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Silica Sol as a Nanoglue:
Flexible Synthesis of Composite
Aerogels

Catherine A. Morris,'* Michele L. Anderson,” Rhonda M. Stroud,?
Celia I. Merzbacher,® Debra R. Rolison't

Low-density nanoscale mesoporous composites may be readily synthesized by
adding a colloidal or dispersed solid to an about-to-gel silica sol. The silica sol
can “glue” a range of chemically and physically diverse particles into the
three-dimensional silica network formed upon gelation. If the composite gel is
supercritically dried so as to maintain the high porosity of the wet gel, a
composite aerogel is formed in which the nanoscopic surface and bulk prop-
erties of each component are retained in the solid composite. The volume
fraction of the second solid can be varied above or below a percolation threshold
to tune the transport properties of the composite aerogel and thereby design
nanoscale materials for chemical, electronic, and optical applications.

We used silica sol (where sol is a colloidal
solid dispersed in a liquid) as a nanoscale
glue to prepare composite gels and, ultimate-
ly, composite aerogels by dispersing a colloi-
dal or noncolloidal solid of interest in an
about-to-gel silica sol (/-3). As the colloidal
silica gels through condensation chemistry
(4), it incorporates all of the dispersed second
phase into its three-dimensional (3D) net-
work. After gelation, neither repeated wash-
ings (to replace the pore-filling liquid) nor
supercritical drying [to create an aerogel (4,
5)] will flush the immobilized particles out of
the silica structure—even particles as small
as 2 nm are retained in the gel (I, 6, 7).

Waiting until the silica sol is just about
to gel before introducing the second solid
phase creates a composite network that is
distinct from previous approaches to pre-
pare nanocomposite gels. Prior work in-
cludes (i) hybrid composites, in which the
second component is introduced either at
the silicon precursor stage or well before
gelation occurs (8); (ii) composites formed
by impregnating precursors into the silica
network, which are then reacted to form a
second phase in the solid silica structure (9,
10); and (iii) composites in which the silica
is used solely as a template for the forma-
tion of crystals or novel structures such as
carbon nanotubes (11).

Our approach commingles the guest and
silica sol (host) for only minutes, rather than
hours, before gelation of the silica sol occurs.

'Surface Chemistry (Code 6170), 2Surface Modifica-
tion (Code 6370), and 3Optical Techniques (Code
5670) Branches, Naval Research Laboratory (NRL),
Washington, DC 20375, USA.

*Participant from Annandale High School (Annandale,
VA) in the NRL Science and Engineering Apprentice
Program, 1995-96 (cam32@cornell.edu).

tTo whom correspondence should be addressed. E-
mail: rolison@nrl.navy.mil

Minimizing the interaction time between the
silica colloids and the guest [both before gela-
tion and during aging (2)] prevents total encap-
sulation of the guest by the silica. For example,
we found that extended mixing of guest and
silica sol can interrupt transport paths in the
second phase. Enormous flexibility in the
choice of both the guest’s composition and size
is possible, as shown in Fig. 1, where the sec-
ond solid phase can be any of a number of
functional materials [including colloidal metals
(12-14), metal oxide (15-17) and zeolite par-
ticles (18, 19), carbon blacks, and polymer par-
ticles] and can range in size from a few nano-
meters to tens of micrometers.

Depending on the chosen application, the
optical, chemical, or electrical properties of
the nanoscale mesoporous composite may be
predetermined. In general, the known prop-
erties of the solid guest before incorporation
into the aerogel are comparable to its prop-
erties in the composite gel or aerogel. Optical
characterization is easiest for the composites
that retain the optical transparency of pure
silica aerogel, such as for immobilized metal
colloids (Fig. 1), but even opaque composite

Fig. 1. Silica-based composite
aerogels (from left to right):
pure silica aerogel; colloidal Pt—
silica composite aerogel (2-
to 3-nm Pt sol); colloidal Au—
silica composite aerogel (30-
nm Au sol); carbon black-silica
aerogel (Vulcan carbon black,
XC-72); Fe"(bpy);NaY  zeo-
lite—silica composite aerogel
(0.1- to 1-pm zeolite crystal-
lites); titania (aerogel)-silica
composite aerogel (microme-
ter-size particulates composed

aerogels retain high porosity (Table 1), there-
by ensuring access by external gas- and lig-
uid-phase reagents to the interior of the com-
posite aerogel for molecular recognition,
sensing, or reaction.

Metal particles immobilized in xerogel
and aerogel matrices have been evaluated for
use as nonlinear optical (20), catalytic and
electrocatalytic (2/), and sensor materials
(22). In most cases, the metal particles are
formed in situ from reactive precursors, and
the processing conditions affect the size of
the metal particles. Colloidal metal-silica
aerogel composites (Figs. 1 and 2) allow the
size of the immobilized metal particles to be
determined before gelation, whereas the mild
processing conditions permit the use of metal
colloids that have been surface-modified with
temperature-sensitive elements (such as or-
ganic dyes or biomolecules).

The optical character of a colloidal metal—
silica composite aerogel can be monitored for
colloidal metals modified with molecular
tags. The visible absorption of colloidal Au—
silica composite aerogels arises from the sur-
face plasmon resonance of the colloidal Au
(1). After adsorption of methyl orange dye to
the surface of the aerogel-immobilized Au
colloids, the spectral signature of the com-
posite aerogel reflects the visible absorbance
of the dye (in its base conjugate form) (Fig.
3). Methyl orange adsorbs selectively to the
Au particles, because a pure silica aerogel
does not retain the dye. The accessibility of
the dye molecules within the aerogel mono-
lith to reactant molecules can be demonstrat-
ed by exposing the methyl orange-modified
Au-silica composite aerogel to vapor-phase
HCl—as seen in Fig. 3, the visible absor-
bance shifts to one characteristic of the pro-
tonated dye (23, 24). Because of the high
porosity of the composite aerogel, the proto-
nation of the dye is complete in seconds.

Other solids are also readily incorporated
into composite aerogels. Titania, a wide band-
gap semiconductor, photocatalyzes mineraliza-
tion of organic pollutants (25, 26). Its activity is
determined by the amount of crystalline anatase

of ~15-nm TiO, aerogel domains); titania-silica composite aerogel (20- to 40-nm Degussa P-25 TiO,);
and poly(methylmethacrylate)-silica composite aerogel (polymer M, ~ 15,000, sieved to <44 pm).
See Table 1 for physical data on these types of composite aerogels. Photographed by N. Leventis
(University of Missouri—Rolla) using a 50-mm macro lens.
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present and the number of surface —OH groups
available for reaction [the latter of which cor-
relates with surface area (25)]. Titania aerogels
are noted for their mechanical fragility (27), but
composite aerogels containing titania [pre-
formed as either ultralow-density aerogel or a
dense colloid (Degussa P-25, Degussa AG,
Frankfurt, Germany)] can be fabricated as
crack-free monoliths using silica sol as a nano-
glue (Fig. 1) (28).

Efficient illumination of the aerogel-in-
corporated titania is feasible, because the sil-
ica aerogel is transparent and featureless
throughout most of the ultraviolet-visible
(UV-vis) region (Fig. 4). The UV-vis spectra
for titania-silica composite aerogels reflect
the absorption/scattering features of the ti-
tania guest so that titania (aerogel)-silica
composite aerogels retain transparency,
whereas titania (Degussa)-silica composite
aerogels are highly absorbing and scattering
(Fig. 1) (29). The titania (aerogel)-silica
composite aerogel retains the continuous me-
soporous structure of the silica aerogel (as
weighted by incorporating the lower surface
area titania aerogel) (Table 1), which allows
ready molecular access to the nanoscopic ti-
tania photocatalyst inside the monolith.

Catalyst particulate—silica composite aero-
gels inherently form a “reactor,” as seen for the
titania-silica composite aerogel, and should of-
fer an architectural way to bypass some mass-
transport limitations. For example, zeolites—
particularly those that are catalyst-modified—
are exemplary heterogeneous catalysts, but the
native form of crystalline zeolite (~ 1-pm pow-
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der) is too fine for practical use in fluidized
beds, stationary beds, or continuously stirred
tank reactors. Zeolites that are used in industrial
reactors are mixed with aluminosilicate clays
and extruded into beads or pellets (30). The clay
and zeolite particles form a composite structure
that offers physical ruggedness under reaction
conditions, but the clay hinders mass transport
of reactants to the zeolite catalyst. Because of
the continuous mesoporous network within the
composite aerogel reactor, gas- or liquid-phase
molecular reactants can rapidly enter the
structure and react with the guest or cata-
lyst, thus bypassing the mass-transport bar-
riers imposed by amorphous clay binders.
This approach can be generalized for par-
ticulate catalysts, oxide-supported cata-
lysts, or polymers other than zeolites or
photocatalysts.

The infrared signatures of Fe''(bpy),-
modified NaY zeolite (Na*-compensated
type-Y faujasite) or poly(methylmethacry-
late) are retained in their respective compos-
ite aerogels (31, 32). These monolithic struc-
tures again maintain the meso- and micropo-
rosity of their respective components. The
multipoint Brunauer-Emmett-Teller (BET)
surface area of Fe''(bpy),NaY-silica compos-
ite aerogel reflects a compromise between the
surface areas of its silica and Fe''(bpy),NaY
components (Table 1). A significant increase
in envelope density is observed for Fe''(bpy),
NaY-silica aerogel despite the low fraction of
Fe''(bpy);NaY zeolite incorporated in this
composite (~2 wt %), so it is expected that
density-based properties of the composite can

Table 1. Summary of physical data for particulate guest and guest-silica composite aerogels. NA, not

applicable; ND, not determined.

Weight (volume) Pore BfT Envelope
Material fraction of guest volume Sua:_::e density
[} 3
(%) (ml/g) (m2/g) (g/cm?)
Silica aerogel NA 4.44 824 0.142
Titania aerogel NA 0.35 137 ND
Titania (aerogel)-silica composite 10.9 (35.0) 1.55 668 ND
Titania (Degussa)-silica composite 5.8(35.0) 1.42 383 ND
Fe"(bpy);NaY zeolite NA 0.04 222 3.51
Fe'(bpy),NaY-silica composite 2.1(5.5) 232 732 0.382
Vulcan carbon NA 0.83 232 ND
Vulcan carbon-silica composite 2.8(10.7) 1.55 731 ND

Fig. 2. Transmission elec-
tron micrographs of col-
loidal Au-silica composite
aerogels showing Au col-
loids dispersed through-
out the amorphous silica
aerogel (left) and associ-
ated with the colloidal sil-
ica (right).
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be controlled by the relative ratios of the
components.

Composite aerogels may also be used to
design integrated electrocatalysts that con-
tain a monolithic mesoporous structure and
an electron conduction path. Fuel-cell elec-
trocatalysts are typically supported on
highly conductive, large surface-area car-
bon blacks to increase efficiency and re-
duce costs (33, 34). Carbon-silica compos-
ite aerogels may further improve this tech-
nology by dispersing and anchoring the
carbon-supported electrocatalyst within the
highly porous silica matrix, thereby facili-
tating access of reagents to the electrocata-
lyst and increasing the effective area of
carbon/electrocatalyst available for redox
reactions. In order for the composite aero-
gel to exhibit the necessary conductivity in
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Fig. 3. The UV-vis absorption spectra of methyl
orange in acetone (below its pK, and after
partial protonation with HCl) and after adsorp-
tion of the dye onto Au in colloidal Au-silica
composite aerogels. The middle curve shows
the surface plasmon resonance obtained for
50-nm colloidal Au in a Au-silica composite
aerogel. Methyl orange is red at a pH ~ 3.2 and
yellow at pH > 4.4; a.u., arbitrary units.
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Fig. 4. UV-vis spectra for titania (Degussa)-
silica composite aerogel, titania (aerogel)-silica
composite aerogel, titania aerogel, and silica
aerogel.
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the presence of insulating silica, a conduc-
tion threshold must be achieved for the
carbon component so that an electronic
path is created through the aerogel network.

We prepared carbon-silica composite
aerogel monoliths (with base-catalyzed silica
sol) that exhibit end-to-end conductivity at
=6.4 vol % of Vulcan carbon black (35).
Nitrogen physisorption measurements (Ta-
ble 1) indicate that this composite is highly
porous, with a surface area weighted by the
carbon component. Acid-catalyzed Vulcan
carbon-silica aerogel composites are not
conductive, even when the carbon fraction
is increased to 30 vol %, which is consis-
tent with the differences in the 3D silica
structure derived from acid- or base-cata-
lyzed hydrolysis and polycondensation.
Base-catalyzed silica is composed of silica
colloids with roughened surfaces arranged
in a “pearl necklace” structure (7), whereas
acid-catalyzed silica consists of highly
ramified, polymeric silica chains (36). The
former structure is much more porous than
the latter, permitting connectivity of the
Vulcan carbon between pores, whereas the
branched nature of the latter leads to many
“dead ends” and concomitant isolation of
the carbon particles within the silica (37).

Another potential application for car-
bon-silica composite aerogels is as low
temperature—processible black materials,
for example, as opaque or low-reflectivity
monoliths and coatings. Although light
from an impinging He-Ne laser readily
transmits through a pure silica aerogel, no
light passes through a carbon-silica com-
posite aerogel, as evidenced by the lack of
a visible beam of light through a pure silica
aerogel placed after the composite. Light
scattering at the surface of the carbon-silica
composite aerogel can be minimized by
roughening the surface.

The use of silica sol as a nanoglue allows
the design of nanoscale mesoporous plat-
forms to the requisites of a desired applica-
tion or property, because the composite main-
tains the surface and bulk attributes of each of
its components. The specifics of the applica-
tion will dictate the choice of sol-gel chem-
istry, the choice of guest, and the choice of
molecular or biomolecular modifiers of the
surfaces of the sol-gel host or the guest.

References and Notes

1. M. L. Anderson, C. A. Morris, R. M. Stroud, C. I.
Merzbacher, D. R. Rolison, Langmuir 15, 674 (1999).

2. Base- and acid-catalyzed gels were derived from
published procedures (3) and are described in detail
elsewhere (7). Particle suspensions (Au or Pt sol)
were combined with an equal vol % of silica sol.
The mixture was stirred for 1 min, then poured into
vials (subsequently sealed with Parafilm), where
gelation occurs. For solid-silica composites, the
volume percent of the solid ranged from 1 to 90
vol %. When adding solid at <50 vol %, the solid
was added rapidly to the sol while stirring. After

8.

10.

1

12.

13.

14.

20.

21.

REPORTS

mixing for 15 s, the dispersion was poured into
small vials just before gelation. When adding solid
at >50 vol %, the sol was added to a vial contain-
ing the solid, which was then sealed and shaken
vigorously until gelation occurred, in order to en-
sure homogenous dispersion of the solid in the gel.
Stirring or shaking is preferred over ultrasonication,
because certain solids (carbons or polymers) will
phase-separate during sonication. The gelation
time is dependent on the type and amount of
catalyst used and on the solid incorporated: typi-
cally, for a 15-ml total volume of silica sol, 0.7 ml
of 30% NH,OH (base-catalyzed gels; gelation time
of 1.5 min) or 0.07 g of HCl (acid-catalyzed gels;
gelation time of 3 min) was used. To date, the only
solid we have found that affects the gelation time
relative to neat silica sol is titania aerogel, for
which the gelation time decreases proportionately
to the amount of solid added. The composite gels
are aged for no longer than 10 to 20 min before
washing steps are initiated.

. R. Russo and A. J. Hunt, J. Non-Cryst. Solids 86, 219

(1986); L. M. Ellerby et al., Science 225, 1113 (1992).

. C. ). Brinker and G. W. Scherer, Sol-Gel Science (Ac-

ademic Press, New York, 1990).

. N. Hiising and U. Schubert, Angew. Chem. Int. Ed.

Engl. 37, 22 (1998).

. Incorporating particles that are large relative to the

silica network's building blocks [colloidal SiO, parti-
cles ~10 nm in size (7)] does not compromise the
strength and porosity of the silica network.

. D. W. Schaefer and K. D. Keefer, Phys. Rev. Lett. 56,

2199 (1986).

S. Diré, F. Babonneau, G. Carturan, J. Livage, /. Non-
Cryst. Solids 147-148, 62 (1992); C. Rutiser, S. Kom-
arneni, R. Roy, Mater. Lett. 19, 221 (1994); J. Wang, .
Kuhn, X. Lu, J. Non-Cryst. Solids 186, 296 (1995); F.
Fujiki, T. Ogasawara, N. Tsubokawa, . Mater. Sci. 33,
1871 (1998); C. Lorenz et al., J. Non-Cryst. Solids
238, 1 (1998).

. B. Abramoff and L. C. Klein, in Chemical Processing of

Advanced Materials, L. L. Hench and J. K. West, Eds.
(Wiley, New York, 1992), p. 815.

C. M. Mo, Y. H. Li, Y. S. Liu, Y. Zhang, L. D. Zhang,
J. Appl. Phys. 83, 4389 (1998); G. Mitrikas et al., J.
Non-Cryst. Solids 224, 17 (1998).

T. M. Tillotson et al., J. Non-Cryst. Solids 225, 358
(1998); M. R. Ayers, X. Y. Song, A. J. Hunt, J. Mater.
Sci. 31, 6251 (1996); X.-Y. Song, W. Cao, M. R. Ayers,
A. . Hunt, J. Mater. Res. 10, 251 (1995).

Gold colloids were either obtained commercially or
synthesized in-house (7); Pt colloids were prepared
by published procedures (73) and their size derived
from UV-vis absorption (74) and verified by trans-
mission electron microscopy.

A. Henglein, B. G. Ershov, M. Malow, J. Phys. Chem.
99, 14129 (1995).

D. N. Furlong, A. Launikonis, W. H. F. Sasse, J. V.
Sanders, J. Chem. Soc. Faraday Trans. 80, 571 (1984).

. The TiO, aerogel was prepared by published proce-

dures (76, 17) and heated in air to 450°C to crystal-
lize to anatase titania; this aerogel powder was then
suspended in silica sol.

. G. Dagan and M. Tomkiewicz, J. Phys. Chem. 97,

12651 (1993).

. K. E. Swider, C. I. Merzbacher, P. L. Hagans, D. R.

Rolison, Chem. Mater. 9, 1248 (1997).

. NaY zeolite was a gift from UOP Corp. (Des Plaines,

IL); Fe(bpy);®*-modified NaY was previously pre-
pared and characterized (79).

. C. Senaratne, J. Zhang, M. D. Baker, C. A. Bessel, D. R.

Rolison, J. Phys. Chem. 100, 5849 (1996).

B. Kutsch, O. Lyon, M. Schmitt, M. Mennig, H.
Schmidt, J. Non-Cryst. Solids 217, 143 (1997); T.
Yazawa et al., ibid. 170, 105 (1994); M. Mennig, M.
Schmitt, U. Becker, G. Jung, H. Schmidt, SPIE Sol-Gel
Optics Il 2288, 130 (1994).

Y. Mizushima and M. Hori, Appl. Catal. A 88, 137
(1992); C. Morterra et al., J. Catal. 165, 172 (1997);

22.

23.

24,

25.

%]

26.

27.

28.

29.

30.

31.

e

32.

33.

34.

35,

36.
37.

38.

S. Ye, A. K. Vijh, Z.-Y. Wang, L. H. Dao, Can. J. Chem.
75, 1666 (1997).

F. Akbarian, B. S. Dunn, J. 1. Zink, J. Raman Spectrosc.
27, 775 (1996).

The spectra were obtained on a 50-nm Au-SiO,
composite aerogel that was first densified at 900°C
(24) (which slightly increases the silica network den-
sity to ~0.25 g/cm? and thereby enhances the du-
rability of the aerogel structure upon rewetting),
immersed into a methyl orange/acetone solution to
modify the colloidal Au surfaces, rinsed thoroughly
with acetone, and then air dried.

J. Cross, R. Goswin, R. Gerlach, J. Fricke, Rev. Phys.
Appl. 24, C4-185 (1989).

E. Pellizetti and C. Minero, Electrochim. Acta 38, 47
(1993).

D. F. Ollis, E. Pelizzetti, N. Serpone, Eds., Photocatal-
ysis: Fundamentals and Applications (Wiley, New
York, 1989); M. R. Hoffmann, S. T. Martin, W. Choi,
D. W. Bahnemann, Chem. Rev. 95, 69 (1995).

M. Schneider and A. Baiker, Catal. Today 35, 339
(1997) and references therein.

Differential scanning calorimetry, thermogravi-
metric analysis, and x-ray diffraction show that
both amorphous titania aerogel (77) and a titania
(aerogel)—silica composite aerogel crystallize to
anatase at 270°C. The mass loss of titania-contain-
ing aerogels (at 10 to 20 wt %) is greater than that
for silica aerogels (<5 wt %), indicating that the
titania aerogel contains more water (in keeping
with its —OH-rich surface). The titania (aerogel)—
silica composite aerogel has a weight loss between
that of the pure titania and pure silica aerogels.
The silica aerogel, titania aerogel, and titania (aero-
gel)—silica composite aerogel are transparent, so
spectra were obtained for aerogel monoliths. Because
the titania (Degussa)—silica composite aerogel scat-
ters light in all UV-vis regions, a powder of the
composite was mixed with pure silica aerogel and
pressed into a pellet, and the absorption spectrum of
the pellet was then measured.

D. W. Breck, Zeolite Molecular Sieves (Krieger, Mala-
bar, FL, 1984), pp. 742-746.

The positions of the bipyridyl frequencies are in good
agreement with those previously reported for 2,2'-
bipyridine directly adsorbed to NaY zeolite (32).

J. R. Bartlett and R. P. Cooney, Spectrochim. Acta A
43, 1543 (1987).

M. P. Hogarth and G. A. Hards, Platinum Met. Rev. 40,
150 (1996).

K. Kordesch and G. Simader, Fuel Cells and Their
Applications (VCH, Weinheim, Germany, 1996).

A vol % of 6.4 (determined from the volume of
carbon added in the total volume of sol/gel) indicates
that the carbon particulates are not statistically
mixed throughout the aerogel’s total volume, so that
a lower threshold for transport is obtained than that
expected in 3D. Tuning in electrical transport with a
lower volume fraction indicates that the carbon in-
corporates into the silica network already associated,
which is in agreement with the ease at which the
carbon phase-separates from the silica sol if over-
agitated (2).

). Fricke and A. Emmerling, in (9), pp. 3-17.

The ability to achieve conduction paths through car-
bon—(base-catalyzed) silica composite aerogels also
demonstrates the importance of using an about-to-
gel silica sol before introducing the particulate guest.
We find that when the mixing or contact time be-
tween the silica oligomers and the carbon increases,
electronic paths cannot be established, even for base-
catalyzed silica.

Supported by DARPA (Defense Advanced Research
Projects Agency) and the Office of Naval Research
(ONR). M.L.A. acknowledges a postdoctoral fellow-
ship from ASEE (American Society for Engineering
Education)-ONR. Helpful discussions with K. E.
Swider Lyons and N. Leventis are gratefully
acknowledged.

14 January 1999; accepted 18 March 1999

23 APRIL 1999 VOL 284 SCIENCE www.sciencemag.org





