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ABSTRACT: The dispersion of perfluorinated sulfonic acid ionomers in catalyst inks is
an important factor that controls the performance of catalyst layers in membrane
electrode assemblies of polymer electrolyte fuel cells. Herein, the effects of water/
alcohol compositions on the morphological properties and proton transport are
examined by grazing incidence small-angle X-ray scattering, grazing incidence wide-
angle X-ray scattering, and electrochemical impedance spectroscopy. The thin films cast
by a high water/alcohol ratio Nafion dispersion have high proton conductivity and well-
defined hydrophilic/hydrophobic phase separation, which indicates that the proton
conductivity and morphology of the Nafion thin films are strongly influenced by the
state of dispersion. This finding is expected to further understand the morphology and proton transport properties of Nafion thin
films with different water/alcohol ratios, which has implications for the performance of the Pt/Nafion interface.

■ INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) have received
considerable attention owing to their high efficiency, high
power density, and zero emission as fuel cell vehicles to
microelectronics.1−4 In PEFCs, carbon-supported platinum
(Pt/C) covered by proton-conductive perfluorosulfonated
ionomers is the reaction field of the oxygen reduction reaction.
Nafion is the most well-known proton-conductive material
owing to its high proton conductivity, thermal stability, and
mechanical properties.5−9 Nafion consists of a hydrophobic
polytetrafluorethylene backbone (−CF2−) with perfluorinated
chains on either side that terminate in hydrophilic sulfonic acid
groups (−SO3H).

10,11 Under highly hydrated conditions, the
hydrophilic groups form an ionic domain that is related to
proton transport, whereas the hydrophobic backbone
aggregates to provide high mechanical stability.8,9,12 The
electrochemical properties, such as proton conductivity, of
Nafion thin films on the catalyst are different from those of
freestanding Nafion membranes.13−16 This is because the
confinement effect significantly influences the domain
orientations and anisotropy in Nafion thin films, as the
ionomer thickness approaches the domain size of the
copolymers.17,18 Thus, it is crucial to understand the
relationship between the morphology and electrochemical
properties of Nafion thin films on a catalyst.
In the fabrication of a membrane electrode assembly, the Pt/

C catalyst is cast on Nafion membranes using a catalyst ink of a
mixture of Nafion dispersion and the Pt/C catalyst. It has been
reported that the molecular structure and properties of Nafion
in the dispersion are influenced by the solvents.19−26 In high

dielectric constant solvents such as water, Nafion has a tightly
packed structure with a sulfonic group on the outside and the
perfluorocarbon backbone inside the molecule.19,21,22,27 In a
low dielectric constant solvent such as isopropyl alcohol (IPA),
Nafion has a loosely packed structure with the perfluorocarbon
backbone on the outside and the sulfonic group on the inside
of the molecules.27,28 In a mixed solution between water and
IPA, the molecular structure of Nafion changes from a tightly
packed structure to a loosely packed structure as the [IPA]/
[IPA + water] ratio increases.28 These molecular structures of
Nafion influence the electrode performance of the
PEFCs.25,26,28,29 These solvent effects can also change the
interaction driving the ionomer−particle aggregation in an ink
because inks with different water/alcohol ratios exhibit
different aggregate sizes.30−32 Ngo et al., via transmission
electron microscopy, revealed that the aggregate particle size of
Nafion molecules decreases as the IPA concentration increases
from 20 to 80 wt % of IPA/water solvents.28 A similar
tendency was also observed by Berlinger et al., who revealed
that the aggregate size of the Nafion molecules increases as the
water concentration increases.33 Although several studies have
attempted to understand the molecular structure of Nafion in
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dispersions with different solvents or different IPA/water
ratios, these studies have focused on Nafion in the dispersed
state and not the Nafion film. To date, the relationship
between the morphology and proton transport properties of
Pt-supported Nafion thin film cast by Nafion dispersion with
different IPA/water ratios has not been clearly understood.
To analyze the morphology of a Nafion thin-film catalyst,

grazing incidence small-angle X-ray scattering (GISAXS) and
grazing incidence wide-angle X-ray scattering (GIWAXS) are
powerful tools.17,34−37 Our group has identified the quantita-
tive relationship between the morphology and proton transport
properties of Nafion thin films with different thicknesses after
annealing treatment on a Pt substrate using these techniques
combined with Pt-deposited interdigitated array electrodes.38

It has been proved that the annealing treatment has impact on
formation of hydrophilic and hydrophobic domains and the
morphology change temperature depends on the film thick-
ness. GISAXS/GIWAXS are useful for understanding the
relationship between the morphology and proton conductivity
of Nafion thin films cast on a Pt electrode using Nafion
dispersions with different water/alcohol ratios.
In this study, we examine the correlation between the

morphology and proton transport behavior of spun-cast Nafion
thin films with different IPA/water fractions. Nafion films of 50
and 110 nm thicknesses on a Pt substrate cast by Nafion
dispersion with different water/alcohol ratios are systematically
investigated via GISAXS/GIWAXS and electrochemical
impedance spectroscopy (EIS) methods in terms of morpho-
logical properties and proton transport behavior.

■ RESULTS AND DISCUSSION
The thicknesses of the as-prepared Nafion thin films were 50
and 110 nm, which were characterized by ellipsometry
combined with the Cauchy model fitting as previously
reported.38 Figure 1 displays the proton conductivity of the

cast Nafion thin films with different IPA fractions in the
solvent and thicknesses (Figure 1a, 110 nm; Figure 1b, 50 nm)
at 25 °C under 20−90% RH. The Nyquist plot is displayed in
Figure S1, Supporting Information. In the case of the 110 nm
film displayed in Figure 1a, the proton conductivity increased
as the relative humidity increased in the range of 20−90% RH,
for all samples, which exhibited humidity dependence as in a
previous work.13 Moreover, the proton conductivity increased
with decreasing IPA fraction in the cast solution. Comparing

the proton conductivity of the Nafion thin films cast by
dispersion with IPA fractions of 54 and 2 wt %, the gap became
larger at lower RT (Figure 1a and Figure S2a), and the gap at
20% RH indicated the greatest difference (54 wt %: 0.33 mS/
cm; 2 wt %: 0.70 mS/cm). A similar tendency was observed for
50 nm (Figure 1b and Figure S2b). These results indicate that
the proton conductivity of the Pt-supported Nafion thin films
is influenced by the IPA fraction in the cast solution. In
particular, the difference in proton conductivity between 2 and
54 wt % IPA cast thin films increased as the thickness
decreased to 50 nm. It can be noticed that the difference in
proton conductivity between 2 and 54 wt % IPA cast thin films
at low %RH is larger in a 50 nm-thick film than a 110 nm-thick
film. The reason for that will be discussed in detail later.
The morphologies of the as-prepared Nafion thin films cast

by dispersion with different IPA fractions were examined by
GISAXS and GIWAXS measurements. Figure 2 displays the
GISAXS 2D patterns of Nafion thin films with thicknesses of
50 and 110 nm, cast by different IPA fractions of Nafion
dispersion. The scattering patterns are plotted as scattering
vector q in 2D, and the measured intensity is reported as a
function of the magnitude of the scattering vector.39
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αi means the incidence angle; αf and Θ mean the exit angles
along the out-of-plane and in-plane directions, respectively. λ is
the wavelength of the incident X-ray. In the case of the 110
nm-thick Nafion thin films cast by dispersion with 54 wt % IPA
fraction, the scattering ring appeared near q = 1−2 nm−1. The
scattering ring is called the “ionomer peak”, which arises from
the ordered structure of the hydrophilic ionic domain in
Nafion thin films.40,41 As the IPA fraction decreased to 2 wt %,
the ionomer peak increased significantly, which indicates that
the formation of the hydrophilic ionic domain was enhanced. A
similar tendency was observed in the 50 nm-thick Nafion thin
films because the growth of the hydrophilic domain along the
in-plane direction was significantly confined as the film
thickness approached the domain size.
To further understand the change in the hydrophilic ionic

domain, 1D line-integrated analysis results along the in-plane
and out-of-plane directions were extracted from the GISAXS
2D images in the same manner as the previous study.38 For the
in-plane direction analysis, the distance of the cut line from the
beam center was set as q = 0.45 nm−1 to avoid the influence of
the Yoneda peak. For the out-of-plane analysis, the scattering
position shift along the qz direction may have been caused by
the refraction of X-ray. The peak shift along the qz direction
was negligibly small, which was confirmed by calculating the d-
spacing considering the distorted wave born approximation.38

The typical 1D line profiles along the in-plane direction are
displayed in Figure 3. The scattering vector q expressed in
reciprocal space can be converted to d-spacing in real space by
using following equation:

d
q

2π=
(2)

The line profiles along the in-plane direction displayed in
Figure 3 clearly indicate the differences in the morphologies of
these Nafion thin films with different thicknesses and IPA

Figure 1. Proton conductivity of Nafion thin films with different
thicknesses: (a) 110 nm and (b) 50 nm, cast using different IPA
fractions of Nafion dispersion. Electrochemical impedance was
conducted under a wide range of humidity from 20−90% RH at 25
°C.
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fractions. The intensity of the ionomer peak found in all 50 and
110 nm-thick Nafion thin films increased as the IPA fraction
decreased to 2 wt %, and the peak positions marginally shifted
to the lower q side to approximately 1.56 and 1.48 nm−1,
respectively. The hydrophilic ionic peak shown in the line
profile (Figure 3) exhibited a similar tendency of proton
conductivity, which is also experimentally proved in our
previous works.38,42 These results indicate that the size of the
hydrophilic domain in thin films increased as the IPA fraction
of cast dispersion decreased. A similar tendency was observed
in the out-of-plane direction (Figure S3).
The Gaussian function was used to fit the ionomer peak to

extract the d-spacing of the ionomer peak. Typical fitting
results are displayed in Figure S4. The obtained d-spacing
versus IPA fraction plot is presented in Figure 4a,b. For 50 and
110 nm-thick Nafion thin films, the d-spacing along the in-
plane direction increased to 3.0 and 4.4 nm, respectively, as the
IPA fraction decreased to 2 wt %. Although the d-spacing value
along the out-of-plane direction indicated in Figure 4b
exhibited a similar tendency as displayed in Figure 4a, the
out-of-plane value was marginally less than that along the in-
plane direction.43 The d-spacing of the cast thin films shown in
Figure 3 exhibited a relatively lower value than that of the
freestanding Nafion membrane (4.9−5.2 nm) due to the
confinement effect in which the growth of the hydrophilic
domain of the Nafion thin film was suppressed in this thickness
regime.38,44 Compared with 110 nm-thick thin films, 50 nm-
thick films exhibited lower values because of the significant

confinement effect, which results in the lack of integrity of the
domain structure. Overall, the d-spacing decreased monotoni-
cally as the IPA fraction of the cast Nafion dispersion
increased, which indicates that the alcohol/water ratio in the

Figure 2. GISAXS 2D patterns of 50 and 110 nm-thick Nafion thin films cast by dispersion with different IPA fractions under 80% RH at 25 °C.

Figure 3. 1D in-plane line profile of Nafion thin films cast by Nafion dispersion with different IPA fractions: (a) 110 nm and (b) 50 nm.

Figure 4. d-Spacing of the ionomer peak extracted from the line
profile along (a) in-plane and (b) out-of-plane directions under 80%
RH with different IPA fractions. (c) Ratio of contribution of the
hydrophilic ionic domain along the out-of-plane component.
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Nafion dispersion directly affects the spacing of the hydrophilic
ionic domain in cast Nafion thin films. Furthermore, the d-
spacing along the in-plane direction was greater than that in
the out-of-plane direction under the same condition (IPA
fraction and thickness), which indicates that the behavior of
the hydrophilic domain is anisotropic.
To quantitatively compare the ionomer peak intensity along

the meridional axis with that along the equatorial axis, I1 and I2
were used, respectively. The curves were normalized by using
the same method reported in our previous study.38 Here, we
set an assumption that I1 and I2 are Gaussian distribution
functions of the azimuthal angle, φ, indicated in Figure S5,
with peaks along the meridional (φ = 0°) and equatorial (φ =
90°) directions. Then, I1 (φ) and I2 (φ) were utilized to
calculate the normalized integral intensity, I(q), which is
expressed as the following equation:45

I q I q( ) ( )2 sin di i0

/2∫ φ π φ φ≈ | |
π

(3)

The meridian and equator scattering patterns refer to the in-
plane and out-of-plane directions against the substrate. The
calculated normalized integrated intensity of the ionomer peak
around 1−2 nm−1 for the 50 and 110 nm-thick Nafion thin
films with different IPA fractions is displayed in Figure 4c. In
general, for both 50 and 110 nm-thick films, the contribution
of the orientated component along the out-of-plane direction,
I1(q) (%), increased marginally with increasing IPA fraction.
This result indicates that the IPA fraction in the casting
solution influences the orientation of the nanostructure of the
cast film. Considering the absolute intensity of the scattering
pattern displayed in Figure 2, it is clear that the film cast by the
lower IPA fraction solution is more inclined to be oriented
parallel to the Pt substrate than in the case of the film cast by
the high IPA fraction solution. A similar result was obtained by
Van Cleve et al., who suggested that the film cast with lower
IPA fractions induced a more orientated Pt/ionomer interfacial
structure owing to the Pt−sulfonate interaction.29

Additionally, GIWAXS measurement was conducted to
investigate the molecular aggregation in the hydrophobic
domain of the Nafion thin films. The line profiles along the in-
plane direction extracted from the GIWAXS images (Figure
S6) are displayed in Figure 5. The broad peak observed at
around q = 10−12 nm−1 can be attributed to the combination
of amorphous and crystalline CF2 chain structures that
appeared at q = 10.5 and 12 nm−1, respectively.34,46 For the
50 nm-thick Nafion thin films displayed in Figure 5b, an

amorphous/crystalline peak was detected in all samples and
decreased with increasing IPA fractions, which indicates that
the growth of the ordered hydrophobic structure was enhanced
as the IPA fraction of the Nafion cast dispersion decreased.
Compared with the 50 nm samples, the amorphous/crystalline
peak observed at 110 nm (Figure 5a) is comparatively sharp
because the bulkier properties begin to dominate the thin-film
morphology.35 Similar to the in-plane direction, in the case of
the out-of-plane direction, the amorphous/crystalline peak in
110 nm-thick thin films gradually decreased as the IPA fraction
increased, which indicates that the lack of integrity of the
domain structure is enhanced as the IPA fraction increased
(Figure S7a). The 50 nm-thick films exhibited a similar
tendency with the 110 nm-thick films (Figure S7b). For further
investigation, a crystalline-rich phase proportion, Pc, of the
Nafion thin films as reported previously38 was estimated to
describe the morphology changes as a function of the IPA
fraction. The typical fitting results are displayed in the
Supporting Information (Figure S8). As displayed in Figure
6a, the Pc along the in-plane direction generally decreased with
an increase in the IPA fraction for a given thickness. In the case

Figure 5. GIWAXS 1D line profile, (a) 110 nm and (b) 50 nm, of the Nafion thin film cast by Nafion dispersion with different IPA fractions
extracted from 2D patterns displayed in Figure S6.

Figure 6. Estimated crystalline-rich phase proportion of Nafion thin
films with different IPA fractions along (a) in-plane and (b) out-of-
plane directions extracted from GIWAXS 2D patterns.
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of the 110 nm-thick Nafion thin films, Pc gradually decreased
to 20.4% as the IPA fraction increased to 54 wt %. In the case
of the 50 nm-thick Nafion thin films, Pc gradually decreased to
10.1% as the IPA fraction increased to 54 wt %. Compared
with the 110 nm films, the 50 nm-thick thin films exhibited a
lower Pc owing to the disordered domain structure, as
mentioned in the previous section. A similar tendency was
observed for Pc in the out-of-plane direction, as indicated in
Figure 6b. Moreover, the Pc along the out-of-plane direction
exhibited a marginally greater value than the in-plane direction,
indicating anisotropic behavior due to the ionomer/substrate
interaction. Figure 6 clearly indicates that the crystalline
structure of the thin films depends on the IPA fraction of
casting solution, thereby implying that the dispersion
influences the structural order of the hydrophobic domains
in Nafion.
In the following, we discuss the correlation between the IPA

fraction and morphology in Nafion thin films. This study
indicates that both the morphology and proton conductivity of
Nafion thin films are affected by the IPA fraction of the cast
dispersion. It has been reported that the morphology of the
Nafion molecules in the dispersion changes with the IPA/
water ratio.47 At low IPA contents, the polar sulfonic groups
interact with water, and the nonpolar perfluorocarbon
backbones are associated with each other, resulting in a tightly
packed structure with the sulfonic group on the outside and
the perfluorocarbon backbone inside the Nafion molecules.
With increasing IPA content, the nonpolar perfluorocarbon
backbones interact with IPA and the polar sulfonic groups
associated with each other, resulting in a loosely packed
structure with the perfluorocarbon backbone on the outside
and the sulfonic group inside the Nafion molecules.
Considering the previous study,48 in this study, the Nafion
molecules in the 2 wt % IPA fraction dispersion have a tightly
packed structure with hydrophilic/hydrophobic phase separa-
tion because the large amount of water interacts with the
sulfonic groups. Conversely, the Nafion molecules in the 54 wt
% IPA fraction dispersion have a loosely packed structure with
low hydrophilic/hydrophobic phase separation. In the case of
the 2 wt % IPA fraction dispersion, the tightly packed structure
with a sulfonic group on the outside of the Nafion molecules
enhances the development of hydrophilic/hydrophobic phase
separation in the Nafion thin film because specific adsorption
of Nafion molecules occurs due to the interaction between the
sulfonic groups in the Nafion molecules and the surface of the
Pt substrate.48−50 It has been reported that the morphology of
Nafion thin films on substrates is influenced by the interaction
between the sulfonic groups and the substrates.29,35,42,51,52 In
the case of the 54 wt % IPA fraction dispersion, the loosely
packed structure of the Nafion molecules with the sulfonic
group inside the Nafion molecules inhibits the development of
hydrophilic/hydrophobic phase separation in the Nafion thin
film. In particular, the effect of the molecular structure on the
thin-film morphology is pronounced when the thickness of the
Nafion thin film is small as shown in Figure 7. These
morphological differences of the Nafion thin films, which are
influenced by the Nafion molecular structure in the different
IPA fraction dispersions, result in a difference in proton
conductivity (Figure 1 and Figure S2). This is because the
remarkable confinement effect causes the lack of large
backbone bundles with a strong interchain as the thickness is
topologically confined to under 50 nm.34,44 Our scattering
profile indicates that the formation of hydrophilic and

hydrophobic domains are suppressed and not well defined in
50 nm-thick films, which showed dispersion-like properties.35

On the other hand, the confinement effect of 110 nm-thick
thin films is relatively not as strong as that of 50 nm-thick thin
films, which exhibited membrane-like properties and well-
defined hydrophilic/hydrophobic domain structures.38,42 As a
result, the proton conductivity of cast thin films is more likely
to be affected by the water/IPA ratio as the thickness is
confined to under 50 nm. The tendency of domain size to vary
with IPA or water content is consistent with the previous work
conducted by Berlinger et al., who also suggested that the
average cluster size increases with increasing water content.33

In a high-IPA-content solvent, as aforementioned, the Nafion
molecules tend to form a tightly packed structure with a highly
hydrophilic/hydrophobic phase-separated structure. In this
case, it is anticipated that the proton transport pathway is well
grown, which is related to comparatively high proton
conductivity. Conversely, a low-IPA-content solvent results in
a loosely packed structure where the proton transport pathway
is restricted owing to the low hydrophilic/hydrophobic phase
separation.

■ CONCLUSIONS
In this study, we systematically investigated the alcohol/water
effect in Nafion thin films with thicknesses of 50−110 nm in
terms of the morphology and proton transport property via
GISAXS/GIWAXS and EIS methods. It is apparent that the
water/alcohol ratio in the cast dispersion directly influences
the morphology, connectivity of hydrophilic groups, hydro-
philic/hydrophobic phase separation, and proton transport
behavior in cast films. As the IPA fraction decreased to 2 wt %,
the growth of the hydrophilic domain of the cast Nafion thin
films is accelerated, accompanied by the formation of a
crystalline-rich phase in the hydrophobic domain, which
indicates a strong hydrophilic/hydrophobic phase separation.
Conversely, Nafion thin films cast with a 54 wt % IPA fraction
exhibited the lowest phase separation and proton conductivity
value. These results indicate that the morphology of the cast
thin films is strongly influenced by the dispersion state in
solution. The findings of this study are expected to further
understand catalyst/ionomer interfacial phenomena during the
optimized dispersion fabrication process in PEFCs.

Figure 7. Schematic model of Nafion thin films cast by dispersion
with different IPA fractions.
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■ EXPERIMENTAL SECTION

Sample Preparation. Nafion dispersion was prepared by
diluting a 20 wt % Nafion solution in the desired solution,
where the solvent compositions were [IPA]/[IPA + water] =
2, 17, 34, and 54 wt % (Nafion weight percent: 18.9, 12.6, 6.8,
and 1.1 wt %) by adding ultrapure water. Thereafter, the
Nafion thin films were prepared by using the spin-casting
method on the interdigitated array electrodes. The thicknesses
of the as-prepared Nafion thin films on the interdigitated array
electrodes were confirmed by ellipsometry measurements
(Otsuka Electronics Co., Ltd.).
Proton Conductivity Measurement. A self-designed Pt-

deposited interdigitated array (Osaka Vacuum Industrial Co.,
Ltd.) with the same setup as in our previous study was used to
measure the proton conductivity.38 The proton conductivity of
the cast Nafion thin films applied to the interdigitated array
electrodes was measured by EIS under a flow of dry N2 gas
through a water tank. The relative humidity in the proton
conductivity was changed from 20 to 90% RH at 25 °C. All
measurements were conducted at 25 °C with 20−90% relative
humidity (RH). The alternating amplitude potential was 100
mV, and the frequency range was between 7 MHz and 0.01 Hz.
The collected impedance data were fitted using analysis
software EC-lab to calculate the Nation thin-film resistances.
For the pre-experiment, the proton conductivity of the 200 nm
thin film was measured at 15 min time intervals under 80% RH
at 25 °C, which shows that there is almost no obvious change
in the Nyquist plot after 60 min (Figure S1f). Therefore, both
maintained electrochemical impedance and GISAXS/GIWAXS
measurements more than 60 min before measurement.
GISAXS/GIWAXS Measurements. For GISAXS/GI-

WAXS measurements, Nafion thin films with thicknesses of
50 and 110 nm were prepared on a Pt-sputtered Si substrate as
previously reported.38 The sample was placed into a self-
designed environmental chamber, in which humidity was
controlled. The relative humidity was controlled to a constant
humidity level (80% RH at 25 °C). All GISAXS and GIWAXS
measurements were conducted in beamline BL40B2 at SPring-
8, Hyogo, Japan. The incident X-ray energy and angle were set
at 12.4 keV and 0.14°, respectively. The detectors for the
GISAXS and GIWAXS 2D images were a Dectris Pilatus
imaging plate (0.172 mm × 0.172 mm, C9729DK-10) and a
flat panel sensor (0.05 mm, Hamamatsu Photonics K.K.
Japan), respectively. Sample-to-detector distances were ap-
proximately 2200 and 60 mm for the GISAXS and GIWAXS
configurations, respectively. To calibrate the beam center and
sample-to-detector distance for GISAXS and GIWAXS, silver
behenate and CeO2 were used as standard materials,
respectively. Considering the influence of water molecules on
collected scattering profiles, we estimated the electron density
(ρe) of water and the Nafion molecule (EW = 1100) based on
following equation:

N
A

Ze
Aρ ρ= i

k
jjj

y
{
zzz

(4)

NA represents Avogadro’s constant, A is the molecular
weight, and Z is the number of electrons per molecule. We
used the equivalent weight (EW = 1100) of Nafion as the
molecular weight and calculated the number m of CF2CF2,
from the equation EW = 100m + 446.8 It has been reported
that the densities of Nafion under dry and wet conditions are
approximately 2.08 and 1.86 g/cm3, respectively.53 As the

estimated electron densities of Nafion under dry and wet
conditions are 0.609 and 0.522 e/Å3, which are much larger
than that of the water molecule (0.334 e/Å3), the effect of
water is almost negligible.
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