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Chapter 7
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Fluorinated ionomer membrancs, as represented by the
commercially available Nafion films, are macroscopically
homogeneous and optically transparent but microscopically
inhomogeneous with the presence of nanoscale hydrophilic
cavities. These cavities serve as nanoscale reactors for the
synthesis of nanoparticles from a variety of materials. The
membranes with embedded nanoscale semiconductors, still
optically transparent, have been used as sheet-photocatalysts
for energy conversion applications, while those with embedded
reactive metals used as nano-energetic materials for hydrogen
generation and beyond. This chapter provides an overview on
the templated synthesis of nanomaterials in fluorinated ionomer
membranes and the various energy-related applications of this
unique class of nanocomposite materials.

1. Introduction

The combination of fluorinated entitics and nanoscale materials has received
much recent attention for existing and emerging opportunities in a variety of
energy-related applications, such as energy saving (/), optoelectronic (lighting)
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(2), catalysis (3—8), nanothermite reactions (9, /0), and hydrogen fuel sources (//,
12). Fluorine-containing materials are unique in many desirable properties due to
the highest electronegativity and small atomic radius of fluorine. These distinctive
properties include high thermal and chemical stability, solvent resistance, low
flammability, low moisture absorption, low surface tension/energy, low dielectric
constant, and strong oxidant source under energetic conditions (3). Among the
best-known and most widely used fluorine-containing materials are organic and
polymeric compounds with fluorine functional groups (3, /0-28), particularly
fluorinated surfactants such as high-molecular weight perfluorinated acids (3, 70,
11, 13) and perfluorinated ionomer membranes, with the latter being represented
by the commercially available Nafion membrane films (/2, /4-28).

Nafion (Scheme 1) is a perfluorinated sulfonic acid polymer with excellent
thermal, chemical and mechanical stability and high ionic conductivity (/4, 16).
Because of these characteristics, Nafion membrane has been the membrane of
choice for applications in aggressive chemical environments, such as separators
in chloro-alkali cells (/5, /6), modern battery and fuel cell technologies (/4-16),
sensors (/5), and super-acid catalysis for the production of fine chemicals
(/7). For example, Nafion was found to be effective as a membrane for
hydrogen/oxygen and direct methanol proton exchange membrane (PEM) fuel
cells by permitting hydrogen ion transport while preventing electron conduction,
thus providing unparalleled power supply from hydrogen (/4—/6). The Nafion
properties are further expanded through its ability to preconcentrate cationic
species, making it possible to host a wide range of entities such as redox mediators
(/8) and nanoparticles (5-8, /2, 19-23) for more efficient catalytic and energetic
applications (5-8, /2, 29). Some of the most exciting developments have been
their coupling with nanoscale semiconductor and reactive powders for the
photoreduction of COz and evolution of hydrogen (5-8, /2). For example, Nafion
membrane was found recently to be an ideal template for the preparation of small
and air-stable Al nanoparticles with potential energetic applications (/2).

—I[(CF,CF,),,CFCF,] ,—
(OCF,CF)——OCF,CF,SO, M*
CF;

Scheme . Ndfion.
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In this chapter, we first provide some background information on and the
current understanding of the structure and properties of perfluorinated ionomer
membranes, and then highlight recent developments in the use of these membranes
for the synthesis of small and size-wise narrowly distributed semiconductor and
metal nanoparticles and their selected energy-related applications. We conclude
with a brief summary of the challenges and perspectives in this interdisciplinary
research field.

2. Fluorinated Ionomer Membranes

Perfluorinated membranes generally refer to ion-exchange membranes
with a perfluorinated polymer backbone. These membranes typically exhibit
excellent thermal and chemical stability with retention of mechanical properties
in highly corrosive and oxidative environments. A representative example is
the Nafion membrane (/4—/7), in which the underlying polymer is a sulfonated
tetrafluoroethylene-based fluoropolymer-copolymer (Scheme 1). The synthesis of
Nafion polymer is achieved via the copolymerization of tetrafluoroethylene (TFE)
(the monomer in the widely used Teflon) and a derivative of perfluoro(alky! vinyl
cther) with sulfonyl acid fluoride, followed by the conversion of sulfony! fluoride
into sulfonate groups and then into the acid form. Finally, the polymer solution is
cast into thin films via heating in aqueous alcohol at 250 °C in an autoclave (15).

The pendant ionic groups interact to form ion-rich aggregates contained
in a nonpolar matrix, which strongly influences the polymer properties and
applications. Although Nafion polymers in the membrane are not covalently
crosslinked, the membrane structure is highly ordered. Microscopically, the
structure and properties of perfluorinated ionomer membranes have been
understood in terms of a reverse micelle-like ion cluster model developed in the
study of Nafion (4, 15, 24, 25). According to the model there are essentially
three distinctive structural regions in the membrane: the perfluorinated polymer
network, hydrophilic cores or ion clusters, and the interfacial domain between
the two regions (Scheme 2). The hydrophilic cores or ion clusters are estimated
as being on the order of 4 nm in diameter, in part based on experimental results
primarily [rom small-angle X-ray studies (24, 25). The neighboring clusters are
interconnected through narrow channels (Scheme 2) (15, 25). While there is some
experimental evidence in support ol such a structural model, issues including the
shape and morphology of the ion clusters, the significancc and dimension of the
interfacial region, and the general organization of hydrophilic and hydrophobic
structural domains in Nafion and related ionomer membranes are still being
debated and investigated (26, 27). Tor example, luminescence spectroscopic
methods have been employed to study the structural properties of ionomer
membranes, including an evaluation of the ion cluster model illustrated in Scheme
2 (26-28). Results from the use of a series of environment-sensitive fluorescent
probes such as Ru(bpy)i?*, pyrene with cxcimer formation, and ethidium bromide
have suggested the presence of a substantial interfacial region in perfluorinated
ionomer membranes (26-28). 1t was proposed that the interfacial region could be
viewed as a heterogencous mixture of perfluorinated polymer branches and water
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molecules, where the microscopic environment experienced by the Huorescent
molecular probes might effectively be close to those in polar organic solvents
(27). Results from the luminescence spectroscopic studies have also provided
valuable information on the transport-related processes in the ionomer membrane,
suggesting considerable mobility throughout the interfacial region, as retlected
by the significant diffusional fluorescence quenching for probes in the membrane

structural domain (27).
The microscopic structure in the ionomer membranes, as described by the

ion cluster model (Scheme 2), has major implications to the primary uses of these
membranes, such as in fuel cells (/4-16). Equally significant is the fact that these
membrane films are macroscopically homogeneous, uniform and optically highly
transparent, but microscopically heterogeneous with hydrophilic ion clusters
dispersed in fluorinated polymer backbones, thus offering an excellent platform
for templated synthesis of nanoscale materials.

3. Nano-Templating for Energy-Related Applications

The presence of hydrophilic cavities in the ionomer Nafion membrane
structure was also supported by experiments in which nanoparticles were
prepared by using the cavities in Nafion membrane as templates (3-8, /2,
19-23). In fact, the incorporation of nanoparticles into the membrane served
another purpose by allowing a direct imaging of the hosting cavities in the
membrane structure, complementary to the electron microscopy studies of
stained Nafion membrane films. For example, Sun and coworkers reported the
preparation and characterization of several crystalline semiconductor and metal
nanoparticles including PbS, CdS, Ag,S, and Ag in various perfuorinated ionomer
membranes including Nafion and those based on the sulfonimide ionomer and the
bis(sulfonyl)methane ionomer (20, 21, 23). Overall, the nanoparticles were easy
to prepare and air-stable, and could easily be handled under ambient conditions.

Experimentally for the preparation of Ag)S nanoparticles as an example
(20), a piece of clean Nafion film in the sodium form was soaked in an aqueous
solution of AgNOs, followed by rinsing with water to clean the film surface.
After the surface was blotted dry, the film containing Ag" was immersed in
an aqueous solution of Na,S for the formation of AgsS particles under fully
hydrated condition. The same procedure and similar experimental parameters
were used in the preparation of semiconductor nanoparticles. These nanoparticles
could be identified by using UV/vis absorption and luminescence, X-ray powder
diffraction (XRD), and transmission electron microscopy (TEM, specimen from
cross-sectional slices of the Nafion film loaded with nanoparticles) methods.
Examples for the results from characterizations are shown in Figure 1 (20, 21).
These nanoparticles were apparently mostly crystalline, small in sizes and with
narrow size distributions (20, 2/). Microscopically, the nanoparticles were
found as being hosted in the membrane structure in an isolated fashion, with
no indication of channels-like domains as proposed in the ion cluster model
for the ionomer membranes. The results suggested that all of these membrane
films contain hydrophilic structural cavities and likely share similar nanoscopic
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structures. However, the randomly dispersed Ag>S nanoparticles were found to
be significantly larger than the average size of the reverse micelle-like hydrophilic
cavities predicted and/or estimated in the literature for Nafion membrane. A
possible explanation for the discrepancy could be that the membrane structure
with the ion clusters is somewhat flexible, thus to allow the extra growth of
particles (for some materials such as Ag>S) in the hydrophilic cavities via
squeezing the connecting channels.

The nanoscale Ag particles in the structural cavities of Nafion membrane
were prepared under similar experimental conditions as those used for AgsS,
except that NaBH4 was used instead of NaS (23). The UV/vis absorption
spectrum of the membrane post-reaction exhibited the characteristic surface
plasmon absorption band of nanoscale Ag (Figure 2). XRD and TEM analyses
confirmed the formation of well-dispersed face-centered-cubic crystalline Ag
nanoparticles (an average size of 13.4 nm in diameter and a size distribution
standard deviation of 2.2 nm, Figure 2). The sizes were comparable to those of
the Ag>S nanoparticles discussed above, again obviously much larger than the
predicted and/or estimated average cavity size in the Nafion membrane according
to the ion cluster model. The results were also explained such that the hydrophilic
cavities and channels must be structurally flexible enough to accommodate the
formation of the larger Ag nanoparticles (23). More interestingly, the population
of Ag nanoparticles in the membrane structure was found to vary with changes
in the concentraton of the aqueous AgNO3 solution (Figure 3), but the sizes of
these nanoparticles remained generally similar. In fact, the film samples prepared
with loading at higher AgNO3 concentrations contained larger populations of
Ag nanoparticles (Figure 3) (23). The variation of nanoparticle contents in the
films was made evident by the UV/vis absorption, XRD, and TEM results. As
compared in Figure 3, the characteristic plasmon absorption band obviously
increases with the AgNO3 solution concentration used in soaking the film in the
nanoparticle preparation. The lower loading of Ag nanoparticles is also obvious
in the TEM image shown in Figure 3, in comparison with the image in Figure
2 for the film corresponding to a much more concentrated AgNO3 solution.
However, despite the smaller number, the sizes of the Ag nanoparticles remain to
be around 13 nm, rather similar to those shown in Figure 2.

These examples discussed above demonstrate that nanoscale semiconductor
and metal nanoparticles can be embedded in fluorinated ionomer membranes,
specifically in Nafion, to result in composite films.  These essentially
nanocomposites are generally stable (obviously free from any agglomeration),
amenable to a variety of energy-related applications. As highlighted below, their
uses as sheet-photocatalysts in energy conversion and as nano-energetic materials
are particularly interesting (5-8, /2).
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Scheme 2. Cartoon illustrations for the proposed structure of ion clusters
Jor perfluorinated ionomer membranes (top) (From ref. (15, 24)) and a
cross-sectional view of the Nafion membrane film embedded with nanoparticles
(bottom).
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Figure 1. (a) TEM image for a cross-sectional view (left) and X-ray diffraction
pattern (right) of Ag»>S nanoparticles embedded in structural cavities of Nafion
membrane. (From ref. (20)) (b) Absorption and fluorescence spectra of CdS
nanoparticles (left) and the X-ray diffraction pattern of PbS nanoparticles (right)
embedded in structural cavities of Nafion membrane. (From ref. (21)).
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Figure 2. (a) The UV/vis absorption spectrum (left) and the X-ray diffraction
pattern (right), and (b) TEM image for a cross-sectional view (left) and a
statistical size analysis (right) of silver nanoparticles in Nafion membrane

prepared with a more concentrated AgNO; solution. (From ref. (23)).
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Figure 3. (a) UV/vis absorption spectra (left) and powder X-ray diffiaction
patterns (right) of silver nanoparticles in Nafion membrane films corresponding
to soaking the films in aqueous AgNO; solutions of different concentrations (as
marked) for a constant 30 min. (b) TEM image for a cross-sectional view of
silver nanoparticles in the Nafion membrane film corresponding to soaking the
Silm in aqueous AgNO; solution of 1 mM for 30 min. (From ref. (23)).
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3.1. Sheet-Photocatalysts for Energy Conversion

The Nafion films loaded with nanoscale semiconductor particles could
remain optically transparent when the nanoparticle population is appropriately
controlled. These are effectively semiconductor-based sheet-photocatalysts
(5-8). The optical transparency of the nanocomposite films as photocatalysts has
made it possible to more effectively utilize the incident light and maximize the
nanoparticle surface area for high photocatalytic activities (5—8). For example,
nanoscale semiconductors CdS and TiO; and their nanocomposites such as
CdS/ZnS and CdS/Pt were prepared in Nafion membrane for evaluations in
the photocatalytic production of hydrogen (5). In the reported studies, the
hydrogen-production efficiencies from water containing a sacrificial electron
donor (sulfide ion) were found to be greater than those commonly obtained with
unsupported colloidal or powdered semiconductors under similar conditions .

Sun and coworkers studied the photoreduction of COz by using TiO;
nanoparticles without and with the coated Ag as a co-catalyst embedded in Nafion
membrane films (7, 8). For the preparation of TiO; and Ag/TiO; in nanoscale
cavities of Nafion membrane (7, 8, 22), a clean Nafion film was first soaked in
a solution of Ti(OC3H7)4 in isopropanol, washed with isopropanol and acetone,
and then immersed in boiling water for hydrolysis to form the targeted TiO»
nanoparticles. The TiO;-loaded Nafion films appeared similar to the starting blank
films, except for a light yellowish color (due to the absorption of the embedded
nanoparticles). The TiO; nanoparticles embedded in Nafion membrane films were
then coated with Ag metal via photolysis (8). The resulting film was brownish,
consistent with the presence of nanoscale Ag (plasmon absorption), but remained
optically transparent. The amount of Ag deposition was found to depend on the
concentration of the AgNO3 solution used in the coating. UV/vis absorption
and TEM (specimen from cross-sectional microtome) analyses of TiO»-loaded
films without and with the Ag coating are shown in Figure 4. The embedded
nanoparticles appeared crystalline and well-dispersed. The nanoparticles became
somewhat larger after the Ag coating, 6.5 nm vs 4 nm (Figure 4). The association
of Ag with TiO; at the nanoscale was also confirmed by the energy dispersive
X-ray (EDX) analysis of randomly selected regions in the image, all of which
indicated the substantial presence of Ti together with Ag.

The sheet-photocatalysts were evaluated for the photoreduction of liquid
COa. The configuration of the catalyst films in the high-pressure optical cell of
the reaction setup is illustrated in Scheme 3. In a typical experiment, the cell
was purged with CO gas for 30 min before it was filled with liquid CO; to a
pressure of 2,000 psia, followed by photoirradiation with a xenon arc source.
Post photoirradiation, the cell was depressurized and water was added to the cell
immediately thereafter (7, 8). The resulting aqueous solution contained methanol,
acetic acid, and formic acid as the reaction products according to HPLC and
'H NMR analyses (7, 8). As shown in Figure 5, the results suggest that these
sheet-photocatalysts are effective in improving the photocatalytic conversion of
CO; (in comparison with results from other experimental configurations). The
Ag coating apparently enhanced the photoconversion. These sheet-photocatalysts
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were also found to be highly stable chemically and photochemically, reusable in
repeated photocatalytic reactions (7, 8).
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Figure 4. (a) High-resolution TEM image for a cross-sectional view of the TiO;
nanoparticles in Nafion membrane (left), and UV/vis absorption spectra of
Nafion films with (—) and without (— - —) embedded TiO; nanoparticles, with
the inset showing the powder X-ray diffraction pattern of the TiO,-loaded Nafion
Silm (right). (From ref. (7) and (22)) (b) Scanning TEM image (in the Z-contrast
mode) for a cross-sectional view of the silver-coated TiO> nanoparticles in Nafion
membrane films (left), and UV/vis absorption spectra of Nafion membrane films
containing TiO; nanoparticles without (— - —) and with (——) the silver coating
(the corvesponding silver salt solution concentrations used for the coating as
marked), and the inset: photos of the corresponding films (right). (From ref. (8)).
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cross-sectional microtome of a TiOx-loaded film. (From ref. (7)),

The facile synthesis of semiconductor nanoparticles in Nafion membrane and
the subsequent coating of the nanoparticles with a co-catalyst should be generally
applicable to the preparation of other conceptually similar sheet-photocatalysts. In
such a configuration, the membrane serves as an optically transparent host for the
homogeneous dispersion of the catalytic nanoparticles. These photocatalysts in a
uniquely well-dispersed configuration are valuable to various energy conversion
applications.

3.2. Energetic Nanoparticles

The characteristic structure and properties of perfluorinated ionomer
membranes discussed above and their ability to encapsulate and protect
nanoparticles have also made them uniquely applicable in the development of
nano-energetic materials. Nanosized (sub-100 nm) Al particles have recently been
among the most widely investigated reactive and energetic nanomaterials (/0,
11, 30-33). Their large specific surface area and energy density, when coupled
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or mixcd with oxidative species, make them unique combustible additives in
propellant formulations, among other fuel-related applications (34). Nanoscale
Al particles arc also studied as high-capacity hydrogen storage materials (35).
Significant effort has been made on the development of synthetic methodologies
for Al nanoparticles of desired properties (/0, /1, 30-33, 36). The chemical
route based on thermal and/or catalytic decomposition of alane in the presence
of a surlace passivation agent such as perfluorinated carboxylic acids for particle
protection and stabilization has been identified as being patticularly promising
(10, 1. However, this method has generally yielded Al particles of 50 — 200 nm
in average sizes. Smaller Al nanoparticles (thus an extremely high surfacc arca)
of a narrow size distribution have been pursued for their distinctive advantageous
in uses as energetic nanomaterials and for more effective hydrogen generation.
However, their bulk production in a consistent fashion and their protection for
stability under ambient conditions present special challenges.
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Figure 5. The photoconversion of CO: as a function of the number of stacked
catalytic films with (4) and without (o) the silver coating of the embedded TiO:
nanoparticles. The reproducibility for the data points was generally within
~3%. (From ref. (8)).
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Sun and coworkers reported recently a new strategy in the facile yet
controllable synthesis of smaller Al nanoparticles by using nanoscale cavities
in Nafion membrane as templates. The nano-templated synthesis was based
on the same catalytic alane decomposition chemistry. Experimentally, a picce
of Nafion film in the sodium form was soaked in an isopropanol solution of
Ti(OC3H7)4, rinsed thoroughly to clean the film surface, and then dried. The
Nafion film containing the titanium salt was immersed in a THF solution of
I-methylpyrrolidine alane with stirring in a glove-box under nitrogen atmosphere,
The film color turned black during the reaction, consistent with the formation of
small Al nanoparticles. After the reaction the film was thoroughly washed with
THF, dried under vacuum, and then characterized by using a series of techniques.
Shown in Figure 6 are low and high resolution TEM images (with the specimen
from cross-sectional microtome), a statistical size analysis of particles from
multiple TEM images, and also representative results from the EDX analysis (/2).
The randomly dispersed Al nanoparticles appeared crystalline (agreeing well with
the face-centered-cubic standard for bulk Al (Figure 6), with an average particle
size of 11 nm in diameter and a size distribution standard deviation of 2.5 nm.
The EDX results confirmed the presence of large amounts of Al and fluorine (a
part of the Nafion membrane structure) and a small amount of titanium from the
catalyst. However, there was only a negligible amount of oxygen in the specimen
despite the fact that the EDX analysis was performed under ambient conditions,
suggesting that the embedded Al nanoparticles were protected by the membrane
structure from any significant oxidation (/2).

More detailed studies on the formation of Al nanoparticles in Nafion
membrane suggested that significant variations in the amount of embedded
materials in the membrane changed primarily the population of the nanoparticles,
but affected much less the sizes of the particles, as suggested by the XRD
results (Figure 7) (/2). The results and conclusion were rather similar to those
obtained previously in the systematic study of Ag nanoparticles in perfluorinated
lonomer membranes (23). The population of Al nanoparticles in the Nafion
membrane was increased by using a more concentrated alane solution in the
reaction. With the use of high alane concentrations in the particle synthesis, the
Nafion membrane films were apparently able to host a substantial amount of
Al nanoparticles, as demonstrated by the obvious weight increases of the films
post-alane reaction (Figure 8). For example, with alane solutions of 0.5 M and 2
M used in the reaction, the resulting films had weight increases of 14% and 122%
(thus the implied Al contents in the films of 12% and 55%), respectively. Both
the thermogravimetric analysis (TGA) and hydrogen generation results suggested
that the weight increase was due to the amount of reactive Al in the film. For the
latter, it was found that the reactive Al contents in the films could be determined
accurately by using the films to generate hydrogen gas in a basic aqueous solution
(37). The experiments were performed in a commercially supplied apparatus to
allow precise volumetric measurements of the hydrogen gas generated for the
calculation of the reactive Al contents. For the same example, the amounts of
Al nanoparticles in the films prepared with 0.5 M and 2 M alane solutions were
determined to be 11% and 57% of the film weights, in good agreement with the
observed weight increases post-alane reaction discussed above. Results [rom the
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XRD analysis and TEM imaging of the cross-sectional slices of the Al-in-Nafion
composite films with high Al loadings suggested that the films were packed with
Al nanoparticles, while the particle sizes remained generally similar, suggesting
again that the different loadings of Al nanoparticles in the Nafion membrane films
are generally decoupled from the average sizes of the nanoparticles.

Number of Particles

0 | v | 1 L Al
6 8 10 12 14 16 18
Diameter (nm)

Figure 6. A representative TEM image for the specimen from ultra-microtome
of an Al-in-Nafion film (top lefi), a statistical size analysis of the particles from
multiple images (bottom left), and the corresponding high-resolution TEM image
for the specimen from ultra-microtome (top right) and the EDX spectrum (bottom
right). (From ref. (12)).
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Figure 7. X-ray diffraction patterns of the Al-in-Nafion films prepared with
different alane solution concentrations (as marked) are compared with that of
bulk fee aluminum in JCPDS database.

As reported (/2), all of the Al-in-Nafion film samples were found to be
surprisingly stable in ambient air, with the reactive Al contents changed only
marginally over time (Figure 9). The relatively more significant initial decrease in
the reactive Al content might be attributed to the oxidation of the Al nanoparticles
close to the film surface. The small sacrifice of these nanoparticles due to the
oxidation probably “sealed ofP the composite film as a whole, minimizing
any subscquent oxidation. The Nafion membrane structure was apparently
not permeable to oxygen under the ambient air conditions, preventing any
substantial oxidation of the embedded Al nanoparticles. On the other hand, the Al
nanoparticles were fully accessible under the hydrolysis conditions for the nearly
quantitative generation of hydrogen gas. Therefore, the Al-in-Nafion composite

films may serve as a unique platform for stable energetic materials and/or as
materials for energy storage.
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Figure 8. The weight increase in the composites of Al nanoparticles in Nafion
membrane as a function of the alane concentration in the reaction for the
preparation of these composite films.

The Nafion membrane films embedded with Al nanoparticles, especially those
with high loadings, were found to be easily crushed via grinding in a mortar to
form black-gray powdery materials. These materials were subsequently dispersed
in solvents such as hexane with sonication, though the resulting suspension was
unstable (with significant precipitation within a few minutes). Interestingly,
however, the Al nanoparticles were largely unaffected in the process, maintaining
their sizes and dispersion according to electron microscopy (Figure 10) and XRD
results. These powders were essentially Al nanoparticles protected and stabilized
by Nafion polymers (disintegrated backbones in the original membrane film).
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Figure 9. The reactive Al contents in the various Al-in-Nafion films (based on
volumetric measurements of the hydrogen gas generated) over time in ambient
air. (From ref. (12)).

The reported results on Al nanoparticles in Nafion membrane seem consistent
with the same mechanistic picture proposed for Ag and AgzS nanoparticles. In
the formation of these nanoparticles, the cavities and channels could apparently
be rearranged (such as channels connecting two cavities being squeczed out for
a larger cavity) to accommodate the growth of the nanoparticles toward their
thermodynamically and/or kinetically preferred sizes, but still only up to a limit
(likely 15 nm or less) imposed by the much more rigid perfluorinated polymer
backbones in the membrane films (15, 24, 25). There were no dramatic increases
in average particle sizes even at very high Al loadings. On the other hand, the high
loadings of Al nanoparticles probably strained the membrane films so severely to
make them vulnerable to decomposition (via grinding in a mortar, for example,
as discussed above).
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Figure 10. Representative scanning TEM image (in the Z-contrast mode) of the
black-gray powdery Al-in-Nafion membrane with high Al loading (from grinding
in a mortar and dispersing in hexane).

The nanocomposite-like configuration of nanoscale Al particles in
perfluorinated ionomer membrane (Nafion) serves as an excellent platform for
nano-energetic materials, similar to or more advantageous than those based on
larger Al nanoparticles protected by fluorinated polymers (70, /). Separately,
it also serves as an excellent platform for efficient hydrogen generation under
ambient conditions. Further investigations may enable a regeneration of the
Al nanoparticles in the nanoscale cavities of the membrane, so as to achieve
rechargeable nano-Al systems for energy storage and hydrogen production.

4. Summary and Perspective

The results as examples presented and discussed here suggest that the
structural cavities in perfluorinated ionomer membrane films serve as ideal
nanoscale templates for facile preparation of well-dispersed small nanoparticles
from semiconductors, metals, and other materials. For reactive nanoparticles,
in particular, they are surprisingly intact and stable in the membrane films
under ambient conditions, yet still accessible by other reactants (such as basic

121



water in the hydrogen generation) under a different set of conditions. The
membrane films, which are macroscopically homogeneous and optically clean
and transparent, also serve as excellent hosts for the nanoparticles to keep them
dispersed. These spatially well-dispersed nanoparticles are unique photocatalysts
for photochemically driven energy conversion applications. The membrane hosts
are also valuable to another kind of energy conversion, potentially rechargeable
reactive metal-based hydrogen production. However, despite the progress
already made, the use of perfluorinated ionomer membranes in energy-related
nanotechnology is still at the early stage. Further development and optimization
are necessary, including a clear understanding of the structural details in the
membrane films and the effects of the structure on transport properties of the
membrane films (materials in and out of the nanoscale cavities in the membranes).
Nevertheless, the nano-templating in these membrane films will find broad

applications in energy conversion and beyond.
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