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CONSPECTUS

Zeolites are a dass of crystalline oxides that have uniform
and molecular-sized pores (3—12 A in diameter). Although
natural zeolites were first discovered in 1756, significant com-
merdial development did not begin until the 1950s when syn-
thetic zeolites with high purity and controlled chemical
composition became available. Since then, major commercial
applications of zeolites have been limited to catalysis, adsorp-
tion, and ion exchange, all using zeolites in powder form.
Although researchers have widely investigated zeolite thin films
within the last 15 years, most of these studies were motivated
by the potential application of these materials as separation
membranes and membrane reactors. In the last decade, we have
recognized and demonstrated that zeolite thin films can have
new, diverse, and economically significant applications that oth-
ers had not previously considered. In this Account, we high-
light our work on the development of zeolite thin films as low-
dielectric constant (low-k) insulators for future generation
computer chips, environmentally benign corrosion-resistant coatings for aerospace alloys, and hydrophilic and microbiocidal coat-
ings for gravity-independent water separation in space stations.

Although these three applications might not seem directly related, they all rely on the ability to fine-tune important macro-
scopic properties of zeolites by changing their ratio of silicon to aluminum. For example, pure-silica zeolites (PSZs, Si/Al = <) are
hydrophobic, acid stable, and have no ion exchange capacity, while low-silica zeolites (LSZs, Si/Al < 2) are hydrophilic, acid sol-
uble, and have a high ion exchange capacity. These new thin films also take advantage of some unique properties of zeolites that
have not been exploited before, such as a higher elastic modulus, hardness, and heat conductivity than those of amorphous porous
silicas, and microbiocidal capabilities derived from their ion exchange capacities.

Finally, we briefly discuss our more recent work on polycrystalline zeolite thin films as promising biocompatible coatings and
environmentally benign wear-resistant and antifouling coatings. When zeolites are incorporated into polymer thin films in the form
of nanocrystals, we also show that the resultant composite membranes can significantly improve the performance of reverse osmo-
sis membranes for sea water desalination and proton exchange membrane fuel cells.

These diverse applications of zeolites have the potential to initiate new industries while revolutionizing existing ones with a poten-
tial economic impact that could extend into the hundreds of billions of dollars. We have licensed several of these inventions to compa-
nies with millions of dollars invested in their commerdial development. We expect that other related technologies will be licensed in the

LSZ (low-silica zeolite): 1=SiVAIS2

ISZ (intermediate-silica zeolite): 2<Si/AI<50
HSZ (high-silica zeolite): SO<Si/Al<c
PSZ (pure-silica zeolite): SifAl=
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near future.
1. Brief Introduction to Zeolite three-dimensional network. The tetrahedra consist of
Structure a “T” atom at the center, such as Si or Al, bonded to

four oxygen atoms at the corners. The tetrahedra
Zeolites are porous aluminosilicates consisting of tet-  are organized in such a way as to create over 191
rahedra linked together at the corners to form a currently known framework types, each with a
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FIGURE 1. Schematic of the different film synthesis routes for PSZ low-k films and other films.'?131516,2021,29-31,35-39,62-64

unique topology and three-letter code assigned by the Interna-
tional Zeolite Association. The zeolite channel and pore dia-
meters are determined by the ring size, which is the number of
T atoms bonded together (with oxygen atoms in-between each
T atom) to form a ring. These pore openings consist of 6-, 8-, 9-,
10-, 12-, 14-, 18-, and 20-membered rings.

Since Si has a charge of 4+ and Al has a charge of 3+, the
isomorphous substitution of Al for Si results in a negatively
charged framework, which is compensated by cations such as
Na* and K. This is the origin of the zeolites” ion exchange
capacity. The Si/Al ratio can be changed from 1:1 to infinity
when all zeolite framework types are considered, and this has
a profound impact on their hydrophilicity, ion exchange capac-
ity, and acid stability (Conspectus figure). Several texts give fur-
ther details on zeolite structure and general introductory
details.>*

2. Low-Dielectric-Constant Films

As the feature sizes of next-generation microprocessors reach
into the 32 nm node, the difficulty of finding a suitable dielec-
tric interconnect material with a k value lower than 2.5 con-
tinues to slow down development along Moore’'s Law.>
Amorphous porous silica and polymers have gained consid-
erable research attention due to the low k value of air (k ~
1.0006).°~° The mechanical integrity of these materials, how-
ever, is a concern because higher porosities generally result in
poor mechanical strength, which is needed for survival dur-

ing the chemical mechanical polishing processes.'® (The elas-
tic modulus is a common metric of mechanical stiffness, and
the semiconductor industry generally requires a value of at
least 6 GPa.'") With an intrinsic crystalline structure and uni-
form micropores, pure-silica zeolites (PSZs) offer several of the
necessary properties for low-k applications,®'? including high
porosity, mechanical strength, heat conductivity, thermal sta-
bility, and hydrophobicity. The films can be prepared through
a manufacturing-friendly spin-on process of a zeolite nano-
particle suspension.'® Furthermore, simple pre- and postsyn-
thesis processing renders the films wet-etch chemical resistant
with uniform mesopores.

Zeolite low-k films were first studied on PSZ MFI using an
in situ deposition process (process [a] in Figure 1).'" In this
preparation method, a silicon substrate was submerged into a
zeolite precursor solution, resulting in a uniform and b-ori-
ented polycrystalline film (the b axis of the zeolite crystal was
oriented perpendicular to the substrate). Transmission elec-
tron microscopy studies revealed that the crystals formed
through a unique homogeneous nucleation process in the
bulk solution and were subsequently deposited onto the sub-
strate through self-assembly.'* The k value and elastic mod-
ulus of the films were 2.7 and 30—40 GPa, respectively.
However, this in situ crystallization process is considered
impractical for low-k applications because of the risk associ-
ated with the immersion of the transistor-laden wafers in a
corrosive synthesis solution. In addition, this method is a batch
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process, which is against the established processing trend of
single wafers in the semiconductor industry.

To be more manufacturing-friendly, a spin-on process was
developed in which a PSZ MFI zeolite nanoparticle suspen-
sion was hydrothermally synthesized and then spun-on onto
silicon wafers (processes [b] and [c] in Figure 1).' The suspen-
sion contained zeolite nanoparticles and aged amorphous sil-
ica precursors. The resultant zeolite films had a bimodal pore
size distribution consisting of the intraparticle zeolite
micropores and the interparticle mesopore void space, and
consequently, the added mesoporosity lowered the k value
and elastic modulus to 2.1 and 16—18 GPa, respectively.
Additional mesoporosity could be added to the films through
the addition of y-cyclodextrin to the synthesized zeolite sus-
pension (process [d] in Figure 1).'> After a y-cyclodextrin load-
ing of 15%, the total porosity increased from 45% to 61%
and the k value decreased to 1.8. The elastic modulus corre-
spondingly decreased to 14.3 GPa, although this value is still
significantly higher than the 6 GPa threshold value for low-k
materials.

For spin-on zeolite films, nanoparticle suspensions with
higher zeolite yield and crystallinity were found to decrease
the k value."® For a one-stage synthesis method in which the
synthesis solution is heated at one fixed temperature for a
period of time, the typical way to obtain higher crystallinities
is to increase the synthesis time. Unfortunately, longer syn-
thesis times result in larger particles, which lead to unaccept-
ably high film surface roughness and striations. To limit the
crystal growth, space-confined synthesis strategies were devel-
oped using thermoreversible polymer gels'” and reverse
microemulsion coupled with microwave heating.'® Adding
methylene blue into the synthesis solution was also found to
be effective in controlling the crystal growth.'®

A more practical two-stage synthesis process was devel-
oped to keep the particle size small while increasing the yield
and crystallinity by decoupling the nucleation from crystal
growth (process [b] in Figure 1)."° First, a low-temperature first
stage focused on nuclei generation and was allowed to pro-
ceed for several days to maximize the number of nuclei. Then,
the synthesis solution was abruptly brought to a high-temper-
ature second stage that was maintained for several hours to
allow for crystal growth. Through this method, a zeolite sus-
pension with a yield of 76% and particle diameters less than
80 nm was achieved. In contrast, zeolite suspensions synthe-
sized with a one-stage method with particles of 80 nm only
had a yield of about 15%. The k value of the two-stage films
decreased to 1.6. A further improvement in the k value was
achieved by switching from an MFI-type zeolite with a frame-
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work density of 18.4 T atoms/nm? to an MEL-type zeolite with
a framework density of 17.4 T atoms/nm3.2° By decreasing
the framework density, the microporosity of the film increased,
and thus, the k value decreased to 1.5. More recently, a new
evaporation-assisted two-stage synthesis process (process [b]
in Figure 1) was developed during which an evaporation step
was added between the first and second stages.?' Zeolite par-
ticles of bimodal size distribution with 98% of the particles at
14 nm in diameter and the rest at 60 nm were synthesized
with a yield of 60%. Figure 2 shows how the zeolite particle
size and yield change for different hydrothermal synthesis
routes.

While the evaporation-assisted films have a good combi-
nation of small particle size and high yield, a more prefera-
ble process would bypass the trade-off between these two
properties altogether. An on-wafer crystallization method was
developed to prepare zeolite low-k films in which the first-
stage nucleated suspension (i.e., before crystal growth) is spun
onto the silicon substrate (process [e] in Figure 1).22 The sub-
strate was then heated at ambient pressure to crystallize the
film, and the final k and elastic modulus values were 1.8 and
16.8 GPa, respectively. Moreover, the film did not contain stri-
ations and had a surface roughness of Rms = 2.9 nm. By crys-
tallizing the zeolite films on-wafer, crystal sizes are kept to a
minimum and features in the range of tens of nanometers are
expected to be more easily patterned.

Nanoindentation measurements on polycrystalline zeolite
films and spin-on films all reveal significantly higher elastic
modulus values at any given k value over amorphous porous
silica (Figure 3).2>~2° However, several fundamental questions
need to be considered: (1) Does the substrate have an effect
on the elastic modulus and hardness values of the thin films
(<0.5 um)? (2) Do intercrystalline grain boundaries in the poly-
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crystalline films influence the properties? To answer these
questions, large FER single crystals with a thin-plate geome-
try, an edge longer than 1 mm, and a thickness of about 30
um were synthesized. These single crystals were free of sub-
strate and intercrystalline grain boundaries. The resulting k
and elastic modulus values were 1.8 and 49.4 GPa, respec-
tively. Theoretical calculations were also performed on a num-
ber of pure-silica zeolites and confirmed that zeolite materials
can have low k and high elastic modulus values (Figure 3).
These results convincingly show that the elastic modulus mea-
sured on the thin films is reliable even though their thickness
is about 500 nm, and that polycrystalline films have higher k
and lower elastic modulus values than those of single crys-
tals. Most importantly, this study confirms that the crystalline
nature of the zeolites provides these films with their superior
mechanical and dielectric properties.

Although initial studies on PSZ MFI showed that large crys-
tals are intrinsically hydrophobic,?” spin-on films have a large
concentration of surface hydroxyl groups that render the films
hydrophilic.® Since the k value of water is about 80, ambi-
ent moisture adsorption can increase the overall film dielec-
tric constant to unacceptably high levels. Furthermore, the
low-k materials are exposed to several corrosive wet-etch
chemicals during the manufacturing process that can detri-
mentally degrade the films. Hydrofluoric acid (HF) is often
used as a proxy for a chemical cleaning solution, and alter-
native low-k materials must demonstrate at least 5 min of HF
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resistance. To increase the films” hydrophobicity, vapor-phase
silylation treatments with trimethylchlorosilane on PSZ low-k
films were performed after annealing the films at 400 °C (pro-
cess [f] in Figure 1).'3 Silanes have also been added to the
zeolite precursor solution before synthesis in an effort to func-
tionalize the zeolites with methyl or fluoroorganic groups (pro-
cess [g] in Figure 1).293° However, it was recently found that
silylating the films after the annealing process, where substan-
tial cross-linking of the amorphous silica matrix occurs, only
resulted in surface silylation and poor HF resistance.®' By
introducing the uncalcined films to the silylation agent before
the annealing step, more methyl groups were introduced into
the amorphous silica matrix, and the films resisted HF for 5
min or more.

While higher porosity decreases the k value, large meso-
pores with a wide distribution in spin-on films can lead to poor
pore sealing and nonuniform film properties.>* Recent ellip-
sometric porosimetry (EP) measurements modeled the meso-
pore void space as ink bottle pores and revealed the existence
of mesopores as wide as 35 nm.?? Tetraethylorthosilicate
(TEOS) can be added to the nanoparticle suspension before
the spin-on process, and subsequent EP tests showed that
the TEOS fills in the void spaces, resulting in a narrow pore
size distribution with mesopores as small as 3.5 nm in dia-
meter (process [d] in Figure 1). The pore size and porosity
decreased as more TEOS was added.

The ability to pattern and control the zeolite structures may
have uses in several electronic and optical applications.>* Hier-
archically patterned zeolite structures can be prepared by
using zeolite nanocrystals as building blocks (discrete crys-
tals from process [h] in Figure 1).2>32 The specific techniques
include soft-lithography, colloidal templating, and evaporation-
assisted self-assembly. Furthermore, patterned zeolite struc-
tures can be created through a simple in situ crystallization
process by taking advantage of the fact that zeolite films have
poor adhesion to precious metals (process [a] in Figure 1).3°
A substrate was patterned with gold and placed into the syn-
thesis solution, and the nucleated crystals self-assembled onto
the areas without gold.

3. Chromium-Free Corrosion-Resistant
Coatings

Metal corrosion is a ubiquitous problem and generally costs
an industrialized country several percent of its gross domes-
tic product (GDP) each year.*®*! For aerospace applications,
aluminum alloys are commonly used because they are light
and mechanically strong, but some alloys have a high poten-
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tial for corrosion (e.g., Al-2024-T3). Chromate conversion coat-
ings have been most durable and effective for protection of
aerospace aluminum alloys, but their deposition process uses
Cr*, which is a proven human carcinogen; thus, a chromium-
free coating is preferred.*?

Zeolites contain many of the properties necessary for a cor-
rosion-resistant coating. The frameworks of high-silica and
pure-silica zeolites (HSZs and PSZs) are extremely corrosion-
resistant in pitting aggressive media and all mineral acids
except hydrofluoric acid.?” Furthermore, most HSZ and PSZ
syntheses use an organic structure-directing agent (SDA) to
form a specific framework, and after synthesis these SDA mol-
ecules remain in the zeolite pores. While catalysis and sepa-
ration applications require the removal of the organic material
by high temperature calcination, uncalcined and defect-free
zeolite membranes are gastight.**~*° Therefore, along with
the chemical properties of the zeolite framework, the uncal-
cined membranes can physically block corrosive compounds
and are strong candidates for chromium-free corrosion-resis-
tant coatings.

Polycrystalline high-silica zeolite MFI coatings were synthe-
sized on Al-2024-T3 through an in situ crystallization process
(Figure 4a), and DC polarization tests showed that they were
corrosion resistant in sulfuric acid and sodium hydroxide,
media known for causing general corrosion.*® They also per-
formed remarkably well in neutral and acidified sodium chlo-
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ride, which is known for causing pitting corrosion.*® An added
benefit of these coatings is that the in situ process can cover
surfaces of complex shape and in confined spaces (e.g., hon-
line-of-sight surfaces, Figure 4q).

MTW, BEA, and MFI coatings were synthesized on differ-
ent stainless steel and aluminum alloy substrates, and all were
shown to be corrosion resistant, suggesting that corrosion
resistance is general for all PSZs and HSZs.*”*8 After scaling
the process up from small coupons (1 in. x 2 in.) to larger
panels (3 in. x 6 in.), the coating deposition process was
shown to be reproducible: out of the hundreds of panels pro-
duced, 99% passed the required corrosion resistance tests.*°
The coated panels were examined at the University of Cali-
fornia, Riverside and military organizations with standard tests,
including adhesion (ASTM D-3359), impact (ASTM D-2794),
bending (ASTM D-552), salt-fog (ASTM B-117), and UV (ASTM
G-154).°° Additionally, the substrate pretreatment method
consisted of a simple detergent washing process that was able
to prepare all of the aluminum alloys and steels. More impor-
tantly, one general synthesis composition was developed to
deposit high quality zeolite coatings on all aluminum alloys
and steels.>' Significant cost savings for the coating process
were realized by unifying these processing conditions. Figure
5 contains scanning electron microscopy (SEM) images, digi-
tal photographs of zeolite-coated panels after 2000+ h in a
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FIGURE 5. Experimental data on HSZ-MFI coatings on AA-2024-T3: (a) top-view SEM image, (b) cross-sectional SEM image, (c) digital
photograph of coated 3 in. x 6 in. panels after 2000+ h salt-fog tests (ASTM B117), and (d) DC polarization test results in 0.5 M NaCl/HCI

(pH 3.0).

salt-fog test, and DC polarization curves for zeolite corrosion-
resistant coatings.

The in situ crystallization process occurs under autogenous
pressure (9 atm at 175 °C), which is undesired by the surface-
finishing industry. A more industry-friendly ambient pressure
ionothermal synthesis was developed to prepare AIPO-11 and
SAPO-11 (AEL-type framework) corrosion-resistant coatings
under ambient pressures on aluminum alloys (Figure 4b).>%>3
Furthermore, ionic liquids are nonflammable and environmen-
tally benign and should pose little threat to worker safety, and
the microwave synthesis is simple and fast to operate. While
the AIPO-11 coating had poor crystal intergrowth and was ran-
domly oriented, the SAPO-11 coating was mostly c-oriented
and had strong intergrowth. The SAPO-11 coating was shown
by cross-sectional SEM imaging to consist of a porous top
layer with a dense barrier layer underneath. After sealing the
SAPO-11 coating with a layer of bis(triethoxysilyl)methane
(BTSM) mixed with PSZ MEL nanocrystals, the BTSM-MEL-
sealed SAPO-11 exhibited excellent anticorrosion properties.
Work in the area of ionothermal synthesis as an alternative to
hydrothermal synthesis is a focus of future research so that
zeolite materials can be more industrially compatible.

4. Hydrophilic and Antimicrobial Coatings

In manned spacecraft, the temperature and humidity are con-
trolled by condensers in the environmental control systems.
The moisture-laden air normally condenses into small drop-
lets that aggregate and are eventually driven out by gravity in

terrestrial applications; however, the microgravity encountered
in space causes the water droplets to remain entrained in the
air flow systems, and these droplets are carried back to the
cabin as foggy air or rain. Corrosion and bacteria growth can
occur as a result of the condensation, and visibility can be dif-
ficult. Therefore, gravity-independent water separation is a key
component for these condenser systems. The heat exchanger
surfaces can be covered with hydrophilic zeolite coatings to
change the condensation mode from dropwise to film-wise.
Vacuum sipping can then be used to remove the water.>4>°
This process is shown schematically in Figure 6.

Low-silica, hydrophilic zeolite (LSZ) LTA coatings were pre-
pared on stainless steel substrates by an in situ crystalliza-
tion method.>* Similar to the corrosion-resistant coatings, the
in situ synthesis technique allows for a wide variety of sur-
faces to be coated, including those in confined spaces. The
zeolite coatings were imparted with antimicrobial properties
through silver ion-exchange. Incubation tests (0—24 h)
revealed no surviving colony forming units (cfu), and 8 week
and year-long durability tests showed that the coatings
remained hydrophilic and antimicrobial after continuous
immersion in water.>”

The alkaline conditions that are commonly used in low-
silica zeolite syntheses easily corrode several substrates, such
as aluminum alloys. In order to remedy this situation, hybrid
LTA/MFI coatings were prepared that were both hydrophilic
and antimicrobial.>® First, a high-silica zeolite MFI coating was
synthesized on aluminum alloy. Low-silica zeolite LTA seed
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FIGURE 6. Schematic showing the condensation modes of
uncoated and zeolite-coated heat exchanger surfaces for zero-
gravity applications.

crystals between 200 and 500 nm were then dip-coated onto
the MFI coating, and another short synthesis under the same
conditions as the MFI base coating was performed. The result-
ing structure of zeolite LTA crystals embedded within an MFI
matrix was silver ion-exchanged and had zero surviving cfu
after E. coli incubation tests. Both the hybrid coatings and the
zeolite LTA coatings on stainless steel exhibited excellent
adhesion (average rating of 5B) from ASTM D-3359 cross-
cut tape tests.

Limited heat transfer through the zeolite coatings was a
concern because of their lower thermal conductivity over the
metal substrates. However, under evaporating and condens-
ing conditions, the hydrophilic coating allows for more spread-
ing of the water droplets across the surface, which improves
the heat transfer coefficient of the metal/coating system over
the bare substrate.>°'

5. Future Directions

Zeolite nanocrystals (process [h] in Figure 1) can be incorpo-
rated into polymers, and the resulting composite membranes
have shown improved performance for reverse osmosis and
fuel cell membranes. Polycrystalline zeolite thin films have
also been demonstrated to be promising as antifouling coat-
ings, biocompatible coatings, and wear-resistant coatings.

As the world population continues to grow, clean and pota-
ble water is quickly becoming a scarce commodity, especially
in dry regions. When zeolite nanoparticles were dispersed
within polyamide reverse osmosis films, the flux doubled and
salt rejections similar to commercially available membranes
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were maintained.®? These improved membranes stand to dra-
matically improve the amount of available drinking water sup-
plies at lower energy costs.

Nafion is the current standard proton exchange membrane
(PEM) in PEM fuel cells. However, when methanol is used as
the fuel, Nafion experiences a significant amount of meth-
anol crossover that causes a loss of efficiency and mixed
potential at the cathode. Moreover, Nafion loses its proton
conductive properties at temperatures higher than 100 °C,
which is the desired temperature regime for increased cath-
ode kinetics. Composite membranes that have acid-function-
alized zeolite nanoparticles embedded within the Nafion
membrane have been shown to retain higher amounts of
water, reduce the methanol crossover, and maintain similar
levels of proton conductivity.®3~®> Overall higher perfor-
mances of PEM fuel cells through the use of polymer/zeolite
composite membranes can help to accelerate the commer-
cial adoption of fuel cells as energy storage devices for a wide
range of uses.

Biofouling and the deposition of microbes in aquatic
environments seriously compromises military and indus-
trial equipment by increasing hydrodynamic drag and clog-
ging pipes, membranes, and filters. Billions of dollars are
spent annually to counter these effects, and significant sav-
ings can be incurred by initial investments in prevention
methods. LSZ LTA and HSZ MFI coatings were investigated
for their biofouling properties.®® Aluminum and stainless
steel were coated with zeolite LTA and MFI, respectively,
and bacterial transfer using a common marine bacterium,
Halomonas pacifica g, was conducted in a parallel plate
flow chamber system under laminar flow conditions. Both
of the zeolite coatings had lower attachment efficiencies of
H. pacifica g than the bare substrates. Moreover, the cell
adhesion to the zeolite LTA coating, which was more hydro-
philic, was less than that to the MFI coating. The combina-
tion of higher electrostatic repulsion and higher hydrophilicity for
the zeolite coatings over the bare metals was the main factor
in the reduced biofouling effects.

HSZ MFI coatings on titanium and titanium alloy were
also shown to be corrosion resistant and biocompatible,
thus showing excellent promise as coatings for biomedi-
cal implants.®” Titanium alloy, TisAl4V, is commonly used
for orthopedic and dental implants. However, it releases Al
and V ions, which are toxic, and its elastic modulus (~110
GPa) does not match that of bone (10—40 GPa). As a result,
implants often become loose and deosteointegrate. An MFI
coating on titanium alloy was shown to be corrosion resis-
tant and prevented the release of Al and V over 7 day tests



in highly acidic conditions. Furthermore, high cell adhe-
sion and proliferation of pluripotent mouse embryonic stem
cells was shown on the zeolite surface. With an elastic mod-
ulus similar to that of bone, the zeolite coatings are an ideal
biocompatible coating for medical implants. (As opposed to
the biofouling coatings, high cell adhesion for the biocom-
patible coatings was promoted under static conditions and
biomineralization. The flowing conditions in normal marine
environments cause low cell adhesion on zeolite coatings.)

Alternatives to cadmium and chromium wear-resistant
coatings are preferred because the cadmium and chromium
electroplating process uses carcinogenic and environmen-
tally hazardous chemicals. MFI coatings were synthesized
on stainless steel substrates, and the mechanical proper-
ties were compared to commercial electroplated cadmium
and chromium coatings. Superior wear-resistance, as char-
acterized by higher hardness values and shallower depths
during nanoscratch tests, was shown for MFI coatings over
cadmium coatings and chromium coatings in most of the
practical high-wear applications. Moreover, stronger flexi-
bility, resilience, and elastic recovery were exhibited by the
MFI coatings, which are important in preventing crack for-
mation during substrate bending and torsion. Finally, MFI
coatings showed the best corrosion resistance during DC
polarization tests, which indicated that zeolite coatings are
superior alternative wear- and corrosion-resistant coatings.

6. Conclusions

We have shown that zeolites in a thin film form can have
new, diverse, and significant commercial opportunities far
beyond their traditional uses in catalysis, separation, and
detergents. Zeolite thin films inherently possess the material
properties necessary for new low-k materials, and future
work is focused on reducing crystalline domain sizes to
enable patterning of nanosized features. Zeolite coatings
have also shown corrosion-resistance, and new synthesis
techniques are currently under development to simplify the
preparation of these coatings and develop ambient pres-
sure processes that are fast, simple, and more economical.
The most preferable method would be a spray-on method.
Hydrophilic and antimicrobial zeolite coatings are excel-
lent for covering the surfaces of heat exchangers in zero-
gravity environments. New applications of zeolites,
including reverse osmosis membranes, fuel cell membranes,
antibiofouling coatings, biocompatible coatings, and wear-
resistant coatings, continue to be explored and hold great
promise for commercialization.
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By utilizing properties that are inherent to zeolites, such
as uniform porosity and ion exchange capabilities, zeolites
have the potential to be useful to a wide variety of nontra-
ditional applications. These new applications rely on iden-
tifying the critical needs of several fields that are usually
considered unrelated to zeolites. Interestingly, these appli-
cations do not require the synthesis of new sophisticated
framework structures. Most importantly, these new appli-
cations have significant implications for air, water, mobil-
ity, communication, and energy—the critical elements for a
sustainable civilization.
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