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ABSTRACT
Introduction: Although poly(styrene sulfonic acid) (PSSA)-grafted poly(ethylene-co-
tetrafluoroethylene) polymer electrolyte membranes (ETFE-PEMs) are potential polymer elec-
trolyte membranes for fuel cells, there are only a few reports on the effect of synthesis steps and
grafting degree (GD) on the features of ionic domains. These ionic features are related to the
conductance and thus directly affect the fuel cell performance. Accordingly, this work reports
SAXS analysis to determine the features of ionic domains, including domain sizes and interdomain
distances, in ETFE-PEMs according to GDs. Methods: ETFE-PEMs were prepared via the irradiation
of polystyrene onto the original ETFE matrix (grafted-ETFE) and subsequent sulfonation. The
structural features of the ionic domains were investigated by the Ornstein–Zernike (OZ) and
Teubner–Strey (TS) models based on the fitting of small-angle X-ray scattering (SAXS) profiles.
Results: According to the OZ model, the polystyrene (PS) and PSSA grafts can be ordered up to
0.8 and 1.1 nm, respectively. Moreover, the TS model suggested that the interdomain distances of
the PS and PSSA grafts were approximately 0.7 and 1.1 nm, respectively. Conclusion: The above
SAXS results suggest that the grafted-ETFE films have the capacity for self-organization of graft
domains. Moreover, phase separation occurred strongly at the sulfonation step, leading to the
self-organization of ionic domains at larger dimensions compared to those of the corresponding
graft layers.
Key words: Polymer electrolyte membrane, fuel cells, graft polymerization, SAXS

INTRODUCTION
Proton exchange membrane fuel cells (PEMFCs) are
eco-friendly electrochemical devices with high con-
version efficiency (~ 65%) that are suitable for trans-
portation applications and portable devices 1,2. There
were 19,000 fuel cell electric vehicles (FCEVs) oper-
ating in the U.S., Japan, Europe, South Korea, and
China as of 20191. The two most popular FCEVs at
present are Hyundai Nexo and Toyota Mirai1. The
polymer electrolyte membrane (PEM) is an impor-
tant component of PEMFCs that directly affects fuel
cell performance because of its proton conductance
and ability to prevent gas diffusion through the PEM.
Nafion is a commercial PEM, but it has low proton
conductance at low relative humidity (RH) (< 50%)
and high temperature (> 80 ◦C) and is expensive to
produce1,3. This has motivated researchers to find al-
ternative PEMs with suitable electrochemical proper-
ties at a reasonable price.
Recently, poly(styrene sulfonic acid) (PSSA)-grafted
poly(ethylene-co-tetrafluoroethylene) (ETFE) poly-
mer electrolyte membranes (ETFE-PEMs) have
emerged as potential PEMs because some of the

performance parameters of ETFE-PEMs are compa-
rable to or better than those of conventional Nafion
membranes3,4. The ETFE-PEMs were prepared by
irradiating polystyrene onto the ETFE matrix to
obtain the polystyrene-grafted ETFE (grafted-ETFE)
and then performing sulfonation on the grafted
film3–13. This process allows us to introduce a
large amount of sulfonic acid groups to the ETFE
matrix to form proton conductive channels while
retaining useful properties, such as thermal stability
and mechanical strength, of the original films3,5. The
features of the ETFE-PEMs were studied in detail
using different approaches, such as Fourier trans-
form infrared (FT-IR) spectroscopy14,15, positron
annihilation lifetime spectroscopy 16,17, small-angle
X-ray scattering (SAXS) 17–19, tensile strength20,
and X-ray photoelectron spectroscopy (XPS) 21.
Among these methods, SAXS is the most suitable
approach for examining the microstructures and
phase features of PEMs at different scales at the
same time (the same SAXS profiles). Some works
(using SAXS analysis) have reported the high-order
microstructures of ETFE-PEMs, including the sizes
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and interdomain distances of ionic layers with large
dimensions3–13. These ionic domains have clear
phase separation with the hydrophobic polymer
backbone and are related directly to the conductance
of membranes13,22. However, there are only a few
reports on ionic layers at low dimensions (subnano-
to nanolevels)8,13. In the graft-type PEM system, a
water channel is expected to be created around the
ionic domains15. Accordingly, the structural param-
eters of ionic domains are necessary to understand
the structure-conductance relationship, which can
control the PEM performance in PEMFCs.
The ionic domain sizes and interdomain distances of
PEMs have been studied by the analysis of small-angle
X-ray scattering (SAXS) profiles using Guinier13,
Debye-Bueche (DB)/combined with Teubner-Strey
(TS)23,24, and Ornstein-Zernike (OZ) models25,26.
However, there have been no reports on the ionic do-
mains of ETFE-PEMs using the OZ 25,26and TS mod-
els27–29, although these are effective approaches for
determining the microstructural parameters of mem-
branes. Accordingly, this study focuses on the domain
sizes and interdomain distances of grafted-ETFE films
and ETFE-PEMs using the OZ and TS models. The
OZ andTSmodels were used for fitting the SAXS pro-
files because the OZ model is suitable for describing
the correlation length or domain size of inhomogene-
ity systems25,26, while the TS model is suitable for ex-
tracting structural information from two immiscible
phase systems27–29. Similar to OZ, the Guinier30 and
DB31 models are also utilized to determine the cor-
relation length or domain size in the above films and
membranes for comparison.

EXPERIMENTAL
Materials and ETFE-PEM preparation
The original ETFE films (50 mm in thickness) were
purchased from Asahi Glass Co. Ltd., Japan. The
ETFE-PEMs were prepared using the same synthetic
process described in a previous study3. The synthetic
procedure is shown in Scheme 1. A Co60 gamma
radiation source with an absorbed dose of 15 kGy
under an argon atmosphere was used for irradiating
polystyrene onto the original ETFE films to create
polystyrene-grafted ETFE (grafted-ETFE) films. The
grafting degree (GD) is determined as the percent-
age of the grafting polymer weight and the original
film weight: GD(%) = 100(Wg -Wo)/Wo. Here, Wg
and Wo are the weights of the grafted-ETFE film and
the pristine film, respectively. The original ETFE film
was cut to a size of 6x8 cm2 and weighed prior to the
irradiation process. After grafting with polystyrene

solution, the surface of the grafted ETFE film was
cleaned to remove the homopolymer and the resid-
ual monomers prior to weight measurement. In this
work, the GDwas controlled by varying themonomer
concentration and grafting time while maintaining
other conditions of irradiation and grafting, such as
the irradiation dose, temperature, and solvent. Fi-
nally, the grafted-ETFE films were immersed in 0.2
M chlorosulfonic acid solution at 50 ◦C for 6 hours
for sulfonation to obtain the ETFE-PEMs.

SAXSmeasurements
Scheme 2 illustrates the SAXS measurements. The
SAXS profiles were measured at room temperature
and 60% relative humidity using Mo-Kα radiation
(wavelength, l = 0.07 nm) (Rigaku NANO-Viewer,
Japan) at the National Institute of Material Science
(NIMS) in Japan. The sample-detector distance was
35 cm. TheQ-range of the SAXS profiles was Q = 1.0–
10.0 nm−1. Here, Q is the magnitude of the scatter-
ing momentum transfer, equaling 4π sin(θ )/λ , where
2θ is the scattering angle and λ is the incident X-ray
wavelength. The scattering intensities were circularly
averaged and corrected using the secondary standard
of glassy carbon (provided by Argonne National Lab-
oratory, USA) to obtain the absolute intensities5,32.
More details on the SAXSmeasurements can be found
in our previous work5.

SAXS analysis
In our previous works9,13, field emission scan-
ning electron microscopy (FE-SEM) measure-
ments showed that ionic domains have different
sizes/shapes. Moreover, PSSA chains were not mixed
with the amorphous phase of the ETFE matrix,
leading to membranes having two immiscible phase
systems12,21. Therefore, the OZ model (suitable
for describing inhomogeneity systems)25,26 and TS
model (suitable for describing two immiscible phase
systems)27–29 were used in this work. To enrich the
results, we modeled the morphology of the ionic
domains using the popular Guinier30 and DB31

models. Similar to the OZ model, the Guinier and
DB models are suitable for studying inhomogeneity
systems30,31.

OZmodel
The OZ model is applicable for describing material
regions with random shapes25,26 and is suitable for
extracting the sizes of grafted polystyrene layers of
grafted ETFE films and the ionic domains of ETFE-
PEMs. According to OZ theory25,26, the scattering
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Scheme 1: Synthetic process and chemical structures of ETFE, grafted-ETFE, and ETFE-PEM.

Scheme 2: Illustration of the SAXS measurements.

intensity near Q = 0 is given by:

IOZ (q) =
IOZ (0)

1+ζ 2
OZ .q

2 (1)

where ζ OZ is the correlation length or domain size
and IOZ(0) is the scattering intensity at Q = 0. The
fitting parameters follow the least square law. The fit-
ting was performed at least four times, and the fitting
parameters were averaged. A similar fitting procedure
was also applied to the Guinier, DB, and TS models.
Table 1 shows the averaged fitting parameters of the
OZ, Guinier, and DB models to compare the results
of domain sizes using different models, while Table 2
shows those of the TS models to discuss interdomain
distances.

Guinier model
In 1939, Guinier proposed an approximation equa-
tion to determine the radius of gyration Rg for

samples with solid spherical molecules as well as
ionomers30. The radius of gyration is the square root
of the average squared distance of each scatterer from
the particle center. This size is not fixed for objects
with the same volume but different shapes. Accord-
ing to Guinier theory30, the scattering intensity near
Q = 0 is given by:

Ig (q) = Ig (0)exp
(
−1

3
q2R2

g

)
(2)

where Ig(0) is the scattering intensity at Q = 0.

DBmodel
The DB model is used to determine the correlation
length or domain size of inhomogeneous systems.
The Debye-Bueche model is suitable for determining
these structural parameters in a sharp two-phase sys-
tem, where both the sizes and shapes of the phases are
random. This model follows an exponential decay of
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the electron density correlation function. The relevant
expression from this model is as follows31:

IDB (q) =
A2(

1+ζ 2
DBq2

)2 (3)

where A depends on the system in question and ζ DB

is called the correlation length or domain size.

TSmodel
The TS model is applicable for describing two-phase
systems with distinct boundaries and has been used
for the intermeshing of hydrophobic and hydrophilic
structures when the particle shape is not well de-
fined27–29. In this case, the clear phase separation of
ionic regions and the ETFE backbone was described
in a previous study22. In the TS model, the pair cor-
relation function γ(r) in real space is assumed to have
the following form:

γ (r) =
dT S

2πr
exp

(
− r

ξT S

)
sin

(
2πr
dT S

)
(4)

where dT S is the domain periodicity or interdomain
distance and ξ T S is a correlation length that has been
attributed to the dispersion of dT S. Then, the scatter-
ing intensity profile, IT S(q), can be expressed as fol-
lows:

IT S (q) =
1

a2 + c1q2 + c2q4 (5)

where a2 > 0, c1 < 0, and c2 > 0. The TS model is
suitable for a single broad scattering maximum and a
power law decay of –4 at large scattering angles. Fur-
thermore, a2, c1, and c2 are also parameters used to fit
one-dimensional SAXS profiles and can also be used
to calculate the correlation length (ξ T S) and domain
spacing (dT S) via the following equations:

ξT S =

[
1
2

(
a2

c2

)1/2
+

c1

4c2

]−1/2

(6)

dT S = 2π

[
1
2

(
a2

c2

)1/2
− c1

4c2

]−1/2

(7)

The fitting of the SAXS profiles using equation (5) was
performed to extract the structure parameters and
pair correlation function.

RESULTS
The plots of the best-fit OZ models for the SAXS pro-
files of the grafted-ETFE films with GDs of 36 and
61%are shown in Figure 1a,b. TheOZmodels (orange
lines) are plotted by the fitting regions with a Q-range
of 2.0–3.5 nm−1. A screening process was carried out

to determine good fitting regions as good as the suit-
able fitting parameters of IOZ(0) and ζ OZ . The suit-
able region for fitting is between the ionic peak and the
Porod region 5,7,8. In this work, several Q-regions are
selected for the fitting process, and the fitting parame-
ters of IOZ(0) and ζ OZ are averaged. This procedure is
applied similarly for the Guinier, DB, and TS models.
The grafted polystyrene domain sizes of the grafted
ETFEs (with GDs of 36 and 61%) are approximately
0.78 nm. Figure 1c,d shows the plots of the Guinier
models for the SAXS profiles of the similar films. The
Guinier models (green lines) are plotted by the fitting
regions with a Q-range of 1.9–2.8 nm−1. The grafted
polystyrene domain sizes extracted from the Guinier
model were also nearly 0.78 nm. The plots of the DB
models are shown in Figure 1e,f. The pink lines rep-
resent the DB models with the fitting regions having
a Q-range of 1.2–2.7 nm−1. The grafted polystyrene
domain sizes extracted from the DBmodel can be or-
dered up to approximately 0.80 nm. The structural
parameters extracted from each model are shown in
Table 1.
A similar fitting procedure was applied for the SAXS
profiles of the ETFE-PEMs with GDs of 36 and 61%.
Figure 2a,b illustrates the best-fitting OZ model for
the SAXS profiles of the ETFE-PEMs. The fitting re-
gions have a Q-range of 1.5–2.5 nm−1. The ionic do-
main sizes extracted from the OZ model are approx-
imately 1.07 nm. The plots of the Guinier model for
fitting the SAXS profiles of the ETFE-PEMs are shown
in Figure 2c,d. The Guinier model was applied for the
region with a Q-range of 1.3–2.0 nm−1. The results of
the Guinier model still show that the ionic domains
can be ordered up to 1.12 nm. The plots of the DB
model are shown in Figure 2e,f. The fitting regions
have a Q-range of 0.9–1.7 nm−1. Similar to the re-
sults of the OZ and Guinier models, the domain sizes
extracted from the DB model are approximately 1.11
nm. The structural parameters extracted from each
model are shown in Table 1.
Figure 3a,b shows the plots of the TS model for fit-
ting the SAXS profiles of the grafted ETFEs with a GD
of 36% and the related correlation (gamma) function
γ(r). This model was applied for fitting a peak with a
Q-range of 4.2–8.4 nm−1. In this case, the TS model
allows us to extract the correlation distance between
grafted polystyrene domains of nearly 0.71 nm. The
correlation function shows an intensive peak at 0.8
nm and further peaks at approximately 1.6 and 2.3
nm. These peaks represent the correlation distances
between grafted polystyrene domains. Theplots of the
best-fitting TSmodel and the related correlation func-
tion of the grafted ETFE with a GD of 61% are shown
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Figure 1: The plots of OZ, Guinier, and DB model fitting for the SAXS profiles of grafted-ETFE films with GDs of
36 and 61%. The fitting is conducted in several Q-ranges and the obtained fitting parameters are averaged. The
fitting parameters are represented in Table 1.
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Figure 2: The plots of OZ, Guinier, and DBmodel fitting for the SAXS profiles of the ETFE-PEMs with GDs of 36 and
61%. The fitting is conducted in several Q-ranges and the obtained fitting parameters are averaged. The fitting
parameters are represented in Table 1.
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Table 1: Domain sizes were extracted from fitting for the SAXS profiles using the OZ, Guinier, and DBmodels of
grafted-ETFE films and the ETFE-PEMs having GDs of 36 and 61%and comparedwith those of othermembranes

Sample Microstructures Model Domain size
(nm)

Ref

Grafted-ETFE 36% Grafted polystyrene do-
main

OZ 0.78± 0.05 This study

Guinier 0.77± 0.01

DB 0.80± 0.01

Grafted-ETFE 61% Grafted polystyrene do-
main

OZ 0.77± 0.03 This study

Guinier 0.77± 0.01

DB 0.81± 0.01

ETFE-PEM 36% Ionic domain OZ 1.07± 0.06 This study

Guinier 1.12± 0.01

DB 1.11± 0.01

ETFE-PEM 61% Ionic domain OZ 1.15± 0.05 This study

Guinier 1.14± 0.01

DB 1.11± 0.01

Poly(ethylene oxide)-block-
poly((vinyl benzyl)trimethyl-
ammonium chloride)

Hard phase OZ ≈ 3.8–5.9 26

Poly(N-isopropyl acrylamide)
(pNIPAAm)

Polymer-network mesh size OZ ≈ 1.0–10 33

Nafion The packing of two aligned
backbones

OZ ≈ 0.5–0.7 34

in Figure 3c,d. The fitting region has aQ-range of 4.2–
8.6 nm−1. The results from the TS model show that
the intergrafted polystyrene domains are nearly 0.74
nm in length. The derived correlation function shows
the first, second, and third peaks at approximately 0.9,
1.7, and 2.7 nm, respectively. The fitting results can be
seen in Table 2.
Figure 4a,b shows the plots of the best-fitting TS
model for the SAXS profiles of ETFE-PEM (GD =
36%) and the derived correlation function γ(r). The
fitting region has a Q-range of 2.7–5.5 nm−1. In this
case, the correlation distance between the ionic do-
mains extracted from the TS model is approximately
1.13 nm. The relative correlation function shows an
intense peak at 1.2 nm and a further peak at approxi-
mately 2.4 nm. The plots of the TS model and related
correlation function of ETFE-PEM (GD = 61%) are
shown in Figure 4c,d. The fitting by the TS model
was applied for the region with a Q-range of 2.8–
5.7 nm−1. The interionic domain distance is approx-
imately 1.06 nm. The derived correlation function

shows the first peak at 1.2 nm and the second peak
at nearly 2.3 nm. The fitting results can be seen in Ta-
ble 2.

The above results of SAXS analysis indicate that four
models, OZ, Guinier, DB, and TS, are applicable for
the ionic domains of ETFE-PEMs. The TS model re-
quires the SAXS peak for fitting, while this is not nec-
essary for the OZ, Guinier, and DB models. The fit-
ting results presented in Table 1 and Table 2 lead to
the conclusion that the domain size and domain dis-
tance of the ionic aggregates are independent of the
GD. However, increasing the number of ionic groups
according to GD should improve the proton conduc-
tance15. The results shown in Table 2 suggest that the
domain distances in the ETFE-PEMs are lower than
those in the other PEMs35–37. In other words, the
ionic groups in the ETFE-PEMs are more densely ag-
gregated.
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Figure 3: Plots of the TSmodel and derived gamma function of the grafted ETFE films: a, b) with a GD of 36%; c, d)
with a GD of 61%. The fitting is conducted in several Q-ranges and the obtained fitting parameters are averaged.
The fitting parameters are represented in Table 2.

Table 2: Domain distances extracted from the TSmodel of the grafted-ETFE films and the ETFE-PEMs with GDs
of 36 and 61% and compared with those of other membranes

Sample Microstructures Domain dis-
tance (nm)

Ref

Grafted-ETFE 36% Grafted polystyrene
domain

0.71± 0.01 This study

Grafted-ETFE 61% Grafted polystyrene
domain

0.74± 0.01 This study

ETFE-PEM 36% Ionic domain 1.13± 0.01 This study

ETFE-PEM 61% Ionic domain 1.06± 0.02 This study

Polyimide and poly(ethylene glycol) doped with an ionic
liquid

Ionic liquid ≈ 9.0–15.0 35

Sulfonated polyphenylenes composed of m- and p-
phenylene groups with sulfonic acid substituents (SPP-
QP).

Hydrophilic domain ≈ 7.0–8.0 36

ETFE-PEM cross-linked with 1,3-diisopropenylbenzene Ionic domain ≈ 1.5 37
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Figure 4: Plots of the TS model and derived gamma function of the ETFE-PEMs: a, b) with a GD of 36%; c, d) with
a GD of 61%. The fitting is conducted in several Q-ranges and the obtained fitting parameters are averaged. The
fitting parameters are represented in Table 2.

DISCUSSION
The domain sizes of the polystyrene grafts extracted
from the OZ, Guinier, and DBmodels for the grafted-
ETFE films with GDs of 36% (0.78–0.80 nm) and
61% (0.77–0.81 nm) are highly similar. A similar
case is true for the ETFE-PEMs with GDs of 36%
(1.07–1.12 nm) and 61% (1.11–1.15 nm). In other
words, the domain sizes at the different GDs (36%
and 61%) of both the grafted-ETFE film and the
ETFE-PEMs are similar. This result indicates that the
grafted-ETFE films and the ETFE-PEMs can accom-
modate more PS and PSSA chains with small changes
in their domain sizes 13. The ionic domain sizes of
the ETFE-PEMs are greater than those of the cor-
responding polystyrene graft domain sizes. This re-
sult can be attributed to the phase separation of PSSA
grafts from the backbones of the ETFE matrix at the
sulfonation step13. These PSSA grafts can be con-
nected, aggregated, and shelf-organized to form ionic
domains. As reported previously13,23,24, the struc-

tural features of these ionic domains, including do-
main sizes, strongly affect the conductance of mem-
branes for fuel cells. For example, the conductance
of ETFE-PEM (GD = 34%) is 5 times greater than
that at GD = 19%. This significant increase in con-
ductance was elucidated by the short-range distances
of the ordered ionic nanochannels, which allowed
the creation of water channels. These water chan-
nels are favorable for high proton conductance even
at low relative humidity 13. The domain sizes ex-
tracted from the OZ model for poly(ethylene oxide)-
block-poly((vinyl benzyl)trimethyl-ammonium chlo-
ride) (3.8–5.9 nm) 26, poly(N-isopropyl acrylamide)
(pNIPAAm) (1–10nm) 33, andNafion (0.5–0.7 nm) 34

are shown in Table 1 for comparison. In this case,
the domain sizes of polystyrene grafts are greater than
those of the packing of two aligned backbones of
Nafion membranes.
TheTSmodel allows us to describe a systemwith clear
phase separation with interdomain distances of ap-
proximately 0.7 and 1.1 nm for grafted polystyrene
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domains and ionic domains, respectively. In addition,
the derived correlation function shows that the near-
est correlation distances of the grafted polystyrene do-
mains and ionic domains are approximately 0.8 and
1.2 nm, respectively. As shown in Tables 1 and 2, the
change in structural parameters determined from the
TS model did not vary with GD, as determined by
the OZ, Guinier, and DBmodels for both the grafted-
ETFE films and the ETFE-PEMs13. In addition, the
peak features observed in the plots of the TS model
(Figure 3 and Figure 4) provide further information
on the size distribution of ionic domains, which could
not be obtained by the OZ, Guinier, and DB mod-
els. Accordingly, the TS model is the most suitable
approach for observing the ionic domains of ETFE-
PEMs. The structural parameters extracted from the
TS model for polyimide and poly(ethylene glycol)
doped with an ionic liquid (9–15 nm)35, sulfonated
polyphenylenes composed of m- and p-phenylene
groups with sulfonic acid substituents (SPP-QP) (7–
8 nm) 36, and ETFE-PEM cross-linked with 1,3-
diisopropenylbenzene (1.5 nm)37 are shown in Ta-
ble 2 for comparison. The domain distances of the
ETFE-PEMs are lower than those of the ETFE-PEMs
cross-linked with 1,3-diisopropenylbenzene. This re-
sult suggested that the aggregation and concentration
of PSSA grafts are hindered by cross-linking with 1,3-
diisopropenylbenzene. The obtained results in Ta-
bles 1 and 2 indicate that the domain sizes and in-
terionic domain distances of the ETFE-PEMs can be
controlled at irradiation grafting step13. Based on the
results of the fitting models, we propose a model for
the microstructural features of ETFE-PEM consisting
of PS and PSSA graft domains (Figure 5).
The above results indicate that the simultaneous ap-
plication of the OZ, Guinier, DB and TS models is
necessary to evaluate both the domain sizes and dis-
tances of the ionic domains. However, as shown in
Figure 1 and Figure 2, the fitting is only applied in the
limited Q-range for the case of the OZ and Guinier
models. Further evaluation of the features of the ionic
domains in the ETFE-PEMs at lower and higher GDs
using SAXS analysis is necessary to understand the
structure-conductance relation.

CONCLUSIONS
Thedomain sizes and interdomain distances of the PS
and PSSA grafts of the grafted-ETFE films (~ 0.8 nm)
and the ETFE-PEMs (~ 1.1 nm) were determined by
the OZ and TS models and compared to those of the
Guinier and DB models via SAXS profile fitting. The
domain sizes and interdomain distances did not vary
with GDs of 36 and 61%, respectively, indicating that

both the grafted films andmembranes can accommo-
date more PS and PSSA chains with small changes
in their dimensions. The ionic domain sizes of the
ETFE-PEMs can be controlled at the irradiation graft-
ing step. The ionic domain sizes of the ETFE-PEMs
were greater than the corresponding polystyrene graft
domain sizes of the grafted ETFE films, which can
be explained by the phase separation of the PSSA
grafts from the backbones of the ETFE matrix at
the sulfonation step. Note that the PSSA grafts in
the ETFE-PEMs can be connected, aggregated, and
shelf-organized to form ionic domains at low dimen-
sions, which is much lower than those in the ETFE-
PEMs cross-linked with 1,3-diisopropenylbenzene (~
1.5 nm) and commercial Nafion membranes (2–5
nm). The features of the ionic domains of the ETFE-
PEMs under various RH conditions are progressing.
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LIST OF ABBREVIATIONS
DB: Debye-Bueche
ETFE: Poly(ethylene-co-tetrafluoroethylene)
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grafted poly(ethylene-co-tetrafluoroethylene) (ETFE)
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Figure 5: Illustration of the microstructures of ETFE-PEMs. Grafted polystyrene domains and ionic domains can
organize at scales of 0.8 and 1.1 nm, respectively.
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