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Section 8. Applications

Aerogel applications
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Abstract

Aerogel materials possess a wide variety of exceptional properties, hence a striking number of applications have
developed for them. Many of the commercial applications of aerogels such as catalysts, thermal insulation, windows, and
particle detectors are under development and new applications have been publicized since the ISA4 Conference in 1994:
e.g., supercapacitors, insulation for heat storage in automobiles, electrodes for capacitive deionization, etc. More applications
are evolving as the scientific and engineering community becomes familiar with the unusual and exceptional physical
properties of aerogels. In addition to growing commercial applications of aerogels, there are also scientific and technical
applications, as well. This paper discusses a variety of technical applications of aerogels. It reports current technical
applications under development for which several types of aerogels are formed in custom sizes and shapes. q 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Each ISA conference brings renewed hope and
speculation about continued growth of aerogel tech-
nology. There is anticipation by some of the devel-
opers of the technology, that aerogels will be popular
and commonly used some day, because the materials
have such exceptional properties and so many poten-
tial applications. That anticipation is most evident
within the prefaces of the proceedings for each of the

w xprevious ISA conferences 1–4 . The fact that these
symposia not only continue, but that they draw
increasing numbers of attendees from worldwide to
report their work, gives testimony to the expansion
of this technology. And indeed, more new applica-
tions, both commercial and technical, are reported at
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each of these conferences, including ISA5. Over the
past fifteen years, many applications have been iden-

w xtified for aerogels, ranging from pesticides 5 to
w xcosmic dust capture 6 , but commercialization has

been slow. However, the number of companies pro-
ducing aerogels is increasing to address markets in
insulation, electronics, and high energy physics. Im-
portantly, these companies are also providing aerogel
materials for evaluation by other manufacturers and
users, for their applications.

Certainly, the popularity of aerogels has increased
and continues to grow, especially as the materials are
used in space applications which capture the imagi-
nation of the public. For example, the number of
requests for information at Lawrence Livermore Na-

Ž .tional Laboratory LLNL , jumps with each new
public release about aerogels. Also, requests for
technical information about aerogels are increasing.
As more scientists and engineers become aware of
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the exceptional properties of aerogels, they seek to
utilize them in their experiments and designs. An-
other sign of growth of the technology is the increas-
ing number of patents involving aerogels. So, there
is reasonable expectation for the continued use of
aerogels in commercial and technical applications, in
the near future.

Although it is not a complete one, in a sense this
is a review paper, because it identifies most of the
applications that have been published or formally
proposed, it reviews historical applications, and dis-
cusses some recent technical applications for which
custom aerogels have been developed in the past
decade.

2. Survey of aerogel applications

It is difficult to separate ‘technical’ applications
from ‘commercial’ applications, because with few
exceptions, all applications result from some techni-
cal property or feature of aerogel material. There-
fore, all applications are considered technical for
purposes of this paper. However, the main purpose is
to emphasize applications of aerogels in scientific

experiments and engineering designs, rather than
commercial products.

It is interesting to compare the various excep-
tional properties and features of aerogels with their
real or prospective applications. This gives an idea of
the tremendous variety of aerogel applications and
hints at the impact that these materials will have as
we view their future uses. Table 1 shows some
applications, both general and specific, which result
from particular properties of the aerogels. Most of
the applications discussed in this paper will employ
one or more of the listed properties. In fact, the
technical applications can be generally categorized
by the properties being utilized, as will be seen in the
following sections.

The large number and variety of aerogel applica-
tions are truly impressive. New technical applica-
tions were reported for aerogels at each of the prior

w xISA symposia 1–4 and more new applications are
w xmentioned in recent reviews 7–9 . Some of the

interesting reported commercial applications include:
w xwastewater treatment 10 , molds for casting alu-

w x w xminum metal 11 , aerocapacitors 12 , and heat stor-
w xage device for automobiles 13 . Very exciting new

technical applications employing aerogels include:

Table 1
Identification of aerogel properties and features, with their applications

Property Features Applications

Ø thermal conductivity Ø best insulating solid Ø architectural and appliance insulation, portable coolers, transport vehicles,
Ø transparent pipes, cryogenic, skylights
Ø high temperature Ø space vehicles and probes, casting molds
Ø lightweight

Ø densityrporosity Ø lightest synthetic solid Ø catalysts, sorbers, sensors, fuel storage, ion exchange
Ø homogeneous Ø targets for ICF, X-ray lasers
Ø high specific surf. area
Ø multiple compositions

Ø optical Ø low refractive index solid Ø Cherenkov detectors, lightweight optics, lightguides, special effect optics
Ø transparent
Ø multiple compositions

Ø acoustic Ø lowest sound speed Ø impedance matchers for transducers, range finders, speakers

Ø mechanical Ø elastic Ø energy absorber, hypervelocity particle trap
Ø lightweight

Ø electrical Ø lowest dielectric constant Ø dielectrics for ICs, spacers for vacuum electrodes, vacuum display spacers,
Ø high dielectric strength capacitors
Ø high surface area
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w x w xcosmic dust capture 6 , muonium atom studies 14 ,
w xand helium phase transition studies 15 . Several

companies are making aerogels for applications in-
cluding; thermal insulation, electronic devices, fil-
ters, particle detectors and catalysts. Many applica-
tions have been identified for aerogels where they
are employed within other devices to enhance the

Žperformance e.g., solar windows, dielectrics for cir-
.cuits, and catalyst supports . Also, many others uti-

Žlize the aerogel as the main functional material e.g.,
.casting molds, capacitors, and particle detectors .

Some of these specific applications and other general
applications, will be discussed in the following sec-
tions.

3. Applications of aerogels

Clearly, aerogels are among the most versatile
materials available for technical applications, where
they are used or considered for use, in laser experi-

Ž .ments, sensors ultrasonic and gas , nuclear particle
Ž . Ždetection Cherenkov , thermal insulation cryogenic

. Žto high temperatures , waste management gas ab-
.sorption, radioactive waste confinement , molds for

molten actinides, optics and light-guides, electronic
devices, capacitors, energy storage, high explosive
research, imaging devices, catalysts, X-ray laser re-
search.

Aerogels were recognized in the early nineteen
eighties for their exceptional properties, particularly
homogeneity and uniformity, which were especially
important for primary applications. As scientists and
engineers became aware of aerogel properties and
considered designs for utilizing them, they requested
custom aerogels.

( )3.1. CherenkoÕ particle detection and counters

Earliest recorded use of aerogels was for particle
detection using the Cherenkov effect in the early
1980s. High energy physics studies relied on aero-
gels having specific refractive indexes for threshold
detectors. Solid aerogels, though fragile, were much
easier and safer to apply than high pressure gas
alternatives. There are many references using aero-

w xgels for nucleonic particles 16–22 and this was the
w xprimary application driving commercialization 23 .

Aerogel use for particle detectors and counters con-
tinues in space, at accelerators around the world, and

w xin upper atmosphere balloon borne experiments 24 .

3.2. Targets for laser experiments

An important early application of aerogel material
was as fuel capsules for direct-drive, inertial confine-
ment fusion experiments. The requirement was for a
very homogeneous, high purity, low density porous

Ž 3.material i.e., -0.05 grcm , available as near per-
fect spherical shells. The average pores need to be
smaller than 1 mm to stably hold the liquid fuel and
to ensure homogeneity. Also the material needed to
be wettable by liquid deuterium–tritium, radiation
stable, and strong enough to be machined and coated.

Initial experiments used silica aerogels to test
w xconcepts 25 . The silica aerogel was purchased from

a commercial source, and hemispherical shells were
machined from monolithic pieces for the first experi-
ments. Later, the requirement for low atomic weight
material led to the development of borate based

w x w xaerogels 26 , organic aerogels 27,28 , and carbon
w xaerogels 29 . New methods were developed to di-

w xrectly fabricate the microspheres 30,31 , to eliminate
machining.

Aerogel materials were thoroughly characterized
for this application and they have been used success-
fully in experiments through the 1980s; but since
then, they have been replaced by stronger, microp-
orous polymeric materials.

3.3. Shock compression experiments

One of the earliest experiments with aerogels was
w xto measure shock compression in silica aerogels 32 .

The low density of the silica aerogel allowed higher
compression and thus more internal energy could be
deposited in it. The specimens had to be very uni-
form, with -50 nm sized pores and particles, in
order to achieve thermal equilibrium in a time short
compared to the lifetime of the shockwave. The
purposes of this work were to investigate silica
aerogel as a very low shock impedance equation-of-
state standard, to explore the possibility of using
aerogels to generate few-electron-volt plasmas iner-
tially confined in a well-defined thermodynamic state,
and to examine aerogels as a capture medium for
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freezing states of other minerals generated from 100
Mbar shock pressures.

3.4. Radiation-driÕen shock-induced mixing studies

Two experimental programs carried out on the
Nova laser at LLNL, explored the physics of the
instabilities which occur when a dense fluid is accel-

w xerated by a less dense fluid 33–36 . Perturbations
initially residing at the interface of the two fluids,
grow under the influence of this acceleration, leading
to mixing of the two fluids. This process is important
in a number of situations, including the implosion of
inertial confinement fusion capsules and the explo-
sions of supernovae. The experiments are carried out
using multibeams from the Nova laser at LLNL to
produce X-rays which cause a rapid ablation of the

Ž .target material doped aerogels or plastics which
launches a shock wave into a tube and impinges on
the interfacing materials. The mixing was followed
using gated X-ray imaging.

Custom aerogels are developed for these studies
w x Ž 3.37 . Both low density -0.1 grcm carbon aero-

Žgels from resorcinol, and silica aerogels -0.03
3.grcm are used in these studies and they typically

have dimensions less than a few millimeters.

3.5. Geiger tube

In the mid-1980s a low density silica aerogel was
used in radiation detection vacuum tubes to support
the high voltage wire coaxially with the cathode
sheath, in a Geiger tube. The aerogel provided both
the support for the wire and voltage standoff, yet its
porosity allowed ion transport after radiation ioniz-
ing events in the tube. A method was developed to
fabricate the monolithic, low density aerogel directly

w xwithin the tube, surrounding the wire 38 .

3.6. Energy-loss radiography using CherenkoÕ imag-
ing

An exciting new application for aerogel is the
development of an energy-loss camera based on

w xnear-threshold Cherenkov radiation 39,40 . Here,
the aerogel refractive index is selected for energy
threshold as usual, and a monoenergetic charged
particle beam is used to illuminate the object to be

imaged. The particle interactions with the object
cause an energy loss and reduced particle velocity.
Near threshold, the number of Cherenkov photons
emitted is nearly linear with particle velocity, so that
a measurement of the Cherenkov photons gives a
measure of the density of the object. Images of the
object can thus be directly formed from the emitted
light. The main advantage of this method is its
speed, which rivals flash X-ray techniques. Once
fully developed, this technique should be relatively
inexpensive because it can utilize electron or proton
beams.

3.7. Studies of superfluid transitions and phase sepa-
ration of 3He– 4He

Low density silica aerogels are used to study the
superfluid transition of 4 He and phase separation of
3He– 4 He mixture. Here, the fractal aerogels provide
a random disordered structure that modifies the nor-
mal superfluid and phase separation behavior with
helium. There has been published work on 3He– 4 He
phase transition anomalies in aerogels due to the

w xextremely small pores 41–45 .

3.8. Aerocapacitors

The carbon aerogels, being electrically conductive
with very large surface areas for double layer charge
separation, are an almost ideal material for capacitors
w x46,47 . The aerocapacitor is a high power density,
high energy density, electrochemical double layer
capacitor that uses carbon aerogels as electrodes. The
electrodes possess very high surface per unit volume
and are electrically continuous in both the carbon
and electrolyte phases. The stored energy in these
devices can be released rapidly with high power

Ž .densities e.g., 7.5 kWrkg .

3.9. CapacitiÕe deionization

One of the promising new applications for aero-
w xgels is in a cost-effective purification process 48 .

The carbon aerogel capacitive deionization process
works by sending solutions with various positively
and negatively charged ions through an electrochem-
ical cell consisting of numerous electrodes contain-
ing carbon aerogels. The aerogel is in the form of
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sheets used as electrodes. The electrodes are stacked
and alternate electrodes are oppositely polarized so
that each attracts ions of opposite charge as they pass
by and through the aerogel sheets. The polarization
and flow are reversed to drive off the collected ions
after the surfaces are saturated, thus obtaining a net
purification of the processed water. The aerogel pro-
cess can have a variety of uses ranging from extract-
ing harmful contaminants from industrial wastewater
to desalinizing sea water.

3.10. Optical fiber cladding for efficient light-guid-
ing

In a patented application, aerogel films have been
applied to the outside of fiber optics to improve the

w xlight collection and propagation efficiency 49 . The
refractive index of the aerogel is close to that of air,
which provides a high numerical aperture to the
fiber-optic, maximizing its collection angle at the
fiber ends. A wavelength shifting optical fiber, coated

Ž .with a silica aerogel film ;20 mm thick , has
demonstrated a factor of four increase in the light
trapping fraction, over commercially available fibers.

3.11. Aerogels as energetic materials

A new and exciting application for aerogels is
their potential use as energetic materials. The
tremendous internal energy stored on the surfaces

w xwithin aerogels has been discussed previously 50 .
The uniform dispersion of extremely small energetic
particles that could be produced in such materials, is
particularly of interest for potential explosives. There
are a variety of possibilities; e.g., making composites
of aerogels and explosives, making aerogels directly
from energetic molecules, and aerogels that contain
oxidizer and reducer together, are a few. A report of
work-in-progress, including experimental results with
explosive containing aerogels, is presented in another
ISA5 paper.

4. Applications by property or category

The following applications for aerogels, which
have either been demonstrated or proposed, are asso-
ciated with certain properties or features of aerogel

materials. In many cases, the application is associ-
ated with a single property even if the aerogels have
a combination of properties appropriate to the given
application. The applications are listed by property
or category, and the reference to the work is included
wherever possible.

4.1. Optical property applications

Aerogels have been used to prepare ultrapure, full
density silica glass by sintering at temperatures be-

w xlow the melting temperature of silica 51 . Lan-
thanide-doped aerogels are considered for laser glass
w x52–54 and dye-doped aerogels have actually

w xdemonstrated lasing action 55 . Silica aerogel, doped
with radioactive tritium and a phosphor, makes an

w xefficient radioluminescent light source 56 . There is
also evidence for quantum confinement in nanoparti-

w xcle-loaded silica aerogels 57 for producing blue
light emission.

Translucent aerogels have been proposed for solar
w xcovers and collectors 58,59 and transparent aero-

gels have been considered by many for use in solar
w xwindows 60–66 . Ultralow density aerogels have

w xbeen proposed as lightweight mirror backings 67 .

4.2. Thermal insulator applications

Aerogel materials exhibit the lowest thermal con-
ductivities of any of the solid or porous materials.
This key property of the material leads to many
applications including insulation for architectural

w xpurposes 68 , piping, heat and cold storage appli-
w xances and devices 69 , automotive exhaust pipes,

transport vehicles and vessels. Commercial sources
of aerogels have characterized their materials for

w xthermal insulation applications 13 .

4.3. Acoustical and mechanical applications

All of the aerogel varieties have unusual acoustic
and mechanical behavior, which could be exploited
for various applications. The two applications that
have been used or proposed are: acoustic impedance

wmatching for more efficient ultrasonic devices 70–
x Ž .72 , and sound absorption anechoic chambers

w x73,74 . Aerogels have also been proposed as a shock
absorbing material.
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4.4. Porosity and surface area applications

Ž .The high porosity )85% and very large surface
Ž 2 .areas )400 m rg available in aerogel materials,

w xlead to applications as filters 75 , absorbing media
w x w xfor desiccation 76–78 and waste containment 79 ,

w xencapsulation media 80 , and hydrogen fuel storage
w x81 . Aerogels have been recognized for many years

w xas excellent catalysts and catalyst supports 5 and
there are numerous references of this application for

w xvarious aerogels and doped aerogels 82–87 .

4.5. Electrical and electronic applications

The metal oxide and organic aerogels are excel-
lent dielectrics. The bulk aerogels can be used for
microwave electronics and high voltage insulators
w x88 . Thin aerogel films are almost ideal dielectrics

w xfor ultrafast integrated circuits 89–91 . Carbon aero-
gels are electrically conductive, so they have applica-

w xtions as electrodes for batteries and capacitors 92 .
Other metal oxide aerogels have been made, which

w xexhibit superconducting behavior 93 , thermoelectric
w x w xbehavior 94 , and piezoelectric properties 95 .

4.6. Space applications

Aerogels have already captured cosmic dust while
Ž .on the European Retrieval Carrier EURECA satel-

w xlite and in Space Shuttle experiments 6 and they are
now proposed for a mission to capture cometary dust
in NASA’s STARDUST project. Lightweight silica
aerogels have also been proposed as a contaminant
collector to protect space mirrors from volatile or-

w xganics 96 .

5. Conclusions

This review does not include all applications for
aerogels, by any means. However, it has shown that
aerogels as a class of materials, have already demon-
strated an incredible versatility of applications; prob-
ably having no comparable competitor in recent
years. It can be said that the full impact of these
materials for public use is yet to come. It is doubtful
that it will happen until the cost of producing these
materials is reduced and the price becomes competi-

tive with other polymer materials. While this may
still be a few years away, this author believes that
the common use and availability of aerogels is in-
evitable. There is also little doubt that each future
ISA conference we will include more applications
for aerogels, both technical and commercial.

Acknowledgements

Work was performed under the auspices of the
US Department of Energy by the Lawrence Liver-
more National Laboratory under Contract No. W-
7405-ENG-48. The author wishes to thank all those
skilled people, inside and outside LLNL, who have
helped develop aerogel materials for the many appli-
cations listed in this review. Particular thanks go to
C. Alviso, P. Coronado, L. Murguia, J. Poco, Wm.
Sunderland and T. Tillotson, who have all con-
tributed greatly to aerogel technology at LLNL.

References

w x1 J. Fricke, Aerogels, Springer Proceedings in Physics, Vol. 6,
Springer, Heidelberg, 1986.

w x2 R. Vacher, J. Phalippou, J. Pelous, T. Woignier, Proc. 2nd
Ž .Int. Symp. on Aerogels, J. Phys. C 4 1989 .

w x3 J. Fricke, Proc. 3rd Int. Symp. on Aerogels, J. Non-Cryst.
Ž .Solids 145 1992 .

w x4 R.W. Pekala, L.W. Hrubesh, Proc. 4th Int. Symp. on Aero-
Ž .gels, J. Non-Cryst. Solids 186 1995 .

w x Ž .5 S.J. Teichner, in: J. Fricke Ed. , Aerogels, Springer Proceed-
ings in Physics, Vol. 6, Springer, Heidelberg, 1986, p. 22.

w x Ž .6 P. Tsou, J. Non-Cryst. Solids 186 1995 415.
w x7 J. Fricke, A. Emmerling, in: R. Reisfeld, C.K. Jorgensen

Ž .Eds. , Chemistry, Spectroscopy and Applications of Sol–Gel
Glasses, Springer Series in Structure and Bonding, Vol. 77,
Springer, Heidelberg, 1991, p. 37.

w x Ž .8 J. Fricke, A. Emmerling, J. Am. Ceram. Soc. 75 1992
2027.

w x Ž .9 J. Fricke, T. Tillotson, Thin Solid Films 297 1997 212.
w x Ž .10 M.S. Ahmed, Y.A. Attia, J. Non-Cryst. Solids 186 1995

402.
w x11 J. Alkemper, T. Buchholz, K. Murakami, L. Ratke, J. Non-

Ž .Cryst. Solids 186 1995 395.
w x12 R.W. Pekala, S.T. Mayer, J.L. Kaschmitter, F.M. Kong, in:

Ž .Y.A. Attia Ed. , Sol–Gel Processing and Applications,
Plenum, New York, 1994, p. 369.

w x13 G. Herrmann, R. Iden, M. Mielke, F. Teich, B. Ziegler, in:
Ž .R.W Pekala, L.W. Hrubesh Eds. , Proc. 4th Int. Symp. on

Ž .Aerogels, J. Non-Cryst. Solids 186 1995 380.



( )L.W. HrubeshrJournal of Non-Crystalline Solids 225 1998 335–342 341

w x14 W. Schwarz, V. Ebert, H. Geerds, K. Jungmann, S. Kirches,
S. Koppe, F. Maas, H.-J. Mundinger, G. zu Putlitz, J.
Rosenkranz, W. Schafer, G. Schiff, Z. Zhang, M.G. Boshier,

Ž .V.W. Hughes, J. Non-Cryst. Solids 145 1992 244.
w x15 J. Ma, S.B. Kim, L.W. Hrubesh, M.H.W. Chan, J. Low-Temp.

Ž .Phys. 93 1993 945.
w x16 M. Cantin, M. Casse, L. Koch, R. Jouan, P. Mestran, D.

Roussel, F. Bonnin, J. Moutel, S.J. Teichner, Nucl. Instrum.
Ž .Methods 118 1974 177.

w x Ž .17 S. Henning, L. Svensson, Phys. Scr. 23 1981 697.
w x Ž .18 G. Poelz, R. Riethmuller, Nucl. Instrum. Methods 195 1981

491.
w x Ž .19 G. Poelz, in: J. Fricke Ed. , Aerogels, Springer Proceedings

in Physics, Vol. 6, Springer, Heidelberg, 1986, p. 176.
w x Ž .20 P. Carlson, Nucl. Instrum. Methods A 248 1986 110.
w x Ž .21 G. Poelz, Nucl. Instrum. Methods A 248 1986 118.
w x22 I.L. Rasmussen, in: R. Vacher, J. Phalippou, J. Pelous, T.

Ž .Woignier Eds. , Proc. 2nd Int. Symp. on Aerogels, J. Phys.
Ž .C 4 1989 221.

w x Ž .23 S. Henning, in: J. Fricke Ed. , Aerogels, Springer Proceed-
ings in Physics, Vol. 6, Springer, Heidelberg, 1986, p. 38.

w x Ž .24 L. Koch-Miramond, in: J. Fricke Ed. , Aerogels, Springer
Proceedings in Physics, Vol. 6, Springer, Heidelberg, 1986,
p. 188.

w x25 E.M. Fearon, P.R. Coronado, R.G. Garza, D.H. Darling, J.
Ž .Nucl. Mater. 149 1987 105.

w x26 C.J. Brinker, K.J. Ward, K.D. Keefer, E. Holupka, P.J. Bray,
Ž .R.K. Pearson, in: J. Fricke Ed. , Aerogels, Springer Proceed-

ings in Physics, Vol. 6, Springer, Heidelberg, 1986, p. 57.
w x27 L.M. Hair, R.W. Pekala, R.E. Stone, L. Chen, S.R. Buckley,

Ž .J. Vac. Sci. Technol. A 6 1988 255.
w x28 R.W. Pekala, F.M. Kong, in: R. Vacher, J. Phalippou, J.

Ž .Pelous, T. Woignier Eds. , Proc. 2nd Int. Symp. on Aero-
Ž .gels, J. Phys. C 4 1989 33.

w x Ž .29 R.W. Pekala, F.M. Kong, Polym. Rep. 30 1989 1.
w x30 N.K. Kim, K. Kim, D.A. Payne, J. Vac. Sci. Technol. A 7

Ž .1989 1181.
w x31 K.Y. Jang, K. Kim, R.S. Uphadye, J. Vac. Sci. Technol. A 8

Ž .1990 1732.
w x32 N.C. Holmes, H.B. Radousky, M.J. Moss, W.J. Nellis, S.

Ž .Henning, Appl. Phys. Lett. 45 1984 626.
w x33 T.A. Peyser, P.L. Miller, P.E. Stry, K.S. Budil, E.W. Burke,

D.A. Wojtowicz, D.L. Griswold, B.A. Hammel, D.W.
Ž .Phillion, Phys. Rev. Lett. 75 1995 2332.

w x34 P.L. Miller, L.M. Logory, T.A. Peyser, D.R. Farley, S.D.
Murray, E.W. Burke, P.E. Stry, in: Proc. 21st Int. Symp. on
Shock Waves, Paper No. 4020, July 1997.

w x35 P. Amendt, S.G. Glendinning, B.A. Hammel, O.L. Landen,
T.J. Murphy, L.J. Suter, S. Hatchett, M.D. Rosen, S. Lafitte,

Ž .D. Desenne, J.P. Jadaud, Phys. Plasmas 4 1997 1862.
w x36 J.A. Koch, K.G. Estabrook, J.D. Bauer, C.A. Back, L. Klein,

A.M. Rubenchik, E.J. Hsieh, R.C. Cook, B.J. MacGowan,
Ž .Phys. Plasmas 2 1995 3420.

w x37 H. Louis, A. Demeris, K.S. Budil, P.L. Miller, T.A. Peyser,
P.E. Stry, D.A. Wojtowicz, P.E. Dimotakis, Fusion Technol.

Ž .28 1995 1833.
w x Ž .38 C. Weust, T. Tillotson, US patent 5,416,376 1992 .

w x39 D.E. Fields, H. van Hecke, J. Boissevain, B.V. Jacak, W.E.
Sondheim, J.P. Sullivan, W.J. Willis, K. Wolf, E. Noteboom,

Ž .Nucl. Instrum. Methods A 349 1994 431.
w x40 R.M. Bionta, H.S. Park, E. Abels, T.E. Cowan, F.S. Dietrich,

E.P. Hartouni, K.A. Van Bibber, Am. Nucl. Soc. Proc.,
Accelerat. Appl., Nov 1997.

w x41 M.H.W. Chan, K.J. Blum, S.Q. Murphy, G.K.S. Wong, J.D.
Ž .Reppy, Phys. Rev. Lett. 61 1988 1950.

w x Ž .42 R. Maynard, G. Deutscher, Europhys. Lett. 10 1989 257.
w x Ž .43 W.M. Snow, P.E. Sokol, J. Low-Temp. Phys. 80 1990 197.
w x44 J. Ma, S.B. Kim, L.W. Hrubesh, M.H.W. Chan, J. Low-Temp.

Ž .Phys. 93 1993 945.
w x45 J. Yoon, N. Mulders, L.W. Hrubesh, M.H.W. Chan, Czech.

Ž .J. Phys. 46 1996 157.
w x Ž .46 R.W. Pekala, J. Mater. Sci. 24 1989 3221.
w x47 S.T. Mayer, R.W. Pekala, J.L. Kaschmitter, J. Electrochem.

Ž .Soc. 140 1993 446.
w x48 J.C. Farmer, D.V. Fix, G.V. Mack, R.W. Pekala, J.F. Poco,

Ž .J. Electrochem. Soc. 143 1996 159.
w x49 G.A. Sprehn, L.W. Hrubesh, J.F. Poco, P.H. Sandler, US

Ž .patent 5,684,907 1997 .
w x Ž .50 B.M. Smirnov, Sov. Phys. Usp. 34 1991 526.
w x Ž .51 C.A.M. Mulder, J.G. van Lierop Aerogels, in: J. Fricke Ed. ,

Springer Proceedings in Physics, Vol. 6, Springer, Heidel-
berg, 1986, p. 68.

w x52 R. Sempere, D. Bourret, J. Bouaziz, A. Sivade, in: R.
Ž .Vacher, J. Phalippou, J. Pelous, T. Woignier Eds. , Proc.

Ž .2nd Int. Symp. on Aerogels, J. Phys. C 4 1989 227.
w x Ž .53 B. Dunn, J.I. Zink, J. Mater. Chem. 1 1991 903.
w x54 T.M. Tillotson, W.E. Sunderland, I.M. Thomas, L.W.

Ž .Hrubesh, J. Sol–Gel Sci. Technol. 1 1994 241.
w x55 A. Charlton, I.T. McKinnie, M.A. Meneses-Nava, T.A. King,

Ž .J. Mod. Opt. 39 1992 1717.
w x56 C.S. Ashley, S.T. Reed, C.J. Brinker, R.J. Walko, R.E.

Ž .Ellefson, J.T. Gill, in: L.L. Hench, J.K. West Eds. , Chemi-
cal Processing of Advanced Materials, Wiley, New York,
1992 p. 989.

w x57 T.J. Goodwin, V.J. Leppert, C.A. Smith, S.H. Risbud, M.
Niemeyer, P.P. Power, H.W.H. Lee, L.W. Hrubesh, in: J.S.

Ž .Beck Ed. , Microporous and Mesoporous Materials, Materi-
als Research Society Symposium Proceedings, Pittsburgh,
1996.

w x Ž .58 K.I. Jensen, J. Non-Cryst. Solids 145 1992 237.
w x Ž .59 S. Svendson, J. Non-Cryst. Solids 145 1992 240–243.
w x Ž .60 M. Rubin, C.M. Lampert, Solar Energy Mater. 7 1983 393.
w x Ž .61 P.H. Tewari, A.J. Hunt, K.D. Lofftus, in: J. Fricke Ed. ,

Aerogels, Springer Proceedings in Physics, Vol. 6, Springer,
Heidelberg, 1986, p. 31.

w x Ž .62 J. Fricke, in: J. Fricke Ed. , Aerogels, Springer Proceedings
in Physics, Vol. 6, Springer, Heidelberg, 1986, p. 94.

w x Ž .63 E. Schreiber, E. Boy, K. Bertsch, in: J. Fricke Ed. , Aero-
gels, Springer Proceedings in Physics, Vol. 6, Springer,
Heidelberg, 1986, p. 133.

w x64 E. Boy, M. Munding, V. Wittwer, in: R. Vacher, J. Phalip-
Ž .pou, J. Pelous, T. Woignier Eds. , Proc. 2nd Int. Symp. on

Ž .Aerogels, J. Phys. C 4 1989 99.
w x Ž .65 V. Wittwer, J. Non-Cryst. Solids 145 1992 240.



( )L.W. HrubeshrJournal of Non-Crystalline Solids 225 1998 335–342342

w x66 G.M. Pajonk, E. Elaloui, M. Durant, J.L. Chevalier, B.
Ž .Chevalier, P. Achard, in: Y.A. Attia Ed. , Sol–Gel Process-

ing and Applications, Plenum, New York, 1994, p. 267.
w x Ž .67 S.P. Hotaling, J. Mater. Res. 8 1993 352.
w x Ž .68 J. Fricke, in: J. Fricke Ed. , Aerogels, Springer Proceedings

in Physics, Vol. 6, Springer, Heidelberg, 1986, p. 2.
w x69 J. Fricke, X. Lu, P. Wang, D. Buttner, U. Heineman, Int. J.

Ž .Heat Mass Transfer 35 1992 2305–2309.
w x Ž .70 M. Gronauer, J. Fricke, Acoustica 59 1986 177.
w x Ž .71 M. Gronauer, A. Kadur, J. Fricke, in: J. Fricke Ed. , Aero-

gels, Springer Proceedings in Physics, Vol. 6, Springer,
Heidelberg, 1986, p. 167.

w x72 R. Gerlach, O. Kraus, J. Fricke, P.-Ch. Eccardt, N. Kroemer,
Ž .V. Magori, J. Non-Cryst. Solids 145 1992 227.

w x73 A. Zimmermann, J. Gross, J. Fricke, in: R.W. Pekala, L.W.
Ž .Hrubesh Eds. , Proc. 4th Int. Symp. on Aerogels, J. Non-

Ž .Cryst. Solids 186 1995 238.
w x74 V. Gibiat, O. Lefeuvre, T. Woignier, J. Pelous, J. Phalippou,

Ž .in: R.W Pekala, L.W. Hrubesh Eds. , Proc. 4th Int. Symp.
Ž .on Aerogels, J. Non-Cryst. Solids 186 1995 244.

w x Ž .75 D.W. Cooper, Part. Sci. Technol. 7 1989 371.
w x Ž .76 H.D. Gesser, P.C. Goswami, Chem. Rev. 89 1989 765–788.
w x77 C. Liu, S. Komarneni, in: S. Komarneni, D.M. Smith, J.S.

Ž .Beck Eds. , Advances in Porous Materials, Mater. Res. Soc.
Symp. Proc. 371, Materials Research Society, Pittsburgh,
1995, p. 217.

w x78 S. Komarneni, R. Roy, U. Selvaraj, P.B. Malla, E. Breval, J.
Ž .Mater. Res. 8 1993 3163.

w x Ž .79 Y.A. Attia, M.S. Ahmed, M. Zhu, in: Y.A. Attia Ed. ,
Sol–Gel Processing and Applications, Plenum, New York,
1994, p. 311.

w x80 B.C. Dave, B. Dunn, J.S. Valentine, J.I. Zink, in: R.F. Lobo,
J.S. Beck, S.L. Suib, D.R. Corbin, M.E. Davis, L.E. Iton, S.I.

Ž .Zones Eds. , Microporous and Macroporous Materials,
Mater. Res. Soc. Symp. Proc. 431, Materials Research Soci-
ety, Pittsburgh, 1996, p. 285.

w x81 S.T. Teichner, M. Khalfallah, D. Bianchi, J.-L. Gass, in:
Ž .Y.A. Attia Ed. , Sol–Gel Processing and Applications,

Plenum, New York, 1994, p. 323.
w x Ž .82 G.M. Pajonk, S.J. Teichner, in: J. Fricke Ed. , Aerogels,

Springer Proceedings in Physics, Vol. 6, Springer, Heidel-
berg, 1986, p. 193.

w x83 S.J. Teichner, in: R. Vacher, J. Phalippou, J. Pelous, T.
Ž .Woignier Eds. , Proc. 2nd Int. Symp. on Aerogels, J. Phys.

Ž .C 4 1989 1.
w x Ž .84 G.M. Pajonk, Appl. Catal. 72 1991 217.
w x Ž .85 Y. Mizushima, M. Hori, Appl. Catal. A: General 88 1992

137.
w x Ž .86 E.I. Ko, CHEMTECH Apr 1993 31.
w x87 R.J. Willey, C.-T. Wang, J.B. Peri, in: R.W. Pekala, L.W.

Ž .Hrubesh Eds. , Proc. 4th Int. Symp. on Aerogels, J. Non-
Ž .Cryst. Solids 186 1995 408.

w x Ž .88 L.W. Hrubesh, R.W. Pekala, in: Y.A. Attia Ed. , Sol–Gel
Processing and Applications, Plenum, New York, 1994, p.
363.

w x89 L.W. Hrubesh, in: T.M. Lu, S.P. Murarka, T.-S. Kuan, C.H.
Ž .Ting Eds. , Low-Dielectric Constant Materials—Synthesis

and Applications in Microelectronics, Mater. Res. Soc. Symp.
Ž .Proc. 381 1995 267–272.

w x90 D.M. Smith, J. Anderson, C.C. Cho, B.E. Gnade, in: S.
Ž .Komarneni, D.M. Smith, J.S. Beck Eds. , Advances in

Porous Materials, Mater. Res. Soc. Symp. Proc. 371, Materi-
als Research Society, Pittsburgh, 1995, p. 261.

w x91 D.M. Smith, J. Anderson, C.C. Cho, G.P. Johnston, S.P.
Jeng, in: T.M. Lu, S.P. Murarka, T.-S. Kuan, C.H. Ting
Ž .Eds. , Low-Dielectric Constant Materials—Synthesis and
Applications in Microelectronics, Mater. Res. Soc. Symp.
Proc. 381, Materials Research Society, Pittsburgh, 1995, p.
261.

w x92 R.W. Pekala, S.T. Mayer, J.L. Kaschmitter, F.M. Kong, in:
Ž .Y.A. Attia Ed. , Sol–Gel Processing and Applications,

Plenum, New York, 1994, p. 369.
w x93 B. Pommier, S.J. Teichner, P. Lejay, A. Sulpice, R. Tournier,

Ž .in: R. Vacher, J. Phalippou, J. Pelous, T. Woignier Eds. ,
Ž .Proc. 2nd Int. Symp. on Aerogels, J. Phys. C 4 1989 41.

w x94 K.E. Swider, C.I. Merzbacher, P.L. Hagans, D.R. Rolison,
Ž .Chem. Mater. 9 1997 1248.

w x95 P. Lobmann, W. Glaubitt, J. Gross, J. Fricke, in: R.W
Ž .Pekala, L.W. Hrubesh Eds. , Proc. 4th Int. Symp. on Aero-

Ž .gels, J. Non-Cryst. Solids 186 1995 59.
w x96 S.P. Hotaling, Rome Laboratory Report RL-TR-93-148, July

1993.


