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ABSTRACT:

Herein, we present a systematic investigation of the impact of silica nanoparticle (SiNP) size and 

surface chemistry on the nanoparticle dispersion state and the resulting morphology and 

vanadium ion permeability of the composite ionomer membranes. Specifically, Nafion 

containing a mass fraction of 5% silica particles, ranging in nominal diameters from 10 nm to >1 

m and with both sulfonic acid- and amine-functionalized surfaces, were fabricated. Most 

notably, an 80% reduction in vanadium ion permeability was observed for ionomer membranes 

containing amine-functionalized SiNPs at a nominal diameter of 200 nm. Further, these 

membranes exhibited an almost 400% increase in proton selectivity when compared to pristine 

Nafion. Trends in vanadium ion permeability within a particular nominal diameter were seen to 
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be a function of the surface chemistry, where, for example, vanadyl ion permeability was 

observed to increase with increasing particle size for membranes containing unfunctionalized 

SiNPs, while it was seen to remain relatively constant for membranes containing amine-

functionalized SiNPs. In general, the silica particles tended to exhibit a higher extent of 

aggregation as the size of the particles was increased. From small-angle neutron scattering 

experiments, an increase in the spacing of the hydrophobic domains was observed for all 

composite membranes, though particle size and surface chemistry were seen to have varying 

impacts on the spacing of the ionic domains of the ionomer.
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1. Introduction

Perfluorosulfonic acid (PFSA) ionomer membranes are ubiquitous polymer electrolyte 

membranes (PEMs) for flow battery and fuel cell applications.1–4 Specifically, vanadium redox 

flow batteries (VRFBs) benefit from PFSA ionomer PEMs due to their nanophase segregation, 

where, under hydration, ionic (hydrophilic) domains allow for high proton conductivity 

(oftentimes referred to as water-assisted ion transport),5 while the hydrophobic backbone 

provides both chemical and mechanical stability, which is of particular importance under the 

highly oxidative conditions (approximately 3 mol L-1 sulfuric acid and similar concentrations of 

V(5+)) of the VRFB.4,6–8 However, one standing issue with Nafion,9 the canonical PFSA 

ionomer standard, as well as other similar PFSA ionomers, is their low ion selectivity, as facile 

transport of both protons and vanadium ions occurs through the hydrated ionic domains.10–12

To combat the observed low ion selectivity of traditional PFSA ionomers, the incorporation 

of nanoparticles, specifically silica nanoparticles (SiNPs), has been shown to increase the 

selectivity of the ionomer membranes.10,11,13,14 There are two primary methods utilized to 

incorporate SiNPs into PFSA ionomers: (1) in-situ, sol-gel condensation and (2) solution casting 

ionomer dispersions containing discrete SiNPs. Sol-gel nanocomposite membrane fabrication 

modifies the well-known Stöber synthesis of SiNPs by simply incorporating the SiNP precursors, 

usually tetraethylorthosilicate (TEOS), into an extruded (i.e., pre-formed) PFSA ionomer.15–17 

The sulfonic acid pendant chains, in place of base in typical Stöber synthesis, facilitate the 

formation of SiNPs as the silicate precursor is hydrolyzed, and condensation occurs, allowing for 

the nucleation and growth of SiNPs within the pre-formed membrane.16–20 Importantly, the 

SiNPs are restricted to form within the structure of the swollen membrane.20 It is generally 

theorized that the SiNPs form within the ionic domains of the membrane (swollen in a mixture of 
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methanol and water), where the TEOS condensation reaction is catalyzed by the sulfonic acid 

groups in the presense of water.17,20 While water will appreciably swell the ionic domains, 

methanol swells the hydrophobic domain as well.21–23 Additionally, it has been observed that 

acid-catalyzed SiNP formation creates a gel-like structure rather than discrete particles.24 Thus, 

the SiNP gel can hypothetically form anywhere within the PFSA structure. Alternatively, 

solution cast membranes are created by the incorporation of discrete pre-formed SiNPs into a 

PFSA ionomer dispersion, which is mixed before casting for solvent evaporation.13,25,26 Solution 

casting removes the unknown and uncontrollable SiNP formation that occurs within the PFSA 

matrix and allows tunable dispersions to be produced.6,27 Additionally, SiNP surface chemistry 

and size can be specifically controlled and varied before the incorporation into the 

nanocomposite dispersion. The SiNP surface characteristics (e.g., charge, chemistry of bridging 

chain, grafting density) are expected to play an important role in controlling the dispersion state, 

and in turn, the nanostructure and performance properties of the resulting ionomer 

nanocomposites.27,28 Lastly, sol-gel solution cast membranes combine both techniques by 

incorporating SiNP precursors into PFSA ionomer dispersion before solvent is evaporated to 

form nanocomposite membranes.29–32

All nanocomposite fabrication methods have been utilized in literature in efforts to reduce 

either vanadium ion crossover (for VRFBs) or methanol crossover (for direct methanol fuel 

cells), but the dispersion of the SiNPs and the resultant nanocomposite morphology are rarely 

investigated to relate specifically to the increased ion selectivity.6,27,28 It is generally assumed, as 

previously mentioned, that SiNPs reside within the ionic domain, and that their presence hinders 

the passage of bulky hydrated vanadium ions while still allowing protons to conduct through the 

membrane.11,33,34 However, recent investigations have demonstrated that SiNPs formed by sol-
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gel or incorporated by solution casting are much too large to fit entirely within the ionic domain, 

which is again only 3 nm to 5 nm in diameter when hydrated.6,35 Additionally, most literature 

sources fail to even consider the size of the SiNPs formed by sol-gel or utilized in solution 

casting. SiNPs are inexpensive and readily available for purchase through numerous suppliers, 

but even SiNPs bought with nominal sizes on the order of the ionic domain that have been dried 

can create massive aggregates that negates the nominal size altogether. It is well-known that 

drying causes irreversible aggregation of SiNPs,36,37 so it is crucial to investigate the dispersion 

of SiNPs after incorporation in the nanocomposite membrane whether by sol-gel or solution 

casting. 

If the SiNPs are not blocking the ionic domains to reduce vanadium ion crossover, it is 

curious how the introduction of such inorganic fillers could affect the selectivity of the 

membranes. Di Noto and coworkers have proposed a peristaltic-like motion of the ionic domain 

and hydrophobic backbone to facilitate ion transport through Nafion-SiO2 membranes for proton 

exchange membrane fuel cells.38,39 Other recent work has suggested that SiNPs reside at the 

interface of the ionic and hydrophobic domains,40,41 which could slow down the peristaltic 

motions of the membrane to cause reduction in vanadium ion permeability. However, to the best 

of the authors’ knowledge, there has yet to be a systematic investigation into the incorporation of 

a variety of controlled sizes and NP surface chemistries into the ionomer matrix. Our present 

work aims to bridge this knowledge gap.

In this work, PFSA–SiO2 nanocomposites were fabricated via solution casting dispersions of 

Nafion containing a mass fraction of 5% SiNPs with various surface functionalizations and 

nominal diameters. This silica mass fraction is similar to those used by others in the literature 

and is consistent was previous research from our group. The nominal diameter of the SiNPs 
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ranged from approximately 10 nm (i.e., NPs sized on the order of the ionic domains) to >1 m. 

The surface functionalities of SiNPs were chosen such that they would electrostatically interact 

with the sulfonic acid ionic groups, where the surface chemistry was varied from 

unfunctionalized (i.e., hydroxyl-coated), sulfonic-acid functionality, and amine functionality. We 

investigate the ion transport properties of the nanocomposites by measuring the vanadium (IV) 

ion (vanadyl ion; VO2+)  permeability, proton conductivity, and ion-exchange capacity (IEC) of 

each membrane. Additionally, both transmission electron microscopy (TEM) and optical 

microscopy were utilized to characterize SiNP dispersion state within the nanocomposite 

membranes. Finally, small-angle neutron scattering (SANS) was employed to characterize the 

morphology of the hydrated PFSA ionomer nanocomposites.

2. Materials and Methods

2.1. Materials
 

Ethanol (pure, 200 proof, anhydrous), sulfuric acid (95% to 98%, ACS Reagent), vanadium 

(IV) oxide sulfate hydrate (97%), magnesium sulfate (anhydrous), and (3-

mercaptopropyl)trimethoxysilane (95%) (MPTMS)  were purchased from Sigma Aldrich. Nafion 

stock dispersion (Nafion D2021) was purchased from Ion Power. Hydrogen peroxide (30%) was 

purchased from VWR Analytical. 3-aminopropyltrimethoxysilane (97+%) (APTMS) was 

purchased from TCI Chemicals.  Unfunctionalized silica nanoparticles (SiNPs) denoted as UF–

10 (colloidal silica in methanol; MT-ST grade; DP =  (10 to 15) nm, where DP is the particle 

diameter), unfunctionalized SiNPs denoted as UF–100 (colloidal silica in isopropyl alcohol; 

IPA–ST–L; DP = (40 to 50) nm), and unfunctionalized SiNPs denoted as UF–200 (colloidal 

silica in isopropyl alcohol; IPA–ST–ZL; DP = (70 to 100) nm) were obtained from Nissan 

Page 6 of 59Soft Matter



7

Nanomaterials. Unfunctionalized SiNPs denoted as UF–dried (SiO2, 99.5%, 20 nm, nonporous) 

and amine-functionalized SiNP denoted as AA-dried (SiO2, 99.8%, (10 to 20)  nm, surface 

modified with amino group) were purchased from SkySpring Nanomaterials, Inc. Reverse 

osmosis (RO) water (resistivity of approximately 18 M cm) was used for all experiments. Note, 

all particle sizes, and size ranges, noted in parentheses are those specified by the product 

manufacturers, while the numbers included in the membrane notation (shown in Table 1) are 

nominal (i.e., approximate) particle sizes as visually determined by electron and optical 

microscopy.

2.2. Membrane Preparation

The SiNPs were functionalized as previously described.27,28 In general, the appropriate 

reagents were added to a suspension of unfunctionalized SiNPs, allowed to react, then washed 

and separated by centrifugation. All membranes were cast from the as-received Nafion 

dispersion. To incorporate the SiNPs, a mass fraction of 5% of either the functionalized or 

unfunctionalized SiNPs (mass of SiNPs/total mass of solids  100%) were suspended in the ×

Nafion dispersion by sonication for at least 30 min prior to casting. Pristine Nafion suspension 

(i.e., no SiNPs) was also sonicated for at least 30 min prior to casting. The Nafion suspensions 

were then cast onto a polished quartz substrate, covered by funnel with Kim-wipe flue, and 

allowed to evaporate overnight on the benchtop. The dried hybrid films were then annealed at 

140 °C for 2 h under dynamic vacuum, after which the oven was shut off and dynamic vacuum 

was pulled for an additional 30 min. Afterwards, the valve to the vacuum pump was closed and 

the films were left to cool down to room temperature under static vacuum. Prior to beginning 
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measurements, the films were hydrated in RO water overnight. Hydrated film thicknesses were 

on the order of approximately 50 μm.

2.3. Vanadium ion permeability characterization

Vanadium ion crossover was measured as previously described.27,28 Briefly, a tailor-made 

diffusion cell (Permegear Franz cell; Bethlehem, PA) was used. Shown below, the receiving cell 

(volume of 15 mL) was filled with a 1.5 mol L-1 MgSO4 in 3 mol L-1 H2SO4 solution, and the 

donating cell (volume of 1 mL) was filled with a 1.5 mol L-1 VOSO4 in 3 mol L-1 H2SO4 

solution, where the membrane being tested (in this case, a perfluorosulfonic acid (PFSA) 

ionomer nanocomposite) was sandwiched between the two cells. 

Figure 1. Schematic of the permeation cell used to measure vanadyl ion permeability through 
the perfluorosulfonic acid (PFSA) ionomer nanocomposites.
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Aliquots were taken via the side arm of the receiving cell at regular time intervals, and the 

concentration of vanadium (IV) ions (vanadyl ion; VO2+)  was measured using a ultraviolet-

visible (UV-vis) spectrometer (VWR UV-3100PC), which scanned from wavelengths of 1100 

nm to 400 nm. The peak associated with the presence of VO2+ can clearly be observed around a 

wavelength of 760 nm. Immediately following UV-vis characterization, the aliquots were placed 

back into the receiving cell. From these data, the permeability of vanadium ions can be 

calculated using the following equation

𝑉𝑅
𝑑𝐶𝑅(𝑡)

𝑑𝑡 = 𝐴
𝑃
𝐿𝐶𝐷    , (1)

where  and  are the vanadium ion concentration in the donating and receiving cells (in 𝐶𝐷 𝐶𝑅(𝑡)

mol L-1), respectively,  and  are the area (in cm2) and thickness of the membrane (in cm), 𝐴 𝐿

respectively,  is the permeability of VO2+ ions (in cm2 s-1), and  is the volume of the 𝑃 𝑉𝑅

receiving cell (L). This expression assumes the following: (1) the permeation in the membrane 

has reached pseudo-steady state, (2) vanadium ion permeability is independent of ion 

concentration, (3)  ≫ , and (4) the reduction in  over the length of the experiment is 𝐶𝐷 𝐶𝑅(𝑡) 𝐶𝐷

negligible.44 

2.4. Ion exchange capacity (IEC) 

IEC experiments were performed according to literature.27,45 Briefly, the membrane was 

dried under vacuum at 80 °C for 24 h, massed, and immersed in 1 mol L-1 NaCl for 24 h. Next, 

the membrane was removed from the NaCl solution, and the remaining solution was titrated with 

0.01 mol L-1 NaOH with phenolphthalein (1% in a mixture of 1:1 water:ethanol by volume). The 

IEC for each membrane was calculated as follows
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IEC =  
𝑉NaOH𝐶NaOH

mdry
       , (2)

where  is the volume of titrated NaOH solution (in L),  is the concentration of the 𝑉NaOH 𝐶NaOH

NaOH solution, and  is the dry mass of the membrane. mdry

2.5. Equilibrium Water Uptake

   After fabrication, each membrane was immersed in RO water and allowed to equilibrate for at 

least 24 h. Once the membranes were equilibrated, they were removed from the RO water, patted 

dry with a Kim Wipe, and the mass of the wet membrane, , was taken. To obtain the dry mwet

mass, the membranes were dried at 90 °C for 24 h. The following equation was used to calculate 

the equilibrium water uptake

Equilibrium Water Uptake (%) =  
mwet ― mdry

mdry
 x 100      . (3)

2.6. Proton Conductivity and Selectivity

Through-plane proton conductivity was measured using a polymer electrolyte membrane (PEM) 

electrochemical hydrogen pump (H-pump) cell. Prior to running conductivity experiments, the 

membranes were pre-treated in 0.5 mol L-1 H2SO4 at 70 °C for 1 h, then stored in DI water until 

they were mounted in the H-pump cell. Electrodes (2 mg cm-2 Pt/C (Pt on Carbon cloth, Fuel 

Cell Store)) were attached to graphite rods (current collectors), and the graphite rods were 

pressed onto the membrane surface to define an active electrode area. Each side of the cell was 

bathed with humidified hydrogen gas, and symmetrical electrochemical H-pump experiments 

were carried out at 100% relative humidity and room temperature. These measurements provided 
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linear current–voltage curves reflecting proton transmission rates through the membranes. A 

WaveDriver 20 potentiostat/galvanostat system (Pine Research Instrumentation) was utilized for 

data collection, and AfterMath data organizer software (Pine Research) was utilized to analyze 

the data. Membrane resistance was calculated from the inverse slope of linear current−voltage 

curves, following correction for series resistance contributions from all other factors besides the 

membrane ohmic resistance. Membrane ionic conductivity  was obtained from membrane 𝜅

resistance by accounting for geometric factors (area and thickness) using the following equation: 

, where  and  are the conductivity, thickness, and resistance of the membrane, 𝜅 =  𝑑/𝑅𝐴 𝜅, 𝑑, 𝑅

respecitively, and  is the geometric active area for electrodes in the electrochemical H-pump 𝐴

cell. Additional information regarding the apparatus, along with an illustrative schematic, may be 

found elsewhere.46 

From the proton conductivity and vanadium ion permeability, the proton selectivity  for 𝑆

each membrane can be calculated as follows

𝑆 =  
𝜅
𝑃             . (4)

2.7. Transmission electron microscopy (TEM) imaging

TEM samples were prepared according to literature. Briefly, dispersions of Nafion and SiNPs 

were diluted to a mass fraction of approximately (0.05%  to 0.1%) Nafion in the same solvent as 

the solution. The solutions were drop cast onto 300 mesh copper grids with lacey carbon support 

(Electron Microscopy Services, Hatfield, PA), allowed to dry at room temperature, and annealed 

like previously described. The samples were then imaged by a Hitachi 9500 high-resolution 
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TEM operated at 300 kV, emission current of 8.0 µA, and filament of 29.1 V with an exposure 

time of 2.0 s. 

2.8. Optical Microscopy Imaging

Composite films with dried particles were imaged by optical microscopy on an Olympus 

BX60 microscope with a 20x objective and using Image-Pro Plus software for image processing. 

Films were dried in the hood before imaging and adhered to a glass slide with double-sided tape. 

A cross-polarized lens was utilized for imaging.

2.9. Small-angle neutron scattering (SANS)

SANS experiments were performed on the NG-B 10 m SANS instrument (all samples except 

the membranes with “Dried” particles) and the NG-7 30 m SANS instrument (all samples 

prepared with the “Dried” particles) at the National Institute of Standards and Technology Center 

for Neutron Research (NCNR). Nanocomposite films were cast and annealed as described in the 

previous section. At least 24 h prior to SANS experiments, the membranes were hydrated in 

liquid H2O. The hydrated films were then placed in a demountable cell, where the distance 

between quartz windows was either 1 mm or 2 mm. A circular aperture with diameter of 1.27 cm 

(or 0.5 in) was utilized for all samples. The incoming neutron wavelength and the sample-to-

detector distance were varied to collect a range of  values ( ), where  and  are 𝑄 𝑄 = 4𝜋sin 𝜃 𝜆 𝜃 𝜆

the scattering angle and wavelength of the neutrons, respectively. In this study, SANS data were 

collected over  values ranging from 0.0035 Å-1 to 0.5 Å-1 for the 10 m SANS instrument and 𝑄

0.0009 Å-1 to 0.5 Å-1 for the 30 m SANS instrument. The total collection time for each sample 

was approximately 3 h. The SANS data were reduced using the software package developed at 

the NCNR,42 where the thickness of the cell was used for all reduction calculations. Furthermore, 
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both the high-  (i.e., hydrophobic peak) and low-  (i.e., hydrophilic or ionic peak) were fit to a 𝑄 𝑄

Gaussain model using SasView, which is available free of charge at https://www.sasview.org.

2.10. Dynamic Light Scattering (DLS)

DLS was utilized to measure the hydrodynamic diameter of AA-Dried particle with a 

ZetaSizer Nano ZS. Particles were suspended in RO water and sonicated for 30 min before 

analysis.

3. Results and Discussions

3.1. Vanadium ion permeability, ion exchange capacity, and equilibrium water uptake

Table 1 summarizes the nomenclature for each of the PFSA ionomer nanocomposites 

synthesized with respect to both the surface chemistry and the size of the SiNPs. 

Table 1. Nomenclature for Nafion  and Nafion nanocomposites containing a mass 
fraction of 5% unfunctionalized and functionalized SiNPs with nominal diameters 
ranging from 10 nm to >1 m.

PFSA Membrane
(-) SiNP Surface Chemistry

(-)
Nanoparticle Size 

(nm)

Nomenclature
(-)

Nafion containing

 no SiNPs N/A N/A Pristine–Naf

10 Naf–UF–10

100 Naf–UF–100  

200 Naf–UF–200  

 Unfunctionalized 
SiNPs

(UF–SiNP)

>1000 Naf–UF–Dried  

10 Naf–AA–10Alkyl-Amine SiNPs
(AA–SiNP)

NH2
100 Naf–AA–100
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200 Naf–AA–200

>1000 Naf–AA–Dried

10 Naf–AS–10

100 Naf–AS–100

200 Naf–AS–200

Alkyl-Sulfonic 
Acid SiNPs
(AS–SiNP)

SO3H

>1000 Naf–AS–Dried

For example, the nomenclature for a PFSA ionomer containing a mass fraction of 5% 

unfunctionalized SiNPs, with an approximate diameter of 100 nm, is referred to as Naf–UF–100. 

Note, the SiNPs sizes listed in Table 1 are approximate sizes of the particles (determined via 

electron and optical microscopy imaging). Further, the term “Dried” is used to denote SiNPs that 

were received in a dry form, while all other SiNPs were purchased already suspended in solution 

and never dried out before being mixed with the PFSA ionomer prior to solution casting. The 

exact extent of aggregation of the Dried SiNPs is addressed later, as it is well-known that drying 

SiNPs results in significant and irreversible aggregation.36,37 
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 Figure 2 shows the vanadyl ion (VO2+) permeability of each ionomer nanocomposite as a 

function of both the size (numbers on the -axis) and the surface chemistry (various colored 𝑥

bars) of the SiNPs, where solid gray, blue, and red bars represent membranes containing UF–

SiNP, AS–SiNP, and AA–SiNPs, respectively. As noted earlier, each of the nanocomposites 

contain a mass fraction of 5% SiNPs.  For reference, a value of (0.81 ± 0.05)  10-8 cm2 s-1 for ×

the VO2+ permeability for pristine (no SiNPs), annealed Nafion membranes has previously been 

reported.27 Focusing our attention in Figure 2 on ionomer membranes containing 

unfunctionalized SiNPs (i.e., containing UF–SiNP; solid gray (left) bars), we observe an initial, 

Figure 2. Vanadyl ion (VO2+) permeability for PFSA ionomer nanocomposites containing a 
mass fraction of 5% SiNPs with varying nominal diameters and surface functionalities. 
Ionomer membranes containing UF-SiNP, AS-SiNP, and AA-SiNP are shown in solid gray, 
blue, and red bars, respectively. Error bars represent the standard deviation of the average 
VO2+ permeability, which was calculated from experiments on at least three separate 
membranes. The dashed black line represents the average VO2+ permeability for Pristine–Naf. 
Note, the data shown for membranes containing 10 nm SiNPs have been previously 
published.27 
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statistically significant fractional increase of approximately 50% in vanadyl ion permeability 

when the NP size is increased 10-fold. Note, the statistical significance in the difference between 

various samples was determined from the p value obtained from a t-test on the data sets. As 

shown in Figure 2, a difference in the calculated permeability between two samples can be 

considered statistically significant if the ranges of each measured value (determined from the 

average +/- the standard  deviation) do not overlap. So, while the difference in VO2+ 

permeabilities between Naf–UF–10  and Naf–UF–100 is statistically significant, the same is not 

true when comparing Naf–UF–10 and Naf–AA–100, where, within the error on the calculated 

average, the difference in permeabilities between these two samples is not statistically 

significant. We observe a further increase in VO2+ permeability with increasing NP size, where a 

fractional increase of over 100% is observed for Naf–UF–200, when compared to Naf–UF–10. 

Note, Naf–UF–10 were the only membranes within this series of ionomer nanocomposites (i.e., 

those containing UF–SiNP) to exhibit a lower VO2+ permeability than that of annealed, solution-

cast Nafion containing no SiNPs (shown as the dashed black line in Figure 2).6,27 

Next, focusing our attention on composite membranes containing alkyl-sulfonic acid-

functionalized SiNPs (i.e., containing AS–SiNP; solid blue (middle) bars), we observe that the 

vanadyl ion permeabilities of all these composites were similar to or greater than the VO2+ 

permeability of the Pristine–Naf membranes. Specifically, there were no statistically significant 

differences among the permeabilities of Naf–AS–10, Naf–AS–200, and Pristine–Naf. 

Additionally, as seen in Figure 2, there is no discernable trend in VO2+ permeability with NP 

diameter for this series of membranes. Notably, the highest vanadium ion permeability 

(approximately 50% larger than Pristine–Naf) was observed for Naf–UF–200 and Naf–AS–

Dried. In constrast, for composite membranes containing amine-functionalized SiNPs (i.e., 
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containing AA–SiNP; solid red (right) bars), we observe NP size dependency in the VO2+ 

permeabilities, where an approximately 80% and 45% relative reduction in permeability 

(compared to Pristine–Naf) was observed for Naf–AA–200 and Naf–AA–Dried, respectively. In 

general, PFSA composite membranes containing AA–SiNP exhibited the lowest VO2+ 

permeabilities at each of the nominal NP sizes. The exception to this are composite membranes 

containing 10 nm SiNPs, where  Naf–UF–10 showed a lower permeability than Naf–AA–10.
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In addition to VO2+ permeability, the ion exchange capacity (IEC) and equilibrium water 
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uptake of each membrane were measured, and the results are presented in Figure 3. For 

Page 19 of 59 Soft Matter



20

reference, the average IEC (1.03 ± 0.05 mmol g-1) and equilibrium water uptake (16.5 ± 1.8%) of 
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Pristine–Naf are represented by the dashed black lines in Figures 3a and 3b, respectively.47 The 
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IEC of an ionomer is an important parameter when discussing proton exchange membranes, as it 
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provides information on the amount of protons that are available for ion transport. This is closely 
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related to proton conductivity since ion hopping is one of the dominant mechanisms of proton 
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transport in ionomers. That is, a higher IEC indicates more protons available for the ion hopping 
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process, and thus (in theory) a higher proton conductivity. Water uptake is another factor that 
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might affect the proton conductivity, as the proton transport in these ionomers is a water-
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facilitated process. The vehicular mechanism is the other mechanism of proton transport, where 
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freely moving water within the ion channels plays an essential role in transporting protons, and 
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thus, the water uptake    properties directly impact the proton conductivity of the ionomer 

nanocomposites. Hence, IEC and water uptake are discussed together. In principle, changes to 

Figure 3. (a) Ion exchange capacity (IEC), (b) equilibrium water uptake, and (c) fixed 
charge group density for Nafion nanocomposites containing a mass fraction of 5%  
SiNPs with varying nominal diameters and surface functionalities. Ionomer membranes 
containing UF-SiNP, AS-SiNP, and AA-SiNP are shown in solid gray, blue, and red 
bars, respectively.  The dashed black lines represents the calculated average IEC and 
equilibrium water uptake of Pristine–Naf. The error bars in each figure represent the 
standard deviation of the average value, which was calculated from experiments on at 
least three separate membranes. 
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the IEC and water uptake of an ionomer can significantly alter vanadyl ion (VO2+) permeability, 

as it is   well known that the concentration of charged groups strongly influences sorption and 

transport of ions in charged polymers.49–51,52,53 

As shown in Figure 3a, the IECs for ionomers containing UF–SiNP were independent of NP 

size, where no statistically significant differences in IECs amoung membranes in this series were 

observed. Further, excluding Naf–UF–200, the IEC values for these membranes are lower than 

that of Pristine–Naf. Similarly, the IECs of  membranes containing AA–SiNP are either lower 

than or show no statistical difference when compared to Pristine–Naf.  In contrast, Naf – AS 

membranes exhibited IECs that were greater than that of Pristine–Naf, where the highest IEC 

was measured for Naf–AS–100 and Naf–AS–200.  Interestingly, the IEC valus for the various 

membranes within each series do not appear to correlate with the measured VO2+ permeabilities. 

For example, the IECs of Naf–AS membranes are greater than that of Pristine–Naf and yet these 

membranes exhibit the highest VO2+ permeabilities when comparing amoung the various series. 

In contrast, two of the lowest permeabilities were exhibited for Naf–AA–100 and Naf–AA–200, 

though the calculated IECs of these membranes are not statistically different than that of 

Pristine–Naf.  

Along with IEC, the equilibrium water uptake for each membrane was measured and the 

results are summarized in Figure 3b. In general, ss seen in Figure 3b, the introduction of SiNPs 

leads to a reduction in equilibrium water uptake for the ionomer nanocomposites, with the 

exception of membranes containing 10 nm SiNPs, where no statistically significant ddifferences 

between the water uptake of these membranes and Pristine–Naf were observed. Similar to what 

was seen with the IEC values, there is no decernable correlation between the water uptakes and 

VO2+ permeabilities of the various membranes with each series. This is especially true for 
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membranes containing UF–SiNP and AS–SiNP, where higher VO2+ permeabilities were 

observed for membranes with equilibrium water uptake values lower than that of Pristine–Naf, 

though these differences in water uptake are only on the order of a couple of percentage points. 

In addition to viewing IEC and water uptake individually, the ratio of IEC and water uptake 

provides another useful parameter, the fixed charge group density , which represents the 𝐶𝑚,𝑤
𝐴

concentration of fixed charge groups in the ionomer (i.e., mmol of fixed charge groups per mL of 

sorbed water; here A is ). The fixed charge group density of each ionomer nanocomposite SO ―
3

can be computed via the following equation: , where  is the water 𝐶𝑚,𝑤
SO ―

3 = (IEC × 𝜌𝑤) 𝑤𝑢 𝑤𝑢

uptake (in grams of water per gram of dry polymer) and  is the density of water (taken as 1 g 𝜌𝑤

cm-3).48 The parameter  is a more accurate representation of the electrostatic environment 𝐶𝑚,𝑤
SO ―

3

the diffusing ions experience inside the ionomer, and when taken in conjunction with the total 

ion concentration of the adjacent solution , can provide insight into the impact of Donnan 𝐶s
T

exclusion (repulsion) on the permeability of ions through the membrane. 

Traditionally, Donnan theory has been utilized to provide insight into the impact of IEC 

values on ion transport, or the partitioning of ions into (and out of) the ionomer.54–56 For 

electrostatic repulsion of counter ions into the ionomer to occur (or restriction of the desorption 

of co-ions to occur), the total ion concentration of the adjacent solution must be less than the 

fixed charge density of the ionomer – i.e.,  – such that the fixed charges in the 𝐶s
T < 𝐶𝑚,𝑤

SO ―
3

membrane are not sufficiently screened by the sorbed counter ions. At high enough ion 

concentrations in the external solution, the environment inside the membrane and that of the 

contiguous solution become thermodynamically similar. Using the information from Figures 3a 

and 3b,  was calculated for Nafion and each Nafion nanocomposite. The results have been 𝐶𝑚,𝑤
SO ―

3

summarized in Figure 3c. For the electrolyte concentrations utilized in permeation experiments,  
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we calculate a value of total ion concentration in the solution  mol L-1 𝐶s
T = 𝐶s

SO ―
3 = 𝐶s

VO2 + ,H + ≈ 5

(recalling that the donating reservoir contains 1.5 mol L-1 VOSO4 in 3.0 mol L-1 H2SO4).

As seen from Figure 3c, the fixed charge densities of all of the membranes is greater than 5 

mol of ions per L of sorbed water, though most fall with a narrow range of approximately (6 to 

8) moles of ions per L of sorbed water. Notable exceptions to this are Naf–AS–100, Naf–AS–

200, and Naf–AS–Dried, which all had  values greater than 10, with Naf–AS–100 𝐶𝑚,𝑤
SO ―

3

exhibiting a value as high as 25 mol of ions per L of sorbed water. These high values suggest that 

the electrostatic potential between the ionomer nanocomposites and the external electrolyte 

solutions could play a role in governing ion transport through these membranes, though no 

correlation between the elevated values of  and vanadyl ion permeabilities for these 𝐶𝑚,𝑤
SO ―

3

membranes was observed. However, as the total ion concentration of the membrane-adjacent 

donating solution (  mol L-1) is close to or similar to the  of most of the ionomer 𝐶s
T ≈ 5 𝐶𝑚,𝑤

SO ―
3

membranes, the impact of Donnan exclusion/repulsion on ion transport in these membranes 

would be minimal due to a sufficient amount of ions in membrane (from the external solution) 

that effectively screen the fixed charges of the membrane. It is clear from these calculations that 

a complete understanding of the effect of particle size on the performance of these PFSA 

ionomer nanocomposites cannot be solely attributed to changes to the IEC and water uptake of 

these membranes.

3.2. Proton Conductivity and Ion Selectivity

To gain additional insight into the impact of SiNP size and surface functionality on ion transport, 

the proton conductivity, and in turn the proton selectivity, of each membrane was calculated. 

Figure 4 shows both the proton conductivity (Figure 4a) and the ion selectivity (Figure 4b) of 
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pristine Nafion and Nafion nanocomposites. Here, proton selectivity was calculated as the proton   

conductivity (in mS cm-1) divided by the vanadyl ion permeability (in cm2 s-1). For reference, the 

average proton conductivity (95.9  6.5 mS cm-1) and proton selectivity ((118.5 ± 15.4)  108 ×

mS s cm-3) of Pristine–Naf is represented by the dashed black lines in  Figures 4a and 4b, 

respectively. As seen from Figure 4a, all nanocomposite membranes, except those containing 10 

nm UF–SiNP, exhibited proton conductivities lower than that of Pristine–Naf. For Naf–UF–10, 

the proton conductivity was not statistically different than that of Pristine–Naf. Further, within a 

particular nominal diameter group, ionomers containing UF–SiNP always exhibited higher 

proton conductivites than those containing either AS-SiNP or AA-SiNP, with the exception of 

Naf–AA–100, where no statistical difference in proton conductivity between Naf–AA–100 and 

Naf–UF–100 is observed. The  proton conductivity of membranes containing UF–SiNP is seen to 

Figure 4. (a) Proton conductivity of Nafion nanocomposites. The dashed black line 
represents the calculated average proton conductivity of Pristine–Naf. (b) Proton selectivity 
(i.e., proton conductivity divided by vanadyl ion permeability) of Nafion nanocomposites. 
The dashed black line represents the calculated average ion selectivity of Pristine–Naf. Error 
bars in each plot represent the standard deviation of the average value, which was calculated 
from experiments on at least three separated membranes.
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drop from 95 mS cm-1 to 70 mS cm-1 when the size of the NPs is >10 nm. When comparing ≈ ≈

this trend with that observed for VO2+ permeability, we observe the opposite behavior, where the 

VO2+ permeability is seen to increase with increasing SiNP size, where the lowest permeability 

is observed for Naf–UF–10.

While high proton conductivity is desired for energy storage and delivery technologies, it is 

also important to characterize the proton selectivity of each ionomer nanocomposite as this 

parameter provides insight into the potential trade-off between the desired low vanadium ion 

permeability and high proton conductivity. As seen in Figure 4b, there are only four membranes 

with proton selectivities greater than or equal to that of Pristine–Naf – Naf–UF–10 and 

composite membranes containing AA–SiNP with nominal diameters >10 nm. Specifically, Naf–

UF–10 and Naf–AA–200 exhibited proton selectivities greater than that of Pristine–Naf, while 

the proton selectivies of Naf–AA–100 and Naf–AA–Dried were not statistically different from 

that of Pristine–Naf. Most notably, Naf–AA–200 exhibited an proton selectivity four-fold greater 

than that of Pristine–Naf. Noting that both the VO2+ permeability and the proton conductivity 

decrease with the introduction of 200 nm AA–SiNP, we posit that the electrostatic interactions 

between the sulfonic acid groups (of Nafion) and the protonated amine groups (of the 

functionalized NPs) lead to either a decrease in the size/spacing of the ionic channels or an 

increase in the tortuosity of the ionic channels in the membrane (or some combination of both). 

This decrease in size more heavily impacts vanadyl ion transport (which is believed to primarily 

occur through a “vehicular transport” mechanism – i.e., through the center of the ion channels as 

hydrated ions) as compared to proton conductivity (which is believe to primariliy occur through 

a “proton hopping” mechanism – i.e., along the walls of the ion channels). However, little 

correlation is observed between proton conductivity and IEC values (Figure 4a vs. Figure 3a), 
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highlighting why IEC cannot be used alone as a predicter of ion transport rates in these PFSA 

ionomer membranes. To help provide further insight into the observed changes in ion selectivity 

with SiNP size and surface chemistry, the NP dispersion states for each of the composite 

membranes were imaged using electron and optical microscopy.

3.3. Silica Nanoparticle (SiNP) Dispersion State

Transmission electron microscopy (TEM) was utilized to image the SiNP dispersion states 

within the PFSA nanocomposites containing SiNPs with varying surface chemistry and nominal 

diameters of 100 nm and 200 nm. These TEM images are presented in the first two columns of 

Figure 5. For nanocomposites containing Dried NPs (i.e., SiNPs (or particles) with nominal 

diameters of >1000 nm), the particles were too large to image via TEM, and optical microscopy, 

equipped with a polarized lens, was utilized to characterize the SiNP dispersion states of these 

membranes. The images obtained by optical microscopy are presented in the third column (i.e., 

far right column) of Figure 5. Note, TEM images of nanocomposite membranes containing 10 

nm particles have been previously published and therefore, are not presented in Figure 5.28 

As mentioned in the last section, the sizes of the SiNPs listed in Table 1 are nominal sizes, 

which come from a visual inspection of the electron and optical microscopy images presented in 

Figure 5. We point this out to the reader, as in some cases, these nominal sizes differed 

drastically from the sizes listed by the manufacturer. This was most notable in membranes 

containing SiNPs with a nominal size of 100 nm (i.e., TEM images located in the first column of 

Figure 5). First, we observe the presence of significantly smaller particles, on the order of 5 nm 

to 20 nm in diameter, in Naf–AA–100 (Figure 5g), which are not observed in either Naf–UF–100 

or Naf–AS–100 (Figures 5a and 5d, respectively), where the average sizes of UF-100 and AS-
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100 particles are approximately 100 nm. Furthermore, the NP dispersion states among these 

three membranes are drastically different, where signficant aggregates are observed in both Naf–

UF–100 and Naf–AA–100. These results are almost analogous to previous results obtained from 

Figure  5. (a, b, d, e, g, h; first two columns) Transmission electron and (c, f, i; far right 
column) optical microscopy images of PFSA nanocomposite membranes containing a mass 
fraction of 5% SiNPs with various surface functionalizations. The microscopy images are 
organized in rows according to their surface chemistry, where top, middle, and bottom rows 
represent Naf–UF (outlined in gray), Naf–AS (outlined in blue), and Naf–AA membranes 
(outlined in red), respectively. As seen at the top of the images, the images are organized in 
columns according to the sizes of the SiNPs, which increase from left to right. Note, the scale 
bars for all TEM images are 200 nm, while the scale bars for all optical microscopy images 
are 20 µm. The optical microscopy images were obtained with a polarized lens. 
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our group, where ‘diffuse’ and ‘tighter’ aggregations of SiNPs were observed for Naf–UF–10 

and Naf–AA–10, respectively. In contrast, at 100 nm,  a relatively uniform dispersion was seen 

for Naf–AS–100,27,28 which is also analogous to prior our results on Naf–AS–10, where TEM 

images showed uniform NP dispersion states for PFSA ionomers containing sulfonic acid-

functionalized SiNPs. For ionomer membranes containing SiNPs with a nominal size of 200 nm, 

both the NP sizes (and distribution of sizes) and the NP dispersion state were similar across all 

membranes, with NPs in Naf–UF–200, Naf–AS–200, and Naf–AA–200, ranging from 

approximately 200 nm to 230 nm in diameter. Note, the web-like structure observed in the 

background of these images arises from the lacey carbon of the TEM grid support and is not a 

feature of the ionomer nanocomposite. As seen in Figures 5b, 5e, and 5h, the all of the NPs 

exhibit diffuse clustering, though the degree of clustering (i.e., ‘buffer zone’ between individual 

NPs) appears to vary with surface chemistry. Specifically, the NP aggregates become more 

diffuse as follows: AS–200 > AA–200 > UF–200. Lastly, optical microscopy images of ionomer 

membranes containing a mass fraction of 5% Dried SiNPs showed particles with diameters 

ranging from approximately 5 μm to 30 μm, for all functionalities.

Interestingly, UF–SiNP  and AA–SiNP tended to aggregate regardless of size, with the 

highest degree of aggregation observed in ionomer membranes containing AA–SiNP. The 

increase in VO2+ permeability with increasing UF–SiNP size is not as clearly described by the 

dispersion of the particles, though it is obvious that clusters (or aggregates) of particles form at 

all nominal sizes, where the size of these aggregates shows no discernable trend with respect to 

particle size. Significant aggregation of AA–SiNP  was observed for all particle sizes, though the 

highest degree of aggregation was seen in nanocomposites containing either 10 nm or > 1 m 
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NPs. Most notably, the aggregates within Naf–AA–Dried span across the entire optical 

microscopy image, where some larger aggregates appear to be on the order of tens of microns. 

As previously observed by our group, the presence and degree of SiNP aggregation appears 

to directly affect the  VO2+ permeability and proton conductivity, especially for ionomers 

containing SiNPs with amine-functionality.28 The permeation data for this series of membranes 

suggests that an optimal SiNP aggregate size exists for these PFSA composite membranes, where 

in our previous work, aggregates on the order of 500 nm in size were also observed in Naf–AA–

10. Overall, it is clear that the size of the nanoparticles, whether that be with respect to the 

presence of micron-sized particles or with respect to large NP aggregates, results in a reduction 

in the VO2+ permeability for Naf–AA, when compared not only to Pristine–Naf, but also to Naf–

UF and Naf–AS.  In contrast, AS–SiNP, regardless of size, are better dispersed within the PFSA 

ionomer. The lack of significant aggregation in Naf–AS membranes – i.e., a more uniforn SiNP 

dispersion state – appears to be captured in both the VO2+ permeability and proton conducitivty 

data, where a relatively constant value of proton selectivity for this series of membranes is 

observed.

3.4. Composite Membrane Morphology

In this section, SANS experiments were performed on hydrated Nafion and Nafion 

nanocomposite membranes to elucidate the relationship between the ion selectivity, SiNP 

dispersion state, and the nanostructure of the PFSA ionomer nanocomposites. All SANS 

measurements were performed on membranes hydrated (i.e., equilibrated) in water (i.e., 100% 

H2O) at 25 °C. The SANS curve for hydrated Pristine–Naf is shown in Figure 6. Although these 

data have been previously published by our group,26 they have been included in the current 
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manuscript for ease of comparison for the reader. While the exact nanostructure of Nafion is still 

debated today, one of the most accepted structures is known as the “cluster network model”, 

which describes an interconnected network of spherical ionic domains surrounded by the 

hydrophobic perfluoronated backbone, which provides the mechanical support for the ionomer 

membrane.4,7  As seen in Figure 6a, the SANS curve for hydrated Pristine–Naf contains two 

characteristic scattering peaks, one in the high-  region at   0.144 Å-1 and one in the mid-  𝑄 𝑄 ≈ 𝑄

region at   0.055 Å-1, that are directly correlated to the periodic spacing of the hydrophilic 𝑄 ≈

and hydrophobic domains of the ionomer, respectively.5,26 Henceforth, the high-  and mid-  𝑄 𝑄

scattering peaks will be referred to as the hydrophilic and hydrophobic peaks, respectively.  

Figure 6b shows the same scattering curve, where the hydrophobic (solid red line) and 

hydrophilic (solid blue line) peaks have been regressed to a Gaussian model. More details 

Figure 6. Small-angle neutron scattering (SANS) curve for hydrated pristine Nafion. (b) 
Gaussin fit of the mid-  (hydrophobic; solid red line) and high-  (hydrophilic; solid blue line) 𝑄 𝑄
peaks of pristine Nafion. All membranes were hydrated in 100% H2O for at least 24 h prior to 
SANS experiments. The error bars on the SANS data for each membrane represent the standard 
deviation in calculated intensities. Note, the scattering data shown in (a) and (b) have been 
previously published.28 
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regarding the results of this regression for all of the membranes will be provided later in this 

section.
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Figure 7 shows the SANS curve for hydrated Nafion nanocomposites. Specifically, the 

scattering curves for ionomers containing a mass fraction of 5% SiNPs with varying surface 

functionalitiy and nominal diameters of 10 nm, 100 nm, 200 nm, >1 m are shown in Figures 7a,   

7b, 7c, and 7d, respectively. Note, the SANS curves shown in Figure 7 have been truncated at 

Figure 7. Small-angle neutron scattering (SANS) curves for hydrated (a) pristine Nafion and  
Nafion nanocomposites containing a mass fraction of  5% SiNPs with various surface 
functionalities and nominal diameters of (b) 10 nm, (c) 100 nm, and (d) 200 nm. Specifically, 
the SANS curves for Pristine–Naf, Naf–UF, Naf–AA, and Naf–AS are shown in solid black 
diamonds, gray circles,  red triangles, and blue squares, respectively. All membranes were 
hydrated in 100% H2O for at least 24 h prior to SANS experiments. The error bars on the 
SANS data for each membrane represent the standard deviation in calculated intensities.Note, 
the scattering data shown in (a) and (b) have been previously published.28 
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low- . That is, a portion of the low-  data has been excluded from these figures as  the absolute 𝑄 𝑄

intensity of the lower  data points visually  obscures the changes to the hydrophobic and 𝑄

hydrophilic peaks. The full scattering curves can be found in the ESI† (Figures S1-S4). Also 

note, while the scattering curves  shown in Figure 7a have been previously published by our 

group, it has been included in this manuscript for ease of comparison for the reader. Further, the 

scattering data for membranes containing UF-SiNP has been previously published by our group. 

As the actual curve did not significantly add to the discussion of the current data, it has been 

omitted from from Figure 7d.6 Upon an initial visual inspection of the scattering curves shown in 

Figures 7b-d, it appears that the hydrophobic peaks have shifted to lower  values (i.e., large d-𝑄

spacing), while the hydrophilic peak locations have remained unchanged or shifted to higher  𝑄

values (i.e., smaller d-spacing) when compared to Pristine–Naf. In addition, a low-  upturn in 𝑄

the SANS data, which is not present in the Pristine-Naf case, can be observed for all ionomer 

nanocomposites. This upturn has previously been attributed to aggregation (or agglomeration) of 

the SiNPs.48 

First, focusing our attention on this low-  upturn, we observe a trend with SiNP surface 𝑄

functionalization and the  value at which the low-  upturn begins. Specifically, the low-  𝑄 𝑄 𝑄

upturn is seen to begin at higher  values for membranes containing UF-SiNP, followed by those 𝑄

containing AS–SiNP, and finally by those containing AA–SiNP. This trend follows what is 

observed in the TEM images, where the largest SiNPs aggregates were observed for membranes 

containing AA–SiNPs. The exception to this trend is seen for membranes containing “Dried” 

SiNPs (Figure 7d), where the low-  upturn for Naf–AA–Dried is seen to occur at a slightly 𝑄

higher  value than Naf–AS–Dried. Next, looking at the scattering curves for membranes 𝑄

containing 100 nm SiNPs (Figure 7b), an additional inflection in scattering curve of Naf–AS–
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100 (at  0.01 Å-1) is observed. In fact, when looking at the full scattering curves (see Figures 𝑄 ≈

S1-S4), an inflection in the low-  data is seen to occur for all of these membranes. Furthermore, 𝑄

this inflection becomes more apparent in all of the truncated scattering curves when the SiNP 

nominal size is increased from 100 nm to 200 nm (Figure 7b vs. Figure 7c). This inflection in the 

scattering data may be a fringe from the form factor of the spherical SiNPs or may be indicative 

of large aggregates of the SiNPs. The authors attempted to gather more quantitative information 

from this feature in the scattering curve by fitting the low-  data, for both 100 nm and 200 nm 𝑄

SiNPs, with a spherical form factor. While the model provided reasonable fits to the scattering 

data (i.e., the sum of squared error between the model and the scattering data were low), the 

physical parameters returned (e.g., radius of particle) were not physically realistic for the 

systems. This discrepancy between the model parameters and the nominal particle sizes observed 

in the TEM images may be due to scattering features of these larger particles existing outside the 

-window of this particular SANS instrument. While outside the scope of this investigation, 𝑄

complementary small-angle X-ray or ultra small-angle X-ray/neutron scattering may be useful in 

elucidating the origins of this low-  feature.  𝑄

To confirm the shifts in the hydrophobic and hydrophilic peaks observed by visual inspection 

of the scattering curves, a quantitative characterization of the peak locations was performed. 

According to the Bragg approximation, the wave vector of a peak  can be correlated to the 𝑞 ∗

Bragg d-spacing of each feature . To determine the peak location (as well as the ( ≈ 2𝜋/𝑞 ∗ )

distribution width – i.e., standard deviation), both the hydrophobic and hydrophilic peaks were 

fit to a Gaussian model (see Figure 6b). This analysis was also applied to the hydrophobic and 

hydrophilic peaks for all the ionomer nanocomposites. A summary of the values for the d-

spacing of each scattering peak and the spread (or breadth) of the peak for all of the ionomer 
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nanocomposites is provided in Figure 8.  Specifically, the d-spacing (peak maximum) and 
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breadth of the correlation peak obtained from fitting the the mid-  (hydrophobic) peak are 𝑄

shown in Figures 8a and 8b, respectively, while  the d-  spacing (peak maximum) and breadth of 

Figure 8. d-spacings (in nm) of the (a) mid-  (hydrophobic) and (c) high-  𝑄 𝑄
(hydrophilic) scattering data for Nafion and Nafion nanocomposites containing a mass 
fraction of 5 % unfunctionalized and functionalized SiNPs with nominal diameters 
ranging from 10 nm to >1 m. Breadth of the (b) mid-  (hydrophobic) and (d) high-  𝑄 𝑄
(hydrophilic) correlation peaks, which was obtained from regression of a Gaussian 
model to the SANS curves. The dash line in each figure represents the value for Pristine–
Naf  (no SiNPs).
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the   correlation peak obtained from fitting the the  high-  (hydrophilic) peak are shown in 𝑄

Figures 8c and 8d, respectively. For reference, the d-spacings for the mid-  (11.5 nm) and high-𝑄

 (4.5 nm) peaks for Pristine–Naf are represented by the dashed black lines in Figures 8a and 8c, 𝑄

respectively. The visual changes to the peak locations and breadth in the SANS curves are 

verified by the peak locations obtained through fitting of these peaks to a Gaussian model. As 

seen in Figure 8a, the introduction of SiNPs results in an increase in the periodic spacing of the 

hydrophobic domains of the nanocomposites, irrespective of the nominal diameter and surface 

chemistry of the SiNP. Futher, it can be seen from figure 8b that the breadth of the hydrophobic 

peak increases (in some cases significantly) when compared to Pristine–Naf, where the largest 

peak breadth is observed for Naf–AS–200 ( 7 nm vs. 3 nm). These data show that the ≈ ≈

introduction of SiNPs not only alters the spacing of the hydrophobic domains but also the 

distribution in this spacing (i.e., dispersity). 

Next, the impact of SiNP size and surface functionality on the periodic spacing of the ionic 

domains is summarized in Figure 8c. Surprisingly, there is little correlation observed between the 

spacing of the ionic domains and the proton selectivity of each membrane (Figure 8c vs. Figure 

4b). For example, for Naf–AA–200, which exhibited a four-fold increase in protron selectivity, 

we observe a decrease in the periodic spacing of the ionic domains. However, we also observe a 

decrease in the spacing of the ionic domains for Naf–AA–100, which exhibited almost no change 

in proton selectivity when compared to Pristine–Naf. Further, as seen from Figure 8c, little 

change in the spacing of the ionic domains is observed for most of the ionomer nanocomposites 

studied, where for example, the spacing of the ionic domains for membranes containing UF-

SiNPs was equivalent to Pristine–Naf at all SiNP nominal diameters. With the introduction of 

functionalized particles with stronger surface charge than UF–SiNP (which are near their 
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isoelectric point at the pH utilized in solution casting), it follows that as the size of the NPs is 

increased, the spacings of the ionic domains are  reduced for both AS–SiNP and AA–SiNP, as 

the stronger  electrostatic interactions of the ionic groups with the surface charge of both SiNPs 

force the ionic domains to reorganize. In this case, the reorganization results in a tighter periodic 

spacing of this ionic transport channels. However, it is clear that the absolute value of the 

spacings of these domains cannot alone be used to predict the VO2+ permeability.

In contrast to what was observed with the hydrophobic peak, as seen in Figure 8d, the 

breadth of the hydrophilic peak is seen to both decrease and increase with SiNP size and surface 

functionalization. Specifically, the breadth of this peak is seen to increase for all membranes 

except those containing 100 nm and 200 nm AS–SiNP and AA–SiNP, where for these 

membranes, the peak breadth was 0.5 nm vs. 1.25 nm for pristine Nafion. This result is ≈ ≈

quite interesting as the vanadyl ion permeability for membranes containing AS–SiNP was similar 

to (or slightly higher than) Pristine–Naf, while the vanadyl ion permeabilities for membranes 

containing AA–SiNP were signficiantly lower than that of Pristine–Naf. While it is traditionally 

believed that water and ion transport in these PFSA ionomers is dictacted by the ionic network 

(i.e., spacing of ionic domains) of the polymer, these results highlight that changes to the 

ionomer nanostructure do not necessarily correlate with the observed changes in ion transport 

within these ionomer nanocomposites. These results are similar to those recently reported on 

Nafion membranes containing hydrophobically-functionalized SiNPs, where the periodic spacing 

of the hydrophobic domains was seen to be more significantly impacted than the hydrophilic 

(ionic) domains, though almost a two-orders of magnitude increase in ion selectivity was 

observed.57 It is important to note that while changes in the tortuosity of the ionic network cannot 

be captured via neutron scattering, one would expect that both the SiNP size and surface 
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chemistry may alter the tortuosity of the ionic domains. Changes to the tortuosity of the transport 

channels could help better explain the observed changes in both VO2+ permeability and proton 

conductivity.

3.5. Comparison of Pre-functionalized and In-house-functionalized SiNPs with Amine-
Functionality

Before continuing, it should be noted that up to this point, all data that have been presented 

for Naf–AA–Dried, have come from PFSA ionomer composites fabricated with SiNPs that were 

pre-functionalized with an amine surface chemistry (i.e., the SiNPs were functionalized prior to 

purchase and used ‘as is’). To investigate whether better VO2+ crossover performance could be 

achieved by performing the amine functionalization ‘in-house’ on UF–Dried, functionalization 

of these particles was performed in the manner previously described. Note, the purchased, pre-

functionalized NPs have been previously denoted as AA–Dried, while the in-house amine-

functionalized dried particles are denoted as AA–Dried(F). Following functionalization, the two 

different particles were incorporated into PFSA ionomers, and VO2+ permeability experiments, 

IEC measurements, and optical microscopy were performed on these membranes. In addition, to 

obtain a rough estimage of the average particle size, DLS measurements were performed to 

obtain the hydrodynamic diameter of each of the dried amine-functionalized particles. The 

results of this analysis are presented in Table 2.
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A

s seen in Table 2, both the VO2+ permeabilities and the IECs for Naf-AA-Dried and Naf-AA-

Dried(F) are within error of each other. However, as seen from the last colum in Table 2, the 

hydrodynamic diameters of the two particles are quite different. As noted, the AA–Dried 

particles could not be accurately analyzed by the Zetasizer DLS, which should be capable of 

Table 2. Summary of vanadyl ion permeabilities and IECs for PFSA ionomers 
containing a mass fraction of 5% Dried, amine-functionalized particles that were either 
purchased pre-functionalized or were functionalized in-house. The hydrodynamic 
diameter for each set of particles, obtained from DLS measurements, is also provided. 
Note,  the error for each reported value represents the standard deviation of the 
calculated average, which was calculated from experiments on at least three separated 
membranes.

PFSA 
Ionomer 

Membrane

Vanadium Ion 
Permeability

(10-8 cm2 ∙ s-1)

IEC

(mmol ∙ g-1)

Hydrodynamic 
Diameter of Particles

(nm)

Naf–AA–Dried 0.44 ± 0.02 0.92 ± 0.02 Outside of range of DLS

Naf–AA–Dried(F) 0.46 ± 0.01 0.88 ± 0.02 5600

Figure 9. Optical microscopy images of  PFSA ionomers containing a mass fraction of 5 % 
dried, amine-functionalized particles that were (a) purchased pre-functionalized (Naf–AA–
Dried) or (b) functionalized in-house (Naf–AA–Dried(F)). Note, the image shown in (a) is 
identical to the image shown in Figure 4i. It has been included here for direct comparison. The 
scale bars of all optical microscopy images are 20 µm, and all images were obtained using 
polarized lens.
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characterizing particles with diameters up to 10 m. Therefore, the average size of these particles 

must be at larger than 10 µm in diameter, which is at least twice the average size calculated for 

AA–Dried(F) particles. The difference in particle shape is clearly observed in Figure 9, where 

the optical micrographs of Naf–AA–Dried and Naf–AA–Dried(F) composite membranes are 

shown. The AA–Dried appear to be more spherical in shape, with the presence of large, single 

particles, whereas individual AA–Dried(F) particles are less defined and appear as larger 

aggregates of smaller particles.  To uncover differences in nanostructure between Naf–AA–Dried 

and Naf–AA–Dried(F), hydrated SANS experiments were performed on the two different 

membranes, and the resulting scattering curves are presented in Figure 10. Overall, the SANS 

Figure 10. Small-angle neutron scattering (SANS) curves for hydrated Nafion 
nanocomposites containing a mass fraction of 5 % dried, amine-functionalized SiNPs 
that were either purchased pre-functionalized (Naf–AA–Dried; red triangles) or 
functionalized in-house (Naf–AA–Dried(F); green diamonds). Note, all membranes 
were hydrated in 100 % H2O for at least 24 h prior to SANS experiments. The error 
bars on the SANS data for each membrane represent the standard deviation in 
calculated intensities.
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curves for each composite membrane appear similar, and in fact, the spacings of the hydrophobic 

domains (13.6 nm and 14.0 nm for Naf–AA–Dried and Naf–AA–Dried(F), respectively) and 

hydrophilic domains (4.33 nm and 4.45 nm for Naf–AA–Dried and Naf–AA–Dried(F), 

respectively) are essentially identical between the two membranes. The biggest difference in the 

SANS curves of the two membranes appears in the lowest  region of the scattering curve,  𝑄

where the slope of the scattering data for Naf–AA–Dried dec  reases when compared to that  for 

Naf–AA–Dried(F), though again, this difference is minimal.

CONCLUSIONS

Most notably, the lowest vanadyl ion permeability was observed for Naf–AA–200, where an 

over four-fold reduction in VO2+ permeability was achieved. While the proton conductivity of 

these membranes was seen to decrease by 30%, the proton selectivity of Naf–AA–200 was ≈

still the highest of all membranes investigated, exhibiting an ion selectivity that was 

approximately 400% higher than that of Pristine–Naf. Interestingly, the VO2+ permeability was 

seen to increase with increasing particle size (approximately doubling going from 10 nm to 200 

nm) for Nafion membranes containing UF–SiNP. In contrast, Nafion membranes containing AS–

SiNP exhibited VO2+ permeabilities that were either equal to or higher than that of Pristine–Naf, 

with no discernable correlation between the the nominal diameter and VO2+ permeability. 

From TEM images, the NP dispersion state within the ionomer was seen to vary significantly 

with the NP surface chemistry. In addition, the SANS curves for the different series of 

nanocomposites were seen to vary drastically with both NP surface chemistry and size. Most 

notably, the low-  region of the SANS curves were quite different, with the emergence of a new 𝑄

scattering peak – in some cases, multiple peaks (or shoulders) – which became markedly more 
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prominent when the nominal diameter of the SiNP was increased from 100 nm to 200 nm. We 

believe the low-  features seen in the scattering curves for ionomers containing 100 nm and 200 𝑄

nm SiNPs may arise from interference fringes due to the presence of larger, spherical SiNPs in 

the ionomers. Results from these SANS experiments highlight how ion transport in these 

nanocomposites is not entirely governed by changes to the ionic network with the introduction of 

NPs, as conflicting trends between VO2+ permeability and ionic spacing were observed in many 

cases (e.g., Naf–AS–200 vs. Naf–AA–200). Results from this study have direct implications for 

the use of PFSA ionomer composites for VRFBs, for both fabrication methods that utilize less 

‘controllable’ routes for NP formation, such as in situ sol-gel condensation, as well as for 

solution-cast ionomer nanocomposites, which are far less characterized in the literature. 
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