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Abstract

The tools of sol-gel chemistry allow synthesizing a plethora of functional materials in a controlled
bottom-up fashion. In the field of heterogeneous catalysis, scientists utilize sol-gel routes to design
solids with tailored composition, texture, surface chemistry, morphology, etc. A field of investigations
which shows great promises that of hybrid heterogeneous catalysts. Examples are flourishing to show
that catalysts featuring a combination of inorganic and organic components often display improved
activity, selectivity, or even chemical stability as compared to the purely inorganic counterparts. Yet,
classic sol-gel methods face some well-known limitations — related to the different reactivity of the
precursors and to the high surface tension of water — which complicate the tasks of chemists,
specifically for the synthesis of hybrid catalyst. Non-hydrolytic sol-gel (NHSG) chemistry appears as a
pertinent alternative. Being realized in the absence of water, NHSG routes allow reaching an excellent
control over the solid composition, homogeneity, texture, and on the distribution of the organic and
inorganic components at the nano- and microscales. In this review, we briefly recapitulate the main
types of non-hydrolytic sol-gel routes and we present the modified protocols to hybrid materials. Then,
we present an overview of the non-hydrolytic sol-gel approaches that have been proposed to
synthesize hybrid heterogeneous catalysts. For both Class | and Class Il hybrids, we discuss how the
NHSG preparation has allowed tailoring the key properties that command catalytic performance. From
this panorama, we argue that NHSG has a prominent role to play for the development of advanced
hybrid heterogeneous catalysts.
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o Aliterature review of hybrid heterogeneous catalysts made by non-hydrolytic routes is proposed



1. Introduction

Historically, the development of innovative and efficient heterogeneous catalysts has triggered some
of the most spectacular progress made in industrial chemistry [1]. Key catalyst discoveries have
prompted advance in the production of commodities, specialty, fine chemicals, polymers, fuels, and
also in the field of pollution control [2]. One can for example cite the discovery of Fe-based
formulations catalyzing the synthesis of ammonia, Ni-based catalysts catalyzing hydrogenation
reactions such as the methanation of CO; (Sabatier reaction), or acid catalysts triggering dehydration,
alkylation or cracking reactions. In the petrochemical field, zeolites have played a major role [3]. At the
end of the 20" century, the discovery of mesoporous molecular sieves expanded the field of
applications in catalysis and beyond [4]. Nowadays, an important focus of catalysis science is on the
development of heterogeneous catalysts that can help transition from a petro-based chemical industry
to a bio-based one [5, 6]. In this context, catalysts are designed, not only to crack or modify or add
chemical functionalities to existing hydrocarbon chains (as it is the case in petrochemistry), but rather
to catalyze the removal of oxygen from the highly functionalized molecules that can be obtained from
biomass (dehydration, hydrodeoxygenation, ketonization, decarboxylation, etc.). Moreover, the
catalysts often have to operate in the presence of water, and therefore have to withstand
hydrothermal conditions. Further expanding the library of heterogeneous catalysts available to tackle
the challenges of the 21 century, we currently see a surge in the development of "hybrid catalysts".

Hybrid materials are constituted by organic components intimately mixed at the molecular or
nanoscopic level with inorganic components, mainly metal oxides and derivatives; they have already
found a wide range of applications [7, 8]. Hybrid materials are split into two main classes [9]. Class |
hybrids represent materials where the organic and inorganic components additively exchange weak
bonds (hydrogen, Van der Walls or ionic bonds). In Class Il hybrids the organic and inorganic
components are bonded through strong covalent or iono-covalent chemical bonds. Hybrid catalysts
encompass a.o. surface-functionalized oxides [10], metal organic frameworks (MOF) [11, 12], periodic
organosilicas (PMO) [13], supported organocatalysts [14], enzymes supported on inorganic carrier [15,
16], hybrid chemo-enzymatic heterogeneous catalysts (HCEHC) [17-19], metal complexes supported
onto or encapsulated into inorganic carriers [20], and even encapsulated microorganisms [21]. As it
will be discussed below, hybrid catalysts can feature several types of decisive advantages:
immobilization of highly active and selective molecular catalytic species that can be easily recovered
and reused, tuning of surface polarity to enhance catalyst stability against some specific deactivation
mechanisms, carrying multiple types of active sites for cascade reactions, etc.

Using bottom-up synthesis methods, materials chemists are able to build, brick by brick, advanced
catalytic materials featuring the desired active sites, surface functionalities, texture, and structure [22,
23]. Among those methods, sol-gel chemistry arguably represents one of the most versatile and
powerful toolboxes for the preparation of tailored hybrid materials. In sol-gel chemistry, reactive
molecular precursors in solution undergo controlled inorganic polycondensation reactions that lead to
the formation of suspended oligomers which further reticulate to form a gel [24]. The latter can then
be further processed by drying, calcination, etc. to form solid materials with the desired properties.
Interestingly, the mild reaction conditions that are typically utilized in sol-gel chemistry allow
envisaging the incorporation of organic components in oxides, to obtain Class | or Class Il hybrids [25].
In the family of sol-gel chemistry routes, we argue that non-hydrolytic chemistry offers tremendous



possibilities, in particular for the preparation of heterogeneous catalysts and even more particularly
for the preparation of tailored hybrid heterogeneous catalysts.

2. The principles of non-hydrolytic sol-gel for the preparation of hybrid materials
2.1. The working principles of non-hydrolytic sol-gel

Sol-gel chemistry is most often implemented in hydrolytic conditions. The precursors (metal or semi-
metal alkoxides, halides, complexes (e.g. acetylacetonates), and other salts) are hydrolyzed by water
to form reactive species which can then undergo inorganic polycondensation reactions. While the
method is versatile, hydrolytic sol-gel faces two important limitations. First, hydrolysis and
condensation rates can vary enormously among different precursors. Thus, if a mixture of precursors
is to be used to prepare mixed oxides or hybrids, this kinetic mismatch can result in inhomogeneous
materials. Second, the presence of water — which has a high surface tension — can be problematic for
the preparation of highly porous materials: pores tend to shrink upon drying.

The central concept of non-hydrolytic sol-gel is to switch from classic hydrolytic conditions to non-
aqueous conditions and to use oxygen donors other than water. A French group led by Corriu, Vioux,
and Mutin extended pioneering reports [26-29] in this area and started back in the 1990s to study
condensation reactions between metal chlorides and metal alkoxides resulting in metal oxides. In this
case, the alkoxide was the oxygen donor; no water was used throughout the synthesis. The reaction
rates leveled off, and highly homogeneous mixed metal oxides were obtained. Moreover, volatile
organic solvents and products were easily removed, and thus product drying was streamlined. The
resulting materials were intrinsically mesoporous and exhibited surface areas as high as 1000 m? g™,
This research area has been coined "non-hydrolytic sol-gel," and many new routes to (mixed) metal
oxides have been described with a strong focus on silicates [30-33]. In the following text, we first
summarize the main NHSG reaction pathways with their respective oxygen donors (Section 2.2). Then,
we highlight the modified versions of these protocols leading to hybrid materials (Section 2.3).

2.2. Summary of the main NHSG chemistry routes

Alkyl halide elimination is a reaction between a metal chloride and a metal alkoxide (Equation (1)). This
condensation reaction leads to the formation of M-O-M bonds and, thus, inorganic oxides, while
volatile alkyl chlorides are released as the reaction's volatile organic products. The metal alkoxide
group can also be formed in situ by reaction of metal chloride with ether (Equation (2)),
primary/secondary alcohols (Equation (3)), or to a lesser extent with dimethylsulfoxide (DMSO) [30-
36].

=M-Cl + R-O-M= — =M-0-M= + RCI (1)
=M-Cl + ROR — =M-0-R + RCI (2)
=M-Cl + ROH — =M-0-R + HCl (3)

Alternatively, tertiary alcohols and benzyl alcohol react with metal chlorides to give =M-OH groups
and falkyl- or benzyl chloride in a first step ((Equation (4), note the difference in comparison to the
reaction between primary and secondary alcohol and metal chloride, Equation (3)). The subsequent
condensation reaction then proceeds with the formation of inorganic oxide upon HCl release (Equation
(5)). Thus, the overall balance of the reactions between metal chlorides and alcohols (primary,
secondary, tertiary, and benzyl alcohol) is identical: products are inorganic oxide, HCI, and alkyl
chloride. However, the benzyl alcohol route (Equations (4) and (5)) generally provides monodisperse



crystalline nanoparticles, while the application of primary and secondary alcohols (Equations 1-3)
leads to amorphous and porous materials [37-43].

=M-Cl + CgHsCH,OH — =M-0H + C¢HsCH,Cl (4)
=M-0OH + ClI-M= — =M-0-M= + HCl (5)

Ester elimination (Equation (6)) is the reaction between metal alkoxides and acetates. It was studied
in the 1950s by Bradley as a route to metal trimethylsilyloxides [44]. Later on, Caruso et al., used this
route as a synthetic pathway to mixed metal oxo-clusters [45, 46] and oxides [47, 48]. Recently, it was
discovered that acetoxysilanes condense with trimethylsilyl ester of phosphoric acid in a similar way
providing highly homogeneous silicophosphates and acetic acid esters as organic products [49].

=M-0-R + =M-0C(O)R' — =M-0-M= + RC(O)OR! (6)

Another way to obtain highly porous and homogeneous metallosilicates was described recently as the
acetamide elimination route. Reactions of acetoxysilanes with metal amides provide thoroughly
condensed products based on M-0-M bonds and dialkylacetamide as a volatile organic product
(Equation (7)) [50-55].

=M-NR; + =M-0C(O)R' — =M-0-M= + R'C (O)NR; (7)

Piers-Rubinsztajn reaction (or dehydrocarbon condensation) is the reaction between silanes and silicon
alkoxides giving rise to Si-O-Si bonds and an alkane (Equation (8)). It is catalyzed by
tris(pentafluorophenyl)borane and utilized mainly in the targeted synthesis of well-defined siloxane
polymers [56-60].

=M-H + R-0-M= — =M-0-M= + RH (8)

Other recently described condensation pathway giving access to metal phosphates is based on the
condensation between metal amides (particularly AI(NMe;)s) and trimethylsilylated phosphate
(providing aluminophosphate materials upon silylamine elimination, Equation (9)) [61, 62].

=M-NMe; + MesSi-O-P= >=M-0-P= + Me;N-SiMe3 (9)

To the best of our knowledge, there are at least two NHSG routes that have not been used in the
preparation of hybrid materials: (i) ether elimination and (ii) thermal decomposition of
tris(*butoxy)siloxydes [63-65]. This however does not mean that the preparation of organic-inorganic
materials by these two methods would not be possible; the application of suitable precursors could, in
principle, provide hybrid materials.

2.3. NHSG routes to hybrid materials

Class | hybrids formation in NHSG has been reported in several ways (Scheme 1): (i) the addition of a
"spectator" species (e.g. organometallic species or metal complex) to the synthesis medium (a few
examples are gathered in Scheme 1a); (ii) the addition of an organic polymer (e.g. surfactant) into the
reaction mixture (Scheme 1b); (iii) the in situ formation of two interpenetrating polymer backbones
(inorganic and organic, Scheme 1c). The first strategy typically results in the encapsulation of the
organic species or complex into the inorganic matrix [66-76], whereas the second and third strategies
mostly involve sacrificial pore-generating agents used to control the material texture (see below).
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Scheme 1: Compounds used for preparation of Class | hybrids by NHSG: (a) organometallics and metal complexes,
(b) pore generating agents, and (c) twin polymerization precursor and schematic mechanism of twin
polymerization.

In this regard, the gels that are obtained by the NHSG routes described in Section 2.2 in the presence
of an organic template (e.g. surfactant micelles) [50-53, 55, 77-79] must be considered as Class |
hybrids. The most popular is the application of block copolymers based on polyethylene oxide and
polypropylene oxide units as depicted in Scheme 1b, however other polymers (e.g. chitosan [78, 79])
were applied as well. Obviously, if such a hybrid material is further calcined to eliminate the sacrificial
template and create pores in the final catalysts, the latter is no longer a hybrid.

A similar classification applies to materials prepared by the so-called twin polymerization developed
by Spange et al. (Scheme 1c) [80-82]. This preparation route is based on the reaction of a well-defined
metal-containing monomer leading to interpenetrating composite networks consisting of metal oxide
and a polymer. These Class | hybrids are however usually transformed into purely inorganic materials
by calcination, leading to high surface area (mixed) metal oxides and nanoparticles, such as SiO; [82],
TiO, [81], Sn0,—SiO, [83], ZrO,—HfO, [84], B,0s—Si0, [85], nitrogen-doped carbon (after SiO, removal
by NaOH) [86], etc. Alternatively, Niederberger and co-workers obtained hybrid tungsten oxide-
polybenzene monoliths by reacting tungsten(VI) isopropoxide with benzyl alcohol [87]. Rather than
forming a suspension of crystalline tungsten oxide nanoparticles via the benzyl alcohol route (see
Equations (4)-(5)), the isopropoxide ligand was exhanged with benzyl alcohol to form isopropanol and
tungsten benzyl alcoholate which then condensed to form W—O—-W bonds and dibenzyl ether (ether
elimination route). The formed tungsten oxide nanoparticles then catalyzed the polymerization of the
dibenzyl ether residues into polybenzene. The resulting monolithic material, which can be referred to
as a Class | hybrid, was composed of the tungsten oxide nanoparticles embedded in the forming
polymer.

Class Il hybrids can obviously be prepared by post-synthetic grafting of purely inorganic oxides
obtained via the NHSG pathways presented in Section 2.2 [88, 89]. It is noteworthy that the surface
chemistry does not solely depend on Si-OH groups as in the case of hydrolytic sol-gel chemistry, but



on the contrary can be very rich (depending on the precursors and synthetic procedure used) and allow
for targeted modification of selected sites [89].

Alternatively, the synthetic routes presented in Section 2.2 can be modified to incorporate "hybrid
precursors" (Scheme 2) that will ensure the one-pot introduction of organic moieties into the network
of the materials. In that case, the choice of the precursors will depend on the synthetic route applied
and the organic groups attached.
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Scheme 2: Precursors applied for preparation of Class Il hybrid materials via NHSG: (a) organosilanes with 1-3
terminal organic groups, (b) bis(silanes) bridged by various two-functional organic moieties, and (c) terminal and
bridging phosphonate species.

In the case of alkyl halide elimination (Equation (1)), the incorporation of organic groups via stable Si—-C
bonds in commercially available alkyl-/aryl-chlorosilanes and alkyl-/aryl-alkoxysilanes is
straightforward (Scheme 2a) [90-92]. Other strategies employing phosphonic acids and their
derivatives (alkyl esters and chlorides) were also presented and led to hybrid metal phosphonates [93-
97]. Similarly, organic groups were successfully embodied into the metal phosphonate materials via
stable P-C bonds producing nanoparticles in the case of benzyl alcohol route (Scheme 2c, see also
Equations (4)-(5)) [98, 99]. The benzyl alcohol route was also used to prepare ordered lamellar hybrid
materials composed of crystalline rare earth oxide layers separated by intercalated organic benzonates
or biphenolate moieties coordinated to the rare earth atoms via carboxylate functional groups [100].

NHSG routes that depend on the use of acetoxysilanes (i.e. ester elimination and acetamide
elimination, Equations (6)-(7)) were shown feasible for hybrid materials preparation: alkyl-/aryl-
acetoxysilanes were applied as hybrid precursors. Bridging organic groups increased network
connectivity and were ideal for high surface area materials attainment (Scheme 2b) [50, 89, 101].
Moreover, hybrid silicophosphate materials prepared by ester elimination featured not only organic
groups bound to Si atoms via Si—C bonds but also organic groups attached to P via P-C bonds [101].
These were introduced via trimethylsilylated phosphonates equipped with both terminal and bridging
organic groups. The same family of precursors was used in trimethylsilylamine elimination and
produced hybrid porous aluminum phosphonates (Scheme 2c, see also Equation (9)) [61].



The preparation of hybrid materials is inherent in Piers-Rubinsztajn condensation reaction (Equation
(8)). Indeed, the theoretically possible synthesis of fully inorganic material would require the
application of unstable SiH; as a precursor. On the contrary, the alkyl- and arylsilanes (Scheme 2a)
show higher stability and are therefore applied in Piers-Rubinsztajn (dehydrocarbon condensation)
reactions providing well-defined siloxane polymers. Recently, the condensation between
diphenylsilane and trimethylborate was presented and led to a hybrid borosiloxane resin formation
[60]. The hybrid material was based on —(Si(Ph),-O-B)- moieties, and methane was released upon
condensation.

A dedicated NHSG pathway can be implemented specifically to synthesize Class Il hybrids. The
possibility of reacting inorganic and organic precursors together was reported by Kejik et al. [102] The
reaction between acetoxysilanes and polyfunctional phenols provides highly porous organosilicates,
while acetic acid is eliminated as a condensation product (Equation (10)).

ESI—OC(O)R’ + HO-Raromatic= 2>=Si-O—Raromatic= + R’COOH (10)

Notably, such general ease of organic moieties embodiment via a one-step process is possible in NHSG
due to the application of organic solvents and to the slowing down and leveling of the reaction rates
during co-condensation (not only precursors containing different metals, but also with different types,
sizes, and amounts of organic groups react at similar rates). The reaction rates can be slowed down to
a point where targeted syntheses of organosilane building blocks become possible (Scheme 3) [34, 35,
57, 103-107]. These building blocks can be consequently condensed in a controlled fashion [105, 108-
114], providing targeted nanostructured materials (e.g. well-defined siloxane structures or silica based
hybrids with single catalytic sites).
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Finally, it is noteworthy that the post-synthetic processing of the hybrid gel (for both Class | and I
hybrids) might be markedly different from purely inorganic materials due to the necessity of organic
groups preservation. This is true for both NHSG and classic (i.e. hydrolytic) sol-gel preparation routes.
The volatile organic products of the condensation reactions as well as the unreacted organic groups
can be removed via drying, (reactive) washing, vacuum annealing, or mild calcination (annealing). The
maximum temperatures used in these processes must be carefully chosen to prevent the degradation
of on-purpose incorporated organic groups. As such, hybrid heterogeneous catalysts may often show
lower thermal stability as compared to purely inorganic counterparts, and this should be taken into
account during catalyst preparation and operation. A stark organic groups thermal stability
dependence on operating conditions (temperature, atmosphere, etc.) has been shown recently in the
case of phenylene bridges in silsequioxanes: while it is known that these groups are stable up to 550 °C
in dry air, this thermal stability limit dropped down to 400 °C upon introduction of 6.25 mol% of Al or
Nb (based on Si). Moreover, the Si-C bond's hydrolysis was observed at a temperature as low as 205
°C when the metal-doped silsesquioxane materials were exposed to the moist atmosphere [115].

3. NHSG-made hybrid heterogeneous catalysts: review of the literature

Many NHSG-made inorganic catalysts have been reported in the literature, often showing enhanced
performance in a wide range of catalytic applications, such as for example olefin metathesis [116-118],
alkene epoxidation [51, 54, 119], oxidation of sulfur compounds [120], dehydration of bio-alcohols
[55], transformation of ethanol to 1,3-butadiene [121], total oxidation of volatile organic compounds
[122], aminolysis and alcoholysis of epoxides [50, 52, 53], a-methylstyrene dimerization [77], reduction
of nitrogen oxides by hydrocarbons (HC-SCR) [123, 124], methane dry reforming [78],
hydrodeoxygenation of model lignin monomers [118]. As stated above, the conditions of NHSG
synthesis allow expanding the list to hybrid catalysts, and this field is currently emerging as a new land
of opportunities. Table 1 and 2 gather the examples of hybrid heterogeneous catalysts prepared by
NHSG discussed in this account (Class | and I, respectively).

3.1. Encapsulation of organometallics and metal complexes (Class | hybrids)

Class | hybrid heterogeneous catalysts prepared by non-hydrolytic sol-gel refer to the encapsulation of
organometallics and metal complexes inside inorganic xerogels (Table 1). In such approach, the
heterogeneization of the organic component is performed whilst the support is synthesized (see one
example in Figure 1a).



Table 1: Survey of the literature for NHSG-made Class | hybrid heterogeneous catalysts.

Type of hybrid catalyst Organic component ? Inorganic Targeted Observation Refer
component catalytic ence
reaction
Cp2ZrCly, ("BuCp),ZrCly, Metallocene
('BuCp)2ZrCly, retained in the [70,
(tBuCp)2ZrCl,, Cp,TiCly, SiO, solid despite the 76,
Cp2HfCl,, Etind,ZrCly, absence of 125]
Et(IndHg4),ZrCl, covalent bonds
. Charge balance
SIOZ—MOX .
. on Zr influenced [66,
(MOX = TIOz, )
by physico- 68,
CFO3, MOOg, )
WO3) chemical 69]
Encapsulation of 3 Ethylene properties of the
metallocenes in SiO; and polymerization | (hybrid) xerogels
metalosilicates
R-SiO, P Tuneabe polymer [67]
Cp2ZrCl, properties
Positive impact
on diffusion and
Dual-shell .
. protection of [71,
SIOz . .
active sites 126]
structures i
against
deactivation
Oxidation of
cyclooctene,
Fe(lll) and Mnfl styrene and Enhanced active 73
e(llf) and Mn(ll) cyclohexane site accessibility 73,
porphyrin 75]
Encapsulation of metal e Bae.yer-.\/llhger Resistance against
complexes in Al,03 23 oxidation of leaching, chemical
cyclohexanone degradation,
and/or
Mn(salen) (Jacobsen . ./ .
L dimerization [74]
catalyst) Epoxidation of
cyclooctene
Ni(Il) tetraazacomplex [72]

2For conciseness, this column showing the part of the hybrid that contains the organic moieties is called “organic
component” even though the organic moieties are actually brought by metal complexes or organometallic
species.

b In these particular cases, the metal complex is encapsulated in a Class Il hybrid material (R = methyl-, octyl-,
octadecyl-, vinyl-, phenyl-, chloropropyl-, iodopropyl-, glycidoxypropyl-). Yet, since the catalytically active species
is the metallocene complex - which is not chemically bound to the oxide surface but just entrapped - we propose
to discuss them together with Class | hybrid catalysts.

Dos Santos and co-workers showed that metallocene complexes (Table 1, see also Scheme 1a) — which
are used as catalysts for ethylene polymerization — can be advantageously encapsulated in silica-based
matrices prepared by NHSG alkyl halide elimination route by simply adding the metallocene to the gel
precursor solution (Figure 1a) [76]. The latter is typically composed of SiCls, tetraethyl orthosilicate
(TEOS) and a small amount of FeCls (catalyst of the sol-gel reactions). The gelation is carried out under



argon at 70°C to avoid the thermal degradation of the metallocene, and the resulting gel is successively
washed and dried under vacuum [70]. The final metallocene content in such hybrids varied from 0.27
wt.% [70] to 3.54 wt.% [67].

Classic (hydrolytic) sol-gel routes are generally not compatible with the immobilization of metallocene
catalysts due to the chemical lability of the complex. For example, in the case of bis(cyclopentadienyl)
zirconium dichloride (Cp2ZrCl,), a large number of Zr-bidentate species — in which the labile ligand Cl is
absent — are formed when entrapped in SiO; prepared through hydrolytic sol-gel processes because
the latter features a high surface density of Si-OH groups [127]. The absence of the labile Cl ligand
prevents the formation of the active polymerization centers, which are generated through alkylation
of the complex in a reaction with methylaluminoxane (MAO) used as co-catalyst. A possible solution
to this issue is to remove the -OH groups from the silica surface by applying a thermal treatment at
high temperature (e.g. 723 K) [127]. More advantageously, the metallocene can be directly
encapsulated through NHSG (Figure 1a). Effective one-step immobilization was demonstrated at mild
temperatures without compromising the chemical structure of the complex and thus its catalytic
properties [68, 70]. DR UV-visibile spectroscopy provided evidence of the integrity of Cp.ZrCl, and
Cp.TiCl, chemical structures inside hybrids by identifying bands which could be assigned to ligand
metal charge transfers (LMCT) CI->M and Cp>M (M =Zr, Ti) [76, 125].
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WCls b)

FeCl; Cp,ZrCl,
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Figure 1: a) Schematic illustration of the immobilization of Cp2ZrCl. in mixed oxides synthesized by NHSG. b)
Catalytic activity of Cp2ZrCl> encaspulated in SiO2, SiO>~TiO2 and SiO>-WOs as a function of the Al/Zr ratio.
Adapted with permission from [66] and [69].

The porosity of the xerogels prepared by the alkyl halide elimination route favors interactions between
the metallocene and the oxide surface [69]. In some cases, these interactions may change the
electronic properties of the Zr center and thus affect the catalytic properties of the metallocene
complex. Fisch et al. reported that the insertion of W or Ti in SiO; (via the addition of WCle or TiCl, to
the gel precursor solution) stabilized the encapsulated Cp,ZrCl, complex through interactions with
Lewis acid sites. This resulted in a reduction of the electron density on Zr as compared to the
homogeneous complex [68, 69]. Such change in the electronic structure allowed the polymerization to
occur at low concentrations of co-catalyst (expressed in terms of Al/Zr ratio, see Figure 1b) as
compared to Cp,ZrCl, encapsulated in SiO; [69]. Such reduction of the amount of co-catalyst is
beneficial to the ethylene polymerization process as it may cut down the costs and generate lower
amounts of aluminum residues in the polymer material [67].



Later on, Bernardes et al. extended the study of binary oxides as supports for Cp,ZrCl; to SiO—CrOs
and SiO,—Mo0Os (Figure 1a) [66]. Interestingly, the authors found out that the reduction of the electron
density on the Zr centers was not the only factor that governed the catalytic performance. SAXS
experiments revealed that the size of the primary particles composing the xerogel and their degree of
aggregation — which determine pore formation and surface roughness — was affected by the nature of
the metal as well as by the metal content (see Figure 1a). The increase of the surface roughness could
be correlated with an increase of the catalytic activity, suggesting that the active sites were more
accessible in the gels having less condensed structures (SiO,—Mo0Qs; and SiO,—WO3), whereas denser
structures (Si0,—Cr0Os) hindered the access of monomers to the active sites. Based on a deconvolution
of the polyethylene (PE) molar mass distributions, four distinct types of active sites could be identified
in the hybrid catalysts, whereas there was only one in homogeneous Cp,ZrCl,. These additional sites
produced PE with higher average molar mass compared to homogeneous Cp2ZrCl,, as a result of the
internal morphology of the solid catalyst that hindered the occurrence of chain termination reactions.
Based on these results, the authors suggested that PE properties could be advantageously tuned by
changing the solid structure, e.g. by modifying the nature of the metal and/or the metal loading.
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Figure 2: Activity in PE formation (Al/Zr = 500) of Cp2ZrCl: ("Cp") encapsulated in Class Il hybrid silica modified
with various organic groups ("CpCx", with Co = TEOS only, C1 = methyltriethoxysilane, Cs = octyltriethoxysilane,
Cis = octadecyltrimethoxysilane) (brow) or in dual-layered silica structures ("Cpn@Cpm™", with "Cpn" the 1% layer
and "Cpm™" the 2" layer, possibly modified with W Lewis acid sites "w"). Adapted with permission from
reference [71].

Cp2ZrCl, was also encapsulated inside Class Il hybrid silica xerogels obtained by NHSG alkyl halide
elimination route [67]. In that case, SiO, was modified in one-pot using various organosilanes (footnote
of Table 1) directly introduced in the gel precursor solution using a organosilane/SiCls/TEOS molar ratio
of 1:3.3:1.7 (R-Si0,/SiO2 = 0.2). The presence of the organic moieties in these hybrid systems affected
the interactions between the complex and the support, once again affecting the charge balance on Zr
in a way that promoted PE formation (Figure 2). The introduction of the organic groups led to the
suppression of the active sites responsible for generating long polymeric chains. The polymers
produced with the complex encapsulated in hybrid silica were thus characterized by lower average
molar mass compared to the polymers obtained with the complex encapsulated in plain silica. Very
recently, the same authors managed to improve the activity and in-operation stability of Cp,ZrCl;,
encapsulated in Class Il hybrid silica by forming dual-layered structures via an iterative sol-gel process



which was claimed to enhance transport properties and protect active sites against degradation and
poisonning (see Figure 2) [71, 126].
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Figure 3: Schematic illustration of the preparation by the non-hydrolytic ether route of metal complex-Al.Os3
hybrid catalysts, here illustrated for the encapsulation of the Jacobsen catalyst (Mn(salen)). Adapted with
permission from reference [74].

Ciuffi and co-workers proposed to exploit NHSG routes (using various ethers or alcohols as oxygen
donors) in order to encapsulate metal complexes used as oxidation catalysts (Fe(lll) and Mn(lll)
porphyrins [73, 75], Mn(salen) [74], Ni(ll) tetraazacomplex [72], Scheme 1a, see also Table 1) in
amorphous alumina (see one illustration for Mn(salen) complex in Figure 3). In 2019, they reported
the immobilization of iron(lll) [5,10,15,20-tetrakis(2,6-dichloro-3-aminophenyl)-porphyrin] complex
(abbreviated FeP) on Al,O; prepared by the alkyl halide elimination route [75]. First, FeP and AICl; were
solubilized in diethyl ether (ether route, Equation (2)), or alternatively in dry ethanol (alcohol route,
Equation (3)), which had the dual function of oxygen donor and solvent. This solution was refluxed for
4h at 110°C (under argon) and the resulting gel was further aged for 24h at room temperature in the
reaction medium. The final hybrid xerogel (Aliconoi-FEP or Aleter-FeP) was obtained after extensive
washing with EtOH/water mixture and drying at 100°C. The experimental loading of ironporphyrin
complex in Al,iconoi-FEP was of 9.62 mg per gram of alumina.

The authors showed that changing the oxygen donor could result in a modification of the solid
morphology as well as of its textural properties (Sger of 309 m? g™* and 100 m? g™* for Al,Os prepared
by the alcohol and ether routes, respectively). Also, the distribution of the organic component in the
solid changed as a function of the oxygen donor. Indeed, the alcohol route generated more hydroxyl
groups at the surface, corresponding to a higher concentration of Brgnsted acidic sites and a higher
surface hydrophilicity. Thus, in the case of Al.iconoi-FeP, the complex was located preferentially on the
surface. According to pyridine adsorption and thermagravimetric analysis, the amount of Brgnsted acid
sites as well as the hydrophilic character of the solids were reversed when FeP was inserted in alumina,
with Alether-FeP being more hydrophilic than Al;iconol-FeP.

The catalytic performance of the homogeneous FeP complex and of the heterogeneous Al-FeP
catalysts were evaluated in the oxidation of cyclooctene, the oxidation of cyclohexene, and the Bayer-
Villiger oxidation of cyclohexanone. Aleher-FeP exhibited lower conversions than Alacono-FeP for the
oxidation of cyclooctene with iodosylbenzene as oxidant which was rationalized by the fact that the
complex is readily available at the surface of the later catalyst. Further, no product was formed at all
when using Alener-FEP as catalyst in the presence of anhydrous hydrogen peroxide. The authors
attributed the absence of activity of Alewmer-FeP with H,0; to the higher acidity of the hybrid catalyst
that deactivated hydrogen peroxide when the latter was used as oxidant. Generally speaking, the



heterogeneous Al.ohoi-FEP catalyst showed higher conversions in the tested reactions compared to
the homogeneous complex. The authors suggested that the FeP complex in its immobilized form was
less hindered than in the homogeneous phase (low solubility of FeP in the solvent), which made the
active sites more accessible to the reactants and contributed to increase the activity. In parallel studies,
encapsulated FeP, Mn(salen) and Ni(ll) tetraazacomplex also exhibited a higher chemical stability as
the presence of the support avoided the chemical degradation of the complexes under catalytic
conditions and/or prevented the formation of less active dimeric complexes [72-74].
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Figure 4: Recycling of the Mn(salen)-Al203 catalyst prepared by NHSG in the oxidation of cyclohexane,
cyclooctene and styrene with 3-chloroperoxybenzoic acid (m-CPBA) as oxidant. Reproduced with permission
from [74].

Owing to the stable interactions between the FeP complex and the support, the Alscono-FeP catalyst
could be reused three times in the oxidation of cyclooctene with anhydrous H,0, without showing any
sign of deactivation or metal leaching. The same behavior was observed for Jacobsen catalyst
immobilized on Al,O3; by NHSG (Figure 4) [74]. On the opposite, similar hybrid catalysts prepared under
hydrolytic conditions or by simple adsorption of the metal complex were prompt to complete metal
leaching under reaction conditions [72, 73], which highlights the importance of NHSG in the
preparation of this type of hybrid materials.

3.2. Organic functional groups incorporated through covalent bonds (Class Il hybrids)

Class Il hybrid catalysts prepared by NHSG refer to oxides and mixed oxides that are functionalized by
pendant or bridging organic moieties which are bonded to the inorganic part of the material through
strong (covalent) bonds.

One of the first example of application of hybrid materials prepared by NHSG and exploited in
heterogeneous catalysis was probably the one reported by Lorret et al. [90] Silica-titania hybrid
materials with Si:Ti ratio of 10 containing MeSiOs; or MesSiO groups were prepared by a co-synthetic
approach via alkyl halide elimination. It is noteworthy that the organic (terminal) groups loadings were
very high (10-60 mol% based on Si) and still the materials were highly porous (930-1060 m? g™%;
0.72-1.28 cm® g™, Figure 5). The synthetic procedure was very simple: one-pot NHSG synthesis
followed by conventional drying. Neither template nor supercritical drying was necessary to produce
these mesoporous materials. Hybrid titanosilicates were used as catalysts for epoxidation of
cyclohexene oxide; their activity was comparable to hybrid silica-titania aerogels (dried under

supercritical conditions) [90].



Table 2: Survey of the literature for NHSG-made Class Il hybrid heterogeneous catalysts.

Type of hybrid catalyst Organic component? Inorganic Targeted catalytic Observation Refer
component reaction ence

Mesoporous hybrid CHsSi, (CH3)3Si TiO>—Si0, Cyclohexene Very high [90]

titania-silica xerogels epoxidation surface areas;

catalytic activity

similar to
aerogels
Grafting of methyl CHsSi TiO>—Si0, Cyclohexene Hydrophobic [88]
groups on mesoporous epoxidation with catalyst more
TiO,—SiO; xerogels H,0; as oxidant stable in the
presence of
water
Highly porous Al and Nb- | Si-CgH4-Si, Al,03, Nb,0s Gas-phase ethanol Hydrolysis of [115]
containing Si—CH,CgH4CH,-Si dehydration to Si-C bonds
organosilsesquioxanes ethylene observed at
205 °C
Methylated CH3-Si Al,03-Si0; Gas-phase ethanol B/L ratio [128]
aluminosilicates dehydration to decreased,
ethylene ethylene
selectivity
increased
Aluminosilicates with CeHsCH,-Si, Al,03-Si0; Gas-phase ethanol Ranking of [129]
various organic groups CF3C3H4=Si, Si—-CH,-Si, dehydration to various organic
Si—-CyH4-Si, ethylene groups in terms
Si—CH,CgH4CH,-Si of their
influence on
ethanol
conversion and
ethylene
selectivity
developed
Lewis acidic single site Si(Me),-C3Hg-Si(Me), | L-Al(SigO20)3, L | Styrene oxide Effect on Al site | [111]
aluminosilicates = pyridine, aminolysis with accessibility
THF aniline
Silicophosphates with Si—-CyH4-Si P4O10 a-methylstyrene Effect on [89]
P-OH groups on the dimerization selectivity
surface
Mixed Ni, Fe CeHs—P NiOsg, FeOg Electrocatalytic water | Coordination [98]
phenylphosphonates octahedra oxidation octahedra
distorted,
activity
improved

@ This column showing the motives that contain the organic moieties of the hybrid is simply called “organic
component” for conciseness, but explicitly shows how the organic group is covalently bound to an inorganic
element (e.g. Si, P) of the material matrix.
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Figure 5: N> adsorption-desorption isotherms of hybrid titanosilicates. Sample labels describe molar ratios of
particular gel components (Ti stands for TiCls, Q stands for SiCls; T stands for CHsSiCl3; M stands for MesSiCl).
Total Si:Ti ratio is always 10. Reprinted with permission from [90]. Copyright (2006) American Chemical Society.

Later on, Smeets et al. showed that the post-synthetic hydrophobization of NHSG-made mesoporous
TiO>—SiO; epoxidation catalysts could lead to an improvement of the catalyst stability in the presence
of an excess of water in the solvent (Figure 6) [88]. More particularly, a purely inorganic TiO,—SiO,
xerogel was impregnated with a solution composed of methyltrimethoxysilane dissolved in water-
saturated toluene. After 48h, the solid was heated at 90°C for 1 h, washed successively with toluene
and pentane, and dried overnight at 120°C under vacuum. The resulting material showed a lower water
adsorption (0.52 mg m™) than the pristine catalyst (1.70 mg m™2) confirming a lower hydrophilicity.
The enhanced stability of this catalyst was interpreted in terms of a repelling of water molecules from
the active sites. Thus, this hybrid catalyst was more resistant to poisoning and showed higher
selectivity values in the epoxidation of cyclohexene with H,0, as oxidant (see Figure 6). However, the
one-pot methylation of the xerogel resulted in this case in a lower porosity and lower amounts of
accessible active sites. Accordingly, the latter catalysts showed low performance in epoxidation despite
the enhanced hydrophobic character (water adsorption of ca. 0.4 mg m™2).
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Figure 6: Effect of post-synthetic methylation on the selectivity of TiO>—SiO; catalysts prepared by NHSG used in
the epoxidation of cyclohexene with H20: in the presence of a large excess of water (T = 60°C, 2h reaction time,
solvent = acetonitrile/water 75:25 (v/v)) [88].



Gas-phase hydrothermal stability and catalytic ethanol dehydration were studied in porous
organosilsesquioxanes prepared in one-pot by alkyl halide and acetamide elimination (surface area up
to 880 m2 gt with pore volume of 1.4 cm3 g) [115]. These materials were composed exclusively of
01.5Si-CeH4—Si01 5 units (i.e. silsesquioxanes). While thermal stability of materials containing phenylene
bridges has been shown excellent in dry air atmosphere (up to 550 °C, similar to other reports on
organosilsequioxanes prepared by hydrolytic sol-gel) [130], the degradation occurred at much lower
temperature in the presence of moist air (345 °C). The extent of hybrid materials degradation was
reflected mainly in the hydrolysis of Si-C bonds, which was revealed by the evolution of benzene in
reaction conditions (GC-MS, Equation (11) and (12)), by a mass loss in TGA, and by the formation of Q
sites detected in 2°Si MAS NMR spectra (Figure 7). In order to introduce acid sites, these materials were
doped with Al or Nb. In this case, the hydrolysis of Si-C bonds, the consequent benzene release, and
the transformation of T sites (CSiOs) into Q sites (SiO4) have been observed at a temperature as low as
205 °C, while the corresponding metal free silsesquioxane was markedly more stable (Figure 7).
Noteworthy, the stability of Al- and Nb-doped organosilsequioxanes was markedly improved upon
switching from phenylene to xylylene bridges (01.5Si-CH,—-CsHsa—CH>-SiO15); the Si—-Caiiphatic bond proved
to be more stable against hydrolysis than Si-Caromatic bond. The aluminum doped hybrid material based
on xylylene bridges performed gas-phase ethanol dehydration to ethylene with a maximum stability
limit of 350 °C without an obvious degradation [115].

01.5Si-CgH4-SiO1.5 + H,0 -015Si-CgHs + HO-SiO1 5 (11)

01.5Si-CeHs + H,0 >01.5Si-OH + CsHe (12)
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Figure 7: 2°Si MAS NMR spectra of metal free silsesquioxane (left) and Al-doped silsesquioxane (right) after
various treatments (as prepared —i.e. dried in a flow of dry nitrogen at 250 °C, after hydrothermal treatment
at 250 °C, and after calcination at 400 °C). Both materials were composed of 01.5Si—-CeHs—SiO15 units.
Observation of Q sites (i.e. SiOs units) indicate Si-C bonds rupture (i.e. hybrid material degradation).
Reproduced with permission from [115].

In a follow up study, the focus was put on hybrid catalysts having a lower organic groups content
(0-10 mol% based on Si) and possessing more stable Si—Caiiphatic bonds. In this case, the hybrid materials
were prepared in one-pot through the introduction of CHs-Si groups and were very similar to purely
inorganic benchmark catalyst in terms of porosity (250-290 m? g?), internal structure (IR and MAS
NMR spectroscopy), and surface properties (as probed by XPS and ToF-SIMS) [128]. Surprisingly,



hydrophobicity was not strongly affected by the introduction of organic groups; all aluminosilicate
catalysts remained highly hydrophilic (as measured by water sorption experiments and by contact
angle measurements). Nevertheless, the increasing CH3-Si groups content caused a marked decrease
of Si-OH moieties concentration in hybrid aluminosilicates (as revealed by IR spectroscopy). A lower
amount of Si-OH groups available for formation of Brgnsted acid pseudo-bridges (Si-O(H)...Al) led to
the alteration of the surface acidity: while the total number of acid sites remained similar in hybrid and
purely inorganic catalysts, the acid sites were mostly Lewis in nature in hybrid aluminosilicates. On the
contrary, the purely inorganic bechnmark catalysts exhibited a higher fraction of Brgnsted acid sites.
In the gas-phase dehydration of ethanol, the ethylene yields were improved when applying hybrid
catalysts mainly owing to the higher ethylene selectivity (Figure 8). The improvement in ethylene
selectivity was correlated with the number of Lewis acid sites, which increased upon organic groups
introduction at the expense of Brgnsted acid sites. Moving further, a dedicated synthetic strategy was
proposed, based on the delayed Al addition into the reaction sol. This led to a two-fold increase in the
acid site concentration and consequently to a marked ethanol conversion improvement. The high
ethylene selectivity was preserved thanks to the presence of the CH3-Si groups and the associated high
proportion of Lewis sites. Such finely tuned methylated aluminosilicate catalyst provided ethylene
yields rivalling HZSM-5 [128].
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Figure 8: Comparison of ethylene and diethylether yields exhibited by pure inorganic benchmark aluminosilicate
catalyst and by hybrid aluminosilicate catalysts with increasing content of CH3-Si groups (1 MeSi, 2 MeSi, and 3
MeSi) and with varying incorporated organic groups (1 PhCH2Si and 0.5 SiXySi stand for terminal benzyl- and
bridging xylylene groups, respectively). The Si:Al ratio (16) was kept constant within the sample series.
Diethylether and ethylene were the only products of gas phase ethanol dehydration and therefore their sum
accounts for ethanol conversion. Data taken from Styskalik et al. [128, 129]

The choice of organic groups used to modify aluminosilicate catalysts was broadened in a follow up
study [129]. In addition to pendant methyl groups, pendant benzyl and trifluoropropyl groups as well
as bridging methylene, ethylene, and xylylene moieties were incorporated into aluminosilicate
materials via co-condensation in one pot (alkyl halide elimination) with a nominal content of 6.25 mol%
(based on Si). All samples were porous, highly hydrophilic, and Al was homogeneously distributed
within the bulk of the materials with no obvious alumina cluster formation (*’Al MAS NMR).
Nevertheless, the samples containing aromatic groups (both terminal benzyl and bridging xylylene)
exhibited slightly better Al-Si mixing in the top surface layer (ToF-SIMS) and higher total acid site
numbers (IR-pyridine). These two samples exhibited better catalytic performance than purely
inorganic benchmark: the ethylene yields were improved mainly due to the higher ethylene selectivity
(Figure 8, samples 1 PhCH,Si and 0.5 SiXySi). This was again connected to a higher Lewis acid site



numbers in hybrid aluminosilicates. The catalysts modified with methylene and ethylene bridging
units, however, performed slightly poorer. The influence of sample hydrophilicity/hydrophobicity on
catalytic performance seemed improbable as no correlation was observed between the two
parameters. Instead, the lower performance could be correlated with a lower number of surface acid
sites. All in all, this study estimated a "ranking" in a variety of organic groups in terms of their effect on
gas-phase ethanol dehydration to ethylene; ethylene yield was decreasing in this order: bridging
xylylene = pendant methyl > pendant benzyl > bridging methylene = inorganic benchmark (no organic
groups) > bridging ethylene [129].

The choice of organic bridges decisively influences active site accessibility, as it was shown in a study
working with Lewis acid single site aluminosilicate catalysts [111]. Well-defined catalytic sites based
on Al atoms connected via three Al-O-Si bridges and with the fourth coordination site occupied by
neutral base ligand (THF or pyridine) were kept isolated thanks to their direct bonding to bulky SisO20
siloxane building blocks (Figure 9, Dose 1). These "silicate cubes" were further cross-linked by different
chlorosilanes in order to create porous materials (Figure 9, Dose 2): dichlorodimethylsilane, 1,2-
bis(chlorodimethylsilyl)ethane, and 1,3-bis(chlorodimethylsilyl)propane. All synthetic steps were
performed in strictly anhydrous conditions. The accessibility of catalytic sites was studied by a simple
"titration" experiment based on ligand exchange on Al atoms (THF for pyridine, Equation (13)) followed
by *H NMR spectroscopy. While a weaker base ligand coordinated to Al site (Figure 9) could be
completely exchanged for a stronger base in materials cross-linked with flexible
0Si(Me),—-CsHg—Si(Me),0 and 0OSi(Me),—-C;Hs-Si(Me),0 bridges, the same ligand exchange reaction
occurred only partially in hybrid aluminosilicates cross-linked with the shorter Me;SiO, units. This
showed that not all Al sites were accessible when a small and rigid cross-linking unit was applied. These
observations correlated well with catalytic activity in styrene oxide aminolysis with aniline: the better
the Al site accessibility, the higher the catalytic activity. All catalysts exhibited a selectivity close to
100 % to the expected Markovnikov product of the catalytic reaction [111].
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Figure 9: Reaction procedure based on sequential dosing providing Lewis acid single site aluminosilicate catalysts
with targeted coordination number and connectivity to siloxane matrix. Adapted with permission from [111].

(=Si-0)3sAI- THF + 2 Py —(=Si-0)3Al-Py + THF + Py (13)

Hybrid silicophosphate materials containing Si-C or P-C linkages were prepared by ester elimination
reaction [101]. The introduction of organic groups bound to Si atoms had a marked effect on the
structure of these materials: octahedrally coordinated Si atoms were not observed in the hybrid



materials (Figure 10, left) in contrary to purely inorganic samples. At the same time, the porosity
changed significantly: while inorganic materials were microporous, the hybrids containing Si—-C bonds
were mostly mesoporous. Hybrid silicophosphate with Si-C,Hs-Si moieties was chosen for further
surface grafting and catalytic performance studies and compared to the inorganic silicophosphate
benchmark. The surface of both hybrid and inorganic silicophosphate materials was grafted and/or
reacted with a number of chemicals including hexamethyldisiloxane, benzyltrichlorosilane, SiCls,
methanol, water, AICl3, AlMes, A(NMe3)s, and POCI; [89]. The controlled hydrolysis reactions created
acidic P-OH groups on the surface, which were highly active in a-methylstyrene dimerization
(catalyzed by Brgnsted acids, Figure 10, right). Interestingly, the mesoporous hybrid catalysts exhibited
the highest selectivity to a methylstyrene dimer with terminal double bond (ll), while the purely
inorganic microporous material provided dimers with bridging double bond (I, cis and trans) with the
highest selectivity (dimer (l) selectivity was low in both cases). The a-methylstyrene conversions for
both catalysts were comparable [89].
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Figure 10: Left: Si coordination environments observed in hybrid silicophosphates containing Si-C bonds (A),
pure inorganic silicophosphates (B and D), and hybrid silicophosphonates containing P-C bonds (C) [101] -
Published by The Royal Society of Chemistry. Right: a-methylstyrene dimers possibly formed by acid-catalyzed
reaction [89] - Published by The Royal Society of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC.

The synthesis of hybrid materials containing P-C bonds (i.e. metal phosphonates) has been achieved
by several NHSG pathways [61, 93, 95, 97-99, 101]. However, only Zhang et al. used such hybrid
materials as heterogeneous catalysts, namely in electrocatalytic water oxidation [98, 99]. Mixed Ni, Fe
phenylphosphonates were prepared by the benzyl alcohol route in the whole range of possible Ni and
Fe contents (0-100 wt%). The most active catalyst, exhibiting the lowest overpotential, was identified
as a mixed Ni, Fe phenylphosphonate with a Fe content of 16 wt% (Figure 11a). These metal
phosphonate materials exhibited layered structures, as confirmed by XRD analyses (Figure 11b), with
Ni and Fe occupying distorted octahedral positions. The deviation from ideal octahedral symmetry was
confirmed by detailed XANES (pre-edge) and EXAFS studies and deemed crucial for the observed
improved behavior in electrocatalytic water oxidation. It has been shown that the
phenylphosphonates leached out of the materials during the electrocatalytic reaction. However, the
resulting Ni,Fe hydroxides kept the distortion of coordination polyhedrons thus providing in a stable
catalytic performance. The overpotential in NHSG prepared mixed Ni, Fe phenylphoshonate with



16 wt% Fe was markedly lower than in metal hydroxides prepared by conventional routes, where the
distortion of coordination polyhedrons has not been observed (Figure 11c). This led to an improved
electrocatalytic activity in comparison to conventional benchmarks [98].
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Figure 11: a) Comparison of overpotentials of mixed Fe,Ni phenylphosphonate catalysts prepared by NHSG
with varying Fe content in electrocatalytic water oxidation (the lower the overpotential, the more active the
catalyst). b) XRD diffractogram of prepared sample with 16 % Fe content and suggested layered metal
phenylphosphonate structure, FeOs and NiOs octahedra distorted. c) Comparison of overpotentials of mixed
Fe,Ni phenylphosphonate catalyst with 16 % Fe content with benchmark catalysts in electrocatalytic water
oxidation. Adapted with permission from [98].

4. Conclusions

Hybrid materials have a bright forecast in the field of heterogeneous catalysis. Hybrid catalysts often
present decisive advantages compared to their purely inorganic analogs, including enhanced activity
and/or selectivity, and facilited mass tranfer in the solid. In terms of stability, hybrid catalysts can reach
better performance against for example liquid phase leaching, or adsorption of poisons. This being
said, the window of conditions that can be used for preparation and operation may be restricted in the
view of the limited thermal stability of the organic moieties. Stability issues with hybrid catalysts are
often overlooked in the literature and we argue that further efforts should be devoted to these
aspects.

Through the examples covered in this review, we show that non-hydrolytic sol-gel routes are emerging
as a highly potent toolbox for the preparation of Class | and Class Il hybrid catalysts. Among others,
NHSG allows obtaining a broad variety of compositions via a limited number of steps while effectively
controlling key properties such as the catalyst texture and the distribution of the inorganic and organic
moieties in the solid. This is obtained firstly thanks to the use of non aqueous conditions in which the
kinetics of solvolysis and polycondensation reactions are easily controlled. Secondly, the use of volatile
solvents which have a much lower surface tension as compared to water facilitates the drying step and
gives access to highly open textures. Working in non aqueous conditons is also crucial for the
heterogeneization of homogeneous catalysts. For example, some organometallics and metal
complexes used as catalysts may be inactivated when encapsulated in inorganic materials via
hydrolytic routes, whereas they retain their activity in non aqueous conditions. Starting from hybrid
precursors, the incoproation of a wide series of organic moieties in oxide and mixed oxide materials
was shown to be straightforward. Based on these unique features, we anticipate that NHSG routes will
continue to allow catalysis scientists exploring pristine chemical spaces for the preparartion of
advances hybrid catalysts, thereby also expanding the range of potential applications.
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