations 𝛥𝑝 around the latter (polymer width wall variation). It
must be pointed out that although the polymer matrix is indeed teflon,
the sulfonic branches are responsible for the water absorption within
the conduction channels: these functional groups provide the final
membrane hydrophilicity. This is the reason why the parameter 𝑑𝑝 is
varied and influences the membrane response. Similarly, the number
of channels 𝑛𝑐 contained in each cluster, as well as the average cluster
lateral dimension 𝓁𝑐 were also allowed to vary along the simulation
process. All these parameters were refined in order to adjust position,
width and intensity of the ionomer peak. The corresponding values
obtained are shown in Table 4, whereas Fig. 6 displays an example for
the final scattering density map corresponding to the F14100T sample.

The other important component of the membrane structure is the
crystallite content, which produces a major contribution to the scat-
tering intensity at the matrix knee [49,50]. Since these crystallites
are small 3D objects, their scattering intensity cannot be accounted
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Table 5
Disc-shape parameters obtained by SASfit for the crystallite contribution to the
scattering intensity.

Sample 𝑅 (Å) 𝐿 (Å)

F14100U 24 ± 1 7 ± 1
F14100T 14 ± 1 7 ± 1
F1850U 24 ± 1 7 ± 1
F1850T 15 ± 1 7 ± 1

Table 6
Peak area comparison.

Sample Method 𝐴𝑈 𝐴𝑇 𝐴𝑈∕𝐴𝑇

F14100 BPM 0.0160 ± 0.0003 0.0530 ± 0.002 0.30 ± 0.02
Simulations 0.0142 ± 0.0003 0.0346 ± 0.001 0.41 ± 0.02

F1850 BPM 0.0131 ± 0.0003 0.0564 ± 0.002 0.23 ± 0.01
Simulations 0.0073 ± 0.0002 0.0271 ± 0.001 0.26 ± 0.02

for through the 2D SLD maps used for the lamellar structure. For
this reason, their contribution has been modeled by means of the
SASfit software. The input pattern used to perform this fitting process
was taken from the function obtained through CLM. The best fit was
achieved by using disc shape form factors, the fitted radii 𝑅 and lengths
𝐿 obtained being shown in Table 5.

By adding both contributions for the membrane main structural
components, the total scattering intensity is obtained and then com-
pared with the experimental SANS pattern. Fig. 7 shows the final fits
for the high-𝑞 region for all samples.

As mentioned above, the main change observed in the patterns
corresponding to samples before and after treatment arises on the
ionomer peak position and intensity. The activation process efficiency
can be related to the ratio 𝐴𝑈∕𝐴𝑇 between the peak areas 𝐴𝑈 and 𝐴𝑇 ,
respectively corresponding to the untreated and treated membranes.
Table 6 displays the different ratios obtained for 𝐴𝑈∕𝐴𝑇 in the samples
analyzed. The differences observed can be attributed to the fact that
the acid treatment applied to the membrane induces swelling of the
ionic domains, as repeatedly reported in other works based on PFSA
membranes [51–54]; a better connection between the hydrophilic do-
mains is therefore achieved, i.e., a higher water absorption capacity
is obtained, since the spatial regions corresponding to the degraded
hydrophobic phases turn into membrane hydrophilic domains [52].
These larger dimensions of the water scattering objects increase the
scattered intensity. In other words, the treatment induces a random
interconnection between adjacent channels, resulting in wider water
channels that are irregularly spaced within the membrane structure,
which correspondingly translates into the observed peak broadening.

With the aim of completing the crystalline contribution description,
conventional X-ray diffraction experiments were performed. As shown
in Fig. 8, the corresponding profile features are slightly different from
those appearing in other perfluorosulfonic acid membranes, such as
Nafion, as pointed out in ref. [55]. A main feature around 1.25 Å−1 can
be observed, which results from the overlap of four peaks (see below),
and a wide peak at 𝑞 = 2.75 Å−1, corresponding to a Bragg distance of
2.28 Å related with an intra-chain distance of the membrane [56].

The XRD patterns were fitted to deconvolve the peak contribution
in the 𝑞-range between 0.7 and 1.7 Å−1. Fig. 9 shows the results of
these fittings, where the peak due to the amorphous polymer centered
at 𝑞 ≈ 1.18 Å−1 overlaps with two crystalline peaks at 𝑞 ≈ 1.27 Å−1

and 𝑞 ≈ 1.43 Å−1 for all these membranes. Another small wide peak
appears at 𝑞 ≈ 1.48 Å−1 and is associated to an amorphous component
compatible with S–S first correlation shell around 4.18 Å, as reported
in [57].

This fitting procedure allowed to estimate the crystallite sizes 𝜏 by
using the full width at half maximum 𝛥𝑞 in the Scherrer equation

𝜏 = 5.56 . (3)
6

𝛥𝑞
Fig. 7. Modeling of SANS patterns and comparison with experimental data in the
high-𝑞 range. Black: experimental; cyan: water channels (simulations); red, dashed:
crystals (SASfit) and green, dotted: water channels + crystals. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

These fits also allowed to provide a measure for the crystallinity 𝜒𝑐 ,

which was thus obtained by integrating the crystalline intensity 𝐼 (𝑞)
𝑐
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Fig. 8. X-ray diffraction patterns taken from the F14100 and F1850 membranes, before
(U) and after (T) the activation treatment.

and the total intensity 𝐼𝑇 (𝑞) according to [56]

𝜒𝑐 =
∫ 𝑞2𝐼𝑐 (𝑞)𝑑𝑞
∫ 𝑞2𝐼𝑇 (𝑞)𝑑𝑞

. (4)

The values obtained for the crystallinity and the crystal sizes are
shown in Table 7. As can be seen, the crystallinity values of around
0.25 are slightly greater than that of 0.18 obtained in a previous work
for the Nafion membrane [42]; as stated in [52], an increase in this
crystallinity measure could limit the transport of species, which has also
been pointed out in [11]. Since these higher 𝜒𝑐 in treated membranes
may impact on their protonic conductivity, this issue should be checked
in future studies with other techniques [52]. The crystal sizes assessed
with this procedure depend on the crystalline peak considered, result-
ing in an average value of 𝜏≈4 nm; these values are roughly similar to
the 2𝑅 sizes obtained for these disc-shaped elements through the SANS
pattern fittings, as displayed in Table 5.
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Table 7
High 𝑞 fitting parameters related to crystallinity.

Sample 𝜒𝑐 crystal size (nm)

F14100T 0.28 ± 0.02 3.8 ± 0.8
F14100U 0.27 ± 0.02 4.1 ± 0.6
F1850T 0.24 ± 0.01 3.9 ± 0.8
F1850U 0.21 ± 0.01 4.1 ± 0.4

5. Conclusions

The Fumapem F-14100 and F-1850 membrane structure and the
changes produced by the activation treatment on them were character-
ized for the first time through SANS measurements, empirical models
and Monte Carlo simulations of scattering length density maps. By
fitting the empirical models to the experimental data, some structural
features were obtained, such as the lamellar shape of the channels and
the inter-channel distance, which were used to build up SLD maps and
produce simulated SANS patterns.

The structural parameters involved in SLD maps were optimized for
each sample. The comparison with the experimental data shows that
the lamellar cluster model properly describes the membrane structures.
In addition, it was found that the main difference between both mem-
branes with and without the activation procedure is in the inter-channel
distance due to the polymer microdegradations produced by the acid
present in the treatment, resulting in the formation of new hydrophilic
domains within the membrane, from surrounding membrane regions
where the polymer was originally amorphous.

The proton exchange membranes studied offer an effective alterna-
tive in several fuel-cell applications, since their low cost is accompanied
with an interesting performance. The nanometric structural character-
ization carried out will enable a new insight about their potential use
in energy applications within responsible technological developments
under environmental enhancement, which soon will be available for
portable devices, everyday gadgets, automobile comfort, etc.
Fig. 9. XRD fittings for the patterns corresponding to the studied Fumatech samples with and without activation treatment (respectively U and T). Blue and cyan: amorphous
peaks, red and green: crystalline peaks; violet: cumulative. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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