This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

ACS Editors' Choice

pubs.acs.org/macroletters

S Macro Letters)

Morphology of Hydrated As-Cast Nafion Revealed through Cryo
Electron Tomography

Frances L Allen,*"* Luis R. Comolli, "5 Ahmet Kusoglu,” Miguel A. Modestino,~© Andrew M. Minor, "*
and Adam Z. Weber!

"Department of Materials Science and Engineering and *Department of Chemical and Biomolecular Engineering, University of
California, Berkeley, California 94720, United States

National Center for Electron Microscopy, Molecular Foundry, "Life Sciences Division, and IEnvironmental Energy Technologies

Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

© Supporting Information

ABSTRACT: Nafion is an ion-containing random copolymer
used as a solid electrolyte in many electrochemical applications
thanks to its remarkable ionic conductivity and mechanical
stability. Understanding the mechanism of ion transport in Nafion,
which depends strongly on hydration, therefore requires a
complete picture of its morphology in dry and hydrated form.
Here we report on a nanoscale study of dry versus hydrated as-cast
100 nm Nafion membranes using analytical transmission electron
microscopy (TEM) and cryogenic TEM tomography, respectively.
For the dry membrane, spherical clusters ~3.5 nm in diameter
corresponding to the hydrophilic sulfonic-acid-containing phase
are identified. In contrast, cryo TEM tomography of the hydrated
membrane reveals an interconnected channel-type network, with a domain spacing of ~5 nm, and presents the first nanoscale 3D
views of the internal structure of hydrated Nafion obtained by a direct-imaging approach.
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Cryo TEM 3D reconstructions of hydrated Nafion

he development of Nafion by DuPont in the 1960s
marked the dawn of a new class of synthetic polymers
now known as ionomers." Constituting a tetrafluoroethylene
(Teflon) backbone and side chains terminated by sulfonic-acid
groups (see Figure 1), Nafion combines the mechanical
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Figure 1. Chemical structure of Nafion (EW 1100), m = 6.5.!

strength and chemical resistance of the former, with exceptional
ion-transport properties imparted by the latter. To this day,
Nafion continues to find application in a range of technologies
that rely on this unique combination of properties. Of great
interest is the use of Nafion and other related perfluorosulfonic-
acid ionomers in proton exchange membrane (PEM) fuel cells,
a viable candidate for clean-energy transportation needs.””*
Obtaining a complete picture of the morphology of Nafion is
crucial for a mechanistic understanding of ion transport
through the material. Yet despite Nafion’s long-term and
widespread use, its morphology remains controversial.">~”
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Attributes that are well-established include semicrystallinity of
the Teflon phase and microphase separation of the random
copolymer into a disordered arrangement of hydrophobic
(Teflon) and hydrophilic (sulfonic acid) domains. Upon
hydration, Nafion membranes swell forming nanoscale hydro-
philic water clusters, as indicated by the characteristic “lonomer
peak” observed in small-angle X-ray/neutron scattering (SAXS/
SANS) experiments. In this phase-separated network of water-
filled domains, transport occurs depending on the size, shape,
and connectivity of the domains. In the fully hydrated state,
Nafion swells up to ~50% by volume accommodating more
than 20 water molecules per sulfonic-acid group without losing
stability. However, the exact nature of the phase-separated
structure is still disputed and a range of morphological
descriptions has been proposed,”” including a network of
interconnected nanoscale spherical water clusters,>® parallel
cylindrical water nanochannels,® a ribbon-like structure of
polymer separated by water molecules,' a bicontinuous
network of hydrophilic domains,"" and a locally flat, layered
structure of water domains.”"

In addition to the highly disordered and also dynamic nature
of the structure of Nafion, further difficulties in assigning a
definitive morphology arise as a result of the varying solubilities
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and crystallinities of Nafion’s various derivatives, with electro-
static interactions adding to the complexity of the problem.
Casting conditions, thermal history, counterion type, as well as
thickness when confined to thin films, also influence the
morphology of the phase-separated domains,>®">™"° yet
certainly the most important variable is the degree of
hydration. %%

Structural studies have mainly used X-ray and neutron
scattering results obtained in SAXS and SANS experiments.”
The analysis of this data relies on molecular or mesoscale
models developed to generate theoretical scattering patterns to
match the experimental results, and the interpretation can be
complex since the patterns are typically comprised of only a
couple of broad peaks,®”'! thereby making a unique
interpretation difficult. For direct imaging of Nafion at the
nanoscale, atomic force microscopy (AFM)I&19 and trans-
mission electron microscopy (TEM),>'#20725 respectively,
have been employed. While AFM can be performed on
hydrated (i.e., ambient) Nafion samples with relative ease, it
can only reveal surface topology. TEM, on the other hand,
probes internal morphologies by generating 2D volume-
projections, however, studies have mainly investigated dried
samples (due to the instrument’s high-vacuum requirements)
and not without some controversy. TEM of hydrated materials
is enabled using cryogenic techniques, yet few cryo TEM results
for hydrated Nafion membranes have been reported***® and
none using cryo TEM tomography, which can yield the 3D
internal structure.

In this work, we compare the nanoscale morphology of dry
and hydrated Nafion membranes by direct imaging using
analytical TEM and cryo TEM tomography, respectively. Films
are cast to a thickness of ~100 nm, thereby ensuring electron
transparency. Experimental studies reported elsewhere includ-
ing measurements of water uptake, swelling, conductivity, and
scattering have shown that the phase separation of both
annealed and unannealed 100 nm membranes approaches that
of bulk membranes.'**>*”?% In a set of baseline studies, we
establish the identity and morphology of the hydrophobic and
hydrophilic domains in dry as-cast 100 nm Nafion membranes,
after which we proceed to the study of hydrated membranes,
the main focus of this work. These samples are prepared and
imaged adhering to the cryo TEM protocols developed in the
biological imaging community, ensuring that the intact
hydrated Nafion morphology is probed. Finally, the results of
cryo TEM tomography studies are presented, revealing the 3D
morphology of the hydrated Nafion membranes.

Figure 2a shows the phase separation observed for dry
unstained 100 nm Nafion membranes by bright-field TEM. A
random distribution of spherical domains (dark contrast) 3.5 +
0.3 nm in diameter is found. Electron microscopy studies have
often used heavy-element stains (e.g,, RuO,)** or ion-exchange
(e.g, Pb*, Cs*)****! for contrast enhancement and identi-
fication of the ionic domains in Nafion, finding cluster
diameters ranging from 3 to 10 nm. However, stains are
known to generate artifacts and ion-exchange can cause
swelling behavior. Crystallization of the heavy ions during
electron-beam irradiation in the microscope has also been
observed.”' We attribute the smaller cluster sizes measured in
our work principally to the avoidance of heavy-element
pretreatment procedures in our study. Using spectroscopic
contrast to distinguish the phases in the Nafion membrane,
Figure 2b shows chemical mapping results where energy-
filtering TEM spectrum-imaging (EFTEM SI) has been applied
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Figure 2. TEM imaging and EFTEM chemical mapping of a dry 100
nm Nafion membrane. (a) Bright-field TEM, (b) EFTEM SI results
showing volume plasmons extracted for each phase, with composite
chemical map for the clusters (red) and matrix (green), inset.

in the low electron energy-loss range to probe the morphology
of the untreated dry Nafion membrane based on subtle
differences in the volume plasmon resonances of the polymer
phases."*#**?° The distinct plasmon resonance spectra for the
spherical domains and the matrix phase are shown in red and
green, respectively, with the corresponding composite chemical
map inset. The morphology revealed in the chemical map
reflects that observed in the bright-field TEM images. We note
that, for the cluster phase, a shoulder in the low-loss spectrum
at ~35 eV is observed. This could be attributed to the core-
shell L,; transition in sodium, possibly introduced as an
impurity during the sample preparation procedure.

To determine the identity of the two phases observed by
TEM and EFTEM-based chemical mapping, elemental
mapping of dry, untreated Nafion membranes has been
performed with high sensitivity using X-ray energy-dispersive
spectrometry (XEDS). In this technique, the electron beam is
focused to a spot size of ~1 nm and scanned across the sample
to generate an X-ray spectrum for each point in the scan. In
Figure 3a, a high-angle annular dark-field (HAADF) scanning
TEM (STEM) image is shown together with the corresponding
XEDS elemental maps calculated based on the characteristic X-
rays detected for (b) C, (c) F, (d) O, (e) S, and (f) Cu. In the
HAADF STEM image, the cluster domain now forms the bright
contrast. The composition of the hydrophobic CF, backbone
versus the hydrophilic side groups of Nafion differs only in the

dx.doi.org/10.1021/mz500606h | ACS Macro Lett. 2015, 4, 1-5



ACS Macro Letters

Figure 3. XEDS elemental mapping of a dry 100 nm Nafion
membrane. (a) Reference HAADF STEM image; XEDS elemental
maps for (b) C, (c) F, (d) O, (e) S, and (f) Cu.

presence of a relatively small fraction of O, S, and H atoms in
the latter (see Figure 1), thus, considering that the mass density
of the hydrophobic and hydrophilic domains in the phase-
separated membrane must be very similar, the contrast
observed in the TEM and STEM images of Figures 2a and
3a, respectively, is at first somewhat surprising. Recently,
however, it has been shown that Cu ions diffuse into Nafion
membranes prepared on Cu-mesh substrates.”* In our work, Cu
substrates were also used (a TEM standard); thus, in addition
to the distributions of those elements native to Nafion, the
distribution of Cu was also investigated. The distributions of C
and F revealed in Figure 3 appear homogeneous, whereas the
distributions of O, S, and Cu show enhanced concentrations in
particular regions. In the lower right quadrant of the STEM
image of Figure 3a, a large 15—20 nm agglomerated cluster is
seen (such agglomerations were found across the entire
sample) and the concentrations of O, S, and Cu are found to
be higher in this region. There is also a correlation between the
O, S, and Cu distributions and some of the smaller spherical
domains in the STEM image (more obvious for brighter
domains).

From the XEDS results we thus infer that the spherical
clusters observed in the dry Nafion membranes correspond to
the hydrophilic O- and S-containing domains in the polymer,
and that Cu ions from the grid presumably ion-exchanged with
protons on the sulfonic-acid groups. This likely occurs during
transfer of the Nafion membranes to the grid substrates, which
is carried out in water. The presence of Cu in the hydrophilic
cluster regions of the membrane would increase the mass-

contrast of those regions, explaining the contrast observed in
the TEM and STEM images. As a control, we also prepared
Nafion membranes on nonstandard Cu-free substrates. TEM
imaging of these membranes shows only faint clusters, that is,
the contrast difference between the two phases is very small
(see Figure S1). The results of supplementary studies of dry
membranes demonstrating significant swelling behavior as a
result of pretreatment by Fe-ion exchange are shown in Figure
S2.

In Figure 4a, we present a bright-field cryo TEM image of an
as-cast, frozen-hydrated 100 nm Nafion membrane with a

Figure 4. Cryo TEM of a frozen-hydrated, as-cast 100 nm Nafion
membrane. (a) Bright-field cryo TEM (2D projection) with magnified
region shown on the right, (b) cryo TEM 3D reconstruction with two
perpendicular slices through the tomogram shown; yellow marks the
spatial distribution of the central region of the dark (hydrophilic)
phase using isosurface rendering. Noise reduction and contrast
enhancement have been applied as described in the Supporting
Information.

magnified region shown on the right. There is a striking
difference between the morphology of the frozen-hydrated
membrane and the morphology of the dry membrane shown in
Figure 2a. Rather than a random distribution of spherical
domains, a random interconnected channel-type morphology is
revealed in the hydrated case. The width of the channels is
measured at 2.5 + 0.2 nm and the domain spacing (i, the
center-to-center spacing between dark (or bright) channels) is
S.1 + 0.5 nm. A combination of the low-dose imaging
conditions, sample-thickness scattering effects, and phase
mixing of the polymer itself likely gave rise to the distribution
of values measured in each case. We note that focal series
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measurements were performed in order to select appropriate
defocus conditions that optimized phase contrast without
sacrificing the spatial resolution required to resolve the domains
(Figure S3). Dose series were also acquired to determine
electron doses that ensure that the morphologies captured were
not significantly altered by radiation damage effects (Figure
$4).

Previous cryo TEM studies of hydrated Nafion have each
yielded conflicting results and have not included 3D
investigations by cryo TEM tomography.z“’26 Here, Figure 4b
presents the results of a 3D tomographic reconstruction
obtained from a cryo TEM tilt series of the hydrated sample.
All tomographic reconstructions were obtained using the
programs Imod (http://bio3d.colorado.edu/) and Tomo3d
(https://sites.google.com/site/3demimageprocessing/
tomo3d).*" Two perpendicular slices through the reconstruc-
tion are shown, displaying vertical and horizontal cross sections
through the membrane. Isosurface rendering (in yellow) is used
to mark the 3D spatial distribution of the darker (hydrophilic)
phase, highlighting only the central portion in this particular
representation for viewing purposes. A magnified region of this
reconstruction is shown in Figure S5. The 3D results indicate
that the channel-type morphology observed in Figure 4a
propagates continuously throughout the thickness of the
membrane. Figure S shows isosurface rendering for a 3D
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Figure S. Isosurface-rendered 3D reconstruction of the frozen-
hydrated as-cast Nafion membrane (low- and high-magnification
views) highlighting the spatial distribution of the hydrophilic phase in
yellow, which has a volume fraction of 0.55 as calculated from the 3D
results; details in the Supporting Information.

volume slab of the reconstruction in which the entire volume of
the hydrophilic phase is enclosed. It is found that the
hydrophilic channels form a multibranching complex network
and we also note that the channels are not uniformly cylindrical
in shape.

Our results indicate that upon hydration the morphology of
the Nafion membrane transforms from the isolated hydrophilic
clusters of the dry state to a branched channel-type structure

that enables proton conductivity to occur. The random
nanoscale channel-type 3D network of hydrated Nafion
determined here for the first time by a direct-imaging approach
essentially supports the phase-separated bicontinuous network
morphologies obtained in a number of atomistic, molecular,
and mesoscale simulations.""*>**7>* The domain spacings of
5.1 + 0.5 nm are in good agreement with those determined by
SAXS. We have also performed SAXS measurements on Nafion
membranes immersed in various concentrations of Cu-ion
solutions and find that the domain spacings obtained from our
cryo TEM data are consistent with the low Cu-concentration
SAXS values (see Figure S6). Therefore, even though Cu ions
from the TEM grid substrates are observed to accumulate in
the hydrophilic phase (as shown for the dry membrane in
Figure 3), the degree of ion exchange appears to be low enough
not to significantly impact the domain spacings in the hydrated
material. Interestingly, we find that an increase in the
concentration of Cu available for ion exchange actually
decreases the spacing of the hydrophilic domains, which we
attribute to the divalent Cu ions binding the sulfonic-acid
chains in the clusters more tightly than the protons they
replace. It should be noted that the basic shape of the SAXS
profiles is not affected by Cu concentration, indicating that the
morphology causing the scattering remains similar regardless of
Cu ion-exchange.

From the 3D data we are also able to compute volume
fractions of the hydrophilic and hydrophobic phases using a
gray-value thresholding approach (see Figure S7) to compare
with theoretical values calculated from experimental membrane
water-uptake and swelling data. For the dark channels in the
hydrated membrane (i.e., the phase containing the hydrophilic
component), an experimental volume fraction of 0.55 + 0.02 is
obtained, which is in good agreement with the theoretical
volume fraction of 0.57 + 0.10 calculated taking phase mixing
into account (details in the Supporting Information). We also
note that while it is well-known that the tetrafluoroethylene
backbone of Nafion exhibits semicrystallinity, such crystallites
were not observed in our TEM surveys. However, given that we
investigated Nafion membranes cast to thin films without
annealing, for which the degree of crystallinity is known to be
suppressed,">*” this result is not unexpected (see Figure S8
showing a grazing-incidence SAXS (GISAXS) line profile for
100 nm as-cast hydrated Nafion). Upon increasing the degree
of crystallinity in the thin film by annealing, a decrease in the
amount of water uptake would be expected, resulting in smaller
domain spacings.

Finally, we have computed simulated SAXS profiles from the
3D cryo TEM reconstructions following a 3D Fourier
transform and radial averaging approach.>> Calculating for a
3D reconstruction thresholded at the midpoint gray value
(corresponding to the volume fraction of the hydrophilic phase
of 0.5, as in Figure S), the small-angle upturn and broad
ionomer peak characteristic of experimental SAXS profiles are
reproduced. The simulated SAXS profile is presented in Figure
S9 and validates the 3D cryo TEM reconstruction results
obtained in this work. As expected the matrix peak is not
observed, due to the suppression of crystallinity in our as-cast
membranes.

In summary, two distinct nanoscale morphologies for dry
versus hydrated Nafion membranes have been revealed by
direct imaging using a range of advanced electron-microscopy
techniques. The general consensus from TEM studies of dry
Nafion has been a morphology comprising isolated nanoscale
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ionic clusters. Our work supports this result and we have
extended these studies using analytical TEM techniques to map
and identify the hydrophilic and hydrophobic domains in the
dry membrane. In Nafion’s hydrated form, in which proton
transport occurs, it is clear that connectivity between the
domains must be present. Here we have used cryo TEM
tomography to reveal the nanoscale 3D morphology of the
hydrated membrane for the first time finding a random
channel-type interconnected network. Cryo TEM tomography
allowed us to obtain the 3D internal structure of hydrated
Nafion directly, as opposed to having to rely on interpretations
based on 2D volume-projections. Moreover, by preparing the
hydrated membranes following rigorous cryo TEM protocol
and employing low-dose cryo TEM tomography techniques,
determination of the intact morphology with nanoscale
resolution was achieved. With the 3D structure of hydrated
as-cast Nafion thus revealed, future research can use refined
structural models and structure/function relationships to
understand the ion transport mechanisms in this material and
facilitate the development of new ionomers with high ionic
conductivities.
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Additional TEM results for dry membranes, cryo TEM dose
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