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ABSTRACT: The advent of commercially viable vanadium
redox flow batteries has generated interest in improving upon
existing membrane materials utilized in this grid-scale energy
storage technology. Elucidating structure−transport relation-
ships in perfluorosulfonated ionomer nanocomposites is of
particular importance for the development of next-generation
membranes, as there is a limited understanding of how
nanoparticles alter transport in these membranes. In the
present study, we attempt to resolve the impact of silica
nanoparticles (SiNPs) on liquid water transport in Nafion−
SiNP membranes. Specifically, liquid water sorption and
ionomer swelling kinetics in a series of Nafion−SiNP
membranes were evaluated using time-resolved attenuated
total reflectance−Fourier transform infrared spectroscopy. Anomalous, multistage water uptake and swelling kinetics were
observed for both Nafion and Nafion−SiNP membranes at all SiNP loadings. The first stage of the kinetic data was regressed to
a diffusion−relaxation model, as water diffusion and resulting diffusion-induced polymer relaxation kinetics during this first
stage were found to be highly coupled. Suppressed water transport and swelling kinetics were observed with the introduction of
SiNPs, though this trend did not hold true for higher SiNP loadings. Thermal annealing of the membranes was also observed to
impact the transport and swelling properties of the Nafion and Nafion−SiNP membranes, exhibiting a synergistic effect with the
SiNPs at low nanoparticle loadings. Finally, the multistage water uptake mechanism in dry Nafion and Nafion−SiNP
nanocomposites was understood to be governed by the time-dependent local water activity in the membrane. Overall, this study
presents a clear framework that can be employed to characterize and tune aqueous transport through Nafion nanocomposite
membranes.
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■ INTRODUCTION

Vanadium redox flow batteries (VRFBs) are a promising large-
scale energy storage technology due to their robustness,
flexible design, and high energy density.1 The current state-of-
the-art ionomer utilized in these flow batteries, Nafion, is a
perfluorosulfonic acid polymer which, when hydrated, nano-
phase segregates into an interconnected network of sulfonic
acid-lined ionic channels within a cocontinuous hydrophobic
matrix of fluorocarbon backbone chains. These ionic channels
are excellent conduits for proton transport across the ionomer
(proton conductivity of Nafion ≈ 10−1 S cm−1), while the
Teflon-like matrix provides excellent thermochemical stability,
making Nafion ideal for use in the acidic, aqueous environment
of the redox flow battery.2,3

However, a long-standing issue with the use of Nafion in
these redox flow batteries is the high rate at which vanadium
ions cross over from the anolyte to the catholyte (and vice
versa). This undesired crossover results in reduced perform-
ance and lifetime of VRFBs, which has prevented the
widespread adoption of this technology.1,2,4,5 To date,
numerous strategies to counter the poor ion selectivity of

Nafion have been explored,5 though many of these approaches
are not ideal for practical implementation as the chemical
modifications result in an undesirable reduction in proton
conductivity or loss of chemical robustness of the resulting
membrane. Further, some of these fabrication methods present
challenges with regard to commercial scale-up.
In contrast, incorporation of silica nanoparticles (SiNPs)

into the ionomer, which was previously found to result in
excellent methanol crossover resistance,6−9 has emerged as a
promising strategy to combat the high vanadium ion crossover
observed in Nafion, with neither significantly suppressing
membrane performance or being too cost-inhibitive.2,4,5,10

Nafion nanocomposites (referred to as Nafion−SiNP mem-
branes) traditionally have been fabricated via an in situ sol-gel
condensation process, whereby the silica phase is formed
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directly within a preformed (i.e., extruded) Nafion membrane
(e.g., Nafion 117).2,5,8,9 Additionally, but far less frequently,
these nanocomposites have been fabricated using a solution-
cast process, where a dispersion of preformed, discrete
nanoparticles and Nafion is cast onto a substrate, and the
solvent is allowed to evaporate, forming a dense membrane.6,10

Both fabrication methods produce composite membranes that
exhibit reduced permeability of vanadium ions (when
compared to their unmodified counterpart, i.e., Nafion
containing no SiNPs). Until recently, this reduction in
vanadium ion permeability has been attributed to the presence
of SiNPs within the ionic channels in Nafion, where the
nanoparticles (NPs) are posited to inhibit the crossover of
vanadium ions due to a size-exclusion mechanism.5,9 However,
recent small-angle X-ray and neutron scattering experiments on
Nafion−SiNP membranes fabricated via sol-gel condensation
show that these nanoparticles are too large to solely reside
within the ionic channels.2 These recent investigations
underscore our lack of understanding regarding how the
introduction of NPs reduces the transport of vanadium ions
across the membrane.
To this end, it is also paramount that we better understand

how factors such as water dynamics and ionomer chain
mobility are impacted by the introduction of NPs, as both are
known to influence the overall transport properties of the
polymer.11−13 The impact of NPs on the local polymer
segmental mobility has been well documented in literature.
Most notably, it has been shown that the presence of NPs
alters the dynamics of the polymer chains directly adjacent to
the NP surface, known as the “bound layer”. These dynamics
have been probed through various thermomechanical, electro-
chemical, and vibrational spectroscopy studies14 as well as with
quasi-elastic neutron scattering. In the latter, Gagliardi and
coworkers15 directly quantified the reduction in mobility of
chain segments in poly(dimethylsiloxane) and poly(vinyl
acetate) filled with fumed SiNPs. They reported the existence
of two separate dynamic processes in the nanocomposites,
where they attribute the slower dynamic mode to suppressed
chain dynamics near the polymer−SiNP interface.
Of direct relevance to the current investigation, recent

studies on Nafion thin films suggest that both nanophase
ordering and segmental dynamics of the ionomer are affected
by the hydrophilic nature of the ionomer−substrate inter-
face,16−18 lending credence to the idea that ionomer−SiNP
interactions impact the segmental dynamics near the
ionomer−SiNP interface. More recently, our group inves-
tigated the hydrated relaxation dynamics of both sol-gel and
solution-cast Nafion and Nafion−SiNP membranes. In that
study, time-resolved attenuated total reflectance-Fourier trans-
form infrared (tATR-FTIR) spectroscopy and neutron spin
echo (NSE) spectroscopy were used to characterize water
sorption-induced swelling kinetics and local chain relaxation
dynamics, respectively.19 Suppressed local segmental dynamics
and suppressed bulk swelling kinetics were observed for both
sol-gel and solution-cast Nafion−SiNP membranes at low
SiNP loadings (∼4 wt %). Surprisingly, when the SiNP loading
was increased (∼10 wt %), an enhancement in both the local
and bulk dynamics of the sol-gel Nafion−SiNP membranes
was observed.
In addition to aforementioned literature regarding the

impact of NPs/interfaces on polymer segmental dynamics,
water transport in Nafion has been thoroughly investigated, as
the behavior and amount of water (i.e., hydration level) in

these ionomer membranes regulates the overall membrane
transport properties (e.g., ion conductivity and permselectiv-
ity).11 The hydration level is also seen to directly impact the
ionomer segmental dynamics, as water plasticizes the ionomer,
leading to increased dynamics in hydrated membranes.12 With
regards to water uptake kinetics, the transport of both liquid
water and water vapor through extruded Nafion membranes is
found to be limited by the rate of polymer swelling.20 Liquid
water transport through Nafion was observed to be
significantly faster than that of water vapor (presented as a
case for Schroeder’s paradox).21 Furthermore, the mechanism
of the water transport (i.e., Fickian vs non-Fickian) has been
shown to depend on the water activity with which the
membrane is challenged.22 While there is a large body of work
in the literature regarding water vapor transport in Nafion
membranes,20,22−28 investigations of liquid water transport in
Nafion and Nafion nanocomposites are far less prevalent. As
both the thermal treatment and the introduction of SiNPs are
understood to affect the structure and viscoelastic properties of
hydrated Nafion nanocomposites,7,10,16−18,29−34 a thorough
investigation is needed to help elucidate the exact mechanism
by which the SiNPs alter water transport in these ionomer
nanocomposites.
Herein, for the first time, we employ tATR-FTIR spectros-

copy to characterize liquid water transport in a series of
solution-cast Nafion and Nafion−SiNP membranes. The silica
content in each membrane was varied between 0 wt % (i.e., no
SiNPs) and 10 wt %. Unlike traditional techniques used to
capture aqueous transport in polymer membranes (e.g., “pat-
and-weigh” method), tATR-FTIR spectroscopy provides
molecular-level resolution of both the nanocomposite and
water, allowing for simultaneous tracking of changes in the
water concentration (diffusion) as well as ionomer chain
rearrangements (swelling). Furthermore, this experimental
technique has been previously utilized to investigate solvent
transport in various polymer nanocomposites and has yielded
useful insights into the mechanisms by which NPs disrupt
native transport behavior.35,36 The tATR-FTIR water uptake
data were regressed to a coupled diffusion−relaxation model,
where both a polymer relaxation time constant (β) and the
mutual diffusion coefficient of water through Nafion (D) were
calculated. The values of D and β allude to the impact of
thermal treatment and incorporation of SiNPs on the
viscoelastic and water transport properties of these nano-
composites.

■ EXPERIMENTAL SECTION
Materials. Nafion perfluorinated resin solution (20 wt % in

mixture of lower aliphatic alcohols and water, equivalent weight =
1100 g/mol sulfonic acid) and deuterium oxide (D2O, 99.9 atom %
D) were purchased from Sigma-Aldrich. Silica nanoparticles (99.5%
purity, 10 to 20 nm particle size, nonporous) were obtained from
Nissan Chemicals as a dispersion in methanol (30 wt % silica).
Additionally, deionized (DI) water (resistivity ≈ 18 MΩ·cm) and dry,
high-purity nitrogen gas were used for all liquid water transport
experiments.

Preparation of Solution-Cast Nafion−SiNP Membranes. A
series of Nafion−SiNP membranes (silica content varying from 0 to
10 wt %) was synthesized as follows. The as-received Nafion stock
solution was transferred into a 25 mL scintillation vial and weighed,
and the appropriate amount of SiNPs (based on the mass of Nafion)
was added to the solution. The vials were sonicated for 3−4 h to
ensure uniform mixing of the SiNPs in solution. Following this, the
dispersions were immediately cast onto a trapezoidal, multireflection
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germanium (Ge) ATR crystal and allowed to dry in the air at room
temperature overnight. For membranes requiring thermal treatment,
the polymer-coated crystals were annealed at 140 °C for 2 h under
dynamic vacuum. After 2 h, the oven was shut off, and the films were
allowed to slowly cool to room temperature under static vacuum.
Once cooled, the ionomer-coated ATR crystals were placed in a
desiccator until liquid water transport experiments were performed.
Note, the term “wt %” indicates the ratio of the mass of silica to the
mass of Nafion (i.e., g SiO2/g Nafion).
tATR-FTIR Spectroscopy. For liquid water diffusion measure-

ments, time-resolved IR spectra were collected using a FT-IR
spectrometer (Nicolet iS50R FT-IR spectrometer; Thermo Scientific)
coupled with horizontal, temperature-controlled ATR cell (Gateway
ATR accessory; Specac, Inc.). Data collection was done using a liquid
nitrogen-cooled mercury−cadmium−telluride (MCT) detector at a
rate of 2 scans per spectrum and a resolution of 4 cm−1, resulting in a
repeat collection time of ≈0.78 s for tATR-FTIR experiments.
Prior to depositing the dispersions onto the ATR crystal, the

background spectrum of a clean (bare) ATR crystal (i.e., uncoated)
was collected, and all subsequent spectra collected during the
experiment were subtracted from this spectrum. Solution-cast
membranes were deposited onto a multiple reflection, trapezoidal
germanium (Ge) ATR crystal (Specac, Inc., 45° beveled faces) as
previously described. Next, the ionomer-coated ATR crystal was
placed face down into the flow-through cell, and the back plate was
tightened down on the backside of the crystal. Note, a Kalrez gasket
was used between the top-plate and the top side of the film to ensure
proper sealing during transport experiments. The cell was then
mounted on the ATR accessory, and the films were dried under dry,
high-purity nitrogen flow for approximately 4 h before beginning each
experiment.
Liquid water diffusion experiments were initiated by introducing

deionized water into the space above the polymer film (V ≈ 550 μL;
the side opposite the polymer−crystal interface) in the ATR cell. To
prevent evaporation during the experiment, the inlet and outlet of the
flow-through cell were sealed using Parafilm. All spectra were
collected at a temperature of 25 °C, which was maintained using a
circulating temperature bath. Immediately following each experiment,
the thickness of the hydrated membranes was measured using a digital
micrometer (Mitutoyo) with an accuracy of 1 μm. The reported value
of film thickness is averaged from five individual measurements at
different positions along the length of the film. A detailed schematic of
this experimental setup is provided in Figure S1 of the Supporting
Information.
In this experiment, transient Fickian diffusion kinetics of water

through the Nafion−SiNP membranes can be described by the one-
dimensional continuity equation (Fick’s second law);

C
t
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z

2
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∂ (1)

where C is the concentration of water, t is time, z is the distance
across the film (z = 0 at polymer−ATR interface), and D is the
mutual diffusion coefficient of water in the polymer. For one-
dimensional (rectangular geometry) water transport through a Nafion
membrane of thickness L, the initial condition and boundary
conditions are as follows
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where C0 is the initial concentration of water inside the membrane
(zero for this study), and CL is the concentration of water at the
membrane surface. The coordinates were chosen so that z = 0 is the
ionomer−crystal interface and z = L is the ionomer−water interface.
Using the above initial and boundary conditions, the analytical
solution of eq 1 is given as
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where C(t) and Ceq are the concentration of water at any time t and
the final water concentration inside the membrane, respectively. The
experimental IR absorbance of a species can be related to the
concentration of that species by making use of the differential form of
the Beer−Lambert law, which is given as
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where A is the ATR absorbance value, ε* is the molar extinction
coefficient (which can be considered constant under the assumption
of weak IR absorbance), and dp is the depth of penetration of the
evanescent wave at the polymer−ATR crystal interface and is a
function of refractive indices of the polymer and the crystal. For this
study, dp ≈ 1 μm. Substituting eq 5 into eq 6 and integrating results in
the following
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where A(t), A0, and Aeq are the ATR absorbance values at any time t,
at t = 0, and at equilibrium, respectively. Note, for these experiments,
the film thicknesses were, on average, two orders of magnitude larger
than the depth of evanescent wave penetration (≈100 μm vs ≈1 μm).
As such, eq 7 can be simplified using the thick film approximation (L/
dp ≫ 10), resulting in the following equation
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The diffusion of water into the ionomer membrane exerts an
osmotic stress on the ionic channels, resulting in diffusion-driven
polymer swelling.25,26,29,39−41 The swelling kinetics of the membrane
can be modeled using the following three-element viscoelastic model

A
A t
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(9)

where σ0, ε, η, E, and β are the stress, strain, dynamic viscosity,
Young’s modulus, and relaxation time constant, respectively. We have
previously described, in depth, the treatment of ionomer swelling
kinetics with this model.20 The liquid water uptake data can be
modeled by combining eq 9 with eq 8, forming the following coupled
diffusion−relaxation model
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Here, w1 and w2 arise from the normalization of eq 9, while FA and FB
are weighting fractions which indicate the contributions of the Fickian
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diffusion and polymer swelling, respectively, on the overall water
sorption kinetics. The time-resolved sorption data can then be
regressed to eq 10, with the water diffusion coefficient, D, as the only
adjustable parameter.

■ RESULTS

As seen in Figure 1, two new spectral bands appear as water
diffuses through the initially dry ionomer nanocomposite and
accumulates at the polymer−ATR crystal interface. The
smaller infrared peak centered around 1640 cm−1 can be
assigned to the water H−O−H bending vibrational mode,
while the broad infrared band that emerges at higher
wavenumbers can be assigned to the O−H stretching of
water.42 The inset in Figure 1 shows an enlarged image of the
time-resolved O−H stretching region. The time points
associated with each spectrum are listed to the right of the
O−H stretching peak. Upon further investigation of the time-
resolved O−H spectra, there appear to be two distinct regions
(or stages) of water diffusion in the ionomer nanocomposite.
Focusing on the spectral data from t = 0 to 210 s, we observe
an initial, fast increase in the area of the O−H stretching peak
(t = 0 to 90 s). After this initial, fast increase, the growth of the
O−H stretching peak slows significantly, where there is little
change observed in the area of this peak from t = 120 to 210 s
(shown as dark green spectra in Figure 1). However, after t =
210 s, there is another fast increase in the growth of the O−H
stretching peak (t > 210 s), followed by a slow approach to
equilibrium over t = 360 to 540 s (shown as dark blue spectra
in Figure 1).
The water uptake kinetics in the Nafion membrane

containing 4 wt % SiNPs can be determined by measuring
the area under this peak (in this case, from 3774 to 2874 cm−1)
as a function of time. This analysis was performed, and the
results are presented in Figure 2. As seen from Figure 2, a two-
stage uptake process is observed as liquid water diffuses into
the initially dry nanocomposite membrane. Note, analogous
multistage water uptake curves were obtained for all Nafion
and Nafion−SiNP membranes. The water uptake and swelling

kinetic data for each membrane can be found in Figures S2−S6
in the Supporting Information.
To our knowledge, this is the first time that a multistage

liquid water diffusion process in Nafion and/or Nafion
nanocomposites has been observed. However, the presence
of a two-stage water sorption process in extruded Nafion has
been previously postulated.26 In that study, the investigators
noted the presence of a distinct transition in values of ionic
channel tortuosity, membrane free volume, and water self-
diffusivity with increasing water activity inside the membrane.
Specifically, this transition was observed at a hydration number
(λ; number of water molecules per sulfonic group) of λ ≈ 4.
This led the investigators to conjecture that hydration of the
extruded ionomer can be mechanistically broken down into
two steps: (1) the formation of a primary hydration shell
around the sulfonic groups, where diffusing water molecules
work against local rearrangements of the collapsed ionic
network, which is followed by (2) the formation of the fully
hydrated ionic network, whereby the flux of water is governed
by the relaxation of the hydrophobic matrix. While the specific

Figure 1. Time-resolved ATR-FTIR spectra of liquid water diffusion in an initially dry, annealed Nafion membrane containing 4 wt % SiNPs at
25 °C. The arrows indicate the direction of spectral change with time.

Figure 2. Integrated absorbance of the O−H stretching infrared band
as a function of time for liquid water diffusion in annealed Nafion
containing 4 wt % SiNPs at 25 °C. Note, only 20% of the data are
shown for clarity.
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multistage liquid water kinetics reported here have not been
previously observed, anomalous water transport in Nafion,
both bulk membranes (>1 μm) and thin films (<500 nm), has
been previously reported.23,25,26,29,39−41,43 Of particular
relevance to this study, a recent investigation using tATR-
FTIR spectroscopy to capture water vapor diffusion in Nafion
noted that the Fickian nature of water transport through the
ionic channels is affected by changes to the channel geometry
due to the diffusion-driven polymer swelling of the ionomer.23

As a result, changes to the time-resolved O−H stretching
spectra are impacted by the swelling kinetics of the ionomer,
which occur on a similar time scale as water diffusion.
To investigate the relationship between liquid water

diffusion and the swelling kinetics of the ionomer nano-
composite, we turn to the polymer fingerprint region of the
spectrum. As tATR-FTIR spectroscopy simultaneously pro-
vides molecular-level information about the penetrant (in this
case water) and the polymer (in this case the Nafion
nanocomposite) during water transport experiments, it allows
us to discern the associated processes (i.e., penetrant diffusion
and polymer swelling) in real time. Figure 3 shows the time-
resolved ATR-FTIR spectra of the fingerprint region (between
1350 and 900 cm−1) for Nafion during the diffusion of liquid
water into ionomer nanocomposite. The two infrared bands
located at approximately 1210 and 1160 cm−1 can be assigned
to the asymmetric and symmetric fluorocarbon (F−C−F)
stretching modes, respectively. The infrared band located at
≈1060 cm−1 can be assigned to the SO3

− symmetric stretching,
while the two infrared bands located at ≈982 and ≈966 cm−1

can be assigned to the C−O−C asymmetric and symmetric
stretching, respectively. The infrared signal arising from
asymmetric F−C−F stretching of the fluorocarbon chains in
the Nafion backbone44 can be used to track changes in the
swelling behavior of the hydrophilic ionic network. The inset
in Figure 3 shows a more resolved picture of evolution of this
peak with time, where the time points associated with each
spectrum are noted on the left.

In Figure 3, diffusion-driven polymer swelling is manifested
as a decrease in absorbance of these infrared bands with time.
Similar to the time-resolved spectra shown in Figure 1, the
decrease in intensity of the F−C−F stretching infrared band
appears to occur in two distinctly separate stages. The swelling
kinetics of the ionomer nanocomposite can be determined by
calculating the area under this infrared band as a function of
time. This analysis was performed, and the normalized swelling
kinetic data are shown in Figure 4 (open red squares). Note, as

the F−C−F stretching absorbance data have been normalized
as (A0/A(t)) − 1 (see Experimental Section), these data have
been plotted in reverse order on the right x-axis (colored red in
Figure 4 to better mimic the decrease in absorbance observed
in the time-resolved spectra shown in Figure 3. Further, the
time-resolved O−H stretching absorbance data from Figure 2
have been normalized and also plotted in Figure 4 (open blue
circles). The water-induced swelling kinetics confirm the two-

Figure 3. Time-resolved infrared spectra of the polymer fingerprint region for liquid water diffusion in annealed Nafion containing 4 wt % SiNPs at
25 °C, where arrows indicate the direction of spectral change with time. The inset shows a more resolved picture of evolution of F−C−F
asymmetric stretching peak, where the color-coded time points associated with each spectrum are shown to the left of the F−C−F peak.

Figure 4. Time-resolved, normalized F−C−F stretching absorbance
data (open red squares) of annealed Nafion containing 4 wt % SiNPs
at 25 °C. The time-resolved, normalized O−H stretching kinetic data
(open blue circles) have also been included to highlight the coupled
nature of water diffusion and polymer relaxation (or swelling)
kinetics. Note, only 20% of the data are shown for the sake of clarity.
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stage relaxation process that was seen in the time-resolved IR
spectra shown in the inset in Figure 3. Further, it is clear from
Figure 4 that water diffusion and diffusion-induced polymer
swelling in these ionomer nanocomposites are strongly
coupled.
The presence of a multistage relaxation process during liquid

water hydration has been previously observed by our group.20

In that study, a three-element viscoelastic model was regressed
to the first stage of the diffusion-induced polymer relaxation
(0≤ t≤ 100 s) to obtain a relaxation time constant (β), as
regression of the model to the entire data set (t > 100 s)
yielded a poor fit. Therein, an increase in the relaxation time
constant was seen in the “short time” time-resolved absorbance
data when compared to the time constant obtained when the
entire data set was fit, suggesting that polymer relaxation
occurring at various time scales originates from short-time
polymer reorganization taking place due to the hydration of an
initially dry membrane. Similar results have been reported with
experiments using time-resolved small-angle X-ray scattering
experiments during liquid water sorption,45 time-resolved
small-angle neutron scattering experiments during water
vapor sorption,29 and contact angle measurements during
liquid water sorption in dry Nafion films,46 where at least two
distinct regimes of water sorption and polymer relaxation were
observed at similar time scales as those presented here.
To gain a more quantitative measure of the two-stage

polymer swelling kinetics and liquid water diffusivity in these
membranes, the first stages of the time-resolved F−C−F and

O−H stretching IR data were analyzed using a three-element
viscoelastic model and a diffusion−relaxation model, respec-
tively. Figure 5a shows the results of the regression of the
three-element viscoelastic relaxation model (solid black line, eq
9) to the time-resolved, normalized F−C−F stretching data
(open red squares), where the relaxation time constant, β, was
the only adjustable parameter. As seen from Figure 5a, the
viscoelastic model (solid black line) accurately captures the
swelling kinetics of the Nafion−SiNP membrane, where a
relaxation time constant of β = 0.025 s−1 was obtained. Next,
the relaxation model parameters obtained from this regression
were fed into the polymer swelling-adjusted diffusion model
(eq 10),23 leaving the water diffusion coefficient D as the only
adjustable parameter. Figure 5b shows the results of the
regression of the diffusion−relaxation model (solid black line,
eq 10) to the time-resolved O−H stretching data (open blue
circles). As seen from Figure 5b, the diffusion−relaxation
model accurately captures the liquid water sorption kinetics of
the Nafion nanocomposite membrane, where a diffusion
coefficient of D = 1.23 × 10−5 cm2 s−1 was obtained. This
analysis was extended to unmodified Nafion (i.e., Nafion with
no SiNPs) as well as Nafion nanocomposites at a 10 wt %
loading of SiNPs (both annealed and unannealed membranes).
A summary of the results of this analysis is presented in Table
1.
Note, a normalized relaxation time constant (βnorm = L2 × β)

has been reported in Table 1 to allow for accurate comparison
of relaxation time constants obtained from the analysis of

Figure 5. (a) Time-resolved, normalized F−C−F stretching absorbance data (open red squares) of annealed Nafion containing 4 wt % SiNPs at 25
°C. The solid black line represents the best-fit regression of the three-element viscoelastic relaxation model (eq 9), where the relaxation time
constant, β, was the only adjustable parameter. (b) Time-resolved, normalized O−H stretching absorbance data (open blue circles) of annealed
Nafion containing 4 wt % SiNPs at 25 °C. The solid black line represents the best-fit regression of the diffusion−relaxation model (eq 10), where
the water diffusion coefficient, D, was the only adjustable parameter. Note, only 30% of the data is shown for clarity.

Table 1. Normalized Relaxation Time Constants, Water Diffusion Coefficients, and Diffusional Deborah Numbers for
Solution-Cast Nafion and Nafion−SiNP Membranesa

Membrane
Range of film thicknesses

(L, μm)
Normalized relaxation time constant

(βnorm, 10
−6 cm2 s−1)

Water diffusion coefficient
(D, 10−6 cm2 s−1)

Deborah number
(De, −)

Unannealed
Nafion (0 wt % SiO2) 69−150 4.6 ± 0.4 8.3 ± 1.6 1.8 ± 0.4
Nafion−SiNP
(4 wt % SiO2)

150−238 11.8 ± 6.2 16.6 ± 3.9 1.4 ± 0.4

Annealed
Nafion (0 wt % SiO2) 170−189 19.3 ± 2.5 22.4 ± 4.3 1.2 ± 0.1
Nafion−SiNP
(4 wt % SiO2)

150−196 9.2 ± 4.3 5.7 ± 2.4 0.7 ± 0.3

Nafion−SiNP
(10 wt % SiO2)

237−270 26.2 ± 11.2 19.3 ± 6.3 0.8 ± 0.3

aNote, the values listed in the table are an average of multiple (at least three) experiments, and the ± values represent the standard deviation of the
calculated, averaged parameter.
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membranes with different thicknesses. Briefly, as the time scale
for water diffusion is thickness dependent, and as polymer
relaxation is driven by the diffusion of water, we must correct
the calculated polymer relaxation time constants by normal-
izing this parameter by the thickness of each membrane (i.e.,
scaling with the square of the thickness of the membrane).43,47

As seen from Table 1, the water diffusion coefficients range
from D = (5.7 ± 2.4) × 10−6 cm2 s−1 for annealed Nafion
containing 4 wt % SiNPs to D = (22.4 ± 4.3) × 10−6 cm2 s−1

for annealed, unmodified Nafion. There are a number of
important things to highlight regarding the absolute magnitude
of the diffusion coefficients reported in Table 1. First, the
liquid water diffusivities we report here are up to five times
higher than those previously reported for liquid water diffusion
in extruded Nafion24,29 and one to two orders of magnitude
higher than those previously reported for water vapor diffusion
in extruded Nafion 117 membranes (i.e., Nafion membranes
with an equivalent weight = 1100 g/mol sulfonic acid).23,24 In
fact, this anomaly between liquid water and water vapor
transport has been suggested as evidence of Schroeder’s
paradox as well as the presence of a water uptake “kinetic
paradox”. Further, it has been hypothesized that liquid water
transport through these ionomers is faster due to the combined
effect of the pressure head caused by the “reservoir” of water
on top of the membranes and the fast reorganization of
interfacial ionic moieties in the presence of liquid water,
resulting in a more hydrophilic ionomer surface.41 Further, it
has also been posited that both faster liquid water transport
and higher liquid water uptake are facilitated by the higher
interconnectivity of ionic channels when these membranes are
hydrated with liquid water.26 Second, the calculated liquid
water diffusion coefficient for annealed, unmodified Nafion is
comparable to that of the self-diffusion coefficient of water
(∼2.6 × 10−5 cm2 s−1 at 25 °C).48 According to the free-
volume theory of diffusion,49 diffusive motions of small solvent
molecules are coupled to complementary movements of
polymer segments to fill the voids left by the diffusing
penetrant. A thermodynamic correlation between the mutual
(or effective) diffusion coefficient (D, concentration gradient
driven diffusion) and the self-diffusion coefficient (D0) is found
to be
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Ä

Ç
ÅÅÅÅÅÅÅÅ
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where, A is a pre-exponential factor, which is a function of
solvent activity, EA is the activation energy of the diffusion
process, R is the ideal gas constant, and T is the temperature of
the system. In light of eq 11, this high water diffusion
coefficient is quite surprising, as it suggests that the speed at
which water diffuses through an initially dry, annealed Nafion
membrane (diffusion driven by a chemical potential/
concentration gradient) is analogous to the speed at which
water molecules diffuse through bulk water (diffusion in the
absence of a chemical potential/concentration gradient). As
previously noted, water diffusion during this first sorption stage
is expected to be impeded by the transition of the ionic
network from a dry, partially collapsed state to that of a
partially hydrated state,26 underscoring that the diffusivities
calculated from the kinetics of the first sorption stage are
artificially high.
From Figure 4, it is clear that the concentration of water in

the ionomer nanocomposite at the “pseudoequilibrium” of the
first sorption stage is only a fraction of the total water

concentration observed in the membrane at longer times (t >
500 s). At early times, the membrane begins to equilibrate to
the lower, local concentration of water present in the partially
percolated ionic network rather than to the actual concen-
tration of water associated with the presence of a liquid film at
the polymer boundary. That is, the first water sorption stage
only captures a partial hydration of the membrane, where more
time is required for the membrane to become fully hydrated
when exposed to liquid water. As such, the regression of the
diffusion−relaxation model to the truncated time scale of the
first water sorption stage results in the calculation of artificially
high values of D. A quick back of the envelope calculation
based on membrane thickness and the time it takes to reach
the equilibrium plateau of the second sorption stage (D = L2/
teq = (∼0.018 cm)2/(∼150 s)) gives a water diffusion
coefficient of ∼2.1 × 10−6 cm2 s−1 (for annealed, unmodified
Nafion), which falls well within the range of water diffusivities
previously reported. While the diffusion coefficients reported
herein are not quantitatively accurate, as they have been
calculated based on the truncated experimental time scale of
the first sorption stage, they provide a reasonable handle to
study the observed changes to water transport in these
ionomer nanocomposites as a function of the fabrication
procedure.

Impact of Thermal Treatment and Presence of SiNPs.
From Table 1, it is evident that the introduction of SiNPs, as
well as the heat treatment the ionomer receives, impacts both
the liquid water diffusion through the membranes as well as the
diffusion-induced ionomer relaxation kinetics. Comparing
unmodified (i.e., no SiNPs) Nafion with and without thermal
annealing, we see that thermal annealing results in almost a
threefold increase in the calculated water diffusivity. Further,
the normalized relaxation time constant for annealed Nafion
membranes was about fourfold higher than that of their
unannealed counterparts, indicating that the as-cast, unan-
nealed Nafion is “stiffer”. This result is counterintuitive, as
annealing is expected to induce an enhanced ordering and
chain packing in the Nafion microstructure (i.e., increased
crystallinity), which should result in slower water sorption and
polymer swelling kinetics.
Furthermore, thermal annealing is expected to constrain

water uptake40,50−52 by partially tying up (or “zipping”) the
ionomer matrix via formation of sulfonic anhydride within the
ionic channels.53,54 We have previously noted that this higher
apparent stiffness for as-cast, unannealed membranes is most
likely caused by the membrane fabrication method utilized for
this experiment (i.e., solution casting), whereby the mem-
branes are directly cast onto the ATR crystal.20 In the as-cast
state, the phase-segregated nanostructure of the unannealed
membranes is assumed to be a nonequilibrium structure. That
is, these unannealed membranes have not been provided with
the necessary (thermal) energy to relax and rearrange into a
less frustrated state. This assumption is based upon an
exhaustive body of literature wherein other nanophase
segregated block copolymers that have been fabricated using
either spin or solution casting are observed to have a
“frustrated-to-relaxed” transition when subjected to long
thermal annealing.55,56 The frustrated, nonequilibrium nano-
structure of the unannealed Nafion results in both a lower
water diffusivity and normalized relaxation time constant for
these membranes. In contrast, the higher water diffusivity and
faster polymer relaxation kinetics observed in annealed
membranes may be attributed to the formation of a more
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ordered, fibrillar structure at the exposed ionomer surface, that
readily reorganizes to conduct water molecules.46,57 As the
local nanostructure of the ionic domains influences transport
through the membrane,58 any disruption (or change) to these
pathways can significantly alter the transport properties of the
resulting membrane.
Next, a comparison of unannealed Nafion to its silica-

incorporated counterpart provides direct insight into the
impact of the SiNPs on water transport, as neither of these
membranes has received thermal annealing. Interestingly, the
water diffusivity increases by ≈100% with the introduction of 4
wt % SiNPs. This result indicates that the presence of the
SiNPs enhances water transport through the unannealed
nanocomposite. Enhanced water dynamics may be due to
the formation of a more percolated ionic network in the
presence of SiNPs, most likely via electrostatic interactions
between the hydroxyl-rich NP surface and the sulfonic groups
in Nafion.7,11,32 Consequently, we observe an increase in the
normalized relaxation time constant (≈150% increase) for the
same sample.
Insight into the impact of both thermal annealing and SiNP

incorporation on water transport can be obtained when we
compare the water transport and swelling kinetics of
unannealed and annealed Nafion membranes containing 4 wt
% SiNPs. From Table 1, we observe that the calculated water
diffusion coefficient and βnorm are reduced by ≈70 and ≈30%,
respectively, when the Nafion membrane containing 4 wt %
SiNP is annealed. Separately, consider the differences in the
calculated values of D and βnorm for annealed Nafion
membranes containing no SiNPs and those containing 4 wt
% SiNPs. As seen in Table 1, the incorporation of SiNPs into
annealed Nafion results in a reduction in both the swelling and
water sorption kinetics (≈50% reduction in βnorm and ≈75%
reduction in D). A combined overview of these results alludes
to a synergistic effect of annealing and incorporation of SiNPs
(at least at 4 wt %) into the ionomer, though it appears that
annealing has a greater effect on water transport than the
incorporation of the SiNPs. The addition of SiNPs in Nafion
membranes has been shown to provide mechanical reinforce-
ment to the ionomer matrix.10,20,59,60 In fact, it is likely that
SiNPs embedded in the matrix dissipate stresses more
uniformly throughout the thickness of the film during
hydration, resulting in a marked reduction in polymer swelling
kinetics of annealed Nafion membranes with the introduction
of 4 wt % SiNPs. Annealing the films results in the collapse of
the ionic network, as all the water molecules are expelled and
the sulfonic acid groups cross-link to form anhydride
clusters.52−54 Further, results from our previous study,20 in
conjunction with those reported by Di Noto and coworkers,7,32

suggest that the SiNPs reside along the walls of the ionic
channels (as a distinct inorganic phase) and may protrude into
the channels. In this way, the hydroxyl-rich silica phase may
facilitate the “zipping” of the ionic network in the dry ionomer
via SiO2−SO3H interactions. This enhanced tying up of
hydrophilic channels due to incorporation of SiNPs is
immediately apparent from Table 1, where we see a 4-fold
reduction in the diffusivity of water (∼17 × 10−6 vs ∼6 × 10−6

cm2 s−1) when Nafion membranes containing 4 wt % SiNPs
are annealed.
However, this synergistic effect did not hold when the SiNP

loading in the annealed Nafion membranes was increased from
4 to 10 wt %. The introduction of additional SiNPs resulted in
approximate fourfold and twofold increase in the calculated

water diffusion coefficient and normalized relaxation time
constant, respectively. When the values of D and βnorm for
annealed Nafion membranes containing no SiNPs and 10 wt %
SiNPs are compared, we observe that the higher concentration
of SiNPs in the 10 wt % membranes results in an ≈50%
increase in relaxation kinetics, though interestingly, this
increased concentration of SiNPs does not significantly impact
the water sorption kinetics, as the calculated diffusivities for the
two membranes are within ≈10% of each other. On the whole,
these results are consistent with recent results from our group,
where we conjectured that an increase in SiNP content within
the membrane results in increased aggregation and growth of
the inorganic phase into the hydrophobic matrix. Notably,
previous work on proton dynamics in Nafion−SiNP
membranes revealed similar results, where accelerated polymer
and proton dynamics were observed in nanocomposites
containing ≈9 wt % SiNPs. This result was attributed to a
higher retention of water in these membranes due to the
presence of the SiNPs,7 which may also help explain the
enhanced water transport and polymer swelling kinetics
reported here when the NP loading is increased from 4 to
10 wt % in annealed membranes.
However, this appears to contradict the results regarding

polymer swelling kinetics from our previous study, where the
slowest water diffusion-induced swelling kinetics were
observed for annealed, solution-cast Nafion membranes
containing 10 wt % SiNPs. The discrepancy between the
calculated swelling kinetics from our previous and present
study is due to the shorter experimental time scales over which
the swelling kinetics were characterized in the present study,
i.e., the truncated time scale of the first water sorption stage.
Multistage relaxation kinetics were not previously observed for
annealed Nafion membranes containing 10 wt % SiNPs. This is
attributed to lower temporal resolution of the previous tATR-
FTIR experiments as compared to the temporal resolution of
the transport experiments presented here. In fact, even at
significantly higher temporal resolution, the early time first
stage in the uptake data for membranes containing 10 wt %
SiNPs is quite faint (see Figure S6 in the Supporting
Information). Without the presence of this first stage in the
uptake data, the much longer experimental time scale
(associated with the pseudoequilibrium of second sorption
stage here) was considered, resulting in lower calculated values
of D and βnorm.
Thus, by comparing changes in the water sorption and

polymer swelling kinetics with the introduction of SiNPs as
well as thermal treatment, the role of both these in governing
water transport can be elucidated. First, the reduction of
polymer swelling rate in Nafion−SiNP membranes indicates
that these nanoparticles are interacting with the hydrophobic
fluorocarbon matrix and affecting the thermomechanical
behavior of the polymer at the nanoscale. The reinforcing
effect of these interactions have been previously studied in
various structure−property investigations, including
ours.7,10,20,32−34,59,60 Simultaneously, the hydrophilic surface
of these nanoparticles impacts the connectivity/tortuosity of
the ionic network through weak electrostatic interactions with
the sulfonic groups. This dual action of SiNPs reflects in the
synergistic impact of annealing and SiNP incorporation on the
rate of first stage water transport, which is most inhibited for
annealed Nafion nanocomposites with 4 wt % SiNPs. A
nonlinear relationship between SiNP content and ionomer
segmental mobility has been previously reported,20,32 where
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SiNPs were found to hinder local fluorocarbon dynamics
provided their concentration (with respect to the ion exchange
capacity of the ionomer) remained below a “critical limit”.
However, above this critical limit, the ionomer dynamics were
accelerated due to reduced participation of sulfonic groups in
the formation of anhydrides in the dry ionomer nano-
composite. In addition, a study on the vanadium ion
permselectivity of a series of Nafion−SiNP nanocomposites
(prepared by the sol-gel method) found that the vanadium ion
permeability decreased in the following manner: unannealed
Nafion > annealed Nafion > annealed Nafion containing 10 wt
% SiNPs.2 The difference between the observed trends for
water transport and vanadium ion between these studies
underlines the need to elucidate both short-term and long-term
water sorption processes in these ionomer nanocomposites.
To further quantify the coupling between diffusion (water

sorption) and relaxation (polymer swelling), we invoke a
dimensionless quantity known as diffusional Deborah number
(De).61 The Deborah number is defined as the ratio of the
polymer relaxation time scale (τR = 1/β) to the experimental
time scale which, in our study, is represented by the time scale
for diffusion (τD = L2/Deff). That is, the diffusional Deborah
number is calculated De = τR/τD. The magnitude of the
diffusional Deborah number indicates the transport regime of
the system, where De ≈ 1 is indicative of viscoelastic,
anomalous (or non-Fickian) diffusion. The results of this
analysis are presented in Table 1. As seen in Table 1, the
calculated diffusional Deborah numbers for all membranes are
De ∼ 1 (i.e., on the order of one), which is indicative of water
diffusion and ionomer swelling occurring on similar time
scales, confirming the anomalous, coupled diffusion−relaxation
behavior observed in the tATR-FTIR spectroscopy liquid
water uptake data. Note, analysis of the Deborah number is
limited by the fact that we are not capturing the complete time
scale for both water diffusion and water-induced polymer
relaxation. From Figure 4, it can be seen that the relaxation of
fluorocarbon chains in Nafion not only continues during the
second stage sorption process but also undergoes a transition,
as the rate of polymer swelling increases with increased water
sorption. However, based on our discussions above, analysis of

the water uptake and polymer relaxation data through the lens
of the Deborah number reflects the coupling between the
water sorption kinetics and the viscoelastic response (for the
first sorption stage), which we expect to be different from the
second stage kinetics.

Origin of the Anomalous, Multistage Water Sorption
Kinetics. To gain insight into the origins of the observed
anomalous, multistage liquid water sorption kinetics, Figure 6
shows four IR spectra at distinct time points during initial
hydration of a pristine, annealed Nafion membrane with liquid
water. In Figure 6, Spectrum A was captured during the first
water sorption stage, spectrum B was captured during the first
stage pseudoequilibrium plateau, spectrum C was recorded
during the second water sorption stage, and spectrum D was
captured once the second stage “equilibrium” was attained.
The time points associated with each of these spectra are
highlighted in the inset in Figure 6. From Figure 6, we observe
that the broad infrared band associated with the O−H
stretching of water undergoes a red shift as the water sorption
kinetics transition from the first to the second stage. The red
shift of this infrared band is highlighted in Table 2, where the
peak maximum of the broad O−H infrared band for spectra
A−D is listed.
Further, we also observe the growth of an additional infrared

band during the second water sorption stage, which can be
seen as a more pronounced shoulder in the broad O−H
stretching peak at lower wavenumbers. This additional infrared

Figure 6. Spectra at selected time points showing shift in the O−H stretching peak over the course of a liquid water sorption experiment in
annealed Nafion at 25 °C. Inset shows the time-resolved, two-stage water sorption kinetics for annealed, unmodified (i.e., 0 wt % SiNPs) Nafion,
where the labels (A, B, C, and D) correspond to the time points at which the spectra shown in the larger figure were obtained.

Table 2. Location of the O−H Stretching Infrared Peak
Maximum at Selected Time Points Along the Liquid Water
Kinetic Curve for Annealed, Unmodified Nafion

selected time points from the liquid
water kinetic data (−)

location of O−H stretching infrared
peak maximum (cm−1)

during 1st sorption stage
(spectrum A)

3444

at pseudoequilibrium (spectrum B) 3429
during 2nd sorption stage
(spectrum C)

3390

at final equilibrium (spectrum D) 3382
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band is associated with the diffusion of strongly hydrogen
bonded clusters of water molecules.42 With this, it is apparent
that the water molecules diffusing through the membrane
during the first stage sorption are more strongly associated (or
attracted) to the polar groups within the ionomer network and
do not exhibit bulk water-like behavior. In contrast, the red
shift of the broad O−H stretching peak as well as the
emergence of a new infrared band is a result of the high degree
of interaction between neighboring water molecules and is
indicative of more bulk-like water transport.
To gain additional insight into the nature of the two-stage

diffusion−relaxation process occurring in these membranes
during hydration, a series of hydration-drying-rehydration
experiments were performed. Figure 7 shows the normalized
O−H stretching (open blue circles) and F−C−F asymmetric
stretching (open red squares) absorbance data as a function of
time for a series of hydration−drying−rehydration in annealed,
unmodified Nafion (i.e., Nafion containing no SiNPs) at 25
°C. Specifically, Figure 7 shows the water uptake kinetics and
polymer swelling kinetics of an annealed Nafion membrane
during an initial hydration step and two additional rehydration
steps with liquid water. For these experiments, the annealed
Nafion film was exposed to liquid water during an initial
hydration step (Figure 7a), after which the membrane was
dried by flowing room temperature high-purity, dry nitrogen
over the film. Following this drying step, the same membrane
was again challenged with liquid water to perform a
rehydration step (Figure 7b). Following this rehydration
step, the membrane was not only dried using room
temperature high-purity, dry nitrogen but was also reannealed
at 140 °C for 2 h. After the membrane cooled to room
temperature following reannealing, the same membrane was
once again challenged with liquid water to perform a second
rehydration step (Figure 7c).

As expected, in Figure 7a, two distinct stages are observed in
the water uptake kinetic data and the polymer swelling kinetic
data. The first of these steps approaches a pseudoequilibrium
at approximately 30 s, after which the membrane continues to
swell (open red squares) and continues to take up water (open
blue circles). However, as seen in the transition from Figure 7a
to Figure 7b, the two-stage water diffusion and polymer
relaxation behavior vanishes once the Nafion membrane has
undergone an initial hydration step with liquid water. The
disappearance of the first water sorption stage with hydration
and drying only with room temperature nitrogen begins to
allude to the origins of that first stage being related to a local
reorganization of the ionic network of the Nafion as it
transitions from an initially dry to hydrated state. If the
membrane is then dried at relatively low temperatures (e.g.,
room temperature nitrogen), the local ionic network formed
during the initial hydration is not disrupted, as drying at such
low temperatures does not drive off the tightly bound water
molecules in the ionomer nor does it result in the formation of
sulfonic anhydride cross-links within the ionic network.29,57

Further, this result is consistent with recent work from Kusoglu
et al.,51 where they found that preconditioning the Nafion
through hydration results in morphological ordering that is
favorable for subsequent water sorption.
The notion that this first stage arises from a local

reorganization of the ionic network is further supported by
the fact that the two-stage water uptake and polymer swelling
kinetics re-emerge once the membrane has undergone
reannealing at 140 °C for 2 h (transition from Figure 7b to
Figure 7c). Multiple studies have noted the reproducibility of a
partially collapsed ionic network within Nafion upon
annealing, which results in simultaneous expulsion of water
molecules from the channels and formation of sulfonic
anhydride.53,54 These results further underscore the coupled

Figure 7. Normalized O−H stretching (open blue circles) and F−C−F stretching (open red squares) absorbance data as a function of time for
liquid water diffusion in annealed, unmodified Nafion (i.e., no SiNPs) at 25 °C during the (a) initial hydration, (b) first rehydration after drying
with high-purity nitrogen, and (c) second rehydration after reannealing the membrane at 140 °C for 2 h. Note, only 50% of the data are shown for
clarity.
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nature of water diffusion and ionic network structure and the
dynamics in these ionomer and ionomer nanocomposite
membranes.
It is important to note that when discussing water transport

in these solution-cast ionomer and ionomer nanocomposites,
the experimental time and the membrane thickness are
inherently coupled. That is, if the water uptake experiments
shown in Figures 7a and 7c were conducted on a shorter time
scale (t < 30 s) or were conducted on a thinner film, only a
single water sorption and polymer swelling stage would have
been observed. Therefore, it is important to adjust the
experimental time to account for changes in membrane
thickness to fully (and accurately) capture the water diffusion
and polymer swelling behavior of these membranes.
To further illustrate this point, liquid water uptake

experiments were performed on a series of unmodified,
annealed Nafion membranes with thicknesses ranging from
approximately 60 μm to approximately 190 μm. The results of
this analysis are shown in Figure 8. Specifically, Figure 8a
shows the normalized, integrated absorbance of the O−H
stretching infrared band as a function of time for liquid water
diffusion in annealed Nafion membranes of various thick-
nesses. Note, the data have been normalized to the first
sorption stage pseudoequilibrium. To provide a more
enhanced view of the first stage sorption process, the early
time absorbance data (t < 100 s) have been highlighted in
Figure 8b, where a pseudoequilibrium can be seen between 10
and 50 s for all membranes. From Figure 8a, two-stage water
uptake kinetics is observed for all membrane thicknesses. As
seen in Figure 8b, the water uptake data over this early time
vary due to the difference in thicknesses among the annealed

Nafion membranes. As the first sorption stage for all
membranes is understood to emulate the previously mentioned
diffusion−relaxation transport behavior, we expect that the
effect of membrane thickness on the shape of the uptake
kinetics of the first sorption stage can be removed by
normalizing the time scale for each experiment by the
thickness of the membrane.37,38 Figures 8c and 8d show the
same absorbance data from Figures 8a and 8b, respectively,
where the absorbance data have now been plotted against
experimental time divided by the square of the ionomer
thickness. As seen from Figure 8d, when the absorbance data
are plotted against a normalized experimental time scale, the
first stage in the water uptake data for the various thicknesses
collapse onto a single uptake curve at early normalized
experimental times (<25 s cm−2), after which the water uptake
data for each membrane begin to deviate from one another.
This observed incongruence between the different uptake
curves during the second water sorption stage cannot be fully
explained.
The nature of the transition from the first to the second

sorption stage was further investigated by quantifying the time
at which this transition occurs for membranes of varying
thicknesses (hereafter referred to as “Stage 1 residence time”).
The results of this analysis are presented in Figure 9. As seen in
Figure 9, the Stage 1 residence time scales linearly with the film
thickness of each sample. Note, at a film thicknesses of ∼60
μm, the membrane is close to a “critical film thickness”
(calculated as ≈32 μm from Figure 9), where the transition
between different sorption stages becomes indiscernible, and
water sorption is observed to occur in a single stage. As such,
for the two sorption curves presented for film thicknesses in

Figure 8. (a) Normalized, integrated O−H stretching absorbance data as a function of time for liquid water diffusion in annealed, unmodified
Nafion at 25 °C for film thicknesses of 58 μm (open blue diamonds), 59 μm (open orange triangles), 96 μm (open green squares), and 182 μm
(open red circles). (b) Enlarged view of the early time normalized, integrated O−H stretching absorbance data shown in panel a. Panels c and d are
analogous to a and b, respectively, where the time axes have been normalized by the square of the membrane thicknesses.
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this range, the departure from first stage is slightly incongruent,
and a clear transition from first stage to second stage is absent
for the membrane with a thickness of 58 μm. Therefore, data
from this film were not considered for this analysis.
Insights from Figures 6−9, in combination with key findings

from previous investigations on liquid water transport in
Nafion membranes,21,25,27,40,62,63 help to elucidate the
fundamental water transport mechanism governing the
anomalous, multistage water sorption kinetics of these ionomer
and ionomer nanocomposites. First, mathematically, both the
first and second water uptake stages appear to have distinct
origins. The first sorption stage (for a particular ionomer or
ionomer nanocomposite) exhibits transport kinetics that scale
with the square of membrane thickness, which indicates
Fickian-like diffusion of water molecules during this first
sorption stage. In contrast, the water uptake data for films with
different thicknesses appear incongruent in the second
sorption stage. However, the time at which the transition
from the first to the second sorption stage occurs (Stage 1
residence time) is seen to be directly proportional to the film
thickness, which indicates that the driving force behind this
transition has a constant “rate of propagation” through the
membranes. Second, chemically, based on the observed
hydration−rehydration water uptake hysteresis as well as
numerous reports on the chemical constitution of Na-
fion,20,32,33,40,51−54 we conclude that the first water uptake
stage, as seen for dry (thermally treated) Nafion and Nafion
nanocomposites, is constrained by the local rearrangement of
sulfonic acid groups in the partially hydrated ionic channels
and by the growth of fully solvated ionic clusters.
From Figure 6 and Table 2, we identify the emergence of

bulk-like transport of water molecules involved in the second
water uptake stage. To complement our findings here, we
consider a previous study regarding the evolution of water
profiles across the thickness of Nafion 117 films, exposed to
both liquid water and water vapor, with time.27 In this study,
transient liquid water transport through Nafion was found to
occur via propagation of a liquid front through the ionomer.27

Typically, such transport behavior is termed Case II or super-
Case II diffusion.25 The presence of a propagating liquid front
may provide some explanation as to the origins of the full,
multistage sorption curves we report in this study. Thus, the
linear correlation between the Stage 1 residence time and film
thickness becomes comprehensible if we consider a water
transport model where, during membrane hydration, a liquid

front follows a concentration gradient-driven diffusion regime.
Thereby, the duration of the pseudoequilibrium of the first
uptake stage is entirely governed by the speed at which the
local ionic network can coalesce to form a fully hydrated and
densely connected ionic network, after which the onset of the
second uptake stage occurs and is independent of the local
reorganizations of the ionic clusters. In other words, a liquid
water layer propagates through the thickness of the membrane,
swelling the ionic network and increasing interconnectivity,
while a diffusion regime through the partially hydrated network
precedes this front, creating a partially hydrated-percolated
ionic network. Given this, the water diffusivity values extracted
from this first water uptake stage should be viewed more as the
speed at which water moves through the partially collapsed
ionic network of the initially dry membrane and less as a
measure of the speed at which the membrane reaches full
hydration when challenged with liquid water. These insights
are pivotal in the further development of a holistic transport
model to describe liquid water sorption in Nafion and Nafion
nanocomposites and can be valuable when trying to accurately
model water diffusion through the membrane or even through
membrane−electrode assemblies employed in fuel cells.29

■ CONCLUSION
In summary, we report, for the first time, the use of tATR-
FTIR spectroscopy to characterize liquid water transport and
water diffusion-induced polymer relaxation kinetics in Nafion−
SiNP membranes prepared via solution casting. The molecular-
level resolution, combined with fast scan rates provided by this
spectroscopic technique, allowed for the simultaneous capture
of multistage water sorption and polymer swelling processes in
real time. The first stage in the kinetic data was related to a fast
polymer reorganization process, whereby the Nafion−SiNP
membranes transitioned from a nonpercolated network to a
hydrated, interconnected ionic network. It was found that this
first sorption stage scales with the square of film thickness,
suggesting that water transport during this early time is
governed by a Fickian-like process. Further, hydration−
rehydration experiments on the same samples confirm the
intrinsic nature of this first stage process, which showed
significant hysteresis over repeated hydration cycles.
However, we observed that reannealing the membranes after

the first hydration resulted in the recovery of the multistage
kinetic data captured for membranes undergoing initial
hydration. Based on observations made in this work as well
as the vast body of literature on water transport in Nafion, we
posit that liquid water transport through dry Nafion
membranes progresses in three stages: (1) quick (faster than
time scales captured in these experiments) solvation of sulfonic
groups; (2) diffusion of water molecules during a first stage
swelling of ionic channels under moderate hydration; and (3)
build-up and progression of a liquid water front behind the
concentration gradient driven diffusion regime, wherein the
ionic channels are fully hydrated and highly interconnected.
The swelling hysteresis and the dependence of the recovery

of swelling behavior on thermal treatment is complementary to
previous studies on the effect of pretreatment on the
equilibrium properties of Nafion (such as net water uptake).
In this way, this work helps to build a more comprehensive
picture of water transport through perfluorosulfonated
ionomers. The thickness-squared dependence of the first
stage sorption kinetics suggests Fickian-like water transport
during this water uptake stage, while the thickness dependence

Figure 9. Stage 1 residence time as a function of film thickness for
annealed, unmodified Nafion membranes. The dashed line represents
the best-fit linear regression to the data. The solid green diamond at
the x-intercept is the “critical thickness” of the film (≈32 μm) at
which the plateau corresponding to the 1st sorption stage vanishes.
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of the Stage 1 residence time indicates the presence of a liquid
water front propagating through the membrane, analogous to
Case II diffusion.
In the present study, the first stage sorption kinetics were

regressed to a coupled diffusion−relaxation model, where both
a liquid water diffusivity and normalized relaxation time
constant were extracted from the analysis. Both these
parameters were found to be impacted by incorporation of
SiNPs as well as by thermal annealing. At low SiNP loadings,
the introduction of SiNPs and thermal annealing exhibited a
synergistic effect in Nafion−SiNP membranes, reducing the
calculated D and βnorm by approximately 75% and 50%,
respectively. In contrast, when the SiNP loading was increased
to 10 wt %, the water sorption kinetics increased by almost
240% and was commensurate with that of water diffusion in
annealed Nafion containing no SiNPs. We posit that the
nonlinear relationship between nanoparticle loading and water
transport as well as polymer swelling is indicative of the fact
that the SiNPs do not reside within the ionic channels but
instead reside at the hydrophobic−hydrophilic interface of the
amorphous and ionic domains, where they primarily interact
with sulfonic groups while also retaining water molecules on
the interface. The highly coupled relationship between water
diffusion and ionomer relaxation was further quantified using
the dimensionless Deborah number. The Deborah number was
found to be of the order of unity for all samples, signifying the
concomitant nature of polymer swelling and water transport
through these membranes. Results from this work provide the
first molecular-level insights into the liquid water diffusion
process in solution-cast Nafion and Nafion−SiNP membranes.
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