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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 (1-3). 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 (1, 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 (1 I). 

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

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. l), 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); Fel1(bpy),NaY zeo- 
lite-silica composite aerogel 
(0.1- to 1-pm zeolite crystal- 
lites); titania (aerogel)-silica 
composite aerogel (microme- 

aerogels retain high porosity (Table l), there- 
by ensuring access by external gas- and liq- 
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 (21), 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 A,u 
(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 
HC1-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 
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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)l. 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, 
Frankht, 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 absorptionlscattering features of the ti- 
tania guest so that titania (aerogeltsilica 
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 l), 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, zeolite* 
particularly those that are catalyst-modified- 
are exemplary heterogeneous catalysts, but the 
native form of crystalline zeolite (- 1-pm pow- 

Table 1. Summary of physical data for particulate 
applicable; ND, not determined. 

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 Fe1'(bpy),- 
modified Nay  zeolite (Naf -compensated 
type-Y faujasite) or poly(methyl&ethacry- 
late) are retained in their respective compos- 
ite aerogels (31, 32). These monolithic struc- 
tures again maintain the meso- and micropo- 
rosily of their respective components. The 
multipoint Brunauer-Emmett-Teller (BET) 
surface area of Fel'(bpy),NaY-silica compos- 
ite aerogel reflects a compromise between the 
surface areas of its silica and Fel'(bpy),NaY 
components (Table 1). A significant increase 
in envelope density is observed for Fel'(bpy), 
Nay-silica aerogel despite the low fraction of 
Fel'(bpy),NaY zeolite incorporated in this 
composite (-2 wt %), so it is expected that 
density-based properties of the composite can 

guest and guest-silica composite aerogels. NA, not 

Material 
Weight (volume) Pore BET 

surface Envelope 
fraction of guest volume density 

("/.I area 
(mlfg) ("$4,) (p/cm3) 

Silica aerogel 
Titania aerogel 
Titania (aerogel)-silica composite 
Titania (Degussa)-silica composite 
Fel'(bpy),NaY zeolite 
Fel'(bpy),NaY-silica composite 
Vulcan carbon 
Vulcan carbon-silica composite 

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). 

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 

Dye-mod~fied 
wmposlte aerogel 
after exposure to 
HCl vapor 
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Fig. 3. The UV-vis absorption spectra of methyl 
orange in acetone (below its pKa and after 
partial protonation with HCI) 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 
I aerogel. 
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R E P O R T S  

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 monolitl~s (wit11 base-catalyzed silica 
sol) that exhibit end-to-end conductivity at 
2 6 . 4  vol $6 of \'ulcan carbon blaclc (35). 
Nitrogen physisorption ~ueasurernents (Ta- 
ble 1 )  indicate that this composite is highly 
~IOSOLIS. lvitl~ a surface area \veighted by the 
carbon component. Acid-catalyzed Vulcan 
carbon-silica aerogel composites are not 
conductive. even lyhen the carbon fraction 
is increased to 30 101 Oh. 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 lvith roughened surfaces arranged 
in a "pearl necltlace" structure ( 7 ) .  \vhereas 
acid-catalyzed silica consists of highly 
ramified. polymeric silica chains ( 3 6 ) .  The 
former structure is much more porous than 
the latter, perlnitting connecti\ ity of the 
\'ulcan carbon betu een pores. whereas the 
branched nature of the latter leads to many 
.'dead ends" and concomitant isolation of 
the carbon particles lvitl~in the silica (3 7) .  

Another potential applicatioil for car- 
bon-silica composite aerogels is as low 
temperature-processible black materials, 
for example. as opaque or loll.-reflectivity 
monoliths and coatings. Although light 
frorn an impinging He-Ne laser readily 
transnlits through a pure silica aerogel. no 
light passes through a carbon-silica com- 
posite aerogel. as e\ idenced by the lack of 
a visible bean1 of light through a pure silica 
aerogel placed after the cornposite. Light 
scattering at the surface of the carbon-silica 
conlposite aerogel can be minimized by 
roughening the surface. 

The use of silica sol as a nanoglue alloxr s 
the design of llanoscale lnesoporous plat- 
forms to the requisites of a desired applica- 
tion or property, because the cornposite inain- 
tains the surface and bullt attributes of each of 
its components. The specifics of the applica- 
tion will dictate the choice of sol-gel chern- 
istrq.. the choice of guest. and the choice of 
nlolecular or biomolecular modifiers of the 
surfaces of the sol-gel host or the guest. 
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