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Zirconia has attracted considerable interest for cata-
lytic applications since it has redox properties as well
as acidic and basic character.>2 For use in catalysts or
catalyst supports, it will be advantageous to prepare
zirconia in a stable and high-surface-area form such as
an aerogel. Aerogels are a class of extremely lightweight,
porous materials composed of a three-dimensional net-
work of nanoscale particles surrounded by a large
volume of mesoporosity.® As a consequence of this
unique structure, aerogels retain very high specific
surface areas. Zirconia aerogels can be prepared by an
acid-catalyzed sol—gel method using zirconium alkox-
ides and subsequent supercritical drying to avoid col-
lapse of the original gel structure due to surface
tension.*~8 The resulting uncalcined zirconia aerogels
have very high surface areas, sometimes up to 500 m?/
g.”8 However, the high surface area decreases markedly
with increase of calcination temperature. From previous
studies, surface areas of calcined zirconia aerogels were
not much higher than those of conventional precipitated
samples. In particular, when supercritical CO, was used
for drying, surface areas of zirconia aerogels after
calcination at 773 K were mostly below 100 m?/g.4.6:8-10
The reported results of calcined samples are not quite
consistent. We describe here a reproducible preparation
procedure for obtaining high-surface-area zirconia aero-
gels only by careful control of some sol—gel parameters.

The procedure for the preparation of zirconia aerogels
is similar to that of transition metal oxide aerogels
described previously.® For typical zirconia alcogels, two
beakers were prepared: one with zirconium(lV) n-
propoxide, n-propanol, and nitric acid and the other with
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Figure 1. Effect of temperature on the gelation time.

water and n-propanol. The molar ratio of Zr(OPr")4:n-
PrOH:H,O:HNO3; was kept constant at 1:13.38:4.09:
1.09. The two solutions were combined and vigorously
stirred until gelation caused the vortex created by the
stirring to disappear. The alcogel was then sealed and
allowed to age. The propanol solvent entrapped in the
gel network was removed from the aged gel by flowing
supercritical carbon dioxide in a supercritical extraction
system at 333 K and 24 MPa. The product aerogel was
ground to <100 mesh and heated in a tube furnace in
flowing helium at 573 K for 2 h and then in flowing
oxygen at 773 K for 2 h, which was a standard
calcination procedure. The BET surface areas, pore
volumes, and pore size distributions of the dried and
calcined samples were determined by nitrogen adsorp-
tion—desorption at 77 K using a Micromeritics ASAP
2000 instrument. The above sol—gel conditions were
determined from previous studies to maximize specific
surface areas of zirconia aerogels.

The hydrolysis and condensation behavior of zirco-
nium alkoxides differs fundamentally from those of
silicon, aluminum, and titanium alkoxides.}1=13 The
sol—gel process of zirconium alkoxides is complicated
and difficult to control because of its high sensitivity to
various sol—gel parameters. In particular, as shown in
Figure 1, the gelation rate was quite dependent on
temperature in contrast to other sol—gel systems. The
gelation times and sol—gel product properties were not
quite consistent unless the sol—gel temperature was
controlled very carefully. Another factor to be considered
is how to reduce the greater reactivity of zirconia
alkoxides with respect to water. When a stoichiometric
amount of water with acid and alcohol was directly
added into the alkoxide solution, localized condensations
often occurred, resulting in translucent or sometimes
opaque gels. The alkoxide solution must be acidified
before the hydrolysis step to prepare transparent ho-
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Table 1. Effect of Aging Conditions on the Textural
Properties of Zirconia Aerogels after Calcination at 773

K for 2 h

BET mean

chelating aging aging surface  pore pore
agent used temp time area volume diameter?

(mol/mol of Zr) (K) (days) (m?g™) (cm3g™) (nm)

none room 2 114 0.44 154

temp 5 125 0.45 14.3

7 132 0.41 12.3

18 133 0.42 125

a7 136 0.43 12.6

308 2ht 129 0.44 13.6

1 145 0.49 13.4

acetic acid (0.1) room 3 96 0.37 15.6

temp 5 118 0.32 11.0

acetic acid (0.08) room 3 110 0.40 14.5

temp 21 130 0.41 12.6

acetylacetone (0.1) room 2 108 0.44 16.3

temp 24 141 0.39 11.2

a Calculated from 4 x (pore volume)/(BET surface area). ® After
aging at room temperature for 1 day.

mogeneous gels rather than precipitates. The formation
of transparent polymeric alcogels was found to be
critical for obtaining the high surface areas and narrow
pore size distributions of the resulting aerogels.®

The greater reactivity of zirconium alkoxides required
much higher acid content to prepare homogeneous gels
rather than precipitates. Zirconia alcogels were synthe-
sized in about 1 h under these highly acidic conditions
and should be then aged for more than 1 day to obtain
the structural rigidity for subsequent supercritical
drying. Zirconia aerogels prepared in this way, however,
had much lower surface areas of about 100 m?/g after
calcination at 773 K compared with other transition
metal oxide aerogels.® The pore size distribution was
also relatively broader even after aging for a few days.
It is here noteworthy that the aging process may change
the structure of the initial alcogel and, in turn, the
properties of the resulting aerogel.

The effect of aging conditions on the textural proper-
ties of calcined zirconia aerogels are summarized in
Table 1. As shown in Figure 2a, the pore size distribu-
tion became narrower with aging at the expense of
larger pore portions. A narrow and much sharper pore
size distribution of calcined zirconia aerogels was finally
obtained after aging for at least 10 days. The corre-
sponding surface area increased with no noticeable
change in pore volume, but remained almost constant
with more extended aging. As shown in Figure 3, the
additional use of acetic acid or acetylacetone as a
chelating agent to suppress rapid hydrolysis and control
reaction Kinetics, resulting in increased gelation time
and precipitation prevention, did not affect the aging
behavior. The rate of aging could be greatly accelerated
by raising the temperature. As shown in Figure 2b,
further aging at 308 K for 1 day led to the narrow pore
size distribution comparable to that obtained by aging
at room temperature for the periods of up to 47 days.
The resulting pore size distribution remained almost
unchanged with very little shift to larger pores. Con-
sequently, the highest surface area was obtained in a
short period by aging at slightly elevated temperatures.
In fact, compared to CO; supercritical drying, alcohol
supercritical drying is believed to be effective in the
production of high-surface-area zirconia aerogels with
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Figure 2. Effect of aging conditions on the pore size distribu-
tions of calcined zirconia aerogels: (a) aged at room temper-
ature for 2 days (O), 5 days (), 7 days (O), and 47 days (®);
(b) aged at room temperature for 2 days (O), aged at room
temperature for 1 day and 308 K for 2 h (2), and aged at room
temperature for 1 day and 308 K for 1 day (®). All samples
were calcined at 773 K in oxygen for 2 h.
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Figure 3. Effect of aging time on the pore size distributions
of zirconia aerogels prepared by the sol—gel process with a
chelating agent: (a) acetic acid (0.08 mol/mol of Zr), aged at
room temperature for 3 days (O) and 21 days (®); (b) acetyl-
acetone (0.1 mol/mol of Zr), aged at room temperature for 2
days (O) and 24 days (®). All samples were calcined at 773 K
in oxygen for 2 h.

narrow pore size distributions due to accelerated aging
at the high drying temperature.#1° The pore size
distributions of such high-surface-area aerogels did not
vary much upon calcination up to 773 K. However,
sintering at higher temperatures may cause the rear-
rangement of pore volume toward large pores, possibly
by pore coalescence.*

Different aging behavior was reported for titania
aerogels.® For titania aerogels prepared under weakly
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acidic conditions, the pore size distribution shifted to
larger pores with extended aging, whereas the surface
area remained virtually unaffected. The difference in
this aging behavior is probably due to the use of a higher
amount of nitric acid in the zirconia sol—gel processing.
More acidic conditions strongly inhibit the condensation
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process which is generally known to induce the textural
modification during aging.'®1” Thus, the pore size
distribution of zirconia aerogels did not shift toward
larger pores with aging.
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