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Non-hydrolytic sol–gel routes based on alkyl halide elimination:
toward better mixed oxide catalysts and new supports

Application to the preparation of a SiO2–TiO2 epoxidation catalyst
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Abstract

The first part of this article is a concise review on non-hydrolytic sol-gel routes based on alkyl halide elimination. The
molecular chemistry founding these routes is presented, as well as examples of applications to the synthesis of oxides and
mixed oxides that may be of interest as catalysts or supports. In the second part, the straightforward non-hydrolytic prepara-
tion of a SiO2–TiO2 catalyst (not involving supercritical drying) is reported. The resulting SiO2–TiO2 calcined xerogel was
highly homogeneous and displayed a high BET surface area located mainly in the mesopore region. Preliminary tests in the
epoxidation of cyclohexene by cumene by hydroperoxide indicated good selectivity and activity. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The preparation of supports and heterogeneous cat-
alysts by sol–gel processing has attracted increasing
interest in recent years. Sol–gel processing allows
the formation of oxides with controlled porosity and
shape (coatings, fibers, powders, monoliths). It is par-
ticularly useful for the preparation of multicomponent
oxides with a high degree of homogeneity [1–3]. Ac-
tually, the ability of sol–gel to form mixed M–O–M′
bonds (where M and M′ denote two different metal
atoms) leads to high densities of acid sites, while pro-
viding the high surface area and pore volume desired
for catalytic applications [4].

The conventional sol–gel routes are based on the
hydroxylation and polycondensation of molecular

∗ Corresponding author. Fax:+33-4-67-14-38-52.
E-mail address: mutin@univ-montp2.fr (P.H. Mutin).

precursors, leading to the formation of the oxide
network. The hydroxylation is achieved either by
varying the pH in aqueous solutions of inorganic salt
precursors (chlorides, nitrates, etc.) or by hydrolyzing
alkoxide precursors in an organic solvent. Owing to
the moderate reactivity of silicon precursors toward
hydrolysis, these “hydrolytic” routes are well suited
to the preparation of silica. On the other hand, metal
and transition metal precursors are much more reac-
tive, which may lead for instance to precipitates or to
inhomogeneous multicomponent oxides. To overcome
these problems, it is possible either to use inhibitors,
such as inorganic acids or multidentate ligands (car-
boxylic acids,�-diketones, etc.), to tune the reactivity
of the metal alkoxides [5–8] or to prehydrolyze the
precursor having the lowest condensation rate [7,9].
Another possibility is to use non-hydrolytic sol–gel
routes, based on different precursors, experimental
conditions, and reaction mechanisms [10].
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In the past 10 years, several non-hydrolytic synthe-
ses of oxides and mixed oxides have been investigated,
involving for instance condensation with elimination
of ester [11,12] or alkyl halide [13–31]. In this paper,
we will focus on non-hydrolytic sol–gel routes based
on the elimination of alkyl chloride, which have been
developed in our group in the last 10 years.

Despite the excellent potentialities of non-hydrolytic
routes for the preparation of highly homogeneous
multicomponent oxides, there have been very few
studies on the catalytic performances of multicompo-
nent oxides derived from these routes [31].

A few years ago we published the non-hydrolytic
sol–gel synthesis of homogeneous SiO2–TiO2 mixed
oxides [18]. Here we investigated the application of
these materials as epoxidation catalysts, prompted by
the considerable interest of such mixed oxides in
the epoxidation of alkenes [32]. Indeed, the activity
and selectivity of SiO2–TiO2 catalysts strongly depend
on their degree of homogeneity [33]. Amorphous
SiO2–TiO2 catalysts have been prepared by conven-
tional sol–gel process, using titanium alkoxides
modified by chelating ligands [34], prehydrolysis
of the silicon alkoxide precursor [9,35] or a mixed
diethoxysiloxane–ethyltitanate precursor [36] to maxi-
mize the formation of Si–O–Ti linkages. More re-
cently, the thermolysis of the complex Ti[OSi(OtBu)3]4
was used to prepare an active SiO2–TiO2 epoxidation
catalyst [37].

In this paper, we first briefly present the molecular
chemistry founding non-hydrolytic routes, and re-
view their applications to the synthesis of oxides and
mixed oxides, which could be useful as catalyst sup-
ports or as catalysts. Then, we report the preparation
of a SiO2–TiO2 catalyst, and promising preliminary
tests in the epoxidation of cyclohexene by cumene
hydroperoxide.

2. Background

2.1. Molecular chemistry

The non-hydrolytic condensation between metal
chlorides and metal alkoxides with elimination of
alkyl chloride provides an attractive method to form
the oxide network. This reaction (Eq. (1)) involves the
nucleophilic cleavage of O–R bonds and is, therefore,

influenced by the electronic effects on the carbon cen-
ter. In the case of metals and transition metals, con-
densation occurs at temperatures ranging from room
temperature to about 100◦C. Silicon is less reactive,
and tertiary alkyl or benzylic R groups are needed.
Otherwise, Lewis acids, such as iron or aluminum
chloride, are required to catalyze the condensation.

M–Cl + M–OR → M–O–M + R–Cl (1)

The alkoxy groups may be produced in situ by the
etherolysis (Eq. (2)) or the alcoholysis (Eq. (3)) of
metal chlorides, which is particularly interesting if the
alkoxide is expensive or is not commercially available.

M–Cl + ROR→ M–OR+ RCl (2)

M–Cl + ROH → M–OR+ HCl (3)

This led us to propose three different non-hydrolytic
routes to oxides and mixed oxides, based on the
condensation between metal or silicon chlorides
with either alkoxides, ethers or alcohols as oxygen
donors. Note that the redistribution of OR and Cl
ligands (Eq. (4)) usually takes place at room temper-
ature. Thus, the true precursors in these routes are
chloroalkoxide species.

M–Cl + M′–OR→ M–OR+ M′–Cl (4)

The kinetics of non-hydrolytic sol–gel appears quite
complicated, and depends on the nature of the element,
the nature of the oxygen donor, and the composition
of the initial chloroalkoxide mixture [38].

2.2. Application to the synthesis
of oxides and mixed oxides

The alkoxide, ether, and alcohol routes have been
used for the preparation of oxides and mixed oxides
with different structures and textures, which well
illustrates the versatility of these methods. In addi-
tion, oxides without hydroxyl surface groups as well
as non-hydrated oxides can be obtained using these
non-hydrolytic routes.

2.2.1. Oxides
Non-hydrolytic sol–gel routes have been used

for the preparation of SiO2 [13,22,39], Al2O3
[16,26,27,40], TiO2 [19,25,38], ZrO2 [17,28], WO3
[17,28], Nb2O5 [17] and Fe2O3 [17]. Moreover,
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non-hydrolytic condensation with elimination of alkyl
chloride was used for the processing of tantalum
oxide films by atomic layer deposition (ALD) and
chemical vapor deposition (CVD) from TaCl5 and
Ta(OEt)5 [41]. Non-hydrolytic condensations could
also be involved in the preparation of mesoporous ox-
ides and mixed oxides (TiO2, ZrO2, Nb2O5, Ta2O5,
Al2O3, SnO2, HfO2, WO3, etc.) using metal chlorides
and alcohols in the presence of amphiphilic block
copolymers as structure-directing agents [42,43].

In the case of silica, it was shown that non-porous,
mesoporous or predominantly microporous silicas can
be obtained depending on the nature of the oxygen
donor and of the catalyst [22].

Conventional sol–gel processing of alumina leads to
pseudo-boehmites that usually crystallize to�-Al2O3
below 500◦C. Non-hydrolytic alumina gels obtained
using the alkoxide route led after calcination to
non-hydrated aluminas, that remained amorphous af-
ter heating for 5 h at 750◦C, while keeping specific
surface areas higher than 300 m2/g [16]. Solid-state
27Al NMR spectra of these aluminas indicated a large
amount of pentacoordinated aluminum sites, which
may be regarded as structural defects giving an ex-
planation for the delayed crystallization. Moreover,
pentacoordinated aluminum sites were evidenced in
the initial solutions, indicating that the presence of
these sites in the gels and in the amorphous alumi-
nas might be directly related to the structure of the
chloroalkoxide precursors [40]. Alumina foams with
exceptionally high porosity and a cellular structure
retained up to 1500◦C were generated by the heat
treatment of crystals of the aluminum chloride iso-
propyl ether complex AlCl3 · iPr2O, leading to the
elimination of isopropyl chloride [26,27].

In the case of titania, non-hydrolytic sol–gel meth-
ods allow the formation of a particular crystalline
structure by varying the nature of the oxygen donor
(ether or alcohol), as do conventional sol–gel meth-
ods by controlling the hydrolysis conditions. Thus,
the reaction of diethyl ether with TiCl4 at 110◦C af-
fords anatase, which begins to convert into rutile only
around 950◦C. On the other hand, the reaction of
TiCl4 with ethanol leads to rutile as early as 110◦C,
whereas the reaction of tertiobutanol at 110◦C leads
to the formation of brookite, which is a quite uncom-
mon phase in synthetic products [19]. Quite recently,
anatase nanocrystals with no surface hydroxyl groups

have been prepared at 300◦C in heptadecane using the
alkoxide route in the presence of a passivating agent
(trioctylphosphine oxide) [25].

2.2.2. Mixed oxides
One of the main asset of our non-hydrolytic

sol–gel routes is that they allow a very simple prepa-
ration of mixed oxides. Many systems have been
investigated, including SiO2–ZrO2 [18], SiO2–TiO2
[18,23], SiO2–Al2O3 [23,40,44,45], TiO2–Al2O3
[20,30], TiO2–ZrO2 [21,29], V2O5–Nb2O5 [31],
V2O5–SiO2–Nb2O5 [31], ZrO2–WO3 [28] and NA-
SICON (Na3Zr2Si2PO12) [46]. Non-hydrolytic con-
densation was also used to deposit aluminosilicate
films on graphite surfaces or to prepare V–Ti–Si cat-
alysts by surface modification of a silica support with
VOCl3 and Ti(OiPr)4 [47] or to grow Li2O–Nb2O5
films on MgO or LiTaO3 substrates [48].

Owing to the redistribution reactions, the chloride
and alkoxide groups are bonded to the different metal
centers. Thus, both heterocondensation and homocon-
densation may occur, leading to a mixture of M–O–M′,
M–O–M, and M′–O–M′ bridges. It is assumed that
non-hydrolytic routes lead to better control over the
molecular level homogeneity and composition than
hydrolytic routes. This could be due to a leveling of
the heterocondensation and homocondensation rates,
related to the mechanism of these reactions and the
use of non-aqueous media, which allows the forma-
tion of a high level of mixed M–O–M′ bridges. For
instance, although the non-hydrolytic condensation
around silicon atoms is quite slow in the absence of
a zirconium, it is efficiently catalyzed by the Lewis
acid zirconium species. As a result, SiO2–ZrO2 mixed
oxides prepared by the alkoxide or the ether route
appeared highly homogeneous: they remained amor-
phous after calcination at 600◦C for 5 h, and29Si
NMR spectroscopy clearly showed the presence of
numerous Si–O–Zr bridges in these glasses [18].

The proof of the homogeneity of a SiO2–TiO2
sample containing 5 mol% TiO2 was provided by
the direct crystallization at 900◦C of single phase
cristobalite. The cell parameters were slightly higher
than those of pure silica cristobalite, showing the
formation of a solid solution of titania in silica, with
Ti4+ ions substituting Si4+ ions at random. On the
other hand, precipitation of anatase was observed for
samples with a high Ti content (20–50 mol% TiO2),
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which are outside the stable glass region. However,
FTIR indicated the presence of Si–O–Ti bonding, and
the anatase to rutile transformation was not observed,
even after 2 h at 1300◦C [18].

In the TiO2–ZrO2 system, the direct crystallization
of ZrTiO4 below 700◦C, without the intermediate for-
mation of TiO2 or ZrO2, may be ascribed to the good
homogeneity of the non-hydrolytic gels [21]. Quite re-
cently, X-ray absorption studies (EXAFS) clearly in-
dicated the presence of Zr–O–Ti linkages in a ZrTiO4
gel prepared by the ether route [29].

Interesting results were observed in the TiO2–Al2O3
system. The definite compound Al2TiO5 is known to
be metastable below∼1180◦C, the stable phases be-
ing TiO2 (rutile) and�-Al2O3 (corundum). Samples
with a Al/Ti ratio of 2, arising from the non-hydrolytic
alkoxide and ether routes, have been found to crystal-
lize above 600◦C as�-Al2TiO5. This result may be
ascribed to the excellent molecular scale homogeneity
of the non-hydrolytic gels that favors the direct crystal-
lization of the metastable Al2TiO5 phase, rather than
the phase separation to the stable rutile and corundum
phases, which would require long-range metal-ion
diffusion [20]. 0.6 TiO2–0.4 Al2O3 catalytic supports
have been prepared by hydrolytic and non-hydrolytic
processes [30]. The authors found that the texture,
the distribution of acid sites, and the crystallization
behavior were influenced by the synthesis method.

Interestingly, in the ZrO2–WO3 system, non-
hydrolytic sol–gel processing allowed the formation
of a new metastable ZrW2O8 polymorph, structurally
related to trigonal ZrMo2O8 [28].

NbVO5 micrometric crystallites have been recently
obtained from NbCl5 and VO(OiPr)3. These crys-
tallites and an amorphous V–SiO2–Nb mixed oxide
showed interesting performances as catalysts in the
oxidative dehydrogenation of propane [31].

3. Experimental

All manipulations were performed under an argon
atmosphere using standard Schlenck techniques and
an inflatable glovebox. Elemental analyses were per-
formed by the “Service Central d’Analyse du CNRS”
at Vernaison, France. Si and Ti content were deter-
mined by inductively coupled plasma (ICP) from
aqueous solutions. X-ray powder diffraction was used

with Cu K� radiation to identify the oxide phase af-
ter thermal treatment (Siefert MZ IV diffractometer).
The IR spectra of the solids in KBr pellets (2.6 mg
xerogel powder in 165 mg KBr) were recorded on a
Perkin Elmer 1600 series FTIR spectrophotometer.
N2 adsorption–desorption experiments were per-
formed at 77 K using a Micromeritics ASAP 2010.
Thermal analysis was performed in dry air, at a heat-
ing rate of 10 K min−1, on a Netzch STA 409 ther-
mobalance. Epoxidation reactions were monitored
by gas chromatography (GC) (FID) using a Hewlett-
Packard chromatograph, an HP-5 (DB-5 type)
diphenyl (5%)–dimethylsiloxane (95%) column(30 m
×0.25 mm×0.25�m), nitrogen as carrier gas (11 psi),
injector temperature 190◦C, detector temperature
260◦C. Nonane was used as an internal standard. As-
signment of products was made by comparison with
authentic samples analyzed under the same conditions.

Si(OiPr)4 was prepared according to the literature
procedure [49]. SiCl4 (Acros 99.8%) and Ti(OiPr)4
(Lancaster 97%) were distilled before use. Toluene
(Prolabo normapure) was dried and degassed before
use. Isopropanol (Carlo Erba 99.7%), cyclohexene
(Lancaster 99%), nonane (Aldrich 99%), and cumyl
hydroperoxyde (Lancaster, tech. 80%) were used as
received.

3.1. Preparation of the catalysts

The SiO2–TiO2 mixed oxide was prepared accord-
ing to the literature procedure [18]. SiCl4 (6.87 g,
40.4 mmol), Si(OiPr)4 (8.74 g, 33.1 mmol) and
Ti(OiPr)4 (2.10 g, 7.39 mmol) were added succes-
sively with a syringe into a Pyrex ampoule connected
to a schlenck line. A limpid, colorless solution formed
on shaking. The ampoule was then sealed and kept
for 4 days at 110◦C in a oven. A yellow transparent
monolithic solid was obtained, together with a limpid
colorless liquid, which proved to beiPrCl (1H-NMR
(CDCl3 δ ppm): 4.23(sept. 1H) 1.55 (d 6H)). The
sealed tube was opened under argon in a glovebox, the
solid filtered off, washed three times with dry CH2Cl2
and dried under vacuum at 110◦C for 6 h, leading after
crushing in a mortar to a light orange xerogel powder.

Calcination in dry air at 550◦C for 2 h led to a white
powder (weight loss 17.7%).

Anal. Calc.: Ti, 7.13 wt.%; Si, 41.12 wt.%. Found:
Ti, 7.0 wt.%; Si, 39.4 wt.%.
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For comparison, Shell epoxidation catalyst [50] was
prepared by surface modification of silica (Degussa
Aerosil 200) with Ti(OiPr)4 modified by acacH and
calcined in dry air at 600◦C as described in the liter-
ature [37].

Found: Ti, 0.9 wt.%.

3.2. Epoxidation procedure

Fifty milligrams of catalyst was added to a 50 ml
two-necked round-bottom flask fitted with a con-
denser that had previously been evacuated and filled
with argon three times. Toluene (Prolabo norma-
pure, dried and degassed) (5 ml), cyclohexene (2.5 ml,
24.7 mmol), and nonane (0.25 ml) were added by sy-
ringe through a septum. After equilibration for 10 min
at the reaction temperature (65◦C), cumyl hydroper-
oxyde (0.92 ml) was added by syringe to the stirred
solution. Aliquots (ca. 0.25 ml) were removed from
the reaction mixture by syringe, filtered and analyzed
by GC.

4. Results and discussion

4.1. Preparation and characterization
of the mixed oxide

A SiO2–TiO2 mixed oxide with a nominal TiO2
content of 10 mol% was prepared by the alkoxide

Fig. 2. N2 physisorption isotherms (77 K) on the calcined SiO2–TiO2 mixed oxide. (�) Adsorption; (�) desorption.

Fig. 1. FTIR spectrum of the calcined SiO2–TiO2 mixed oxide.

route, according to the idealized equation [18]:

5.5 SiCl4 + 4.5 Si(OiPr)4 + 1 Ti(OiPr)4

→ 10 SiO2 · TiO2 + 22iPrCl

The only byproduct detected wasiPrCl, indicating
that gelation originated from non-hydrolytic conden-
sation. The oxide obtained after calcination at 550◦C
for 2 h was amorphous, according to X-ray diffrac-
tion. Elemental analysis showed a TiO2 content of
9.4 mol% (7.0 wt.%), in good agreement with the
expected one (9.1 mol%).
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The FTIR spectrum of our sample in the 1400–
700 cm−1 range (Fig. 1) exhibited three broad bands
typical of silica at 1200, 1078 cm−1 (TO and LO
modes of the asymmetric Si–O–Si stretching vi-
bration), and at 797 cm−1 (symmetric Si–O–Si
stretching vibration) [2]. In addition, an intense
band is observed at 950 cm−1. This band has been
ascribed to a vibration involving SiO4 tetrahedra
bonded to a four-fold coordinated titanium atom
[9,18,34,51]. The high intensity of this band in our
material is in favor of a large amount of Si–O–Ti
linkages.

The N2 adsorption–desorption isotherm of the
SiO2–TiO2 mixed oxide (Fig. 2) was of type IV, ac-
cording to the BDDT classification [52]. The specific
surface area determined by the BET method [53]
was SBET = 780 m2 g−1. The total pore volume at
P/P0 = 0.99 wasV p = 0.54 cm3 g−1, which gave
a mean pore diameterDp = 4V p/SBET = 2.8 nm.
According to thet-plot analysis [54] in the 3.5–5 Å
range (Harkins and Jura standard isotherm) [55],
the micropore volume was quite low (0.01 cm3 g−1).
The pore volume and the specific surface area of
mesopores in the 2–50 nm range (determined by the
BJH method [56] from the desorption branch) were
V meso = 0.37 cm3 g−1 and Smeso = 480 m2 g−1.
Comparison of these values withSBET and Vp
suggests the presence of significant microporosity.
The BJH pore size distribution indicated the pres-
ence in our material of pores with diameter lower
than 4 nm.

Table 1
Results obtained for the epoxidation of cyclohexene with different SiO2–TiO2 mixed oxide catalysts and the Shell catalyst

Catalyst (wt.% Ti) (mg) Ti (mmol) Cyclohexene
(mmol)

CHP
(mmol)

T (◦C) Epoxide
(%)a

TONb Initial ratec

SiO2–TiO2 (7.0) (50)d 0.0731 25 5 65 91 62 4.8
Shell (0.9) (50)d 0.0094 25 5 65 68 360 2.6
10LT (6.0) (100)e 0.125 77 13.4 60 87 93 6.0
20LT (12.0) (100)e 0.251 77 13.4 60 93 50 7.8
SiO2–TiO2 (15.0) (50)f 0.157 25 5 65 49 15.6 2.8

a Cyclohexene epoxide yield relative to CHP after 2 h.
b mol epoxide (mol Ti)−1 (2 h reaction time).
c mmol epoxide min−1 (g cat)−1 (after 5 min reaction time).
d This work.
e Data from Ref. [57].
f Data from Ref. [37].

Fig. 3. Epoxidation of cyclohexene at 338 K with CHP catalyzed
by calcined SiO2–TiO2 non-hydrolytic mixed oxide (�), the cor-
responding uncalcined xerogel (�) and the Shell catalyst (�).

4.2. Epoxidation of cyclohexene

Our non-hydrolytic SiO2–TiO2 mixed oxide was
tested in the epoxidation of cyclohexene with cumyl
hydroperoxide (CHP) at 65◦C. We found that this
solid was a highly active and selective catalyst for this
reaction. After 2 h at 65◦C, the yield of cyclohexene
oxide (relative to CHP) was higher than 90% (Fig. 3).
In another experiment, we showed that the reaction
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stopped when the oxide was filtered off after 30 min,
indicating that the catalysis is truly heterogeneous.

Interestingly, the xerogel (before calcination) dis-
played a significantly lower activity than the oxide
(after calcination), whereas Baiker and coworkers
[57] reported that their uncalcined aerogel samples
was slightly more active than the calcined ones. Actu-
ally, our xerogel showed practically the same activity
(on a weight basis) than the Shell catalyst (Fig. 3)
Comparison of our non-hydrolytic mixed oxide with
other SiO2–TiO2 mixed oxide catalysts [37,57] is
given in Table 1. In the case of our calcined xero-
gel, both epoxide yield and initial rate appear nearly
as good as those reported by Baiker and cowork-
ers [57] for a calcined aerogel sample containing
6 wt.% Ti.

In addition, it must be noted that the preparation of
our catalyst is quite straightforward, requiring only a
simple drying procedure instead of semicontinuous ex-
traction with supercritical CO2 [57]. Additional work
is needed to further improve these promising results.
Much remains to be done, such as playing on the na-
ture of the solvent, the Ti content, the non-hydrolytic
route (ether or alcohol instead of alkoxide).

5. Conclusions

Non-hydrolytic sol–gel routes are valuable alterna-
tives to conventional sol–gel routes, as shown here
by the simple preparation of a SiO2–TiO2 mixed
oxide, highly active epoxidation catalyst. These
non-hydrolytic routes have many beneficial features,
such as

• simple syntheses with easily available precursors;
• solvent-free (Si, Ti) or large choice of solvents,
• cheap chloride precursors (ether or alcohol routes);
• low-hydroxyl content or anhydrous oxides;
• excellent control over the molecular level homo-

geneity of multicomponent oxides.

Up to now there have been very few applications of
non-hydrolytic routes in the field of catalysis. How-
ever, given their huge potential in the synthesis of ox-
ides and mixed oxides, exploration of these new routes
for the preparation of catalysts supports and catalysts
should attract increasing attention in the coming years.
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