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ABSTRACT: To develop new ionomers and optimize
existing ones, there is a need to understand their structure/
function relationships experimentally. In this letter, synchro-
tron X-ray microtomography is used to examine water
distributions within Nafion, the most commonly used
ionomer. Simultaneous high spatial (∼1 μm) and temporal
(∼10 min) resolutions, previously unattained by other
techniques, clearly show the nonlinear water profile across
the membrane thickness, with a continuous transition from dynamic to steady-state transport coefficients with the requisite
water-content dependence. The data also demonstrate the importance of the interfacial condition in controlling the water profile
and help to answer some long-standing debates in the literature.

The canonical ion-conducting polymer for various electro-
chemical technologies is Nafion,1−5 a member of a class of

perfluorinated sulfonic-acid ionomers exhibiting outstanding
ion conductivity and high chemical/mechanical stability once
hydrated.3,6,7 Although Nafion has been widely studied,
significant knowledge gaps remain, where dynamic or even
steady-state water-transport occurs.8 To elucidate the funda-
mentals, water distributions within the membrane need to be
visualized, which has been limited by spatial and temporal
resolutions.9 Herein, synchrotron-based X-ray microtomogra-
phy is adapted to determine the water profiles with high
resolution (∼1 μm, ∼10 min).
Nafion consists of a hydrophobic polytetrafluoroethylene

backbone functionalized with hydrophilic sulfonic-acid-termi-
nated side chains (Figure S1). Upon hydration, the hydro-
phobic and hydrophilic moieties nanophase separate and form a
well-interconnected, water-domain network within the hydro-
phobic matrix. While it is known that Nafion’s properties are
highly water-content dependent, there are numerous conflicting
measurements and conclusions reported, such as water-
transport properties that vary widely, that is, ∼10−10 to 10−6

cm2/s.8 The exact transport mechanisms still remain under
contention with unresolved issues including whether diffusivity
is water-content dependent10 or independent,11 whether
diffusion is Fickian11−13 or non-Fickian,14−16 and whether the
transport coefficient increases or decreases with increasing
water content. In addition, it is known that Nafion’s water
uptake differs from vapor- and liquid-saturated reservoirs, that
is, λ = 14 versus 22 at 25 °C10 (λ is the water content, the
number of water molecules per sulfonic-acid group, see
Supporting Information), which is known as Schröder’s
paradox.17 Although the exact origin is still under debate,18,19

further examination is necessary for fundamental understanding
of polymer physics as well as the practical applications because
vapor and liquid boundaries often exist in operation (e.g., fuel
cells).
To settle these conflicts, the water profile in the membrane is

required. This has been performed to a certain extent (see
Supporting Information),20 but the techniques employed all
suffered from either low spatial resolution (∼5 to 50 μm)
compared to the typical membrane thickness of 10 to 200 μm,
limited experimental conditions, or long temporal resolution
(∼1 h for the higher spatial resolutions).
To meet the required spatial and temporal resolution targets,

synchrotron-based, attenuation-contrast, X-ray computed mi-
crotomography, a technique typically reserved for structure and
phase identification in hard materials, is employed. This
technique, including modifications to overcome signal-to-
noise sensitivity issues (as described in Supporting Informa-
tion), is used for one of the first times to study dynamic and
steady-state water profiles in soft matter with micrometer
spatial and minute temporal resolutions under different water
boundary conditions.21,22 A typical image and developed
sample holder are shown in Figures S2 and S3d, respectively.
For validation and calibration, the technique was used to

examine membranes of known water content, that is, dry,
vapor-saturated (VS), and liquid-saturated (LS) Nafion. Figure
1a shows the sample raw data from the X-ray tomography
(corresponding to degree of attenuation per voxel, β and ρ are
the mass attenuation coefficient and density of the material,
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respectively) as a function of normalized membrane thickness,
L* = x/l, where l is the membrane thickness. The linear
absorption coefficient of the LS sample is lower than that of the
dry one due to the lower density of the LS one and lower mass-
attenuation coefficient of water compared to Nafion. The raw
signals are translated into the water content, λ, as shown Figure
1b, where the dry case is taken to be λ = 2, which is consistent
with drying in nitrogen at ambient conditions and is not
necessarily the value under perfectly dry conditions.20 These
profiles demonstrate a feasibility to probe the water profile with
a high spatial resolution of 1.3 μm per pixel. Note that the
significant water uptake difference between the VS and LS ones
exhibits Schröder’s paradox,17 as discussed below.
The water profiles during vapor sorption/desorption are

shown in Figure 2. In Figure 2a, the water profile was created
using dry and VS, that is, 100% relative-humidity (RH) gas-flow
boundaries. The designated time represents the time of
sorption/desorption plus half of the X-ray imaging time, 5.5
or 6.25 min, depending on the experiment. For sorption, λ

gradually increases with the sorption time while the dry side
equilibrates with the dry N2 flow. For 66.25 min sorption, the
water profile shows a plateau near λ ∼ 5 (for 0.1 < L* < 0.6),
implying a large transport coefficient (see the peaks in Figure
S4 for further analysis), which is consistent with the maximum
diffusivity observed at λ = 3 to 5 in both steady-state23,24 and
dynamic8,15 measurements. The origin of the fast transport can
be explained by two different sorption and transport
mechanisms, for example, transition from monolayer water
adsorption to capillary in the hydrophilic domains for the bulk-
like water behavior10,25−27 or perhaps by a hydration-depend-
ent, optimal percolation channel for fast transport. This plateau
region disappears when the sorption time is long (steady state
∼456.25 min), which is associated with the well-distributed
percolation channel from the long-term structural rearrange-
ment of the water-induced viscoelastic polymer relaxation.14 At
steady state, the water content near the VS side is lower than
expected, that is, less than λ = 14 (see Figure 1). This
discrepancy indicates that an interfacial transport resistance

Figure 1. (a) Measured X-ray attenuation coefficients for dry, vapor-saturated (VS), and liquid-saturated (LS) Nafion at T = 300 K, for calibration
and technique validation, and (b) corresponding calculated water-content profiles. L* is the normalized sample thickness. The equilibrium times for
the membranes are 24 h for the dry one, and 48 h for VS and LS ones (see Supporting Information).

Figure 2. (a) Local water distribution under the dry/vapor-saturated (VS) boundaries for 16.5 to 456.25 min (starting from the dry membrane) and
(b) various desorption times for 15.5 to 406.5 min (starting from a VS membrane) at T = 300 K; the initial water-content distribution and the dry
and VS N2 boundaries are also marked. The thicknesses of the membranes are 120, 122, 126, and 122 μm for 16.25, 36.25, 66.25, and 456.25 min
sorption times, respectively, and 113, 127, 125, and 111 μm for 15.5, 36.5, 66.5, and 406.5 min desorption times, respectively. Note that the
measured membrane thickness is smaller than dry Nafion due to some limitations of this technique in measuring the water profile at the interface
(see Supporting Information).
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exists, which is attributed to a surface morphology wherein the
hydrophilic domains are orientated inward due to the
preferential alignment of the hydrophobic backbone.25,28 The
transport resistance is not thought to be due to mass transport
through a boundary layer (due to the external gas flow), since
high flow rates and impinging flow are used,15 and increasing
the flow rate demonstrated no significant change in the profile
(see Supporting Information). Here, the interfacial resistance
represents the surface-morphology-associated water-transport
resistance. A similar resistance phenomenon is also observed at
the dry side.
For desorption (Figure 2b), the membrane remains well

hydrated at short times, ∼15.5 min, having a plateau region
near λ ∼ 7.5, while the VS boundary quickly reaches the steady-
state value of λ ∼ 10. For longer times, the water content
decreases, and the plateau region shifts to λ ∼ 5 at t = 66.5 min,
similar to that observed in water sorption. At steady state, the
water transport coefficient seemingly increases nonlinearly with
increasing water content (see Figure S4), which is consistent
with water molecules being confined at low hydration to the
hydrophilic sulfonic-acid sites, and upon hydration they
become more loosely bound, ultimately exhibiting bulk-like
behavior.26,27,29 The steady-state water profile for sorption is
consistent with that for desorption, with both demonstrating
long times to reach steady state.
A comparison of the short-time and steady-state profiles also

demonstrates a change in the slope or concavity in the profile’s
central region. This change and the associated dependence of
the transport coefficients on water content links the dynamic
and steady-state ex-situ analyses in the literature by exhibiting a
continuous transition from a coefficient that decreases with
water content (dynamic due to polymer swelling) and one that
increases with water content (steady state).8 To the authors’
knowledge, this is the first time such a transition has been
visualized, which provides insights to explain discrepancies in
the literature. Because the water-profile transition for short
sorption times is in a similar order of temporal resolution, the
transient behavior is not unambiguous. In addition, early time
transient water profiles, as determined using in-plane small-
angle X-ray scattering (SAXS) at multiple points, also exhibit a
concave profile or transport coefficient that decreases with
water content (see Figure S6), which is different than that
obtained from steady-state profiles. This consistency suggests
that the results from X-ray tomography technique is free of
effects controlling the transport at higher scales as SAXS probes
water domain growth at nanoscales.
To investigate the issue of Schröder’s paradox (as seen in

Figure 1) under a gradient, one boundary was subjected to
either dry or humidified gas while the other was in contact with
liquid water. Figure 3 shows the desorption profiles for liquid
and dry boundaries. Compared to the VS case (Figure 2), a LS
boundary demonstrates much shorter times to reach steady
state, on the order of 15 min, and with no interfacial resistance
on the liquid side. This large difference is consistent with the
previous observation of fast liquid-water-driven morphological
changes in a LS versus VS reservoir.30 Thus, the contact with
liquid quickly alters the surface morphology to allow water
uptake, thus leading to shorter equilibrium time to reach the
steady-state water profile.30 Interestingly, the profiles do not
exhibit an abrupt change between λ = 14 and 22, which might
be expected based on previous models and the vast difference
between LS and VS water uptake and transport properties.28

The observed continuous, gradual change exhibited by the

water profiles demonstrates definitive results that an abrupt
water-uptake jump does not occur within the membrane for
these conditions; the origin of this may be related to the
gradual water-capillary/polymer-elastic force balance (specu-
lated from previous studies).27,28 The results also demonstrate
that the fast equilibrium from the liquid water may dominate
the transport mechanism, which is also supported by the
relatively flat profile (i.e., fast transport) near the LS boundary,
which may be related to a penetration depth of the liquid
water.20 Flat profiles around λ = 6 and 8 for 51.5 and 291.5 min
are also found, similar, albeit smaller (especially with the larger
axis values in Figure 3), than those seen in the dry/VS
boundaries (Figure 2). Analyzing the data in terms of looking at
the point-wise slope change in the profile yields a predicted
diffusion coefficient (Figure S4) that monotonically increases
with increasing hydration except for a deflection point at 10 < λ
< 16. This change may be related to a continuous domain-
network transition among cylidrical-like or ribbon to clusters or
spherical morphologies under water transport from liquid to
dry reservoirs (Figure 3b).
From the discussions above, possible qualitative morpho-

logical changes with degree of hydration are illustrated in
Figure 3b. For low hydration (λ < 5), the hydrophilic domains
are isolated without significant transport channels, which are
connected to form a percolated network at moderate hydration
(λ ∼ 5). At high hydration, the channels further develop to
open transport pathways with reduced tortuosity. At the dry
interface, the lack of water and the membrane/environment
interactions close the surface transport channels result in a
more hydrophobic-like interface and increased interfacial
resistance.31 For the liquid interface, interfacial resistance is
not seen and the sulfonic-acid moieties are on the surface,
allowing for easy water ingress.
To explore Schröder’s paradox and related transport in more

detail, the water profiles for LS and VS boundaries are shown in
Figure 4. Regardless of experiment time and hydration

Figure 3. (a) Local water-content profile of Nafion in contact with dry
N2 and liquid water as a function of time. (b) Cartoon of the possible
hydrophilic-domain morphologies throughout the hydrated Nafion.
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pathways, the membranes are uniformly LS throughout. This
explains that the hydration kinetics and morphological
rearrangement (both within membrane and at the surface)
from liquid are much faster than those from vapor. The flat
profile suggests that there is water transport from the liquid to
the vapor boundary under the same nominal chemical potential
of the outside reservoirs. A liquid film could also possibly form
on the VS boundary due to the partially hydrophilic nature of
the membrane surface. However, with a reduced RH at the VS
side (i.e., 90%), the same profiles were obtained (Figure S5),
implying that the contribution from possible vapor condensa-
tion is minor and that it is dominated by the water transport
across the membrane from the liquid side.
In summary, the technique described here was used to

investigate water transport through Nafion with relatively high
spatial and temporal resolutions. The obtained results help to
resolve critical, long-lasting debates, such as (a) the much faster
and gradual, continuous profile without dramatic water-uptake
change between λ = 14 and 22 (or VS and LS), (b) the
existence of uniform profile (λ = 22) with LS/VS boundaries,
(c) the dominance of interfacial resistance for dry vapor
boundaries, and (d) the highly nonlinear water profile with a
transition from expected transient to steady state including
possible transport mechanism and dependence changes. The
findings provide a firm foundation for the rational material
design for the desired functionalities and operations of Nafion
and related ionomers. In addition, the developed visualization
technique can also be employed to articulate the characteristic
penetrant behaviors of crucial polymers, nanocomposites, or
macromolecular materials for their optimal design.
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saturated (VS) N2 and liquid water for both sorption and desorption
over the times of 16.25, 396.5, 436.5, and 486.25 min.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz300651a | ACS Macro Lett. 2013, 2, 288−291291

http://pubs.acs.org
mailto:azweber@lbl.gov

