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Mapping Microscale Chemical Heterogeneity in Nafion
Membranes with X-ray Photoelectron Spectroscopy
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Nafion has found utility in a wide variety of applications, particularly as the most commonly used electrolyte membrane in fuel cell
technology. Despite decades of characterization by X-ray Photoelectron Spectroscopy (XPS), a dispute exists within literature over
the proper assignment of oxygen binding energies from the ether and sulfonate functional groups present in Nafion. Here, we have
employed highly oriented pyrolytic graphite (HOPG) as an internal standard to calibrate all XPS spectra and are able to correlate
binding energies from Cls, Ols, Fls and S2p to the Nafion structure. Further, microscale heterogeneities inherent to this formulation
of Nafion membranes are revealed through two-dimensional XPS mapping of membrane cross-sections as well as surface ablation
via Art ion sputtering. Results clearly show Nafion membranes are comprised of two chemically distinct layers: a surface layer
several microns thick that is comprised of sulfonate groups and an inner layer that shields the more non-polar perfluoroether moieties.
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Membranes are critical components for controlling chemical, ion
and electron flow in a number of important technologies. For exam-
ple, polymer electrolyte membranes (PEMs) serve as all-in-one ion
conductors, chemical barriers and mechanical supports for fuel cells.!
The high proton conductivity and chemical stability of persulfonic
acid-based polymers, such as Nafion, have set the standard in realistic
applications of modern PEMs.?= In light of the numerous applications
and fields that utilize this polymer, a better understanding of both the
chemical and structural relationships of Nafion membranes promises
to aid optimization of membrane performance and to improve future
technologies.

The chemical structure of Nafion, consisting of a polytetrafluo-
roethylene (PTFE) backbone and fluorous-ether side chains that con-
tain sulfonic acid head groups, is illustrated in Figure 1a.> The PTFE
backbone gives Nafion good mechanical stability and chemical resis-
tance. In membranes, the sulfonic acid head groups of Nafion seg-
regate to form channels capable of selective proton conduction. Sig-
nificant effort has been directed toward understanding the nanoscale
composition and structure of Nafion.>®” Conductive channels, ran-
domly packed in a parallel fashion and estimated to be between 1
to 3.5 nm in diameter,® have been found responsible for chemical
selectivity. Previous studies have also shown that different methods in
preparation of freestanding Nafion films result in differences in film
morphology.>” In typical fuel cell applications, Nafion membranes are
pretreated prior to use with successive incubations in water, hydrogen
peroxide solution and sulfuric acid solution at elevated temperatures
(outlined in Figure 1b).!%'® This pretreatment process causes maxi-
mum swelling from water uptake in the membrane to create optimal
conductivity for fuel cell applications. Hydrogen peroxide is thought
to remove any organic contamination present, and this immersion step
results in a visible color change of the membrane from slightly yellow
to clear.'®!>1% Exposure to sulfuric acid both removes any metallic
impurities and introduces protons into the membrane that will even-
tually participate in the reduction half-reaction at the cathode of the
fuel cell.!15:17

Recently, we have examined effects of chemical degradation via
Fenton chemistry on the ion-transport properties of Nafion mem-
branes. In our initial report, we were primarily concerned with electro-
chemical characterization of membrane transport properties via scan-
ning electron microscopy (SEM) and scanned probe microscopy.'®
Now, we have also employed X-ray photoelectron spectroscopy (XPS)
and XPS elemental and oxidation state mapping to study the specific
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chemistry of these heterogeneous surface structures. A representa-
tive micrograph of a degraded Nafion membrane is shown in Figure
lc after accelerated breakdown upon exposure to Fenton’s reagent
for 12 h. Defects in the form of micro/nanoscale bubbles/tears are
observed throughout the exposed surface. This heterogeneous topog-
raphy can be attributed to chemical oxidation and change in membrane
composition (which ultimately leads to altered membrane transport
properties). Defects at the Nafion surface also exhibit chemical hetero-
geneity, as visualized in the false-color XPS map of oxygen in Figure
1d. Here, a degraded membrane was analyzed via XPS and the peak
intensitiy of two different O1s binding energies mapped (533.1 eV in
red, 535.5 eV in blue). As one signal is primarily localized over bubble
defects and the other signal can be observed over the unmodified and
intact membrane, an overall heterogeneous distribution of chemical
composition is found at the membrane surface.

XPS has been employed frequently for study of PFSA polymer
membranes to quantitatively determine the elemental composition,
oxidation state and functional groups present. Additionally, XPS has
served as aroutine tool to confirm chemical modification of Nafion and
other polyelectrolyte membranes, where introduction of various cat-
alyst coatings and/or nanoparticles has demonstrated improved trans-
port properties.'®! Our initial study revealed two especially impor-
tant aspects related to the characterization and structure of a popular
commercial version of Nafion film that are described in further detail
here. First, XPS analyses of Nafion materials in literature are largely
inconsistent in terms of spectral assignment and chemistry. In this
report, by utilizing an internal standard of highly oriented pyrolytic
graphene (HOPG) to correct binding energy shifts, we resolve peak
assignments for carbon, oxygen, sulfur and fluorine. Second, with el-
emental oxidation state mapping studies of membrane cross-sections
and sputtering experiments on membrane surfaces, we highlight inher-
ent microscale heterogeneities through the thickness of the membrane
that are present in untreated and exacerbated in treated Nafion films. To
our knowledge, this heterogeneity on the microscale has not been pre-
viously discussed in XPS studies and may prove especially important
for applications of commercial films and for future characterization
and efforts to optimize or expand applications of Nafion membranes.

Experimental

Chemicals and materials.—Chemicals were used as received
without further purification. Deionized water was purified with a Milli-
Q system to an ultra-pure conductivity of 18 MQ2-cm (Millipore Corp.,
Danvers, MA). Nafion membranes were purchased from FuelCellsEtc
(College Station, TX) and cut into smaller samples of dimensions ~ 1
x 1 cm. Sulfuric acid (Sigma Life Science, St. Louis, MO) and 30%
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Figure 1. Chemical structure of Nafion (a) and the pretreatment protocol steps applied to membranes in preparation for use in fuel cells. Surface defects are
observed in the scanning electron micrograph of a Nafion 212 membrane after incubation with Fenton’s reagent for 12 h (c). A 2-D X-ray photoelectron spectroscopy
(XPS) map highlights the heterogeneous surface chemistry of degraded Nafion (d). Here, two Ols peak binding energy signals are overlaid — 533.1 eV (sulfonate

oxygens) in red and 535.5 eV (ether oxygens) in blue.

hydrogen peroxide solution (Macron Chemicals, Phillipsburg, NJ)
were used for membrane pretreatment. Ferrous sulfate heptahydrate
(Sigma Life Science) was used to accelerate membrane degradation
and initiate surface imperfections on Nafion membranes. Highly ori-
ented pyrolytic graphite (HOPG, grade ZYB) was purchased from
Advanced Ceramics Inc. (Cleveland, OH).

Nafion membranes.—Two types of Nafion membranes (117 and
212) were used in these experiments. Though these membranes are
identical in polymeric formulation with an equivalent weight of
1100 g/mol SO;~ (CyF3905S, x = 6, y = 1), their cross-sectional
thicknesses differ; Nafion 212, with a membrane thickness of 51 pm,
is thinner relative to the 183 wm width of Nafion 117. Another dif-
ference in these formulations is the manufacturing method used for
membrane preparation — Nafion 117 membranes are fabricated via
polymeric extrusion whereas Nafion 212 membranes are solution cast
to achieve a thinner membrane.

Nafion membrane pretreatment and degradation protocols.—A
subset of Nafion membrane samples did not undergo the pretreatment
process but rather were analyzed directly as received from the man-
ufacturer (such samples are denoted as “As Purchased”). For Nafion
membranes that were pretreated, a standard protocol was used as
described previously,'>!*1%18 with analysis performed after comple-
tion of different steps in the pretreatment process. Briefly, samples
first were sonicated in DI water at 80°C for 1 h (denoted as “H,O
Cleaned”). Membranes then were immersed in 30% H,0, at 80°C for
1 h to remove any organic impurities and rinsed off thoroughly with DI
water (denoted as “H,0, Cleaned”). Finally, samples were immersed
in a solution of 0.5 M H,SO, at 80°C for 1 h and rinsed repeatedly
with DI water (denoted as “Pretreated”). Samples were stored in DI
water at room temperature pending XPS analysis.

For cross-sectional analyses of Nafion, membranes were soaked in
DI water for at least 24 h before dipped into liquid nitrogen until rigid
and breakable. Forceps then were used to snap the membrane into two
pieces and the membrane placed broken-edge-up on the platen for
analysis. Use of a stereoscope aided in sample placement geometry,
and care was taken to not touch or disturb the broken face of the
membrane during this process. To minimize possible microstructure
changes in the sample from exposure to air, the platen was placed
immediately in the ultra-high vacuum environment of the XPS for
analysis.

Nafion membrane degradation was achieved with Fenton’s reagent
in a protocol that has been described previously.'®'® Briefly, wet
Nafion membranes were incubated in 0.1 M FeSQO, at 70°C for 2 h
followed by copious rinses with DI water. The membranes then were
incubated in 30% H,O, at 70°C for 12 h and rinsed again with DI
water. Finally, membranes were soaked in a solution of 0.5 M H,SO,
at 70°C for 2 h to remove any remaining iron.

SEM analysis.—Scanning electron microscopy (SEM) analysis
was performed with an FEI Quanta 600 instrument (FEI, Hillsboro,
OR) at 2.0 kV in secondary electron mode. Membranes were imaged
with no additional sample preparation.

XPS analysis.—X-ray photoelectron spectroscopy (XPS) mea-
surements were performed with a PHI VersaProbe 1l scanning X-ray
microprobe with a focused Al K, X-ray source (1486.6 eV) under
ultra-high vacuum conditions (Physical Electronics (PHI), Chanhas-
sen, MN). The X-ray beam was incident normal to the sample, and
emitted photoelectrons were collected at an emission angle of 45°
to the direction of incident X-ray. PHI dual charge compensation
system was applied to all samples. Multiple samples for each ex-
perimental condition were analyzed, with all results consistent with
the representative spectra presented here. Spectra were collected with
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SMARTSoft-VP v.2.3.1 (PHI). Peak deconvolution and fitting were
carried out with MultiPak v.9.3.0.3 (PHI) and/or CasaXPS (Casa
Software Ltd., Teighnmouth, Devon, UK) software. High resolution
scans were obtained with beam size of 200 wm and power setting of
49.5 W. Spectra were obtained with pass energies of 11.75 eV for
Cls, 23.50 eV for Ols, 5.85 eV for Fls and 93.90 eV for S2p. Each
data point (step size = 0.10 eV) was integrated over 2.16 sec, 2.4 sec,
2.0 sec and 0.96 sec for Cls, Ols, F1s and S2p, respectively.

For two-dimensional mapping experiments, a beam size of 9.0 wm,
power of 0.9 W and pass energy of 117.40 eV was used with image
dimensions of 100 x 100 pixels. Each data point (step size = 0.13 eV)
was integrated over 0.015 sec, 0.025 sec, 0.01 sec and 0.075 sec for
Cls, Ols, F1s and S2p, respectively.

For depth-profiling experiments, an Ar" ion gun operated at 0.5 kV
was used to sputter away the membrane surface in 30 sec intervals;
here, a beam size of 50 wm and power of 46.4 W was used. Pass
energies of 23.50 eV for Cls, 46.95 eV for Ols, 23.50 eV for F1s and
93.90 eV for S2p were applied. Each data point (step size = 0.20 eV)
was integrated over 0.24 sec, 0.56 sec, 0.24 sec and 0.80 sec for Cls,
Ols, F1s and S2p, respectively.

A HOPG sample, attained via the “scotch-tape method,”** was
used as an internal standard for binding energy correction. Simul-
taneous Cls spectra of both HOPG and an “As Purchased” Nafion
sample were collected, and the C1s peak present in the HOPG spec-
trum manually assigned to the known sp? carbon binding energy of
284.4 eV. The corrected binding energy scale was subsequently ap-
plied to the Nafion spectrum. All sample spectra presented here were
binding energy shifted to match the peaks from this calibrated sample.

Results and Discussion

Context of studies described.—Typical XPS studies of Nafion
focus on Cls, Ols, Fls and S2p spectra. A definitive report focused on
analysis of carbon-containing species in Nafion by XPS was detailed
by Hoffman and coworkers>® and provides an excellent benchmark
for studies here. A binding energy E, = 292.2 eV is expected for
carbon in the —CF,— configuration, and signal at 284.8 eV in the
Cls spectrum has been attributed to carbon in a graphitic state.*?
For the corresponding fluorine atoms, a binding energy of 689 eV
is typically observed in perfluoropolyether polymers.'?>-?7 Sulfur
of the sulfonic acid head group is assigned an Ey, of ~170 eV.?%%
Oxygen is present in two different configurations within the chemical
structure of Nafion. Oxygen is bound to sulfur within the sulfonic
acid of the side chain (-SO;7) and also exists in ether groups of
the side chains (-F,C-O-CF,-). These functional groups yield Ols
signals at two distinct binding energies of 533.0 eV and 535.7 eV
(AE, of ~2.7 eV). A close examination of XPS literature over the
last few decades reveals discrepancies in assignment of these Ols
peak signals to the two possible atomic configurations within the
Nafion structure. Upon examination of 25 prior publications, 52%
assign the peak at E, ~533.0 eV to oxygen atoms in the —SO;~
configuration and the peak at E, ~535.7 eV to oxygen in the ether
configuration (n = 13 papers);!>?33%40 409% assign the peaks in the
opposite arrangement, with —SO3;~ oxygen atoms identified as signal
at 535.7 eV and ether atoms at 533.0 eV (n = 10).#'->° Another two
papers (8% of the literature) identify these binding energies as Ols
signals but are careful not to differentiate or assign the peaks to specific
configurations.'®>! This inconsistency continues to plague even the
most up-to-date literature, as multiple papers have been published
in the last few years with opposing ether/sulfonic acid Ols peak
assignments. (A complete listing of references, and respective Ols
peak assignments in Nafion publications, is present in Table S1 of
Supporting Information.)

With this work, we first seek to resolve inconsistencies found in
literature and determine definitive Ols peak assignments from XPS
analysis on Nafion membranes at different stages in the pretreatment
process. Our data agree with previous studies to indicate the pretreat-
ment process causes chemical changes within the membrane rather
than simply cleaning the surface. In the course of this work, an orga-

nized microstructure with chemically different surface and bulk layers
was also observed for Nafion membranes. The surface layer is present
in both “As Purchased” and chemically treated membranes and ex-
tends several microns in thickness into the membrane, suggesting the
chemical composition is truly heterogeneous at the microscale. The
inner bulk layer, which we have observed both through depth pro-
file analysis with Art ion sputtering and cross-sectional mapping of
membranes, is found to be closer in chemical makeup as to what is
expected from the molecular structure of the Nafion polymer.

XPS studies of pretreatment effects.—To analyze effects of pre-
treatment on the chemical composition of Nafion, high resolution XPS
analysis was performed on the membranes at different stages during
the process with sp? carbon signal from HOPG used to calibrate
all binding energy measurements. Though many studies reference
samples to a well-established peak assignment, even commonly refer-
enced carbon peaks such as —CF, or —CF; can result in binding energy
variation an order of magnitude greater than observed with HOPG cal-
ibration (~0.5 eV vs. ~0.05 eV, respectively).”? For additional data
on HOPG calibration, please refer to SI Figures S1 and S2. Rep-
resentative Cls, Ols, Fls and S2p spectra are shown in Figure 2 for
each pretreatment step with traces offset for easier visualization. From
these spectra, overall elemental concentrations in atomic percentage
were determined and are summarized in Table I, with theoretical val-
ues calculated for Nafion 212 (x = 6, y = 1, CyoF390s5S). For each
step in the pretreatment protocol, the carbon, oxygen, fluorine and
sulfur signals show the presence of peaks at comparable binding ener-
gies, meaning the type of functional groups and chemical environment
for these groups present at the membrane surface remain unchanged.
Binding energies for carbon are observed at ~285.5 eV, 287.0 eV,
289.9 eV, 292.2 eV and 293. 6 eV (for deconvoluted and fitted Cls
spectra, please refer to SI Figure S3). The primary peak observed at
292.2 eV corresponds to the carbon species present within the PTFE
backbone (—CF,—CF,-). The shoulder at ~293.6 eV is attributed to
the —CF; functional group (in agreement with previous reports).?’
The peaks at ~290 eV and ~287 eV correspond to carbons in the
—OCF,- and —CF- configurations, respectively. Cls signal present at
~285.5 eV is most likely due to a surface layer of adventitious carbon
present in nearly all samples analyzed via XPS. Both the Fls and
S2p spectra show a single peak at ~689.7 eV and ~170.1 eV, re-
spectively. Two binding energies are observed throughout these Ols
spectra: a higher energy peak at 535.5 eV and a lower energy peak at
533.1 eV. The numerical values of binding energies measured are con-
sistent with previous studies, but chemical assignment of the oxygen
atoms to these peaks remains contentious in the literature. The higher
binding energy peak (535.5 eV) correlates to oxygen present in the
ether functional group and the lower binding energy signal (533.1 eV)
to oxygen present in the sulfonate groups. These assignments can
be explained by the respective partial atomic charges each type of
oxygen atom experiences. Even though the oxygens in fluoroether
functional groups are not directly bound to fluorine, the overall en-
vironment they experience is quite electronegative in comparison to
the environment of the sulfonate oxygen atoms. As further evidence
these are the proper Ols peak assignments, previous XPS studies of
similar perfluoropolyether compounds assign the oxygen (-CF,-O—
CF,-) to binding energies of ~536 eV;!!*">* similarly, oxygens in
sulfate and sulfonate functional groups are typically found at binding
energies closer to ~532 eV.262%2% For studies in which Ols peaks
were incorrectly assigned, authors likely did not consider the effect
of neighboring fluoroalkanes on ether-bound oxygen atoms, as signal
for a typical ether group is ~533 eV.>*

Though there is no change in which functional groups are present
in Nafion, the relative abundance of these functional groups is altered
during the pretreatment process. The most significant change in sur-
face composition can be seen in the Ols spectra, which makes sense
on a chemical level as solutions used in the pretreatment steps provide
oxidizing environments. Figure 3 shows the O1s spectra in greater de-
tail, including deconvolution and fits used to calculate the areas under
each peak for quantification.
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Figure 2. Cls (a), Ols (b), Fls (c) and S2p (d) spectra of Nafion membranes after each experimental step in the pretreatment process: “As Purchased” (black),
“H,0O Cleaned” (red), “H,0O, Cleaned” (green), and “Pretreated” (blue). Traces have been offset for easier visualization.

Table 1. Elemental composition (in atomic percentage) of Nafion
membranes at different stages during the pretreatment process as
determined from XPS spectra shown in Fig. 2.

Sample Cls (%) Ols(%) Fls(%) S2p (%)
Expected Values from 30.8 7.7 60.0 1.5
Chemical Formula
As Purchased Membrane 31.9% 7.0 60.3 1.0
H,O Cleaned Membrane 31.6 7.3 60.3 0.9
H,0,Cleaned Membrane 315 7.8 59.6 1.2
Pretreated Membrane 30.4 10.6 57.8 1.4

talicized entries are experimental results.

The initial immersion step in distilled water has little effect on
the Nafion membrane, as comparable atomic percentages are ob-
served for each element in the “As Purchased” and “H,O Cleaned”
membranes (Table I). Additionally, the Ols spectra collected for these
two samples are nearly identical (Figures 3a and 3b, respectively), and
a 3:2 ratio of ether oxygen atoms to sulfonate oxygens is observed at

the surface of both membranes (~60% and 40% peak areas, respec-
tively). After exposure to hydrogen peroxide solution, little change
in carbon or fluorine surface concentration is observed for the “H,0O,
Cleaned” sample. An increase in both sulfur and oxygen concentra-
tions is noted, with a specific increase in sulfonate oxygen to ~ 46%
of the total oxygen concentration (Figure 3c). Finally, after the sul-
furic acid immersion step, a loss in both carbon and fluorine surface
concentrations is observed in addition to an increase in oxygen and
sulfur. In this “Pretreated” sample, a 2:3 ratio of ether oxygens to
sulfonate oxygen atoms is measured (Figure 3d), a value that matches
the chemical structure of the Nafion 212 membranes analyzed within
these experiments. Note the intensity of the higher binding energy sig-
nal at 535.5 eV remains constant throughout the pretreatment process;
changes in the Ols ratio are caused only by an increase in the sul-
fonate oxygen at the lower binding energy of 533.1 eV. The changes
we observe during the pretreatment process in surface oxygen, sul-
fur and fluorine concentrations agree well with previously reported
literature. '

Together, these data suggest the pretreatment procedure reorga-
nizes the Nafion membrane for greater exposure of the sulfonate
head groups at the surface. Reorganization such as that proposed
here has also been postulated in previous studies by Schulze et al.,
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where changes observed were explained as a rotation of the polymer
side chains to direct the sulfonic acid groups to the surface.'> Results
presented here agree with this study and support findings that pretreat-
ment protocols trigger Nafion film reorganization to a predominance
of sulfonate functional groups at the surface.

Chemical heterogeneity in Nafion.—The use of Fenton’s reagent
was found to induce microstructural defects in Nafion films that were
manifested visually as bubbles, rips and tears (vide supra). Defects
were found to possess different chemical compositions from XPS
analysis, and we were extremely interested in understanding the ori-
gin/nature of these features. Close analysis at the surface of Nafion
samples revealed random spatial areas with significantly different XPS
signals, an indication of surface micro-heterogeneity. Figure 4 shows
representative Cls and O1s spectra for both “As Purchased” and fully
“Pretreated” membranes. Each graph shows three spectra collected
from spatial points along the surface of a single membrane. Varia-
tion in the intensity of the binding energy peaks is present in both
the carbon and oxygen analysis, which indicates changes in chem-
ical composition. This heterogeneity is present in “As Purchased”
membranes and remains even after the chemical pretreatment pro-
cess. It is likely such heterogeneity arises from physical removal of
the membrane surface due to defects such as scratches. These spatial
areas, in which an inner layer of the membrane has been exposed,
result in XPS spectra very different from the typical membrane sur-
face results presented previously in Figure 2. In conjunction with the
chemical heterogeneity observed over the degradation spots identi-
fied previously in Figure Ic, these data suggest the existence of a
surface layer that is chemically unique from underlying bulk Nafion
material.

To examine microstructural heterogeneities of Nafion films in more
detail, two-dimensional XPS mapping was performed to visualize
cross-sectional areas of membranes. Briefly, Nafion was flash frozen
by immersion into liquid nitrogen and snapped in half, with the edge
along the break analyzed with XPS mapping. This freeze-fracture
method was employed over traditional cleavage methods (e.g. scissors,
razors) to ensure the surface remained unmodified by the collection
process itself, both due to transfer from a tool as well as microscopic
changes in the integrity of the membrane.

Figure 5 shows Cls and Ols mapping results of spectra attained
for the inner bulk (red) and outer surface (blue) layers of an ”As Pur-
chased” Nafion 212 membrane. Within the interior of the membrane
(collected from the red box drawn in Figure 5a, mapped in Figure 5b
and plotted in Figure Se), —CF,— groups give the greatest Cls sig-
nal at 292.2 eV, with small contributions observed from adventitious
carbon (~285 eV). The carbon composition of the surface layer (col-
lected from the blue box drawn in Figure 5a, mapped in Figure Sc
and plotted in Figure Se, however, can mostly be attributed to a layer
of adventitious carbon. When the corresponding surface (blue) and
bulk (red) maps are overlaid (Figure 5d), the boundary that divides
these two layers is discrete and sudden; the outer layer extends into
the membrane interior several microns.

Even more striking is the difference between oxygen chemistry in
these layers of the Nafion membrane. The chemical composition of
the bulk layer (collected from the red box drawn in Figure 5f, mapped
in Figure 5g and plotted in Figure 5j) is almost entirely dominated by
oxygens from the sulfonate functional group (~533 eV). Within the
inner portion of the membrane (collected from the blue box drawn in
Figure 5f, mapped in Figure 5h and plotted in Figure 5j), the oxygens
in the ether configuration are observed. Similar to the Cls analysis
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Figure 4. XPS spectra that highlight the chemical heterogeneity on the surface of Nafion membranes. Cls (a) and Ols (b) spectra measured for “As Purchased”
membranes can be compared to Cls (c) and Ols (d) spectra of fully “Pretreated” membranes. Each trace (black, red and blue) represents analysis at a different
spatial location of the membrane. Spectra have been normalized for easier visualization of differences in elemental composition.

above, overlaying the bulk and surface layer maps shows discrete
heterogeneous layers (Figure 51).

This layered chemical heterogeneity was observed in both Nafion
formulations that were analyzed (212 and 117) and can be seen both
before and after pretreatment has been performed (SI Figures S4, S5,
S6). Additionally, the distance the surface layer extended into the
membrane was similar for both formulations, but an extended length
of inner bulk chemistry was observed for the thicker Nafion 117
film (SI Figure S7). These findings likely explain the occurrence of
surface heterogeneity highlighted previously in Figure 4: microscopic
scratches or surface defects have removed the outer surface layer to ex-
pose underlying bulk membrane. Additional evidence that membrane
defects generate this chemically heterogeneous surface can be seen in
SI Figure S8, in which spectra of a mechanically ablated membrane
are similar in elemental composition to the inner bulk membrane.

The only previous mention of this unique microarchitecture within
Nafion literature was reported by Xin and coworkers in 2004.% Briefly,
FT-IR spectroscopy in both transmission and attenuated total reflec-
tion (ATR) modes was used to study the overall averaged structure
and surface layer of a Nafion 115 membrane. Nafion 115 is chem-
ically identical to membranes used in our experiments (Nafion 117
and Nafion 212) but has a different membrane thickness of 125 pm.
Comparison of transmission and ATR spectra showed a higher con-
centration of —CF,— in the overall averaged membrane than present
just on the surface. As ATR spectroscopy penetrates several microns
below the sample surface, these data also support the existence of a
chemically distinct surface layer with a thickness of several microns.

Additionally, both these previous FT-IR studies and our XPS data
show a higher concentration of perfluoroethers buried within the in-
ner bulk membrane, as the —CF,— groups of the main PTFE chain are
co-localized next to the ether groups.

To further explore these discrete heterogeneous layers within
Nafion membranes, sputter depth-profiling was performed on mem-
brane surfaces via bombardment with argon ions. As the ions ablate
the sample surface, changes in chemical composition can be measured
in real time. Figure 6 shows Cls and Ols spectra collected at different
time points during the sputtering process; a summary of atomic com-
position for each sputter interval is presented in Table II. The initial
spectra collected prior to any sputtering measures the chemistry on the
outermost surface of the membrane (black traces). Again, we observe
distinct chemical differences between this layer and those tucked away
deeper within the bulk material of the membrane. In the Cls spectra
(Figure 6a), the signal from adventitious carbon disappears as sput-
tering progresses; a shoulder at ~ 293.3 eV becomes visible, which
corresponds to the —CF; groups of the side chain. Overall, we observe
an increase in the percent composition of carbon from 39.2% before
sputtering to 45.3% after 5 min of ablation. In the oxygen spectra
(Figure 6b), the signals corresponding to the ether and sulfonate con-
figurations are both present at the surface in nearly even ratios. After
30 seconds of sputtering (red trace), however, there is no longer ev-
idence of sulfonate oxygen atoms. As the ablation of the membrane
continues, the overall oxygen concentration decreases from 5.0% to
2.1% after 5 min. These sputtering profiles agree with the 2D map-
ping data presented above to highlight layered micro-heterogeneity: a
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Figure 5. Two-dimensional XPS maps show discrete surface and bulk chemistry in Nafion membranes. The overall Cls elemental map of the cross section of an
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The corresponding extracted Ols spectra are displayed in (j), with the counts normalized for easier comparison.

surface layer rich in polar sulfonate groups shields an inner hydropho-
bic bulk material. Non-destructive sputter depth-profiling with a gas
cluster ion beam (GCBI, Arys0™) was also performed and in good
agreement with the above data (SI Figure S9).

Conclusions

With the use of HOPG as an internal standard and calibrant for
XPS analysis, proper binding energy peaks for Cls, Ols, Fls and
S2p spectra in Nafion membranes have been carefully assigned in
an attempt to solve a long-standing discrepancy in oxygen config-
uration assignment. The higher binding energy signal (~535.5 eV)
corresponds to oxygen in the ether configuration due to a fluorine-
rich, electronegative environment; the lower binding energy signal
(~533.1 eV) originates from the sulfonate head group. Additionally,
a heterogeneous microstructure within these membranes was demon-
strated from two-dimensional XPS elemental mapping and sputter
depth-profiling. Discrete surface layers and inner bulk material were
shown to have vastly different chemical compositions, with polar
sulfonate groups positioned on the outer surface. The higher sur-
face free energy of sulfonate functional groups in comparison to the
fluorinated backbone likely drives this observed segregation. Under-
standing the microarchitecture of Nafion will likely prove important

Table II. Elemental composition (in atomic percentage) of
Nafion membranes after different sputtering exposure times as
determined from XPS spectra shown in Fig. 6.

Sample Cls (%) Ols (%) Fls (%) S2p (%)
Expected Values from 30.8 7.7 60.0 1.5
Chemical Formula
Initial Membrane 39.2% 5.0 55.3 0.5
Sputtered 30 sec 42.0 34 54.2 04
Sputtered 1 min 44.7 2.9 52.0 0.4
Sputtered 5 min 45.3 2.1 52.4 0.2

talicized entries are experimental results.

to prevent membrane degradation that presently plagues fuel cells.
Studies reported here are focused on commercially prepared Nafion
films, but the exact origins of the phase separation are not explic-
itly investigated. The microscale segregation observed could be aug-
mented by different casting or thermal treatments during prepara-
tion and if thicker films are used, microscale domain formation is
worth considering for more diverse applications such as chemically
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Figure 6. Normalized Cls (a) and Ols (b) spectra of “As Purchased” Nafion membranes after different exposure times to Ar™ sputtering (2 keV): initial
pre-sputtering surface (black), 30 s exposure (red), 1 min exposure (green) and 5 min exposure (blue). Traces have been offset for easier visualization.

modified electrodes or biosensors as well. Future work in this area may
include studies of the effects of microstructure on chemical trans-
port, membrane-arrangement kinetics after exposure of inner bulk
material, and optimization of surface layer modifications for better
sensing platforms.
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