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ABSTRACT: Ionomer nanocomposites provide a promising
solution to address ion crossover issues inherent to traditional
ion-containing membranes used in batteries for grid-scale
energy storage (e.g., vanadium redox flow batteries). Herein,
we investigate the impact of nanoparticle surface chemistry on
nanoparticle dispersion, membrane morphology, and vanadium
ion permeability in a series of Nafion nanocomposites.
Specifically, silica nanoparticles (SiNPs) were functionalized
with various chemical moieties, seven in total, that electrostati-
cally interact, either attractively or repulsively, with the sulfonic
acid groups that coalesce to form the ionic network within
Nafion. As seen from electron microscopy analysis of the
nanocomposites, SiNPs with sulfonic acid end-functionality
were, on average, well dispersed within the ionomer membrane,
though increased vanadium ion permeability, as compared to pristine (or unmodified) Nafion, was observed and attributed to
changes in the Donnan potential of the system. In contrast, SiNPs with amine end-functionality were, on average, observed to
form large aggregates within the ionomer membrane. Surprisingly, nanocomposites containing a higher degree of nanoparticle
aggregation demonstrated the lowest vanadium ion permeability. Fractal analysis of the low-Q small-angle neutron scattering
data suggests that the interface between the ionomer and the SiNP surface transitions from rough to smooth when the
nanoparticle surface is changed from sulfonic acid-functionalized to amine-functionalized.
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■ INTRODUCTION

Nafion, the current state-of-the-art polymer electrolyte
membrane for vanadium redox flow batteries (VRFBs),1,2 is
a nanophase-segregated ionomer containing a hydrophobic
Teflon-like backbone with hydrophilic sulfonic acid-terminated
pendant chains.3−5 The backbone provides chemical, mechan-
ical, and thermal stability, while the ionic groups, in the
presence of water, coalesce to form an interconnected ionic
network that allows for facile cation transport through the
membrane.1,6,7 However, one standing issue with Nafion is its
poor ion selectivity.4,8 That is, Nafion suffers from high
vanadium ion crossover between vanadium electrolyte
solutions, reducing the overall potential and ultimately the
lifetime of the battery.9 In efforts to increase the ion selectivity
for protons in Nafion, several modification routes have been
pursued.8,10−13

Most notably, the incorporation of nanoparticles (NPs),
typically silica nanoparticles (SiNPs), into the Nafion
membrane has been widely explored.3,8,13−15 The Nafion−
SiNP composite membranes investigated, to date, have

primarily utilized a procedure known as sol−gel condensa-
tion,3,8 whereby a solid Nafion membrane is immersed in a
solution containing NP precursors, which diffuse into the
membrane and react to form an inorganic silica phase within
the extruded film.14,16 While this modification method allows
for greater scalability, control over the sol−gel condensation
process is limited, resulting in a silica phase that is not well
dispersed within the membrane and is quite heterogeneous (in
both size and shape).3,17 Alternatively, nanocomposite
membranes can be fabricated by using a solution-cast method.
For this method, solid SiNPs of specific size and surface
chemistry are added to a polymer dispersion, after which the
dispersion is cast, and the solvent is allowed to evaporate,
forming a dense, nanocomposite membrane.15,18,19 This
fabrication method allows for greater control over both the
size and surface functionality of the silica phase in the resulting
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ionomer composite. Both of these fabrication routes have
created composite membranes that exhibit reduced vanadium
ion crossover (approximately a 3−4-fold reduction) as
compared to Nafion with no silica.8,13,20

It has been hypothesized that the NPs reside within the ionic
domain of Nafion and act to sterically block the passage of
hydrated vanadium ions, while still allowing facile transport of
smaller protons (or hydronium ions) through the mem-
brane.8,13,21,22 However, recent small-angle neutron scattering
(SANS), small-angle X-ray scattering (SAXS), and trans-
mission electron microscopy (TEM) investigations on sol−gel
fabricated ionomer nanocomposites have found that the NPs
are, on average, much larger (100s of nm in diameter) than the
ionic domains in Nafion, which are on the order of 3−5 nm in
size, casting doubt on the proposed mechanism of sterically
hindered vanadium ion transport.3,17,23 Additionally, recent
work from our group showed that the surface chemistry of the
SiNP governed the dispersion of the NPs within the ionomer,
which in turn affected the permeability of vanadium ions across
the membrane, where nanocomposite membranes with the
highest NP aggregation showed the greatest reduction in
vanadium ion permeability.20 While this recent study under-
scores the importance of nanoparticle dispersion and surface
chemistry on the observed performance of these ionomer
nanocomposites, only a limited number nanoparticle surface
functionalizations were explored.
In other nanophase-segregated polymers, such as block

polymers, the dispersion of NPs within the film has been
investigated as a means to modify mechanical properties of the
pristine block polymer.24 The so-called “dispersion state”25 of
the NPs can be manipulated by adjusting the NP type, surface
functionality, size, and shape, allowing the NPs to, for example,
segregate into one phase of a nanophase-segregated system or
even act as a surfactant between polymer phases.26 Generally,
modifications to the NP type and surface functionalization are
used to prevent NP aggregation (or clustering) by promoting
favorable interactions between the NP and polymer matrix,
thus creating more uniform dispersions.24 Favorable inter-
actions, or lack thereof, can often be predicted by the
fundamental theory proposed by Deryagin, Landau, Verwey,
and Overbeck (or DLVO theory), which describes NP
interactions in solution. DLVO theory may also help predict
the dispersion of NPs in solution cast membranes, as it
suggests that through the interplay between van der Waals
attractive forces, electrostatic repulsive stabilization, and steric
separation, the NP dispersion within the solution can be
directly controlled.27

An electrosterically stabilized (i.e., a combination of charge
and steric effects) particle is protected by an external layer that
minimizes particle aggregation, either by the way of an
electrostatic layer or a physically adsorbed layer.28,29 The high
surface energy of unmodified NPs facilitates agglomeration if
the stabilizing attributes predicted by DLVO theory are not
met. Chemical modification of particles has been shown to
minimize particle−particle interactions, as well as enhance
particle−matrix interactions, allowing the polymer to better
“wet” the NP surface.30−32 Furthermore, the size and shape of
the NP affect the conformational entropy of the polymer, as
the polymer chains are forced to twist and stretch around the
rigid filler. As a result, large NPs without favorable interactions
may be expelled from the polymer bulk matrix entirely.24

However, as the final NP dispersion state within the membrane
is governed by both entropic and enthalpic contributions,

simply promoting strong interactions between the NPs and the
polymer matrix does not necessarily lead to nanocomposites
with well-dispersed NPs. Recent molecular dynamics simu-
lations performed by Cheng and Grest33 demonstrated that
strong particle−matrix interactions may lead to NPs
accumulating at the solvent evaporation interface, whereas
NPs that are only partially wetted by the polymer matrix are
more uniformly distributed in the bulk polymer. Additionally,
it is well-known that numerous other processing factors affect
the dispersion of NPs in a composite film fabricated by
solution casting, including rate of solvent evaporation, type of
solvent, and mixing mechanism.34−37

Herein, we investigate the impact of nanoparticle surface
chemistry on the dispersion of SiNPs in Nafion and, further, its
impact on the vanadium ion permeability of these ionomer
nanocomposites. Specifically, SiNPs were functionalized with
seven different chemical moieties, which represent different
electrosteric-stabilizing effects described by DLVO theory. The
surface of the NPs was modified with end groups that interact
electrostatically, either repulsively or attractively, with the
sulfonic acid (ionic) groups of Nafion. Additionally, the
flexibility and length of the bridging chain between nano-
particle surface and terminating end group were varied.
Successful functionalization of the SiNP surface was confirmed
by both Fourier transform infrared (FTIR) spectroscopy and
zeta-potential measurements, after which the functionalized
NPs were incorporated into Nafion membranes via solution
casting. The morphology of the nanocomposite membranes
was obtained by both TEM imaging and SANS measurements
on hydrated membranes. Contrast-matched SANS measure-
ments were performed to gain additional insight into the fractal
nature of the silica−polymer interface within the ionomer
nanocomposite. Furthermore, the vanadium ion permeability
was measured by ultraviolet−visible (UV−vis) spectroscopy
and related to the SiNP dispersion state of the ionomer
nanocomposite membranes.

■ EXPERIMENTAL SECTION
Materials. Ethanol (pure, 200 proof, anhydrous), sulfuric acid

(95%−98% ACS Reagent), fuming sulfuric acid (reagent grade), (3-
mercaptopropyl)trimethoxysilane (95%) (MPTMS), Nafion stock
solution (Nafion DE 2021, wNafion = 20% in mixture of lower aliphatic
alcohols and water), and tin(II) chloride (reagent grade, 98%)
(SnCl2) were purchased from Sigma-Aldrich. Methyl isobutyl ketone
(certified ACS solvent) (MIBK) was purchased from Fisher Scientific.
Glycidyl phenyl ether (99%) (GPE) was purchased from Acros
Organics. Hydrogen peroxide (30%) was purchased from VWR
Analytical. 3-Aminopropyltrimethoxysilane (97+ %) (APTMS) was
purchased from TCI Chemicals. p-Aminophenyltrimethoxysilane (p-
APhTMS) was purchased from Manchester Organics. (3-
Trimethoxysilylpropyl)diethylenetriamine (TMSDEA), 11-
aminoundecyltriethoxysilane (AUTES), and 11-mercapto-
undecyltrimethoxysilane (MUTMS) were purchased from Gelest.
Unfunctionalized SiNPs (colloidal silica in methanol; MTST grade;
DP,avg = 11 nm) were obtained from Nissan Nanomaterials. Note, the
variable “w” will be used from this point forward to represent mass
percent, i.e., (mass of X/total mass) × 100%.

Short-Chain Alkyl−SO3 (AS-SiNP) and Long-Chain Alkyl−
SO3 (LS-SiNP) Nanoparticle Functionalization. To a solution of
deionized water (50 mL) and ethanol (50 mL), silica NPs (500 mg of
solids, as MT-ST at wNP = 30.6%) were added. The mixture was
sonicated for 1 h, silane (2 mL of MPTMS for AS-SiNP or 0.5 mL of
MUTMS for LS-SiNP) was added dropwise, and the solution was
refluxed overnight. The alkylthiol−SiNPs were centrifuged (1361 rad
s−1, 20 min) and washed three times with water. The wet NPs were
then stirred in a solution of water (40 mL), methanol (40 mL), and
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30% H2O2 (40 mL) at room temperature for 24 h. The NPs were
again centrifuged and washed with water. After evaporating the water
in the hood overnight, the dry NPs were stirred in a solution of 1 mol
L−1 H2SO4 for 3 h and further centrifuged and washed. The NPs were
left in solution to avoid further aggregation.
Phenyl-SO3 (PS-SiNP) Nanoparticle Functionalization. By

use of a method previously developed,38 SiNPs (500 mg of solids, as
MT-ST at wNP = 30.6%) were dried and redispersed as a wNP = 15%
solution in MIBK via sonication. GPE (1.25 g) was added to the NP
suspension, and the solution was briefly sonicated. Following this,
0.100 mol % (relative to GPE) SnCl2 catalyst was added, and the
solution was magnetically stirred for 3 h at 140 °C. Subsequently, the
NP solution was cooled, centrifuged (1361 rad s−1, 20 min), and then
washed with DI water twice. The wet NPs were treated with fuming
sulfuric acid (1.63 g) at room temperature, and the solution was
stirred for 18 h. The reaction was ceased by pouring the NP solution
into an ice water bath. The precipitate was collected by centrifugation
(1518 rad s−1, 30 min) and washed with water. The NPs were left in
solution to avoid further aggregation.
Short-Chain Alkylamine (AA-SiNP), Phenylamine (PA-SiNP),

Triamine (TA-SiNP), and Long-Chain Alkylamine (LA-SiNP)
Nanoparticle Functionalization. To a round-bottom flask, ethanol
(150 mL), water (10 mL), and SiNPs (500 mg of solids, as MTST at
wNP = 30.6%) were added, and the flask was capped with rubber
septum. The solution was then sonicated for 30 min. After sonication
to suspend and dilute NP solution, silane (35 μL of APTMS for AA-
SiNP, TMSDEA for TA-SiNP, AUTES for LA-SiNP, or 0.05 g of p-
APhTMS for PA-SiNP) was added through the septum to the
solution. The reactions of AA-SiNP, PA-SiNP, and TA-SiNP were
stirred for 24 h at room temperature, and LA-SiNP reaction was
stirred for 5 days. After the reaction time, the solution was centrifuged
(1361 rad s−1, 20 min) and washed three times with water. The NPs
were left in solution to avoid further aggregation.
Nanocomposite Membrane Solution Casting. All nano-

composite membranes were cast from the as-received Nafion stock

solution. To incorporate the NPs, various amounts of SiNPs (both
unmodified and each of the surface functionalized) were suspended in
Nafion solution by sonication for at least 30 min prior to casting. The
SiNP−Nafion suspensions were then cast onto quartz windows,
covered by a funnel with Kim-wipe flue, and allowed to evaporate
overnight. The dried hybrid films were then annealed at 140 °C for 2
h under dynamic vacuum, then the heat was shutoff, and after 30 min
the films were left under static vacuum to cool to room temperature.
The films were hydrated in DI water overnight before further use. The
hydrated film thickness was on the order of (20−50) μm.

Vanadium Crossover Experiments. Vanadium ion crossover
was measured as previously described.20 Briefly, a tailor-made
diffusion cell (Permegear Franz cell, Bethlehem, PA) was used; the
receiving cell, volume 15 mL, was filled with 1.5 mol L−1 MgSO4 in 3
mol L−1 H2SO4, and the donating cell, volume 1 mL, was filled with
1.5 mol L−1 VOSO4 in 3 mol L−1 H2SO4 with membrane sandwiched
between the cells. Aliquots were sampled via the side arm of the
receiving cell at regular time intervals. The concentration of
vanadium(IV) ions was measured with a UV−vis spectrometer
(VWR UV-3100PC) from (400−1100) nm. The peak associated with
V4+ can clearly be observed at 760 nm. Following UV−vis
characterization, the aliquots were placed back into the receiving
cell. From these data, the permeability of vanadium ions can be
calculated from the equation

V
C t

t
A

P
L

C
d ( )

dR
R

D=
(1)

where CD and CR(t) are the vanadium ion concentration in the
donating and receiving cells, respectively, A and L are the area and
thickness of the membrane, respectively, P is the permeability of
vanadium ions (cm2 s−1), and VR is the volume of the receiving cell.
This expression assumes that (1) the permeation in the membrane
has reached a pseudo-steady state, (2) vanadium ion permeability is
independent of ion concentration, (3) CD ≫ CR(t), and (4) the
reduction in CD over the length of the experiment is negligible.39

Figure 1. Reaction scheme for various SiNP surface functionalizations.
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Nanoparticle Analysis. Nanoparticle functionalization was
analyzed by Fourier transform infrared spectroscopy (FTIR) using a
Thermo Scientific Nicolet iS50R FT-IR equipped with Golden Gate
attenuated total reflectance (ATR) attachment (diamond ATR
crystal, 64 scans, resolution of 4 cm−1, background taken before
each sample). Nanoparticle surface chemistry was further analyzed by
measuring the zeta-potential under acidic pH (in this case, pH ≈ 2)
with a Malvern Zetasizer Nanoseries (Nano-ZS). This pH was
selected based on the apparent pH of Nafion stock solution (pH ≈ 2),
which was measured by a Hach Sension 5048 pH probe. To prevent
sedimentation of less stable dispersions, zeta-potential measurements
were taken immediately following sonification of each solution.
High-Resolution Transmission Electron Microscopy. Trans-

mission electron microscopy (TEM) nanocomposite film samples
were made by drop-casting solutions of wNafion = 0.05%−0.1%
composite Nafion in ethanol onto lacey carbon girds (Electron
Microscopy Services, Hatfield, PA) and allowed to dry for at least 24
h. Samples were analyzed on Hitachi 9500 high-resolution TEM (HR-
TEM) operated at 300 kV, emission current of 8.0 μA, and filament at
29.1 V with an exposure time of 2.0 s. ImageJ was utilized to
determine particle size.40

Small-Angle Neutron Scattering (SANS). SANS experiments
were performed on the NG-B 10 m SANS (Figures 3−5, pristine
Nafion data in Figure 6) and the NG-7 30 m SANS (all SANS curves
in Figure 6 except pristine Nafion) at the National Institute of
Standards and Technology Center for Neutron Research (NCNR).41

Nanocomposite films were cast and annealed as previously described
and hydrated by H2O or H2O:D2O solution (24:76 by volume) for 24
h before analysis. The hydrated films were then placed in a
demountable cell, where the distance between quartz windows was
1 mm. A circular aperture with diameter of 0.5 cm was utilized for all
samples except the LS-SiNP sample hydrated in pure water, which
utilized a circular aperture of 0.25 cm due to smaller sample size. The
incoming neutron wavelength and the sample-to-detector distance
were varied to collect a range of Q = 4π sin(θ)/λ values, with θ
representing the scattering angle and λ the neutron wavelength. Q
values were collected ranging from (0.0035−0.5) Å−1 for the 10 m
SANS and (0.0009−0.5) Å−1 for the 30 m SANS. The total collection
time for each sample was ∼3 h. The SANS data were reduced by
using the software package developed at the NIST Center for
Neutron Research,42 where the thickness of the cell was used for the
reduction calculations.

■ RESULTS AND DISCUSSION

Nanoparticle Functionalization. The reaction scheme
for each of the nanoparticle functionalizations is shown in
Figure 1. Also, the nomenclature assigned to each surface
functionalization has been summarized in Table 1. Note, the
color scheme and nomenclature for each of the SiNP surface
chemistries shown in Figure 1 and Table 1 will be used for the
remainder of the article. As seen from the schematic in Figure
1, the surface modifications to the unfunctionalized (i.e.,
hydroxyl-coated) SiNPs (shown in the center gray box) have

been chosen to contain either sulfonic acid (i.e., SO3H) or
amine (i.e., NH2) end-functionality. The negatively charged
sulfonic acid end-functionality is chemically identical to the
sulfonic acid groups terminating the pendant chains of Nafion
and is therefore expected to repulsively interact with the ionic
phase of Nafion. In contrast, the positively charged (under the
acidic conditions within Nafion) amine functionality is
expected to attractively interact with the sulfonic groups in
the ionic phase of Nafion. In addition, within each end-
functionality, the bridging chain between the SiNP surface and
the terminating group was adjusted. Specifically, a rigid phenyl-
containing chain (PA-SiNP and PS-SiNP), a semiflexible short
alkyl chain (3 carbons; AA-SiNP and AS-SiNP), and a flexible
long alkyl chain (11 carbons; LA-SiNP and LS-SiNP) were
selected. In addition, a fourth amine functionalization was
chosen, which contained both a terminal amine group and two
amine groups along the alkyl chain (TA-SiNP). These surface
modifications allow us to systematically investigate both charge
and steric stabilization on the final SiNP dispersion state within
the ionomer nanocomposite.
Successful functionalization of the SiNPs with the various

surface chemistries was confirmed by using both FTIR
and zeta-potential (ζ) measurements. The FTIR spectra for
the different functionalizations were consistent with the
literature21,38,43−47 and can be found in the in the Supporting
Information (see Figures S1 and S2). The results from zeta-
potential experiments are shown in Table 2.

As it is difficult to determine the local pH that the SiNPs
experience within the Nafion membranes when hydrated, the
apparent pH of the Nafion solution (apparent pH of ≈2) can
be taken to represent the average pH encountered by the
SiNPs.20 As such, all zeta-potential measurements were
performed at a pH of ≈2. At these conditions, the hydroxyl
groups on the surface the unmodified SiNPs are near their
isoelectric point (the shift between deprotonated and
protonated),48 yielding a zeta-potential closer to zero (though
still slightly anionic). For amine-functionalized NPs, a
protonated (or cationic) surface is expected, yielding a positive
zeta-potential, while SiNPs with sulfonic acid functionality
should have a deprotonated (or anionic) surface, yielding a
negative zeta-potential. The zeta-potentials for each of the
specific functionalized NPs are shown in Table 2 and follow
the expected trends.48,49 In addition, nanoparticles with ζ ≤
−30 mV are considered to have highly anionic surfaces, while
nanoparticles with ζ ≥ +30 mV are considered to have highly
cationic surfaces.50 Successful functionalization of each of the
SiNPs is indicated by the change from a zeta-potential of
−13.9 mV for the unfunctionalized particles,20 where all of the
amine-functionalized particles are moderately cationic (+21.1

Table 1. Nomenclature for Unfunctionalized and
Functionalized SiO2 Nanoparticles

SiNP surface chemistry nomenclature

unfunctionalized UF-SiNP
short-chain alkylamine AA-SiNP
phenylamine PA-SiNP
triamine TA-SiNP
long-chain alkylamine LA-SiNP
short-chain alkylsulfonic acid AS-SiNP
phenylsulfonic acid PS-SiNP
long-chain alkylsulfonic acid LS-SiNP

Table 2. Zeta-Potentials of Unfunctionalized and
Functionalized Silica Nanoparticles Dispersed in Water
under Acidic Conditions (pH ≈ 2)

SiNP
functionality

zeta-potential (ζ)
[mV]

SiNP
functionality

zeta-potential (ζ)
[mV]

UF-SiNP −13.9a TA-SiNP +31.2a

AS-SiNP −38.7 AA-SiNP +23.7
PS-SiNP −29.9a PA-SiNP +21.1
LS-SiNP −41.5 LA-SiNP +24.5

aIndicates previously published data.20
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to +31.2 mV) and the sulfonic acid-functionalized particles are
all highly anionic (−41.5 to −29.9 mV).
Nanocomposite Membrane Permeability. Vanadium

ion permeation experiments were performed on pristine
Nafion (i.e., membranes containing no SiNPs) and Nafion−
SiNP nanocomposite membranes containing SiNP at wNP =
1%, wNP = 3%, and wNP = 5% (where wNP is the mass fraction
of NPs in Nafion, i.e., (mass of SiNPs/total mass of solids) ×
100%). The results of the vanadium ion crossover experiments,
for each surface functionalization, are shown in Figure 2. The
dashed horizontal black line represents the average vanadium
ion permeability for pristine Nafion membranes ((0.81 ± 0.05)
× 10−8 cm2 s−1).20 Additionally, the permeation values shown
in first three groupings of columns, labeled UF-SiNP, PS-SiNP,
and TA-SiNP, were previously published.20 The error in these
data represents the standard deviation of at least three repeat
experiments. As seen in Figure 2, the vanadium ion
permeability was, for the most part, consistently higher for
membranes containing SiNPs at wNP = 1% than that observed
for pristine Nafion, ranging from 5% to 50%, regardless of the
surface chemistry. These results are similar to those previously
reported, where higher permeability was observed for ionomer
membranes containing SiNPs at wNP = 1%.20 Notably, Nafion
nanocomposites containing UF-SiNP and TA-SiNP at wNP =
5% exhibited the highest reduction of vanadium ion
permeability with respect to pristine Nafion.20 To help parse
out the influence of the electrosteric stabilizing factors
introduced by the nanoparticle surface functionalization on
the observed vanadium ion permeability, ion exchange capacity
(IEC) and equilibrium acid uptake experiments were
performed on each of the ionomer nanocomposite membranes
(see Figures S3 and S4).
As seen in Figure 2, the introduction of sulfonic acid-

functionalized SiNPs into the ionomer membrane increased
the IEC with respect to the pristine Nafion membrane (by
>10% for all SiNP loading of LS-SiNP and AS-SiNP; see
Figure S3), indicating that additional sulfonic acid charges have
been introduced into the membranes. The Donnan principle

explains that positively charged vanadium ions (so-called
“counterions” in this case) can experience a change in flux
through the membrane as the number of fixed negative charges
in the ionomer either decreases or increases.51,52 We
conjecture the increase in IEC observed for the introduction
of sulfonic acid-functionalized SiNPs is caused by two factors:
(1) additional number of charged sulfonic acid groups
introduced with SiNPs, shifting the Donnan equilibrium and
(2) sulfonic acid-functionalized SiNPs increase the connectiv-
ity of the ionic channels by altering the formation of ionic
network as the solvent evaporates during membrane formation,
increasing accessibility to sulfonic acid sites within Nafion that
were previously inaccessible. Ultimately, this leads to an overall
increased vanadium ion crossover through Nafion nano-
composites films with sulfonic acid-functionalized SiNPs,
especially at higher SiNP loadings.
Also seen in Figure 2, the vanadium ion permeability of

membranes containing AA-SiNP at wNP = 3% and wNP = 5%
((0.77 ± 0.07) × 10−8 cm2 s−1 and (0.75 ± 0.01) × 10−8 cm2

s−1, respectively) were not significantly different than that of
pristine Nafion, where only a ≈ 5% reduction was observed for
membranes containing AA-SiNP at wNP = 5%. From Figure S3,
we see that the IEC values for membranes containing AA-SiNP
at all SiNP loadings are similar to that of pristine Nafion,
indicating that the number of fixed charges within the ionomer
membrane is essentially the same between these membranes.
This helps to explain the similar vanadium ion permeability.
Compared to the membranes containing sulfonic acid-
functionalized SiNPs, the introduction of amine-functionalized
SiNPs into the ionomer membrane can shift the Donnan
equilibrium to reduce vanadium ion flux in two ways: (1) the
amine-functionalized SiNP may sequester the sulfonic acid
pendant chains within the ionic domains of Nafion, and/or (2)
free cations of the amine-functionalized SiNP (those not
directly interacting with the sulfonic acid groups) may act as
co-ions to the vanadium cations. A reduction in IEC
demonstrates evidence of these phenomena. In this case, as
the IEC for the membranes containing AA-SiNP at wNP = 3%

Figure 2. Vanadium ion permeability for Nafion membranes containing wNP = 1% (dark blue bar), wNP = 3% (red bar), and wNP = 5% (green bar)
SiNPs for each surface functionalization. The dashed horizontal black line and the first three groupings of bars labeled UF-SiNP, PS-SiNP, and TA-
SiNP represent previously reported vanadium ion (VO2+) permeabilities for pristine Nafion and Nafion containing UF-SiNP, PS-SiNP, and TA-
SiNP.20 Error bars represents the standard deviation of at least three repeat experiments.
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and wNP = 5% is similar to that of pristine Nafion, it is no
surprise these membranes demonstrate similar vanadium ion
permeabilities to that of pristine Nafion.20

Membranes containing LA-SiNP at wNP = 3% and wNP = 5%
demonstrated increased vanadium ion permeability ((1.19 ±
0.05) × 10−8 cm2 s−1 and (1.19 ± 0.02) × 10−8 cm2 s−1,
respectively), similar to the increase observed in membranes
with sulfonic-acid functionalized SiNPs, which can be
explained, in part, by variations in both the IEC (increased
≈15% with respect to pristine Nafion; see Figure S3) and the
equilibrium acid uptake (increased by ≈50%; see Figure S4).
The only membranes that exhibited reduced vanadium ion
crossover were those containing PA-SiNP at wNP = 3%, for
which the crossover was reduced by ≈25%. As seen from
Figure 2, this reduction in vanadium ion permeability was
comparable to the reduction in permeability achieved by the
introduction of UF-SiNP at wNP = 5%. Results from IEC
measurements on this membrane indicate a shift in the
Donnan equilibrium of the system, leading to the rejection of a
higher number of positively charged vanadium ions (IEC of
membranes containing PA-SiNP at wNP = 3% reduced by
≈10% compared to pristine Nafion; see Figure S3). This
follows with previous results for Nafion membranes containing
TA-SiNP at wNP = 5% (see Figure 2), where an ≈25%
reduction in vanadium ion permeability was observed. The
reduction in vanadium ion permeability was, in part, a result of
the lower IEC values measured for these membranes (see
Figure S3). This decrease in IEC was expected as the number
of amine groups per functional group on the surface was
greatest for the TA-SiNPs.
However, membranes containing PA-SiNP at wNP = 5%

exhibited similar IEC values to those containing wNP = 3% but
demonstrated increased vanadium ion crossover. We postulate
that this anomaly may be due to a combination of different
factors, as the addition of more PA-SiNP may lead to (1)

changes in the silica phase in the ionomer (i.e., changes in the
dispersion state), (2) changes in the ionic domain formation
(i.e., increased connectivity of the previously inaccessible
sulfonic acid groups and creating a less tortuous path for the
vanadium ions), and/or (3) changes to the segmental
relaxation dynamics of the ionomer nanocomposite. While
counterintuitive, increasing the loading of nanoparticles in
these ionomer membranes does not necessarily lead to a
decrease in segmental dynamics of the nanocomposite. Recent
work from our group demonstrated that the introduction of
more nanoparticles into the ionomer membrane (increase from
wNP ≈ 4% to wNP ≈ 10%) led to an increase in the segmental
relaxation dynamics of the nanocomposite.53 These data will
be discussed in further detail in the context of membrane
morphology and nanoparticle dispersion state in the following
section.

Nanocomposite Membrane Morphology. Nafion−
SiNP nanocomposite morphology was investigated by using
both TEM and SANS. The results from this analysis, for
membranes containing UF-SiNP and sulfonic acid-function-
alized SiNPs, are shown in Figure 3. Specifically, TEM images
for Nafion membranes containing UF-SiNP, AS-SiNP, LS-
SiNP, and PS-SiNP at wNP = 5% are shown in Figure 3a−d,
while SANS curves for pristine Nafion and Nafion containing
negatively charged sulfonic acid-functionalized SiNPs at wNP =
5% (hydrated in 100% H2O) are shown in Figure 3e. In
general, each of the TEM images indicates well-dispersed NPs,
with diameters ranging from (5−15) nm, which is consistent
with the as-received SiNPs (see the Experimental Section).
Note that while the scale bars in each TEM image are 100 nm
in length, the exact magnification for all TEM images varies
between 25000× and 40000×. The TEM images of Nafion
containing sulfonic acid-functionalized NPs (AS-SiNP, LS-
SiNP, and PS-SiNP in Figures 3b−d, respectively) indicate that
the particles are well dispersed, with only a few aggregates on

Figure 3. TEM images of Nafion−SiNP nanocomposite membranes containing (a) wNP = 5% UF-SiNP, (b) wNP = 5% AS-SiNP, (c) wNP = 5% LS-
SiNP, and (d) wNP = 5% PS-SiNP. The scale bars for TEM images are all 100 nm. (e) SANS curves for Nafion and Nafion nanocomposites
containing sulfonic acid-functionalized SiNPs at wNP = 5%. All membranes were hydrated in 100% H2O for at least 24 h prior to SANS experiments.
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the order of <5 particles. Notably, the most uniform dispersion
was observed for nanoparticles functionalized with the longest
alkyl chain (LS-SiNP, 11-carbon chain), where no aggregation
or clustering of NPs was observed in the TEM images. This
follows the expected dispersion behavior predicted by DLVO
theory, where increasing the length of grafted chains prevents
crowding of nanoparticles, leading to a more homogeneous
distribution of nanoparticles within the membrane.27 Unlike
the sulfonic acid-functionalized SiNPs, membranes containing
UF-SiNP at wNP = 5% (see Figure 3a) exhibit diffuse clustering
of NPs that span several hundreds of nanometers across the
image; however, there are no large nanoparticle aggregates in
any of the TEM images shown in Figure 3. Here, the term
“diffuse” refers to NPs that are loosely grouped together but
are not necessarily touching each other.
To complement the real-space images taken by TEM, SANS

experiments were performed on Nafion and Nafion nano-
composite films (hydrated in 100% H2O), and the results of
these measurements are shown in Figure 3e. While the exact
nanophase-segregated morphology of Nafion has been debated
for decades,1,7,17 one of the most supported theories suggests
the presence of interconnected pathways of spherical ionic
clusters, surrounded by the mechanically robust hydrophobic
backbone, known as the cluster-network model.1 The SANS
curve for pristine Nafion contains two prominent scattering
peaks. The scattering peak at low Q (Q ≈ 0.058 Å−1) can be
assigned to spacing between crystalline domains in the
hydrophobic region of Nafion, while the scattering peak at
high Q (Q ≈ 0.14 Å−1) is attributed to the spacing between the
sulfonic acid groups in the hydrophilic, ionic domain of
Nafion.3 The values for the low-Q and high-Q peaks
correspond to real-space values of ≈10.8 and ≈4.45 nm,
respectively. Additionally, the SANS curves for Nafion
nanocomposite membranes shown in Figure 3e exhibit these
same two scattering peaks. The Q-spacing and corresponding
real-space values for pristine Nafion and Nafion nano-
composites are summarized in Table 3.
In contrast to the SANS curve for pristine Nafion, the SANS

curves for each of the nanocomposites exhibit a sharp low-Q
upturn (starting around Q ≈ 0.03 Å−1), indicating the presence
of larger structures >20 nm within the nanocomposites. For
polymer nanocomposites, this sharp low-Q upturn is tradi-
tionally attributed to NP aggregation.23 It is important to note
that while the exact number and shape/tortuosity of

interconnected ionic pathways within Nafion may change
slightly by the addition of NPs (as evidenced by IEC
measurements),54 NPs that are significantly larger than ≈5
nm are unlikely to distort the ionic domains enough to allow
for the NPs to fully reside within these ionic pathways, leading
to NP aggregation. However, as seen from the TEM images,
there is no significant aggregation observed for Nafion
membranes containing either UF-SiNP or sulfonic-acid
functionalized SiNPs. It is worth noting that the TEM images
shown in Figure 3a−d are only (0.3−0.7) μm2 in size, and
these drop-cast membranes are <100 nm thick (see the
Experimental Section). These specific images have been
selected as they are representative of the overwhelming
majority of TEM images captured during this analysis;
however, it is possible that larger aggregates and/or more
diffuse clusters are present in the bulk films, which were used
in the SANS measurements and have thicknesses of ≈50 μm.
With the exception of membranes containing LS-SiNPs,

which showed negligible changes in d-spacing, the introduction
of UF-SiNP, AS-SiNP, and PS-SiNP, on average, increased the
d-spacing of crystalline domains within the hydrophobic region
by ≈15% (see Table 3). Similarly, the location of the scattering
peak associated with the ionic (hydrophilic) domain does not
significantly change when compared to pristine Nafion (see
Table 3), though we do see a slight reduction in the d-spacing
for membranes containing PS-SiNP (≈10% reduction) and LS-
SiNP (≈5% reduction). As the formation of interconnected
ionic channels is paramount for facile transport, changes to the
hydrated, ionic structure of the membrane could lead to
changes in the resultant transport properties of the ionomer
nanocomposite membranes.55 Interestingly, this result indi-
cates that the overall ionic network structure is not drastically
altered by the introduction of the SiNPs, at least within the
sensitivity of the SANS experiments. However, we know that
changes to the chemical functionality of the ionic network
within the membrane have occurred due to the measured
differences in IEC and equilibrium acid uptake of the
nanocomposite membranes when compared to pristine Nafion
(see Figures S3 and S4). This result suggests that the
mechanism by which vanadium ion crossover is reduced in
these membranes is more complex than the simple steric
hindrance mechanism previously proposed.3,20,53

This analysis was extended to Nafion membranes containing
positively charged, amine-functionalized SiNPs, and the results

Table 3. SANS Peak Positions and Power Law Fitting of Low-Q Region for Pristine Nafion and Nafion Nanocomposite
Membranes Containing SiNPs at wNP = 5%

crystalline ionomer low Q

functionalization peak position [Å−1] d-spacing [nm] peak position [Å−1] d-spacing [nm] power law exponent α

no SiNPs
pristine Nafion 0.0584 10.8 0.141 4.45
no functionalization
UF-SiNP 0.0517 12.2 0.141 4.45 3.27
sulfonic acid
AS-SiNP 0.0504 12.5 0.141 4.45 3.32
PS-SiNP 0.0490 12.8 0.152 4.14 4.32
LS-SiNP 0.0598 10.5 0.146 4.29 3.37
amine
TA-SiNP 0.0450 14.0 0.141 4.45 3.84
AA-SiNP 0.0517 12.2 0.141 4.45 3.57
PA-SiNP 0.0490 12.8 0.141 4.45
LA-SiNP 0.0450 14.0 0.141 4.45 4.07
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from this analysis are shown in Figure 4. Specifically, TEM
images for Nafion membranes containing TA-SiNP, AA-SiNP,
PA-SiNP, and LA-SiNP at wNP = 5% are shown in Figures 4a−
d, respectively, while SANS curves for pristine Nafion and
Nafion containing amine-functionalized SiNPs at wNP = 5%
(hydrated in 100% H2O) are shown in Figure 4e. When
compared with the TEM images for membranes containing
sulfonic acid-functionalized SiNPs, the dispersion state of the
amine-functionalized SiNPs within the ionomer membrane is
drastically different. Most noticeably, significant aggregation
was observed for two of the four amine surface functionaliza-
tions (TA-SiNP and AA-SiNP). Specifically, aggregates on the
order of hundreds of nanometers were observed for both
surface functionalizations, with the largest aggregates observed
for Nafion membranes containing TA-SiNP. In contrast,
Nafion membranes containing LA-SiNP and PA-SiNP
exhibited excellent dispersion. The homogeneous dispersion
of LA-SiNPs in the ionomer is again attributed to long alkyl
chain (11-carbon chain) grafted onto the surface of the
nanoparticles.27 The excellent dispersion of the PA-SiNPs
within the Nafion may be attributed to the phenyl rings
contained in the bridging chain. Reduced aggregation has been
previously observed for similar surface functionalized nano-
particles (series of nanoparticles grafted with phenyl-
containing ligands)56 and was attributed to the protection
provided by the bulky phenyl rings on the surface of the
nanoparticles.
The presence of large SiNP aggregates in membranes

containing TA-SiNP and AA-SiNP (as observed in the TEM
images) was corroborated by SANS studies on these
membranes. Similar to the SANS curves for membranes
containing sulfonic acid-functionalized SiNPs (see Figure 3e),
the SANS curves shown in Figure 4e exhibit a sharp low-Q
upturn, indicative of the presence of larger scattering structures
(i.e., NP aggregates). Surprisingly, a sharp low-Q upturn was

observed for Nafion membranes containing LA-SiNP, which
seems to contradict the real-space images obtained via TEM.
As we noted with the sulfonic acid-functionalized nano-
particles, while we did not observe any significant aggregation
in any of the TEM images collected on these particular
membranes, we cannot exclude the possibility of larger
aggregates of LA-SiNPs in these nanocomposite membranes.
In contrast to all other amine-functionalized nanoparticles,
only a slight upturn in the low-Q data is observed for Nafion
containing PA-SiNPs. This result follows with the TEM images
obtained for these membranes.
Compared to the changes in d-spacing of hydrophobic

domains observed for membranes containing sulfonic acid-
functionalized SiNPs, the introduction of amine-functionalized
SiNPs into the ionomer resulted in more pronounced changes
to the d-spacing of the crystalline domains within the
hydrophobic region of the resultant nanocomposite mem-
brane, ranging from approximately 15% to 30% increase in d-
spacing for all amine-functionalized SiNPs compared to
pristine Nafion. For example, the low-Q peak shifts to lower
Q values for membranes containing TA-SiNP and LA-SiNP,
increasing from a d-spacing of (10.8−14.0) nm when
compared to pristine Nafion, an approximate 30% increase.
This shift to lower Q values was observed in nearly all
nanocomposite samples, with only membranes containing LS-
SiNP exhibit a slight decrease in crystalline spacing (from 10.8
nm to 10.5 nm). These results indicate that the introduction of
SiNPs into the membrane has, on average, a more significant
impact on the hydrophobic domain of Nafion, while their
impact on the spacing of the ionic domains is minimal.
To elucidate how nanoparticle loading impacts the low-Q

upturn observed in the SANS curves, SANS experiments on
Nafion membranes containing UF-SiNP, PS-SiNP, and TA-
SiNP, at various nanoparticle loadings, were performed. These
three surface chemistries were selected as representative

Figure 4. TEM images of Nafion−SiNP nanocomposite membranes containing (a) wNP = 5% TA-SiNP, (b) wNP = 5% AA-SiNP, (c) wNP = 5% PA-
SiNP, and (d) wNP = 5% LA-SiNP. Scale bars for TEM images are all 100 nm. (e) SANS curves for Nafion and Nafion nanocomposites containing
amine-functionalized SiNPs at wNP = 5%. All membranes were hydrated in 100% H2O for at least 24 h prior to SANS experiments.
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functionalization for each category: unfunctionalized, sulfonic
acid-functionalized, and amine-functionalized. Figure 5 shows
the SANS curves for Nafion−SiNP nanocomposites with UF-
SiNP at wNP = 1%, wNP = 3%, and wNP = 5% (hydrated in 100%
H2O). Also included in Figure 5 are the TEM images
corresponding to the SANS curves at each SiNP loading. As

seen from Figure 5, the SiNP dispersion states observed in the
real-space TEM images correspond nicely with upturn at lower
Q values in the SANS data. For example, the TEM images for
Nafion membranes containing UF-SiNP at wNP = 1%, wNP =
3%, and wNP = 5% (Figures 5b, 5c, and 5d, respectively) show
an increase in the concentration of diffuse NP clusters as the

Figure 5. (a) SANS curves for Nafion−SiNP nanocomposite membranes containing wNP = 0% (pristine Nafion; closed black squares), wNP = 1%
(closed blue circles), wNP = 3% (closed red triangles), and wNP = 5% (closed green diamonds) UF-SiNP. All membranes were hydrated in 100%
H2O for at least 24 h prior to SANS experiments. TEM images of Nafion−SiNP nanocomposite membranes containing (b) wNP = 1%, (c) wNP =
3%, and (d) wNP = 5% UF-SiNP. The scale bars for all TEM images are 100 nm. TEM images adapted with permission from ref 20.

Figure 6. (a) SANS curves for Nafion−SiNP nanocomposite membranes containing wNP = 0% (pristine Nafion; closed black squares), wNP = 1%
(closed blue circles), wNP = 3% (closed red triangles), and wNP = 5% (closed green diamonds) PS-SiNP. All membranes were hydrated in 100%
H2O for at least 24 h prior to SANS experiments. TEM images of Nafion−SiNP nanocomposite membranes containing (b) wNP = 1%, (c) wNP =
3%, and (d) wNP = 5% PS-SiNP. The scale bars for all TEM images are 100 nm. TEM images adapted with permission from ref 20.
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mass fraction of SiNPs is increased. The increase in the
concentration of theses clusters, as the NP loading is increased
from wNP = 1% to wNP = 5%, is indirectly captured by the
increase in intensity of the low-Q SANS data (moving from the
filled blue circles to the filled green diamonds in Figure 5a).
Figure 6 shows the SANS curves for Nafion−SiNP

nanocomposites with PS-SiNP at wNP = 1%, wNP = 3%, and
wNP = 5% (hydrated in 100% H2O). Also included in Figure 6
are the TEM images corresponding to the SANS curves at each
SiNP loading. As seen in Figure 6, the increasing PS-SiNP
loading does little to affect either the SANS curves (Figure 6a)
or the PS-SiNP dispersion state (Figures 6b−d). However, the
d-spacing between the crystalline domains shifts slightly with

higher mass fraction PS-SiNP, most evident between the
curves for the membranes containing wNP = 1% (blue) and wNP

= 5% (green) PS-SiNP in Figure 6a.
Figure 7 shows the SANS curves for Nafion−SiNP

nanocomposites with TA-SiNP at wNP = 1%, wNP = 3%, and
wNP = 5% (hydrated in 100% H2O). Also included in Figure 7
are the TEM images corresponding to the SANS curves at each
SiNP loading for TA-SiNP. In contrast to what is observed in
Figure 5a, the low-Q upturn seen in Figure 7a for Nafion
membranes containing TA-SiNP does not significantly change
as the NP loading is increased from wNP = 1% to wNP = 5%
(moving from the filled blue circles to the filled green
diamonds in Figure 7a), providing in indirect indication that

Figure 7. (a) SANS curves for Nafion−SiNP nanocomposite membranes containing wNP = 0% (pristine Nafion; closed black squares), wNP = 1%
(closed blue circles), wNP = 3% (closed red triangles), and wNP = 5% (closed green diamonds) TA-SiNP. All membranes were hydrated in 100%
H2O for at least 24 h prior to SANS experiments. TEM images of Nafion−SiNP nanocomposite membranes containing (b) wNP = 1%, (c) wNP =
3%, and (d) wNP = 5% TA-SiNP. The scale bars for all TEM images are 100 nm. The wNP = 5% TA-SiNP TEM image (d) was adapted with
permission from ref 20.

Figure 8. Contrast-match SANS curves for pristine Nafion and Nafion−SiNP nanocomposite membranes containing (a) sulfonic acid-
functionalized SiNPs and (b) amine-functionalized SiNPs at wNP = 5%. All membranes were soaked in a 24:76 mixture (by volume) of H2O:D2O
for at least 24 h prior to SANS experiments.
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the concentration of NP aggregates does not appreciably
change with NP loading. This is confirmed by the
corresponding real-space TEM images for membranes
containing TA-SiNP at wNP = 1%, wNP = 3%, and wNP = 5%,
which are shown in Figures 7b, 7c, and 7d, respectively. The
TEM images reveal the presence of large (>100 nm in
diameter) NP aggregates at all loadings. Combining the
findings from SANS, TEM, and IEC experiments, as well as
previous thermomechanical studies,57 we conjecture that the
NP aggregates either reside in this hydrophobic region or at
the boundary of the hydrophobic and hydrophilic domains (or
some combination of both). These results seem to indicate
that the addition of SiNPs to Nafion does not affect vanadium
ion crossover by sterically impeding ion transport in the ionic
domains, as per the mechanism previously hypothesized.8,18

Instead, we believe the introduction of the SiNPs acts to alter
vanadium ion transport through a combined mechanism,
which includes (1) altering the available sulfonic acid groups
available for vanadium ion transport and (2) altering the
ionomer chain dynamics, where the latter has been observed in
recent neutron spin echo spectroscopy studies on these
ionomer nanocomposites.53

To gain additional insight into the structure of the inorganic
NP phase within the nanocomposite membrane, a series of
contrast-match SANS experiments were conducted. For these
experiments, the nanocomposite films (at wNP = 5%) were
hydrated in a solution of H2O and D2O (24:76 by volume
H2O:D2O). Based on the scattering length density (SLD) of
H2O (SLD = −0.5 × 10−6 Å−2)58 and D2O (SLD = 6.4 × 10−6

Å−2),58 a solvent environment with a scattering length density
(SLD) of ≈4.7 × 10−10 cm−2 was created.3 This value is
comparable to that of Nafion (SLD ≈ 4.5 × 10−10 cm−2; based
on chemical formula),59 thus reducing the scattering contrast
of Nafion in the system to zero. That is, the SLD of the solvent
has been chosen so that any measured scattering can be
attributed to the silica phase within the nanocomposite
membrane.3

Surprisingly, as seen in Figure 8, the SANS curve for pristine
Nafion shows a low-Q upturn that was not previously observed
in the SANS data for membranes hydrated in 100% H2O. A
similar upturn has been previously observed for extruded
Nafion membranes (Nafion 112, Nafion 115, and Nafion 117)

with high degrees of crystallinity (hydrated in 100%
H2O).

60−62 Previous contrast-match experiments performed
by our group (for both extruded and solution-cast Nafion
membranes) were performed on the NG-B 10 m SANS
beamline at the NCNR,3 and thus the upturn was not evident,
given the range of Q values explored. At present, adequate
experiments have not been conducted to accurately elucidate
what structural features give rise to this low-Q upturn observed
in the SANS data. However, it is apparent that these larger
structural features have a comparable SLD to that of H2O,
resulting in the low-Q upturn only being observable when the
membranes were hydrated in a solution of H2O and D2O.

59

Note, the Q range for the pristine Nafion data shown in Figure
8 is smaller than the Q range of the nanocomposite membranes
as SANS data for this membrane were collected on a different
SANS instrument (see the Experimental Section).
Under contrast-match hydration, the membranes containing

sulfonic acid-functionalized SiNP (LS, AS, and PS) have
different scattering patterns, in both the low-Q and mid-Q
regions. As seen in Figures 8a,b, apart from the low-Q upturn,
there are no features observed in scattering data of the
nanocomposites, except those containing LS-SiNP. This
suggests that the functionalizations on the surface of the
SiNPs do not self-assemble to form any long-range order. In
the case of membranes containing LS-SiNP, the slight shoulder
observed in the mid-Q region could arise from (1) an
additional structural feature present for these nanocomposite
membranes or (2) the representative scattering peak for the
crystalline spacing has shifted to lower Q values and is no
longer contrast-matched out by the H2O:D2O solution. In
addition, as seen in Figure 8a, the low-Q upturn in SANS data
for membranes containing LS-SiNP begins at higher Q values,
i.e., smaller length scale (Q ≈ 0.06 Å−1, d-spacing ≈ 10 nm),
with a shoulder at approximately the same location as would be
expected for the crystalline peak of the Nafion. Compared to
other sulfonic acid-functionalized SiNPs, the steepest slope in
the low-Q data is observed for membranes containing PS-
SiNP, with the low-Q upturn starting at the largest length scale
(Q ≈ 0.01 Å−1, d-spacing ≈ 63 nm). Conversely, the contrast-
match SANS data for membranes containing amine-function-
alized SiNPs were all similar (Figure 8b), indicating the
characteristic length scale of the silica aggregates in these

Figure 9. Corrected low-Q SANS data of Nafion membranes containing (a) sulfonic acid-functionalized SiNPs, LS-SiNP (closed light blue
diamonds) and AS-SiNP (closed pink triangles), at wNP = 5% and (b) amine-functionalized SiNPs, TA-SiNP (closed dark blue circles) and LA-
SiNP (closed orange diamonds), at wNP = 5%. The black lines within each figure are drawn with the appropriate power law exponent to guide the
reader’s eye.
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nanocomposites was similar across all surface functionaliza-
tions. Note that, under contrast-match conditions, the low-Q
data for membranes containing PA-SiNP had high uncertainty;
therefore, these data were excluded from Figure 8b and from
further analysis.
From permeation and IEC data, we know that the formation

of the ionic domains is highly dependent on the interactions
between the silica phase and Nafion. However, the low-Q
upturn of the pristine Nafion data renders it difficult to make
any direct conclusions about the structure of the silica phase
within the nanocomposite membrane. As such, the contrast-
match SANS data for membranes containing nanoparticles
must be deconvoluted. That is, prior to analyzing the low-Q
data of the nanocomposites, scattering from the pristine Nafion
must be removed. By removing the effect of the Nafion on the
measured scattering data, we can obtain a more accurate
picture of how the surface chemistry impacts the silica phase
within these ionomer nanocomposites. Therefore, the low-Q
data for pristine Nafion, and subsequently all nanocomposite
membranes, were fit to the following power law equation

I Q Q( ) (scale) background= +α−
(2)

where the scale (source intensity) and α (power law exponent)
were unitless fitting parameters for each membrane, and the
background was set to zero. Next, the low-Q data for the
nanocomposite films were corrected by subtracting the data for
pristine Nafion from the absolute intensity of the low-Q data
for the nanocomposite membranes. Finally, the corrected
SANS data were fit to eq 2, and the exponents obtained for
each nanocomposite are noted in Table 3. Additionally, the
corrected low-Q data, ranging from approximately (0.0009−
0.008) Å−1, for membranes containing sulfonic acid- and
amine-functionalized SiNPs are shown in Figures 9a and 9b,
respectively.
As seen from Table 3, the power law exponents for the

nanocomposite membranes fall within the range of three to
four, which is indicative of surface fractal scattering.
Specifically, α ≈ 3 indicates scattering due to “rough” surfaces,
while α ≈ 4 indicates Porod-like scattering of “smooth”
surfaces.63,64 From this power law exponent, a fractal
dimension, Df, can also be ascertained, where Df = 6 − α is
a unitless ratio that describes geometrical complexity. More
specifically, the surface fractal dimension (2 ≤ Df ≤ 3)63

elucidates the surface complexity, where Df = 2 suggests a
perfectly smooth surface and Df = 3 suggests that the surface is
so folded that it almost completely fills the space.64 The power
law exponents, after subtraction, for each nanocomposite
membrane are shown in Table 3. As seen in Table 3, the power
law exponent of the membranes containing PS-SiNP was
higher than any other membrane and close to a value of 4,
which is indicative of Porod-like scattering from sharp
interfaces between phases.64 In contrast, membranes contain-
ing LS-SiNP, AS-SiNP, and UF-SiNP have power law
exponents closer to three. This result suggests that, with the
exception of membranes containing PS-SiNP, a rough interface
exists between the ionomer and anionic surface of the
unfunctionalized and sulfonic acid-functionalized SiNPs. That
is, these lower power law exponents indicate that the interface
between the Nafion and silica phases is more “jagged” as
compared to the Porod-like scattering observed in membranes
containing PS-SiNPs.
The lack of clarity between phases is likely due to the diffuse

clustering and other loosely joined aggregates observed in

these membranes,20 which one could imagine would have
significantly larger surface areas as compared to tightly bound
aggregates, i.e., a much rougher surface. The diffuse clustering
of SiNPs may affect the nanocomposite morphology differently
for the different surface functionalities, either increasing the
ionic domain connectivity or otherwise affecting the chain
dynamics.53 Previous results from our group demonstrated that
the introduction of UF-SiNP at wNP ≈ 4% resulted in a
significant decrease in both the segmental and swelling
dynamics, measured by neutron spin echo and FTIR
spectroscopy, respectively, of the nanocomposite as compared
to pristine Nafion.
For the sulfonic acid-functionalized SiNPs, we conjecture

that an increased connectivity due to large diffuse clusters
(supported by the IEC measurements; see Figure S3), in
combination with the shifted Donnan equilibrium, leads to an
increase in vanadium ion crossover as compared to pristine
Nafion. For the UF-SiNP nanocomposite membranes, which
demonstrated the highest reduction in vanadium ion
permeability, the diffuse aggregates likely increase the
tortuosity for the ionic domains and further sequester the
sulfonic acid-capped pendant chains of Nafion, ultimately
leading to a reduction in vanadium ion crossover. In both of
these cases though, the SiNP dispersion state alone does not
determine the transport properties of the membranes. Rather,
it is a combination of SiNP dispersion state and SiNP surface
charge that ultimately alters the morphology and ion transport
through the ionomer.
In contrast to membranes containing sulfonic acid-function-

alized SiNPs, we observed that the power law exponents for
nanocomposites containing amine-functionalized SiNPs at wNP
= 5% (AA-SiNP, LA-SiNP, and TA-SiNP) were all above 3.5,
with exponents ranging from 3.57 to 4.07. As mentioned
above, power law exponents in this range are indicative of
fractal nature of the NP surface, where fractal surfaces with α =
4 (fractal dimension Df = 2) are characterized by a smooth
surface. Additionally, this Porod-like scattering is representa-
tive of sharp interfaces between phases.64 These results
indicate that a more well-defined interface between the
SiNPs and the ionomer exists for membranes containing
SiNPs with positively charged surfaces. The sharper interface
between the amine-functionalized SiNPs and Nafion may affect
the formation of the ionic domains within the nanocomposite
membranes in different ways. As evidenced by the increased
IEC for membranes containing LA-SiNP at all NP loadings
(see Figure S3), the amine functionality may increase the
connectivity of the ionic domains through interactions with the
long bridging chain of the LA-SiNP, ultimately leading to
accelerated vanadium ion crossover at all NP loadings.
Alternatively, for membranes containing TA-SiNPs, the sharp
interface of the large NP aggregates may increase the tortuosity
(i.e., reduced connectivity) of the ionic domains, as evidenced
by the reduced IEC value at wNP = 5%. Note that the largest
reduction in vanadium ion permeability, as compared to
pristine Nafion, was observed for membranes containing TA-
SiNP at wNP = 5%, which was comparable to the reduction
observed for membranes containing UF-SiNP at wNP = 5%
(shown in Figure 2). In addition to shifting the Donnan
equilibrium, the presence of these larger aggregates likely
results in a change in the conformational entropy of the local
chains (i.e., morphology) of Nafion, impacting the local
segmental relaxation dynamics, which are closely coupled to
transport.53,65−67 However, to date, the necessary spectroscopy
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experiments have not been performed on ionomer membranes
containing TA-SiNPs, though these experiments are part of the
scope of our future studies.
To further illustrate the correlation between the power law

exponents extracted from analysis of the low-Q contrast-match
SANS data and the corresponding real-space TEM images, an
illustrative schematic depicting this relationship is shown in
Figure 10. Specifically, Figure 10 shows where various Nafion−
SiNP nanocomposites (at wNP = 5%) lie along the power law
exponent scale (3 ≤ α ≤ 4), where the fractal surface
roughness of the SiNP aggregates decreases as the power law
exponent increases from three to four. The illustration of
SiNPs shown as black circles (above the TEM images) depicts
the decreasing surface roughness as the aggregates become
more sphere-like, while the red outlines (above the black
circles) show the decreasing surface area of the aggregates as
the power law exponent increases from three to four. The
representative TEM images demonstrate the change in
aggregation from diffuse clusters (UF-SiNP and AS-SiNP) to
larger and more abundant aggregates (AA-SiNP and TA-
SiNP).

■ CONCLUSIONS

The incorporation of silica nanoparticles with various
functionalities into Nafion membranes for use in VRFBs was
seen to impact the vanadium ion crossover and membrane
morphology compared to pristine Nafion membranes. The
vanadium ion crossover increased for all of the Nafion
nanocomposite membranes with sulfonic acid-functionalized
nanoparticles, in part due to shifting the Donnan equilibrium
(as evidenced by the IEC). Alternatively, the vanadium ion

crossover also increased for several of the membranes with
amine-functionalized nanoparticles, which we attributed to a
combination of nanoparticle dispersion and nanocomposite
morphology. Depending on the nanoparticle functionality,
including both end-functionality and bridging group, the
nanoparticle dispersion within Nafion membranes varied,
ranging from well-dispersed particles (PS-SiNP, LS-SiNP,
and LA-SiNP) to diffuse cluster-like aggregates (UF-SiNP
and AS-SiNP) to larger, more abundant aggregates (TA-SiNP
and AA-SiNP). The nanoparticle aggregation or dispersion is
supported by both TEM images and SANS scattering, where
the formation of the ionic domain has not been significantly
altered for any of the nanocomposite membranes. To isolate
the effect of the silica nanoparticle aggregates in each of the
nanocomposite membranes, contrast-match SANS was uti-
lized. The low-Q SANS region fit with a power law model
yields fractal scattering for each of the functionalizations
ranging from the diffuse clustering of the UF-SiNP,
demonstrating a power law exponent of 3.27, to the densely
packed and large aggregates of TA-SiNP, demonstrating a
power law exponent of 3.84. Overall, the reduction in
vanadium ion permeability due to the incorporation of
SiNPs was found to occur as a result of the combination of
perturbations to the local morphology, fixed ionic activity
within the ionomer (Donnan principle), and perturbations to
the SiNP dispersion state. Results from this work demonstrate
how perturbations to this dispersion state can be directly tuned
by manipulating the surface chemistry of the nanoparticles,
resulting in changes to in nanoparticle−ionomer interactions.

Figure 10. Illustrative schematic of surface fractal structure of SiNP aggregates as a function of the power law exponent obtained from SANS, with
accompanying real-space TEM images of Nafion membranes containing UF-SiNP, AS-SiNP, AA-SiNP, and TA-SiNP (from L to R) at wNP = 5%.
The scale bars for TEM images are all 100 nm. The black circles represent the SiNP aggregates, while the red shape above these black circles is a
representative outline of the aggregates, illustrating decreasing surface area of the aggregates as roughness decreases (going from α = 3 to α = 4).
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