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thermal stability. [ 5 ]  However, Nafi on suf-
fers from low ion selectivity which leads 
to vanadium crossover in the VRFB and 
decreases energy effi ciency of the battery 
over time. [ 3 ]  

 There have been several efforts to 
combat the low ion selectivity of Nafi on for 
use as the IEMs in VRFBs. These include 
creating Nafi on blends with other poly-
mers, [ 6 ]  incorporating inorganic fi llers, [ 3,7,8 ]  
layered composites at interfaces, [ 9–11 ]  as 
well as synthesizing entirely new classes 
of Nafi on-inspired membranes. [ 2 ]  More 
specifi cally, sol–gel derived Nafi on–SiO 2  
and Nafi on–Si/TiO 2  hybrid membranes 
were observed to signifi cantly reduce the 
permeability of vanadium ions and water, 
while minimally impacting ion exchange 
capacity (IEC) and proton conductivity, 
thus improving battery performance. [ 3,7 ]  It 
has been suggested that these fi llers selec-
tively incorporate into the ion-conducting 
domains of Nafi on, effectively altering 
(or disrupting) the ion/water transport 
domains. It is thought that creation of SiO 2  

in the ion transport channels acts to reduce vanadium crossover 
by a “size exclusion” mechanism, impeding the transport of 
vanadium ions and creating a more ion-selective medium with 
better crossover resistance. There have been many studies of 
this type of Nafi on–SiO 2  nanocomposite using infrared [ 12–17 ]  
and/or nuclear magnetic resonance (NMR) [ 14,15,17 ]  spectros-
copy to identify the appropriate mechanism and gain a deeper 
understanding of the local environment of the SiO 2  and Nafi on 
phases. These spectroscopic investigations have provided great 
insight into the local interactions of the inorganic nanoparticles 
and the Nafi on; however, there is limited information on the 
nanostructure of these Nafi on–SiO 2  composite membranes. 

 Recently, Ladewig et al. [ 18 ]  published a structural characteri-
zation study of Nafi on–SiO 2  nanocomposite membranes cre-
ated using this sol–gel chemistry approach. They employed 
both small-angle X-ray scattering (SAXS) and small-angle 
neutron scattering (SANS) to resolve the structure of the ionic 
domains in the Nafi on composite membranes. While little dif-
ference was observed between the X-ray scattering curves of 
the neat and modifi ed Nafi on, SANS showed a broadening and 
reduction in intensity of the ionomer peak, as well as a slight 
shift in the ionomer peak position to higher  q  (i.e., reduction in 
the d-spacing of this correlation peak, which can be indicative of 
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  1.     Introduction 

 The vanadium redox fl ow battery (VRFB) has emerged as a 
promising electrical energy storage (EES) device for alternative 
energies (e.g., wind and solar power) [ 1 ]  due to its long cycle life, 
fl exible design, active thermal management, and fast response 
time. [ 2,3 ]  A key part of the VRFB is the ion exchange membrane 
(IEM), which plays a critical role in battery operation by not 
only physically separating the anolyte and catholyte solutions 
but also by providing a medium for ion (charge) transport. 
The most widely used ionomer for VRFBs is Nafi on; [ 4 ]  a per-
fl uorosulfonic acid membrane that incorporates a Tefl on-like 
backbone with perfl uorvinyl ether side-chains terminated by 
sulfonic acid groups. Nafi on membranes are attractive because 
they integrate high proton conductivity with good chemical and 
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smaller distances between the ionic domains). While this study 
provided the fi rst experimental evidence that the SiO 2  nanoclus-
ters were forming outside of the ionic domains (e.g., nanoparti-
cles ≥20 nm in diameter were readily observed from transmis-
sion electron microscopy (TEM)), these nanoparticles did not 
show up readily in the SAXS measurements. Furthermore, the 
SANS measurements did not extend to low enough  q  to fully 
capture these larger particles and it remains unclear how the 
scattering from the semicrystalline nature of the Nafi on and the 
SiO 2  inorganic phases are convoluted in the SANS data. 

 To further elucidate this issue, we introduce a series of 
Nafi on–SiO 2  hybrid membranes with variations in the type of 
incorporated SiO 2  to explore the relationship between the struc-
ture of the membrane and its resistance to vanadium crossover 
in a confi guration of direct relevance to VRFBs. As a starting 
point, we prepared the same type of Nafi on–SiO 2  hybrid mem-
branes that have been reported elsewhere using a sol–gel chem-
istry approach. [ 19 ]  The salient characteristic of this system is that 
solid Nafi on membranes, commercially available, were imbibed 
with the silicon containing sol–gel precursors and then annealed 
under conditions where the precursors would react to form solid 
SiO 2 . Under these conditions the morphology of SiO 2  domains 
evolves in situ as the soaked membrane dries and is thermally 
annealed. To simplify the process, we also formulated nanocom-
posite membranes by dispersing discrete SiO 2  nanoparticles 
(with two different surface treatments) into ethanol-based Nafi on 
solutions and then casting fi lms that dried into solid membranes. 
In these systems, the morphology of the SiO 2  nanoparticles is 
predetermined and does not evolve upon drying, although the 
possibility of forming multiparticle aggregates still exists. The 
principal characteristic here is that the diameter of the nanopar-
ticle is much larger than the ionic domains of Nafi on, meaning 
that the selective sequestration mechanism discussed earlier is 
not possible. Vanadium ion crossover was measured using ultra-
violet–visible (UV–vis) spectroscopy, while the nanostructure of 
the fully hydrated, neat and modifi ed, Nafi on membranes was 
measured via SANS. Contrast matching conditions were gener-
ated, using a mixture of hydrogenated and deuterated water, to 
minimize the structural scattering intrinsic to the semicrystalline 
Nafi on, as well as to obtain structural information about the size 
of the SiO 2  nanoclusters. High resolution TEM (HRTEM) was 
also employed to corroborate the particle dimensions obtained 
from scattering. The work presented here suggests that the cur-
rent hypothesis of how the SiO 2  inorganic phase functions to 
reduce crossover may not be fully understood.  

  2.     Results and Discussion 

 In order to better understand the effect of SiO 2  nanoparticle 
loading on the nanoscale structure of these hybrid membranes, 
two membrane synthesis routes were pursued. The fi rst of 
these routes created Nafi on–SiO 2  hybrid membranes using a 
previously established sol–gel chemistry method, [ 19,20 ]  whereby 
the SiO 2  inorganic phase is grown directly within a solid (but 
swollen) Nafi on 117 membrane. This presumably leads to a 
heterogeneous distribution, both in location and size, of SiO 2  
nanoparticles in the Nafi on matrix. The second uses a solu-
tion-casting approach, where both bare (≈20 nm in diameter) 

and amine surface functionalized SiO 2  nanoparticles (10 nm 
to 20 nm in diameter) are mixed into a Nafi on dispersion (in 
ethanol) at various concentrations and then solution cast into 
membranes on quartz windows. This should lead to a well-
defi ned size distribution of SiO 2  particles, predetermined by 
the size distribution of the initial nanoparticles. In addition, 
we quantify the effect of thermal annealing of neat Nafi on 117 
membranes on vanadium crossover. 

  Figure    1  a shows a schematic representation of the diffusion 
cell used to measure crossover of VO 2+  ions for both neat and 
SiO 2  modifi ed Nafi on membranes. 

  The Nafi on membrane was sandwiched between two 
3 mol L −1  sulfuric acid solutions (see Figure  1 a), one containing 
1.5 mol L −1  vanadium(IV) oxide sulfate and the one containing 
1.5 mol L −1  magnesium sulfate, while the crossover of VO 2+  
ions was quantifi ed with UV–vis spectroscopy. These concen-
trations represent the same conditions that are of relevance 
for operating VRFBs. Figure  1 b shows the VO 2+  ion concentra-
tion in the receiving solution as a function of time for both the 
unannealed and annealed Nafi on 117, as well as the 10.2% by 
mass SiO 2  hybrid membrane created using sol–gel chemistry. 
The time axis has been divided by the membrane thickness 
squared to eliminate the effect of membrane thickness on the 
crossover measurements, since the time for vanadium cross-
over and membrane thickness are coupled. 

 As qualitatively seen from Figure  1 b, the crossover of the 
VO 2+  ions is higher for the unmodifi ed, unannealed Nafi on 
117 membrane than for the SiO 2  nanocomposite membrane 
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 Figure 1.    a) Schematic diagram of diffusion cell used to measure VO 2+  
crossover. b) VO 2+  concentration as a function of time at ≈25 °C for unan-
nealed Nafi on 117 (solid blue squares), annealed Nafi on 117 (solid red 
squares), and 10.2% by mass SiO 2  sol–gel membrane (open green cir-
cles), measured using UV–vis spectroscopy. Error bars represent propa-
gated error from variations in Nafi on fi lm thickness. 
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over the given experimental time period. A reduction in VO 2+  
crossover between the sol–gel modifi ed and unmodifi ed mem-
branes has previously been attributed to the localization of the 
SiO 2  nanoclusters inside the water/ion conduction pathways of 
the Nafi on. [ 3,21 ]  It is commonly believed that SiO 2  nanoparticles 
form only within the polar, ionic clusters, [ 12,20,22,23 ]  essentially 
blocking these water/ion transport channels with an imperme-
able phase and thus reducing the available volume for vanadium 
ion transport. [ 3 ]  While this theory has been actively discussed in 
the literature, the direct relationship between the role of the inor-
ganic phase and the reduced crossover is still an open discus-
sion. Surprisingly, once the unmodifi ed Nafi on 117 membrane 
is annealed at 140 °C for 2 h, the crossover of vanadium ions is 
also dramatically reduced and on par with that of the 10.2% by 
mass SiO 2  sol–gel membrane. The vanadium permeability for 
these membranes can be calculated using the equation [ 24 ] 
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 where  V B   is the volume of the receiving reservoir,  A  is the 
exposed area of the membrane,  L  is the thickness of the mem-
brane,  P  is the vanadium permeability, and  C  A  and  C  B  are 
the concentration in the vanadium and receiving reservoir, 
respectively. There are explicit assumptions that must be noted 
when using this equation, which include: 1) permeability is 
independent of vanadium concentration, 2) pseudo-steady 
state exists in the membrane, and 3) the concentration in the 
vanadium reservoir is constant. [ 25 ]  A summary of the vanadium 
permeability results for Nafi on 117 and Nafi on–SiO 2  sol–gel 
membranes is shown in  Table    1  . 

  Consistent with the trends in Figure  1 b, the vanadium per-
meabilities reported in Table  1  show that vanadium crossover 
for the both the annealed and sol–gel Nafi on membranes are 
much lower than that of the unannealed Nafi on 117 membrane 
(approximately a fourfold reduction). The vanadium crossover 
for the unannealed Nafi on 117 membrane falls within the range 
(≈(3 to 6) × 10 −8  cm 2  s −1 ) that is reported in the literature, [ 7,25 ]  

while the value for the sol–gel modifi ed membrane was slightly 
higher than those reported (≈0.67 × 10 −8  cm 2  s −1 ) in the litera-
ture. In light of these observations, we point out that much of the 
current crossover data in the literature compare hybrid Nafi on 
membranes that have been thermally annealed to as-received 
Nafi on 117 membranes that have received no thermal treatment. 
As shown here, this comparison convolutes two separate effects. 
Comparing crossover data between samples that have received 
different heat treatments can be misleading and cause misinter-
pretations of the mechanism(s) by which crossover is reduced. 

 To this end, the most interesting result of the vanadium 
crossover measurements comes from the differences between 
the unannealed and annealed Nafi on 117 membranes, and not 
between the unannealed Nafi on 117 and SiO 2  sol–gel mem-
branes. A major structural difference between unannealed and 
annealed Nafi on 117 is the degree of crystallinity in the mem-
brane, with the annealed version having a higher fraction. [ 22,26 ]  
The simple introduction of more crystallinity has a similar 
effect to the SiO 2  sol–gel hybrid membrane approach. While 
this observation does not indicate where the SiO 2  inorganic 
phase resides within the Nafi on matrix, it emphasizes that a 
similar performance can be obtained without invoking a mech-
anism by which the SiO 2  selectively sequesters into the ionic 
domains, thereby reducing crossover. 

 To further elucidate the mechanism(s) by which the inor-
ganic additives impact the crossover performance, discrete SiO 2  
nanoparticles were mixed into Nafi on dispersions and solution 
cast into solid membranes. This membrane synthesis procedure 
is instructive since the Nafi on in solution has more freedom to 
arrange and dry around the nanoparticles (i.e., interact with the 
nanoparticles) in a way that is entirely different than the hybrid 
membranes created via sol–gel chemistry.  Figure    2   shows the 
VO 2+  ion concentration in the receiving reservoir as a function 
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  Table 1.    Vanadium ion permeability for Nafi on and Nafi on hybrid mem-
branes created via the sol–gel method. Error bars for the Nafi on fi lm 
thicknesses represent the standard deviation of repeat measurements, 
while the error for the vanadium permeability are associated with the 
linear regression of crossover data. 

Membrane 
(−)

Membrane thickness 
[µm]

Vanadium (VO 2+ ) permeability 
[×10 −8  cm 2  s −1 ]

Unannealed Nafi on 117

Exp. 1 200 ± 1 4.45 ± 0.16

Exp. 2 200 ± 1 4.41 ± 0.28

Annealed Nafi on 117

Exp. 1 200 ± 1 1.08 ± 0.12

Exp. 2 200 ± 1 1.10 ± 0.02

10.2% SiO 2  by mass

Exp. 1 199 ± 1 0.95 ± 0.08

Exp. 2 199 ± 1 1.07 ± 0.25

Exp. 3 199 ± 1 0.88 ± 0.19

 Figure 2.    VO 2+  concentration as a function of time at ≈25 °C for neat, 
annealed Nafi on (solid red squares), 5% by mass bare SiO 2  nanoparticles 
(solid green circles), and 5% by mass amine-functionalized SiO 2  nanopar-
ticles (open purple circles), measured using UV–vis spectroscopy. Error 
bars represent propagated error from variations in Nafi on fi lm thickness.
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of time for both an as-cast, annealed Nafi on membrane and 
hybrid membranes with discrete SiO 2  nanoparticles. 

  As seen in Figure  2 , the crossover of vanadium in the as-cast, 
annealed Nafi on membrane is higher than both the bare and 
amine-modifi ed SiO 2  nanoparticle solution-cast membranes. It 
is important to recognize that all membranes in Figure  2  were 
subjected to annealing at 140 °C for 2 h, so the comparison 
here does not convolute the effects of thermal annealing with 
the addition of the SiO 2  nanoparticles. A summary of the vana-
dium permeability results for these Nafi on and Nafi on–SiO 2  
membranes is shown in  Table    2  . 

  The vanadium permeability of the as-cast, annealed Nafi on 
membrane is similar to the annealed Nafi on 117 membrane 
(see Table  1 ); the two different processing routes lead to nomi-
nally the same performance. However, there is a reduction in 
vanadium ion crossover between the SiO 2  loaded (both bare 
and amine-functionalized) and the as-cast, annealed Nafi on 
membrane (approximately two- to fourfold reduction). The 
observed reduction in vanadium ion permeability is similar to 
values reported in the literature for solution-cast hybrid mem-
branes. [ 25 ]  In many respects it is impossible to invoke a selective 
sequestration argument here because the SiO 2  nanoparticles 
are much too large (10 nm to 20 nm in diameter) to solely 
reside within ion transport channels of the Nafi on. Depending 
on the surface chemistry of the nanoparticles one might expect 
a selective wetting of the sulfonic groups to the nanoparticle 
surfaces but at these relatively low loadings, a signifi cant frac-
tion of the native water/ion conduction pathways would remain 
unchanged. In this respect, it is interesting that relatively large 
SiO 2  nanoparticles, compared to the dimensions of the ionic 
transport channels, have what appears to be a greater impact 
on the vanadium ion crossover than ones created by the in situ 
sol–gel chemistry approach. These concepts will be explored in 
more detail below. 

 In order to gain insight into the nanostructure of these 
Nafi on–SiO 2  hybrid membranes, a series of SANS experi-
ments was performed.  Figure    3   shows the SANS scattering 
profi les at ≈25 °C of solution-cast, annealed and SiO 2  modi-

fi ed membranes, hydrated in H 2 O, with both bare SiO 2  (≈20 
nm in diameter) and amine-functionalized SiO 2  nanoparticles 
(≈10 nm to 20 nm in diameter).    Specifi cally, Figure  3 a shows 
the SANS profi les of solution-cast Nafi on membranes with no 
SiO 2  nanoparticles (red circles), and those membranes loaded 
with 1% by mass (green squares), 2.5% by mass (purple dia-
monds), and 5% by mass (blue triangles) bare SiO 2  nano-
particles (i.e., no surface functionalization). The typical scat-
tering pattern for neat Nafi on is observed, [ 27,28 ]  with a low q cor-
relation peak ( q  = 0.03 to 0.05 Å −1 ) corresponding to the spacing 
between crystalline domains of the Tefl on-like backbone and a 
second peak at higher  q  ( q  = 0.1 to 0.2 Å −1 ) corresponding to the 
spacing between the ionic domains (i.e., sulfonic acid domains; 
often referred to as the ionomer peak). [ 29–33 ]  When the bare 
SiO 2  nanoparticles are added, the position of the low  q  correla-
tion peak does not measurably shift, although a sharp upturn 
in the scattering occurs on the lower  q  side of the peak. This 
low q upturn is consistent with agglomeration or clustering of 
the SiO 2  nanoparticles. Additionally, there is no change in the 
location of the high  q  correlation peak associated with the ionic 
domain spacing. This result is further highlighted in Figure  3 b, 
where a close-up of the high  q  scattering region is shown. 
These scattering profi les suggest that the introduction of the 
bare SiO 2  nanoparticles does little to affect the structure of the 
neat Nafi on, where the crystalline and ionic domain spacings 
of the nanocomposite membranes were independent of SiO 2  
nanoparticle loading. 

 Figure  3 c shows the SANS profi les of solution-cast Nafi on 
membranes with no SiO 2  nanoparticles (red circles), and those 
membranes loaded with 1% by mass (green squares), 2.5% 
by mass (purple diamonds), and 5% by mass (blue triangles) 
amine-functionalized SiO 2  nanoparticles. Similar to Figure  3 a, 
the introduction of the amine-functionalized SiO 2  nanoparti-
cles has little effect on the structure of the neat Nafi on. A sharp 
upturn at lower  q  is quite apparent in these membranes and 
can again be attributed to clustering of nanoparticles into larger 
aggregates. The location of the correlation peak associated with 
the crystalline domain spacing remains constant, while a slight 
shift to higher  q  can be observed in the ionomer peak with the 
highest nanoparticle loading (5% by mass; shown as blue tri-
angles in Figure  3 c), possibly suggesting a slight “tightening” 
of ionic aggregates in the presence of the amine-functionalized 
surfaces. There also appears to be a slight reduction in the 
intensity of the high  q  ionomer peak for the membranes at the 
loadings of 2.5% by mass and 5% by mass amine-functionalized 
SiO 2 . These subtle variations in the ionomer peak are expanded 
in Figure  3 d, but to a fi rst approximation, the presence of the 
amine-functionalized SiO 2  nanoparticles does little to affect the 
nature of the Nafi on crystallinity or the ionic aggregates. 

 One possibility for the slight decrease in peak intensity with 
the addition of the amine-functionalized nanoparticles is the 
formation of a water-rich layer at the Nafi on/amine-functional-
ized SiO 2  nanoparticle interface. Both past and current neutron 
refl ectivity work at the National Institute of Standards and Tech-
nology (NIST) suggests that a water-rich layer forms at the inter-
face between Nafi on and silicon surfaces functionalized with 
native oxide [ 34,35 ]  and/or acid-forming amines (NH 3  + ). The slight 
reduction of the ionomer peak intensity observed with loading 
of amine-functionalized nanoparticles might be consistent with 
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  Table 2.    Vanadium ion permeability for Nafi on and Nafi on hybrid mem-
branes created via the sol–gel method. Error bars for the Nafi on fi lm 
thicknesses represent the standard deviation of repeat measurements, 
while the error bars for the vanadium permeability are associated with 
the linear regression of crossover data. 

Membrane (−) Membrane thickness 
[µm]

Vanadium (VO 2+ ) permeability 
[×10 −8  cm 2  s −1 ]

Solution Cast, Annealed 

Nafi on

Exp. 1 58 ± 2 0.90 ± 0.11

Exp. 2 55 ± 2 0.78 ± 0.06

5% Bare SiO 2  by mass

Exp. 1 53 ± 3 0.55 ± 0.07

Exp. 2 40 ± 2 0.50 ± 0.03

5% Amine SiO 2  by mass

Exp. 1 56 ± 2 0.27 ± 0.02

Exp. 2 24 ± 3 0.40 ± 0.07



FU
LL

 P
A
P
ER

4068 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an interaction between the sulfonic groups and the surface of 
these particles. This slight interaction with the sulfonic groups 
may also indicate why crossover of vanadium ions is marginally 
reduced for these membranes relative to the bare SiO 2  nano-
particle membranes. Again, it must be pointed out that the size 
of these nanoparticles (≈15 nm in diameter) is much too large 
for these particles to reside within a single ionic domain. The 
reduction in vanadium crossover between the as-cast, annealed 
Nafi on and SiO 2  nanoparticle loaded fi lms is similar to the dif-
ference in vanadium ion crossover observed between the unan-
nealed and annealed Nafi on 117 (three- to fourfold reduction in 
vanadium permeability). An imperative difference between the 
two Nafi on 117 samples is higher crystallinity (as well as a more 
dense and compact crystalline phase) for the annealed Nafi on 
117 membrane. This again emphasizes that performance 
enhancements can be achieved without selective sequestration 
of the nanoparticles within the ionic domains. In order to fur-
ther explore the concept of reduced crossover without preferred 
sequestration into the ionic domains, SANS measurements 
of the Nafi on sol–gel membranes were performed, where it is 
thought that formation of the SiO 2  inorganic phase occurs solely 
within the ionic domain of the bulk Nafi on membrane. 

  Figure    4   shows the hydrated (with H 2 O) SANS scattering 
profi les at ≈25 °C of annealed and SiO 2  modifi ed Nafi on 
117 membranes created using the sol–gel chemistry approach.  

  Specifi cally, Figure  4 a shows the SANS profi les at ≈25 °C of 
hydrated (in H 2 O) Nafi on 117 membranes with no SiO 2  nano-
particles (red circles), and those membranes loaded with 4.8% 
by mass (green squares), 10.2% by mass (purple diamonds), 
and 15.9% by mass (blue triangles) SiO 2  sol–gel nanoparticles. 
Once again a typical scattering pattern is observed for neat 
Nafi on 117, similar to that observed for the solution-cast neat 
Nafi on membrane (see Figure  3 a). However, signifi cant differ-
ences arise between the scattering profi les of the sol–gel and 
solution-cast membranes as the SiO 2  content increases. The 
fi rst of these differences occurs at lower  q  where the correla-
tion peak associated with the Tefl on-like crystalline domains, 
with a strong maximum at  q  ≈ 0.02 Å −1 , intensifi es and shifts 
to lower  q  as SiO 2  loading increases. This broadening appears 
to occur primarily on the lower  q  side of the peak (see differ-
ence between annealed Nafi on 117 and 4.8% by mass SiO 2  
sol–gel membrane). At this point is not entirely clear if this 
refl ects a uniform swelling of the Nafi on matrix (i.e., pushing 
the Tefl on-like crystalline domains further apart from one 
another) or the emergence of a new phase associated with the 
SiO 2  nanoclusters. 

 The second difference between the scattering profi les of the 
sol–gel and solution cast membranes occurs at higher  q  with 
regards to the correlation peak associated with the sulfonic 
acid domains. The ionomer peak becomes less distinct as the 
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 Figure 3.    Small-angle neutron scattering (SANS) patterns at ≈25 °C for hydrated (in H 2 O) Nafi on membranes solution-cast with a) bare SiO 2  nano-
particles, where b) shows a magnifi cation of the high  q  ionomer correlation peak, and c) amine-functionalized SiO 2  nanoparticles, where d) shows a 
magnifi cation of the high  q  ionomer correlation peak.
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SiO 2  loading increases due to an increase of the scattering 
intensity on the low q side of the peak. This indicates the 
possibility of a broadening of the ionic domain distribution 
within the membrane. To explore this in more detail, Figure 
 4 b expands the high  q  region of the ionomer peak where the 
scattering curves have been plotted as ( q  2  × Intensity) versus 
 q . This mathematical manipulation serves to minimize scat-
tering at low  q , while emphasizing scattering in the high  q  
region. In this representation, a shift of the ionomer peak to 
lower  q  upon the impregnation of the SiO 2  sol–gel nanoclus-
ters is not evident; only a marginal shift to lower  q  is observed 
for the two highest loadings of 10.2% by mass and 15.9% by 
mass. This suggests that any SiO 2  nanoclusters formed within 
the sulfonic acid domains would, to a fi rst approximation, 
be on the same size or smaller than the sulfonic domains 
of unmodifi ed Nafi on. One would expect the ionomer peak 
position to change drastically if the introduction of the SiO 2  

sol–gel nanoparticles had a signifi cant effect on the ionic 
structure of Nafi on. 

 In order to better understand where the sol–gel SiO 2  inor-
ganic phase is forming within the Nafi on 117 membranes, a 
series of contrast matching measurements was performed on 
both the solution-cast and sol–gel SiO 2  membranes.  Figure    5   
shows the SANS profi les at ≈25 °C of both as-cast, annealed 
Nafi on and Nafi on–SiO 2  solution-cast membranes with 5% 
by mass bare SiO 2  particles (≈20 nm in diameter), hydrated 
in both pure H 2 O and a mixture of H 2 O and D 2 O (24/76 by 
volume). This mixture of protonated and deuterated water cre-
ates a solvent environment with a scattering length density of 
approximately 4.71 × 10 −10  cm −2 , which is similar to the value 
of 4.54 × 10 −10  cm −2  calculated from the chemical formula of 
Nafi on. [ 36 ]  Under these contrast match conditions, the scat-
tering length density of the water in the ionic domains will 
match the scattering length density of the Tefl on-like crystal-
lites, reducing the scattering contrast to zero. 
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 Figure 4.    a) Small-angle neutron scattering (SANS) patterns at ≈25 °C 
for hydrated Nafi on 117 (red circles), as well as hydrated Nafi on hybrid 
membranes with 4.8% by mass (green squares), 10.2% by mass (purple 
diamonds), and 15.9% by mass (blue triangles) SiO 2  nanoparticles, cre-
ated using sol–gel chemistry. b) Magnifi cation of the high  q  correlation 
peak (ionic domains) for Nafi on 117 and Nafi on hybrid membranes at 
25 °C. All membranes were soaked in H 2 O for 24 h prior to scattering 
experiments.

 Figure 5.    SANS profi les at ≈25 °C of a) as-cast, annealed Nafi on mem-
brane in pure H 2 O (red circles) and in a 24/76 by volume mixture of H 2 O/
D 2 O (black circles), b) Nafi on–SiO 2  solution-cast membrane with 5% by 
mass bare SiO 2  nanoparticles (blue triangles) in pure H 2 O and in a 24/66 
by volume mixture of H 2 O/D 2 O (black triangles).
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  As seen in Figure  5 a, the correlation peaks for the crystal-
line and ionic domains are completely matched out due to 
the chosen mixture of protonated and deuterated water in 
which the Nafi on membrane was hydrated (black circles). This 
result proves that at this H 2 O/D 2 O ratio the Nafi on matrix is 
essentially invisible to the neutrons, meaning that features in 
the scattering profi les of the Nafi on–SiO 2  solution-cast mem-
branes, soaked in the same H 2 O/D 2 O solvent ratio, would origi-
nate solely from the inorganic SiO 2  phase. Shown in Figure  5 b, 
once the Nafi on–SiO 2  solution-cast membrane was soaked in 
a solvent at the contrast match point of the Nafi on matrix, no 
prominent correlation peaks were observed in the scattering 
profi le. This result is similar to what is observed for the as-cast, 
annealed Nafi on membrane and further highlights that the 
structure of the Nafi on membrane is not signifi cantly altered 
with the introduction of 5% by mass bare SiO 2  nanoparticles. 
However, the intensity of the SANS profi le of the Nafi on–SiO 2  
solution-cast membrane with 5% by mass bare SiO 2  nanopar-
ticles begins to increase at  q  values of about 0.03 to 0.04 Å −1 . 
The beginning of this upturn in the scattering data is nomi-
nally consistent with the SiO 2  particle diameter of ≈20 nm. Fur-
thermore, at even lower  q  values, the intensity of the scattering 
increases more rapidly, which is a result of the density differ-
ence between the dense, solid SiO 2  particle and the Nafi on. 
This contrast matching analysis was then extended to Nafi on–

SiO 2  hybrid membranes created using sol–gel chemistry to 
gain additional insight into the structure of these nanocom-
posite membranes.  Figure    6   shows the SANS profi les at ≈25 
°C of both pristine Nafi on 117 and Nafi on–SiO 2  hybrid mem-
branes, hydrated in both pure H 2 O and a mixture of H 2 O and 
D 2 O (24/76 by volume). 

  As seen in Figure  6 a, there are no prominent correlation 
peaks in the SANS profi le of the Nafi on 117 membrane that 
was soaked in a mixture of H 2 O/D 2 O at the contrast match 
point of Nafi on (black circles). While there is still some long 
range heterogeneity that cannot be completely matched out, as 
evidenced by the sharp upturn seen at lower  q , the Nafi on 117 
membrane is essentially invisible to the neutrons. Again, this 
means that features in the scattering profi les of the Nafi on–
SiO 2  hybrid membranes, soaked at this H 2 O/D 2 O solvent ratio, 
would originate solely from the inorganic SiO 2  phase. Figure  6 b 
shows the SANS profi les of a Nafi on–SiO 2  hybrid membrane 
with 26.2% by mass SiO 2  loading that was soaked in both H 2 O 
and a mixture of H 2 O/D 2 O. Interestingly, after the Nafi on–SiO 2  
membrane was soaked in a H 2 O/D 2 O mixture at the Nafi on 
contrast match point, a feature in the scattering profi le around 
a  q  value of 0.02 Å −1  is still present. This feature can be seen 
more clearly in Figure  6 c, where the SANS profi les for the 
series of Nafi on–SiO 2  membranes at the Nafi on contrast match 
point are presented. 
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 Figure 6.    SANS profi les at ≈25 °C of a) Nafi on 117 in pure H 2 O and in a 24/76 by volume mixture of H 2 O/D 2 O, b) Nafi on–SiO 2  hybrid membrane 
with 26.3% by mass SiO 2  content (orange circles) in pure H 2 O and in a 24/66 by volume mixture of H 2 O/D 2 O, c) a full series of Nafi on–SiO 2  hybrid 
membranes, and d) a magnifi cation of high q region of the scattering profi les for the same series of Nafi on–SiO 2  hybrid membranes in a 24/76 by 
volume mixture of H 2 O/D 2 O.
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 It is clear from Figure  6 c that the scattering profi les of the 
Nafi on–SiO 2  hybrid membranes show a peak at  q  ≈ 0.02 Å −1  
that is not present in the neat Nafi on 117 sample. This peak 
represents scattering from the SiO 2  domains that are created in 
the Nafi on 117 during the sol–gel synthesis. Additionally, there 
is evidence that the SiO 2  nanoclusters in the sol–gel mem-
brane are surrounded by water when the hybrid membrane is 
hydrated. This is evidenced by the difference in the absolute 
intensity of the SiO 2  correlation peak of the hybrid membrane 
hydrated in pure H 2 O and in a mixture of H 2 O and D 2 O. The 
absolute intensity of the correlation peak shown in Figure  6 c is 
much lower than that shown in Figure  6 b (i.e., the difference 
between the absolute intensity of the orange squares in Figure 
 6 b,c), even if we account for the intensity already present from 
the neat Nafi on 117 membrane. This loss in absolute intensity 
is due to a loss in contrast between the SiO 2  sol–gel particle 
and the surrounding matrix, which indicates that the higher 
absolute intensity observed in Figure  6 b is due to the contrast 
between the SiO 2  sol–gel particle (SLD ≈ 4.2 × 10 −6  Å −2 ) and a 
water-rich layer around the particle (SLD ≈ −0.56 × 10 −6  Å −2 ). 
However, it must be pointed out that the presence of a water-
rich layer around the sol–gel particle does not provide evidence 
for the presence of sulfonic groups around the particle (i.e., this 
does not prove that ionic domains coalesce around the sol–gel 
particles). It has been shown that lower molecular weight alco-
hols (e.g., methanol, ethanol) swell not only the sulfonic (ionic) 
domains of Nafi on but also swell/interact with the ether side 
chains of Nafi on. [ 37,38 ]  This is important to note since the sol–
gel reaction involves equilibrating the Nafi on membrane in a 
mixture of water and methanol, meaning it is likely that addi-
tional water is present in these swollen amorphous regions of 
Nafi on, where this additional water could provide the necessary 
reactant to facilitate the sol–gel reaction. 

 Furthermore, a comparison of the absolute intensity of the 
sol–gel membranes to that of the Nafi on–SiO 2  solution-cast 
membrane at the contrast match point can also provide addi-
tional insight into properties of the inorganic phase in these 
sol–gel membranes. Unlike the solution-cast membrane 
(see Figure  5 b; black triangles), the absolute intensity of the 
sol–gel membrane with 26.3% by mass SiO 2  is only around 
1.5 cm −1  (almost an order of magnitude lower than the solu-
tion-cast fi lm with only 5% by mass SiO 2 ). This would indicate 
that the density of the SiO 2  phase in the sol–gel membranes 
is much less than a monolithic particle of SiO 2 . More interest-
ingly, there is no correlation peak present in the high  q  region 
where the ionomer peak of Nafi on is typically observed. This 
point is emphasized in Figure  6 d, where a magnifi cation of the 
high  q  scattering region is presented. One might expect that if 
the ionic domains of Nafi on were used as a template for the 
growth of the SiO 2  inorganic phase, a correlation peak would be 
present despite the contrast matching conditions of the water 
mixture. The fact that there is no correlation peak present in 
the scattering profi le suggests one of three things: 1) SiO 2  is 
absent from the ionic domains, 2) only a small percentage of 
the ionic domains contain SiO 2 , or 3) only a small percentage 
of the SiO 2  inorganic phase exists within the ionic domains, 
where this percentage is small enough that long-range correla-
tions between these smaller nanoclusters are not observed. We 
will return to this discussion after introducing TEM data later 

in the paper. In order to determine the size of the SiO 2  inor-
ganic phase for the Nafi on sol–gel membranes, the SANS pro-
fi les were modeled using a Guinier-Porod analysis to quantify a 
radius of SiO 2  nanoclusters. 

  Figure    7   shows the results of the Guinier–Porod analysis 
for a Nafi on–SiO 2  hybrid membrane with 10.2% by mass SiO 2  
loading created using the sol–gel chemistry approach. 

  As seen in Figure  7 a, the Guinier–Porod model does an 
adequate job at parameterizing the scattering profi le for the 
Nafi on–SiO 2  hybrid membrane in the range of intermediate 
 q , where the Guinier–Porod analysis is used here as a quick 
back of the envelop calculation for the relevant length scales. 
Figure  7 b summarizes the radius of gyration for the SiO 2  inor-
ganic phase as a function of SiO 2  loading for the Nafi on–SiO 2  
sol–gel membranes. The radius of gyration increases from 
approximately 3 nm at 10.2% by mass SiO 2  loading to approxi-
mately 4.5 nm at 26.3% by mass SiO 2  loading. If one assumes 
that these SiO 2  nanoclusters are spherical, the radius of the 
inorganic phase can be determined from the radius of gyration 
through the following relationship,  R  g  2  = 3 R  2 /5. 

 Figure  7 c summarizes the radius of the SiO 2  nanoclusters as 
a function of SiO 2  loading. The solid black lines represent the 
range of radii that are most widely reported as the size of the 
sulfonic acid domains in Nafi on. [ 29,33 ]  From this crude estima-
tion it is clear that the radii of the SiO 2  nanoclusters are signifi -
cantly larger than that of the ionic domains of neat, unmodifi ed 
Nafi on. This is an important fi nding because again, the most 
widely accepted theory for the formation of the SiO 2  inorganic 
phase proposes that these nanoclusters form and reside pri-
marily within the ionic domains of the Nafi on. It is thought that 
this preferential sequestration of the inorganic phase into the 
ionic domains of the Nafi on, essentially “blocking” the vana-
dium ions from transporting through the ionic channels, is the 
mechanism by which vanadium crossover is reduced (i.e., steric 
hindrance of the hydrated vanadium ions). Since the radii of 
these particles varies from approximately 3.5 nm to 5.5 nm, it 
is unlikely that all of the SiO 2  nanoclusters reside within the 
ionic channels of Nafi on since this would suggest that the ionic 
aggregates expand to more than 100% of their current size in 
the neat, unmodifi ed Nafi on. While the formation of some of 
the SiO 2  nanoclusters within the ionic domains is more than 
likely occuring, these results suggest that a portion of the SiO 2  
inorganic phase resides within the amorphous matrix of the 
Nafi on due to the large size of the nanoparticles. This result 
also suggests that the current picture of how vanadium ion 
crossover is reduced may not be completely accurate. Since 
the SANS data show no changes to the structure of Nafi on for 
the hybrid membranes, it is possible that the introduction of 
the rigid SiO 2  phase slows down the Nafi on chain dynamics 
(reducing swelling dynamics), which impedes transport and 
effectively slows the crossover of vanadium ions in these modi-
fi ed membranes. Reduced dynamics have been previously 
reported for thin Nafi on fi lms on SiO  x   surfaces, [ 39 ]  where both 
reduced water uptake and water diffusivity were observed. 
Since the silica nanoparticles are simply nanoparticle analogs 
of these SiO  x   surfaces, it is possible that the introduction of the 
SiO 2  phase creates areas where the Nafi on chain dynamics are 
retarded, ultimately leading to the observed reduction in vana-
dium crossover. 
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 While information obtained from modeling the SANS pro-
fi les can be useful, a real-space image of the SiO 2  nanoclusters to 
corroborate the SANS results would be ideal. In order to obtain 
images of the SiO 2  inorganic phase, TEM was employed.  Figure    8   
shows the TEM images that were obtained for a Nafi on–SiO 2  sol–
gel membrane with 10.2% by mass SiO 2  loading.    In Figure  8 a,b, 
the dark regions in the BFTEM and HRTEM images repre-
sent the SiO 2  inorganic, nanodispersed phase embedded into 
the Nafi on matrix. There appear to be dark SiO 2  nanoclus-
ters ranging in size from approximately 5 nm to several 10s 
of nanometers. It also appears that these SiO 2  nanoclusters 
aggregate into diffuse, larger nanoclusters on the order of 
100s of nanometers in size. These length scales are com-
pletely consistent with the SANS data presented in Figure  7 . 
Additionally, a SAED pattern in Figure  8 a (inset) for the 10.2% 
by mass SiO 2  hybrid membrane displays two broad diffuse 
rings. These rings are consistent with short-range ordering 
of the SiO 2  inorganic phase, with the most probable spacing 
of about 0.21 and 0.11 nm, respectively, superimposed on an 
amorphous halo, indicating the coexistence of nanocrystal-
lites and largely amorphous regions with no long-range order. 
According to Yakovlev et al., [ 40 ]  these rings are consistent with 
the (101) and (002) refl ections of an orthorhombic polymorph 

of Nafi on. Broadening of the diffraction rings, together with 
the appearance of the halo, can be associated with short-range 
ordering of the amorphous Nafi on and silica phases (i.e., with 
roughly uniform interatomic distances as constituent carbon, 
silicon, and oxygen atoms pack around each other). 

 The SiO 2  particle size obtained from the TEM images corrob-
orates the Guinier–Porod length scales obtained from the SANS 
data (on the order of 10 nm in diameter) and is similar to the 
size of nanoparticles observed by Ladewig et al. [ 18 ]  on the same 
material. Figure  8 a,b presents a clear picture of how the SiO 2  
nanophase exists inside the Nafi on 117 matrix, where smaller 
SiO 2  nanoclusters (2 to 4 nm in diameter) reside inside a small 
portion of the ionic domains and the larger SiO 2  nanoclus-
ters (>5 nm in diameter) reside inside the amorphous Nafi on 
matrix. To validate the presence of the SiO 2  inorganic phase 
throughout the entire hybrid membrane, energy dispersive 
X-ray (EDX) spectroscopy in high-angle annular dark-fi eld scan-
ning TEM (HAADF-STEM) mode was employed. The results 
of this analysis are presented in Figure  8 c,d, where the promi-
nent Si K α  line centered around 1.74 keV shown in Figure  8 d is 
representative of the silica (Si and O) in the SiO 2  nanoclusters. 
Poor contrast in the TEM images of Figure  8 a,b is dictated by 
the relatively low atomic number and weak electron scattering 
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 Figure 7.    a) SANS profi le at ≈25 °C of a Nafi on–SiO 2  hybrid membrane with 10.2% by mass SiO 2  loading hydrated with a H 2 O/D 2 O (24/76 by 
volume) mixture, where the solid black line is a best fi t regression the scattering data to the Guinier-Porod model. b) Radius of gyration of the 
SiO 2  nanoclusters as a function of SiO 2  loading for Nafi on–SiO 2  hybrid membranes. c) Assuming spherical geometry of the nanoclusters, radius of 
the SiO 2  nanoclusters as a function of SiO 2  loading for Nafi on–SiO 2  hybrid membranes. The solid black lines represent the range of ionic domain 
radii that are most widely accepted for the size of the sulfonic acid bundles. The error bars in (b) and (c) represent the error associated with the 
model regression.
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in the materials, as well as its high sensitivity to beam radia-
tion damage. [ 40 ]  Furthermore, there is little visible contrast in 
the HAADF-STEM image (see Figure  8 c) acquired by collecting 
high-angle Rutherford scattered electrons, so-called Z-contrast 
imaging, which is again due to the low variations in the mean 
atomic number of the constituents in the Nafi on–SiO 2  hybrid 
membranes. 

 Corroborating the physical picture seen in the TEM 
images, the EDX indicated the presence of silica (Si and O) 
over the entire area. This result highlights that silica is pre-
sent throughout the entire fi lm, meaning that the inorganic 
SiO 2  phase exists in both the ionic and nonionic (amorphous 
matrix) of the Nafi on 117 membrane, though we can discern 
from previous scattering results that the SiO 2  phase formed is 
highly irregular, indicated by the lack of a correlation peak at 
high  q  in the contrast matched membranes. Combining the 
results obtained from the SANS experiments and modeling, 
along with the images obtained from TEM, a better under-
standing of the structure of these Nafi on–SiO 2  hybrid mem-
branes begins to emerge. It is clear from both experimental 
techniques that the SiO 2  nanoclusters that are created during 
the sol–gel process are much too large to solely reside within 

the sulfonic acid ionic domains of Nafi on. 
This means that the larger, more well-defi ned 
SiO 2  nanoclusters exist in the amorphous 
domains of the Nafi on, which brings into 
the question the mechanism by which vana-
dium crossover is reduced in membranes 
that contain the SiO 2  phase, both solution-
cast membranes and ones created via sol–gel 
chemistry. The results of this study are con-
sistent with recent literature, where Dresch et 
al. [ 41 ]  observed that the growth of silica parti-
cles occurred in both the ionic and nonionic 
domains of Nafi on and was dependent on the 
solvent media in which the sol–gel reaction 
was performed. Furthermore, regardless of 
where the SiO 2  phase resides in the sol–gel 
hybrid membranes, one possible explanation 
for the reduced crossover is a decrease in the 
chain dynamics of the Nafi on with the intro-
duction of the SiO 2  nanoparticles, as well as a 
reduction in chain dynamics with annealing 
at elevated temperatures (i.e., chain stiff-
ening). In addition to the previously men-
tioned investigation of Nafi on thin fi lms 
on SiO  x   surfaces, [ 39 ]  a reduction in the local 
chain dynamics with the introduction of nan-
oparticles (and small macromolecules) has 
been previously reported. [ 42–44 ]  The results 
of this study highlight the need for addi-
tional investigations to elucidate additional 
(and more accurate) mechanism(s) by which 
crossover of vanadium ions is suppressed, 
since it is this reduction in ion crossover that 
ultimately leads to better battery performance 
and longer battery life times.  

  3.     Conclusions 

 In this study, the crossover of vanadium in a number of 
Nafi on–SiO 2  hybrid membranes synthesized using sol–gel 
chemistry, as well as directly cast from Nafi on–SiO 2  dispersions 
was measured. Vanadium crossover was inhibited in both the 
solution-cast membranes and the membranes created via sol–
gel chemistry compared to pristine, unannealed Nafi on. This 
result is somewhat surprising since the solution-cast mem-
branes contained discrete nanoparticles with diameters much 
too large to partition into the ionic domains, indicating that 
suppressed vanadium crossover could be achieved without the 
SiO 2  nanoparticles “blocking” the transport channels of Nafi on. 
Furthermore, a reduction in crossover was observed for neat 
Nafi on 117 membranes (similar to sol–gel fi lms) that were 
annealed at elevated temperatures. Additionally, the structure of 
Nafi on–SiO 2  nanocomposite membranes was measured using 
SANS. Through contrast matching studies of the Nafi on mem-
branes, direct information about the SiO 2  inorganic phase was 
obtained. The SANS profi les were modeled using a Guinier–
Porod analysis, where it was determined that the size of these 
nanoclusters was large enough to suggest that a large portion 
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 Figure 8.    a) Bright-fi eld TEM (BFTEM), b) HRTEM images where the SiO 2  phase is shown 
by the darker regions, and c) high-angle annular dark-fi eld scanning TEM (HAADF STEM) 
image and energy dispersive x-ray (EDX) spectrum of a Nafi on–SiO 2  hybrid membrane with 
10.2% by mass SiO 2  loading. The inset in a) shows corresponding inverted selected-area 
diffraction (SAED) pattern. The x-ray spectrum has been acquired over area marked by red 
box in (c) for 60 s. Note that observed x-ray lines belong to both the Nafi on matrix (the C K α  
line at 0.28 keV, the O K α  line at 0.52 keV (in part), the F K α  line at 0.68 keV, and the minor 
S K α  line at 2.31 keV), and to the SiO 2  phase (the Si K α  line at 1.74 keV and the O K α  line 
at 0.52 keV (in part)).
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of the SiO 2  phase resides within the amorphous matrix of the 
Nafi on membrane. The average size, as well as the elemental 
composition of the SiO 2  nanoclusters in the Nafi on–SiO 2  hybrid 
membranes were analyzed by TEM coupled with EDX spectro-
scopic analysis in HAADF-STEM mode. Our results contrast 
the current hypothesis that these synthesized nanoclusters only 
exist in the ionic domains of Nafi on, suggesting that changes 
in polymer chain dynamics with the addition of nanoparticles 
may be an additional mechanism by which vanadium crossover 
is reduced. These results also emphasize the need for further 
investigations on Nafi on chain dynamics and water/ion trans-
port in these hybrid membranes.  

  4.     Experimental Section 
  Materials : Tetraethylorthosilicate (TEOS, 98%), methanol (for HPLC, 

≥ 99.9%), hydrogen peroxide (30 mass% in H 2 O, ACS reagent), sulfuric 
acid (0.5 mol L −1  H 2 SO 4  (1.0 N)), deuterium oxide (99.9 atom% D), 
vanadium(IV) oxide sulfate hydrate (97%), and Nafi on stock solution 
(20 wt% in mixture of lower aliphatic alcohols and water; contains 
34%) were purchased from Sigma-Aldrich. Sulfuric acid (≈18 mol L −1 , 
ACS reagent) was purchased from J. T. Baker. Bare silica nanoparticles 
(SiO 2 , 99.5%, 20 nm, nonporous) and amine surface functionalized 
silica nanoparticles (SiO 2 , 99.8%, 10 nm to 20 nm, surface modifi ed 
with amino group, dispersible) were purchased from SkySpring 
Nanomaterials, Inc. More detailed information on the specifi c surface 
area (SSA) and the nanoparticle size (APS) can be found at the 
manufacture’s website. Nafi on 117 (1100 EW, 178 µm (0.007 in.) 
as-received thickness, commercially extruded fi lm) was purchased from 
Ion Power, Inc. Deionized water (resistivity ≈18 MΩ cm) was used for all 
membrane purifi cation and synthesis procedures. 

  Membrane Purifi cation : Nafi on 117 membranes used for SiO 2  sol–gel 
synthesis were cut into 4 × 9 cm rectangles. All cut membranes were 
then purifi ed using a method previously developed, [ 45 ]  by refl uxing the 
membranes in 3 mass% hydrogen peroxide, deionized water, 0.5 mol L −1  
sulfuric acid, and then fi nally in deionized water again. Each refl ux 
step was ≈1 h and the Nafi on membrane was excessively washed with 
deionized water after each step. The purifi ed membranes were then 
dried under vacuum at 90 °C for 24 h to obtained the dry mass (i.e., 
without SiO 2 ). 

  Nanocomposite Membrane Synthesis: Solution-Cast Composite 
Membranes : The as-received Nafi on stock solution was fi rst poured 
into a Tefl on petri dish and heated at 80 °C for 24 h (under vacuum) 
to evaporate off the solvent mixture. The solid Nafi on left over after 
evaporation was then re-dispersed in pure ethanol for 24 h to create 
a 10% by mass Nafi on dispersion. All subsequent membranes were 
solution cast from this new Nafi on stock solution. To create the Nafi on–
SiO 2  hybrid membranes, various amounts of SiO 2  nanoparticles (both 
bare and amine surface functionalized) were suspended in the Nafi on 
stock solution and then directly cast onto quartz windows to be used in 
SANS experiments. All Nafi on–SiO 2  dispersions were sonicated for at 
least 15 min prior to casting. Additionally, the SiO 2 % (by mass) of each 
solution was calculated in reference to the amount of Nafi on (solids) 
present in the solution volume. The solution-cast hybrid membranes 
were allowed to dry overnight (≈12 h) and then subjected to annealing at 
140 °C for 2 h under vacuum, where afterward, the heat was shutoff and 
the oven was allowed to cool down to room temperature before fi lms 
were removed. Solution-cast Nafi on–SiO 2  fi lms were on the order of 25 
to 50 µm in thickness. 

  Nanocomposite Membrane Synthesis: Sol–Gel Composite Membranes : 
Using a method previously developed, [ 20 ]  the purifi ed Nafi on 117 
membranes were fi rst equilibrated in a 2:1 (v/v) methanol/water solution 
for 4 h. The equilibrated membrane was then placed in a stoppered 
fl ask containing 50 mL of the same 2:1 methanol/water solution, where 
immediately afterward, TEOS was introduced in amounts such that 

water/TEOS = 4:1 (mol/mol). In order to ensure complete alkoxide 
hydrolysis, the TEOS was added to the fl asks in a solution consisting 
of TEOS/methanol at 1.5:1 (v/v). The reaction vessels were immediately 
sealed once all liquids were added. The membrane was then removed 
from the reaction vessels at select time intervals and washed with pure 
methanol to prevent the formation of the silica phase on the surface 
of the membrane. Upon removal from the pure methanol wash, the 
surface of the membranes was blotted dry, and then the fi lms were 
dried under vacuum for 24 h and subsequently annealed at 140 °C for 
2 h, afterwhich, the heat was shutoff and the oven was allowed to cool 
down to room temperature before fi lms were removed. The membranes 
were then weighed to determine the mass-loading of the SiO 2  inorganic 
phase. All steps, excluding annealing, were carried out at room 
temperature. 

  Small-Angle Neutron Scattering : Small-angle neutron scattering 
experiments were performed on the NG-B 10 m SANS, operated by 
the NIST nSoft consortium, at the National Institute of Standards and 
Technology Center for Neutron Research (NCNR). The incoming neutron 
wavelength was set to 5 and 12 Å for the collection of mid to high  q  and 
low  q  data, respectively. Furthermore, the sample-to-detector distance 
(SDD), as well as the detector offset, was varied to collect a range of 
 q  values for the two wavelength settings ( q  values ranging from 0.0035 
to 0.5 Å −1 ). The total collection time for each sample was approximately 
3 h. Prior to the beginning neutron scattering experiments, the hybrid 
membranes were equilibrated in H 2 O, D 2 O, or a mixture of both for at 
least 24 h. The hydrated fi lms were then mounted in a zero-gap sample 
cell with quartz windows. After completion of the scattering experiments, 
the hydrated fi lm thickness was measured using a micrometer. Film 
thicknesses were taken as the average of at least three measurements 
on the sample. The measured intensity from SANS was converted 
to absolute intensity by correcting for transmission and background 
scattering. The SANS data were reduced using software developed at the 
NIST Center for Neutron Research. [ 46 ]  

  Vanadium Crossover Analysis : The experimental set-up used to 
investigate the crossover of vanadium ions through pristine and 
modifi ed Nafi on membranes is shown in Figure  1 a. As seen in Figure  1 a, 
the reservoir above the Nafi on membrane was fi lled with a solution of 
1.5 mol L −1  VOSO 4  in 3 mol L −1  H 2 SO 4 , while the reservoir below the 
membrane was fi lled with a solution of 1.5 mol L −1  MgSO 4  in 3 mol L −1  
H 2 SO 4 . Aliquots were taken from the bottom reservoir at regular 
time intervals, and the concentration of vanadium ions, specifi cally 
the vanadium(IV) ion, was measured using an UV–vis spectrometer 
(PerkinElmer Lambda 950) in the 300 nm to 1100 nm wavelength range. 
All crossover experiments were carried out at room temperature. 

  High-Resolution Analytical Scanning Transmission Electron Microscopy : 
Cross-sectional TEM samples were prepared by embedding small 
pieces of membrane into the Spurr resin (purchased from SPI Supplies) 
and curing the resin at 65 °C for 12 h. Ultrathin (80 to 120 nm thick) 
sections were cut by using a diamond knife in the ultramicrotome 
(Leica Ultracut UCT) at room temperature. Conventional (amplitude 
contrast) and high-resolution (phase contrast) transmission electron 
microscopy (CTEM/HRTEM) and scanning transmission electron 
microcopy (STEM) imaging, selected-area electron diffraction (SAED), 
and energy-dispersive X-ray (EDX) spectroscopic analyses of the cross-
sections of Nafi on–SiO 2  composite membranes were performed in 
a Schottky fi eld-emission FEI Titan 80–300 analytical S/TEM with 
a point-to-point resolution of 0.19 nm and information limit below 
0.1 nm, equipped with S-TWIN objective lenses and operating at 300 kV 
accelerating voltage. For high spatial resolution nanoanalysis in STEM 
mode with 0.14 nm to 0.2 nm diameter probes, the instrument was 
supplied with a Fischione 3000 model high-angle annular dark-fi eld 
(HAADF) detector, FEI bright-fi eld (BF-) and ADF-STEM detectors, and 
a 30 mm 2  EDAX Si/Li EDX detector with a 0.13 s rad acceptance angle. 
To ensure optimal counting rates, the specimens were tilted 15° toward 
the EDX detector. To reduce a beam-induced damage of the specimens, 
the lowest electron beam dose rates down to a few e nm −2  s −1 , as well 
as beam blanking between acquisitions during imaging and analyses 
were used.  
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