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ABSTRACT: We quantify the interfacial nanostructure and corresponding water
transport kinetics in thin ﬁlms of Naﬁon which are known to show nonbulk like
transport properties using neutron reﬂectivity (NR) and quartz-crystal microbalance (QCM) measurements integrated with in-situ, controlled relative
humidity environments. Rigorous ﬁtting of the NR data under humidiﬁed
conditions reveals that a hydrophilic organosilicate substrate induces an interfacial
layering of the water transport domains parallel to the substrate whereas the
hydrophobic organosilicate analogue does not trigger this interfacial ordering. The
interfacial layering on the hydrophilic substrate is accompanied by an excess in the
total mass of water absorption as veriﬁed by QCM measurements. The excess
water in the thin Naﬁon ﬁlms is quantitatively consistent with the segregation
amounts and length scales quantiﬁed by NR. However, we do not observe strong
diﬀerences in the water transport kinetics in thin Naﬁon ﬁlms where the volume
fraction of the materials with the water transport oriented parallel substrate, orthogonal to the primary direction of transport, is
on the order of ≈7 vol %; to a ﬁrst approximation the majority of the transport kinetics are similar on the hydrophilic (oriented)
and hydrophobic (disordered) surfaces.

■

INTRODUCTION
Despite decades of fuel cell research and development, Naﬁon1
remains the most prominent and widely studied proton
exchange fuel cell (PEFC) membrane material, owing to its
thermal stability, chemical stability, and superior performance
as a proton transport media. PEFCs must provide high mobility
for ion transport pathways while operating under harsh
conditions that include low pH, elevated temperatures,
electrochemical potentials across large interfacial areas, and
cyclic exposures to hydration, temperature, and swelling
stresses. Despite signiﬁcant eﬀorts to reduce the cost and/or
improve the performance of Naﬁon, suitable replacements have
yet to be realized; Naﬁon remains the PEFC membrane
material of choice for the fuel cell community.
While the importance of Naﬁon as the industry standard
PEFC membrane is widely recognized, its performance under
interfacial or thickness-conﬁned conditions has not been fully
appreciated. In addition to the PEFC membrane itself, Naﬁon is
a critical component in the catalyst layer of the membrane
electrode assembly (MEA) as an active binder to interface the
ion transport media, the gas transport channels, the electrochemical catalyst particles, and the electrically conductive media
that interface the ion transport media with the electrodes.2,3 To
balance ion, electron, and gas transport in the MEA, the
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resulting structure must be highly porous and interconnected in
a way that maximizes all the relevant transport pathways. The
typical solution is an electrode composite layer where Naﬁon is
used as a binder to hold together electrically conductive carbon
nanoparticles with catalytically active Pt particles in a highly
porous and interconnected network.4−6 In this MEA structure,
the thickness of the Naﬁon domains is typically on the order of
tens of nanometers or less. It is known that many fundamental
properties of polymeric materials show signiﬁcant deviations
from their bulk values when they are conﬁned to ﬁlms or
interfaces with dimensions approaching tens of nanometers.
While the water and proton transport properties of thick
Naﬁon membranes under humidiﬁed conditions are wellunderstood, very little is quantitatively known about the
transport behavior in the interfacial and conﬁned regions that
make up the MEA. These interfacial eﬀects can become
signiﬁcant when one considers the level of porosity in the MEA
and the amount of interfacial or thickness-conﬁned Naﬁon
present.
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Simulation and modeling are widely used in fuel cells to
optimize device performance. In a PEFC assembly, hydrogen
catalytically oxidizes to hydronium on one side of the
membrane and then reacts with oxygen on the other side to
extract electrical current. As water is a byproduct of this
reaction, it is important to rapidly remove the water vapor from
the cathode to drive the reaction forward. An accumulation of
liquid water near the cathode will slow down the reaction
kinetics. Simulation and modeling of the entire fuel cell at the
systems level can be important tools to optimize the
complicated transport models that take into account the ﬂow
of hydronium ions across the humidiﬁed bulk membrane,
through the active Naﬁon binder in the MEA to the catalytic
particles, as well as the ﬂow of hydrogen, oxygen, and water
vapor either into or out of the electrode structures. While this is
a complicated transport problem, most of the parameters have
been validated to the point where simulation and modeling are
now powerful tools for optimizing performance and water
management.7,8 However, these models still require the
addition of an empirical interfacial impedance term to account
for the water and proton transport in the interfacial Naﬁon
domains of the MEA. Recently, the behavior at the water
vapor−polymer interface has started to receive attention,9−15
but there are only a few reports addressing the properties of
Naﬁon at various interfaces and surfaces16−20 because the
techniques to probe near the buried interfaces are limited. A
detailed understanding of the transport mechanisms in these
interfacial and conﬁned Naﬁon domains is critical for improving
the systems engineering and performance of PEFCs.
Dura and co-workers initially reported an interfacial layering,
which could persist up to ≈7 nm from the interface, of the
water transport domains adjacent to the native and thermal
oxides on a silicon substrate, but it did not occur on gold or
platinum coated substrates.21,22 More recently, Eastman and coworkers reported a signiﬁcant suppression of the transport
kinetics and uptake of water into Naﬁon on the time scales that
were investigated when the ﬁlm thickness dropped below 60
nm.23 It is reasonable to question if these deviations in the
transport kinetics become evident at a ﬁlm thickness where the
previously reported eﬀect of interfacial layering would start to
comprise a signiﬁcant fraction of the ﬁlm thickness. In this
report, we explore this possibility with well-deﬁned planar ﬁlms
of Naﬁon on smooth substrates as a model platform to quantify
both the structure and transport properties of Naﬁon conﬁned
at thicknesses that are relevant to the MEA.
The focus of the current study is to control the interfacial
layering of the water transport domains and determine if the
presence of this interfacial layering leads to changes in the
transport kinetics. To do this, ﬂat substrates were prepared
using a spin-on organosilicate glass (OSG), which can be
readily spin-cast onto either a thick silicon wafer for the
neutron reﬂectivity (NR) measurements or the active electrodes of quartz-crystal microbalance (QCM) substrates. This
OSG, normally very hydrophobic, can be rendered hydrophilic
by either chemical or plasma treatment,24,25 providing a
common platform to tune the surface energy for both NR
and QCM measurements. Both the NR and QCM measurements were equipped with a controlled relative humidity
chamber to investigate the structure and water transport
kinetics of thin Naﬁon ﬁlms cast on OSG-modiﬁed substrates.
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EXPERIMENTAL SECTION

A cubic silsesquioxane monomer, designed to maximize the number of
closed-cage structures in the ﬁnal cross-linked network, octa(triethoxysilylethyl)(octadimethylsiloxy)octasilsesquioxane (OTSE),
was obtained from Mayaterials1 and used without further puriﬁcation
to create the nanoporous substrate. First, the OTSE monomer was
hydrolyzed in an acidic environment with copious amounts of water to
maximize the silanol content. The hydrolyzed monomer was
precipitated out of solution, dried, dissolved in propylene glycol
monomethyl ether acetate (PGMEA), and then spin-cast onto the
substrates (silicon wafer or QCM substrate) at 209 rad/s.25 The silicon
substrates were cleaned prior to spin coating in an ultraviolet-ozone
cleaner (Jelight UVO-cleaner, model 42) for 20 min to remove organic
contamination and improve adhesion. The as-cast ﬁlms were vitriﬁed
into a cross-linked organosilicate glass (OSG) at 450 °C for 2 h under
a nitrogen atmosphere. The as-vitriﬁed OSG ﬁlms were hydrophobic
with a static water contact angle (Kruss G2) of 91 ± 2°. Exposure to
UVO radiation readily renders these OSG surfaces hydrophilic. As the
exposure time increased, the water contact angle decreased and the
surface became completely wetted after 8 min. X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD spectrometer) measurements revealed that the C−O content was approximately 8% for the
hydrophobic as-prepared OSG surface and then increased to
approximately 28% after 10 min of UVO exposure. This is
accompanied by the appearance of approximately 10% carboxyl (O−
CO) functionality. The nature of these chemical modiﬁcations of
the UVO-treated OSG is consistent with the change from a
hydrophobic to hydrophilic surface. Tapping mode atomic force
microscopy measurements using a Dimension 3100 scanning force
microscope (SFM, Digital Instruments, Inc.) conﬁrm that the UVO
treatment did not aﬀect the surface roughness. For the remainder of
the article, we will focus on comparing the response of thin Naﬁon
ﬁlms on the as-prepared hydrophobic OSG surface to the hydrophilic
OSG that has been UVO treated for 10 min. Naﬁon solutions (1100
equiv molecular mass, dissolved 20 mass % in a mixture of lower
aliphatic alcohols and water, containing 34 mass % water, SigmaAldrich Co.) were diluted in anhydrous ethanol at a ratio of 1:16 by
volume. After thorough mixing, the viscous Naﬁon solution was
dispensed on the OSG-modiﬁed substrates and immediately spin-cast
at 367 rad/s for 1 min. The ﬁlms were then annealed in a vacuum oven
for 1 h at 60 °C, below the α-relaxation temperature of Naﬁon.21
X-ray porosimetry (XRP) was employed to determine the porosity
and density depth proﬁles in the OSG layers on Si substrate.24,26,27
Specular X-ray reﬂectivity (SXR) data of the OSG ﬁlms were collected
both under vacuum and in the presence of saturated toluene vapor.
The porosity is then deﬁned as the volume ratio of the pores ﬁlled
with condensed toluene to the volume of the ﬁlm. The as-prepared
OSG ﬁlm exhibited a slightly densiﬁed skin layer approximately 2.8 nm
thick on a bottom layer approximately 5.4 nm thick, with porosities
corresponding 5.0 and 7.8 vol %, respectively. More than two layers
did not improve the quality of ﬁtting signiﬁcantly. The 10 min UVO
exposure increased the density of both of these OSG layers, decreasing
the porosity to 3.5% in the top layer and 4.8% in the bottom layer.
These porosities and changes in the porosities upon UVO exposure
are in-line with similar measurements on comparable organosilicate
ﬁlms.22
Neutron reﬂectometry (NR) data were taken at the Advanced
Neutron Diﬀractometer/Reﬂectometer (AND/R)28 at the NIST
Center for Neutron Research according to procedures described
previously.21 The specularly reﬂected intensity was measured as a
function of incident angle between the range of 0° < 2θ < 13°, for a
maximum wave vector perpendicular to the substrate of Qz = 0.4147
Å−1. After the background scattering was subtracted, the specularly
reﬂected intensity was normalized by a slit scan to yield the reﬂectivity
as a function of Qz. The data reduction and analysis of the NR data
were performed using the reﬂpak software,29 and the depth proﬁle of
the neutron scattering length density (SLD) through the ﬁlm thickness
was determined from the least-squares ﬁt. Because of the strong SLD
contrast between water (proton rich) and the Naﬁon (proton
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deﬁcient) ﬁlm, it is straightforward to use a rule of mixtures to convert
the experimental SLD values into water concentration proﬁle as a
function of thickness through the ﬁlm. The relative humidity or partial
pressure of water inside the neutron reﬂectivity sample chamber was
controlled by simultaneously regulating sample temperature and the
dew point of H2O, as described elsewhere.21 Thin Naﬁon ﬁlms were
prepared according to the procedures described above on thick Si
wafers (ca. 5 mm thick to ensure planarity) treated with both the
hydrophilic and hydrophobic OSG surfaces. The responses of these
substrates, both before and after applying the thin Naﬁon ﬁlms, were
measured under both 0% and 90% RH at a temperature of 33 °C.
In-situ grazing-incidence small-angle X-ray scattering (GISAXS)
measurements were performed at the X9 undulator-based beamline at
the National Synchrotron Light Source to characterize the structure in
the thin Naﬁon ﬁlms. An incident X-ray beam of energy 13.5 keV
(wavelength = 0.0918 nm) was collimated using a two-slit system and
focused to a beam 100 μm wide by 60 μm tall using a Kirkpatrick−
Biaz mirror system. After equilibrating the samples inside a small,
humidity-controlled chamber equipped with Kapton windows, the
scattering was measured over a range of incidence angles, from below
to above the ﬁlm−air critical angle. Two-dimensional scattering images
were recorded using a charge-coupled device (CCD) detector and
converted to q-space using silver behenate powder as a standard.
The kinetics of water absorption and desorption into and out of the
Naﬁon ﬁlms on both the hydrophobic and hydrophilic OSG surfaces
were measured using a quartz crystal microbalance (QCM, Q-Sense
E1 system) in a humidity-controlled cell. Pt-coated AT-cut quartz
crystals (5 MHz, 14 mm diameter) obtained from Q-Sense were
modiﬁed with the OSG surface treatment described above to obtain
either the hydrophobic or hydrophilic surfaces. It is critical that both
hydrophobic and hydrophilic surface modiﬁcations occur in a single
material and can be readily applied to a range of substrates.
Rudimentary water contact angle measurements conﬁrmed that
these substrates had the same surface energies as the NR substrates.
We did not perform a detailed comparison of the Naﬁon interfacial
structure on these QCM substrates directly (they are too small for NR
and XR measurements). Two external mass ﬂow controllers were
connected in parallel to the QCM sample chamber and programmed
to deliver either dry air (0% RH), humidiﬁed air (100% RH), or any
mixture of the two sources at a constant total ﬂow rate of 500 ± 5 mL/
min. Using this system, we can seamlessly switch between 0% and 70%
RH conditions to monitor the absorption/desorption kinetics of water
in the thin Naﬁon ﬁlms on diﬀerent substrates. The advantage of the
QCM technique is that it oﬀers nanogram sensitivity to directly
quantify the mass uptake of water in the thin Naﬁon ﬁlms in real time.
The initial dry mass of sample was determined by allowing the ﬁlm to
equilibrate under dry nitrogen until the resonance frequency was
stable. Water mass uptake during absorption and desorption was
determined by relating changes in the resonance frequency to mass
uptake using the Sauerbrey equation.30

Figure 1. Specular neutron reﬂectivity data (symbol) and the best
model ﬁts (line) for thin Naﬁon ﬁlms on OSG-modiﬁed substrates:
hydrophobic surface (OSG, red) and hydrophilic surface (UVO-OSG,
blue). For each sample, the reﬂectivity data were collected at 90% RH
and then 0% RH.

proton-deﬁcient Naﬁon and the proton-rich water transport
domains. Thus, the transport domains become “visible” in
neutron scattering and reﬂectivity measurements under full
hydration. The appearance of additional periodicities in the
specular reﬂectivity geometry where the momentum transfer is
perpendicular to the ﬁlm suggests a layering of the water
transport domains parallel to the surface. Previously, Dura and
co-workers ﬁt in-situ NR measurements of hydrated thin
Naﬁon ﬁlms on native SiO2 surface to a model having an
interfacial region consisting of lamellar-like water transport
channels near the substrate.21 Here we utilize a similar model to
ﬁt the reﬂectivity data in Figure 1.
The ﬁtting of the NR data in Figure 1 is complicated by the
presence of the tunable OSG surface coating on the silicon
substrate. The thickness of the OSG layer is comparable to the
length scale previously reported for the interfacial layering of
the water transport channels. To reduce the uncertainty in the
ﬁts, extensive XR and NR measurement were performed on
both the hydrophobic and hydrophilic OSG substrates, without
the Naﬁon ﬁlm, under the same RH conditions used in Figure
1. Fits to the XR and NR data revealed that the OSG ﬁlms were
approximately 8 nm thick on top of a thin native oxide of Si.
The OSG ﬁlms displayed a graded proﬁle where the top half of
the ﬁlm was slightly denser than the bottom half. Here we
present only the density proﬁles from NR ﬁts for both the dry
and humidiﬁed OSG substrates in Figure 2. Neither of the OSG
ﬁlms displayed any signiﬁcant signs of swelling upon exposure
to humid air, although there was a slight densiﬁcation as the
intrinsic pores of the OSG become condensed with water
vapor. The scattering length density proﬁles for bare OSG ﬁlms
were then “ﬁxed” as the “substrates” when ﬁtting the dry and
humidiﬁed Naﬁon ﬁlm data in Figure 1; only minimal variation
within the levels of uncertainty was allowed in the
corresponding substrate proﬁles to reduce the chi squared
value for our ﬁts of the Naﬁon ﬁlms. This analysis assumes that

■

RESULTS AND DISCUSSION
Structure of Thin Naﬁon Films. The specular neutron
reﬂectivity data (symbols) and ﬁtting results (lines) for thin
Naﬁon ﬁlms on both the hydrophobic and hydrophilic OSG
surfaces are presented in Figure 1. The ﬁlms were equilibrated
at either 0% RH or 90% RH at 33 °C, a condition which was
veriﬁed when successive, several-hour-long measurements (not
shown here) did not produce observable changes in the data.
Qualitatively, all of the reﬂectivity data exhibit a beating of
multiple interferences in the Kiessig fringes, indicating a
multilayer structure. In the dry ﬁlms, the presence of two
length scales is explained by the presence of the distinct OSG
sublayer and the thin Naﬁon ﬁlm itself. We note the emergence
of a lower frequency oscillation when comparing the dry to
humidiﬁed ﬁlms. This indicates the emergence of new layers
upon the hydration of the thin Naﬁon ﬁlm. There is a strong
contrast in the neutron scattering length density between the
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the substrate interface,21 we sequentially added layers to our
model to reduce χ2 of the ﬁtting. Somewhere between three
and ﬁve interfacial layers starting with water-rich layer next to
the hydrophilic substrate were required to reduce χ2 of the ﬁt to
about 2, consistent with our previous ﬁts. Figure 1 shows the
best ﬁt to the data using the ﬁve interfacial layer model while
Figure 2 shows the corresponding scattering length density
proﬁle for the Naﬁon on the hydrophilic substrate. Away from
the interface the scattering length density approaches that of
the Naﬁon layer on the hydrophobic substrate. This indicates
that the noninterfacial bulklike Naﬁon contains similar amounts
of water at a given RH, regardless of the substrate.
Comparisons with the scattering length densities of the pure
water and dry Naﬁon suggest that the interfacial lamellae are
strongly enriched with either water or Naﬁon, as previously
reported.21,23 This observation is also consistent with previous
reports of thin Naﬁon ﬁlms at the interface with a wide range of
materials16,17,21−23,31 and suggests that the interfacial layering is
controlled by the surface energy of the substrate.
As water molecules inﬁltrate into the Naﬁon ﬁlm and
associate with sulfonic acid groups of side chains, water ﬁlls and
swells the ionic aggregates. We believe these ionic species are
selectively attracted by hydroxyl and carboxylic groups of the
oxidized (UVO-treated) OSG near the substrate. Since water
also has the tendency to wet the UVO-treated OSG surface,
enriched water content helps the substrate induce these
hydrophilic domains. Because of the continuity of the Naﬁon
chain, this then induces a hydrophilic/hydrophobic layering
eﬀect which naturally dissipates with distance from the
substrate. The depth proﬁle determined by NR represents the
average SLD of a thin ﬁlm in the perpendicular direction to the
surface. Thus, it is impossible to distinguish the in-plane
structure of these oriented interfacial transport domains. There
are two likely ways in which transport channels might be
modeled: either cylindrical water domains in a hydrophobic
Teﬂon-like matrix preferentially lying parallel to the hydrophilic
surface (consistent with the cylindrical transport channel model
of Schmidt-Rohr32) or an interfacial breakdown of the
cylindrical domains into lamellar transport channels that run
parallel to the substrate. Because the specular NR data are not
sensitive to the in-plane structure, we cannot discern between
these two extremes. However, it is notable that the composition
of water-rich layers vary from nearly 100 vol % H2O to ≈64 vol
% H2O, suggesting that the interfacial lamellar structure might
be more appropriate, as presented by Dura et al.21
The NR results on thin Naﬁon ﬁlms suggest that the
diﬀerences in the order and structuring of the ionic domains
largely occur only at the substrate interface, but the bulklike
Naﬁon far from the interface is unaﬀected by the interaction
with the substrate. This hypothesis was further investigated by
in-situ GISAXS measurements, which has proven to be a useful
tool in probing the structure of thin Naﬁon ﬁlms.13,14,23,33 As
shown in Figure 3a,b, scattering patterns of thin Naﬁon ﬁlms
equilibrated at ≈80% RH were taken at an incident angle just
above the critical angle of Naﬁon (θc ≈ 0.12°) so that the
scattering was attributed to the entire ﬁlm thickness. The
scattering for both ﬁlms clearly show a peak at qmax ≈ 0.2 Å−1
(q = (qxy2 + qz2)1/2), which is caused by scattering from the
ionic, water-containing domains. The scattering intensity as a
function of q was obtained from a radial integration of each
scattering image and corrected for background scattering and
beam intensity ﬂuctuations as represented in Figure 3c.23,34 The
average domain spacing determined from qmax was 3.2 ± 0.1 nm

Figure 2. Scattering length density proﬁles calculated from the best ﬁts
to the experimental data in Figure 1 are shown in terms of the SLD as
a function of depth from water vapor−polymer interface: The images
of water drop in the inset represent hydrophobic OSG surface (red)
and hydrophilic UVO-OSG surface. For Naﬁon ﬁlm on each surface,
the SLD variation at 90% RH is compared to that at 0% RH below.
The SLD proﬁle of each OSG layer was independently determined and
presented below the proﬁle of corresponding Naﬁon ﬁlm for
comparison. The SLD proﬁles are oﬀset for clarity.

the substrates behave in the same way under water vapor
whether the OSG ﬁlm is coated with Naﬁon or not. To a ﬁrst
approximation this is a reasonable assumption.
After ﬁxing the model parameters for the OSG substrates, we
gradually increase the complexity of our model to account for
the Naﬁon ﬁlm. For the dry ﬁlms on both the hydrophobic and
hydrophilic OSG substrates, the addition of a single Naﬁon
layer having uniform density is suﬃcient to ﬁt the data with a
reduced chi squared value (χ2) on the order of 2. This is
reasonable because under dry conditions there is little
scattering length density contrast between the collapsed water
transport domains and the ﬂuorinated Naﬁon matrix. The ﬁts
to the NR data are shown in Figure 1, and the corresponding
scattering length density proﬁles are displayed in Figure 2. The
ﬁt value for the scattering length density of the homogeneous
Naﬁon layer is consistent with the value for pure Naﬁon (2.089
× 10−4 Å−2) calculated from the measured density and
molecular structure.21 The ﬁtting routines employed thus far
appear to yield reasonable results. A similar approach was
employed for ﬁtting the Naﬁon ﬁlms under 90% RH. At ﬁrst
the NR data were modeled with the addition of a single
uniform layer of Naﬁon. For the ﬁlm on the hydrophobic OSG
surface, this was suﬃcient to ﬁt the reﬂectivity data with χ2 on
the order of 2. The uniform scattering length density through
the thickness of the Naﬁon, even near the OSG interface,
suggests a lack of interfacial ordering. However, a single Naﬁon
layer was insuﬃcient to ﬁt the reﬂectivity data of the humidiﬁed
ﬁlm on the hydrophilic substrate. As shown in the Supporting
Information (Figure S1), this single layer ﬁt fails to parametrize
several characteristics of the reﬂectivity data and results in χ2 of
approximately 10. Using the previous observations of
alternating water-rich and water-deﬁcient domains adjacent to
5633
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Figure 3. Characteristic GISAXS images taken, in situ, at 80% RH just at an incident angle of above the critical angle (θc ≈ 0.12°) of thin Naﬁon
ﬁlms on (a) hydrophobic OSG surface and (b) hydrophilic UVO-OSG surface. (c) Radial integration of each scattering image after background
scattering and beam intensity ﬂuctuations are corrected. The inset shows the normalized scattering intensity of the ionomer peak as a function of the
azimuthal angle (χ).

and 3.3 ± 0.1 nm for ﬁlms on the hydrophobic and hydrophilic
substrates, respectively. The distance over which the ionic
domains are well-correlated was estimated from the peak width
and determined to be 15 ± 1 nm for the ﬁlm on the
hydrophobic surface OSG and 16 ± 2 nm for the ﬁlm on the
hydrophilic surface. In Figure 3c, we do see an apparent
increase in the overall scattering intensity on the hydrophilic
substrate relative to the hydrophobic substrate. However, we
caution that these scattering intensities are not on an absolute
intensity scale; we cannot comment on the concentration of the
scattering domains. We can only conclude that the characteristic length scales of the scattering domains in the two ﬁlms are
comparable within error. The inset of Figure 3c also shows that
the normalized scattering intensity at qmax decreases signiﬁcantly as a function of the azimuthal angle (χ). Although both
Naﬁon ﬁlms show rings of scattering indicating that a portion
of the ionic domains are oriented randomly to the substrate, we
note an anisotropic distribution of scattering intensity. It results
from large population of the domains that are oriented parallel

to the substrate. But, the distributions of this anisotropy are
comparable regardless of the substrate. Thus, similar azimuthal
distributions of the scattering intensity support the idea that the
overall structure and orientational order of the ionic domains in
the noninterfacial Naﬁon are consistent for both ﬁlms on the
hydrophobic and hydrophilic substrates and are largely
unaﬀected by the interfacial interactions.
Water Transport of Thin Naﬁon Films. The major
component of Naﬁon is a highly ﬂuorinated Teﬂon-like matrix
with minor component sulfonic acid-rich water transport
domains percolating throughout the hydrophobic matrix.32,35
The interfacial layering parallel to the hydrophilic substrate
would seem to suggest that water transport parallel to the
substrate would be easier than that in the perpendicular
direction. If the “substrate” were an active catalyst particle or an
electrode, this anisotropy of water transport may or may not be
a source of interfacial impedance in a functional fuel cell
depending on the orientation of water transport domains with
respect to the catalytic sites. To answer this question, we
5634
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of QCM mass uptake curves as a function of time for a few
cycles between 0% and 70% RH for both the bare (short time)
and Naﬁon coated (long time) substrates, when the substrate is
either hydrophobic or hydrophilic. The curves for the
hydrophobic and hydrophilic OSG surfaces are shifted in
time for clarity. At some arbitrary time point, both curves
display a dramatic vertical shift in terms of mass change. This
represents the change in mass of the quartz resonator after the
Naﬁon ﬁlm is spin-cast onto the previously bare substrate. Both
before and after this dramatic vertical shift, there are two more
subtle cycles of mass uptake that represent cycles between 0%
and 70% RH at ambient temperature. Prior to the deposition of
Naﬁon, these changes in mass represent water adsorbing/
absorbing onto/into the bare OSG substrates. As one expects,
the amount of water adsorption/absorption for the hydrophilic
substrate is greater than the hydrophobic substrate (≈5.5
times); water wets the hydrophilic surface preferentially. This is
an important baseline as it indicates how big the eﬀect of
surface adsorption is in the measurements. We do not believe
that water is able condense inside the intrinsic pores of the
OSG. The internal surfaces of the pores are intrinsically
hydrophobic, and only the top surface of the OSG is rendered
hydrophilic by the UV ozone treatment, suggesting that only
water adsorption, not absorption, occurs on the OSG layer.
This is also consistent with the speed and reversibility of the
adsorption/desorption cycles on the bare OSG substrates. After
the Naﬁon has been deposited on the substrates, the changes
upon cycling between 0% and 70% RH are more signiﬁcant,
reﬂecting water adsorption/absorption onto/into the Naﬁon
coated substrates. We cannot rigorously separate between
adsorption and absorption eﬀects from the QCM measurements directly, but the results are as expected. The Naﬁon
coated hydrophilic substrate picks up more water (≈1.7 times)
than the Naﬁon coated hydrophobic substrate, generally
consistent with a recent report on similar surface energy
variation of the substrate.31 The hydration number, λ, the
number of moles of water per mole of sulfonic acid groups, was

explored how the presence of this interfacial layering aﬀects the
water transport kinetics in thin Naﬁon ﬁlms where the
interfacial region accounts for ≈7 vol % of the entire humidiﬁed
ﬁlm at 90% RH (as shown in Figure 2). Figure 4 shows a series

Figure 4. Water sorption behaviors of the bare (short time) and
Naﬁon coated (long time) substrates during the cycles of exposures to
0% RH and 70% RH: Mass changes during water absorption and
desorption experiments are combined sequentially before and after
Naﬁon is spin-cast on hydrophobic OSG surface (blue) and
hydrophilic UVO-OSG surface (red), as indicated by the brackets.
The curves for the hydrophobic and hydrophilic OSG surfaces are
shifted in time for clarity. For each surface, the diﬀerence between
upper baseline and lower baseline represents mass of Naﬁon deposited
on the surface.

Figure 5. (a) Water absorption at 70% RH and (b) water desorption at 0% RH of Naﬁon coated substrates: hydrophobic OSG surface (blue,
without the interfacial layering) and hydrophilic UVO-OSG surface (red, with the interfacial layering). Mass changes for water uptake and water loss
were normalized using (Mt − M0)/(M∞ − M0), where Mt is mass change measured at time t.
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calculated to be 2.3 ± 0.2 and 4.0 ± 0.2 for the Naﬁon coated
on the hydrophobic and hydrophilic substrates, respectively.
Recall that the NR SLD results indicate that away from the
interface the two Naﬁon ﬁlms absorb similar amounts of water
at a given RH. If the mass uptake measured at 70% RH on the
bare hydrophilic substrate is subtracted from the mass change
at 70% RH after the deposition of Naﬁon, then one calculates a
λ = 2.5 ± 0.2 for water absorption in the “noninterfacial”
regions of the Naﬁon ﬁlm, a value comparable with water
uptake in the Naﬁon ﬁlm on the hydrophobic substrate. The
additional water uptake on the hydrophilic substrate is
attributed to the water accumulation near the OSG layer,
driven by favorable attraction of hydrophilic hydroxyl and
carboxylic groups of UVO-treated OSG. Both the NR and the
QCM appear to give comparable and consistent estimates on
the water uptake in the Naﬁon ﬁlms, which may be extended to
the interfacial ordering of the water transport domains near the
hydrophilic substrate. If the excess water associated with the
interface, measured by the QCM, was assumed to have a
density of bulk water (1.0 g/cm3), the resulting thickness would
be approximately equal to 1.6 nm for this additional “layer”.
This estimate is the same order of magnitude with excess water
added to the Naﬁon layer on the hydrophilic OSG in Figure 2
(Supporting Information 2).
Real-time kinetics of water sorption in thin Naﬁon ﬁlms were
recorded by tracking the fundamental resonance and ﬁrst
overtone frequencies of the quartz crystal as a function of
absorption/desorption time. These two resonances gave
identical values for the mass change as a function of time. As
shown in Figure 5, most of absorption and desorption occurs
on short time scales, almost instantaneously. While absolute
magnitudes of the mass changes are diﬀerent on the diﬀerent
substrates, as discussed above, the time dependence of the mass
changes that are normalized to the mass at equilibrium are
almost identical for both water uptake and water loss. With and
without the interfacial layering, the eﬀective transport kinetics
do not show any noticeable diﬀerences for normalized mass
changes up to 0.94 ± 0.03 on absorption or 0.82 ± 0.03 on
desorption; the two curves lie right on top of each other. Only
slight diﬀerences are observed at longer times during the ﬁnal
normalized mass gain of 0.06 on absorption and mass loss of
0.18 on desorption. These subtle diﬀerences happen over time
scales of several tens of seconds, which is an order of magnitude
lag compared to the overall change in the ﬁlm. To a ﬁrst
approximation, the interfacial layering of the transport domains
near the interface appears to have little eﬀect on the transport
kinetics, despite the fact that they are oriented orthogonal to
the primary direction of transport.
We suspect that the diﬀerences in the late stage sorption
reﬂect the propensity for water to reside near the buried
interface.36 The hydrophilic nature of the substrate increases
the thermodynamic driving force for water to diﬀuse and
accumulate near the interface. Consequently, we observe that
water uptake occurs faster on the hydrophilic substrate. One
could also argue this is not just a thermodynamic eﬀect, but also
a polymer dynamic one where the excess water helps plasticize
the Naﬁon; the transport kinetics are known to increase with
the hydration level. However, measurements on desorption
seem to favor the thermodynamic argument. The hydrophilic
substrate dehydrates more slowly at the longer time scales,
suggesting that the favorable interaction between the water and
the substrate helps retain water. If the underlying cause was
purely due to polymer dynamics, one might expect the higher

interfacial hydration number to lead to faster desorption on the
hydrophilic substrate. This is not observed. It indicates that the
ordering of the transport domains near the interface is strongly
correlated with the excess water being there. When the thin
Naﬁon ﬁlm is exposed to water vapor, the process occurs
sequentially through vapor adsorption at the ﬁlm surface
followed by swelling and diﬀusion of the water perpendicularly
into the ﬁlm;18,34 the absorbed water reaches the buried
interface last. This is probably why the transport kinetics
through the majority of the ﬁlm in the initial stages are, to a ﬁrst
approximation, not aﬀected by substrate surface energy; the
ordered channels have not yet had time to form. Generally, the
desorption process is faster than the absorption process because
polymer deswelling and relaxation is not necessary for water to
escape from Naﬁon ﬁlm.37 Without restructuring or collapse of
the oriented interfacial transport domains, water desorption
kinetics is more aﬀected by the interfacial region, and thus the
larger diﬀerence occurs in the later sorption response during
the larger normalized mass loss of 0.18. However, it would be
diﬃcult to separate a characteristic time scale for polymer
motion dictating the kinetics of interfacial ordering from the
time scale for moisture transport. We note the small volume
fraction (≈7%) of the interfacial layering region. Preliminarily,
we observe that the fraction of interfacial region increases as the
ﬁlm thickness decreases. Then, we would expect that increased
correlation of two time scales in thinner ﬁlm will result in larger
eﬀect of the interfacial layering on the transport kinetics.
In closing, we point out that no signiﬁcant changes are
observed in the relative transport kinetics of water into and out
of Naﬁon ﬁlms of similar thickness on the substrates of
diﬀerent wetting characteristics, despite the fact that these two
systems exhibit diﬀerent interfacial morphologies. Our earlier
investigation of Naﬁon thin ﬁlms on SiO2,23 where interfacial
lamellae have been shown to exist,21 found the transport
kinetics of water to depend on ﬁlm thickness below
approximately 60 nm. It was speculated that in this thickness
regime the interfacial layering of the transport domains
comprised a signiﬁcant volume fraction of the ﬁlm and was a
possible origin for the observed reduction in the eﬀective
diﬀusion coeﬃcient of water in the thin ﬁlms since the
transport channels would be oriented perpendicular to the
primary direction of transport. The results presented here show
that retardation in the transport kinetics in thin ﬁlms is not due
to the interfacial morphology of the transport domains but
rather a general eﬀect of conﬁnement. Moreover, the ﬁndings
presented here provide guidance to improve the level of detail
in the modeling of the transport of water in PEFCs, especially
within the composite electrode layer. Speciﬁcally our results
show that surface wettability of the substrate can inﬂuence the
total amount of water in the system but that the transport
kinetics across the thin ionomer ﬁlm are largely unaﬀected,
both of which are important factors with regard to water
management in a working PEFC.

■

CONCLUSIONS
Here we have investigated how the hydrophilicity of the
supporting substrate inﬂuences the interfacial nanostructure of
thin Naﬁon ﬁlm conﬁned at a thickness relevant to the MEA
and if corresponding water transport kinetics is aﬀected by the
interfacial nanostructure. Neutron reﬂectivity and quartz crystal
microbalance measurements provide strong evidence that the
favorable interactions of a hydrophilic organosilicate surface
with sulfonate groups in Naﬁon lead to interfacial ordering of
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the water transport domains parallel to the interface as well as
an enhanced water uptake relative to a hydrophobic organosilicate surface. The nature of the interaction between Naﬁon
and the substrate is dependent on the surface energy. The
increased water uptake throughout the ﬁlm, but enhanced in
the interfacial layering region, quantiﬁed by neutron reﬂectivity
is similar to the estimation of excess water content by quartz
crystal microbalance. In-situ quartz crystal microbalance
measurements show that the kinetics of absorption and
desorption are not aﬀected by the interfacial ordering of the
transport domains for initial mass changes up to 82−94% of the
total changes, but the kinetics of the ﬁnal 6−18 mass % are
diﬀerent. Thin Naﬁon ﬁlms on hydrophilic substrates tend to
hydrate slightly faster than their hydrophobic counterparts and
correspondingly hold onto their absorbed moisture slightly
longer upon desorption.
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