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Abstract 

Nafion, a perfluorosulfonic acid ionomer, has been well-studied for decades due to its key role as 

ion-conductive membranes in electrochemical energy conversion and storage applications. When hydrated, 

this membrane phase separates into a complex, hierarchical nanostructure with hydrophilic domains that 

facilitate ion transport. Hard x-ray scattering has been a resourceful technique in understanding Nafion due 

to its capabilities in capturing the ionomer’s nanophase separated structure, which gives rise to contrast 

between polymer and water domains. More recently, resonant x-ray scattering, which tunes to elemental 

absorption edges to provide specificity on constituent elements, has been explored to highlight key 

interactions related to the sulfonic acid groups within its structure. Here, we study Nafion nanostructure by 

combining hard x-ray scattering and tender resonant x-ray scattering (TReXS) at the sulfur K-edge to reveal 

a mesoscopic feature corresponding to a correlation length of approximately 40 nm that has been 

challenging to resolve with hard x-ray studies. Additionally, we study the effect of the dispersion solvent 

composition that plays a key role in the formation of this mesoscale feature. Notably, TReXS can attain 

high contrast to decipher this mesoscale morphology even for dry polymer membranes under vacuum, 

which typically have reduced contrast for hard x-rays. We find that the correlation length of this mesoscale 

feature decreases with increasing water fraction in the dispersion, which is the opposite trend exhibited by 

the smaller intercrystalline feature in the same membranes. This study showcases the utility of TReXS to 

uncover multi-scale morphological details in functional polymers that are not always revealed by other 

methods like hard x-ray scattering. We illustrate this with Nafion, which is a relevant ion-conducting 

polymer for electrochemical technologies. 

 

Introduction 

Perfluorosulfonic acid (PFSA) ionomers have been a popular choice of membranes for a variety of 

electrochemical energy conversion and storage applications due to their high proton conductivity and 

chemical, thermal, and mechanical stability.1–7 These polymers are composed of a hydrophobic 

perfluorinated backbone with hydrophilic sulfonic acid-terminated side chains, which, when hydrated, 

phase separate into interconnected nano-domains that facilitate ion conduction throughout the system. The 

transport of species through these materials depends strongly on this phase-separated morphology, 

particularly the size, connectivity, and chain ordering, which determine the transport pathways of charged 

(ion) and uncharged (water) species. The formation of this final morphology is not entirely understood, 

with numerous models and theories to explain this underlying phenomenon, 8–13 and the morphology is even 
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more complicated and affected by various processing parameters that can affect it.14–16 Several recent 

studies have focused their attention specifically on the effect of dispersion solvent composition on the final 

morphology of PFSAs,14,17–22 due to its impact on dispersion-phase aggregation and bulk-phase assembly 

and to its relevance in the manufacturing of solution-cast membranes.23,24  

 

Thus far, the hierarchical morphology of PFSA ionomers have been difficult to quantify, in part due 

to the large range in length scales the structure spans, from molecular-scale signatures to larger, mesoscopic 

phase-separated features. Additionally, because their nanostructure is driven by so many different factors, 

such as hydration, environment, casting methods and parameters,1 our understanding of this structure is 

best understood by focusing on one of these factors at a time. X-ray scattering has been a robust and widely 

employed technique in studying PFSAs and has probed angstrom-level features relevant to polymer chain 

packing within crystallites up to tens of nanometers to investigate domain spacings between hydrophilic 

domains and semicrystalline regions.5,24–29 While much attention has focused on the impact of hydration on 

the nanostructure of PFSAs, more recently, questions about the effect of solvent composition on PFSA 

morphology has come into prominence. This is relevant because solvent-casting methods are used to 

produce PFSA membranes in commercial devices, such as in fuel cells, electrolyzers, and flow batteries.14,30 

X-ray scattering has been particularly helpful in answering questions about the effect of dispersion solvent 

composition on PFSA morphology, demonstrating how larger hydrophilic domains and a greater degree of 

connectivity among these domains are found for membranes cast from solvents with a higher water fraction. 

Larger and more connected hydrophilic domains are advantageous in PFSAs as they result in a more ion 

conductive material.18,22,31 Dynamic light scattering (DLS), transmission electron microscopy (TEM) and 

coarse-grained molecular dynamics simulation have provided key insight on the role of water/alcohol 

content in dispersion solvents on the aggregation behavior of PFSAs, showing larger rod-like aggregates 

form in less polar solvent environments, which plays a major role in the final bulk polymer membrane 

morphology.17,19,22 Previous studies on ionomers have largely focused on the formation and behavior of 

nanoscale features,14,18 but so far, the influence of dispersion content on larger, mesoscale features is not as 

well understood.  

 

X-ray scattering has contributed significantly to understanding PFSA ionomer morphology, largely 

due to its ability to probe the broad range of relevant length scales (from molecular to mesoscale features) 

and its ease in application to ionomer systems. The use of hard x-ray scattering for PFSAs is well-studied, 

and the key morphological signatures seen using this technique are relatively well-determined.1 Typically, 

these features are, from smallest to largest in real space, (1) the chain packing within crystallites in the 

semi-crystalline backbone domains, (2) the domain spacing between ion-containing hydrophilic regions, 

especially in a hydrated state, and (3) the domain spacing between semicrystalline regions within the 

polymer matrix. Hard X-ray scattering contrast is based on differences in electron density. This can result 

in limited contrast in soft materials that are composed of light elements, as is the case with PFSAs. Energy-

resolved resonant x-ray scattering (ReXS) can achieve much greater scattering contrast between polymers 

and other organic materials by tuning the energy near elemental absorption edges, where contrast can vary 

greatly due to differences in absorption. This enables ReXS to achieve high scattering contrast between 

polymer domains with different elemental compositions, and even between domains or functional groups 

containing the same elements but with different bonding environments. For polymers and soft materials, 

most of the elemental core-level absorption edges fall within the soft (150-2000 eV) or tender (2000-7000 

eV) x-ray regimes.32,33 There has only been limited work so far using tender resonant x-ray scattering 

(TReXS) near the sulfur K-edge to probe nanostructure in PFSA membranes, 14,18,25,34,35 and this work 

focused on the effect of PFSA side chain chemistry and side chain modification on nanoscale morphology, 

evidenced by changes to the ionomer peak in the 0.1-0.3 Å-1 range. This established TReXS as a unique 

tool to reveal new morphological details by probing variations in sulfur content in industrially-relevant 

PFSA membranes (10-200 micron thick). Here, we build upon previous studies to show how TReXS can 

also uncover new details of ionomer membrane morphology at larger, mesoscopic length scales.25,34 
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While most technologies employing ionomer membranes use them in hydrated environments, there 

is a practical interest in developing and examining membranes that operate in drier or hotter conditions as 

well as a fundamental interest in understanding the structure of an ionomer’s functional groups (e.g. micelle 

formation) in a low-hydration environment because it better highlights the polymer-ion interactions, which 

are otherwise shielded by solvation and water uptake.1,36 Hard x-ray scattering has proven to be a suitable 

tool to investigate the nanostructure of phase-separated ionomer membranes, especially under hydration, 

which gives rise to enhanced scattering contrast due to the electron density differences between the polymer 

and hydrophilic (ion-rich, water-filled) domains. Nevertheless, in the absence of sufficient water molecules, 

as is the case for dry membranes, the lack of x-ray scattering contrast renders hard x-ray scattering less 

effective for resolving the polymer-ion structure, in particular, the distribution of ionic moieties in the 

hydrophobic semicrystalline matrix. Capturing such information and resolving the chemical interactions, 

however, require the ability to access chemical structure information at relevant absorption edges. This is 

where the unique capabilities of ReXS, including TReXS, can help answer these questions. 

 

In this study, we employ resonant x-ray spectroscopic and scattering techniques near the sulfur K-

edge to investigate the nano- to mesoscale morphology of Nafion membranes. We examine the effect of 

water content within the dispersion solvent on self-assembly of domains within resulting membranes. Due 

to extensive research history and comprehensive understanding of Nafion’s mechanical, conductive, and 

transport properties, this functional material serves as an excellent model system for carrying out these x-

ray experiments. Using TReXS, we observe a previously overlooked peak at the sulfur K-edge 

corresponding to a feature of approximately 40 nm in size, which has been difficult to resolve thus far using 

hard x-ray scattering. Notably, we observe that increasing the amount of water in the dispersion leads to a 

decrease in the characteristic length scale of this mesoscopic feature, the opposite effect that is seen and 

previously reported for the intercrystalline feature. By drawing similarities to studies using neutron and 

ultra-small angle x-ray scattering, we provide a possible origin and mechanism for the formation of this 

mesoscale structural feature. Beyond accessing elemental sensitivity using TReXS, this technique positions 

us to study dry Nafion membranes under vacuum, which has not been often investigated due to the limited 

scattering contrast under highly dehydrated conditions. Focusing on this infrequently studied sample and 

experimental environment and successfully capturing new information on Nafion nanostructure, this work 

demonstrates the strength of ReXS as a complementary tool to the more conventional hard x-ray scattering. 

This work expands on our knowledge of PFSA membrane morphology by employing both techniques to 

explore the origin and behavior of the often-missed mesoscale feature, establishing the necessity of utilizing 

multiple energies in tandem. 

 

Methods 

Ionomer dispersions 

4 wt % of Nafion (PFSA) was dispersed in solvents of varying ratios of water to n-propanol (nPA) 

ranging from 30 wt % water to 90 wt % water (balance nPA). The dispersions were prepared by diluting a 

stock 20 wt % dispersion (NafionTM, D2021, equivalent weight of 1100 g polymer/mol sulfonic acid groups, 

Ion Power, Inc.) to the target concentration using water and nPA, considering the native solvent in the stock 

dispersion. Upon dilution, dispersions were mechanically mixed and then sonicated for 30 min in a bath 

sonicator (Branson) equipped with a custom temperature control system to maintain room temperature. 

 

Membranes cast from ionomer dispersions 

Membranes were cast from the dispersions described above. The dispersions were poured into 

custom-made glass wells using the same mass of the ionomer. They were heated at 35 °C under vacuum for 

1 h and annealed at 150 °C for an additional hour, before slowly cooling back to room temperature 

overnight. They were then carefully removed from the glass wells, and the thickness of all membranes was 

measured to be ca. 15 μm in dry state using a thickness gauge (Heidenhain). 

 

Near edge X-ray absorption fine structure (NEXAFS) spectroscopy 
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NEXAFS spectra were collected in fluorescence yield (FY) mode at the Soft Matter Interfaces 

(SMI) beamline 12-ID-C of the National Synchrotron Light Source II (NSLS-II), at the Brookhaven 

National Laboratory (BNL).1 Spectra from 2452 eV to 2507 eV covering the sulfur K-edge were collected 

within a single scan. The X-ray fluorescence intensity was recorded using a Pilatus 300K-W detector, 

consisting of 172x172 µm2 pixels in a 1475 × 195 array, mounted at a fixed distance of 0.275 m from the 

sample position. To limit contamination of the fluorescence yield intensity by any scattered X-rays, the 

Pilatus detector was moved horizontally on a fixed arc to an angle of 52 degrees. The measurements were 

performed in a vacuum chamber and the NEXAFS spectra were normalized with respect to the direct beam 

flux, measured on diamond beam position monitors.  

 

 

X-ray scattering measurements 

Hard X-ray scattering measurements were collected at SMI beamline 12-ID-C of NSLS-II. Small 

angle X-ray scattering (SAXS) data were collected using 16.1 keV X-rays and a Pilatus 1M detector 

consisting of 172x172 µm2 pixels with a sample-detector distance of 8.3 m to cover a q range of 0.003 Å-1 

to 0.124 Å-1. Wide angle X-ray scattering (WAXS) data were collected using a Pilatus 300K-W detector, 

consisting of 172x172 µm2 pixels with a sample-detector distance of 280 mm. To cover a q range of 0.038 

Å-1 to 7.050 Å-1 the vertically oriented elongated detector was moved horizontally on a fixed arc at 0, 20, 

and 40 degrees. Images were later visualized in Xi-CAM software37 and stitched using custom code. 

 

Sulfur K-edge TReXS measurements of membranes were collected at the Soft Matter Interfaces 

(SMI) beamline 12-ID-C at the NSLS-II. X-ray scattering patterns were recorded on a Pilatus 300K-W 

detector, consisting of 172x172 µm2 pixels in a 1475 × 195 array, mounted at a fixed distance of 0.275 m 

from the sample position. To cover the range of scattering angles desired, the vertically oriented elongated 

detector was moved horizontally on a fixed arc, from 0 to 45.5 degrees with 6.5 deg steps. Scattering 

patterns, recorded in-vacuum, were measured at energies across the sulfur K-edge (2542 to 2507 eV). The 

spot size at the sample was 20 μm by 200 μm (vertical by horizontal). Images were visualized and stitched 

as mentioned above. 

 

Results and Discussion 

To study the complex, hierarchical morphology of PFSAs, we performed x-ray spectroscopy and 

scattering on Nafion membranes using energies near the sulfur K-edge. Near edge x-ray absorption fine 

structure (NEXAFS) spectroscopy measurements in fluorescence yield (FY) mode taken around the sulfur 

K-edge show a main absorption feature between 2.480-2.487 keV. This spectrum (Figure 1a) is similar to 

previously reported results for Nafion, where the larger peak near 2.480 keV is associated with a transition 

to a σ*S-C antibonding orbital and the lower intensity peak that follows is associated with a π*S-O 

transition.25,38–41 We believe the small peak that appears in the pre-edge (~2.475 keV) is an artifact, likely 

due to impurities within the membrane and/or bright pixels on the detector. Tender resonant x-ray scattering 

(TReXS) measurements were also taken for Nafion. Absorption near the sulfur K-edge will modulate the 

scattering contrast around these energies (scattering contrast calculation shown in Supporting Information, 

Figure S1). Figure 1b shows the radially integrated 1D scattering profiles at 16.10 keV (hard x-ray), 2.449 

keV (pre-edge), 2.482 keV (on-edge), and 2.504 keV (post-edge) for a Nafion membrane cast from a 

dispersion with 30% water balanced with n-propanol (nPA). The 2D scattering data is shown in Figure S3. 

The 1D profiles at 16.10 keV, 2.449 keV, and 2.504 keV display two distinct peaks: one around q = 0.06 Å-

1 indicating the intercrystalline domain spacing (Peak 2), and another at q = 0.2 Å-1, indicating the 

hydrophilic domain spacing (Peak 3).1,14,25 We also observe another peak at approximately q = 0.015 Å-1 at 

the sulfur absorption edge (2.482 keV), which corresponds to a feature on the length scale of approximately 

40 nm. This mesoscale feature (Peak 1) is most apparent in scattering measurements performed at energies 

near where the main absorption peak in the NEXAFS spectra is observed, highlighting the enhanced 

contrast near these on-resonance energies and the potential of TReXS to reveal sulfur-specific behavior 

within the assembled structure in Nafion. 
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Figure 1: (a) Fluorescence yield (FY) sulfur K-edge NEXAFS spectra of a Nafion membrane cast from a dispersion 

solvent containing 30% water (remaining is nPA). (b) Radially integrated 1D scattering profiles of a Nafion membrane 

cast from a dispersion solvent containing 30% water (remaining is nPA) at X-ray energies 16.1 keV (hard X-ray), 

2.449 keV, 2.482 keV, and 2.504 keV (tender X-ray near sulfur K-edge). Scattering of the Nafion membrane at energies 

near the sulfur K-edge absorption peak reveals a new mesoscale morphological feature (~40 nm). Energies were 

calibrated based on methods detailed in the SI. 

 

 The emergence of the peak at q = 0.015 Å-1, which we will refer to as the mesoscale peak, at the 

sulfur K-edge implies some interactions and distribution of the sulfonic acid groups on a larger length scale 

than the typical intercrystalline domain spacings.  A similar feature, noted in other studies as the ultra-small 

angle scattering (USAS) upturn, has been observed in ultra-small angle x-ray scattering (USAXS) and 

neutron scattering.29,42–45 In these studies, this feature has been associated with chemical compositional 

inhomogeneities within the polymer matrix.43,46 These inhomogeneities likely arise early in membrane 

formation during the ionomer aggregation processes in dispersion. They remain in an elongated semi-

crystalline form when the bulk polymeric structure forms during casting, and the regions of crystallinity are 

present throughout the polymer matrix. Factors such as uneven drying and swelling drive the spacings 

between these aggregates and have been shown to affect the spacing of this feature. Because the mesoscale 

peak is only apparent at the sulfur K-edge, it can be inferred that the increased sensitivity to the 

inhomogeneities of the crystalline domains are related to some apparent order of sulfur-rich domains. 

 

 To gain a better understanding of the origin of the mesoscale peak, we investigated the energy 

dependence of the scattering features and probed the element-specific contributions and sulfur density 

variations through the system. We collected data through the range of 2.449 to 2.504 keV, specifically 

tracking characteristics of the mesoscale peak (Peak 1), the intercrystalline peak (Peak 2), and the ionomer 

peak (Peak 3). In Figure 2a, we plot the 1D scattering profiles at energies throughout this range for the 

membrane cast from a 30% water dispersion. We also determined the intensity of each peak by integrating 

over the peak regions for each feature and plotted the intensities as a function of energy for each peak, 

which predictably display strong energy modulations near the absorption edge (Figure 2b).47,48 Here, the 

ionomer peak (peak 3) displays an intensity vs. energy behavior similar to the NEXAFS spectra near the 

sulfur K-edge, while the mesoscale and intercrystalline peaks display a distinct and different behavior. This 

suggests some sulfur-based contrast mechanism for these two peaks (mesoscale and intercrystalline) 

beyond the fluorescence effects from absorption. For the ionomer peak, it is difficult to draw significant 

conclusions based on its similar behavior to the NEXAFS spectra and its intensity is similar to the 

fluorescence background. These results suggest that the increased scattering contrast in both the mesoscale 

peak and intercrystalline peak arises from variations in density and distribution of sulfur at these relevant 

features. Specifically, the difference in how sulfur is distributed in the amorphous fraction of the 

semicrystalline regions leads to heightened contrast of the intercrystalline peak near the sulfur K-edge. 

Similarly, although we do not have a full understanding of the mesoscale peak, its appearance near the 
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sulfur K-edge provides a hint that it captures information on the sulfur content distribution through the 

system at this length scale (~40 nm), which we will discuss in more detail later.  

 

 
Figure 2: (a) Radially integrated 1D scattering profiles from a Nafion membrane cast from a dispersion solvent 

containing 30% water (remaining is nPA) at X-ray energies across the sulfur K-edge. (b) Variation of scattering 

intensity with energy for scattering peaks observed at q ~0.015 Å-1 (Peak 1), ~0.06 Å-1 (Peak 2), and ~0.2 Å-1 (Peak 

3). Scattering peaks from the Nafion membrane have distinct energy dependence across the sulfur K-edge. 

 

 Previous studies explored the effects of water/alcohol content in ionomer dispersion solvents, 

where the polarity drives the conformation of the polymer chains, affecting morphology and macroscopic 

properties. For example, work by Berlinger et al. demonstrated that a higher polarity solvent results in more 

elongated chain conformation with sulfonic acid groups oriented outwards, whereas ionomer chains in a 

more nonpolar solvent form coiled structures with sulfonic acid groups oriented inward to form “inverted 

micellar” structures.17 Chain conformation affects aggregation by forming either more ordered, rod-shaped 

aggregates or loose, thicker aggregates. The effect of chain conformation and aggregation behavior is 

preserved even in bulk ionomer membranes after casting, where domain sizes, degree of crystallinity, and 

morphology within hydrophilic and hydrophobic domains are affected.6,17 Because solvent composition 

drives the orientation of sulfonic acid groups on the single-chain level, which further extends to the 

aggregate and bulk polymer level, we opted to study membrane morphology as a function of varying 

dispersion composition using TReXS around the sulfur K-edge. We probed the mesoscale feature seen at 

the sulfur K-edge for various membranes cast from  dispersions with 30%, 50%, 70%, and 90% water, 

balanced with nPA. The effect of the dispersion solvent composition was studied by fitting the mesoscale 

peak from each of the 1D scattering profiles to a Gaussian distribution to extract the amplitude of the feature 

(Figure 3a). The 1D profiles for each dispersion composition are shown in Figure S4. We observe that the 

highest amplitude is reached near the on-edge energy at approximately 2.481 keV, suggesting a strong 

dependence of this feature on the sulfur content. The amplitude also increases with lower water content in 

the dispersion (Figure 3b). From the single-chain perspective, in a solvent with lower water content, the 

hydrophilic sulfonic acid groups along the chain would be oriented inward. If this configuration is even 

moderately conserved in the bulk, this would lead to more discrete regions with greater sulfur density, which 

may explain the increase in amplitude of the mesoscale scattering peak for membranes cast from dispersions 

with a lower water fraction. Alternatively, in a more polar solvent, which more favorably interacts with 

sulfonate groups, elongated chains would not have a preferential distribution of sulfonic acid groups 

towards the interior of the coil and aggregates in solution, and therefore this could lead to a more 

homogeneous sulfur distribution in the cast membrane, resulting in a disrupted periodicity and therefore a 

weaker scattering peak. 
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Figure 3: (a) Variation of amplitude of the mesoscale peak with X-ray energy. The amplitude of the mesoscale peak 

(q ~ 0.015 Å-1) was calculated by fitting the peak with a Gaussian function after background subtraction with a linear 

background in the region from q ~0.008 Å-1 to q ~0.04 Å-1. (b) Average amplitude of the mesoscale peak for energies 

from 2.481 to 2.484 keV is plotted as a function of dispersion water content. The evolution of the mesoscale peak 

depends on water content of the dispersion solvent from which a membrane is cast. 

 

We further examined the effect of solvent composition on morphology by analyzing the change in 

characteristic length scale of the mesoscale and intercrystalline peaks by extracting their peak positions 

from the Gaussian fits. Notably, we observe that increasing the amount of water in the dispersion results in 

the characteristic length scale associated with the mesoscale feature decreases, while the characteristic 

length scale of the intercrystalline peak increases (Figure 4). The behavior of the intercrystalline peak is 

consistent with previous studies on morphology with varying dispersion composition, which is driven by 

aggregation behavior in the dispersion state.18 The opposite relationship between the amount of water in the 

dispersion and the domain spacing for the mesoscale peak compared to the intercrystalline peak is 

somewhat surprising, but nevertheless provides insight to better understand the mechanism underlying the 

formation of the complex hierarchical morphology of PFSA membranes. We postulate reasons for this result 

by discussing the mechanism of membrane morphology development from dispersion. 

 

 
Figure 4: Variation of the characteristic length scale of the mesoscale peak (q ~ 0.015 Å-1) and the intercrystalline 

peak (q ~ 0.06 Å-1) with water content (wt%) in the dispersion solvent (balance is nPA). The characteristic length 

scales were calculated by fitting the peaks with a Gaussian function after background subtraction. For the mesoscale 

peak, the reported characteristic length scale is taken from the scattering profile at 2.481 keV where the X-ray energy 
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is maximized. The reported characteristic length scale for the intercrystalline peak is taken as an average calculated 

from the scattering profiles across 2.449 to 2.470 keV. The characteristic length scale of the mesoscale peak and the 

intercrystalline peak depend on the amount of water in the dispersion solvent from which the membrane is cast. 

 

Guided by our results, we propose a mechanism for morphology formation in the Nafion 

membranes that begins with our understanding from a single-chain level. A schematic explaining this 

mechanism is shown in Figure 5. It is understood that the polarity of the dispersion solvent drives the 

conformation and distribution of sulfonic acid groups for single chains. At this dispersion state, these chains 

will aggregate, and the aggregates preserve some of the chain properties in its size, shape, and packing. For 

example, in a polar solvent containing more water, where the chains take on an elongated conformation, 

the aggregates are expected to be more rodlike and more efficiently packed, forming longer, thinner 

structures with the ionic groups oriented outward. This corresponds to larger intercrystalline spacing but 

with lower mesoscale spacing due to efficient packing at longer length scales. In a dispersion with lower 

water concentration, however, the chains likely take on a more coiled structure, where the sulfonic acid 

groups are oriented inward and distributed more densely at its core. The resulting aggregate would be larger 

and more loosely packed, resulting in higher mesoscale domain spacing. This likely explains why the 

characteristic length scale or domain separation associated with the mesoscale feature increases with 

decreasing amount of water in the dispersion (from water-rich to alcohol-rich). The sulfonic acid groups 

would also be oriented towards the center of the aggregate instead of the outside, leading to more well-

defined regions of greater sulfur density, and this may account for the greater amplitude of the mesoscale 

scattering feature at “on-resonance” energies for membranes cast from lower water content dispersions. 

These distinct aggregation characteristics drive the resulting bulk membrane morphology, as morphological 

aspects of the ionomer in dispersion are retained while solvent evaporates and solid-state membranes are 

formed. 

 

The mesoscale peak that TReXS reveals has gone largely unnoticed using hard x-ray scattering, so 

it is likely that this is related to the density distribution of sulfur within the system on the tens of nanometers 

scale. Because the dispersion solvent composition may affect the distribution of sulfonic acid groups within 

ionic moieties, chains, and aggregates, some amount of this effect could carry through to the bulk membrane 

state. Although we do not necessarily expect the bulk Nafion to entirely retain the structure and sulfonic 

acid group distribution from its aggregate state, it is possible this is at least partially retained as bundles or 

grains with semi-distinct boundaries or edges in a mesoscale domain network. Under this assumption, the 

mesoscale peak we see through TReXS may be capturing these polymer bundles. The increase in domain 

spacing of the mesoscale peak as the amount of water in the dispersion decreases is therefore consistent 

with previous work, which has shown the formation of larger aggregates occurs in dispersions when water 

content is decreased.18 
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Figure 5: Schematic of Nafion aggregation in dispersion and its connection to bulk membrane hierarchical 

morphology. (a) Chain formation is driven by water content, either giving rise to micellar structures in low-water 

content dispersions or elongated chains in high-water content dispersion. These conformations drive the character of 

aggregates, either as oriented or random clusters within primary aggregates. As primary aggregates combine from 

electrostatic interactions, they form secondary aggregates that have a size and orientation dependent on the 

characteristics of their previous form as primary aggregates. (b) As these secondary aggregates form bulk polymer 

membranes, this aggregate structure is hypothesized to be preserved in some fashion as loose bundles, and their size 

and ordering are determined by the size and order of the secondary aggregates. These bundles are more clearly seen 

in TReXS at the sulfur K-edge. Increased contrast occurs in membranes formed from dispersions with less water due 

to the inhomogeneous distribution of sulfonic acid groups that arise from the micellar structure of Nafion chains in 

the dispersion state. 

 

By studying this mesoscale feature and understanding the structure-property relationship, there is 

great potential in designing PFSA membranes for electrochemical applications, specifically because it can 

lead to improving the conductive and transport properties of these materials. A recent modeling study by 

Crothers et al. showed that the hydrophilic domain distribution at mesoscales affects the various microscale, 

domain-level transport modes dissimilarly, resulting in different distributions of transport coefficients for 

water and protons.49 Furthermore, they revealed through transport simulations that the transport pathways 

for water and protons may not always be the same, which opens possibilities for controlling transport 

functionality or selective ion transport in ionomer systems through their mesoscale features. While such 

effects are inferred in structure-property investigations of different ionomers supported by hard x-ray 

scattering,18,25,35,50–52 the lack of complete structural information at mesoscales, especially regarding 

information on the distribution of sulfur in ionic domains, created a gap in understanding and implementing 

of such design rules. The technique presented here begins to fill this gap by providing missing information 

at the mesoscale. The ability to obtain and resolve structural information at multiple length scales could 

provide not only insights into the processing, aging, and thickness effects in relation to dispersion or 

environmental changes, as discussed in literature,14,30,35,53–56 but also a means to eventually tune structure-

driven functionality in membranes.  

  

 In this study, we demonstrated the role TReXS can play as a complementary technique to 

conventional hard x-ray scattering by highlighting its ability to reveal features that are often not seen when 

using non-resonant energies. Although this work only highlights one case within specific parameters, there 

is much more potential of TReXS in the field of PFSA ionomer membranes. So far in this area, researchers 

have studied effects of chemical structure on nanoscale structures within PFSAs or microscopic features at 

the interfaces using surface-sensitive techniques. However, resolving chemical structure at these length 
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scales have been nascent, especially with x-ray techniques. In this work, we focused on the effect of 

dispersion solvent composition on morphology features of dispersion-cast Nafion membranes in the meso- 

and nanoscale range. Future work should expand to uncover relationships between equivalent weight and 

molecular weight on self-assembly and structure, which has been shown in simulation studies on 

PFSAs.57,58 Additionally, there are limitations with using TReXS to study systems in liquid or solution 

states because vacuum is often used at these lower x-ray energies and the penetration depth is limited to a 

relatively thin solution cross section. However, new capabilities in resonant x-ray scattering are being 

developed, and future work to probe ionomer aggregation behavior in dispersions using TReXS would help 

to better understand the connections between ionomer conformations in dispersion and membrane 

morphology. Dry-state considerations are also valuable in studying high temperature membranes and 

alternative acidic proton conductors,55 and TReXS is well-suited for these studies. By further establishing 

this platform of element-specific nanoscale characterization for vacuum state, dry or anhydrous membranes, 

we open new avenues to better understand the multi-scale structures of ionomers. 

 

 

Conclusion 

This study demonstrates the enhanced characterization capabilities with the dual use of hard and 

tender x-ray scattering and with the unique environment of dry Nafion membranes in vacuum. From TReXS 

at the sulfur K-edge, we observe the typical peaks (intercrystalline and ionomer peaks) as well as a 

mesoscale peak that corresponds to a feature of approximately 40 nm in domain size. Although this feature 

has often eluded researchers in past hard x-ray experiments, there has been some evidence for its presence 

in ionomers as shown in USAXS and SANS studies. By directly investigating the impact of dispersion 

solvent composition on the behavior of this mesoscale peak, we find that the peak position shifts with 

changes in dispersion water concentration, namely dispersions with more water results in a smaller domain 

spacing while dispersions with less water (more alcohol) result in a larger domain spacing. From this 

observation, we speculate that the mesoscale peak arises due to the preservation of secondary aggregates 

during the formation of the polymer membrane from dispersion casting. This feature is only weakly related 

to aggregation as loose bundles in the bulk state and manifests as regions of higher sulfur content throughout 

the system. Because this feature arises as an effect of aggregation, and because aggregation effects lead to 

an inhomogeneous distribution of sulfonic acid groups, we believe this accounts for the increased contrast 

acquired through scattering near the sulfur K-edge. Ultimately, this study shows the ability of TReXS, and 

ReXS in general, to reveal subtle morphology details within functional membranes and the advantage of 

complementary hard and tender x-ray scattering to build a deeper understanding of complex nanostructures 

within polymer materials.  
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