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Synthesis of inorganic aerogels via rapid gelation using
chloride precursorst

Helmut Schafer,* Barbara Milow® and Lorenz Ratke*®

This paper describes the synthesis of silica, titania, zirconia and mixed-metal-oxide aerogels by a new facile
approach. The corresponding low cost and non-toxic chlorides instead of the well established but more
expensive and deleterious alkoxy precursors were used as starting materials. Hydrolysis of the precursors
led to wet gels. The strong exothermic reaction in the case of TiCl; or SiCl, as a gel precursor can be
controlled by both cooling and immersing the needle of the syringe in the aqueous solution. Under
optimal conditions a rapid formation of silica- and zirconia based hydrogels could be achieved even
without additional amounts of an auxiliary agent. It is shown that in all other cases the hydrolysis reaction
and gel formation can be controlled by adding agents with crosslinking properties like propylene oxide,
dilution with alcohols or starting from water glass. Water glass not only has the function of a cheap
network former but also allows the strict adjustment of the pH value via neutralization of the acid forming
hydrolysis reactions. Supercritical drying of the wet alkogel in CO, delivered aerogels with BET surfaces up
to 1390 m? g™, as determined by nitrogen adsorption measurements. In addition, the characterization
includes XRD and SEM. These findings provide new physical insights into the hydrolysis of the gel
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A Introduction

Aerogels are highly porous materials with interesting proper-
ties including high specific surface area, extremely low density,
low thermal conductivity and high thermal stability.” Already
more than 80 years back Kistler prepared the first aerogel,
namely a silica aerogel by supercritical drying of silica jelly.®
Due to their unique properties aerogels are already used for a
wide range of applications, including optical’ ™
sensing,">'* catalysis,">™"”
insulations.”**"

The alkoxide route, characterized by sol-gel transition via
hydrolysis and condensation reactions of metal-, semimetal- or
non-metal-alkoxide precursors such as tetraethoxysilane
(TEOS),>** tetramethoxysilane(TMOS),>*>"*° polyethoxydisi-
loxane (PEDS)** in the case of silica aerogels, zirconium
n-propoxide,”®?° zirconium i-propoxide,*® or zirconium n-but-
oxide®* in the case of zirconia aerogels and titanium
n-butoxide,?”**3* titanium i-propoxide,>** in the case of

and electrical
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precursors and lead to a significant reduction in production costs of inorganic aerogels.

titania aerogels, presents a common synthesis route for
achieving high quality aerogels. These precursors have some
drawbacks as they are costly, toxic, and depending on the
nature of the alkoxy precursor and the hydrolysis conditions
they can cause large gelation times up to a tenth of an
28293135 pyrthermore, careful handling of the water-
sensitive compounds to prevent partial hydrolysis prior to the

hour.

desired hydrolysis reaction is required.***® These drawbacks
limit the scale-up of the synthesis procedures and pose a
constraint on the use of these materials in fields where large
amounts of relatively cheap materials are required (aerogelic
binders, aerogel granules, foundry sand and as thermal
insulating compounds in vehicles, pipelines, packaging and
home building). Especially for large scale preparation of high
quality aerogels the inorganic salt based synthesis routes are
still challenging. Only in the case of silica aerogels a cost-
effective and fast synthesis procedure could be developed by
using water-glass instead of a TEOS or TMOS precursor.> In
comparison with silica aerogels for instance zirconia aerogels
show even slightly better properties with respect to thermal
conductivity*® or melting point.**

Many papers have been published dealing with the
synthesis of aerogels via the alkoxide route whereas only a
small number of papers are related to the use of inorganic
salts for example as zirconium sources for the synthesis of
zirconia aerogels.

Chen and Jiao reported in 2007 the generation of zirconia
aerogels by electrolyzing ZrOCl, solution followed by super-
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critical drying of the so formed gel.*” The groups of A. E.

Gash,*®"7*¢ L. J. Hope-weeks,"”*® B. Zhou,” K. Nakanishi
et al.”** have done plenty of work regarding the development
and investigation of synthesis procedures leading to diverse
oxide aerogels by using inorganic salt and additional epoxide
as precursor. Anyway chloride-derived silica, titania or zirconia
aerogels were rarely reported. Already more than 10 years ago
Gash et al. reported on the successful generation of a chromia
aerogel starting from nitrates or chlorides.*® The general
suitability of the described synthesis strategy in order to
synthesize other transition metal oxide aerogels was men-
tioned in the paper, but only the synthesis and the properties
of the corresponding chromia aerogels were shown. Because of
the toxic properties of chromium in its hexavalent state
engineers generally try to avoid the element chromium.”*

The work described in this contribution aims on the
development of synthesis procedures for silica-, titania- and
zirconia-aerogels, as well as mixed-metal-oxide aerogels based
on cheap and non-toxic chloride based sources® or water
glass, characterized by a rapid gel-formation. Via hydrolyses of
TiCl, titania aerogels could be achieved. Titanium tetrachlor-
ide is an important intermediate in the production of titanium
metal and the pigment titanium dioxide.”>>” On the basis of
the bulk FOB (free on board) price of 1900 $ per ton (99.9%
purity),®® it can be considered as one of the cheapest titanium
sources. The price of titanium alkoxides of this purity is at
least five times higher.”® To the best of our knowledge, up to
now no aerogels were synthesized using TiCl, as a starting
material. Titania particles®®* showing different particle sizes
or coatings®* have been achieved by sol-gel approaches using
TiCl,.

We show that zirconia aerogels are accessible upon
hydrolysis reaction starting from the corresponding chloride
salt ZrCl,, a compound which can also be considered as cheap
with a bulk FOB price of 11 $ kg '.°> No reference could be
found up to now confirming the usage of this compound in
order to generate pure zirconia aerogel. Where useful, water
glass was inserted in our synthesis strategy. Water glass is a
common network former for the generation of silica gels and
aerogels. As water-glass is an economical basic chemical, an
industrial process based on this precursor was developed for
some time by BASF.®° Zirconia aerogels were so far achieved by
using other starting materials, respectively ZrCl, was used for
other purposes: via sol-gel synthesis ZrO, aerogel was gained
starting from Zr;(PO,),.®” Kauzlarich et al. synthesized yttria-
stabilized zirconia by a non-alkoxide sol-gel route via
hydrolysis of ZrCl, and YCI;.>® Richards et al. showed that
iron-doped zirconia aerogels can be achieved by using zirconyl
nitrate and iron nitrate as zirconium, respectively iron
precursors via a solvothermal approach.®® Different high
technologies vapour deposition
(CVD),* atomic layer deposition (ALD),”>”" and atomic layer
chemical vapor deposition (ALCVD)’> have been used to
generate zirconia thin films starting from ZrCl,.

We achieved mixed silica-titania aerogels through the
reaction of water glass with TiCl, whereas in the literature only

vacuum like chemical
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the alkoxy route for the generation of theses compounds
(based on a mixture of Si- and Ti-alkoxides®”*’* or single
source alkoxy precursors’>’’) could be found. With respect to
titania-zirconia aerogels, no reports in the literature could be
found, indicating the access of this mixed oxide aerogels by
using titanium and zirconium chlorides. Wang et al. reported
in 2005 on the synthesis of titania-zirconia composite
particles by a solvothermal procedure in an alcoholic solution
at elevated temperatures involving chloride salts.”® Only one
paper reported on the synthesis of this composite aerogel
starting from titanium-zirconium salts (Ti(SO,), and ZrOCl,).
The properties, especially the specific surface area with a value
of 387 m> g ' at intensive heat treatment, were not
satisfying.”® The alternative synthesis routes presented herein
not only allow the reduction in the synthesis cost and the
improvement in the scalability of the procedures, but also
enable fine-tuning of the materials properties such as pore
structure, constitution and density of the aerogels.

B Experimental methods

B1 Reagents

Zirconium(1v) chloride (99.5%, Aldrich), silicium(iv) chloride
(99%, Aldrich), propylene oxide (99%, Aldrich), titanium(iv)
chloride (98%, Fluka) and water glass (1.39 g em™®, Aldrich)
were used as received unless noted otherwise. The synthesized
aerogel samples were sputtered with gold and the morphology
of the aerogels was investigated with a scanning electron
microscope LEO 1530 VP. For this purpose non treated aerogel
bodies as well as sliced aerogel bodies were used. Powder
diffraction analyses were performed with an X'Pert Pro
Diffractometer (Panalytical). The as-prepared aerogels were
mortared and the X-ray diffraction data were recorded in order
to determine the crystallographic phase. Afterwards the
samples were heated up to 450 °C in a standard oven (Naber
N 11) under air and the crystallographic data were measured
again. The surface area, pore size and pore size distribution
were measured by using a multiple point nitrogen gas
adsorption BET surface area analyzer (Micromeritics Tristar).
Before the aerogel samples were de-gassed at 120 °C for 30
min.

Pore size distributions were calculated from the desorption
isotherms using the BJH method.

B2 Processing

B2.1 Synthesis of the hydrogels (Scheme 1). In a typical
synthetic procedure a 20 ml plastic beaker was filled with
distilled water, water/alcohol respectively water/tetrahydro-
furan (THF) mixtures. The constitution of the solvent mixtures
can be taken from Tables TS1-TS4, ESIf (supporting informa-
tion). The metal salt was slowly added under stirring using a
magnetic stirrer. In all cases the heat-release was compensated
via a water bath (to 20 °C) and the stirring speed was adjusted
to 700 rpm. Within 90 s addition of the chloride precursor was
completed. ZrCl, was slowly added in small portions using a
spatula. SiCly, and TiCl, were added via a syringe. It has

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Schematic presentation of the synthesis procedure.

proven effective to immerse the front tip of the needle of the
syringe in the aqueous solution prior to the addition of the
compounds in order to avoid any splashing due to the highly
exothermic reaction. Immediately thereafter the auxiliary
agent was added, which was found to be a requirement for
the generation of titania or zirconia gels and some mixed
metal oxide gels (Tables TS2-TS4, ESIf, supporting informa-
tion). In case of the water glass assisted gel formation (Table
TS4, ESIf), diluted water glass was filled into the beaker prior
to the addition of the metal oxide precursor. In two cases water
glass was replaced by the alkaline compound NaOH (Table
TS4, ESIf) which was added after addition of the chloride
precursor prior to gel formation. The solution was vigorously
stirred until gel formation occurred at a pH value of around 5.
The gel was aged with ethanol for around one week. Residual
salts like NaCl and other byproducts like chloropropanol were
washed out with water. Details of the synthesis procedures
including the amounts of solvent, metal oxide precursor,
auxiliary agent, alkaline component and the gelation times
and can be taken from Tables TS1-TS4, ESIf. The gel time was
defined as the time passed between additions of the last
component required for the sol-gel transition and the
disappearance of the vortex created by the rotating stirring bar.

B2.2 Synthesis of the aerogels. After solvent exchange with
ethanol (20 ml for each sample) the wet gels were super-
critically dried with carbon dioxide. Therefore the wet gels
were transferred into a special metal shell (Fig. 1a), which was
filled with ethanol. For this a knife was stuck through the
bottom of the plastic beaker and thereby the gel body was
carefully pushed out of the beaker. During this procedure it
was ensured that the gel body has had no contact to air i.e. no
phase boundary has penetrated the body. The shell was put
into a DLR (German Aerospace Center, Deutsches Zentrum fiir
Luft- und Raumfahrt)-made autoclave (Fig. 1b), which was
tempered with cooling water of 17 °C. The autoclave was
closed and afterwards liquid carbon dioxide was flushed into
the autoclave until around 3 ¢cm above the upper border of the
shell. After a while the valve was opened and the fluid level was
reduced down to 0.5 cm above the upper border of the shell. By
this means ethanol was exchanged by CO, and the samples
were flushed 10 times per day over a period of 2 days until the
escaping CO, did not contain any more traces of ethanol.
Afterwards the temperature was increased above the critical
point (31.1 °C; 73.8 bar). At around 40 °C and 90 bar
supercritical conditions were reached, i.e. the phase boundary
disappeared. Via slow depressurization in most cases crack
free aerogel bodies were gained (see Fig. 1a). Photos of crushed
aerogel bodies gained after supercritical drying can be taken
from S15-S28, ESIf (supporting information).

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a) Metal shell with aerogels (HS_33) after supercritical drying. (b) DLR-
made autoclave for supercritical drying.

C Results and discussion

C1 Synthesis of the aerogels

Silicon-, titanium- and zirconium oxide aerogels are among
the most common aerogels due to their sophisticated proper-
ties like thermal stability,*"”® photocatalytic properties,**~** in
general low density," high acoustical and thermal insulating
properties." Therefore we started our investigations with
finding alternative precursors and overall facile approaches
allowing to access these aerogels as well as mixed metal oxide
aerogels containing two of the elements Si, Ti, and Zr. As
Tables TS1-TS4, ESIf show, provided that suitable reaction
conditions (constitution and temperature of the reaction
mixture, pH value, stirrer speed and time duration for adding
the precursors) have been chosen, abrupt gel-formation takes
place. All the gels presented in the tables could be transferred
to aerogels via supercritical drying in CO,.

We were successful in preparing silica aerogels starting from
SiCl, plus water or water THF mixtures, silica aerogels starting
from SiCl, plus water glass, titania aerogels starting from TiCl,
plus water or water/alcohol mixtures, zirconia aerogels starting
from ZrCl, plus water and zirconia-titania, silica-titania
mixed metal oxide aerogels starting from the corresponding
chlorides via reaction with water or water glass with or without
propylene oxide as auxiliary agent. In most of the cases a sol
gel transition occurs within seconds (see Fig. 2, 4, 5, 6). From
alkoxy precursors it is known, that they, depending on reaction
conditions and type of the precursors, require gelling times up
to a tenth of an hour.”*?®?%31:3%9 Egpecially for silica aerogels
long gelling times go along with low transmittance.®® Series
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@) Sample BET (m?g)

name

HS_16.2 450
HS_36 1391
HS_8 459
HS_07 616
HS_128 733
HS_129 460

Fig. 2 (a) BET surface area for silica aerogels. (b) Image of sol-gel transition of
SiCl4 containing reaction mixture (sample HS_16.2).

syntheses show beyond that the gelling time is well repro-
ducible. Supported not only by our findings it must be
mentioned that the use of water glass up to some extent
impairs the repeatability especially with respect to gelling time
or overall gelation behaviour.*"® Slight differences in the
composition of water glass might be one reason. We obtained
that e.g. the sodium content differs from supplier to supplier
and hence commercially available sodium silicate solutions
show Na,O concentrations with values between 8 and 14 wt.%.
Even when purchased from one supplier the composition can
vary and the Na,O content can reach values between 8.3 and 13
wt.%, respectively the SiO, content can be in the range
between 26.5 and 29 wt.%.® This makes it difficult to design a
reliable synthesis route. It turned out that in case that water
glass was inserted in the reaction mixture abrupt gel-
formation could be realized by adjusting the pH value in the
range of 3. Depending on the ratio of alkaline compounds to
acidic compounds i. e. the ratio of water glass to TiCly,
respectively the ratio of water glass to SiCl,, the pH value was
controlled by adding either HCl or NaOH. From literature is
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Fig. 3 BJH plot from silica aerogel sample HS_16.2 (a) and sample HS_36 (c).
SEM pictures of silica aerogel sample HS_16.2 (b) and sample HS_8 (d).
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known that for the generation of microporous silica aerogels
starting from water glass a pH value in between 3 and 5 seems
to be desirable.’”"®°

Supercritical drying with CO, was found to be the method of
choice for the replacement of liquid by gas in the pores of the
generated gels in order to achieve aerogels of high quality. The
elsewhere reported long diffusion time and hence, time
consuming solvent exchange between solvent and CO,°° could
not be confirmed by us. The complete drying procedure using
supercritical CO, was completed within 48 h. In general the
supercritical drying procedure was more and more optimized
over a long time period by different groups®' i.e. the statement
that this drying technique is inefficient, expensive and not
scaleable®® is more than questionable. CO, technology is
already commercially applied in a variety of fields - from
pharmacy to food sciences to the textile industry. CO, can be
recycled easily, it is also non-flammable, non-toxic and
inexpensive.”® In many cases the process costs are lower than
comparable conventional processes.”’ In comparison with
other media used within the supercritical drying procedure
like acetone®® or alcohols,®>°>°® CO, benefits from its
relatively mild supercritical conditions, especially the low
supercritical temperature of 304.13 K. With the help of water
glass, aerogels consisting of silica-titania mixed metal oxide
aerogels were accessible even without additional auxiliary
agent like propylene oxide (see Table TS4, ESIf). In all other
cases propylene oxide acts, as a proton scavenger and raises
the pH-value during the reaction. Reaction generated HCI is
compensated, the hydrolysis and condensation can occur to
form a three dimensional network.’® During the condensation
reaction chloropropanol is formed and can be easily washed
out with ethanol or acetone.

With this synthesis strategy the overall costs of the synthesis
procedure could be kept within limits inasmuch as also the
chosen auxiliary agent propylene oxide is with a FOB price of
1900 $ per ton’” a low cost compound. At the same time
acceptable results could be obtained. Detailed information can
be taken from Fig. 2-6, TS1-TS4, ESIf (supporting information)
showing the constitution of the reaction mixtures, surface
area, pore size distributions (BJH plots), the XRD powder
pattern and SEM images.

C2 Properties of the aerogels

C2.1 Silica aerogels. Two different synthesis strategies were
realized in order to synthesize silica aerogels. One is based on
the simple hydrolysis reaction of SiCl, (HS_16.2, HS_36, HS_8)
in water or water-THF mixtures. Alternative to this procedure
the material was achieved by immersing SiCl, into water glass
(HS_97, HS_128, HS_129, see also Fig. TS2, ESIf).

For silica aerogels gained from SiCl,, BET surface values
within the range 450 to almost 1400 m> g~ were obtained
(Fig. 2a). The hydrolysis reaction of SiCl, with water led, under
optimal reaction conditions, to an aerogel with a surface area
of 1391 m> g~ " (HS_36). The gel formation took place within
less than 30 s. The corresponding white aerogel body was
crack free but not transparent. The aerogel achieved by a
similar synthesis route using 0.9 ml SiCl, instead of 1 ml
showed a drastic reduced surface area of 450 m*> g~ ' (HS_16.2).

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 (a) BET surface areas for titania aerogels. (b) Image of sol-gel transition of TiCl, containing reaction mixture (sample HS_10.2). (c) BJH plot from titania aerogel
sample HS_10.2. (d) SEM pictures of silica aerogel sample HS_10.2. (e) Powder Diffraction pattern from titania aerogel HS_138 as-prepared (upper figure), respectively
heat-treated (lower figure). Peaks corresponding to tetragonal TiO,,anatase modification (JCPDS 004-0477) are marked with an asterisk. (f) Powder diffraction
pattern from titania aerogel HS_10.2 as-prepared (upper figure), respectively heat-treated (lower figure). Peaks corresponding to tetragonal TiO, (anatase

modification) (JCPDS 004-0477) are marked with an asterisk.

The SEM image of the surface of this sample can be taken
from Fig. 3b. It turned out that the hydrolysis of SiCl,
performed in a solvent mixture of water-THF led to transpar-
ent gel bodies (HS_8). However showing a BET value of 459 m”
¢~ ! the specific surface was much lower in comparison with
our best sample. In addition the time required for gel
formation was 2 days, which within this series of experiments
represents the longest time. Some alkoxy precursor routes
require duration times in the same dimension. Rao et al
reported on the synthesis and characterization of silica
aerogels by hydrolysis reactions of TEOS, TMOS or polyethox-
ydisiloxane (PEDS).>* The hydrolysis of TEOS in alcohol-water
mixtures delivered after 2.2 days a stable gel which could, via
supercritical drying in CO,, transferred to an aerogel with a
surface area of 800 m* ¢~ .>* By using TMOS or PEDS instead
of TEOS the gelation time could be decreased down to 30 min
(TMOS), respectively 10 min for PEDS and at the same time the
surface area was increased to 1000 m* g~ " (TMOS), respectively
1100 m* g~ " (PEDS). Anyway neither the use of TEOS, nor the
use of TMOS is desirable most of all because of their toxicity.”®
A silica aerogel with a BET value of 733 m* g~' from the
reaction of SiCl, with water glass followed by supercritical
drying could be achieved (HS_128). Unfortunately the corre-
sponding aerogel body, white in color, showed cracks. Tamon
et al. investigated silica aerogels synthesized from TEOS and
reported on the relation between visible light transmittance
(wavelength: 600 nm) of silica aerogels and surface area.”®

This journal is © The Royal Society of Chemistry 2013

They found that the higher the surface area the higher the
light transmittance. The possibility that the light transmit-
tance of an aerogel body can be used as a criterion in order to

(a) (b)

18

Sample name | BET (m%g) e
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13a(Hs_32)| g0  ° !
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Intensity (a.u.)

Fig. 5 (a) BET surface area for zirconia aerogels. (b) BJH plot from zirconia aerogel
sample HS_3.2. The inset showing the image of sol-gel transition of ZrCl,
containing reaction mixture (sample HS_3.2). (c) SEM pictures of silica aerogel
sample HS_3.2. (d) Powder diffraction pattern from zirconia aerogel HS_3.1 as-
prepared (upper figure), respectively heat-treated (lower figure). Peaks corre-
sponding to tetragonal ZrO, (JCPDS 01-080-0965) are marked with an asterisk.
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Fig. 6 (a) BET surface area for mixed metal oxide aerogels. (b) BJH plot from
zirconia-/titania aerogel sample HS_32. The inset showing image of sol-gel
transition of ZrCl, and TiCl, containing reaction mixture (sample HS_32) (left)
and of SiCl, and water glass containing reaction mixture (sample HS_97) (right).
(c—e) SEM pictures of silica aerogel sample HS_32 (c), HS_43.1 (d) and HS_126
(e). (f-g) Powder diffraction pattern of titania-zirconia aerogel HS_32 before (f)
and after (g) annealing.

predict the quality e.g. the BET surface seems to be valid only
within a series of syntheses with similar characteristics with
respect to precursors, reaction conditions and so on. While
changing the reaction parameters within the synthesis series
of our silica aerogels we could not prove this generally
applicable rule. For the transparent sample HS_8 (see also
SEM image Fig. 3d) a BET value of 459 m* g~ " was determined
whereas the turbid sample HS_36 showed a surface area of
almost 1400 m*> g~ . The pore size distributions of selected
silica aerogels can be taken from the BJH plots shown in
Fig. 3a, 3¢, S1-S3, ESII.

The samples gained from the hydrolysis of SiCl, with water
showed, although the constitution of the reaction mixture only
slightly differs, large deviations with respect to the pore size
distribution. When 0.9 ml SiCl, was used (HS_16.2) a broad
size distribution was found, showing pore sizes in the range 5-
50 nm (Fig. 3a). In an equal synthesis reaction 1 ml of the
same precursor already led to very small pores below 6 nm and
a narrow size distribution with pore sizes within the range of
2-6 nm (Sample HS_36; Fig. 3c). The reproducibility of both
results was satisfying and it is actually not fully understood
why small changes in the constitution of the reaction mixture
has such a big influence on the results. Generally SiO, exists in
different crystalline modifications, crystalline phases like
quartz, tridymite or christobalite. All as-prepared silica
aerogels as well as all samples heated up to 450 °C consisted
of X-ray amorphous SiO,. This can be taken from the powder
diffraction pattern of selected samples (see Fig. S4-S7, ESIf). In
case of HS_97 the diffraction pattern show peaks belonging to
NaCl, JCPDS 01-077-2064 (see Fig. S7, ESIf). NaCl is a
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byproduct from the reaction of water glass and SiCl,. Before
heat treatment the samples were washed with water to remove
impurities coming from precursors or byproducts like NaCl.
This is the reason that only traces of NaCl can be found in the
heat treated sample (see Fig. S7, ESI{).

Hydrolysis of SiCl, performed in H,O/THF mixtures fol-
lowed by drying of the gels resulted in an aerogel with a pore
size distribution of 3-23 nm (sample HS_8, Fig. S1, ESIf). A
very broad range of pore sizes could be found for the aerogels
derived from SiCl, and water glass (samples HS_97, HS_128;
Fig. S2, S3, ESIY).

C2.2 Titania aerogels. Fig. 4a shows the surface area of the
titania aerogels we achieved using TiCl, as titanium precursor.
Fig. 4c shows the BJH plot of a selected titania aerogel
(HS_10.2). Within the synthesis series the amount of TiCl, was
kept fixed. It turned out that changes within the constitution
of the solvent (water or water-ethanol mixtures) or the
concentration of the auxiliary agent propylene oxide had only
an effect on the surface area of the corresponding aerogel but
not on the pore sizes respectively the pore size distributions.
We obtained, depending on the constitution of the reaction
mixture, surface areas in between 466 and 733 m”> g~ '. All
(titania) samples showed almost the same pore size distribu-
tion with pore sizes within a narrow range between 10 and 20
nm (see Fig. 4c). The SEM analysis of a sectional area of
sample HS_10.2 can be taken from (Fig. 4d). Although big
pores in a range > 100 nm were obtained, the total number of
these bigger cavities in comparison with the total number of
small pores < 20 nm seems to be negligibly small (see BJH
plot Fig. 4c). BJH plots on the basis of BET measurements only
take the open porosity into account which does not contribute
to the skeletal density. In the case of HS_10.2 the bigger pores
seem to be not connected to other pores i.e. not contribute to
what we see via BET measurements. Titanium dioxide crystal-
lizes in three different crystal forms at atmospheric pressure:
anatase, brookite and rutile. The as-prepared titania aerogels
were X-ray amorphous as can be taken from Fig. 11, 12. The
heat treated samples were crystalline showing the tetragonal
anatase-phase, JCPDS 004-0477, (see Fig. 4e, f). This finding is
not astonishing. The gas phase hydrolysis of TiCl, performed
at 360-550 °C by Xia et al. also led to anatase-phase TiO,.°>"'%°
Ko et al. found that rutile type TiO, only begins to form at 873
K and is than the dominant phase at 1073 K.** Crystalline
titania aerogels showing the anatase form right after super-
critical drying in alcohol-water mixtures at 300 °C were
achieved by Brown et al.*”

Recently Anderson et al. reported on the synthesis of titania
and mixed silica-/titania aerogels using autoclave technique in
which both, gelation of the alkoxy precursors and supercritical
drying was performed.”” The advantage of this method is that
it is less time consuming (<6 h in total) than the classical sol-
gel procedure. This synthesis procedure, developed by
Gauthier et al.’®* led to titania aerogels with surface areas in
the range between 127 and 188 m® g~ '*” so much lower than
the ones we generated starting from inorganic chlorides. Small
surface areas of around 220 m> g~ for titania aerogels were
also reported by Ko et al®* The aerogels were gained from
classical synthesis procedures starting from titanium n-but-
oxide via sol-gel transition. Photocatalytic properties of titania
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based composite aerogels achieved from the alkoxy synthesis
route were described in a recent publication written by Sunol
et al®> They compared their products with commercially
available industry standard TiO, compounds and found 5-10
times greater BET surface areas. Anyway the BET values
obtained here were at least 50% lower in comparison with our
findings.

C2.3 Zirconia aerogels. Fig. 5a shows the surface areas of our
zirconia aerogel samples. We found out that the hydrolysis
and condensation of 5 mmol ZrCl, can ideally be performed in
10 ml water and 5 ml propylene oxide leading to aerogels with
surface areas of about 600 m”> g ' (HS_3.2). This exactly
matches the surface size of the corresponding titania
compound HS_10.2 derived from an equal reaction mixture
(5 mmol TiCl, instead of ZrCl,, see Table TS2, ESIf). The BJH
plot (Fig. 5b) of sample HS 3.2 is comparable to the one
obtained for the corresponding titania aerogel HS_10.2 as well
(Fig. 4c). Also here a narrow pore size distribution is shown,
presenting pore sizes in the range between 3 and 20 nm.
Fig. 5¢ shows the SEM image of sample HS_3.2. Also here on
different areas of sliced pieces of the aerogel body bigger pores
in the range between 200 and 1000 nm than the ones “‘visible”
via BET analyses can be detected. ZrO, is found with different
crystal structures. Known are the monoclinic (baddeleyite), a
tetragonal and a cubic modification (fluorite type). Also the
non heat treated zirconia aerogels show no crystallinity as can
be derived from the X-ray powder diffraction pattern of sample
HS_3.1 (Fig. 5d upper image). Whereas the samples heated to
450 °C crystallize in the tetragonal structure (JCPDS 01-080-
0965) as can be taken from Fig. 5d lower image. Upon
calcination at 773 K Baiker et al. obtained tetragonal phase
zirconia as well.*! The temperature depending tetragonal to
monoclinic phase transition of zirconia aerogels was investi-
gated by Ko et al.>® who found at 773 K also monoclinic phase
zirconia after heating for a day or more.

In comparison with synthesis procedures leading to titania
aerogels which are actually all based on organic precursors, in
case of zirconia aerogels some synthesis routes starting from
inorganic precursors are described in the literature. Most of
the synthesis procedures leading to zirconia aerogels reported
so far are based on tetra alkoxy precursors like zirconium tetra-
n-propoxide,?®?° zirconium tetra-i-propoxide,*® and zirconium
tetra-n-butoxide.*'

Ko et al. reported on the syntheses of zirconia aerogels
starting from both, inorganic and organic Zr precursors>® and
studied the effect of heat treatment on the physical properties
of this material achieved from zirconium-n-propoxide. He
obtained BET surface areas up to 134 m> ¢~ and mentioned
in his report other groups who performed hydrolysis reactions
of zirconyl chloride and zirconyl nitrate at last resulting in
aerogels with surface areas in the same range. By using the
same precursor (zirconium-n-propoxide) Suh et al. obtained
slightly higher BET values and studied the effect of the
reaction temperature on the gelation time as well as the
influence of the aging conditions on the textural properties.*’
Baiker published on the synthesis and characterization of
zirconia aerogels starting from the hydrolysis of zirconium
tetra butoxide in acid-alcohol mixtures.*’ They obtained,
depending on the nature of supercritical drying (CO, low
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temperature or alcohol high temperature drying condition),
BET values in the range 50-100 for CO, dried species and 140-
200 m> g~ * for the high temperature dried aerogels.*" Surface
areas in the range we found for zirconia aerogels were
published by Hui et al. in a recent publication.'®® Hydrolysis
and condensation of zirconium nitrate with the help of
propylene oxide followed by ambient pressure drying resulted
in aerogels with nanoscale porous network showing pore sizes
below 10 nm and surface areas in between 480 and 650 m* g~ *
whereas all procedures starting from organic zirconium
precursors seem to result in aerogels with lower surface areas
showing values in the range between 50 and 240 m®
g—1‘28,29,31,103

C2.4 Mixed metal oxide aerogels. The surface areas of the
mixed metal oxide aerogels can be taken from Fig. 6a. Fig. 6b,
S8-510, ESIt show the BJH plots from selected samples of
zirconia-titania and silica-titania aerogels. Zirconia-titania
aerogels were achieved by immersing equal (5 mmol) amounts
of ZrCl, and TiCl, into water-propylene oxide mixtures
followed by supercritical drying of the gel. Small pore sizes
and a narrow pore size distribution (2-5 nm) can be taken
from the BJH plot (Fig. 6b) of sample HS_32. The surface area
is 577 m*> g~ '. The SEM image (Fig. 6c) shows a smoother
surface. Pores with sizes > 100 nm could not be found in any
area. In contrary to the successful synthesis described so far a
mixture of ZrCl, and sodium silicate solution resulted in non-
stable wet gels. The powder diffraction analyses of sample
HS_32 which can be taken from Fig. 6f and g show an
interesting result. Neither the as-prepared compound, nor the
heat treated (450 °C) compound shows crystallinity. At
relatively low temperature Wang and Xiao generated crystal-
line nanocomposite particles consisting of anatase-type titania
(TiO,) and cubic/tetragonal zirconia via hydrolysis reaction of
TiCl, and ZrOcCl,.”®

Titania-zirconia composite aerogel materials have been
prepared by sol-gel transition of the hydrolysis reaction of
inorganic precursors Ti(SO,), and ZrOCl, plus subsequent
supercritical drying in CO,.”° This is indeed an interesting
approach. The aerogels showed depending on the TiO, to ZrO,
ratio and heat treatment BET-surface values up to 450 m> g~ *
and a quite broad pore size distribution with pore sizes in the
range between 10 and 60 nm.”® However with respect to pore
size and pore size distribution our experiment showed slightly
better results.

We realized the synthesis of silica-titania aerogels by
immersing TiCl, into water glass solutions. The Ti-Si ratio
was adjusted by the amount of TiCl, respectively water glass
(see also Table TS4, ESIf). The BET surface values vary,
depending on the reaction conditions and Ti-Si ratios and are
in the range 71 and 954 m*> g~ .

By far the best result was obtained in case of a Si-Ti ratio of
5 : 1 without additional amount of propylene oxide (954 m>
g~ '; HS_126). Among the synthesized silica-titania aerogels
this sample showed also the smoothest surface (see SEM
image HS 126 Fig. 6e). Anyway, if in this procedure the
alkaline compound NaOH is replaced by propylene oxide the
surface area was reduced by more than 40% (HS_91, 555 m”
g~ 1), Poor results were obtained if the Si-Ti ratio was adjusted
to 10 (HS_43.1). The aerogel showed a very low BET surface
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Fig. 7 (a) Powder diffraction pattern from silica-titania aerogel HS_115 as
prepared (upper figure), respectively heat-treated (lower figure). Peaks
corresponding to NaCl (JCPDS 01-077-2064) are marked with an asterisk. Peaks
corresponding to tetragonal TiO,, anatase modification (JCPDS 004-0477) are
marked with a sphere. (b) Powder diffraction pattern from silica-titania aerogel
HS_126 as prepared (upper figure), respectively heat-treated (lower figure).
Peaks corresponding to NaCl (JCPDS 01-077-2064) are marked with an asterisk.
Peaks corresponding to tetragonal TiO,, anatase modification (JCPDS 004-0477)
are marked with a sphere.

area (71 m” g~ ') and a very broad pore size distribution with
pore sizes in the range 10-120 nm (see Fig. S9, ESIf), which is
accompanied by a rough surface with pore sizes up to
micrometer range (see SEM image in Fig. 6d). In contrary to
the other mixed metal oxide aerogels, the aerogel network of
this compound (HS_43.1) shows a more columnar structure.
Interestingly within the series of mixed metal oxide aerogels
only the titania-zirconia compound showed a narrow pore-size
distribution (Fig. 6b). In case of the synthesized silica-titania
aerogels the pore-size distribution was much broader with size
intervals of 20-60 nm when propylene oxide as auxiliary agent
was used (HS_91). The neutralization of an excess of acidic
(HS_126) or alkaline (HS_43.1) precursors within the sol-gel
reaction by NaOH (HS_126) or HCI (HS_43.1) obviously is
responsible for wide pore size intervals ranging from 10-140
nm, respectively from 10-120 nm (HS_43.1). The crystallinity
of all samples was checked by X-ray diffraction analyses - the
results can be taken from Fig. 6f, g and 7, and S11-S14, ESIf.
Although we performed many experiments no gel formation
was observed starting from mixtures of TiCl,-SiCl, and TiCl,-
SiMeCls;.

Most of the synthesized silica-titania aerogels do not
crystallize, neither at room temperature - nor at elevated
temperature (450 °C). This finding coincides with the results
from other groups. Schubert et al. obtained within the silica-
titania system a very high onset temperature for the crystal-
lization of anatase (800 °C) respectively cristobalite (1050 °C).””
Especially for the heat treated samples of HS_115 and HS_126
onset of crystallisation can be derived from peaks on the
position typical for anatase type TiO, (see Fig. 7). Why theses
samples show some kind of crystallisation whereas similar
performed syntheses do not lead to crystalline products
remains, however unclear.

Hydrolysis of mixtures of Si- and Ti-alkoxides or single
source alkoxy precursors were used by other groups in order to
prepare silica-titania aerogels and xerogels. Organic based
single source precursors for silica-titania aerogels and
xerogels were developed.” This procedure is hardly suitable
for mass production of this material because of the expected
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high costs of the precursors. In addition the BET surface areas
were, depending on the single source precursor used, 90
respectively 230 m> g~ '. Also the stepwise hydrolysis of
separated Si and Ti precursors did not lead to convincing
results in view of quite low BET surface areas and relatively
high costs caused by the precursors.”* Yoda et al. generated
silica-titania mixed aerogels by impregnation of organic
titanium precursors into silica gels using different techni-
ques.”*'*1% In terms of microstructure and porosity the
results were brilliant. Large surface areas up to 900 m> g~ *
could be achieved’*'*'%* and densities down to 0.15 g
em™ "% were reached. On the other hand the procedures
do not seem to be straightforward® and in addition partially
expensive and toxic precursors like tetramethoxysilane TMOS
were used.'*

D Conclusions

We have reported a rapid, straightforward synthesis of high
quality, highly stable aerogels based on hydrolysis reactions of
cheap comprising  titanium(iv)  chloride,
silicium(iv) chloride, zirconium(iv) chloride with or without
water glass as additional network former. It should be noted
that cheap propylene oxide can also be used as auxiliary agent.
Apart from single metal oxide aerogels mixed-metal-oxide
aerogels can be prepared by the hydrolysis of a mixture of
chloride precursors. This technique provides a straightforward
method for the preparation of homogeneous gels in aqueous
solutions without the need for alkoxide precursors or
complicate reaction procedures. Ethanol, required for solvent
exchange was recycled and this step did not complicate the
procedure. Supercritical drying of some of the gels led to crack-
free aerogel bodies with nanoporous structure showing narrow
pore size distribution with pore sizes in the nm range. X-ray
powder diffraction analysis show that the as-prepared aerogels
did not crystallize. After heat treatment at 450 °C titania and
zirconia aerogels and some of the mixed oxide aerogels
crystallize to form expected crystal structures. With nitrogen
adsorption measurements, the BET surface areas of the
aerogels up to 1400 m”> g~ " were determined, suggesting their
potential use as an additives in foundry applications. For the
use as aerogelic binders, aerogel granules, foundry sand and
as thermal insulating compounds in vehicles, pipelines,
packaging and home building the production costs have to
be reduced drastically. The materials prepared by this method
are currently being evaluated for these purposes and the
results will be published elsewhere.
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