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ABSTRACT: Water sorption kinetics in thin Nafion films
prepared on silver and silicon oxide substrates was examined
by surface plasmon resonance and neutron reflectivity
measurements. It was found that the films thickened in three
regimes. The asymptotic swelling ratios in regimes I, II, and III
were 1.05, 1.26, and 1.41, respectively. These values were
independent of the substrate species and were coincident with
the transition points of different hydration states in the bulk
Nafion; water binding to sulfonic acid groups, the formation of
sphere-like ionic clusters, and bridge formation between
clusters. The swelling was much slower in thin films than in the bulk due to the mobility restriction of Nafion near the substrate.

Known for its remarkable conductivity and durability,
Nafion is widely used as a proton exchange film in

polymer electrolyte fuel cell (PEFC).1−3 Such excellent
electrochemical and mechanical properties of Nafion are
associated with the characteristic network structure of the
hydrated water phase. Extensive studies have revealed that the
microstructure in the Nafion film depends on the swelling ratio
defined as the value of the film thickness in water divided by the
original thickness.4−9 In the case of a swelling ratio up to 1.05,
water molecules strongly interact with the sulfonic acid groups
of Nafion and thus bind to them.4,5 Once the swelling ratio
goes beyond 1.05, sphere-like ionic clusters evolve, induced by
the sorption of water molecules that weakly interact with
sulfonic acid groups compared to bound water molecules.6,7

When the swelling ratio further increases over 1.26, the clusters
become connected together through cylindrical or disordered
networks of hydrophilic water domains.8,9 However, it appears
to us that most studies conducted so far in this context are
limited to bulk systems. Downsizing PEFC is one of the
interesting developments in the near future. Issues of portability
and miniaturization without sacrificing the system efficiency are
therefore important. To accept such a challenge, all
components in a PEFC, including the polyelectrolyte film,
should therefore become smaller and thinner.
The physical properties of a polymer film generally altered

with decreasing thickness for films thinner than 100 nm.10−14

Although the reasons how such peculiar dynamics are
manifested is still controversial, the effects of air and substrate
interfaces on thin films are undoubtedly responsible for this
thickness dependency. Works published in the current
literature have shown that chain dynamics at the air and
substrate interfaces should be enhanced and depressed in
comparison with that in the internal region, respectively. This is

because the ratio of interfacial area to the total volume of the
film increases markedly with decreasing film thickness. Actually,
recent studies have demonstrated that the thickness as well as
interfaces can be affected by the structure of the hydrated
domain, water-vapor diffusion, and proton conductivity.15−18

In this study, the thickness of thin Nafion films in water was
characterized as a function of time by surface plasmon
resonance (SPR) reflectivity19,20 in conjunction with neutron
reflectivity (NR) measurements. Here, we show that once the
thin Nafion films contact with liquid water, the thickness
increases in three steps, which could be associated with the
structural evolution in hydrated domains. The results presented
allow us to discuss the water sorption kinetics in thin Nafion
films.
Figure 1a shows a typical SPR reflectivity curve for a thin

Nafion film with an original thickness (h0) of 47 nm. The
substrate used was a silver-deposited glass because the metal
coating was necessary to generate SPR and was a model
electrode. The surface of the Nafion film was sufficiently flat to
be characterized by SPR (Figure S1 of the Supporting
Information). The refractive indices of Nafion and water are
1.35 and 1.33, respectively. Thus, as long as the substrate is well
characterized, the SPR reflectivity curve is almost determined
only by the thickness of the Nafion film. A simulation based on
a transfer matrix method enables us to determine the thickness
of the film in water.21 The solid curve in Figure 1a is the best-fit
reflectivity to the experimental result.
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Figure 1b shows the time course of the reflectivity curve for
the 47 nm thick Nafion film after contacting with water. In the
reflectivity curve, the resonance angle was shifted to the higher
angle side. Fitting the experimental reflectivity reveals that the
Nafion film became thicker with time due to the water sorption.
Figure 2 shows the time dependence of the swelling ratio for

Nafion films on silver and SiOx substrates, respectively, after
coming in contact with water. The SiOx substrate was prepared
by the sputter-coating of SiOx onto the silver substrate. The

swelling ratio here is defined as the value of the film thickness
in water (hw) divided by h0. Because the swelling ratio for the
film became larger in water with increasing time, there is no
doubt that water molecules were sorbed into the films in both
cases. The thin Nafion films thickened in three steps named
here as regimes I, II, and III. At first, the films asymptotically
reached a swelling ratio of 1.05. Then, the films resumed
thickening asymptotically up to 1.26. Finally, the swelling ratio
reached 1.41. The corresponding data for thinner and thicker
films are presented in Figure S2 of the Supporting Information.
While the characteristic swelling ratio at the border between
different regimes was neither dependent on the substrate
species nor the film thickness, the swelling kinetics depended
on the type of the substrate.
Dura and co-workers have reported that a water-containing

multilamellar structure is formed in a Nafion film at the SiOx
interface and that a single hydrated layer is generated at the
gold interface.22 To examine the aggregation structure of our
thin Nafion films near the substrate interface, NR measure-
ments were conducted. In addition, NR analyses can verify our
results obtained by SPR measurements.
Figure 3a and b show the NR curves for Nafion films with an

h0 of 53 nm supported on silver and quartz substrates,

respectively, in air and D2O at various given times. Here, D2O
was used instead of water because of two advantages. First,
when neutron beams are guided to the Nafion film from the
substrate side, a total reflection at the interface between D2O
and Nafion can be observed. This makes the analysis of NR
profiles much easier. Second, the level of the background
arising from the incoherent scattering can be reduced. The solid
lines denote the best-fit calculated reflectivity to the

Figure 1. (a) SPR reflectivity curve for a Nafion film with an original
thickness (h0) of 47 nm in water. Open symbols and solid line denote
experimental and calculated reflectivity, respectively. (b) Time course
of a typical SPR reflectivity curve for the Nafion film contacting water.

Figure 2. Time dependence of swelling ratio for Nafion films on silver
(red) and SiOx (blue) substrates with an h0 of 47 and 49 nm,
respectively, prior to coming in contact with water. The filled and open
symbols are the data obtained SPR and neutron reflectivity
measurements, respectively.

Figure 3. Neutron reflectivity curves for thin Nafion films with the
original thickness (h0) of 53 nm supported on (a) silver and (b) quartz
substrates in air and D2O. The curves are vertically offset for clarity.
Experimental data sets are shown by symbols, and the best-fit curves
calculated using the model (b/V) profiles shown in (c) and (d) are
expressed by solid lines, respectively.
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experimental ones based on the model (b/V) profiles normal to
the interface shown in Figure 3c and d, respectively. A model
(b/V) profile with a moderately single hydrated interfacial layer
was a suitable model of the Nafion film on the silver substrate.
On the other hand, a model containing such an interfacial layer
structure with the total thickness of about 15 nm also gave a
better fitting for the film on the quartz substrate. The (b/V)
values of two layers in the interfacial region were lower than
that in the internal region of Nafion. This indicates that H2O
was sorbed in the interfacial region before soaking it into
D2O.

22 The swelling ratios evaluated from NR measurements
are also plotted in Figure 2 and are consistent with the data
from SPR measurements.
It has been accepted that the swelling of bulk Nafion by

water sorption is accompanied by a structural change.4−9 In
short, the water first binds to sulfonic acid groups of the side
chain portion of Nafion. When the water content in Nafion
increases further, sphere-like ionic clusters are formed. The
clusters finally connect to one another with the formation of
bridges among the clusters. Interestingly, the swelling ratio for
the structural transition, as noted in the introductory part, was
coincident with the asymptotic swelling ratios in regimes I−III.
Thus, the three-step sorption behavior shown in Figure 2 could
be explained in terms of the structural evolution in the internal
region of the film. Figure 4 shows a model for the swelling of a
thin Nafion film. It is noteworthy that the hydrated layer is
formed near the substrate.

The thickness evolution of the film induced by water
sorption as a function of time can be fitted by eq 1 based on a
Fickian diffusion model,23−25 allowing the evaluation of the
diffusion coefficient of water into thin Nafion films in the
regimes I, II, and III (DI, DII, and DIII), respectively.
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Here, the subscript i denotes the regime number and h∞ and t0
are the equilibrium film thickness and the starting time of
regime i, respectively.
Figure 5 shows the h0 dependence of the water diffusion

coefficients in the thin Nafion films on the silver and SiOx
substrates. As a general trend for a given substrate, the diffusion
coefficients were in the order of DI, DIII, and DII. In the regime

I, water is sorbed into the homogeneous film. In the regimes II
and III, at least, two diffusion mechanisms may exist; diffusion
of waters bound on sulfonic acid groups of Nafion in the film
and hopping diffusion of waters between sphere-like clusters. A
similar discussion has been made for the self-diffusion of block
copolymers in various microphase-separated structures.26−29 In
the case of the hopping diffusion, water molecules in a sphere-
like cluster must diffuse into another by overcoming a
thermodynamic barrier. This means that the hopping diffusion
should be much slower than the diffusion obeying the former
mechanism. Hence, the hopping diffusion mechanism would be
more dominant in the regimes II. Besides, the diffusion was
moderate in the regime III. Thus, in this regime, it seems most
likely that the two diffusion mechanisms compete with each
other.
The DI, DII, and DIII values are all smaller than the reported

diffusion coefficient for the bulk material that is approximately
2.0 × 10−6 cm2 s−1.23−25 The slowing down of water diffusion
into the thin Nafion films can be explained in terms of the
interfacial effect. In the case of the thin film, the ratio of the
interface to the total volume of the film is quite large. In other
words, physical properties of thin films can be controlled by the
interface. This is the reason why water diffusion in the thin
films slowed down. This is further validated in Figure 5 where
the diffusion coefficient can be seen to decrease with decreasing
thickness. The decrement at a particular thickness was more
striking on the SiOx substrate than on the silver one. This
implies that the restriction of chain mobility is more marked for
the SiOx than for the silver. In the case of the silver substrate,
the thickness effect became less important upon longer contact
of the film with water, here defined by regimes II and III. This
can be explained by the presence of water near the
substrate22,30 weakens the strong interaction between the side
chain portion of Nafion and the hydroxy groups at the
substrate. Taking into account that the amount of sorbed water
increases with increasing time, the disappearance of the
thickness effect can be also understood. On the other hand,
the thickness effect remained important in regimes II and III.
This is simply because the restriction of chain mobility should
be more marked for the SiOx substrate.
In conclusion, the water absorption kinetics and aggregation

states in thin Nafion films were investigated by SPR and
neutron reflectivity measurements. The water sorption behavior
of thin Nafion films is divided into three regimes, which could
be understood by using bulk system concepts, while its

Figure 4. Schematic representation of the structural evolution in a thin
Nafion film contacting water.

Figure 5. Diffusion coefficients (DI, DII, and DIII) of water into Nafion
films on silver (red) and SiOx (blue) substrates as a function of
original film thickness.
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dynamics remarkably slows down due to the interaction
between the substrate and Nafion and the confinement effect.

■ EXPERIMENTAL SECTION
As a material, Nafion, purchased from Sigma Aldrich Inc., was used. To
evaluate the effect of the substrate on water absorption kinetics, silver-
deposited quartz and glass substrates referred to as silver substrates,
were employed. SiOx substrates for SPR measurements were prepared
by thermal deposition of SiOx on the silver substrates. The surface
chemistry of the SiOx substrates is comparable to that of quartz
substrates for NR measurements. Films with various thicknesses were
prepared by spin-coating from Nafion alcohol dispersions onto the
substrates. The films were dried under vacuum at 313 K for 24 h. The
thickness of the Nafion films in a dried state was determined by
ellipsometry to complement our discussion on the results of the SPR
reflectivity measurement. The changes in thickness of the Nafion films
in water were followed as a function of time by SPR and neutron
reflectivity measurements. For SPR reflectivity measurements, visible
light with a wavelength of 632.8 nm generated by a He−Ne laser was
used as the light source for these measurements. The incident angle of
the beam to the sample was defined as θ. A silicon photomultiplier
detector was set at a position of 2θ. Hence, the reflectivity, which was
defined as the intensity ratio of incident to detected beams, was
measured under the specular condition as a function of θ. A liquid cell
was mounted onto the film. Neutron reflectivity (NR) measurements
were performed on Soft Interface Analyzer31−33 (SOFIA; BL-16,
Materials and Life Science Facility, Japan Proton Accelerator Research
Complex, Tokai, Japan). A neutron beam was guided onto the film
from the quartz side. NR profiles were then collected every 15 min
after the films were immersed in D2O. The analyses of NR profiles
were carried out using the Parratt32 software based on Parratt’s
algorithm.34 The (b/V) values for Nafion, the hydrophilic side chain
portion of Nafion, quartz, silver, and the H2O and D2O used in these
calculations were taken as 3.86 × 10−4, 2.10 × 10−4, 3.48 × 10−4, 3.47
× 10−4, −5.6 × 10−4, and 6.37 × 10−4 nm−2, respectively.

■ ASSOCIATED CONTENT
*S Supporting Information
Figure S1, Surface morphology of Nafion films in air and water;
Figure S2, Swelling ratio for different-thick Nafion films. This
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