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Cross-Correlated Humidity Dependent Structural Evolution of 
Nafion Thin Film Confined on Platinum Substrate 
Udit N. Shrivastavaa, Kota Suetsugub, Shusaku Naganoc, Helmut Fritzsched, Yuki Nagaoe, Kunal 
Karana,* 

Nanometer thin films of Nafion ionomer interfacing with platinum form the functional electrode in many electrochemical 
devices including fuel cells and electrolyzers. To impart facile proton conduction in Nafion ionomer, sufficient hydration of 
Nafion ionomer is necessary to create a percolating network of water-filled nanometer sized hydrophilic domains that 
manifests as macroscopic swelling. This hydration behavior of ionomer thin films is poorly understood especially for films 
confined on electrochemically relevant Pt substrates. In this work, we present the evolution of hydration-dependent 
microscopic hydrophilic domains and macroscopic expansion of 55 nm thin Nafion film on a Pt substrate. The cross-
correlation among the film macro-expansion from ellipsometry, the micro-expansion from GISAXS, and the water 
distribution from neutron reflectometry (NR), explains the observed non-affine behavior of the film which can be attributed 
to the randomly and spatially non-uniform distribution of water domains. A correlation between macroscopic factor (ε/τ) 
for protonic conductivity, and the domain size and swelling is presented for the first time. In addition, interfacial water 
between Pt and the ionomer interface estimated at 75% and 84% RH, and increase in domain size with RH, are discussed to 
explain increased  activity and oxygen diffusivity with RH.

I. Introduction 
Thin Nafion films are of technological importance to polymer 
electrolyte based electrochemical devices such as fuel cells, 
electrolyzers, and sensors [1-5]. In the electrodes of these devices, 
sub-micron thin Nafion films coat the electron-conducting surface of 
the catalysts such as Pt to form an electroactive interface where their 
key function is to facilitate proton transport [6-9]. In addition, in the 
electrodes comprising ionomer-covered platinum, the reactants or 
analytes have to be transported through the ionomer films. Thus, the 
ionomer film controls both the local ion conduction and the reactant 
transport through the film and to/from the electrochemical interface 
and influence electrochemical performance parameter such as active 
area utilization and catalyst activity [10-11]. It is well known that the 
ionomer transport properties are a strong function of relative 
humidity (RH), which is a controllable operational parameter [12-13]. 
Pertinent to fuel cells, a recent study from Morimoto’s group at 
Toyota Central R&D has demonstrated that the critically important  

 
transport resistances, viz., the oxygen diffusion resistance across the 
Nafion thin film and the interfacial resistance at the buried interface 
(i.e. at the Pt/ionomer interface), decreases significantly with RH [14].  
These hydration-dependent transport properties are a manifestation 
of a key microscopic structural feature of these ionomers – the 
hydrophilic ionic domains formed by clustering of the sulphonic acid 
(SO3- H+) ion-pairs distributed in the hydrophobic fluorocarbon 
matrix. In fact, much of the research on the structure of the 
membrane form of Nafion has been focused on the size/shape of 
these ionic domains using small angle x-ray scattering (SAXS) studies 
[12-13]. 
However, thin films are fundamentally different than bulk 
membranes due to the confinement effects and the interfacial 
interaction induced orientation of ionomer chains resulting in 
anisotropic structures and properties [15-16]. The literature on 
Nafion thin films on SiO2 has provided sufficient evidence of 
thickness-dependent water uptake, proton conductivity, ionomer 
wettability, modulus of elasticity, thermal expansion and micro-to-
macro relationship (local domain size-to-hygro-expansion) [17-27]. 
In addition to confinement, interaction with a substrate can strongly 
influence the structure of thin films resulting in substrate-dependent 
macroscopic and microscopic properties [28-34]. For example, 
substrate-dependent layered morphology and orientation of 
hydrophilic domains within hydrophilic domains have been observed 
from scattering techniques such as neutron reflectometry (NR) and 
grazing incidence small angle x-ray scattering (GISAXS) [30-34]. 
Substrate-dependent macroscopic properties such as water uptake 
kinetics, proton conductivity, and thermal expansion of the films 
have also been reported [24-25, 34]. Macroscopic properties of 
ionomer thin films on Pt such as proton conductivity, and the 
microscopic structure such as water distribution and ordering of 
hydrophilic domains greatly differs from the ionomer thin film on 
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SiO2 [24, 30-31]. In other words, macroscopic properties and likely 
the microscopic structure of thin Nafion films not only differ from 
those of the bulk membrane but also are substrate-dependent. 
Insofar as the microscopic structure – the ionic domain – is 
concerned, a hydration-dependent d-spacing derived from the so-
called ionomer peak in SAXS data provides an insight on the size of 
the hydrated domains [22, 36]. For Nafion thin films, the GISAXS 
measurements have shown anisotropic character (in-plane vs out-of-
plane) of the ionomers [22, 30]. Both confinement and interaction 
with the substrate can induce hydration dependent non-uniform 
spatial distribution of d-spacing. Although SAXS is a very powerful 
tool in determining the size of micro-domains, it does not provide 
information on the spatial distribution of the d-spacings  or on their 
spatial configuration and connectivity. This adds to the complications 
in correlating the macroscopic changes, i.e. the swelling of films with 
the changes in the microscopic structural parameter, i.e. the ionic 
domain related d-spacing. Furthermore, the commonly employed 
methods for determining the macroscopic hydration property of 
ionomer thin films, viz., ellipsometry and quartz crystal microbalance 
(QCM) fundamentally measure different characteristics. Ellipsometry 
measures overall thickness change of polymers, whereas QCM 
measures the total mass change. Often the analyses consider that 
the dry polymer volume and water volume are additive to yield the 
observed change. Such assumption neglects any changes in the 
density of the hydrophobic matrix upon water sorption in the 
hydrophilic ionic domains. Ideally, the volume change (ΔV) 
determined from swelling measurements should compare with that 
estimated from mass change. However, if the polymer plasticizes, 
and its elastic property changes with hydration, swelling based water 
uptake may not equate to gravimetric mass uptake. A previous study 
on Nafion thin film coated on Au showed a higher ΔV estimated from 
mass uptake measured using QCM than ΔV calculated from swelling 
measurements using ellipsometry [27]. Furthermore, it is unlikely 
that interfacial water on a realistic (non-atomistic smooth) surface 
will contribute to the swelling of the ionomer. Our recent NR study 
has shown that a significant amount of water can be present at the 
Pt/ionomer interface [34]. As alluded above, NR studies have also 
shown non-uniform distribution of water through the thickness of 
the Nafion film [31]. Thus, it may be expected that the number 
density and/or the size of the hydrated domains may vary across the 
thickness of the films. Therefore, it is not obvious whether the 
microscopic parameter (d-spacing) would linearly correlate with the 
macroscopic parameter (swelling).  

The review of the literature reveals that, in general, there 
has been only a very limited effort to correlate the macroscopic 
properties of the ionomer thin films with its microscopic structure. 
So far only one study reports the relationship between the 
macroscopic and microscopic expansions of thin films on SiO2 where 
a ~50 nm thin film follows affine behavior i.e. macroscopic expansion 
1:1 correlates with microscopic expansion [22]. However, given the 
significant differences in macroscopic properties of Nafion thin films 
on SiO2 and on Pt, the microscopic-macroscopic property 
relationship presented for films on SiO2 cannot be assumed to be 
applicable for films on Pt [5, 22].  

This study is a first report wherein the hydration behavior 
of a ~55 nm Nafion thin film on an electrochemically relevant Pt 
substrate is cross-correlated with multiple techniques – ellipsometry, 
quartz crystal microbalance, GISAXS, and neutron reflectometry - 
examining the structure and/or properties at multiple-length scales. 
Simultaneous measurements of hygro-expansion (by ellipsometry) 
and mass water uptake (by quartz crystal balance or QCM) on the 
same sample over a range of relative humidity were carried out. The 

results demonstrate a systematic difference in water content 
estimated from the two methods, which may have implications for a 
majority of the literature data on perfluoro sulfonic acid (PFSA) thin 
films obtained from ellipsometry. The RH-dependent microscopic 
structure, viz. the hydrophilic domains from GISAXS and the water 
distribution using NR were measured. GISAXS results provide 
evidence of in-plane domain expansion opening up the possibility of 
in-plane film expansion, which has typically been neglected in the 
literature. NR measurements show non-uniform distribution of 
water in the out-of-plane direction, which raises the question about 
the relevance of using a single-value of d-spacing (derived from the 
ionomer peak of GISAXS data) to characterize the microscopic 
structure. Finally, the microscopic (d-spacing) and macroscopic 
(water volume fraction) hydration parameters are correlated to the 
structural factor (phase volume/tortuosity or ε/τ) for proton 
conductivity using conductivity data for ~50 nm Nafion reported in 
an earlier study [23]. The implications of the hydrated microstructure 
on electrochemical activity and oxygen transport is also discussed. 
 
II. Experimental  
 
A. Sample preparation 
Two different Pt substrates were employed: a Pt-electrode of a QCM 
crystal (Inficon, USA) and a sputter-coated Pt film on a SiO2 substrate. 
A 1.7 wt% dispersion of EW1100 was prepared by adding appropriate 
amount of iso-propyl alcohol (IPA) to stock solution. The Nafion 
dispersion was spin coated on the Pt substrates and dried in vacuum 
for 24 hours at 40 oC.  
 
B. Combined QCM-Ellipsometry 
An environmental cell was designed to accommodate the QCM 
holder (details) and to control both RH and temperature. Humidified 
air was flowed through the cell and desirable RH was obtained by 
mixing a fully humidified gas stream with a dry gas stream. Upon 
change in RH direct mass uptake of water in the film was measured 
as a frequency change (Stanford Research Science Instruments) and 
simultaneously the change in film thickness was measured using an 
ellipsometer (M2000, JA, Woollam, USA). 
 
C. RH dependent contact angle 
A goniometer is used to measure contact angle at controlled RH using 
salt solution and temperature in an environmental chamber (Rame 
Hart Inc., NJ, USA). 
 
D. Water distribution in thin films as determined by NR  
Thin films coated on Pt films were employed for NR measurements 
at the National Research Universal (NRU) reactor at the Canadian 
Nuclear Laboratories in Chalk River, Canada. Details on the used 
sample cell can be found elsewhere [37]. Salt solutions were used to 
maintain specified RH and the cell was immediately exposed to 
ambient RH every time before the salt solution was changed. A 
typical NR measurement took 8-12 hours. 
 
E. RH dependent GISAXS 
GISAXS measurements were taken with a Rigaku FR-E X-ray 
diffractometer with an R-AXIS IV two-dimensional (2D) detector 
and Cu Kα radiation (λ = 1.542 Å). Voltage of 45 kV, current of 45 
mA, and irradiation time of 10 min were applied with beam size of 
approximately 300 μm × 300 μm and camera length of 300 mm. 
Samples were placed into a humidity-controlled cell with X-ray 
transparent polyester film (Lumirror) windows. Nitrogen carrier gas 
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was used as received from the gas cylinder without further 
dehumidification to control the humidity. X-ray scattering patterns 
were recorded on an imaging plate (Fujifilm Corp.). The incident 
angle was chosen as 0.20° – 0.22°. For  out-of-plane and in-plane 
profiles, the integrated regions were taken between -0.5° to +0.5° 
as 2θ from the center (0°) and the width of 1° as 2θ, respectively. 
 
III. Result and Discussions 
 
A. Swelling and water mass uptake 
Small difference in water volume fraction (ϕw) in ~50 nm Nafion film 
on gold from mass uptake (QCM) and swelling (ellipsometry) was 
reported in a previous study co-authored by one of the authors of 
current study [27]. In the previous work, two separates samples were 
used for QCM and ellipsometry. Thus, there has been a lingering 
question whether the observed difference is due to sample to sample 
variation or a real phenomenon. To eliminate the sample-to-sample 
variation issues, in this work, humidity-dependent hydration 
behavior of a ~54 nm thin Nafion film on Pt surface of QCM electrode 
was simultaneously measured by QCM that yielded mass uptake (Δm, 
accuracy ± 17 ng/cm2 ) and by ellipsometry which yielded swelling 
(ΔL, accuracy ± 1 Å), respectively. In a separate experiment, using 
ellipsometry, the swelling of a ~54 nm thin Nafion film on a 10 nm 
thick Pt/SiO2/Si substrate was measured as well. Assuming that the 
hydrophobic matrix density remains unchanged upon hydration of 
ionic domains, the volume of hydrated ionomer is equal to the 
volume of dry polymer plus the volume of water sorbed by the 
ionomer at a given RH. Thus, the mass uptake and swelling can be 
converted to water volume fraction (ϕw) in the hydrated polymer as 
reported and compared in Figure 1a. The inset in Figure 1a shows the 
water uptake on bare Pt substrate as a function of RH. In the case of 
QCM, to estimate water volume fraction the mass of sorbed water 
on bare Pt was deducted from total mass of water absorbed by the 
Nafion thin film. 
 
In a separate experiment, neutron reflectometry measurements on 
a film of similar thickness was also performed and is discussed in 
detail in a later section. Data fitting of the NR results yields two 
parameters – film thickness and the scattering length density (SLD). 
The thickness and SLD of the dry and the hydrated films 
independently yield water volume fractions and are denoted as NR-
HygE and NR-SLD water volume fraction, respectively and are shown 

in Figure 1a. The differences in ϕw estimated from three different 
ionomer coated Pt samples investigated by three different 
techniques: a) mass uptake from QCM using the Sauerbrey Equation 
b) swelling from ellipsometry and NR data fitting c) volume fraction  
from the difference in the SLD of dry and hydrated (wet) films, is 
quite noticeable. The difference in ϕw from QCM and ellipsometry is 
denoted by ϕw,difference and plotted in Figure 1b. Although QCM and 
ellipsometry derived ϕw were obtained from different areal size 
examined in the two techniques, viz. 1 cm2 for QCM and ~ 0.36 cm2 
for ellipsometry, they compare very well with NR-derived volume 
fractions obtained from the SLD and the thickness  (NR SLD ϕw and 
NR HygE ϕw), respectively. This strongly supports the observation 
that the differences in water volume fractions obtained from the 
swelling and water uptake data, even if small, are real and significant. 
All the equations pertaining to the calculation of water volume 
fraction are presented in the supplementary information. The 
changes due to RH cycling is also reported for one sample that was 
cycled three times between 0% and 90% RH, showing a systematic 
difference in water volume fractions computed from hygro-
expansion and mass uptake analyses for each cycle (Figure S1 of SI), 
even if the swelling vary slightly from cycle-to-cycle. This further 
highlights the technique-dependent difference in water content 
estimation.   
 
Both ϕw and ϕw,difference increased steadily with RH and a sharp 
increase in both is observed after 80% RH where ϕw from QCM is 
almost 10% of the total volume. Evidently, from Figure 1a, most of 
the water uptake is due to the swelling of the film in the out-of-plane 
direction, which is expected as film is confined, and strongly 
interacting with Pt [30]. Even though water uptake in Nafion thin film 
simultaneously measured from two different methods, the 
ϕw,difference can arise from systematic experimental error. On the 
other hand, such a difference point towards from the real physical 
possibilities: compression or densification of the hydrophobic 
backbone, possible in-plane expansion of the film, or the 
condensation of water in the pores.  
  
 
 
 
 

Figure 1. a) Estimated ϕw from QCM, Ellipsometry and NR measurements; NR_Hyge and NR_SLD are volume fractions 
estimated from NR-data fitted film thickness and SLD, respectively of wet and dry films, inset shows mass of water sorbed by 
bare Pt. b) The difference between ϕw estimated from QCM and ellipsometry data plotted as a function of RH. 

 

 



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 
B.Microscopic-macroscopic expansion 
 
To further our understanding of hygro-expansion of the film, we 
analyzed the GISAXS results to relate micro-structure to macroscopic 
swelling. RH dependent GISAXS response of the film was measured 
from 5% to 90% RH; examples of GISAXS patterns are presented in 
Figure 2a, I-IV. From the 2D profiles both out-of-plane (OP) 
intensities (Iop) and in-plane (IP) intensities (IIP) were derived and 
plotted against the scattering vector (q, nm-1) in Figure 2b. With 
increasing RH and as the corresponding water uptake increases, 
there is both an increase in the scattering intensity and a shift of the 
scattering peak towards the lower q.  
 
The d-spacing, obtained from the peak position, as a function of RH 
is plotted in Figure 3. Whereas a discernable change in OP d-spacing 
with RH is noticeable for the whole range (20-90% RH), the IP d-
spacing change was quantifiable only above 60%RH (fits are 
presented in Figure S2 of SI). Upon extrapolation, the OP d-spacing 
(2.5 nm) in dry state of Nafion thin film on Pt is very close to the d-
spacing (2.7 nm) of dry membrane [21]. Further, at similar water 
content (λ ~ 7), the OP d-spacing (3.2 nm) of thin film on Pt is 11% 
lower than the overall d-spacing (3.6 nm) of membrane while 
matches with OP d-spacing of 50 nm Nafion thin film on SiO2 [21]. 
 
Shift in IIP to lower q with increasing RH indicates that the d-spacing 
in IP-direction is increasing. Confinement effects and/or strong 
interaction of the ionomer with the substrate would both result in 
restricted mobility in the IP direction yet the film is free to expand in 
OP direction. This could explain the noticeable expansion of OP 
component of the domains at RH of up to 60% but correspondingly 
small expansion of IP component. Also, the d-spacing in IP directions 
are larger than that in the OP direction. Considering these results, it 
may be deduced that both, confinement and interaction of ionomers 
with Pt are responsible for the constrained expansion in IP direction 
at low RHs but once domains are filled with sufficient water, the 
plasticization of polymer allows IP expansion. d-spacing can increase 

due to the expansion of the matrix and/or of the water-filled 
hydrophilic domains. Further, Kusogulu et al., reported increase in 
nanoscopic swelling of domains in IP direction for Nafion thin film on 
SiO2 [21]. In their work, coalescence of IP domains was presented as 
a hypothesis to explain local swelling of nanoscopic domains.  It is 
also been argued that the ϕw,difference may arise from in-plane 
expansion of films [27]. There is a possibility of in-plane expansion 
due to the microscopic swelling. However, in the absence of a direct 
evidence, IP domain expansion cannot be used as a concrete proof 
of in-plane expansion and, by extension, it cannot be established 
with certainty that ϕw,difference arises from in-plane expansion.    
 

 
Figure 3. Microscopic and macroscopic swellings as a function of 
relative humidity for 54 nm thick Nafion (EW1100) coated Pt at 25 
oC a) Out-of-plane (OP) and in-plane (IP) d-spacings obtained from 
analyses of GISAXS data (Figure S2 in SI). 
 

Figure 2. GISAXS measurements for 54 nm Nafion (EW 1100) film on Pt equilibrated at various humidity. a) GISAXS pattern at 
(I) 5% RH, (II) 50% RH, (III) 70% RH, (IV) 90% RH b) Intensity as a function of scattering vector from 5% RH to 90% RH, inset 
shows IP intensity vs. scattering vector. 
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Kreuer and Kusoglu correlated swelling with domain expansion for 
different PFSA membranes along with various treatments and 
asserted that their structure is locally flat [11, 21, 36]. However, d-
spacing in itself is not sufficient to provide insight on correlation 
between microscopic structure and macroscopic structure. For 
instance, membranes and thin films thicker than 100 nm, show non-
affine (Δd/ddry : ΔL/Ldry ≠ 1:1) behavior meaning local domain 
expansion does not correlate 1:1 with overall swelling – a clear 
explanation of this phenomenon is still lacking [11]. Nonetheless, 55 
nm thick Nafion thin films on SiO2 substrates have been reported to 
exhibit affine behavior. Here, a similar analysis is performed and the 
relative change of the domain size in OP direction is computed and 
correlated with the swelling in OP direction (from ellipsometry). To 
compute Δd, we reference the OP domain size (dz) at 0%RH 
estimated by extrapolation of (dOP) versus RH data. The relative 
changes in domain size plotted against corresponding changes in 
macroscopic expansion for films are shown in Figure 4a and a non-
affine behavior is clearly noted. Up to 80% RH, similar to previously 
reported data for Nafion membrane and Nafion film thicker than 100 
nm on SiO2 substrate, a linear correlation between Δdop/dop,dry and 
ΔLop/Ldry is noted but the Δdop/dop,dry :ΔLop/Ldry ratio is ~ 2:1. For RH 
between 80% and 90%, this ratio is close to 1:1 indicating affine 
behavior. Compared to membranes and thick ionomer films where 
polymer mobility is higher than in a film confined to a substrate and 
possibly strongly interacting with the substrate since sulfonic groups 
are known to have strong interaction with Pt [33], the domains are 
expected to be aligned parallel to the Pt [30] and should result in 
affine behavior but that is definitely not the case. Both macroscopic 
water volume fraction and microscopic domain size are essentially 
average quantities and possibly non-uniformly distributed within the 
confined ionomer thin film. Moreover, a thin film confined to the 
substrate also has a certain orientation order which changes with RH 
[28]. Thus, it is not essential that changes in a single microscopic 
parameter, d-spacing obtained from GISAXS data, may necessarily 
exhibit affine relationship with macroscopic changes.  
 
The area under I-q Gaussian curve is proportional to the volume 
fraction of scatterers [36-38] and for a locally flat thin film Gaussian 
area is expected to be proportional to swelling - which is the case 
(see Figure 4b). In a homogeneous/isotropic ionomer material, all 
the ionic domains would have nearly equal water content. Thus, the 
number of scatterers do not change but their size and 

correspondingly the volume fraction of the scattering entities 
increase with increasing hydration. On the other hand, ionomer thin 
films can be anisotropic and are known to exhibit layered structure 
with varying water content through the thickness of the film. In other 
words, the domains may be unequally hydrated. Thus, in essence, 
the effective number of scatterers will be changing with hydration. 
An integrated value of intensity with respect of q-vector would 
account for changes in the number of scatterers. 
 
In our experiments, at 5% RH a small peak has been observed in the 
q-range typically attributed as the ‘ionomer peak’ indicating that at 
least some of the domains may be sufficiently hydrated. With 
increase in RH, both, the peak intensity and its position are expected 
to change. The integrated area correlates linearly with macroscopic 
expansion (ΔL) suggesting that the non-affine behavior of the 
ionomer film most likely arises from non-uniform spatial distribution 
of water within the film.  

 
For RH dependent water distribution in the OP direction, we 
examined the neutron reflectometry (NR) data at 8%, 75%, and 84% 
in H2O environment. The reflectivity response was fitted with a four-
layer model (Table S1 in SI describes the quality of the fit). At dry 
conditions (8%RH), a single layer with uniform SLD was found to be 
sufficient to describe the NR response from the Nafion film structure 
while at higher RHs a multi-layer model, as described below, was 
needed to fit the data (all the fits with NR data are shown in Figure 
S3). The corresponding SLD profiles are shown in Figure 5a.  

 
The multi-layer description of the ionomer film comprises of three 
layers with uniform SLD and two gradient layers with an error 
function like SLD profile. The layered model comprises: i) an 
interfacial layer in contact with Pt, which is a mix of water and 
polymer; the SLD of this layer is lower compare to the SLD of dry (8% 
RH) film because the SLD of H2O is -0.056 10-5/Å2; ii) an inner layer, 
which is the driest layer within the film and it SLD approaches that of 
the dry polymer; iii) a gradient layer wherein the SLD transitions from 
that of the dry inner layer to that of the wetter outer layer; iv) an 
outer layer with lowest SLD implying that most of the water is 
accumulated in this layer; v) a hydrophobic surface layer where SLD 
approaches that of the SLD of dry layer; noticeably this hydrophobic 
layer persists even when the film is exposed to RH as high as 88% for 

Figure 4. Comparison of macroscopic expansion with microscopic expansion in OP direction b) GISAXS ionic domain OP peak 
area as a function of swelling or OP macroscopic expansion. 



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

24 hours, in Figure 5b, contact angle present a strong evidence of 
such a surface layer.  
 
The overall physical description of the Nafion thin film is supported 
by external evidences: 1) water sorption at bare Pt is an indirect 
evidence of water at Pt-ionomer interface, 2) ϕw,difference estimated 
from NR model based SLD and swelling is similar to ϕw,difference from 
QCM and ellipsometry, and 3) presence of hydrophobic skin layer 
from model also described by the contact angle measurements. The 
hydrophobic surface of Nafion is well known and is discussed in a 
recent article by Karan [5]. There is evidence of skin layer from GI-
SAXS and GI-XRD studies of Nafion films [40-41].  
 
Using Equation S5 of SI SLDs were converted to water volume 
fraction. As RH increases from 75% to 84%, the ϕw in the 1.4 nm thick 
interfacial layer at the buried interface (see SLD profile in Figure 5a) 
increases from 20% to 26% indicating humidity-dependent interfacial 
water. Beyond the interfacial layer, a dry layer exists near the 
interface with ϕw ~ 3% at both RHs however the thickness of the dry 
inner layer reduces from 26 nm to 17 nm as RH increases from 75% 
to 84%, and the roughness of the inner layer remains the same, 6 nm 
which translates to a 24 nm thick gradient layer.  In similar fashion, 
the thickness of the wet outer layer increases from 30 nm to 42.5 nm 
whereas ϕw increases slightly from ~15% to ~21%. In either cases, a 
rough hydrophobic surface layer or skin layer persists at 75% RH and 
84% RH. In a separate experiment using a special environmental 
chamber, similar films on Pt were exposed for 18 hours to 75% and 
84% RH (i.e., similar to the conditions of the NR experiments) and 
found the water contact angle of ~90o (see an image in Figure 5b). It 
is quite intriguing that the nature of the surface is independent of RH. 
In fact, Kawamoto et al., reports a similar RH independent surface 
layer for ionomers coated on a Si substrate [39]. Even though NR 
measurements could not be performed at all the RHs, it provides 
sufficient evidence of spatial distribution of water within the 
ionomer coated on Pt. Thus, non-affine behavior is likely to originate 
from spatial distribution of the water. To elaborate, one of the 
reasons put forth for suppressed water uptake in thin films 
compared to thicker films and membranes is the idea of higher 
elastic modulus of the polymer for thinner films [5, 16]. Due to the 

higher elastic modulus, higher mechanical forces exerted by the 
hydrophobic matrix counteracts the chemical force for hydration 
resulting in a lower water uptake. A gradient in elastic modulus can 
be expected for Nafion films on platinum. The polymer near the 
substrate has arguably higher elastic modulus due to strong 
interaction with the Pt substrate compared to the polymer away 
from the Pt/ionomer interface. Thus, the gradient in water 
distribution is most likely to originate from the gradient in the elastic 
modulus from the buried interface to the surface of the ionomer. 
 
C. Conductivity-structure correlation of ionomer thin film on Pt 
Ono et al. have reported conductivity measurements (σ in S/cm) of 
~50-55 nm thin film on Pt in an earlier study [23]. The water content, 
λ (# of water molecules/ sulfonic molecule) of a 55 nm film can be 
deduced from the mass uptake measured by QCM in the present 
work: 
𝜆𝜆 = 𝑀𝑀𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖−𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖

𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖
. 𝐸𝐸𝐸𝐸.𝜌𝜌𝑤𝑤
𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖.𝑀𝑀𝑤𝑤

    (1) 

 
where, 𝑀𝑀𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖  is the RH dependent mass of the ionomer film, 
𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖 is mass of the dry ionomer film, EW is the equivalent weight, 
𝜌𝜌𝑤𝑤 the density of water, 𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖 the density of ionomer, and 𝑀𝑀𝑤𝑤 is the 
molecular weight of water.  
 
It can be noted from the data in Figure 6a that σ increases by two 
orders of magnitude from 40% to 90% RH and λ increases steadily till 
80% RH and then sharply between 80% RH and 90% RH. It is common 
to correlate the proton conductivity σ with λ. It is obvious from Figure 
6b that at λ < 4, conductivity is very sensitive to water content. For 
instance, λ increases by 2 between 40% and 80% RH but σ increases 
by orders of magnitude and then four times till λ~8. It should be 
noted that λ is an average value computed from the overall water 
volume or mass fraction and does not take into account the OP water 
distribution. These average lambda values indicate the average local 
chemical environment of the sulfonic groups i.e. amount of water 
molecules attached to a sulfonic group and can dictate the water 
transport mechanism. 
 

Figure 5. a) SLD profile of Nafion film on Pt at different relative humidity (H2O environment) at 25 oC b) An image of water 
contact angle measured at the surface of ionomer at ~88% RH. 
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For PFSA membranes, Kusoglu et al., identified an empirical 
relationship among conductivity (σ), water content (λ), and domain 
spacing (d), and that is  𝜎𝜎 ∝  𝜆𝜆 𝑑𝑑�  [21]. However, by accounting 
structural properties such as volume fraction of water-filled domains 
proton transport (ε) and tortuosity of pathways (τ) for the long-range 
transport of protons, the generic form of conductivity of protons in 
an ionomer thin film or membrane in terms of proton concentration  
(𝐶𝐶𝑅𝑅+) and proton mobility  (𝜇𝜇𝑅𝑅+) is commonly expressed as: 
 
𝜎𝜎 = [𝐶𝐶𝑅𝑅+𝜇𝜇𝑅𝑅+][𝜀𝜀 𝜏𝜏⁄ ]    (2) 
 

 
Choi et al. developed a model to compute the proton conductivity of 
Nafion membrane [42]. In particular, their model accounted for the 
water content (λ) dependent mobility and concentrations of protons 
by considering surface and bulk (comprising Grothuss and free 
water) transport within the connected network of hydrophilic ionic 
domains. The commonly used epsilon-tau (ε/τ) model was adopted 
considering the composite nature of the ionomer accounting for the 
volume of the conducting phase (ε) and tortuous pathways of the 
conducting phase (τ). The conductivity equation proposed by Choi et 
al [42] is shown below: 

 

𝜎𝜎 = (𝜀𝜀/𝜏𝜏) ∙ �𝐹𝐹
2

𝑅𝑅𝑅𝑅
 �𝐷𝐷𝑅𝑅+

𝛴𝛴 𝐶𝐶𝑅𝑅+
𝛴𝛴 + 𝐷𝐷𝑅𝑅+

𝐺𝐺 𝐶𝐶𝑅𝑅+ +
𝐷𝐷𝑅𝑅+
𝑊𝑊 𝐶𝐶𝑅𝑅+
1+𝛿𝛿𝑐𝑐

��    (3) 

 
where, F is the Faraday constant, R the universal gas constant, T the  
temperature, 𝐷𝐷𝑅𝑅+

𝛴𝛴   the surface proton diffusivity, 𝐷𝐷𝑅𝑅+
𝐺𝐺   the Grothuss 

proton diffusivity, 𝐷𝐷𝑅𝑅+
𝐸𝐸   the vehicular proton diffusivity, 𝐶𝐶𝑅𝑅+

𝛴𝛴   the 
concentration of surface protons, 𝐶𝐶𝑅𝑅+   the concentration of 
exchanged protons, and 𝛿𝛿𝑐𝑐 is the diffusion coefficient ratio. Here, the 
term within square brackets can be thought of the intrinsic 
conductivity of the protons within the ionic domains and is the 
function of λ only. It can be argued that the differences in the 
observed conductivity between a thin film and bulk ionomer at a 
given λ is attributable to the microstructural parameters (ε/τ). The 
parameter ε is equivalent to ϕw. Below ϕw ~ 0.2, Kreuer et al., found 
highly suppressed proton conductivity but almost similar to water 
diffusivity in Nafion membrane which indicates that the vehicular 
mechanism dominates the proton transport in membranes [43]. For 

the conductivity measurements reported on 50 nm Nafion film by 
Nagao group, the water volume fraction (ϕw) is below 0.2. Hence, 
vehicular mechanism is assumed as primary mechanism of proton 
transport, which simplifies the form of Equation 3 to: 
 

𝜎𝜎 = (𝜀𝜀/𝜏𝜏) �𝐹𝐹
2

𝑅𝑅𝑅𝑅
 �
𝐷𝐷𝑅𝑅+
𝑊𝑊 𝐶𝐶𝑅𝑅+
1+𝛿𝛿𝑐𝑐

��        (4) 

 
Kreuer et al. compared the microstructural domain size, water 
diffusivity, and proton conductivity among polyaryl hydrocarbon and 
Nafion membranes [43, 44]. In their work, Polyphenylene and Nafion 
membrane exhibited comparable diffusivity at similar λ but 
hydrophilic domains in polyphyenylene were measured to be smaller 
than Nafion – indication of weak correlation between domain size 
and intrinsic conductivity. Yet, at a similar volume fraction proton 
conductivity of polyphenylene membranes were much lesser than 
Nafion [43]. Similarly, sulfonated-poly ether ketone membrane with 
much smaller domain size than Nafion, which result in highly 
tortuous and dead end domains, showed relatively much lower 
water diffusivity and conductivity at same volume fraction [44]. 
Observations from these papers are indicative of domain size 
relevance to the structural parameters. Therefore, as the film 
expands, both, an increase in domain size and water volume fraction 
lead to the development of more proton conducting pathways, and 
tortuosity is expected to fall. Linear relationship between structural 
factors (ε/τ) computed from Equation 3 with product of water 
volume fraction and domain expansion ϕwΔdop is identified (Figure 
7). Furthermore, since, ϕw is equal to ε, the tortuosity of proton-
conducting domains can be computed. It is found that the tortuosity 
is inversely proportional to the domain expansion (see inset in Figure 
7).   

Figure 6. a) Conductivity (red_circle) [23] and water content (blue_squares) [This Work] of ~50-55 nm ionomer thin film on Pt 
at 30 °C b) Conductivity as a function of water content at 30 °C. 
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Figure 7. Comparison between structural factors and product of 
water volume fraction and domain expansion, inset shows 
tortuosity against domain expansion.   
 
D. Implications to oxygen transport resistance and Pt poisoning 
Oxygen transport resistance across the ionomer thin film and Pt 
poisoning owing to adsorption of sulfonic groups are relevant to the 
performance of fuel cell. Recent report from Morimoto’s group have 
clearly pointed out that Pt poisoning occurs mainly due to the 
adsorption of sulfonic groups at Pt site. The degree of adsorption or 
poisoning strongly depends on the amount of interfacial water 
(water at the Pt/ionomer interface) which increases as RH increases 
resulting in more sulfonic group desorption [45]. Evidently, NR data 
from the present study shows that the ϕw at the interface increases 
from 20% to 26% as RH increases from 75% to 84% and in a previous 
NR study from our group [33], at 97% RH two monolayers of water 
at Pt-ionomer interface separating ionomer from Pt was measured. 
Consequently, water has a major role in reducing the Pt poisoning, 
mechanism of which is replacement of sulfonate groups by water.  
 
In another study from Morimoto’s group, in an ex-situ experiment it 
was found that the estimated interfacial resistance for oxygen 
transport and diffusivity of oxygen through thin film decreases with 
RH. From 30% RH to 90% RH, oxygen diffusivity increases by three 
times and interfacial resistance to oxygen transport decreases by 
20% [13]. Bulk oxygen diffusion resistance should be related to bulk 
microstructure and interfacial resistance should be related to near 
interface structure. Oxygen is transported through two pathways: a) 
free volume in the backbone and b) hydrophilic domains. It is evident 
from the data on hydrophilic domain size that increase in oxygen 
diffusivity must be result of hydrophilic domain expansion (see Table-
1). Similarly, as Pt-ionomer interface hydrates the free volume near 
interface increase and results in lower interfacial resistance for 
oxygen transport. However, layer at the free interface or surface 
layer remains hydrophobic, meaning water cannot easily 
breakthrough the hydrophobic backbone which raises the question 
how oxygen is transported at the free interface? 
 
 
 
 

Table 1. Comparison of oxygen transport resistance across the 
Nafion thin film coated on Pt and domain size in OP and IP 
directions. 
 

RH 
(%) 

O2 diffusion at 40 oC [13] d-spacing 
[This 
work] 

 Inner 
resistivity 
(1014 

s.m.Pa/mol) 

Interfacial 
Resistance 
(106 

s.m2.Pa/mol) 

dOP 

(nm) 
dIP 

(nm) 

30 3.4 10 2.55 - 
40 - - 2.6 - 
60 1.9 8.8 2.7 3.2 
90 1.1 7.8 3.2 3.6 

 
 
 
 

VI. Conclusions 
A finite difference in water volume fraction in ionomer thin films 
computed from the difference in swelling from ellipsometry and 
mass uptake from QCM. The correlation between hydrophilic 
domain expansion and swelling in OP direction yielded non-affine 
behaviour of thin films on Pt. The origin of non-affine behaviour is 
attributed to the water distribution within the ionomer thin film, 
evidence of which was provided by RH dependent water distribution 
determined by NR.  
 
The proton conductivity-water uptake of ionomer thin film on Pt was 
analysed in terms of structural parameters: water volume fraction 
and domain size. In the vehicular transport dominated regime (ϕw < 
0.2), we identified that the tortuosity of ionomers is inversely 
proportional to the hydrophilic domain size. Further, implications of 
RH dependent water distribution from NR and hydrophilic domain 
size on oxygen diffusion and ORR activity was discussed. In bulk 
ionomers, increase in domain size very well relates with increase in 
oxygen diffusivity with RH. Similarly increase in free volume with RH 
at Pt-ionomer interface could be the underlying cause of increase in 
oxygen diffusivity with RH at the Pt-ionomer interface. In addition, 
increase in water content at the Pt-ionomer interface with RH also 
promotes desorption of sulfonic group thereby increases ORR 
activity at Pt-ionomer interface. 
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