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ABSTRACT: Herein, we employed high-flux backscattering spectroscopy to capture for
the first time the motions of hydrated vanadyl ions in ionomer nanocomposites prepared
by both solution-cast and in situ sol—gel condensation methods. Both local and jump
diffusion coefficients of the hydrated vanadyl (VO**) ions as well as the dynamic length
scales of ion motions and the fraction of immobile hydrogen atoms were extracted from
the scattering spectra. Notably, for solution-cast membranes, the jump and local diffusion
coefficients of hydrated VO** ions were seen to decrease by over 10- and 4-fold,
respectively, with the introduction of 10 mass % silica nanoparticles (SiNPs) compared
to their neat counterparts. Further, the VO*" diffusion coefficients were observed to
decrease with thermal annealing, though the impact of annealing was less significant than
that seen with the introduction of SiNPs. Finally, in general, thermal annealing and the
introduction of SiNPs had no measurable impact on the fraction of immobile hydrogen
atoms in both solution-cast and sol-gel ionomer nanocomposites. The data observed in
this work, in conjunction with previous structural and chain dynamics studies on
hydrated Nafion-SiNP nanocomposites, suggest that a combination of stiffening of the segmental dynamics as well as a decrease in
available sulfonic acid groups facilitating transport leads to an overall decrease in mobility of vanadium ions in these ionomer
nanocomposites.

©  Hydrated vanadyl (VO?*) ion
@ Aromatic (hydrophobic) backbone
() Hydrophilic channel

1. INTRODUCTION

With energy obtained from renewable sources becoming more
prevalent, scalable energy storage technologies are needed to
ensure the reliable dispatch of this energy to the electrical grid.
Vanadium redox flow batteries (VRFBs) are a promising
energy storage technology due to their quick response time,
longevity, flexible design, and relatively low maintenance.' ™

thoroughly investigated as the PEM for VRFBs. When
hydrated, the ionomer forms a nanophase segregated
morphology, with the backbone forming hydrophobic
domains, while sulfonic-acid-terminated side chains coalesce
to form percolated hydrophilic domains that provide a
continuous pathway for facile ion transport. To date,
researchers have successfully fabricated Nafion—SiNP mem-

One critical component of the VRFB is the proton exchange
membrane (PEM), which functions to facilitate proton
transport while preventing cross-mixing of the positive and
negative electrolytes.” To address the issue of vanadium ion
crossover, researchers have taken a wide variety of approaches,
including fabricating layered and sandwiched-structured
membranes,”® incorporation of a second polymer phase (i.e.,
polymer fillers),””” and introduction of inorganic nano-
particles.'*”'* Of these various approaches, the vast majority
of the effort has been focused on reducing crossover via the
incorporation of inorganic nanoparticles (e.g.,, silica nano-
particles (SiNPs)). One such class of membranes, sulfonic
acid—based ionomer nanocomposites, has garnered consid-
erable attention as PEMs for VRFBs due to their adequate
chemical resistance and improved proton selectivity (i.e., the
ratio of proton conductivity to vanadium ion permeability).
The current benchmark sulfonated ionomer, Nafion, a
perfluorosulfonic acid polymer that has a hydrophobic,
poly(tetrafluoroethylene)-based backbone with fluoroether
side chains terminated with sulfonic acid groups, has been
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branes that exhibit decreased vanadium ion crossover while
maintaining similar (though typically reduced) proton
conductivities to that of pristine (neat) Nafion."”'* Nafion-
SiNP nanocomposites are commonly fabricated via two
methods: an in situ sol—gel condensation process and a
solution casting process. In the former, in situ growth of the
silica phase within the preformed, hydrated perfluorosulfonic
acid membrane is achieved via an acid-catalyzed sol—gel
reaction involving tetraethoxysilane.> ™"

More recently, the latter method has been leveraged to
prepare ionomer nanocomposites, where preformed, discrete
silica nanoparticles are dispersed in an ionomer solution, cast
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onto a dish, and left to form dense, free-standing membranes
(following solvent evaporation).'® Ionomer nanocomposites
fabricated via these two synthesis routes exhibit different
nanophase-segregated morphologies, as captured using various
small-angle scattering techniques,ls’lg’19 which directly impacts
the ion transport properties of these membranes.”® Further, it
is known that the silica phase formed by the sol—gel approach
is different than that of the discrete SiNPs used for solution-
cast Nafion nanocomposites.'> Along with these two
fabrication methods, thermal annealing has also been shown
to affect the nanostructure and transport properties of the
Nafion membranes.”"*? In one recent investigation, thermal
annealing of Nafion-SiNP nanocomposites (at 140 °C for 2 h)
led to a markedly decreased permeability of vanadium ions
across the membrane as compared to its unannealed Nafion-
SiNP counterpart ((1.08 + 0.12) X 1078 cm?® 57! vs (4.45 +
0.16) X 10 ¥ ecm?s71).%°

In addition to the permeability of vanadium ions through
these ionomers, other fundamental transport properties, such
as mutual’>** and self-diffusion coefficients of both water and
various ions in Nafion membranes have been measured. In
particular, the self-diffusivity of cations such as Na*, K*, Cs",
Ag', Ca**, and Ba®" have been characterized via radiotracer
methods,” >’ while the dynamics of water (i.e., the self-
diffusivity of water) have been characterized via both nuclear
magnetic resonance spectrometer (NMR) and quasi-elastic
neutron scattering (QENS).**7 In particular, QENS is a
unique and powerful technique that can be used to interrogate
nano- to picosecond molecular dynamics in restricted
geometries.”> As such, there have been a number of
investigations on the dynamics of water in Nafion-based
membranes using a variety of QENS techniques, including
both time-of-flight (TOF) and backscattering (BS) spectros-
copy,”"** 7 though the former is more commonly used as it
captures faster motions (i.e., shorter time scales) than 30
ps.”**”*% For example, TOF spectroscopy has been employed
to investigate water dynamics in Nafion membranes at various
hydration levels.”* From these experiments, the researchers
found that the water dynamics in the low-Q regime could be
described using continuous diffusion within a confined space,
while in the high-Q region, the dynamics were better
characterized as random, unconstrained jump diffusion.

Further, QENS has been used to interrogate the various
molecular-level water/ion transport mechanisms in Nafion, i.e.,
Grotthuss hopping vs vehicular diffusion mechanism, where
time-resolved spectra were taken durin% hydration, going from
a state of almost dry to fully hydrated.”” Capturing both water
and ion dynamics in ionomer membranes is imperative for the
design of better performing PEMs, as ion transport in these
materials is a water-facilitated process.”” That is, ion and water
dynamics are highly coupled in these membranes. While these
investigations have provided important insight into the
mechanisms of water-assisted proton transport in Nafion,
they do not provide any insight into the dynamics of the
hydrated vanadium ions, which are also present inside the
ionomer during VRFB operation. For us to fully understand
the ion transport in PEMs used in VRFBs, it is paramount that
we directly capture the dynamics of hydrated vanadium ions
inside these materials.

Herein, for the first time, high flux backscattering (HFBS)
quasi-elastic neutron scattering experiments were performed to
capture the dynamics of the hydrated vanadyl (VO**) ion
inside Nafion and Nafion-SiNP nanocomposite membranes. As
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the faster dynamics of free water molecules are outside of the
time-scale window of HFBS (which ranges from 100 ps to 2
ns), the HFBS measurements were only sensitive to the
dynamics of (slower) water molecules bound to the vanadium
ion.*” The ionomer nanocomposites were prepared using two
different fabrication routes: (i) an in situ sol—gel condensation
method on preformed membranes and (ii) solution casting of
free-standing membranes from a Nafion dispersion containing
discrete SiNPs. To interrogate the impact of SiNPs on the
vanadium ion dynamics, membranes were prepared with 4 and
10 mass % SiNP as well as pristine (neat) membranes
containing no SiNPs. In addition, the impact of thermal
treatment (annealing) on vanadium ion motion was also
explored. The local and jump diffusion coefficients of the
hydrated VO** ion within each membrane were extracted from
the QENS data, along with additional information such as the
fraction of immobile hydrogen atoms. This systematic study
provides new insight into the impact of the fabrication method
and nanoparticle loading on vanadium ion dynamics within
these membranes, which serves to help elucidate the
connection between the molecular-picosecond-level dynamics
of vanadium ions and the salient macroscopic membrane
performance properties, e.g, vanadium ion permeability and
proton conductivity.

2. EXPERIMENTAL SECTION

2.1. Materials. Nafion D2021 stock dispersion (Nafion
perfluorinated resin solution; 20 mass % in mixture of lower
aliphatic alcohols and water; equivalent weight = 1100 g of dry
polymer per mol of sulfonic acid) and extruded Nafion 117
membranes (thickness 2180 ym; equivalent weight = 1100 g
of dry polymer per mol of sulfonic acid) were purchased from
Ion Power Inc. Tetraethyl orthosilicate (TEOS, > 99.0%
purity), methanol (HPLC grade, > 99.9% purity), sulfuric acid
(95%—98% purity, ACS reagent), ethanol (200 proof,
anhydrous), vanadium(IV) oxide sulfate hydrate (97%), and
magnesium sulfate (anhydrous) were purchased from Sigma-
Aldrich. Silica (SiO,) nanoparticles (SiNPs) (colloidal silica in
methanol; MT-ST grade; Dp = (10 to 15) nm, where Dy is the
particle diameter) were obtained from Nissan Nanomaterials.
Hydrogen peroxide (30 mass % in H,0) was procured from
VWR Analytical. Additionally, reverse osmosis (RO) water
(resistivity ~#18 MQ cm) was used for all experiments and
membrane synthesis.

2.2. Sample Preparation. 2.2.1. Fabrication of Nafion-
SiO, Nanocomposite Membranes via an In Situ Sol—Gel
Method. Sol—gel Nafion-SiNP nanocom}z)osite membranes
were prepared as previously described.'” Prior to nano-
composite fabrication, the commercially produced Nafion
117 membranes were subjected to a purification and
protonation process, where the ionomer membranes were
refluxed for 1 h in each of the following: (1) 3 mass %
hydrogen peroxide, (2) followed by deionized water, (3)
followed by 0.5 mol L™" sulfuric acid, and (4) finally, deionized
water again. After the peroxide and acid steps, the membranes
were thoroughly washed with deionized water. Following this
procedure, the purified films were dried at 90 °C, under
dynamic vacuum, for 24 h to obtain the mass of the dry
ionomer membrane. Next, the dried Nafion 117 membranes
were equilibrated in a 2:1 (v/v) methanol—water solution for 4
h at room temperature. Following equilibration, a 1.5:1 (v/v)
TEOS-methanol solution was added to a stoppered flask
containing the equilibrated films as well as 50 mL of the
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methanol—water solution in which the films were equilibrated.
The quantity of TEOS-methanol solution introduced in the
flask was determined as to maintain a water to TEOS molar
ratio of 4:1. Immediately after the addition of TEOS, the flask
was sealed, and the membranes were soaked for the desired
residence times (i.e., the time the films were left to soak in the
precursor solution). Once removed from the reaction flasks,
the films were washed with pure methanol and patted dry to
prevent gelation on the surface. Next, the ionomer membranes
were dried at room temperature for 24 h followed by thermal
annealing for 2 h at 140 °C, after which the oven was turned
off and allowed to cool to room temperature. Note that the
entire process (from drying to annealing to cooling) was
performed under dynamic vacuum. The mass percent of
nanoparticles in each membrane was obtained by weighing dry
membranes before and after the sol—gel condensation process.

2.2.2. Fabrication of Nafion-SiO, Nanocomposite Mem-
branes via Solution Casting. Solution-cast Nafion-SiO,
nanocomposite membranes were prepared as previously
described.'’ Briefly, a dispersion of SiO, nanoparticles and
Nafion was created by adding a specified amount of the silica
nanoparticle solution to the as-received Nafion dispersion. The
silica nanoparticle-Nafion mixture was sonicated at least S0
min prior to casting to ensure uniform dispersion of the
nanoparticles in the Nafion-SiO, dispersion. The Nafion-SiO,
dispersion was then cast onto a polytetrafluoroethylene
(PTFE) substrate and then covered by a funnel with Kim-
wipe flue to allow solvent evaporation overnight. Next, the
membranes were subjected to the same thermal treatment
(annealing) process as the sol—gel membranes, where they
were heated 2 h at 140 °C, after which the oven was allowed to
cool to room temperature. The entire process (from annealing
to cooling) was performed under dynamic vacuum. The mass
percent of nanoparticle in membranes was controlled by the
amount of SiNP suspension added to the Nafion dispersion.

2.3. Quasi-elastic Neutron Scattering (QENS) — High-
Flux Backscattering Spectroscopy. QENS spectra were
collectured using the high-flux backscattering spectrometer
(HFBS) at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR). Membranes
were prepared with the geometry of 8 X 4 cm and a thickness
of %100 pum, which allowed for £90% neutron transmission
through the sample. The HFBS experiment was conducted
with an energy range of +17 peV (resolution of 0.8 yeV) and
over a Q-range of 0.25 to 1.6 A™!. To determine the relevant
temperatures for the HFBS experiments, fixed window scans
(FWSs) for both sol—gel and solution-cast membranes (over a
temperature range of 4 to 300 K) were performed. Based on
these measurements, 4, 215, 245, and 295 K were selected as
the experimental temperatures for both sol—gel and solution-
cast Nafion nanocomposite membranes. To best replicate
typical vanadium redox flow battery conditions, all the samples
were soaked in a 1.5 mol L™' vanadyl sulfate in 3.0 mol L™*
sulfuric acid aqueous solution for a period of 48 h. Prior to the
beginning of HFBS experiments, the membranes were
removed from the acid solution, patted dry, and mounted in
the sample cell.

2.4. HFBS Data Analysis. The measured dynamic
structure factor S(Q, w), where Q and @ are defined as
momentum transfer and energy transfer, respectively, can be
modeled using the following equation
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S(Q, w) = [A(Q)é(w) + {(1 — A(Q))L(Q, w)}]
® R(Q, w) (1)

where A(Q) is the elastic incoherent structure factor (EISF),
8(w) is the Dirac delta function, L(Q, w) is the Lorentzian
function, and R(Q, @) represents the instrument resolution
function. Herein, the collected scattering data were analyzed by
using a model that combines local diffusion within a sphere
and random jump diffusion, where the length scale of the
confined dynamics was characterized by fitting the EISF for
each membrane. The EISF is defined as the ratio of the
integrated intensity of the elastic peak to the total integrated
intensity (i.e., elastic and quasi-elastic scattering). First, the
measured neutron scattering function, S(Q, @), was fit with a
single Delta function and a single Lorentzian function, which
describe the elastic and quasi-elastic component of the
scattering, respectively, providing the EISF of samples at
different Q values. The Q dependence of EISF can be modeled
to extract the parameters representing the geometry of
confined motion. The spatial distribution of the moving
hydrogen atoms (in our case, hydrogen atoms from water
molecules bound to the VO** ion) was characterized via fitting
the EISF to the following equation*’

3J,(QR) P
QR 2)

where ¢ is the fraction of hydrogen atoms that are not
diffusing within the time window of the experiment (i.e.,
immobile hydrogen ions), R is the radius of the sphere within
which the dynamics occur, and J;(QR) is the first-order Bessel
function given by equation below

sin(QR)  cos(QR)
(QR)? (QR) (3)

Along with the geometric information provided from
analysis of the EISF of each membrane, dynamic information
on the motions was obtained from the half-width at half-
maximum (HWHM, I'(ueV)) of the Lorentzian function
describing quasi-elastic broadening. The HWHM (I") has been
analyzed using a model developed by Volino et al,,*>*' where
molecular motions are divided into two regimes: (i) one at
higher Q values, where standard jump diffusion behavior can
be observed and (ii) one at lower Q values, where a plateau in
the data appears, providing information about local motions.
To extract the mean square jump length, (r*), and the
residence time between jumps (7), the HWHM were fit with
the following equation

A(Q) = EISF(Q) = ¢ + (1 — o)l

J(QR) =

e@(%m)]

n
I'(pev) = —[1 —
(peV) m @
where 7 = 6.582 X 107'¢ eV s. Using this information, the
jump diffusion behavior was obtained via the following
equation

()

67

D

jump T (5)
where D, is the jump diffusion coefficient of hydrated
vanadium ions. The confined, local motions of hydrated
vanadium ions were obtained via the following equations

https://doi.org/10.1021/acs.jpcb.4c01203
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L. = 433D10cal
G R (6)

L
I

Ty (7)

where D), is the local diffusion coefficient and 7, is the local
residence time.

3. RESULT AND DISCUSSION

Table 1 contains a summary of the various membranes as well
as the nomenclature that will be used for said membranes

Table 1. Nomenclature for Nafion and Nafion
Nanocomposites Containing SiNP Fabricated by Different
Methods

fabrication thermal
method treatment SiNP loading  nomenclature
[g SiNP/g
[-] [] Nafion] H

in situ sol—gel unannealed 0 mass % Nafion-UA
annealed 0 mass % Nafion-A
annealed 4 mass % 4%SiNP
annealed 10 mass % 10%SiNP

solution casting annealed 0 mass % Nafion-SC
annealed 4 mass % 4%SiNP-SC
annealed 10 mass % 10%SiNP-SC

moving forward in the manuscript. As mentioned earlier,
Nafion—SiNP membranes were prepared via both in situ sol—
gel and solution-cast methods. Note that, as seen in Table 1,
only thermally treated (or annealed) solution-cast membranes
were investigated as unannealed solution-cast membranes
would readily redissolve when the membrane was placed in
water.

Prior to investigating the dynamics of hydrated vanadium
ions, fixed window scans (FWS’s) were conducted with the
HFBS spectrometer in the “fixed window mode”, where the
elastic incoherent scattering intensity was measured as a
function of temperature. The fixed window scans of sol—gel
and solution-cast nanocomposite membranes are shown in
Figure Slab, respectively. From this analysis, the mean-square
displacement (MSD; (u*)) was obtained as (u*) provides an
estimate of the onset of motions and thus, helps provide a
suitable temperature range over which to perform dynamic

measurements.””~** The results of this analysis are shown in
Figure 1. Specifically, Figure 1 shows the MSD as a function of
temperature for both sol—gel (Figure 1la) and solution-cast
(Figure 1b) nanocomposite membranes. We remind the
readers that the dynamics captured here are from the water
molecules bound to the vanadium ions, as the diffusion
coefficients observed in this work are much lower than the
diffusion coeflicient of free water molecules previously
reported in Nafion membranes, as seen in Table 2 and later
in the text. Therefore, the measured motions in the work can
be considered the dynamics of the hydrated vanadium ion. The
molecular-level structure of hydrated vanadium ions have been
studied recently, where this structure has been observed stable
whether the vanadium ion is in an acidic or aqueous solution.
For example, researchers found that the vanadium(IV) ion
(ie, the vanadyl ion, VO*") in aqueous solution has a
octahedral structure, where the hydrated vanadyl ion had an
octahedral coordination with four equivalent water molecules
in the equatorial plane and a one water molecule in the axial
position opposite to the vanadyl oxygen.*>*® This structure of
hydrated vanadyl ion was also evidenced under the chemical
environment of the VRFB and the hydrated vanadyl structure
was found stable in vanadium concentration from 0.1 to 3 mol
L™ (in 3 mol L™! sulfuric acid) within the temperature range
of 240 to 340 K.*’ This hydrated form of the vanadium ion
makes it possible for us to investigate the vanadium ion
dynamics in the Nafion nanocomposite membranes by probing
the dynamics of water molecules bound on the vanadium ion.

The linear increase of (u*) at lower temperatures is arising
from harmonic oscillations of atoms around a mean position,
i.e., vibrational motions.”® The lowest MSD was observed at
the lowest temperature (=4 K) for all samples, indicating that
all of the atoms in the membranes were “frozen” at this low
temperature. Therefore, 4 K was selected to obtain a resolution
for dynamic measurements in this study. In both Figures 1a,b,
the beginning of an upturn in the MSD data can be observed
between 175 to 200 K, which can be attributed to the
increasing mobility of molecules in the nanocomposites with
increasing temperature. Based on the MSD of these
membranes, 215, 245, and 295 K were selected as the
temperatures of interest for dynamic investigations, where the
minimum temperature of 215 K is slightly above the onset of
ion motion, and the maximum temperature of 295 K is room
temperature, which is traditionally the working temperature of
the VREB. As seen in Figure 1b, the mean square displacement

3 T T T T
(a) .
25l Nafion-UA
& 2+
<
&
S 15¢ Nafion-A
v
1F
10%SiNP
0.5
0 -
0 50 100 150 200 250 300

Temperature [K]

<u® [Az]

3 T T T T

25}

Nafion-SC

1F 10%SIiNP-SC

0 s
0 50 100 150 200 250 300
Temperature [K]

Figure 1. Mean square displacement (MSD; (u?)) for both annealed and unannealed Nafion and Nafion nanocomposite membranes fabricated via

(a) in situ sol—gel and (b) solution-cast methods.
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Table 2. Dynamic Parameters of Hydrated Vanadium Ion in This Work (top) and Dynamic Parameters of Water Dynamics in
Nafion Reported in Previous Investigations®

material

Nafion-UA

Nafion-A

10%SiNP

Nafion-SC

10%SiNP-SC

Nafion 117 (Ayaer = 1)
Nafion 117 (e = 8)
Nafion 117 (4= 16)**
Nafion 115

Nafion 112*

bulk water®**

water

R [A°]
7.28 + 1.65
5.88 £ 0.73
6.82 + 1.10
6.19 + 1.00
542+ 071
2.10 + 0.22
3.46 + 0.04
3.66 + 0.03
1.92 + 0.07
42 +£03

o []
0.47 + 0.040
0.51 + 0.050
0.53 + 0.027
0.40 + 0.037
0.65 + 0.020
0.852 + 0.010
0.169 + 0.006
0.119 + 0.005
0.5

Djump [107° cm® s7']

Dlocal [107¢ cm? s7]

1.06 + 0.27 S.12 + 1.64
0.95 + 031 2.06 + 0.37
0.50 + 0.10 490 + 1.11
0.74 + 0.26 3.72 £ 0.84
0.06 + 0.039 0.93 £ 0.18
122 + 0.08 0.38 + 0.36
1.86 + 0.08 0.91 + 0.06
2.14 + 0.08 1.04 £ 0.12
14

2.0 £ 0.1

Translational (self) diffusion D, = 2.36

7 [ps]
41.86 + 626
48.43 + 9.40
60.56 + 6.20
56.78 + 16.07
273.09 + 67.79
147 + 1.1
44 +03
3.6+03
44
2.5 + 04
13

7o [ps]
239.43 + 4.38
388.26 + 18.40
219.15 + 445
237.31 + 4.43
733.52 £ 39.09
27.0 £ 159
112 £ 0.5
9.8 +£ 0.7
8.5

“Nafion 117 (A = 1), Nafion 117 (A = 8), and Nafion 117 (4, = 16) represent water dynamics in Nafion 117 at various hydration levels
(Awater), where Nafion 117 (A, = 1) is the lowest hydration level and Nafion 117 (4., = 16) is fully hydrated. Note that the level of hydration,
Avaters 18 the molar ratio of the water and sulfonic acid groups of the Nafion membrane, and the data in the table are the dynamics collected at room

temperature.
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Figure 2. Quasi-elastic neutron scattering (QENS) spectra for Nafion-SC membranes at 295 K and (a) over the entire Q range, (b) at Q = 0.25
A7 (c) at Q= 0.87 A™', and (d) at Q = 1.60 A™". (e) QENS spectra of Nafion-SC at 295 K and at Q = 0.87 A™', where the solid black and red
lines represent the best-fit Delta (elstic) and Lorentzian (quasi-elastic) functions, respectively.

of 10%SiNP-SC over the temperature range investigated (200
to 300 K) is significantly lower than the other two solution-cast
samples, indicating a higher concentration of immobile atoms
and slower dynamics in solution-cast Nafion sample containing
10 mass % SiNPs. Reduced dynamics at higher silica
concentrations has been previously observed for solution-cast
Nafion nanocomposites using neutron spin echo (NSE)
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spectroscopy, corroborating the retarded dynamics observed
with HFBS."”

Based on the data shown in Figure 1, quasi-elastic scattering
spectra for all membranes were collected at 4, 215, 245, and
295 K, where motions were collected at 16 different Q values,
providing spatial information on the observed dynamics. For
reference, the QENS spectra for Nafion-SC, collected at 295 K,
are shown in Figure 2a, where the energy transfer centers at a
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J. Phys. Chem. B 2024, 128, 5766—5780


https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01203?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c01203?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B pubs.acs.org/JPCB
L(rLJ 12 T T T T T T
U ) 215K S 04 (b) 215K ]
S 1 g
- B 2 e I~ > -
3 295 K 2o 205K |
Losf 8 {1 8
2 1 Y E o024 © ]
5 I i L 6
206 R L EPEoaT {1 &
= S RSl @ o6l = ]
S S KR Sl
5 : of = e
04l < ] X
S + £ o008} : ]
e 5 5 @REe
:é 0.2} ¢ 1 ‘g 0t BeEBEEE ‘;‘@"’@@@ ]
@ . . . = . . .
i 2 0 05 1 15 2
21
Q[A7]
3 .
=
c 1
1S
>3
£ 1
x
(0]
£
=
= 1
=
®
E 4
i)
e
o
S ofeet e e
T 0 05 1 15 2 25 3 35

0* A7

Figure 3. (a) Elastic incoherent structure factor (EISF), (b) integrated elastic intensity, and (c) half-width at half-maximum (HWHM) for Nafion-
A at 215 (blue circles), 245 (green diamonds), and 295 K (orange squares). The solid lines in (a) and (c) represent the best fit obtained from
nonlinear regression. Note that the error bars for the EISF and HWHM data result from the fitting of the scattering data using the Delta and

Lorentzian functions.

value of 0 peV for quasi-elastic scattering. To better highlight
the diffusional motions observed with HFBS, QENS data
collected at low-Q (0.25 A™"), mid-Q (0.87 A™"), and high-Q
(1.60 A™') are also presented in Figure 2b—d. As seen in
Figure 2b, the scattering observed in the QENS data appears to
be primarily elastic, as the ion motions are undetectable at a
length scale, which is significantly larger than the length scale
of the ion dynamics. That is, there is little to no quasi-elastic
broadening observed in the QENS data. In contrast, at a higher
Q value, like that shown in Figure 2c, we begin to observe
broadening in the data, which arises from the diftusive behavior
of the hydrated vanadium ion. Finally, as seen in Figure 2a,d,
the scattering data at high-Q values (e.g, Q = 1.60 A™") have
large error, as well as low intensity, as the signal from the ion
dynamics is convoluted by the instrument noise at such small
length scales.

To extract elastic and quasi-elastic information from the
QENS data, the scattering data were regressed to both a Delta
function (solid black line) and a Lorentzian function (solid red
line). An example of this regression at Q = 0.87 A™" is shown in
Figure 2e. The EISF values for Nafion-A at 215 (blue circles),
245 (green diamonds), and 295 K (red squares) are shown in
Figure 3a, where EISF is plotted as a function of the wave
vector transfer (Q). Interestingly, a peak in the EISF data is
observed from 0.8 < Q < 1.5 A™Y, at all temperatures
investigated. To better understand the origin of the peak
located between 0.8—1.5 A~ in the EISF data, the contribution
from elastic scattering was obtained by integrating the area
under the Delta function, which is shown far all three
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temperatures in Figure 3b. As seen in Figure 3b, the same peak
that was observed in the EISF data is also present in the elastic
scattering portion of the total scattering. Therefore, the peak in
the EISF data can be attributed to the elastic scattering from
the sample. This peak has been previously observed in QENS
data of Nafion and has been attributed to the elastic coherent
scattering from the polymer backbone.”’ This feature, arising
from the structural arrangement of the backbone of Nafion,
was further investigated, where both dry Nafion membrane, as
well as deuterium-exchanged samples were studied to help
better parse the elastic contributions from hydrogen in the
water (H,0) and the Nafion backbone.*’ Additionally, as
shown in Figure 3a, decreasing EISF was observed as
temperature increased from 215 to 245 K and to 295 K,
which indicates dynamics were more vigorous with higher
temperature, leading to less immobile ions for elastic
scattering. In addition, a plateau can be observed at higher Q
values, which is indicative of immobile atoms on the time scale
of the instrument. As can be seen, as temperature increases,
more and more atoms take part in the motion modeled by the
Lorentzian function.

Geometrical information regarding the motions of the
hydrated vanadium ions can be extracted by regressing the
EISF vs Q data via eq 2, where the radius of the sphere within
which dynamics occur (R) and the fraction of immobile
hydrogen atoms (¢) were obtained from the regression, which
is shown as the solid (colored) lines in Figure 3a. In addition
to this geometrical information, the dynamic information on
the observed ion motions can be obtained from the half-width
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at half-maximum (HWHM) data of the Lorentzian function.
The HWHM data for Nafion-A at 215 K (blue circles), 245 K
(green diamonds), and 295 K (red squares) vs Q> are shown in
Figure 3c. In such a representation, Fickian diffusion results in
a linear plot slope of which provides values of diffusion
coefficient. A plateau at higher Q values is a clear indication of
the jump-diffusion process given by eq 4. The HWHM data
were regressed to eq 4, where the mean square jump length
({(r*)) and the residence time between diffusional jumps (z)
were obtained from the regression. The result of this regression
is shown as solid (colored) lines in Figure 3c. Note that EISF
and HWHM data along with the best fitting from nonlinear
regression for all samples are provided in Figures S2 and S3 in
the Supporting Information. It should be noted that the
HWHM shown in this work is significantly lower than that of
captured water dynamics in Nafion membranes in previous
studies (~ 10 peV vs ~0.1 meV).>**¢

Figure 4 shows the results of the EISF data regression, where
the radius of the sphere within which dynamics occur (R) and
the fraction of immobile hydrogen atoms (¢) for Nafion-SiNP
nanocomposites fabricated via sol—gel and solution casting are
shown in Figure 4a,c and 4b,d, respectively. While discussion
here will mainly focus on the ion dynamics at room
temperature (295 K), as this is typical operating temperature
for VRFBs, in general, the length scale of motions is seen to
increase with increasing temperature for both sol—gel and
solution-cast samples. As seen in Figure 4a, at room
temperature, the impact of thermal treatment has little impact
on the value of R, 7.28 + 1.65 A for Nafion-UA vs 5.88 + 0.73
A for Nafion-A. These data suggest that the significant
reduction in vanadium ion permeability that has been observed
for annealed membranes (44.0 X 10~ cm?* s™! for Nafion-UA
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vs 11.0 X 107 cm?® s~ for Nafion-A)** cannot directly be
attributed to changes in the dynamic length scale of vanadium
ion self-diffusion. The transport of ions through ionomers,
such as Nafion, is directly coupled to polymer morphology
(i.e., nanostructure),”” as well as chain dynamics,*”** both of
which can be affected by thermal treatment of the membrane.
Annealing is usually performed at a temperature higher than
the glass transition temperature (Tg), leading to an increased
order of the backbone packing. For example, previous work on
the segmental and swelling dynamics of Nafion suggested that
the ionomer network become stiffer after annealing, which led
to a reduction in vanadium ion transport.” In addition,
decreased mobility of the Nafion backbone with thermal
annealing has been previous observed, though interestingly, the
highest proton conductivity was observed with membranes
annealed at the highest annealing temperature of 140 °C.”!
Therefore, as the markedly decreased vanadium ion perme-
ability cannot solely be attributed to a reduction in the radius
of the hydrated vanadium ion dynamics, this reduction is more
than likely related to a stiffening and overall decrease in
polymer chain flexibility in these annealed ionomer mem-
branes. As seen in Figure 4a, the introduction of silica into the
sol—gel membranes does not lead to a measurably different
value of R when compared to that of Nafion-A, indicating that
introduction of SiNPs in sol—gel membranes does not have
notable impact on the length scale of vanadium ion self-
diffusion dynamics within the ionomer nanocomposite.
Interestingly, previous measurements of vanadium ion
permeability on these sol—gel membranes from our group
showed that the introduction of silica nanoparticles at higher
concentrations did not measurably impact the permeability of
vanadium ions through the membranes (11.0 X 107 cm? s™*
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for Nafion-A vs 10.7 X 10~ cm? s™! for Nafion-10SiNP),*
which correlates with the similar R values for these membranes.

In contrast, the vanadium ion permeability was seen to
decrease in SiNP-Nafion composite membranes fabricated via
solution casting (9.0 X 107 cm® s™' for Nafion-SC vs 5.5 X
107 em? s7! for Nafion-5%SiNP-SC),” while noticeable
changes in the value of R for solution-cast samples at room
temperature (295 K) was not observed (6.19 + 1.00 A to 5.98
+ 0.90 A to 5.42 + 0.7 A when NP loading is increased from 0
mass % to 4 mass % to 10 mass %, respectively), as shown in
Figure 4b.>" While smaller SiNPs may interact with vanadium
ions directly through steric hindrance, these nanoparticles still
affect ion transport markedly via stiffening of the polymer
network and via interactions of vanadium with the overall
negatively charged surface of the unfunctionalized SiNPs.
Notably, while the smallest length scale (R) of vanadium ion
dynamics at room temperature is 5.42 + 0.7 A (for 10%SiNP-
SC), it is still larger than that of pure water dynamics in Nafion
at room temperature, where a value of 3.66 + 0.03 A was
obtained from QENS measurements of hydrated Nafion
membranes.”* This is believed to be directly related to the
larger size of the hydrated vanadyl ion (VO*"-SH,0) when
compared to that of water molecules. These results further
support the claim that the dynamics being captured in these
systems is that of the hydrated vanadium ion, i.e., water bound
to the vanadium ion, and not that of simply water. The smaller
length scale of pure water dynamics in Nafion has also been
observed by other researchers,”® who found that the value of R
occur increased linearly when the temperature was increased
from 200 to 260 K, after which it remained at a value of
approximately 2 A until the highest temperature investigated of
300 K was reached. Again, we note that this value is also
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smaller than the length scale of the vanadium ion dynamics
measured here.

Another parameter arising from the EISF analysis is the
fraction of immobile hydrogen atoms (¢), which is shown in
Figures 4c,d for sol—gel and solution-cast nanocomposites,
respectively. It should be noted that the fraction of immobile
hydrogen atoms discussed here is related to the hydrated
vanadium ions, essentially indicating the mobility of vanadium
ions in these nanocomposite membranes. Water dynamics in
hydrated Nafion membranes has been previously investigated
with QENS, where the fraction of immobile hydrogen atoms in
fully hydrated Nafion 117 (equivalent to “Nafion-UA” in this
work) was 0.119 + 0.00S at room temperature, which is
significantly lower compared with the fraction of immobile
hydrogen atoms (or hydrated vanadium ion) measured in this
work (0.47 + 0.0398 for Nafion-UA). As the smaller sized
water molecules and hydrated protons (i.e., hydronium ions)
have higher mobility, transport of these molecules through the
ionomer is less restricted when compared with the hydrated
vanadium ion.”*

As seen in Figure 4c, the value of ¢ is a function of both
thermal annealing and the presence of the silica phase within
the ionomer matrix. For example, the fraction of immobile
hydrogen atoms is lower for Nafion-UA than for Nafion-A, at
all temperatures, indicating how the increase in crystallinity
and overall membrane stiffness*” with annealing also results in
a value of @ for these membranes. Notably, after the first
reduction in ¢ when the temperature was increased from 215
to 245 K, the value of ¢ did not markedly change when
temperature was further increased from 245 to 295 K. As seen
in Figure 4c, once the temperature reaches 295 K, there is no
measurable difference in the value of ¢ for Nafion-A, 4%SiNP,
and 10%SiNP. In contrast, for all solution-cast membranes, the
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fraction of immobile hydrogen atoms was seen to decrease
gradually when the temperature was increased from 215 to 295
K. Further, at room temperature, no measurable difference was
observed for the value of ¢ with the introduction of 4 mass %
SiNPs (0.4 + 0.037 vs 0.42 + 0.035 for Nafion-SC vs 4%SiNP-
SC). However, once the SiNP loading was increased to 10
mass %, significantly constrained motions were observed,
where the value of ¢ was seen to increase to 0.65 + 0.02 for
10%SiNP-SC, which is an over 50% increase when compared
to both Nafion-SC and 4%SiNP-SC. In contrast to the results
presented in Figure 4a,b, the introduction of SiNPs was seen to
have a greater influence on the concentration of mobile
vanadium ions than on the overall length scale of the ion
dynamics, a parameter that was seen to be similar at room
temperature for solution-cast membranes. When comparing
the data in Figure 4c to those in Figure 4d, we observe that the
incorporation of SiNPs into sol—gel samples had far less of an
effect on the value of ¢ when compared to simple thermal
annealing. This difference in behavior between solution-cast
and the in situ sol—gel ionomer nanocomposites could be
attributed to differences in the hydrated nanostructure of the
composite membranes, as well as the differences in “silica
density” between the two fabrication routes.”” Notably, the
silica phase for sol—gel fabricated membranes is formed within
a preformed Nafon membrane via a condensation reaction,
leading to a heterogeneous, less dense silica phase. In contrast,
the solution-cast method employs a dispersion/suspension
containing the iononmer and preformed, solid SiNPs.
Moreover, in this fabrication method, the ionomer chains
have significantly higher conformational entropy, giving them
the ability to interact with the surface of the SiNPs, and
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rearrange as the solvent evaporates, forming a dense, free-
standing membrane. The schematic nanostructure of neat
Nafion, Nafion-SiNP nanocomposite membranes prepared via
an in situ sol—gel process, and a solution-cast method are
shown in Figure 6a—c.

Along with the EISF discussion, the half-width at half-
maximum (HWHM) was analyzed to provide information
regarding the dynamics of the ion motions. As mentioned
earlier, the HWHM data are presented in Figure 3c. These data
were regressed to eqs 4 and 5 to obtain both the jump diffusion
coefficient (Dj,,,) and the residence time (7). The former can
be thought of as the speed at which ions hop from one site to a
neighboring site, while the latter can be considered a measure
of the time span between jumps. The jump diffusion coefficient
for membranes fabricated via in situ sol—gel and solution-cast
methods, at 215 K (blue), 245 K (green), and 295 K (orange),
are shown in Figure Sab, respectively. Note that the jump
diffusion coefficients for 4%SiNP-SC and 10%SiNP-SC at 215
K are not shown in Figure Sb as the dynamics are too slow at
this temperature to be captured by the QENS instrument. We
note that at 215 K, the lowest R values (3.7 + 0.49 and 2.5 +
0.45 A) and highest values of ¢ (0.79 + 0.016 and 0.89 +
0.001) were observed for 4%SiNP-SC and 10%SiNP-SC
membranes as seen in Figure 4b,d. The large fraction of
immobile hydrogen atoms is indicative of less quasi-elastic
scattering between the neutrons and bound water molecules,
indicating less vigorous dynamics. In addition, the dynamics of
hydrated vanadium ions were effectively restricted by the
incorporation of SiNPs in solution-cast samples, further
leading to weak dynamics for 4%SiNP-SC and 10%SiNP-SC
at 21S K
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As seen from Figure Sab, in general, the values of Djyp,
increased markedly with increasing temperature for all samples.
We note that our discussion moving forward will focus on the
values of Dy, at 295 K, as again, this is the operating
temperature of a working redox flow battery. As seen in Figure
Sa, Nafion membrane containing no nanoparticles demon-
strated reduced jump diffusion coefficient with thermal
treatment (Nafion-A) when compared with their unannealed
counterpart (Nafion-UA), suggesting that annealing can lead
to slower vanadium ion dynamics, which is consistent with the
reduced R as well as previously observed reduced vanadium
ion permeability for these annealed ionomers. Furthermore,
the value of Dj,,,, was seen to decrease for both in situ sol—gel
and solution-cast membranes with both the introduction of
SiNPs (Nafion-A vs 4%SiNP and Nafion-SC vs 4%SiNP-SC)
as well as with increases in SiNP loading (4%SiNP vs 10%SiNP
and 4%SiNP-SC vs 10%SiNP-SC), which again, is in
accordance with the reduced vanadium ion permeability via
introduction of SiNPs in Nafion previously reported by our
group.zo’51 This observed decrease in Dj,,, with the
incorporation of silica nanoparticles can be attributed to the
interactions between SiNPs and the ionomer network as well
as the altered nanostructure of the membrane after the
introduction of SiNPs. A recent study on ion transport in the
Nafion membrane suggested that silica nanoparticles may
adhere to the hydrophilic channel wall and interact with the
sulfonic acid groups along the ionic channel, reducing the
accessibility of sulfonic groups facilitating vanadium ion
transport, leading to decreased vanadium ion crossover.””>*
It should also be noted that vanadium cations have been
shown to bind inside Nafion membrane with a higher
preference than protons (H*) due to their higher affinity to
the sulfonic acid groups,ss_57 while stronger -electrostatic
interaction arising from strong affinity of cations to sulfonic
acid site can lead to lower mobility of cations, which further
leads to a reduction in the transport of vanadium ions in the
ionomer membrane.’*>’

Details regarding these interactions in Nafion membranes
under the chemical environment of vanadium redox flow
batteries electrolytes has been previously investigated using a
combination of X-ray photoelectron spectroscopy (XPS),
nuclear magnetic resonance (NMR) sgectroscopy, and ultra-
violet visible (UV—vis) spectroscopy.”’ In that study, a four-
state model (proposed by Mauritz)®' was applied to analyze
the interactions between hydrated vanadium ions and the
sulfonic acid groups of Nafion. Interestingly, they found that
hydrated vanadyl ions interact with sulfonic acid groups via the
protons on the water molecules in the vanadyl hydration shell
rather than direct binding of the vanadium ion, which was
further confirmed as peak changes representing formation of
contact ion pairs were not observed in both *F NMR and
UV—vis spectra. They noted that as electrostatic attraction
between positively charged vanadium ion and negatively
charged sulfonic acid groups is shielded by water molecules,
providing hydrated vanadium ion some mobility, the nature of
these hydrogen bonds further facilitates the dynamics of
positively charged hydrated vanadyl ion, where hopping of the
vanadium ion between neighboring sulfonic acid sites was
achieved with the interaction between cation and sulfonic acid
g1'0ups.60’61

A schematic figure demonstrating this ion hopping transport
of the hydrated vanadium ion is shown in Figure 6d.
Therefore, we posit that the introduction of SiNPs in both
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in situ sol—gel and solution-cast membranes significantly
restricted hopping of hydrated vanadium ions as fewer sulfonic
acid groups were available for ion hopping, leading to
decreased jump diffusion coefficients, providing a deeper
understanding of the origin of reduced vanadium ion
permeability from an atomic scale. Similar to hopping of
hydrated vanadium ions, proton hopping is one of the
mechanisms for proton transport in hydrated ionomer
membranes, where protons hop from site to site. As such,
the model used in this work (jump diffusion within a sphere)
has been applied to understand water dynamics in Nafion
membranes with QENS as well, where a value for jump
diffusion coeflicient from proton hopping at room temperature
was reported to be (2.14 + 0.08) X 10> cm?® s7!,>* which is
notably higher than the hydrated vanadyl ion jump diffusion
coefficient in the same membrane measured in this work (1.06
+ 0.27) X 1075 cm? s™! for “Nafion-UA”). We note that the

cm” s
value of D, for Nafion-UA was the highest value of D,

observed in this work. We again point out that in this work, ]thep
jump diffusion of free protons was not observed, as motions of
free protons are significantly faster when compared with that of
hydrated vanadyl ion (orders of magnitude lower residence
times, 7), and thus, are out of the dynamic window of high flux
backscattering. When looking at the combination of the results
of the jump diffusion coefficient (D), the radius of the
dynamics of motions (R), and the fraction of immobile
hydrogen atoms (¢), it is evident that motions of the hydrated
vanadyl ion are more restricted (i.e., less mobile) compared to
free water in Nafion.

In addition to the jump diffusion coeflicient, we also
extracted the residence time between jumps (z) from the
HWHM analysis. The value of 7 for in situ sol—gel and
solution-cast samples, at 215 K (blue), 245 K (green) and 295
K (orange), are shown in in Figures Sc,d. Analogous to the
data for D, the residence time between jumps for 4%SiNP-
SC and 10%SiNP-SC at 215 K are not showed in Figure 5d as
the dynamics were too slow to be captured within the
experimental window of HFBS. As expected, for membranes
prepared via both fabrication routes, the value of 7 decreased
significantly with increasing temperature. From Figure Sc, we
observe that, at room temperature, the value of 7 increased
with both the introduction of SiNPs, as well as increased with
an increase in SiNP loading (48.93 + 9.4 ps, 54.03 + 4.62 ps
and, 60.56 + 6.2 ps, for Nafion-A, 4%SiNP and 10%SiNP,
respectively) for in situ sol—gel samples, which is coincides
with the decreased value of D;,,, for these membranes, further
underscoring the slower vanadium ion dynamics with the
introduction of SiNPs into the Nafion membrane. Additionally,
we note that larger residence times were also observed for
Nafion membranes after thermal treatment (48.93 + 9.4 ps vs
41.86 + 6.3 ps for Nafion-A vs Nafion-UA), which is in
agreement with the jump diffusion coefficient as higher Dj,,
indicates more vigorous dynamics, and therefore a shorter
residence time.

The impact of the SiNPs on the vanadium ion dynamics is
even more pronounced for solution-cast membranes, where as
seen in Figure 5d, the value of 7, at room temperature, for
Nafion-SC, 4%SiNP-SC, and 10%SiNP-SC are 56.78 + 16.08,
91.88 + 15.76, and 273.09 + 67.79 ps respectively. When
compared to their sol—gel fabricated counterparts in Figure Sc,
we observe that, in general, the value of 7 is between
approximately 2- to 4-fold longer for solution-cast nano-
composites. These longer residence times for solution-cast

https://doi.org/10.1021/acs.jpcb.4c01203
J. Phys. Chem. B 2024, 128, 5766—5780


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B pubs.acs.org/JPCB

"0 80 "0 80

~ W25k | W 215K

E 7of(@) w2k | E 7of(b) W 245K ]

N 295K W 295K

o 6o} ] oeof ;

= =

E sof ] € s0f ;

3 g

£ a0f i € 4o} ;

o (o)

S a0t 1 S 30t ]

S 5

2] 20 F 1 » 20F ]

= : £

a 10} 1 5 10f ;

8 o g

8 Nafion-UA Nafion-A 4%SiNP 10%SiNP 3 Nafion-SC _ 4%SiNP-SC 10%SiNP-SC
W 215K W 215K

2000 [ (©) = 245 ] 2 2000 (9) W 245K |

W 205K W 205K

1500

1000

500

Local residence time (IO) [ps]

0
Nafion-UA Nafion-A 4%SiNP 10%SiNP

-
0
o
o
T
1

1000 + i

Local residence time (rO) [ps]
(92
8

Nafion-SC  4%SiNP-SC 10%SiNP-SC
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methods as well as the local residence time (7,) for Nafion and Nafion-SiNP nanocomposites fabricated via (c) in situ sol—gel and (d) solution-cast
methods, at 215 K (solid blue bar), 245 K (solid green bar), and 295 K (solid orange bar).

samples are directly correlated to the lower values of Djp,
measured for these membranes, where for example, the value
of Dy, decreases by almost an order of magnitude when
comparing 10%SiNP and 10%SiNP-SC. Again, we believe this
difference is directly related to the differeinces in the silica
phase formed, and thus, the final nanostructure of the Nafion-
SiNP membranes fabricated via the two synthesis routes
methods.

In addition to the long-range ion dynamics (i.e,, Djyyy), the
local ion dynamics were also obtained from a plateau that is
visible in HWHM analysis at smaller Q values, which unlike
the aforementioned D, is associated with continuous
diffusion within a confined space. Please note that the Q
values at which we see a plateau in HWHM may not match
exactly what is expected from the EISF analysis due to poor Q
resolution in the data obtained at the HFBS. The local
diffusion coefficient (D) for membranes fabricated via in
situ sol—gel and solution-cast methods, at 215 K (solid blue
bars), 245 K (solid green bars), and 295 K (solid orange bars),
are shown in Figures 7a,b, respectively. As expected, the value
of Dy, increased with increasing temperature for Nafion and
Nafion-SiNP nanocomposites synthesized via both fabrication
routes. As before, our discussion below will focus on the
vanadium ion dynamics at 295 K. As seen in Figure 7a, the
local diffusion coefficient decreased (to its lowest value) with
thermal annealing ((5.1 + 1.6) X 107 cm® s vs (2.1 + 0.3) X
107% cm?® s™! for Nafion-UA vs Nafion-A). This behavior is
analogous to what was observed for the effect of thermal
annealing on the jump diffusion coefficient. However, contrary
to the ion dynamics behavior previously observed for long-
range dynamics, the value of D, is seen to increase with the
introduction of SiNPs, returning to similar local ion dynamics
to that of Nafion-UA. In contrast, while the local diffusion
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coefficient for sol—gel membranes was seen to increase with
higher nanoparticle loading, the introduction of SiNPs to the
solution-cast membranes resulted in a reduction in the local
diffusion coefficient. ((3.7 + 0.8) X 107 cm? s~ vs (3.3 + 0.7)
x 1078 cm? s7' for Nafion-SC vs 4%SiNP-SC). The local
diffusion coefficient was further reduced by almost 4-fold when
the SiNP loading was increased from 4 to 10 mass %. The
behavior is consistent to what was observed with that of the
longer range vanadium ion dynamics (Djump; see Figure Sb).
Again, the difference in Dy, with introduction of SiNP
observed between in situ sol—gel and solution-cast membranes
is probably due to the different nantostructure of these
membranes.

Similar to the previous analysis, a local residence time
between diffusion jumps (7,) can also be extracted from the
HWHM data at Q. The values of 7, for in situ sol—gel and
solution-cast membranes, at 215 K (solid blue bars), 245 K
(solid green bars), and 295 K (solid orange bars), are shown in
Figures 7c,d, respectively. Note that the residence time
between diffusion for 10%SiNP-SC at 215 K is not shown in
Figure 7d due to the large error in the measured value, which
arises from the slow vanadium ion dynamics in the membrane
at this low temperature. Similarly, 7, is seen to decrease at
higher temperature while 7, for solution cast samples at 295 K
showed an increasing trend with increased nanoparticle
loading (237.3 + 4.4 ps, 249.0 + 10.4 ps, and 733.5 + 39.1
ps, for Nafion-SC, 4%SiNP-SC, and 10%SiNP-SC, respec-
tively). However, the same trend was not observed for
membranes fabricated via in situ sol—gel process at 295 K,
where a reduction in 7, with the introduction of SiNPs is seen
(388.3 + 18.4, 302.2 + 9.9, and 219.1 + 4.5 ps, for Nafion-A,
4%SiNP, and 10%SiNP, respectively). Combining Dy, and 7o,
membranes fabricated via the in situ sol—gel process
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represent the propagated error from the best-fit linear regression of the diffusion data for each membrane.

demonstrated faster local dynamics with increasing SiNP
loading, where both higher local diffusion coeflicient as well as
smaller local residence time were seen when SiNP content
increased from 0 mass % to 4 mass % and 10 mass %.
Interestingly, solution-cast membranes showed the contrary
trend with the incorporation of nanoparticles, which is due to
the difference in membrane nanostructure and chain flexibility
with different fabrication methods.

To help the reader better understand the impact of various
membrane processing routes on the dynamics of the hydrated
vanadyl ion, the model parameters of some of the samples
discussed above are summarized in Table 2, where the
dynamic length scale (R), fraction of immobile atoms (¢),
jump diffusion coefficient (D), local diffusion coefficient
(Diocar); residence time between jump (7), and residence time
between diffusion (7,) for the hydrated vanadyl ion dynamics
are presented. In addition, the dynamics of pure water in
Nafion at room temperature, as measured from previous
QENS studies, are provided in Table 2.°%%

Note that Nafion 117 (A, = 1), Nafion 117 (e = 8),
and Nafion 117 (A, = 16) represent water dynamics in
Nafion 117 at various hydration levels (4,,.), where Nafion
117 (Ayarer = 1) is the lowest hydration level and Nafion 117
(Awater = 16) is fully hydrated. The level of hydration, A,y is
the molar ratio of water and sulfonic acid groups of the Nafion
membrane. It should also be noted that “Nafion-UA” and
“Nafion 117 (Ayuer = 16)” are equivalent membranes, as they
are both Nafion 117 membranes and are both fully hydrated,
allowing for a direct comparison of vanadium ion dynamics
and water dynamics in Nafion. As seen from Table 2, the
dynamic length scale of vanadium ion motions is larger for
both in situ sol—gel and solution-cast ionomer nano-
composites. Further, both the residence times between jump
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and local motions of the hydrated vanadyl ion are significantly
larger (between one and 2 orders of magnitude) when
compared with that of water molecules. For example, 7 and 7,
for Nafion-UA are (41.86 + 6.26) and (239.43 + 4.38) ps,
respectively, while those same values for the dynamics of pure
water in Nafion 117 (A, = 16) are (3.6 + 0.3) and (9.8 +
0.7) ps, respectively.

With dynamic information as a function of temperature for
both local and jump motions, the activation energies of these
two motions can be ascertained, assuming Arrhenius-like
behavior, from a plot of In(D) vs T. As an example, these data
for both Nafion-A and Nafion-SC are shown in Figure 8a,
where the activation energies (E,) were extracted from the
slope of the best linear fitting from regression. Unfortunately,
with data at only two temperatures, the values of E, associated
with jump diffusion in 4%SiNP-SC and 10%SiNP-SC are not
reported in Figure 8b. Similarly, the E, associated with local
diffusion for 10%SiNP-SC is not reported in Figure 8c.
Interestingly, a decrease in the E, associated with jump
diffusion (Figure 8b) was seen to decrease with the
introduction of SiNPs, while the jump diffusion coefficient
itself was seen to decrease by over 2-fold at 295 K for the same
membranes (see solid orangle bars in Figure Sa). However, as
seen in Figure 8c, the similar local diffusion coeflicients
observed for in situ sol—gel membranes correlates with the
similar values of E, associated with local diffusion for these
samples. In addition, the activation energy for local diffusion is
generally lower than that of jump diffusion. It is also worth
noting that the activation energy for water dynamics in bulk
water is approximately 180 meV,”” which is lower than that
seen for all ionomer nanocomposites in this study.
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B CONCLUSIONS

In summary, dynamics of hydrated vanadium ions in Nafion
nanocomposite membranes fabricated via both an in situ sol—
gel method and a solution-cast method were investigated using
a high flux backscattering spectrometer, where vanadium ion
dynamics within membranes on a molecular scale were
reported for the first time. The obtained quasi-elastic scattering
spectra were fit to a model that combines local diffusion within
a sphere and random jump diffusion to obtain both dynamic
(diffusion coefficients) and geometrical (spacial range of the
dynamics) information on the observed ion motion.
Interestingly, in general, both diffusion coefficients and radius
that dynamics occur were seen to decrease with the
introduction of SiNPs, regardless of fabrication method. In
addition, reduction in vanadium ion dynamics was also
observed with thermal treatment, which is a result of tuned
membrane morphology and chain dynamics via annealing.
These restricted dynamics of hydrated vanadium ion are in
accordance with previously reported decreased vanadium ion
permeability, providing a molecular level interpretation for the
reduced vanadium ion crossover with thermal treatment and
incorporation of silica nanoparticles, that is, the increased
orderliness in polymer chain via annealing as well as the
interaction between sulfonic acid groups and SiNPs can render
part of the sulfonic acid groups inaccessible for vanadium ion
transport, where diffusion coefficients were seen to reduce,
leading to reduced crossover of vanadium ion.
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